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Introduction

Seasonal dynamics in structural characteristics
within bark stems of cultivated willow (Salix sp.) by
NMR and time-gated Raman spectroscopy+t

Jinze Dou, 2 *@ Martin Kégler,” Kavindra Kumar Kesari,? Leena Pitkanen® and
Tapani Vuorinen?®

The present study measures the seasonal dynamics of the chemical characteristics of pectin, hemi-
cellulose, starch, protein, and soluble carbohydrates in the tissues of Scandinavian willow bark, which
were examined during a complete annual cycle. Wet-chemical purification and non-destructive time-
gated (TG) Raman spectroscopy were applied to illustrate the chemical characteristics as a response to
the seasonal effect. Starch was found in a more complex linkage connection with hemicellulose and
pectin in non-winter seasons, which is also supported by TG Raman spectroscopy. Interestingly, TG
Raman spectroscopy also revealed that protein is more prominent in winter-harvested willow bark. The
most striking seasonal effect investigated was in the structural characteristics of pectin. The pectin of
winter-harvested willow bark has a larger proportion of the highly branched rhamnogalacturonan | (RG-1)
domain compared to non-winter-harvested pectin. The study aims to build on this structural knowledge
to provide seasonal-tailored enzymes and treat willow bark biologically so that sclerenchyma fibre
bundles can be isolated. We demonstrate here for the first time that a combination of non-destructive TG
Raman and wet-chemical purification identification methods provides more knowledge about the com-
positional changes throughout the seasonal variation of compounds in willow bark. The correlation
between the seasonal dynamics and the structure of pectin from willow bark is discussed for the first
time, which provides the essential knowledge required for optimizing the microbial consortium in valoriz-
ing willow bark that can possibly be harvested from multiple seasons.

tively chemically cooked to produce pulp fibers. In certain fast-
growing trees (like willow,"* eucalyptus,® and poplat’), ligni-

In the production of the pulp and paper industry, for example
in mechanical pulp mills, bark represents roughly 10 wt% of
tree logs." Apart from the major constituents of wood (cell-
ulose, hemicellulose, and lignin), the bark contains a signifi-
cant number of compounds such as pectin, starch, and struc-
tural proteins.”> The presence of high amounts of pectin and
proanthocyanidin-enriched extractives in the bark may
consume chemicals used in cooking and bleaching. Thus, they
are considered as the least desirable fractions to be chemically
consumed in a typical pulp and paper mill. Traditionally, the
first step in pulp, paper, and timber production has been bark
removal. Biological pretreatment® has been suggested as an
ideal method so that the pretreated-wood can be more effec-
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fied sclerenchyma fiber bundles are organized in a continuous
distribution and are surrounded by non-lignified tissue
(mostly pectin).

A tailor-made enzyme (pectinase and hemicellulase) con-
sortium, which has been built up upon the structural charac-
teristics of the substrate, succeeded in segregating sclerench-
yma fiber bundles from willow bark." The bark is a very
complex tissue with many layers and seasonal/annual vari-
ations in biosynthesis, which is related to the formation of
different tissues and cell types. One of the major obstacles in
optimizing this “tailor-made enzyme consortium based on the
structural features of the substrate” strategy” is simply the lack
of a holistic approach to understanding the seasonal effects on
structural features of major constituents in the bark cell walls,
namely pectin and hemicellulose. Pectinases and hemicellu-
lases could be tailored more precisely to liberate the sclerench-
yma fiber bundle from the wood bark. For example, pectin syn-
thesis is related to cell wall biosynthesis®® and heat stress.'”
Although structural features of pectin have been reported to be

This journal is © The Royal Society of Chemistry 2023
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related to the seasonal cycle of fruit plants (such as citrus'')
and wood (such as poplar'? and spruce®®), this seasonal vari-
ation has very rarely been reported in wood bark.

Understanding the chemical structure of pectin and hemi-
cellulose is essential for designing a customized biological
treatment to smartly recover the sclerenchyma fiber bundles
from wood bark. Pectin consists mainly of a “smooth” region
of homogalacturonan (HG) and rhamnogalacturonan I (RG-I)
that are substituted at O-4 through side chains of arabinan,
galactan, and arabinogalactan. The skeleton of RG-I has been
considered the “hairy region” of pectin, which consists of 1,4-
linked galacturonic acid (GalA) and 1,2-linked rhamnose units.
Compared with strong mineral acids, extraction with citric acid
is known to retain the pectin structure to its maximum
extent.'* Additionally, hemicelluloses, the second most abun-
dant group of polysaccharides, play an important role in
strengthening the structural properties of the cell wall. Also,
glucuronoxylan and xylan are the most prominent hemicellu-
loses."® Glucuronoxylan, as the primary hemicellulose in hard-
wood, contains xylose and glucuronic acid as the main con-
stituents. It is characterized by a linear p-(1,4)-linked p-p-xylo-
pyranosyl units and substituted by 4-O-methyl-p-glucuronic
acid (-MG) and acetyl groups. Alkaline extraction'® and perace-
tic acid delignification followed by DMSO extraction'” are con-
ventional methods to extract hemicellulose from wood.
However, hemicellulose extraction from tree bark has seldom
been reported.

