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Abstract:

One-component nanomedicine (OCN) represents an emerging class of therapeutic nanostructures
that contain only one type of chemical substance. This one-component feature allows for fine-tuning
and optimization of the drug loading and physicochemical properties of nanomedicine in a precise
manner through molecular engineering of the underlying building blocks. Using a precipitation
procedure or effective molecular assembly strategies, molecularly crafted therapeutic agents (e.g.
polymer-drug conjugates, small molecule prodrugs, or drug amphiphiles) could involuntarily
aggregate, or self-assemble into nanoscale objects of well-defined sizes and shapes. Unlike
traditional carrier-based nanomedicines that are inherently multicomponent systems, an OCN does
not require the use of additional carriers and could itself possess desired physicochemical features for
preferential accumulation at target sites. We review here recent progress in the molecular design,
conjugation methods, and fabrication strategies of OCN, and analyze the opportunities that this
emerging platform could open for the new and improved treatment of devastating diseases such as
cancer.

1. Introduction

Using discrete nanostructures to deliver pharmaceutically active compounds offers possibilities for
both improved treatment efficacy and reduced side effects. In this approach, water insoluble/sensitive
drugs, when loaded within a nanocarrier, could be made to have increased in vivo solubility/stability,
prolonged circulation time, and enhanced accumulation at disease sites. With the protection of the
carrier, the loaded drugs are not expected to interface with the biological environments before their
release to the surroundings of their molecular targets. It is the physicochemical properties of the
carrier, rather than the molecular characteristics of the drug to be delivered, that determine the



pharmacokinetic profiles and biodistribution of the resulting nanomedicine [1]. Therefore,
manipulating the size, shape, and surface chemistry of the carriers presents a logical way to gain
control over the nanomedicine’s circulation and targeting fates, and thus to increase the drug’s
therapeutic index [2]. Over the past three decades, many carrier-based drug delivery platforms have
been developed, including liposomes [3-5], polymeric nanoparticles [6-10], dendrimers [11-14],
inorganic nanoparticles [15-18], protein analogous micelles [19-22], nanodiamonds [23-27],
albumin-bound nanoparticles [28-30], and molecularly targeted nanoparticles [31-35]. These
carrier-based nanomedicines are inherently multicomponent systems that contain well-defined
nanostructures as the delivery vehicle, one or more active pharmaceutical ingredients (APIs) as the
therapeutic agent, and sometimes stealth and/or bioactive moieties to prolong circulation and to
facilitate preferential accumulation at target sites. In most cases, each component is developed
individually, and then combined to form a nanomedicine through a series of formulation procedures
and conjugation methods. Although many of these nano-formulated medicines have shown much
improved in vivo efficacy relative to that of the free drugs in animal models, further optimization of
these nanomedicines to achieve the desired pharmacokinetic profile has proven challenging due to
the interdependence of each individual component that often causes unpredictable and inconsistent
formulation outcomes. In sharp contrast to the development of a great diversity of nanostructure
platform technologies, only a select few have shown superior advantages over the drug formulations
currently being used in clinic so as to receive approval by the Food and Drug Administration (FDA)
[36-40]. This difficulty in improving and optimizing nanomedicine formulations is regarded as one
of the major hurdles for the development of clinically useful nanomedicines for more effective
cancer treatments. One possible solution could be to blur the line between the carrier and the drug by
optimizing the nanomedicine construct as one integral component [37].

A rapidly growing interest in the nanomedicine community over the past five years has been the use
of drug molecules to directly create well-defined nanostructures [41-49]. These drug-made
nanostructures are essentially one-component nanomedicines (OCNs) because they contain only one
type of chemical substance. Therefore, through molecular design of the building units, one could
potentially gain control over the structural features and physicochemical properties of the resulting
nanomedicine. Fig. 1 lists six different types of potential molecular building units for the
construction of OCN, including protein-polymer conjugates [50], antibody-drug conjugates [51],
polymer-drug conjugates [44, 52], polypeptide-drug conjugates [42], small molecule prodrugs [43,
53], and drug amphiphiles [41, 45], all of which involve chemical conjugation of an auxiliary
segment to the API. The purpose of incorporating the additional segment is in some cases to improve
water solubility and stability, to help evade immune surveillance, to enhance their accumulation at
the disease site, and in other cases to direct the conjugates to assemble into nanoscale objects. Given
that protein drugs and antibodies themselves are well-defined nanoscale objects, their assemblies into
higher level structures are often not pursued, although there has been some interesting work on the
self-assembling protein polymers [54, 55]. The radius of gyration for water-soluble polymer-drug
conjugates also falls into the range of nanoscale [56], however, they are not shape-persistent
nanostructures due to frequent changes in chain conformations in response to surroundings and flow
conditions [57, 58]. In this review, we focus our discussion primarily on OCN formed by aggregation
or assembly of rationally designed polymer-drug conjugates, polypeptide-drug conjugates,
amphiphilic prodrugs, and drug amphiphiles. In particular, we will emphasize aspects central to the



rational design, conjugation chemistry and fabrication strategies for developing OCNs, and analyze
the unique opportunities that this emerging area could bring into the field of targeted drug delivery.

