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ABSTRACT: Supramolecular peptide-drug conjugates (sSPDCs) are prepared by covalent attachment of a drug moiety
to a peptide motif programmed for one-dimensional self-assembly, with subsequent physical entanglement of these
fibrillar structures enabling formation of nanofibrous hydrogels. This class of prodrug materials presents an attractive
platform for mass-efficient and site-specific delivery of therapeutic agents using a discrete single-component molecular
design. However, a continued challenge in sPDC development is elucidating relationships between supramolecular
interactions in their drug and peptide domains and the resultant impact of these domains on assembly outcomes and
material properties. Inclusion of a saturated alkyl segment alongside the prodrug in the hydrophobic domain of sPDCs
could relieve some of the necessity for ordered, prodrug-produg interactions. Accordingly, nine sPDCs are prepared here
to iterate the design variables of amino acid sequence and hydrophobic prodrug/alkyl block design. All molecules
spontaneously formed hydrogels under physiological conditions, indicating a less hindered thermodynamic path to self-
assembly relative to previous prodrug-only designs. However,
material studies on the supramolecular arrangement,
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domains in the formation and function of the resulting
assemblies. Together, these results indicate that sSPDC material
properties are intrinsically linked to holistic molecular design,
with coupled contributions from their prodrug and peptide
domains in directing properties of the emergent materials.
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1. INTRODUCTION contributes to self-assembly of precise nanostructures.®
The most commonly produced nanoforms are high
aspect-ratio one-dimensional nanofibers, which may
further engage in physical entanglements to form
hydrogels useful as localized drug delivery depots.®1 The
enhanced therapeutic potential of sPDCs has been
increasingly appreciated,'"'? and exciting recent advances
are sPDC formulations that co-deliver both
chemotherapies and immunotherapies,’314 sPDCs that gel
in situ on contact with physiological environments,!3-15
and the potential to incorporate bioactive targeting and
therapeutic functionalities, such as through integrin or
collagen binding peptide sequences,®® and DNA
aptamers.”” Accordingly, sPDC materials constitute a

Supramolecular peptide drug conjugates (sPDCs) are a
class of drug delivery materials that have shown
promising preclinical results in their application to the
delivery of a number of small molecule pharmaceutical
agents.'3 Emerging from robust literature on peptide
gelators for drug delivery and tissue engineering,+*
sPDCs are most directly inspired by peptide amphiphiles
(PA) molecular design? sPDCs typically include a small
molecule prodrug as a hydrophobic block attached to a
more hydrophilic and (typically) 3-sheet-forming peptide
to yield an amphiphilic molecular design; the prodrug
motif promotes hydrophobic association of the resulting
amphiphilic molecules in aqueous environments and



growing class of peptide-based materials being explored
for applications in drug delivery.'s

A continuing challenge in these materials comes in
elucidating and controlling the contributions from
prodrug-prodrug interactions in the desolvated nanofiber
core to the self-assembly pathway and material properties
of the hydrogels. Molecular dynamics simulations have
identified the directive forces of prodrug-prodrug
interactions as dominant in the early assembly stages of
sPDC and other amphiphilic prodrug systems.!>2!
Previous work has also demonstrated the complexity of
navigating the sPDC free energy landscape, as well as the
drastic changes to the thermodynamics of assembly that
result from small topological and chemical changes to the
prodrug design.?> Furthermore, these model systems
showed evidence of competitive organizing forces in the
prodrug and [-sheet peptide domains, supporting
contributions from prodrug modification to the
energetics of self-assembly that can interfere with the
intended directionality of the fused peptide.?

To alleviate prodrug-imposed enthalpic constraints, a
promising yet less explored design has included
alkylated sPDCs in which a saturated carbon chain is
incorporated into the hydrophobic domain of the
amphiphile alongside the prodrug.»?* In an analogous
way to the interactions of lipids and cholesterol in bilayer
membranes,? inclusion of a saturated alkyl offers
conformational and rotational freedom to the prodrug
domain in alleviating constraints or kinetic products
arising from self-interactions. In one report, an alkylated
sPDC showed a lower critical aggregation concentration
(CAC), more pronounced (-sheet signatures in circular
dichroism (CD), and prolonged drug release compared to
prodrug-only sPDCs.?* This work suggests alkylation of
the hydrophobic domain may be a useful strategy to
achieve a simpler thermodynamic route to peptide-
driven sPDC self-assembly, allowing for the import of
peptide design knowledge accumulated from decades of
empirical study,”? as well as contemporary machine-
driven approaches.””-» Also, compared to noncovalent co-
formulations of PAs and hydrophobic drugs,® alkylated
sPDCs maintain the advantages of high and precise drug
loading and controlled release via labile prodrug linker
chemistries.

