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ABSTRACT: Nanomedicine is a discipline that applies nanoscience and nano-
technology principles to the prevention, diagnosis, and treatment of human diseases.
Self-assembly of molecular components is becoming a common strategy in the design
and syntheses of nanomaterials for biomedical applications. In both natural and
synthetic self-assembled nanostructures, molecular cooperativity is emerging as an
important hallmark. In many cases, interplay of many types of noncovalent interactions
leads to dynamic nanosystems with emergent properties where the whole is bigger than
the sum of the parts. In this review, we provide a comprehensive analysis of the
cooperativity principles in multiple self-assembled nanostructures. We discuss the
molecular origin and quantitative modeling of cooperative behaviors. In selected systems, we describe the examples on how to
leverage molecular cooperativity to design nanomedicine with improved diagnostic precision and therapeutic efficacy in
medicine.
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1. INTRODUCTION

Nanomaterials are rapidly evolving and impact a broad range of
applications in photonics, electronics, and medicine.1−6 In
particular, they play an increasingly important role in medicine,
where numerous nanosystems have been developed for
biochemical sensing, molecular imaging, disease diagnosis, and
treatment.7−12 Various nanoplatforms have been extensively
investigated to address challenges in medicine to overcome
deficiencies in conventional small molecular sensors and drugs,
resulting in the rapid growth of nanomedicine as a new
discipline.13−15

In contrast to “top-down” methods like lithography, a
“bottom-up” approach allows the formation of nanoscopic
architectures driven by noncovalent self-assembly of molecular
components.16−18 Self-assembly, which bridges the structures of
individual building blocks and the function of the obtained
nanocomplex, is an essential part of nanotechnology.19 The
underlying supramolecular chemistry principles were described
by Lehn andWhitesides over two decades ago.20,21 Compared to
covalent chemistry, noncovalent self-assembly employs weak and
polyvalent interactions to achieve a thermodynamically stable
nanostructure. This strategy can produce nanoscopic structures
(104−1010 Da) that are not easily synthesizable by covalent
chemistry. The resulting system often has a faster temporal
response to environmental stimuli due to the lower energy
barrier (e.g., dissociation of noncovalent complexes requires
lower energy than breaking of covalent bonds).22,23

A hallmark of self-assembled systems is molecular coopera-
tivity,21 where the system behaves quite differently as a whole
from the sum of parts acting in isolation. Positive cooperativity
has been identified in many biological and physiological
processes (e.g., oxygen transport by hemoglobin).24 Mechanistic
investigations on several established self-assembled nanosystems
also suggest that positive cooperativity contributes to enhanced
detection sensitivity and specificity in chemical and biological
sensing.5 Understanding the supramolecular self-assembly
process and associated cooperativity offers a new paradigm for
the design and development of nanomaterials in medicine.
In this article, we highlight the recent advances in the

investigation of cooperativity principles underlying the design of
self-assembled nanomedicine (Figure 1). The current review
focuses on the bottom-up chemistry and material science
considerations of nanomedicine. Implementation of a top-
down method for nanomedicine development is beyond the
scope of the current review.

2. CONFORMATION CHANGE-INDUCED
COOPERATIVITY IN NATURAL SELF-ASSEMBLED
NANOSTRUCTURES

Cooperativity is frequently employed in biology to modulate
molecular recognition through sequential binding events, usually
operated by the conformational changes of the macro-

molecules.25 The binding may display either positive or negative
cooperativity. Positive cooperativity is described as synergistic
(whole is bigger than the sum of the parts) and negative
cooperativity as interfering.26 In this section, we begin the
discussion of biological cooperativity using well-established
protein/RNA folding and allosteric examples (e.g., hemoglo-
bin-O2 interactions), then move on to more complex multivalent
cell surface interactions, and finally present the emerging
microphase separations of large protein signaling complexes.
2.1. Self-Organization of Protein and RNA

2.1.1. Protein Folding. A defining characteristic of bio-
logical systems is their capability to organize small molecular
components into supramolecular structures with extraordinary
precision and fidelity. Protein folding, where a polypeptide chain
self-organizes into a perfectly folded three-dimensional structure,
is a great example.27 A newly synthesized chain of amino acids
can form multiple structured assemblies, such as secondary/
tertiary structures and macromolecular complexes. The pop-
ulations and interconversion of different assemblies are governed
by thermodynamic and kinetic stabilities.
Cooperativity is observed in the final folding step of proteins

when the side-chains are locked in the native state and water
molecules are squeezed out of the hydrophobic protein core.28,29

The Onuchic group used a minimalist model to search for the
intermediate states leading to the native structure in parallel with
desolvation during protein folding.29 Their results suggested that
the majority of the structural formation is accomplished before
water is expelled from the hydrophobic core. In another study,
the Bustamante group reported that chain topology impacted the
cooperative folding of proteins.30 They used an optical tweezer
method to selectively unfold specific regions of T4 lysozymes
and monitored its perturbation on other regions. Results showed
the topological arrangement of the polypeptide chain is critical in
determining the folding cooperativity. Data indicated that
cooperative interactions among protein domains depend not
only on the local interactions between amino acids but also on
the degree of complementary shape and topography of the
polypeptide chains.

Figure 1. Supramolecular self-assembly for the development of
cooperative nanomedicine.
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2.1.2. Nucleic Acid Folding. Ribonucleic acid (RNA) is
essential in various biological roles such as coding, regulation,
and transcription of genes. Some RNA molecules also catalyze
biological reactions and sense or communicate responses to
cellular machineries. Similar to polypeptides, a linear ribonucleic
acid sequence can also fold into an active conformation with well-
defined secondary or tertiary structure. The folded RNA motif
often binds to proteins to form specific RNA−protein
complexes, where proteins help RNAs reach their native state
by stabilizing the assembled structures or by chaperoning the
folding process.31

The Woodson group reported that cooperative assembly of
RNA helices reduces the misfolding of Tetrahymena group I
ribozyme.32 Disruption of the tetraloop structure destabilizes the
free energy of RNA folding by 2−3 kcal/mol. The same group
also reported that the cooperative tertiary interaction guides
RNA folding (Figure 2).33 Interaction between tertiary

structures increases the free energy gap between the native
state and the intermediate state, thereby facilitating the RNA
folding to the native state.34 Daniel and co-workers further
quantified tertiary contact interactions in RNA folding using
single-molecule Förster resonance energy transfer method.35

2.2. Allosteric Cooperativity

Allosteric cooperativity is extensively investigated and describes
the process where ligand binding at one site regulates the binding
or function at another site.36 Goodey suggests that the
conformational mobility is a common mechanism that underlies
allosteric regulation and catalysis in biological systems.37

Intrinsic flexibility of proteins contributes to multiple con-
formations that can interconvert at different time scales. The
binding of an allosteric effector may lead to the conformational
change with modulated binding site geometries and activity. As a
result, allostery is used by Nature to regulate the catalytic
function of proteins.38−40

2.2.1. Hemoglobin-Oxygen Binding. All cells in our body
use oxygen to make ATP, which provides the energy for many
physiological functions. Oxygen molecules are transported from
the lung to individual cells. After oxygen is breathed into the lung,
it first diffuses to the blood. Its low solubility in water (40 mg/L)
makes it impossible to meet the metabolic needs of our tissues
and cells. Hemoglobin, a tetrameric protein residing in the red
blood cells, serves as a carrier for the transportation of oxygen.
Allosteric oxygen binding is associated with conformational

changes of hemoglobin triggered by the oxygen−iron(II)
interactions.24 Perutz first reported the structure of hemoglobin

in various forms.41 Each hemoglobin molecule consists of two α
subunits and two β subunits with similar 3D structures. The
binding affinity of hemoglobin to oxygen molecules depends on
the heme cofactor, responsible for the red color of blood.42 Each
heme group has a central iron atom chelated by protoporphyrin.
Each iron within the heme group can serve as a single binding site
to an oxygen molecule, and one hemoglobin protein can bind to
four oxygen molecules. Under normal physiology, the iron is in
the ferrous (Fe2+) oxidation state. The binding of the oxygen
molecule to the ferrous ion results in a smaller ferrous ion,
allowing it to move into the plane of the porphyrin. Such
oxygenation-driven conformation change leads to a transition
from deoxy T state to oxy R state of the quaternary structure of
hemoglobin, where one pair of αβ subunits rotates relative to the
other by 15 degrees.24,43

The structural alteration in hemoglobin significantly changes
the oxygen binding affinity to hemoglobin. Initial oxygen binding
to hemoglobin facilitates the binding of the second and ensuing
oxygen molecules (Figure 3). When three binding sites of

hemoglobin are occupied, the binding affinity of the last free site
for oxygen is 20-fold higher than that for the first oxygen
molecule. The cooperative binding improves the oxygen
transport efficiency. The oxygen−hemoglobin saturation curve
displays a sigmoid shape, typical for a cooperative binding
process.

2.2.2. Cooperative Enzyme Catalysis. Enzymes can
dramatically accelerate the rate of biochemical reactions by
reduction of activation energy barriers. Many enzymes function
as oligomeric complexes of multiple subunits, and each subunit
contains an active site for ligand binding and/or catalysis.44

Figure 4 summarizes representative cooperative activation
processes of enzymes.37 An “induced fit model” has often been

Figure 2. Cooperative folding of wildtype ribozyme leads to lowered
free energy of the native-like Ic intermediate and the native state (N).
Reproduced with permission from ref 33. Copyright 2012 Elsevier Ltd.

Figure 3. Cooperative binding of oxygen to hemoglobin. Initial oxygen
binding to hemoglobin makes it easier for the subsequent binding
events. The transition of hemoglobin from oxygen-free state (T state) to
occupied state (R state) displays strong allosteric cooperativity.

