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ABSTRACT: Globally, a rising burden of complex diseases takes
a heavy toll on human lives and poses substantial clinical and
economic challenges. This review covers nanomedicine and
nanotechnology-enabled advanced drug delivery systems (DDS)
designed to address various unmet medical needs. Key nano-
medicine and DDSs, currently employed in the clinic to tackle
some of these diseases, are discussed focusing on their versatility in
diagnostics, anticancer therapy, and diabetes management. First-
hand experiences from our own laboratory and the work of others
are presented to provide insights into strategies to design and
optimize nanomedicine- and nanotechnology-enabled DDS for
enhancing therapeutic outcomes. Computational analysis is also
briefly reviewed as a technology for rational design of controlled
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release DDS. Further explorations of DDS have illuminated the interplay of physiological barriers and their impact on DDS. It is
demonstrated how such delivery systems can overcome these barriers for enhanced therapeutic efficacy and how new perspectives of

next-generation DDS can be applied clinically.

KEYWORDS: nanomedicine, polymer lipid hybrid nanoparticles (PLN), blood—brain barrier (BBB)-penetrating,
synergistic drug combination, multitargeted drug delivery, tumor microenvironment modulation, stimulus-responsive drug release

1. INTRODUCTION

Numerous diseases continuously affect millions of people and
challenge global health care systems, especially those that are
chronic in nature, such as cancer, diabetes, and central nervous
system (CNS) diseases.'"® Currently, worldwide an estimated
233 million people are affected by cancer, 111 million people
are affected by neurological disorders, and 422 million are
affected by diabetes mellitus.”’~"" Global spending on
medicines was estimated to surpass $1.1 trillion USD in
2024."°

Despite advancement in cancer treatment modalities
including new chemotherapy, hormonal therapy, and immu-
notherapy, aberrant tumor microenvironment (TME), devel-
opment of multi-drug-resistant (MDR) cells, and toxicity to
normal tissue, among other adverse factors, result in
unsatisfactory therapeutic outcomes.'””'® Therefore, enhanc-
ing therapeutic effects while minimizing adverse toxicity is the
major goal for nanomedicine design. Neurological disorders,
including Alzheimer’s disease (AD),'” comprise a global
burden accounting for 12% of total deaths.'® Major challenges
of controlling these disorders include early detection,
intervention, and effective treatments.'”” The blood—brain
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barrier (BBB), impermeable to ~98% of all small-molecule
drugs and most macromolecule drugs, represents a key barrier
to efficient delivery of therapeutic agents to the brain.””*' For
effective treatment of neurological disorders, delivering
adequate amounts of therapeutics across the BBB and reaching
the target region is a critical and challenging task. Diabetes is a
chronic hormonal and metabolic disorder that affects over 10%
of the adult population globally.”* Although many patients can
manage the disease by changing life style, diet, and taking oral
medications, daily injection of insulin to regulate blood glucose
level is required for all people with type 1 diabetes (T1D) to
sustain life and about 30% of people with type 2 diabetes
(T2D) to control diabetic complications.””” However, fears of
injection and insulin-therapy-associated low blood sugar
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a. Biological barriers to nanoscale drug delivery
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b. Drug delivery strategies to achieve 3R’s and mitigate challenges of unmet medical needs
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Figure 1. (a) Illustration of the multiple physiological barriers impeding delivery of drugs to nanoscale targets in solid tumors. At macroscopic level
(left panel), i.v. administered NPs are removed from the systemic circulation by the MPS, and clearance organs e.g., liver, spleen and kidneys, that
results in poor tumor accumulation. At microscopic level (middle panel), low tumor penetration of NP occur at tumor sites owing to complex TME
(i.e., disorganized and heterogeneous tumor vasculatures, dense ECM, high cellular adhesion, and dysfunctional lymphatic drainage). At cellular
level (right panel), overexpression of efflux pumps, hardened plasma membrane and lysosomal degradation prevents NPs from reaching its
nanoscopic targets at various cellular compartments. Figure adapted and reprinted in part with permission from refs 13 and 14. Copyright 2017 The
Royal Society of Chemistry and 2018 CPS and SIMM, SpringerNature. (b) Schematic representation of multidisciplinary drug delivery strategies to
achieve the 3Rs (to deliver drugs to the Right site at the Right time with the Right level) for unmet medical needs. The text in the circles presents
multidisciplinary strategies and technologies developed and exploited to achieve the 3Rs of drug delivery for addressing major unmet medical needs
(e.g,, cancer, brain tumors and CNS diseases, and diabetes). The green boxes next to the circles (indicated by arrows) represent strategies and
examples by which DDS achieve the goals of the 3Rs. The purple boxes represent the ultimate outcomes of such DDS technologies and their
therapeutic effects. ECM: extracellular matrix; EPR: enhanced permeation and retention effect; PLN: polymer lipid hybrid NP; TME: tumor
microenvironment; BME: brain microenvironment; MDNP: manganese dioxide NPs, LDLR: low density lipoprotein receptor, siRNA: small
interfering RNA, CNS: central nervous system, DHA: docosahexaenoic acid; oHA: oligomeric hyaluronic acid.

(hypoglycemia) can often lead to treatment nonadherence and
suboptimal insulin dosing.”>~>> Chronic hyperglycemia can
result in long-term micro- and macrovascular complications
associated with unattained glycemic targets, while hypoglyce-
mia can cause harm and even death to patients. For safe and
effective management of diabetes using therapeutic hormones,
the timing and dose of hormonal delivery are particularly
important, which has been the goal of intelligent drug delivery
systems (DDS) for decades.

In the past few decades, many technologies have been
developed to design effective DDS for economical, safe, and
efficacious drug delivery to address these unmet medical needs.
Among these widely investigated DDS, nanoformulations of
therapeutics (namely, nanomedicine) and nanotechnology-
enabled DDS have gained increasing importance in precise
drug delivery to the Right site, at the Right time, and at the
Right level (the 3Rs).'”'* For the three major diseases
described above, their requirements for DDS to address unmet
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needs vary, which may or may not need all 3Rs. For example,
insulin and glucagon are normally administered via the
subcutaneous/transdermal route, and the right time and right
level of their delivery are more crucial. Nevertheless, most of
DDS are required to provide the 3Rs.

To achieve the goal of the 3Rs, intravenously (i.v.) injected
drug-loaded nanoparticles (NPs) must overcome physiological
barriers at the macroscopic, microscopic, and cellular levels
before releasing the drug at the intracellular site of drug action
(Figure 12).%"*'* Macroscopic barriers usually involve various
pathways that remove NPs from the systemic circulation,
including hepatic and splenic uptake, rapid renal clearance,
and/or uptake by the mononuclear phagocyte system (MPS)
(Figure 1la, left panel)."”'* Furthermore, the BBB, held
together by multiple tight junctions, acts as a substantial
barrier to CNS drug delivery. The microscopic barriers, in the
case of solid tumors, are within the TME, characterized by high
interstitial pressure, disorganized and heterogeneous tumor
vasculature, dense extracellular matrix (ECM), and high
cellular-matrix adhesion (Figure 1a, middle panel). Therefore,
drug molecules and NPs cannot penetrate far from the blood
vessels to the distal regions of the tumor mass.' 7'* Drug
molecules arriving at the target cells still encounter cellular
barriers that reduce intracellular drug accumulation and
efficacy, including efflux transporters (e.g.,, P-glycoprotein, P-
gp), lysosomal degradation, and other antioxidant, detoxifica-
tion, and antiapoptosis mechanisms (Figure la, right
panel)."”'* Moreover, the thickened and rigid plasma
membranes of MDR cancer cells further obstruct endocytic
uptake of NPs, while lysosomal entrapment restricts NP escape
and drug release to intracellular targets (e.g., the mitochondria
and nucleus).”*?’

Most nanocarriers are designed to overcome macroscopic
barriers by reducing uptake by the liver and the spleen and to
increase tumor accumulation via enhanced permeability and
retention (EPR) effects and/or active targeting;6 however,
their penetration into the deep tumor tissue is not guaranteed
due to the microscopic barrier. Recent studies suggest that
receptor-mediated transcytosis across the endothelial cells may
play an important role in promoting tumor uptake and tissue
penetration of NPs.”*~>" NPs with TME-responsive changes in
size, shape, and drug release can also facilitate tumor tissue
penetration.”>* Even though some NPs can reach the cancer
cell surface, their cellular uptake and efficient drug release to
the site of drug action are often unrealized, which is largely
attributable to cell membrane rigidity in MDR cells, lysosomal
entrapment, and undesirable drug release profiles.”'>'**® As a
result, the efficacy of NP-based cancer therapeutics frequently
suffer from poor target penetration (<5% of administered
dose),” and exhibit subtherapeutic drug levels within cancer
cells. 121336

Over the past two decades, our group has designed
nanotechnology-based DDS for overcoming major biological
barriers including the formidable BBB, aberrant TME, multiple
efflux pumps and rigid plasma membrane in MDR cells, and
other resistance mechanisms such as hypoxia and deoxyribo-
nucleic acid (DNA) damage repair mechanisms (Figure 1b). In
this review, we provide a comprehensive overview to illustrate
how multidisciplinary technologies can be exploited to achieve
the goal of the 3Rs with firsthand examples to mitigate the
challenges of unmet medical needs with a focus on the
treatment of cancer, CNS diseases, and diabetes.

To achieve the goals of the 3Rs, NPs with synergistic drug
combinations are designed to overcome cellular mechanisms of
MDR (Figure 1b). Polymer—lipid hybrid NPs (PLN) were
formulated to accommodate multiple drugs with different
properties and pharmacological actions, including P-gp
inhibition with doxorubicin (DOX), DOX with mitomycin C
(MMC), docosahexaenoic acid (DHA) with MMC, and
oligomeric hyaluronic acid (oHA) with DOX. Terpolymer-
based NPs were fabricated to deliver imaging and therapeutic
agents to cross the BBB for diagnosis and therapy of brain
tumors, brain metastasis, and CNS diseases. Bioreactive NPs
(e.g, MnO,-containing PLN) were devised to modulate the
TME and enhance the effects of radiotherapy and chemo-
therapy. Multitargeted NPs were engineered to target tumor
neovasculature, cancer cells, and tumor-associated macro-
phages (TAM). TME and cancer cell enzyme activatable and
mitochondria-targeted NPs were formulated to overcome
MDR mechanisms and produce anticancer compounds in
situ. Intratumoral and intracellular transformable PLNs were
designed to enhance tumor penetration and active targeting to
intracellular organelles. All these NPs were demonstrated to
deliver the payload to the desired disease site or drug target
(right site) and release the drug(s) or generate active
compounds at an optimal rate and ratio (right time and right
level). Moreover, stimulus-responsive nano- and microgels
were synthesized and used in implantable insulin devices or
microneedle (MN) patches to provide glucose-responsive
hormone delivery or for pH-responsive drug delivery (Figure
1b). Computer simulation and numerical analyses using
various mathematical tools such as the finite element method,
artificial neural networks (ANN), and design of experiment
(DOE), were carried out to optimize the NP design to achieve
precisely controlled drug release kinetics (right time and right
level), cellular uptake and cytotoxicity (right site and right
level). More detailed descriptions of these examples are
summarized in Table 1—3 and presented in the main text. We
hope that this review will provide insights into multi-
disciplinary strategies to design innovative nanomedicine and
nanotechnology-enabled DDS for improving therapeutic
outcomes and patient adherence to meet unmet medical needs.