To test these hypotheses, a set of nine alkylated sPDCs
were prepared bearing the anti-inflammatory
corticosteroid dexamethasone (DEX) conjugated via an
ester prodrug linker chemistry. Two variables were
independently iterated - the order of valine (V) and
alanine (A) residues in the 3-sheet segment of the peptide
backbone and the relative volume and arrangement of
saturated carbon in the hydrophobic domain, achieved by
modulating the length of the alkyl segment and prodrug

linker. Nanofibrous hydrogels emerged in all cases under
physiological  conditions, indicating a simpler
thermodynamic route to self-assembly versus previously
studied prodrug-only DEX sPDCs.2? Excitingly, all sSPDCs
also gelled in the presence of sub-physiological saline
concentrations, a feature with positive implications for
their utility of therapeutic use in the context of
injection.??> However, elucidation of trends between
design variables and performance in material studies
examining peptide and drug domain signatures in CD,
the relative stiffness and dynamics of gel formation in
oscillatory rheology, and the profiles of drug release in
vitro were complicated to decipher. Taken together, this
study provides evidence for the complex relationship
between the prodrug and peptide domain in directing
sPDC material properties, and suggests limits of
resolution when iteratively tuning these properties via
rational design.

2. MATERIALS & METHODS

2.1 Materials. Unless otherwise stated, all materials and
reagents were purchased from commercial vendors and
used as received. Solid phase peptide synthesis reagents,
including fluorenylmethyloxycarbonyl-protected (Fmoc)
amino acids, Rink Amide AM resin, Oxyma,
diisopropylcarbodiimide (DIC), (Benzotriazol-1-yloxy)
tripyrrolidinophosphonium hexafluorophosphate
(PyBOP), N,N-diisopropylethylamine (DIPEA),
hexafluoroisopropanol (HFIP), and trifluoroacetic acid
(TFA) were purchased from ChemImpex International
Inc. All other chemicals referenced were purchased from
commercial vendors through VWR International.

2.2 sPDC Synthesis. Detailed sPDC synthetic protocols
are presented in the Online Supporting Information, and
the prodrug esterification of DEX is summarized in
Scheme S1. UPLC-Abs chromatograms of the pure
molecules are presented in Figure S1, and masses of the
compounds identified on UPLC-MS (Acquity UPLC-MS,
BEH Cis column, Waters Technologies Corp.) are
presented in Table S1.

2.3 General Gel Preparation. sPDC powders were
dissolved at 10 mg/mL in 3/2 v/v acetonitrile (ACN) in
deionized (DI) water to disrupt any molecular aggregates
that may have formed in the initial sSPDC recovery. These
solutions were aliquoted to microcentrifuge tubes in 200
uL increments, frozen in liquid nitrogen, and lyophilized.
Prior to gel studies, sPDCs were dissolved to 111% of
their desired final concentration in DI water. Then, 10%
v/v of 10X tris buffered saline (TBS; 100 mM tris, 1 M
NaCl) was added to the solution to attain the final sSPDC
concentration and 1X TBS.
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Figure 1. sPDC index and self-supporting sPDC hydrogels. (A) Index describing and coding the names of the nine sPDCs.
The order of V and A residues varies across the y-axis while the volume and arrangement of saturated carbon in the alkyl tail
and proDEX linker varies across the x-axis. Also, the full molecular structure of V.As 10/6 is presented. (B, left) All sPDCs
except VAVA;-10/4 form self-supporting hydrogels at 1% (w/v) after overnight incubation at 37°C in 1X TBS (pH 7.4, 10 mM
tris, 100 mM NaCl). (B, right) VAVA2-10/4 forms a self-supporting hydrogel under the same conditions after 96 h of incubation.

