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ABSTRACT: Tryptophan (Trp or W) was distinguished among
eukaryotic amino acids due to its unique physicochemical properties,
enabling diverse applications in biomedical research. However,
synthesizing well-defined, high-molecular-weight poly(L-tryptophan)
(PLW) via controlled ring-opening polymerization (ROP) of L-
tryptophan N-carboxyanhydride (Trp-NCA) remains challenging,
primarily due to slow kinetics and interference of the secondary
structure. In this work, we present a synergistic organic acid−base
catalytic strategy to overcome these obstacles. The organic base disrupts
the inhibitory indole−amine interactions, thereby accelerating the
polymerization, while the organic acid mitigates uncontrolled two-stage
polymerization kinetics by eliminating the initial lag phase. This
approach enables well-controlled ROP of NCAs that exhibits features of
a living polymerization, thus achieving precise synthesis of PLW
homopolymers and Trp-rich copolypeptides with predictable molecular weights (MWs), narrow dispersity (Đ < 1.20), and different
segment structures. Appealing MW-dependent secondary structures and Trp content-dependent fluorescence properties were
characterized based on these polypeptides. This strategy provides an efficient route to Trp-containing polypeptides, expanding their
utility in protein mimicking and functional biomaterials.

■ INTRODUCTION
Tryptophan (Trp or W), among the naturally encoded
eukaryotic amino acids, stands out by its distinctive
physicochemical properties.1−5 The unique chemical activity
of tryptophan primarily arises from its indole side chain, which
engages in a broad range of noncovalent interactions, such as
cation−π, π−π stacking, and hydrophobic interactions.1−5

These interactions make Trp−Trp pairs a paradigmatic model
for the design of molecules with stable secondary structures,
exemplified by the well-known “Trpzip” peptides.6,7 In the
context of materials science, poly(L-tryptophan) (PLW)-based
materials have attracted significant attention owing to their
excellent gelation ability,6,8−11 fluorescent activity,12,13 charge-
transfer capability,14,15 and photocatalytic capability.16,17

Despite these properties, the studies on tryptophan-based
materials were hindered by the difficulties in synthesizing well-
defined, high molecular-weight (MW) PLW and its derivatives.
Specifically, the ring-opening polymerization (ROP) α-amino
acid N-carboxyanhydrides (NCAs), one of the most versatile
approaches to prepare polypeptides,18−22 was not well studied
for Trp-NCA.23−26 As an important alternative to NCA ring-
opening polymerization, the N-phenoxycarbonyl (NPC) amino
acid approach has enabled the preparation of well-defined
polypeptide materials, including PLW with uniform end

groups.23 Nevertheless, the reaction still required several days
to reach completion, even in the presence of acid catalysts.24

Other NCA polymerization methods are often limited by slow
kinetics or the requirement for a strict inert-gas atmos-
phere.25−28 Considering the recent advances in NCA and
polypeptide chemistry,29−38 it is of great interest to study the
synthesis, characterization, and photophysical properties of
tryptophan-based polypeptide materials, enriching the toolbox
for the design of functional polypeptide materials.
In this work, we developed an organic acid−base cooperative

strategy for the controlled ROP of Trp-NCA (Scheme 1),
establishing a robust platform for the synthesis of PLW and its
copolypeptide analogues with precise MW control and narrow
dispersity. While organic bases like 4-dimethylpyridine
(DMAP) accelerated the polymerization rate, acetic acids
helped improve the MW control. A series of PLW and its
copolypeptide analogues were thus successfully prepared in a

Received: February 12, 2026
Revised: May 13, 2026
Accepted: May 17, 2026
Published: June 1, 2026

Articlepubs.acs.org/Macromolecules

© 2026 American Chemical Society
6854

https://doi.org/10.1021/acs.macromol.6c00471
Macromolecules 2026, 59, 6854−6863

D
ow

nl
oa

de
d 

vi
a 

W
E

ST
L

A
K

E
 U

N
IV

 o
n 

Ju
ly

 1
, 2

02
6 

at
 0

8:
23

:0
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chenlin+Ji"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tingting+Cao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luyao+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhuohang+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xingliang+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chengjie+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ziyuan+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ziyuan+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianjun+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.6c00471&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.6c00471?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.6c00471?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.6c00471?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.6c00471?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.6c00471?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/mamobx/59/12?ref=pdf
https://pubs.acs.org/toc/mamobx/59/12?ref=pdf
https://pubs.acs.org/toc/mamobx/59/12?ref=pdf
https://pubs.acs.org/toc/mamobx/59/12?ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.macromol.6c00471?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf


controlled and efficient manner, which exhibited tryptophan-

content-dependent assembly behaviors and fluorescent proper-

ties. We believe that this work provides a robust strategy for

accessing tryptophan-containing polypeptides and offers new

opportunities for protein mimicking and biomimetic materials.