Figure 4. Representative types of cooperative activation of enzymes. (a)
The binding of an allosteric effector leads to increased affinity in the
adjacent site. (b) The binding of an allosteric effector introduces a new
active site. Reproduced with permission from ref 37. Copyright 2008
Nature Publishing Group.
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used to describe the enzyme−substrate interactions. The initial
interaction is capable of inducing conformational changes of
enzymes to increase the strength of subsequent binding events.
The conformational changes are described as a key mechanism of
enzyme catalysis. It is worth pointing out that the initiation of the
conformation change is usually the rate-limiting step instead of
the ensuing steps.
Dihydrofolate reductase (DHFR) is an enzyme responsible for

the syntheses of purine, thymine, and several amino acids. It
catalyzes the hydride transfer reaction to convert dihydrofolic
acid to tetrahydrofolic acid, using NADPH as an electron donor.
Conformational changes are observed in the DHFR catalytic
cycle. The Hammes-Schiffer group reported that such conforma-
tional changes facilitated the hydride transfer by associating and
aligning the substrates and cofactors properly with a more
favorable electrostatic environment.45−47

2.3. Multivalent Cooperativity and Molecular Recognition

Cell adhesion is the process where cells form contacts to a
surface, substrate, or another cell through multivalent
interactions. Cell adhesion is critical for many cellular functions
such as proliferation, migration, and apoptosis. Cell adhesion is
carried out by interaction of transmembrane glycoproteins,
which include selectins, integrins, syndecans, and cell surface
receptors.48 Cell surface proteins can diffuse and rotate on the
membrane surface and sometimes preorganize before binding
events. Constraining these proteins to the membrane surface
dramatically reduces the entropy and contributes to increased
binding affinity compared to the same proteins interacting in
solution. Cooperativity through multivalent interactions has
been proposed as a physiological mechanism for modulating the
strength of cell adhesion.49−51

Epidermal growth factor receptors (EGFRs) have been shown
to assume a predimerized (ligand free and inactive) state on the
cell surface.52 Binding of an EGF ligand to the predimerized
receptor occurs with positive cooperativity.53 Integrin-induced
clustering of growth factor receptors facilitates binding of EGF
and triggers receptor activation.53,54 Cooperativity due to protein
colocalization on the cell surface was also observed in the
immunological synapse, an orchestrated interaction between T
cells and antigen-presenting cells (Figure 5).55−58 The
cooperativity arises from the polyvalent interactions of

protein−protein interactions and spatial constraint of the
binding partners in the contact region at the cell−cell interface.59
Another cooperativity example resides in the sequential

assembly of weak binding components into a stable multi-
molecular complex.60 One such example is the nucleosome-
mediated cooperativity between transcription factors.61 Sequen-
tial binding of different transcription factor proteins to the
promoter region is critical for precise control of gene expression.
DNA regions depending on histone binding status can be
classified as nucleosomal (N) with low binding affinity or open
(O) state with high binding affinity. Binding of transcription
factors evicts a nucleosome and frees up new distant binding sites
for transcription factors with significantly increased binding
affinity. Displacement of nucleosome and generation of new
open sites contribute to observed strong cooperative binding of
transcription factors.
Such multicomponent cooperativity is also seen in the

formation of interferon-β (IFN-β) “enhanceosome” complex,62

a multiprotein complex that binds to the IFN-β enhancer site on
the DNA. This multiprotein complex contains more than five
proteins, and these proteins assemble cooperatively on a
chromatin template with the help of an architectural factor.
Preorganization of some proteins generates a new binding site for
others with additional stabilization. The absence of any
individual component will destabilize the eventual nanocomplex,
which suggests strong multivalent cooperativity among individ-
ual components.

2.4. Biomolecular Condensation and Phase
Transition-Induced Cooperativity

Biological macromolecules are spatially organized within the
cells. Membrane-bound subcellular organelles offer the physical
separation needed for biochemical reactions in optimized
compartments within a cell. Hyman and co-workers first
reported subcellular structures consisting of heterogeneous
mixtures of proteins and nucleic acids in membrane-less
organelles. The formation of these nonmembraned organelles
is driven by phase separation similar to polymer condensa-
tion.63,64 Living cells contain many such types of nanoscopic
droplet-like structures from different compositions of biological
molecules (Figure 6).65 Phase separation and condensation of
biomacromolecules also display supramolecular cooperativ-
ity.66−68

One example is the phase separation of proteins with
intrinsically disordered regions.69,70 Intrinsically disordered
proteins (IDPs) are crucial components of the cellular signaling
machinery. They participate in the dynamic assembly of signaling
complexes and membrane-less nuclear and cytoplasmic organ-
elles.71 IDPs are found in many biomolecular condensates such
as stress granules, germ granules, and nuclear ultrastructures.72,73

Figure 5. Key ligand pairs and signaling molecules in an immunological
synapse. This process is mediated by a series of cooperative bindings of a
complementary array of adhesion and costimulatory molecules.
Orchestration of (1) antigen presentation by MHC molecule to the
T-cell receptor, (2) CD80/86 costimulation, and (3) cytokine signals is
necessary to achieve antigen-specific T cell activation. Reprinted with
permission from ref 57. Copyright 2017 Elsevier Ltd.

Figure 6. Schematic illustration of regulated liquid phase separation in
cells. Reprinted from ref 65. Copyright 2017 American Association for
the Advancement of Science.
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Many intrinsically disordered proteins undergo similar phase
separation in vitro under solution conditions.74 IDPs display
complex allosteric cooperativity that is responsible for their
tunable regulatory interactions.36,70

Another example is the formation of micrometer-sized
droplets from multivalent protein complexes (e.g., 2 + 3
systems).75 Rosen and co-workers reported the nephrin/Nck/
N-WASP system constituting a three-component interaction
with the formation of phase separated liquid droplets (Figure
7).76−79 The cooperative association is controlled by the
phosphorylation status of the nephrin protein and consequently
shifted the phase boundary of the complex.79

3. NONCOVALENT INTERACTIONS: MOLECULAR
BASIS OF SUPRAMOLECULAR COOPERATIVITY

Noncovalent self-assembly of molecular modules can form
thermodynamically stable nanocomplexes in biological systems.
They determine the higher order structures of proteins, DNA,
and RNA as well as molecular recognition between biomacro-
molecules. Through multivalent interactions, molecules or
groups of molecules associate into organized structures with

increasing complexity. A hallmark of these nanoscale structures
and architectures is positive cooperativity, which arises from
subtle interplay of two or more noncovalent interactions.80−82

Compared to noncovalent interactions, the length of a
covalent bond is short with an average distance less than 0.2
nm between pairing atoms.83−85 The strength of the covalent
bond is strong varying from 149 kJ/mol for breaking an I−I bond
to 411 kJ/mol for a C−H bond.86 Covalent synthesis alone is
incapable of generating well-defined, functional structures with
dimensions from tens of nanometers to hundreds of nanometers
in size, which covers biological structures from protein
complexes to viruses to subcellular organelles.
Noncovalent interactions can occur at longer distances than

covalent bonds. Interaction of hydrophobic surfaces or electro-
static interactions between charged species can happen over tens
of nanometers. Compared to covalent bonds, noncovalent bonds
are 10−100 times weaker (Table 1). Polyvalent interactions
involving multiple types of noncovalent bonds through contact
of large surface areas compensate for the weaker bond strengths,
while allowing the formation, disintegration, and reformation of
large scale structures that are not easily attainable by covalent
chemistry. Numerous reviews have discussed the nature and
strengths of noncovalent interactions.87−90 In this section, we
offer a brief summary of several key types of noncovalent
interactions that impact molecular cooperativity in biological
environments.

3.1. Hydrophobic Interaction

The mixture of oil and water tends to segregate into two
independent phases: an aqueous phase and an oil phase with
well-defined boundaries. The noncovalent interactions that are
responsible for aggregation of hydrophobic structures are termed
the hydrophobic effect.91,92 Hydrophobic interactions tend to
minimize the energy penalty in order to insert a nonpolar
molecule into water.93−98 Solvation of nonpolar substances in
water can disrupt the hydrogen bonding network of water. A
large hydrophobic solute is able to force the water into a rigid
cage. The cages restrict the motion and increase the structural
organization of water molecules, which facilitates hydrogen
bonding interactions and gains in enthalpy. Meanwhile, the
randomness (entropy) of the water molecules decreases and
causes an overall penalty in free energy. To minimize such

Figure 7. Representative multivalent self-assembly process and
microscopic images of liquid droplets (scale bar = 20 μm). Reproduced
with permission from ref 79. Copyright 2012 Nature Publishing Group.

Table 1. Types and Strengths of Typical Noncovalent Interactions
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penalty, nonpolar molecules tend to come together and
aggregate in aqueous solution to exclude water molecules
(Figure 8).

Hydrophobic interaction contributes to a multitude of
biological structures and processes such as cell membranes,
protein folding, formation of subcellular vesicles, and insertion of
membrane proteins into the nonpolar lipid environment.
Chemists have learned to use the hydrophobic effect as a
strategy to generate well-defined structures.99−104 Numerous
drug delivery carriers such as polymer- or lipid-based nano-
particles have been developed to improve the pharmacological
properties of encapsulated drugs.105−114 Amphiphilic block
copolymers have been synthesized to formmicellar nanoparticles
for the delivery of hydrophobic therapeutics.115 Liposome was
first demonstrated in the 1960s and is one of the few
nanoparticle-based drug carriers that were translated into the
clinic successfully.116−118

3.2. Hydrogen Bonding

A hydrogen bond describes attractive interactions between a
hydrogen donor and an acceptor (most often an electron rich
atom such as oxygen or nitrogen). Although the interaction is
relatively weak, multiplication of hydrogen bonds can drive the
self-assembly of individual building blocks to well-defined nano
or macrostructures.108,119−123 Formation of a protein α-helix and
DNA base pairs are well-known examples of hydrogen bond-
mediated complexes. Noncovalent hydrogen bond interactions
have also been used to form higher order complexes from
synthetic molecules.109 Whitesides and co-workers reported a
stable supramolecular complex from cyanuric acid (CA) and
melamine (M) based on the hydrogen bond interactions.124−126

The Rotello group reported a polymer-mediated b̀ricks and
mortar’ strategy to order surface functionalized gold particles
into aggregated assemblies via intermolecular hydrogen bonding
interactions.127−129

3.3. Electrostatic Interaction

Breaking of ionic bonds in vacuum requires higher energy (e.g.,
788 kJ/mol for separating Na+Cl− ion pairs) than the breaking of
covalent bonds (e.g., 411 kJ/mol for C−H bonds).86 In aqueous
environments, solvation of ions by water molecules dramatically
reduces the energy cost to separate oppositely charged species.
Coulomb interactions between two point-charges are shielded by
a factor of relative permittivity (εr, also known as dielectric
constant) of the medium. For water, the value of εr is 78.3 at 25
°C, which places the electrostatic interactions at the same energy
scale as other noncovalent interactions (Table 1). In biological
systems, electrostatic interactions between charged macro-
molecules are important in nucleic acid condensation,130

ligand−receptor binding,131 and cell−cell interactions.132

Layer-by-layer self-assembly represents a common strategy to
construct nanoparticles based on electrostatic interac-
tions.133−136 The film architecture and composition can be
precisely controlled at the nanoscale.135 This capability has
spawned the development of artificial cells and drug delivery
systems.137−146 Electrostatic interaction-mediated condensation
between polycations and the phosphate backbone of nucleic
acids has been investigated for the development of gene delivery
systems over the past several decades.147−152

3.4. π−π Stacking

In chemistry, π−π stacking describes the noncovalent, attractive
interactions between neighboring aromatic residues. The
stacking effect is critical in multiple biological processes, such
as protein folding,28 molecular recognition153 and template-
directed synthesis.154 Many groups have reported noncovalent
complexes based on π−π interactions.155−161 Stoddart and co-
workers have designed several generations of rotaxanes and
catenanes functionalized with electron-rich and electron-
deficient aromatic units.162 Meijer and co-workers have
developed a hierarchical self-assembly strategy to produce
molecular nanostructures.163,164 A nucleation−growth strategy
is conceptualized that yields a high degree of cooperativity from
π−π stacking interactions between adjacent repeating units.163

3.5. Cooperativity: Interplay of Noncovalent Interactions

In macromolecular self-assembly systems, multiple types of
noncovalent interactions as described above can simultaneously
occur, with compensating energetics leading to highly complex
architectures and interacting dynamics.20,21,80,165 Such examples
include the association of hydrophobic side chains with H-
bonding of polypeptide backbones and salt-bridge formation
during protein folding; the interplay of electrostatic and
hydrophobic interactions in the chaotropic anion-induced
micelle self-assembly; and predominantly H-bonding and
hydrophobic interactions in the thermosensitive properties of
elastin-like polymers. A hallmark of complex and dynamic
systems is the emergence of cooperativity (Figure 9). Below we
summarize a few well-established cooperative systems, with the
hope of deciphering the underlying mechanism to help predict
and program new systems in the future.

