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Abstract

Poly-L-hydroxyproline (PHyp) is a synthetic analogue of collagen, the most abundant
protein for animals, and holds immense potential for broad biomedical applications.
The synthesis of PHyp, however, involves inefficient protection-deprotection steps and
has been restricted to relatively low molecular weight (MW) and linear topology. Here,
we report the ring-opening polymerization (ROP) of unprotected hydroxyproline N-
carboxyanhydrides (Hyp-NCA) for the facile one-step synthesis of PHyp with tunable
linear or branching topologies. Employing an innovative water-assisted ultrafast
polymerization technique, the research achieves the synthesis of linear PHyp with MW
up to 7.5 kDa, featuring adjustable terminal groups and narrow dispersity. The study
further introduces a tertiary amine-triggered one-pot polymerization method in DMSO,
which leads to the preparation of branched PHyp (B-PHyp) with MW up to 438 kDa,
~40 times higher than previous record of PHyp. Facile post-polymerization
modification of B-PHyp affords injectable hydrogels with a critical gelization
concentration as low as 1.0%. The polymers, characterized by their distinctive collagen-
like polyproline type II (PPII) helices, offer significant prospects in drug delivery,

wound healing, and other biomedical applications.

Introduction

Collagen is the most predominant protein type in animals, constituting
approximately 25-30% of the total animal protein content. Its crucial functions include
structural support, tissue repair, and physical protection. 4-Hydroxyproline (Hyp), an
amino acid abundant in collagen, is synthesized through post-translational modification
of proline mediated by 4-prolyl hydroxylase.!* Hyp accounts for approximately 14%
of the total amino acid composition in collagen, making it more abundant than several
canonical amino acids. Previous research has demonstrated that Hyp plays a vital role
in proper formation of collagen fibrils, with its 4-trans-hydroxyl group stabilizing the
secondary structure known as polyproline type II (PPII) helix®>* and further promoting

the self-assemble of collagen unimer into the characteristic triple helical structure.>*
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Compared with the right-handed a-helix, the PPII helix exhibits a more extended, left-
handed conformation resembling a 3> helix structure where all amide bonds adopt trans
conformation.”'°Approximately 5% of the overall protein secondary structure is
associated with PPII helical conformation, which often serves as a scaffold or
recognition motif involved in biological macromolecular interactions within living
organisms. %12

Synthetic polypeptides, also known as poly(amino acid)s, are biomimetic
polymers with inherent biocompatibility, tunable biodegradability, and well-defined
secondary structures akin to peptides and proteins, holding enormous application
potential in the field of materials science and biomedicine.'*"!” Polypeptides are usually
prepared by the ring-opening polymerization (ROP) of N-carboxyanhydride (NCA)
with well-controlled number-average molecular weight (M,), dispersity (D), end groups,
and topological structure.'® 132 Among all the polypeptides, poly-L-proline (PLP) has
been an extensively studied model of PPII helix.?!">? Poly-L-hydroxyproline (PHyp),
less explored, represents another important model for comprehending the biology and
biomaterials associated with the PPII helix additional to PLP. Along this direction, Hyp-
based low molecular weight (MW) oligomers and its derivatives synthesized via solid-
phase peptide synthesis (SPPS) have garnered significant progresses across diverse
fields such as organocatalysis, drug delivery, and cell membrane penetrating.?*-
However, it remains a great challenge to produce PHyp with high MW at a large scale
using SPPS.**33 Previously, O-acetylated Hyp NCA monomer (AcHyp-NCA) had been
synthesized and polymerized to afford O-acetylated PHyp (PAcHyp, Figure 1A).3¢ The

crystal structure of PHyp was subsequently studied.’”*® Gkikas and coworkers

copolymerized O-Benzyl-L-hydroxyproline NCA (BLHyp-NCA) and y-Benzyl-L-

glutamate NCA (BLG-NCA) in THF to prepare di-block copolymers bearing two

different helical structures, which self-assembled into interesting zigzag lamellar
structure.®” Recently, Kramer et al. successfully achieved the polymerization of AcHyp-
NCA using Ni- and Co-based organometallic catalysts, affording PAcHyp with M, up

