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ABSTRACT: Glycine-rich proteins (GRPs) containing a high
content of glycine residues (>30%) possess unique structural
stability. However, the controllable synthesis of glycine-rich
poly(amino acid)s (PAAs) to mimic GRPs has not been realized
yet due to the poor solubility of polyglycine segments. We
developed a novel method to synthesize glycine-rich PAAs via the
controlled ring-opening copolymerization of glycine-N-thiocarbox-
yanhydrides (Gly-NTA) with sarcosine-N-carboxyanhydride and
ε-Cbz-L-lysine-N-carboxyanhydride. The random copolymerization
is evidenced by a kinetic study that shows that the propagation rate
constant of Gly-NTA is close to those of comonomers. The
copolymers exhibit predictable molecular weights between 4.5 and 24.6 kg/mol and tunable glycine incorporation, varying from 10.3
to 59.2%. Poly(Gly-r-Sar) samples with various glycine contents form nanoparticles or a hydrogel in water. Remarkably, the β-sheet
folding of poly(Gly-r-Lys) remains intact in a neutral environment where the amine groups are protonated. Overall, the strategy
paves the way to engineer glycine-rich PAAs and thereby expands their applications.

Proteins are natural biomacromolecules composed of α-
amino acids. Tremendous hydrogen-bond donors and

acceptors enable proteins to maintain highly organized
structures for vital activities. In particular, glycine-rich proteins
(GRPs) possess multiple functions including providing
mechanical strength to cell walls and acting as velcro in the
protein−protein interaction.1−3 The key to the significant
strength of GRPs is abundant β-sheet structures in glycine-rich
regions that do not contain long polyglycine (PGly) segments,
but do contain repeating sequences such as GGGX and
GGXXXGG, where G is glycine and X is any other amino acid
residue.3−5 In other words, peptides that constitute GRPs are
regarded as random poly(amino acid)s (PAAs) rather than
block ones. Mimicking GRPs and their functions is an
appealing, yet challenging issue. Solid phase peptide synthesis
(SPPS) has been employed to produce glycine-rich PAAs,
which is unfavorable in industry due to its tedious procedure
and limited molecular weights (MWs).6−8 Ring-opening
polymerization (ROP) of amino acid N-carboxyanhydrides
(NCAs) is a promising method to synthesize random high-
MW PAAs.9−11 However, the controlled polymerization of
glycine NCA (Gly-NCA) has not yet been realized yet. Short
PGly segments with more than five residues can arrange to
ordered antiparallel β-sheet structures, which reduces the
solubility of the product dramatically and prevents further
polymerization.12−14

Inserting a second monomer to weaken the β-sheet is a
feasible solution.15,16 Wooley et al. utilized PEG45-NH2 to
initiate the copolymerization of Gly-NCA with γ-benzyl-L-

glutamate-NCA (BLG-NCA). However, Gly-NCA was con-
sumed much faster than sterically hindered BLG-NCA.
Homopolymeric PGly blocks were generated, which led to
gelation during polymerization and poor solubility in organic
solvents.17 Thus, Gly-NCA is not suitable for the controlled
synthesis of glycine-rich PAAs. N-Thiocarboxyanhydrides
(NTAs), thio-analogues of NCAs, are more stable monomers
with decreased reactivity.18,19 In this contribution, we realized
the controlled random copolymerization of Gly-NTA with α-
amino acid NCAs. β-Sheet folding of glycine residues in
products is suppressed to form any gel or turbidness during
polymerization, while the obtained glycine-rich PAAs exhibit
excellent thermo- and pH-responsive properties to realize sol−
gel transition and pH-dependent aggregation based on the
formation of secondary structures.
Gly-NTA is prepared via the cyclization of N-ethoxythio-

carbonyl glycine in the presence of PBr3 (see the experimental
section in Supporting Information),15 and characterized by
NMR (Figures S1 and S2) and X-ray single crystal diffraction
(Figure S3). The Gly-NTA single crystal belongs to the
monoclinic crystal system (5.136 Å, 11.575 Å, 7.909 Å, 90°,
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99.2°, 90°). Homopolymerization of Gly-NTA stops at limited
conversion lower than 40% (sample 1 in Table 1) and white
precipitates are observed within 5 min, which are insoluble in
any solvent.
Copolymerizations of Gly-NTA with sarcosine NCA (Sar-

NCA) (Figure S4) are well controlled at 30 °C in
dimethylacetamide (DMAc; Figure 1A and samples 3−6 in
Table 1) were performed without any precipitation or gelation.