2.4 Circular Dichroism (CD). sPDC solutions were
prepared at 0.3 mg/mL in DI water or 1X TBS. In the case
of 1X TBS samples, sPDCs were diluted to 0.33 mg/mL in
DI water before final adjustment with 10% v/v 10X TBS.
Spectra of sPDCs bearing hydrophobic block 10/4 were
taken 30 mins after dissolution (J-815 CD spectrometer,
Jasco) at 25°C in a 1 mm path quartz cuvette (Starna
Cells). All sPDC spectra were also collected after 18 h of
incubation at room temperature.

2.5 TEM sPDCs solutions were prepared in 1X TBS and
incubated for 6 h prior to grid casting. sPDCs bearing
peptide sequences V2As and VAV A:2 were prepared at 0.3
mg/mL, and those bearing peptide sequence AV2A: were
prepared at 0.1 mg/mL. These samples were deposited
onto Formvar/Carbon 200 mesh grids (Ted Pella) and
stained with 2% Uranyl Acetate. TEM visualization was
performed on Thermo Scientific Talos F200i (S) TEM with
an accelerating voltage of 120 kV.

2.6 Rheology. sPDCs were dissolved in DI water at 11.1
mg/mL. 10% v/v 10X TBS was added and mixed, and
solutions were pipetted immediately to the lower

geometry of the rheometer (TA Instruments HR-2
Discovery hybrid rheometer). The 25 mm stainless steel
upper geometry was set to a gap of 250 pm, and the
geometries were sealed with a thin layer of silicon oil to
prevent sample evaporation. Samples were incubated
and manipulated between 25°C and 45°C thermal states,
using a ramp rate of 4°C/min to conduct the transitions.

2.7 In Vitro Drug Release. Triplicate samples of each
sPDC were dissolved in DI water at 11.1 mg/mL. 0.150 mL
of these solutions were transferred to 1.8 mL autosampler
vials and mixed with 10% v/v 1X TBS. Samples were
incubated at 37°C until self-supporting gels were
observed. 1 mL of 1X TBS was added above the gels, and
0.900 mL was exchanged daily to maintain pseudo-
infinite sink conditions. Release samples were analyzed
by UPLC-Abs using a 10% to 95% gradient of ACN +0.1%
v/v TFA in water + 0.1% v/v TFA (Acquity UPLC-MS,
BEH Cis column, Waters Technologies Corp.), and DEX
content was quantified against a calibration curve of DEX
absorbance at 242 nm.



3. RESULTS & DISCUSSION

3.1 Design Rationale & Hydrogelation Survey. To explore
the influence of alkyl modification to the sPDC
hydrophobic domain on the resultant self-assembly and
material outcomes, saturated alkyl segments were
incorporated alongside well studied sPDC molecular
design elements. Nine sPDCs were produced for
comparative study, and their designs and coded names
are presented in the index of Figure 1A, as well as a
drawing of the full molecular structure of V2As-10/6 to
illustrate the relationship of the different domains being
iteratively modified in this work. An N-terminal lysine
(K) residue was used as the site of hydrophobic
modification, with an ester-linked proDEX conjugated at
its a-amine and the alkyl tail conjugated to its e-amine. K
was chosen to afford extra length to the pendant alkyl
through its butylamine side chain. Prototype designs
suggested that the relationship between alkyl and
proDEX linker length may influence material outcomes,
and these were accordingly varied to produce
hydrophobic blocks with alkyl-to-linker lengths of 12/6,
10/6, and 10/4 (Figure 1A).

In the peptide backbone, two V and three A residues
were incorporated with the intention of driving parallel
-sheet formation along the z-axis of the assembled
nanofiber. These amino acids have become routine tools
in PA literature, and varying the position and number of
V/A residues is known to modulate the 3-sheet forming
propensity in the resulting peptide assemblies.®3*
Accordingly, three (-sheet forming peptide backbones
were prepared: V2As, VAVA:, and AV:A: (Figure 1A).
Importantly, because the number of V/A residues is the
same in every design, all sPDCs with the same
hydrophobic block are constitutional isomers. Lastly, two
D-lysine (k) residues were added at the hydrophilic C-
terminus to afford amphiphilicity to the molecules.
Charged amino acids are commonly employed as
solubilizing agents in PA-type materials; positively
charged Lys residues may furthermore enhance retention
in the context of anti-inflammatory delivery to negatively
charged cartilaginous tissues,® overcoming a key barrier
of therapeutic retention at this site.36 The uncommon D-
stereochemistry was selected in anticipation of future in
vivo applications so as to provide stability to sPDCs
against peptidases that often target cationic amino acid
sequences.?’