Raman spectroscopy is recognized as a non-deconstructive
technique for the characterization of complex biochemical
structures, and in comparison to other vibrational spectro-
scopic methods, such as near-infrared spectroscopy, there is
very little interference from water. However, one limiting factor
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is the strong fluorescence background that may be superim-
posed on the weak signal from Raman scattering of the
sample when using traditional continuous wave (CW) exci-
tation Raman.'® In particular, lignin-containing compounds
often suffer from high fluorescence. An advanced novel
approach to overcome this is time-gated (TG) Raman spec-
troscopy that makes use of a pico-second pulsed laser synchro-
nized with the detector to be able to “gate-out” the disturbing
background signals, such as fluorescence, before they have a
chance to spoil the actual Raman signal of the sample.

Herein, we followed classical protocols to extract and
further identify differences in structural features of multiple
fractions (i.e. extracts, pectin, and hemicellulose) from willow
bark that was harvested at five intervals throughout one calen-
dar year. Newer pretreatments have been developed to recover
the hemicellulose fraction, particularly from bark.
Furthermore, time-gated Raman  spectroscopy  was
implemented as a non-destructive novel technique to reveal
the structural profile from the original form of willow bark
with a drastically reduced fluorescence background. Both
destructive and non-destructive techniques were employed to
explore the correlation between the chemical composition of
polysaccharides (particularly of pectin, hemicellulose, starch,
and pectin) and seasonal variations.

Material and methods
Materials and chemicals

Willow hybrid Klara was harvested at five intervals (Fig. 1)
throughout the year 2020 from Carbons Finland Oy (Kouvola,
Finland). The willow bark was manually peeled and Wiley-
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Fig. 1 Analyzed willow bark biomass and implemented characterization techniques. (a) Illustration of multiple steps of the experimental flow for
preparing water-soluble extracts, pectin, and hemicellulose (also cellulose) from willow bark that was harvested at five different seasons during a
complete annual cycle: 02-17 (17th February); 04-23 (23rd April); 07-13 (13th July); 09-23 (23rd September); 12-04 (4th December). (b) Raman spec-
troscopy is applied as a non-destructive technique for acquiring the chemical profile of the native form of willow bark.
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milled (<1 mm mesh) and stored at —20 °C before further use.
Acetone, arabinose, citric acid, dichloromethane, dimethyl
sulfoxide (DMSO), DMSO-d,, ethanol, ferulic acid, formic acid,
fructose, galactose, glucose, hydrochloric acid, mannose,
methanol, pectin from citrus peel (galacturonic acid > 74%),
pepsin, peracetic acid, pyridine-ds, rhamnose, sodium hydrox-
ide, starch (practical grade from corn), and xylose were pur-
chased from Sigma-Aldrich, Finland. Kraft lignin (BiPiva™
100) was purchased from UPM-Kymmene Oyj.

Experimental flow

The milled original form (O) of willow bark was extracted
under a Soxhlet unit (Electromantle: ColeParmer Extractors:
Lenz). Three different solvents (i.e., water, dichloromethane,
and acetone) were utilized for 4 h/solvent to remove both lipo-
philic and hydrophilic extracts. Extracts only soluble in water
were recovered using a freeze-dryer and the lyophilized water-
soluble extracts were kept in a desiccator for further character-
ization. The experimental flow comprised two additional
major steps: pectin recovery using citric acid and hemi-
cellulose recovery, as presented in Fig. 1.