The copolymers of glycine with sarcosine poly(Gly-r-Sar)
(PGS) exhibit symmetrically unimodal traces and narrow
dispersities (Đ < 1.1) in size-exclusion chromatography (SEC;
Figure 1D). Both mass intervals of sarcosine (71 Da) and
glycine residues (57 Da) are observed in the matrix-assisted
laser desorption ionization time-of-flight mass spectrometry
(MALDI-ToF MS) of PGS (Figure 1E,F). The absolute mass
of each proportion with Li+ cationization is consistent with the

Table 1. Copolymerization of Gly-NTA with Sar-NCA and zLL-NCAa

DPb

sample NCA [Gly-NTA]0:[NCA]0:[initiator]0 temp. (°C) time (h) yield (%) Gly AAc Glyd (%)
Mn,NMR

e

(kg/mol)
Mn,SEC

f

(kg/mol) Đf

1 50:0:1 30 42 37 0 100
2 Sar 0:70:1 30 42 99 0 72 0 5.2 22.4 1.04
3 Sar 25:59:1 30 42 92 19 65 22.6 5.5 18.0 1.05
4 Sar 10:53:1 30 42 90 9 55 14.1 4.5 15.6 1.03
5 Sar 25:200:1 40 70 98 23 200 10.3 15.6 29.7 1.04
6 Sar 67:84:1 30 42 87 36 80 31.0 7.8 16.6 1.06
7 zLL 20:32:1 30 42 91 21 28 42.9 8.5 7.7 1.05
8 zLL 50:50:1 30 42 71 45 31 59.2 10.7 18.6 1.10
9 zLL 49:105:1 45 45 74 59 81 42.1 24.6 20.4 1.09

aPolymerization conditions: [Gly]0 + [NCA]0 = 0.5 mol/L, DMAc as solvent. Benzylamine and n-hexamine were used as the initiators for Sar-NCA
and zLL-NCA, respectively. bDegree of polymerization, the average number of amino acid residues per polymer chain calculated by 1H NMR. cSar
or zLL residue. dMolar fraction of Gly residues in copolymers calculated by 1H NMR. eDetermined by 1H NMR. fDetermined by SEC.

Figure 1. (A) Synthesis of PGS by the random copolymerization of Gly-NTA with Sar-NCA. (B) 1H NMR spectrum of PGS, where *, **, and ***
represent DMSO, water, and ether, respectively. (C) DOSY spectrum of PGS. (D) SEC traces of PGS copolymer samples in Table 1. (E, F)
MALDI-ToF MS and a zoom-in view of PGS. (G) 13C NMR spectrum of PGS, where * and ** represent DMSO and ether, respectively.
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corresponding composition of the random polymers (Figure
1E). The proton signals of both sarcosine and glycine residues
are found at 2.65−3.05 ppm (methyl groups of sarcosine
residues) and 3.65−4.45 ppm (α-H of both residues) in the 1H
NMR spectrum of PGS (Figure 1B). The content of glycine
residues in the product increases with the initial feed ratio of
[Gly-NTA]:[Sar-NCA], reaching a maximum of 31.0%,
comparable to that in some GRPs.2 The diffusion-ordered
spectroscopy (DOSY) NMR spectrum suggests an identical
diffusion coefficient (8.0 × 10−11 m2/s, Figure 1C) of the
protons in both the sarcosine and glycine residues. All the
above prove the successful copolymerization of Gly-NTA with
Sar-NCA.
Both the characterization of the copolymers and the kinetic

