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Tailoring Writability and Performance of Star Block
Copolypeptides Hydrogels through Side-Chain Design

Ronnie V. Garcia, Elizabeth A. Murphy, Nairiti J. Sinha, Yoichi Okayama,
Juan Manuel Uruena, Matthew E. Helgeson, Christopher M. Bates, Craig J. Hawker,*

Robert D. Murphy, and Javier Read de Alaniz*

Shear-recoverable hydrogels based on block copolypeptides with rapid
self-recovery hold potential in extrudable and injectable 3D-printing
applications. In this work, a series of 3-arm star-shaped block copolypeptides
composed of an inner hydrophilic poly(L-glutamate) domain and an outer
B-sheet forming domain is synthesized with varying side chains and block
lengths. By changing the f-sheet forming domains, hydrogels with diverse
microstructures and mechanical properties are prepared and
structure—function relationships are determined using scattering and
rheological techniques. Differences in the properties of these materials are
amplified during direct-ink writing with a strong correlation observed between
printability and material chemistry. Significantly, it is observed that
non-canonical S-sheet blocks based on phenyl glycine form more stable
networks with superior mechanical properties and writability compared to
widely used natural amino acid counterparts. The versatile design available
through block copolypeptide materials provides a robust platform to access
tunable material properties based solely on molecular design. These systems
can be exploited in extrusion-based applications such as 3D-printing without
the need for additives.

emerging area of focus with advantages in-
cluding tunability, high water content, and
potential biocompatibility.*®! For light-
based 3D-printing such as stereolithogra-
phy and digital-light processing, hydrogels
must be formulated to have low viscosities
and undergo rapid photocrosslinking.!”~!
In contrast, extrusion techniques like
direct-ink writing (DIW) rely on formula-
tions with a shear-recoverable yield stress
to achieve high-fidelity shapes.['*!] Tradi-
tionally, 3D-printable hydrogels are based
on natural biopolymers such as gelatin or
alginate as the key biopolymer building
block."?l However, these materials suffer
from several limitations including batch-to-
batch variation and an inability to system-
atically tune their molecular structure.']
Due to these constraints, the printability of
natural biopolymers can only be modulated
by concentration,!'*] additives,'>] or multi-
component blends.['®] For example, na-
tive alginate cannot be used directly in DIW;
calcium ions or clay particles are required
to achieve the necessary shear-thinning

1. Introduction

Additive manufacturing or 3D-printing of hydrogels combines
complex geometrical control with functional material selection
for diverse applications in electronics,!!! structural materials,!?]
and biomedicine.’] Consequently, 3D-printed hydrogels are an

properties.l3] Although synthetic material systems such as polox-
amers are chemically tunable, there are still drawbacks. For ex-
ample, the sol-gel temperature of poloxamer 407 is sensitive
to a multitude of factors. Moreover, poloxamers lack inherent
biodegradability that is desirable for biological applications.!*®]
To further expand this area of research and diversify the palette
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Figure 1. Modular design of 3-arm block copolypeptide enables tunable microstructure and properties based on amino acid selection.

of 3D-printable hydrogels, there is a need to explore shear-
recoverable materials that can be synthetically tuned without
sacrificing the inherent benefits of biopolymers, ranging from
degradability to sustainable sourcing and biocompatibility.

Block copolypeptides with controllable composition, molecu-
lar weight, and topology are attractive alternatives to traditional
biopolymers for DIW 3D-printing application. An enabling syn-
thetic technique to access these materials involves the ring-
opening polymerization (ROP) of N-carboxyanhydrides (NCAs)
leading to scalable block copolypeptides with well-defined molec-
ular weight and architectures.') A variety of non-covalent bond-
ing interactions, such as hydrogen bonding and z—z stacking,
can be further integrated into these materials by engineering
the peptide backbone and side chain to create hierarchical struc-
tures. The intrinsic chirality of the peptide backbone also al-
lows for adoption of distinct secondary structures such as a-
helices, p-sheet, and hairpin motifs to further influence material
properties.['12%-27] Through rational design, copolypeptide inner
blocks that contain electrostatics promote high water absorption,
while careful choice of the outer block(s) yields strongly associat-
ing f-sheet domains that lead to robust hydrogel networks stabi-
lized by reversible physical crosslinks.[?®] These properties have
high utility for extrusion and rapid recovery, eliminating the need
for rheological additives.[*”] Based on a similar principle, Hart-
gerink and co-workers have also developed nanofibrous hydro-
gel comprised of multidomain peptides with good viscoelastic
properties for DIW.*] Designer block copolypeptides have there-
fore found use as injectable carriers, tissue engineering scaf-
folds, antimicrobial materials, and more recently 3D-printable
bioinks.[31=%7]

