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ABSTRACT: The remarkable underwater adhesion of mussel foot
proteins has long been an inspiration in the design of
peptidomimetic materials. Although the synergistic wet adhesion
of catechol and lysine has been recently highlighted, the critical
role of the polymeric backbone has remained largely underex-
plored. Here, we present a peptidomimetic approach using
poly(ethylene glycol) (PEG) as a platform to evaluate the
synergistic compositional relation between the key amino acid
residues (i.e., DOPA and lysine), as well as the role of the polyether
backbone in interfacial adhesive interactions. A series of PEG-based
peptides (PEGtides) were synthesized using functional epoxide
monomers corresponding to catechol and lysine via anionic ring-
opening polymerization. Using a surface force apparatus, highly synergistic surface interactions among these PEGtides with respect
to the relative compositional ratio were revealed. Furthermore, the critical role of the catechol−amine synergy and diverse hydrogen
bonding within the PEGtides in the superior adhesive interactions was verified by molecular dynamics simulations. Our study sheds
light on the design of peptidomimetic polymers with reduced complexity within the framework of a polyether backbone.

■ INTRODUCTION

Recent advances in synthetic chemistry have opened pathways
to generate relatively simple peptide-like structures and
functions using nonbiological synthetic polymers.1−4 While it
is still challenging for a single polymer system to simulta-
neously achieve a long primary chain, stable secondary
structure, and sequence diversity, the unusual stability and
versatility of peptidomimetic polymers have made them ideal
candidates for developing unique functional materials from
relatively inexpensive building blocks with diverse character-
istics.3 Representative examples include synthetic polypeptides,
peptoids, polyacrylates, and poly(methyl methacrylate)s
bearing constitutional amino acid residues found in nature.5−9

However, most polymeric mimics comprise an all-carbon
backbone, which makes them structurally rigid and intrinsically
insoluble in aqueous solutions. These limitations often are
challenging for creating systems with the full potential to
mimic natural polypeptides.
The outstanding adhesive performance of the mussel foot

protein (mfp) in the byssal threads has long been a source of
inspiration for designing novel functional materials.10 In
particular, the discovery of 3,4-dihydroxylphenylalanine
(DOPA)a major catecholic amino acid responsible for the
versatile surface adhesionhas led to a surge of mussel-
inspired adhesives and coatings.11−20 While DOPA has been in
the spotlight for decades, other amino acid residues present in

mfp, particularly cationic amino acid residues such as lysine,
have recently attracted growing attention because of their
synergistic interplay that leads to enhanced wet adhesion on
account of diverse intermolecular interactions including metal
coordination,18,21 electrostatic interactions,22 cation−π inter-
actions,17,23,24 and covalent crosslinking.18,19,25−27 As a
representative example, Waite and co-workers first showed
that neighboring catechol and lysine groups can have
synergistic interactions, in which the cationic lysine displaces
the hydrated salts to produce vacant binding sites for the
adhesion of catechol via small molecular analogues of
siderophore.28,29 Furthermore, this synergistic effect between
catechol and amine have been explored in the context of
polymers. For example, Ahn and co-workers revealed the
importance of the balance between electrostatic and hydro-
phobic interactions to enhance wet adhesion via coacerva-
tion.27 Recently, Messersmith and co-workers demonstrated
that the coupling of catechol and amines in the same monomer
side chain affords optimal cooperative effects in improving the
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macroscopic wet/dry adhesion performance in a system with
only 2.85% of the functional methacrylate monomer.30 These
studies highlighted the cation−π interactions between catechol
and amine, as well as the bidentate hydrogen bonding (H-
bonding) between catechols.
Despite the discovery of synergistic interplay of catechol and

amine, the critical role of the polymeric backbone with respect
to the side chains has been relatively underexplored.31