ORI\ E IO \ ,
£ Bt 14 <
e f//‘/ _\:’x.r:‘\/—\_/\
ONT G SY
e, o
Protein-polymer Antibody-drug Polymer-drug
conjugates conjugates conjugates
Polypeptide-drug Small molecule Drug amphiphiles
conjugates prodrugs

Fig. 1. Schematic illustration of six different types of molecular building units that can be potentially
used to create one-component nanomedicines (OCNs). Protein-polymer conjugates and
antibody-drug conjugates can be regarded as OCN alone due to their well-defined three dimensional
nanostructures. Polymer-drug conjugates and polypeptide-drug conjugates consisting of hydrophobic
drugs and hydrophilic polymer have the potential to self-assemble or aggregate into nanostructures
under appropriate conditions. Small molecule prodrugs can be made into nanoscale objects via either
the nanoprecipitation procedure or the assembly approach. Drug amphiphiles are rationally designed
self-assembling drug-peptide conjugates that can spontaneously associate into discrete, stable,
well-defined nanostructures with a high and quantitative drug loading in aqueous solutions.

In general, OCNs offer two unique/advantageous properties in comparison to traditional
carrier-based nanomedicine: 1) OCN allows for a precise control over the drug loading at the
individual particle level because the nanostructures formed have exactly the same drug content as
that of the individual conjugate. This feature eliminates completely the drug loading variation among
different particles. High drug loading capacity can also be realized (up to 100% if the nanostructure
is made of free drugs [59]); 2) The physicochemical and structural features of the OCN construct can
be tuned by simply optimizing the molecular design of the building units. OCN also makes it
possible to manipulate the drug packing order within the nanostructures, affording an additional
means to tune drug release rate, because the degree of packing order is expected to correlate with
drug release rate. Essentially for OCN, the drug loading, circulation fates, and drug release are all
encoded within the chemical structure of the building unit. With the advancement of modern
synthetic chemistry and purification techniques, these building units can be made with high precision
in terms of molecular weight and chain architectures, particularly for small molecule drug conjugates



that can be purified using HPLC to contain monodisperse compounds of the same mass. Therefore,
OCN design has a great potential to standardize the mass production of nanomedicine, and their
reproducibility would accelerate direct knowledge transfer across research laboratories, thus enabling
a rapid knowledge accumulation within the community.
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Fig. 2. Schematic illustration of using the assembly strategy (a) and the nanoprecipitation method (b)
to construct OCN. In the assembly approach, amphiphilic drug conjugates spontaneously associate
into nano-sized structures of various sizes and shapes in aqueous solution (a), whereas in the
nanoprecipitation method therapeutic conjugates are forced to aggregate into spherical nanoparticles
upon mixing of water with an organic solvent containing the conjugate (b).

Molecular assembly [60-63] and nanoprecipitation [64-67] are two most common approaches to
convert molecular units into nanoscale objects (Fig. 2). The molecular assembly strategy takes
advantage of the amphiphilic feature of the building unit for self-aggregation in aqueous solution. If
designed correctly, amphiphilic drug conjugates could spontaneously assemble above the critical
micelle (assembly) concentration (CMC/CAC) into nano-sized architectures assuming a wide variety
of sizes and shapes. The eventual structural features are determined by both the molecular design and
the assembly conditions (e.g. pH, temperature, concentration, ionic strength, the presence of other
molecules, and kinetic pathways). In contrast, the molecular characteristics of the building units play
little role in the size and shape of nanostructures prepared using the nanoprecipitation approach,
which, to a large extent, are determined by the preparation procedures, such as conjugate
concentration, solvent choices, titration or mixing rate, and agitation. In this method, the molecular



building unit is first dissolved in an organic solvent, and the homogenous solution is then mixed with
water to force the originally soluble molecules to aggregate into spherical objects with part of the
hydrophilic segment displayed on the surface. The organic solvent will be later removed to form a
dispersion of spherical nanoparticles in aqueous solution. An important feature to distinguish
self-assembled nanostructures from those prepared by nanoprecipitation is that the former is often in
a dynamic equilibrium with the unassembled molecules in solution and possesses a high degree of
internal order and well-characterized surface chemisty, while the latter comprises disordered,
kinetically trapped chains that are forced together.

2. Molecular building blocks for One-component nanomedicine
2.1 Protein conjugates

Many protein-based drugs have been used in the clinic and currently enjoy unprecedented
recognition of their therapeutic potential [68, 69]. Therapeutic proteins permit an individualized
treatment approach that supports a specifically targeted therapeutic process. As a result of their
three-dimensional conformation, proteins themselves are well-defined nanostructures with both
functions of targeting and self-delivery. However, protein drugs commonly suffer from their
pharmacokinetic and pharmacological drawbacks such as short circulating half-lives, potential
immunogenicity, instability against proteolytic degradation, and sometimes low water solubility [70].
Conjugation of the protein with a biologically inert polymer is a clinically well-proven method to
improve its chemical stability while retaining the biological function [71]. Since Abuchowski and
coworkers reported the success of covalent attachment of polyethylene glycol (PEG) to bovine serum
albumin (a process known as PEGylation), tremendous efforts have been devoted into the study of
therapeutic protein-polymer conjugates [50, 72]. PEG-protein conjugates have gained particular
attention because of PEG’s ability to protect against protein enzymatic degradation and also to
bypass the surveillance of the reticuloendothelial system (RES) [73]. This successful strategy has led
to a number of FDA approved protein conjugates, including PEG-adensoine deaminase (Adagen®),
PEG-asparaginase  (Oncaspar®), PEG-interferon o-2a  (Pegasys®), PEG-granulocyte
colony-stimulating factor (Neulasta®), and also many in clinical trials [69, 74-76].

