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Polymers bearing amino acid methyl esters with a terminus fluorescein group were synthesized through
controlled radical polymerization employing a fluorescein-labeled chain transfer agent and subsequent
post-polymerization modification with amino acid methyl esters. The binding properties of polymers

bearing hydrophobic amino acids with milled wood lignin in water were investigated through
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spectroscopic analysis as screening tests and surface plasmon resonance (SPR) analysis as quantitative

measurements. The polymers bearing tryptophan and phenylalanine moieties were observed to exhibit
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a high binding affinity. The binding parameters of polymers bearing tryptophan and phenylalanine
moieties with wood lignin were determined using SPR.

Lignin is a primary component of plant cell walls along with polysaccharides such as cellulose and hemicelluloses, and it is an aromatic heteropolymer that
constitutes woody biomass. Lignin degradation is vital in lignocellulosic biorefineries. However, it is challenging because of the stability of its chemically and

physically aromatic-rich structure. The lignin-binding synthetic polymers developed in this study can be conjugated with lignin degradation enzymes and
catalysts to increase their affinity for lignin and further improve their catalytic activity, thus contributing to the advancement of lignin degradation technology.

This work contributes to the following UN sustainable development goals: industry, innovation and infrastructure (SDG 9) and responsible consumption and

production (SDG 12).

Introduction

Lignin is an aromatic heteropolymer that constitutes woody
biomass, and it is a primary component of plant cell walls along
with polysaccharides such as cellulose and hemicelluloses.! The
monomers that constitute lignin are collectively known as
monolignols; they include coniferyl alcohol, 4-hydroxycinnamyl
alcohol, and sinapyl alcohol and are connected by ether and
carbon-carbon bonds.> The removal of lignin is essential in
refining cellulose and pulp from wood. Further, lignin degra-
dation is vital in lignocellulosic biorefineries; however, this is
challenging because of the stability of its chemically and
physically aromatic-rich structure. The thermal degradation of
lignin can yield valuable chemicals but necessitates high
temperatures, often resulting in carbonization and the release
of volatile byproducts.>*® Laccases and peroxidases are lignin
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degradation enzymes.”™ Recently, alternative enzyme-

mimicking catalysts, such as self-assembled peptides and arti-
ficial metalloenzymes, have been reported; however, they
cannot degrade under mild conditions.””** Effective lignin
degradation relies on the binding affinity of enzymes and
catalysts to the lignin. Thus, the pursuit of molecules capable of
binding to wood lignin is pivotal. A lignin-binding peptide
(amino acid sequence: HFPSPIFQRHSH) has been found using
a phage display technique, and a 10~* molar-range of the
equilibrium dissociation constant (Kp) value with wood lignin
has been reported.** Moreover, its dimer exhibits strong binging
to wood lignin with a 10~° molar-range of the K, value.'® The
molecular modeling of the lignin-binding peptide suggests the
formation of a hydrophobic surface comprising side chains of
hydrophobic and aromatic amino acids. These reports have led
us to hypothesize that a synthetic polymer bearing hydrophobic
amino acids effectively binds to wood lignin through a clus-
tering of amino acids on a polymer backbone. In this study,
polymers bearing hydrophobic amino acid methyl esters are
synthesized, and their binding affinities with wood lignin have
been investigated. Two binding tests are performed to assess
the binding properties with wood lignin: the spectroscopic
analysis of sample solutions and molecular interaction
measurements using surface plasmon resonance (SPR).
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Scheme 1 Synthesis of amino acid—bearing polymers.

