Engineering Disease Analyte Response in Peptide Self-Assembly
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A need to enhance the precision and specificity of therapeutic nanocarriers inspires the development of advanced nanomaterials capable of sensing and
responding to disease-related cues. Self-assembled peptides offer a promising nanocarrier platform with versatile use to create precisely defined nanoscale
materials. Disease-relevant cues can range from large biomolecules, such as enzymes, to ubiquitous small molecules with varying concentrations in healthy
versus diseased states. Notably, pH changes (i.e., H* concentration), redox species (e.g., H202), and glucose levels are significant spatial and/or temporal
indicators of therapeutic needs. Self-assembled peptides respond to these cues by altering their solubility, modulating electrostatic interactions, or facilitating
chemical transformations through dynamic or labile bonds. This review explores the design and construction of therapeutic nanocarriers using self-assembled
peptides, focusing on how peptide sequence engineering and the inclusion of non-peptidic components can link the assembly state of these nanocarriers to
the presence of disease-relevant small molecules.
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1. Introduction

The field of nanomedicine emerged from a need to address a number
of practical challenges and limitations in traditional pharmaceutical
practice.l Active pharmaceutical agents can be limited in their
therapeutic impact by solubility constraints, challenges in physical or
chemical stability, suboptimal pharmacokinetic profiles, and dose-
limiting toxicity. Carrier materials prepared at the nanoscale present
opportunities to preferentially encapsulate these agents as a
payload, thereby enhancing solubility, preserving physicochemical
stability, reducing systemic exposure, and altering both the
circulation half-life and mode of clearance.? the
biodistribution of nanoscale drug carriers can be altered by both
passive and/or physiological mechanisms as well as active targeting

Moreover,

using recognition from antibodies or related biomolecules.34 As
such, nanomedicine offers a means to increase the therapeutic
index, the ratio of the lethal dose (LDsp) to the effective dose (EDsp),
by biasing drug availability and function to sites of need and reducing
off-site activity. The preponderance of work in the field of
nanomedicine has focused on the development of new cancer
therapeutics.>6 Indeed, the first
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nanomedicine, Doxil®, was a PEGylated liposomal carrier of the
anticancer agent doxorubicin.” However, the clinical successes of
nanomedicine are still somewhat limited and the promise of this field
has yet to be fully actualized.8 Beyond opportunities in cancer, a
growing body of literature points to promising applications for
nanomedicine in treating conditions of increasing prevalence such as
diabetes or cardiovascular disease,®19 while nanotechnologies are a
central component of expanding research efforts in
immunoengineering.1112 Recently, a key motivator for continued
work in nanomedicine is found in the exceptional efficacy of vaccines
based on liposomal nanoparticles and engineered recombinant
protein constructs, both of which were instrumental in the global

response to the COVID-19 pandemic.13.14

In efforts to improve the therapeutic efficacy of nanomedicine, one
active area of exploration seeks engineered nanomaterials capable
of stimuli-directed therapeutic deployment.l> As with the general
approach of biologically targeted nanomedicine, stimuli-responsive
materials design offers another tool to improve site-specific action
and increase the therapeutic index of active drugs. A variety of
disease-relevant indicators may be used as triggers in the design of
responsive nanoscale drug delivery systems, including pH, enzymes,
glucose, and redox agents.16-19 A general objective of this approach
is to use analytes as spatial and/or temporal signals of disease state
in order to regulate the availability of a therapeutic agent. Moreover,
stimuli-responsive technologies can be integrated as a component of



both passively and actively targeted nanomedicine for enhanced
functionality or more rapid payload release upon reaching the
desired tissue site.

Protonation/Deprotonation of Amino Acids

The enclosed review highlights specific uses of peptide self-assembly
in conjunction with disease analyte-responsive design for

applications in therapeutic delivery (Figure 1). A number of different
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Figure 1. Overview of strategies to engineer peptide self-assembly with response to disease-relevant small molecule analytes
such as pH (top left), redox species (top right) or glucose (bottom).

Among various nanomedicine platforms, peptide self-assembly is
one versatile approach to design materials at the nanoscale for
therapeutic applications.20-23 These assemblies can be engineered
into various forms, with differences in the mode of assembly
dictating shape and interfacial curvature of the resulting assembly,
including spherical nanoparticles and filamentous nanostructures.
Peptide-based assemblies have certain inherent benefits in their use
as carriers for nanomedicine, including the chemical diversity,
biocompatibility, and biodegradability of amino acid building
blocks.242> Facile synthetic integration of peptide-based affinity
motifs enables routes to target these materials to desired sites.2®
Moreover, the modularity of molecular-scale design in peptide self-
assembly offers opportunities to integrate therapeutic agents
directly as components of self-assembling monomers.27.28 The well-
defined nanostructures that result from these assemblies can be
coupled with specialized motifs that endow a capacity for stimuli-
responsive function or afford targeting for more precise therapeutic
delivery.26 Integration of stimuli-responsive functionality into the
design of self-assembling peptide materials is of particular interest,
as the dynamic and non-covalent nature of these assemblies can
enable changes in relevant environmental conditions that quickly
alter assembly state and drive a more rapid response.29-33

