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ABSTRACT: The secondary structures of polypeptides, such as
an α-helix and a β-sheet, often impart specific properties and
functions, making the regulation of their secondary structures of
great significance. Particularly, water-soluble polypeptides bearing a
β-sheet conformation are rare and challenging to achieve. Here, a
series of oligo(ethylene glycol)-modified lysine N-carboxylic
anhydrides (EGmK-NCA, where m = 1−3) and the corresponding
polymers EGmKn are synthesized, with urethane bonds as the linker
between the side-chain EG and lysine. The secondary structure of
EGmKn is delicately regulated by both m and n, the length (number
of repeating units) of EG and the degree of polymerization (DP),
respectively. Among them, EG2Kn adopts a β-sheet conformation
with good water solubility at an appropriate DP and forms
physically cross-linked hydrogels at a concentration as low as 1 wt %. The secondary structures of EG1Kn can be tuned by DP,
exhibiting either a β-sheet or an α-helix, whereas EG3Kn appears to a adopt pure and stable α-helix with no dependence on DP.
Compared to previous works reporting EG-modified lysine-derived polypeptides bearing exclusively an α-helix conformation, this
work highlights the important and unexpected role of the urethane connecting unit and provides useful case studies for
understanding the secondary structure of polypeptides.

■ INTRODUCTION
Proteins play many important roles in virtually every aspect of
living processes, often through their ordered secondary
structures such as the α-helix, β-sheet, and turns.1−4 To
manipulate the secondary structures and better understand the
relationship between the secondary structures and biological
functions of proteins, synthetic polypeptides with specific
conformations are ideal model systems.5−7 One commonly
used method to prepare polypeptides is the ring-opening
polymerization (ROP) of amino acid N-carboxylic anhydrides
(NCAs). By designing NCAs bearing different side chains and/
or through postpolymerization modifications, novel polypep-
tides with rich functionalities have been created, which often
exhibit fascinating material properties and biological functions
depending on their distinctive secondary structures.8−23

Water-soluble polypeptides bearing certain secondary
structures are desirable for specific biological applications.
While introducing charges into the amino acid residues has
been a common strategy for enhanced water solubility, the
conformation of ionic polypeptides such as poly(L-glutamic
acid) and poly(L-lysine), however, can be easily disrupted by
pH, temperature, and salt concentration, rendering a random

coil rather than a conformation α-helix under physiological
conditions.24,25 Moreover, the electrostatic interactions of
charged groups often cause aggregation and precipitation of
ionic polypeptides and/or nonspecific interactions with other
biomolecules, making them unsuitable for some specific
scenarios. In this regard, the introduction of nonionic
oligo(ethylene glycol) (EGm, where m = the number of
repeating units) with good water solubility and excellent
antibiofouling ability into the amino acid residue of
polypeptides has become a widely adopted alternative
strategy.26−28 Deming pioneered the EGm-modified polylysine
via an amide bond between carboxyl-modified EGm and the ε-
amine residue of lysine, affording neutral, water-soluble
polypeptides with a characteristic α-helical conformation in
1999 (Figure 1a).29 Similarly, Klok et al. prepared EGm-
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modified polylysine using succinic acid as a linker to connect
EGm and the ε-amine of lysine, which also exhibits an α-helical
structure conformation30 and possesses excellent antifouling
properties on substrate surfaces (Figure 1a). Moreover, EGm-
functionalized poly-L-glutamate,13,14,31,32 poly-L-cysteine,33,34

poly-L-serine,35,36 and other polypeptides37−39 have also been
explored.

Mounting evidence has shown that the secondary structures
of polypeptides are generally determined by the amino acids
used, which have their own tendency to form specific
secondary structures. For example, glutamic acid and lysine
themselves have a strong tendency to form α-helices, and the
secondary structures of the above-mentioned polymers are also
predominantly α-helices.40 Similarly, serine and cysteine have a
high tendency to form β-sheets, and the secondary structures
of polypeptides derived from these two amino acids are often
β-sheets. Of note, reports on water-soluble β-sheet polypep-
tides are extremely rare compared with those with an α-helical
conformation.35,41,42 Meanwhile, the length of EGm and the
linker between EGm and amino acids have not shown
significant influence on the secondary structure of polypep-
tides.

