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1. INTRODUCTION

The development of biodegradable polymers represents a revolution in medicine spanning
over 50 years and leading to significant biotechnological advancements in drug delivery,
biomaterials, tissue engineering, and medical device development while bringing together
chemists, engineers, biologists, and physicians in a unique and collaborative manner. The
time frame of this revolution mirrors discoveries of more potent therapeutics in the form of
peptides, proteins, nucleic acids, and other bioactive molecules. The short half-lives of many
of these modern therapeutics, in addition to the nonspecific distribution and toxicity of
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previously identified small molecule drugs, has been a major driving force for the
development of polymeric drug delivery platforms. The successful clinical translation of the
earlier macro- and micro-drug-delivery systems has led to the evolution of controlled-release
nanodrug delivery platforms that are capable of overcoming pharmacological limitations
with substantial advantages over conventional dosage forms. Investigations and discoveries
in synthetic methodologies, fabrication methods, and mathematical models for studying the
mechanisms of controlled drug release have led to the ability to create tunable polymeric
nanoparticle (NP) drug delivery systems capable of localized and sustained delivery,
facilitating improvements in the therapeutic index of drugs. The ability to control the release
of therapeutics and the extremely versatile nature of polymeric drug delivery platforms offer
numerous important advantages (Figure 1).

Starting for the most part in the 1960s, polymeric drug delivery has flourished since the
pioneering works of notable researchers in the field, including Folkman, Langer, Higuchi,
Roseman, Peppas, Heller, Ringsdorf, and Speiser.1~18 We have witnessed an evolution in
drug delivery capabilities from the initial use of controlled-release polymers in macroscopic
drug depots, implants, and suture materials to injectable microscale controlled drug delivery
systems, such as microparticles, to nanoscale drug delivery, which may progressively
represent a bigger part of the pipeline of pharmaceutical companies over the next few
decades.1920 To date we have seen the first bench-to-bedside translation of targeted and
tunable controlled release polymeric NPs for small molecule drugs, from initial proof-of-
concept in vitro,21:22 to successful in vivo investigations, 2324 which have laid the foundation
for human testing and ongoing phase 11 clinical trials for multiple cancer types.2® The
emergence of controlled-release polymeric NPs has fostered novel investigations of
synthetic methodologies, bioconjugation techniques, and a rapid proliferation of scientific
publications addressing the use of target-site activated chemical reactions that trigger
changes in NP structure, shape, chemistry, and degradation rates. The ability to tune the
physicochemical properties of polymeric NPs and to incorporate targeting elements into
their design has allowed new generations of controlled-release polymeric NPs to navigate
the complex and chemically rich in vivo environment.

With our improved understanding of biological processes in diseased states, the design of
controlled-release polymeric NP drug delivery systems has evolved from classical release
mechanisms to the utilization of local biochemical changes in aberrant disease states to
trigger and activate drug release. In diseases such as cancer an inevitable shift in homeostatic
chemical equilibrium occurs, such as amplified or triggered enzymatic activity, a change
toward acidic pH, reductive or oxidative states, or an increase in reactive oxygen species.33
These differential biochemical signatures can be exploited for the development of more
precise therapies and offer ample opportunity for polymer design, rendering further control
over the site-specificity and kinetics of drug release. In addition to exogenously triggered
drug release, endogenously controlled physical parameters, such as local induction of
thermal, electrical, ultrasound, or magnetic energy, can also be used to trigger various
responsive components of drug delivery systems. As a result, to maximize the utility of
degradable polymers in drug delivery, interest is growing in adding biologically responsive
elements to the overall polymer design, to achieve more biologically controlled therapeutic
outcomes.
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The overall aim and scope of this review is to provide an informative account of physical,
chemical, and biological parameters that can be harnessed to gain full spatiotemporal control
of drug delivery. We will initially introduce the properties of commonly utilized degradable
polymers used in drug delivery and then offer a retrospective account of the evolution of
controlled-release polymers and how pioneering work in the field evolved to produce the
current application of nanotechnology to medicine and healthcare (nanomedicine) as related
to polymeric NPs. We will then focus on the various mechanisms for controlling drug
release from polymeric NPs. We conclude by discussing the challenges of activatable
controlled-release polymeric NPs and provide an outlook for these systems. Since polymers
have been most widely used for controlled-release drug delivery, this review focuses on
polymeric nanomedicines; however, a number of excellent reviews have also been published
on different types of stimuli-responsive NPs developed using liposomes, micelles, silica
NPs, and metal oxides.37-43 Furthermore, many of the concepts and parameters discussed
herein can also be applied to the spatiotemporal controlled delivery of diagnostic and
theranostic agents, which have been presented elsewhere.44-50

2. BIODEGRADABLE POLYMERS IN CONTROLLED RELEASE DRUG
DELIVERY

Natural biodegradable materials have a long history of use in medicine, dating back over
3000 years when ancient Egyptians used plant fibers, hair, tendons, and wool fibers as suture
material.>1-53 The need to develop safer biodegradable sutures and to improve on commonly
used catgut sutures led to investigations of synthetic biodegradable polymers.®® The earlier
applications of synthetic biodegradable polymers dates back to the 1960s and 1970s, when
the polyesters poly(glycolic acid) (PGA), poly(p  -lactic acid) (PLA), and poly(p, -lactic-
co-glycolic acid) (PLGA) were developed for use as biodegradable sutures.5% Since then, the
use of degradable polymers in drug delivery applications has become prominent due to their
biocompatibility and degradability properties, as they can break down inside the body to
produce nontoxic natural byproducts such as water and carbon dioxide, and are thereby
easily eliminated.52 Although much of the pioneering work in controlled-release systems
was conducted using nondegradable polymers, degradable and biodegradable polymers are
the preferred choice for the development of polymeric drug delivery systems, and the terms
biodegradable, bioabsorbable, bioeliminable, and bioerodible are often used interchangeably
to describe polymers such as PLGA and PLA. These terms have recently been defined by
the IUPAC.54 It is important to note that the term “biodegradable” has been defined
according to the IUPAC as the break down of polymers due to cellular or in vivo biological
actions.®* For the purposes of drug delivery, many of the degradable polymers utilized are
commonly referred to as biodegradable, even though the mechanism of degradation is not
biological and in most cases is hydrolysis driven. Given that the majority of degradable
polymers used in drug delivery applications are based on hydrolyzable ester bonds and
evidence for their biological breakdown in vivo is limited or conflicting, in this review we
refer to these polymers using the correct terminology of “degradable polymers” based on the
IUPAC definition (in vivo degradation resulting solely from hydrolysis by the water present
in tissues and organs, referred to as hydrolysis or hydrolytic degradatior).5*
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2.1. General Polymer Properties

Degradable polymers can be hydrolyzed in vivo and are usually classified according to
whether their source is natural or synthetic. Commonly used polymers include the a-
hydroxy acids, polyanhydrides, and natural sugars such as chitosan, in addition to many
other types (Figure 2). Synthetic degradable polymers are favored in tissue-engineering or
drug delivery applications, as they have less batch-to-batch variability and immunogenicity
as compared to degradable polymers from natural sources.”® Polymers can be rendered
degradable through the inclusion of labile ester, anhydride, and amide chemical linkages,
which are susceptible to common degradation mechanisms involving hydrolysis or
enzymatic cleavage leading to the gradual scission (breaking of chemical bonds) of polymer
chains. Drug release from degradable polymers can be governed by (1) surface erosion of
the polymer matrix, (2) cleavage of polymer bonds at the surface or within the bulk of the
matrix, or (3) diffusion of the physically entrapped drug. However, drug release is often a
result of a simultaneous combination of all three.12

The chemical nature of the monomer is crucial to the overall design of degradable polymers,
as the polymer breakdown products in the body ultimately influence the overall toxicity and
biocompatibility of the polymers. The degree of polymerization describes the number of
repetitive monomeric units, which is usually greater than 100 for high molecular weight
(MW) polymers.8% Polymer weight can be determined according to the weight-average (M)
or the number-average (M,).81:82 The polydispersity index (PDI) of the system is indicated
by the ratio of M,/ M,, with values close to 1 representing monodisperse systems,82:83
Although the term PDI is widely used, this term has now been replaced by the IUPAC with
“dispersity”, as denoted by .84 Numerous studies have been carried out demonstrating the
ramifications of these parameters on drug release from polymeric drug delivery
systems.85-93 Degradable polymers (Figure 2) are attractive materials for the design of drug
delivery systems, tissue-engineering scaffolds, implants, and surgical materials.94-9 PLGA
is the most utilized of the degradable polymers, due its long history of clinical use and
favorable controlled-release and degradation behavior.

PLGA can be used for the entrapment of most types of therapeutics with a wide range of
MWs and can be fabricated into particles of various sizes and shapes.?” PLGA’s drug
release capabilities can be tuned by varying properties such as MW, ratio of lactide to
glycolide, and drug concentration. For example, the extra methyl group in the side chain of
PLA makes this polymer more hydrophobic compared to PGA, with an increase in the PLA
content leading to less water absorption and therefore slower degradation rates.% Parameters
such as crystallinity, glass transition temperature ( 7g), solubility, and MW can influence the
rate and release behavior of incorporated drug molecules, and an understanding of key
parameters that influence polymer matrix properties is important in order to improve
biodegradation and drug release behavior, and these concepts are discussed in subsequent
sections.

2.1.1. Polymer Crystallinity—The partial alignment of polymer molecular chains can
contribute to polymer crystallization, affecting polymer physical and chemical properties.
Polymer crystallinity describes the degree of crystalline regions within a polymer sample in
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relation to amorphous regions and is an important concept in drug delivery, since only
amorphous regions are permeable and therefore accessible to water molecules.®® Polymer
mechanical strength, swelling, hydrolytic, and biodegradation rates are dependent on the
degree of crystallinity, which in turn is governed by the nature of the monomers.

When the polymer chain has a stereoregular structure (regular monomer repeat units), linear
polymers of high MW can rearrange into crystallites.19° Crystalline domains are separated
by amorphous regions, as polymers never reach 100% crystallinity and are therefore
semicrystalline. Crystallinity, which can be determined using X-ray diffraction methods, is a
factor that can affect the release rate of drugs from polymeric drug delivery systems and is
influenced by both the size and orientation of the polymer chains. A high degree of
crystallinity causes slower drug release states when low MW polymers are used, but at high
MWs (when porosity is higher), crystallinity has less impact on drug release.80

Due to the asymmetric a-carbon, PLA can be described as having D- or L- stereochemical
centers (or Ror S, respectively), giving rise to two enantiomeric forms of PDLA or PLLA,
with PLGA being generally described as poly(D,L-lactic-co-glycolic acid) with D- and L-
lactic acid equally distributed. PLLA is highly crystalline and PDLA is completely
amorphous due to disordered polymer chains, while PGA is highly crystalline due to the
lack of methyl groups on the side chain. In the case of copolymerization of PLA and PGA
(which yields PLGA), the degree of crystallinity and amorphousness depend on the ratio of
the monomers; e.g., a 50:50 ratio of lactide to glycolide results in an amorphous polymer,
with increases in the lactic acid content leading to a more crystalline polymer.10! Studies
have shown that the rate of drug release is higher in polyesters with a low degree of
crystallinity because of higher macromolecular chain mobility.102.103

2.1.2. Polymer Glass Transition—Another factor that influences polymer
physicochemical properties and is related to crystallinity is the glass transition temperature
of polymers. The type of polymer and temperature dictate whether the amorphous region is
in a “glasslike” or “rubberlike” state, and this depends on the polymer’s glass transition state
T4 (the temperature at which the rubbery state to glassy state transition occurs) and can be
determined using differential scanning calorimetry.80 Below the T4, the polymer is in a
glassy state; i.e., it has limited mobility and low diffusion rates. Above the 7, the polymer is
in a rubbery state, which facilitates higher mass transfer rates of water and drug molecules
throughout the matrix.194 For effective design of degradable polymers in drug delivery
applications, a balance between amorphous and crystalline states is necessary, as these
parameters have direct effects on the degree of mechanical toughness and rate of drug
release. For this reason, polymeric NPs are usually prepared from copolymers that contain
both hydrophobic and hydrophilic segments, which make physical properties such as drug-
release rates more predictable.19° The T4 of polymers such as PLGA decreases with a
reduction in its lactide monomer content and MW, and several studies have investigated the
effects of 75 on the rate of drug release.%8:106-109

2.1.3. Polymer Hydrophilicity and Hydrophobicity—Solubility is a key concept in

the design of degradable polymeric drug delivery systems and is dependent on the chemical
nature, structure, and degree of crystallinity within the polymer. Polymer hydrophobicity
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generally increases with MW, with an increase in backbone branching resulting in more-
water-soluble polymers.104 When the polymer used is hydrophobic in nature, drug release is
controlled by surface erosion, and when there is a balance between hydrophobic and
hydrophilic functionalities in the polymer backbone, degradation can occur from within the
bulk of the polymeric system.110.111

For macro- and microscale polymeric drug delivery systems, the degree of hydrophilicity of
the constituent polymers is important, although because physical properties at the nanoscale
such as a very high surface-to-volume ratio render colloids of polymeric NPs stable in
aqueous conditions, a wide variety of hydrophobic polymers may be utilized.111
Furthermore, the blending of hydrophilic polymers with hydrophobic polymers can increase
pore formation along with an increase in the rate of polymer degradation and drug release.
Polymer composition is highly important in the solubility of the polymer. For example,
increasing the glycolic acid portion of PLGA, which renders the polymer more hydrophilic,
can result in faster degradation rates.112:113 The solubility of the monomer is therefore a
critical factor in the rate of drug release from polymeric drug delivery systems.114.115

2.1.4. Polymer Molecular Weight—The physical properties of polymers, such as 7,
solubility, viscosity, crystallinity, mechanical strength, and degradation rate, are related to
the polymer’s MW, with low-MW polymers degrading more rapidly.19 The MW of
degradable polymers has a significant impact on the drug-release profile from NPs and can
influence the biological properties of polymeric drug delivery systems, such as elimination,
phagocytosis, and biological activity.108.115-119 For example, estradiol-loaded NPs made
with low-MW PLGA (14 500-45 000 Da) were found to exhibit zero-order release kinetics,
compared to higher-MW (85 000-213 000 Da) PLGA, which exhibited a square root of time
(Higuchi’s pattern) dependent release.120 Furthermore, drug Cpax in the plasma was shown
to be polymer MW dependent (higher for the lower-MW polymers).

By using a range of PLGA MW polymers and PEG polymers, Valencia et al. were able to
synthesize a library of 45 polymer NPs with varying sizes and surface hydrophilicities.11’
These NPs were then screened for macrophage uptake effects on the basis of fluorescence
detection of internalized NPs, confirming that NP size was a key determinant of macrophage
uptake (over PEG surface density), with smaller NPs made from lower-MW PLGAs
exhibiting the least amount of uptake. In general, low-MW polymers produce smaller NPs,
resulting in altered drug release kinetics, enhanced blood circulation times, reduced
accumulation in organs such as the liver and the spleen, and therefore enhanced biological
efficacy due to longer duration of drug exposure.

The rate of drug release from polymeric drug delivery systems correlates with the
mechanical properties of the polymer; high-MW polymers have a low elastic modulus,
producing a relatively nondeformable matrix that limits the number of pore-forming
channels. Low-MW polymers have a high elastic modulus, and the matrix is more
deformable, causing pores to expand as a result of osmotic pressure.119

Chem Rev. Author manuscript; available in PMC 2017 July 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kamaly et al. Page 7

2.2. Poly(esters)

2.2.1. PLGA Polymers—~Polyesters are polymers with ester bond linkages in the carbon
backbone. The aliphatic polyesters include PGA, PLA, and PLGA and are the most
extensively investigated degradable polymers to date (Figure 2).121-125 p|_GA is synthesized
from ring-opening polymerization (ROP) of cyclic lactide and glycolide monomers!28 and
degrades via hydrolysis of its ester bonds in water.127 A diverse range of monomers can be
used in the synthesis of aliphatic polyesters, and polycondensation of difunctional
monomers yields low-MW polymers. ROP is used for high-MW polymers.126 The simplest
linear aliphatic polyester is PGA, and due to its high crystallinity (45-55%), it has poor
solubility in most organic solvents.88 PGA has a 7 of 35-40 °C and therefore strong
mechanical properties.88 The low solubility and fast degradation into glycolic acid makes
PGA a poor choice for polymeric NP drug delivery applications;8 therefore, copolymers of
PGA such as PLGA have been prepared for drug delivery applications.

The polycondensation of D- or L-lactic acid leads to the formation of PLA (Figure 2), which
is a mixture of D,L-lactide (the natural isomer is L-lactide). PLA is hydrophobic due to the
presence of the methyl side group,89 and properties of PLA can be changed by tuning D-
and L-isomer racemization.88 The equivalent PLLA polymer from L-lactide is
semicrystalline, whereas the PDLA polymer from D,L-lactide is amorphous. This in turn
leads to changes in mechanical strength and degradation rates, with PLLA being hard and
transparent with a 7 of 53 °C and PDLA having a 74 of 55 °C and low mechanical
strength.88 The degradation rate of PLA is influenced by its crystallinity, and since the
degradation rate of PLLA is lower than that of PGA, copolymers of lactide and glycolide
began to be investigated for sutures and implant materials. This led to the development of
PLGA, which can be obtained in a variety of MWSs and lactide-to-glycolide ratios (L/G);
hence, when the ratio of L:G monomer decreases, so does the degradation rate of PLGA.88
For example, the degradation times of PLGA polymer with 50:50, 75:25, and 85:15 (L:G)
were shown to be 1-2, 4-5, and 5-6 months in aqueous conditions.88 Degradable drug
delivery systems using PLGA and their precise controlled-release mechanisms will be
discussed in subsequent sections. Ease of synthesis of poly(esters) by ROP or condensation
polymerization and low toxicity has led to their commercial availability and popularity as
degradable polymers. Radiolabeling studies of PLGA NP degradation have shown that
eventually all the polymer is degraded in vivo and cleared via respiration from the lungs.128

2.2.2. PLGA Copolymers—To improve the in vivo circulation and biocompatibility of
PLGA NPs, block copolymers of PLGA and PEG (PLGA-PEG) were developed.129-132
PLGA-PEG diblocks (AB) or PLGA-PEG-PLGA (ABA) copolymers are used to formulate
NPs or thermogels, respectively. Due to the hydrophilicity of PEG, these chains can orient
themselves toward the surface of polymeric NPs and lead to increased hydration. For in vivo
applications and prolonged circulation, the surface of NPs is frequently coated with PEG,
leading to neutral NP surface charges and minimization of bioadhesion and immunological
response as a result of sterically inhibiting both electrostatic and hydrophobic interactions of
plasma components with NPs.133-135 The solubility of PEG also allows for various targeting
ligands to be conjugated to the distal end, therefore leading to targeted NPs.129.136-137
Triblock polyester ABA polymers where the A and B blocks are conjugated via ester
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linkages can form highly viscous gels at physiological temperatures, leading to temperature
responsive degradable polymers.137 Advantages of polyester ABA and BAB type
copolymers forming hydrogels have been extensively discussed elsewhere.138.139

Polyester—PEG copolymers are favorable block polymers for the generation of NPs with
PEGylated surfaces, in addition to NP surface bioconjugation with various reactive PEG
polymers, and PEG is currently a clinically validated polymer.19 Interestingly, a few studies
to date have demonstrated anti-PEG IgG responses with immunologic memory in
humans.19.140.141 However further studies are required to fully elucidate these
findings.140.142

2.2.3. Polycaprolactones—Another commonly utilized degradable aliphatic polyester
used in drug delivery applications is poly(caprolactone) (PCL) (Figure 2), which is made
from the ROP of e-caprolactone using tin octoate catalyst. PCL has good solubility and a
very low 74 (approximately =60 °C), making it a semirigid material at room temperature. To
date, PCL has found more uses in tissue engineering as scaffold matrix material than in
particulate-based drug delivery.88 One reason for this is its lack of solubility and extremely
slow degradation rates (2—3 years for pure PCL); however, modification of PCL with other
polymers (such as block polymer synthesis or blending with PLGA and PLA) have led to
improvements in its degradation and reactivity.143-145 The synthesis of PCL block
copolymers leads to amphiphilic structures and different mechanical and physical properties
(tuned by varying the ratio of the blocks, etc.). Hydrophilic block segments of either PEG,
poly(acrylic acid) (PAA), poly(2-ethyl-2-oxazoline) (PEtOz), poly(AN-isopropylacrylamide)
(PNIPAAm), or poly(/N, N-dimethylamino-2-ethyl methacrylate) (PDMAEMA) conjugated
to the hydrophobic PCL segment have been used to formulate micelles.146 For example,
RGD-functionalized PCL-PEG diblock copolymers were used to formulate doxorubicin-
loaded micelles for targeting drug delivery.14” There are numerous examples of di- and
triblock polymers synthesized with PCL polymers, and further examples of PCL diblock
micelles used in controlled-release drug delivery applications have been reviewed.146

2.2.4. Poly(alkyl cyanoacrylates)—A class of degradable polyesters are poly(alkyl
cyanoacrylates) (PACASs), which are synthesized from alkyl cyanoacrylate monomers, and
their use in drug delivery applications was pioneered by Couvreur and Speiser in the late
1970s.148.149 The presence of two highly reactive electron-withdrawing groups on the alkyl
cyanoacrylate monomers leads to rapid polymerization reactions.1®0 In general, these
polymerization reactions are conducted in aqueous solutions, with the hydroxide ion acting
as the initiator.1%0 The average MWs of these polymers are between 5 and 10 kDa to allow
for full biodegradation and elimination of the monomers. Interestingly, fast anionic
polymerization by biomolecules in the skin is causative of the tissue adhesive properties of
liquid skin plasters and band aids that are based on alkyl cyanoacrylates.1%0 PACAs can be
synthesized from alkyl cyanoacetate via the Knoeveagel condensation reaction leading to
oligomers or via a thermal depolymerization reaction of these oligomers.°1 Diblock and
triblock copolymers with PEG and PACA blocks have also been synthesized using
zwitterionic polymerization.1®! The progression of NPs made using PACAs has been most
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advanced up to now, and these passively targeted NPs are currently in phase 111 clinical trials
for the treatment of resistant liver cancer.152

2.3. Poly(ortho esters)

Developed as synthetic polymers for use as sutures in surgery in the 1970s, poly(ortho
esters) (POEs) can be divided into four classes (POE I-1V, Figure 2), usually have three
geminal ether bonds, and are hydrophobic surface-eroding polymers.88.153 POEs typically
release drugs through diffusion mechanisms and are degradable; drug release is initiated by
hydrolysis of polymer chains on the outer shell of the matrix.1>* It has been shown that
hydrolysis rates may be accelerated via the addition of acidic excipients.1®> Furthermore,
basic excipients have the ability to stabilize the bulk polymer but diffuse out of the surface
region, encouraging surface erosion.156 Therefore, adjusting the acidity/basicity allows for
some degree of control of temporal release. Although orthoester bonds are quite reactive in
nature, polymers with these linkers are highly hydrophobic, with limited water penetrability.
POE | hydrolyzes rapidly in water to produce y-butyrolactone, which converts to »-
hydroxybutyric acid, and therefore, its use in drug delivery applications has been
discontinued.'>" POE II has a low degree of water sorption and a 74 of 22 °C (if based on
1,6-hexanediol) and is therefore also hydrophobic.157 POE 111 is a semisolid at room
temperature, which provides the advantage of drug mixing without the need to use solvents
or high temperatures.1>” POE 111 is less hydrophobic than POE I1. The extremely slow
erosion rates of POE I-I1l have prevented this class from being investigated nearly as much
as the POE IV class, which has been shown to have significant potential for use in
bioerodible drug delivery systems when lactic and glycolic monomers are instilled in the
polymer backbone.1%8 POE IV incorporates a mono- or diglycolide segment that is
incorporated in the polymer backbone. This leads to the generation of lactic or glycolic acid
monomers, which catalyze the hydrolysis of further ester linkages in the polymer. The
degradation rate of POE 1V is highly tunable, since it can be varied by controlling the nature
of the diol R group and latent acid diols (and their relative proportions). POE IV has been
used to deliver payloads such as small molecule analgesics and nucleic acids.1>?