Results and discussion
Synthesis of amino acid-bearing polymers

The synthetic procedure for polymers bearing amino acid
methyl esters (AA-polymers) is presented in Scheme 1. The
reversible addition-fragmentation chain-transfer (RAFT) poly-
merization'”'® of the activated ester-bearing monomer, N-suc-
cinimidyl acrylate (NHSA), was performed using fluorescein-
labeled 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid as
the chain-transfer agent (CTA) in dimethyl sulfoxide (DMSO). A
polymer bearing N-hydroxysuccinimide (NHS) groups (NHS-
polymer) with a degree of polymerization of 82 and
a terminus fluorescein group was obtained. Subsequently, the
desired AA-polymers were synthesized through the post-
polymerization modification®>* of the NHS-polymer reacting
with amino acid methyl ester, followed by a reaction with 1-
amino-2-propanol (AP) to substitute the remaining NHS groups
on the polymer backbone. Table 1 summarizes the synthesis
results of the AA-polymers. By changing the type of amino acid

Table 1 Synthesis of amino acid—bearing polymers

Entry AA-polymer Amino acid® Yield/% DS?/%
1 No AA° — 58 0
2 Gly29 Gly 41 29
3 Ala28 Ala 44 28
4 Val26 Val 66 26
5 Leu29 Leu 88 29
6 Ile25 Ile 60 25
7 Phe27 Phe 75 27
8 Trp29 Trp 96 29
9 Tyr22 Tyr 50 22

“ 0.3 equivalence of amino acid methyl ester was fed against NHS esters
at the polymer side chains. ? Degree of amino acid substitution
determined by "H NMR. ¢ No amino acids are present at the polymer
side chains.
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methyl esters, eight different types of AA-polymers with 22-29%
degree of amino acid substitution were obtained. Six kinds of
methyl esters of hydrophobic amino acids (valine (Val), leucine
(Leu), isoleucine (Ile), phenylalanine (Phe), tryptophan (Trp),
and tyrosine (Tyr)) were used (entries 4-9). For comparison,
polymers without amino acid and bearing methyl esters of
glycine (Gly) and alanine (Ala) were synthesized (entries 1-3).

Screening tests for binding affinity with wood lignin

The binding properties of the AA-polymers to milled wood
lignin derived from Japanese cedar (CMWL) were investigated
in water. First, a simple spectroscopic analysis was developed to
qualitatively assess the lignin-polymer binding affinity. After
mixing a polymer with CMWL in water for 24 h at room
temperature, the mixture was subjected to ultrafiltration to
remove the polymer-lignin conjugates. The differences in the
visible light absorbance (AA) and fluorescence intensity (AF) of
the filtrate, which contained a free fluorescein-labeled AA-
polymer, were measured before and after mixing with CMWL
(Fig. 1). When Phe27 was assayed with CMWL, both A4 and AF
values were approximately 80% (Fig. 2). However, no changes in
AA and AF were observed without CMWL. Additionally, no
changes were observed when the polymer without amino acid
(No AA) was assayed, indicating that 80% of Phe27 bound to the
lignin, which is consistent with the results from both visible
light and fluorescence spectroscopic analyses.

Second, the binding properties of eight AA-polymers were
investigated by analyzing the changes in visible light absor-
bance (Fig. 3a). When binding tests using six polymers bearing
hydrophobic amino acids (Val26, Leu29, Ile25, Phe27, Trp29,
and Tyr22) were performed, AA values of over 50% were
observed. Particularly, Phe27 and Trp29 obtained relatively high
AA values. In contrast, no change in absorbance was observed
for No AA, and low AA values were observed for Gly29 and Ala28.
These results were plotted against the hydropathy index of
amino acids* (Fig. 3b). Phe27 and Trp29 bearing hydrophobic
aromatic amino acids revealed high binding affinities. In
nonaromatic amino acids, the binding affinity of Ile25 was
higher than that of Val26 and Leu29, suggesting that the high
hydropathy index of Ile was critical. Additionally, Tyr22 revealed
arelatively high binding affinity, suggesting that the presence of

the aromatic group was efficient. In summary, high
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Fig.1 Binding tests of amino acid-bearing polymers with milled wood
lignin using spectrometers.
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Fig. 2 Binding tests with CMWL by analyzing the changes in the (a)
visible light absorbance and (b) fluorescence intensity.
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Fig. 3 (a) Binding tests with CMWL by analyzing the changes in visible
light absorbance and (b) their plots against the hydropathy index of
amino acids.

hydrophobicity or aromatic groups clustered at polymer side
chains are essential for a high binding affinity with wood lignin.