■ RESULTS AND DISCUSSION

Slow Polymerization Kinetics of Trp-NCADue to Side-Chain
Indoles

To study the incorporation of tryptophan units into
polypeptides, L-tryptophan NCA (Trp-NCA) was first prepared
and purified, whose molecular structure was confirmed by
nuclear magnetic resonance spectroscopy (NMR) and X-ray
diffraction (XRD). The polymerization of Trp-NCA was first
initiated by n-hexylamine (Hex-NH2) in a cosolvent containing
N,N-dimethylformamide (DMF) and dichloromethane (DCM)
([M]0/[I]0 = 50, [M]0 = 0.2 M) (Figure 1a). The cosolvent was
used to combine the advantages of DMF and DCM, which
balanced the polymer solubility as well as the polymerization
rate, yielding polypeptides in an accelerated and controlled
manner.39 Nevertheless, the polymerization proceeded slowly
that the monomer conversion was only ∼20% after 8 h from
FTIR analysis (Figures 1b and S1). In contrast, the polymer-
ization of γ-benzyl-L-glutamate NCA (BLG-NCA), one of the
most commonly studied NCA monomers, exhibited >95%
conversion within 1 h under identical conditions, suggesting the
slow polymerization kinetics of Trp-NCA monomers. While
primary amine-initiated homopolymerization or copolymeriza-
tion of Trp-NCA was reported in conventional solvents like
DMF,10,25 only few works indicated their slower kinetics
compared to other NCA monomers in unconventional solvents
like acetonitrile or dichloroethane.40 The chlorine content in
purified Trp-NCA was below the detection limit, ruling out the

Scheme 1. Illustration of Conventional Trp-NCA
Polymerization with Traditional Method and the
Polymerization in This Work in the Presence of Organic
Acids and DMAP

Figure 1. Impact of indole side chain on the polymerization behaviors. (a) Synthetic route to PLW through ring-opening polymerization of Trp-NCA.
The polymerization of Nap-NCA and BLG-NCA was used as control. (b) Semilogarithmic kinetic plot of polymerization of Trp-NCA or Nap-NCA.
(c) Semilogarithmic kinetic plot of polymerization of BLG-NCA in DCM in the presence or absorbance of indole. [M]0/[indole]0 = 1. (d)
Semilogarithmic kinetic plot of polymerization of Trp-NCA in DMF/DCM initiated by Hex-NH2 in the presence or absences of DMAP. [DMAP]0/
[I]0= 1. (e) Semilogarithmic kinetic plot of polymerization of Trp-NCA in DMF/DCM initiated by Hex-NH2 at various [DMAP]0/[I]0. (f) Chemical
structures of various organic bases with different pKBH+ values. (g) The plot of the 3 h NCA conversion against the pKBH+ value of added organic bases
in the presence or absence of Hex-NH2. [base]0/[I]0= 1. All polymerizations were conducted in DMF/DCM (1:1, v/v) with Hex-NH2 as the initiator.
[M]0/[I]0 = 50, [M]0 = 0.2 M.
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possibility that the slow kinetics originated from the existence of
excessive HCl or phosgene impurities.
Inspired by the recent reports on the catalytic roles of indole