Moreover, considering that the biological activity of peptides
is significantly affected by their secondary structure owing to
the strong and regular intermolecular interactions, such as H-
bonding between the polypeptide backbone and the side
chains, an alternative peptidomimetic approach affording
additional intermolecular interactions between the backbone
and side chains is highly desirable for maximizing the
catechol−amine synergy.
Herein, we propose a mussel-inspired peptidomimetic

approach by employing poly(ethylene glycol) (PEG) as a
platform to investigate the synergistic compositional relation-
ship of the key amino acid residues (i.e., catechol and lysine),
as well as the role of the polymeric backbone in interfacial
adhesive interactions. The polyether backbone was selected to
offer flexibility, solubility, high biocompatibility, and non-
immunogenicity.
Specifically, a series of PEG-based peptides (PEGtides) were

synthesized using well-defined functional epoxide mono-
merscatechol acetonide glycidyl ether (CAGE) and
azidohexyl glycidyl ether (AHGE)corresponding to DOPA
and lysine, respectively, via anionic ring-opening polymer-
ization (Figure 1a). Subsequent deprotection and reduction of
the polymers yielded the functional PEGtides with controlled
side-chain functionalities (i.e., the fraction of catechol ranging
within 0−100%) and molecular weights (4000−16 000 g/

mol). The surface adhesive properties of these PEGtides were
carefully examined using a surface force apparatus (SFA) under
various conditions. The SFA analysis revealed an optimum
compositional ratio between the catechol and amine for
maximum adhesion energy (52.52 mJ/m2). Furthermore, the
adhesive interaction of PEGtides was theoretically elucidated
using molecular dynamics (MD) simulations to determine the
contributions of the diverse intermolecular interactions therein
[e.g., cation−π, aromatic−aromatic (Ar−Ar), and H-bonding]
and polyether backbone on the highly adhesive properties of
synthesized PEGtides.

■ RESULTS AND DISCUSSION

Preparation of PEGtides. To explore the synergistic
adhesive characteristics of DOPA and lysine, their correspond-
ing monomers (CAGE and AHGE) based on a functional
epoxide system were designed, synthesized by a simple
substitution reaction, and subjected to fractional distillation
to achieve high purity (>99%) monomers (Figures S1−
S8).32,33 Due to the harsh reaction conditions during the
anionic ring-opening polymerization, CAGE and AHGE were
protected with acetonide and azide groups, respectively. A
metal-free organic phosphazene, t-BuP4, was used as a base
owing to its high basicity and, more importantly, its facile
polymerization at room temperature without side reactions. To
eliminate the effects of molecular weight, such as wetting,
viscosity, and chain entanglement, the degree of polymer-
ization (DP) was set to 20.22

Using benzyl alcohol as an initiator, polymerization was
performed with different fractions of CAGE and AHGE (i.e.,
CAGE fraction was varied from 0 to 100%) in toluene at room
temperature (Table 1 and Figure 1b). The conversion of

Figure 1. Synthesis of PEGtides. (a) Schematic illustration of peptidomimetic PEGtides bearing catechol and amine moieties, based on the primary
sequence of mfp-5. (b) Synthetic procedures and (c) representative 1H NMR spectrum of the PEGtide (AC1 in Table 1).
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monomers was monitored via 1H NMR spectroscopy by
observing the decrease in the methine and methylene signals of
the epoxide monomers at 3.15, 2.80, and 2.60 ppm (Figures
S2, S6, and S9), indicating the successful polymerization of
P(AHGE-co-CAGE)n (i.e., the pre-PEGtides prior to depro-
tection) with over 99% conversion in 18 h.
Furthermore, the gel permeation chromatography (GPC)

results of the copolymers exhibited a unimodal distribution and
narrow dispersity (D̵ = 1.06−1.28) (Figures S9 and S10; Table
1). Moreover, the reactivity ratio between the pair of
monomers was examined via in situ 13C NMR spectroscopy
using the inverse-gated decoupling method. A nonterminal
model was used to obtain the reactivity ratios of AHGE and
CAGE: rAHGE = 1.09 ± 0.01 and rCAGE = 0.91 ± 0.01,
respectively. This revealed the ideal copolymerization that
yielded the statistical microstructures (rAHGE × rCAGE = 0.99 ±
0.01) in the resulting copolyethers (Figure S11).34