2.4, Poly(anhydrides)

Poly(anhydrides) generally consist of poly(sebacic acid), poly(adipic acid), and
poly(terphthalic acid), among others.160 Poly(anhydrides) undergo surface erosion, in which
release kinetics is dependent on properties of the drug payload and intrinsic dissolution rates
(Figure 2).161 In the case of a hydrophobic drug, the degradation of the polyanhydrides is the
main factor in release, whereas in the case of a hydrophilic drug, solute transport is
dependent on the concentration gradient between the delivery system and surrounding
medium.161 However, the degradation of the poly(anhydride) bond also depends on the
chemistry of the polymer backbone, which can be tuned by varying the nature of the
monomer by up to 6 orders of magnitude.162 Both drug solubility and the dissolution rate of
the polymer need to be considered when investigating poly(anhydride) drug delivery.163
Poly(anhydrides) have been fabricated into micro- or NPs for intravenous, oral, and aerosol
drug delivery,164 as well as for vaccine, protein, and chemotherapeutics delivery.165-168
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2.5. Poly(amides)

The most frequently utilized poly(amides) for drug delivery are poly(amino acids) (Figure
2). Their synthesis has already been extensively researched,6® which makes them an ideal
mature platform to build upon. Poly(amino acids) are typically used to deliver low-MW
drugs, are relatively nontoxic,170 and are typically cleaved by enzymes as they are stable to
hydrolysis.1” The degradation rates of poly(amino acids) are dependent on the
hydrophilicity of the amino acids that make up the polymer.172:173 Polyamides are generally
semi-crystalline. Biodegradation can be accelerated by using side groups such as benzyl,
hydroxyl, or methyl groups during copolymerization. Most poly(amino acids) are made up
of a single type of amino acid and include the most widely used poly(amino acids): poly(y-
glutamic acid) and poly(L-lysine).174-177

Poly(y~glutamic acid) is a water-soluble degradable poly(amide) that exists in both D- and
L-optically active forms and is a highly functionalizable polymer. The carboxylate side
chain can be used for covalent attachment of functional moieties and drug molecules.88
Polymeric NPs composed of poly(j)~glutamic acid) have been developed for the delivery of
chemoimmunotherapies, 178 chemotherapeutics,17® and therapeutic proteins.180.181

The major applications of poly(L-lysine)-based polymers has been in gene delivery, where
the highly positively charged amino groups can interact with negatively charged siRNA or
DNA chains.182 These peptides are also useful for facilitating endosomal escape due to their
buffering capacity, although their highly cationic nature renders them toxic and further
modifications are often required to mask their charge.174.183

2.6. Poly(ester amides)

Poly(ester amides) (PEAS) are polymers that have both ester and amide linkages on their
backbones (Figure 2), yielding favorable mechanical and biological properties with enzyme-
catalyzed biodegradability.184-187 |nvented in the late 1970s,184-187 the combination of the
favorable properties of polyesters and polyamides with poly(amino acids) has produced
amino acid-based PEAs with promise for biomedical and pharmaceutical
applications.184-187 Typically, the PEA backbone consists of nontoxic building blocks such
as a-amino acids, fatty diols, and aliphatic dicarboxylic acids.188 If hydrophobic amino
acids are used (e.g., Phe, Leu), the resulting amino acid-based PEAs are hydrophobic and
water insoluble.18% Due to the alternation of amide and ester bonds in this type of polymer,
the rate of polymer degradation under hydrolytic mechanisms is slow, and most of the
reported faster degradation rates are catalyzed by enzymes.18% These polymers are also
highly crystalline, and their degradation rates can be modified by controlling the Phe:Gly
ratios. The poly(B-amino esters) (PBAES) are synthesized via the Michael addition reaction
of diester diacrylates with primary and secondary amines and have led to the generation of
large libraries of PBAEs with various backbones, which has facilitated the high throughput
screening of polymers for gene delivery.190-193

2.7. Poly(phosphoesters)

Poly(phosphoesters) are degradable and biocompatible polymers with utility in drug delivery
and tissue engineering (Figure 2).194195 The pentavalency of the phosphorus atom allows
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for the conjugation of a range of side chains, such as proteins or small drugs. The
conjugation of different side chains also allows for the tuning of the physicochemical
properties of the polymers.196 Since poly(phosphoesters) are structurally similar to nucleic
acid biopolymers, they biodegrade through hydrolysis and enzymatic digestion and are
excellent classes of polymers for nucleic acid delivery due to the conjugation of charged
groups to the phosphate side chain.197:198 Poly(phosphoesters) can be synthesized by ROP,
condensation, and addition polymerizations,8 and their fast degradation rates produce
nontoxic products. For drug delivery applications, poly(phosphoesters) can be
copolymerized with polyethers and polyesters, and they are gaining attention as
biomaterials,196.199-202

2.8. Naturally Occurring Biodegradable Polymers

Naturally occurring biodegradable polymers have been used in drug delivery applications,
due to their abundance in nature and biocompatibility, and include protein-based polymers,
such as collagen, albumin, gelatin, and polysaccharides, such as agarose, alginate,
carrageenan, hyaluronic acid (HA), dextran, chitosan, and cyclodextrins.293 In particular,
natural polyscaccharides have been widely used in tissue engineering and bioscaffold
designs, in addition to NP fabrication for drug delivery. Although highly biodegradable in
nature, a limitation of natural polymers is their batch-to-batch variability and broad MW
distributions, making them less attractive than synthetic polymers that are more reproducible
and versatile. Two widely used polysaccharide-based polymers for drug delivery
applications are chitosan and hyaluronic acid polymers, which are further discussed below.

2.8.1. Chitosan—Biodegradable polysaccharides have shown potential in drug delivery
applications. One major polysaccharide with broad utility is chitosan (Figure 2), which is
derived from the chitin found naturally in crustacean exoskeleton.294 Deacetylation of chitin
produces randomly repeating units of D-glucosamine and A-acetylglucosamine, with the
degree of deacetylation being related to chitosan’s crystallinity and degradation rates.29°
Chitosan is highly insoluble in water (due to its crystalline nature) and must be solubilized in
dilute acid solutions prior to use. Chitosan has been extensively used for the development of
oral drug delivery systems.206:207 |t is broken down by lysozyme and chitosan polymers
with low degrees of acetylation and can remain in vivo for several months.88 Chitosan’s
degradation can be accelerated by disrupting the significant network of hydrogen bonding,
through the inclusion of bulky side groups. Major applications of chitosan involve wound
dressing and healing (where it has also demonstrated anti-inflammatory and antibacterial
properties),298.209 gene delivery due to its highly positive charge,210 oral delivery,?1! and
pulmonary drug delivery due to its mucoadhesive properties.212:213 Additionally, chitosan
has been fabricated into numerous NPs for drug delivery applications.214:215 The ease with
which the side groups can be modified and deacetylated and its blending with a variety of
other polymers make chitosan a versatile and bioactive polymer.216 The utility of chitosan
for the development of a range of polymeric NPs for drug delivery applications (and in
particular for oral delivery) has been previously extensively discussed.215-219

2.8.2. Hyaluronic Acid-Based Polymers—HA is a naturally occurring linear
polysaccharide polymer composed of D-glucuronic acid and N-acetyl-D-glucosamine

Chem Rev. Author manuscript; available in PMC 2017 July 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kamaly et al.

Page 12

disaccharide.220 HA has been utilized for a wide range of applications, since it has highly
favorable properties, including being biodegradable, biocompatible, nontoxic, and
nonimmunogenic. It has been used in various surgical, tissue engineering, and drug delivery
applications.22! Since the past decade HA has been used to develop numerous HA drug or
biologic conjugates and hydrogel depot drug delivery systems. Bioconjugation of HA to
therapeutics improves drug solubility, PK (pharmacokinetics), and clearance.?22 The pK; of
HA carboxyl groups is between 3 and 4, rendering the polymer anionically charged at
neutral pH.223 Therefore, HA is highly hydrophilic, and due to its ability to absorb water, it
can expand up to 1000 times its solid volume, leading to a loose, hydrated network.224 This
property makes HA an attractive material for hydrogel-based drug delivery. HA also has
intrinsic targeting ability, since it can selectively interact with the CD44 receptor, termed the
hyaluronan receptors for endocytosis (HARE), and this has been used as an active targeting
strategy for delivery of anticancer drugs.225:226 The conjugation of HA to various drugs,
peptides, and proteins has been the prominent application of HA polymers to date.223

3. EVOLUTION OF CONTROLLED-RELEASE POLYMERS

Controlled release of drugs from polymeric drug delivery systems is typically achieved by
regulation of the rates of polymer biodegradation and drug diffusion out of the polymer
matrix. Starting from the pioneering work led by Judah Folkman on the use of silicone
rubber as a controlled-release matrix, whereby anesthetic gases encapsulated in a reservoir
were shown to diffuse through the porous silicon membrane,22” the controlled drug delivery
field can be chronicled in evolving phases, where we have seen the implementation of
macroscopic controlled drug delivery devices and implants evolve into microscopic
degradable polymer depot drug delivery systems pioneered by Robert Langer, leading to the
current nanoscopic era of NP-based controlled drug release.® Ultimately, each drug delivery
scale has inherent advantages and disadvantages and the choice of scale relies highly on the
biological end points required. Table 1 summarizes the main differences between macro-,
micro-, and nanoscaled drug delivery systems, and these concepts are further described in
the following sections.

3.1. Evolution of Macroscale Polymeric Drug Delivery Systems

Drug incorporation into solid polymers began in the 1950s for agricultural research, with
extensions of this work for medicine beginning in the mid-1960s.12 Macroscale polymeric
drug delivery devices were originally developed to achieve spatiotemporal control of drug
delivery from a local drug depot device. This allowed for a range of payloads (such as small
molecule drugs, proteins, and bioactive agents) to be delivered in a controlled manner at the
site of treatment. Drugs are generally released from macroscale polymeric DDS via one of
three mechanisms: (1) diffusion-controlled release, (2) drug-carrier affinity, or (3)
degradation of the matrix material. Though the release rate of the therapeutic payload can be
driven by any one of these mechanisms, it usually involves all three.228

Earlier drug delivery devices were mostly made of non-degradable polymers, including
polyurethanes, silicone rubber, and poly(ethylene-co-vinyl acetate) (PEVA). Drug transport
in these nondegradable systems was primarily driven by diffusion; thus, these polymers were
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used to devise reservoir or drug depot devices.12” Release rates from reservoir-based devices
can be controlled by changing the thickness and degree of permeability of the rate-
controlling membrane (RCM).22° For matrix-based systems, drug release is diffusion driven
and can be affected by concentration gradients, diffusion distance, and amount of matrix
swelling.

Following the demonstration of controlled release with silicone polymers, several
macroscale drug delivery products were developed for contraceptive purposes, treatment of
glaucoma, and drug eluting skin patches.# In fact, delivery of steroids and their derivatives
for contraception has been one of the most widely studied applications of controlled-release
polymers, and among the first such systems was Norplant, approved by the FDA in 1990
(Figure 3-1).1 Norplant is an upper-arm-implanted contraceptive formed of six silicone tube
capsules, each 2.4 mm x 34 mm long and containing 36 mg of the progestin levonorgestrel.2
The hormone is released at 3.8 pg/cm length/day, and the implant is effective for 5 years
after implantation. This product has since been replaced by an improved version (Norplant
1), which was approved by the FDA in 1996.232 This implant uses polysiloxanes consisting
of a backbone of inorganic Si—O-Si units, and drug release was controlled mainly by
diffusion at a constant linear rate. Another example of an implantable contraceptive
controlled-release device is Implanon.233 However, one limitation of these DDS is that since
the silicone capsules are nondegradable, they must be removed after drug release is
complete.

Among other macro-DDS marketed by the pioneering drug delivery company ALZA are
Ocusert (releasing the antiglaucoma drug pilocarpine) and Progestesert (an intrauterine
device for the release of progesterone).3234 These macroscale controlled drug delivery
devices are composed of PEVA, which allows drugs to be released at a constant rate with
zero-order kinetics.23% PEVA shows a slow release over a long period of time and good
biocompatibility.236:237 polymer permeability (and thus release rates) can be altered by
varying the copolymer ratios.238 The diffusivity of the polymer matrix is dependent on the
crystallinity of the polymer, and it has been shown that increasing the crystallinity reduces
the diffusivity.238 Ocusert was the first controlled-release polymer drug delivery system to
be used in the clinic (Figure 3-2).2 Placed in the lower eyelid, this implant delivered the
active ingredient pilocarpine at a steady rate over a one-week period, which led to an
improvement over daily eye drop administration of pilocarpine and resulted in fewer side
effects.239 Progestesert was a T-shaped intrauterine (IUD) macroscale drug delivery device
also composed of PEVA, capable of delivering 65 pg/day of progesterone for 1 year (Figure
3-3).3 Transderm Scop (Figure 3—-4) was the first skin-patch drug delivery system that also
used PEVA as the RCM to deliver 1 mg of scopolamine over 3 days for the treatment of
motion sickness.2

In addition to the aforementioned in situ macroscale drug delivery devices, controlled-
release polymeric systems for oral drug delivery to the gastrointestinal (Gl) tract were also
developed beginning in the 1980s.4 For example, OROS (osmotic controlled-release oral
delivery system, Figure 3-5) is a pulsatile-release oral delivery capsule that has a permeable
outer shell with small laser-drilled holes, which allows water to enter via osmotic pressure
during its trafficking through the Gl tract.227-28 This action in turn pushes the active drug
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through the opening with controlled zero-order and flat PK. This system can be further tuned
to release the drug within certain regions of the Gl tract. The RCM in these systems consists
of cellulose acetate, which maintains a constant rate of water diffusion into the capsule while
an equal volume of the drug liquid or suspension is forced out.240 A small amount of low-
MW PEG may also be used to initiate water diffusion.

Another controlled-release drug delivery platform uses hydroxylpropyl methylcellulose
(HPMC) as a highly swellable hydrophilic polymer to modulate drug release and is
marketed as the Geomatrix system (Figure 3-6).2° The combination of polymer layers with
different swelling, gelling, and erosion rates results in a controlled rate of drug release, and
this system is tunable toward a range of drug payloads and release properties.241

Controlled-release polymers have also been used to develop wafer DDS.
Poly(carboxyphenoxy propane: sebacic acid) was used to develop Gliadel, a degradable
polymeric disklike implant, secreting carmustine for the treatment of glioblastoma
multiforme (brain cancer) (Figure 3-7). The polymer and drug are formulated into
polymeric disks, which are placed into the brain after surgery and tumor removal 31:32

As discussed earlier, during the 1960s and 1970s the most widely used class of degradable
polymers, the poly(hydroxyl acids), were originally developed to make sutures. PGA was
first synthesized as a degradable suture. This polymer was then further optimized through
the addition of lactic acid to produce PLGA and was marketed as Vicryl suture by Ethicon
Inc. (Figure 3-8).34 Poly(alky! cyanoacrylates) have also been used as surgical glue
(Superglue) for over 40 years.148 Controlled-release polymers have also found use as
coatings on bare metal stents for the controlled-release of antirestenotic drugs. Taxus, one
such device approved in both Europe and the United States in 2004, uses poly(styrene-4&-
isobutylene-4-styrene) (SIBS) to control paclitaxel elution from a metal stent (Figure 3-9).
These devices are currently being developed to incorporate degradable polymer coatings
such as PLGA and PLA to minimize side effects.

Controlled polymeric drug release evolved with macroscale DDS, and we have seen the
successful translation of numerous products to the clinic.228 Although some early products
incorporating controlled-release drug delivery are still on the market in the form of drug-
eluting depots, stents, and implants, the successful translation of these systems is not without
its challenges (Table 1). Regulatory approval, the high cost of preclinical to clinical
translation of these systems (in particular for biologics delivery), and patient compliance are
hurdles that still need to be more effectively addressed. The need to remove drug depot
implants and improve patient compliance led to the investigation of microscale DDS.

3.2. Evolution of Microscale Polymeric Drug Delivery Systems

In the 1970s the pioneering work of Langer and Folkman demonstrated the capability of
polymers to release macromolecular therapeutic proteins in a controlled manner.% The need
for pulsatile release of hormones to resemble physiological levels was one motivation for
developing tunable controlled-release systems, and the realization of the therapeutic potency
of biologic drugs alongside their short half-lives in vivo spurred the investigation of
microscale controlled-release DDS for systemic administration.
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In the late 1970s and early 1980s, a PLGA microparticle system was developed that was
capable of controlled release of luteinizing hormone-releasing hormone (LHRH) for up to 1
month for the treatment of prostate cancer.86:242 The plasma half-life of LHRH is 2.9 h;
however, as the polymer slowly degrades, therapeutic levels of this antitumor peptide can be
maintained for up to 3 months.243 Later, Decapentyl LP, a version of this microparticle, was
subsequently developed for the treatment of prostate cancer and approved for clinical use in
Europe in 1986.54 This was the first degradable microparticle drug delivery system approved
for human use and is still available today as Lupron Depot (Figure 3-10).5°

A highly successful long acting PLGA microsphere is Risperdal Consta (Figure 3-11). This
PLGA based microsphere contains the antipsychotic drug risperidone and is an
intramuscular formulation, with improved efficacy in the treatment of patients with
schizophrenia.230 In the 1990s, the development of the ProLease process for the fabrication
of homogeneous batches of drug-loaded PLGA microparticles using a low-temperature
ultrasonic spraying technique facilitated the development of numerous drug-loaded PLGA
microparticles.244 Further microparticles were developed using poly(butylene terephthalate)
(PBT) for the delivery of interferon-a2b (Locteron, Figure 3-12).57

The first thermally responsive, degradable, controlled-release polymeric drug depot delivery
systems were developed by Kim and co-workers using diblock and triblock copolymers of
PLGA-PEG, which were termed ReGel (Figure 3-13).58 A major advantage of PLGA as the
controlled-release polymer of choice is that its physicochemical properties have been widely
studied and its release profiles can be easily tuned on the basis of MW and the
lactide:glycolide monomer ratios.82 Drug release can be controlled from hours to months,
and the blending of other polymers in the formulation can further control drug release. The
versatility of PLGA allows for a wide range of payloads—from small-molecule drugs to
peptides and proteins—to be encapsulated. The in vivo degradation of polymers such as
PLGA therefore facilitated sustained release with tunable dosing without the need for
surgical procedures.

3.3. Evolution of Nanoscale Polymeric Drug Delivery Systems

The ability to manufacture and control the assembly of polymers to nanoscale dimensions,
combined with growing interest in applying nanotechnology to medicine, drove the further
downsizing of controlled-release DDS from macro- or microscale products to the
nanoscale.245 Indeed, the clinical success of the initially developed microparticles validated
the concept of controlled release from polymers and set the stage for the era of polymeric
controlled-release NPs. Driven by the fast pace of innovation and emerging successes of NP-
based drug delivery, the phenomenal interest and investment in nanomedicine research and
development is set to progressively improve the landscape of controlled-release drug
delivery applications,246-248

Beginning with pioneering discoveries with the earlier nanomedicines (liposomes and
polymer—drug conjugates)?49-254 we have seen how the ability to modify the surface of
these particles using the inert hydrophilic polymer PEG (a process termed PEGylation)
facilitated the widespread use of these nanoscale DDS in vivo and led to the current
astonishing pace of preclinical NP development.132 Prior to these events, the development of
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antibody technologies and bioconjugation techniques facilitated the creation of NPs
specifically targeted toward disease antigens.253:255 |n addition to antibodies, antibody
fragments, peptides, aptamers (Apts), sugars, and small molecules have also been used to
create targeted NPs.253.255-257 Specific targeting of polymeric NPs allows for their
differential spatial localization within the body, minimizing the drug payload’s off-target
adverse effects. Among the different approaches to NP targeting are “passive” and “active”
targeting.2%8 Passive targeting refers to the preferential accumulation of NPs (bearing no
affinity ligands) at active sites and is directly related to the inherent biophysicochemical
properties of the NP (size, shape, charge, flexibility, etc.).1® Active targeting describes the
mode of action of NPs with surface modification to incorporate affinity ligands with
specificity to disease cells and tissues.19

Initially, nanoscale polymeric drug release systems involved the covalent conjugation of
drugs to pendant groups on the polymer backbone, such as conjugation to
poly(hydroxypropyl methacrylamide) (PHPMA) polymers.259.260 Here the drugs were
bonded to the polymer via tetrapeptide linkages that were degradable by cathepsin B.259
These drug—polymer conjugates were then further targeted using ligands such as sugar
molecules.259 Conjugation of the anticancer peptide neocarzinostatin to styrene-maleic
anhydride (SMANCS, Figure 3-14) in 1984 by Maeda et al. led to the establishment of the
enhanced permeation and retention (EPR) effect theory by Maeda, who observed that these
colloidal macromolecular drug conjugates accumulated in tumors due to “leaky”
vasculature.®® As a result of these breakthrough findings, passive targeting of NPs to tumors
has been widely exploited in oncology applications.51

Another important development in the field was the synthesis of PEGylated block
copolymers to formulate polymer micelle NPs.261 Cabral and Kataoka synthesized A-B
block copolymers of PEG block polymers conjugated to hydrophobic amino acid blocks.262
These block copolymers could self-assemble into PEGylated polymeric micelles at very low
critical micelle concentrations (cmc), with their hydrophobic cores loaded with small-
molecule hydrophobic drugs.263 The drugs could be loaded either physically or by direct
conjugation to the amino acid pendant groups of the polymer backbone. The terminal distal
ends of the PEG polymers were also conjugated to targeting ligands, creating targeted
NPs.263.264 Around the same period, Pluronic triblock polymers were also developed.265
Together these developments led to the clinical translation of a number of passively targeted
polymer micelle NPs, including SP1049C (Figure 3-15), NK911 (Figure 3—-16), Genexol-
PM (Figure 3-17), and others, which are currently in clinical trials for cancer

treatment, 63,266,267

SP1049C is a Pluronic polymeric micelle NP composed of a doxorubicin (DOX)-entrapping
hydrophobic core and a hydrophilic tail and is currently undergoing phase Il studies in
patients with metastatic cancer of the esophagus and esophageal junction who have been
found refractive to standard chemotherapy treatments.53 SP1049C was shown to be
efficacious in bypassing p-glycoprotein-mediated drug resistance.%8 Patients were treated
with a single dose of SP1049C (75 mg/m?Z DOX) given as an intravenous infusion every 3
weeks.%3 The results of this study and preclinical studies demonstrated superior antitumor
efficacy for SP1049C when compared to free DOX.52 In a similar manner, we have seen the
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development of NK911, a micellar NP comprising PEG, DOX, and poly(aspartic acid), and
Genexol-PM, a paclitaxel (Ptxl)-encapsulated PEG-PLA micelle formulation currently in
clinical development for various cancers in USA and Europe, and clinically approved in
South Korea in 2007.267:269-271 Genexol-PM does not require the use of the toxic Cremphor
EL excipient for drug solubility and has therefore led to decreased toxicity and an increase
in PtxI maximum tolerated dose (MTD) for breast cancer therapy.272273 Genexol-PM
administration demonstrated increased treatment—response rates when given to patients who
were not responsive to standard taxane therapy with Ptxl/carboplatin therapies, further
suggesting improved outcomes for multidrug resistant (MDR) cases. Xyotax (PtxI-
poliglumex, Figure 3-18), also a passively targeted polymeric NP in which Ptxl is
conjugated to poly(L-glutamic acid), was shown to preferentially target ovarian tumors.66:67
Another example of a passively targeted polymeric NP undergoing phase trials is CRLX-101
(previously known as 1T-101, Figure 3—-19), a camptothecin—cyclodextrin polymer conjugate
that has shown prolonged circulation times and slow drug release kinetics in vivo, in
preclinical and clinical studies.8-72.274 This NP formulation is being investigated as both a
monotherapy and in combination with other clinically approved therapeutics for
antiangiogenic and drug-resistance therapy.’%.73 By encapsulating camptothecin within these
polymeric NPs, the systemic toxicity of the drug is improved. In this manner, many
promising drugs that do not meet toxicity, stability, or solubility requirements can be
revisited once entrapped within polymeric NPs.