Pectin extraction using citric acid treatment. Extract-free
solid residues (E) were extracted with prepared citric acid
(1:30, wiv, pH 2) for 60 min at a temperature of 90 °C to
chelate pectin polysaccharides. The soluble liquid fractions
were recovered through a membrane (diameter size of
15-20 um) and the citric-acid-treated solid residue (Citric) was
preserved for further steps (Fig. 1). Ethanol was added to the
filtered liquid with a final ethanol concentration of 75 v/v%
and the liquid mixture was stored in cold conditions (+5 °C)
for pectin precipitation. Centrifugation (8000 rpm, Eppendorf
5804R) and freeze drying were implemented to obtain lyophi-
lized crude citric acid pectin (CAP). The CAP was further puri-
fied using dialysis membranes (Spectra/Por, MWCO 6-8 kDa,
96 h) to remove small molecular weight compounds. Finally,
the dialyzed citric acid pectin (DCAP) was further centrifuged
and freeze-dried for structural characterization.

Hemicellulose extraction. The citric-acid-treated solid
residue (Citric) was mixed with 1% pepsin in 0.1 M HCI
(liquid-to-solid ratio of 25 : 1) at 37 °C for 16 h in an incubation
shaker at a speed of 300 rpm (CERTOMAT, Sartorius Biotech
Inc.). The protein-free solid residue was further rinsed with
hot water until the washing liquid became neutral. Most of the
tannin-type compounds were removed with further treatment
using 0.1 M NaOH (1/50, w/v) under nitrogen flow at 100 °C for
1 h and the solid residue was washed with water.
Approximately 5 g of 0.1 M NaOH treated solid residue was
processed further with delignification (1/30, w/v) using 10%
peracetic acid at 85 °C at pH 4.0 for 1 h."” The solid residues
of holocellulose (P) were further extracted twice with DMSO (1/
30, w/v) at 50-60 °C for 12 h. The united DMSO extracts (pH 3)
were precipitated in 1 L of EtOH : MeOH mixture (7/3, v/v), and
the hemicellulose was recovered after centrifugation. Once the
residual solvent was eliminated from the hemicellulose under
a fume hood, freeze-drying was introduced to obtain the lyo-
philized hemicellulose (H). The solid residue (C) after DMSO
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extraction was rich in cellulose and collected for further
analysis.

Analytics

Several chromatographic (HPAEC-PAD, HPLC, and SEC) and
spectroscopic (Raman and NMR) techniques were employed
for chemical characterization. Viscosity measurement was
implemented only for the purified cellulose.

Chromatographic techniques

Chemical compositional analysis by PAD. The chemical
composition of the willow bark and its associated biomass
residues (Fig. 1) was determined according to NREL/TP-510-
4261831. Quantitation of the hydrolyzed monosaccharide was
determined using a high-performance anion-exchange chrom-
atography-pulsed amperometric detector (HPAEC-PAD, Dionex
3000 ICS), equipped with a CarboPac PA20 column (Sunnyvale,
CA, USA) for carbohydrates. The eluent (pure water) was set at
a flow rate of 0.38 ml min™" at room temperature.

High-performance liquid chromatography (HPLC). The
determination of galacturonic acid by acid hydrolysis is known
to lead to the degradation of galacturonic acid.* A recovery
coefficient of 59.2% was considered and applied for quantifi-
cation of galacturonic acid using HPLC (Dionex Ultimate 3000)
equipped with a refractive index detector and column module
of phenomenex Rezex ROA-Organic Acid H+ (8 pm, 300 x
7.8 mm, Thermo Scientific, USA). The eluent (0.0025 M H,SO,)
was set at a 0.5 ml min~" flow rate at 55 °C.

Size-exclusion chromatography (SEC) (molar mass determi-
nation for pectin, hemicellulose, and cellulose) and viscosity
measurement (for cellulose). SEC experiments for the analysis
of hemicellulose and pectin were carried out with an Agilent
1260 Infinity II Multi-Detector GPC/SEC System including a
refractive index detector. Three Waters 7.8 mm x 300 mm
Ultrahydrogel columns (500 A, 250 A, and 120 A) with a 6 mm
x 40 mm Ultrahydrogel guard column were used with a flow
rate of 0.5 ml min~" to separate the pectin using 0.1 M NaCl as
an eluent. Two Agilent PLgel MIXED-B columns (7.5 mm x
300 mm) with a PLgel guard column (7.5 mm x 50 mm) were
used with a flow rate of 0.5 ml min~" for separation of hemi-
celluloses using DMSO as the eluent. The injection volume
was 100 pl in both cases. For molar mass determination, the
columns were calibrated using narrow dispersity pullulan stan-
dards. The cellulose-rich samples were dissolved in 0.9% LiCl
in DMAc after a solvent exchange procedure with water,
acetone, and DMAc." Dionex Ultimate 3000 HPLC module
coupled with Shodex DRI (RI-101) and Viscotek/Malvern SEC/
MALS 20 multi-angle light-scattering (MALS) detectors were
used. The Agilent PLgel MIXED-A (x4)
implemented with a flow rate of 0.75 ml min~". A narrow dis-
persity polystyrene sample (M,, = 96 000 g mol™", = 1.04) (dis-
solved in the same solvent of LiCl/DMAc) was used to deter-
mine the constants for both MALS and DRI detectors. A dn/dc
value of 0.136 ml g~ was used for cellulose in 0.9% LiCl/
DMAc. The viscosities of the cellulose were also determined