Recently, our group demonstrated the synthetic versatility of
block copolypeptides and their applicability to the development
of bioinks that can be chemically crosslinked with visible light.[*8!
This strategy generates well-defined, viable biocomposites with
Escherichia coli, controlling the behavior of embedded bacteria by
modulating mechanical properties of the host block copolypep-
tide hydrogel through a functional-group change in associat-
ing domains. Further understanding structure-function relation-
ships in these physically crosslinked junctions is critical to ex-
tend the generality of this approach and tune performance by
varying block chemistry, concentration, and architecture.**#? In
particular, the effect of side-chain amino acids has not been stud-
ied extensively and is hypothesized to dictate associating-domain
formation and related hydrogel properties such as rheological
regimes, which are crucial for extrusion-based applications.
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Here, we investigate the synthesis of five different, 3-arm,
block copolypeptide stars which have a fixed-length inner domain
of polyglutamate but differ in the nature of the side chains at-
tached to the outer peptide block. The impact of these changes on
hydrogel microstructure, properties, and printability are studied
(Figure 1). While block copolypeptides containing cationic polyly-
sine inner blocks have been widely studied, anionic polygluta-
mates are of interest due to the carboxyl groups serving as sites
for cation-chelating and post-polymerization modification.*®)
Amino acids incorporated into the outer blocks were selected
based on their propensity to form hydrophobic and z—r inter-
actions in order to correlate chain structure with g-sheet net-
work strength. Specifically, 3-arm block copolypeptides (3-CP)
with the same polyglutamic acid core and outer blocks contain-
ing valine (3-CP-V), leucine (3-CP-L), tyrosine (3-CP-T), phenyl
glycine (3-CP-PG), and phenylalanine (3-CP-PA) were investi-
gated. Phenyl-glycine—containing outer blocks (3-CP-PG) were
also synthesized to showcase the use of a non-natural amino acid
to control interactions and assembly of these materials. Physi-
cal hydrogels readily form after dispersing in aqueous media and
the underlying microstructure of these networks was elucidated
using small-angle X-ray scattering (SAXS). Viscoelasticity and ex-
trudability were evaluated using rheological characterization with
representative materials 3D-printed on a commercial DIW sys-
tem to showcase the ability to control 3D object and printing per-
formance.

2. Results and Discussion

2.1. Molecular Design and Synthesis

Hydrophobic and hydrophilic amino acids were selected to
investigate a wide variety of supramolecular interactions and
structures by modulating f-sheet assemblies which give rise to
physically crosslinked junctions. Specifically, NCA monomers
based on y-benzyl-i-glutamate (BLG), r-tyrosine (LT), r-leucine
(LL), 1-phenylalanine (LPA), 1-phenylglycine (LPG), and 1-valine
(LV) were prepared using a procedure adapted from literature
based on epichlorohydrin as HCl scavenger.**! The trifunc-
tional initiator tris(2-aminoethyl)amine (TREN) was then se-
lected for controlled N-carboxyanhydride ring-opening polymer-
ization (NCA ROP) of BLG NCA. The 3-arm architecture was
chosen due to the ability of outer block domains to form 3D
extended networks at lower weight percentages, enabling ac-
cess to superior hydrogels compared to linear analogues.**#4]
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Figure 2. i) CHCl;/DMF, 18 h, rt. ii) DMF (for L-tyrosine NCA) or CHCl;/DMF (for other NCAs), 18 h, rt. iii) TFA/CHCl;, HBr 33 wt% in AcOH, 18 h, rt;

NaOH, dialysis, 3 days.