Here, we report a series of EGm-modified polylysines,
denoted as EGmKn (n = monomer/initiator feeding ratio), with

tunable secondary structures depending highly on not only the
length of EGm and the degree of polymerization (DP) but also
the linker. It should be emphasized that, different from the
early works of Deming and Klok connecting EGm and lysine
with amide bonds (Figure 1a), urethane bonds are used to
connect EGm and the ε-amine of lysine in this work. Among all
the EGmKn polymers obtained, EG2K25 is particularly interesting
in that it exhibits a β-sheet conformation that is rare for lysine-
based polypeptides and possesses good water solubility greater
than 30 mg/mL. Moreover, EG2K25 was capable of forming
transparent, physically cross-linked hydrogels at low concen-
trations of 1−7% and remaining stable across a wide
temperature range of 4−80 °C. EG1Kn is found to show limited
water solubility with a mixed β-sheet and α-helical
conformation relying on DP. In contrast, EG3Kn are highly
water-soluble and adopt exclusively an α-helix regardless of the
DP. Moreover, EG1Kn and EG2Kn show little temperature
sensitivity, whereas EG3Kn exhibit a typical lower critical
solution temperature (LCST).

■ EXPERIMENTAL SECTION
Synthesis of EG2K-NCA. To a 500 mL flask were added 2-(2-

methoxyethoxy) ethanol (20.00 g, 166.46 mmol, 1.0 equiv),
bis(trichloromethyl) carbonate (17.29 g, 58.26 mmol, 0.35 equiv),

Figure 1. (a) Comparison of the polymer structures used in this study with previous works. (b) Synthesis of EGmK-NCA monomers and the
corresponding polypeptides EGmKn; (c) 1H NMR spectrum of EG2K-NCA in CDCl3.
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and THF (AR, 200 mL) sequentially. Triethylamine (23.14 mL,
166.46 mmol, 1.0 equiv) was then added dropwise to the reaction
system. The temperature of the reaction was controlled by a water
bath at 20 °C for 3 h. After filtration, a light-yellow liquid was
obtained by a rotavapor under reduced pressure. The product
obtained, namely, 2-(2-methoxyethoxy)ethyl carbonochloridate, was
redissolved in THF (AR, 500 mL) (1 L flask) and Nα-(tert-
butoxycarbonyl)-L-lysine (36.65 g, 148.80 mmol, 1.0 equiv) and
propylene oxide (PO, 31.7 mL, 446.39 mmol, 3.0 equiv) were added
to the solution in sequence, and the reaction was heated (35 °C)
overnight in a sealed system. The product was concentrated and
mixed with deionized water (500 mL). After adjusting the pH to
∼8.0, a light-yellow transparent system was obtained. After extraction
with ethyl acetate four times, the pH was adjusted to 3.0 with HCl.
The product was then transferred to ethyl acetate. After
rotavaporization under reduced pressure, a light-yellow viscous liquid
was obtained. The product can be used for the synthesis of EG2K-NCA
without further purification.

Boc-EG2K−OH (8.0 g, 20.38 mmol, 1.0 equiv) was first dissolved in
acetonitrile (AR, 60 mL), and PO (7.13 mL, 101.92 mmol, 5.0 equiv)
and bis(trichloromethyl) carbonate (4.00 g, 13.65 mmol, 0.67 equiv)
were added to the open system in sequence, and a water bath was
used to control the temperature of the reaction and avoid a violent
reaction. The reaction was completed in ∼2 h. The solvent was
removed by evaporation under reduced pressure. The crude product
(solvent-free) required further purification using column chromatog-
raphy to obtain a viscous pure product (PE/EA = 5:1 ∼EA).