N−H groups during the ROP of lactones,41 The side-chain
indole of Trp-NCA appeared to be responsible for the slowing
polymerization progress. To validate our hypothesis, 1-
naphthylalanine NCA (Nap-NCA) was prepared and purified
as a control monomer (Figure 1a), whose polymerization
proceeded rapidly, achieving a monomer conversion of 83%
within 50 min (Figure 1b). Further polymerization led to the
precipitation of resulting polypeptides. In the absence of
heterocycle N−H moiety on the side chains of Trp-NCA, the
consumption of Nap-NCA was comparable with that of BLG-
NCA, highlighting the unique role of indole moiety in mediating
slower polymerization kinetics. Meanwhile, BLG-NCA was
polymerized in the presence of equimolar indole in DCM, which
took 20min longer to complete compared to that without indole
(Figure 1c). Even though the indole molecule was spatially
separated with the five-membered ring of NCA (i.e., less
neighboring effect), the polymerization was still slowed down,
confirming the modulation of kinetic profiles by side-chain
indole groups. While the detailed mechanism is not clear at this
moment, the weak acidity and the large bicyclic π-conjugation
system of indole likely mediated the interaction with
propagating amino groups that weakened their nucleophilicity
slowing down the kinetics.42 NMR characterization revealed the
upfield shifts of indole N−H and adjacent C−H protons upon
the ring-opening, suggesting that the N−H likely participated
into certain interactions with the primary amine groups (Figure
S2). To further probe the reactivity difference between Trp-
NCA and BLG-NCA, DFT calculations were performed using
model reactions with ethylamine. Single-point energies were
calculated at the B3LYP-D3BJ/def2-TZVP/PCM (DMF/DCM
= 1:1) level to construct the Gibbs free energy profiles. The
calculations showed that nucleophilic addition of ethylamine to
the NCA monomer is the key rate-determining step in both
systems. For Trp-NCA, the barrier associated with TS1 relative
to INT1 is 41.33 kcal/mol, whereas the corresponding barrier
for BLG-NCA is lower at 40.48 kcal/mol (Figure S2). This
higher activation barrier is consistent with the experimental
observation, suggesting that the indole-containing side chain
contributes to the reduced polymerization reactivity.
With the slow kinetics, the polymerization of Trp-NCA was

vulnerable to various side reactions, such as water-initiated NCA
degradation. Matrix-assisted laser desorption/ionization time-
of-flight (MALDI-TOF) mass spectra revealed multiple
polymeric species when Trp-NCA was exposed under ambient
conditions, which was attributed to water-initiated side reactions
and self-polymerization (Figure S3). After a 48 h polymerization
of Trp-NCA initiated by Hex-NH2, on the other hand, the
obtainedMW of resulting PLW (i.e., 20.0 kDa) was much larger
than the theoretical value calculated from [M]0/[I]0 (i.e., 9.4
kDa) (Figure S4). The dRi signal indicated that chain growth
during Trp-NCA polymerization was not uniform, as oligomeric
peaks were clearly observed throughout the polymerization
process (Figure S4). In contrast, an improvedMWwas observed
when the polymerization was conducted at 4 °Cwith suppressed
side reactions (Table S1). Nevertheless, the even longer
polymerization time (i.e., 72 h) at a low temperature validated
the necessity to design accelerated polymerization systems for
Trp-NCA.