columns were

This journal is © The Royal Society of Chemistry 2023
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with cupriethylenediamine (CED) according to the standard
SCAN-CM 15:99.

Spectroscopic techniques

Nuclear magnetic resonance (NMR) spectroscopy was applied
for analyses of the linkage structures of pectin and hemi-
cellulose, respectively. Spectra were processed using a Topspin
4.0 (Bruker) and colorized using Adobe Illustrator 2023 (Adobe
Inc.). The detailed experimental parameters are summarized
below.

'H and heteronuclear single quantum coherence (HSQC) for
pectin. Measurements were conducted using a 400 MHz
Bruker Avance III spectrometer. 3-(Trimethylsilyl)propionic-
2,2,3,3-d, acid sodium salt (TSP-d,) (6¢/8u, 0/0 ppm) was used
as the internal reference for chemical shift calibration and "H
NMR quantitation. '"H NMR spectroscopy was implemented to
calculate the degree of methylation (DM) and acetylation (DA)
of the pectin according to the literature.”® Spectra were
measured with a relaxation delay of 5 s with 170 scans. 2D
HSQC was used to correlate the proton and carbon shifts, and
their measurements were conducted using a relaxation delay
of 2 s with 96 scans.

HSQC for hemicellulose. 2D 'H-"*C HSQC measurement
was conducted using a 400 MHz Bruker Avance III spectro-
meter.* DMSO-d¢/pyridine-ds (v/v, 4/1) was adopted as a deute-
rated solvent for chemical shift calibration. 2D HSQC NMR
spectra were obtained with a relaxation delay of 1 s and 195
scans.

Time-gated Raman spectroscopy. Willow bark samples (O)
were analyzed using a wavelength-calibrated commercial time-
gated Raman spectrometer (PicoRaman from Timegate
Instruments Oy, Oulu, Finland), with a reduced-power 10 mW
pulsed laser at Ae,. = 532 nm excitation, 100 kHz repetition rate
and 100 ps pulse length. The temperature-stabilized
CMOS-SPAD array (single photon counting 8 x 768 pixels)
detector at a spectral resolution of 5 cm™" and temporal resolu-
tion of 100 ps was connected to a conventional non-immersion
Raman probe with quartz window material (BWTek, BAC102,
Metrohm, Herisau, Switzerland) and a working distance of
5.4 mm. To avoid sample burning, samples were wetted with
ultra-pure water and a rotational sample table with a constant
speed of approximately 80 rpm was used. The measurement
time for each sample with time-gated Raman spectroscopy
(TG-RS) was set to 3 times 60 s including repetitions to achieve
an appropriate signal without sample evaporation. Raman
measurements were set to cover the range of interest in the fin-
gerprint region from 200 to 2000 cm™". Continuous wave (CW)
Raman (Renishaw inVia Qontor, Wotton-under-Edge, UK) was
also implemented for recording a single spectrum of authentic
compounds using continuous laser excitation at Ae, = 532 nm.
Raman spectra were analyzed with OriginPro (Version 2022b,
OriginLab Corporation, Northampton, MA, USA). Spectral data
were intensity normalized within the interval from 0 to 1,
smoothed with a 5-point Savitzky-Golay filter of 2nd poly-
nomial order, and for better presentation plotted with an
offset.