4. PHASE TRANSITION-INDUCED COOPERATIVITY IN
SYNTHETIC SELF-ASSEMBLED NANOSTRUCTURES

4.1. Oligonucleotides-Conjugated Gold Nanoparticles

Spherical nucleic acids (SNAs) are three-dimensional nano-
structures with densely packed nucleic acids covalently
conjugated to the nanoparticle surface (Figure 10).166 These
constructs were originally created using gold nanoparticles
(AuNPs) by the Mirkin group.167 The unique three-dimensional
framework introduces new physical, chemical, and biological
properties over one-dimensional linear nucleic acids, which
found broad uses in biological sensing, molecular diagnostics,
and intracellular gene regulation.5

The linear nucleic acid chains are typically functionalized with
a headgroup to improve the stability of the nanocomplex in
aqueous environments. The first SNA conjugates were prepared
by covalent attachment of the alkanethiol-terminated, single-
stranded oligonucleotides to the surface of gold nanoparticles.167

A dense layer of nucleic acids can be achieved through salt
additions, where positively charged counterions are necessary to
minimize electrostatic repulsion between adjacent negatively
charged DNA strands. In living systems, the nucleic acids usually

Figure 8. Schematic illustration of the hydrophobic effect, where
aggregation of a hydrophobic substance reduces the number of water
molecules in the rigid cage surrounding the hydrophobic surface.
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exist in the hybridized duplex structure. In contrast, the SNAs
adopt their morphology to the shape of the inorganic cores.
Besides SNA-NPs, several nucleic acid−based assemblies have

been developed for biological sensing or catalysis applications.
The Willner group reported improved specificity in the sensing
of DNA or selected sequence of aptamers.168 The nucleic acid
structures activated the DNAzyme cascades that catalyzed the

oxidation of ABTS2− by H2O2. The Kolpashchikov group
developed a binary DNA probe for nucleic acid detection.169,170

Two short DNA hairpin cooperativities to the targeted sequence
enabled the molecular recognition with high sensitivity and
selectivity.

4.1.1. Cooperativity in Aggregation of Oligonucleo-
tides-Conjugated Nanoparticles. The hybridization of
complementary nucleic acid sequences enables the binding
interactions between SNA particles with matched DNA
sequences. These interactions lead to the aggregation of gold-
nanoparticles. The SNA nanoparticles can be released from the
aggregates through dehybridization upon heating that disrupts
noncovalent base pairing interactions. DNA duplexes and SNAs
have characteristic melting temperatures (Tm) when dehybrid-
ization occurs.
Jin and co-workers reported a striking sharp melting curve for

the dehybridization of SNA-NP aggregates.171 Typically, the
melting of the linear DNA duplex happens over a broad
temperature range (∼20 °C). In contrast, the thermal transition
of the SNA−Au NPs from the aggregate state to the individual
particle state occurs over a narrower temperature range of 2−8
°C. In addition, the phase transition temperature of SNA is
higher than that of the corresponding free DNA duplex. The
sharp phase transition was observed in both SNA-NPs and a
chip-based assay.171,172 Importantly, a single oligonucleotide
base-pair mismatch can be differentiated by melting behavior
from those with fully complementary sequences.
Mechanistic investigation suggests that high surface density of

oligonucleotides on SNA-NPs contributes to polyvalent
interparticle connections that are collectively stronger in binding
compared to free DNA duplexes in aqueous solution.171 High
salt concentration is necessary to achieve the melting
cooperativity and sharp phase transition. The Schatz group
proposed a “shared ion cloud”model to describe the cooperative
melting transition in SNA-NPs, which is supported by
experimental evidence (Figure 11).173 The established thermo-
dynamic model also enabled the quantitative assessment of the
contributions from the neighboring-duplex effect. Nguyen and
co-workers reported as little as two DNA duplexes were
necessary to elicit cooperative melting behavior.174 The
experimental data fit well into a coarse-grain dynamic
stimulation-based model. The oligonucleotides assumed an
orientation that enabled the sharing of counterions for the
cooperative response.

4.1.2. Tunable Phase Transition Temperature. In
contrast to natural biomacromolecules, the physicochemical

Figure 9. Supramolecular cooperativity arises from interplay of multiple
types of noncovalent interactions acting in coordination.

Figure 10. Distinctive structural forms of nucleic acids. Reproduced
with permission from ref 166. Copyright 2012 American Chemical
Society.

Figure 11. Schematic of the “shared ion cloud” model in the cooperative melting behavior of SNA-NPs. Reprinted with permission from ref 173.
Copyright 2007 American Chemical Society.
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properties of synthetic nanomaterials can be easily modified by
tailoring their structure and composition. For example,
controlling the surface nucleic acid density of AuNPs can affect
the hybridization efficiency and cooperative melting response
(Figure 12).171 The thermal transition temperature was found
proportional to the surface DNA density while keeping
nanoparticle and target concentration unaltered.
One unique feature of nanomaterials is the large surface-to-

volume ratio due to the small nanoparticle size. The nanoparticle
size is expected to affect the phase transition behaviors of SNAs.
The melting transition temperature decreased from 50 to 47 °C
when the size of gold particles increased from 13 to 50 nm,
respectively. Interestingly, larger SNAs generally exhibited
sharper melting transitions compared to smaller ones.
The melting curves of natural single strand DNA exhibit a salt

concentration dependence.175 The transition temperature of
SNAs increased from 41 to 61.5 °C when the NaCl
concentration went from 0.05 to 1.0 M. In addition, the increase
in salt concentration also led to the formation of larger
aggregates.176 This can be attributed to a charge shielding effect
by the salt, which can reduce electrostatic repulsions between the
oligonucleotide-modified gold nanoparticles and permit further
hybridization between nanoparticles.
Aggregation of SNAs in DNA sensing can result in a distinct

color change from red to purple by visual inspection. The
electromagnetic coupling between nanoparticles that affects the
surface plasmon resonance is distance dependent, which also
impacts the van der Waals and electrostatic interactions between
particles. The melting analysis showed that longer interparticle
distance resulted in higher transition temperature of SNAs.
Further mechanistic investigation suggested that the electrostatic
interaction was expected to be the dominant factor in regulating
distance-dependent melting behaviors.
Besides DNAs, ribonucleic acids (RNAs) have also shown a

promising therapeutic effect.177 RNAs were also introduced onto
AuNPs surface to generate the RNA SNAs. In a recent study,178

Barnaby et al. reported a systematic investigation on the
structure−function relationships in RNA SNAs, which would
help elucidate the interactions of RNAs with a specific type of
serum nucleases. A combined experimental and theoretical study

investigated the impact of several key parameters (i.e., RNA
sequence, density, linker, etc.) of RNA-SNAs for rational design
of SNAs in biomedical applications.

4.2. Poly(acrylamide)-Based Thermoresponsive Hydrogels

Stimuli-responsive polymers often display a sharp change in
physical or chemical properties upon a small perturbation in
environmental conditions, which is used for the design of “smart”
nanomaterials for the controlled release of therapeutics.179−181

Thermoresponsiveness is usually measured as a change of light
transmittance or solubility of polymeric materials.182,183

Thermoresponsive nanomaterials are among the most inves-
tigated systems in drug delivery and cancer therapy. The sharp
thermal response was exploited for the triggered-release of drugs
in response to change in the surrounding temperature. For
biomedical applications, thermosensitive nanocarriers are
expected to retain their therapeutic load at normal physiological
temperature (i.e., 37 °C); upon local heating by an external
source, the nanocarriers can rapidly release the drug in the
desired location. Thermoresponsive systems include liposomes
or polymeric micelles that undergo phase transitions at specific
temperatures.184,185

Poly(N-isopropylacrylamide) (PNIPAM) was first synthe-
sized in the 1950s, and it is widely adopted for use as a
thermosensitive polymeric drug carrier.186,187 It is typically
prepared by polymerization of commercially available N-
isopropylacrylamide monomer. When heated above 32 °C in
water, PNIPAM undergoes conformation changes from a
hydrated gel to an aggregated solid across the lower critical
solution temperature (LCST). The gel will lose about 90% of its
original volume. This LCST temperature has close proximity to
physiological temperatures that can trigger a reversible phase
transition without causing damage to surrounding tissues.
Considerable efforts have been dedicated to the design of
PNIPAM-based thermosensitive nanomaterials as delivery
vehicles for controlled drug release.187−190

PNIPAM polymer stays in the gel state below the LCST,
where water molecules form a hydrated cage around the
hydrophobic moieties along the polymer chain. When temper-
atures are raised above the phase transition temperature,
hydrogen bonds between the polymers and water molecules

Figure 12.Cooperative melting response depending on surface DNA density of gold nanoparticles. B and C refer to data from solution and glass surface,
respectively. Reprinted with permission from ref 171. Copyright 2003 American Chemical Society.
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become more favorable in comparison to polymer−polymer or
water−water interactions. Such destabilization results in the
desolvation of the hydrophobic groups of polymer chains. The
increase in entropy of the released water molecules and
hydrophobic interactions drives the collapse of polymer chains.
The LCST can be controlled by adjusting the hydrophobicity−
hydrophilicity ratio of the polymer chains. An increase in
hydrophilic groups increases the LCST, and an increase in
hydrophobic groups has the opposite effect.186 Studies show that
the concentration or molecular weight of the polymer has little
effect on the phase transition temperature of PNIPAM.186,191 It is
notable that some thermoresponsive systems do display
molecular weight or size dependence in LCST transitions.192,193