Work led by Farokhzad and co-workers established single step self-assembly techniques for-
the-first in human clinical translation of targeted polymeric nanoparticles. Initial proof-of-
concept in vitro demonstrated the effective nanoengineering of targeted Apt NPs for the first
time, and subsequent targeting of prostate cancer cells over-expressing the prostate-specific
membrane antigen (PSMA) receptor with up to 77-fold increase in binding compared to
non-targeted controls.2! The efficacy of these NPs was further investigated in preclinical
models where tumor growth was monitored up to 109 days and results revealed that a single
administration of Apt NPs containing docetaxel (DtxI) was significantly effective at tumor
size reduction compared to controls, showing almost complete tumor reduction and 100%
survival (compared to 57% for non-targeted NPs and 14% for Dtx| alone).23 This study
presented improvements in the therapeutic index of Dtxl, in addition to that of Ptxl,24 and
paved the path for clinical translation of this polymeric platform in humans. Next,
employing a modular self-assembly approach using pre-functionalized polymeric materials,
libraries of targeted NPs that varied narrowly from each other in their biophysicochemical
properties were developed by BIND Therapeutics, which led to the translation of the most
optimal hit; BIND-014-the first targeted and controlled release polymeric NP for cancer
chemotherapy to reach clinical development.2> BIND-014, is a PSMA-targeted DtxI-
encapsulated polymeric NP composed of PLA-PEG (Figure 3-20). PSMA is a
transmembrane protein overexpressed on the surface of prostate cancer cells and tumor-
associated neovasculature of virtually all solid tumours.272:276 BIND-014 is capable of
delivering up to 10 times more DtxI to tumors compared to an equivalent dose of free Dtxl in
multiple animal models,”* and is currently undergoing clinical trials for castration-resistant
prostate cancer, non-small cell lung cancer, cervical, bladder, and head and neck cancers.”®
However, up to now as evidenced by initial clinical trial results, these first-generation
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targeted polymeric NPs have in some cases demonstrated activity against tumors that is not
materially differentiated from their parent drug, underscoring the need for patient selection
(i.e. those with high EPR). Ascertaining EPR in patients is no trivial task, however research
efforts towards investigating companion diagnostics is helping to shed light on this complex
problem. For example, we have recently shown that magnetic resonance imaging (MRI)
could be a useful tool to identify patients susceptible to higher NP accumulation in
tumors.2’7 We investigated the use of a clinically established 30 nm magnetic NP contrast
agent for its potential to predict colocalization of PLGA-PEG NPs to tumors in mice using
MRI. The magnetic MRI contrast agent was able to predict the colocalization of the
polymeric NPs with >85% accuracy and circulation within the microvasculature with >95%
accuracy, despite their markedly different sizes and compositions. Computational analysis of
NP transport enabled predictive modeling of polymeric NP distribution based on imaging
data and identified key parameters governing intratumoral NP accumulation and macrophage
uptake. Using MRI we could accurately predict initial treatment response and drug
accumulation in a preclinical efficacy study using a paclitaxel-encapsulated NP in tumor-
bearing mice. These approaches yielded valuable insight into the in vivo kinetics of NP
distribution and suggested that clinically relevant imaging modalities and agents, can be
used to select patients with high EPR for treatment with therapeutic polymeric NPs (or
similar agents).277

CALAA-01 is the first targeted polymeric NP to enter the clinic for siRNA delivery (Figure
3-21).279 The CALAA-01 NP consists of siRNA that reduces the expression of the M2
subunit of ribonucleotide reductase (R2), cyclodextrin containing polymer (CDP) for siRNA
condensation, adamantine-PEG (AD-PEG) for steric stabilization, and adamantine-PEG
conjugated to human Tf (AD-PEG-T) to target the TfR overexpressed on the surface of
most cancer cells.19:280 CALAA-01 employs a unique two-vial formulation strategy, which
allows for the rapid self-assembly of the NP (50-70 nm) delivery system components (CDP,
AD-PEG, AD-PEG-Tf) with siRNA at the point of care.279:121 This formulation is also
capable of high siRNA payload delivery and endosomal pH-triggered (<6.0) release of
SiRNA once NPs are endocytosed.121.76

SEL-068 is a first-in-class synthetic and integrative targeted polymeric NP vaccine to reach
clinical development for the treatment of chronic conditions, such as smoking addiction
(Figure 3—-22). SEL-068 is fabricated using degradable PLGA and PLA-PEG polymers and
contains nicotine as antigen, T-helper-cell peptides, and TLR agonists as adjuvants and is
currently under development for smoking cessation and relapse prevention.121.77 The
encapsulation and controlled release of the synthetic TLR agonist by the polymeric NP
matrix minimizes systemic inflammatory cytokine response, leading to an improvement in
the overall safety of this novel adjuvant-containing vaccine. The administration of SEL-068,
which is based on modular self-assembly NP technology,24 results in high antinicotine
antibody concentrations and high antinicotine antibody affinity. This leads to the
sequestration of nicotine molecules in the circulation and largely blocks central nervous
system exposure, thereby diminishing the addictive effects of nicotine.12! SEL-068 is the
first targeted, controlled-release polymeric vaccine delivery NP to enter the clinic and is
based on the synthetic vaccine particle (SVPs) technology developed by Selecta
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Biosciences. These SVPs can effectively coencapsulate both antigen and adjuvants capable
of cellular immunity and robust humoral responses.”®

Currently, a passively targeted poly(isohexyl cyanoacrylate) polymeric NP termed Livatag
(doxorubicin Transdrug) is undergoing phase 11 clinical trials for hepatocellular carcinoma
(Figure 3-23).152 This degradable polymeric NP developed by BioAlliance Pharma
encapsulates doxorubicin and demonstrated high antitumor activity against MDR protein-
overexpressing hepatocellular carcinomas in vitro and in vivo.1®2 In one phase 11 trial,
Livatag led to 88.9% survival rate after 18 months of treatment, whereas 54.5% survival rate
was observed in patients with the current transarterial chemoembolization treatment.152
Currently, this polymeric nanoscale DDS has progressed the furthest in phase trials
(currently undergoing phase 111 investigation).152

Numerous targeted polymeric NPs are currently under investigation for various drug
delivery applications; in particular, polymeric NPs are attractive platforms for the targeted
and controlled release of antigens and adjuvants in nanoimmunotherapy applications as well
as for the delivery of anti-inflammatory agents.281-284 Targeted polymeric NPs engineered
to deliver inflammation resolving biological therapeutics have also been recently developed
that can target inflammatory sites in a spatiotemporal manner, facilitating the tempering of
inflammation using controlled-release proresolving mediators.285-287

3.4. The EPR Effect

Many of the polymeric NPs discussed in this section exploit the so-called EPR effect
mentioned previously for tumor penetration and accumulation. In the context of controlled-
release drug behavior within the intratumoral environment, important variables include NP
design, the nature of the drug, and the diffusivity of both the NP and encapsulated drug
throughout the vasculature, in addition to patient tumor heterogeneity and the lack of or
predisposition to the EPR effect. As more patient data from clinical trials using both active
and passively targeted NPs accumulates, the issues of tumor heterogeneity and patient
response variability become more significant. It is therefore important to acknowledge not
only that the EPR effect is a complex phenomenon, shaped by many biological variables in
the tumor microenvironment, but also that our understanding of this effect is constantly
evolving.

Preclinical research has begun to address EPR limitations by investigating normalization of
tumor vessels prior to NP administration, in addition to utilizing companion diagnostics
using approved NP imaging contrast agents to assess EPR beforehand.258:28% Tumor
hallmarks, such as hypoxic gradients, increased interstitial pressure, and patient tumor
heterogeneity, and lack of or predisposition to the EPR effect point to major gaps in this
theory, and these concepts are discussed in detail elsewhere.258.289 \We have also previously
investigated the benefits of companion diagnostics as an EPR effect indicator and also
showed the influence of tumor-associated macrophages on polymeric NP accumulation
within tumors.277.278
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3.5. Fabrication Techniques of Polymeric Nanoparticles

The progression from macro- to micropolymeric DDS was facilitated due to new fabrication
methodologies that were able to produce uniformly sized drug-loaded polymeric
microparticles using low temperature casting techniques, which established the ProLease
process.2%0 This in turn facilitated the development of injectable controlled-release
polymeric systems for the delivery of a wide range of therapeutics, including
macromolecular biologics.228

The ability to increase the half-life of protein drugs by conjugating the inert and lipophilic
polymer PEG to their surface led to the further miniaturization of controlled-release
polymeric systems to the nanoscale, whereby the same PEGylation principles were applied
to the development of polymeric NPs for in vivo use.19 Initially, this progress was motivated
by the transition from macro- and depot-based drug delivery systems to injectable
microparticle drug delivery systems, including albumin or galactose microspheres that were
injected systemically for imaging studies.132 However, due to their large micrometer sizes,
these particles were cleared from circulation rapidly, significantly hindering their use.132
Therefore, in order to facilitate longer circulation times in vivo, nanospheres with PEGylated
surfaces were developed.132

Numerous methods have been developed for the encapsulation of therapeutics into
polymeric NPs, the choice of which depends on the polymer and drug properties. Either
bottom-up or top-down techniques have been employed; bottom-up methods include
emulsion, interfacial polymerization, and precipitation polymerization. These
polymerization methods employ a monomer as the initiator, and although highly defined
NPs with precise size and shapes are obtainable, this technique is limited by the fact that the
polymeric materials are not biodegradable and synthetic reagents may be retained as
residues. One way around this is to use presynthesized and characterized polymers with
added functionalities of PEG or targeting moieties; these are top-down preparations, a
commonly used method for preparing NPs via the self-assembly of block copolymers, which
can occur during nanoprecipitation (also referred to as solvent displacement), emulsification/
solvent evaporation, and salting-out methods.149.291.292 The NP fabrication route is often
dependent on the physicochemical properties of the drug molecules, along with NP size and
loading requirements.® Nanoprecipitation, oil-in-water (O/W) emulsification-solvent
evaporation (single emulsion), and water-in-oil-in-water (W/O/W) emulsification-solvent
evaporation (double emulsion) are three of the most commonly utilized methods for
preparing a variety of polymeric NPs.19:293 |n general, a number of considerations should be
taken into account for the preparation of polymeric NPs and these include solvent choice,
the solubility of the drugs (e.g., 1og Popy), the mixing time of the aqueous and organic
solvents, the type of surfactant used, the concentration of polymer in the organic solution,
and the ratio of organic to aqueous solution, in addition to other factors.293-295 Newer
approaches, such as supercritical technology, electrospraying, premix membrane
emulsification, and aerosol flow reactor methods, have also been developed and are
discussed elsewhere.293 The most common methods of preparing polymeric NPs for drug
delivery applications are described in more detail in subsequent sections.
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3.5.1. Prolease Technique—The ProLease technique is a process whereby microspheres
are produced at very cold temperatures with bioactive polymers entrapped, which in turn
facilitates high retention of biological activity. After the polymer and payload mixture is
atomized into a vessel, cold liquefied gas or liquid causes the polymer droplets to
immediately freeze, and the solvent in the droplets is extracted, leading to hardened
spherical microparticles.2% The need to maintain the integrity of biological drugs, such as
proteins, led to the development of this technique, which was initially utilized for the
entrapment of recombinant human growth hormone (rhGH).244 The goal was to create slow-
releasing polymeric microspheres that could be injected once a month instead of daily or
triweekly. The ProLease method is suitable for microsphere fabrication, since it uses low
temperatures to preserve the protein integrity and nonaqueous based (the protein is not
subjected to oil-water interface where it can denature) entrapment, which leads to high
protein encapsulation efficiencies. This microsphere formulation was composed of PGA
(50:50) and termed Nutropin Depot, and it was approved by the FDA in 1999 for growth
hormone deficiencies.2% This technique has limitations in that it is not easily applicable to
other types of proteins, the use of liquid nitrogen on a large-scale may not be feasible, and
organic solvents are still required during the process.

3.5.2. Nanoprecipitation/Solvent Displacement—Using the inherent solubility and
gelling properties of polymers, NPs may be spontaneously formed whereby the addition of a
solution of polymers and drugs to a nonsolvent phase leads to phase separation and therefore
nanoprecipitation, salting out, or coacervation of the polymers into NPs. For example, in
nanoprecipitation the polymeric constituents and drug are dissolved in an organic solvent
that is miscible with water, and this solution is then added dropwise to an aqueous
(nonsolvent) solution under stirring.2%7 The precipitation of the hydrophobic polymer
instantaneously leads to the self-assembly of core—shell-like spheres, which are the most
energetically stable structures, and during this process the drug can also become entrapped
within the polymeric core.2% Following this the organic solvent is evaporated either by
reduced-pressure evaporation or by further stirring of the solution (if the solvent is relatively
volatile). The instantaneous formation of NPs is governed by the Marangoni principle,
which describes interfacial interactions between liquid phases.2%¢ Hydrophobic-PEG
diblock polymers are formulated into NPs using the nanoprecipitation technique, leading to
NPs with a hydrophobic core that entraps the drugs, surrounded by a hydrophilic outer
shell.2% Dtxl-loaded NPs were prepared using nanoprecipitation, whereby the hydrophobic
drug Dtxl was mixed and coprecipitated with the diblock polymer poly(lactic-co-glycolic
acid)-polyethylene glycol-carboxylic acid (PLGA-PEG-COOH).2%9 The resulting NPs had
a hydrophobic core composed of PLGA, wherein Dtx| was encapsulated, and a hydrophilic
shell composed of PEG. Nanoprecipitation is a facile technique that is amenable to scaleup
and requires only mild stirring under minimal sheer stress, leading to small-sized NPs (<100
nm) obtained using this technique. A limitation of this technique is poor entrapment of
hydrophilic drugs (which can remain in the aqueous phase),2%3 lower entrapment efficiencies
as compared to emulsion-based methods, and residual organic solvent impurities.2%4 Recent
advances in which the aqueous water phase (nonsolvent) is replaced with organic solvents,
such as methanol and ethanol, has facilitated the use of this technique for hydrophilic drugs
als0.293

Chem Rev. Author manuscript; available in PMC 2017 July 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kamaly et al.

Page 22

3.5.3. Emulsion Techniques—Emulsion methods can be divided into water-in-oil
(W/0), oil-in-water (O/W), and double emulsion (W/O/W). Following formation of an
emulsion, the mixture is homogenized and can be used to prepare micro- or nanosized
particles.3%0 The type of emulsification method utilized ultimately depends upon the
properties of the polymer, drug, and also the degree of miscibility of the organic (oil) solvent
with the water phase.

3.5.3.1. Single Emulsion: The single emulsion technique O/W requires the drug to be
soluble in a water-immiscible organic solvent. In this method, the polymer and the drug are
dissolved in a volatile water-immiscible solvent such as dichloromethane or ethyl acetate,
and the organic phase is emulsified under intense shear stress into an aqueous phase
containing appropriate amounts of a surfactant, such as sodium cholate or poly(vinyl
alcohol) (PVVA). The organic solvent is allowed to evaporate, allowing the self-assembly of
NPs.391 The O/W emulsification technique is suitable for entrapping hydrophobic drugs and
generally results in higher drug loading and encapsulation efficiency compared to
nanoprecipitation, as well as achieving complete solvent removal. However, it requires an
additional input of energy such as sonication or homogenization and the resulting NPs are
often larger than those obtained through nanoprecipitation.30

3.5.3.2. Double Emulsion: Double emulsion (W/O/W) is generally used for encapsulation
of hydrophilic drugs and proteins. In this method, the drug is dissolved in a small volume of
an aqueous phase together with a surfactant and this is emulsified in an organic phase
containing the polymer. The W/O emulsion formed is then dispersed in a larger volume of
an aqueous phase with or without surfactant to form the double W/O/W emulsion. Finally,
the solution undergoes evaporation of the remaining organic solvent, yielding NPs.3% This
method normally yields NPs with larger size than nanoprecipitation or O/W methods, with
moderate drug loading and encapsulation efficiency.2%4

3.5.4. Electrospraying Methods—Electrospraying methods (also referred to as
electrohydrodynamic techniques) refer to methods that use electrostatic forces to fabricate
nano- or microsized particles of various sizes and shapes, in addition to fibers.302 In this
technique, electrostatic forces are used as the driving force for fabrication using an
electrically charged fluid jet. Here a solution of polymer and drug dissolved in a conductive
solvent is used, and by adjusting the concentration and processing parameters, including
flow rate and voltage, the continuous charged jet can be broken into small droplets with
defined sizes and shapes. The advantages of these methods are the ability to obtain high
loading efficiencies, narrow particle-size distributions, and facile particle synthesis due to
single-step processing. Electrospraying techniques have been used to produce layer-by-layer
NPs consisting of PLGA-DOX/PLA-PtxI/PLGA layers designed to have low initial burst
release. The release rates of each drug could be controlled by changing the polymer
concentrations, flow rate, particle size, and shell thickness, leading to zero-order release
profiles.392 Although currently not amenable to industrial scaleup, their use for the
fabrication of multidrug DDS is highly valuable.
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3.5.5. Microfluidics—Microfluidics involves the manipulation of nanoliter volumes in
microscale fluidic channels, and in the past few years, applications of microfluidics have
expanded from conventional chemical and biological analysis to other fields, such as
chemical reactions, biochemical assays, and cell handling.3%3 Soft lithography using PDMS
as a method for fabricating prototype devices has allowed the simple fabrication of
pneumatically activated valves and rapid mixers, providing the ability to mix reagents
rapidly and to provide homogeneous reaction environments. The continuous variability of
reaction conditions, temperature control, and addition of reagents at precise time intervals
are some of the key features that have made microfluidic systems useful for the synthesis of
NPs.394 Furthermore, synthesis carried out in microchannels allows for in-line
characterization,39° feedback control,3% and high-throughput continuous synthesis,307
which potentially enables screening and optimization of libraries of NPs with varying
properties. Polymeric NPs prepared by bulk synthesis tend to have variable physicochemical
properties (size, surface composition, and drug loading) due to the inability to control the
mixing of precursors.3%8 Using hydrodynamic flow focusing, polymeric NPs exhibiting
narrow size distributions compared to bulk synthesis have been prepared in a reproducible
manner.398:309 For polymeric NPs prepared through microfluidics, higher drug
encapsulation without increase in NP size has been observed.3%® Another method to prepare
NPs takes advantage of the rapid mixing microenvironment that occurs in microdroplets
formed inside microfluidic channels.310 For instance, cross-linked alginate NPs were
synthesized in a microchannel using aqueous alginate droplets as templates, followed by the
shrinkage of the drops. This method exhibited remarkable control over the NP properties,
specifically, size and size distribution.304:311 Given the volume of research currently
involving the microfluidic synthesis of NPs, it is expected that as more therapeutic NPs
reach the clinical stage, the need for improved synthesis methods would also increase, at
which point microfluidic technologies may become an important tool in the development of
NPs.

4. CLASSICAL MECHANISMS OF DRUG RELEASE

For polymeric systems, “drug release” typically refers to how a drug molecule is transported
from a starting position in a polymeric matrix to the polymer matrix’s outer surface and,
finally, how it is released into the surrounding environment.24” Drug molecules can be
transported out of drug delivery systems via diffusion through water-filled pores, a process
governed by random movements of the drug and driven by chemical potential gradients and
convection produced by osmotic pressure. In addition to diffusion, drug molecules can be
released from the polymer matrix by erosion, which leads to pore formation and erosion
effects and can be observed after an initial diffusion-controlled lag period. This section
discusses classical drug release mechanisms based on drug diffusion, polymer degradation,
and erosion.

The main controlled-release mechanisms can be summarized as (A) drug diffusion through
water-filled pores, (B) diffusion through the polymer matrix, (C) osmotic pumping, and (D)
erosion (Figure 4).312
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4.1. Drug Diffusion through Water Filled Pores

This process describes the random movement of drug molecules driven by a chemical
potential gradient that is approximated by the concentration gradient. In degradable
polymeric systems, the drug release rate is controlled by diffusion through a network of
pores, with evolving structures as the polymer matrix also degrades. Water is immediately
absorbed by polymeric NPs and is a faster process than drug release. The water that occupies
the polymer matrix leads to water-filled pores over time, and the size of the pores becomes
larger and more numerous, eventually leading to large enough pores to facilitate drug
release.313

4.2. Drug Diffusion through the Polymer Matrix

In this scenario, drug molecules simply diffuse out of the polymer matrix. In nondegradable
drug delivery reservoirs or depots, diffusion is the main driving force for drug release, with
rate of release remaining constant and not affected by concentration gradients but by
properties of the polymeric membrane (permeability and thickness).127

4.3. Osmotic Pumping

4.4. Erosion

A further way of drug transport through water-filled pores is convection driven. The influx
of water into a nonswelling system is caused by osmotic pressure, and drug transport as a
result of this force is referred to as osmotic pumping. The design and creation of osmotically
driven DDS using osmogens and semipermeable membranes is an actively investigated field,
and is discussed in detail elsewhere.314

4.4.1. Surface Erosion—Surface erosion occurs when polymers degrade starting at the
matrix/scaffold surface, slowly reducing the size of the matrix/scaffold, from the exterior
toward the interior,171 and occurs when the rate of erosion is greater than the rate of water
penetration in the bulk polymer.”® Surface erosion is ideal for many drug delivery
applications, as erosion kinetics (and therefore drug release) is controllable and
reproducible. Moreover, the slow water permeation rate is ideal for drug delivery because
water-vulnerable drugs are protected.17

4.4.2. Bulk Erosion—Bulk erosion occurs when water penetrates the bulk of the polymer,
which results in homogeneous degradation of the entire matrix.31° The rate at which water
permeates into the bulk is greater than the rate of erosion,171 and as a result, the polymers
within the bulk of the matrix are likely to be hydrolyzed. Bulk erosion is less predictable
than surface erosion and does not protect drugs from the environment, making it a
suboptimal mechanism for controlled drug delivery.171

4.5. A Note on Zero-Order Kinetics

The drive to achieve controlled zero-order kinetics of drug release motivated the
development of controlled-release devices and has seen degradable polymers play a major
role in the implementation of drug-eluting microspheres, medical devices, and, more
recently, NPs. Drug concentrations below the minimum effective concentration or above the
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MTD result in ineffective treatment or toxicity, respectively. Zero-order release kinetics
ensures a steady plasma concentration of the drug within the therapeutic range (Figure 5).

Controlled-release systems offer both temporal and spatial drug release control and can
protect the therapeutic cargo. There are a number of considerations when designing drug
delivery formulations, such as the mechanisms involved in the release of the drug.
Ultimately, in addition to controlling the rate and location of drug release, controlled-release
formulations can aid in patient compliance by minimizing dosing regimens. For effective
treatment of disease, a prolonged release mechanism can maintain the therapeutic dose for
longer periods of time, minimizing both underexposure and the risk of toxicity from
overexposure.316

It is of note that in addition to zero-order drug delivery, oral pulsatile drug delivery systems
have also been developed that can deliver drugs according to the circadian rhythm of the
body, where the drug is released as a pulse after a lag time.317 The release profile for these
systems follows a sigmoid curve after a lag time. The benefits of pulsatile drug release can
be utilized in circumstances where continuous drug release is not beneficial or when
chronopharmacological effects are needed (requiring nocturnal drug release) or when drugs
follow a first-pass effect.317 These other methods of controlling drug release rate may also
be beneficial in cases when constant dosing results in receptor down-regulation/
desensitization and biological tolerance.