2 | J. Name., 2012, 00, 1-3

tissue-specific or disease-relevant analytes have been explored as
spatiotemporal triggers to ensure a therapy is made available at both
the place and time of need. In considering only cancer as an example,
distinctive conditions within the tumor microenvironment can
include an acidic pH, elevated temperature, heightened oxidative
potential, and overexpressed proteins and enzymes.3* Other
diseases present their own specific biomarkers or analytes of interest
that can be used as stimuli governing peptide self-assembly. As
several reviews have covered the topic of peptide self-assemblies
that are responsive to proteins and enzymes,35:3¢ the present review
specifically highlights strategies to engineer peptide self-assemblies
that can respond to small molecule (c.a., <300 g/mol) analytes. There
are unique challenges in engineering nanomaterials to respond to
the presence of often ubiquitous small molecule analytes. For
instance, pH-responsive materials (i.e., H*) are engineered to sense
and respond to spatially distinct locations within cells, organ systems,
or throughout the body.3” Meanwhile, many redox agents (e.g.,
H,0,), are a hallmark of both healthy and diseased states, acting as
signaling molecules in processes for both normal tissue regeneration
and underlying inflammatory conditions. Glucose is a ubiquitous
analyte present in fluctuating concentrations in both healthy as well
as diseased (e.g., diabetic) states; the concentration of glucose in
diabetes dictates temporally sensitive therapeutic need.38 As such,
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engineering peptide assemblies to afford spatiotemporal precision in
responding to these small molecule analytes, often including the
ability to distinguish concentration of ubiquitous molecules, points
to an exciting direction by which to improve the therapeutic efficacy
of peptide-based nanomedicine.3® Strategies to engineer peptide
self-assembly for response to small molecule analytes with disease
relevance will be covered in greater detail in this review.
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To design pH-responsive peptide sequences, amino acids with
ionizable R-groups are most commonly employed. Of the canonical
amino acids, basic amino acids of histidine (H), lysine (K), and arginine
(R) can carry a positive charge at a pH level below the pK, of their
respective side-chains, while acidic amino acids of glutamic acid (E)
and aspartic acid (D) carry a negative charge at a pH level above the
pKy of their side-chain carboxylates (Figure 2A).%> Depending on
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Figure 2. (A) Structures of common basic and acidic amino acids, with their R-group side chain pK, values highlighted and
drawn in their charged configuration. The pK, for N- and C-terminal groups are also shown for reference. (B) Schematic
illustration of a pH-responsive micelle prepared from an amphiphilic peptide that assembles and disassembles to release anti-
tumor drugs within cancer cells. Figure adapted from reference 57 with permission from Elsevier © 2014. (C) Peptide designed
to form pH-sensitive nanoparticles in complexation with nucleic acid payloads. The protonation equilibria and tautomeric forms
of the imidazole side chain of histidine offer a pH triggered decomposition of the nanoparticles. Figure adapted from reference
60 with permission from Royal Society of Chemistry © 2023. (D) Peptide sequence of prodrug FA-EEYSV-NH, and its
properties pH-responsive assembled nanostructure. Figure adapted form reference 64 with permission from American
Chemical Society © 2021. (E) Scheme depicting the pH-responsive disassembly of complexed supramolecular amphiphiles,
with TEM images showing the nanostructure at pH 7.4 and 6.2. Figure adapted from reference 73 with permission from John

Wiley and Sons © 2013.

2. pH-Responsive Peptide Self-Assembly

While the pH of most physiological regions is near to neutral, certain
locations within the body have acidic pH levels, offering a useful
stimulus to localize or activate a therapeutic nanocarrier.3? Different
regions of the gastrointestinal system have varying degrees of acidic
pH, with levels as low as pH 1 in the stomach.*® The tumor
microenvironment is characteristically more acidic than normal
tissues, a result of the rapid proliferation of cancer cells that elevates
glycolysis and lactic acid production.* Accordingly, unique and
regionally specific pH profiles can be used as a trigger to regulate pH-
responsive peptide self-assembly for targeted drug delivery.*? This
general strategy involves tuning self-assembly properties through
the selection of pH-responsive peptide sequences, with optional
inclusion of functional groups or labile bonds to enhance pH
sensitivity.

This journal is © The Royal Society of Chemistry 20xx

C-terminal
carboxylates may also be present and these can present pH-
dependent charge according to the pK, of these sites. When exposed
to an acidic environment, peptide sequences bearing these residues
can undergo protonation or deprotonation, leading to alterations in
the structure of the assembly. Often, this structural transformation

molecular design, either N-terminal amines or

involves modulating electrostatic interactions to promote/disrupt
molecular cohesion in B-sheet or coiled-coil motifs.#3-48 When
integrated in the context of nanomedicine, modulation of these
forces can be used as a directive cue to trigger release of a
therapeutic or initiate a structural transformation to promote
cytotoxicity.4%50 Peptide self-assembly also navigates the phase
space between molecular solubility and precipitation; alterations to
the charge state of the molecules arising from changes to pH has
direct implications on this feature as well. Given that peptide
assemblies are densely packed, with each monomer often featuring
hydrophobic domains and multivalent charges, the pK, of amino
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acids can be significantly affected by their proximity to hydrophobic
regions, like-charged residues, and hydrogen bonding.51 These
effects are well known to cause substantial pK;, shifts in proteins,
sometimes by several pH units,>2 and have been similarly observed
for charge-bearing residues in synthetic peptide assemblies.53-56
However, the magnitude of these shifts is highly dependent on
molecular design and, as a result, can be difficult to generalize or
predict a priori.