This journal is © The Royal Society of Chemistry 2023
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Results and discussion

Mass balance and seasonal effect on recovered extracts and
cellulose

The chemical composition of willow bark is measured as
hexoses after acid hydrolysis of di- and oligosaccharides. In
general, the seasonal dynamics of the hydrolyzed monosac-
charides were significantly pronounced in the investigated
samples, as shown in Fig. 2. The overall carbohydrate content
reached its maximum in summer-season-harvested willow
bark (WB) (i.e. 07-13), which is roughly 20%, 15%, and 10%
higher than the winter-harvested (i.e. 02-17 and 12-04), spring-
harvested (04-24), and late-autumn-harvested WB (09-23),
respectively. However the recovered cellulose (with a repeating
unit of p-glucose) content (Table S1t) differed from the overall
trend of the carbohydrates (Fig. 2a), suggesting that the deter-
mined glucose (Fig. 2b) was possibly partly derived from
starch. The exact conversion mechanism between starch and
sugar is not within the scope of this study. Glucose was the
main monosaccharide found in all samples, whereas xylose
and mannose were the dominant non-cellulosic sugars besides
pectin-characteristic monosaccharides. A comparison of the
xylose/mannose ratio indicates that xylan was the main hemi-
cellulose component in all investigated willow bark. Pectin
characteristics (arabinose, rhamnose, galactose, galacturonic
acid) were equally present in all the bark (Fig. 2b). The acid-in-
soluble “lignin” content of WB (O) (Fig. 2a) was roughly
15-20% higher than that of 0.1 M NaOH treated solid residues
(N) (Table S1 and Fig. S1t), suggesting the overestimation of
the acid-insoluble “lignin” was probably caused by the hetero-
genous chemicals that originated from the extractives, pectin,
protein, and proanthocyanidins. Overall, the seasonal variation
in the carbohydrate content of willow bark is clear and
suggests that the bark tissues have a potential physiological
role in synthesizing carbohydrates for over-wintering purposes.
A similar observation about seasonal dynamics has previously
been reported for the woody stems of Cornus sericea L.>* and
Salix caprea L.** as well as oak and beech,” however, it is
seldom reported for the bark.

Similar seasonal variation also seems to be pronounced
when looking at the sucrose and raffinose from the extractive
composition, which was more abundantly present in water
extract samples that are harvested during winter. A similar
observation has been reported for the willow bark of other
Salix hybrids (Tordis, Schwerenee, Winter, and Tora).**
Raffinose, known as a cryoprotectant oligosaccharide, has a
high response to the cold hardening of Salix.**

Seasonal effect on pectin

To liberate the acidic polysaccharide pectin from willow bark,
pH 2 citric acid was introduced as a chelating agent, and
samples were correspondingly named CA-P. The crude pectin
yield of winter-harvested samples (12-04 and 02-17) was
slightly smaller than that of quantities purified from other
seasons, such as early spring (04-23), the middle of summer
(07-13), and the middle of autumn (09-23) (Table 1). In particu-
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Fig. 2 Chemical compositional analysis of the original form (O) of
willow bark (02-17; 04-23; 07-13; 09-23; 12-04). (a) An overall chemical
composition (% of the accepted dry mass) after acid hydrolysis of di-
and oligosaccharides. (b) Carbohydrate composition (% of anhydro
sugars in the monosaccharide) after acid hydrolysis of di- and oligosac-
charides. (c) Chemical composition of the water-soluble extracts
(without hydrolysis). For a detailed chemical profile of the sample after
each pretreatment of citric acid extraction plus 0.1 M NaOH (N), perace-
tic acid delignification (P), recovered hemicelluloses (H), and the recov-
ered cellulose (C), see Fig. S1.1 Abbreviations: arabinose (Ara), rhamnose
(Rha), galactose (Gal), glucose (Glc), xylose (Xyl), mannose (Man), galac-
turonic acid (GalA), fructose (Fruc).

lar, the gravimetric yield of purified pectin has an almost
equal presence in all seasons of willow bark. The dialysis treat-
ment removed almost half to two-thirds of the small molecular
weight fractions from crude pectin. Although dialysis of CA-P
had a minimal effect on neutral monosaccharide composition
(Table 1 and Fig. S27), the treatment resulted in a roughly two
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to three-fold increase in GalA in all pectin samples. The rela-
tive amount of glucose in pectin harvested in winter was much
smaller than in other seasons, suggesting that glucose may be
derived in part from starch, and the mobilization of starch-to-
sugar is well known as a self-regulatory mechanism for
responding to cold acclimation. This starch breakdown mecha-
nism during temperature stress’® has also been reported for
tree species of willow?”> and poplar.?” The ratio of Rha/GalA is
generally low for pectin that is recovered from all samples,
indicating there are higher HG fragments in the bark that are
harvested from all seasons. This observation is also supported
by the significant presence of GalA in recovered pectin.
Interestingly, the (Gal + Ara)/Rha ratio was highest in early
winter (10.6, 12-04) and slowly dropped until midsummer (5.9,
07-13), indicating that pectin harvested in winter had roughly
twice as many branched RG-I domains as summer-harvested
pectin (07-13). The degree of methylation (DM) and acetylation
(DA), and M, of recovered pectin from late winter (02-17) were
the lowest among all pectin samples (Table 1).