4.6. Drug Release Profile

The classical drug release profile is a good starting point in any discussion of controlled-
release mechanisms. As mentioned earlier, zero-order release profiles are idealized states of
drug release, and although preferred, a zero-order release profile is not representative of drug
release from drug delivery systems (in particular, polymeric NPs). The most common drug
release profile from polymeric drug delivery systems is in fact a triphasic profile (Figure 6)
and is typically observed for macromolecular drug delivery systems with heterogeneous
degradation behavior.52:318 The release rate can sometimes also be biphasic when the
particles are smaller. Phase | of a triphasic release profile is referred to as the burst release
effect and is the rapid release of drug molecules close to the surface or near the water layer
(burst release is explained in more detail in section 4.7).62 Phase 11 of the release profile is a
slow release phase governed by slow drug diffusion through the polymer matrix or through
existing pores and is simultaneous with polymer hydrolysis and degradation.®2 Phase 111 can
be a faster release phase, as erosion begins.

Drug release from PLGA micro- or nanosystems shows a triphasic pattern. The initial burst
release effect is due to the rapid release of surface-bound drug molecules, the second phase
(steady controlled release) is related to diffusion and hydrolysis, and the third phase is as a
result of bulk erosion.%2 Studies have shown that concentration gradients and the shape of
the drug delivery device are dominant factors in drug release, and later release is governed
by the rate of polymer degradation.%8 Whether the payload is hydrophobic or hydrophilic
also affects release: hydrophobic drugs produce a zero-order release rate, whereas
hydrophilic drugs display a triphasic pattern.12” However, it is important to note that because
numerous phenomena make up the different release phases, caution must be taken in making
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general inferences from release profiles, particularly as the beginning and end of each phase
are not always obvious.52

The release behavior of polymeric drug delivery systems depends on a wide range of
physicochemical parameters and should be investigated on a case-by-case basis. For
example, though a slow second phase or lag phase could suggest a densely packed polymer
system with low porosity, this effect could also be the result of pore closure, polymer—drug
interactions, or drug-drug interactions.62:319 Furthermore, the second burst release or a fast
phase 111 could be attributed to erosion effects, but they could also be the result of polymer
disintegration or cracks in the matrix. The release profile of polymeric drug delivery systems
is useful primarily to ascertain the sustained release rate. Ultimately, many investigations of
drug release profiles for controlled-release systems have been conducted in vitro, i.e.,
outside of physiological conditions. In order to more accurately predict and evaluate
treatment outcomes in vivo, more intelligent methods of real-time monitoring of drug
release (i.e., separation from NP carrier) are needed and efforts in this direction have
recently begun.320-322

4.7. Burst Release Effect

In controlled-release polymeric drug delivery systems, when the delivery system first
becomes immersed in the release medium, a rapid and short release of drug is observed,
followed by a stable “plateau” profile. The former is usually referred to as the initial “burst
release” (Figure 7), with low-MW drugs, peptides, and proteins having higher propensities
for burst release as a result of osmotic pressures.323 Although under certain circumstances
an initial sharp release of the therapeutic could be desirable, it is often unpredictable with
uncontrollable duration and dose.323 For example, if pulsatile delivery is required, burst
release can be triggered by rapid changes in the local environment. However, for the most
part, avoiding the burst release effect is desirable to minimize any initial toxicity associated
with a high dose. Huang and Brazel have addressed a number of factors and experimental
observations of burst release in monolithic polymer-controlled drug delivery systems and
suggested methods of controlling burst release, and Table 2 gives an overview of these
findings.323

A number of causes for burst release in drug delivery systems have been put forward,
including (1) device storage conditions during which the drug has diffused to the surface of
the device membrane and bursts outward once placed in the release medium; (2) slow
polymer gel formation in injectable hydrogels, i.e., when the polymer precursors are injected
for reversible sol—gel transition purposes and a slow precursor setting allows some drug
leakage; (3) heterogeneous polymer matrices and manufacturing defects; (4) percolation-
limited diffusion; (5) drug loading by equilibrium partitioning when highly concentrated
drug solutions are used; (6) the diffusion and migration of drug molecules during
fabrication; and (7) drying processes leading to burst release effects as water molecules
move to the gel surface, carrying drug molecules via convection and leading to higher drug
concentrations at the surface of the carrier.324 Strategies to avoid the burst effect have
included the addition of a drug-free outer-layer coating to the drug delivery system.323 For
example, the multiple coating of polycation layers of either poly(L-lysine HBr) or poly(vinyl
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amide) on alginate beads was shown to prevent the burst release of proteins, leading to a
more controlled release.323

In the same study, it was also observed that the burst effect could be reduced with the use of
higher-MW polymers to hinder the release of the proteins.323 Nonuniform drug loading into
polymer matrices has also been shown to minimize the burst release, as higher drug
concentrations away from the surface avoid the formation of a rubbery gel layer.323
However, achieving nonuniform drug distribution in polymer matrices is not a trivial task.
Decreasing the hydrophilicity of the polymer matrix can also affect burst release by
minimizing water entry into the system, which changes the polymer pore sizes, decreasing
the mobility of the protein payload.32% Multiple factors affect burst release properties and
should be investigated on a case-by-case basis, including the morphology of the polymer
system, the initial monomer concentration, the hydrophobicity of the polymer pendant
groups, the MW of the polymer chain, and the nature and size of the payload, as well as the
fabrication method, drying processes, and diffusion distances of the polymer matrix.

4.8. Drug Release from Aliphatic Poly(esters)

Poly(esters) such as PLGA or PLA tend to undergo bulk erosion, but drug release is not
limited to degradation alone.236:325 The two main mechanisms involved in PLGA drug
delivery systems are diffusion and degradation/erosion. Initially, concentration gradients and
the shape of the drug delivery device dominate drug release. Degradation of the polymer
matrix begins to predominate in the later stages of drug release, and the release kinetics
becomes more “traditional”, i.e., controlled by degradation/erosion.62:325 Controlled-release
mechanisms involving PLGA polymers have been addressed in detail and will be
summarized here on the basis of previous reports.62

A wide range of physicochemical properties affect drug release from PLGA drug delivery
systems (Figure 8). In the first instance, water absorption leads to pore formation in the
polymer matrix on a faster time scale than drug release. Over time, absorption causes the
polymer to swell, creating pores large enough for drug transport.312 The hydrolysis of ester
bonds in PLGA polymers takes place immediately following water contact and leads to
glycolic and lactic acid production, which further catalyzes hydrolysis. Ester bond scission
is an autocatalytic process that leads to heterogeneous degradation within the polymer
matrix that is driven by an acid gradient.52

PLGA undergoes bulk erosion due to rapid hydration, and the dissolution of the polymer
degradation products creates even more pores. These pores then grow in size as further
contact with water leads to hydrolysis and local acid gradients further catalyze polymer
degradation. Smaller pores coalesce to form larger pores, a process controlled by the
mobility of the polymer chains, which is in turn dependent on the 7. The more glasslike the
matrix, the slower the hydrolysis and therefore water absorption.312 In addition to pore
formation, other factors influencing drug release include drug dissolution, polymer—drug
interactions, and drug—drug interactions.

Ultimately, water absorption in PLGA-based drug delivery systems (and therefore the rate of
drug release) are governed by a number of parameters, which include (1) the MW of
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polymer (typically PLGA is between 50 and 150 kDa), (2) the lactide-to-glycolide ratio
(ranges between L:G 50:50 and 100:0), (3) end-group capping (usually ester or acid), (4)
surrounding release buffer/medium, (5) pH and osmolality, (6) nature of the payload, (7)
additives (surfactants, salts, etc.), (8) the size and shape of the system, and (9) the density
and porosity of the system. A low MW and low L:G ratio and uncapped polymer end groups
make for a more hydrophilic polymer, which increases the amount of water absorption and
therefore hydrolysis and erosion rates. Often divalent cation or basic anion salts used in
stabilizing proteins can also affect pore formation and hydrolysis reactions. Plasticizing or
surfactant additives also influence drug release by affecting water absorption, hydrolysis
rates, and plasticizing or leading to crystallinity within the polymer matrix.312 The mass of
drug encapsulated can also affect drug release rates, as it is directly related to how much
space remains in the matrix for water absorption. The size of the drug delivery system also
influences release, as larger particles increase the pH gradient. Shape also affects drug
release, as the ratio of surface area to volume is an important parameter facilitating more
water contact. Temperature is important, too, as the mobility of the polymer chains increases
at higher temperatures. Salts and additives in the surrounding medium can also affect drug
release by driving osmolality. As a result, drug release rates in vitro and in vivo are different,
with the latter more likely to see faster rates of polymer degradation and drug release and
shorter lag phases. Finally, surface interactions of the drug delivery particles with proteins
and cells of the immune system in vivo can also affect drug release.326

4.9. Mathematical Models of Polymeric Drug Release

Mathematical modeling of drug release aims to predict drug release rates and drug diffusion
behavior from drug delivery systems. This information in turn aids in the optimization of the
release kinetics and assertion of the physical mechanisms involved in drug transport, which
is facilitated by comparing experimental data with mathematical models. Mathematical
models can shed light on the effect of various parameters, such as shape, size, and
composition of the drug delivery system, on the overall drug release rate. The accurate
prediction of drug release can ultimately improve overall therapeutic efficacy and drug
safety profiles. Ultimately, it is envisaged that the systemic use of mathematical models to
predict drug release rates and behavior can lower costs and experimental times, leading to
more effective drug formulations and more precise dosing regimens.

A range of mathematical models have been proposed and used to predict and explain drug
release from polymeric drug delivery systems and can be either empirical/semiempirical or
mechanistic in nature. From the two, mechanistic models are designed by taking into
account biophysicochemical properties and can provide insight into drug diffusion,
degradation, and erosion. Mechanistic models involve the concept of diffusivity and are
based on Fick’s law, which relates diffusive flux to concentration under the assumption of a
steady state—with flux going from areas of high concentration to areas of low concentration
and this magnitude being proportional to the concentration gradient and describing the
behavior of solutes—and Fick’s second law predicting how diffusion leads to concentrations
to vary with time. As a result, drug delivery devices commonly fall into one of two
categories that describe solute diffusion: Fickian and non-Fickian. Fickian diffusion occurs
when the polymer relaxation time (%) is greater than the solvent diffusion time (). Non-
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Fickian diffusion occurs when & ~ £ and cannot be modeled with Fick’s laws of
diffusion.327

The goal of modeling the release process is to gain a deeper understanding of the release
mechanisms of specific material systems.127 Despite the known thresholds for modeling
each system, discrepancies have been shown between theoretical mathematical models and
experimental data, as many different factors interact to produce drug release. Furthermore,
current models are not sufficient to describe complex drug delivery devices, which may
contain multiple material constituents, or responsive drug release mechanisms involving
interactions among intricate environmental conditions.12” Fu and Kao have recently
summarized mathematical modeling concepts for nondegradable and degradable polymers
from the last 25 years in a recent review. In the next section we highlight and discuss some
of these mathematical models.127

4.9.1. Diffusion-Based Mathematical Models—Diffusion occurs due to the random
molecular motion of drugs and involves concentration gradients. Drugs can move out
through permeation or through movement via pores and channels. Drug release from a
simple slablike device can be modeled from a derivation of Fick’s second law of
diffusion127.328

M, _4( Dt )1/2
My \7wh? (1)

where M;is the sum of drug released at time # with My being the total of the drug-loaded
mass, D is the diffusion coefficient, and /s the device thickness. This equation holds true as
an early time approximation model, remaining accurate for up to 60% of the total release, 0
< M{My < 0.6. The late-time approximation holds true for the final stages of release, 0.4 <
M{ My < 1.0, and is expressed as follows:32°

M, 8 (—m2Dt)
- (@) 2]

Equations 1 and 2 share the same parameters. This model assumes that the dimension and
physical properties do not change as the drug is released; for example, there is no loss of
bulk polymer material or degradation.12” The diffusion coefficient can be determined
through nuclear magnetic resonance (NMR) or fluorescence correlation spectroscopy.330:331
Studies have shown that both the early- and late-time approximations correlate with
experimental data, implying that the dominant release mechanism in these studies was
Fickian diffusion.332:333 For example, eqs 1 and 2 were used to predict successfully
diffusion coefficients of proteins entrapped within peptide hydrogel scaffolds.332 In another
study, the diffusion coefficient of a small-molecule asthma drug was measured in PAA-PEG
hydrogels.333 In both of these studies, good correlation between experimental data and the
Fickian diffusion model was achieved. Some limitations exist when the drug delivery device
is heterogeneous in structure (i.e., composed of different materials or layers), there are
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moving boundary conditions, non-Fickian diffusion, or when dealing with ionic species, and
therefore, the diffusion coefficient cannot be considered to be constant throughout the
system.

4.9.2. Mathematical Models for Polymer Dissolution—Polymer dissolution refers to
a polymer releasing its drug payload into a thermodynamically compatible medium or
solvent.334 Drug release from dissolution-based systems can be controlled by solute
diffusion as well as polymer dissolution.335 In a model allowing for solute migration and a
swelling polymer rubber phase in one-dimensional systems, such as slabs, films, or disks the
equation for accumulative drug release is:

My vq,eq+va*
= 2At+Bt
o (V)

Variables A and B are designated as

A:D(Ul,eq _ Ul*) ( V1,eq + 1 )

Vl,eqtVd,eq = V1*t+va*

Vg, 1
+D4(va* — Vdeq) (v11eq+equm+v1*+vd* @)

Ul,eqtVd,eq (5)

where /is the initial crystalline polymer thickness, D represents the solvent diffusion
coefficient value, Dj is the drug diffusion coefficient, 11* and vy3* are the fixed fractions of
the solvent and the drug (respectively) at the polymer crystalline-rubber transition, v ¢q and
Vd,eq are the fixed fractions of the solvent and drug (respectively) at the polymer rubber
phase-solvent phase equilibrium, 4y is the disentanglement rate of the polymer chain, and ¢
is time. An increase in drug release was observed during simulation with larger diffusion
coefficients. Additionally, non-Fickian case Il behavior was observed as A/ B approached
zero;336 thus, the model holds true for Fickian diffusion, case II diffusion, and the transition
mechanism between the phases. This model has been used to represent polymer dissolution,
as there is good correlation between experimental data and the underlying equations.12” The
release of cimetidine hydrochloride from a PVA tablet was shown to be driven via a Fickian
diffusion process using this model, and good agreement between eq 3 and experimental data
was observed.33°

4.9.3. Mathematical Models for Polymer Erosion—Surface-eroding polymers can be
represented using Hopfenberg’s model, where zero-order surface release of the drug
determines the rate-limiting step.127 The following equation holds true for spheres,
cylinders, and slabs
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M (1 _ @)n
Moo coa (6)

where M;and My are the cumulative drug release at time #and infinite time, Ag is the
erosion rate constant, ¢, is the initial concentration of the drug, ais the radius of the
cylinder/sphere (or half the thickness of the slab), and 7 is a shape factor where 7= 3 for a
sphere, 1= 2 for a cylinder, and 7= 1 for a slab. However, predicted values using this model
for a cylindrical tablet did not correlate well with experimental values.336 The next model
was developed for drug release from an erodible polymer matrix, which takes into
consideration axial and radial erosion factors

My (17 kat >2 (17 2kbt)
M Coag Cobg (7)

where k; is the radial erosion rate constant, A is the axial erosion rate constant, gy and b are
the tablet’s starting radius and thickness (respectively), and G is the initial concentration of
drug in the matrix. Under specific conditions, where k, ~ A, the model accurately described
drug release from a cylindrical tablet.337 A unified model to represent both surface and bulk
erosion has been developed. In this model, diffusion reaction equations are combined with
dissolution and pore formation mechanisms to determine drug release. The presence of
water within a polymeric matrix can be described using

0Cy

TNV (DWVCy) — kCy My

ot (8)

where G, is the concentration of water with respect to time, the diffusivity of water within
the polymer matrix is denoted by D,,, & represents the degradation rate constant, with M,
representing the MW of the polymer.338 The hydrolytic breakdown of polymer bonds in the
polymer matrix has been defined according to eq 9. It is assumed that the diffusion of the
polymer components is not a major factor before the beginning of erosion, when most drugs
will have begun to be released.339:340

OM,
I kO My
ot )

Equations 8 and 9 share the same parameters. The dissolution of the drug can be modeled
using a second-order rate expression.3*! The change in solvent concentration with respect to
time must be considered in this expression, which can be seen in the equation below:

0C
ot

= - kdiS CSn CAu CVVII (10)
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Here kyis denotes the intrinsic dissolution rate constant, the normalized solid drug
concentration in the polymer matrix is represented by Csy,, with Cap being the difference
between the aqueous agent concentration and its limit of solubility (Camx), and finally, Guyn
is the normalized concentration of water. The next model accounts for drug concentration in
a polymer matrix with respect to position and time, using Fick’s second law as well as the
dissolution rate expression336

0Cs
ot

=V (DegVC,) +kaisC, C, Cy (11)

where D is the effective diffusivity term, and the other parameters are shared with eq 10.
Des5 is dependent on the polymer matrix porosity () as well as the diffusivity of the drug
through the matrix (Da): Datf = Dae. If one integrates the total normalized concentration of
drug in the matrix over all space, it will yield the cumulative fraction of remaining drug in
the polymer matrix in time.

CE% gy

POV, (12)

Equation 12 shares the same parameter set as egs 10 and 11. Furthermore, one can calculate
the fraction of drug released, /(%), using the simple equation below:

R(t)=1-P(t) (13)

The polymer matrix porosity depends on both time and space and follows a cumulative
normal distribution model based on the MW or degradation rate distribution of said

polymer336
1 My — My
e=1- 1 {erf (7> +1}
2 20? (14)

where the variance is o2 and is based on the polymer matrix crystallinity as well as the
corresponding distribution of degradation rates. M, is the MW of the polymer matrix
during release, and M, is the MW of the polymer.

4.9.4. Multicomponent Mathematical Models—Mathematical models for more
complex multipolymer blends have been developed.342 Release kinetics modeled for each
polymer, such as PLGA and PCL, were modeled and developed, and their models were then
combined. The following expression represents the drug-release kinetics of PCL
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{%}PCL:Qﬁb,PCL {1 —erp (_kb’PCLt)}
[e.@]
+¢d,PCL {1 B Z -

n=0 (2n+1)27r2
— 272 (t— y
e:r,p( DPCL(QTH_li[? (t tb,PCL))} )

where the first term models the initial burst phase, followed by the second term, which
models the diffusion-controlled release, with a lack of degradation term for PCL. M;is the
proportion of drug released at time £, M is the proportion of drug released at time infinity,
and ¢y pci and ¢y pcr are the fraction of drug release through burst phase and diffusion,
respectively, where (ép pcL + ¢d pcL) = 1. PLGA is modeled similarly but also includes a
degradation term

{I&i }PLGA :¢b,PLcA {1 - emp(_kbﬁPLGAt)}

+¢LPLGA {exp [kr,PLGA (t - tb,PLGA)] - 1}
o0
8
+¢d,PLGA {1 - Z (2n+1)27r2

n=0

-D (2n+1)2m2(1—t )
PLGA L,PLGA
exp < I =

(16)

where the first term models the burst release, the second term describes relaxation-induced
drug dissolution release, and the third term represents diffusion-controlled drug release.
Equation 16 shares the same parameters as eq 15 but is specific for PLGA. The next model
represents the drug release from blends of PCL and PLGA

My } M, M,
) ) o (2]
{MOO blend "\ Moo PCL PO Moo prca  (17)

where e and % ga are the fractions of drug that partition into and are also released (from
PCL and PLGA, respectively), the sum of which is 1.342

As seen by the variety of models described above, it is clear that no single model can
accurately describe the release kinetics for each type of polymer. This is the result of
multiple factors being involved with drug release mechanisms and their interactions. The
most relevant mathematical model should be considered with any assumptions or limitations
(material composition and structure of drug delivery system; physicochemical properties of
the drug; shape, size, dimension, and geometry of the device; etc.), prior to application to
experimental data, by taking into consideration the physicochemical properties of the

polymeric carrier and drug. Further detailed mathematical models have also been discussed
elsewhere,127,328,334,343,344
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5. EXOGENEOUSLY TRIGGERED DRUG RELEASE

Stimuli-responsive NPs can be engineered to release their therapeutic cargo on “cue”
according to specific cellular or extracellular stimuli triggered via chemical, biochemical, or
physical means (Figure 9). This triggered release in turn can lead to changes in the
nanocarrier structure or chemistry, leading to the release of the therapeutic payload in a
particular biological environment.

If the drug is entrapped within polymeric NPs, release can be triggered by causing structural
changes such as polymer degradation, deshedding of surface layers, and charge switching;
on the other hand, drug molecules covalently conjugated to the polymer backbone can be
released by breaking the linking bonds. Building on our understanding of classical drug
release from polymeric NPs (diffusion, surface erosion, and degradation), further
manipulation of the site and rate of drug release as a function of the nanocarrier composition
is now a widely expanding field of polymeric NP drug delivery, providing further
opportunities for controlling drug release. In this review, stimuli that result due to inherent
chemical biological pathologies of disease (such as pH, reactive oxygen species, elevated
enzyme levels, etc.) are referred to as “endogenous stimuli”, whereas stimuli that result via
manipulation from outside the body (such as heat, light, electrical, or ultrasound induction)
are referred to as “exogenous stimuli”. A major development of stimuli-responsive drug
delivery systems has been to minimize systemic toxicities and unfavorable drug—plasma
interactions and to dose and treat disease more efficiently. In the following sections, we will
discuss thermoresponsive, light-responsive, and ultrasound-responsive controlled-release
polymeric NP systems, since these external triggers have been widely utilized in drug
delivery applications.

5.1. Thermoresponsive Drug Release

Temperature-sensitive polymers have been investigated to specifically release their payloads
during an induced narrow temperature range, after the delivery of a hyperthermic stimulus at
the target tissue. This type of stimuli-responsive drug release can be facilitated since
thermoresponsive polymers can change their physical and chemical properties in response to
heat. Several studies have highlighted the abnormal temperatures in tumors and other
inflammatory diseases as a direct result of abnormal blood flow, leukocyte infiltration, a
high rate of metabolic activity, and a high rate of cell proliferation in diseased tissues.34°:346
Temperature differences between normal and tumor tissue have also been used to diagnose
early-stage tumors and malignancy.347-349 Besides these intrinsic temperature variations,
larger temperature changes can be induced artificially at specific locations by applying heat
from an external source. This formed the basis for hyperthermia treatment, which exploits
the higher sensitivity of tumor tissues to high temperatures as compared to normal
tissues.3%0 According to the National Cancer Institute of the NIH, “Hyperthermia is a type of
cancer treatment in which body tissue is exposed to high temperatures (up to 113 °F) to
damage and kill cancer cells”.351 Both intrinsic tumor temperature variations and externally
induced hyperthermic temperature changes offer attractive stimuli for the site-specific
delivery of chemotherapeutic agents.
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Polymers that undergo conformational changes in response to temperature variation have
been widely studied for the development of thermoresponsive nanocarriers since the initial
report of the use of poly(A-isopropylacrylamide) (PNIPAM) by Scarpa et al. in the 1960s.
Conformational changes that translate into volume changes in thermoresponsive polymers
originate from the switching of polymer hydration states. The most widely used
thermoresponsive polymers are hydrophilic below a certain temperature and become
hydrophobic above a specific temperature.352 The temperature at which this phase transition
occurs is referred to as the lower critical solution temperature (LCST).352 Below the LCST,
polymers are hydrated with an extended chain conformation (soluble), and above the LCST,
they are dehydrated with a collapsed chain conformation (insoluble) (Figure 10).353 When
assembled into a nanocarrier system, these thermoresponsive polymers release their payload
through a change in their hydration state and volume, either in response to the intrinsic
temperature variations in the diseased region or in response to externally applied heat. The
response to temperature change is generally sharp and allows for the delivery of a payload in
a spatiotemporal manner.38:354.355 The temperature range at which the nanocarrier responds
can be tuned by modulating the balance between hydrophilic and hydrophobic moieties of
the constituting polymer. The ideal range in which a thermoresponsive nanocarrier should
release its payload is between 37 and 42 °C, in order to minimize any toxic affects due to
protein denaturation above the latter temperature.33 In the following section, we discuss
widely explored classes of thermoresponsive polymers for polymeric drug delivery
applications.

