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ABSTRACT: Long-acting drug delivery systems are promising
platforms to improve patient adherence to medication by delivering
drugs over sustained periods and removing the need for patients to
comply with oral regimens. This research paper provides a proof-
of-concept for the development of a new optimized in situ forming
injectable depot based on a tetrabenzylamine-tetraglycine-D-lysine-
O-phospho-D-tyrosine peptoid-D-peptide formulat ion
((NPhe)4GGGGk(AZT)y(p)-OH). The chemical versatility of
the peptoid-peptide motif allows low-molecular-weight drugs to be
precisely and covalently conjugated. After subcutaneous injection, a
hydrogel depot forms from the solubilized peptoid-peptide-drug
formulation in response to phosphatase enzymes present within the
skin space. This system is able to deliver clinically relevant
concentrations of a model drug, the antiretroviral zidovudine (AZT), for 35 days in Sprague−Dawley rats. Oscillatory rheology
demonstrated that hydrogel formation began within ∼30 s, an important characteristic of in situ systems for reducing initial drug
bursts. Gel formation continued for up to ∼90 min. Small-angle neutron scattering data reveal narrow-radius fibers (∼0.78−1.8 nm)
that closely fit formation via a flexible cylinder elliptical model. The inclusion of non-native peptoid monomers and D-variant amino
acids confers protease resistance, enabling enhanced biostability to be demonstrated in vitro. Drug release proceeds via hydrolysis of
an ester linkage under physiological conditions, releasing the drug in an unmodified form and further reducing the initial drug burst.
Subcutaneous administration of (NPhe)4GGGGk(AZT)y(p)-OH to Sprague−Dawley rats resulted in zidovudine blood plasma
concentrations within the 90% maximal inhibitory concentration (IC90) range (30−130 ng mL−1) for 35 days.

1. INTRODUCTION
Peptide-based hydrogel systems have gained significant
attention in recent years within several healthcare applications,
including as drug delivery platforms, topical antimicrobial
agents, tissue engineering/cell scaffolds and wound healing.1

The popularity of these materials is due to the unique chemical
and functional versatility of peptides, which can be tailored to
undergo self-assembly to form supramolecular hydrogels in
response to physiological stimuli including pH, salt strength
and the presence of specific enzymes. Peptides are highly
amenable to modification at the molecular scale, enabling fine-
tuning of desired functional properties, for example hydrogel
formation in response to physiological stimuli, improved
mechanical strength, sustained drug release and antimicrobial
properties.2,3 Peptide hydrogels can also be designed with
improved biocompatibility and biodegradability compared to
synthetic polymeric systems, making them attractive candidates
for novel biomedical technologies. However, there are
limitations associated with the peptide hydrogel approach.
For example, naturally occurring L-α enantiomeric forms of
peptide amino acid building blocks are more easily recognized

by proteolytic enzymes and are prone to rapid degradation in
vivo. This results in rapid breakdown and clearance from the
body, reducing their potential use as long-acting drug delivery
platforms.4 Attempts to enhance the biostability of native
peptides to improve their bioavailability and enhance their
pharmacokinetic profile have resulted in the study of non-
natural peptide-like molecules, termed peptide-mimetics.5

These efforts focus on manipulation of the chemical structure
of amino acids to create non-native peptide analogues. These
include D-amino acids,6,7 β-amino acids,8 γ-amino acids,9 and
peptoids.10 The clinical promise of peptide-mimetic hydrogels
as long-acting drug delivery platforms is highlighted by the
success of degarelix (Firmagon), a hormonal therapy utilized
for the treatment of advanced castration-sensitive prostate
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cancer.11 It is a synthetic peptide-mimetic composed of 10
amino acid units, 5 of which are D-amino acids. The degarelix
molecule provides both the hydrogel forming ability and active
ingredient. Firmagon is injected as a solution that forms a gel
depot upon subcutaneous administration in response to
physiological temperature and the presence of salts (ionic
strength). This approach enables the sustained release of
degarelix to clinically relevant concentrations for 28 days.

D-peptides offer the most popular approach for developing
peptide-mimetic designs with improved biostability. However,
similar to β-homo and γ-amino acid building blocks, they are
relatively expensive to synthesize, limiting their wider large-
scale manufacture.12 Peptoids, first reported by Zuckermann
and colleagues in 1992, are oligomers of N-substituted glycines
in which the side chain, commonly referred to as the R-group,
is appended to the amide nitrogen rather than the α-carbon as
in natural L-α peptides.13 This modification renders the
backbone achiral and conformationally flexible, allowing the
properties to be tuned exclusively via side-chain variation.14

Their synthesis, primarily by a submonomer method and
bromo-acetylation, offers reduced cost and ease of synthesis
relative to other peptide-mimetics, and their pharmaceutical
use warrants further study.15,16 Improved resistance to
proteolysis is also provided by the peptoid backbone, enabling
the potential use of these materials as biostable long-acting
drug delivery platforms.17 Peptoids are readily synthesized
from a wide variety of commercially available primary amines,
and the synthetic protocols for their manufacture are well
established.18 They have been reported throughout the
literature as the building blocks of various nanostructures,19

including nanosheets,20,21 nanoribbons,22,23 nanotubes,24,25

and nanofibers.26,27 However, their use as hydrogels has
been relatively unexplored, particularly within the field of drug
delivery. The lack of rotation around the peptoid motif and
reduced hydrogen bond capacity mean that it is difficult to
create true hydrogels from peptoid-only molecules in water.
However, their ability to self-assemble in water to form stable
nanosheets via hydrophobic and electrostatic interactions
between peptoid side chain groups has been previously
established.28−30 Wu and colleagues investigated the formation
of hydrogels from peptoids alone but were unsuccessful, owing
to the lack of hydrogen bonding.31 These researchers
successfully formed hydrogels based on peptoid-peptide
hybrids. They achieved this by substituting a tetra-phenyl-
alanine (Phe-Phe-Phe-Phe) peptide sequence, a well-estab-
lished peptide gelating motif, for a corresponding peptoid
variant (NPhe)4 and adding several tripeptide sequences
(RGD, YSV, VPP, GGG). This was sufficient to bestow
hydrogel-forming ability to peptoid-peptide hybrids at pH 7.4
in phosphate buffered saline (PBS) at a concentration of 10 mg
mL−1.

We initially focused on the synthesis of a predominantly
peptoid sequence (NPhe)4(NLys)Y(p)-OH combined with a
covalently attached phosphate group (p) to increase solubility
in water and act as a potential phosphatase enzyme trigger for
gelation upon removal.32 However, this approach was unable
to achieve gelation in response to phosphatase enzyme, up to
our maximum tested concentration of 5% w/v. Therefore, to
optimize the ability of the peptoid molecule to form hydrogels,
we introduced peptide monomers sequentially to create a
monoglycine containing (NPhe)4(NLys)Y(p)G-OH molecule
and triglycine (NPhe)4(NLys)Y(p)GGG-OH, neither of which
were able to gelate (Table S1). A final hydrogelating peptoid-

peptide template was initially discovered, comprising a
peptoid-L-peptide, tetrabenzylamine-tetraglycine-L-lysine-O-
phospho-L-tyrosine ((NPhe)4GGGGKY(p)-OH) and its pep-
toid-D-peptide variant (NPhe)4GGGGky(p)-OH which was
hypothesized to provide superior biostability.