4.2.1. Cooperativity in Gelation of Thermoresponsive
Polymers. The first detailed study of thermosensitive PNIPAM
in aqueous solution was reported in 1969 by Heskins and
Guillet.194 They observed the change in turbidity of a solution
upon heating at 32 °C. Since then, continuous efforts have been
made to investigate the phase transition properties of PNIPAM
and its derivatives. Extensive mechanistic investigation suggests
that the driving force for this phase transition is the balance of
hydrophilic and hydrophobic moieties.195−197 PNIPAM chains
carry two types of bound water molecules with one around the
hydrophobic isopropyl moiety and the other associated with the
amide group.198 Change in the hydration status of the
hydrophobic side chains results in association of the PNIPAM
chains.
Tanaka and co-workers first reported cooperative dehydration

of the PNIPAM chains in the temperature-induced phase
separation.199 They concluded that dehydration of the
neighboring water molecules around the polymer chains was

responsible for the sharp phase transition with little dependence
on molecular weight or chain length. The degree of hydration
versus temperature by theoretical calculation correlated well with
the experimental data reported by Fujishige et al.200−202

The Winnik group also investigated the phase transition
behavior of cyclic PNIPAM in aqueous solution.203 They found
that the melting curves of cyclic PNIPAM solutions occurred
over a much wider temperature range over the linear counterpart,
indicating the importance of side chain geometry on cooperative
response. A recent study by Muller-Buschbaum reported how
partial dehydration affected the volume changes in the phase
separations of PNIPAM hydrogel.204

4.2.2. Tunable Sol−Gel Transition Temperature.
Fujishige et al. reported that neither molecular weight (5 × 104

to 8.4 × 106 Da) nor concentration (0.01 to 1 wt %) greatly
impact the thermal transition temperature of PNIPAM.202 In
contrast, many studies show that the LCST is tunable by shifting
the hydrophilic/hydrophobic balance.186 Different types of N-
alkyl-substituted poly(meth) acrylamides have been synthesized,
and their LCST values were investigated.185 Poly(N-n-
propylacrylamide) (PNNPAM)205,206 had a LCST of 10 °C
compared to 32 °C of PNIPAM, suggesting that hydrophobic
geometry affects the transition temperature (Table 2). LogP is
the octanol−water partition coefficient of a molecule, which is
commonly used as a quantitative measure of molecular
hydrophobicity.207 A higher LogP indicates stronger hydro-
phobicity. The LCST of poly(N-cyclopropylacrylamide)
(PNCPAM), in which iso-propyl of PINPAM is replaced by
the less hydrophobic cyclo-propyl group, occurs around 53 °C.
Poly(N,N-diethylacrylamide) (PDEAM) displayed a phase
transition temperature similar to that of PNIPAM at 33 °C.208

Table 2. Structures, Hydrophobicity of Repeating Units and Phase Transition Temperatures of Several Representative N-Alkyl-
Substituted Poly(acrylamide)s
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The LCST of poly(N,N-ethylmethyl acrylamide) (PNEMAM)
shifted to a much higher temperature of 70 °C. It is worth noting
that the poly(N,N-dimethyl acrylamide) did not show phase
transition behavior below the boiling point of water.209 The
hydrophobicity of PNIPAM can also be controlled by
incorporating an additional alkyl group in the backbone instead
of side chains. Poly(N-isopropyl methacrylamide) has a LCST at
45 °C, which indicates that restricting the rotation freedom of the
polymer backbone can increase the transition temperature and is
opposite to that in the side chain.
Salt can greatly impact the solubility of proteins.210 The

structure of water in the vicinity of different solute ions has been
studied for many decades.211 Hofmeister initially observed that
different salts have contrasting effects on protein solubilities.212

The ions are divided into kosmotropes or chaotropes depending
on their ability to make or break water network structures,
respectively. Kosmotropes decrease protein solubility in water
whereas chaotropes increase the solubility.213 Salt also critically
affects the physicochemical properties of synthetic polymers.
The Cremer group reported the salt effect on the thermores-
ponsive behavior of PNIPAM. They found that increasing the
concentration of NaCl led to a decrease of LCST. They then
expanded the ion effect on PNIPAM to the entire Hofmeister
series.214 Specific anions’ ability to lower the LCST of PNIPAM
followed the Hofmeister trend in protein solubility (Figure
13).215 Mechanistic investigation indicates that chaotropic

species lowered the LCST via change of surface-tension, which
triggers hydrophobic collapse. For kosmotropic anions, the
surface-tension and polarization of hydrated water molecules are
both important in regulating the transition temperature of
PINPAM. In a follow-up study, Zhang et al. found that the effect
of Hofmeister anions on the LCST of PINPAM was molecular
weight-dependent.216

The promise of PNIPAM in biomedical applications has
inspired further development of other thermoresponsive
polymers. The Gibson group synthesized a series of poly-
(acrylamide)-based polymers with cyclic alkyl groups as N-
substituents.193 Poly(N-vinylpiperidone) (PVPip), with a six-
member-ring side chain, showed a LCST between 65 and 90
°C.217 The phase transition temperature of poly(N-vinyl-
caprolactam) (PVCap) shifted to a lower 40 °C with a seven-
member-ring side chain.218,219 Although PVPip and PVCap
demonstrated similar hydrophobicity-dependent phase transi-
tion behavior, they also showed significant molecular weight-

dependent LCST shift, which is different from the case of
PNIPAM.
The Zhang group synthesized a series of N-ester-substituted

poly(acrylamide)s and systematically investigated their LCST
behavior.220 In one of their polymer series, poly(N-acryloylgly-
cine methyl ester) (PNAGME), the melting temperature
displayed strong molecular weight dependence. The LCST
decreased from 57 to 42 °C when the polymerization degree
increased from 20 to 180. They also observed that increasing the
concentration of NaCl shifted the LCST to a lower temperature.
New thermoresponsive nanomaterials have also been

developed by coating these polymers onto the surface of
different solid nanoparticles. Edwards et al. demonstrated that
poly(ethylene glycol) methacrylate (PEGMA) coated gold
nanoparticles facilitates their transport across an oil/water
interface above the LCST.221 Boyer et al. prepared a series of
thermoresponsive block copolymers with tunable phase
transition temperature by altering monomer compositions.222

The Tenhu group reported the development of thermores-
ponsive nanoparticles by grafting PNIPAM brushes on the
surface of gold nanoparticles.223 Increasing the molecular weight
of PNIPAM resulted in the decrease of LCST. They also found
that a decrease in gold nanoparticle size resulted in a small
increase of phase transition temperature. Klok and co-workers
observed similar size-dependent thermotransitions in their
system.192

4.3. Thermoresponsive Elastin Like Polypeptides (ELPs)

Elastin is an elastic protein that allows tissues to resume their
original shape after stretching or contracting.224 Elastin-like
polypeptides (ELPs) are synthetic polymers inspired from
mammalian elastin. Early pioneering work by Urry and co-
workers identified a pentapeptide repeat, VPGXG, where X
refers to any natural amino acid except proline for the
development of ELPs.225 These polymers display thermal
transitions with an LCST similar to that of PNIPAM. The
thermoresponse and biocompatibility make ELPs ideal materials
for different biomedical applications (Figure 14).226

4.3.1. Cooperativity in Supramolecular Self-Assembly
of ELPs. Elastin-like polypeptides can be genetically engineered
with precise control of peptide sequence and chain length.
Mechanistic investigation of ELPs elucidates the key factors that
impact their phase transition temperature. The ELPs have also
been used to investigate the physical behavior of intrinsically
disordered proteins (IDPs).227 The Hinderberger group
pioneered the study of the temperature-triggered reversible
phase transition behavior of ELPs (Figure 15).228 They showed
that the hydration layers can vary depending on the composition
of hydrophobic side chains and amide backbones. A strongly
coupled hydration state can lead to a cooperative dehydration of
both segments. Chilkoti and co-workers established an empirical
model to predict the transition temperature of ELPs from amino
acid composition, peptide chain length, and concentration in
phosphate buffered saline.229 They also performed molecular
simulation of the LCST behavior of ELPs.230 Increase of
temperature can lead to a gradual conformational change of
ELPs, arising from the formation of more ordered secondary
structures. Higher temperature also exposed the hydrophobic
side chains of valine to water, contributing to the collapse of
polypeptide chains.

4.3.2. Tunable Phase Transition Temperature of ELPs.
It is generally accepted that the folding and phase transition
behavior of proteins is encoded in its amino acid sequence.

Figure 13. LCST values of PNIPAM over a broad range of anion
concentrations in the Hofmeister ion series. Reprinted with permission
from ref 215. Copyright 2005 American Chemical Society.
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Mutation of key residues in a protein can result in dramatic
alteration of property and function.231,232 Elastin-like polymers
contain a specific amino acid sequence that is critical for their
thermosensitivity. The temperature-induced phase transition of
ELPs is affected by pH, ionic strength, and polymer molecular
weight. It is also expected that alteration of key residues may also
significantly impact their phase transition behavior.
The Rodriguez-Cabello group reported a series of model

elastin-like polymers to investigate how amino acid sequence
affects solution−gel transition temperature.233 They synthesized
three types of ELPs with the same molecular weight and
composition but different sequences. The LCST values of the

Figure 14. Different methods for drug delivery using elastin-like polypeptides (ELPs) in vivo. Reprinted with permission from ref 226. Copyright 2010
Elsevier Ltd.

Figure 15. Coupled hydration layers (left to right) lead to cooperative
dehydration of water molecules surrounding the ELP chains. Reprinted
with permission from ref 228. Copyright 2013 American Chemical
Society.

Figure 16. Effect of amino acid composition (left panel) and number of repeating units (right panel) on the LCST values of elastin-like polymers.
Reproduced from ref 235. Copyright 2015 Nature Publishing Group.
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three ELP structural isomers (E100A40, E50A40E50, and
E50A20E50A20) were 43.8, 47.1, and 60.1 °C, respectively.
These data showed that the arrangement of polymer blocks
greatly impacted the LCST of ELPs. In another systematic
comparison,234 they found that the transition temperature
decreased with the increase in polymer chain length.
Quiroz et al. recently reported a number of elastin-like

polymers with variable lower or upper critical solution
temperatures.235 They screened a library of ELPs offering
heuristic evidence to identify proteins that may display thermal
responsiveness and established the foundation for encoding their
phase transition behavior at the sequence level. Mutation of key
residues or insertion of additional amino acids in each repeating
unit drastically shifted the phase transition temperature (left
panel, Figure 16).235 Further examination of different sequence
parameters showed the number of repeating units or molecular
weight played an important role in controlling the LCST (right
panel, Figure 16).235 The phase transition temperature also
showed linear correlation with polymer concentration in one
specific example. A change of environmental conditions such as
pH or salt concentration also resulted in the shift of phase
transition temperature.
Cho et al. investigated the effect of ion species and

concentration on the reversible gelation temperature of
ELPs.236 Temperature-triggered hydrophobic self-assembly of
ELPs generally followed the Hofmeister trend. Mechanistic
investigation suggested that kosmotropes increased the LCST by
polarizing interfacial water molecules in the hydration shell of
ELPs. Chaotropic anions lowered the gelation−solution
transition temperature via reduced surface tension. These
observations were in agreement with previous conclusions in
the poly(N-isopropylacrylamide) (PNIPAM) system.
The Holland group reported that the molecular architecture

also impacted the thermal phase transition of ELPs.237 They
designed a star-shaped elastin-like polypeptide and compared its
LCST behavior with the linear analogs. Melting curve analysis
showed that the transition temperature of both the linear and star
ELPs decreased with the increase in concentration. Their results
also showed that the molecular architecture andmorphology also
contributed to the folding of ELPs chains.