Antibody-drug conjugates (ADCs) are an emerging class of anticancer therapeutics that combine the
specificity of monoclonal antibodies and the efficacy of small-molecule therapeutics [51, 77, 78].
The development of monoclonal antibodies specific to tumor antigens makes it possible to enhance
the selectivity of anti-cancer drugs via targeted delivery. Since the inception of first-generation
ADCs with doxorubicin, methotrexate and cisplatin, it has taken decades for researchers to find the
optimized combination of antibody targeting agent, linker, and cytotoxic drug that could ferry a
therapeutic level of ADC to the tumor site. The FDA approval of brentuximab vedotin (Adcetris®)
in 2011 and ado-trastuzumab emtansine (Kadcyla®) in 2013 has inspired many researchers to this
area, leading to an accelerated clinical testing of ADCs [79, 80].

There have also been some interest in designing protein conjugates that can self-assemble or
aggregate into higher level nanostructures [81-90]. Nolte and coworkers synthesized a giant
amphiphile using the enzyme lipase B from Candida antarctica as the headgroup and a
maleimide-functionalized polystyrene of 40 repeat units as the hydrophobic tail [91]. These



bioconjugates were found to assemble into micrometer long rods, or bundles of rods, in aqueous
solution. Recently, this strategy has been utilized by several other research laboratories to create a
variety of self-assembled morphologies [86, 92-94]. For example, Velonia and co-workers reported
the synthesis of a bionanoreactor of BSA-polystyrene conjugates via protein-initiated atom transfer
radical polymerization (ATRP) [95]. In their work, a maleimide-capped ATRP initiator was first
coupled to BSA, which was further used as a macroinitiator to polymerize styrene monomers using
copper-mediated ATRP. The resultant amphiphilic protein conjugates can assemble into spherical
aggregates ranging from 20 nm to 100 nm. Very recently, MacKay and co-workers reported the
self-assembly of a series of protein-polymer conjugates into nano-sized structures using the unique
thermal responsive properties of elastin-like polypeptides (ELPs) [54, 55, 96, 97]. In their typical
design, the ELP gene was ligated to the encoding sequence of the selected protein, and the fusion
protein constructs were expressed in BLR E. coli and purified using ELP-mediated phase separation.
Above the critical temperature, the expressed protein polymers can aggregate into spherical,
worm-like, or vesicular nanostructures in aqueous solution. In one example, they demonstrated that
fusion of an anti-CD20 single chain protein to a soluble ELP G(VPGAG)i192Y could assemble into
worm-like nanostructures, which could significantly slow down the tumor growth rate compared
with a chimeric protein Rituximab [96].

2.2 Polymer-drug conjugates

A popular strategy throughout the history of developing nanomedicine is the rational design of
polymer-drug conjugates [69, 73, 98-101]. Pioneering work on the conjugation of hydrophobic drugs
to a hydrophilic polymer was initially intended to take advantage of the relatively larger size of the
polymer to avoid quick renal clearance and to improve the drug’s water solubility, thus leading to
enhanced tumor accumulation [102]. Kataoka group reported a micelle-forming block
copolymer-drug conjugates system with doxorubicin and poly(ethylene glycol)-poly(a,S-aspartic
acid) (PEG-bh-PAsp) (Fig. 3) [44, 52, 103-106]. PEG-b-PAsp was first synthesized as a
macromolecular precursor for further conjugation with DOX, which was covalently introduced into
the side chain of the PAsp segment with an approximately 50% occupancy rate, through a
condensation reaction between the carboxylic groups of the PAsp and the primary-amino-group of
DOX. Hydrophobicity and n-n interactions among DOX molecules act together to stabilize the
nanostructures in aqueous solution. Since the hydrophilic polymers are well displayed on the
micellar surface that well segregate the core from the external environment, they serve the roles of
preventing premature chemical degradation of the loaded drug and also of reducing the possibility
for RES uptake during the blood circulation. This shielding also allows for regulating the molecular
affinity interaction between nanostructures and cell membrane, resulting in adjustable intracellular
drug release [107]. It was also found that these micelles can be further stabilized via physical
encapsulation of free DOX into the core. These DOX micelles demonstrated prolonged circulation
time in the blood due to reduced uptake by the RES, and their accumulation in the solid tumor was
proposed through the enhanced permeability and retention (EPR) effect [108, 109]. In another
example, Allen and co-workers conjugated docetaxel (DTX) to the hydrophobic side of
poly(ethylene glycol)-b-poly(e-caprolactone) (PEG-b-PCL) copolymers [110]. The micelles formed
by the DTX-conjugated PEG-b-PCL copolymer can also be used to encapsulate more DTX in the
core. The addition of the DTX was found to lower the CMC in aqueous solution thus improving the
stability of nanostructures. With the enhanced interactions between DTX and the micellar core, the



release of physically encapsulated DTX from PEG-H-PCL-DTX micelles showed a slower rate than
the release from PEG-b-PCL micelles. These findings suggest that the self-assembled polymer drug
conjugates show some advantageous properties over the unassembled ones.
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Fig. 3. Illustration of Kataoka’s molecular design of doxorubicin-conjugated poly(ethylene
glycol)—poly(a,f-aspartic acid) block copolymer (a) and the formation of micelles by self-assembly
of the drug conjugate in water (b). (adapted from ref. [44, 104])