The HIV/AIDS antiretroviral zidovudine was selected as a
model low-molecular-weight drug due to the wide availability
of data relating to its clinical use and in drug delivery research.
Zidovudine is also sparingly soluble in water making its
pharmaceutical formulation challenging within aqueous
systems.33 HIV/AIDS also remains a significant global health
concern and there is significant scope for the use of long-acting
injectable platforms to improve treatment and prevention
strategies. The most recent (2021) statistics from the World
Health Organization indicate that there were ∼38.4 million
people worldwide living with HIV/AIDS, with ∼1.5 million
new HIV infections that year.34 UNAIDS outlined its Fast-
Track strategy in 2014, with the goal of ending the AIDS
epidemic by 2030. They aim to achieve this goal by eliminating
new infections and improving the standard of care for current
HIV/AIDS patients.35 As this deadline approaches, consid-
erable progress has been made to meet this target. Global
access to antiretroviral therapy has improved dramatically in
the past decade. An estimated 75% of people living with HIV/
AIDS received therapy in 2021, compared to only 25% in
2010.36 Currently licensed oral antiretroviral therapy options
are highly efficacious at maintaining undetectable viral loads
for several years. However, nonadherence to oral drug dosage
regimens, primarily due to pill fatigue, remains a key barrier to
achieving effective control of infection.37 Adequate adherence
to therapeutic regimens is imperative for reducing the risk of
viral rebound, disease progression, antimicrobial resistance and
ultimately treatment failure.38,39 There is a clear need for novel
antiretroviral therapy delivery options to overcome these
issues. Current efforts are focused on simplifying existing
therapies, including reducing the number of drugs required and
increasing the length of the dosing interval.37 Recent efforts to
improve patient adherence have focused on the development
of long-acting injectables to increase the dosing interval,
maintain drug concentrations within active therapeutic limits,
reduce fluctuations associated with oral dosing, improve
patient quality of life and potentially reduce some of the side
effects experienced with oral dosing. There is also an urgent
need for more discrete HIV/AIDS treatment and prevention
strategies, with several at-risk groups preferring long-acting
formulations, including injections, to daily dosing with
tablet(s).40,41 In January 2021, ViiV Healthcare’s Cabenuva
(rilpivirine, cabotegravir) became the first Food and Drug
Administration (FDA)-approved intramuscular long-acting
injectable for HIV treatment in adults.42 This was shortly
followed by the licensing of long-acting Apretude (cabote-
gravir) suspension for HIV prevention in at-risk groups
because of its superiority compared to daily oral PrEP in
reducing HIV incidence in randomized clinical trials (HIV
Prevention Trials Network [HPTN] 083 and HPTN 084).43

The development of long-acting formulations tends to focus
on the use of: water-insoluble drugs as suspensions in which
drug particles are suspended in an aqueous medium;44

microspheres were drugs are encapsulated within biodegrad-
able polymers;45 oil-based injections whereby hydrophobic
drugs are dissolved in an oily medium and precipitate upon
injection;46 or preformed implants composed of nonbiode-
gradable polymers.47 While successfully implemented clinically,
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there are several challenges to their wider use as long-acting
drug delivery platforms. For example, suspension-based
approaches can be prone to Ostwald ripening, a process in
which particles interact and accumulate to increasing sizes,
leading to flocculation and breaking of suspensions.48 This
process is accelerated by temperature cycling, which means
that the worldwide distribution of pharmaceutical suspensions,
for example for HIV prevention in sub-Saharan Africa, is more
challenging.49,50

This paper aims to develop an alternative long-acting drug
delivery platform to overcome some of these formulation
issues, providing wider choice and the potential to tune the
chemical structure to functional requirements. One major
advantage of peptide and peptide-mimetic hydrogels is that
they are amenable to manipulation at the molecular scale
relative to standard formulation approaches and synthetic
polymers, allowing them to tune features such as drug release
and viscoelastic and mechanical properties.2 This approach led
us to develop a peptoid-peptide drug delivery system with the
aim of developing a fully soluble formulation capable of
undergoing enzyme-responsive hydrogelation in situ, triggered
by the presence of endogenous phosphatase enzymes within
the subcutaneous skin space (Figure 1), creating a drug
releasing hydrogel depot system. The inclusion of L-α or D-
lysine provides a primary amino group that facilitates the
precise covalent attachment of drug(s) via a labile ester
linkage, enabling drug(s) to be released in an unmodified form
under physiological conditions via hydrolysis of the drug-ester
bond. We hypothesized that chemical attachment of a drug
alongside a diffusion barrier provided by rapid hydrogel
formation would reduce the initial drug burst. This work serves
as a proof-of-concept for the use of non-native peptide-
mimetic peptoid-peptide hybrids as a novel long-acting drug

delivery platform for the systemic delivery of low-molecular-
weight drugs.

2. RESULTS AND DISCUSSION
The properties characterized below provide important proof-
of-concept data for the development of a peptoid-peptide drug
delivery system as a new class of in situ forming long-acting
injectable. Compared with synthetic peptides and alternative
peptide-mimetic approaches e.g., D-peptides, β-homo and γ-
peptides,12,15,16 peptoids are easier and less expensive to
synthesize. Therefore, these compounds are attractive mole-
cules for upscaled manufacture and clinical translation as
pharmaceuticals. The solid-phase sub monomer method used
to synthesize peptoids enables N-substituted glycines to be
conjugated sequentially, allowing “bottom-up” control over the
monomer sequence, overall chain length, side-chain chemistry
and functional properties.51−53 Additionally, these materials
hold promise as alternative hydrogel platforms for wider
industrial applications.54 The following results outline the
creation of an initial peptoid-peptide motif (NPhe)4(NLys)-
Y(p)-OH, which evolved into the final peptoid-D-peptide
molecule (NPhe)4GGGGky(p)-OH, which forms hydrogels in
response to phosphatase enzymes and demonstrates superior
biostability for long-acting drug delivery applications. Our
initial goal for this technology was to develop a system capable
of providing prolonged drug release for at least 28 days.
2.1. Peptoid-Peptide Synthesis, Drug Conjugation,

Purification, Identification, and Formulation. The
original designed sequence was composed predominantly of
peptoid monomers with a single phosphorylated L-tyrosine,
(NPhe)4(NLys)Y(p)-OH. Our original aim was to develop a
novel peptoid-based platform that could form supramolecular
hydrogels in response to phosphatase enzymes. To our

Figure 1. (a) Chemical structure of the peptoid-peptide hydrogelating template. (NPhe)4GGGGKY(p)-OH was covalently attached to the
antiretroviral drug zidovudine (AZT), via an ester linkage at the lysine (K) position. The addition of the endogenous enzyme phosphatase results in
the removal of the attached phosphate group (p) by dephosphorylation at the tyrosine position (Y), enabling gelation to occur. Hydrolysis of the
drug-ester linkage enables the drug (AZT) to be released in an unmodified form. (b) A representation of the assembly of peptoid-peptide
monomers into a cross-linked hydrogel network via the removal of the phosphate group, enabling sustained release of the drug by hydrolysis of the
drug-ester linkage into the surrounding environment.
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knowledge, a peptoid-only hydrogel does not exist in the
literature. Phosphorylating an NTyr to create (NPhe)4(NLys)-
(NTyr(p))-OH was not possible to efficiently synthesize to
high purity. Peptoids have previously been demonstrated to
self-assemble into nanosheets via hydrophobic interactions and
electrostatic interactions between side chains. These forces
were not sufficient to drive the formation of supramolecular
hydrogels, likely due to the reduced flexibility and increased
steric bulk of the peptoids relative to their corresponding
peptide sequence.30 Low-molecular-weight tripeptoid “organo
hydrogels” have been recently demonstrated to form using
polar organic solvents such as dimethyl sulfoxide (DMSO) and
methanol in combination with water.55 Given the range of
phosphorylated L-, D-, and β-peptide hydrogels that form due
to the kinetics of enzyme-instructed self-assembly,56,57 we
believed that gelation may be possible by using a
predominantly peptoid molecule. However, (NPhe)4(NLys)-
Y(p)-OH was unable to form hydrogels in the presence of 3.98
U mL−1 of alkaline phosphatase enzyme up to 5% w/v (Table
S1). Therefore, a series of sequentially modified peptoid-
peptides with increased rotational flexibility and reduced steric
bulk were synthesized. Additional peptoid-peptides were
subsequently synthesized to increase the presence of glycine
(G) r e s i d u e s , (NPhe ) 4 (NLy s )Y (p )G -OH and
(NPhe)4(NLys)Y(p)GGG-OH (Table S1). Glycine was
chosen as the simplest amino acid, it possesses a single
hydrogen atom as its side chain, providing a high degree of
flexibility and reduced steric hindrance.58 Several studies,
including a seminal paper from the Stupp group,59 have
utilized multiple (≥3) glycine as a flexible linker region
between more hydrophilic head groups (e.g., KY(p)-OH) and
a more rigid hydrophobic sequence region (e.g., NPhe4).