4.4. Ultra-pH Sensitive (UPS) Nanoparticles

Dysregulated pH is considered to be a distinct characteristic of
tumors as described by Barber and co-workers.238 Cancer cells
have increased intracellular pH (pHi) and decreased extracellular
pH (pHe) compared to normal tissues.238 The increased pHi

protects the cancer cells from apoptotic cell death, facilitates cell
proliferation, and is necessary for cell migration. The decreased
extracellular pH,239−242 or tumor acidosis, activates proteases for
matrix remodeling and cancer metastasis. Highly glycolytic
tumors are shown to have an acidic extracellular pH by Gillies
and others.243 In addition to metabolic abnormality, impaired
lymphatic drainage may further contribute to the accumulation
of acidic metabolites inside the tumors. Extensive investigations
suggest that regardless of the bioenergetic types of tumors, tumor
acidosis is a persistent characteristic of solid cancers.244−248

Targeting tumor extracellular acidity offers a viable strategy for
cancer staging and drug delivery.183,184,249−252 These pH-
responsive nanocarriers can be classified into two categories:
polymers with ionizable moieties and polymers with cleavable
covalent linkages.251,253 Ionizable polymers employ a non-
covalent strategy to achieve pH sensitivity, where dissociation of

carboxylic acids or protonation of amine groups occurs at
different pH values.
Carboxylic acid-based hydrogels and their pH-triggered drug

release behavior were first reported in the 1950s.254 These
hydrogels undergo pH-driven swelling upon ionization in
aqueous medium, and the apparent pKa of carboxylic acids in
these hydrogels varies with the monomer structure, copolymer
composition, and surrounding environment. Philippova et al.
reported the impact of hydrophobic groups on the pH response
in the poly(acrylic acid) hydrogels.255 Hydrophobic n-alkyl
acrylates were blended in the poly(acrylic acid) network. Data
showed that hydrophobic modification increased the apparent
pKa of poly(acrylic acid)-based pH-responsive hydrogels.
The Bae group developed polymeric sulfonamides for

cytosolic delivery of nucleic acids.256 These polymers had a
reversible phase transition at pH 7.4. The research groupwas able
to lower the pKa to the endosomal pH range by copolymerization
with N,N-dimethylacrylamide (DMAAm) monomers. The pKa
of the obtained copolymers shifted from 6.9 to 6.1 as the feeding
ratio of hydrophilic DMAAm increased from 50% to 90%.257 In
another study, Kang et al. reported that the pKa and buffering
effect of oligomeric sulfonamides (OSAs) are influenced by the
hydrophobicity of the sulfonamide monomer.258 Park et al. also
found that the pKa of polymers containing sulfonamide groups
showed polymer concentration dependence where higher
concentrations led to an increased transition pH.259

Gao and co-workers reported a library of ultra-pH sensitive
(UPS) nanoparticles for tumor-targeted imaging and drug
delivery applications.260−266 The UPS nanoparticles are
composed of block copolymers of PEO-b-PR, where PEO is
poly(ethylene oxide) and PR is a hydrophobic block with
multiple ionizable tertiary amines (Figure 17).262 At pH below
the apparent pKa, the copolymers with protonated ammonium
groups stay in solution as unimers. Upon pH increase, the PR

Figure 17. Schematic design of ultra-pH sensitive (UPS) nanoparticles.
Different hydrophobic side chains were used to fine-tune the pH
transition of the resulting copolymers. Reprinted with permission from
ref 262. Copyright 2011 Wiley-VCH.
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segments become neutral and associate into core−shell micelles.
When fluorescent dyes are conjugated onto the hydrophobic PR
segment, the UPS systems display a sharp pH transition with
over a 100-fold increase in fluorescence intensity within 0.25 pH
unit, which allows precise imaging of acidification of tumors or
endocytic organelles.260,265

4.4.1. Cooperativity in Reversible Protonation of UPS
Block Copolymers. The sharp pH transition, absent in
commonly used small molecular and polymeric pH sensors,
inspired the mechanistic investigation on the molecular basis of
the cooperative response. The authors first compared the pH
responsive behavior of pH-sensitive small molecules or polymers.
pH titration results showed that NH4Cl (pKa = 10.5) and
chloroquine (pKa = 8.3), commonly used lysosomotropic agents
to manipulate the pH of endocytic organelles, had typical broad
pH responses in the range of pH 7 to 11. pH titrations of several
extensively investigated pH-sensitive polymers including poly-
ethylenimine (PEI),267 poly(L-Lysine) (PLL),113 chitosan,268

and poly(L-Histidine) (PLH)114,269 showed different degrees of
broad pH response compared to small molecular bases. In

contrast, pH titration of three UPS polymers (PDPA, PDBA, and
PD5A with propyl, butyl, and pentyl side chains, respectively)
showed initial pH decrease after HCl addition followed by a
remarkable plateau, indicating a strong buffer effect and ultra-pH
response. A plot of pH transition sharpness as a function of the
octanol−water partition coefficient (LogP) of the repeating unit
from different polymers suggested that the hydrophobic
micellization contributed to the sharp pH transition of UPS
nanoparticles.
Dialysis and 1HNMR experiments were used to investigate the

pH-triggered self-assembly process. Collective evidence in-
dicated that the micelle phase transition is responsible for the
bistable protonation states along the titration coordinate. This
all-or-nothing divergent proton distribution between the unimer
and micelle states is a hallmark of positive cooperativity (Figure
18).270

4.4.2. Tunable pKa and pH Transition Sharpness. Ma et
al. reported a copolymerization strategy to fine-tune the pKa of
UPS block copolymers (Figure 19).261 A library of UPS
nanoprobes was established to cover a broad physiological pH

Figure 18. Schematic illustration of distinctive deprotonation pathways by two structurally related copolymers, PEO-b-PDMA and PEO-b-PDPA.
Increase in hydrophobicity of the PDPA copolymers led to an “all or nothing” cooperative deprotonation phenotype but not in PDMA copolymers.
Reprinted with permission from ref 270. Copyright 2016 Nature Publishing Group.

Figure 19.UPS library consisting of sharp pH threshold nanosensors spanning a wide physiological pH range from 4 to 7.4. Reprinted with permission
from ref 261. Copyright 2014 American Chemical Society.
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range from 4 to 7.4, where polymers with more hydrophobic
repeating units displayed lower pKa. Readily tunable pKa may
offer exciting opportunities to target endosomes for the cytosolic
delivery of diagnostic and therapeutic agents before reaching
lysosomes.271−276

In a recent study, Li et al. reported a quantitative correlation
between the hydrophobicity of repeating units of UPS block
copolymers and their pKa values.

277 They also expanded the
composition of UPS nanoprobes to polymers with aromatic side
chains. In the same study, they showed that both anionic species
and salt concentration affect the apparent pKa of UPS
copolymers. Higher salt concentration led to the increase of
apparent pKa (Figure 20).277 When sodium chloride concen-
tration increased from almost zero to 0.15 M, the pKa values of a
representative polymer increased by 1.1 pH unit. Moreover,
chaotropic anions (ClO4

−) had the most impact whereas
kosmotropic anions (SO4

2−) had the least effect on the apparent
pKa.

4.5. pH-(Low) Insertion Peptides (pHLIPs)

Many proteins in living systems display a unique pH-dependent
membrane insertion property.278−282 pHLIP peptides consist of
about 36 amino acids. In acidic environments, pHLIPs can insert
across the cell membrane with increased accumulation in acidic
tissues (Figure 21).283 In the acidic tumor environment, the low
pH-driven insertion characteristics were exploited for the
development of tumor-targeted imaging agents and drug delivery
systems.284

In 2007, Engelman and co-workers reported a fluorescently
labeled pHLIP for tumor imaging.285 The imaging probe
identified solid tumors with good signal-to-noise ratio (3−5
times higher in tumors than adjacent normal tissues) and was
stable over 4 days. A pHLIP-based delivery system was also
reported for the transport of phalloidin, a cell-impermeable toxin,
into the cytoplasm of cancer cells.286 The pHLIP peptide

inserted its C terminus across the cell membrane at lower pH,
which allowed for triggered release of toxin through the cleavage
of a disulfide bond. Proliferation of multiple cancer cell types was
inhibited. Nitin and co-workers designed an Alexa-647 labeled
pHLIP for the imaging of variations in extracellular pH in head
and neck squamous cell carcinoma. The fluorescence intensity is
4−8-fold higher in cancer tissues over healthy tissues.
The molecular mechanism and principles of pKa control were

extensively studied. Weerakkody et al. reported the structure−
property correlations in altering the transition pKa of pHLIPs by
screening a library of 16 rationally designed peptides.287 It was
found that the pKa values of pHLIP variants were sequence-
dependent. For example, the variants with Asp residue generally
displayed a lower pKa while the analogs containing Glu residues
usually had a higher pKa. In another study, they showed that the
pKa of pHLIPs shifted to a lower pH as the hydrophobic
thickness of the membrane increased.288 Both the composition
of the peptides and the physical properties of the lipid bilayers
impacted the pH-triggered membrane insertion process and
ensuing tumor targeting, organ distribution, and blood clearance
outcomes.
It was postulated that pHLIPs can exist in three distinctive

states: unstructured and soluble state in aqueous solution,

Figure 20. Chaotropic anions and concentration impacted the pH transition of UPS micelles. Using PEO-b-nPDPA as an example, the effects of NaCl
(a), Na2SO4 (b), and NaClO4 (c) at different salt concentrations on pH titration are presented. (d) The apparent pKa is ion species and ionic strength
dependent. Reprinted with permission from ref 277. Copyright 2016 Royal Society of Chemistry.

Figure 21. Schematic illustration of pHLIP’s interaction with lipid
bilayers at neutral and acidic pH. State I refers to the free peptide
conformation at high pH. State II describes the adsorption of the
unstructured peptide on the membrane surface. At state III, acidification
allows the protonation of Asp residues with increased hydrophobicity
and results in the formation of a transmembrane α-helix. Reprinted with
permission from ref 283. Copyright 2010National Academy of Sciences.
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unstructured and binding state to the outer leaflet of the cell
membrane, and α-helical state after membrane insertion in
response to acidic pH signal.289 The two aspartic acid residues
were critical for the observed pH-induced membrane insertion
behavior.290 These residues are negatively charged at neutral or
basic pH, which prevents insertion into the phospholipid bilayers
due to electrostatic repulsion. At low pH, the protonated
carboxylate groups enable the reduction in polarity leading to the
conformation change and membrane insertion. Previous
investigations have shown that the formation of an α-helix is a
cooperative process.291 Engelman and co-workers reported that
increasing the number of ionizable residues can promote the pH-
dependent cooperative membrane insertion process (Figure
22).292,293 Protonation of the initial Asp allowed peptides to
insert into the cell membrane partially. Consequently, exposure
in the membrane environment drives further protonation of the
adjacent Asp, leading to a positive feedback and complete

membrane insertion. The cooperative insertion process was
further validated by the mutation of conformation-restrained
proline residue by glycine.288 Data show that the proline at
position 20, midway through the transmembrane region, is
crucial for pH-induced insertion activity. Replacement of
proline-20 by glycine resulted in variable insertion over a broader
pH range, suggesting reduced cooperativity compared to wide
type pHLIPs.