Accelerated Polymerization of Trp-NCA Catalyzed by
Organic Bases

While the reason for the inhibitory effect of side-chain indoles
was not clear at the moment, we sought to neutralize their
negative impact on the kinetics through the addition of catalysts.
Organic bases were selected because they can competitively
interact with the side-chain indole groups of Trp-NCA and thus
reactivate the propagating amino groups. Specifically, DMAP
was added into the polymerization solution at [DMAP]0/[I]0 =
1, which significantly boosted the polymerization of Trp-NCA
that >95%monomer was consumed within 3 h at [M]0/[I]0 = 50
(Figure 1d and Figure S1). On the other hand, other reported
catalysts for NCA polymerization, including crown ether
(CE),39,43 organic acid,44−48 and thiourea,49,50 did not exhibit
obvious accelerating effect, highlighting the unique role of
DMAP (Figure S5 and Table S2). Although the acid-catalyzed
system displays one-stage kinetics and a unimodal GPC profile,
the slow reaction rate may allow competing hydrolysis of Trp-
NCA to become more pronounced (Figure S5). Additionally,
while the increase in [DMAP]0/[I]0 further accelerated the
polymerization (Figure 1e), obvious shoulder peaks were
observed on gel permeation chromatography (GPC) traces
(Figure S6), which were attributed to multiple polymerization
pathways. Monomodal GPC peaks were only observed when
[DMAP]0/[I]0 ≤ 2.5. Because DMAP could act as a conven-
tional basic initiator that polymerizes NCA through an activated
monomer mechanism (AMM), boosting [DMAP]0/[I]0 might
lead to the uncontrolled polymerization from both Hex-NH2
and DMAP. Meanwhile, the polymerization was much slower in
the absence of Hex-NH2, exhibiting∼17%monomer conversion
in 3 h with only oligomers (Figure S6). Mechanistic studies
suggest that DMAP perturbed the local environment of Hex-
NH2 via hydrogen-bond interactions, thereby enhancing its
reactivity for the accelerated ring-opening reactions (Figure S6).
Meanwhile, NMR titration further revealed weak interactions
between the NCA ring and DMAP (Figure S7), suggesting that
the primary role of DMAP was to activate the initiator and
propagating chain-ends. As a result, DMAP likely served like a
kinetic catalyst rather than a basic initiator or scavenger (i.e., to
clean up acidic impurities) at low [DMAP]0/[I]0 in our system.
Moreover, MALDI-TOF MS analysis suggested that the C
termini of resulting PLW were indeed n-hexyl groups at
[DMAP]0/[I]0 = 1 (Figure S7), validating that the polymer-
ization proceeded with the normal amine mechanism (NAM).
The similar kinetic role of organic bases as catalysts rather than
initiators was also reported during NCA polymerization.51−54

Besides DMAP, the catalytic effects of other organic bases
were also explored, aiming to further study the catalytic
mechanism (Figure 1f). The addition of stronger bases than
DMAP (the pKa of conjugated acid in acetonitrile, pKBH+ =
18.0),54−57 like 1,3-dimethyl-2-(diethylamino)-2-(tert-
butylimino)hexahydro-1,3,2-diazaphosphorine (BEMP, pKBH+

= 27.6), led to fast consumption of Trp-NCA even in the
absence of Hex-NH2, indicating a polymerization with an AMM
mechanism (Figure S8). The use of weaker bases like N-
methylimidazole(NMI,pKBH+ = 7.0), however, resulted in
unsubstantial rate acceleration (Figure S8). By plotting the
differences of the conversion of Trp-NCA after 3-h polymer-
ization in the presence and absence of Hex-NH2 against the
pKBH+ ([M]0/[I]0 = 50, [M]0 = 0.2 M), we showed the ability of
organic bases to catalyze the polymerization of Trp-NCA while
maintaining minimal AMM initiation (Figure 1g). Notably,
DMAP outperformed other bases with >90% monomer
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conversion in the presence of Hex-NH2, but <20% consumption
of Trp-NCA through AMM. In contrast, triethylamine (TEA)
with a slightly higher basicity (pKBH+ = 18.8) mediated AMM
polymerization in which ∼55% monomer was polymerized
under identical conditions. Therefore, the fine-tuning of basicity
of catalytic bases was crucial to mediate NAM polymerization in
an accelerated manner.
Improved Control over Molecular Weights in the Presence
of Organic Acids

Encouraged by the accelerated polymerization of Trp-NCA by
DMAP, we continued to check the control over MWs of
resulting PLWs. Unfortunately, the obtained MWs were much
larger than theoretical values calculated from feeding [M]0/[I]0,
even though GPC suggested monomodal peaks for all
polymerizations with acceptable dispersity (Đ = Mw/Mn <
1.25) (Figure S9). Specifically, the Mn at [M]0/[I]0 = 50, 100,
and 200 was determined to be 19.9, 27.2, and 41.9 kDa, which
was 2.1, 1.4, and 1.1 times higher than the theoreticalMn (Table
S3). The [M]0/[I]0-dependent MW control resembled that of
CE-catalyzed cooperative covalent polymerization (CCP)
system,43 suggesting that the discrepancy between obtained
and theoretical MWs stemmed from the two-stage kinetics with
a slower first stage. The growing PLW chains in the second stage
outpaced those in the first stage, yielding high-MW polypeptides
and short oligomers (Figure S10). The increase in [M]0/[I]0
thus allowed for the shorter chains to catch up with the longer
chains, leading to better MW control. Indeed, the in situ FTIR
analysis revealed an obvious coil-to-helix transition during
DMAP-catalyzed polymerization of Trp-NCA, which was the
structural origin of the two-stage kinetics (Figure S11).
Moreover, the polymerization of the racemic DL-tryptophan