5.1.1. Poly(N-isopropylacrylamide) vs Poly(N-vinylcaprolactam)
Thermoresponsive Polymers—Poly(AN-isopropylacrylamide) (polyNIPAAm) is the
most widely studied thermoresponsive polymer. It possesses a very sharp LCST of 32 °C,
which is well below normal body temperature.357 This implies that polyNIPAAm is not
suitable for the fabrication of drug delivery nanocarriers, since it would not exhibit
thermoresponsiveness in the desired temperature range (37-42 °C). PolyNIPAAmM is a type
I thermoresponsive polymer, as its LCST does not depend on polymer MW.357 The LCST
of such a polymer can be modulated by incorporating a hydrophilic component, which
increases the LCST, or a hydrophobic component, which decreases the LCST. Efforts have
been made to modulate the LCST of polyNIPAAm by preparing copolymers of hydrophobic
comonomers and have yielded a range of polyNIPAAm-based thermoresponsive materials
with LCST in the desired temperature range, and this topic has been exhaustively covered in
other excellent reviews.352:358-361 Although a variety of polyNIPAAm-based
thermoresponsive drug delivery systems with optimum physiochemical characteristics have
been published in the literature, their biological safety and thus relevance for in vivo medical
applications still remain a matter of concern. The acrylamide monomer used for the
synthesis of polyNIPAAm is known for its neurotoxicity, which would require rigorous
purification procedures before the product could be used for in vivo applications. In addition
to the monomer’s toxicity, polyNIPAAm itself is not fully biocompatible, and in vivo
experiments on mice have revealed considerable systemic toxicity.362 Thus, despite its ideal
thermoresponsive properties, polyNIPAAm’s utility is limited by its toxicity. However,
knowledge gained from the extensive numbers of investigations on polyNIPAAm is being
applied to the development of alternative thermoresponsive materials. Poly(/\-
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vinylcaprolactam) (polyNVCL) is considered a promising alternate thermoresponsive
polymer,363 since it possesses a LCST similar to that of polyNIPAAm.364

Unlike polyNIPAAm, polyNVCL is a type | thermoresponsive polymer, as its LCST can be
tuned between 32 and 50 °C by altering the polymer MW (18 000-150 000 g/mol),
decreasing the LCST while increasing both MW and concentration.357:364.365 Attempts have
also been made to control the LCST by preparing random and block copolymers.
Preliminary data on the biocompatibility of polyNVCL has revealed its superiority over
polyNIPAAmM.366:367 polyNVCLs are gaining interest as thermoresponsive polymers since
they have exhibited low in vitro cytotoxicity.363 However, there are no studies on their
biocompatibility in vivo. The hydrophilic cyclic amide side groups bonded to the C-C
backbone are one reason for the lowered toxicity of these polymers, and in contrast to
PNIPAAmM, hydrolysis of polyNVCL does not lead to the production of toxic amine side
products.383 The low cytotoxity of polyNVCL was demonstrated by a number of studies,
and one particular study showed polyNVCL to be nontoxic to Caco-2 and Calu-3 cell lines
up to 10 mg mL~1.366 These studies should help pave the path for further in vivo toxicity
studies in order to fully harness the advantages of polyNVCL-type polymers in drug
delivery.

5.1.2. Oligoethylene Glycol Thermoresponsive Materials

5.1.2.1. Pendant Group Approach with M ethacrylates and M ethacrylamide: In addition
to the antifouling nature of PEG, a variety of PEG- and oligoethylene glycol (OEG)-based
materials exhibiting thermal responsiveness have been reported.352 Acrylates and
methacrylates with OEG (OEGAs and OEGMAS) groups represent another emerging
category of polymers with interesting thermoresponsive properties in solution, such as
adjustable LCST and PEG-like biocompatibility.352 The seminal work of Lutz et al.
demonstrated the superior thermoresponsive properties of a copolymer derived from
OEGMAs compared to polyNIPAAM.368 A number of comprehensive reviews on the
impact of the backbone hydrophobicity (acrylate vs methacrylate), the side chain
hydrophobicity (originating from the number of ethylene oxide repeat units and its
architecture), the chemical nature of comonomer (backbone and pendant group), and the
nature of the backbone end group on the thermoresponsive characteristics of the resulting
material have been published previously.356:369.370 A variety of thermoresponsive materials
derived from OEMASs and OEFMAs have also been reported in the literature, although
polymeric NPs have not been developed using these polymers and their utility remains to be
seen for drug delivery applications.37! In addition, the hydrocarbon backbone of these
materials, which would be the residual material after in vivo hydrolysis of the pendant ester
or amide linkages, may impair their potential as candidates for the development of
thermoresponsive NPs.

5.1.3. Thermoresponsive Degradable Polymers—From a clinical translational
perspective, polymers employed for development of thermoresponsive drug delivery should
be both biocompatible and degradable. If the polymeric material employed is not
degradable, the MW and the associated physicochemical characteristics of the
thermoresponsive polymer should be optimized to allow it to pass through various biological
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barriers and be excreted from the body after delivering the payload. Despite the extensive
literature on tuning thermoresponsive behavior, little attention has been paid to assessing the
postdelivery fate of the polymers. This issue is of particular concern when thermoresponsive
delivery systems are derived from polymers synthesized from methacrylate and
methacrylamide monomers. After the hydrolysis of their pendant groups, these polymers can
leave behind hydrocarbon chains, which are not easily metabolized in biological systems.
The drug delivery systems derived from the aliphatic polyesters, polycarbonates,
polysaccharides, and polyamides are of specific interest because their degradable nature
enables their use in a number of real-life clinical applications for tissue engineering and drug
delivery. Since many of these polymers have been approved by the FDA, a thermoresponsive
drug delivery system derived from these polymers is more amenable to clinical translation.

5.1.3.1. Polyesters. A number of attempts have been made to produce thermoresponsive
materials based on degradable materials. Like the OEGAs and OEGMAs, the pendant-group
approach has also been applied to the aliphatic polyesters. Jiang et al. reported a successful
pendant group approach that involved the tin (2-ethylhexanoate),-catalyzed ROP of an
alkynyl-group-substituted lactide-based monomer (meso/rac-3,6-di-2-propynyl-1,4-
dioxane-2,5-dione).372 The percentage of the pendant alkynyl groups can be controlled by
carrying out a copolymerization reaction with a certain amount of lactide monomer. In
addition, these researchers also successfully demonstrated a block copolymerization
approach. By controlling the ratio between hydrophilic OEG-N3 and 1-azidodecane, the
authors obtained poly(propargyl glycolide) (PPGL) with a precisely controlled LCST
(referred to as a cloud point) between 25 and 65 °C (Figure 11). Although this report did not
discuss the potential of fabricating thermoresponsive nanocarriers, it provided a solid
foundation for future developments.

Recently, Rainbolt et al. applied the pendant group approach to the development of a
stimuli-responsive poly(e-caprolactone) system.373 As mentioned previously, e-
caprolactones are biocompatible aliphatic polyesters that exhibit a slow biodegradability
profile and are suitable for drug delivery systems that require sustained release over several
days. By controlling the ratio between the monomers y-2-[2-(2-methoxyethoxy)ethoxy]-
ethoxy-e-caprolactone (MEEECL) and 3-(2-methoxyethoxy)- e-caprolactone (MECL) and
by varying the number of pendant ethylene oxide units, the authors were able to tune the
LCST of the resulting polyester between 30 and 50 °C (Figure 12). Though this report also
included the fabrication of NPs, data regarding the thermoresponsiveness of the resulting
NPs, encapsulation of the payload, and thermoresponsive release were not presented. A
number of polymeric NPs using combinations of caprolactone and other biologically
suitable polymers have been reported to date for sustained delivery of a wide range of small-
molecule drugs.374-377

5.1.3.2. Palycarbonates: Aliphatic polycarbonates are also attractive biocompatible and
degradable materials for the development of nanomedicines.3”8 In contrast to polyesters,
which exhibit bulk erosion degradation in vivo, polycarbonates are characterized by surface
erosion degradation, and (also unlike polyesters) they do not produce acidic
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byproducts.379-382 The ROP of cyclic carbonates, such as trimethylene carbonates, is the
preferred route to synthesize polycarbonates and their copolymers with aliphatic polyesters.

Extensive efforts have been made to synthesize polycarbonates with a variety of end and
pendant groups for the precise tuning of their physical properties for biomedical
applications.383-39 A considerable advantage offered by polycarbonates over polyesters is
the wide range of pendant groups that can be accessed by using an appropriately
functionalized monomer or by postpolymerization functionalization.378:391
Thermoresponsive polycarbonates via the pendant group approach have been produced.392
Kim et al. employed a hydrophobic hydrocarbon and hydrophilic PEG pendant group
combination to produce a therapeutic nanocarrier based on a thermoresponsive
nanostructured polycarbonate block copolymer.393 Methyltrimethyl-carbonate (MTC)-based
monomers with ethyl (MTC-C,), dodecyl (MTC-C;5), and PEG (MTC-PEG) were
employed (Figure 13).393 Using PEG substituents with different MWs and a combination of
different degrees of polymerization (DPs) for the three monomers, the LCST of the resulting
thermoresponsive polycarbonate block copolymers (TRCm-a,6,c, where m represents the
PEG MW, and &, b, and crepresent the DPs of MTC-C,, MTC-C15, and MTC-PEG,
respectively) could be tuned between 36 and 53 °C in PBS. One micelle formulation,
TRC350-10,30,60, exhibited an LCST of 36 °C and was shown to self-assemble into
nanostructures (Figure 13). The size of the NPs increased as the temperature was raised
above the LCST, due to the increase in the hydrophobicity that resulted in aggregation. The
Ptxl-loaded NPs exhibited temperature-dependent release kinetics, with faster release above
the LCST. The authors suggested that there was a collapse of the core-shell architecture
when the temperature was raised above the LCST, which would explain this faster release.
However, the release kinetics was very slow, taking 7 days to release ~60% of the loaded
drug at a temperature above the LCST. The slow release kinetics may be suitable for a range
of controlled-release applications. In vitro cytotoxicity studies with HepG2 and HEK293
cells showed TRC350-10,30,60 to have minimal toxicity after 48 h incubation either at 32 or
37 °C.393 In HepG2 cells the anticancer activity of paclitaxel-loaded TRC350-10,30,60
micelles was superior at 37 °C (above the LCST) compared to free paclitaxel, and this was
also reflected in the lower IC50 observed at 37 vs 32 °C for this micelle (the IC50 value of
free paclitaxel did not change). This study demonstrates that drug release and cellular uptake
of these micelles are higher at body temperature in vitro.

5.1.3.3. Pluronic-Based Thermoresponsive Polymers: Given their biocompatible and
degradable nature, polyesters with OEG pendant groups are interesting materials for
thermoresponsive nanomedicines. In addition to the pendant group approach, the block
copolymer approach has also been explored for the development of thermoresponsive
biocompatible and degradable nanocarriers. Akin to PEG, Pluronic block copolymers,394
also known as poloxamers, are another class of thermoresponsive polymers widely favored
for their biocompatibility.3%® Pluronic block copolymers are made up of hydrophilic
antifouling poly(ethylene oxide) (PEO, A) and hydrophobic thermoresponsive
poly(propylene oxide) (PPO, B) blocks in an ABA block copolymer arrangement (PEO-
PPO-PEO). The PEO blocks also possess terminal hydroxyl groups. The FDA has approved
several members of this class of polymers for pharmaceutical applications. In addition to
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their relevance for the development of nanocarriers, Pluronic block copolymers are also
known to modify cellular responses. A thorough investigation has established the ability of
Pluronic unimers to sensitize MDR cancer cells.396-406 The ability of a Pluronic block
copolymer to modify biological response was shown to diminish upon micellization, which
suggests the critical role of Pluronic unimers in sensitizing MDR cells.#96:407 Toward the
goal of developing nanocarriers with tunable properties, Pluronic block polymers are
conveniently accessible in a wide range of MWs and PEO-to-PPO ratios, which have been
exploited for modulating the cloud point and cmc during nanocarrier fabrication.39:397
Nanocarriers with a hydrophobic PPO core and a hydrophilic PEO shell are formed above
the cmc or LCST. The ability of the PPO core to encapsulate a variety of hydrophobic
payloads and respond to temperature changes has been demonstrated in the literature and
can also be modulated by varying the PPO MW. Dissolving the Pluronic and payload at
lower temperatures and subsequently raising the temperature above the cmc generally leads
to the fabrication of payload-encapsulated nanocarriers. A variety of Pluronic-based
nanomedicine formulations are being investigated, and the most notable having been
clinically evaluated is SP1049C, as discussed previously (Figure 3-15).408

Nanocarriers derived purely from Pluronic possess soft cores and are thermodynamically
stable, unlike the kinetically stable nanocarriers derived from block copolymers with hard
hydrophobic segments.49% The physical stability of Pluronic nanocarriers is highly
dependent on their concentration and environmental temperature. This has limited their in
vivo applications, as the nanocarriers dissociate upon dilution as the concentrations drop
below the cmc during systemic circulation. A number of chemical and physical strategies are
being explored to improve their systemic stability while their thermoresponsive nature is
preserved. In a series of studies, He and co-workers developed Pluronic F127 with terminal
functional groups reactive toward amines by reacting hydroxyl end groups with succinic
anhydride or 4-nitrophenyl chloroformate (4-NPC).410-412 The terminal reactive groups
were then used to carry out a cross-linking reaction with multiple amino groups attached to
macromolecules, namely, chitosan or polyethylene imine,*13 using a unique emulsification/
solvent evaporation method that led to the formation of thermally responsive nanocapsules
(Figure 14). These nanocapsules developed by combining succinic anhydride for activation
and chitosan for cross-linking changed dramatically in size, in response to a change in
temperature: from >200 nm at 4 °C to ~25 nm at 37 °C.#10 The authors loaded the
therapeutic payloads into the swollen nanocapsules via a co-soaking process at 4 °C. Freeze-
drying and then heating to 55 °C, followed by dialysis at 37 °C, ensured the removal of any
free nonencapsulated payload. The thermoresponsive release of the payload was elicited by
employing a cold-shock treatment (4 °C) during the release test performed at 37 °C. After 3
h at 37 °C, release of the payload was negligible. The cold shock administered at this stage
led to a release of ~94% of the total payload. This induced drastic swelling in the
nanocapsules, increasing their permeability and eliciting a burst release of the payload. The
volume expansion as a result of the cold shock at 4 °C was further shown to help the
nanocapsulate mechanically break, escape the endosome/lysosome system, and efficiently
release the payload in the cytosol of MCF-7 cells, and cell viability was observed to be more
than 99%.410
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Besides chemical cross-linking strategies, physical hybrids derived from a combination of
Pluronic and other materials have also been reported in the literature as thermoresponsive
nanocarriers. Our group recently reported a hybrid therapeutic protein delivery system
referred to as “thermosponge nanoparticle platform (TNP)” derived from Pluronic F127 and
terminally charged PLGA or PLA (Figure 15).414 The empty and protein-loaded TNPs were
fully characterized for their physiochemical characteristics and stability, and the core—shell
nature of the TNPs was evident from the transmission electron microscopy (TEM) images
(Figure 16). Size investigations by dynamic light scattering (DLS) revealed a decrease in the
size of TNPs when the temperature was increased from 4 to 37 °C.

By exploiting the electrostatic charge on the core surface, we were able to load the protein
payloads by cooling a cosuspension of the TNP and protein from 25 to 4 °C, subsequently
warming it to 37 °C (temperature for shell contraction). The synergic effect of the core
surface charge and thermoresponsive volume variations enabled the loading of negatively
(insulin and human growth hormone/hGH) and positively (IL-10 and erythropoietin/EPO)
charged therapeutic proteins with high loading efficiency and capacity. The loaded proteins
retained their full bioactivity, while the TNPs significantly increased their half-lives and
systemic exposure in mice. To test the in vivo efficacy of the TNPs, a mouse model of
contact dermatitis was used to assess the anti-inflammatory effects of the IL-10-loaded
TNPs. Mice treated with these NPs were shown to have less edema and myeloid infiltration
than mice injected with free-1L-10. In this study, the temperature-responsive behavior of
Pluronic was used to load proteins into NPs without the need for organic solvents.

The terminal hydroxy! groups of Pluronic block copolymers can also be explored for the
initiation of ROP of cyclic dilactone monomers to prepare Pluronic—polyester block
polymers.#15 In a recent report by Guo et al., Pluronic F127 (F127) was employed as a
macroinitiator to produce thermoresponsive F127-PLA (FP) block copolymers (Figure
17).416 One of the end groups was reacted with A,/ -carbonyldiimidazole (CDI), while the
other was used for ROP of the lactide. The CDI-activated end group was reacted with a
diamine and then with an active ester derivative of folic acid, producing a folate-conjugated
FP (FA-FP) block copolymer. FA—FP can be used for active targeting to folate receptors,
which are typically overexpressed in a variety of tumors. Through a nanoprecipitation
process, NPs with a PLA core and F127 shell were prepared from the FA-FP block
copolymer with different DPs of the PLA block (Figure 17).

Interestingly, the thermoresponsive nature of the NPs, as reflected by the decrease in particle
size and increase in absorbance of the particle suspension with the increase in temperature
from 25 to 55 °C, can be tuned by varying the DPs of the PLA block. The DOX-loaded NPs
showed a clear thermoresponsive drug release, particularly the NPs derived from the FP with
the PLA DP of 100 (FP100) (Figure 18). At 37 °C, FP100 showed a very slow release with a
burst release at 40 °C. The collapse of the hydrophilic shell at a temperature above the LCST
resulted in a fast payload release. The LCST of FP100 NPs is reported to be between 37 and
40 °C, so they would remain stable under normothermia, whereas they would rapidly release
their payload under mild hyperthermia, making them interesting nanocarrier candidates for
tumor targeting. Conjugating them to FA markedly increased the uptake of FA-FP100 NPs
by HeL a cells expressing the folate receptor when compared to the FA lacking FP100 NPs.
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The LCST of the FA-FP100 was not much different than that of FP100. The researchers also
reported that the efficient thermoresponsive payload release translated into the lowering of
the 1C50 value from 1.45 £ 0.03 g/mL at 37 °C to 0.28 + 0.02 1g/mL at 40 °C.

Successful in vivo application of thermoresponsive nanocarriers would require a
straightforward method of heating the tumor region. Induction of a magnetic field has the
potential to be the most clinically effective way of tumor-targeted heating. Magnetic
hyperthermia usually uses magnetite (Fe304) NPs (referred to as superparamagnetic iron
oxide NPs or SPIONS) that are coated or encapsulated in the thermoresponsive polymer.

When an alternating magnetic field (AMF) is applied, the SPIONs generate heat, attributable
to magnetic hysteresis loss and Néel relaxation.33 In a magnetically responsive system,
either a released payload or generated heat is responsible for providing the intended
therapeutic effect. In the former scenario, the application of AMF is expected to release the
payload in response to the generated heat. Near-infrared (NIR) radiation can also be
employed to induce localized heating via photothermal conversion, i.e., converting energy
into heat.#}7 This is frequently achieved using gold nanorods or nanoshells engineered to a
certain diameter or thickness that can respond to incoming NIR and generate heat, which in
turn can be exploited as a stimulus to trigger payload release from temperature-responsive
nanocarriers. NIR-triggered payload release can also be facilitated by the disintegration of
bonds that link the payload to the carrier, known as photocleaving, or the decay of a capping
agent that blocks the payload via the photothermal effect. Frequently, theranostic agents that
use NIR heat-triggered drug release also take advantage of the heat to stimulate
photohyperthermia or enable photodynamic therapies.

Although gaining considerable interest as responsive materials in drug delivery, the majority
of polymers used to develop thermally responsive drug delivery systems have not as yet been
extensively investigated in the body, and until these systems are more thoroughly tested for
their biocompatibility, they are mostly confined to preclinical development. It is important to
investigate the toxicity of the constituent monomers in these systems, since these
components are most likely causative of any toxicity arising in vivo.

5.2. Light-Responsive Drug Release

Nanocarriers capable of undergoing physical or chemical changes in response to light
irradiation are attractive for designing safe treatment regimens that offer spatiotemporal
control over the release of encapsulated therapeutic payloads. A number of chemical and
physical processes can be initiated simply by light irradiation at a specific wavelength. The
light- or radiation-triggered processes can be either reversible or irreversible and involve
formation or cleavage of bonds, interconversion of isomers (e.g., cis—trans), switching of
electrostatic charge, and rearrangement of chemical reactions. Incorporation of the
functional groups that interact with light and undergo the aforementioned transitions in the
polymers (in the backbone or as pendant groups) has been explored for the development of
light-responsive polymeric materials.

Nanocarriers fabricated from light-responsive polymers can be triggered to disintegrate and
release the encapsulated payload via light induction. The clean and convenient nature of
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light-triggered processes has stimulated tremendous interest, particularly for application in a
variety of biomedical fields. The suitability of a certain light-triggered process for a targeted
biomedical application depends on the radiation wavelength required. In the context of light-
responsive nanomedicines, the light required should be benign to normal tissues, show
minimal absorption and interaction with the biological components, and offer substantial
tissue penetration for in vivo applications. Radiation of shorter wavelengths, such as y-rays
or X-rays, offer high energy and are used in radiotherapy to damage the DNA of (and kill)
cancerous cells.*1® However, since the high energy of y-rays and X-rays can damage normal
tissues; they cannot be used as a stimulus for developing light-responsive nanomedicines.
Moving from the high- to lower-energy end of the electromagnetic spectrum, UV radiation is
next in line. A number of functional groups responsive to UV radiation can be incorporated
into polymers, and such materials have been widely demonstrated to undergo physical and
chemical changes upon UV irradiation.41°

5.2.1. UV-Light-Resposive Controlled Release—Azobenzene is known to undergo
UV light (340-380 nm) triggered transition from apolar trans to polar cis isomeric forms,
referred to as photoisomerization. The transition is reversed either upon storage in the dark
or by irradiation with visible light (420-490 nm). Upon irradiation with UV light, the
change in hydrophilicity and the transition from trans to cis conformation can effect
disintegration of the nanocarriers derived from polymers bearing azobenzene groups, thus
affecting the payload release. Building on original investigations by Sanchez and co-
workers,*20 Blasco et al.#21:422 have reported amphiphilic linear dendritic block copolymers
(LDBCs) with the azobenzene units presented at the periphery of a fourth-generation 2,2-di-
(hydroxymethyl)propionic acid (bis-MPA)-based dendron (Figure 19). The substituents on
the azobenzene units were shown to influence the self-assembling behavior of the resulting
LDBCs. Unlike the 4-cynanoazobenzene-substituted LDBCs, the 4-isobutyloxyazobenzene-
substituted LDBCs formed stable NPs in water that were able to encapsulate both
hydrophilic and hydrophobic payloads. The release of the dye molecules, which acted as
payloads, was triggered by irradiation with UV radiation wavelengths facilitated by trans—cis
photoisomerization of azobenzene moieties.