To avoid premature disassembly of supramolecular nanostructures upon plasma dilution, chemical
crosslinking of the molecular building units that are held together through non-covalent interactions
appears to be an effective strategy to improve their stability at low concentrations. Wooley and
co-workers pioneered the concept of shell crosslinked knedel-like (SCK) nanoparticles to “fix” the
self-assembled nanostructures and exploited these chemically stabilized carriers to deliver a variety
of  therapeutic = agents [111-114]. Zhang et  al synthesized  poly(ethylene
oxide)-b-polyphosphoester-based paclitaxel drug conjugates (PEO-b-PPE-g-PTX) in a two-step
manner using organocatalyst-promoted ring-opening-polymerization followed by click
reaction-based conjugation of a PTX prodrug. The PEO-H-PPE-g-PTX formed well-defined
core—shell nanoparticles in aqueous solution, containing ultra-high levels of drug loading [115]. In
the development of second generation core-shell nanoparticles, Wooley Lab incorporated acid-labile
[-thiopropionate linkages at the grafted side chain to afford a pH-sensitive release for PTX [116].
Compared to the first generation version without the S-thiopropionate linker, the PEO-b-PPE-g-PTX
G2 revealed faster hydrolytic release kinetics for free PTX at the acidic pH, showing enhanced in
vitro cytotoxicity and reduced ICso values in two tested cancer cell lines.

Since the size and shape of supramolecular nanostructures are sensitive to the chemical composition
of both the hydrophilic and hydrophobic segments, tuning either segment could potentially change
the morphology of the nanostructure [60, 62, 63, 117-119]. Shen and co-workers reported that
varying the number of hydrophobic drug molecules linked to the hydrophilic PEG can produce
nanostructures with different size and shape, but with the same surface chemistry [120]. Multiple



conjugation sites for camptothecin (CPT) linkage were enabled through the use of dendritic
polylysine. When the number of CPTs was increased to four, the morphological transformation of
nanostructures was observed to occur from spheres to rods of 60 nm in diameter and 500 nm in
length.

Another emerging strategy to synthesize polymer-drug conjugates is to use hydrophobic drugs as
initiators for the polymerization [121-124]. Cheng and co-workers reported the method of
drug-initiated polymerization and formulation of nanoconjugates as delivery vehicles [125, 126].
Paclitaxel was first used as a drug initiator to formulate PTX-polylactide (PLA) conjugates via living
polymerization (Fig. 4) [127]. Since PTX has three hydroxyl groups at C2’, C1, and C7 positions, it
could potentially initiate LA polymerization at three different sites. However, due to the steric
hindrance and bulky metal catalyst, polymerization of LA was preferentially initiated at the 2'-OH
group of PTX. This strategy was further extended to construct doxorubicin-polylactide (DOX-PLA)
conjugates via ring-opening polymerization (ROP) [128]. Doxorubicin also contains multiple types
of conjugation groups to initiate the ROPs. By using a particular catalyst, the 14-hydroxyl group can
serve as the initiation site for chemoselective incorporation of DOX into PLA without protecting
other free amine and hydroxyl groups. In these two cases, the one-pot polymerizations can be
completed within hours to generate conjugates with well-controlled molecular weight and low
polydispersity, with nearly 100% drug-loading efficiency and 100% LA conversion. These
PLA-drug conjugates can be further formulated using the nanoprecipitation method to form uniform
particles less than 100 nm and 150 nm in size. And the nanoparticle size can be fine-tuned by
adjusting the conjugate concentration in a water-miscible organic solvent or by choosing different
solvents such as DMF, THF or acetone. This drug-initiated polymerization approach provides an
innovative way to design polymer-drug conjugates with improved control over the drug loading and
nanoparticle size.
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Fig. 4. Illustration of Cheng’s PTX-initiated lactic acid (LA) polymerization for regio- and
chemo-selective PTX-PLA conjugates using (BDI)ZnN(TMS): as the catalyst, and the formation of
well-defined drug nanoparticles using the nanoprecipitation method.