High conversions were observed with Fourier-transform in-
frared spectroscopy (FTIR) spectroscopy for 3-arm poly(benzyl-
1-glutamate) (3-PBLGyg,) with a degree of polymerization (DP)
equal to ~80 based on 'H nuclear magnetic resonance (‘H
NMR) spectroscopy.*’] The 3-PBLG,, macroinitiator was then
used to chain extend in situ with NCA’s based on IT, LL, LPA,
LPG, or LV, leading to f-sheet forming polymer blocks with
a target DP of 45. The library of 3-arm block copolypeptides
(CP) included poly(benzyl-1-glutamate-b-1-tyrosine) (3-PBLGg,-b-
PLT;; [3-CP-T]), poly(benzyl-1-glutamate-b-1-valine) (3-PBLGg,-b-
PLV,, [3-CP-V]), poly(benzyl-1-glutamate-b-1-leucine) (3-PBLGyg,-
b-PLL,, [3-CP-L)), poly(benzyl-r-glutamate-b-1-phenylalanine) (3-
PBLGyg-b-PLPA;; [3-CP-PA]), and poly(benzyl-1-glutamate-b-1-
phenylglycine) (3-PBLGyg,-b-PLPGs, [3-CP-PG]), which were fully
characterized via '"H NMR spectroscopy (Figure 2). To under-
stand the effect of molecular weight on hydrogel assembly, two
additional block copolypeptides (3-PBLG¢-b-PLPG,,, [3-CP-PG-1]
and 3-PBLG4-b-PLPG,; [3-CP-PG-2]) were also prepared from a
common macroinitiator, 3-PBLG,. Note that the sample nomen-
clature places the degree of polymerization for each block as a
subscript.

The chemical structure and DP of each block copolypep-
tide were confirmed using 'H NMR spectroscopy, with molec-
ular weights and dispersities characterized by diffusion-ordered
spectroscopy (DOSY) and size-exclusion chromatography (SEC)
(Figures S7-S23, Supporting Information). It is noteworthy that
high end-group retention during polymerization enabled effi-
cient block extensions as supported by SEC and the observation
of a single population by DOSY NMR for all samples. More-
over, excellent control over the ring-opening polymerization ini-
tiated by TREN was evidenced by low molar-mass dispersities
(P = 1.1), with good agreement between experimental and tar-
geted molecular weights. It should be noted that high molecular-
weight assemblies were observed by SEC for both valine and
phenyl glycine block copolypeptides, likely due to strong asso-
ciation of their f-sheet secondary structures in the eluent hex-
afluoroisopropanol (HFIP). The size of observable diblock as-
semblies for phenyl glycine appeared to be dependent on length
(Figures S21 and S23, Supporting Information). Interestingly,
DOSY NMR displays a single population due to the ability of
the solvent, 15% trifluoracetic acid in deuterated chloroform
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(CDCl,), to disrupt f-sheet formation more efficiently compared
to the SEC eluent (HFIP). To afford the desired water soluble 3-
arm block copolypeptides, the benzyl protecting group on the glu-
tamate blocks was deprotected using 33 wt% hydrogen bromide
(HBr) in acetic acid, followed by ionization to the sodium salt
using sodium hydroxide (NaOH). Subsequent dialysis of block
copolypeptides using a 10 kDa molecular weight cut off mem-
brane was used to remove impurities and the resulting 3-arm star
block copolypeptides were lyophilized and stored as dry powders
for subsequent studies.