2. SYNERGISTIC DRUG COMBINATION
NANOMEDICINE FOR ENHANCING
CHEMOTHERAPY OF MULTI-DRUG-RESISTANT
AND METASTATIC CANCER

Cancer is one of the most devastating diseases, accounting for
1 in 6 deaths worldwide.>”® In Canada, about 1 out of 4
people is expected to die from different forms of cancers.” The
socioeconomic burden of oncology drug expenditures in the
United States of America (USA) is estimated to be $158
billion USD as of 2020.*” Currently, extensive research is
actively being pursued to develop effective and safe NP-based
anticancer therapies in both preclinical and clinical setups."®
Chemotherapy represents a mainstay in the treatment of
primary and metastatic cancers. However, inherent and
acquired MDR properties limit the effectiveness of chemo-
therapy in the clinic, which involves many mechanisms
including overexpression of plasma membrane efflux trans-
porters that pump small-molecule drugs out of the cells.">*"**
Among various efflux transporters (namely, the adenosine
triphosphate (ATP)-binding cassette (ABC) family of trans-
membrane proteins), multidrug resistance protein 1 (MDR1
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I. Preparation of PLN via one-step method
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Figure 2. (I) One-step preparation method of PLN. Adapted and reprinted in part with permission from ref 13. Copyright 2017 The Royal Society
of Chemistry. (II) Synergistic drug combination loaded PLN for enhanced therapeutic efficacy and improved therapeutic index. Compared to free
DOX—MMC, DMPLN (a) extended the blood circulation of DOX and MMC; and (b) facilitated DOX—MMC accumulation and ratiometric
codelivery of DOX—MMC combination at breast tumors. (c) DMPLN caused more tumor cell apoptosis than free DOX—MMC and PLD
(Caelyx) did. Panels (a—c) are adapted and reprinted in part with permission from ref 61. Copyright 2016 Elsevier Inc. (d) DMPLN extended
survival in breast-tumor-bearing mice compared to PLD (Caelyx). (e) H&E stained sections of whole organ morphology (1.2X magnification)
(first row), and longitudinal [second row, (E—H)] views (40X magnification). DMPLN (1 and 4 doses) did not show detectable cardiotoxicity
compared to saline treatment, whereas only 1 dose of PLD caused myocardial damages in mice. Panels d and e are adapted and reprinted in part
with permission from ref 60. Copyright 2014 American Chemical Society.

commonly known as P-gp), MDR-associated protein 1
(MRP1), and breast cancer resistance protein (BCRP) are
most commonly linked to the development of MDR.*""** Since
the discovery of P-gp association with multidrug resistance in
1970s, numerous efforts have been made to identify chemo-
sensitizers and P-gp inhibitors to overcome multidrug
resistance in chemotherapy.* Since then, three generations
of P-gp inhibitors have been identified or designed with
increasing potency and specificity. Nevertheless, clinical trials

of using these compounds and some FDA-approved P-gp
inhibitory drugs with chemotherapy resulted in disappointing
outcomes, which either increased neurotoxicity or showed no
significant benefit."* The major fault in these clinical trials is
the unrationalized drug delivery approach. The P-gp
inhibitors/sensitizers and anticancer drugs were systemically
administered in separate formulations; as such, they may not
arrive at the same MDR cancer cells at the same time because
of their different pharmacokinetics (PK) and tissue disposition.

https://doi.org/10.1021/acs.molpharmaceut.2c00038
Mol. Pharmaceutics XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.2c00038?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.2c00038?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.2c00038?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.2c00038?fig=fig2&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.2c00038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Molecular Pharmaceutics

pubs.acs.org/molecularpharmaceutics

REVIEY

In other words, they were spatiotemporally mismatched once
administered. Having realized this substantial problem in drug
delivery, Wu and co-workers hypothesized that the P-gp
inhibitors and cancer drugs must appear at the nanoscale
vicinity of the same cell to reach the maximal effect; they thus
pioneered co-loading a P-gp inhibitor/sensitizer with an
anticancer drug in the same microparticles or NPs to achieve
therapeutic synergy.* This early example and other examples
of synergistic drug combination nano-/microparticles to
achieve the 3Rs are presented in Table 1 and elaborated below.

2.1. Nano- and Microparticle-Based Combinatorial
Therapy to Overcome MDR. Clinical benefits of chemo-
therapy with single agents (also known as monotherapy) are
limited due to the inability of such theraipy to overcome MDR
and other drug resistance mechanisms. ° Thus, combination
therapy using two or more anticancer drugs or an anticancer
drug with a chemosensitizing agent is extensively exploited. In
clinical settings, the sequential administration of drug
combination with no overlapping drug resistance mechanisms
is recommended rather than simultaneous administration to
avoid additive toxicity.'” In contrast, NP-based drug
combination therapy can offer more advantages because NPs
can alter the PK, PD, and toxicity profiles of the drugs
minimizing normal tissue toxicity compared to free drug
combinations. Combination therapies using NPs can be
accomplished by several means including (1) free drug
mixed with drug loaded NPs, (2) drug loading into two
separate NPs, and (3) co-encapsulation of both drugs into a
single NP carrier.'”"* Co-encapsulation of drugs in NPs can be
more advantageous from a formulation viewpoint and because
it can deliver drugs at synergistic ratios to the cellular and
intracellular targets (i.e,, more tightly controlled 3Rs).

Co-loading two or more drugs in the same carrier with a
synergistic ratio and desirable release kinetics is a challenging
task, especially for those with different physicochemical
properties. In early proof-of-concept studies, Liu et al. loaded
the anticancer drug, DOX, and a chemosensitizer of P-gp,
verapamil HCI, into anionic microspheres (MS).*=** The
drug-loaded MS showed substantially increased cytotoxicity in
MDR cells in vitro and inhibition of tumor growth in an MDR
murine model. Likewise, MS,*”*" solid lipid NP (SLN),>"*>
and PLN**"% formulations co-encapsulating DOX and
chemosensitizers, or with another cytotoxic drug such as
MMC, exhibited superior therapeutic benefit compared to
administering free drug solutions, individually or together, in
various MDR breast cancer models (Table 1). Similarly, in situ
ROS-producing glucose oxidase (GOX)-based MS demon-
strated substantial bioactivity against MDR breast cancer both
in vitro and in vivo.”>"%” In addition, synergistic ratios of loaded
drugs can be tuned to optimize their efficacy against MDR
cancer cells through concurrent delivery at the optimal place
and time.

For co-loading of hydrophobic and hydrophilic anticancer
drugs,'”> Wu and co-workers pioneered PLNs in the early
2000s,"* which is sometimes called lipid polymer NP (LPN)
by some groups later. PLN capitalizes on the properties of a
SLN, owing to their solid form at physiological temperature
unlike prior lipid bilayer systems (e.g., liposomes and
polymeric NPs) (Figure 2I). With both a hydrophobic lipid
and more hydrophilic polymer, PLNs are capable of loading
both hydrophobic and hydrophilic therapeutic agents, a variety
of diagnostic agents, imaging probes, genes, and proteins. The
carrier composition can also be tailored to afford desirable

drug release profile, improve drug uptake, and enhance
intracellular drug transport. Because of its versatility over
other NP systems such as conventional SLNs and nano-
structured lipid carriers (NLC), PLNs can be designed to
circumvent membrane efflux transporters in cancer cells
(Figure 2IIb, Table 1)."*°**” While PLNs are stratified into
two broad categories (i.e., type I (monolithic matrix) and type
11 (core—shell)),'** this review focuses mainly on Type L

Similarly, multifunctional poly(ethylene oxide)-block-poly(e-
caprolactone) (PEO-b-PCL) block copolymers-based poly-
meric micelles were developed to codeliver a P-gp-silencing
siRNA and DOX, to overcome MDR.”’ Upon entering into the
MDR cells, the siRNA downregulated the P-gp expression on
the plasma and nuclear membranes and increased cellular
accumulation of DOX and its toxicity against MDR cells.”’ In a
recent study, a chitosan-multilayered NPs (Ch-MLNPs) was
developed with a poly(lactic-co-glycolic acid) (PLGA) core
(loaded with DOX), a liposome-based second layer (hydro-
phobic drug paclitaxel), and a chitosan-based third layer
(loaded with silybin).”" The chitosan layer helped in targeting
cluster of differentiation 44 (CD44)-overexpressing receptors
at the MDR breast cancer cells. Silybin inhibited the P-gp
efflux pump, enablin% synergistic action of DOX—paclitaxel to
kill the MDR cells.”! A PEGylated carboxymethylcellulose
conjugate of docetaxel (DTX) (Cellax) was developed to
overcome MDR in breast cancer.”” Compared to free DTX,
the NPs reduced P-gp expression in breast cancer cells and
enhanced antitumor efficacy compared to DTX in a taxane-
resistant breast tumor model. Additionally, polymeric NPs
loaded with podophyllotoxin (PPT) (a potent drug against
MDR tumors with poor solubility and high system toxicity)
showed increased activity against MDR tumors due to the
inhibition of P-gp mediated MDR mechanism.””

2.2. Rational Selection of Synergistic Drug Combina-
tions to Overcome Multidrug Resistance. Infusion of
nanoparticulate drug combinations at synergistic ratios has
gained increasing importance for mitigating various resistance
mechanisms associated with TME and amplifying anticancer
efficacy.'>'**%%%! Hypoxia and chronic oxidative stress are
known hallmarks of TME that contribute to tumor resistance
to chemotherapy.”* To mitigate tumor-hypoxia-induced
resistance to DOX, MMC was co-encapsulated with DOX
for its bioactivation under hypoxic condition (Table 1). The
two drugs possess different mechanisms of action to damage
DNA. DOX poisons topoisomerase Ila, responsible for
catalyzing DNA unwinding during transcription and DNA
replication; the inhibition of which causes DNA double strand
breaks (DSBs).””’® MMC induces DNA alkylation and
promotes intra- and interstrand DNA cross-links, disrupting
cell repair and replication.”” This effect, together with
glutathione depletion by MMC and formaldehyde formation
from MMC enhanced DOX-induced DNA DSBs, demonstrat-
ing the synergistic interactions of DOX—MMC combination.*®
However, severe cardiotoxicity has limited the clinical
translation of DOX and MMC (DOX—MMC) combinations
to cancer patients.”””” To maximize the benefit of such drug
combinations, nanocarrier systems were designed that circum-
vented oﬁ-tar_;get toxicity through tumor-specific release of
drugs.**3%°%%7%0 The synergistic anticancer effect of DOX—
MMC combination therapy has been investigated in multiple
murine and human breast cancer cell lines and tumor
models.*”** A DOX to MMC molar ratio of 2:1 was used in
a PLN (DMPLN) formulation. DMPLN prolonged plasma
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circulation of both DOX and MMC (Figure 2a) and enabled
ratio-metric codelivery of DOX and MMC in breast tumors
(Figure 2b).””°" The DMPLN also exhibited enhanced tumor
apoptosis and extended host-survival in both human and
murine MDR tumor models compared to free DOX—MMC
solution and liposomal DOX (DOXIL) (Figure 2c,d).*”*
Importantly, DMPLN formulations did not cause detectable
cardiotoxicity in the animals, in contrast to free DOX—MMC
(Figure 2e). Co-encapsulation of an anticancer drug with an
MDR inhibitor/sensitizer at the cellular level presents another
promising strategy. A combination of DOX and the P-gp
inhibitor GG918 loaded into a monolithic PLN of tristearin/
stearic acid = 30:70 w/w to enhance toxicity in an MDR model
of breast cancer in vitro.”* A similar composition was used to
prepare and evaluate DOX—PLN for in vivo efficacy, off-target
toxicity, and distribution of DOX in murine breast cancer
models.”>* DOX co-loading with different cationic chemo-
sensitizers such as quinidine HCl or verapamil HCI, was
achieved using anionic dextran sulfate MS.”" These formula-
tions exhibited enhanced DOX uptake and cytotoxicity in
MDR cells.

To overcome MDR mediated by P-gp overexpression and
membrane rigidity, Zhang et al. utilized @-3 polyunsaturated
fatty acid DHA and MMC co-loaded in a PLN system.’” The
presence of DHA reduced membrane rigidity and enhanced
MMC uptake in an MDR breast cancer cell line. The
intracellularly released MMC was then bioactivated inducing
a chain lipid peroxidation facilitated by DHA and causing
oxidative damage to mitochondria and apoptosis.'**>** A
complete description of all such examples is beyond the scope
of this review. The readers are referred to detailed
presentations of the PLN carrier systems in previous
publications.'>°%%!