NCA monomer, with one-stage kinetics due to the lack of
conformational transition, generated a polypeptide with a
predictable MW (Figure S11 and Table S3), further confirming
that the poor MW control was correlated to the two-stage
kinetics (k1 = 0.36 h−1, k2 = 1.55 h−1). In fact, the introduction of
the base played an insignificant role in MW control, as the slow
polymerization under anhydrous conditions in the absence of
DMAP yielded PLWs with similar MWs as those in the presence
of DMAP (vide inf ra).
With sufficient understanding of the MW control of DMAP-

catalyzed polymerization of Trp-NCA, we incorporated acetic
acid (AcOH) into the polymerization solution to alter the
kinetic profile (Figure 2a). The first-order, one-stage kinetics
(kobs = 1.09 h−1) was confirmed by in situ NMR characterization
(Figures 2b and S12), which was consistent with previous
reports.53 Further investigation revealed that an equimolar
amount of AcOH relative to the monomer was necessary to
generate polypeptides with predictable MWs (Figure S13 and
Table S4), in good agreement with recent reports.45,47,48,53 In
addition, using an equimolar amount of DMAP relative to the
initiator resulted in a narrower molecular weight distribution
(Figure S13 and Table S5), presumably by suppressing AMM
side reactions.51 On this basis, the optimal feed ratio was
determined to be [M]0:[AcOH]0:[DMAP]0:[I]0 = 50:50:1:1,
which enabled accelerated polymerization and afforded
polypeptides with predictable molecular weights and narrow
dispersity. As a result, the addition of AcOH significantly
reduced the MWs of the resulting PLW at [M]0/[I]0 = 50
([M]0/[AcOH]0 = 1) from 19.9 to 10.6 kDa (Figure 2c), which
was consistent with the designed value (i.e., 9.4 kDa). PLWs
with various MWs ranging from 10.6 to 36.6 kDa were thus

Figure 2. AcOH/DMAP mediated the living polymerization of Trp-NCA. (a) Synthetic route to PLW in the presence of AcOH and DMAP. (b)
Semilogarithmic kinetic plot of polymerization of Trp-NCA in the presence AcOH/DMAP. (c) Normalized GPC-LS trace of polymerization of Trp-
NCA in the presence and absence of AcOH or DMAP. (d) MWs and dispersity of PLW obtained from polymerization of Trp-NCA at various [M]0/
[I]0 ratios. (e) Mn−conversion plot of the polymerization of Trp-NCA in the presence of AcOH/DMAP. (f) MALDI-TOF result and chemical
structures of the resulting PLW at [M]0/[I]0 = 5. (g) The ionization fraction of Hex-NH2 and DMAP in the presence of AcOH at various [AcOH]0/
[Hex-NH2]0 ratios. For all polymerizations, [M]0 = 0.2 M, [DMAP]0/[I]0 = 1, [M]0/[AcOH]0 = 1. [M]0/[I]0 = 50 except for (d), (f) and (g).
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prepared in an efficient manner through the change in feeding
[M]0/[I]0 (Figure 2d, Table 1, and Figure S14). In fact, the one-

stage kinetics allowed for the preparation of oligo(L-tryptophan)
at the design degree of polymerization (DP) = 10 and 20 (Figure

S15 and Table S6), where conventional CCP exhibited poor
MW control with the two-stage kinetics.58 In addition, the linear
relationship betweenMWs andmonomer conversion indicates a
living polymerization process (Figure 2e, Figure S16, and Table
S7). The living polymerization behavior facilitated by AcOH/
DMAP allowed for the efficient chain extension to prepare block
copolypeptides, with a clear MW shift on GPC traces (Figure
S17). MALDI-TOF MS results also suggested expected end-
groups from Hex-NH2 initiation with negligible chain
terminations (Figures 2f and S18).
NMR titration was performed for AcOH/DMAP/Hex-NH2