60−62

The inclusion of glycine within low molecular weight peptide/
peptide-like systems has also demonstrated an improved
propensity for the gelation due to a higher degree of rotational
flexibility compared to other amino acids due to decreased
steric bulk.62,63

Hydrogel formation was achieved by replacing NLys with L-
α lysine (K) and separating the peptoid and peptide portions
with four glycine residues, creating the peptoid-L-peptide
(NPhe)4GGGGKY(p)-OH. The lysine residue offers an amino
side chain, providing a functional group for precise drug
conjugation. The inclusion of a phosphate group (p) on the
tyrosine moiety acts as an enzymatic trigger for gelation in vivo
once dephosphorylated by endogenous phosphatase enzymes.
A peptoid-peptide sequence in which L-tyrosine and L-lysine
were switched with their D-amino acid enantiomers was
synthesized ((NPhe)4GGGGky(p)-OH) in order to study
whether enhanced proteolytic stability could be obtained. The
model low-molecular-drug weight drug zidovudine (AZT) was
then attached to peptoid-L-peptide and peptoid-D-peptide.
The purity of the products was analyzed by HPLC (>95%,
Figures S19−S22) and each molecule was identified and
confirmed via 1H NMR (Figures S2−S8) and electrospray
ionization (ESI) mass spectrometry (Figures S16−S18). The
retention of the phosphate group after synthesis was confirmed
by 31P NMR (Figures S9−S15).64

2.2. Gelation Propensity and Mechanical Character-
ization. Our drug delivery system relies on enzyme-instructed
self-assembly to drive supramolecular hydrogel formation,
triggered by dephosphorylation of the phosphate group on the
peptoid-peptide by phosphatase enzymes. In practice, a drug-
releasing hydrogel depot should be formed within the

subcutaneous skin space.63 Several concentrations (10−30 U
L−1),65 (0.02 U mL−1, 1 U mL−1, and 20 U mL−1),64,66 of
alkaline phosphatase have been studied to afford enzyme-
responsive gelation of phosphorylated peptide precursors. We
chose a stock solution of 1000 U mL−1 alkaline phosphatase
enzyme, with the addition of 2 μL to each peptoid-peptide
solution equivalent to 2 U of enzyme in 502 μL or 3.98 U
mL−1 (Table S2).63

The ability of each synthesized sequence to form hydrogels
was initially screened by a vial inversion assay. This approach
also provided a general assessment of the critical/minimum
gelation concentration (% w/v) and is a quick test of a
formulation’s propensity to form hydrogels (Table S1).2 The
initial sequence, (NPhe)4(NLys)Y(p)-OH (Figure S1a), did
not form hydrogels up to 5% w/v in response to the addition
of alkaline phosphatase enzyme. Similarly, the following
peptoid-peptide conjugates did not form hydrogels at
concentrations up to 5% w/v; when a single terminal glycine
was added to (NPhe)4(NLys)Y(p)-OH (Figure S1a) to form
(NPhe)4(NLys)Y(p)G-OH (Figure S1b), and when three
terminal glycines were attached to (NPhe)4(NLys)Y(p)-OH
(Figure S1a) to form (NPhe)4(NLys)Y(p)GGG-OH (Figure
S1c). Gelation was not observed for any of these sequences,
likely owing to the reduced ability of the peptoid-peptide
sequences to participate in hydrogen bonding with water
(Table S1, Figure S23). Hydrogel formation relies on a delicate
balance between hydrophilicity (water solubility) and hydro-
phobicity (water insolubility).67 It was hypothesized that
sequentially increasing the number of glycine residues within
the peptoid-peptide sequence would provide a means to
achieve such balance by acting as a flexible spacer between the
bulky hydrophobic (NPhe)4 and more hydrophilic KY(p)-OH
sequence.59,68

Wu and colleagues previously reported that the ability of
peptoid sequences to form supramolecular hydrogels in water
could be improved by the addition of the short tripeptide
sequences RGD, YSV, VPP and GGG. The tetra-peptoid
sequence (NPhe)4 linked to tripeptides formed hydrogels via a
heating−cooling process in pH 7.4 PBS at a concentration of
1% w/v.31 This work also led us to unsuccessful hydrogel
formation via a similar heating (70 °C) − cooling (25 °C)
formulation step prior to repeated administration of 3.98 U
mL−1 alkaline phosphatase enzyme. We used this approach for
peptoid-peptide molecules that failed to originally demonstrate
propensity to gelate (Table S1). The difficulty in designing
peptoid-only hydrogel sequences has been recently highlighted
by the Lau and Tuttle groups.69 They utilized peptoid
computational dynamics in order to discover the minimal di-
or tripeptoid sequence that may inform self-assembly and
nanostructure formation, as successfully outlined previously for
tripeptides.70 The tripeptoid Nf-Nke-Nf demonstrated the
ability to form nanofibers similar to the nanotubes of the
dipeptide FF,71 but no hydrogel formation was observed.

Wang and colleagues performed studies examining the
position and number of glycine residues and the effect that this
modification had on gelation of the peptide sequence
NapFFY(p)-OH.62 They found that placing a glycine residue
between Nap and FF in the sequence reduced the minimum
gelation concentration and proposed that this was due to
glycine acting as a linker to separate the bulky groups of Nap
and FF. The authors also varied the number of glycine residues
(between one and four) within the sequence, which influenced
the gelation ability, with an odd number of glycines producing
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gels at a lower minimum gelation concentration. The authors
attributed this to more efficient molecular packing of the
peptide derivatives. The position of glycine residues is
therefore important, and the sequence was further modified
to place four glycine residues between the peptoid and peptide
portions of the sequence as a flexible linker, thereby creating
the peptoid-L-peptide (NPhe)4GGGGKY(p)-OH. This dem-
onstrated a propensity to gelate, even after the covalent

attachment of the drug (AZT), because of the presence of
additional glycines and possibly due to the separation of the
bulky portion (NPhe)4 and hydrophilic KY(p)-OH moiety
(Figures S24). A peptoid-D-peptide was subsequently
produced (NPhe)4GGGGky(p)-OH, which was hypothesized
to improve proteolytic resistance and biostability, important
attributes for long-acting drug delivery. Both peptoid-L-peptide
and peptoid-D-peptides demonstrated a minimum gelation