Lignin-binding analysis using SPR

The binding affinities of the AA-polymers with CMWL were
quantitatively investigated via SPR measurements**** in water.
A high response change was observed when Trp29 was analyzed
using the CMWL-immobilized SPR sensor chip (Fig. 4a).
Medium response changes were observed when Phe27 and Ile25
were analyzed, and there were little to no changes when Gly29,
Ala28, and No AA were used as analytes. These results are
consistent with those obtained from the spectroscopic binding
tests. Further, tryptophan methyl ester (TrpOMe) and phenyl-
alanine methyl ester (PheOMe), which were not attached to
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Fig. 4 SPR analysis using the (a) AA-polymers and (b) amino acid
methyl esters.
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Fig. 5 SPR analysis and their equilibrium response plots of (a) Trp29
and (b) Phe27.

Table 2 Maximum resonance (Rmnay) and equilibrium dissociation
constants (Kp) values of the AA-polymers with CMWL

AA-polymer Rimax/RU Kp/pM
Trp29 255 + 18 0.616 + 0.23
Phe27 110 £ 6.1 1.26 + 0.44

polymers, were used as the analytes in the same concentration
as the amino acids at the polymer side chains. However, there
were fewer changes in the responses than those of the polymers
(Fig. 4b). This indicates that the clustering of the hydrophobic
aromatic amino acid results in a high binding affinity of the AA-
polymers to CMWL because of the multivalent w-m stacking.
For Ile and Leu, there were little differences in the response
between the polymer and the amino acid methyl ester.

Finally, the Ky values of Trp29 and Phe27 with CWML in
water were determined by equilibrium analysis, with varied
concentrations of the AA-polymers (Fig. 5). The equilibrium
response increased with high concentrations of AA-polymers.
Based on these SPR results, the maximum resonance (Rpax)
and Kp values of the AA-polymers with CMWL were calculated
and are summarized in Table 2. The Ry,.x value of Trp29 was
higher than that of Phe27. Thus, the Ky, value of Trp29 was lower
than that of Phe27 and was in the micromolar range, suggesting
that the binding affinity of Trp29 with CMWL was higher than
that of Phe27. This indicates that clustering aromatic and
hydrophobic amino acids results in a high binding affinity to
wood lignin in water.

Experimental
Materials

N-Succinimidyl acrylate (NHSA), 5-amino fluorescein, glycine

methyl ester hydrochloride, ti-alanine methyl ester

RSC Sustainability, 2025, 3, 875-880 | 877
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hydrochloride, r-valine methyl ester hydrochloride, r-leucine
methyl ester hydrochloride, i-tryptophan methyl ester hydro-
chloride, and r-tyrosine methyl ester hydrochloride were
purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan). a,o’-Azobisisobutyronitrile was purchased from Nacalai
Tesque Inc. (Kyoto, Japan). i-Isoleucine methyl ester hydro-
chloride, r-phenylalanine methyl ester hydrochloride, triethyl-
amine (TEA), and 1-amino-2-propanol (AP) were purchased
from Fujifilm Wako Pure Chemical Industries (Osaka, Japan). 4-
Cyano-4-(phenylcarbonothioylthiol)pentanoic acid N-succini-
midyl ester and poly(ethylene glycol)methyl ether thiol (PEG-
SH, average molecular weight: 6000) were purchased from
Sigma-Aldrich Co., LLC. (St Louis, USA). Milled wood lignin was
prepared by aqueous dioxane extraction from finely ball-milled
softwood Japanese cedar (CMWL) as previously described.?® All
organic solvents were commercially available and used without
further purification.