To date there are a plethora of nanomedicines under
investigation for treating MDR cancer types, which are
extensively summarized in recent review articles.*”* Major
strategies to overcome MDR include development of inhibitors
for ABC transporters, modification of formulation to increase
dose of therapeutic agents, and silencing MDR genes to inhibit
posttranscriptional process.”> To address such challenges,
various NPs are developed including polymeric NPs (e.g,
PLGA, polycaprolactone (PCL), polylactic acid (PLA),
polyethyleneimine (PEI), hyaluronic acid (HA)), cyclodextrin,
polysaccharides and polypeptides, SLN, liposomes, micelles,
mesoporous silica NPs, dendrimers, and NLC.** Unfortu-
nately, their clinical translation is limited because multidrug
resistance is a complex phenomenon involving multiple
pathways associated with not only efflux transporter proteins
but also lipid rafts that support P-gp function and membrane
rigidity. In this context, combination therapy with nanocarriers
to codeliver multidrug-resistance-mitigating agents and anti-
cancer drugs spatiotemporally to the same cancer cell would
exhibit superiority.**®*

2.3. Rational Design of NPs with Special Properties
for Effective Delivery and Therapeutic outcome. Careful
design consideration of NPs is required for effective delivery of
therapeutic agents to its site of action in order to enhance
therapeutic efficacy on MDR tumors.”> NP formulation
typically involves choosing an optimal combination of building
blocks (polymer and lipid) to obtain a particle of the desired
size, shape, and surface charge.” For synergistic drug
combinations, the molecular mechanism and physicochemical
interactions between NP components (polymer and drugs)

need to be carefully considered on a case-by-case basis."* Such
rational design strategies provide several advantages over
conventional nanocarriers. For example, extensive studies have
been conducted to investigate lipid composition properties and
their interaction(s) with both polymer and drug to optimize
NPs for both high dru loading and controlled drug release
characteristics.”*°%95° 7684787 The jnitial PLN prototype
utilized a charged polymer (dextran sulfate) incorporated into
a SLN to obtain higher drug loading and sustained release of
water-soluble drugs (verapamil HCl or DOX).*"** In order to
achieve a higher drug loading of water-soluble, ionic drugs
(e.g, DOX) into a lipid matrix and release them at a desired
drug release rate, an anionic polymer (e.g., hydrolyzed polymer
of epoxidized soybean oil (HPESO)) was used with stearic
acid to effectively load DOX in a PLN. The PLN enhanced the
cellular uptake and retention of DOX, bypassing the efflux
pumps and providing increased cytotoxicity against human
MDR cancer cells.”*>*%%

To further improve intratumoral distribution and cell
uptake, a size—shape transformable PLN was developed.”
By screening a series of lipids for their physicochemical
interactions with designed polymers, myristic acid was selected
to prepare PLN that gradually changed size and shape (from
larger to smaller, and spherical to spiky) over time under
physiological conditions (pH 7.4). The transformability of
PLN enhanced tumor penetration, cellular uptake, and fatty
acid mediated intracellular trafficking of DOX, as demon-
strated in an orthotopic breast tumor mouse model.*”

Overall, the challenges and limitations of drug combination
therapy are extensively reviewed in recent review articles.'>*’
Nontargeted combination nanomedicines rely on the EPR
effect for passive targeting and tumor accumulation. However,
tumor heterogeneity, hypovascularity, changes in tumor
angiogenesis and inflammation at different stages of tumori-
genesis, and poor lymphatic drainage may substantially impact
tumor accumulation of NPs by the EPR effect.'” Second, the
drug release kinetics, PK, and PD, as well as the toxicity
profiles of single and combination drugs, should be carefully
evaluated.'® Premature drug release, extremely slow release,
and differential release rates of different drugs in the
combination NPs may result in poor therapeutic outcomes.
Also, the toxicity of a single agent along with combination
drugs should be carefully investigated to minimize the overall
adverse effects. Using targeted NPs could be a great alternative
strategy to mitigate an unpredictable EPR effect, which will be
discussed in the later sections. The synergistic ratio between
the combination drugs should be thoroughly investigated in
vitro and optimal ratio should be selected prior to formulate
the NPs."> For effective encapsulation of multiple drugs and
maintaining the synergistic ratio during the course of drug
release, the affinity of nanocarrier materials and compatibility
of payloads should be carefully considered and drug release
mechanisms and release kinetics should be well-controlled. To
achieve this aim, a thorough investigation is required to
understand the interactions between the building blocks of
NPs (e.g., polymers, lipids, surfactants, and other excipients)
and the drugs/biologics being delivered, as well as the fate of
the dru§ in physiological conditions and their interplay with
biology.™

3. BBB-CROSSING NANOMEDICINE

CNS cancers account for millions of deaths globally.” In 2020,
approximately 308 000 new cases of brain and CNS cancers
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BBB penetrating NPs for the delivery of therapeutic antibody trastuzumab to treat brain metastases
of HER2-positive breastcancer
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Figure 3. BBB-penetrating NPs for delivery of therapeutic antibody (TRA), small-molecule drugs (e.g, DOX) DTX across BBB. Design of
terpolymer NPs or terpolymer—lipid hybrid NPs (TPLN) for drug delivery to the brain. (a) Confocal microscopic images of SCID mouse brain
tissue sections 2 h after i.v. injection of FA (HF 750)-labeled TRA—TPN (top panels) or free FA-labeled TRA (bottom panels). Green represents
FA-labeled TRA. Blood vessels are shown in red (Texas red dextran). Texas red dextran was administered i.v. to the mice 15 min prior to
euthanasia. Cellular nuclei were stained blue using Hoechst 33342. T: brain tumor area; N: normal area without tumor; arrows: FA-labeled TRA
TPN. Scale bar = 50 ym for all images. ELISA-based quantification of TRA in healthy SCID mouse brains (b) and HER2 positive tumor-bearing
SCID brains (c) at 2 h after i.v. injection. Mice were treated with saline, free TRA or TRA TPN (40 mg/kg, n = 3). (d) MRI images of brain tumor
42 days post-treatment (4 X 10 mg kg™' TRA, 4 X 10 mg kg™' TRA TPN, or 4 X 200 uL saline over a 4 week period). The extent of tumor spread
is outlined by the red lines in the panel. (e) Normalized increase in the total tumor volume. Up to day 28, all mice survived. On day 42, the number
of mice that survived was S and 6 for free TRA and TRA-TPN, respectively. All data are presented as mean = standard deviation. (f) Kaplan—Meier
survival curve of tumor-bearing mice after treatment with saline, free TRA and TRA TPN. Panels (a—f) are adapted and reprinted with permission
from ref 10S. Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA. (g) In vivo bioluminescent images of brain tumors, whole body
biodistribution and ex vivo images of brain accumulation of HF-750 labeled NP in brain metastases of MDA—MB-231—Luc—D3H2LN cells
intracranially inoculated in NRG-SCID mice. The panel depicts the bioluminescence of luciferase-expressing tumor cells in the inoculated brain
tumors at 10 min post intraperitoneal (i.p.) injection of luciferin solution; bioluminescent image of brain tumor; and fluorescence image of NPs in
an excised mouse brain. (h) In vivo images of brain tumor bioluminescence demonstrating tumor growth inhibition in NRG-SCID mice. The brain
metastases of MDA—MB-231—Luc—D3H2LN cells in NRG-SCID mice were established by intracranial injection. The bioluminescence of
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Figure 3. continued

luciferase expressing tumor cells in the inoculated brain tumors were measured 10 min following i.p. injection of luciferin solution and used to
monitor tumor growth inhibition. Panels (gh) are adapted and reprinted in part with permission from ref 103. Copyright 2014 American Chemical
Society. Delivery of hydrophobic agents into the brain metastases of brain tumor bearing mice (ij). Concentration of DTX NP and free DTX in
solution (Taxotere) in brain (i) and blood (j). The line represents the fitted data from PK modeling, and symbols represent measured values. (k)
Kaplan—Meier survival curve of tumor-bearing mice following the treatment of saline, blank NP, Taxotere (free DTX in solution) (20 mg/kg
DTX), or DTX NP (20 mg/kg DTX). Panels (i—k) are adapted and reprinted in part with permission from ref 104. Copyright 2016 Elsevier B.V.

were diagnosed worldwide with an estimated mortality of
~251300.”" It is not surprising that around 55000 Canadians
currently live with a brain tumor, while another 27 Canadians
are diagnosed with brain tumor every day.”’ Moreover
approximately 20—40% of people with primary tumors at
other sites, such as the skin, breast, colon, lungs, and prostate,
ultimately experience secondary metastases to the brain.”
Breast cancer metastases to the brain are the second leading
isotype after lung cancer, and about 10—15% of breast cancer
patients were clinically diagnosed with such metastases.”” ™"
The patients having human epidermal growth factor receptor 2
(HER2)-positive and triple-negative (HER2, estrogen receptor
(ER), and progesterone receptor (PR) negative) breast cancer
have a higher incidence of CNS metastases.”” Brain metastases
are one of the most difficult malignancies to treat being
associated not only with a poor prognosis but also with severe
neurological impairment.”” For patients with multiple brain
metastasis lesions, whole brain radiotherapy (WBRT) is
recommended to reduce the risk of surgical complications.
However, owing to the substantial neurotoxicity induced by
WBRT, alternative noninvasive methods including chemo-
therapy are preferred to treat brain tumors and metastases.”*
Unfortunately, most therapeutic agents are incapable of
efficiently penetrating the BBB, leading to subtherapeutic
drug accumulation in the CNS.

3.1. Physiological Barriers to Nanoscale Delivery. The
unique nature of BBB arises from the presence of trans-
membrane proteins such as claudins (claudin-1, -3, -12, and
particularly -5) in brain endothelial cells forming tight
junctions with occludins and junctional adhesion molecules
that regulate tight junction formation.”"”>*® Such proteins
connect to the actin cytoskeleton via Zonula occludens-1 (ZO-
1). Together they form a tight cellular junction, which acts as a
highly selective permeability barrier between blood in the
general circulation and the brain and spinal cord. In addition,
existence of efflux pumps such as P-gp that are overexpressed
in brain microvessel endothelial cells which prevent substrate
drugs from entering the brain.”' Similarly, the blood—
cerebrospinal fluid (BCSF) barrier consisting of choroid
plexus epithelial cells containing tight-junction proteins
regulate the entrance of substances to cerebrospinal fluid
(CSF) within the brain.”" Together, the BBB and BCSF barrier
prevent entry of approximately 98% of small molecule
therapeutics >400 Da.’””"*>® Notably, several receptors
(insulin, transferrin, angiopep-2, and low-density lipoprotein
receptors (LDLR)) together with ion channels and influx
transport proteins, can facilitate active transport of correspond-
ing compounds. Thus, there exist four primary routes for drugs
to enter the brain: (1) paracellular pathways, (2) transcellular
diffusion, (3) transcellular transcytosis, and (4) leukocyte
mediated transmigra‘cion.9> To overcome the BBB, NPs often
utilize receptor/carrier mediated transcytosis (e.g, insulin,
transferrin, folate, glucose, glutathione, and LDLR) to deliver a
plethora of drugs across the BBB and into the brain.”"”>"”

Table 2 presents representative examples of nanocarriers with
various BBB-penetrating mechanisms for CNS drug delivery,
using NPs made of organic or inorganic materials. Organic
materials have been widely employed for drug delivery due to
their good biocompatibility and versatility of composition
choices; while inorganic NPs are normally used for diagnostic
or theranostic purposes.”® In addition to incorporation of
ligands for receptor-mediated BBB penetration, other types of
targeting moieties can be conjugated to nanocarriers for more
specific drug delivery in the brain parenchyma. Such NPs are
designed to deliver the therapeutics to the disease-affected
regions and cells upon crossing the BBB (right site) with a
proper release rate that can generate therapeutic effect (right
time and right level).