2.2. Characterization of Physical Hydrogel Self-Assembly in Water

The desired weight fraction (wt%) of 3-arm star block copolypep-
tides were dispersed in deionized water by mechanically mixing
until a homogeneous translucent physical hydrogel is achieved.
To confirm the formation of the f-sheet secondary structure at
these molecular weights and dispersity of these hydrogels, FTIR
in deuterated water (D,0) showed the expected amide I bands
from 1630-1690 cm™! (Figure S24, Supporting Information).[*¢]

Since the gelation of these materials is driven by network for-
mation of f-motif-rich junctions, SAXS was employed to gain in-
sight into the impact of side-chain chemistry on microstructure.
For subsequent studies, all physical hydrogels were compared at
40 wt% to achieve adequate contrast between water and the net-
work topology on SAXS. The presence of negatively charged glu-
tamate residues in the internal block domains inserts interaction
peaks into the scattering signal, which precludes accurate inter-
pretation of the data with respect to the impact of outer block
characteristics (Figures S25 and S26, Supporting Information).
Therefore, SAXS measurements were performed using different
concentrations of sodium chloride (NaCl) in water to screen elec-
trostatic interactions.[*’] Figure 3 shows the SAXS curves for the
five amino acid types in 50 mM salt that highlight the key differ-
ences between the nanostructures of the different amino acids
employed within the outer block.

In SAXS measurements, the scattering intensity 1(g) is a func-
tion of the magnitude of the scattering wave vector q with an
approximate correspondence with a length scale d ~ 2z/q.1*®]
The scattering profiles of 3-arm block copolypeptide physical gels

© 2023 Wiley-VCH GmbH
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Figure 3. A) Small-angle X-ray scattering (SAXS) profiles of a 3-arm block
copolypeptide library at 40 wt% in 50 mM NaCl solution with the high-
lighted g values corresponding to each average interdomain spacing (e).
B) Schematic depicts change in ¢ as aggregate sizes increase due to in-
crease in e-sheet strength.

reveal two features consistent with previous studies. The first is
a broad shoulder at high g-values indicative of interdomain spac-
ing of the f-sheet forming amino acids that comprise the physical
crosslinks within the hydrogel.[**#] The second region is a low-g
increase in scattering intensity that is related to the fractal-like
characteristics of the overall network structure.*®! The g-value at
the transition, g*, was used to estimate an apparent interdomain
spacing, € = 2x/q* within the physically-crosslinked networks.
A step minimum is used to extrapolate the value of g* for each
hydrogel and is shown on the curves in Figure 3A with colored
circles (see Table S1, Supporting Information, for values). Specif-
ically for 3-CP-V, unrestricted f-sheet aggregation causes the for-
mation of a network of aggregates from which an interdomain
spacing could not be extracted.>'*? In the remainder of the series
of physical gels with fixed length of the outer block domain, 3-CP-
PG exhibited the smallest ¢ whereas 3-CP-T exhibited the largest.
This is consistent with the choice of amino acid in the outer-
block, whereby we expect that changes in the degree of f-sheet
aggregation can be correlated to changes in the average size and
number of aggregate domains within the network, and therefore
the average value of ¢ for materials at a fixed polypeptide concen-
tration. Compared to the other samples, it should be noted that
3-CP-L shows a stronger helical character in the glutamate inner
core, along with f-sheet assembly due to the outer leucine block
(Figure S24, Supporting Information), with the interplay between
these two assembly processes complicating structure—function
interpretation. To further probe the impact of outer-block arm
length on ¢, we synthesized two different molecular weight 3-arm
stars, 3-CP-PG-1 and 3-CP-PG-2, with a DP of 16 and 28, respec-
tively for the outer block length. SAXS measurements demon-
strated a slight increase in ¢ with longer f-sheet-forming outer
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Figure 4. Storage modulus (G’) of 3-arm block copolypeptide hydrogel
series at 20 wt% in an oscillatory amplitude stress sweep at a constant
6.2 rad s~ with yield points marked with (*).

blocks (Figure S26 and Table S1, Supporting Information), again
consistent with the formation of larger aggregates. We therefore
infer that the amino-acid selection and DP of the outer-block
impacts characteristic length scales within hydrogel networks
based on their proclivity to form g-sheet aggregate domains,
where the trend follows 3-CP-V > 3-CP-T > 3-CP-L > 3-CP-PA >
3-CP-PG.