Basic amino acids, and specifically K and R, are frequently
incorporated within pH-responsive materials to afford dissociation of
peptide assemblies and drug release upon exposure to acidic pH. For
example, an amphiphilic peptide bearing a hydrophilic segment
consisting of a tumor-targeting sequence and KK as pH-sensor was
fused to a hydrophobic segment of six valine (V) residues to enable
formation of spherical micelle assemblies to encapsulate drugs
(Figure 2B).>7 Upon exposure to a pH 5.0 environment, the micelles
disassembled due to increased electrostatic repulsion among
protonated lysine residues, leading to accelerated release of an
encapsulated chemotherapeutic payload. Though the theoretical pK,
for the lysine sidechain would not predict a substantial change in
ionization when reduced from a pH value of 7 to 5, it can be assumed
that the effective pK, is shifted down as a result of molecular
aggregation and self-assembly. A similar effect was observed for a
oligopeptide fusing lysine with a leucine (L) segment, L¢K,4, that was
used to encapsulate doxorubicin, with disassembly in the acidic
endosomal environment promoting drug release.>® One report
demonstrated pH-dependent self-assembly from a telechelic block
co-polymer consisting of two poly-L-lysine segments flanking a
polypropylene oxide segment.>® Under acidic conditions where the
lysine segments were primarily charged, the peptide adopted a
random coil and micelle assemblies formed. However, under basic
conditions the peptide adopted an a-helix, with the resulting
assemblies transitioning to vesicles or disk-like micelles.

With a pKa closer to 6, histidine (H) has a special feature in that it can
undergo a charge transition from uncharged at pH 7.4 to charged at
even mildly acidic pH. Accordingly, histidine has been used in the
design of self-assembled carriers that dissociate to release a drug
upon the increased electronic repulsion from charged histidine
groups. A recent example developed a highly responsive peptide-
based nanoparticle carrier for the controlled release of nucleic acid
drugs in the tumor microenvironment, utilizing the pK; of histidine as
the trigger (Figure 2C).%° The peptide included a positively charge
block of three K residues on the N-terminal end to enable loading of
negatively charged nucleic acid drugs, a pH-sensitive block of three
H residues to trigger disassociation of the nanoparticle in an acidic
microenvironment, a block of 8 hydrophobic leucine residues to
promote self-assembly in water, and then hydrophilic amino acids
and a targeting peptide sequence. Mixing of the peptide with nucleic
acid drugs led to nanoparticle formation through a combination of
electrostatic complexation and hydrophobic association, but on
exposure to an acidic tumor microenvironment the nanoparticles
disassembled due to the increased charge repulsion from the
histidine residue. Once the nanocarrier was internalized into the
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acidic endosomal environment of the cancer cell where the pH is
around 5.0, additional charging of the histidine segment enabled the
nanoparticles to escape the endosome for release of nucleic acid
Another PEGylated peptide
amphiphile with an Hg block flanked by aliphatic and PEG domains;
depending on the order of these three domains, either spherical or

drugs. report demonstrated a

cylindrical micelles were formed at pH 7.5.61 Specifically the
cylindrical micelles could encapsulate a large amount of a
chemotherapeutic for pH-responsive release upon nanostructure
disassembly. When explored in a tumor model, the cylindrical
assemblies also demonstrated increased tumor accumulation. The
pH-responsive charging of a histidine segment has also been used to
reversibly conceal and reveal a charged cell-penetrating peptide
sequence from micelles prepared from the self-assembly of peptide—
polymer conjugates.52 Peptides designed as pH-responsive tissue
scaffolds were also reported by inclusion of an Hs segment in the
outer portion of a branched amphiphilic peptide.53

The carboxylate groups of E and D instead transition to an uncharged
state as pH is decreased, offering a different cue to direct the
assembly state of self-assembling peptides. In one example, a
peptide prodrug was prepared comprising three segments: a pH-
sensitive EE dipeptide linker, a tumor-targeting folic acid (FA) moiety,
and an anticancer peptide sequence known as tyroservatide (Figure
2D).%* In this case, the EE segment not only enhanced water
solubility, but also acted as a pH trigger. Under neutral conditions,
the EE segment was primarily charged, leading to self-assembly into
nanoparticles. However, upon a reduction in pH from 7 to 5, the
nanoparticles transitioned into nanofibers due to protonation of the
EE side-chain carboxylates. Another report encapsulated drug into
the core of a peptide amphiphile bearing a segment containing ten
consecutive E residues.®> This peptide formed micelles under neutral
conditions but became insoluble in the acidic environment of the
endosome to release an encapsulated chemotherapeutic within the
cell.