to 15.3 kg/mol.*’ The subsequent deprotection of PAcHyp led to the generation of
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water-soluble PHyp. More recently, Hyp-drived polypeptides and poly(thio)esters have
been prepared with various functionalities and diverse application potentials.*'** In
spite of these remarkable advances, current methods all require protection of the
hydroxyl group and can only offer linear PHyp, the protection-free synthesis of PHyp
with ultra-high MW and non-linear topologies remains largely elusive.

Recently, our group developed a robust approach enabling the moisture-tolerant
synthesis of various challenging unprotected NCA (UP-NCAs) monomers bearing
reactive functional groups such as hydroxy, thiol, and carboxylic acid in the side
chain.*> These compounds include cysteine NCA (Cys-NCA), p-penicillamine NCA
(Pen-NCA), serine NCA (Ser-NCA), glutamic NCA (Glu-NCA), and hydroxyproline
NCA (Hyp-NCA). By studying the polymerization of these UP-NCAs, it is possible to
eliminate the laborious protection-deprotection steps, and more importantly, create
unprecedented structures by harnessing the reactivity of the side groups. Previously, the
(co-)ROP of Glu-NCA, Cys-NCA, and Pen-NCA have been reported, affording poly-
L-glutamic acid, branched cysteine-containing polypeptides, and poly-p-penicillamine
with various rich functionalities, respectively.**’ In this study, we systematically
investigated the ROP behavior of Hyp-NCA bearing a secondary hydroxy group (Figure
1B). Our results revealed that Hyp-NCA can be one-pot polymerized in either mixed
acetonitrile/water (ACN/H20) to afford linear PHyp with M, up to 7.5 kg/mol and
narrow P below 1.30, or anhydrous DMSO to produce branched PHyp (B-PHyp) with
ultra-high weight-average molecular weight (My) up to 438 kg/mol. The acylation of
B-PHyp with various anhydrides provides a convenient approach to further tune and
enrich the property of B-PHyp, including the generation of physical hydrogels with the

critical gelation concentration (CGC) as low as (1%).
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Figure 1: A) Typical synthesis of linear PHyp via the ROP of AcHyp-NCA followed by
deprotection; B) This work: synthesis of linear and branched PHyp through the ROP of Hyp-
NCA in mixed ACN/H,O or anhydrous DMSO, respectively.

Results and Discussion

Our research group has recently developed an ultra-fast and controllable ROP
method for proline NCA (Pro-NCA) via an unprecedented water-assisted approach,
affording PLP with high yield, well-defined end groups, predictable M,, and narrow D
within 1-5 minutes.*® This simple method has been successfully adapted by independent
groups generating PLP with fascinating thermal responsiveness and ice inhibition
properties.*® Based on the structural similarity between Hyp and proline, we
hypothesized that Hyp-NCA (Fig. S1) may exhibit similar ultra-fast polymerization
behavior as Pro-NCA does when assisted by water.

To investigate this hypothesis, we studied the benzyl amine-mediated ROP of Hyp-
NCA in mixed ACN/H>O (v/v = 1/1) by following the previously optimized condition
for the ROP of Pro-NCA.*® As expected, the observed phenomenon during the Hyp-
NCA polymerization process was similar to that observed for Pro-NCA: immediately
after the addition of initiator to monomer, there was a rapid release of CO; followed by
the completion of monomer within five minutes. Unlike the ROP of Pro-NCA that
maintained a homogeneous system throughout the polymerization process, however,