Figure 2. Vial inversion assay for (a) peptoid-D-peptide 2% w/v (NPhe)4GGGGky(p)-OH and the peptoid-D-peptide drug conjugate (b) 5% w/v
(NPhe)4GGGGk(AZT)y(p)-OH in response to alkaline phosphatase (ALP) activity, providing an initial assessment of the propensity to form
hydrogels. (c−f) Several important rheological data relating to peptoid-D-peptides, 5% w/v (NPhe)4GGGGky(p)-OH and 5% w/v
(NPhe)4GGGGk(AZT)y(p)-OH. Means ± standard deviations (SDs) plotted for each (n = 3). (c) Frequency sweeps for 5% w/v peptoid-D-
peptide hydrogels. (d) Strain sweeps for 5% w/v peptoid-D-peptide gels. In (c) and (d), the peptoid-D-peptide (NPhe)4GGGGky-OH is presented
in black, and the peptoid-D-peptide with zidovudine-attached (NPhe)4GGGGk(AZT)y-OH is presented in gray. The filled circles represent the
storage modulus (G′), and the open squares represent the loss modulus (G″). Rheological time sweeps to 120 min for (e) 5% w/v
(NPhe)4GGGGky(p)-OH and (f) 5% w/v (NPhe)4GGGGk(AZT)y(p)-OH. In (e) and (f), the black lines represent the storage modulus (G′),
and the gray lines represent the loss modulus (G″) with the red and blue areas donating SDs for G′ and G″ respectively. The full results relating to
rheological analysis outlined in Figures S25−S28 and Table S3.
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concentration of 2% w/v (Figure 2a). A concentration of 5%
w/v improved the rheological characteristics (Figures 2b−f,
S28, Table S3), this higher concentration was therefore
selected for further characterization, i.e., in vitro and in vivo
drug delivery.

A potential area for future study would be to correlate
dephosphorylation to gelation propensity, to see if lack of
gelation relates to low dephosphorylation conversions or
supramolecular interactions.72 This has been previously
studied by the Xu and Ulijn groups using LC-MS, albeit for
peptides where hydrogel formation has been established and in

Figure 3. (a) TEM image showing the fibrous architecture of 5% w/v (NPhe)4GGGGk(AZT)y-OH at 2000× magnification; red scale bar = 5 μm.
(b) SEM images (HV = 20 kV) showing the fibrous architecture of 5% w/v (NPhe)4GGGGKY-OH hydrogels at (i) 1000× magnification and (ii)
5000× magnification; red scale bar = 100 μm, blue scale bar = 20 μm. (c,d) SANS data for 5% w/v peptoid-L-peptide hydrogels, (c)
(NPhe)4GGGGKY-OH and (d) (NPhe)4GGGGK(AZT)Y-OH (dotted line). The solid line represents the model data for the flexible cylinder
elliptical model alone (c) and for the case in which the power law was applied (d). Scattering data were collected over a wide Q range [Q =
4πsin(θ/2)/λ] of 0.001 to 0.5 Å−1 and three sample−detector distances (1.4 m, 8 m, 39 m). (e) The biostability of the parent peptoid-L-peptide
(NPhe)4GGGGKY(p)-OH (black filled circles) and peptoid-D-peptide (NPhe)4GGGGky(p)-OH (gray filled squares) after incubation with the
broad-spectrum protease proteinase K for 28 days. The values represent means ± SDs (n = 3). Key: ns: no significant difference (p > 0.05); *p ≤
0.05 difference between the proteinase K-treated peptoid-L-peptide (NPhe)4GGGGKY(p)-OH and the negative, nontreated, peptoid-peptide only
control. (f) Cumulative percentage (%) of zidovudine (AZT) released from physically encapsulated and chemically conjugated (NPhe)4GGGGKY-
OH and (NPhe)4GGGGky-OH in PBS over 28 days (n = 3). Key: black filled squares (NPhe)4GGGGKY-OH + AZT (peptoid-L-peptide, drug
physically mixed), black unfilled squares (NPhe)4GGGGK(AZT)Y-OH (peptoid-L-peptide, chemically conjugated drug), red filled triangles
(NPhe)4GGGGky-OH + AZT (peptoid-D-peptide, drug physically mixed), red unfilled triangles (NPhe)4GGGGk(AZT)y-OH (peptoid-D-
peptide, chemically conjugated drug). ****: p ≤ 0.0001 difference between drug release from zidovudine chemically conjugated to the peptoid-
peptide hydrogel and the respective physically encapsulated control.
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solution, at concentrations below their respective minimum
gelation concentrations e.g. 500 μM.73,74 A similar study at
relevant hydrogel forming concentrations (2−5% w/v) may
also provide insight as to how dephosphorylation and
supramolecular gelation effects ester hydrolysis and drug
release.75,76

Oscillatory rheological assessment is an important tool for
demonstrating hydrogel formation and characterizing the
mechanical properties important for injectable in situ forming
hydrogel depots. Our drug delivery system is partly defined by
drug diffusion from the hydrogel matrix, and hydrolysis of the
peptoid-peptide-drug chemical linker. Reproducing supra-
molecular gels’ mechanical properties is difficult, especially
for peptide-based systems. Experimental parameters and
formulation factors are particularly important, as highlighted
recently by the Adams and Draper groups.77,78 Subtle
experimental influences e.g. handling and temperature, can
lead to issues with reproducibility. Gelation behavior was
readily reproducible for our peptoid-peptide systems (n = 3) so
long as the formulation steps of Table S2 and outlined
rheological methods are closely followed (Supporting
Information, Section S.4.). Loss (G″) and storage (G′) moduli,
critical strain (%) and oscillatory time sweeps were performed
to determine the rheological changes with time and the
potential for rapid in situ hydrogel depot formation upon
exposure to 3.98 U mL−1 phosphatase enzyme. Rheological
measurements of the orig inal peptoid-L-pept ide
(NPhe)4GGGGKY(p)-OH motif are outlined in Figure S25.
Hydrogel formation occurs when the storage modulus (G′) is
at least 1 order of magnitude greater than the loss modulus
(G″).79 This was observed for frequency sweeps conducted
within the linear viscoelastic region (LVR) for both peptoid-L-
peptides (Figure S25a) and peptoid-D-peptides (Figure 2c)
with and without covalent attachment of zidovudine. This
indicated good viscoelasticity for the formed hydrogels. The
dynamic frequency sweeps also demonstrated that the moduli
were largely independent of the frequency applied for peptoid-
L-peptides (Figure S25a), although a slight frequency depend-
ence was observed for peptoid-D-peptides, suggesting that a
weak elastic matrix may exist within these hydrogels.80

Analysis of frequency sweeps demonstrated that G′ had
values spanning an order of magnitude similar to those
reported for peptide-based hydrogels,81 from ∼650 Pa (2% w/
v (NPhe)4GGGGk(AZT)y(p)-OH) to ∼5.8 KPa (5% w/v
(NPhe)4GGGGKY(p)-OH). Unsurprisingly G′ increased with
increasing concentration of peptoid-D-peptide (G′ = ∼1054 Pa
at 2% w/v compared to ∼2030 Pa at 5% w/v). Interestingly
peptoid-L-peptide gels without drug were significantly stiffer
(Figure S25a), demonstrated through higher G′ values, than
their peptoid-D-peptide counterparts (Figure 2c). This is
different to previous observations for comparing the effect of
single L- or D-enantiomers of peptide-based gels. For example,
the Xu group reported that the chirality of hydrogelators
caused negligible differences in viscoelastic properties, with the
L- and D-enantiomeric variants of NapFFKY(p)-OH displaying
similar gel stiffness and strength.64 An interesting area for
further study would be whether peptoid-L-peptides and
peptoid-D-peptides enantiomeric mixtures afford more rigid
hydrogels than L and D forms alone, as recently highlighted by
the Schneider group with their MAX1 peptide.82 As previously
observed for low-molecular-weight L-α/D-peptide hydrogels,
covalent attachment of the model drug zidovudine via an ester
linkage significantly reduces gel stiffness for both peptoid-L-

peptides and peptoid-D-peptides.63 The attachment of
zidovudine to the peptoid-peptides and the subsequent
formulation of this gel may have resulted in the formation of
different types of entanglements within the gel network. The
attachment of drugs may interfere with intra- and intermo-
lecular bonding, therefore impacting molecular packing and the
nature of the hydrogel network as observed previously by Chen
and colleagues.83 In this study, the covalent attachment of
ketoprofen to a low molecular weight tetrapeptide hydro-
gelator interfered with intra- and intermolecular bonding.
Upon assembly, ketoprofen’s two hydrophobic phenyl groups
were present within the predominantly hydrophilic plane of the
tetra peptide sequence, disrupting molecular packing and
reducing the hydrogel’s mechanical properties.