Synthesis of EG2Kn. All polymerizations studied used benzylamine
as the initiator to initiate NCA ROP. Specifically, EG2K25−NCA (2.0
g, 6.28 mmol, 25 equiv) was first dissolved in 5.0 mL of DMF at 8 °C,
and the corresponding amount of benzylamine (26.92 mg, 0.25 mmol,
1.0 equiv) was added to the system. The reaction was carried out
under vacuum for at least 24 h, and the product was dialyzed
(MWCO 7000) in deionized water for 48 h and then freeze-dried.
The feeding ratio of monomer to initiator was used to determine the
nomenclature of the polymer, and the final product was named
EG2K25. EG2K50 and EG2K100 were prepared according to the same
method. The corresponding monomer and initiator inputs were EG2K-
NCA (2.0 g, 6.28 mmol, 50 equiv), benzylamine (13.46 mg, 0.125
mmol, 1.0 equiv); EG2K-NCA (2.0 g, 6.28 mmol, 100 equiv),
benzylamine (6.73 mg, 0.063 mmol, 1.0 equiv).

■ RESULTS AND DISCUSSION
A series of EGm-modified L-lysine connected via urethane
bonds were successfully synthesized and termed EGmK-NCA
(m = 1, 2, 3), see the scheme in Figure 1b. Taking EG2K-NCA
as an example, (2-(2-methoxyethoxy) ethanol) was first
converted into chloroformate and further reacted with Boc-
Lys to generate Boc-EG2K. By adapting the recently developed
NCA synthesis method of adding PO as an additive,43,44

Boc-EG2K was cyclized with triphosgene to afford EG2K-NCA
with a yield of ∼60% without the use of stringently anhydrous

Figure 2. (a) 1H NMR spectrum of EG2K50; (b) photographs of EG2Kn dissolved/dispersed in deionized water (2.0 mg/mL); (c) SEC traces of
EG2Kn; (d) overlay of the FT-IR spectra of EG2Kn in the solid state; (e) CD spectra of the EG2Kn polymers in deionized water (0.3 mg/mL); (f)
fluorescence intensity of ThT-stained EG2K25; (g) photographs of the dissolved EG2K25 in deionized water (2.0 mg/mL) at 4, 25, and 80 °C,
respectively; (h) CD spectra of EG2K25 at different temperatures between 10 and 90 °C (0.3 mg/mL).
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conditions and dry solvents. EG1K-NCA and EG3K-NCA were
prepared by the same route (Figures S1 and S2), with yields of
approximately 60 and 55%, respectively. The high purity of
EGmK-NCA was collectively confirmed by various character-
izations including proton and carbon nuclear magnetic
resonance (1H and 13C NMR) spectroscopy, Fourier-transform

infrared (FT-IR) spectroscopy, and electrospray ionization
mass spectrometry (ESI-MS) (Figures 1c and S3−S10).

Subsequently, the ROP of EG2K-NCA in DMF was initiated
using benzylamine at different monomer-to-initiator ratios
([M]0/[I]0 = 25, 50, 100) at 8 °C. 1H NMR spectroscopy
confirmed the successful generation of the polymers EG2Kn
(Figure 2a). The obtained three polymers (namely, EG2K25,

Table 1. Molecular Weight, Dispersity, Secondary Structure, and Water Solubility Characterization of EGmKn

entrya [M]0/[I]0
a samplea Mn (kDa)b D̵b DPb yield (%) secondary structurec water solubilityd

1 25 EG2K25 5.9 1.14 22 89% β-sheet +
2 50 EG2K50 17.0 1.26 62 83% β-sheet −
3 100 EG2K100 34.6 1.13 126 83% β-sheet −
4 25 EG1K25 7.6 1.19 27 87% α-helix/β-sheet −
5 50 EG1K50 19.1 1.26 69 85% α-helix −
6 100 EG1K100 33.6 1.13 122 84% α-helix −
7 25 EG3K25 10.2 1.34 32 90% α-helix ++
8 50 EG3K50 25.2 1.21 79 87% α-helix ++
9 100 EG3K100 41.7 1.03 131 85% α-helix ++

aConditions: [M]0 = 1.0 M, initiator: I = benzylamine, polymerization in DMF at 8 °C for 1 day. bDetermined by SEC (DMF with 0.1 M LiBr)
with determined dn/dc values (entries 1−3: 0.0518; entries 4−6: 0.0846; entries 7−9: 0.0531). cDetermined by FT-IR and CD spectroscopy.
dSamples are visually tested at a target concentration of 2.0 mg/mL in deionized water.