To screen the sPDCs for evidence of self-assembly, a
benchtop hydrogelation survey was conducted wherein
all nine sPDCs produced self-supporting hydrogels in the
hours to days following solubilization and incubation at
37°C (Figure 1B). While sPDC VAVA:-10/4 took 96 h to
become a fully self-supporting hydrogel (Figure 1B, right),
gels emerged in all other sPDCs after overnight

incubation (Figure 1B, left). This result indicates that
whatever the complexity, the thermodynamic path of the
sPDCs from dissolved powders to supramolecular
fibrillar networks is spontaneously traversable under
mild conditions. This forms an important distinction from
our earlier work, where cycling at elevated temperatures,
or extended incubation at high concentration, was
required to traverse apparent thermodynamic barriers
and achieve hydrogelation.?? While the gelation survey
was conducted at 1% (w/v), sSPDC V2A3-12/6 also showed
gelation at concentrations as low as 0.2% (w/v), further
indicating the reliable self-assembly characteristics of
these alkylated sPDC designs (Figure S2A).

Another promising result from the preliminary
gelation survey was the ability of all sSPDCs to assemble
upon addition of sub-physiological saline. Classical PA
designs utilizing anionic or cationic solubilizing amino
acid domains face two major energy barriers in their self-
assembly at physiological pH: i) charge-charge repulsion
among peptide headgroups that inhibits monomer
recruitment and growth of peptide fibers, and ii) charge-
charge repulsion between fiber surfaces, which inhibits
physical entanglement and network formation. Typically
to overcome these barriers, divalent screening ions
complementary to the net charge of the monomers are
necessary, such as Ca? or HPO#.622% However, the
sPDCs here overcame these repulsive effects through
only Debye screening from monovalent Cl- and Na* ions.®
Further evidence for this is the accelerated gelation of
VAVA:-10/4 by excess NaCl. While gelation in 100 mM
NaCl took 96 h (Figure 1B, right), the same material
formed gels in <1 h after the addition of 10% (v/v) 6.1 M
NaCl (Figure S2B). It is also likely that salt addition aids
in gelation through the dehydration of the peptide
domain wvia the Hofmeister effect.®% Again looking
towards future applications, the ability of sPDCs to gel
spontaneously in physiological conditions could provide
exciting benefits such as in situ sol-gel transition upon
injection and extended gel lifetime in vivo.

3.2 B-Sheet Propensity & ProDEX Packing. To more
closely interrogate the supramolecular features of sSPDC
assemblies, all molecules were next examined by CD
spectroscopy (Figure 2). Samples were prepared at 0.3
mg/mL in either or 1X tris-buffered saline (TBS) or
deionized (DI) water and aged over 18 h to allow for
equilibrated nanostructure formation. Of note, sPDCs
with hydrophobic block 10/4 were found to be much less
hydrolytically stable, with hydrolysis of between 29% and
56% of the prodrug after 24 h of incubation at 0.3 mg/mL
(Figure S1). This agrees generally with previous findings
of the effects of linker length and other molecular features
on the stability of ester prodrugs.+'#? In light of this, CD
spectra of 10/4 sPDCs were also taken when freshly
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Figure 2 sPDC circular dichroism (CD). CD spectra of sPDCs incubated at 0.3 mg/mL in 1X TBS (A-F) and DI H,O (G-L) at
room temperature for 18 h. A-C and G-I compares a preserved peptide sequence against variable hydrophobic blocks, while
the D-F and J-K compares variable peptide sequences against a preserved hydrophobic block. (M,N) Comparison of 10/4

sPDCs at 0 h, 0.3 mg/mL in either 1X TBS or DI H20.

dissolved to best capture the supramolecular behavior of
intact sPDCs prior to bond rupture and DEX release
(Figure 2M,N).