3.2. BBB-Penetrating NP for Treating CNS Tumors. As
shown in Table 2, LDLR-mediated BBB-crossing mechanism
has been extensively exploited to design NPs for drug delivery
and imaging. Wu and co-workers have developed a BBB-
penetrating NP platform based on the terpolymer, poly-
(methacrylic acid)—polysorbate 80-grafted starch (PMAA—PS
80—St).””~'%" In this NP system, the covalently bound PS 80
on the NP surface recruits apolipoprotein E (ApoE) in the
blood circulation promoting NP entry into the brain
parenchyma via LDLR-mediated transcytosis.'”> The NP
systems exhibit a great ability to cross the BBB in both
healthy brain and inflammatory brain tissue via the EPR effect
and to effectively deliver brain-impermeable imaging agents
(gadolinium, Gd-based contrast agent) and a variety of
anticancer drugs (DOX, DTX, and the antibody trastuzumab
(TRA)) to brain metastases in murine breast cancer models
(Table 2).71%

Delivering therapeutic biomolecules to the diseased site in
the brain requires special considerations: (1) protecting the
biomolecules from degradation, (2) shuttling them across the
BBB, and (3) releasing them to the cellular target. On the basis
of a terpolymer-antibody conjugate platform, a novel two-step
targeted nanoconstruct (NC) system was developed for
shuttling the therapeutic antibody TRA into HER2+ breast
cancer cells within the brain (Figure 3a—f)."" The sequential
targeting process involved (1) PS 80-enabled LDLR-mediated
transcytosis across the BBB followed by (2) dissociation of the
NCs that exposed TRA polymer within the brain parenchyma,
allowing local bioavailability and extracellular binding of TRA
to HER2+ breast cancer cells to produce its targeted
therapeutic effect. TRA—terpolymer lipid NP (TPN) extrava-
sated from the blood vessels and accumulated in brain tumor
lesions compared to free TRA (Figure 3a) and delivered 40-
and 50-fold TRA compared to free TRA into the brain of
healthy and tumor bearing mice, respectively (Figure 3b,c).
The TRA TPN also inhibited tumor growth as determined by
magnetic resonance imaging (MRI) signals (Figure 3d) and
tumor volume measured by MRI (Figure 3e) by 43-fold and
prolonged the mean survival rate >1.3-fold in a brain
metastasis model (Figure 3f).
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Many potent anticancer drugs (e.g, DOX and DTX) are
ineftective for brain cancer due to poor BBB permeability. A
DOX-loaded BBB-penetrating NP system was thus developed
which enhanced accumulation within brain metastasis
approximately 30 min after i.v. NP injection (Figure 3g).'”
Treatment with DOX NPs significantly inhibited brain tumor
growth compared to free DOX at a similar dose as assessed by
in vivo bioluminescence imaging of brain metastases (Figure
3h)."” To efficiently load and release the poorly water-soluble
drug, DTX, while maintaining the stability of the NP system to
cross the BBB, a terpolymer NP system was designed and
optimized to be an amphiphilic polymer (terpolymer—lipid)
nanocarrier system for DTX (DTX NP) (Figure 3i—k)."** The
DTX encapsulated within the NP was observed to cross the
intact BBB of healthy mice within 15 min after i.v. injection,
leading to enhanced accumulation of DTX in the brain
compared to a clinically used solution formulation of DTX
(taxotere) (Figure 3i). The use of PK modeling revealed that
the DTX NP enhanced drug bioavailability in the brain,
prolonged blood circulation with a 5.5-fold increase in blood
terminal half-life, increased blood area under the curve
(AUC,_,4) by 1.3-fold, and caused a 29% decrease in body
clearance compared to taxotere (Figure 3ij). The DTX NP
also significantly enhanced in vivo therapeutic efficacy as
compared to the free DTX or Taxotere (Figure 3k). The above
examples demonstrated that the terpolymer-based nanosystem
platform exhibits versatile drug delivery capabilities and
highlights the tremendous potential for the rational design of
noninvasive nanomedicine-based treatments for diseases of the
brain.

For the rational design of NPs, DOE helps to understand the
interactions between the processing variables and their output
values and obtain a final product based on mathematical and
experimental techniques. For instance, synthesis of PLNs relies
heavily on process optimization and components (lipids and
polymers), which ultimately influences the physicochemical
properties that are important for biological performance.'**'"”
However, most of the NPs are prepared without having a
thorough understanding of the process—property relationships
which can ultimately impede the functions of final NPs in
terms of their physicochemical properties and in vivo
performances (efficacy).'”” "% The use of DOE in optimizing
a processing parameter involves the use of different inputs
(factors) fed into the process that generates multiple outputs
(responses). During this process, the cofactors (nuisance
factors) that affect outputs can be blocked from the
experimental design.'"’

The poor penetration of many potential therapeutic agents
to the brain impedes their potential application in therapy for
glioblastoma multiforme (GBM). To overcome this problem,
Ahmed et al, devised a DOX-loaded terpolymer and lipid
hybrid NP (TPLN) using DOE (2® factorial design)
methodology.'” Of the five lipids screened, ethyl arachidate
(EA) was selected due to its superior colloidal properties
(particle size, shape, zeta potential, drug loading, encapsulation
efficiency, and serum stability) and cytotoxicity using human
GBM U87—MG—RED—FLuc cells as a target. As compared to
other lipids, the superior anticancer efficacy of EA TPLNs was
attributed to physicochemical properties of EA. The lower
melting temperature (41.7 °C) might have helped in the
formation of softer NPs with relatively weaker crystalline
matrix structure. Because of this feature, the terpolymer—DOX
complex could partition well in the EA matrix via hydrophobic

interaction making EA TPLNs more stable in colloidal
properties. These properties might ultimately enhanced DL
and EE of the NPs and their intracellular DOX release. A
strategically optimized EA—DOX TPLN exhibited superior
cytotoxicity, endocytosis-mediated cellular uptake, and deep
tumor spheroid penetration compared to free DOX in vitro.
The interaction of TPLNs with ApoE in the circulation
enabled LDLR-facilitated BBB-crossing and accumulation in
the brain tumor site in an orthotopic intracranial GBM mouse
model."”

Currently, substantial research are ongoing in mitigating the
challenges of delivering therapeutics across BBB for the
treatment of brain tumors''' and CNS disorders."” In
comparing to the passive diffusion or other invasive methods
(e.g, intracranial injection and convection-enhanced delivery
and temporary disruption of the BBB using ultrasound),
receptor-mediated transcytosis-based BBB crossing strategies
have shown great potential.””~'%* Currently, there are
polymeric micelles, albumin-bound NPs, liposomes, nanogels,
nanosuspensions, polymersomes, dendrimers, protein nano-
capsules, and gold NPs under investigation for crossing the
BBB through receptor mediated transcytosis (Table 2). Among
these, the surface coating of NPs with PS 80 offers tremendous
advantages in which the NPs exploits the physiological
advantages in which PS 80 coated NPs upon injection can
recruit ApoE from plasma and mimic LDL particles and
eventually transcytose across the BBB via
LDLR, 72771001027 105109, 1% Nevertheless, more studies
are required to further improve the NP formulation and
evaluate their safety and efficacy in larger animal models. Few
studies those have made it to the clinical trials will be further
discussed in the “Future Perspectives” section.'"”

3.3. Multifunctional Theranostic NPs for CNS Dis-
eases. In addition to brain tumors, neurodegenerative
disorders such as AD result in synaptic dysfunction and
ultimately degeneration of neurons resulting in permanent
cognitive dysfunction.'” Neurodegenerative disorders currently
affect 7 million people in the USA, and this number is rising
dramatically due to progressive aging of the population.''® In
Canada, over 500 000 people are currently living with different
forms of dementia, and this number is estimated to increase to
912000 by 2030.''” Every year, 25000 Canadians are
diagnosed with dementia, on which 65% of those diagnosed
are over the age of 65 costing over $12 billion annually.
Unfortunately, there is at present a paucity of disease
modifying therapeutic agents available to treat AD due to
the complex nature of the neurodegeneration involved. One
major reason suggested for this failure is a lack of sensitive
early stage detection method for AD. Such a system is believed
to be critical given that the neurobiological changes seen in AD
appear to develop as early as 15—20 years prior to the onset of
observable cognitive decline with functional symptomology in
patients.'” As a result, most patients are diagnosed at a stage in
which it is believed that irreversible changes in the CNS have
already occurred and when the efficacy of therapeutic
intervention may be severely limited. Thus, early stage
diagnosis and prevention of AD neurodegeneration is an
unmet medical need. Nanomedicine has shown potential for
the application of simultaneous delivery of therapeutic and
diagnostic agents (theranostics) in which the aim is to assess
and treat the target of injury. This section discusses the
potential application of reactive NPs for theranostic application
in AD.
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Figure 4. Hybrid aA-BTRA-NC for early stage diagnosis and interventions of AD. (a) Schematic illustration of synthesis of aAf-BTRA-NC.
KMnO, was converted into MnO, NPs using the BTP and lipids (b) BBB crossing aA-BTRA-NC in both healthy and AD bearing mice and
targeting of inflammatory microenvironment of AD brain site. The NCs reacts at the AD site which has higher levels of ROS and inflammatory
cytokines. In AD brain, the NCs crosses BBB through low density lipoprotein receptor (LDLR) mediated transcytosis and passive diffusion. (c)
Mechanism of aA-BTRA-NC in detection of AD in CSF, cortex, and hippocampus. Upon accumulation at the AD site, NCs react with the ROS
and generate Mn** ions. Then, the aAS-BTP binds with soluble Mn** and aAf oligomers and transports them into the CSF and enhances CSF MRI
signals. (d) Hematoxylin and eosin (H&E) sections and MRI signal enhancement in different brain regions induced by of aA-BTRA-NC at

different stages, 3, 6, and 9 months (M), of disease progression in Tg

mice compared to WT mice at baseline and 60 min after i.v. injection aAf-

BTRA-NC. (e) Neuro-protective effect of NCs against ROS (H,0,) induced neuronal damage. Mouse primary cortical neurons (top left, control)
were stressed with ROS using H,O, (bottom left) and NC were coincubated (bottom right) to provide protection against it. The NCs did not
show any toxicity to the neurons (top right). (f) 3D surface plot indicates the relationship between in vivo CSF MRI signal enhancement, ex vivo

ROS concentration, and IL-1f concentration in brain tissue. Linear re

lationships were observed. BTP: brain targeted polymer (terpolymer); PVA:

poly(vinyl alcohol). Adapted and reprinted in part with permission from ref 19. Copyright 2020 Elsevier, Ltd.

It has been observed that AD patients experience neuro-
degenerative injuries which can result in enhanced levels of
reactive oxygen species (ROS), together with regional
disruptions in local vasculature resulting in hypoxia and
promotion of neuroinflammation. In our recent work, a novel
ROS-responsive NC was devised composed of anti-Af
antibody (aAf), brain-targeted polymer (BTP) and ROS-
activatable MnO, NPs (aA-BTRA-NC) in order to enhance
sensitive, early stage detection of AD neuroinflammation
(Figure 4a—c)."” The aAB-BTRA-NC targeted regions of AD
neuroinflammation due to the presence of Af targeting
antibody (4G8), while NP-loaded MnO, reacted locally with
endogenous ROS and hydrogen peroxide (H,O,), producing
paramagnetic Mn* ions and O,, enhancing T,-weighted MRI
within affected regions of the cortex and hippocampus (Figure
4b,c). The freed Mn>' interacted with terpolymer and
scavenged Af which ultimately flowed to the CSF (Figure
4c). Such inflammation-based enhancement of the MRI signal
can be seen as early as 3 months in a transgenic AD mouse
model, in which CSF signals were 1.51—2.24 times higher than
that seen in wild-type littermates (Figure 4d). The aA-BTRA-

NCs were also observed to rescue ROS induced stress in
primary cortical neurons; suggesting the potential for this NC
to serve as a theranostic modality for AD (Figure 4e). In
addition, the NC reduced pro-inflammatory cytokines (known
to increase during AD) and reduce total ROS demonstrating
its therapeutic potential. Consistent with this, a linear
relationship of CSF MRI signal with the ROS and pro-
inflammatory cytokine levels were observed in 3—9 months old
transgenic (Tg) AD mouse (TgCRNDS) brains (Figure 4f).