Rapid gelation is important for in situ formation of drug
delivery depots to reduce the diffusion of drug(s) from the
depot and potential burst release. Quick gelation after
injectable administration is also important for our system in
order to reduce the availability of the peptoid-peptide ester
linkage with the drug to water within the subcutaneous space,
providing a diffusion barrier to rapid drug cleavage by
hydrolysis.84 There are several ways in which time for gelation
can be defined: a) the time at which the storage modulus (G′)
and loss modulus (G″) cross indicating greater solid-like
behavior; b) the time point at which G′ is greater by 1 order of
magnitude than G″; and c) the time at which G′ and G″ begin
to stabilize/plateau. Based on a) and b) at 5% w/v
(NPhe)4GGGGKY(p)-OH, gelation of the peptoid-L-peptide
complex begins within 10 s (first observable time point) after
the addition of phosphatase enzyme (Figures S25c), stabilizing
at ∼80 min and forming a gel with a stiffness of 5064.35 Pa
after 250 min (Figure S25e, Table S3). Quick gelation was also
demonstrated for 5% w/v (NPhe)4GGGGK(AZT)Y(p)-OH
(Figure S25d). The attachment of drug caused an increase in
gelation time. G′ is an order of magnitude greater than G″ after
∼1 min, and reaching a plateau at ∼135 min (Figures S25d, f,
Table S3). Peptoid-D-peptides (Figures 2e, 2f, S26c, S27c,
Table S3) demonstrated a similar speed of gelation, plateauing
∼70−90 min. The attachment of drug once again increased
gelation time by ∼10−20 min in this case. Increased gel
stiffness over a longer period of time, i.e., up to 250 min, is
likely due to gradual removal of phosphate groups on the
peptoid-peptide structure. As previously observed with
phosphorylated peptide hydrogels,63,85 removal of all phos-
phate groups is not required to achieve gelation; rather, the gel
stiffness increases over time with continued removal of
phosphate groups and possible organization of fiber entangle-
ments, as observed in the SANS data (Figure 3c, d), and/or
with the formation of additional networks or entanglement of
the initial gel network.

Evidence of at least two networks can be identified in the
(NPhe)4GGGGK(AZT)Y-OH strain sweep where the defor-
mation of the gel occurs at both ∼4% and ∼17.5% strain
(Figure S25b). This would imply that the weaker network
breaks under ∼4% strain whereas the stronger second network
or entanglement breaks at ∼17.5% strain. This second network
seems to also exist for peptoid-L-peptides alone
((NPhe)4GGGGKY-OH: ∼5.78% and ∼36.5% strain) and
for the peptoid-D-peptide variants with (∼1.1% and ∼8.36%
strain) and without (∼0.527% and ∼4.81% strain) drug
(Figure 2d).83

In our previously reported work studying low-molecular-
weight D- and L-peptide hydrogels, the conjugation of
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zidovudine to peptide sequences resulted in an increase in gel
strength measured by the breakage strain/flow point.63 This
was not observed for the peptoid-peptide-AZT conjugates.
Complete deformation, where G′ and G″ intersect, was
observed at a lower strain (∼44%) for drug-attached
peptoid-L-peptide (NPhe)4GGGGK(AZT)Y-OH (Figure
S25b) than peptoid-L-peptide alone (∼92%). Complete
deformation was higher for peptoid-D-peptide. Both peptoid-
D-peptide alone and peptoid-D-peptide-AZT gel networks
were disrupted at a strain of ∼192%.
2.3. Microscopy and SANS. Imaging techniques, such as

SEM and TEM in combination with SANS, are comple-
mentary techniques for revealing the detailed structural
features within fibrous networks.86 Microscopic examination
of the peptoid-peptide hydrogels by SEM and TEM revealed a
three-dimensional interweaving random entanglement of fibers
(Figures 3a, b), consistent with our previous observations for
low-molecular-weight peptide hydrogels.63,87,88 While micros-
copy enables fiber structures to be visualized, SANS offers
information about the molecular packing and structure of bulk
samples at a 1−100 nm scale without the need for drying or
the potential formation of artifacts.89,90 Currently only the
peptoid-L-peptides are studied here, given the demand on
beam-time at central facilities such as ILL. Figure 3c shows that
5% w/v (NPhe)4GGGGKY-OH closely fits the flexible
cylinder elliptical model with a fiber radius of 1.825 nm.
Figure 3d shows that 5% w/v (NPhe)4GGGGK(AZT)Y-OH
also closely fits the flexible cylinder elliptical model with the
power law applied with a narrower fiber radius of 0.781 nm.
These findings are similar to previous SANS observations with
low-molecular-weight NapFF peptide gels.89,90 A summary of
the parameters extracted from these fits is outlined in Table S4.
SANS spectra demonstrated that the compositions of the gel
fibers with and without the addition of the drug zidovudine
were similar at low Q (Figures 3c, d). As observed previously
with L-α/D-peptide NapFFKY(p)-OH hydrogels,63 differences
in mechanical/rheological properties are likely driven by
changes in how these fibers entangle rather than by changes
in their composition or underlying molecular arrangement e.g.,
secondary structures. The large lengths of these fibers are also
evidence of entangled fibers. How these peptoid-peptides are
formulated and the gelation process should therefore have a
significant impact on the nature of fiber entanglement and the
resulting mechanical and functional (e.g., drug release)
properties. The design of processes, for example, freeze-drying
to a powder formulation and reconstitution in a water-based
solvent prior to injection, is likely to be important not only to
their future clinical use but also to how these gels form and
their fundamental behavior.
2.4. Biostability. Proteinase K is utilized as an in vitro

biostability indicator since it is a broad-spectrum protease
against both aliphatic and aromatic peptide-based substrates.91

While degradation of peptide and peptide-mimetic-based
hydrogels in vivo is desired, tailored to the required dosage
interval, premature degradation of the hydrogel matrix in the
case of long-acting drug delivery applications would result in
inappropriate release rates and/or dose dumping.92 The data
(Figure 3e) demonstrated that the peptoid-L-peptide
(NPhe)4GGGGKY(p)-OH possesses superior biostability
relative to L-α peptides, which are well documented to
degrade within hours of exposure to proteases. This severely
limits the use of L-α peptides in clinical applications, especially
within the area of long-acting drug delivery.93 The peptoid-L-

peptide structure remains stable for the first 2 weeks and then
begins to degrade, with 18.1% ± 9.8 remaining at the
termination of the study, in line with our initial 28 day dosing
interval. The site of degradation is likely the peptide portion of
the sequence, which is composed of L-α amino acids. The
peptoid-D-peptide (NPhe)4GGGGky(p)-OH remained stable
throughout the duration of the study, with 98.97 ± 2.18%
remaining after 28 days. This result demonstrated the
promising biostability profile of the peptoid-D-peptides,
suggesting that it may be possible to extend the dosage
interval beyond the initial 28 days for this platform. For any
future clinical application, tailoring the degradation profile, by
modifying the peptoid-peptide chemical structure to the drug
release rate observed in animal and human studies and the
required dosage interval, will be important.
2.5. In Vitro Drug Release. The in vitro drug release