Solution-state 2D HSQC NMR (Fig. 3) revealed typical inter-
unit linkages of pectin, and its spectra were assigned based on
the literature®***° and authentic starch (Fig. S31). Three clear
signals at /8y of 56.0/3.81, 23.4/2.09, and 19.5/1.26 ppm indi-
cate the presence of methyl groups of 1,4-a-p-GalpA (OMe), 1,4-
a-D-GalpA (OAc), and rhamnose, respectively. The non-anome-
ric methylene of GalA (5¢/5y of 71.5/3.92, 71.5/4.01, 73.5/5.09,
and 83.6/4.29 ppm) was also confirmed. Interestingly, strong
starch (1,4-a-p-Glcp) signals were identified mostly in non-
winter-harvested pectin at C1/H1 (102.8/5.40), C2/H2 (74.8/
3.64), C3/H3 (76.4/3.96), C4/H4 (79.8/3.67), C5/H5 (74.35/3.83),
and C6/H6 (63.9/3.83 ppm), confirming that starch linked with
pectin can possibly act as energy storage in response to the
chilling season. Specific non-anomeric and anomeric methine
signals revealed the presence of arabinofuranosyl groups
terminal and 1,5-, 2,5-, and 2,3,5-linked) from the pectin that
are recovered from all seasons. However, an almost negligible
amount of galactopyranosyl groups was detected from the
pectin of non-winter-harvested seasons (04-23, 07-13, and 09-
23) in comparison to the pectin recovered from winter seasons
(12-04 and 02-17). Overall, the temperature affects the biosyn-
thesis of pectin. Starch was abundantly linked with the pectin
that is harvested during non-winter seasons (04-23, 07-13, and
09-23). The presence of high amounts of galactose indicated
that the pectin recovered from winter-season WB was more
highly branched than in other seasons, which is also in line
with the value of (Gal + Ara)/Rha (Table 1).

Pectin is chemically heterogenous from winter-harvested
pectin (02-17 and 12-04) to non-winter-harvested pectin (04-23,
07-13, and 09-23) (Table 1). Therefore the enzyme consortium*
also needs to be tailored based on the substrate structure and
specific characteristics of the enzymes. For pectin, the ratio
and composition of the HG and RG-I regions affect its degra-
dation by pectinases. The pectin of winter-harvested WB (i.e.
12-04 and 02-17) showed a high proportion of highly branched
RG-I and was rich in non-branched galactan sidechains,
indicating the necessity of selecting galactanase as part of the

—
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Table 1 Yield, weight-average molecular weight (M,,), dispersity (M,,/M,)), and chemical composition of ethanol-precipitated pectin from treat-
ments with aqueous citric acid before (CA-P) and after (DCA-P) dialysis from five different samples: 02-17; 04-23; 07-13; 09-23; 12-04

02-17- 02-17- 04-23- 04-23- 07-13- 07-13- 09-23- 09-23- 12-04- 12-04-
CA-P DCA-P CA-P DCA-P CA-P DCA-P  CAP DCA-P  CAP DCA-P
Pectin yield (% WB) 3.3 2.1 4.0 1.5 3.9 1.7 4.3 1.5 2.9 1.3
M,, (kDa) 135 300 237 234 207
My/M, 1.4 5.3 5.2 5.4 4.6
Monosaccharides (mg g™ ")
Ara 80 (1) 49 (0) 76 (2) 115 (0) 67 (2) 104 (0)  52(1) 83 (0) 95 (2) 122 (0)
Rha 23 (0) 16 (0) 24 (1) 29 (0) 21 (1) 29 (0) 16 (0) 23 (0) 26 (1) 29 (0)
Gal 126 (1) 77 (1) 108 (3) 107 (0) 52 (1) 75 (0) 59 (1) 74 (0) 191 (4 205 (0)
Gle 47 (2) 29 (1) 352 (10) 202 (0) 280 (8) 168 (0)  687(12)  412(3)  22(0) 18 (1)
Xyl 4(6) 2(3) 3(0) 4 (0) 4(0) 3(0) 1(1) 3(0) 3(0) 4(1)
Man 4(6) 2(3) 5 (0) 4(1) 3(0) 1(1) 1(2) 6 (0) 5 (0) 7 (0)
GalA 178 (0) 450 (0) 138 (0) 446 (0) 138 (0) 340 (0) 90 (0) 307(0)  168(0) 446 (0)
Overall 463 624 707 907 564 721 906 908 511 832
Molar composition
Rha/GalA 0.2 (0.002) 0.0 (0.001) 0.2 (0.009) 0.1 (0) 0.2 (0.006) 0.1 (0) 0.2 (0.005) 0.1 (0) 0.2 (0.005) 0.1 (0.001)
(Gal + Ara)/Rha 8.9(0.03) 7.7(0.1) 7.5(0.1)  7.7(0.02) 5.9(0.05) 6.2(0.02) 6.9(0.1)  6.8(0.05) 10.6(0.1) 11.0(0.2)
HG (mol%) 29.9 (0.5) 66.3(0.3) 14.2(0.5) 42.4(0.004) 18.5(0.6) 39.3(0.1) 7.2(0.2)  28.6(0.1) 24.4(0.5) 46.1(0.2)
RG-T (mol%) 58.2 (1.6) 28 2(0.5) 35.4(0.3) 34.3(0.04) 31.1(0.2) 36.8(0.1) 17.2(0.04) 24.8(0.1) 69.6(0.5) 50.2(0)
DM (%) 11 (5) 55 (0) 53 (0) 92 (0) 87 (0) n.d. 40 (2) n.d. 66 (18) 71(1)
DA (%) 5(1) 20 (0) 17 (0) 28 (0) 23 (0) 28 (1) 19 (2) 36 (0) 20 (1) 27 (2)