2.3. Tunable Viscoelasticity Based on Side-Chain Design

An advantage of this tunable material platform is an opportu-
nity to control rheological properties via molecular design. To
probe the stability and shear processing behavior of the networks,
oscillatory shear measurements were conducted at different fre-
quencies and strain amplitudes using a fixed concentration of
20 wt% copolypeptide. This concentration was chosen to mini-
mize the use of material during optimization studies while stay-
ing above the critical concentration of the weakest hydrogelator.
The strongest hydrogelators, 3-CP-PG and 3-CP-PA, can form hy-
drogel as low as 5 wt%, while the weakest hydrogelators such as
3-CP-L and 3-CP-T need 20 wt% to form stable homogeneous hy-
drogels. Atlow strain amplitudes in the linear viscoelastic regime,
the storage modulus (G’) is higher than the loss modulus (G”) at
all measured frequencies, consistent with a robust physical gel
(Figure S28, Supporting Information). The same is also true un-
der low imposed stresses, indicating the hydrogels behave like
stable viscoelastic solids (Figure S29, Supporting Information).
The yield stress, associated with deviation from the plateau of
the linear viscoelastic regime, can be attributed to chain pull out
between f-sheet domains (Figure 4).°%] The yield point was es-
timated from a critical value of tan § as indicated in Figure S30,
Supporting Information, to extract the apparent yield stress. Fur-
thermore, the pronounced flow point where tan § = 1 is related

© 2023 Wiley-VCH GmbH
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Figure 5. A) Illustration of reversible yielding behavior in copolypeptide hydrogels due to the breaking and reforming of peptide backbone H-bonding.
Cyclic oscillatory strain experiments on 20 wt%. B) 3-CP-PG and C) 3-CP-T showing the network response to low (0.1%) and high (100%) strains at
intervals of 100 s with a constant angular frequency of 6.2 rad s~'. D) Viscosity sweep with increasing shear rate illustrating shear-thinning behavior.

to the loss of mechanical rigidity due to a sufficient number
of chains between f-sheet domains no longer being connected
to form the overall network (Figures S29 and S30, Supporting
Information).>>**] These two properties are critical to consider
for extrusion based 3D-printing.

This system enables the creation of materials with modu-
lus and yielding behavior influenced specifically by the side-
chain amino acid chemistry with analysis under identical con-
centrations (Figures S29-S31, Supporting Information). For
example, aryl-containing materials 3-CP-PG and 3-CP-PA ex-
hibited a higher yield stress due to strong z—z interactions
within f-sheet domains. By contrast, weaker alkyl hydropho-
bic interactions formed in 3-CP-L and 3-CP-V hydrogels lead
to lower yield stresses. The use of 3-CP-T demonstrated that
altering the polarity of the p-sheet domain by incorporating
more polar phenolic side chains resulted in the weakest hydrogel
network.

Phenyl glycine was selected as the lead material for subse-
quent studies, since its lack of flexible hydrocarbon spacer in
comparison to phenyl alanine allows for increased f-sheet sta-
bility. This subtle deviation from 3-CP-PA proved to be critical
as 3-CP-PG outperformed other materials, exhibiting the high-
est modulus and yield point. The imposed stresses associated
with yielding were consisted with the hydrogel interdomain spac-
ing, where hydrogels having smaller average interdomain spac-
ing ¢ (i.e., higher density of physical crosslinking centers) ex-
hibit higher elastic modulus and yield stress. Overall, the com-
bined structural and rheological measurements reveal the side
chain chemistry to be an important and synthetically tunable pa-
rameter that controls f-sheet interactions, physical crosslinking
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structure, and the corresponding rheological properties of these
hydrogels.