profiles displayed in Figure 3f consist of an initial burst release
and then a plateau with slower drug diffusion through the
hydrogel matrix, which is typical of in situ forming depots.94 A
large amount of drug burst release was observed upon physical
encapsulation of zidovudine in combination with
(NPhe)4GGGGKY-OH and (NPhe)4GGGGky-OH, with
102.2% and 97.5%, respectively, of the loaded drug being
released in the first 72 h. This is typical of physically
encapsulated drug release systems, which are prone to drug
leakage and a high burst release.8,95 The release profile was
monitored over the entire 28 day profile. As the majority of the
drug load is spent within the first 72 h for physically
encapsulated forms, clinical application would likely result in
an increased risk of initial toxicity and subtherapeutic levels of
drug for the remainder of the dosing interval. Physically
encapsulated systems are more applicable to acute drug
delivery applications where rapid treatment, such as pain
relief, is required at a high dose for a shorter time period.
Zidovudine is conjugated to the lysine residue of each peptoid-
peptide via an ester linkage. Drugs are released from the
hydrogel systems in an unmodified form via simple hydrolysis
of the drug-ester linkage under physiological conditions. In
practice, diffusion through the peptoid-peptide hydrogel matrix
and into the surrounding fluid would enable uptake into the
systemic circulation. Figure 3f shows that burst release still
persists from the chemically conjugated systems but is
significantly lower than that from physical encapsulation. The
drug release for (NPhe)4GGGGKY-OH was reduced by
approximately ∼88% (from 102.2% to 14.2%) within the first
72 h. A similar trend was observed for (NPhe)4GGGGky-OH,
in which drug release in the first 72 h was reduced by 81%
(from 97.5% to 16.9%). At the final time point (28 days), only
∼20% of the drug had been released in peptoid-peptide
formulations were zidovudine was covalently attached (15.9%
peptoid-L-peptide, 22.3% peptoid-D-peptide). This indicates
that a longer dosing interval may be achieved; however, release
rates in vivo are likely to increase; therefore, there is an obvious
need to conduct preliminary studies in small animals and
follow-on pharmacokinetic studies in large animals, e.g.,
macaques and clinical trials in humans. There appears to be
a link between gelation times for peptoid-L-peptide and
peptoid-D-peptide hydrogels, defined by rheological time
sweeps (Figures 2f, S25c−f and Table S3). The majority of
% cumulative drug released for both (NPhe)4GGGGK(AZT)-
Y-OH (11.04%) and (NPhe)4GGGGk(AZT)y-OH (9.5%) is
within the first 30 min when the peptoid-peptides are
beginning to gel and both G′ and G″ are stabilizing in situ.
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It is well established that rapid gel formation minimizes burst
release of drug and this is especially relevant to our system,96

whereby the presence of a gel should act as a diffusional
barrier, reducing the ability of water to hydrolyze the covalent
ester linkage between peptoid-peptide and drug.

KinetDS software was utilized to further understand the
drug release kinetics of these novel peptoid-peptide hydrogel
platforms. Various kinetic models, including zero-order, first-
order, Korsmeyer−Peppas, Hixson−Crowell, Higuchi and
Weibull models were applied to determine the mechanism of
drug release. The respective r2 values obtained from model
fitting are shown in Table S5 for peptoid-L-peptides and
peptoid-D-peptides with zidovudine (i) encapsulated and (ii)
covalently attached via an ester linkage. For injectable
hydrogel-forming depots quantified by cumulative release,
zero-order, first-order and Korsmeyer−Peppas models tend to
be the most relevant for establishing the mechanism of drug
release kinetics. The Higuchi model applies to drug release
driven mainly by diffusion only and it is accepted that this
model should not be used when hydrogel swelling may be a
factor in release.97−99 Hixson−Crowell is generally not suited
for hydrogels and is applied to drug delivery systems that
undergo significant changes in diameter and surface area e.g.,
from particles and tablets.100 The Weibull model demonstrated

the highest r2 values, followed closely by Korsmeyer−Peppas
for covalently attached drugs in the peptoid-L-peptide
(NPhe)4GGGGK(AZT)Y-OH and peptoid-D-peptide
(NPhe)4GGGGk(AZT)y-OH; the r2 values were 0.84 and
0.86 for both the Weibull and Korsmeyer−Peppas models,
respectively, in these systems. Korsmeyer−Peppas tends to be
more relevant to three-dimensional drug delivery systems such
as peptoid-peptide hydrogels and warrants a stronger case for
support. The Weibull model is associated more with
nanoparticles and heterogeneous formulations; however its
application in model injectable hydrogels is increasing.101,102

According to the Korsmeyer−Peppas model (Table S6), the
diffusion exponent n is slightly greater than 1 for physically
encapsu l a t ed drug fo rms o f pep to id -L -pep t ide
(NPhe)4GGGGK(AZT)Y-OH and peptoid-D-peptide
(NPhe)4GGGGk(AZT)y-OH and is slightly less than 1 for
chemically attached drug forms. This indicates super case II
transport (n > 0.85), whereby the drug is mainly released
through the erosion of the polymer matrix and/or possibly
hydrolysis of the ester-drug linkage where present.99,103 Super
case II transport has been previously demonstrated for Fmoc-
diphenylalanine peptide hydrogels physically encapsulated with
the nonsteroidal anti-inflammatory drug (NSAID) indometha-
cin.104 When the Weibull model is applied, the value of the

Figure 4. Cellular cytotoxicity of fully solubilized (NPhe)4GGGGK(AZT)Y(p)-OH was measured using (a) a MTS viability assay (6, 24, and 72
h), (b) a LDH toxicity assay (6 h) and (c) Live/Dead staining of (NPhe)4GGGGKY(p)-OH and (NPhe)4GGGGK(AZT)Y(p)-OH (24 h, scale
bar: 400 μm). The means ± SDs are provided for nine replicates in (a) and (b). ns: not significant (p > 0.05), *p ≤ 0.05; **p ≤ 0.01; ***p ≤
0.001; ****p ≤ 0.0001, difference between the peptoid-peptides and the negative control (media only). The cytotoxicity study utilized 70% v/v
ethanol as the positive control (100% kill).

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c03751
J. Am. Chem. Soc. 2024, 146, 21401−21416

21409

https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03751/suppl_file/ja4c03751_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03751/suppl_file/ja4c03751_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c03751?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c03751?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c03751?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c03751?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c03751?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


shape factor β is most useful for providing information on the
mechanism of drug release. The β values of the drug-
conjugated peptoid-peptides hydrogels were calculated to be

between 0.75 and 1 ((NPhe)4GGGGKY-OH β = 0.9550,
(NPhe)4GGGGk(AZT)y-OH β = 0.9748) indicating a
combination of gradual drug release by diffusion (Fickian

Figure 5. (a) In vivo plasma concentration of the drug zidovudine (AZT) measured across 35 days in Sprague−Dawley rats (n = 6) after
intravenous (IV) administration of AZT and subcutaneous (SC) administration of (NPhe)4GGGGk(AZT)y(p)-OH. Statistical analysis and
representation of (b) AUC0−35, (c) AUC0‑∞,obs and (d) MRT0‑∞,obs in rats from both cohorts. Each point on the graph represents one rat (total n =
6 per group). (Key for Figures b−d: ****p ≤ 0.0001). (e) Weights of Sprague−Dawley rats (n = 6) at the start (day 0) and the end of the
experiment (day 35) in the control, intravenous and subcutaneous administration groups.
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diffusion) and hydrogel erosion/polymer relaxation (case II
transport).101 For the drug-encapsulated peptoid-peptides
hydrogels (Table S7), both (NPhe)4GGGGKY-OH (β =
1.169) and (NPhe)4GGGGky-OH (β = 1.088) possessed β
values of >1, indicating a more complex combined drug release
mechanism.102,105