Measurements

Nuclear magnetic resonance (NMR) spectra were recorded using
Bruker (MA, USA) BioSpin AV-300 and AV-600 spectrometers.
Electrospray ionization mass spectrometry was performed
using a Bruker Daltonics micrOTOF Q-III spectrometer. Size
exclusion chromatography (SEC) analysis utilized a system
comprising a JASCO (Tokyo, Japan) PU-4180 pump, a CO-4060
column oven, and an RI-4030 refractive index detector. A Sho-
dex (RESONAC (Tokyo, Japan)) KD-804 column (¢ 8.0 mm, 300
mm) was employed, with 10 mM LiBr/N,N-dimethyl formamide
(DMF) as the eluent at a flow rate of 0.5 mL min~ ' at 50 °C.
Shodex poly(methyl methacrylate) standard samples were used
to determine molecular weights. Visible light absorbance was
measured using a Thermo Fisher Scientific K.K. (MA, USA)
microplate spectrophotometer, Multiscan SkyHigh, on a 96-well
plate. Fluorescent intensity was recorded using a JASCO FP-6500
spectrometer. SPR analysis was conducted using a Biacore
(Uppsala, Sweden) T200 instrument.

Synthesis of fluorescein-bearing CTA

A solution of 4-cyano-4-(phenylcarbonothioylthiol)pentanoic
acid N-succinimidyl ester (100 mg, 0.265 mmol) and 5-amino
fluorescein (184 mg, 0.530 mmol) in DMF (1.0 mL) was stirred
for 18 h at room temperature. After concentrating the reaction
mixture under reduced pressure, the residue was purified by
silica gel column chromatography (hexane/ethyl acetate = 1/2),
concentrated, and dried under reduced pressure to yield
fluorescein-bearing CTA (18.4 mg, 0.0303 mmol, 11% yield).
'H NMR (300 MHz, DMSO-d,, 6 (ppm)): 10.1 (s, 1H, amide),
7.9 (d,J = 7.5 Hz, 2H, Ph), 7.7 (t, ] = 7.3 Hz, 1H, Ph), 7.5 (d, ] =
7.8 Hz, 2H, Ph), 7.2 (d, J = 2.1 Hz, 1H, Ph of fluorescein), 6.8-7.0
(m, 6H, Ph of fluorescein), 6.6-6.7 (m, 2H, Ph of fluorescein), 5.8
(s, 2H, OH), 3.0 (t, ] = 6.6 Hz, 2H, CH,), 2.6-2.7 (m, 2H, CH,), 2.0
(s, 3H, CH;); "*C NMR (75 MHz, DMSO-ds, 6 (ppm)): 169.9 (C=0
of amide), 169.2 (C=O0 of ester), 159.4 and 151.6 (C-OH in Ph),
151.4 and 151.2 (C-O-C in Ph), 150.7 (C-C(PhOH),0 in Ph),
144.0 (C-C=S in Ph), 139.4 (C-NH in Ph), 133.6, 129.1, 126.5,
and 124.2 (Ph), 121.8 (C=N), 118.6, 117.9, 117.8, 112.9, 110.2,
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110.1, 106.2, and 102.1 (Ph), 81.6 (O-C(Ph)3), 45.9 (C(CN)CH3-
S), 32.0 (-CH,-C(CN)CH;-S), 29.3 (-CH,-CH,-C=0), 23.1
(CH3); ESI-MS m/z: [M-H], caled for C33H,4N,06S,, 607.10;
found, 607.07.

Synthesis of the NHS-polymer

A solution of NHSA (50 mg, 0.6 mmol), AIBN (0.48 mg, 6 umol),
and fluorescein-bearing CTA (3.6 mg, 12 pmol) in DMSO (0.6
mL) was prepared in a glass tube, which was degassed over
three freeze-thaw cycles. The solution in the glass tube was then
sealed under vacuum and stirred for 6 h at 65 °C. The resulting
polymer product was purified by reprecipitation in acetone and
dried under reduced pressure to yield PNHSA (30 mg, 60%).
'H NMR (300 MHz, DMSO-dg, 6 (ppm)): 8.0-6.6 (Ar), 3.3-3.1
((-CH,~CH-),), 3.0-2.7 (CH, of NHS), 2.4-1.7 ((-CH, ~CH-),).