After their successful synthesis, the P(AHGE-co-CAGE)
copolymers (i.e., pre-PEGtides) were further treated with PMe3
for Staudinger reduction of the azide groups in AHGE,
followed by treatment with 1.0 M HCl to deprotect the

acetonide groups in CAGE to yield the desired PEGtides
(Figures 1c and S9; the AC series in Table 1). Complete
removal of the protecting groups was confirmed in 1H NMR
spectra by the disappearance of the acetonide group at 1.58
ppm and the shift of the methine group neighboring the azide
group from 3.08 to 2.30 ppm. In addition, reduction of the
azide group was confirmed via FT-IR, with the disappearance
of peaks corresponding to the azide pendant at 2088 cm−1

(Figure S12).
Interaction Force Analysis Using SFA and MD

Simulations. All the synthesized PEGtides with well-defined
structures were coated onto mica substrates, and surface
interaction forces of the PEGtides were evaluated using an
SFA. The SFA analysis has been widely adopted to measure
the absolute distances (D) and interaction forces (F) between
two macroscopic surfaces with remarkable resolutions of 0.1
nm and 10 nN, respectively, mostly in aqueous media. The
adhesion force (Fad) can be obtained from the magnitude of
the minimum interaction forces (typically before the jump-out
during separation) and converted to the adhesion energy
(Wad) using the Johnson−Kendall−Roberts theory of adhesive

Table 1. Characterizations of the PEGtides Prepared in This Study

pre-PEGtidea PEGtidec

entry composition (NMR) f CAGE (%) Mn,NMR (g/mol) Mn,GPC
b (g/mol) D̵b Mn,NMR (g/mol)

AC0 PAHGE21 0 4200 5700 1.06 3680
AC1 P(AHGE15-co-CAGE5) 25 4520 4190 1.17 3920
AC2 P(AHGE10-co-CAGE11) 52 5000 4100 1.07 4600
AC3 P(AHGE5-co-CAGE17) 77 5480 5160 1.11 4670
AC4 PCAGE21 100 5820 5290 1.28 4980

aProtected P(AHGE-co-CAGE)s. bDetermined by GPC in THF with PMMA calibration. cDeprotected PEGtides.

Figure 2. Adhesion energy measurement of PEGtides with mechanism analysis. (a) Schematic representation of the symmetric SFA analysis
(polymer vs polymer) with the possible types of interactions. (b−e) Representative symmetric force−distance curves of (b) AC0, (c) AC1, (d)
AC2, and (e) AC3 PEGtides. (f) Plots of (left) the measured adhesion force and (right) adhesion energy of the PEGtides at different pH and
contact times (see the Materials and Methods section for details).
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surfaces (Wad = Fad/1.5πR, see the Materials and Methods
section for details).35

Figure 2a shows the schematic of the SFA experiment for
measuring the interaction forces between two PEGtide-coated
mica surfaces, along with the force−distance profiles obtained
at different catechol contents (PEGtides AC0−AC3), contact
times (tc = 2 min and 1 h), and pH (3 and 7) (Figure 2b−e).
Note that the AC4 sample was excluded due to its limited
aqueous solubility. Moreover, there was no phase separation or
coacervate formation in all SFA measurement conditions.
When two polymer-coated surfaces were brought near each

other, they jumped into contact with a hard-wall distance of
3.0 ± 0.4 (AC0), 2.7 ± 0.4 (AC1), 4.4 ± 0.4 (AC2), and 4.7 ±
0.2 nm (AC3). Here, half of the hard-wall distance
corresponds to the polymer film thickness. The hard-wall
thickness increased as the proportion of catechol monomer
increased. When the two surfaces were separated, the
corresponding force−distance curves displayed an abrupt
jump-out behavior, indicating strong adhesion (Fad) between
the PEGtide films. In all the experiments, Wad generally

increased with tc because the polymer chains required a lab-
scale time to attain interfacial equilibration, as commonly
observed in systems that undergo molecular rearrangement
upon contact for maximum binding of the adhesion sites.36−38

In this study, two different pH conditions were used to
modulate the degree of protonation of the amine groups
because protonated amines serve as cationic sources for
cation−π and electrostatic interactions during the adhesion
among PEGtides and as H-bonding donors. Our SFA results
showed that a higher Wad was generally obtained at pH 7,
when the fraction of ammonium groups in the PEGtides was
smaller than that of the free amines. Notably, no pH-
dependent chemical or structural changes were observed in
our system at pH 7 (Figures S13 and S14), unlike previous
studies in which natural mfp-5 and mfp-3 experienced
oxidation of DOPA at pH 5.5, leading to significantly lower
adhesion compared to that at pH 3.16,19 In addition, there was
no remarkable changes in the hard-wall thickness upon pH
changes, suggesting the absence of secondary structures in the
PEGtide system.

