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ABSTRACT: Multiblock copolypeptides have attracted
broad interests because their potential to form ordered
structures and possess protein-mimetic functions. Controlled
synthesis of multiblock copolypeptides through the sequential
addition of N-carboxyanhydrides (NCAs), especially with the
block number higher than ﬁve, however, is challenging and
rarely reported due to competing side reactions during the
polymerization process. Herein, we report the unprecedented
synthesis of block copolypeptides with up to 20 blocks,
enabled by ultrafast polypeptide chain propagation in a water/
chloroform emulsion system that outpaces side reactions and
ensures high end-group ﬁdelity. Well-deﬁned multiblock copolypeptides with desired block numbers, block lengths, and block
sequences, as well as very low dispersity were readily attainable in a few hours. This method paves the way for the fast
production of a large number of sequence-regulated multiblock copolypeptide materials, which may exhibit interesting assembly
behaviors and biomedical applications.

M

propagation and lead to more signiﬁcant side reactions.30
Previous preparation of multiblock copolypeptides used the
metal catalysts and the low temperature technique to minimize
the side reactions.31−33 While these reports successfully
produced well-deﬁned multiblock copolypeptides, the obtained
copolymers were still limited to low block numbers (usually
less than 5) or required several days to complete the synthesis.
The acceleration of polymerization rate is a useful strategy to
reduce the contribution of side reactions, which have been
used to prepare well-deﬁned polymers that are diﬃcult to
synthesize using polymerization with normal rate.34,35 In
particular, several accelerated ROP of NCAs were reported,30,36−43 which were successfully applied to outpace
water-induced side reactions.30,39 Inspired by these results, we
reasoned that an accelerated ROP of NCAs may render the
chain propagations more favorable over various side reactions
during the polypeptide growth, thereby minimizing the
generation of undesired contaminates and producing welldeﬁned multiblock copolypeptides.
We selected the water-in-oil (w/o) emulsion system
containing amine-terminated poly(ethylene glycol)-block-poly(γ-benzyl-L-glutamate) (PEG−PBLG) macroinitiator (Figure

ultiblock copolymers have drawn increasing attentions
in recent years due to their unique self-assembly
behaviors and materials properties.1−3 By sequential addition
of monomers and control of end-group ﬁdelity,4−9 sequencedblock regulation is achieved along the polymer chain,10 which
provides a facile strategy to access materials with promising,
block-sequence-dependent folding behaviors and biomimetic
functions.11−13 Given the ability to form stable secondary
structures with a handful of amino acids as their building
blocks, multiblock copolypeptides can potentially oﬀer more
versatile self-assembled structures than other type of block
copolymers and adopt protein-like biological functions.14−19
The preparation of multiblock copolypeptides from the ringopening polymerization (ROP) of N-carboxyanhydrides
(NCAs), however, is limited to low block numbers, mainly
due to the side reactions of amino propagating chain end that
includes undesired polymerization with diﬀerent mechanisms,
amidation with side-chain esters, the reactions with NCA
anions and N,N-dimethylformamide (DMF) solvent, and the
chain transfer to NCAs.20−26 These side reactions lead to dead
chains, cyclic polypeptides, and homopolypeptide species,
which are diﬃcult to separate and contaminate the ﬁnal
multiblock copolypeptide materials.27−29 Additionally, the
repetitive additions of NCA monomers, especially for high
block numbers, lead to accumulation of acidic/electrophilic
impurities from NCA synthesis, which may inhibit the chain
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1) to enable the fast polymerization kinetics.30 The emulsion
system was selected due to its ultrafast polymerization kinetics

Figure 2. (a, b) Reaction time (a) and loss of end-group ﬁdelity (b)
during triblock copolypeptide synthesis in a w/o emulsion and an
anhydrous DMF solution. (c) The formation of pyroglutamate (I),
hydantoic acids (II), and N-formyl groups (III) leads to the loss of
end-group ﬁdelity. (d) Normalized GPC-LS traces of triblock
copolypeptides synthesized in w/o emulsion and DMF solution.
[M]0/[I]0 = 50 for each block, [I]0 = 0.97 mM and 5.1 mM for the w/
o emulsion and the DMF solution, respectively.