Figure 3. (a) Photographs of the inverse-tube testing of different EG2Kn samples at a concentration of 50 mg/mL (5 wt %); (b) photographs of
EG2K25 at concentrations from 1 to 7 wt %; (c) rheological tests of the EG2K25 hydrogels at different concentrations; (d) photograph demonstrating
the extrusion of the 1 wt % EG2K25 hydrogel through a syringe (0.6 mm) and (e) generating a “PKU” pattern after the extrusion; (f) rheological
properties of the 5 wt % EG2K25 hydrogel under alternating strains between 2 and 500%; (g) full-field and (h) magnified cryo-TEM images of EG2K25
solution.
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EG2K50, and EG2K100, respectively) all displayed considerable
solubility in DMF, and remarkably, EG2K25 showed good water
solubility above 30 mg/mL (Figure 2b). Consistent with other
reports,45 the solubility in water of all EG2Kn samples decreased
with greater DPs (EG2K50: 0.2 mg/mL; EG2K100: insoluble)
(Figure 2b). Size exclusion chromatography (SEC) depicted
relatively symmetrical and unimodal peaks for all three
polymers (Figure 2c), and the dispersity (D̵) ranged from
1.13 to 1.26 (entries 1−3, Table 1). The obtained number-
average molecular weight (Mn) values of EG2Kn were relatively
close to their expected Mn (entries 1−3, Table 1), indicating
good control of the polymerization. The FT-IR spectra of the
EG2Kn polymers in the solid state showed major amide I and
amide II peaks at 1622 and 1530 cm−1, respectively, which
were characteristic β-sheet signals. In addition, a weak
absorption amide I peak at 1650 cm−1 was observed (Figure
2e), indicating that a minor α-helix coexisted with a
predominantly β-sheet conformation for EG2Kn. Moreover,
the secondary structure of EG2Kn appeared to have no obvious
correlation with the DP. The circular dichroism (CD) spectra
of both EG2K25 and EG2K50 showed a negative peak at 216 nm
(typical β-sheet signal) in deionized water, confirming the
results of the FT-IR. Of note, the weaker signal of EG2K50
relative to EG2K25 was attributed to its poor solubility in water.

Staining of EG2K25 with thioflavin T (ThT),46 a β-sheet
indicator, showed strong fluorescence and thus further verified
the above conclusion (Figure 2f). It should be pointed out that
EG2K25 switched the original α-helical conformation tendency
of L-lysine to yield a neutral, water-soluble β-sheet polymer,
which is fairly rare. Interestingly, the solubility of EG2K25
seemed unchanged in the range of 10−90 °C (Figure 2g),
which was different from previous examples where EGm-
containing polypeptides were often reported to give thermal
responsiveness.47−49 In addition, the solubility and secondary
structure of EG2K25 were not affected at varying temperatures
(Figure 2h) and pH (Figure S10).

We reasoned that EG2K25 had the potential to form hydrogels
because of its good water solubility and β-sheet secondary
structure, which normally promotes strong self-assembly of
polypeptides via strong interchain hydrogen bonding. Small-
angle X-ray scattering examination of EG2K25 in solid form gave
characteristic peaks relating to self-assembled structures,
supporting the notion of possible microphase separation
(Figure S11). Moreover, when dissolving EG2K25 at a
concentration of 0.8 mg/mL, dynamic light scattering (DLS)
gave a strong signal corresponding to self-assembled nano-
particles with a diameter of approximately 165 nm (Figure
S12). A transparent hydrogel was obtained at 5 wt % of EG2K25,