Figure 3. (a) Schematics of the MD simulation system and the main types of molecular interactions considered. (b−e) Calculated interaction
energy between PEGtides at the interface at (b) pH 3 and (c) pH 7, and the types of H-bonding at (d) pH 3 and (e) pH 7. (f) Twelve different
types of H-bonding considered in the calculations for j and k.
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TheWad values for the different PEGtides are summarized in
Figure 2f. In all cases, the strongest adhesion between PEGtide
films, regardless of the measurement conditions, was observed
for the AC1 sample, which contained 25% catechol moiety.
Interestingly, this catechol ratio is similar to that of DOPA (ca.
27%) in natural mfp-5, suggesting that the catechol content is a
key parameter for enhancing the adhesion. However, a
comprehensive understanding of the superior wet adhesion
of AC1 in comparison to the other samples with different
catechol fractions requires an in-depth evaluation of the
underlying molecular characteristics. Thus, the various
intermolecular interactions that are primarily responsible for
the wet adhesive property of the PEGtides were first identified

through MD simulations (see computational details in the
Supporting Information, and the modeling system and overall
procedure of the MD simulation are shown in Figure S15).
Four main interactions were identified: (i) cation−π
interactions between catechol and amine;24,39 (ii) Ar−Ar
interactions between catechol and catechol;11 (iii) various H-
bonding interactions among catechols,40 amines, and ethers;
and (iv) other electrostatic and van der Waals interactions
(denoted as “others” herein) (Figure 3a).
Consistent with the SFA experimental data, the MD

simulation results show the strongest adhesion for the AC1
polymer with a catechol content of 25% at pH 7 (Figure 3b−e
and Tables S1−S8). Interestingly, among the four types of

Figure 4. Optimizing surface interaction forces of the PEGtides through various controls. (a) Representative symmetric force−distance curves of
AC1 prepared at pH 7 and measured at pH 3 and 7. (b) Adhesive energy of AC1 under different preparation and measurement pH conditions. (c)
Plots of (left) the adhesive energy and (right) shear stress of AC1 polymers with different molecular weights. (d) Representative symmetric force−
distance curves of M1. (e) Comparison of the adhesion energy of AC1 and M1 with different tc and measurement pH. (f) Bar chart comparing the
adhesion energies of AC1 and M1 polymers with those reported in the literature.27,29,31,41−43 The samples were prepared and measured at pH 7
with tc = 1 h. (g) Schematic representation of the overall adhesion and cohesion mechanism of the PEGtides developed in this study. (h) Chemical
structures of the representative polymers. Each experiment was conducted independently at least 3 times, and the average values are reported here
with the standard deviations as errors.
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adhesive interactions, H-bonding accounts for most of the total
interaction energy (68.9−83.4%) regardless of the catechol
content and pH conditions (Figure 3b,c). In all the samples,
the magnitude of the H-bonding interactions remained similar
between pH 3 and 7, whereas the rest of the three types of
interactions (cation−π, Ar−Ar, and other interactions) were
the strongest for AC1 in all cases. For the cation−π
interactions, the interaction strength increased with the
catechol content from AC0 to AC1 and then decreased at
higher catechol contents from AC1 to AC3. This synergistic
effect originates from the trade-off between phenyl and
protonated amine upon increasing the catechol content
because both moieties are required to form cation−π
interactions. Meanwhile, the Ar−Ar interactions only exhibited
a marginal correlation with the catechol content in the sample,
and their contribution to the total interaction energy was
insignificant (i.e., less than 3%). The other types of interactions
were also the strongest in AC1, providing additional
interactions for enhanced surface adhesion.
According to numerous previous studies, the cation−π