Figure 1. Scheme illustrating the synthesis of multiblock copolypeptides via rapid polymerization of NCAs.

and superior control over molecular weights (MWs). The
rapid polymerization outpaces water-induced NCA degradations, allowing the preparation of well-deﬁned polypeptide
materials even in the presence of water. The added beneﬁt for
the emulsion system is the presence of aqueous phase that
helps remove acidic and electrophilic impurities that may
compete with the NCA to react with amine propagating groups
and undesirably terminate the multistep polymerization.
Herein, we report the successful preparation of multiblock,
narrowly dispersed (Đ < 1.1) copolypeptides with previously
unattained high number of blocks (up to 20) and fast
polymerization rates (on average <15 min/block), by taking
advantage of the accelerated polymerization in w/o emulsion,
which helps outpace diﬀerent side reactions of propagating
amino groups and ensures high end-group ﬁdelity.
To demonstrate the importance of polymerization rate on
end-group ﬁdelity, we tested the polymerization of γ-benzyl-Lglutamate NCA (BLG-NCA) to synthesize a triblock
copolypeptides in our w/o emulsion system versus in DMF,
a typical solvent for NCA polymerization. The w/o emulsion
containing PEG−PBLG macroinitiators (MW of PEG and
PBLG block is 5 kDa and 9.5 kDa, respectively, Figure S1) was
prepared by emulsifying a water/chloroform mixture, into
which a chloroform solution of BLG-NCA ([M]0/[I]0 = 50 for
each block) was sequentially added at the completion of
synthesis of the previous block. NCA monomers were rapidly
consumed, reaching >99% conversion within 15 min for all
three blocks (Figure 2a, Figure S2a, and Table S1). In contrast,
polymerization conducted in anhydrous DMF solution with
PEG−PBLG macroinitiators was much slower, taking 8, 18,
and 48 h to ﬁnish for the ﬁrst, second, and third block,
respectively (Figure 2a, Figure S2b, and Table S2). The
increase in polymerization time was presumably due to the
accumulation of acidic/electrophilic impurities after multiple
additions of NCA monomers. During such elongated polymerization period in DMF, it is very likely that side reactions
happen at the chain terminus that prevent the further growth
of polypeptide chains. In order to quantify the end-group
ﬁdelity, terminal amines of the resulting polymers were labeled

with 4-(dimethylamino)azobenzene-4′-isothiocyanate, an UVactive dye, and analyzed via UV−vis spectrometry.44 The loss
of the end groups for DMF polymerization was approximately
(5.2 ± 2.1)%, (13.6 ± 1.4)%, and (26.2 ± 1.1)% for the ﬁrst,
second, and third block, respectively (Figure 2b), which was
attributed to various side reactions that lead to the formation
of pyroglutamates (I),26 hydantoic acids (II),20 and N-formyl
groups (III)24 (Figure 2c), which can no longer polymerize
NCA monomers. The signiﬁcantly elongated polymerization
time and great loss of end groups for triblock copolypeptide
synthesis in DMF make it diﬃcult, if not impossible, to further
extend the chains. On the contrary, more than 99% terminal
amines were retained after triblock copolypeptide synthesis in
the w/o emulsion system (Figure 2b), substantiating the
importance of rapid polymerization on minimizing side
reactions and maintaining high end-group ﬁdelity. In addition,
obvious low-MW tailing was observed on the gel permeation
chromatography−light scattering (GPC-LS) trace of each
intermediate block copolypeptides synthesized in DMF
(Figures 2d and S3), further suggesting the existence of
polymeric contaminates resulted from the side reactions. Due
to the chain termination, the obtained MW in DMF was larger
than the designed value, with obvious shifts observed for
higher block numbers (Table S2).
The highly reserved end-group ﬁdelity during the polymerization in the emulsion prompted us to further extend the
system to the synthesis of multiblock copolypeptides with
higher block numbers. A block length of 10 was selected for
the initial polymerization studies, as shorter block lengths
(<10) resulted in missing blocks during synthesis.45 After
repetitive, sequential addition of BLG-NCA at [M]0/[I]0 = 10
at an interval of 10−20 min, icosablock (i.e., 20-block)
copolypeptides were synthesized with complete NCA conversion in each step and an isolated yield of 85% for the ﬁnal
polymer. The GPC analysis of the resulting puriﬁed icosablock
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3c and S6). The obtained MWs agree well with the expected
MWs (Figure 3d), which is consistent with the quantitative
conversion of NCAs. The narrow dispersity observed for all
intermediate copolypeptides (Đ < 1.1) suggested the wellcontrolled polymerization throughout the entire polymerization progress (Figure 3d and Table S3).
We next explored the synthesis of the multiblock
copolypeptides with NCA monomers bearing diﬀerent sidechain functionalities. NCA monomers with strong α-helical
propensity, including glutamate, lysine, leucine, and their
functional derivatives, can be used for the synthesis of
functional block copolypeptides. Decablock copolypeptides
with ABABABABAB sequence were prepared by alternating,
sequential addition of BLG-NCA and ε-carboxybenzyl-L-lysine
NCA (ZLL-NCA; Figure 4a). The incorporation of ZLL-NCA