Including both acidic and basic amino acids enables the interplay of
charged groups under varying pH conditions, tuning electrostatic
interactions to dictate assembly state. In many reports, peptides with
a mix of both charged groups could form stable assemblies, or even
hydrogels, under roughly neutralized charge conditions but
disassembled to release a payload when a drop in pH altered the
electrostatics of the assembly.56-70 One naturally derived amyloid
peptide was modified on its N- and C-termini with K and D,
respectively, and demonstrated the ability to form pH-dependent B-
sheets and nanostructures.”? When coupled with a oil-water
microfluidic droplet generator, this peptide was able to form
microcapsules that could be used for the encapsulation and pH-
triggered burst release of encapsulated therapeutic payloads.
Zwitterions are net-neutral motifs carrying both positive and
negative charges; though no native amino acids have zwitterionic
side-chains, a pH-responsive polypeptide assembly was also
demonstrated from synthetic side-chains bearing zwitterionic

groups.”?
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Electrostatic interactions between oppositely charged groups can
also be used for non-covalent fusion of assembly motifs, leading to
pH-responsive building blocks for material self-assembly. In one
example, a hydrophobic poly-L-leucine terminated with a C-terminal
glutamic acid (i.e., two -COOH groups) was mixed with a poly-L-lysine
dendrimer (Figure 2E).3 Electrostatic interactions at neutral pH
resulted in formation of a non-covalent amphiphile between the two
compounds that could assemble into a nanoparticle; under acidic
conditions the electrostatic interactions between these two groups
was disrupted, leading to release of the encapsulated payload. A
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Figure 3. (A) Scheme of peptide-drug conjugates linked by
pH-sensitive bonds, enabling triggered disassembly or
release in response to a pH stimulus. Some exemplary pH-
labile bonds are shown. (B) lllustration depicting O-Man
(blue) and R-Man (red) encapsulated within a lysine-bearing
hydrogel. The aldehyde groups on O-Man form imine bonds
with the amine groups on the peptide fibers, while the
hydroxyl groups on R-Man are unable to form these same
bonds. Figure adapted from reference 78 with permission
from American Chemical Society © 2023.

non-covalent amphiphile approach has also been shown for a
peptide—PEG conjugate bearing a poly-L-homoarginine segment in
complex with carboxylate-containing polyaromatic hydrophobic
group, wherein the complex was disrupted under acidic pH
conditions to drive disassembly.”4 Poly-L-glutamic acid has also been
conjugated to PEG, with a self-assembling amphiphile arising upon
electrostatic complex formation between the negatively charged
glutamic acid block and positively charged doxorubicin.”> Upon
exposure to the acidic environment of the endosome, these
electrostatic interactions were disrupted, causing disassembly and
intracellular drug release.

Charge balance can also be tuned in peptide self-assembly through
concealing charged amino acids and revealing these under a pH
stimulus. In one example, a pH-responsive hydrogel was formed in
situ from a peptide bearing both K and E residues and fused to a drug,
methotrexate; the amines of each K residue were modified with an
acid-responsive 2,3-dimethylmaleic anhydride (DA) moiety.”® Under

This journal is © The Royal Society of Chemistry 20xx

weakly acidic conditions, the amide bond between DA and the lysine
side chain was hydrolyzed to expose the charged amine groups. This
peptide could then transform from a clear solution at pH 7.4 to a
hydrogel at pH 6.5 due to balance in charge between the newly
exposed K residues and the E residues on the peptide. Another report
demonstrated the use of anhydride compounds to mask lysine
residues with labile anionic groups, resulting in a highly negative pro-
gelator peptide.”” However, upon exposure to an acidic stimuli, the
lysine residues were unmasked resulting in assembly of the net-
neutral oligopeptide gelator.

Bonds that are pH-sensitive can also be used to link a self-assembling
peptide to a therapeutic, for triggered disassembly and/or release
under application of a pH stimulus (Figure 3A). For example, a recent
report conjugated a self-assembling peptide to an immune adjuvant,
mannan, using a pH-sensitive imine linkage to afford controlled
release upon bond rupture (Figure 3B).”8 Other reports have shown
self-assembling peptide—drug conjugates through the use of pH-
sensitive labile bonds like hydrazones or esters linking the drug to the
peptide.”-84 In many of these cases, the drug serves a dual purpose
as both the therapeutic compound being delivered as well as an
active driver of self-assembly, given the drug moieties are typically
hydrophobic and able to participate in ordered (e.g., m—m)
interactions. Linkers such as hydrazones, imines, and acetals exhibit
increased lability at lower pH, with faster hydrolysis rates under
acidic conditions, while ester linkages can undergo hydrolysis
through either acid- or base-catalyzed mechanisms and are also
susceptible to degradation by native esterases.8> The pH conditions
that facilitate hydrolysis, as well as the hydrolysis rate, can vary
depending on the type of linker, its hydration level within the
assembled structure, and other steric or electronic factors entailed
in the design of the peptide—drug conjugate. This general approach
to prepare nanoscale assemblies through peptide—drug conjugation
has been termed “one component nanomedicine” and offers an
opportunity to take advantage of prodrug chemistry and facilitate
quantitative and reproducible drug loading in self-assembled peptide
nanostructures.?’