2.3 Polypeptide-drug conjugates

Polypeptide-drug conjugates, although less studied relative to polymer-drug conjugates, represent a
very promising drug delivery platform [129-131]. Polypeptidic materials could be designed to
possess metabolizable and biodegradable features, bioinspired functionalities, and stimuli-responsive
properties. Polypeptides containing amino acids with functionalizable side chains (e.g. lysine,
glutamic acids, cysteine, serine) can be used to conjugate with drug molecules to improve the drug’s
bioavailability and efficacy [132-134]. In some cases, amphiphilic polypeptide-drug conjugates
exhibited the ability to aggregate into nanostructures under physiologically relevant conditions [42,
135]. Chilkoti and co-workers reported the conjugation of multiple hydrophobic doxorubicin
molecules to artificial recombinant chimeric polypeptides (CPs) containing an elastin-like segment
by covalently linking to a short cysteine-rich segment, and this conjugation led to formation of
sub-100-nm-sized, near-monodisperse nanoparticles (Fig. 5) [42]. They further demonstrated a
modular platform for self-assembly of CPs by direct linkage of fourteen different reactive



maleimide-based hydrophobic molecules [136]. It was found that the drug’s octanol-water
distribution coefficient determines the tendency of aggregation, and a critical threshold of
hydrophobicity must be met to trigger the self-assembly of resulting conjugates into nanoparticles.
As a result of thermal responsive feature of ELPs, the polypeptide-drug conjugates could undergo an
inverse phase transition thus enabling a nanoparticle-to-aggregate morphology transformation within
a particular temperature range. To take advantage of the thermal responsive property transition
between 37°C and 42°C, McDaniel et al. developed an analytical model that predicts 7t in terms of
CP sequence, chain length, and solution concentration, and produced thermal responsive
DOX-loaded nanoparticles with controlled properties [137]. They reported that, by externally heating
the tumor to 42 °C, tumor targeting can be achieved using “heat seeking” DOX-loaded polypeptide
nanoparticles. After thermally cycling the tumor, the nanoparticles will experience a reversible
micelle-to-aggregate phase separation in tumor vasculature, and accumulate largely at tumor sites. In
their more recent work, they demonstrated that the CP-DOX nanoparticles can strongly inhibit
metastasis and improve the survival of mice in two syngeneic metastatic cell lines [138]. Their work
provides an insightful and inspiring strategy to design conjugation-triggered polypeptide assembly,
and the assembled polypeptide-drug nanoparticles can serve as a new class of drug delivery vehicles
to carry chemotherapeutics to solid tumors.
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Fig. 5. (a) A representative molecular design of Chilkoti’s polypeptide-drug conjugate, where DOX
was conjugated to ELPs via the Cys residues by a heterobifunctional linker. (b) Schematic
illustration of conjugation-triggered molecular assembly into drug-containing nanoparticles (adapted
from ref. [42]).

2.4 Polymerizable prodrugs

Post-functionalization of hydrophilic polymers or polypeptides with hydrophobic drugs has been
widely used as the primary strategy in the synthesis of polymer-drug conjugates [42, 44, 52].
However, this popular strategy may suffer from some potential drawbacks, such as low yield due to
multi-step reactions involved, limited control of the conjugation sites, and relatively low drug
loading [139-141]. To overcome these limitations, direct polymerization of polymerizable drugs has
been pursued. For example, Uhrich and co-workers used the conventional condensation
polymerization to create biodegradable polyprodrugs [142-144]. However, only a very limited
number of drugs can be directly polymerized, and the polymerized products typically do not carry
assembling potential, and may still need delivery vehicles to maximize their efficacy. Another
approach is to design and synthesize prodrugs containing polymerizable groups [145-147]. After
carefully designed polymerization, the eventual drug-containing polymers could form self-assembled



nanostructures. Liu and co-workers reported hierarchical structures assembled from polymerized
reduction-cleavable camptothecin (CPT) prodrug [148]. By tuning co-solvent types, compositions,
and water addition rates, the polyprodrug amphiphiles can self-assemble into four types of uniform
nanostructures including spheres, large compound vesicles, smooth disks, and staggered lamellae
with identical chemical compositions. Their in vitro and in vivo results suggested that the staggered
lamellae are superior to the other three nanostructures. Very recently, Chilkoti and co-workers used
the ring-opening polymerization to homo or hetero-polymerize both CPT and chlorambucil (CL)
prodrugs, initiated by a PEG macroinitiator [139]. These amphiphilic diblock copolymers can
spontaneously self-assemble into nanoparticles, where drugs are sequestered in the core that is coated
with a PEG corona. The drugs can be triggered to release in response to a physiologically relevant
stimulus. This work demonstrated the general rules of converting functionalizable drugs to
polymerizable prodrugs, clearly showing that the versatility of ROP method for polymerization or
copolymerization of structurally diverse drugs. The drug loading in this case can be controlled by
adjusting the monomer(s)/initiator feed ratio, and drug release rate can be tuned by the choice of
different linkers.

Brush polymers could be made multivalent and polymer itself is within nanoscopic range, which
make them attractive for drug delivery applications [149]. Johnson and co-workers reported the
synthesis of multi-drug-loaded nanoscopic brush-arm star polymers (BASP) by the “brush-first”
ring-opening metathesis polymerization (ROMP), carrying precise molar ratios of three anticancer
drugs: doxorubicin, camptothecin, and cisplatin [150]. Norbornene-terminated macromonomeric
drug conjugates were introduced as building blocks for the parallel construction of a series of
multi-drug-loaded nanoparticles, followed by in situ cross-linking with a bis-norbornene drug
containing derivative. They demonstrated orthogonally triggered release of three drugs via hydrolysis,
redox and UV irradiation respectively. Along the same line, they synthesized a novel hydrolytically
labile DOX-conjugated BASP (DOX-BASP) using acid-cleavable cross-linker that degrades and
releases therapeutic drugs efficiently [151]. This kind of PEGylated drug-BASPs feature a
unimolecular micelle-like structure with readily tunable core and shell functionality.