HG and RG-I contents (mol%) were calculated from the monosaccharide composition. Standard deviations are shown in parentheses based on
two independent measurements. For further clarification of the abbreviations, see Fig. 1 and 2.
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Fig. 3 2D heteronuclear single quantum coherence (HSQC) NMR spectrum of dialyzed citric acid extracted pectin (DCA-P) from five seasons of
willow bark: 02-17; 04-23; 07-13; 09-23; 12-04. (a) Methyl (5c/6n, 0-59.84/0-3.943 ppm). (b) Non-anomeric methylene and methine (5c/5p.
58.82-94.67/3.155-4.548 ppm). (c) Anomeric methine group regions (5c/dy, 95.78—-115/4.2—-5.696 ppm). For abbreviations, see Fig. 1 and 2.
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Table 2 Yield, weight-average molecular weight (M,,), dispersity (M,,/M,), and chemical composition of purified hemicelluloses from five different
samples: 02-17; 04-23; 07-13; 09-23; 12-04

02-17 04-23 07-13 09-23 12-04
Yield (w/w% WB) 1(0) 3(0) 2 (0) 3(0) 2 (0)

M,, (kDa) 29 35 44 32 33

My,/M,, 1.4 1.5 1.6 1.5 1.5
Monosaccharides (mg g™")

Gal 48 (0) 29 (1) 28 (1) 28 (1) 37 (1)

Xyl 417 (2) 461 (6) 366 (1) 350 (0.4) 478 (0.4)
Characteristics

Xylan-MG/xylan® 0.04 (0.01) 0.03 (0.01) 0.04 (0.02) 0.03 (0.02) 0.07 (0.002)
Degree of acetylation” 0.008 0.0001 0.006 0.004 0.005
Starch/xylan® n.d. 0.006 0.02 0.01 n.d.

Standard deviations are shown in parentheses based on two independent measurements. For further clarification of the abbreviations, see Fig. 1.

% Percentage ratio between volumes of xylan-MG and xylan (Xy-1 and Xy-4 for xylan Xy-MG-1 and Xy-MG-4 for Xy-MG). ? Percentage ratio between
volumes of xylan-acetyl and xylan (Xy-5a for xylan; Xy-acetyl for acetylated xylan). ¢ Percentage ratio between volumes of starch and xylan (Xy-4 for
xylan; St-4 for starch).
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Fig. 4 2D HSQC NMR spectrum of hemicellulose fractions that are recovered from willow bark of different seasons: 02-17; 04-23; 07-13; 09-23;
12-04. (a) Methyl (6¢/6y, 15.47-51.17/1.7-3.1 ppm). (b) Non-anomeric methylene and methine (5¢/5y, 52.86—87.58/2.005-4.888 ppm). (c) Anomeric
methine group regions (5¢/8y, 93.88-106.96/3.943-5.538 ppm). For abbreviations, see Fig. 1.
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consortium besides arabinose. In contrast, when the content
of RG-I in pectin is low (i.e. 09-23), only the enzymes targeting
the HG region need to be considered. The DM also influences
the selection of HG-degrading enzymes. Pectate lyase and poly-
galacturonase show higher activity on low esterified pectin (i.e.
02-17), while pectin lyase and polymethyl galacturonase prefer
highly esterified pectin (i.e. 07-13) with a high degree of
esterification.*%*! In addition, acetylated GalpA residues can
be removed by pectin/rhamnogalacturonan acetyl esterase. The
correlation between the seasonal dynamics and the structure
of pectin is reported for the first time, which provides the
essential knowledge required for optimizing the microbial con-
sortium in valorizing willow bark” that is harvested in multiple
seasons.