the ROP of Hyp-NCA resulted in a phase-separated system that were redissolvable by
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adding more water after the monomer consumption. This difference was attributed to
the higher hydrophilicity of PHyp over PLP. Size exclusion chromatography (SEC)
revealed unimodal and sharp peaks (P = 1.12 — 1.14) for the reaction mixtures at the
feeding monomer-to-initiator ([M]o/[I]o) ratios of 25/1, 50/1 (Figure 2A). The obtained
M, (My°™) of PHyp, determined by SEC equipped with multi-angle light scattering
(MALS), were 2.8, and 5.4 kg/mol (entry 1-2, Table 1), respectively, all within + 10%
deviation compared with the calculated My (My**). MALDI-TOF mass spectrometry of
a 25-mer of PHyp (entry 1, Table 1) gave a set of peaks that were assignable to PHyp
with CsHsCH>NH- and H- as the o and © ends, respectively (Figure 2B). Overall, the
MALDI-TOF results echoed the SEC results in M,", indicating controlled
polymerization under the designated conditions with minimal hydrolysis or water-

initiated polymerization. At a feeding ratio of 100/1, however, the M,

of PHyp was
only 7.5 kg/mol, significantly lower that the M, value of 11.4 kg/mol (Table 1, entry
3). While the ROP of Pro-NCA at the feeding ratio of 100/1 still maintained its M,
control under similar conditions, the deteriorated M, control of Hyp-NCA ROP was
likely, again, due to the enhanced hydrophilicity and thus faster hydrolysis of monomer.
PHyp exhibited excellent water solubility with a stable PPII helix even at elevated
temperatures up to 85 °C according to circular dichroism (CD) spectra (Figure 2C), in

distinct contrast with PLP that showed thermosensitivity and PPII helix-to-PPI helix

transition.”® Hyp-NCA and Pro-NCA were also successfully copolymerized at a total
monomer-to-initiator ratios of 50/1 in mixed ACN/H»O, affording copolymers with £

below 1.12, predictable Hyp-to-Pro ratios (Fig. S2), and M, close to M, (entry 4-7,
Table 1). Furthermore, we also attempted to initiate the ROP of Hyp-NCA in mixed
ACN/phosphate buffer (PBS, pH = 7.4) using a model protein, enhanced green
fluorescent protein (EGFP) (Figure 2D). Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) showed a smeared new band at upper MW region and the
disappearance of EGFP (Figure 2E). SEC revealed a narrow, symmetric, single peak
with a complete shift in retention time compared with the native EGFP (Figure 2F),

corroborating the successful generation of the desired EGFP-PHyp conjugate via the
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so-called “grafting-from” approach. EGFP and EGFP-PHyp were found to display
comparable fluorescence intensity, suggesting good preservation of the protein function

(Figure 2F).

Table 1: Benzylamine-Initiated Ring-Opening Polymerization of Hyp-NCA or
Hyp-NCA/Pro-NCA in ACN/H20

Entry Name NCA [N[(;]A V (kg]Z:l:ll) . (kg]‘/lr:::;) , Hyp/Pro¢ DP
1 PHyps Hyp 25/1 2.9 2.8 - 1.12
2 PHypso Hyp 50/1 5.8 5.4 - 1.14
3 PHYp100 Hyp 100/1 11.4 7.5 - 1.30
4 Hypyp-Pro,, Hyp/Pro  40/10/1 5.6 4.7 3.9/1.1 1.12
5 Hyp;p-Pro,, Hyp/Pro  30/20/1 54 42 3.1/1.9 1.10
6 Hyp,y-Pros, Hyp/Pro  20/30/1 5.3 5.2 1.9/3.1 1.07
7 Hyp,,-Pros, Hyp/Pro  10/40/1 5.1 4.6 0.9/4.1 1.11

%Calculated from feeding [NCA]/[I]. ®Obtained from aqueous SEC equipped with a multi-angle
light scattering and a reflective index detectors in 1 x PBS (pH = 7.4) mobile phase; dn/dc (658
nm) values were measured as 0.159 for PHyp. °Calculated from "H-NMR spectroscopy (Figure
S2).
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Figure 2. Characterization of PHyp and EGFP-PHyp conjugate. A) SEC chromatogram
of PHyp (Table 1, entries 1-3); B) MALDI-TOF mass spectrometry of PHyp,s; C) CD spectra
of PHypioo at 25 °C (blue) and 85 °C (red) exhibiting typical left-handed PPII helices; D)
Cartoon illustration of the EGFP-initiated ROP of Hyp-NCA; E) SDS-PAGE characterization
of EGFP and the EGFP-PHyp conjugate; F) aqueous SEC characterization of EGFP-PHyp
prepared by EGFP-mediated ROP of Hyp-NCA; inset: snapshots of EGFP and the EGFP-
PHyp conjugate.