Synthesis of amino acid-bearing polymers

A solution of NHS-polymer (10 mg) in DMSO (0.1 mL), along
with 0.3 equivalence of amino acid methyl ester hydrochloride
against NHS esters at the polymer side chains and TEA (same
molar ratio as amino acid methyl ester hydrochloride), was
stirred for 24 h at room temperature. Subsequently, AP (twice
the molar amount of NHS esters) was introduced to the mixture
and stirred for another 24 h at room temperature. The resulting
AA-polymers were then purified by dialysis (using Spectra/Por7
with a molecular weight cut-off of 3500) against two liters of
deionized water, repeated three times, followed by freeze-drying
to obtain AA-polymers.

No AA

'H NMR (600 MHz, D,0, ¢ (ppm)): 4.0-3.7 (CH of AP), 3.3-2.8
(CH,, of AP), 2.3-1.8 ((-CH,-CH-),), 1.8-1.3 ((-CH, -CH-),,), 1.2—-
1.0 (CH; of AP).

Gly29

'H NMR (600 MHz, D,0, 6 (ppm)): 4.1-3.7 (CH, of Gly, CH; of
COOMe, and CH of AP), 3.3-2.9 (CH, of AP), 2.3-1.8 ((-CH,-
CH-),), 1.8-1.3 ((-CH, -CH-),)), 1.2-1.0 (CH; of AP).

Ala28

'H NMR (600 MHz, D,0, 6 (ppm)): 4.4-4.2 (CH of Ala), 4.1-3.7
(CH; of COOMe and CH of AP), 3.3-2.9 (CH,, of AP), 2.3-1.8 ((-
CH,-CH-),), 1.8-1.4 ((-CH, -CH-),), 1.4-1.3 (CH; of Ala), 1.2~
1.0 (CH; of AP).

Val26

'H NMR (600 MHz, D,0, & (ppm)): 4.3-4.0 (N-CH of Val), 4.1-3.7
(CH; of COOMe and CH of AP), 3.3-2.9 (CH, of AP), 2.4-1.9
(CH(CHj), of val and (-CH,-CH-),), 1.8-1.4 ((~-CH,-CH-),),
1.2-1.0 (CH; of AP), 1.0-0.8 (CHj of Val).

Leu29

'H NMR (600 MHz, D,0, § (ppm)): 4.5-4.2 (N-CH of Leu), 4.0~
3.7 (CH;3 of COOMe and CH of AP), 3.3-2.9 (CH,, of AP), 2.3-1.8

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(CH, of Leu and (-CH,-CH-),), 1.8-1.4 (CH(CH3), of Leu and (-
CH, -CH-),), 1.3-1.0 (CHj; of AP), 1.0-0.8 (CHj; of Leu).

Ile25

"H NMR (600 MHz, D,0, 6 (ppm)): 4.0-3.7 (CH3 of COOMe and
CH of AP), 3.3-2.8 (CH, of AP and Ch of Ile), 2.3-1.8 ((-CH,-
CH-),), 1.8-1.4 (CH, of Tle and (-CH, -CH-),), 1.3-1.0 (CH; of
AP), 1.0-0.8 (CHj; of Ile).

Phe27

"H NMR (600 MHz, D,0, 6 (ppm)): 7.4-7.0 (Ph), 4.1-3.7 (CH; of
COOMe and CH of AP), 3.3-2.9 (CH, of Phe and AP), 2.3-1.9 ((-
CH,-CH-),), 1.8-1.3 ((-CH; -CH-),,), 1.2-1.0 (CH; of AP).