5. MOLECULAR MECHANISM OF SUPRAMOLECULAR
COOPERATIVITY

Cooperativity is universally found in the nanoscale systems
where identical or near-identical components self-assemble into
multicomponent structures through a multitude of noncovalent
interactions. Cooperativity can be described as the synergistic
process in which individual components interact with each other
to accelerate or facilitate the formation of a multicomponent

Figure 22. Molecular description of membrane insertion by pHLIPs. The insertion and folding of peptide chains appear without intermediate states,
indicating a positive cooperative process. Reprinted with permission from ref 293. Copy right 2012 Elsevier Ltd.

Figure 23.Different types of molecular cooperativity. (a) Allosteric cooperativity: binding of component B changes the conformation of component A
and opens a new binding site for component C. (b) Preorganization of complex AB renders intramolecular binding between A and C to facilitate the
formation of complex ABC. (c) Preorganization of complex AB provides additional stabilization between B and C to drive the formation of complex
ABC.
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complex, which is usually the most thermodynamically favorable
state. Cooperativity can be manifested in either intramolecular
(e.g., protein folding) or intermolecular (e.g., micellization)
processes.
Mechanistically, nanoscale cooperativity can be broadly

categorized into two types: allostery and preorganization.25,60

In allosteric cooperativity, binding between A and B induces
conformational change of A, which results in increased binding
affinity for component C (Figure 23a). Compared to the free
state A, the formation of AB complex opens a new binding site on
A with enhanced binding affinity for C. In the preorganization
model (Figure 23b), the initial complexation of A and B
decreases the number of nonproductive configurations and
thereby reduces the entropic cost of bringing C into the bound
state from its free state. Preorganization promoted cooperativity
can further be augmented by the additional interactions (Figure
23c). For example, initial formation of complex AB not only
facilitates the binding between A and C, additional interactions
between B and C render gains in free energy of binding that
further drive the formation of complex ABC. It should be noted

that these two types of cooperativity are not mutually exclusive
and can occur concurrently in the same nanosystem.
5.1. Origin of Cooperativity

5.1.1. Cooperative Folding of Proteins. Scientists have
long studied the impact of amino acid sequence on a protein’s
native structure and the stochastic nature of the folding process.
A “folding funnel” hypothesis is proposed in an energy landscape
model (Figure 24).294,295 The transition states, the energy barrier
that denatured conformations must overcome in order to fold
into the native state, are represented by the saddle points on the
surface of the above landscape. Superimposed on the surface are
intermediate states that represent different stages of the
progressive folding process. The folding funnel theory assumes
the existence of many non-native local minima of free energy,
where partially folded proteins are trapped.
The folding funnel theory hypothesizes that hydrophobic

collapse plays an essential role in the folding of proteins.
Hydrophobic interaction between amino acids’ side chains
stabilizes the intermediate states and in the folded domains. The
free energy of folded structures can be further lowered by the

Figure 24. Folding funnel model to describe protein folding. Intermediate structures collapse into the native state mainly driven by hydrophobic
interactions. Reprinted with permission from ref 295. Copyright 2003 Nature Publishing Group.

Figure 25. Cooperative gating of the Hv1 channel where both subunit channels stay either open or closed. Reprinted with permission from ref 299.
Copyright 2010 Nature Publishing Group.
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relocation of charged side chains on the surface of proteins or the
formation of salt bridges to balance the charges in the core. The
interplay of many types of noncovalent interactions contributes
to the observed positive cooperativity, a hallmark of protein
folding.296

The dynamic coupling between the interactions which
stabilizes a packed natural state determines the cooperativity of
the folding landscape. In other words, cooperativity implies a
favored protein folding pathway to the native state. Strong
coupling between the stabilization forces will lead to a
cooperative two-state transition in protein folding as observed
in the self-assembly of small globular proteins.297,298

5.1.2. Cooperative Activation of Ion Channels. In
voltage-gated channels (e.g., Na+, K+ and Ca2+), separate protein
domains are responsible for ion conduction and voltage sensing.
Isacoff showed that the two subunits of the human hydrogen
voltage-gated channel 1 (Hv1) affect one another during gating
with positive cooperativity.299 Opening of either subunit favors
the opening of the other one dramatically. This model correlated
with the experimental observation that the two pores of Hv1
tended to stay either both open or closed (all or nothing) (Figure
25).299

5.1.3. Cooperative Dehydration of Thermoresponsive
Polymers. Tanaka and co-workers proposed a “pearl-necklace”
model to describe the cooperative hydration process in the
solvation of PNIPAM polymers (Figure 26).199,300 When a water

molecule initiates a hydrogen bond with an amide group in the
backbone, it results in displacement of the isopropyl group to
enable the second water molecule to form another hydrogen
bond. Consecutive hydration of water molecules behaves like a
pearl-necklace type along the polymer chain. When temperature
increases, each sequence can be dehydrated cooperatively,
leading to the collective collapse of the polymer chain and
observed sharp melting curve. In a separate study, Wu and co-
workers have discovered the presence of a molten globule state
along the thermal transition coordinate of a single PNIPAM
chain, which resembles that in protein folding.301 The molten
globule state is characterized by a dense core and a molten shell,
which suggests a heterogeneous assembly process during phase
transition.
5.1.4. Hydrophobic Micellization-Driven Cooperative

Protonation. A polymeric allosteric model was proposed by Li
et al. to describe the pH-triggered phase transition of ultra-pH
sensitive block copolymers.270 The polymer chains with multiple

ionizable tertiary amines were considered as a multisite receptor
and the protons as monovalent ligands. Experimental data
showed that the copolymers in the micelle state were mostly
neutral, whereas the majority of the tertiary amines were
protonated in the unimer state in solution. In the protonation of
UPS polymers, the micelles initially created a hydrophobic core
to prevent the protons from ionizing the tertiary amines (Figure
27). Protons cannot break through the hydrophobic barrier until

a critical pH threshold (or a critical proton concentration) is
reached. Once protonation started, the ionized ammonium
groups are hypothesized to expose the hydrophobic chains to the
aqueous environment, which facilitates the protonation of the
remaining tertiary amines. The reversed deprotonation process
also displayed strong pH cooperativity following the “loss of
protonsincrease of hydrophobicitypolymer condensation”
cycle. The hydrophobic micellization-driven cooperativity leads
to a Hill coefficient of 51 and shifts the pKa from alkaline pH to
acidic pH (e.g., 9 to 5).
5.2. Quantitative Analysis of Cooperativity

Hunter and Anderson described different kinds of cooperative
behaviors in multicomponent complexes.302 Among these,
allosteric cooperativity is best understood, where binding a
ligand to a multisite receptor will affect the binding affinity of the
next ligand as a result of conformational changes (Figure 28a, b).
Allosteric enzymes change conformation upon the binding of the
first substrate, which affects the binding of molecules at other
sites. Cooperativity is also commonly found in bivalent binding
processes such as cell adhesion and chelation (Figure 28c, d). A
bivalent ligandmay bind to a bivalent receptor at either site. After
the first binding, subsequent binding becomes an intramolecular
event with reduced entropic cost.60 Polyvalent ligand may
pertain to multiple distinct binding elements, which can be
identical or dissimilar.303 For multivalent interactions, valence
over [3 + 2] can lead to physical cross-links and phase
condensation as shown previously in the nephrin/Nck/N-
WASP system (Figure 7).76−78,193 The third type of coopera-
tivity is found (Figure 28 e) in the oligomerization or

Figure 26. Pearl-necklace model to describe conformation change of
polymer chains by cooperative hydration. Reprinted with permission
from ref 199. Copyright 2005 American Chemical Society.

Figure 27. (a) No positive cooperativity in the protonation of
hydrophilic polymers. (b) Hydrophobic phase separation (micelliza-
tion) drives cooperative protonation or deprotonation of ionizable
groups at a threshold proton concentration. Free proton concentration
remains the same during pH titration.
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polymerization of amyloid peptides,304 actin strands,305 and

other polymer systems.163 Similar to the allosteric scenario, initial

organization of repeating units such as nucleation makes the

subsequent binding more favorable and triggers cooperative self-

assembly. Recently, Cheng and co-workers reported a cooper-

ative synthetic polymer system.306 This polymer can catalyze its

own chain elongation. Initial formation of α-helices accelerates

the polymerization rate due to cooperative interactions of

macrodipoles between neighboring α-helices.
To determine whether a protein−ligand binding process

exhibits any cooperativity, binding parameters of the ligand to the

protein are first quantified at varying concentrations of the ligand.

In a representative case, θA is defined as the molar fraction of

protein binding sites that are occupied by the ligand of interest.