interactions between DOPA and lysine are the primarily
responsible for their enhanced wet adhesion. In contrast, our
results revealed that the adhesion force in our PEGtide system
principally originated from H-bonding. Thus, we further
analyzed the contribution of H-bonding to the overall adhesive
energy according to 12 types of H-bonding acceptor−donor
pairs (Figures 3d−f and S16 and Table S9). Specifically, the
type and overall strength of the H-bonding significantly varied
depending on the catechol contents and pH conditions. AC1
displayed 6 and 10 different types of H-bonding at pH 3 and 7,
respectively (Figure 3d,e). To elucidate the effects of
functional groups on the H-bonding, the contributions of
functional moieties such as the polyether backbone and side
chains, catechol, and amine groups, and amine/ammonium
groups were classified in detail (Figures S17−S19). The
polyether backbone and side chains contributed significantly to
the overall H-bonding, particularly as H-bonding acceptors
with other functional groups, such as backbone O−NH2,
backbone O−NH3

+, backbone O−OH, side O−NH2, side O−
NH3

+, and side O−OH (Figure S17). The contribution of
these polymeric ethers is reduced at higher catechol content
and pH, owing to the enhanced participation of other
functional groups between the catechol and amine groups.
The other functional moieties cannot be explained solely

based on the H-bonding. Thus, we analyzed their contribution
to the overall interaction energy (i.e., the sum of all four types
of intermolecular interactions) (Figures S20−S22). Because
the relative fractions of the catechol and amine groups were
inversely proportional to each other; the contribution to the
overall interaction energy did not change considerably among
the different PEGtides. However, contributions of the
catechol−amine interactions (e.g., cation−π, NH2−OH,
OH−NH2, and OH−NH3

+) and other electrostatic and van
der Waals interactions were found to be the largest for AC1
(Figure S20).
At pH 3, most amine groups in the PEGtides were

protonated and acted as cation sources for the cation−π and
H-bonding donors. In contrast, amine groups in PEGtides
were partially deprotonated at pH 7, thereby increasing the
amine-related interactions, while diminishing the contribution
of ammonium-related interactions (Figure S21). It is also
worth noting that H-bonding from ether oxygen in the side

chain contributes more toward the overall interaction than that
from the backbone ethers (Figure S22).
In parallel, the adhesion energy between a PEGtide film and

a mica surface was evaluated using SFA and MD simulations
(Figure S23 and Tables S10−S17). The asymmetric adhesion
energy generally follows a trend similar to that observed in
symmetric adhesion, with a maximum value in the AC1
sample. Detailed information on the asymmetric adhesion is
provided in the Supporting Information.
Encouraged by the previous results, the wet-adhesive

properties of AC1, comprising the highest Wad among all the
synthesized PEGtides, were further investigated with respect to
the preparation pH and molecular weight (Mn = 4−17 kDa).
To analyze the effect of preparation and measurement pH
conditions, AC1 was deposited on a mica surface at pH 3 and 7
and subsequently measured at pH 3 and 7 (Figure 4a,b). From
the results, AC1 prepared at pH 7 showed considerably
stronger adhesion (Wad = 52.52 mJ/m2, measured at pH = 7
and tc = 1 h) compared to that prepared at pH 3 (Wad = 42.08
mJ/m2, measured at pH = 7 and tc = 1 h) (Figure 4b). The
stronger adhesion observed at pH 7 can be attributed to the
enhanced adsorption of polymers on the mica surface owing to
the pKa of muscovite mica (∼2.94).44
The adhesion energy of a polymer can be affected by its