2.6. Cell Cytotoxicity. The in vitro cell cytotoxicity profiles
of the peptoid-peptides were tested using three separate tests
(i) MTS, (ii) LDH and (iii) Live/Dead staining assays. Fully
solubilized peptoid-peptide formulations were tested at
concentrations ranging from 20−500 μM for up to 72 h.
The majority of the assays demonstrated a trend whereby
peptoid-peptides displayed no significant cytotoxicity up to
500 μM. This is similar to the cytotoxicity profile for other
solubilized peptides capable of forming hydrogels.32,63,92,106

According to the results of the MTS cell viability assay,
treatment with 500 μM peptoid-D-peptide (NPhe)4GGGGky-
(p)-OH significantly reduced cell metabolic activity at all time
points (6, 24, and 72 h, Figure S30). Treatment with 500 μM
peptoid-L-peptide (NPhe)4GGGGKY(p)-OH significantly re-
duced cell metabolic activity only after 72 h of exposure to
NCTC 929 cells (Figure S29). This trend was supported by
results of the Live/Dead assay conducted over 24 h. Peptoid-L-
peptide, at 500 μM, had no observable cytotoxic effects on live
cells, as determined by the presence of green fluorescent dye
(Figures 4c, S33). Peptoid-D-peptide again demonstrated
cytotoxicity after 24 h of exposure to 500 μM concentrations,
as shown by the presence of red fluorescent stain (Figure S34).
The covalent attachment of zidovudine did significantly impact
cell metabolic activity, and cell toxicity was once again
demonstrated only after 72 h for 500 μM peptoid-L-peptide
(NPhe)4GGGGK(AZT)Y(p)-OH (Figure 4a). These findings
were consistent with the results obtained for Live/Dead assays
(24 h, Figure 4c) and the cytotoxicity for (NPhe)4GGGGK-
(AZT)Y(p)-OH tested via LDH release (6 h, Figure 4b). The
LDH assay demonstrated significant cytotoxicity for peptoid-L-
peptide (NPhe)4GGGGKY(p)-OH at all concentrations tested
(20−500 μM, Figure S31); however, the cytotoxicity was still
below the 20% cell cytotoxicity threshold (80% cell viability)
widely employed within research,107 and the minimum 70%
cell viability value set by the ISO official standards for
biomaterial testing.108 The peptoid-D-peptide (Figure S32)
demonstrated significant toxicity only at 500 μM, in line with
the results obtained for MTS assays at the 6 h time point
(Figure S30a). The LDH results, particularly those for peptoid-
L-peptide, demonstrated the importance in performing more
than one assay to determine the cytotoxicity of new chemical
entities.
2.7. In Vivo Plasma Drug Concentration Studies.

Sprague−Dawley rats were used as a small animal in vivo
model to assess the drug absorption, by measuring the plasma
concentration of zidovudine, after subcutaneous administration
of 5% w/v peptoid-D-peptide (NPhe)4GGGGk(AZT)y(p)-
OH. The peptoid-D-peptide variant was chosen for in vivo
investigation to confer enhanced resistance to proteolysis
(Figure 3e), an important characteristic of long-acting drug
delivery platforms.

Figure 5a shows the plasma concentration of zidovudine
over time and additional pharmacokinetic parameters (drug
half-life [t1/2], time to maximum concentration [Tmax],
maximum concentration [Cmax], area under curve [AUC]
(Figures 5b, c), and mean residence time [MRT] (Figure 5d))
are presented in Table S8. Figure 5a shows that when

zidovudine was administered subcutaneously as part of the
hydrogel system, the plasma concentration initially peaked at
590 ng mL−1 1 h after administration. This concentration falls
within the first 72 h of treatment with zidovudine, for which
the IC90 range is 30−130 ng mL−1, up to the final time point of
35 days.109 Blood plasma concentrations of zidovudine were
also found to be within four times its respective IC90 value
(120 ng mL−1), a pharmacokinetic benchmark for HIV
protection.110 The initial peak in the plasma zidovudine
concentration is likely due to burst release from the system
upon administration during the gelation process as discussed in
section 2.5 and displayed in Figure 3f.

For comparison, intravenously administered zidovudine
served as a control. It exhibited a significantly higher plasma
peak (7,500 ng mL−1), which was 12.5 times greater than the
chemically conjugated zidovudine. However, this concentra-
tion rapidly diminished to undetectable levels within 6 h.
PKSolver 2.0 facilitated the calculation of pharmacokinetic
parameters shown in Figures 5b−d and Table S8. Intriguingly,
the AUC0‑∞ for subcutaneously administered zidovudine was
approximately 20 times higher than the intravenous route. The
Cmax decreased by 17 times, and the MRT was remarkably
extended, from approximately 1.58 to 3483.2 h, presenting
notable pharmacokinetic advantages. The reduced Cmax
minimizes the risk of peak-related toxicities, especially
important for drugs with a narrow therapeutic window.
Meanwhile, the extended MRT indicates a sustained drug
release profile, which is crucial for chronic conditions like
HIV/AIDS to maintain consistent drug levels, thereby
improving treatment efficacy and patient compliance.111 This
could lead to reduced dosing frequency, enhancing patient
adherence−a significant benefit in lifelong prevention/treat-
ment for diseases such as HIV/AIDS.112 These findings are
particularly relevant for the development of new drug
formulations, where maintaining therapeutic drug concen-
trations for extended periods is key to therapeutic efficacy. In
the context of HIV/AIDS treatment and prevention and
diseases with medication adherence issues e.g., psychoses and
tuberculosis, a longer dosage interval than 35 days is necessary.
For example, Apretude (cabotegravir: HIV prevention) and
Cabenuva (rilpivirine, cabotegravir: HIV treatment) are
licensed for use and administered at a dosage intervals of
every two months.113 Therefore, matching or improving this
dosage interval would be important from a clinical and
commercial perspective and a feasible way to achieve this
would be to use drugs with increased potency e.g., cabotegravir
with the peptoid-peptide system. There is also the potential to
expand the use of this system to other indications, to include
several low molecular weight drugs utilized within peptide
hydrogels previously, most notably the NSAIDs naproxen,
ibuprofen, indomethacin,7,88 and the anticancer drugs
doxorubicin and taxol.32,80 Their compatibility e.g., propensity
for gelation, with our peptoid-peptide system would have to be
initially established.

During the study, the rats in both the subcutaneous and
intravenously administered test groups were monitored for
differences in weight and behavior compared to those in a
healthy, untreated (negative) control group of rats. All the
treatments were well tolerated, with no deaths or serious
adverse effects observed and no apparent signs of irritation or
infection at the injection site in those receiving intravenous or
subcutaneous injections. There were no significant differences
in weight between the experimental and control cohorts
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(Figure 5e), suggesting that the treatments were well tolerated
during the 35 day study. These results support our proof-of-
concept and suggest that the inclusion of non-native peptoids
within the peptide sequence can improve retention, suggesting
that this platform has significant potential as an effective long-
acting drug delivery system. Given the in vitro biostability
profile of the peptoid-D-peptide (Figure 3e), it would be
prudent to provide insight into its in vivo stability and to
elucidate the potential host immune response to peptoid-
peptide hydrogels,114 and possible inflammation at the
injection site e.g., erythema, edema,110,115 in future work.