Spiropyran (SP) is also known to undergo photoisomerization from a hydrophobic closed SP
form to a hydrophilic zwitterionic open merocyanine (MC) form upon UV irradiation. The
transition can be reversed by irradiation with visible light.#23424 Although a variety of SP-
based materials exploit the switching of SP—-MC states to create light-responsive systems for
a variety of applications,*25426 incorporation of SPs into degradable and biocompatible
polymers for the development of light-responsive nanomedicines has been rarely
explored.427428 Besides azobenzene and SP, materials based on cinnamic acid, cinnamic
ester, and coumarin are also capable of responding to UV radiation.#2%-431 Under UV-
triggered dimerization, these functional groups undergo photoinduced cross-linking of
polymer NPs. Furthermore, 2-diazo-1,2-naphthoquinone (DNQ) [which transforms to
hydrophilic 3-indenecarboxylic acid (3IC) via the Wolf rearrangement], o-nitrobenzyl ester,
coumarinyl ester, and pyrenylmethyl ester groups (which undergo cleavage) have also been
explored for the development of UV-radiation-responsive materials. Despite several known
UV-radiation-responsive physical and chemical transformations that can trigger payload
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release, the medical applications of UV-light-responsive nanocarriers are limited by the high
energy of UV radiation (which is harmful to human tissues) and their insufficient tissue
penetration, as well as their absorption by biological components.32:433

5.2.2. NIR-Light-Responsive Controlled Release—Since radiation with longer
wavelengths has reduced scattering and relatively benign biological effects, deeper
penetration into human tissues is possible, and these wavelengths can be exploited for
developing light-reponsive nanomedicines.#3* Among radiation wavelengths longer than
UV, NIR radiation (750-1000 nm) offers the distinct advantages of being benign and
penetrating deeper into tissues.434:435 UV-radiation-triggered processes can also be initiated
by NIR radiation via multiple-photon absorption (such as two-photon absorption) and the
upconversion process. Liu et al.*3% reported the use of a two-photon absorption process for
fabricating NIR-responsive DOX-loaded polymeric micelles derived from DNQ-grafted
dextran (Dex-DNQ) (Figure 20). The Wolff rearrangement of hydrophobic DNQ hydrophilic
3-1C upon NIR irradiation (808 nm) was demonstrated to enhance the intracellular delivery
of DOX. The cell viability of HepG2 cancer cells was significantly inhibited upon
incubation with DOX-loaded Dex-DNQ micelles and irradiation with NIR light.

de Gracia Lux et al. created two different polymers with the same backbone but different
terminal groups.#3’ Both terminal groups responded to UV radiation (through a one-photon
process) and NIR (through a two-photon process), where the backbone consisted of a
quinone-methide structure. This backbone is unique, as once the end group is cleaved by
incoming radiation, it degrades into its monomers in a domino-like fashion. After forming
NPs with Nile Red encapsulated, UV radiation elicited a burst release of Nile Red, while
NIR radiation gave a much more gradual release. This study highlighted the fact that despite
the success of the two-photon process, its practical application is impeded by the materials’
slow response when the UV-radiation-triggered process is stimulated via two-photon
absorption using lower-energy NIR radiation. Furthermore, the two-photon process is much
less efficient and required longer irradiation periods, which can sometimes be inconvenient.
An alternative process for triggering a UV-induced reaction with NIR radiation involves the
use of upconversion NPs (UCNPs). UCNPs are capable of absorbing several NIR light
photons (because of their lanthanide dopants) and emitting a single photon of wavelength in
the UV range.#38 Almutairi and co-workers applied the upconversion process for triggering
the NIR-induced degradation of a polyester bearing o-nitrobenzyl pendant groups, with a
backbone made up of the diol monomer with self-immolative quinone-methide moieties
(Figure 21). The system has been previously demonstrated to show an uncaging in response
to UV (350 nm) or two-photon NIR (750 nm) via cleavage of 4,5-dimethoxy-2-nitrobenzyl
carbamate pendant groups with the formation of 4,5-dimethoxy-2-nitrosobenzaldehyde. This
cleavage induces the cyclization of the remaining diamine pendant groups, which ultimately
disassembles the unstable quinone-methide moieties.*3° By loading the highly luminescent
core=shell NaYF,4:Yb-Tm, the UCNPs absorb in the NIR region (980 nm) while strongly
emitting in the UV region (which overlaps with the absorbance of photocleavable o-
nitrobenzyl groups). Coumarin 153 (C153), coloaded as a model drug payload, was shown
to release upon NIR irradiation with release kinetics controllable by varying the power of
radiation between 250 and 1000 mW. Though the UCNPs-induced upconversion process is
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an interesting strategy, extensive biocompatibility and biodegradability have yet to be
established for these materials before their clinical application is possible.

The upconversion phenomenon provides remote access to a wealth of UV-induced
photochemical and photophysical processes. However, when using NIR radiation there is an
upper limit (around 950 nm) above which water and lipids begin to absorb the incoming
radiation,#33 which will affect the specificity of the NIR-light-responsive treatment regimen.
Furthermore, the in vivo toxicity and fate of the caging groups that are being used to impart
the light responsiveness are as yet unknown. NIR radiation is also commonly employed for
inducing a photothermal effect in combination with gold nanorods of certain dimensions.
The heat generated can be exploited as a stimulus to trigger payload release from a
temperature-responsive nanocarrier system, as described earlier in the section related to
temperature-responsive nanomedicines.

5.3. Ultrasound-Responsive Controlled Drug Release

Ultrasound (US), which is defined as high-frequency pressure waves produced by
mechanical oscillations in response to an alternating current applied across piezoelectric
materials, has been widely used for imaging purposes in medicine. The frequencies of US
used for medical applications fall over the threshold of the human-audible low-frequency
pressure wave range (>20 kHz).441442 US waves are classified as low-, medium-, and high-
frequency when their frequency falls in the ranges <1, 1-5, and 5-10 MHz, respectively.#43
US can penetrate centimeters deep into tissue in a noninvasive manner and can be focused
with high intensity on a single point. Low-frequency US (20-200 kHz) in particular does not
damage or overly heat the tissues, though it is difficult to focus because it produces a larger
focus point. US with frequencies higher than 1 MHz possesses relatively poor capability of
penetrating into tissues because of the higher scattering that results with higher attenuation,
which is proportional to the increase in frequency. The attenuation of high-frequency US
traveling through tissue is proportionally transformed into heat, which can be damaging to
the tissues. The penetration depth of US with a frequency of 200 kHz is 10 times higher than
that of 2 MHz US, whereas US with a frequency of 5 MHz does not penetrate at all.#44
Interestingly, the higher-frequency US can be focused on small volumes. A high-intensity
focused US (HIFU; frequency range 0.8-3.5 MHz) beam can target tumors and can
harmlessly penetrate the skin and most other tissues. HIFU was primarily developed for the
treatment of a variety of tumors.44°

The interaction of US with tissue fluids can have thermal or nonthermal effects. The thermal
effects of US are associated with the transfer of acoustic energy to the tissues, and this effect
increases with power density and the focus of the US. The nonthermal effects of US
originate mainly from cavitating bubbles. At low acoustic pressures, the interaction of air
bubbles with US makes them oscillate in response to the negative and positive pressure
cycles. The air bubbles oscillate stably (stable or noninertial oscillation) and undergo
compression and rarefaction at low acoustic amplitudes, and the frequency of their
oscillation resonates with the frequency of the applied US. An increase in acoustic pressure
results in nonlinear and violent oscillations that ultimately collapses/destroys the bubbles
(referred to as collapse, inertial, or transient cavitation).446:447 The collapse of bubbles via
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inertial cavitation can generate shock waves and a temperature increase in the surrounding
medium. The resultant high shear force has been demonstrated to enhance drug uptake by
cells (in vivo and in vitro), by temporarily increasing the membrane permeability, and can
also disassemble nanocarriers, triggering the release of therapeutic payloads.360:448

Our wealth of knowledge on the interaction of US with biological systems, the development
of sophisticated US-producing and -focusing equipment, and its benign nature make US a
very attractive stimulus for spatiotemporal control over payload release by nanocarriers. For
fabricating US-responsive NPs, the development of polymeric materials that respond to US
stimulus is the biggest challenge. Husseini, Pitt, Rapoport, and other co-workers have
extensively explored micelles derived from Pluronic P105, NanoDeliv (P105 micelles
stabilized via cross-linking), and some PEG—polyester block copolymers as US-responsive
drug delivery nanocarriers.447:449-454 These researchers have addressed questions related to
the mechanisms of drug release from these micelles in response to US stimuli and
established various parameters associated with US, such as controlling the release kinetics,
the frequency of US used, the nature of treatment (i.e., continuous or pulse wave), the
duration of exposure to US, and the intensity and power density of US. Most of the micelles
studied in these reports fall into the category of US-responsive nanocarriers that upon
application of US, release their payload by simple diffusion without any degradation of the
polymer’s constituents.

Zhang et al. investigated the HIFU-triggered release of hydrophobic Nile Red dye
encapsulated in degradable and biocompatible PLA-4-PEG block copolymer NPs.4%° The
dye release depended upon time as well as HIFU intensity (Figure 22). This release was
irreversible, and as predicted, the disassembled polymer NPs were unable to reassemble into
NPs and re-encapsulate the payload. This led the authors to propose that treatment with
HIFU caused polymer degradation (Figure 22). They further substantiated their claim by
showing a decrease in polymer MW during exposure to HIFU (1.1 MHz, 200 W), thus
confirming that PLA-6-PEG can be used as an US-degradable system for the development of
US-responsive polymeric NPs.

Recently, increasing attention is being given to the development of nanomedicines using US-
responsive degradable polymers. The recently coined concept of mechanophores—
functionalities incorporated into polymer molecules enabling them to respond to applied
stress—offers novel paths for generation of stress-responsive materials.#6-460 This has led
to the investigation of mechanolabile functional groups that may cleave in response to the
applied US.460461 One such example is 2-tetrahydropyranyl methacrylate (THPMA), a
constituent of the PEG-THPMA block copolymer, which has been demonstrated to
hydrolyze in response to HIFU.462 Building upon this work, Xuan et al. reported the
hydrolysis of THPMA units of an amphiphilic block copolymer in response to HIFU (1.1
MHz, 100 W).463 The hydrolysis of THPMA units increased the hydrophilicity of the block
copolymer, which in turn increased the LCST from 25 to 42 °C. The self-assembled NPs
fabricated from the amphiphilic block copolymer were also shown to disassemble in
response to the applied HIFU.
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Xia and co-workers further established ester and disulfide bonds as US responsive
mechanophores.#64465 Focus on the disulfide bond as a mechanophore emerged because of
its low dissociation energy (£s_s ~ 268 kJ mol=1) and longer bond length (~2.03 A)
compared to the C—C bond.#68 A block copolymer of PEG and PLA, in which the two
blocks were connected through a disulfide bond (PEG-S-S-PLA) was shown to undergo
degradation as reflected by a decrease in MW (Figure 23).464 The NPs derived from the self-
assembly of PEG-S-S-PLA block copolymer were also observed to disintegrate when
subjected to treatment with HIFU (80 W). Disulfide bonds are established reduction-
responsive moieties; however, the release of the pyrene loaded into the PEG-S-S-PLA was
more efficient under HIFU treatment compared to the release induced by the reducing agent.
Furthermore, PLA is constituted by aliphatic ester linkages, which are prone to hydrolysis
under US treatment and are likely to contribute strongly to polymer degradation.

The suitability of ester bonds was particularly well established by preparing block
copolymers of PEG and polypropylene glycol (PPG), where the two blocks were connected
via an ester linkage (PEG-COO-PPG).465 The series of polymers produced in this work also
included block copolymers that contained sulfides (PEG-COO-S-PPG) or disulfides (PEG-
COO-SS-PPG) in addition to the ester linkage. The sulfide bond in PEG-COO-S-PPG is
not responsive to reduction, but the release of pyrene loaded in the NPs was as responsive to
HIFU as PEG-COO-PPG. Although these studies established the ester linkage as a potential
US-responsive mechanophore, the suitability of the disulfide bond as an independent US-
responsive mechanophore has yet to be established.

In summary, US is a promising stimulus for spatiotemporal control over the delivery of
therapeutic payloads loaded into nanocarriers. Previous reports have established the
foundation for more detailed investigations, particularly for the development of degradable
and biocompatible polymers that may exhibit efficient degradation and release when
subjected to US. Development of new mechanophores that might be incorporated into
degradable and biocompatible polymeric systems may further lead to interesting US-
responsive polymeric NPs for controlled-release drug delivery applications. In addition to
exogenous stimuli, nanocarriers can also be designed to release therapeutic agents in
response to a variety of endogenous stimuli (pH, reducing agents, reactive oxygen species,
and enzymes). Endogenous stimuli are of particular interest, as they are specific to disease-
related microenvironmental and pathological changes.

6. ENDOGENOUSLY TRIGGERED DRUG RELEASE

A range of internal stimuli, such as changes in pH, redox state, and ionic content within
tissues and cells, can be utilized for the development of chemically triggered drug release
from polymeric NPs (Figure 24). For example, solid tumors can have acidic pH
environments (pH 6-7) that can be used to trigger chemical changes in polymer bonds,
leading to increased drug release. Subcellular compartments also offer various low-pH
environments postuptake of NPs (endosome, lysosome, cytosol, etc.), which can cause either
surface layer shedding or conformational changes in polymeric NPs, leading to site-specific
and increased drug release. In this section we will discuss a range of chemical triggers than
can be harnessed for the control of drug release from polymeric NPs.
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6.1. Redox-Responsive Controlled Release

The gradient between intracellular and extracellular concentrations of reducing agents as an
endogenous stimulus has been used for controlling drug release. Glutathione tripeptide (-
glutamyl-cysteinyl-glycine, GSH) is a common biological reducing agent with an
intracellular concentration of ~2-10 mM and an extracellular concentration of ~2-20
1IM.%87 Compared to normal cells, the gradient of GSH concentration is 4 times higher in
tumor cells.#68-471 The higher intracellular GSH concentration is maintained by the NADPH
and glutathione reductases and is dependent on NADH/NAD*, NADPH/NADP™, and
thioredoxin,eg/thioredoxinoy redox mechanisms.#/2-474 The reducing enzyme y-interferon-
inducible lysosomal reductase (GILT), along with the cysteine reducing agent and iron (kept
in a reduced state caused by the acidic and thiol-rich environment of the lysosomes),
contributes to this high intracellular reducing environment.#”® This remarkably high
intracellular reducing potential constitutes an excellent endogenous stimulus for designing
nanocarriers that are programmed for the intracellular release of therapeutic agents.

Disulfide (-SS-) and diselenide (-SeSe-) bonds have been recognized as redox-sensitive
bonds that are reduced to thiols (-SH) and selenols (=SeH) exclusively by the intracellular
reducing environment (Figure 25).469:476-478 Consequently, a variety of degradable
polymers bearing bioreducible disulfide or diselenide bonds are under investigation for
developing reduction-responsive nanomedicines.476:479

A balance between the hydrophobicity and hydrophilicity of amphiphilic polymers is
necessary for the fabrication of stable payload-encapsulating nanocarriers. Disturbing this
balance, whether physically or chemically, can lead to a disruption of the micelles, which
affects the release of the payload. Pendant groups with a specific physical and chemical
nature are necessary to fabricate stable micelles. Pendant groups can be connected to the
main chain of polymers via bioreducible functional groups. Such micelles would
disassemble under a reducing environment. A variety of polysaccharide-based polymers,
such as hyaluronic acid,*81482 chitosan oligosaccharides,*83 and carboxymethyl dextran,*84
have been functionalized with bioreducible micelle-disassembling functionalities for
fabrication of reduction-responsive nanocarriers. Li et al. synthesized hyaluronic acid—
deoxycholic acid (HA-ss-DOCA) conjugates for redox-sensitive release of Ptxl, and micelles
formed from this conjugate were shown to disassemble in the presence of 20 mM
glutathione (Figure 26).481 Both in vitro toxicity studies with MDA-MB-231 cells and in
vivo xenograft tumor experiments confirmed differential and enhanced therapeutic efficacy.

The release of Ptxl from these micelles was shown to be GSH concentration dependent and
was found to be optimal at 20 mM GSH, which is similar to the intracellular environment of
tumor cells. Of note is that with these micellar systems, drug release profiles are short, with,
for instance, 90% of the Ptx| payload of the HA-ss-DOCA NPs being released within 24 h,
therefore limiting their applications for more prolonged drug release requirements of up to
multiple days. Interestingly, in the same study, Li et al. demonstrated the disintegration of
the micelles after GSH incubation using AFM (Figure 27).

Nucleic acid delivery is another area where redox-responsive polymers (Figure 28) have
been utilized since charge complexation with cationic polymers such as poly(disulfide
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amine), disulfide-containing poly(amido amine), and histidine-polycations have shown
potential in gene therapy.485-487

Positioning a bioreducible group at the junction of hydrophilic and hydrophobic blocks of
amphiphilic linear block copolymers is also a commonly explored strategy in redox-
triggered systems. Micelles fabricated from such amphiphilic block copolymers are
constituted by hydrophobic payload-encapsulating cores connected to their hydrophilic
shells through a bioreducible moiety. In the intracellular reducing environment, the shells are
readily “shedded”, leading to a sudden exposure of the payload-containing cores to the
intracellular hydrolytic environment, which accelerates the payload release via core
degradation. These micelles are commonly referred to as reduction-responsive “shell-
sheddable”#8° drug delivery nanocarriers, originally developed by Zhong and co-workers
using shell-sheddable degradable block copolymers.47® In earlier work, they reported a
block copolymer of PEG and PCL (PEG-SS-PCL) with a disulfide bond located at the
junction of the two blocks (Figure 29).4%0 The self-assembled micelles were able to load
DOX and exhibited fast quantitative release in 10 h under a reducing environment
comparable to intracellular reducing agent concentrations (10 mM dithiothreitol, DTT),
whereas the release was markedly slower in the absence of a reducing agent. Slow release
was also reported in the presence of 10 mM DTT for a PEG-PCL polymer lacking a
disulfide bond (Figure 29).

In a subsequent study, Zhong and co-workers systematically established the impact of PEG-
SS—-PCL content on the reduction responsiveness of micelles fabricated from a mixture of
reducible PEG-SS-PCL and a nonreducible PEG-PCL.4%1 The DOX payload release rate
increased with the weight percent of PEG-SS-PCL content. The micelles containing 30, 50,
70, and 90 wt % of PEG-SS-PCL exhibited cumulative DOX release of 29.4, 42.7, 77.9,
and 86.9%, respectively. Using a combination of bioreducible PEG-SS-PCL and galactose-
conjugated, reduction-insensitive PEG-PCL,%2 reduction-responsive micelles capable of
delivering payloads to the nucleus of HepG2 cells that overexpress the asialoglycoprotein
receptor (ASGP-R) have been developed. In addition to polyesters, the “shell-sheddable”
concept has also been applied to polycarbonates, where a PEG and polycarbonate were
conjugated through a disulfide-bearing linker.493 The polycarbonate employed was laterally
functionalized with pH-sensitive trimethoxybenzylidene acetals, and the resulting micelles
exhibited dual reduction and pH-responsive payload-release behavior. In addition to linear
block copolymers, star-shaped molecular architecture has been explored for fabrication of
reduction-responsive shell-sheddable micelles exhibiting efficient release exclusively in
response to an intracellular-mimicking reducing environment.494.495 Together these studies
emphasize the role of disulfide bonds in the reduction-responsive release of payloads.

Shell-sheddable micelles with a PEG shell and a core constituted by other degradable
polymers, including PLA,*9 poly(e-benzyloxycarbonyl-L-lysine),*%7 and poly(y-benzyl L-
glutamate),*98 have also been fabricated. Besides a PEG shell, other hydrophilic analogs of
PEG have been employed for fabrication of reduction-responsive shell-sheddable micelles.
These include poly(ethyl ethylene phosphate) (PEEP)#99-501 and dextran.302 Diselenide-
based reduction-responsive shell-sheddable micelles have been less fully explored. Wang
and co-workers have reported branched polyethylene amines linked to PEG chains via
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diselenide linkages (PEG-SeSe—PEI) for reduction-responsive intracellular DNA release.503
The diselenide-based system was compared with the PEG-PEI system lacking diselenide
bonds and with the PEG-SS-PEI system containing disulfide bonds. The comparison
revealed that PEG-SeSe—-PEI/DNA polyplexes were more efficient in their capability for
endosomal escape. When compared to the disulfide-based reduction-responsive systems, the
better performance of the diselenide-based system may be attributed to the greater size of the
selenium atom and its lower electronegativity, which results in lower bond energies of the
C-S and C-Se bonds.#"®

Hydrophilic—hydrophobic block copolymers with disulfide bonds distributed throughout the
polymer blocks are another widely pursued approach for fabricating reduction-responsive
nanocarriers. Micelles fabricated from such block copolymers have cores rich in
bioreducible —SS— or —SeSe- bonds and tend to completely dismantle through polymer
disintegration under the intracellular reducing environment, accelerating the payload release.
Engbersen and co-workers have pioneered the synthesis of bioreducible linear polyamido
amines (PAA), particularly for nonviral gene delivery.594-506 The synthesis involved a
Michael addition between N,V -cystaminebis(acrylamide) (CBA) and the primary amine
monomers.594 Besides PAA, bioreducible poly(s-amino esters) containing —SS— bonds in
the backbone repeat units have also been synthesized by Xing and co-workers,307:508 who
used an amine-terminated PEG to impart amphiphilic character to these polymers. DOX-
encapsulated micelles derived from the poly(8-amino esters) containing —SS— bonds
demonstrated a reduction-responsive payload release and a higher cytotoxicity for HepG2
tumor cells when compared to reduction-insensitive micelles. A concept was recently
employed by Green and colleagues®09-510 to synthesize poly(B-amino esters) with different
pendant functional groups exhibiting reduction-responsive siRNA delivery (Figure 30). By
controlling the ratio between different monomers, these researchers tuned the physical
properties of the polymers to produce nanocarriers capable of efficient gene knockdown (91
+ 1%) in primary human glioblastoma cells and superior performance compared to
commercial Lipofectamine 2000.

Cross-linking of the micellar core is employed to improve the stability of micelles under
dilution during systemic circulation without impairing the payload-release behavior of the
nanocarriers. Cross-linking via bioreducible linker molecules (Figure 31) offers systemic
stability, but it also ensures a fast release of payloads only in response to the intracellular
reducing environment. Development of strategies for the synthesis of degradable polymers
with appropriate pendant groups is essential for fabricating core-cross-linked nanocarriers.
In a recent attempt, Li and co-workers fabricated a block copolymer constituted by
hydrophilic PEG and hydrophobic poly(ester carbonate) with pendant bromo groups.5! The
bromo groups were transformed into azide groups via postpolymerization modification. The
azide groups were then used to cross-link the core using the terminal alkyne groups of
propargyl 3,3’ -dithiopropionate via the azide—alkyne click reaction during the NP
fabrication. Paclitaxel was loaded into these particles in an in situ manner. Ptxl-encapsulated
core-cross-linked NPs exhibited a burst release of Ptxl under conditions mimicking the
intracellular environment, while the release rate was very slow in a nonreducing
environment.
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Attempts have also been made to synthesize polymers with pendant thiol groups, which can
be transformed into dilsulfide cross-links via oxidation. Jing and co-workers reported a
block copolymer of PEG and poly(ester carbonate) bearing pendant thiol groups (Figure
32).512 The free thiol groups were oxidized to cross-link the self-assembled micelles,
rendering them stable even in DMF. DOX-loaded core-cross-linked NPs exhibited a faster
reduction-responsive release rate compared to a slower release rates in a nonreducing
environment. The reduction responsiveness affect was also demonstrated in MCF-7 cells. In
addition to thiols, both lipoyl313:514 and cyclic disulfide units®15516 have also been
employed to fabricate various core-cross-linked reduction-responsive nanocarriers. As well
as core cross-linking, shells or interface cross-linking has also been explored in the
fabrication of reduction-responsive nanocarriers. A Y-shaped ABC, triblock copolymer
based on PEG, poly-L-glutamate (PLG), and (PLA) has also been reported.>1” These
fabricated micelles were cross-linked at the interface of PEG and PLA by reacting pendant
carboxylic acid groups from the middle PLG block using cystamine as a cross-linker. The
reduction-responsive release of the encapsulated DOX from these cross-linked micelles
proved superior to that of the non-cross-linked micelles.