mixtures, where equimolar of DMAP and Hex-NH2 was mixed
with an increasing amount of AcOH, aiming to check the
protonation of two organic bases under polymerization
conditions. As the [AcOH]0/[Hex-NH2]0 ratio increased,
obvious downfield shifts were observed for both the methine
protons adjacent to pyridine N and the methyl protons next to
the tertiary amine in DMAP, suggesting the protonation of
DMAP (Figure S19). Meanwhile, the protonation of Hex-NH2
was validated from the downfield shift of α-protons of Hex-NH2
(Figure S19). Nevertheless, the relatively weak acidity of AcOH
guaranteed partial protonation of two organic bases even though
the organic acids were in excess. For instance, roughly 22% of the
pyridine N, 40% of the tertiary amine, and 47% of the primary
amine remained nonprotonated at [AcOH]0/[Hex-NH2]0 = 50
(Figure 2g). The small fraction of nonprotonated DMAP, while
unlikely to deprotonate NCA to initiate the polymerization

Table 1. Polymerization of Trp-NCA in the Presence of
AcOH/DMAPa

entry [M]0/[I]0 tb (h)
Mn,theo.
(kDa)

Mn,NMR
c

(kDa)
Mn,GPC

d

(kDa) Đd

1e 50 48 9.4 20.0 1.19
2f 50 3 9.4 19.9 1.19
3 50 3 9.4 9.6 10.6 1.05
4 75 4 14.1 14.3 16.1 1.08
5 100 4 18.7 19.3 19.8 1.05
6 150 6 28.0 27.7 29.7 1.05
7 200 8 37.3 36.9 36.6 1.05
8g 50 + 50 3 + 3 9.4/18.7 10.5/18.5 1.05

aAll polymerizations were conducted at room temperature in DCM/
DMF (1:1, v/v) cosolvents with n-hexylamine as the initiator and
AcOH/DMAP as the catalysts. [M]0 = 0.2 M, [DMAP]0/[I]0= 1,
[M]0/[AcOH]0 = 1. bThe polymerization time reached 95%
monomer conversion. cDetermined by NMR. dDetermined by
GPC; dn/dc = 0.125. ePolymerization was carried out in the absence
of AcOH or DMAP. fPolymerization was carried out in the absence of
AcOH. gPreparation of diblock copolypeptides was achieved through
sequential addition of Trp-NCA monomers.

Figure 3. AcOH/DMAP-mediated preparation of tryptophan-containing polypeptide materials. (a) Chemical structures of various primary amine
initiators and NCA monomers used in this study. (b) Normalized GPC-LS traces of polypeptides with different amine initiators in the presence and
absence of AcOH. [M]0/[I]0 = 50. (c) Normalized GPC-LS traces of PEG-b-PLW initiated with PEG2k-NH2 at various [M]0/[I]0 ratios. (d)
Normalized GPC-LS traces of triblock copolypeptides EBn-b-W-b-EBn and its synthetic intermediates. (e) Semilogarithmic kinetic plot of
copolymerization of tBuLG-NCA and Trp-NCA in the presence AcOH/DMAP. (f, g) Normalized GPC-LS traces of the resulting statistical
copolypeptides EtBu-co-W (f) and KBoc-co-W (g) at various monomer ratios. For all polymerizations, [M]0 = 0.2M, [DMAP]0/[I]0 = 1, [M]0/[AcOH]0
= 1.
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through AMM mechanism in the presence of excessive AcOH,
might activate the monomers for accelerated polymerization. In
contrast, stronger acids like HCl and trifluoroacetic acid (TFA)
would completely protonate the amino groups and block the
polymerization, with negligible monomer conversion after 48 h
(Figures S19 and S20).
Preparation of Various Polypeptide Materials Based on
PLW

The AcOH/DMAP strategy could be further extended to other
initiators or monomers (Figure 3a). For instance, 3-amino-
propyne and benzylamine were used to initiate the polymer-
ization of Trp-NCA ([M]0/[I]0 = 50), which completed within
3 h, producing PLWs with predictable MWs and narrow
dispersity (Đ < 1.20) (Figure 3b and Table S8). Meanwhile,
AcOH/DMAP was further introduced into the polymerization
initiated by PEGylated amines (Mn = 2.0 kDa). By modulating
the [M]0/[I]0 ratio, various PEG-b-PLW with monomodal
peaks were successfully obtained (Figure 3c and Table S9).
Moreover, the living nature of AcOH/DMAP-mediated

polymerization enabled efficient chain extensions. Triblock
copolypeptides with ABA sequence were synthesized within 5 h
with negligible side reactions through sequential addition of
BLG-NCA and Trp-NCA in the presence of AcOH/DMAP
(Figure 3d and Table S10). The obtained MWs agree well with
the expected MWs, with low dispersity (Đ < 1.10) observed for
all intermediates and final triblock copolypeptides. The clear