Examining the spectra in TBS, all sPDCs except
VAVA:-10/4 show strong parallel {3-sheet signatures,
represented by their maxima and minima in the far-UV
centered at approximately 201 nm and 218 nm,
respectively (Figure 2A-F). The bathochromic shift in the
extrema relative to canonical values for parallel 3-sheets
indicates some degree of twisting along the fibrillar z-
axis, which is typical for materials of the general PA
class.® While simple peptide systems allow for
comparison of the relative effective [3-sheet concentration
via the signal extrema,® the (-sheet signal in the sPDCs
also overlaps with signal regions arising from molecular
CD of the DEX molecule,? which may be enhanced by any
interactions between DEX chromophores occurring in the
core of the assembly. These effects have been noted for
other sPDCs bearing more optically active prodrugs.®
Indeed, relative differences in the spectra from 230 nm to
270 nm indicate differential proDEX packing. In regards
to a hypothesis that hydrophobic domain alkylation
would relieve the necessity for ordered proDEX

interactions, it is apparent that this is only partially the
case and the extent of proDex interactions remains
design-dependent due to the interplay between
organizing forces in hydrophobic and (3-sheet domains of
the assemblies. Further evidence of this is the precise
signal overlap of drug-associated signals in the mid-UV
and near-UV when [-sheets are absent (Figure 2K,N),
indicating that [-sheet formation induces at least some
changes to prodrug ordering.

Examining the outlying case of VAVA:-10/4 (Figure
2B), the peptide domain likely exists as a mix of random
coil and B-sheet structures, leading to a complex signal in
the far-UV. The B-sheet presence may still be interpreted
by the minima centered at ~213 nm, with hypsochromic
shift and distortion of the magnitude caused by an
overlapping random coil signal. Also, the VAVA:-10/4
spectra in 1X TBS at 0 h (Figure 2M) presents both of the
far UV-signals associated with [-sheet formation: a
maxima centered at 200 nm and minima centered at 214
nm. This result indicates a stronger (3-sheet propensity
prior to significant DEX hydrolysis, likely due to the
increased anchoring effect of more hydrophobic mass on
the constituent monomers within the assembly.



Figure 3. sPDC transmission electron microscopy
(TEM). All samples were prepared in 1XTBS (pH 7.4, 10 mM
tris, 100 mM NaCl) and incubated for ~6 h prior to grid
preparation. VA3 and VAVA; series sPDCs were prepared
at 0.3 mg/mL while AV2A; series peptides were prepared at
0.1 mg/mL to optimize nanofiber density in imaging.

More information regarding relative [(-sheet
propensities of sSPDCs can be found by examining the DI
water spectra (Figure 2G-L). As discussed, charge-charge
repulsion among the cationic primary amines of the
hydrophilic domain are an entropic barrier to the
association of monomers necessary to form -sheets and
nanofibers. However, five of the nine sPDCs are able to
overcome this repulsion, even in the absence of screening
salt. In particular, all V2As sPDCs show a far-UV {3-sheet
minima (Figure 2G) as well as all designs with the 12/6
hydrophobic block (Figure 2J). Taken together, these
sPDCs likely experience a balance of cohesive forces from
the specific V/A sequence as well as the relief of enthalpic
prodrug-prodrug constraints in the hydrophobic domain
via alkylation. In correlating PA systems, [-sheet
propensity generally increases when more V residues are
proximate to the hydrophobic block,® as is the case for
V2As. Considering the hydrophobic domain, the C6 linker
provides the most significant rotational freedom to the
proDEX motif, while the C12 alkyl may best match the
length of the linker to optimize entropic interactions
between tails and prodrug. Finally, the lower intensities
of B-sheet signals in the DI water experiments relative to
those in 1X TBS indicate that while (3-sheet formation in
pure aqueous environments is possible, it is enhanced by
the presence of screening salts.

3.3 sPDC Nanofiber Morphology. To assess the impact of
molecular design on nanofiber morphology, the different
sPDC samples were imaged with transmission electron
microscopy (TEM) (Figure 3). Solutions were prepared in
1X TBS and incubated at room temperature for
approximately 6 h prior to dropping onto TEM grids,
with subsequent negative staining by uranyl acetate. In
all nine designs, sPDCs formed one-dimensional
nanostructures with flat, ribbon-like morphology having
regular intervals of twisting and a high degree of
entanglement. Subtle differences were apparent between
the peptide sequences, with VAV Az backbones appearing
to form the thinnest fibers when comparing the width of
the flat lamelle, and also appearing to have the least
twists. The variance is consistent with other studies on
constitutionally isomeric PAs*% and demonstrates
nanofiber morphology is intrinsically linked with
molecular design. Generally, morphology appeared well-
preserved for a given peptide sequence, regardless of the
hydrophobic block design.