6.2. Oxidation-Responsive Drug Release

Reactive oxygen species (ROS) are partially reduced metabolites of oxygen and include
superoxide anion, hydroxy! radical, hydrogen peroxide, peroxynitrile, and hypochlorous acid
(HOCI).518-520 While normal ROS levels are necessary for homeostasis, high levels in
certain pathological conditions can damage cells by causing oxidation of lipids, proteins,
and DNA. Localized high levels of ROS have been found in a number of pathological
conditions, including neurological and inflammatory diseases, infections, cancer,
atherosclerosis, and diabetes.521-532 This has triggered interest in developing functional
polymers for the fabrication of nanocarriers capable of payload release in response to ROS.
Certain polymers respond to ROS through the oxidation of functional groups, such as
sulfides,533:534 or selenides,>3® increasing their solubility in water. Polymers can also
undergo physical degradation in response to ROS if they contain oxidizable functionalities
such as thioketals, boronic esters,536-539 or (oligo)prolines.>22:540.541 Both scenarios lead to
the disassembly of the micelles fabricated from ROS-responsive polymers and include a
mechanism for ROS-triggered payload release. Chen and co-workers have recently reported
a linear PEG-based poly(/-thioether ester) with a backbone made up of alternating
hydrophilic PEG and hydrophobic S-thioether ester segments via thiolene
polymerization.>#2 The polymer was temperature-responsive, and a water suspension of the
collapsed form of the polymer at elevated temperatures became completely soluble when
treated with H,0, as an oxidizing agent. NMR spectroscopy revealed the transformation of
sulfide bonds into sulfoxide and sulfones after treatment with H,O,, which increased the
polymer’s hydrophilicity and water solubility. The fabricated micelles also exhibited an
accelerated payload release in an oxidizing environment.

Wilson et al. synthesized a poly(1,4-phenyleneacetone dimethylene thioketal) (PPADT) with
ROS-sensitive thioketal linkages for the localized delivery of siRNA to diseased intestinal
tissue (Figure 33).543 Thioketal bonds are optimal for this application, as they are acid-,
base-, and protease-stable and can facilitate highly selective release of therapeutics to
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inflamed tissues in the intestine. In this study, levels of TNF-a mRNA were reduced in
response to the delivery of the thioketal NPs loaded with siRNA against the
proinflammatory cytokine TNF-a, leading to controlled gene silencing after oral
administration in a murine colitis model.

6.3. pH-Responsive Drug Release

Appreciable pH variations at the systemic, tissue, and cellular level have been identified in
certain pathological conditions. For instance, the extracellular environment of tumor tissues
is notably more acidic (pH 6.2—6.9) than normal tissues and systemic blood pH.544-546 Ag
tumor cells proliferate at an abnormally high rate, lack of nutrients leads to a high rate of
glycolysis and accumulation of lactic acid, lowering the environmental pH. This pH gradient
has been explored as an endogenous stimulus for the development of nanocarriers capable of
delivering their payloads selectively in response to an acidic tumor environment. In addition,
the acidic environment of intracellular compartments (endosomes and lysosomes, pH 4.0-
6.0) has also been explored for designing pH-responsive nanocarriers programmed for
intracellular release of payloads.>47:548 pH-responsive nanocarriers can be fabricated from
polymers that switch between hydrophilic (swollen) and hydrophobic (collapsed) states as a
result of protonation and deprotonation of labile functional groups (e.g., amine and
carboxylic acid groups) in response to changes in environmental pH. Switching from a
hydrophobic to a hydrophilic state leads to the solubilization of the polymer and the
disassembly of the micellar architecture of the nanocarrier system in an aqueous
environment. Consequently, this offers a mechanism for pH-responsive payload release.

Polymers with amine groups have been widely explored for the fabrication of pH-responsive
nanocarriers, where the protonation of amine increases polymer hydrophilicity and micellar
disassembly.>49 Amine groups are also known to efficiently neutralize the acidic endosomal
environment via protonation. This increases endosomal pH, triggering the ionic transport of
the endosome into the lumen, where they ultimately swell and burst, releasing the
internalized NPs (referred to as the proton-sponge effect).>°0 Commonly available
polyamines, such as polyethyleneimine, are toxic because of the high pK; (~9) of their
amine groups, which can induce membrane lysis at both acidic and physiological pH.413
However, the amine groups can be protected by acid-sensitive functional groups, which in an
acidic endosomal environment cleave and expose the amine groups, triggering endosomal
escape (via the proton-sponge effect) and releasing the payload into the cytoplasm.
Alternatively, incorporation of low-pKj heterocycles in place of primary amines as pendant
groups has also been reported to reduce the toxicity of the polymer system.%>1 g-Carboxylic
amides are neutral or slightly negatively charged under physiological conditions and are
known to hydrolyze under acidic pH and become free amines. Polymers with g-carboxylic
amides have been shown to encapsulate cationic payloads and efficiently release them in
response to an acidic extracellular tumor environment or the endosomal/lysosomal
intracellular pH.552-555 The positive charge acquired during the transformation from g
carboxylic amide to free amine may also help in endosomal escape. Chen et al. recently
reported a strategy for the protection of the pendant amine groups on methoxy poly-
(ethylene glycol)-block-poly(L-lysine) (MPEG-4-PLL) with g-carboxylic amides by
employing different anhydrides, including succinic anhydride (SA), c/s-cyclohexene-1,2-
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dicarboxylic anhydride (CDA), cis-aconitic anhydride (CA), and dimethylmaleic anhydride
(DMMA) (Figure 34).556 The pendant group’s negative charge was imparted to the polymer
through ROP, which was employed to encapsulate the positively charged DOX. The order of
acid sensitivity was also demonstrated to influence the DOX release kinetics, offering an
avenue for adjusting the pH responsiveness of nanocarrier systems for on-demand
intracellular delivery (Figure 34).

In addition to S-carboxylic amide, a wide variety of polymers bearing other acid-cleavable
functional groups have been reported. Acetal, orthoester, hydrazone, and oxime bonds and
boronic acid esters are the most commonly explored acid-sensitive functionalities.347-557.558
For instance, pH-labile acetal or ketal linkages have been introduced into the polymer
backbone (linear or branched) and at the junction between hydrophilic and hydrophobic
block copolymers.559-565 Recently, Ni and colleagues reported a three-armed star-block
copolymer architecture constituted by poly(ethylene glycol) methoxy (mPEG) and poly(e-
caprolactone) (PCL) that are linked via acetal groups (Figure 35).413 The star polymer was
shown to self-assemble into spherical or rod-shaped micelles, the morphology of which
could be controlled by varying the polymer concentration. Both the star polymer and the
micelles were found to be stable under neutral pH but disintegrated under acidic pH. DOX-
encapsulating micelles exhibited pH-responsive release kinetics, and in vitro experiments on
Hel a cells revealed efficient intracellular delivery of DOX.

There are few examples of poly(ortho ester)-based pH-responsive degradable polymers,
primarily because of the limited number of synthetic strategies available for the synthesis of
these types of polymers.558:566 polymers with main-chain oxime linkages are also rare.
However, Zhu and co-workers successfully developed oxime linkages placed at the junction
of PEG and PCL in the triblock copolymer, with PEG blocks flanking the PCL block. DOX-
loaded micelles were made from this polymer and showed fast release kinetics under acidic
conditions.®%” A polymer (based on PCL, polyurethane, and PEG) with hydrazone linkages
connecting the individual blocks of the polymers was also reported. pH-responsive
disintegration and payload release were demonstrated for Ptxl-loaded micelles derived from
this polymer. In addition to incorporating pH-labile linkages into the main chain polymers,
drug molecules have also been conjugated to the polymer chains as pendant groups via pH-
labile linkages, e.g., hydrazones®68-570 and boronic acid esters.571572 Cheng et al. recently
conjugated DOX to PLA as pendant groups via an acid-sensitive Schiff base linkage (Figure
36).573 The resulting micelles exhibit fast release kinetics under acidic conditions.

The pH differences within the tumor and endosomal environment were exploited in a study
where the imidazole group was utilized as an ionizable group in the tumor environment
(Figure 37). The authors developed pH-responsive magnetic nanogrenades (PMNSs) by
coassembly of small iron oxide NPs and two ligands bearing catechol groups for surface
binding to the iron oxide NPs and imidazole for pH sensitivity. The design of these NPs
allowed for a two-stage pH activation, initially in the tumor, which facilitated cellular uptake
and then endo/lysosomal pH-dependent theranostic activity.

PLGA NPs with pH-sensitive moieties for nanoimmunotherapy applications have been
developed that are capable of rapid intracellular antigen release once taken up in antigen-
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presenting cells.5”> In this study, PLGA NPs were loaded with ammonium bicarbonate
(NH4HCO3), which led to increased release of the coencapsulated antigen (ovalbumin,
OVA) (Figure 38). The hypothesis in this study was that protons within the endosomes and
lysosomes of dendritic cells react with the ammonium bicarbonate to release NH3 and CO,,
which destabilized the NPs.

The development of layer-by-layer (LbL) NPs responsive to pH changes has become an
actively investigated field whereby pH variations lead to disruptive mechanisms on LbL
NPs.576:577 polymeric NPs fabricated via the LbL approach are comprised of weak
polyelectrolytes that become pH responsive due to protonation/deprotonation of charged
groups.>’8 Using PLGA-coated poly(L-lysine) and dextran sulfate-coated multilayers,
Hammond and co-workers showed that LbL can lead to stabilized drug delivery and reduced
liver accumulation and improvements in PK.

The acidic environment of bacterial infections generated due to anaerobic fermentation and
inflammation was also recently exploited in a study by Radovic-Moreno et al. for the
specific delivery of antibiotics to Gram-positive and -negative bacteria.>’® In this study, the
authors used PLGA-b-polyhistidine-6-PEG triblock copolymers as charge-switching
elements, which allowed the polymeric NPs to interact with the negatively charged bacterial
cell surfaces.

The use of pH differences between healthy and disease states in addition to extracellular and
intracellular states has led to extensive investigations of pH-responsive polymers for
controlled drug release and is also the subject of numerous other published works,>80-586

7. ENZYME-TRIGGERED DRUG RELEASE

Enzymes play vital roles in every biological and metabolic process in the body, and as a
result, regulation of enzyme activity is highly important in disease states. The dysregulation
of enzyme levels can be related to various disease pathologies and can be exploited for the
design of responsive polymers in controlled-release drug delivery. For example, the
concentration and activity of certain enzymes have been shown to be up-regulated during
inflammatory processes and in tumors.>87 A highly useful feature of enzyme-responsive
polymers is the exceptional selectivity with which reactions can be achieved, since enzymes
have extremely high reactivity for their substrates.588:589 Enzyme-responsive polymers can
undergo changes via enzyme catalysis, leading to disintegration, dissociation, or self-
assembly, and morphological transitions of the parent NPs as facilitated by electrostatic
interactions, hydrogen bonding, van der Waals forces, and solubility interactions. As a result,
a wide range of polymers with enzyme bioactive moieties have been developed for drug
delivery applications.361,590-592

The selective bioactivity of enzymes can be useful in tumor-targeting and drug release
applications whereby cleavage of bonds can lead to site-specific binding to antigens or drug
release, improving drug pharmacokinetics and toxicty.>93:5% The instillation of site-specific
enzyme-triggered functionalities on polymers can lead to cleavage of surface NP layers,
exposing tumor-specific ligands/chemical properties that can lead to the enhanced

Chem Rev. Author manuscript; available in PMC 2017 July 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kamaly et al.

Page 54

accumulation of NPs within tumors or cancer cell uptake.59* These enzyme-active moieties
can either be incorporated into the main polymer chain or be part of the side chain groups,
and these moieties can often be peptides, DNA, or synthetic sequences. The cleavage of the
enzyme-specific sequences can lead to drug release as a result of changes in the structure
and amphiphilicity of constituent NP polymers. Enzyme-responsive NPs can also be
prepared via supramolecular polymer assembly without covalent conjugation. An alternative
method for developing enzyme-responsive NPs is the preparation of enzyme-responsive
assemblies based on noncovalent yet electrostatic interactions of the enzyme—substrates with
other copolymers.>%> Numerous characteristics of enzyme-responsive polymers have also
been investigated, including tuning and control of chain topologies, the specific location of
the cleavable moiety, length and linkers, and overall chemical structure of the polymer. In
terms of the chain topologies of enzyme-responsive polymers, block copolymer, graft
copolymer, and star copolymers have been developed to date. In this section, we will discuss
the key types of enzymes that can be exploited in enzyme-controlled drug release and recent
enzyme-active polymers for controlled-release drug delivery.

7.1. Enzyme-Responsive Polymeric Micelles

The most common method of preparing enzyme-responsive polymers is by covalent
conjugation of enzyme-cleavable sequences to the polymer backbone. The main mechanisms
of enzyme-responsive NPs involve the cleavage of esters and short peptide sequences by
esterases or proteases, and a common cleavable sequence is Gly-Phe-Leu-Gly, which is
cleaved in the lysosome by cathepsin B, which is overexpressed in cancer cells.5%
Endocytosis of polymeric NPs ultimately leads to the accumulation of these particles within
endocytic compartments, and local enzymes can be harnessed for effective drug delivery.>48
Cathepsins are one family of enzymes that are found in endosomes and lysosomes and are a
class of protease. There are different types of cathespsins and they are also upregulated in
tumor cells. Investigations have shown that cathepsin B overexpression is correlated with
cancer invasion and metastasis.>%¢ As a result, the proteolytic action of cathepsin B can be
harnessed in developing more responsive polymeric NPs that can release their therapeutic
payload in a triggered manner, only once inside cancer cells. The most advanced enzyme-
responsive polymers are the copolymers of HPMA with the cathepsin B cleavage sequence
(Gly-Phe-Leu-Gly), as they have been translated to the clinic, in particular, for the delivery
of anticancer drugs, and extensive pioneering studies led by Duncan and co-workers have
demonstrated the clinical antitumor activity of these copolymer-anticancer drug
conjugates,>97-599

The micelle polymeric platform has been the most commonly used polymeric drug delivery
platform for the development of enzyme-responsive NPs. For example, enzyme-responsive
self-assembled polymeric micelles were developed by Zhang and co-workers for tumor-
specific DOX delivery (Figure 39).590 In this study, DOX was complexed with polyGC
double-stranded DNA fragments to form an intercalated complex (DOXepolyGC), and this
was then combined with cationic gelatin in order to form NPs (termed CPX1). Here the
cationic gelatin was used since it can be digested by gelatinase (GA), a matrix
metalloproteinase (MMP) enzyme that is highly upregulated in tumors.587 Since there are
also high levels of gelatinase present in the liver, they further coated the initial CPX1 core
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with a pH-sensitive PEG-histamine-modified alginate (PEGeHistamine-alginate) polymer to
produce CPX2. The hypothesis here is that once CPX2 reaches the tumors, the acidic tumor
microenvironment (pH 6.2-6.7) protonates the His—alginate polymer, conferring a cationic
charge to it and therefore leading to the dissociation of NP assembly due to electrostatic
repulsion and the release of CPX1 core complexes, which can be further disassembled via
the action of tumor gelatinases and deoxyribonuclease (DNase), leading to local DOX
release. It is of interest to note that almost no DOX was released from these complexes in the
absence of enzymes or lowered pH (Figure 39). This elegant study demonstrates the
sequential pH-triggered protonation and enzyme-catalyzed degradation of NP complexes for
highly specific and targeted controlled-release drug delivery to tumor tissues. In this study,
the protease activity of MMP enzymes was harnessed as they are a class of endopeptidases
with widespread use in triggered controlled drug delivery to date. The role of MMPs in
cancer metastasis and tumor invasion and cardiovascular disease has been widely
reported.601-605 MMPs are a family of over 20 zinc-dependent proteases that cleave
extracellular matrices (ECM) such as proteoglycans, glycoproteins, and collagen.6% In
particular, MMP-2 and MMP-9 are positively correlated with metastasis and cancer cell
invasion.607

In one case, the MMP-2-cleavable peptide sequence GPLGVRG was instilled in between
poly(ethylene glycol)- and diethylenetriamine-modified poly(aspartamide) to produce the
diblock copolymer PEG2,7-GPLGVRG-PAsSp(DET)g4 (Figure 40). This polymer was
complexed with DNA to form polyplex micelles. Upon MMP-2 cleavage in tumors, the PEG
shell layer was shed, which revealed a positive surface for interaction and uptake with cancer
cells, respectively.588

Further enzyme-responsive polymeric micelles have been developed with azoreductase-
responsive polymers. In one study, amphiphilic block copolymers of poly(ethylene glycol)-
b-poly(styrene) (PEG-4-PS) with an azobenzene linker were synthesized and used to form
micelles in solution.8%8 Upon exposure to azoreductase, the azobenzene linker is cleaved,
leading to the disassembly of the micelle. These micelles can be used for colon-specific drug
delivery applications in the intestine, since azoreductase is present in the intestine.

Enzyme-catalyzed triggered drug release has many advantages, such as high efficiency,
selectivity, and specificity, and can be achieved under mild physiological conditions. It is
interesting to note that currently most of the existing examples involve responsive elements
to one specific enzyme type; however, future developments could involve the incorporation
of multienzyme-based cascade reactions that can target the release of drugs in a more
controlled manner. Recent work using lipids presented the development of
multicompartment vesicles, inside of which an engineered multistep enzymatic pathway was
carried out (involving three enzymes in the cascade, lactase, glucose oxidase, and
horseradish peroxidase).5%° In this novel study, each step is isolated, with the products
capable of traversing adjacent compartments as aided by transmembrane protein pores. This
study demonstrates how signaling cascades using enzymes can be artificially engineered.
These principles can be applied to polymeric multienzyme cascades, whereby each substrate
released can catalyze the cleavage or disruption of the NP surface layer, leading to the
triggered release of drugs in a highly specific manner.
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7.2. Hydrogel-Based Enzyme-Responsive Controlled Drug Release

Hydrogels have been widely explored as enzyme-responsive materials, as these materials
can change their physical properties in response to enzyme catalysis, which can lead to
macroscopic swelling or collapse. This in turn can lead to the release of encapsulated drugs.
Hydrogels have been widely investigated in drug delivery, and their triggered gelation,
biodegradation, and drug release have been previously discussed.810:611 The work of Ulijn
and co-workers has demonstrated the utility of enzymes as biological stimuli for triggering
drug release, and the overall design of these systems is presented in Figure 41.612

In a further study, the same group developed enzyme-responsive synthetic polymeric
microparticles that were capable of controlled-release functions (Figure 42).5%4 PEGA
hydrogels copolymerized with acrylamide and PEG, and enzyme cleavable sequences were
fabricated. The PEGA polymers were conjugated with peptide zwitterionic enzyme-
cleavable peptide linkers. At low pH (5.0), the particles undergo swelling and encapsulate
dextran as a model macromolecular payload. An increase in pH regenerates nonswelling
particles, causing a reduction in size and leading to payload entrapment. Exposure to
enzymes leads to hydrolysis of the peptide sequences and release of the dextran payload due
to reswelling.

In summary, although still in its infancy, the field of enzyme-responsive polymeric
controlled drug release has produced novel applications for polymeric NPs, and more
progress and investigation are still necessary to ascertain the full utility of these systems in
the clinic.

8. CONCLUSIONS AND OUTLOOK

During the course of the evolution of polymeric NPs as targeted- and controlled-release
therapeutics, we have witnessed the progression of these systems from first-generation
passively targeted PEGylated systems for enhanced in vivo circulation to second-generation
targeted systems capable of selectively binding to disease targets. Now we are witnessing the
next wave of evolution of these systems: third generation NPs capable of triggered drug
release in response to various types of external or internal stimuli. In this review, we have
discussed and summarized a variety of parameters that affect drug release from these
polymeric systems, the wide variety of responsive modalities that can be incorporated into
the NP building blocks, and how nature can guide us in the design of “smart” nanomaterials
to combat disease.

With the translation of a number of polymeric drug delivery platforms (see Figure 3) to the
clinic, the need for smarter, more precise and optimally tuned drug release is critical. The
limitations of current polymeric drug delivery systems show that the drug molecule is
susceptible to diffusive transport out of the nanocarrier as soon as it has become
encapsulated. Therefore, it is clear that methodologies for switching drug release “on” or
“off” on cue from polymeric NPs can be advantageous, with direct impact on nanocarrier
manufacturing, storage, distribution, and in vivo therapeutic efficacy. In order to enhance the
therapeutic potential of toxic chemotherapies and other APIs, it is critical to be able to
transport the drug and release it only at the site of disease or therapeutic activity in a
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spatiotemporal manner. For stimuli-responsive polymeric NP drug delivery to become
mainstream, the rigorous testing and validation of responsive polymers and materials is
extremely important, in particular, as currently a wide variety of materials are being
developed that have not yet been clinically validated. Of course, the responsive modalities
and choice of chemistries to instill triggered components within nanocarriers are increasing
rapidly; however, it is important to keep in mind the design principles that will ultimately
streamline these platforms toward a more facile clinical translation trajectory, with an
emphasis on characterization and optimization of the biophysicochemical properties of NPs.

We have seen how mechanistic studies and mathematical modeling have led to our improved
understanding of drug release mechanisms. The design of new controlled-release polymeric
nanomedicines with predetermined release properties can be optimized through the use of
accurate mathematical modeling. It will be highly beneficial if desirable release profile
parameters could be theoretically predicted using mathematical and computer modeling in
order to know the exact mass transport mechanisms involved in the drug release process and
to stimulate the effect of polymer design parameters on release mechanisms and rates a
priori. This information can then be used to ascertain the appropriate nature of the payload
for the delivery system, the therapeutic dose required, and the optimal size and shape.
Although experimental proof is still required and combinatorial polymeric NP library
development strategies have led to the identification of optimal polymer and NP
characteristics for specific drug delivery, mathematical and computer-based modeling of
drug release phenomena can significantly impact drug delivery efforts in the future.

Controlled-release drug delivery has continued to provide healthcare and pharmaceutical
innovations and incentives, and led to the development and marketing of a number of macro
and micro polymeric drug delivery systems (Figure 3), which in turn have spurred the
nanoscale development of polymeric drug delivery NPs. The real impact of the current
polymeric NP technologies in clinical trials will be evident in the next few decades; as such,
on the basis of our evolving understanding of disease biology and the move toward more
personalized therapeutics, the development of the next stage of nanoenabled drug delivery
products that can further improve drug performance, patient compliance, and therapeutic
efficacy, which are precisely responsive to disease pathology and biochemistry, is highly
timely.