study of the copolymerization reveal the comparable
reactivities of Gly-NTA with Sar-NCA, which results in the
random distribution of residues in PGS. The random topology
of PGS is confirmed by 13C NMR, heteronuclear single
quantum coherence spectroscopy (HSQC), and heteronuclear
multiple bond correlation (HMBC) analyses. The 13C NMR
and HSQC spectra determine the alkyl carbons of the polymer
chain. The carbon signal of the methyl groups of sarcosine
residues (Cc) locates at 35.1 ppm, while those at 42.0 ppm
(Cd) and 48.3−51.4 ppm (Cb) are attributed to α-carbons
(Figure 1G). Comparing the 13C NMR spectra of PGS and
polysarcosine in the acyl carbon region (Figure S5), we
observe new signals between 170 and 172 ppm for PGS,
representing two groups of acyl carbons neighboring secondary
amines and primary amines. The 13C NMR spectra of two
model molecules also support the attribution (Figure S6).
Moreover, these two carbonyl carbon signals are correlated to
N−H and N−CH3 in the HMBC spectrum (Figure S8).
Accordingly, region I of the correlation signals around 8.0 ppm
in Figure S8 is assigned to He-C2, which represents Sar-Gly
diads, while region II represents Gly-Gly diads. Similarly, the
correlation signals of Hc-C4 and Hc-C3 indicate the presence of
Sar-Sar and Gly-Sar diads.
The in situ Fourier transform infrared spectroscopy (FT-IR)

technique is applied to explore the polymerization rates of Gly-
NTA and Sar-NCA at 30 °C with a feed ratio of 25:50:1 ([Gly-

NTA]0/[Sar-NCA]0/[BnNH2]0) in DMAc (Figure S9). The
linear plots of time-dependent ln(M0/Mt) support pseudo-first-
order kinetics with two stages (Figure S10). The polymer-
ization rate constants of Gly-NTA (1.8 × 10−3 min−1 in stage I
and 4.9 × 10−3 min−1 in stage II) and Sar-NCA (2.0 × 10−3

min−1 in stage I and 5.5 × 10−3 min−1 in stage II) are very
close to each other in both of the two stages, indicating the
same consumption rates to produce random copolymers.
Lysine is a natural C-substituted amino acid, differing from

sarcosine, with a N-methyl substitution. Random copolymer-
izations of Gly-NTA were performed with ε-Cbz-L-lysine NCA
(zLL-NCA; Figure S11), which succeed and generate poly-
(Gly-r-zLL) (PGZ) copolymers (samples 7−9 in Table 1).
The polymerization conditions are the same, except that n-
hexamine is employed as the initiator instead of benzylamine
to avoid the overlapping of the proton signals of phenyl groups.
PGZ contains both Gly and zLL residues whose α-proton
signals locate at 3.60−3.88 ppm and 4.15−4.30 ppm,
respectively (Figure 2B), with identical coefficients in DOSY
NMR (6.3 × 10−11 m2/s, Figure S12). The MWs of PGZ are
tunable between 8.5 and 24.6 kg/mol according to SEC and
the dispersities of PGZ are narrow (Đ < 1.1). Both zLL-NCA
and Gly-NTA exhibit pseudo-first-order kinetics (Figure S13).
The linear plots of ln([M]0/[M]t) versus time reveal the
livingness of polymerization and determine the comparable
apparent polymerization rate constants of zLL-NCA (2.2 ×
10−3 min−1) and Gly-NTA (1.3 × 10−3 min−1). Polypeptides
consisting of glycine and L-lysine residues, poly(Gly-r-Lys)
abbreviated as PGK, are obtained by the deprotection of the ε-
carbobenzyloxy group under acidic conditions, evidenced by
the disappearance of the signal at 7.4 ppm attributed to the
benzyl group in 1H NMR (Figure 2C).
We synthesized PGS and PGZ with controllable MWs (4.5−

24.6 kg/mol) containing glycine residues from 10.3% to 59.2%
and suppressed β-sheet folding during polymerization. The
secondary structures are recoverable by workup procedure,
solvent, temperature, pH, etc. FT-IR and circular dichroism
(CD) are utilized to analyze the secondary structures of PGS,
PGZ, and PGK. FT-IR spectrum of PGS (Figure S14A) and
second derivative spectrum in amide I region (1600−1700