3.4 Gel Formation and Kinetics. With knowledge of sPDC
behavior at the molecular and nanoscale developed from
CD and TEM, it was next desirable to assess macroscopic
hydrogel properties, including mechanical properties and
kinetics of hydrogelation. Accordingly, sPDC gels were
formed in situ on the stage of an oscillatory rheometer
(Figure 4). This not only allowed for assessment of the
final state of the materials, but provided qualitative
information about the dynamic period of fibrous network
formation, as probed by thermal cycling of the samples
between 25°C and 45°C. All sPDCs formed hydrogels, as
defined by a storage modulus (G’) greater than the loss
modulus (G”), supporting the earlier gross inspection of
the samples by vial inversion. Notably, while sPDC
VAVA:-10/4 meets the technical definition of a hydrogel,
it is extremely soft, with peak G’ in the tens of Pascals (Pa)
(Figure 4F). As VAV A:-10/4 takes 4 d to become fully self-
supporting (Figure 1B, right) it is reasonable to assume
stiffer gels may be obtained by extremely long incubation.
Also, gelation is likely to be additionally complicated in
all 10/4 bearing sPDCs due to the hydrolysis of some
proDEX during the assembly process. Comparing the
three hydrophobic block designs, sPDCs bearing 10/4
uniformly had the lowest G” at the end of the experiment.
This was most drastic in the case of VAVA2 sPDCs (Figure
4D-F), where VAV A2-10/4 was over 300-fold softer than
the stiffest gel, VAV A2-10/6. Similarly, in AV2Az sPDCs
(Figure 4G-I), AV2A2-10/4 was 100-fold softer than AV2A.-
12/6 at the end of the experiment. When comparing the
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Figure 4 sPDC gel formation in situ on oscillatory rheometer. sPDC solutions were freshly prepared at 1% w/v in 1X TBS
(pH 7.4, 10 mM tris, 100 mM NaCl). Samples were manipulated at 0.5% strain, 10 rad/s for the duration of the thermal cycle.

differences in stiffness attained by the 12/6 and 10/6
hydrophobic block designs, the results were much more
similar within each peptide design. For peptide
backbones V:As (Figure 4A,B), VAV Az (Figure 4D,E), and
AV:A: (Figure 4G,H), the final G’ attained by gels bearing
hydrophobic blocks 12/6 and 10/6 were within 2-fold of
each other. While intermolecular assembly phenomenon
cannot be isolated from differences in the fibrous network
effects in this technique, it is clear that hydrophobic block
design had the most significant impact on hydrogel
mechanical properties.

In addition to end-state comparison of G’, it was also
useful to consider the dynamic period of network
formation and the response of the materials to thermal
cycling. Generally, thermal energy accelerates the kinetic
steps in supramolecular fiber assembly, but also weakens
enthalpic interactions, such as hydrogen bonding within
peptide secondary structures.?24 Thus, the bulk behavior
of the sPDC gels during the period at 45°C reflects a
qualitative sum of an accelerated progress through
thermodynamic energy barriers alongside a secondary
structure “melting” phenomenon. While rheology is a
bulk technique and effects at the nanoscopic and bulk
network level are not fully separable, these competing
phenomena may still be broadly identified, especially in
extreme cases. For example, considering V:As-12/6
(Figure 4A) it is notable that the gel develops a robust G’
spontaneously at 25°C, softens initially upon heating, and

only stiffens moderately by the end of the warm phase.
This suggests that V2A3-12/6 faces a relatively low energy
barrier towards fiber formation and the assembly is
largely complete prior to heating, meaning that 3-sheet
melting is the dominant process reflected in the softening
during the warm phase. Conversely, all other 12/6 and
10/6 hydrophobic block sPDCs showed little softening
during the thermal ramp to 45°C and significant growth
in G’ during the warm phase (Figure 4B,D,E,G,H). While
gelation is spontaneous at lower temperature, it is clear
that fiber growth is kinetically limited, and acceleration of
assembly during the warm phase outweighs [-sheet
instability as the determinant factor in enhancing the final
G’ values of the hydrogels.