Figure 4. 1H NMR spectra of (a) EG1K50 and (b) EG3K50; overlay of the SEC curves of (c) EG1Kn and (d) EG3Kn; overlay of the FT-IR spectra of (e)
EG1Kn and (f) EG3Kn in the solid state; (g) CD spectra of EG3Kn in deionized water (0.3 mg/mL); (h) overlay of the FT-IR spectra of EG2K25 and
EG3K25 in the solid state; (i) conjecture regarding the interplay of side-chain interactions in polymers in aqueous solutions.
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while EG2K50 formed an opaque hydrogel at the same
concentration (Figure 3a). Remarkably, when the concen-
tration of the polymer was reduced to 1%, EG2K25 still
maintained the gel state (Figure 3b). Rheological tests showed
greater storage moduli (G′) than the loss moduli (G″) of
EG2K25 at different concentrations, another indication of the gel
state.50,51 The G′ of the 5% EG2K25 hydrogel reached
approximately 4000 Pa, similar to the same hydrogel with a
polymer content of 7% (Figure 3c). As a physically cross-
linked gel, the EG2K25 sample was injectable, extrudable with a
0.6 mm needle (Figure 3d), and then recoverable to the gel
state (Figure 3e). The EG2K25 hydrogel also exhibited a
reversible gel-to-solution transition under alternating strains
(2−500%), showcasing its excellent self-healing ability (Figure
3f). Cryo-transmission electron microscopy (Cryo-TEM) of
EG2K25 in aqueous solution exhibited a dense network of
polymeric fibers with the average length exceeding 1200 nm
and a diameter of ∼4.7−5.5 nm (Figure 3g−h).

Knowing that the length, or number of repeating units, of
EGm would likely affect the hydrophilicity and secondary
structures of the polypeptides,52,53 we next prepared two series
of polypeptides by varying the length of EGm, namely, EG1Kn
and EG3Kn (Figure 1). The 1H NMR spectra in Figure 4a,b

demonstrated the successful preparation of EG1Kn and EG3Kn.
The SEC curves of EG1Kn and EG3Kn are shown in Figure 4c,d,
with D̵ between 1.03 and 1.34 and controlled Mn (entries 4−9,
Table 1). FT-IR spectra indicated that EG1Kn in the solid state
had mixed α-helical and β-sheet secondary structures depend-
ing on the DP, with EG1K50 and EG1K100 mainly adopting an α-
helix, while EG1K25 exhibiting a β-sheet (Figure 4e). The
underlying reason for this DP-dependent secondary structure is
still under investigation. CD spectroscopy of EG1Kn in water
was attempted but failed, mainly due to the extremely poor
water solubility of the samples (Figure S13). A similar
synthetic route was used to prepare EG3Km samples with
different degrees of polymerization (entries 7−9, Table 1). In
contrast, FT-IR spectra of all EG3Kn showed strong absorption
peaks at 1650 cm−1 (amide I) and 1535 cm−1 (amide II) but
no peak at 1622 cm−1, indicating exclusively an α-helical
conformation (Figure 4f). The CD spectrum in deionized
water also showed that the secondary structure of EG3Kn was an
α-helix with a helicity of approximately 78%, which was
consistent with the results obtained by FT-IR (Figure 4g).
EG3Kn all had considerably improved water solubility compared
to that of EG2Kn and EG2Kn for the increased EGm side-chain
length (Figure S14). Notably, EG3K25 showed typical LCST

Figure 5. (a) FT-IR spectra of the side-chain urethane bonds of EG2K25 and EG3K25. The backbone of the EG2Kn antiparallel β-sheet (b) and parallel
β-sheet (c). From left to right, they represent chain 1, chain 2, chain 3, and chain 4, with the corresponding residue IDs being 1−10, 11−20, 21−
30, and 31−40. (d) Schematic diagram of side-chain hydrogen bonds. Side chains are represented by CPK, with oxygen atoms in red and hydrogen
atoms in white. Hydrogen bonds between oxygen and hydrogen atoms are indicated by blue dashed lines. (e) Secondary structure evolution of the
EG2Kn β-sheet over simulation time. (f) β-sheet content of the EG2Kn β-sheet versus simulation time. (g) Total number of hydrogen bonds between
the main chains of the EG2Kn β-sheet versus simulation time. The total number of hydrogen bonds on the side chains between different chains (h)
and within the same chain (i) of the EG2Kn β-sheet versus simulation time.
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properties at ∼50 °C conferred by the EGm fragment (Figure
S15).