Different from PLP that was hardly soluble in common organic solvents,

https://doi.org/10.26434/chemrxiv-2024-k9w3s ORCID: https://orcid.org/0009-0004-4830-2216 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-k9w3s
https://orcid.org/0009-0004-4830-2216
https://creativecommons.org/licenses/by-nc-nd/4.0/

interestingly, both Hyp-NCA and PHyp were highly soluble in DMSO. Given this fact,
we next investigated the ROP of Hyp-NCA in DMSO using organic bases. We
postulated that the hydroxyl group of Hyp-NCA could be activated by organic bases to
exhibit nucleophilicity properties, making a small portion of Hyp-NCA acting as inimer,
i.e. a compound with the dual role of initiator and monomer, and producing
(hyper)branched polymers.>!'** Consequently, we speculated that the ROP of Hyp-NCA
in DMSO could afford B-PHyp with ester bond, secondary amine, and peptide bonds
as the dendritic (D), terminal (T), and linear (L) units, respectively (Figure 1B). *1%° To
explore this hypothesis, we employed common organic bases such as DIPEA (conjugate
acid pK, ~ 10) and DBU (conjugate acid pK. = 13.9)% as the catalyst (Table 2). At an
initial monomer concentration [Hyp-NCA]o of 2.0 M and fixed [Hyp-NCA]/[DIPEA]
ratio of 50/1, after a short induction period, the reaction system rapidly generated gas
and becomes viscous gradually. Aqueous SEC analysis using Superdex 75 indicated
that the MW of the obtained polymer B-PHyp-1 exceeded the upper limit of the column
(70 kDa for protein). Treating B-PHyp-1 with a 0.5 M NaOH solution for 3 hours
resulted in a complete shift of the SEC trace towards the lower molecular weight region
(Figure 3A), suggesting a significant reduction in MW due to the hydrolysis of the
branching ester units. FT-IR characterization of B-PHyp-1 revealed characteristic
absorption peaks at 1735 cm™ and 1653 cm™ (Figure 3B), which were attributed to ester
and amide carbonyl stretches, respectively (assignment based on PAcHyp obtained by
ROP of AcHyp-NCA in ACN/H;0, Figure S3). Moreover, proton nuclear magnetic
resonance spectroscopy (‘H-NMR) depicted a small peak at ~ 5.36 ppm for the
designated B-PHyp-1, which was absent in the linear PHyp obtained in ACN/water
system and assignable to the y-H on the pyrrolidone ring of Hyp after acylation (Figure
3C). Overall, the above experimental evidence fully supported the branched topology
hypothesis. To obtain more accurate MW of B-PHyp-1, the previous Superdex 75 SEC
column was replaced with a Superose 6 Increase column, which gave a My of 32.3
kg/mol, M of 71.4 kg/mol, and P of 2.55 (Figure 3D and entry 1, Table 2). Given
the high MW and dispersity of the product, My°® are used in further descriptions of B-

PHyp for its ability to better reflect the properties of these polymers.
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To calculate the degree of branching (DB) of B-PHyp-1, we employed the formula
DB=(D+T)/(D+ T+ L), where D, T, and L represent the number of dendritic, terminal,
and linear units, respectively®’. According to the proposed structure of B-PHyp (Figure
1B), the sum of D + T+ L roughly equals to the degree of polymerization (DP), and D
is always one unit smaller than 7 (D = T - 1). Therefore, the formula can be simplified
to DB = 27/DP when the My of B-PHyp was reasonably high. Of note, the value of
T/DP (secondary amine content) was obtainable with UV-Vis spectrometry measuring
the characteristic absorbance of the reaction product of p-toluene diazonium salt with
secondary amines, a method developed by Raj et al.® Thus, the DB of B-PHyp-1 was
calculated as ~0.24 (Table 2, see SI, Figure S4 Table S1 for detailed method).