4. MULTITARGETED AND INTRACELLULARLY
ACTIVATED NANOMEDICINE

Targeted therapy is widely used in the clinics to treat solid
tumors.''* In passive targeting, the therapeutic agents exploits
the leaky vasculature endothelium of solid tumors through
passive diffusion to accumulate in the tumor site. The impaired
tumor vasculature and lymphatic systems together contribute
to the EPR effects as depicted in Figure la. Due to the EPR
effects, NPs readily passes between endothelial cells and
accumulate in tumor tissues."'” EPR also helps in enhanced
retention of NPs via the tumors’ inefficient lymphatic drainage
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Multitargeted and intracellularly activated NPs
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Figure S. (I) Dual-targeted NPs for treating lung metastases. (a) Distribution of cRGD-DMPLN in the metastases-bearing lungs of mice inoculated
with MDA—MB—231-luc-D3H2LN cells. Lungs were resected 4 h after i.v. treatment with FITC-labeled RGD-PLN (Med), PLN, or saline. H&E
staining shows the metastatic tumor nodules. Sections were stained with DAPI for cell nuclei (blue) and Alexa Fluor647 labeled CD-31 antibody
for blood vessels (red). For all zoomed images, scale bar = 200 ym. (b) In vivo bioluminescent images of mice from different treatment groups 28
days after tumor inoculation with MDA—MB—231-luc-D3H2LN cells. (c) Kaplan—Meier survival curve of lung metastasis-bearing mice. Panels a—
c are adapted and reprinted in part with permission from ref 135. Copyright 2017 the authors, SpringerNature (http://creativecommons.org/
licenses/by-nc-nd/3.0/). (II) BBB crossing of iRGD-DMTPLN via LDLR-binding. (d) Schematic diagram of self-assembly of iRGD-conjugated
DOX-MMC loaded TPLN (iRGD-DMTPLN) and their cellular targeting mechanisms in av integrin-expressing TNBC MDA—MB—231-luc-
D3H2LN cells in a brain metastases mouse model. iRGD-DMTPLN binds to integrin in the tumor neovasculature. iRGD-DMTPLN targets
LDLR-expressing TAMs and av integrins expressing TNBC cells in the brain metastases. (e) Targeting tumor-associated macrophage (TAMs) with
iRGD-DMTPLN in vivo. The iRGD-DMTPLN system reduced TAM populations and exhibited superior efficacy over DMTPLN or free drugs. (f
and g) MDA—MB—231-luc-D3H2LN brain metastases-bearing NRG mouse body weight changes and Kaplan—Meier survival plot. Tumor-bearing
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Figure 5. continued

mice were treated with i.v. of saline, blank iRGD-TPLN, Free DOX/MMC (6 mg kg™' DOX), DMTPLN (6 mg kg™' DOX), or iRGD-DMTPLN
(6 mg kg™! DOX). The DOX/MMC molar ratio was 1.0:0.7 for all treatments. Panels d—g are adapted and reprinted in part with permission from
ref 29. Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA. (III) Intracellularly activated NPs. (h) Schematic diagram demonstrating two-
step/one-punch strategies to deliver DHA—MMC-PLN for intracellularly activated and mitochondrial targeted therapies against MDR cancer
cells. Left panel: Cellular level barriers of rigid MDR cell membrane prevent the entry of both MMC-PLN and free drug. Intracellular accumulation
of drugs is further hindered by the presence of efflux pumps and lysosomal degradation during endocytosis. Right panel: First punch, MMC—
DHA—PLN reduces MDR cell membrane rigidity and increases cellular uptake of PLN; second punch, mitochondrial enzymes (e.g., cytochrome
bS reductase) bioactivates MMC by generating ROS that cause peroxidation of DHA in MMC—DHA—-PLN, leading to oxidative damage of
mitochondria and possibly plasma membranes. (i) Level of malondialdehyde (MDA) before and after various free MMC and/or DHA
formulations, blank PLN, or MMC—DHA—PLN for 4 or 24 h. (j) Transmission electron microscopy (TEM) images of drug-resistant cells treated
with $% dextrose and MMC—DHA—PLN for 4 and 24 h. Scale bar = 0.5 ym. (k) EMT6/ARI breast tumor growth over 30 days after two
sequential dose regimens. (I) Kaplan—Meyer survival curves of MMC-DHA combination in free or PLN formulations. In vivo studies were
conducted by i.v. injecting mice on days 0 and § with 4.0 mg kg™' MMC and 2.4 mg kg™' DHA. The synergistic molar ratio of MMC: DHA= 1:0.6
were used all combinations. Panels h—I are adapted and reprinted with permission from ref 62. Copyright 2017 WILEY-VCH Verlag GmbH & Co.

KGaA.

prolonging the retention of NP in tumors. The physicochem-
ical properties of NP such as size, shape, surface charge, and
polydispersity are known to have a substantial impact on the
EPR effect."*%""?"*° However, the passive EPR effect can be
limiting, for example when there is a dense solid ECM and
high interstitial fluid pressure limiting NP penetration into
tumors.'”"'” Most TME are heterogeneous and consist of
different cells including cancer-associated fibroblasts (CAF)
and TAM. The higher densities of TAMs promote tumor
progression and are associated with poor patient prognosis in
solid tumors.”” Ultimately, this can limit the efficacy of
chemotherapeutic and anticancer—immunomodulating
drugs.”

In contrast, active targeting by functionalizing NPs surfaces
with ligands is used to improve the specificity of drug delivery
to cancer cells in the complex TME.'” Ligands and their
receptor interactions can facilitate NP diffusion into tumors
through endocytosis to release their cargos in a more directed
manner for a better therapeutic outcome by reducing off-target
toxicities.”"'”"*° Common ligands such as antibodies (e.g,,
trastuzumab), small peptides (e.g, Arg—Gly—Asp, RGD),
nucleic acids (aptamers), or other small molecules (e.g,
vitamins, carbohydrates, and folic acid) are utilized to target
different cell surface receptors such as integrins, HER2,
epidermal growth factor receptor (EGFR), transferrin, LDLR,
and prostate-specific membrane antigen (PSMA)."*”"*! In
addition to the strategy of targeting cancer cells directly,
targeting nontumor stromal cells in the TME may provide
therapeutic benefit due to their important roles in promoting
cancer progression.'”” Due to the heterogeneity of the TME, a
combination therapy can be developed that targets multiple
ligands or intracellular mechanisms simultaneously on different
receptors and nontumor cell types. In addition, there may be a
need for multiple targeting of ligands or mechanisms to target
different receptors on different cells. Multiligand functionalized
NPs can target cancer and stromal cells at the same time (e.g.,
cancer cells and CAFs,"**'** cancer cells and tumor-infiltrating
dendritic cells (TIDCs),"* cancer cells and tumor vascula-
ture,"*® cancer cells and TAMs,">”"*® and cancer cells and T
cells)."*""*” The above-mentioned systems ultimately help
overcome tumor resistance to therapies and improve
therapeutic outcomes in treating different cancers.

4.1. Functionalized PLN Targeted to Integrins, LDLR,
and CD44. To maximize the efficacy of anticancer drugs, NPs
can be rationally designed by careful selection of the targeting
ligand to deliver imaging or therapeutic agents to more than

one cellular component of TME. Table 3 summarizes
commonly used targeting strategies for different cancers
(namely, strategies targeting receptors highly expressed in
cancer cells such as folate, transferrin, integrins, interleukin-
4,13, epidermal growth factor (EGF), and HER2 receptor).
For instance, Wu and co-workers devised a RGD-conjugated
PLN to target tumor neovasculature and tumor cells, thus
enhancing tumor penetration and efficacy of PLN-carrier drugs
in various preclinical animal models. Table 1 summarizes the
RGD conjugated NPs. The avf3/3S integrin receptors are
highly expressed on tumor neo-vasculature and tumor cells
such as TNBC (negative for estrogen receptor (EGR),
progesterone receptor (PGR) and HER2 receoptor) cells and
can be utilized for targeted drug delivery."*’ For instance,
cyclic RGDfK (Arg—Gly—Asp-pD-Phe—Lys; cRGDfK) was
conjugated on to the surface of PLN to increase tumor
accumulation.”*"'** However, it is challenging to find an
optimal RGD density while avoiding increased liver uptake.
Similar observations were reported suggesting that the RGD
peptide moiety may induce a §reater immunogenic response
and promote liver uptake."””'>* For the treatment of lung
metastases, taking advantage of the anatomical fact that the i.v.-
injected dose reaches the lungs before the liver, and the
number of cRGDfK conjugated on PLN (RGD PLN) was
optimized. The results showed a significant accumulation of
particles in lung metastases by targeting both av integrin-
overe)gpressing tumor neovasculature and TNBC cells (Figure
5a)."*> Consequently, synergistic RGD—DOX—MMC PLN
significantly inhibited lung metastases of TNBC in a mouse
model compared to nontargeted DOX—MMC PLN (Figure
5b,c).

A new-generation iRGD (CRGDK/RGPD/EC) follows a
multistep tumor-targeting mechanism; it combines targeting of
the av integrins (avf33 and avf3S) and neuropilin-1, facilitating
better deeper penetration into the tumor parenchyma
compared to conventional RGD peptides.'*® A multitargeted
iRGD-conjugated TPLN (iRGD TPLN) was developed that
delivers synergistic drugs by first penetrating the BBB and then
actively targeting the TNBC cells and TAM:s in microlesions of
brain metastases (Figure 5d—g).”” For efficient drug delivery
into the brain metastases, both covalently bound PS 80 and
iRGD were introduced for synchronized BBB penetration via
LDLR-mediated and integrin-facilitated transcytosis. Addition-
ally, the NP surface with PS 80 helped targeting TAMs that
overexpress LDLR, selectively eliminating TAMs in vitro and in
vivo. Meanwhile, the conjugated iRGD peptide enhanced NP
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accumulation, cellular uptake, and drug delivery to brain
metastases. The smart design of iRGD TPLN allowed for triple
targeting of brain endothelial cells, cancer cells, and TAMs
(Figure 5d), the iRGD—DOX—MMC TPLN demonstrated
superior efficacy in reducing TAMs (Figure Se) and inhibiting
metastatic burdens than nontargeted DMTPLN or a free
DOX/MMC combination (Figure 5fg).

TNBC is known for its aggressive growth, drug resistance,
and high incidence of metastasis. To target multiple pathways,
Zhang et al. developed a iRGD—0oHA—DOX PLN system with
a synergistic ratio of DOX/oHA = 1:4.">” The intracellular
release of oHA showed antimigration and anti-invasion effects
via its antagonistic effects on CD44—(HA) interaction-
mediated metastasis signaling pathways, especially the
interaction with the receptor for hyaluronan mediated motility
(RHAAM) and downregulation of the phospho-extracellular
signal-regulated kinase (p-ERK). As compared to the free
DOX and oHA, the iRGD—oHA—DOX PLN substantially
reduced tumor burden and prevented spontaneous metastasis
to the lungs and lymph nodes in a TNBC mouse model."”’