To understand why EG2K25 and EG3K25 adopted different
secondary structures, we focused on analyzing and comparing
the FT-IR spectra of EG3K25 and EG2K25, with an emphasis on
the side-chain urethane bond. Both free and hydrogen-bonded
urethane were found for EG2K25 and EG3K25 in the solid state
but with the former showing more intensive and ordered
hydrogen bonding than the latter (Figure 5a). Ordered and
dense side-chain hydrogen bonds play a crucial role in forming
a stable β-sheet secondary structure in EG2Kn, and molecular
dynamics simulations have further proven this point. We
investigated the interactions of EG2Kn in two models, namely,
antiparallel (Figure 5b) and parallel β-sheets (Figure 5c). To
elucidate interchain forces, we utilized a system with four
peptide chains and a DP of 10. During the simulation, we
initially imposed bond-distance constraints between the side-
chain C�O and the neighboring chain N−H to promote
hydrogen bond formation between the side chains of adjacent
chains (Figure 5d). Then, the bond-distance constraints were
released in the following molecular dynamics simulations. We
analyzed the detailed secondary structure changes of individual
chains during the simulations and further quantified conforma-
tional stability by analyzing the relative β-sheet content over
time. For the antiparallel model, most of the residues in each
chain remain in the yellow region throughout the simulation,
corresponding to the extended and bridge structures, both of
which represent β-sheets (Figure 5e). Additionally, the relative
content of β-sheet in the antiparallel model ranges mostly
between 65 and 80% (Figure 5f). These results suggest that
EG2Kn maintains a stable β-sheet conformation during the
simulation. Moreover, the parallel model also exhibits a
relatively stable β-sheet secondary structure (Figure S16).
However, the continuity of the yellow region (β-sheet) is not
as pronounced for parallel structures, and the relative content
of β-sheet fluctuates between 40 and 80% (Figure S17),
indicating that the stability of the parallel model is weaker than
that of the antiparallel model. This difference is likely due to
the higher energetic favorability of antiparallel sheets over
parallel sheets.54 Since β-sheets are primarily stabilized by
hydrogen bonds formed between the main chain’s amide (N−
H) and carbonyl (C�O) groups,55 we quantified the number
of hydrogen bonds between the main chains. The results
indicate that the number of main chain hydrogen bonds for
each pair of adjacent chains remains relatively stable, averaging
around 4−6 for the antiparallel β-sheet (Figure 5g) and around
2−3 for the parallel β-sheet (Figure S18), indicating a relatively
stable secondary structure. Hydrogen bonds can also form
between the side chains of two units within the same chain and
between units in different chains of EG2Kn, which further
supports the stability of the secondary structure and the self-
assembly result. Therefore, in addition to the number of main-
chain hydrogen bonds between different main chains, we also
counted the number of side-chain hydrogen bonds between
C�O and N−H, both between different chains and within the
same chain. The number of hydrogen bonds between different
chains is about 2−3 for the antiparallel β-sheet (Figure 5h) and
about 1 for the parallel β-sheet (Figure S19), while the number
of hydrogen bonds within the same chain is about 1−2 for the
antiparallel β-sheet (Figure 5i) and about 2−4 for the parallel
β-sheet (Figure S20). Overall, in addition to the hydrogen
bonds of the main chain, the hydrogen bonds formed between
the carbonyl oxygen and the amide hydrogen on the side

chains also play a significant role in maintaining the β-sheet
structure of these two molecules.

Taken together, we hypothesized that the side-chain
urethane of EG2K25 facilitated the self-assembly and stabilized
the β-sheet by generating extensive interchain hydrogen
bonding. EG3K25, however, would nor favor the β-sheet as the
side-chain EG3 was too bulky. To reduce the steric hindrance/
repulsion of EG3, the backbone of EG3K25 thus preferred to
form the single-stranded α-helix structure with a reduced side-
chain density than the β-sheet (Figure S21). This side-chain
repulsion of EG3 would be more prominent in an aqueous
solution than in a solid state when EG3 bears a bulky hydration
layer.

■ CONCLUSIONS
In summary, we reported a series of examples based on EGm-
modified poly-L-lysine. The solubility and secondary structures
of the resulting polypeptides were governed not only by the
length of EGm but also by the DP of the polymer. Notably, an
unusual nonionic water-soluble β-sheet polypeptide EG2K25 was
obtained, which demonstrated a strong ability to form
transparent, injectable, and self-healable hydrogels at a
concentration as low as 1 wt %. The results of this work also
highlighted the important role of the linkage unit in regulating
secondary structures, as compared to previous works reporting
very similar structures. The excellent water solubility and
interesting self-assembly behavior make these polypeptides of
great potential for various advanced biomedical applications.
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