Also notable in all sPDCs is their response to cooling to
25°C at the end of the thermal cycle. sPDCs with
hydrophobic block 12/6, 10/6, and V:A3-10/4 had brief
reduction in G’ upon initiation of the thermal cooling
ramp before returning to an increased trajectory during
25°C incubation (Figure 4A-C,D,E,G,H). This is to be
expected, as sPDC B-sheets become more stable at cooler
temperatures and impart fiber elasticity. Conversely,
sPDCs  VAVA:-10/4 and  AV:2A»-10/4  stiffen
instantaneously during the cooling ramp before
developing a softer equilibrium at 25°C (Figure 4F,I). This
is similar to the behavior demonstrated by prodrug-only
DEX sPDCs, in which the cooling-softening effect was
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Figure 5 In vitro sPDC drug release. DEX release from 1% w/v sPDC gels into bulk 1X TBS over 10 days. (A, top) All 10/4
sPDCs hydrolyze and rapidly release drug. (A, bottom) Release from 12/6 and 10/6 sPDCs, comparing a preserved peptide
design against variable hydrophobic block. (B) Release from 12/6 and 10/6 sPDCs, comparing variable peptide designs against

a preserved hydrophobic block.

attributed to enthalpic constraints (e.g., hydrogen
bonding, planar stacking, and m-m interactions in the
prodrug domain) imposed by preferred DEX ordering,
which in turn limited p-sheet hydrogen bonding.?
Considering VAV A:-10/4 and AV2:A2-10/4, the short C4
linker may impose conformational constraints on the
proDEX such that it prefers ordered self interactions
among adjacent monomers. While V2As-10/4 does not
show these effects (Figure 4C), this specific arrangement
of V/A residues may create an overall greater {3-sheet
propensity, thereby overcoming any proDEX ordering as
the predominant factor dictating the G’ at the end of the
thermal cycle.

3.5 sPDC Drug Release. As a final evaluation of
functionally relevant sPDC performance, drug release
kinetics were studied by incubating hydrogels against
bulk buffer for 10 d (Figure 5). Drug concentration was
quantified wvia wultra high performance liquid
chromatography (UPLC). For all sPDCs, free DEX was the
only drug product released at quantifiable
concentrations. It is unknown if hydrolysis occurs within
the hydrogel network or from sPDC monomers or
aggregates exchanging between nanofibers and the bulk

buffer. Interestingly, VAVA2-10/4 hydrogel samples
incubated for > 50 d without buffer immersion showed
crystallization of the free hydrolyzed DEX within the gel
network (Figure S2C), suggesting the presence of a bulk
diluent is not required to drive prodrug rupture and
release.

In agreement with earlier observations of rapid DEX
hydrolysis in the 10/4 sPDCs, these gels showed fast
release, with 22% to 37% of DEX released in one day, and
up to 78% released by the end of the study (Figure 5A).
Though DEX hydrolysis from 10/4 sSPDCs was previously
shown to be rapid in dilute concentrations of suspended
nanomaterials (Figure S1), it is notable that this still tends
to occur in the 1% w/v gel. Accordingly, this finding
suggests the possibility of interfacial organization of
nanofibers that exposes the C4 linker to the aqueous
environment, and accordingly nanofiber assembly and
physical entanglement/gelation offers limited protective
effect for this shorter linker. Interestingly, a hydrogel
remains in all 10/4 samples at the conclusion of the study,
though AV:A:-10/4 was no longer fully self supporting
(Figure S2D). It is suspected that following ester
hydrolysis drug release, the DEX-free peptide still



constitutes at least a fraction of the remaining hydrogel
due to its alkyl tail sustaining cohesion and self-assembly.
Moreover, the presence of this DEX-free cleaved product
within assemblies may even offer hydrolytic protection
for remaining proDEX conjugates.