4.2. Intracellular Cascade Delivery and Activation of
Drugs by NPs. MDR cells with a rigid plasma membrane pose
a tremendous challenge to drug delivery even for most
nanocarriers. Zhang et al. devised a synergistic combination of
®-3 polyunsaturated fatty acid DHA and an anticancer prodrug
MMC in the same PLN (DHA—-MMC PLN) to exploit the
intracellular biointeraction and bioreaction of DHA and MMC
to overcome P-gp and lipid-raft-mediated MDR in vitro and in
vivo.”” The DHA—-MMC PLN resulted in unprecedented
therapeutic efficacy in EMT6/AR 1.0 breast cancer cells and an
orthotopic tumor model (Figure Sh—1).” Initially, DHA
softened rigid plasma membrane facilitating entry of DHA—
MMC PLN (Figure Sh). At the second stage (intracellular),
the bioactivation of MMC produced ROS that led to a chain
reaction of lipid peroxidation mediated by DHA, which
destroyed mitochondria (Figure Sh—j). Intravenously admin-
istered DHA—MMC-PLN inhibited tumor growth signifi-
cantly (Figure Skl), compared to free MMC or MMC PLN
combined with free DHA without generating detectable
toxici‘cy.62

Overexpression of a lysosomal enzyme cathepsin-B (CathB)
in invasive breast cancer was exploited to produce anticancer
peptide in situ using a CathB-degradable acetylated raPeseed
protein isolate (ARPI) polymer—DOX nanocomplex."”® The
dual responsiveness of nanocomplexes to acidic pH and CathB
enzymatic degradation facilitated lysosomal escape of co-
delivered anticancer drug DOX. The ARPI-derived bioacti-
vated peptides further synergized with delivered DOX to
enhance in vitro cytotoxicity by regulating mitochondrial
apoptotic proteins (tumor suppressor protein (p53), Bcl-2
(B-cell lymphoma 2) (Bcl-2), Bcl-2-associated X protein (Bax),
and pro-caspase-3). Consequently, the nanocomplex demon-
strated superior therapeutic efficacy compared to free DOX
solution in an orthotopic TNBC model."*”

4.3. TME-Responsive NPs to Enhance Tumor Pene-
tration. The presence of fibrotic stroma, higher interstitial
fluid pressure, and hypovascularity impedes deep tumor
penetration of drugs (large molecules) and drug-loaded
NPs.”*" Thus, receptor-mediated active transport strategies
are exploited to mitigate such challenges. In this context, the
presence of overexpressed enzymes in the TME was utilized as
stimuli to design a polymer—drug NPs to achieve enhanced
tumor penetration and efficacy.””~> For instance, y-glutamyl

transpeptidase (an enzyme overexpressed at the endothelial
and tumor cells)-responsive camptothecin-polymer conjugate
was developed to actively infiltrate through tumor cells via
transcytosis.”” Upon contact with the endothelial cells of
tumor vasculature, y-glutamyl transpeptidase interacted with
the NPs and converted the neutral NPs into a cationic one
which then underwent caveolae-mediated endocytosis and
transcytosis, leading to both transcellular and transendothelial
transport of NPs and facilitated deep tumor penetration and
antitumor efficacy against orthotopic mice pancreatic cancer.
Similarly, a camptothecin—polyamidoamine (PAMAM) den-
drimers were developed to achieve deep tumor penetration in
ductal adenocarcinoma (PDA).”' The charge of the
dendrimers were changed by enzyme from neutral to positive,
which facilitated deep tumor penetration via caveolae-mediated
endocytosis and vesicle mediated transcytosis. The dendrimer-
gemcitabine conjugate showed enhanced antitumor activity
against patient-derived PDA and orthotopic PDA cell xenograft
as compared to the free gemcitabine.’’

5. BIOREACTIVE HYBRID NPS FOR MODULATING
TME AND ENHANCING CANCER THERAPIES

As illustrated in the previous section, NPs can be designed to
facilitate tumor penetration and intracellular delivery of
therapeutics by responding to TME biomarkers and con-
ditions. This section will elaborate how to fabricate NPs to
modulate the undesirable TME for improving conventional
cancer therapies. Bioreactive NPs can modulate TME and
brain microenvironment (BME) to improve drug transport to
cancer cells and intracellular targets, overcome tumor
resistance to therapies, increase chemotherapy and radiation
efficacy in tumor tissue, and reverse immunosuppression,
thereby achieving the 3Rs in a broader sense.

5.1. TME and Hypoxia-Induced Resistance to Cancer
Therapies. TME consists of cancerous and noncancerous cells
embedded in an ECM with a compromised vasculature."*” The
hypoxic and chronic oxidative stress of TME upregulates
hypoxia inducible factor-la (HIF-l@, a master regulator of
various genes involved in cell proliferation, survival and
metabolism).”* HIF-1a is associated with tumor progression
and resistance to anticancer therapies, such as chemotherapy,
radiation therapy (RT) and immunotherapy.”* By upregulating
glycolytic enzymes, hypoxic cancer cells adapt to oxidative
stress and acidify the TME via efflux of glycolytic metabolites,
such as lactic acid.'* Chemo-resistance in the acidic
environment can be caused by the protonation of weakly
basic chemotherapeutic agents, such as DOX, which inhibits
their uptake.'*' Additionally, HIF-1a upregulates drug efflux
pumps, further preventing efficacious accumulation of drugs.'**
Hypoxia-associated radioresistance is due to the lack of oxygen
to permanently fix oxidative DNA damage, also called the
oxygen fixation hypothesis.'*> This hypothesis states that
oxidative DNA damage caused by direct ionization or water
radical attacks are permanently fixed into an irreparable state
by oxygen molecules, resulting in enhanced DNA damage such
as double-strand breaks (DSBs).'** Thus, hypoxia mediates
resistance to various anticancer therapies and modulating the
TME (especially hypoxia) can overcome at least some of these
resistance mechanisms.

5.2. Hypoxia-Attenuation by PLMD to Enhance RT.
Wu and co-workers have pioneered the novel polymer—lipid
encapsulated manganese dioxide (MnO,) NPs (PLMD) which
reacts with hydrogen peroxide and protons in the TME to
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Figure 6. PLMD reacts with hydrogen peroxide to generate oxygen. (a) Reaction scheme of manganese dioxide conversion to oxygen. Adapted and
reprinted in part with permission from.'*>'*” Copyright 2014 American Chemical Society and 2015 WILEY-VCH Verlag GmbH & Co. KGaA. (b)
The oxygen fixation hypothesis. Radiation can cause an ionization event directly on the DNA. Radiation can also indirectly damage the DNA
through generation of free radical species from interactions with water molecules or macromolecules. Damaged DNA can be easily fixed in the
absence of O,. However, a peroxyl radical can form in the presence of O,. Adapted with permission from ref 158. Copyright 2019 by the authors,
Licensee MDPI, Basel, Switzerland (http:// creativecommons.org/licenses/by/4.0/ ). (¢) PLMD reduces tumor hypoxia in murine breast tumor
model. (d) Kaplan—Meier survival curve of tumor-bearing mice after different RT regimen with PLMD. (e) Proposed mechanism of the PLMD
+DOX combination treatment. Panels ¢ and d are adapted and reprinted in part with permission from ref 147. Copyright 2016 American
Association for Cancer Research. (f) DOX uptake in murine breast tumor model. The quantitative data obtained from the ex vivo fluorescence
microscopic images of whole tumor tissues. The mice were treated with DOX alone or PLMD+DOX at different time intervals between PLMD and
DOX treatments. For combination therapy, DOX (10 mg/kg body weight) was injected at 2, 4, and 8 h post—i.v. injection of PLMD NPs (200 uL,
1 mM MnO,). The tumor blood vessels were stained with Alexa Flour647 anti-CD31 antibody and images were collected with an Olympus
Upright microscope (Olympus, Center Valley, PA). (g) Antitumor immune cells in tumor at day S post-treatment. (h) Kaplan—Meier survival
curve of tumor-bearing mice after different DOX regimen with PLMD. EMT6 mouse breast tumor model was treated i.v. with saline, DOX (10
mg/kg body weight), PLMD (200 4L 1 mM MnO, equivalent), or PLMD+DOX. The tumor growth and survival of mice was monitored up to 120
days. Panels e—h are adapted and reprinted in part with permission from ref 34. Copyright 2018 Oxford University Press.

generate oxygen molecules (examples of MnO, NPs are
summarized in Table 1). Through this mechanism, oxidative
stress, local acidosis, and hypoxia are simultaneously modified
(Figure 6a,b)." "¢ The ability of PLMD to reduce tumor
hypoxia and improve oxygenation rationalizes its investigation
into improving RT efficacy. In murine and human orthotopic
breast cancer models, PLMD achieved maximal reduction of
tumor hypoxia at 4 h post-treatment (Figure 6¢).'*” Using the
4 h time interval, PLMD and RT significantly improved

median survival time by 2- and 1.4-fold compared to RT alone
in the murine and human models, respectively (Figure 6d)."*
Additionally, 40% of the treated animals in murine model
achieved complete tumor regression.”’ With the promising
efficacy results, the mechanisms of PLMD enhancement were
further investigated. PLMD significantly increased RT-induced
DSB formation as revealed by TUNEL assay and y-H2AX
staining in tumor samples.'*” Importantly, PLMD and RT
treatment significantly downregulated angiogenic markers
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vascular endothelial growth factor (VEGF) and CD31
compared to RT alone at 24 h and S days post-treatment,
respectively.'*” Post-RT an4giogenesis has been reported to
promote tumor regrowth.'* Therefore, inhibiting post-RT
angiogenesis contributed to longer median survival time and in
some cases, complete tumor regression. In summary, PLMD is
an adjuvant therapy to increase RT efficacy.

5.3. TME-Modulation by PLMD to Enhance Chemo-
therapy. The capability of PLMD attenuating hypoxia and
acidosis of TME was exploited to enhance chemotherapy. In
an orthotopic murine breast cancer model, PLMD were able to
increase tumor pH from 6.5 to 6.9 and 7.3 determined with a
pH-sensitive dye and microneedle (MN) pH probe,
respectively.*> Tumor hypoxia was also significantly reduced
up to 4 h as described above and in published reports."**'*” In
vitro experiments demonstrated that PLMD enhanced DOX
uptake and cytotoxicity in murine cancer cells cultured under
hypoxic conditions.’* The translational potential of these NPs
was further evaluated in vivo. In a murine orthotopic breast
cancer model, the optimal time interval of 4 h between PLMD
and DOX injection was reported to increase DOX accumu-
lation and tumoral penetration, as measured by DOX-positive
pixels on the image and the distance between DOX positivity
and tumor vasculature (Figure 6f).>* PLMD alone were also
able to downregulate the expression of the TME-acidifying
enzyme, carbonic anhydrase IX, and drug efflux pump, P-gp.*
Overall, the effect of PLMD on the TME significantly
improved DOX efficacy, where median survival times increased
by 4.5-fold compared to DOX alone, and 60% of treated
animals achieved complete tumor regression (Figure 6h).**

5.4. Immune Modulation by PLMD Plus Chemo-/
Radiotherapy to Boost Antitumor Immunity. The hostile
environment of solid tumors disrupts immune surveillance,
allowing cancer cells to evade recognition and escape immune-
mediated killing."*” Hypoxia can modulate the macrophage
phenotype and activity of tumor-infiltrating lymphocytes
(TILs), resulting in immunosuppression and evasion of
immune detection."*” Macrophages can adopt a classical M1
phenotype or alternative M2 phenotype. The M2 phenotype in
hypoxic tumors has been implicated in immunosuppression,
neovascularization, metastasis, and poor responses to cancer
therapies."*” Tumor acidity can induce M2-like polarization
through HIF-1a upregulation and the expression of arginase I
and VEGF in macrophages."”""*> T cells are a type of
lymphocyte that develop in the thymus gland and have a
central role in the adaptive immune response. After
maturation, T cells differentiate into CD4" helper T cells
and CD8" cytotoxic T cells. Infiltrating T cells are responsible
for immune-mediated destruction of tumor cells.'>* Hypoxia-
driven accumulation of metabolites, such as adenosine>*'>*
and lactic acid,">® have been demonstrated to induce T cell
exhaustion, a state of T cell inactivity. Hypoxic TMEs can
directly affect the tumoricidal function of CD8" T cells, leading
to immunosuppression and allowing tumor cells to evade T
cell-mediating killing.'*

Thus, the ability of the PLMD in combination with DOX or
RT to provide curative treatment in immunocompetent
murine models was investigated for immune modulation in
the TME (Figure 6e). The immunocompetent models have
intact innate and adaptive immunity; therefore, the effects of
the combination therapy on these areas were investigated. In
preliminary studies, PLMD showed growth inhibitory effects
on cancer cells cocultured with macrophages.”* In murine

orthotopic breast cancer models, PLMD and DOX increased
antitumor M1 macrophages population and decreased pro-
tumor M2 macrophages.”* Correspondingly, nitric oxide (NO)
produced by M1 macrophages was also increased in the tumor
samples. At S days post-treatment, the combination treatment
was able to increase T cell infiltration by 2.7-fold compared to
DOX alone (Figure 6g).3’4 T cells isolated from the spleen of
combination-treated animals also increased cancer cell killing
compared to T cells isolated from the spleen of DOX-treated
animals.’® Finally, the curative role of the adaptive immunity
was demonstrated through splenocyte transfer experiments.
Naive animals receiving splenocytes from cured animals gained
antitumor immunity toward the EMT6 murine cancer cells.”*
Thus, these preliminary experiments have revealed that PLMD
are able to abrogate some of the immunosuppressive properties
of the TME.

In the sections presented above, various NPs are discussed
based on their functionality and application in mitigating the
challenges of cancer therapy to achieve the goal of the 3Rs.
Next, we further review the utility of stimulus-responsive
nanomedicine to address the unmet need for other major
chronic diseases (e.g,, diabetes).