2.5 Small molecule prodrugs

The emergence and development of small molecule prodrugs has been primarily focused on
improving the drug’s water solubility, bioavailability, chemical stability, and in some cases brain
permeability and targeting, and also on addressing the multiple drug resistance mechanisms
[152-154]. These pharmacologically inactive or less active drug derivatives are typically not
designed to assemble into nanostructures. Recently, there have been some efforts to use these
well-designed small molecule prodrugs as building blocks to create nanoscale objects. In a
pioneering study, Couvreur and co-workers reported the concept of “squalenoylation” by utilizing
anticancer or antiviral compounds to construct nanoparticles [43]. A series of squalene-based
nucleolipids were synthesized by grafting squalenic acid onto the nucleobase or the 5 position of the
sugar moiety (Fig. 6) [155]. Nanoprecipitation of squalene-drug bioconjugates, such as nucleoside
analogues, paclitaxel, penicillin and doxorubicin conjugates, yielded nanoparicles of 100 to 300 nm
in size with very low polydispersity [53, 156-159]. They discovered that nanoparticles made of
gemcitabine-squalene (Gem-Sq) bioconjugates actually enter the cell via a passive diffusion rather



than endocytosis [160]. The Gem-Sq nanoparticles could act as a reservoir to control and prolong the
release of the bioactive gemcitabine, exhibiting longer ti2 than that of the free gemcitabine [161]. It
was also found that conjugation of gemcitabine to squalene reduces the metabolism of gemcitabine
into its inactive difluoro-deoxyuridine metabolite. This “squalenoylation” strategy was further
extended to create doxorubicin derivatives, forming “loop-train” structures with an average diameter
of 130 nm [53]. Their SQ-DOX nanoparticles displayed comparable in vifro cytotoxicity against
cancer cells, but largely improved their in vivo efficacy relative to free doxorubicin.
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Fig. 6. Chemical structures of squalenic acid and squalene-based nucleolipids. Squalenoylation was
achieved by directly grafting squalenic acid onto anticancer or antiviral compounds (adapted from
ref. [155]).

It is known that lipid-like molecules could potentially self-assemble into vesicular structures
allowing for encapsulation of both hydrophilic and hydrophobic drugs. To take advantages of the
assembly properties of lipids while increasing the drug loading content, Shen et al. introduced the
concept of using hydrophobic drug CPT to replace the fatty acid(s) in phospholipids to form
phospholipid analogues [162]. A short nonionic oligo (ethylene glycol) (OEG) chain with eight
repeat units was selected as the water soluble segment to maximize the drug loading content and also
to lower the CMC for improved stability. Two CPT molecules were linked to one OEG chain via a
biodegradable p-thioester bond. They found that the resultant lipid-mimic amphiphiles could be
formulated to form stable 100-200nm liposome-like nanocapsules with a CPT loading content as
high as 58 wt % in aqueous solution. These nanocapsules can act as carriers to deliver DOX. Along
the same lines, Yan and co-workers reported an amphiphilic drug—drug conjugate (ADDC) by
directly connecting the hydrophilic anticancer drug irinotecan (Ir) to the hydrophobic anticancer drug
chlorambucil (Cb) via a hydrolyzable ester linker [163]. In this system, the amphiphilic Ir-Cb
conjugate was found to aggregate in water into nanoparticles with a diameter around 80 nm, as a
result of further clustering of the [r-Cb ADDC micelles. Their experimental results revealed that the



Ir-Cb ADDC nanoparticles have much longer blood retention time and higher tumor accumulation
in comparison to either free Ir or free Cb. The release of both anticancer drugs was triggered by the
hydrolysis of ester bond, leading to a simultaneous release of the two drugs and synergistic
anticancer activities both in vitro and in vivo.

Amphiphilic molecules containing both hydrophilic and hydrophobic segments can associate through
non-covalent interactions to form a variety of nano- and microscale structures in aqueous solution
[164, 165]. Of particular interest are filamentous assemblies due to their ability to entangle to form
supramolecular hydrogels that can be used for the delivery of small molecule drugs, genes, and
biologics [166-171]. To achieve precise drug loading content and homogeneous drug distribution
within the hydrogel, therapeutic drugs have been directly used to create hydrogels without
compromising their efficacies [172-175]. In this supramolecular design, drug release is regulated by
both chemical degradation of the linker and the disassembly kinetics of the nanostructures. Xu and
co-workers originally converted vancomycin, an essential antibiotics, into a hydrogelator by
introducing a pyrene group to the C-terminal [176]. They found that the vancomycin-pyrene
hydrogel exhibited unusually high potency against vancomycin-resistant enteroccoci (VRE). Using a
similar concept, the Xu Lab further designed PTX-based supramolecular hydrogels that can be
triggered to form by specific enzymatic activities [177]. The hydrogel precursor consists of a
self-assembling motif, an enzyme-cleavable phosphatase substrate, and a paclitaxel molecule (Fig. 7).
In the absence of the phosphatase, the hydrogel precursor (compound 5a) has excellent water
stability and stays in the monomeric form, but upon addition of the alkaline phosphatase, nanofibers
start to form within 5 min and the solution eventually transforms to a self-supporting hydrogel.
Along the same line, olsalazine, an anti-inflammatory prodrug currently used in clinic, was also
made into supramolecular hydrogels by conjugation with tripeptide derivatives [178]. These
olsalazine-containing hydrogels can be disrupted to release the bioactive drug in a controlled manner.
In their recent effort, D-amino acids were used in the design of hydrogels containing naproxen, a
nonsteroidal anti-inflammatory drug [179]. It was found that incorporation of D-amino acids led to
an unexpected and significant elevation in the selectivity of the conjugate toward COX-2, with only
slightly compromised naproxen activity. This strategy of constructing therapeutic supramolecular
hydrogelators has been used by several labs to expand the library of drug-based hydrogelators [15,
180, 181]. In particular, Yang and co-workers reported the conjugation of folic acid with
hydrophobic therapeutic agents to from stable supramolecular hydrogels [182]. Shi and co-workers
reported a supramolecular hydrogel formed by CPT-PEG prodrug self-assembled micelles with the
assistance of a—Cyclodextrin (a—CD), and demonstrated that water-soluble 5-Fluorouracil (5-FU)
can be loaded into the gel to achieve synergetic cytotoxicity against cancer cells [173].