copolypeptides revealed a narrow, monomodal peak with no
obvious oligomeric species (Đ = 1.07), indicating minimal loss
of end groups and well-controlled polymerization process. The
obtained number-averaged MW, Mn = 58.6 kDa, agrees
perfectly with the designed MW (59.0 kDa).
In order to further understand the polymerization process,
NMR was used to monitor the polymerization kinetics during
the synthesis of icosablock copolypeptides (Figure 3a). The

Figure 3. (a) Schematic illustration of the synthesis of icosablock
copolypeptides through sequential addition of BLG NCA. (b)
Reaction time for the synthesis of each block reaching >99% NCA
conversion. (c) Normalized GPC-LS traces of intermediate
copolypeptides after the synthesis of each block. (d) Comparison of
the theoretical (Mn,th) and the experimental (Mn,GPC) MWs and the
obtained dispersity (Đ = Mw/Mn) of intermediate copolypeptides
after the synthesis of each block. [M]0/[I]0 = 10 for each block, [I]0 =
0.97 mM.

Figure 4. (a, b) Schematic illustration of the synthesis of AB type
decablock copolypeptides (a) and ABCDE type pentablock
copolypeptides (b). (c, d) Comparison of the theoretical (Mn,th)
and the experimental (Mn,GPC) MWs and the obtained dispersity (Đ =
Mw/Mn) of intermediate copolypeptides after the synthesis of each
block for decablock (c) and pentablock (d) copolypeptides. [I]0 =
0.97 mM.

rapid decrease of α-H signals (4.34 to 4.41 ppm) from BLGNCA and the increase of α-H signals (3.80 to 4.00 ppm) from
resulting PBLG indicate a fast polymerization process (Figure
S4), with over 99% NCA consumed in 8 min for the ﬁrst block
(Figure 3b). With the addition of NCA monomers into the
polymerization mixture, the polymerization time increased
slightly with higher block numbers (Table S3), which was
attributed to the decrease in concentration of the propagating
chains. Nevertheless, the synthesis of the later blocks was still
very fast (<20 min; Figure 3b), enabling the completion of the
icosablock copolypeptides synthesis within 5 h (Table S3 and
Figure S5a). Analysis of the terminal amines at the completion
of the icosablock copolypeptide synthesis revealed that more
than 97% end group was retained, suggesting that copolypeptides with even higher block number are very likely attainable.
The circular dichroism (CD) analysis revealed the retainment
of α-helical conformation after the entire synthesis (Figure
S5b), which is important to keep the fast polymerization
kinetics throughout the polymerization. Furthermore, GPC-LS
analysis after each chain extension revealed obvious peak shift
toward higher MWs with negligible low-MW tailings (Figures