Figure 2. (A) Synthesis of PGZ by random copolymerization of Gly-NTA with zLL-NCA. (B) 1H NMR spectrum of PGZ, where *, **, and ***
represent DMSO, water, and DMAc, respectively. (C) 1H NMR spectrum of PGK after deprotection.
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cm−1, Figure S14B) reveal four peaks which are attributed to β-
sheet (1642 cm−1), α-helix (1652 cm−1), β-turn (1669 cm−1),
and an unknown structure (1678 cm−1).20 CD spectra
demonstrate β-sheet structures in PGZ (Figure S15A) and
PGK (Figure S15B). The result indicates that the bulky side
groups of zLL residues in glycine-rich PGZ backbones slightly
disrupt the β-sheet folding.21,22
Glycine residues act as temperature-sensitive physical cross-

linking points in PGS. PGS with 10% glycine residues (sample
5) self-assembles into nanoparticles in water, showing an
average diameter (Dh) of 240 nm in dynamic lighting
scattering (DLS) measurements (Figure 3A). The transmission
electron microscopy (TEM) image also supports their
spherical morphologies with a diameter of ca. 100 nm (Figure
3B). Glycine residues aggregate through hydrogen bonding to
construct the cores of the nanoparticles (black area in Figure
3B) and the shells are composed of sarcosine-rich regions. The
sizes of the nanoparticles are tunable by temperature (Figure
S16). The micelles disassemble under elevated temperatures
(>40 °C) due to the destroyed hydrogen bonding. The glycine
residues facilitate the formation of hydrogels through complex
intermolecular interactions. Sample 6 containing 31% glycine
residues forms a hydrogel with a water content up to 86.3%
(Figure 3C), making it an attractive candidate for biomedical
applications. The gel becomes flowable after 10 min heating at
90 °C, which is reversible back to gel by cooling at room
temperature.
PGK keeps the β-sheet structure at a neutral pH when the

pendant amine groups are protonated. PGK with 42% glycine
residues exhibits a cloud point at a pH of 3.0 (Figure 3D). The
CD spectra illustrate that PGK has a predominantly β-sheet
character at neutral pH but transitions to random-coil

character by decreasing the pH (Figure 3E). PGK maintains
β-sheet structure when the pendant amine groups are mostly
protonated at neutral pH while pKa of the ε-NH2 groups in
poly-L-lysine is 9.3−9.5.23 Differing from poly-L-lysine
homopolymer, PGK demonstrates adjustable pH transition
points of secondary structures in the acidic range, expanding
the application of lysine-based responsive materials.24−27

In summary, we present a synthetic approach to glycine-rich
PAAs with designable degree of polymerizations and narrow
dispersities (Đ < 1.1) by copolymerizations of Gly-NTA with
Sar-NCA and zLL-NCA which have comparable reactivities to
produce random copolymers. The first successful controlled
polymerization of glycine is realized by inserting a second
monomer in a random distribution to suppress β-sheet folding
during polymerization, which is recoverable in proper
conditions. PGS forms reversible temperature-sensitive hydro-
gel and nanoparticles in water when the content of glycine
residues is 31% and 10%, respectively. PGK keeps the β-sheet
structure at a neutral pH when the amine groups are
protonated. The contribution fulfills the controllable synthesis
of glycine-containing PAAs and opens up new possibilities for
the precise design of glycine-based biomaterials.
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Experimental section and the characterizations of
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Figure 3. (A) DLS result of PGS micelles. (B) TEM image of PGS micelles. (C) Hydrogel generated from sample 6. (D) pH-dependent
transmittance changes of PGK titrated from basic to acidic condition. Inset: images of PGK in water at pH values of 2 and 7. (E) CD spectra of
PGK at different pH values.

ACS Macro Letters pubs.acs.org/macroletters Letter

https://doi.org/10.1021/acsmacrolett.3c00491
ACS Macro Lett. 2023, 12, 1466−1471

1469

https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.3c00491/suppl_file/mz3c00491_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.3c00491/suppl_file/mz3c00491_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.3c00491/suppl_file/mz3c00491_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.3c00491/suppl_file/mz3c00491_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.3c00491/suppl_file/mz3c00491_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00491?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.3c00491/suppl_file/mz3c00491_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00491?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00491?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00491?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00491?fig=fig3&ref=pdf
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.3c00491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Gly-NTA single crystal (CIF)
Gly-NTA single crystal data (PDF)
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