Trp29

'H NMR (600 MHz, D,0, 6 (ppm)): 7.7-6.7 (Ar), 4.0-3.7 (CH; of
COOMe and CH of AP), 3.3-2.9 (CH, of Trp and AP), 2.3-1.9 ((-
CH,-CH-),), 1.8-1.3 ((-CH, -CH-),)), 1.2-1.0 (CH; of AP).

Tyr22
'H NMR (600 MHz, D,0, § (ppm)): 7.2-6.6 (Ph), 4.1-3.7 (CH; of
OMe and CH of AP), 3.3-2.9 (CH, of Tyr and AP), 2.3-1.9 ((-CH,~
CH-),), 1.8-1.3 ((-CH, -CH-),)), 1.2-1.0 (CHj of AP).

Lignin binding test using spectrometers

A solution containing AA-polymer (2 mg) in water (0.5 mL),
along with a DMSO solution (0.1 mL) of CMWL (1 mg), was
stirred for 24 h at room temperature. Subsequently, the solution
was filtered through an ultrafiltration membrane (Amicon
Ultra-0.5 100 kDa). The resulting filtrate was analyzed using
a microplate spectrophotometer at 490 nm, as well as a fluo-
rescence spectrometer with excitation at 495 nm and emission
at 520 nm.

Lignin binding test using SPR

After thoroughly washing a SPR sensor chip (SIA Kit Au) three
times with piranha solution (a mixture of H,SO, and 30% H,0,
in a 7:3 ratio), an aqueous solution of PEG-SH (1 mM) was
applied onto the chip surface and allowed to incubate for 2 h.
Following this, the chip was rinsed with Milli-Q water, and
a solution of CMWL in DMSO (10 mg mL ") was applied onto
the chip surface and allowed to incubate for 0.5 h. After
removing the DMSO solution of CMWL from the sensor chip,
a new solution of CMWL in DMSO was applied onto the sensor
chip. This procedure for immobilizing lignin was repeated
three times. During the association phase, a solution of AA-
polymer (0.2 mg mL ") was injected, and during the dissoci-
ation phase, Milli-Q water was flowed through. To regenerate
the sensor chip, a 10 mM aqueous solution of glycine-HCl (pH
2.0) was injected for 5 min. Throughout the measurement, the
flow rate was maintained at 30 L min~". Amino acid methyl
esters were injected as analytes at the same concentration as
the amino acid methyl esters of the polymer side chains. The
Kp values were determined using equilibrium response data
obtained by varying the concentration of analytes in

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

a Microsoft Excel file containing macro programs for nonlinear
regression of the following equation, which automatically
calculated the parameters by minimizing standard error.>” The
Kp is defined as the concentration of analyte at which the
resonance is half of R .x.

Req = (Rmax [analyte])/(Kp + [analyte])

where R.q is the equilibrium resonance, Rpax is the maximum
resonance, [analyte] is the analyte concentration, and Ky, is the
dissociation constant.

Conclusions

We reported that synthetic polymers bearing hydrophobic and
aromatic amino acid methyl esters strongly bound to wood
lignin. Their lignin-binding properties were investigated through
spectroscopic analysis and SPR measurements. The binding
affinities of the AA-polymers were evaluated by monitoring the
changes in visible light absorbance in the filtrate obtained from
the polymer and milled wood lignin mixture. The binding
parameters of polymers bearing tryptophan methyl esters and
phenylalanine methyl esters with milled wood lignin were
determined using SPR measurements, revealing Ky, values in the
micromolar range. The clustered hydrophobic aromatic amino
acid on the polymer results in a high binding affinity to wood
lignin because of the multivalent -7 stacking. The density and
orientation of aromatic rings are also suggestable.*® Conjugating
lignin-binding synthetic polymers bearing amino acids with
lignin degradation catalysts, such as enzymes and artificial
catalysts, could enhance their affinity for wood lignin, conse-
quently boosting their catalytic activity. Such polymers hold
significant promise for advancing lignin degradation technology.
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