Next, we varied the [Hyp-NCA]/[DIPEA] ratio in the range from 100/1 to 2000/1
to regulate the molecular weight and DB of the resulting B-PHyp (entry 2-6, Table 2).
Increasing the [M]o/[DIPEA] ratio led to substantially higher My, which exceeded the
upper separation limit of the Superose 6 Increase column when the ratio was beyond
500/1 (Figure S5). The SEC traces of B-PHyp-4, -5 and -6 (entry 4-6, Table 2) was
obtained after the separation column was replaced to MIXED-H columns (Figure 3E).
DIPEA-2000 reached an absolute My, value of 438 kg/mol, which was approximately
40 times higher than previously reported maximum molecular weights for PHyp.*° The
DB of B-PHyp, however, became substantially smaller at higher [Hyp-NCA]/[DIPEA]
ratios (Table 2). When a stronger organobase DBU was used to mediate the ROP,
similar to the case of DIPEA, higher [M]o/[DBU]Jo ratios gave greater My, and smaller
DB of B-PHyp (entry 7-9, Table 2 and Figure 3D). Of note, SEC revealed a M, of B-
PHyp-8 of 55.4 kg/mol (entry 8, Table 2), smaller than the My of B-PHyp-1 at the same
[M]o/[base]o ratio mediated by DIPEA (entry 1, Table 2). However, the DB of B-PHyp-
8 was calculated as 0.38, greater than that of B-PHyp-1 (entry 8 and 1, Table 2). Thus,
the higher basicity appeared to give smaller M, but greater DB. Circular dichroism
spectroscopy revealed that B-PHyp still exhibited a characteristic PPII helix pattern,
although with decreased helicity compared to linear PHyp (Figure 3F). Moreover, the
greater the DB, the lower the helicity was observed. Similar to the linear PHyp, B-PHyp

also displayed unchanged PPII helicity at an elevated temperature up to 85 °C according
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to CD analysis (Figure S6).
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Figure 3. Characterizations of B-PHyp: A) SEC chromatogram of B-PHyp-1, before (red) and
after (blue) NaOH treatment; note the red curve was eluted at the dead volume (8 mL) of the
Superdex 75 column. B) Overlay of FT-IR Spectra of PAcHyp and B-PHyp-1. C) '"H-NMR
spectrum of B-PHyp-1 in D,O. D) SEC chromatogram of B-PHyp (Table 2, entries 1-3, 7-9)
using Superose 6 Increase columns from Cytiva. E) MALLS-SEC chromatogram of B-PHyp
(Table 2, entries 4-6) using PL. Aquagel-OH MIXED-H columns from Agilent. Inset: RI
signals. F) CD spectra of B-PHyp (Table 2, entries 1, 3, 6, 7, 9) and PHypioo (Table 1, entry 3)

showing typical left-handed PPII helices.

Table 2: ROP of Hyp-NCA mediated by DIPEA or DBU in DMSO

Crty  Name Base [gagi]]/ (kg/]:zl(l)l) a (kg/l]‘fl‘(v)l) « D° c;\:t]:::(t)" b?:ﬁ:;(;nog ¢
1 B-PHyp-  DIPEA 50 323 714 2.55 12% 0.24
2 B-PHyp2  DIPEA 100 36.7 110 3.01 11% 022
3 B-PHyp3  DIPEA 200 65.2 148 227 7% 0.14
4  BPHyp4  DIPEA 500 66.9 244 3.65 1% 0.02
5 B-PHypS  DIPEA 1000 87.4 291 332 1% 0.02
6  B-PHyp-6  DIPEA 2000 135 438 3.24 1% 0.02
7 B-PHyp7 DBU 25 12.9 255 1.98 28% 0.56
8  B-PHyp-8 DBU 50 16.6 55.4 335 19% 038
9 B-PHyp9 DBU 100 34.0 76.6 226 12% 024

2 Obtained from aqueous SEC equipped with multi-angle light scattering and reflective index
detectors in 1 x PBS (pH = 7.4) mobile phase; dn/dc (658 nm) values were measured as 0.159
for B-PHyp. ® Calculate using the reaction of p-toluene diazonium salt with secondary amines.
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DB =27/DP.