The use of pH-responsive peptide assemblies for targeted drug
delivery presents a promising strategy for localizing therapeutic
specific  environments, the
microenvironment or regions of the gastrointestinal tract. By

action in such as tumor
designing peptides with ionizable amino acids, these assemblies can
be triggered to self-assemble or disassemble in response to pH
changes, facilitating drug release, inducing structural changes crucial
for therapeutic function, or enabling pH-sensitive hydrolysis of
covalent bonds. However, challenges remain in predicting pK, shifts
within complex, densely packed assemblies, as molecular design
heavily influences ionization behavior. Additionally, fine-tuning the
stability of peptide assemblies across relevant physiological pH
gradients remains difficult. Future opportunities lie in improving
predictive models for pH responsiveness and expanding peptide
designs to more precisely control assembly, disassembly, and drug
release in specific physiological conditions.
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3. Redox-Responsive Peptide Self-Assembly

The presence of redox species offers another cue to regulate peptide
self-assembly for uses in spatially controlled nanomedicine. Triggers
of interest include multiple different reactive oxygen species (ROS)
as well as native reducing agents like glutathione (GSH). Certain
physiological locations, and even subcellular compartments like
endosomes, 8 have elevated levels of these analytes that contribute
antioxidant function and also underpin aspects of the innate immune
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Figure 4. (A) A reductive trigger to induce a conformational
switch from cyclic to linear and self-assembling peptides.
Figure adapted from reference 95 with permission from
American Chemical Society © 2010. (B) Chemical structure
of a designed camptothecin (CPT)-based self-assembling
prodrug (top) along with its mechanism of action for
controlled drug release in response to intracellular trigger
following injection into the site of a glioblastoma. Figure
adapted from reference 103 with permission from Elsevier ©
2020.

system. In terms of disease relevance, the aberrant metabolism of
cancer cells is correlated with an increased production of hydrogen
peroxide (H20;) and superoxide radicals,®”-88 offering useful triggers
in the design of new cancer therapeutics.8? Regions of inflammation,
injury, or tissue damage are likewise characterized by elevated
production of ROS.?° Redox agents therefore offer a useful cue to
control peptide self-assembly for spatially controlled assembly or
disassembly in order to localize a therapeutic payload.?!

Whereas pH can reversibly modulate peptide self-assembly through
tuning the extent of electrostatic repulsion or molecular cohesion in
the assembly, responsiveness to redox agents more often involves
rupture of a covalent bond. Many approaches in this regard have

6 | J. Name., 2012, 00, 1-3

explored use of disulfide bonds that can be cleaved in reducing
environments, including when exposed to environments with high
GSH.92.93 Early work in the field of peptide self-assembly explored use
of cysteine residues to promote intermolecular disulfide formation
to enhance fiber rigidity.®* Conversely, an oligopeptide monomer
cyclized by disulfide bonds between terminal cysteine groups was
shown to form an extended B-sheet hydrogelator upon exposure to
reductive environments (Figure 4A).°> In another work, disulfide
formation between cysteine residues was shown to stabilize a folded
B-hairpin structure to drive fibrillar assembly and hydrogelation,?®
while disulfide formation also increased the stiffness of hydrogels
prepared from cysteine-modified multidomain peptides compared
to their reduced form.%7 Light-activated formation of disulfide bonds
between hydrophobically modified oligopeptides under conditions
of redox cycling was also shown to yield a variety of different self-
assembled states.’®

Self-assembling peptide—drug conjugates have also been prepared
by fusing the anticancer drugs, such as camptothecin (CPT), to a B-
sheet-forming peptide sequence using a disulfide linker.92100 CPT is a
very hydrophobic drug capable of chiral packing, serving as a driving
force for self-assembly in water.1%1 In one example, the peptides
assembled into diverse morphologies, including nanofilaments and
nanotubes, according to the number of CPT units (1, 2, or 4) attached
to the peptide.?® The formation of these nanostructures concealed
the CPT and shielded the disulfide linker from rapid degradation.
However, at high GSH concentrations the linker was ruptured to
release free CPT for chemotherapeutic function.?102 A related
approach also attached a single CPT drug to a different B-sheet-
forming peptide sequence to self-assemble into filamentous
nanofibers that formed hydrogels (Figure 4B).1%3 Injection of these
hydrogels into the site of glioblastoma resection resulted in a
significant enhancement in post-surgical survival. Combination of
hydrogel-forming CPT-modified peptides with checkpoint inhibitors
for immune therapy also demonstrated anti-tumor function with
improved survival by combining pharmaceutical and immune
therapies.194 In a related approach, the delivery of a potent STING
agonist from CPT-linked peptide gelators also demonstrated promise
for intratumoral delivery of both agents to better treat cancer and
afford immune memory upon rechallenging with tumors.105 Though
most work in this area has used CPT, the general approach is modular
for the
paclitaxel.106

integration of other disulfide-linked drugs such as

The formation and rupture of redox-active bonds, like disulfides, can
also enable reversible assembly and disassembly of peptide building
blocks. In one example, an arginine-rich oligopeptide building block
was demonstrated to form a phase-separated coacervate upon
disulfide formation between terminal cysteine residues when
exposed to the oxidizing conditions of H,0,.197 Formation of this
disulfide bond increased the effective molecular weight of the
arginine-rich peptide, allowing it to form a complex coacervate when
mixed with a multivalent anion. However, when exposed to reducing
agents like GSH, the disulfide linkage between the oligopeptides was
ruptured leading to dissolution of the coacervate phase; an active
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agent, tissue plasminogen activator, was released as the coacervate
dissolved.