Of course, the bench-to-bedside translation of stimuli-responsive NPs is not without its
challenges, and their multicomponent designs make their manufacturing and reproducibility
a nontrivial task. In addition to manufacturing challenges, and given the fact that not many
of the stimuli-responsive materials have been tested in vivo, there are other factors that need
to be taken into consideration when designing stimuli-responsive systems. For example, the
very endogenous cues that are paramount to the trigged drug release at the site of disease
may be highly variable from one patient to another, which may make standardization and
benchmarking difficult. By the same token, the use of external stimuli for triggered release
will also need careful monitoring and application, since the types of energies and physical
stimuli used may cause damage to the surrounding healthy tissue. Although it is encouraging
to see that two stimuli-responsive systems—thermosensitive liposomes (ThermoDox) and
iron oxide NPs (MagForce)—are in clinical use currently, there is still a lot of ground to
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cover to fully test the current stimuli-responsive systems being developed, which are mostly
at the in vitro proof-of-principle stage. Nevertheless, with effective yet simple
nanoengineering and established preclinical and clinical nanomaterial testing protocols, the
translation of stimuli-responsive polymeric drug delivery systems is looking positive.
Therefore, research and development, at both the academic and pharmaceutical level on
smart, stimuli-responsive nanomaterials that can further enhance the potential of the
nanomedicines in development today, is not only important but a pivotal step along the
evolutionary and revolutionary path of nanotherapeutics to date.
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Figure 1.
Key features of polymeric drug delivery systems (DDS).
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Examples of common degradable and biodegradable polymers with representative monomer

units used in drug delivery.
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Figure 3.
Evolution of polymeric drug delivery systems spanning over 50 years. 1960s: the

macroscopic era of polymeric drug delivery. (1) Norplant is an upper-arm-implantable
polymeric drug delivery depot for contraceptive use [active pharmaceutical ingredient (API):
progestin levonorgestrel];1 (2) Ocusert is a drug-eluting polymeric eye implant for the
treatment of glaucoma or ocular hypertension (API: pilocarpine);2 (3) Progestesert is a T-
shaped polymeric IUD for contraceptive use (API: progesterone);3 (4) Transderm Scop is a
polymer-based skin-patch drug delivery system for the treatment of motion sickness (API:
scopolamine);28 (5) OROS is a polymeric capsule system for oral delivery (numerous APIs,
including salbutamol, nifedipine, hydromorphone, verapamil, paliperidone,

nifedipine); 22728 (6) Geomatrix is a polymeric tablet system for oral delivery (API:
diclofenac, molsidomine, zileuton, nisoldipine, alfuzosin hydrochloride, ropinirole,
paroxetine, levodopa, and benserazide);29:30 (7) Gliadel is an implantable polymeric disk for
the treatment of glioblastoma multiforme [API: bis(2-chloroethyl)nitrosourea (BCNU)];31-32
(8) Vicryl is a degradable surgical suture;3* Taxus is a polymer-coated metal drug-eluting
stent for prevention of restenosis (API: antiproliferative drugs such as paclitaxel).3>:36
1980s: the microscopic era of polymeric drug delivery. (10) Lupron Depot is a polymeric
microparticle for the treatment of prostate, breast, ovarian and endometrial cancers and also
for endometriosis, infertility and benign prostatic hypertrophy (API: leuprolide acetate; a
luteinizing hormone releasing hormone (LHRH) agonist);3® (11) Risperdal Consta is an
antipsychotic, PLGA based polymeric microsphere, which is a long-acting injectable
approved for the treatment of schizophrenia and the maintenance treatment of Bipolar |
Disorder (API: risperidone); 230231 (12) Locteron is a polymeric microparticle for the
treatment of hepatitis C (API: interferon-a2b):>’ (13) ReGel is a polymeric drug depot
delivery system for the treatment of various diseases (API: small molecules, peptides, and
proteins).>8:59 1970s: the nanoscopic era of polymer drug delivery. (14) Neocarzinostatin
conjugated to styrene-maleic anhydride for cancer therapy (API: neocarzinostatin);! (15)
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SP1049C is a polymeric micelle for the treatment of advanced adenocarcinoma of the
esophagus and esophageal junction (API: doxorubicin);63 (16) NK911 is a polymeric
micelle for the treatment of a range of cancers (API: doxorubicin);126  (17) Genexol-PM (or
Cynviloq) is a polymeric micelle formulation for the treatment of a range of cancers (API:
paclitaxel):85 (18) Xyotax is a polymeric NP for the treatment of advanced non-small-cell
lung cancer (API: paclitaxel);56:67 (19) CRL-101 is a polymeric NP for renal cell carcinoma
and ovarian and rectal cancer (API: camptothecin);%8-73 (20) BIND-014 is a polymeric NP
targeted to prostate-specific membrane antigen (PSMA) for the treatment of castration-
resistant prostate cancer, non-small cell lung cancer, cervical, bladder, and head and neck
cancers (API: doxetaxel);”475 (21) CALAA-01 is a targeted polymeric NP for cancer
treatment (API: siRNA):121.76 (22) SEL-068 is a targeted polymeric NP, which is an
antismoking vaccine (API: nicotine antigen, T-helper-cell peptide, and adjuvant);121.77.78
(23) SEL-212 is a polymeric NP, is designed to be the first non-immunogenic biologic
therapy for the treatment of refractory and tophaceous gout (API: rapamycin co-
administered with pegsiticase, clinical trials identifier: NCT02648269); (24) Livatag is a
polymeric NP for the treatment of liver cancer (API: doxorubicin).152
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Figure 4.
Drug release mechanisms from polymeric NPs: (A) diffusion through water filled pores, (B)

diffusion through the polymer matrix, (C) osmotic pumping, and (D) erosion. Adapted from
ref 62.
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MEC

TIME

Figure5.
Plasma drug concentrations should remain within the therapeutic range to be both effective

and well-tolerated. The therapeutic range lies between the minimum effective concentration
(MEC) and above the maximum toxic concentration (MTC). In the case of rapidly absorbed
and eliminated drugs, a single dose leads to a fast rise and fall in drug concentration (black
solid curve). Frequent dosing at regular intervals leads to oscillating drug concentrations in
the plasma (black solid curve followed by a dotted curve), and the drug concentration can
fall outside of the therapeutic range for significant periods. Zero-order release (orange curve)
leads to constant drug concentration in plasma (after an initial peak) and can be optimized to
lie between the MEC and the MTC.
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Figure®6.
Model drug release profiles: open squares, burst and rapid phase I1; filled circles, triphasic

release with short phase I1; crosses, burst and zero-order release; filled diamonds, triphasic
release; dashes, biphasic release without burst release. Reprinted with permission from ref
62. Copyright 2011 Elsevier B.V.
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Figure7.
Burst release effect. Reprinted with permission from ref 323. Copyright 2001 Elsevier B.V.

Chem Rev. Author manuscript; available in PMC 2017 July 13.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Kamaly et al.

Figure8.
General factors effecting drug release kinetics from polymeric DDS.
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Figure.
Exogenously triggered drug release by stimuli such as heat, ultrasound, magnetic energy,

and light.
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Hydrophilic coils Hydrophobic globules

Figure 10.
Ilustration of a thermoresponsive polymer undergoing a transition from its coil structure

(soluble/expanded) to a globule structure (insoluble/collapsed) in an aqueous environment.
Reprinted with permission from ref 356. Copyright 2012 Elsevier Ltd.
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(A) Synthesis of lactide-based random and block copolymers with pendant alkyne groups
using Sn(ll)-catalyzed ROP. (B) Synthesis of a polyglycolide-based thermoresponsive
polymer via azide—alkyne click reaction. (C) Thermoresponsive nature of synthesized
polymers demonstrated by measuring cloud point at 450 nm as a function of the mole
percent of PEG chains grafted to a poly(propargylglycolide) homopolymer. Reprinted with
permission from ref 372. Copyright 2008 American Chemical Society.
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Figure 12.
(A) Synthesis of diblock copolymers from y-substituted caprolactone monomers. (B) 3D

tapping-mode AFM images showing polymeric micelles on a mica substrate: (top) high
caprolactone content polymer and (bottom) low caprolactone content polymer. (C) TEM
images of the same polymeric micelles stained with 1% phosphotungstic acid, respectively.
(D) Thermoresponsive nature of micelles revealed by determining the percent transmittance
at 600 nm for aqueous solutions of polymers with different mole percents of »-(2-
methoxyethoxy)-3-caprolactone (MECL) (P2, 49 mol %,; P3, 39 mol %; P4, 24 mol %; P5,
19 mol %; P6, 0 mol %) as a function of temperature. The inset shows the decrease in LCST
as a function of mole percent of MECL. Reprinted with permission from ref 373. Copyright
2013 Royal Society of Chemistry.
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Figure 13.
(A) Reaction scheme for the synthesis of cyclic carbamate monomers with different alkyl-

and PEG-based pendant groups. (B—-D) Temperature responsiveness of block copolymers
demonstrated by measuring percent transmittance at 500 nm as a function of temperature.
(E) DLS size distribution. TEM images of NPs obtained from polymer TRC350-10,30,60
below (F) and above (G) the LCST. Reprinted with permission from ref 393. Copyright 2011
Elsevier Ltd.
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Figure 14.

(A) Synthesis of cross-linked Pluronic F127—chitosan and illustration of nanocapsule
fabrication. Photos of dichloromethane-based oil-in-water emulsion before and after rotary
evaporation of oil phase and after dialysis to remove unreacted components. (B) Depiction
of payload encapsulation and release into the cross-linked Pluronic F127—chitosan NPs. (C)
Thermoresponsive payload release profile of cross-linked Pluronic F127-chitosan NPs.
Reprinted with permission from ref 410. Copyright 2010 American Chemical Society.
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Figure 15.

Thermosponge nanoparticles for protein delivery. (a) Thermosponge nanoparticle (TNP)
prepared through a one-step nanoprecipitation method using terminally charged PLA-NH,

and Pluoronic F127. (b) Solvent-free loading of proteins into the TNPs through

thermoresponsive swellings and electrostatic interactions between the charged core and

protein payload. Reprinted with permission from ref 414. Copyright 2014 Ame
Chemical Society.
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Figure 16.

Characterizations of the TNPs: Hydrodynamic diameters (a) and surface charges of the
empty and protein-loaded TNPs (b). TEM image of TNPs (outer scale bar = 500 nm, inset
scale bar = 50 nm) (c). Temperature-induced swelling and deswelling as a function of
temperature (d). Therapeutic proteins loaded into both negatively and positively charged
TNPs (e). Cumulative in vitro release of the therapeutic proteins from TNPs in PBS buffer at
37 °C (f). Reprinted with permission from ref 414. Copyright 2014 American Chemical
Society.
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Figure 17.

(A) Hlustration of thermoresponsive nanocarriers for temperature-controlled drug release.
(B) Synthesis of folate-conjugated block copolymer of F127 and PLA. TEM images (scale
bar 100 nm) and particle size (DLS) of thermoresponsive NPs obtained from FP with
different DPs of PLA: (C) DP =50, (D) DP = 100, and (E) DP = 200. Reprinted with
permission from ref 416. Copyright 2014 American Chemical Society.
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Figure 18.
Thermoresponsive release of DOX at 37 and 40 °C from micelles of FP with PLA of

different DPs; FP50 with PLA DP =50 (A), FP100 with PLA DP =100 (B), and FP200 with
PLA DP =200 (C). Reprinted with permission from ref 416. Copyright 2014 American
Chemical Society.
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Figure 19.
(A) Synthesis of light-responsive linear—dendritic block copolymers. Fluorescence

microscopy images of the loaded linear dendritic block copolymer (PEG-46-d16isoAZ0O)
vesicles. Vesicle suspension without irradiation (B) and after 1 h of irradiation at 365 nm
and 2.6 mW cm? (C). Scale bar = 5 mm. Reprinted with permission from ref 421. Copyright
2013 Royal Society of Chemistry.
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Figure 20.
Self-assembly and light-induced Wolff rearrangement of a dextran-graft-(2-diazo-1,2-

naphthoquinone) amphiphilic copolymer for fabrication of NIR-responsive DOX-loaded
micelles and illustration of light-responsive DOX release. Reprinted with permission from
ref 436. Copyright 2012 Royal Society of Chemistry.
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Figure 21.
(A) Light-triggered degradation and payload release from light-sensitive NPs via

upconversion phenomenon. (B) Overlap between the UV-emission of NaYF4:Yb-Tm UCNPs
(unshaded) and absorption (shaded blue) of o-nitrobenzyl (ONB) groups. (C) Schematic
illustration of NIR-induced degradation of polyester bearing ONB pendant groups via
upconversion. TEM images of polycresol NPs with (D) and without (E) UCNPS. (F) Optical
image of the luminescence emitted from UCNP-loaded polymer NPs exposed to a 980 nm
laser. (G) Luminescence of free and polymer-loaded UCNPs. (H) C153 release as a function
of NIR irradiation time (pulsed laser light, 980 nm). Reprinted with permission from ref 440.
Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA.
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Release of loaded Nile Red from a PEG-4-PLA micelle upon exposure to HIFU. Reprinted

with permission from ref 455. Copyright 2009 Elsevier B.V.
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(A) Hlustration of redox and HIFU responsiveness of PEG-S-S-PLA micelles. (B) Decrease
in the MW of the polymer (as determined by GPC) as a function of HIFU exposure time.
Reprinted with permission from ref 464. Copyright 2010 Royal Society of Chemistry.
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Figure 24.
Internally triggered drug release by stimuli such as redox potential and reactive oxygen

species (ROS), enzymes, and pH.
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Figure 25.
Redox responsive carriers can be made using reducible —SS— bonds. Reprinted with

permission from ref 480. Copyright 2012 Elsevier B.V.
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Figure 26.
Ilustration of self-assembly of reduction-responsive drug-loaded HA-ss-DOCA into redox-

sensitive micelles, their intracellular trafficking pathway, and drug release. The cleavage of
the disulfide bond in the intracellular reducing environment results in disconnection of
pendant DOCA groups and disassembly of HA-ss-DOCA micelles, releasing the drug in the
cytoplasm. Reprinted with permission from ref 481. Copyright 2012 Elsevier Ltd.
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Figure 27.
Characterization of redox-sensitive NPs. AFM images showing morphological changes of

the micelles: (A) no GSH, (B) with 10 xM GSH, and (C) 10 mM and (D) 20 mM GSH after
24 h incubation. (E) Cumulative triggered-release profile of Ptxl in the presence of GSH at
different concentrations. Reprinted with permission from ref 481. Copyright 2012 Elsevier

Ltd.
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Figure 28.
Examples of cationic polymers with —SS— bonds as pendant groups (A) or in the main chain

(B) for development of redox-triggered nucleic acid delivering nanocarriers. Reprinted with
permission from refs 486 (Copyright 2011 Springer.) and 488 (Copyright 2010 Elsevier Ltd.).
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Figure 29.
(A) Hlustration of DOX-loaded shell-sheddable PEG-SS—PCL micelles fabrication and

intracellular reduction-responsive drug release. (B) Cumulative release of DOX from PEG-
SS—PCL micelles under different reducing environments. Reprinted with permission from
ref 490. Copyright 2009 Elsevier Ltd.
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(A) Synthesis of reduction-responsive poly(B-amino esters). (B) Self-assembly of reduction-
responsive poly(B-amino esters) into siRNA-loaded NPs and their gene-knockdown
efficiency. Reprinted from ref 509. Copyright 2014 American Chemical Society.
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Figure 31.
(A) Synthesis of cross-linkable polyester carbonate and fabrication of reduction-responsive

core-cross-linked micelles (CCL). The nanocarriers exhibited reduction-responsive
paclitaxel (here abbreviated PTX) release (B) and cell viability (C). Reprinted with
permission from ref 511. Copyright 2015 Royal Society of Chemistry.
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(A) Synthesis of polycarbonate with pendant thio groups. (B) Cumulative release of DOX
from the cross-linked mMPEG-6-P(LA-co-MTCSH) micelles at varying concentrations of
glutathione. Reprinted with permission from ref 512. Copyright 2012 Royal Society of

Chemistry.
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ROS-sensitive polymer (PPADT) complexes with sSiRNA/DOTAP against TNF-a to form
thioketal nanoparticles (TKNs); scale bar represents 1.5 u4m (a). The TNF-a-TKNs undergo
degradation at the sites of inflammation where phagocytes produce high levels of ROS,
releasing their TNF-a-siRNA (b). An acetal exchange reaction was used to synthesize

PPADT (c); PTSA = p-toluenesulfonic acid. Reprinted with permission from ref 543.

Copyright 2010 Nature Publishing Group.
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(Top) Hlustration of DOX-loaded pH-responsive nanocarrier fabricated from polymers with
various pH-sensitive S-carboxylic amide pendant groups. (A-D) Evaluation of pH-
responsive degradation kinetics of nanocarriers fabricated from polymers with different s-
carboxylic amide pendant groups. Reprinted with permission from ref 556. Copyright 2015
Royal Society of Chemistry.
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Figure 35.
(A-D) Synthesis of acid-cleavable star-block copolymer. (E) In vitro cumulative release of

DOX from DOX-loaded pH-sensitive micelles fabricated from star-block copolymer.
Reprinted with permission from ref 413. Copyright 2015 Royal Society of Chemistry.
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Figure 36.

(A) Synthesis of DOX-conjugated PLA with pH-sensitive Schiff base connections. (B) pH-
responsive release of DOX from micelles fabricated from polymer 4. Size of pH-sensitive
micelles determined by DLS (C) and corresponding TEM images (D). Reprinted with
permission from ref 573. Copyright 2015 Royal Society of Chemstry.
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Figure 37.

Tumor-pH-responsive magnetic nanogrenades (PMNs). (a) Ligand-directed self-assembly of
iron oxide NPs. (b, ¢) PMNs change their surface charge from negative to positive in
response to tumor extracellular pH (pH ~6.8), leading to cellular uptake and cellular
internalization. Within the endosome, the low pH (~5.5) causes disassembly of the PMNs,
leading to increased imaging signal and also photodynamic therapy. Reprinted with
permission from ref 574, Copyright 2014 American Chemical Society.
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Figure 38.

Cumulative in vitro release of OVA from (A) pH-responsive PLGA NPs and (B) non-pH-
responsive PLGA NPs incubated at various pH ranges. In vitro release of antigens from pH-
responsive PLGA NPs after incubation with proton scavenger for 1, 2, and 8 h at (C) pH 5.0
and (D) pH 6.5 at 37 °C. (E) Hllustration of pH-responsive PLGA NPs and the release
mechanism. Reprinted with permission from ref 575. Copyright 2015 American Chemical
Society.
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Figure 39.

(A) Sequential pH-triggered protonation and enzyme-catalyzed degradation of NP
complexes for controlled-release DOX delivery to tumor tissues. (B) DOX release rates in
the presence of tumor homogenate (THS) or liver homogenate (LHS). (C) DOX
concentrations in the liver after iv injection of DOX-loaded enzyme-degradable NPs (dose of
20 mg/kg of body weight). Reprinted with permission from ref 600. Copyright 2010 Elsevier

Ltd.
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Figure 40.
PEG-sheddable micelle polyplexes responsive to MMP-2 leading to enhanced cellular

uptake and endosomal escape for gene therapy. Reprinted with permission from ref 588.
Copyright 2015 Royal Society of Chemistry.
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Overall design of enzyme-responsive hydrogels. Acrylamide polymeric backbones cross-

linked with PEG800 having pendant PEG linkers with amino functionalities for conjugation.
Proteases can cleave at A or B positions, leading to the removal of the charged Arg group,
collapse of the bead structure, and reduced molecular assembly. Reprinted with permission
from ref 612. Copyright 2005 Royal Society of Chemistry.
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Figure 42.

(A) Scanning electron micrographs of PEGA hydrogel microparticle. (B) Chemical structure
of the polymer (PEGA = copolymer of PEG and acrylamide, with PEG MW being 800) and
mechanism of enzyme responsiveness. (C, D) Illustration of pH-responsive payload
encapsulation and enzyme-responsive release behavior. Reprinted with permission from ref
594. Copyright 2012 Royal Society of Chemistry.
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Comparison of Macro-, Micro-, and Nanosized Drug Delivery Systems (DDS)

PolymericDDS  Advantages Disadvantages
Macroscale « Highly tuneable and controlled drug release achievable (over days, < Original DDS are non-biodegradable (in particular
weeks, months and years) the earlier silicone based contraceptive depots)
« Large size allows comprehensive mathematical and empirical  Majority of approved devices require insertion and
modelling of drug release (with wide body of literature available removal procedures by trained personnel therefore
being the earliest established polymeric DDS) creating patient compliance issues
« Large size facilitates higher payloads and continuous controlled * In some cases surgical procedures are required
release of therapeutics
« Reliable DDS for many critical applications including « Possibility of foreign body reactions
contraceptives and drug eluting stents with numerous marketed
products
« Prolonged release eliminates or reduces the need for repeat dosing * Possibility of fibrosis encapsulation of DDS
« Pulsatile or constant or zero-kinetics rate of drug release « Tissue scarring
achievable
« For certain applications it can eliminate the need for injections « Limited biological applications due to lack of
systemic circulation and transport of DDS
« Drug reservoir can be achieved at desired anatomic site « Difficult to reach consensus on how to benchmark
and clinically assess macroscale DDS
Microscale * Tuneable controlled release of drugs (hours, days, months) * Large size limits in vivo circulation time and
biodistribution leading to rapid clearance post
systemic administration
« Large utility for local depot-release drug delivery applications * Can lead to agglomeration and clotting
» Wide range of payloads possible (proteins, peptides, small drugs) « Applications mostly limited to subcutaneous and
intramuscular injections due to rapid systemic
clearance
« Sustained and controlled release of small and macromolecules up » DDS cannot traverse biological barriers due to
to months (after local injection) large size and remains at local site of injections
« Targeting of DDS to specific organs, tissues and cells possible « Limited cellular uptake and subcellular
applications due to large size
« Biodegradable and in vivo degradable
« Standardized and facile fabrication of polymeric microparticles
« Higher drug loading and more control over drug release achievable
(compared to nanoscale DDS)
Nanoscale « High surface-to-volume ratios, allowing for maximal surface « For oncology applications, reliance focused on the

binding to targets and the inclusion of high number of ligands or
other molecules on the surface of nanoparticles

» Small size facilitates long systemic circulation times and higher
tissue penetration

« Colloidal nature facilitates accumulation in tumors and inflamed
tissues through enhanced permeation and retention (EPR) effects

* Highly tunable and decoupled nanoparticle pharmacokinetics and
drug pharmacokinetics

« Can be optimized to bypass the reticuloendothelial and blood brain
barrier systems more effectively

» Amenable to cellular uptake mechanisms due to small size

« Effective for subcellular targeting and drug delivery applications

EPR effect in patients, which is variable and
remains unpredictable among patients and tumors

« Smaller nanoparticles prone to renal clearance
(<10 nm)

« Larger nanoparticles prone to increased uptake by
key organs such as liver, lung and spleen

» Small size can lead to off-target effects as
nanoparticles can easily accumulate in other
locations

« Size dependent toxicity of nanocarriers can limit
dosing amounts

« Consensus on size related biological outcomes
often difficult to reach due to the variety of
nanomaterials investigated across numerous
laboratories
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Polymeric DDS

Advantages Disadvantages

» Small size of NPs allows for facile sterilization via filtration,
removing the need for complete aseptic manufacturing processes
and therefore facilitating ease of fabrication

» Nanoscale phenomena enabled triggered control of drug release
via directed exogenous stimuli (see section 5)
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Table 2

Summary of Burst Release Effects
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Causes of burst release Favorable situations
for burst release

Disadvantages of burst release

« Storage conditions leading to drug diffusion to the surface and  « Rapid treatment, i.e.,

burst release due to placement in release medium wound treatment
» Morphology and porosity of the drug delivery system * Targeted delivery
« Heterogenous polymer matrices and manufacturing defects « Pulsatile release

« Percolation-limited diffusion

« Post-drug-loading via equilibrium partitioning and the use of
highly concentrated drug solutions

« Diffusion and transport of drug molecules during fabrication

« Drying and rehydration processes

« Mechanisms poorly understood

« Uncontrollable duration
« Difficult to control the released dose

« Local or systemic toxicity (as a result of high
local drug dose)

« Loss of drug quantity, leading to higher costs

« Shorter release profiles

« Requirement of further dosing
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