molecular weight, as the molecular weight can affect the
number of binding sites, coating density, entanglements, and
rate of molecular rearrangement upon contact. To clarify this
aspect, we synthesized AC1 polymers with higher molecular
weights and the same ratio between catechol and amine
(approximately 25% of catechol), namely, AC19K and AC117K
(Figures S24−S26 and Table S18). SFA measurement revealed
that the Wad values of these polymers are similar to or slightly
lower than that of AC14K, demonstrating that the molecular
weight is not a critical factor for determining Wad (Figure 4c).
Furthermore, the lap shear test results were in good agreement
with those of the SFA measurements. The lap shear tests
revealed that the molecular-level surface interaction could be
readily translated to macroscopic surface adhesion. Specifically,
all the specimens displayed cohesive failure, and the measured
lap shear stresses were similar between AC14K and AC19K.
However, a low lap shear stress was observed for AC117K,
possibly because of the low coating density of this polymer.
As mentioned earlier, the polymeric backbone is crucial for

determining polymer properties, such as chain flexibility,
molecular mobility, solubility, and molecular interactions. To
investigate the effect of the backbone on the adhesion
properties, a control polymer with a poly(methyl methacrylate)
backbone with a similar DP and catechol content to those of
AC1 was designed and synthesized by using identical
functional-group-bearing monomers to yield the M1 polymer
(Figures S27−S29 and Table S18).
Following the same protocols using SFA, the adhesion

energy of M1 was determined to be relatively lower than that
of AC1, although the interaction force of M1 was similar
between them under the same pH and tc (Figure 4d,e).
Interestingly, the Wad of M1 significantly changed with
increasing tc, while that of AC1 was only marginally affected,
suggesting that a more flexible chain facilitates molecular
rearrangement (Figure 4e). MD simulation confirmed that
AC1 exhibited a faster rate of decrease in the end-to-end
distance than M1, indicating better flexibility of the former
(Figure S30). Thus, the polyether system proposed in this
study has significant advantages over polymers with all-carbon
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backbones, such as attaining maximum adhesion much more
quickly in aqueous media. Additionally, the relatively lower
Wad of M1 could be attributed to the absence of oxygen atoms
as H-bonding acceptors in the polymer backbone. However,
MD simulation revealed that the absence of oxygen atoms is
compensated by H-bonding from the ester and carbonyl
groups. Meanwhile, contributions from the side chains, such as
the synergistic catechol−amine interaction, were found to be
significant in both AC1 and M1. In AC1, an additional
contribution from the dynamic H-bonding constructed from
the functional groups synergistically increased the other
electrostatic and van der Waals interactions, leading to a
higher overall interaction energy. This result agrees well with
that obtained from the SFA experiments (Figures S31−S33
and Tables S19−S21). Interestingly, it was observed that the
natural peptide analogue with identical composition of DOPA
and lysine displayed a considerably lower interaction energy
than AC1 PEGtide, attributing to a lower degree of multimodal
H-bonding (Figures S34 and S35 and Tables S22 and S23).
Finally, we compared the adhesion energy from this study to

those of similar mussel-mimetic systems including small
molecules,41 peptides,42 peptoids,31 proteins,27 and poly-
mers29,43 without chemical crosslinking (Figure 4f,h; Table
S22). While the experimental conditions vary among literature
studies, it is still remarkable to note that AC1 exhibited
outstanding underwater adhesion compared to other systems,
demonstrating the highly interactive H-bonding along with the
catechol−amine synergy in the proposed PEGtide system
(Figure 4g).

■ CONCLUSIONS

In summary, we presented the design and synthesis of
PEGtides, copolyethers comprising two functional epoxide
monomers that mimic key amino acid residues, such as DOPA
and lysine found in natural mfp. A series of PEGtides
containing different fractions of catechol and different
molecular weights. A series of PEGtides containing different
fractions of catechol and molecular weights were prepared via
anionic ring-opening polymerization followed by subsequent
deprotection. The surface adhesive properties of these
PEGtides were analyzed using an SFA. A PEGtide with the
optimum ratio between the catechol and amine in synergistic
interactions displayed the highest adhesion energy of 52.52
mJ/m2. Furthermore, MD simulations were performed to
elucidate the contributions of the diverse intermolecular
interactions in PEGtides, particularly to assess the effects of
the interplay among catechol and amine, and polyether
backbone on the highly adhesive properties of PEGtides.
This approach will aid in the design of peptidomimetic
polymers with reduced complexity within the framework of a
polyether backbone.
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