For a process with no cooperativity, it takes about 100-fold

change in ligand concentration to increase the site-occupancy

from 10% to 90%. If a system displays positive cooperativity, it

takes smaller changes in concentration for the same increase in

occupation percentage. For allosteric systems such as in protein−
ligand interactions, a Hill plot is often used to quantify

cooperativity.307−309 In practice, the Hill plot is obtained by

plotting log(θ/(1 − θ)) versus logarithmic concentration of

ligands (eq 1).
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The Hill coefficient nH, corresponding to the slope of this plot
measured at 50% saturation, is used to quantify the cooperativity
strength experimentally. A Hill coefficient of one suggests no
cooperativity in the binding process. A Hill coefficient of greater
or less than one indicates positive or negativecooperativity,
respectively.
The Hill coefficient is widely used in allosteric binding

studies.310 Many pharmacokinetic−pharmacodynamic models
reported the use of the Hill equation to quantify the nonlinear
drug dose−response relationships. Other quantificationmethods
have also been developed in different self-assembly systems
where a Hill plot is not applicable or not very accurate. Yifrach
showed that a modified Boltzmann equation can estimate the
degree of cooperativity in voltage-dependent ion channels.311

This approach allowed the quantification of the steady-state
cooperativity of ion channels and enzymes.312 Camara-Campos
et al. reported the use of double mutant cycles to investigate
chelate cooperativity in multiple hydrogen-bonded com-
plexes.313 This method allowed for the delineation of the free
energy contribution associated with the intramolecular non-

Figure 28. Cooperative associations in ligands (pink) and receptors with multiple binding sites (blue). Allosteric cooperativity: initial binding of ligand
induces conformational change of receptors and increases the binding affinity of the same ligand (a) or a secondary ligand (b). Multivalence
cooperativity: anchoring of first ligand brings the unoccupied binding site closer to free ligand and increases binding affinity of ensuing the same (c) or
different ligand (d). (e) Cooperative oligomerization or polymerization triggered by initial self-organization of several repeating units.
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covalent interactions. Ercolani proposed a method to quantita-
tively evaluate the cooperativity in helicate and porphyrin
ladders.314 He defined a new parameter, statistical stability
constant, to evaluate the cooperativity.
A binding isotherm from a receptor−ligand titration study

(e.g., fluorescence anisotropy315 and isothermal titration
calorimetry316) is another common methodology to analyze
cooperativity. Saykally reported the use of far-infrared vibration−

rotation tunneling (VRT) spectroscopy to quantify hydrogen
bond cooperativity.317 The Mariuzza group employed a surface
plasmon resonance method to quantify the strength of binding
cooperativity in a three-component complex.318 Their method
for the quantification of cooperativity strength may probably be
applicable in modeling more complicated protein assemblies.
The Hill coefficient of oxygen binding to hemoglobin is in the

range 1.7−3.2.319 Berg group’s investigation in E. coli indicated

Figure 29. (a) Binding isotherm and (b) Hill plot of small molecular base DPA (dipropylaminoethanol), polymeric bases of PEI (polyethylenimine),
PEO-b-PDMA (poly(ethylene oxide)-b-poly(2-(dipropylamino) ethyl methacrylate)), and PEO-b-PDPA (poly(ethylene oxide)-b-poly(2-
(dipropylamino) ethyl methacrylate)). DPA and PEO-b-PDMA showed no cooperativity. PEI displayed negative pH cooperativity, and PEO-b-
PDPA showed strong positive cooperativity. (c) Binding isotherm and (d) Hill plot of PEO-b-PDPA copolymers with different numbers of repeating
units in the hydrophobic segment. Increase of hydrophobic chain length led to stronger positive cooperativity and sharper pH response. Reprinted with
permission from ref 270. Copyright 2016 Nature Publishing Group.

Figure 30. Cooperative nanomedicine with improved precision and specificity. (a) Schematic illustration of stimuli-responsive nanomedicine. (b)
Compared to noncooperative systems, small changes in target signals can lead to amplified response in cooperative systems. T refers to the target species
(e.g., proton) or signals (e.g., heat). (c) Tunable transition of cooperative systems enables precise control of signal activation at a predetermined
threshold to enlarge the therapeutic window.
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that assemblies of bacterial chemoreceptors work cooperatively
with a Hill coefficient ranging from 1.4 to 3.8.320 Their results
were consistent with several previous reports that long-range
cooperative interactions can serve as a general mechanism for
signal amplification.321−323 The maturation of Xenopus oocytes
with hormone progesterone operates in an all-or-nothing
manner. The cooperative response is generated by the
mitogen-activated protein kinase (MAPK) cascade.324 Analysis
of individual oocytes suggested that the response of MAPK to
progesterone was equivalent to that of a cooperative enzyme with
a Hill coefficient of 35.
Li et al. quantified the pH cooperativity of UPS polymers

(Figure 29).270 The Hill coefficients of ultra-pH sensitive block
copolymers were around 51, compared to 1 of commonly used
small molecular bases. They showed that the cooperativity can be
further strengthened by increasing the hydrophobic chain length.
The cooperativities in similar anion-induced self-assembly
systems were also investigated.270,325 The Hill coefficient ranged
from 5 to 30 depending on the anion species. The self-assembly
process was driven by a novel micellization process induced by
the chaotropic anions.325,326

6. SUPRAMOLECULAR COOPERATIVITY IN
ADDRESSING THE CHALLENGES IN MEDICINE

Nanoscale cooperativity can be exploited in the design of
activatable nanomedicine with increased biological precision and
specificity. These nanostructures can be designed to stay in the
inactive state at normal physiological conditions but become
activated at the site of disease to achieve diagnostic and
therapeutic functions (Figure 30a). The release of imaging
signals or payloads can be triggered by physical (ultrasound, heat,
light), chemical (pH, redox potential), or biological (enzyme,
DNA) stimuli. Compared to noncooperative systems, cooper-
ative nanostructures can respond to stimuli more rapidly and
efficiently (Figure 30b). Small changes in the amount/
concentration of target signals ([T]) are able to elicit large
signal changes in diagnostic or therapeutic outcomes. Another
benefit of the cooperative system is the ability to fine-tune the
threshold of stimuli response, which can be used to target
selective oxygen pressure, pH, or temaperature (Figure 30c) to
enlarge the therapeutic window. The precise spatiotemporal
control of the activation of functionalized nanoparticles will be
further discussed in this section with selected cooperative
nanomedicine systems.

6.1. Targeted Drug Delivery

A fundamental challenge in medicine is the efficient delivery of
therapeutic cargos into the targeted cells. In cancer, solid tumors
usually show anatomical and pathophysiological properties
different from those of normal tissues. For example, tumors
have leaky vasculature and impaired lymphatic systems that can
lead to accumulation of nanoparticulates, a phenomenon termed
as the enhanced permeability and retention (EPR) effect.327,328

Although drug-loaded nanoparticles with optimized diameter
and surface chemistry have been designed to take advantage of
the EPR effect to accumulate in tumor sites, cancer cells develop
drug resistance over time.329,330 To overcome drug resistance,
active targeting strategies have been developed.331 Ligands are
functionalized onto the surface of nanoparticles by various
conjugation chemistries. These ligand-encoded nanoparticles
can specifically bind to the receptors on the surfaces of targeted
tumor cells after extravasation. The bound nanocarriers can be
internalized via endocytosis, enabling the intracellular release of

drugs. Such active targeting methods can overcome the efflux-
pump mediated drug resistance with increased intracellular drug
concentration.332

The internalization of drug-loaded nanoparticles is dependent
on receptor-mediated endocytosis. Both the initial binding
events and ensuing cell uptake can be enhanced by multivalent
binding (Figure 31). The multivalent binding process may

display positive cooperativity, where binding of one ligand on the
nanoparticles will facilitate further binding events for the
neighboring ligands.333,334 For example, in multiple folate
receptor binding, the nanoparticle-cell association is enhanced
by more than 2,500-fold.335 Multivalent antiviral and anti-
inflammation therapeutics also showed significantly improved
potencies compared to corresponding monovalent counter-
parts.336 The overall binding affinity of ligand-modified nano-
particles to targeted cells generally increases with an increasing
ligand density. However, too high a ligand density may result in
the decrease of binding affinity due to unfavorable steric
crowding, where the ligand may have limited conformational
freedom to effectively bind to the target molecules.
Besides naturally existing cell surface receptors (e.g., folate

receptor),337 rapid advances in bioorthogonal chemistry have
inspired the metabolic labeling of cancer cells for the targeted
delivery of nanomedicine.338 Metabolic labeling artificially
introduces chemical receptors onto the cell surfaces and enables
a “two-step” targeting strategy. This strategy is especially useful
for delivering therapeutics without nascent biomarkers. Recently,
Kim and co-workers developed an active targeting strategy
through Cu2+ free bioorthogonal chemistry.339 Unnatural sialic
acids with azide groups were introduced on the cell surface of
tumors via metabolic glycoengineering, which effectively
enhanced the accumulation of nanoparticles by multivalent
interactions.
6.2. Biological Sensing and Molecular Imaging

Biosensors usually rely on biological recognition of disease-
specific biomarkers where the signals are further processed by a
transducer.340 There are different categories of biosensor designs
including small molecules, peptides, aptamers, antibodies,
proteins, and different types of nanoparticles.341 One significant
drawback of conventional biosensing technology is that most
biosensors are analog sensors, where noise can be propagated
without signal amplification, leading to degraded signal-to-noise

Figure 31. Cooperative multivalent interactions increase the binding
avidity of ligand-conjugated nanoparticles to the cell surface.
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ratios. Use of nanomaterial biosensors has the potential to
overcome the deficiencies of commonly used biosensors.342−344

One such example is spherical nucleic acid (SNAs)-based
nanoflares.5 These nanosensors have been used in the molecular
sensing of a range of analytes including nucleic acids,345

proteins,346 small molecules,347 and metal ions.348 The
combination of an inorganic core and polyvalent oligonucleotide
shell offers advantages over unimolecular counterparts. A target
analyte such as nucleic acids can be recognized by two different
designs of SNAs. Subsequent binding of target sequences will
trigger the aggregation of the SNAs nanoparticles, which is
accompanied by a visible color transition. The aggregates exhibit
a narrow melting transition compared to duplex DNAs.171 A
single base pair mismatch, insertion, or deletion will result in a
shift of transition temperature that leads to the detection of target
nucleic acids with high specificity. Moreover, the high extinction
coefficient of gold nanoparticles allows for sensitive detection of
target molecules at lower concentrations than with conventional
dyes.
Recently, the Mirkin team applied the nanoflare technology to

detect circulating tumor cells (CTCs) in blood (Figure 32).349

Detection of CTCs offers early opportunities for metastatic risk
assessment. The nanoflares were designed to target mRNAs
(mRNAs) that code for protein biomarkers for breast cancer
cells. They were able to detect the genetic markers of CTCs in
blood with less than one percent false positive results. This
technique also successfully detected CTCs in a murine model of
metastatic breast cancer. This nano cooperativity-enabled
approach offers a new paradigm for tumor diagnosis and
personalized treatment.
6.3. Digitization of pH Signals by Threshold Sensors

Cancer is a heterogeneous disease that makes it challenging for
universal, cancer-specific detection.350 Most common strategies
in the development of tumor-targeted imaging agents focus on
cell surface proteins such as the folate receptor,351 chlorotox-
in,352 epidermal growth factor receptor,353 and some tumor-
associated antigens.354 Although various preclinical studies have
shown some success, the ability to detect a broad range of cancer
types is often not possible because of genetic or phenotypic
variability among different tumors.355,356 Tumor acidosis, which
is well recognized as a hallmark of cancer regardless of genotypes

and phenotypes, can be used as a universal target for cancer-
specific imaging and drug delivery.357−360 However, commonly
used small molecular pH sensors display broad pH response (2
pH units) and are not capable to differentiate subtle pH variation
between tumor and surrounding normal tissues.
To overcome these deficiencies, Zhao et al. reported a

transistor-like pH threshold sensor for the tumor-specific
fluorescent imaging of different types of cancers (Figure
33).361 The fluorescent nanosensor amplified the tumor acidosis
signals with discretized output while remaining silent in the
normal tissue. The binary on/off digitization of tumor pH and
surrounding normal tissue pH allows for clear tumor margin
depiction with high sensitivity and specificity. The real-time
image-guided surgery of primary tumors and occult nodules (<1
mm3) in mice bearing head and neck or breast tumors
significantly improved the long-term survival over white light
controls.
In a separate study, Wang et al. reported a hybrid ultra-pH-

sensitive (HyUPS) nanosensor design to digitize the luminal pH
of endocytic organelles in live cells (Figure 34).362 The HyUPS
nanosensor consisted of a mixture of three different copolymers
with each exhibiting a sharp (<0.25 pH) response at different pH
thresholds (pHt). HyUPS allowed for the quantification of
acidification kinetics of endocytic organelles at a single-organelle
resolution. Compared to a conventional analog pH sensor (e.g.,
Lysosensor), the HyUPS design does not require a calibration
curve before pH measurement and is less sensitive to
photobleaching. A digital barcode (e.g., 000, 001, etc.) can be
easily assigned based on the binary on/off signal output in each
fluorescence channel for each organelle, whereas Lysosensor
only measures the average endocytic pH from all the acidic
organelles (including Golgi) within each cell. This simple analog
to digital signal conversion allowed for fast quantification of
organelle pH and permitted identification of mutant Kras as an
oncologic driver for the accelerated acidification of endocytic
organelles in cancer cells.