MW shift on GPC traces substantiated the high end-group
fidelity for chain extension.
To prepare water-soluble polypeptides with tryptophan

residues, Trp-NCA was copolymerized with NCA monomers
bearing protected side chains. Because the side-chain indole ring
is sensitive to several standard deprotection reagents (i.e.,
oxidation and other side reactions),59 NCAs bearing acid-labile
side chains were used, including γ-tert-butyl-L-glutamate NCA
(tBuLG-NCA) with tert-butyl (tBu) protecting groups and Nε-
tert-butoxycarbonyl-L-lysine NCA (BLL-NCA) bearing tert-
butoxycarbonyl (Boc) moieties. Following AcOH/DMAP-
mediated copolymerization with Trp-NCA, the resulting
copolypeptides were treated with TFA to remove the protecting
groups, affording water-soluble copolypeptides (Scheme S1).
Surprisingly, in situ NMR kinetic analysis indicated that the
consumption rate of Trp-NCA was comparable with that of
tBuLG-NCA and BLL-NCA (Figure 3e and Figures S21 and
S22), even though the polymerization rate was distinctly
different in the absence of AcOH/DMAP. By varying the ratio
between two monomers, several copolypeptides were prepared
with predictableMWs and narrow dispersity (Figure 3f,g, Figure
S23, and Tables S11 and S12). The copolymerization thus
allows for the access to a series of water-soluble, cationic or
anionic, tryptophan-containing copolypeptides with statistical
sequences, which would be difficult to prepare in the absence of
AcOH/DMAP.28

Figure 4. The impact of tryptophan content on secondary structure, self-assembly behavior, and fluorescent properties of PLW-based materials. (a)
FTIR spectra showing the secondary structure of PLW in solid phase with different DP. (b) Expanded 13C CP/MAS NMR spectra of the α-carbon
region for PLWwith different DP. (c) FTIR spectra showing the secondary structure of KW statistical copolypeptides in solid phase with different DP.
(d−f) HRTEM images of the W content-dependent morphology of Kx-co-Wy nanoassemblies. (g−i) The 3D fluorescence spectra of the differential
polarity and water interactions of tryptophan residues of copolypeptides in ddH2O. c = 0.5 mg/mL.
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Composition-Dependent Assembly Behaviors and
Fluorescent Properties

Tryptophan residues play a pivotal role in proteins, where their
bulky aromatic indole side chains contribute to the stabilization
of folded structures (e.g., tryptophan cages and WW domains)
or participate in key recognition events. Notably, the tryptophan
side chains often reside at hydrophobic or interfacial regions in
globular proteins, whose fluorescent emission responds strongly
to changes in local polarity, packing, and conformational
dynamics.60,61 Motivated by these features, we designed a series
of poly(L-lysine)-co-poly(L-tryptophan) random copolypeptides
by deprotecting KBoc-co-W with various compositions. The
copolypeptides were termed KxWy, which were used to probe
the impact of tryptophan content on the self-assembly behaviors
and fluorescent properties.
The secondary structure of the copolypeptides was first