cell death. In another example of switchable self-assembly via redox

inputs, an oligopeptide containing selenomethionine was

demonstrated to form nanoparticles when this side-chain was
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Figure 5. (A) Chemlcal structure of a methionine-containing hexapeptide, as well as its oxidized form (fop). The redox state of
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the peptide controls its assembly into nanoribbons or nanoparticles. The hexapeptide can be co-assembled with derivatives
bearing agents for photodynamic or chemotherapeutic treatment. The formed structures undergo a morphological shift driven
by in situ ROS generation, promoting tumor penetration and enhancing the combined efficacy of photodynamic and
chemotherapeutic treatment. Figure adapted from reference 111 with permission from Elsevier © 2021. (B) Schematic
representation showing the self-assembly of boronate-containing peptides to form a nanofiber network, with H.O»-triggered gel
degradation. Figure adapted from reference 122 with permission from Springer Nature © 2014.

The thioether residue of methionine offers another native redox-
responsive moiety that can be included in peptide self-assembly.108
Under oxidizing conditions, methionine (Met) can be sequentially
converted into hydrophilic methionine sulfoxide (Met®) and sulfone
(Met92). The increase in hydrophilicity of a methionine block under
oxidizing conditions was used to prepare polypeptide vesicles,10?
taking advantage of an a-helix to random coil transition in the poly-
methionine block upon oxidation to the sulfoxide.l Toward
functional use of this approach, a methionine-modified oligopeptide
was shown to self-assemble into nanoribbons; when these ribbons
were co-assembled with a monomer bearing a photosensitizer
generating oxidative conditions light the
nanoribbons transformed into nanoparticles driven by methionine

under irradiation,
oxidation (Figure 5A).''! The oxidized nanoparticle form showed
enhanced tumor penetration and improved antitumor therapeutic
efficacy. Methionine can also be used alongside pH-responsive
motifs, such as peptides bearing carboxylate moieties, to enable
in the
reversible supramolecular polymerization of a peptide-modified
discotic amphiphile.112

multi-stimuli-responsive functionality, as demonstrated

In an analogous mechanism to methionine oxidation, non-native
amino acids or functional groups bearing selenoethers can be
inserted into self-assembling peptides to take advantage of the
increased hydrophilicity upon oxidative conversion to selenoxide
motifs.113-116 peptide assemblies have also been designed for
orthogonal self-sorting and self-assembly by combining a peptide
that forms nanostructures under oxidizing conditions and disulfide
formation with another peptide that forms nanostructures under
reducing conditions when a selenoxide group is converted to its
selenether.1’?” Depending on the nature of the nanostructure
formed, different cellular organelles could be targeted to promote

This journal is © The Royal Society of Chemistry 20xx

oxidized into its selenoxide form by H,0,, but formed nanoribbons
upon GSH reduction.118 The more cationic nanoribbons preferentially
targeted the negatively charged mitochondrial membrane, where
the higher levels of H,0; drive nanoribbon disassembly, thus offering
an organelle-specific targeting approach.

Phenylboronic acids (PBA) and phenylboronic esters are sensitive to
oxidation by H,0,.11% One commonly explored strategy in the context
of H,0,-responsive nanostructures has used self-immolative PBA
motifs that undergo bond rearrangement and release of a
intermediate linker species upon reaction with H,0,.120 Modification
with a self-immolative PBA group offered a redox-controlled method
to achieve self-assembly of a diphenylalanine peptide that resulted
upon H,0, exposure and PBA removal (Figure 5B).121.122 This
chemistry was also attached to a oligopeptide and, upon H,0,
the self-immolation of the boronate vyielded an
intermediate that could further rearrange through an O,N-acyl shift
to form a self-assembling peptide.123 This reaction cascade was

exposure,

shown to occur inside of a living cell, leading to nanofiber formation
that promoted apoptosis. This same approach to engineering a
reaction cascade involving PBA self-immolation and a subsequent
O,N-acyl shift was also used to facilitate intracellular self-assembly of
a metallopeptide conjugate.124

Redox-responsive peptides provide an exciting approach to regulate
peptide self-assembly by utilizing environmental redox cues, such as
reactive oxygen species and reducing agents like glutathione.
Through the incorporation of redox-sensitive functionalities, such as
disulfide bonds or methionine residues, peptides can undergo
reversible assembly and disassembly in response to oxidative or
reductive environments. This has enabled the design of self-
assembling structures that can dynamically respond to the redox

state of their surroundings. However, a significant challenge lies in
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predicting the stability and responsiveness of these assemblies, as
redox-triggered bond cleavage and structural transformations
depend heavily on the molecular context and redox conditions.
Additionally, ensuring precise control over the self-assembly process
across different biological environments remains difficult. Future

boronate, forming a tetrahedral boronate ester bearing a negative
While this charge concomitant
electrostatic modulation are the primary means of glucose response,

charge.1% stabilization and
PBA-based glucose binders are simultaneously responsive to

oxidation by H,0,, as mentioned in the preceding section.