6.4. On Demand Drug Release

Nanostructures that can be externally triggered to release drugs
on demand have the potential to improve therapeutic efficacy
with reduced toxicity.363 One major challenge in the design of
externally triggered drug release systems is the low sensitivity and
poor response. Long time exposure to external energy sources
may result in serious tissue damage and side effects. Nanosystems
with cooperative response to external stimuli can deliver
therapeutics more effectively and precisely.
Elastin-like polypeptides (ELPs) have been developed as

thermoresponsive micelles and liposomes for drug delivery.364

Liu et al. reported a local cancer radiotherapy consisting of ELPs
conjugated to a therapeutic radionuclide.365 This injectable
depot successfully delayed the tumor progression and showed
controlled advanced-stage cancers. Chilkoti and co-workers also
reported “heat activatable” drug-loaded ELP nanoparticles to
target solid tumors.366 The Kostarelos group reported a lipid-
peptide nanoplatform for sustained release of therapeutics
triggered by hyperthermia.367 The lipid-based nanoparticles
showed extraordinary stability in blood circulation at physio-
logical temperature. In vivo data by 14C-doxorubicin quantitation
illustrated significantly increased tumor accumulation at 24 h
after intravenous administration with hyperthermia. ELP-
functionalized plasmonic nanoparticles,368 liposomes,369 and
dendrimers370 were also developed. Besides cancer, ELP drug

Figure 32. Nanoflares for mRNA detection in circulating tumor cells.
Reprinted with permission form ref 349. Copyright 2007 American
Chemical Society.
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depot has also been investigated in applications for joint
degeneration,371,372 neuro-inflammation,373 and diabetes.374

The backbone of poly(β-amino esters) (PAEs) can be
degraded through hydrolysis under physiological conditions,
which improves their safety profiles in biomedical applications.
PAEs were employed in the design of gene/drug delivery
systems.375−377 However, the thermoresponsive behavior of
these polymers was less known and their phase transition
behavior was largely unexplored. Recently, Wang and co-workers
reported the temperature-induced phase transition behavior of
hyperbranched PAEs (HPAEs) (Figure 35).378 By varying the

length of the ethylene glycol spacers and the molecular weight of
polymers, the LCST of HPAEs was successfully fine-tuned in
aqueous environment. The sharp melting curves suggest strong
cooperativity in the reversible dehydration of these polymers,
which makes them another model system for the investigation of
molecular cooperativity in aqueous environment.

7. SUMMARY AND FUTURE PERSPECTIVE

Nanomedicine is an interdisciplinary field that integrates physics,
chemistry, materials science, biology, and pathophysiology
principles toward prevention, diagnosis, and treatment of
diseases.379 Over the past decade, the field has advanced rapidly
as a result of the push by the medical needs to improve patient
care and the pull of novel science at the nanoscale that is absent in
the traditional single molecular arena.380−388 Multiple therapeu-
tic nanomedicines have progressed into the clinical stages, with
some successes (e.g., Doxil) as well as unsuccessful
attempts.389,390 The lack of success has spurred heated debates
on the potential promise of nanomedicine and allowed for a
healthy introspection and reality check by many in the field.391

In contrast to small molecule-based diagnostics and
therapeutics, nanomedicine represents a new paradigm that
employs a system-based approach toward problem solving. A
clear advantage is the ability to incorporate multiple functions
and tools within a small size confinement to address multiple
challenges simultaneously. One such example is the multilayered
liposomal carriers with sequential delivery of two therapeutic
drugs and surface functionalization by folate and Cy5.5 dye
(Figure 36).392 The elaborate engineering design synergizes cell
surface receptor targeting by the folate ligand for cell uptake,
combined with therapeutic targeting by erlotinib and doxor-
ubicin to exploit different vulnerable molecular pathways inside
cancer cells. It also allows for the tracking of the nanoparticles in
cancer cells by fluorescence imaging. Such system-based
combination of multiple therapeutic and imaging modalities is
beneficial over single molecular drug therapy where adaptive
resistance arises over time in cancer patients.393−403 Despite the
therapeutic promise, nanomedicine also introduces exponen-
tially increased complexity inherent to the multiple interacting

Figure 33.Tumor margin delineation by a pH threshold sensor. Representative frozen section of HN5 tumor with surrounding tissues showed excellent
matching of fluorescence signal with H&E tumor histology; scale bar = 2 mm. Dashed line indicates the tumor margin. Reprinted with permission from
ref 361. Copyright 2017 Nature Publishing Group.

Figure 34. Multispectral hybrid ultra-pH sensitive (HyUPS) nano-
sensor to digitize organelle pH after receptor-mediated endocytosis.
Reprinted with permission from ref 362. Copyright 2017 Wiley-VCH.
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components within the system. Although synergistic outcome is
desirable, chaos, where subtle changes in the initial conditions
can result in widely divergent outcomes (aka the butterfly
effect),404,405 can also occur and introduce uncertainties in data
irreproducibility, increase in the cost of production, and
challenges in quality control. How to achieve robustness in
action from complex nanomedicine systems is a paramount but
perplexing challenge.
Biology may provide the answer to many of these challenges.

Biological systems are complex, dynamic systems that have held
the imprint of evolution for over four billion years of history on
Earth. Although chaos does occur (e.g., formation of cancer,
memory loss), life has a plethora of high fidelity processes such as
maintenance of DNA identity and hereditary traits. In aqueous
solution, the unique property of water molecules creates an
exceptional environment where noncovalent interactions (elec-
trostatic, hydrogen bonding, hydrophobic interactions, etc.) can
interact and compensate each other at relatively low energy levels
(5−100 kJ/mol, Table 1) comparable to the random thermal
energy (∼5 kJ/mol for each degree of freedom) in the
environment. This creates a dynamic system with high entropy
and low enthalpy exchange processes (e.g., in contrast to
covalent bond formation or breaking). Supramolecular self-
assembly, whether in protein folding, biomolecular condensa-
tion, or gene transcription, introduces cooperativity and
nonlinear dynamics to amplify signals over background noise
to achieve the intended biological specificity. Cooperativity has
the potential to overcome chaos to achieve robustness in
function.

Cooperativity principles, which have not yet drawn significant
attention and are not necessarily the mainstream concept in
nanomedicine design, appear to be critical in several biomedical
applications such as tumor imaging (UPS nanoparticles), drug
delivery (ELPs), and DNA sensing (SNAs). These systems
manifest a “controlled chaos” phenotype where precipitive phase
transitions occur that amplify the signal response to an external
stimulus. The underlying cooperative process resembles that of
protein folding (hydrophobic collapse) or biomolecular
condensation in nature. In the engineering systems, new
phenomena are further discovered as in the case of UPS
nanoparticles, where an all-or-nothing proton distribution
phenotype was uncovered between the unimer and micelle
states of the UPS polymers, respectively. This bistable state
solution along the pH titration coordinate is responsible for the
threshold fluorescence response to subtle pH changes (e.g., < 0.3
pH unit) in the surrounding environment, which allowed a
binary delineation of tumor margins (Figure 33) and improved
accuracy in image-guided surgery. For the ELP and SNA systems,
molecular cooperativity allowed efficient on-demand drug
release and ultrasensitive detection of DNA strands, respectively.
In these examples, molecular cooperativity offers a useful strategy
to transform random chaotic events into directed, synchronized
outcomes for signal amplification and enlargement of therapeutic
windows, which are essential to achieve precision in function for
medical applications.
This review article aims to highlight the cooperativity

principles and their potential values in self-assembled nano-
medicine design. Although Nature might have learned how to
engage cooperativity in managing complex biological functions,

Figure 35. Thermoresponsive hyperbranched poly(β-amino ester) with tunable phase transition temperature. Reprinted with permission from ref 378.
Copyright 2017 American Chemical Society.

Figure 36. Design of a folate-targeted, Cy5.5-encoded multilayered liposomal system for sequential delivery of hydrophobic erlotinib and hydrophilic
doxorubicin drugs. Reprinted with permission from ref 392. Copyright 2014 American Association for the Advancement of Science.
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we are only touching the tip of the iceberg to implement it in
medicine. Moving forward, several questions may warrant future
considerations. First, the fundamental nature of cooperativity
requires mechanistic clarity. Nanoscale may represent the
smallest size scale at which cooperativity manifests itself. Despite
decades of biophysical research, we have not fully understood the
molecular mechanism of protein folding or even the hydrophobic
effect. The energy costs of water molecules solvating extended
areas of hydrophobic surfaces, the contribution of hydrogen
bonding and/or electrostatic interactions in the changing
dielectric environment, and the effects of different ionic species
remain to be elucidated. Related to the first question is how to
model cooperative behaviors. Cooperativity is an emergent
property arising from the system as a whole bigger than the sum
of the parts. By definition, this may call for system-based models
over traditional molecular based simulations. Chaos theory,
originally from the study of weather and climate change, applies
probability theory to study dynamic and complex systems.
Similar treatment may be warranted to investigate the
cooperativity behavior of nanomedicine systems. Lastly, is
rational prediction of cooperative response feasible in nano-
medicine? Answers to the first two questions may provide
insights for the design of cooperative systems in response to any
biological stimuli of interest. In the short term, attempts can be
made toward the understanding of the structure−property
relationships of existing cooperative systems. Such examples
include the effect of hydrophobicity of the polymer matrix on the
LCST of PNIPAM185 and apparent pKa of UPS polymers.

277 The
latter example draws a different molecular strategy (i.e.,
controlling hydrophobicity of polymer segment) from the use
of electron withdrawing/donating groups to modulate pKa in
small ionizable molecules.406 Additional mechanistic studies are
necessary to build a systematic set of independent evidence to
help elucidate nonlinear dynamics of interacting components in
coordination. Although many critical questions remain, we
anticipate the field of nanomedicine is at an exciting juncture to
make a major impact in the implementation of cooperativity
principles in medicine.
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