studied, which is critical to determine their assembly behaviors.
Homopolypeptide PLW exhibited length-dependent secondary
structures, with characteristic Amide I peak (i.e., 1650 cm−1)
that corresponded to α-helical structure when the degree of
polymerization (DP) was greater than 10 (Figure 4a). At DP =
10, PLW adopted both α-helical and β-sheet conformations, as
evidenced by the FTIR characterization with two Amide I peaks
(the latter one at 1630 cm−1). Meanwhile, solid state 13C cross-
polarization (CP) magic angle spinning (MAS) NMR of PLW
confirmed the DP-dependent conformation in solid state, where
the chemical shift of backbone Cα carbon of α-helical PLW15
and β-sheet PLW10 was observed at 59 and 51 ppm, respectively
(Figure 4b). Similarly, the backbone carbonyl also exhibited a
shift from 172 to 176 ppm when the DP increased from 10 to 15
(Figure S24). Additionally, poly(D-tryptophan) (PDW) and
poly(DL-tryptophan) (PDLW) were prepared from correspond-
ing monomers with different chirality. While the polymerization
rate of D-monomer (kobs = 1.22 h−1) resembled that of L-
monomer, the polymerization of DL monomer proceeded in a
slower rate (kobs = 0.56 h−1), which was attributed to the absence
of helix-induced acceleration.47 Nevertheless, the catalytic
system afforded good MW control for both PDW and PDLW
with predictable MWs and narrow dispersity (Figure S25 and
Table S13). Circular dichroism (CD) confirmed the chirality
differences of the polypeptide materials. Specifically, CD spectra
of PLW revealed the characteristic α-helical signature with a
band near 220 nm, albeit with the interference of absorption
from side-chain indole groups. Incorporation of the trypto-
phan−tryptophan motif into the polypeptide backbone induces
a sign inversion of the characteristic CD feature (∼230 nm)
(Figure S25), consistent with backbone-imposed changes in
indole−indole geometry and the associated exciton coupling.62

Meanwhile, the D-enantiomers exhibit equal-magnitude but
opposite-sign spectral features under identical conditions.63

Additionally, FTIR analysis suggested the α-helical conforma-
tions for all copolypeptides in solid states, with obvious Amide I
(1650 cm−1) and Amide II bands (1545 cm−1) (Figure 4c).
The copolypeptides were dissolved in water, which

spontaneously formed nanoparticles. High-resolution trans-
mission electron microscopy (HRTEM) analysis revealed that
K90W10 with low tryptophan content mainly assembled into
uniform, spherical nanoparticles (Figure 4d). As the tryptophan
content increased, the assemblies progressively evolved from
spherical nanoparticles to fiber-like morphologies for K60W40
(Figure 4e). When tryptophan residue content reached 50 mol
%, large aggregates were observed. (Figure 4f). The hydrophobic
interactions and π−π stacking between tryptophan side chains

likely drove the assembly of the copolypeptides.64 Meanwhile,
the cation−π interactions between cationic lysine and
tryptophan side chains may also have an impact on the
morphology, which was confirmed by nuclear Overhauser effect
(NOE) NMR studies (Figure S26). The KW series of
polypeptides thus served as a good model for the assembly
studies based on cation−π interactions.65 Preliminary studies
suggested that both pH and salt conditions introduced
additional complexity into the self-assembly process (Figure
S27).
The different assembly behaviors of copolypeptides were

further probed by three-dimensional fluorescence spectroscopy,
which provided a comprehensive insight into the fluorescent
characteristics by simultaneously acquiring the excitation−
emission matrix (EEM) data.66,67 The spectra of K90W10
exhibited a well-defined excitation−emission peak with λex =
265 nm and λem = 350 nm (Figure 4g). Considering the low
percentage of tryptophan residues, the peak likely originated
from the monomeric indole side chains in a hydrophobic
environment. The increase in tryptophan content not only
increased the density of indole groups, but also directed the
ordered stacking of fluorophores as evidenced by the fibril
morphologies. As a result, a new excitation−emission peak
appeared with λex = 305 nm and λem = 360 nm for K60W40
(Figure 4h), which was attributed to the exciton coupling that
lowered the excitation energy. Interestingly, further increase in
tryptophan content led to the disappearance of the monomeric
excitation−emission peak for K50W50 (Figure 4i), suggesting the
strong interactions between excitons in the ordered assemblies.
The tryptophan residues thus served as sensitive probes to
characterize the structure and assembly behavior of copolypep-
tides, whose fluorescent properties were highly dependent on
the local environment of the fluorophores.

■ CONCLUSION
In conclusion, we developed a robust and general strategy for the
controlled synthesis of PLW and its copolypeptide analogue via
NCA ROP. Using AcOH/DMAP as kinetic modulators
significantly improves polymerization rate and MW control,
yielding Trp-based polypeptides with predictable MWs, low
dispersity, and well-defined structures. The bicyclic, π-
conjugated indole side chains mediated interesting assembly
behaviors and fluorescent properties. We therefore offered a
facile strategy to prepare various tryptophan-containing
materials, boosting the downstream property studies and
applications of the materials.
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