i y - .
\fy : 'iif".u nanofiber &
,.r a.; ; * e iﬁ;

[axol 4 i, | TR
. A f«q,.l_ o
linker enzyme self-assembly H":; i
self-assembly - — oL "’"?f,‘;:;‘\:.‘"f
motif &&“ ' ’*'K%{z
trigger 5a 5b hydrogel 3
O NHBz O NHBz

O NHBz 3 57 .
am'o ‘Ph O b L0 g

'l‘

C2
07 Y “ph —

Om
o]
|
Om
o:%:
Q o

e e

N 4 5a: X = P(O)(OH),

T\/LL HNI\@\S&X:H
X
0% “OH o’

“ (a) Succinic anhydride, DIEA, chloroform; (b) NHS, DCC, chloroform:;
(c) sodium carbonate, acetone, water.

Fig. 7. Schematic illustration of Xu’s design of the enzyme-triggered formation of supramolecular
hydrogels. This particular precursor consists of a self-assembly promoting motif, an
enzyme-cleavable group, and a paclitaxel drug molecule. After the enzymatic reaction, the paclitaxel
derivative can spontaneously assemble into nanofibers in water that eventually entangle into a
self-supporting hydrogel (adapted from ref. [177]).

2.6 Self-assembling drug amphiphiles

Taking advantages of biological function and assembly potential of peptides, Cui and co-workers
developed a novel class of drug amphiphiles (DAs) by covalent linkage of one or more anticancer
drugs to a rationally chosen/designed peptide through a biodegradable linker [45, 183-185]. Their
core design concept is to consider drugs as molecular building units, not just being functional units.
By incorporating a short peptide as both a functionally active and structurally guiding unit, the
resulting DAs are amphiphilic prodrugs capable of forming a variety of supramolecular
morphologies in aqueous solutions. Fig. 8 illustrates a typical design of camptothecin (CPT) drug
amphiphile containing three essential parts: the anticancer drug CPT, a f-sheet-forming peptide
sequence derived from the tau protein, and a reducible disulfylbutyrate (buSS) linker. This strategy



can be potentially extended to any drugs that possess functionalizable groups such as hydroxyl,
amine, thiol, or carboxylic acid. The versatility of the peptide design also allows for facile
incorporation of any biologically active sequences such as cell penetrating peptides, tissue
penetrating peptides, or tumor targeting peptides. Clearly, the linker could be chosen using
hydrolysable, enzymatically degradable, or reducible chemical bonds. Importantly, the small
molecule feature makes it possible for HPLC purification to eliminate all the impurities so as to
obtain DAs of exactly the same mass. Therefore, the resulting supramolecular nanostructures are
essentially one-component nanomedicines with the drug loading precisely defined by chemical
structure of the building unit.
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Cheetham et al. reported the supramolecular assembly of camptothecin DAs into discrete, stable,
well-defined nanostructures with a high and quantitative drug loading [45]. The drug content was
precisely controlled using the two amine functionalities of the amino acid lysine to create branching
points for attaching one, two or four CPT molecules, corresponding to respective high drug loadings
of 23%, 31% and 38%. When the number of CPTs was changed from one to four in the DAs, the
resulting nanostructures could vary from long filaments to short filaments and then to nanotubes. The
short-term stability study showed that dissociation occurred only when the concentrations were
diluted to the nano-molar range. Their results revealed that the stability increases with the increasing
CPT number, which attributes to the increasing hydrophobicity in combination with possible n—rn
associative interactions among the CPT units. Their release experiments indicated that the
self-assembled nanostructures can serve as reservoirs for long-term supply of monomeric CPT
conjugates that can be quickly converted to bioactive CPT in the presence of Glutathione. Both CPT



segments and biodegradable linkers are buried in the cores of the assembled nanostructures, and this
shielding from the external environment provides an effective means for the controlled release of
activated drugs. In the cytotoxicity studies, the DA nanostructures released the bioactive CPT mainly
by reductive degradation of the disulfide bond in the presence of intracellular GSH, and showed high
potency in different cancer cell lines. Lin et al. expanded this concept to another important
anti-cancer drug, paclitaxel [186]. They found that the bulky size of PTX does not prevent the chosen
peptide from assembling into one dimensional nanostructures. /n vitro study showed that filaments
with 41% PTX loading have near identical toxicity to free PTX, indicating that the self-assembling
PTX DA does not compromise the drug’s efficacy.