Next, with the in-situ FT-IR spectroscopy, we examined the kinetic feature of
different bases-mediated ROP of Hyp-NCA in DMSO (Figure 4). At a [Hyp-NCA]/[B]
ratio of 100/1, benzyl amine was found sluggish in mediating the ROP, with a less than
20% monomer conversion after 2-hour incubation. In contrast, when DIPEA was used
at the same [Hyp-NCA]/[B] ratio, CO> bubbles were rapidly generated after a 14.5 min
induction period and the system became viscous soon, reaching complete monomer
conversion within 50 minutes (Figure 4A). DBU gave a similar kinetic feature to
DIPEA, i.e. a 12.5 min short induction period followed by a self-accelerating, explosive
consumption stage of monomer within 25 min (Figure 4A). Compared to the DIPEA-
mediated ROP, the induction period was shorter and ROP was faster when DBU was
used as the base. Both reactions did not follow a simple first-order kinetics, suggesting
complicated reaction process. This self-accelerating effect became more pronounced
with increasing base equivalents or reaction concentration (Figure 4B).

To obtain the relationship of monomer conversion with the My, and DB, we
quenched the ROP in DMSO by excessive mesylate at various time points, followed by
precipitation of the solution in acetone to remove unreacted Hyp-NCA monomer and
potential small molecular species from the crude product. Subsequently, the precipitates
were dissolved in water, purified using a flash SEC column (PD-10), and then
lyophilized to obtain pure polymers. The My, My and D of the polymer intermediates at
the designated monomer conversions (Figure S7) were determined via SEC analysis
(Figure 4C). The DB was again quantified using Raj’s method to calculate the ratio of
secondary amines to amides (Figure S8 and Table S2). It was found that My, increased
and DB decrease steadily as monomer was consumed (Figure 4D). Notable, My
increased slowly at the early stage of the ROP and more rapidly at the late stage,
somewhat resembling the classical step-growth polymerization pattern. The dispersity

of the B-PHyp was expanded from 2.40 to 4.35 as the reaction preceded (Figure S9).
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Figure 4: Kinetic study of ROP of Hyp-NCA in DMSO. A) plots of monomer consumption
([M]/[M]o) versus time; the reactions were mediated by different bases; [M]o/[1]o ratio of
100/1, [M]o= 1.0 M; B) plots of monomer consumption ([M]/[M]o) versus time; the reactions
were mediated with DIPEA at varied [M]o/[B]o ratios, [M]o= 1.0 or 2.0 M ; C) SEC
chromatogram of polymerization system of B-PHyp-2 at varied quenching time ; D) Plots of
M, and DB of B-PHyp-2 as a function of monomer conversion.
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Figure 5: Proposed mechanism of the ROP of Hyp-NCA in DMSO.

Based on these kinetic results, we proposed a plausible mechanism for the tertiary
amine-mediated ROP of Hyp-NCA in DMSO. Tertiary amines first activated hydroxy
group of Hyp-NCA, which initiated the ROP by nucleophilic attack a new Hyp-NCA
monomer, generating a secondary amine for further linear chain propagation (Figure 5).
As the basicity of DIPEA and DBU were insufficient for complete deprotonation of