In contrast, all 12/6 and 10/6 sPDCs showed much
slower drug release, between 8% and 14% over 10 d
(Figure 5A). It was especially surprising that in every
peptide design, 12/6 sPDCs released DEX more quickly
than 10/6 sPDCs. Another interesting result was that
release rates generally decreased as V residues moved
away from the hydrophobic domain. For hydrophobic
block 12/6, AV2A:2 had a noticeably lower rate of release
relative to VAVA: and V:As (Figure 5B, left). For
hydrophobic block 10/6, both sPDCs AV:A2 and VAVA:
were similar, with release rates that were noticeably
reduced compared to sSPDC V:As (Figure 5B, right). Taken
together, these results show that conventional PA design
principles relating release rate to hydrophobic mass and
V/A driven [-sheet propensity cannot be directly
translated to sPDCs. Instead, release rates emerge from
holistic molecular design.

3.6 Implications on Rational sPDC Design. Reviewing
the evidence gathered on the nine sPDC assemblies at the
molecular, microscopic, and macroscopic scale, it is clear
that material properties emerge from complex
relationships between the various supramolecular
domains. First considering the hydrophobic block, other
design factors are relevant beyond total hydrophobic
mass. The comparative lengths of the alkyl to proDEX
linker, the rotational freedom of proDEX, and the
hydrolytic stability of the ester linker all produce effects
which are manifest when comparing preserved peptide
designs. Of the three hydrophobic blocks studied, 10/6
appears to provide the most cohesive benefits to the
assemblies, providing the lowest levels of drug release
across peptide designs (Figure 5A). Another important
finding is the relative instability of the ester linker in 10/4
sPDCs; rapid release would therefore not be well-aligned
with the long-term use of localized anti-inflammatory
delivery. This highlights the importance of selecting
prodrug chemistries with appropriate kinetics for disease
targets, as well as contributions from molecular-scale
packing that may render internal hydrolytic chemistries
exposed to the bulk aqueous environment, even in
amphiphilic sPDC designs. Further study on solvent
dynamics as a function of linker position could help to
elucidate such effects.”

Regarding the peptide motif, the performance of the
three sPDC peptide designs were often counterintuitive.
By progressively moving V residues away from the
hydrophobic domain, the design intent was to reduce 3-
sheet propensity and, in turn, reduce supramolecular

cohesion, leading to softer gels with faster drug release
rates. However, this trend did not emerge in gel stiffness,
and release rates showed an inverse correlation with V-
to-core proximity. It could be that peptide designs
yielding less ordered B-sheets manifest longer and more
flexible fibers, which on the whole allow for less
interfacial contact between proDEX and water, slowing
drug release. Further considering peptide design, an
unaccounted factor was the supramolecular role of the N-
terminal K residue used for hydrophobic derivatization.
Its amide group and side chain topology, its propensity to
participate in peptide secondary structure formation, and
its role relative to the other hydrophobic residues is
unclear. This speaks generally to the complex relationship
between transition regions between the prodrug and
peptide in sPDCs, which has previously been explored
and optimized on a case-by-case basis,?* but for which
generalizable designs have not emerged.

Finally, beyond the scope of this work but worthy of
future study is the dynamic period of sPDC fiber
assembly, and how kinetics and mechanisms of assembly
influence material outcomes. While all sPDCs studied
here achieved transition between binary states—
solubilized sPDC monomers to assembled nanofibrous
hydrogels— the full complexity of transient intermediates
was not captured. For example, sPDC V:As-12/6
assembled quickly as evidenced in kinetic rheology
studies, and achieved the largest G’ of any sPDC after 30
mins of 25°C incubation (Figure 4). However, this rapid
assembly may represent a kinetically trapped state, and a
more idealized thermodynamic product with different
material properties could be attainable. Assembly
pathway complexity and kinetics are increasingly
appreciated in the supramolecular literature, % and
deeper study of these phenomena are sure to aid in the
development of functional sPDC materials.

4. CONCLUSIONS

Herein, a set of nine sPDCs was prepared, varying
hydrophobic block and peptide backbone design, to
study the effects of these design features on nano and
macroscale material properties relevant to drug delivery
applications. All sPDCs achieved the design goal of
assembly and sol-gel transition under physiological
temperature, pH, and ionic strength. The materials broke
from the initial expectations motivating the choice of
explored variables, indicating that the material properties
were emergent from holistic molecular design rather than
the choice of discrete molecular domains. These findings
support ongoing study of the factors influencing sPDC
assembly, towards the development of simple,
predictable, and generalizable assembly architectures.
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