opportunities include refining the design of redox-sensitive motifs to
PP & & The combination of GOx with charge-bearing amino acid residues can
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Figure 6. (A) Formation of self-assembled glucose-responsive particulates for insulin loading. Glucose binding to pendant PBA
groups leads to particulate disassembly and insulin release. Figure adapted from reference 138 with permission from Royal
Society of Chemistry © 2021. (B) Schematic of peptide self-assembly/disassembly regulated by actuation from GOx, converting
glucose levels into a pH stimulus. In the presence of glucose, materials maintained a self-assembled state to encapsulate a
glucagon payload, but in the absence of glucose the materials disassociated to release the drug. Figure adapted from reference
140 with permission from American Chemical Society © 2021

achieve more predictable and tunable self-assembly, as well as
integrating multi-stimuli responsive systems to further enhance the
functionality and adaptability of peptide-based assemblies.

4. Glucose-Responsive Peptide Self-Assembly

Blood glucose dysregulation and chronic hyperglycemia is a
characteristic feature of diabetes, making glucose an important
disease-relevant small molecule analyte to use in the design of
responsive therapeutics.12> The vision of this approach is to treat
diabetes by mimicking the glucose-sensing capabilities of a healthy
endocrine system, which regulates blood sugar through insulin and
glucagon signaling. Glucose-responsive materials would therefore
autonomously sense real-time blood glucose levels and release the
appropriate hormone to restore blood glucose control.126 Enzymatic
actuation from glucose oxidase (GOx), an enzyme that converts
glucose into useful secondary stimuli of pH (via gluconic acid) and
H,0,, offers one commonly used glucose-sensing approach in
materials design.38127 Accordingly, approaches to endow glucose
response in peptide self-assembly using GOx have similar design
rationale to systems designed to respond to acidic pH or the
presence of H,0,, as discussed in the previous two sections.
Meanwhile, other approaches to design glucose-responsive
materials have integrated glucose-binding PBA motifs; in addition to
being redox-responsive, PBAs are able to bind reversibly to cis-1,2
diol species (like glucose) at pH levels at or above the pK, of the

8 | J. Name., 2012, 00, 1-3

be used to induce glucose-responsive sol-gel transitions in self-
assembling peptides, according to the pH-dependent charge state of
the specific amino acids used.128129 QOligopeptides designed to self-
assemble through B-sheet formation, and which contain basic side-
chains like lysine, arginine, and ornithine, have been explored
alongside GOx encapsulation for glucose-responsive insulin
release.130.131 Under physiological conditions in the absence of
glucose, no pH stimulus is generated by GOx and the materials
formed stable hydrogels. However, as glucose is introduced into the
system, its conversion into gluconic acid by GOx results in a reduction
in pH leading to increased electrostatic repulsion and hydrogel
disassembly. This mechanism worked for two distinct cationic B-
sheet hydrogelator motifs, leading to glucose-responsive release of
encapsulated insulin in both cases.130131 Glucose sensing by GOx has
also been combined with self-immolation of a phenylboronic ester
motif to enable glucose-responsive oligo-phenylalanine peptide self-
assembly actuated by GO¥, facilitating a gel-to-sol transition in the
presence of glucose as the H,0; byproduct of glucose conversion by
GOx drives immolation of the boronate.12?

The inclusion of PBA motifs on peptide-based materials more often
leverages the stabilized negative charge arising from PBA—glucose
binding to facilitate an electrostatic transition dictating assembly or
aggregation state of the material. PBA motifs bind to a variety of cis-
1,2 and cis-1,3 diols, making their glucose binding non-specific;
additionally, their typical glucose-binding affinities, on the order of
10 M7, can limit glucose recognition under normal physiological
concentrations of approximately 4-10 mM.132133 One commonly

This journal is © The Royal Society of Chemistry 20xx



employed route has modified polypeptides, such as polylysine, with
PBA motifs to enable electrostatic modulation of the material upon
glucose binding. The preparation of electrostatic complex assemblies
between PBA-modified cationic polymers, like polylysine, and
negatively charged insulin has been used as an approach to prepare
glucose-responsive materials for insulin delivery.134-137 These
materials can also be used to facilitate self-assembly into particulates
that are then further fabricated into microneedles for insulin
delivery, with glucose-responsive solubilization of the materials
dictated by electrostatic modulation (Figure 6A).138 The resulting
microneedles prepared from these self-assembled particles
demonstrated blood glucose correction in a diabetic mouse model.
PBA motifs have also been integrated as terminal charge-bearing
groups on peptide amphiphile gelators, enabling dual-responsive

materials capable of pH- or glucose-dependent release.!3?