hydroxyl groups, an induction period occurred initially with the length of the induction
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period reversely depended on the basicity (Fig. 4A-B). During the chain growth stage,
the hydroxyl group competed with secondary amines to react with Hyp-NCA,
generating more secondary amine terminals and the ester bond-branched topology
(Figure 5). As the concentration of secondary amines increased, the reaction underwent
self-acceleration in the mid stage (Fig. 4A-B). Of note, the ester-bond (branching)
formation can be theoretically divided into two patterns: terminal branching catalyzed
by intramolecular secondary amine at the chain end or in-chain branching mediated by
tertiary amine (Figure 5). While it is still difficult to evaluate which route was more
preferred, the portion of intermolecular activation would gradually increase with the
greater basicity or higher concentration of tertiary amine. As hydroxyl group-mediated
ring-opening was dominated at the initial stage of the reaction, the polymers featured
in slow chain growth, and a great portion of ester linkage and thus higher DB (Figure
4D). At the mid- and late stages, the DB decreased significantly as the newly generated
secondary amines were more efficient in ROP and producing predominantly linear units
(Figure 4D). The accelerated increase in M, after the mid-stage (i.e. ~50% monomer
conversion in Figure 4D) suggested, as the remaining monomer concentration
decreases, the probability of chain-chain coupling between secondary amines and the
overhanging NCA rings at the chain terminal grew substantially (Figure 5).

Next, we attempted to tune the property of B-PHyp by acylation of the branched
polymers with rich functionalities (Figure 6A). In the DMSO polymerization system
with [Hyp-NCA]J/[DIPEA] of 1000/1, wvarious anhydride/activated ester and
triethylamine were added in situ after the polymerization. When 0.5 equivalent acetic
anhydride (relative to [M]o) was added, '"H-NMR spectroscopy showed that the degree
of acetylation reached ~40% (Figure S10), and the resulting product B-PHyp-Ac
formed a physical hydrogel with a storage modulus (G”) of ~300 Pa at a solid content
as low as 1% (Figure 6B). The resultant hydrogel displayed typical shear-thinning
behavior, enabling injection through a syringe, while exhibiting reversible gel-liquid
phase transition (Figure 6C, D). With further increased degree of acetylation, the
mechanical strength of the resulting gel was enhanced accordingly (Figure S11). Apart

from acetylation, modification with succinic anhydride (SA) and lipoic acid activated
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ester (LA) was also proven successful (Figure 6E, S12, and S13). 5% lipoyl
modification of B-PHyp also yielded a physical hydrogel at a 2% solid content (Figure
S13). B-PHyp modified with succinic anhydride (B-PHyp-SA) excellent cell adhesion
ability comparable to Sodium hyaluronate (HA), an important component of
extracellular cell matrix (Figure 6F).
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Figure 6: Acylation of B-PHyp. A) scheme of the acylation; B) oscillation frequency
scanning curve and C) gradient amplitude scanning curve of the B-PHyp-Ac hydrogel
(acetylation degree 40%, solid content 2%); D) a photograph demonstrating the injectability
of the hydrogel; E) 'H-NMR spectrum of B-PHyp-SA in D,O (acylation degree 30%); F)
BALB/3T3 Cell adhesion results of B-PHyp-SA and hyaluronic acid (HA, the positive
control).

Conclusion

To summarize, the polymerization behaviors of Hyp-NCA was thoroughly
investigated in this study. A water-assisted ultrafast polymerization of Hyp-NCA
yielded linear PHyp with tunable terminal groups and M, up to 7.5 kDa. The method
also allowed the facile generation of protein-PHyp conjugates via the grafting from
approach in aqueous phase. Additionally, we designed and implemented a one-pot
polymerization reaction of Hyp-NCA in DMSO to obtain B-PHyp by taking advantage
of the unprotected hydroxy group. This versatile polymerization reaction allowed for

tunable degrees of branching and yields ultra-high M, polymers up to 438 kDa.
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Furthermore, facile acetylation enabled the post-modification of these polymers into
physical hydrogels at low solid contents. These linear or branched PHyp all bearing
unique and collagen-like PPII helices, holding great potential for applications in
polymeric therapeutics, drug delivery systems, wound healing dressings, biological

adhesives, and many other related fields.
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