Rational combinations of two or more drugs can potentially generate synergistic effect in reducing
side effects associated with high dose of single drugs, and also offer a way to overcome multidrug
resistance mechanisms that cancer cells may develop during the course of the treatment. Cheetham et
al. reported the synthesis and assembly of a mikto-arm star dual drug amphiphile containing both a
bulky PTX and a planar CPT [187]. The two different anti-cancer drugs were conjugated to the
terminal lysine of a f-sheet forming peptide (Sup35), and the dual DAs could spontaneously
associate into a well-defined filamentous morphology containing a fixed 41% total drug loading. The
hetero dual DA was found to effectively release the two anticancer agents, exhibiting superior
cytotoxicity against PTX-resistant cervical cancer cells. They believed that delivering two drugs of
completely different action mechanisms could increase the possibility of overcoming multi-drug
resistance and reduce the possibility for tumor reoccurrence. Similar to synthetic drug amphiphiles,
some natural drugs themselves are amphiphilic. Lock et al. reported the self-assembly behavior of
methotrexate and folic acid. Their results revealed that folic acid exhibits rich self-assembly behavior
via Hoogsteen hydrogen bonding under various solvent conditions, whereas methotrexate is unable
to assemble into any well-defined nanostructures under the same conditions, despite their very
similar chemical structures [59].

Co-assembly of two or more different amphiphilic molecules is a robust strategy to tune size, shape
and surface chemistry of the resulting nanostructures. Mixing of oppositely charged amphiphilic
molecules could produce morphologies different from those formed by individual molecules. Lin and
co-workers showed that catanionic mixtures of two drug amphiphiles lead to formation of a
multiwalled nanotube morphology containing a 36% fixed CPT loading [188]. They found that the
molecular mixing ratio, solvent composition, overall drug concentrations, and the molecular design
of the DAs are all important experimental parameters contributing to the resulting morphologies.
Although systemic delivery of the CPT nanotubes through tail-vein injection did not show any
improvement for tumor targeting, direct injection of the fluorescent-labeled nanotubes into the tumor
site revealed the significantly enhanced retention time of CPT nanotubes, offering the possibility for
sustained release of CPT over a long period of time that would be beneficial for local tumor
treatment.
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drug amphiphiles into filamentous structures and the effect of the linker on the release mechanism of
the free drug, CPT, and the subsequent cytotoxicity. Representative TEM images reveal similar
morphologies assembled by the two CPT DAs that only differ in the linker design (adapted from ref.
[189]).

Since the hydrophobic anti-cancer drugs and biodegradable linkers are buried in the cores of
nanostructures, the drug release process could be complicated, often involving both the nanostructure
dissociation into monomeric units and the chemical breakdown of the linker that bridges the drug
with the peptide. Cheetham et al. reported that the choice of the degradable linkers can have a
significant impact on the release mechanism of free bioactive CPT from assembled nanostructures
(Fig. 9) [189]. They demonstrated that in vitro activity of buSS-linked drug amphiphile is
compromised by the nanostructure-promoted formation and protection of CPT-based disulfide
dimers due to high local concentration of f-sheet forming aggregates and the hydrophobic nature of
CPT. However, these effects can be largely negated by introducing their carbonate-based analogue,
which undergoes rapid self-immolation upon reduction and avoids dimerization.

3. Future prospects

Thirty years of extensive research in nanomedicine has led to significant progress in the development
of many nanocarrier-based platform technologies, and accumulated general knowledge in the design
of long circulating and better targeted delivery systems. However, the lack of FDA approval of
carrier-based nanomedicine underscores the challenges for researchers working in this area. As we
reflect on the successes and failures of the past nanomedicine research, it is equally critical for the
community to define future directions that promise far more effective cancer chemotherapies.
Clearly, many of the well-identified issues in targeted drug delivery should be specifically addressed,
including prolonged circulation, tumor accumulation, specific tumor targeting, tumor penetration,
intracellular trafficking, drug resistance, and body clearance. Eventually, all the solutions would
come to the optimization of the nanosized carriers to tune the key features such as size, shape,



surface chemistry, stability, and responsiveness to a particular stimuli. One critical yet historically
overlooked area is the optimization of nanomedicine constructs as an integral unit, not just the carrier
itself. The multicomponent nature of traditional carrier-based nanomedicines results in inherent
difficulties for further improvement due to the interdependence of each unit. The emergence and
development of one-component nanomedicines may not provide the final answer, but present a
promising alternative approach, because the drug loading, circulation fates, and drug release within
the OCN design are all encoded within the chemical structure of the building unit. Through rational
design of the therapeutic agents, OCN can be developed with precise drug loading and predictable
physicochemical properties. As stated earlier, OCN offers a great potential to standardize the mass
production of nanomedicine, and their reproducibility would accelerate direct knowledge transfer
across research laboratories, thus enabling a rapid knowledge accumulation within the community.
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