does not compromise the fast polymerization kinetics, which
ensures the synthesis of well-deﬁned decablock copolypeptides
within 2 h with negligible side reactions (Figure S7 and Table
S4). In addition, pentablock copolypeptides bearing ﬁve
diﬀerent side-chain functionalities, with a sequence of
ABCDE, were synthesized using BLG-NCA, ZLL-NCA, γ(4,5-dimethoxy-2-nitrobenzyl)-L-glutamate NCA (DMNBNCA), γ-(4-propargyloxybenzyl)-L-glutamate NCA (POBNCA), and L-leucine NCA (Leu-NCA; Figure 4b). The
incorporation of photoresponsive and alkyne-functionalized
side chains are useful for postpolymerization modiﬁcations of
multiblock copolypeptides.46−49 A longer block length was
easily tuned by changing the feeding [M]0/[I]0 ratios to 25 for
each block. Even with the increased block lengths, we were still
able to ﬁnish the synthesis of pentablock copolypeptides in 1 h
(Figure S8 and Table S5). Similar with the icosablock
copolypeptide synthesis, the chain propagation after each
addition of monomers was validated by GPC-LS with clear
shift toward high MWs (Figure S9). The obtained MWs agree
well with the designed MWs for both syntheses, with low
dispersity (Đ < 1.1) observed for all copolypeptide
intermediates and ﬁnal products (Figure 4c,d). The robustness
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Table 1. Synthesis of Multiblock Copolypeptides Using Five Diﬀerent NCA Monomersa
entry

block sequence

A*/B*/C*/D*/E*b (%)

A/B/C/D/Ec (%)

Mn/Mn*d,e (kDa)

Đe

ttotalf (min)

1
2
3
4
5
6
7

B50D50C50
C25A25B25D25E25
A100C100B100D100
C10A10B10D10E10
C10B20E30D40A50
C10A10B10D10E10A10E10A10D10B10
C10B20E30D40A50D40E30B20C10

-/33/33/33/20/20/20/20/20
25/25/25/25/20/20/20/20/20
33/13/7/27/20
30/20/10/20/20
20/16/8/32/24

-/33/35/32/20/19/20/18/23
26/24/24/26/21/19/19/19/22
34/12/7/24/23
30/20/10/19/21
19/15/8/30/28

57.6/57.8
43.6/44.3
132.5/122.6
23.5/26.4
47.7/48.6
34.5/37.2
69.8/71.4

1.09
1.08
1.10
1.08
1.09
1.07
1.09

62
60
192
42
81
94
183

a

Polymerizations were conducted at room temperature in a w/o emulsion initiated by interfacially anchored PEG−PBLG (water/chloroform =
1:50, w/w; pH = 7.0). A: BLG-NCA; B: ZLL-NCA; C: DMNB-NCA; D: POB-NCA; E: Leu-NCA. bThe expected composition. cThe obtained
ﬁnal composition by 1H NMR analysis. dObtained MW/designed MW*. eDetermined by GPC. fDetermined by FTIR.

and versatility of this strategy was further evidenced by the
syntheses of several additional multiblock copolypeptides with
variable block numbers (3−10 blocks), block lengths (10−100
units), and block sequences with ﬁve diﬀerent NCAs (Table
1). All syntheses completed within 3.5 h with minimal loss of
end-group ﬁdelity. The ﬁnal copolypeptides were characterized
by GPC (Figure S10) and NMR (Figure S11), which revealed
the obtained MW and composition as expected, respectively.
The rapid and well-controlled polymerization of the NCAs
with diﬀerent side-chain structures during the synthesis of
multiblock copolypeptides suggests that our strategy holds
great potentials to be extended and applied to a richer variety
of NCA monomers, which is important to prepare complex,
highly functionalized multiblock copolypeptides.
In summary, we were able to prepare well-deﬁned
multiblock copolypeptides with unattained high number of
blocks (up to 20) in a fast and reliable manner by sequential
addition of NCA monomers into a w/o emulsion initiation
system. The fast kinetics (<15 min/block synthesis) outpaces
the side reactions and the chain terminations during NCA
polymerization, resulting in minimal loss of the end-group
ﬁdelity. Multiblock copolypeptides with desired block
sequences, predictable MWs, and low dispersity (Đ < 1.1)
were easily attainable from a variety of NCAs, demonstrating
the robustness of the strategy. This work enables the synthesis
of multiblock copolypeptides with versatile sequences, in
particular with very high block numbers (>10 or 20) that are
otherwise diﬃcult or impossible to obtain, providing essentially
an unlimited library of protein-mimetic polypeptide biomaterials.
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