3. CONCLUSIONS
The use of low-molecular-weight peptoid-peptides materials
provides a new paradigm for the design and development of
peptide-like hydrogels for use in healthcare applications. These
materials are especially promising for use as long-acting
injectables because of their biostability, ability to undergo in
situ hydrogelation in response to physiological triggers e.g.,
enzymes, and capacity to reduce burst/sustained drug release.
These characteristics can be built into the chemical structure
and design of the peptoid-peptide formulation. Recently,
licensed long-acting injectables have focused on the area of
HIV/AIDS treatment and prevention. We demonstrated that
peptoid-D-peptide can systemically deliver drugs (zidovudine)
to rats at clinically relevant concentrations (IC90) for 35 days.
Therefore, our system holds promise for use not only in HIV/
AIDS infection but also in other areas where sustained drug
release may be beneficial e.g., oncology, tuberculosis, malaria,
ocular and CNS delivery, substance abuse and mental health
disorders. Future work will focus on establishing in vivo safety/
tolerability, efficacy and pharmacokinetics in large animals. For
example, in the context of HIV/AIDS, clinically relevant
cynomolgus macaque models of SIV can be generated and
tested using more potent antiretroviral drugs (cabotegravir),
and the ability to upscale manufacture to current Good
Manufacturing Practice (cGMP). We envisage clinical peptoid-
peptide products to be formulated as powders for injection to
provide sufficient pharmaceutical stability and shelf life.
Therefore, optimizing the freeze-dried preparation and
sterilization of this powder formulation and ensuring that it
is readily reconstituted in buffer/water prior to administration
as a sterile product will be important. Peptoid-peptides also
hold significant promise as new materials for wider use in areas
where synthetic and peptide hydrogels are being applied e.g.,
3D cell culture, biosensors, wound healing, 3D printing, and
stem cell and gene cell delivery.

4. EXPERIMENTAL SECTION
4.1. Peptoid-Peptide Synthesis, Drug Conjugation, Purifi-

cation, Identification, and Formulation. To create a carboxylic
acid-terminated peptoid-peptide molecule, 2-chlorotrityl chloride or
primarily Wang resin was employed as the solid-phase support.
Peptide sequences, e.g., glycine (G), tyrosine (Y) and lysine (K) were
incorporated into the peptoid-peptide sequence using standard Fmoc
solid-phase protocols.87 Solid-phase submonomer synthesis, involving
a series of repeated bromo-acetylation and displacement steps was
utilized to create the peptoid chain, e.g., (NPhe)4 sequence, as
previously outlined by the Zuckermann group.51 The synthetic steps
are fully outlined within the Supporting Information (S.1, S.2).
4.2. Hydrogel Formulation, Gelation Propensity, and

Mechanical Characterization. The propensity for synthesized
peptoid-peptide molecules to gelate was tested using a vial inversion
assay in HPLC glass vials across a range of concentrations (0.1−5%

w/v). When a propensity to gelate was observed, the hydrogel
formation and mechanical properties of peptoid-peptides were
characterized via oscillatory rheology using an Anton Paar MCR302
rheometer (Anton Paar, St Albans, UK). Methods employed are fully
outlined within the Supporting Information (S.3, S.4).
4.3. Microscopy. The structure of the formed hydrogels was

studied at the nanoscale using scanning electron microscopy (SEM)
performed on a JEOL JSM 6500 F SEM (JEOL, Freising, Germany).
Microscopy and sample preparation are fully outlined within Section
S.3 of the Supporting Information.
4.4. Small-Angle Neutron Scattering. Small-angle neutron

scattering (SANS) was utilized to probe hydrogel fiber properties at
the macroscopic scale and to investigate how molecular packing and
long-range networks form for peptoid-L-peptide hydrogels
((NPhe)4GGGGKY-OH) with and without the covalent addition of
zidovudine. SANS measurements were performed using the D11
instrument at the Institut Laue − Langevin (ILL), Grenoble, France.
A full outline of methods and parameters are provided in Section S.5
of the Supporting Information. A summary of the fitting parameters is
shown in Table S4. The data and the fits are shown in Figure 3c and
d.
4.5. Biostability. The in vitro biostability of peptoid-L-peptide

(NPhe)4GGGGKY(p)-OH and peptoid-D-peptide
(NPhe)4GGGGky(p)-OH was tested using the broad-spectrum

protease proteinase K at several time points for up to 28 days as
outlined fully within the Supporting Information (S.6).
4.6. Cell Cytotoxicity. Peptoid-peptide cell cytotoxicity studies

were performed using the International Standard (ISO) murine
fibroblast subcutaneous connective tissue NCTC 929 (ATCC CCL
1) cell line.108,116 Cell cytotoxicity was assessed using three separate
assays, outlined fully in Section S.7 of the Supporting Information: (i)
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium (MTS) colorimetric assay, (ii) lactate
dehydrogenase (LDH) release and (iii) a Live/Dead assay. The
cytotoxicity of each peptoid-peptide was tested after 6 (LDH, MTS),
24 (Live/Dead, MTS) and 72 h (MTS) of exposure.
4.7. In Vitro Drug Release. Zidovudine release from peptoid-L-

peptide (NPhe)4GGGGKY(p)-OH and peptoid-D-peptide
(NPhe)4GGGGky(p)-OH was tested over several time points up to
28 days (1, 2, 4, and 8 h; 1, 2, and 3 days and then weekly intervals of
7, 14, 21, and 28 days) in PBS (pH 7.4, 37 °C). Both covalently
attached ((NPhe)4GGGGK(AZT)Y(p)-OH and (NPhe)4GGGGk-
(AZT)y(p)-OH) and physically mixed/encapsulated zidovudine
(AZT) were tested as outlined in S.8 (Supporting Information).
4.8. In Vivo Plasma Drug Concentration Studies. The plasma

concentration of zidovudine in Sprague−Dawley rats was evaluated
for 35 days after subcutaneous administration of zidovudine
covalently attached to phosphorylated peptoid-D-peptide
(NPhe)4GGGGk(AZT)y(p)-OH. The study was approved by
Queen’s University Belfast’s Ethics Committee (HM_2022_08)
under the UK Home Office Project License (PPL2903). Female
Sprague−Dawley rats (n = 18, aged 8−10 weeks, mean weight = 220
g) were purchased from Envigo and acclimatized for 1 week prior to
experimentation. The rats were separated into three groups (n = 6 for
each group), namely, two zidovudine groups (intravenous zidovudine
control, subcutaneous (NPhe)4GGGGk(AZT)y(p)-OH) and a third
untreated healthy control group. The methods employed and sample
size calculation are outlined in section S.9 (Supporting Information).
4.9. Statistical Analysis. All the statistical analyzes were

performed using Microsoft Excel 2021 and GraphPad Prism 10.1.2.
Standard deviations (SDs) were obtained at each experimental
concentration tested based on three replicates for biostability and in
vitro drug release, six replicates for in vivo drug plasma concentrations
and nine replicates for quantitative cell cytotoxicity assays. The
Kruskal−Wallis test was used when the data were shown to be non-
normally distributed according to the Kolmogorov and Smirnov test.
Biostability was compared using a Kruskal−Wallis test with Dunn’s
posthoc test to identify individual differences in the biostability
compared to nontreated (100%) peptoid-peptide-only controls. Cell
cytotoxicity (MTS and LDH assays) and oscillatory rheology
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(frequency sweeps: impact of L or D enantiomer and drug attachment
on storage modulus (G′), three replicates) were also compared using
a Kruskal−Wallis test with Dunn’s posthoc test. Peptoid-peptides
were compared to negative controls (media only). The Kruskal−
Wallis test was also employed for in vitro drug release assays to
compare the release of physically encapsulated and covalently
conjugated zidovudine release. A Dunn’s posthoc test identified
individual differences in the data (within the same or across different
time points). A probability of p ≤ 0.05 denoted significance in all
cases. KinetDS 3.0 (SourceForge Media, La Jolla, CA, USA) was
utilized to model in vitro drug release kinetics.117 PKSolver 2.0 was
used to assess pharmacokinetic parameters with a noncompartmental
model used to analyze plasma zidovudine concentration data obtained
from the two zidovudine formulations, intravenous bolus injection
and subcutaneous (NPhe)4GGGGk(AZT)y(p)-OH injection.118
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