Different self-assembling peptides have also been designed to
respond to the absence of glucose, targeting intervention in a low
blood glucose (hypoglycemia) emergency through the release of a
glucagon hormone to correct blood glucose. The first example of this
approach combined GOx within a peptide amphiphile of the
sequence Cio-V2AzE>; reduced microenvironmental pH arising from
the conversion of glucose to gluconic acid led to stabilized hydrogels
in the presence of glucose (Figure 6B).1*° This approach resulted in
the release of encapsulated glucagon that was inversely related to
the amount of glucose in the environment, and showed protection
against the worst effects of hypoglycemia in a mouse model of insulin
overdose. Subsequent works demonstrated similar performance
using a multi-domain peptide (MDP) terminated with a PBA group
that formed an uncommon nanocoil morphology.4! In the presence
of glucose, these nanocoils were extended to form an entangled
hydrogel network capable of encapsulating glucagon, with the gels
dissolving in the absence of glucose to release the glucagon payload.
This platform also demonstrated glucose correction in a mouse
model of hypoglycemia from insulin overdose. Another approach
demonstrated formation of a liquid-liquid phase-separated droplet
upon mixing of a PBA-terminated cationic peptide amphiphile and
the negatively charged glucagon under normal glucose conditions.142
However, under low glucose conditions this droplet phase dissolved
to release the glucagon payload, again correcting blood glucose in a
mouse model.

Peptide self-assembly triggered by the presence of glucose has also
been used to develop new glucose sensors. In one example,
oligopeptides terminated with PBA groups and modified with
into

fluorescent dyes were demonstrated to self-assemble

nanoparticles upon exposure to glucose; enhanced and
concentration-dependent fluorescence of the pendant dyes afforded
a means to quantify glucose in physiological conditions.143
Photoluminescent glucose sensing has also been achieved using

peptide-based gelators to encapsulate GOx and quantum dots.44
Glucose-responsive peptide self-assembly offers an innovative

strategy for developing materials that can respond to changes in
glucose levels, with the potential to improve diabetes management.

This journal is © The Royal Society of Chemistry 20xx

By integrating glucose-sensing elements into peptide designs, self-
assembly can be triggered by glucose-induced changes in pH,
oxidation state, or glucose binding. For example, GOx-mediated
conversion of glucose to gluconic acid lowers pH, leading to hydrogel
disassembly and insulin release, while PBA motifs enable glucose
binding to modulate electrostatic interactions that control peptide
assembly. However, challenges remain, such as the toxicity of GOx
and its H,0 byproduct, as well as the non-specific binding of PBA to
other limited glucose-binding affinity under

diols and its

physiological conditions. Additionally, fine-tuning the balance
between stability and responsiveness of these assemblies across
varying glucose concentrations is difficult. Future opportunities lie in
optimizing glucose recognition to increase specificity and developing
more modular and dual-responsive peptide systems for enhanced

therapeutic control and glucose sensing.

Conclusions

Through a combination of molecular design and amino acid
selection, materials prepared from self-assembled peptides can be
designed to exhibit stimuli-responsive function directed by disease-
relevant analytes. This general design paradigm points to an
approach to integrate peptide-based drug carriers with disease
sensing, linking therapeutic deployment to spatially relevant cues.
Most commonly, the charge and/or hydrophilicity of self-assembling
peptide monomers is altered by the presence of these analytes,
while in other cases the presence of selectively labile bonds can
mediate a chemical transformation driving changes to the propensity
for self-assembly. The tailorability of this general approach,
beginning from sequence-defined and discrete molecular-scale
building blocks, offers versatile functionality. Key properties of
peptides, including biocompatibility derived from their natural origin
and inherent degradability, further support use of these materials as
versatile therapeutic nanocarriers. In the context of the general goals
of nanomedicine, this approach therefore presents a useful toolbox
to prepare functional carrier materials. Moving forward, the field of
peptide self-assembly faces remaining challenges alongside
unexplored opportunities. Relative to polymeric or lipid-based
nanoparticles, the body of research in the use of self-assembled
peptides as functional drug carriers remains in its infancy. As this field
continues to progress, care must be taken to further understand and
characterize the biocompatibility of these materials, including an
appreciation for possible immunogenicity that
demonstrated in tangential applications using this same materials

has been
design paradigm to prepare materials for immune stimulation in the
context of vaccination.145146 Stability and predictable performance in
vivo are other key properties that must be more fully characterized.
In addition, the complexities of the assembly landscape, and inherent
dependence of environmental parameters, must be more clearly
understood. Addressing these various challenges through continued
research and exploration will be key to unlocking the full therapeutic
potential of analyte-responsive self-assembled peptide materials as
a component of the growing nanomedicine arsenal.
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Compared to traditional nanomedicine approaches, peptide self-
assembly offers unique advantages in terms of tunability,
biocompatibility, and responsiveness to analytes. Unlike polymeric
nanoparticles, peptide-based materials can be designed with precise
molecular sequences of discrete building blocks, enabling highly
specific assembly pathways and fine-tuned interactions with disease-
relevant cues, such as pH, redox states, and glucose levels. This
sequence-defined nature allows for greater customization of
functional properties, such as selective degradability and targeted
release, often with enhanced biocompatibility due to their biological
origins. However, peptide assemblies face challenges in achieving
the same level of stability and robustness in vivo as traditional
nanocarriers. While peptide-based systems are highly sensitive to
environmental changes, this also makes them more prone to
premature disassembly or inconsistent performance under normal
physiological fluctuations. Additionally, the field of peptide self-
assembly is still relatively young, and further research is required to
fully understand their assembly mechanisms, immunogenicity, and
long-term behavior in therapeutic applications compared to more
established nanomedicine platforms.
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