2.4. Direct Ink Writing Printing

The yielding and rapid self-recovery behavior of hydrogel net-
works are crucial rheological features necessary for extrusion ap-
plications, especially with 3D-printing techniques such as DIW.
While linear block copolypeptides may undergo gelation via
the formation of complex 2D assemblies, assembly is slow. In
contrast, 3-arm star-shaped analogues are observed to assem-
ble faster into 3D hydrogel networks with rapid reassociation
of p-sheet domains leading to self-recovery after shear-based
extrusion.l**] To simulate such an extrusion process, shear pro-
cessing properties and recovery of samples with the highest (3-
CP-PG) and lowest (3-CP-T) yield stresses were evaluated using
cyclic oscillatory experiments, in which the strain amplitude was
cycled in a step-wise fashion (Figure 5). Specifically, hydrogels
were subjected to 0.1% and 100% strain for fixed periods of 100s,
allowing network stability at low strains and shear-yielding be-
havior at higher strains to be demonstrated. The storage mod-
ulus of 3-CP-PG decreased from 20 to 0.6 kPa, but quickly
recovered back to its original value, signifying network recov-
ery (Figure 5B). In contrast, 3-CP-T forms weaker networks
(3 kPa) that rapidly decrease to 0.05 kPa and reform over
similar strain cycles (Figure 5C). Because effective extrusion
necessitates fast hydrogel yielding in the printer nozzle and
shear-thinning during deposition onto the platform, rotational
rheometry was used to better understand the non-Newtonian
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properties of these materials (Figure 5D). Although 3-CP-PG
forms a more viscous fluid at low shear compared to 3-CP-T,
both materials flow similarly after yielding at high shear rates,
simulating the printing extrusion process. Given these similar-
ities in flow, the faster recovery and higher quiescent modulus
of 3-CP-PG make it a better candidate for DIW compared to
3-CP-T.

To further demonstrate the impact of f-sheet structure on
printability, 3-CP-PG and 3-CP-T were evaluated on a commer-
cial DIW 3D-printer. Block copolypeptide hydrogels (20 wt%)
were loaded into a 3 mL syringe (27-gauge nozzle), with fila-
ment size and print uniformity studied at various applied pres-
sures during extrusion using Image | (Figure 6A). 3-CP-PG re-
quired higher applied pressures to extrude a stable filament,
which directly correlates with the higher yield stress observed by
rheometry. Both samples could form stable filaments with a
width of 200 um at their respective lowest extrudable pressures,
although 3-CP-PG produced more consistent filaments with bet-
ter shape fidelity. The larger variability in filament size for 3-CP-T
is likely related to slower network recovery and lower yield/flow
point.’>) While we have previously shown the ability of anal-
ogous hydrogels to print multilayered 3D structures, here the
resolution of intricate two-layered patterns were studied.[*®] In
particular, the differences in filament uniformity is exacerbated
when printing a two-layer complex lattice in the x—y plane that
can be semi-quantified using printability (P,) values (Equation
(S2), Supporting Information).l'*>>] The fast recovering, higher
yield-stress 3-CP-PG gives a P, value of 1.03 at 170 kPa, while
the slower recovering and weaker 3-CP-T gives a P, value of
1.2 at 40 kPa (Figure 6B and Figure S33, Supporting Informa-
tion). In addition, 3-CP-PG hydrogels clearly show enhanced
shape fidelity and better performance in 3D-printing. The mod-
ular nature of this 3-arm block copolypeptide platform pro-
vides good control over molecular design, architecture, hydro-
gel microstructure, rheological properties, and 3D-printability
through synthetically tunable chemistry and eliminates the need
for additives that are typically required to enhance the viscos-
ity and shear-thinning properties of traditional, structurally fixed
biopolymer inks.
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3. Conclusion

In summary, we describe a robust strategy to create additive-
free 3D-printable biomaterials based on f-sheet-driven hydroge-
lation of 3-arm star block copolypeptides that are readily synthe-
sized using NCA ROP. The effects of changing spacer length and
side-chain polarity on network properties were studied using va-
line, leucine, phenyl glycine, phenyl alanine, and tyrosine. All 3-
arm block copolypeptides spontaneously form stable hydrogels
with network structure and viscoelasticity determined by outer-
block chemistry and degree of polymerization. This strategy pro-
vides access to different engineered properties, such as tailored
thixotropy, yielding, and recovery. Significantly, these rheological
differences were apparent during direct-ink writing, as the yield-
ing and strain recovery trends correlate with filament uniformity
and overall shape fidelity. In summary, our findings provide a
basis to rationally design the 3D-printability and performance of
sustainable, biocompatible polymers using amino-acid building
blocks in tunable hydrogels.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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