6. STIMULUS-RESPONSIVE NANOGELS AND
MICROGELS FOR REGULATED DRUG DELIVERY

Stimulus-responsive nanogels and microgels have been
investigated extensively for regulated drug delivery.'>” Herein,
we present our recent representative research to illustrate how
biocompatible polymeric nano-/microgels are designed and
incorporated in various drug delivery systems for high-
precision and real-time drug release. For delivering insulin at
high glucose levels (hyperglycemia) or glucagon at low glucose
level (hypoglycemia) at real time via subcutaneous implants
and transdermal MN patches, two of the 3Rs (ie., the right
time and right dose) are the main considerations. However,
precise drug release kinetics at desired segments of gastro-
intestinal tract can be regarded as the 3Rs.

6.1. Nanotechnology-Enabled Closed-Loop Insulin
Implantable Device for Improving Diabetes Manage-
ment. Diabetes mellitus (DM) is a metabolic disorder
currently affecting over 460 million people worldwide,”
projected to rise to 640 million or more in the next 20
years."" The cost for diabetes treatment is estimated over $300
billion USD annually in the USA alone.'®® Recent
technologies, such as insulin pumps with continuous glucose
monitoring (CGM), offer a safer and more convenient
approach, but they are limited by the risk of infections at the
catheter site, high cost, and inaccurate dosing algorithms at low
blood glucose levels (BGL).'®" Ultimately, the lack of accurate
dosing and convenience causes conventional strategies to fall
short of fully mimicking physiological glucose regulation. To
address this unmet medical need, researchers are developing
novel chemically driven glucose-responsive technologies to
manage diabetes more accurately and conveniently. These
technologies include closed-loop insulin pump systems,'®*
glucose-responsive insulin devices,'”*™"'®” and glucose-respon-
sive modified insulin analogues.'®®'®” Some of these
technologies involve the use of swellable hydrogels coupled
with glucose-sensing groups to allow glucose-responsive
delivery of therapeutic hormones (e.g., insulin).'”'”!
Importantly, the size of the hydrogel is pivotal for accurately
mimicking physiological response times with nano- or
microsized hydrogels having more rapid and physiologically
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Figure 7. (a) Mechanism of glucose-responsiveness for pH-sensitive poly(NIPAM-MAA) NPs and hyperglycemia-induced insulin release from
devices. Plug porosity is increased at hyperglycemic glucose levels in response to enzymatic oxidation of glucose to gluconic acid, leading to higher
insulin release rates. Adapted and reprinted in part with permission from ref 163. Copyright 2015 Elsevier Ltd. (b; left) SEM image of the surface of
a glucose-responsive composite membrane containing MnO, NPs, which were clearly visualized in the polymeric matrix due to their high contrast
of electron density compared the biopolymer matrix. (b; right) Cross-sectional environmental scanning electron micrographs (ESEM) image of the
composite membrane, where the base matrix shown in green and MnO, NPs in red and yellow. Adapted and reprinted in part with permission from
ref 164. Copyright 2010 WILEY-VCH Verlag GmbH & Co. KGaA. (c) In vivo response of implanted diabetic rats (circles) versus healthy rats
(squares) to glucose challenges on days 4, S, and 6 after implantation. Rats were fed for 12 h in between glucose challenge cycles and fasted 1 h
before glucose injection until the end of the test. Error bars represent SD (n = 3). Adapted and reprinted in part with permission from ref 166.
Copyright 2015 Mary Ann Liebert, Inc. (d) Schematic of the slow glucagon release from the cMN patch during hyper-/euglycemia due to diffusion
mechanism driven by swelling compared to a more rapid release during hypoglycemia driven by low glucose-induced squeezing effect. (e) DLS of
microgels at varying glucose levels (critical point is shown by dashed line and hypoglycemic window is indicated by the yellow region). (f)
Fluorescence microscopy image of cMN patch embedded with Rhodamine B-labeled (red) microgels (scale bar: 1000 um). (g) In vitro glucose-
responsive release of glucagon from microgels in various glucose media: hyperglycemic (200 mg/dL), euglycemic (100 mg/dL), or hypoglycemic
(50 mg/dL). (h) Hypoglycemia prevention (efficacy) studies in T1D rats, treated with cMN patch or sham device, subjected to an overdose of
insulin injection (2 IU/kg). Error bars represent SD and asterisk indicates statistical significance between groups (p < 0.004, n = 7). Panels d—h are
adapted and reprinted in part with permission from ref 24. Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA.

relevant response times for glucose-sensing and hormone
delivery compared to bulk hydrogels.14’170’172 Furthermore,
there is considerable interest in developing technologies for the
prevention of hypoglycemia, such as dual-hormone pump
systems,'>'7* “smart” glucagon devices,”*'”* and somatostatin
receptor type 2 antagonists (SSTR2A).">™""7 Our group has
utilized pH-responsive nanogels and glucose-responsive micro-
gels for self-regulated delivery of insulin or gluca-
gon, 2425/164166,177=134

An example of a nanotechnology-enabled closed-loop
system for improving diabetes management was developed
by Wu and co-workers. It takes the form of an implantable
device comprising an enzyme/NP-coupled composite mem-

brane for glucose-responsive delivery of insulin.'*™"®" This
system demonstrated a rapid response, capable of releasing
insulin and reducing BGL ~30 min after a glucose challenge in
vivo.'>'%° The glucose-responsive composite membrane
consisted of GOX, catalase (CAT), manganese dioxide NPs
(MnO, NPs), and pH-responsive poly(N-isopropylacrylamide-
co-methyl acrylic acid) NPs (PNIPAm-MAA NPs)'*®
linked within a matrix of bovine serum albumin (Figure 7a).
GOX is an enzyme that binds specifically to glucose, and in the
presence of oxygen (O,), converts glucose into gluconic acid
and H,0,. Catalase is an enzyme that catalyzes H,O,
decomposition, and MnO, NPs (Figure 7b) convert H,0, to
0,,"°*'%* both mitigating the problem of oxygen limitation in
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Figure 8. Controlled release dosage form design. Mechanism of drug release through a terpolymer NP (TPN)-embedded ethylcellulose (EC)
membrane. (a) Structure of terpolymer NP (TPN) and diagram of TPN-EC film. (b) Drug release mechanism of the TPN-EC film as a function of
pH. Drug release profiles at pH 1.2 and 6.8 of TPN-EC coated diltiazem HCI layered- microcrystalline cellulose (MCC) beads with pore former
levels of TPN: (c) 5%; (d) 10%; and (e) 15%. The inserts are representative scanning electron microscope (SEM) photographs of the bead surface.
Adapted and reprinted in part with permission from ref 201. Copyright 2017 Elsevier B.V.

glucose oxidation and enzyme stability. The mechanism of
glucose-responsive insulin release involves gluconic acid driven
pore formation within the membrane embedded with
percolated pH-responsive PNIPAm-MAA NPs (Figure
7a).!3TIOVITEISOIST ghecifically, at high BGL, the membrane
becomes acidic due to the elevated conversion of glucose into
gluconic acid causing the percolated pH-responsive PNIPAm-
MAA NPs to collapse (due to charge neutralization),'*®'®
leading to the formation of porous channels across the
membrane to promote insulin release. Glucose-responsiveness
was confirmed in vivo where the device’s response to glucose
challenges in T1D rats was virtually superimposable with that
of healthy rats over multiple days of testing, restoring normal
BGL within 20—40 min of glucose challenge (Figure 7c). This
physiologically mimicking response is attributable to the small
size of the PNIPAm-MAA NPs (~150—300 nm) allowing for
rapid shrinking/swelling.*'> Moreover, the matrix of the
bioinorganic membrane provided a basal release of insulin
throughout the implant period, which is comparable to long-
acting insulin used in conventional pharmacotherapy. More
recently, surface polyethylene glycol (PEG), PEGylation,'*® a
microporous polydimethylsiloxane (PDMS) outer mem-
brane,'®> and a month-long thermostable insulin F-127 gel
formulation'®’ were implemented to improve device bio-

compatibility and functional longevity. In summary, the closed-
loop implantable insulin delivery technology highlights the
potential of nanotechnology-enabled glucose-responsive sys-
tems for tighter glycemic control in people with T1D.

6.2. Glucose-Responsive Microgel-Containing Com-
posite Microneedle Patch for Fully Autonomous
Prevention of Hypoglycemia. An often-overlooked area
of concern with diabetes management is hypoglycemia (low
BGL, <70 mg/dL); it is the most serious acute complication
associated with intensive insulin therapy and can lead to
seizures, unconsciousness, and death.'*""*>'?%'! The only
treatments available for severe hypoglycemia are emergency
92 However, the use of
glucagon can be challenging as it is highly unstable.'”
Furthermore, emergency kits require patients to recognize
the signs of hypoglycemia, and this is not always possible as an
estimated 20% of individuals with T1D suffer from
hypoglycemia unawareness or asymptomatic hypoglycemia.'”*
Thus, there is a clear demand for more effective solutions to
address this largely unmet medical need. Recently, transdermal

glucagon kits and a nasal spray powder.

delivery via MN's has emerged as an attractive delivery platform

due to its ease of self-administration, painlessness, and ability

. ) 195—199
to deliver biomolecules transcutaneously.
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A “smart” composite MN (cMN) patch capable of delivering
native glucagon in response to hypoglycemia was recently
reported by the Wu group.”**® The system was composed of
photopolymerized methacrylated HA (MeHA) embedded with
novel glucagon-loaded glucose-responsive microgels synthe-
sized by dispersion polymerization of zwitterionic comonomers
with a phenylboronic acid (PBA)-derivative comonomer, 4-
acrylamido-3-fluorophenylboronic acid (AFBA).”* Zwitter-
ionic comonomers stabilized the peptide hormone and release
was triggered at hypoglycemia-induced by the squeezing of the
microgels due to secondary cross-linking formation (biscom-
plexation) between AFBA residues and glucose molecules
(Figure 7d). To achieve a system with linear and rapid glucose-
responsiveness, various microgel compositions were inves-
tigated. Microgels containing 15 mol % AFBA provided
desirable volumetric responses with maximum shrinking at
hypoglycemic glucose levels (Figure 7e). The microgels were
combined with the MeHA and cast into MN molds to produce
a cMN patch featuring 800 ym pyramidal, sharp tips (Figure
7f). The microgels (and cMN) demonstrated a glucose-
concentration-dependent glucagon delivery profile, with higher
release at hypoglycemia compared to eu-/hyperglycemia
(Figure 7g). In response to an insulin overdose challenge in
a T1D rat model, the “smart” cMN patch effectively restored
counter-regulation and prevented hypoglycemia (Figure 7h). A
related development was also reported by the same group
demonstrating the innate ability of the glucose-responsive
microgel to regulate BGL via subcutaneous depot injection.'**
Even more recently, the Wu group successfully designed an
MN for the delivery of an SSTR2A (PRL-2903) to prevent
insulin-induced hypoglycemia in vivo.'”” The development of
these technologies aims to address the potential life-threat-
ening complication of hypoglycemia associated with intensive
insulin therapy that is largely an unsolved problem for people
with insulin-dependent diabetes. Taken together, these nano-
technology-enabled approaches can be useful for the design of
stimuli-responsive technologies with physiologically relevant
features, such as glucose-responsive hormone delivery devices
and MNs for management of diabetic complications.

6.3. Stimuli-Responsive NPs for Controlled Drug
Release. Owing to the submicrometer dimension, NP
hydrogels have been applied to regulate drug release in rapid
response to external stimuli (ie. magnetic force, light, and
ultrasound) or specific internal stimuli such as pH or
temperature.””” Chen et al. has introduced pH-sensitive
poly(MAA-g-starch-PS80) terpolymer NPs as a new pore
former to a pharmaceutical coating material, ethylcellulose
(EC), and achieved pH-dependent release of the antihyper-
tensive drug diltiazem HCI (Figure 8). The terpolymer NPs
incorporated in the EC membrane ionized at a higher pH,
forming water pores that allowed faster drug release. Higher
contents of terpolymer reduced drug release in a low-pH
environment, leading to pH-responsive drug release from the
coated beads.””"

7. COMPUTATIONAL ANALYSES FOR THE RATIONAL
DESIGN OF DDSS

Computational analyses have found important applications for
optimizing the design of DDSs with desired properties, release
profiles, and bioactivity of loaded therapeutics to achieve the
goal of the 3Rs. Molecular dynamics (MD) simulation has
been implemented for rational selection of polymeric materials
to stabilize biomacromolecular therapeutics.'””'®* Various

mathematical methods, including thermodynamic modelin 202

ANN,****** factorial DOE,'” and empirical regressionzo‘ 1206
have been applied to optimize the composition of drug carriers
for given drug candidates to maximize drug loading, optimize
drug release profile, and increase drug efficacy. mechanistic
modeling, numerical analysis,

Numerical analysis of controlled drug release can be
processed based on two different types of mathematical
models: (1) mechanistic models and (2) statistical models.
The mechanistic modeling requires a clear understanding of
the release mechanism, the structure of DDS, the material
properties, and well-defined initial and boundary conditions.
Once the model parameters are validated by experimental
results, mechanistic model based numerical analysis can aid the
design and optimization of the given DDS. In contrast,
statistical model based numerical analysis does not need a well-
defined mechanism and system, but it requires a large set of
experimental data to build correlations between the input and
output.”®® Several examples are presented below to illustrate
how different mathematical methods can be utilized to predict
and optimize microparticle/NP DDS.

In a study of formulation factors on the bioactivity and
anticancer efficacy of a glucose oxidase encapsulated chitosan—
alginate MS (GOX-MS), a mathematical model was
developed to describe the release kinetics of H,O, produced
by enzymatic oxidation of glucose inside the MS. This model
included simultaneous diffusion of reactants (oxygen and
glucose), products (H,0, and gluconic acid), and enzymatic
reaction. In the model, the effect of pH decrease due to
production of gluconic acid on the solute diffusivity inside MS
hydrogel was computed spatiotemporally based on the internal
pH, Donnan equilibrium, and MS swelling profiles. The
numerical analysis successfully predicted the influence of
formulations factors (e.g, GOX loading and particle size) and
external conditions (e.g., glucose concentration) on the release
of H,0,.%

Abdekhodaie and Wu established a mathematical model for
coupled diffusion and ion exchange process with inclusion of
external counterion concentration.””’ The numerical results,
first confirmed with experimental data, predicted the kinetics of
cationic verapamil HCI released from a sulfopropyl dextran
based ion-exchange MS as a function of initial drug loading,
MS loading capacity, and counterion concentration.”’” This
was the first report on the counterion in the release medium as
a rate limiting factor. A similar approach was applied to a study
by Chen et al. on membranes containing different ratios of
Eudragit RS and RL enteric coatings, with statistical modeling
of experimental data and acknowledgment of known drug
loading mechanisms of polymer membranes.***

In the above examples and other studies of complex DDSs,
variable boundary conditions, space- and time-dependent
parameters, and multiple release mechanisms, numerical
methods, such as FEM and finite difference method based
computer programs are required to solve the governing
equations of the mathematical models.”””>'” For instance,
FEM-based computer simulations were carried out to study the
release kinetics in relation with different polymeric matrix
compositions,”’’ 3D anisotropic shapes,”'" matrix DDSs with
variable size and concentration distributions with drug loading
higher than its drug solubility,”'**"> or even for moving
boundary conditions from changes in fluid viscosity, solute
drug accumulation, or progressive tablet erosion.”'*~*'” To
analyze the influence of drug accumulation in a finite release

https://doi.org/10.1021/acs.molpharmaceut.2c00038
Mol. Pharmaceutics XXXX, XXX, XXX—=XXX


pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.2c00038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Molecular Pharmaceutics

pubs.acs.org/molecularpharmaceutics

REVIEY

medium, Zhou and Wu predicted the release kinetics of the
antiviral drug azidothmidine (AZT) from preswollen poly-
(methyl methacrylate-co-methacrylic acid) MS in a monolayer
or multilayer using FEM.>"* In another study, Huang et al.
modeled a biphasic release profile of AZT from a composite
matrix DDS containing pH-responsive MS sandwiched
between two layers of a pH-insensitive polymer in a release
medium that mimicked the condition in a GI tract.”'”*"®

Although mechanistic model based numerical analysis can
provide more insights into direct correlation between
independent and dependent variables, it is difficult to make
predictions for complex systems involving multiple variables
and unclear mechanistic relationships. In these cases, other
numerical methods are needed to extract possible correlation
from empirical data. In one example, for determining actual
kinetic profiles of drug release from NP or MS, a numerical
deconvolution method was used to extract the information
from the release profiles of free drug solution and NP/MS
encased in a dialysis bag.219 These models can, therefore, be
used to forecast future output responses through robust
estimation of residual error and subsequent curve-fitting of
data, even if not all underlying principles are fully elucidated or
understood. However, statistical models generally require a
very large volume of data and can become labor-intensive to
construct, though what construes a “suitable” quantity of data
is debatable.

Many disciplines utilize the coveted DOE in some
fashion.'® Factorial designs, a type of DOE, which construct
multivariate linear regressions with experimental observations
in relation to multiple equidistantly coded factors. This
provides information on correlations between not only one
response and its factors but also the interaction among the
factors being studied to eradicate any spurious correlations that
would have been obscured in one-factor-at-a-time (OFAT)
experiments. For relationships not adequately described with
linear functions, response surface methodologies (RSM) can
be used to augment these factorial designs by simply adding a
few more data points at calculated input variables to construct
quadratic regression models.””” For example, Li et al.
constructed a 2° composite response surface model by studying
the effect of drug-to-lipid ratios, Tween 80 content, and
Pluronic F68 content on drug-loading efficiency and mean
particle size in a verapamil-loaded PLN, with experimental
confirmation of a predicted optimized formulation.”” For
progressively complex DDS, a “living” model such as ANN can
provide an empirical computational model capable of making
robust predictions based on defined inputs. For instance, in the
same study by Li et al. mentioned previously, ANNs were fitted
with 2 hidden nodes for drug loading efficiency and three
nodes for mean particle size to predict values that were similar
to the values determined through RSM.*” Likewise, in another
system, the same authors predicted drug release kinetics of
DOX from a sulfopropyl dextran-based ion-exchange MS by
constructing four independent models for four different time
points. This study predicted quantitatively the influence of
drug loading level, concentration and valence of electrolytes in
the release medium, the fractional release profiles of DOX with
computational extendibility for future data.***

8. SUMMARY

This review discusses how multidisciplinary strategies are
developed and exploited to design advanced nanomedicines
and nanotechnology-enabled intelligent DDS using examples

from our firsthand experience. The works highlight key
innovative approaches to achieving the 3Rs of drug delivery
which are integral parts for addressing today’s ever-growing
unmet medical needs. The multidisciplinary approaches
include: (1) molecular pharmacology-based selection of new
synergistic drug—drug or drug-nanomaterial combinations and
codelivery by nanocarriers to (intra)cellular targets for
overcoming multiple drug resistance mechanisms in cancer
cells and reducing cancer metastasis; (2) harnessing nanoma-
terial—biology interplay to prepare BBB-penetrating smart
nanoplatform for imaging and treating brain tumor/metastasis
and CNS diseases; (3) design of multitargeted NPs able to
target multiple intratumoral cell populations (e.g., cancer cells
and tumor vessel endothelial cells that overexpress integrin
receptors) and TAM that overexpress LDLR; (4) exploiting
differential water-solubility of polymer and lipid to formulate
transformable PLN for enhancing tumor penetration, cascade
drug delivery, and enabling FABP-mediated intracellular
transport; (S) engineering bioreactive hybrid MDNPs to
modulate TME and BME for enhancing cancer therapies and
MRI; (6) utilizing stimulus-responsive polymeric materials and
nanotechnology for self-regulated drug delivery on demand in
real-time; and (7) applying mathematical modeling and
computational analysis to design and optimize novel controlled
drug delivery systems for high precision drug delivery to
improve therapeutic efficacy and safety. Our examples and
other groups’ studies demonstrated that these approaches can
be employed rationally to mitigate the challenges of macro-/
microscopic and cellular level barriers thereby providing
precise drug delivery spatiotemporally.

8.1. Future Perspectives. In general, nanomedicines and
nanotechnology-incorporated DDS can be designed to alter
the PK, pharmacodynamics, and toxicity profiles of the
delivered therapeutics toward higher treatment benefits.
However, to successfully develop effective and safe medication
for clinical use, a thorough understanding of the specific roles
and potential bioactivities of components of the nanocarrier is
critical. Use of materials generally regarded as safe (GRAS) is
an essential consideration for easy approval by the healthcare
regulatory authorities. For this reason, widely used pharma-
ceutical excipients and their rational combinations are of
advantageous for manufacturing the NPs. Nonetheless, GRAS
ingredients may produce positive or negative pharmacological
effects under disease conditions and/or in the presence of
active ingredients. Depending on the spatiotemporal occur-
rence, pharmaceutically inactive ingredients may be utilized to
synergize with anticancer agents, like the DHA-MMC or
oHA—-DOX presented in this review, or generating unwanted
adverse side effects.””!

In addition, the acute toxicity of the NP components needs
to be studied thoroughly, which is required for developing
nanomedicine. The most important aspect of clinical phase I
studies is the safety of the formulations. If the preclinical
studies on animal models do not include a focus on evaluating
such toxicities, then the clinical application of such nano-
formulations will be substantially hindered. Another barrier to
the translation of nanoformulations from “bench to bedside” is
the complex structure and use of numerous components (e.g.,
multitargeting ligands, multiple lipids, polymers, and drugs),
which makes it difficult to reproduce and scale-up some types
of NPs.

Opver the last 30 years, substantial progress has been made in
the approval of new nanomedicines by both the US Food and
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Drug Administration (FDA) and the European Medicines
Agency (EMA). Up to date, there are about 100 approved
nanomedicines''>*** and ~663 nanomedicine-including clin-
ical trials of various stages.''> The approved and ongoing
nanomedicines in clinical trials are extensively reviewed
elsewhere.'>***7**> As showcased in a partial list of recent
clinical trials (Table 4), combination therapy has gained an
increasing momentum in clinical translation. For the treatment
of breast cancer, most studies are focused on using paclitaxel or
its NPs formulation (Abraxane) in combination with other
biologics and small-molecule cancer drugs.''> Few studies have
reached phase 4, demonstrating the success of such
combination therapy for breast cancers.''> On the basis of
the current development of nanomedicine, we anticipate that
there will be more clinically effective nanomedicines moving to
treatment of breast cancer and other types of cancer. Further
advancement in the understanding of synergies of drug
combination therapy and spatiotemporal codelivery by ration-
ally designed nanoformulations will drive more drug
combination nanomedicines into clinical trials and their
approval for clinical use.

The global market of nanomedicine reached ~$112 billion
USD in 2016 and is anticipated to reach $350.8 billion USD in
2025.°%°**7 This significant growth in the nanomedicine
market confirms the potential of such DDS to target different
diseases and improve treatment outcomes. Advanced protein,
nucleic acid, and small molecule based nanopharmaceuticals
are all key technologies currently under development.”****”
Nevertheless, nanomedicine must overcome various challenges
for commercialization and regulatory body approval. These
challenges include: the production challenges (scale-up),
reproducibility (batch to batch consistency), and regulatory
agency (lack of robust FDA guidelines for proper character-
ization of NPs).

Nanomedicine continues to exhibit a huge potential with
respect to modern DDSs and show promise to meet clinical
challenges of unmet medical needs.””*”*** With regards to
future applications, NP-based mRNA delivery strategies have
been poised to offer even more effective vaccines.’ Likewise,
nanomedicines based on CRISPR/Cas9 will likely open new
dimensions of molecular repair in the near term for treating
various unmet medical needs.””’ Over the past decade,
nanomedicine has primarily focused on the development of
nanocarriers for treating cancer.' Also, the majority of the
research focused on the material science aspects in which novel
polymers, lipids, targeting ligands, and other components are
incorporated into the NPs to facilitate their therapeutic
efficacy. With a thorough understanding of nanomaterials,
the overall scope of nanomedicine can be expanded to other
unmet medical needs (e.g, antibiotic resistance, infectious
disease, vaccine developments, and diagnostics).
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