Seasonal effect on hemicellulose

Pretreatment using citric acid is important not only for pectin
chelation but also for removing metallic inorganic com-
ponents, which is crucial for minimizing the reactivity of pera-
cetic acid. The recovered hemicellulose yield is within the
range of 1-3 wt% willow bark; nevertheless, this fraction of
recovered hemicellulose may not represent all hemicelluloses.
The molar mass distribution of cellulose shifted to a shoulder
peak at lower molar mass (Fig. S4t), which indicates that the
shoulder peaks can be attributed to unrecovered hemicellu-
loses.*” Hemicelluloses from summer-harvested (07-13) pectin
(>44 kDa) reached the maximum molecular mass that is recov-
ered from other seasons (Table 2).

2D HSQC NMR (Fig. 4) has been applied to elucidate the
linkage feature of hemicelluloses. The assignments were based
on the references.'®**** Willow bark’s hemicellulose is not the
same as xylan from a typical wood section of hardwood
species, which contains very little (3-7%, Table 2) of the substi-
tuted -MG group. Specifically, C1/H1-C5/H5 of terminal xylose
were identified for their characteristic peaks of 97.6/5.24, 72.7/
3.19, 73.9/3.39, 75.5/3.62, and 63.2/3.25 (5a) and 3.96 (5b)
ppm, respectively. The identified peak at 6c/6y 20.4/1.97 ppm
could be assigned to the acetyl group of xylan, although the
degree of acetylation is less than 1% (Table 1). The peaks at 5¢/
Sy 81.7/3.23 (Xy-MG-4), 6¢c/6u 72.1/3.74 (Xy-MG-3), and 97.6/
5.24 ppm (Xy-MG-1) represent the C1/H1-C6/H6 correlations
of the branched linkages between the 4-O-a-p-glucuronic acid
(MeGlcA) and (1-4)-fo-Xylp ((1—4)-p-0-Xylp-2-O-(4-OMe-p-
GlcpA)), which were identified in all hemicellulose fractions
(Fig. 4). 6¢/6u 55.9/3.46 (Xy-MG-OCH3) is only identified for
hemicellulose fractions of WB that is harvested at 04-23 and
09-23. Furthermore, a signal for starch was detected only in
the hemicelluloses fractions (at 0.6-2% on the basis of xylan)
from WB that is harvested from non-winter seasons (04-23, 07-
13, and 09-23), indicating that DMSO is possibly capable of
partially dissolving a-glucan starch besides hemicellulose.>**°

Seasonal effect on protein and starch through TG Raman
spectroscopy

TG Raman spectroscopy has been implemented to analyze the
bark non-destructively without any pretreatment and with a

This journal is © The Royal Society of Chemistry 2023
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low fluorescence background. Therefore, prior to TG Raman
acquisition (Fig. 5), individual spectra of the main com-
ponents, including ferulic acid, starch, pectin, and lignin, were
recorded with both TG and CW Raman (Fig. S51). Generally,
the typical fingerprint of polysaccharide spectra is represented
by pectin, glucan, starch, protein, and glucuronoxylan (hemi-
cellulose) that exhibit bands in these three domains based on
the literature.'®*”"*! They could be assigned as C-O-C, C-O,
and C-C stretching (1000-1200 ¢cm™'); CH/CH, deformation
and C-O-H bending modes (1200-1500 ecm™"); and skeletal
and torsional vibration modes (below 800 cm™). Interestingly,
the peak intensity at 1440 cm™ " is assigned to a symmetric
vibration of CH, stretching of lignin. The vibrational intensity
of 1440 cm™" has higher intensities for WB harvested in the
winter season (12-04 and 02-17) than for WB that is harvested
in other seasons, which is in line with the determined acid-in-
soluble lignin that is shown in Table S1.}

The vibration of starch was displayed at 478 cm™ (skeletal
vibration of the glucopyranose unit), 850/920 cm™" (C-0-C),
1100 em™* (glycosidic link C-O-C), and 1372 cm™"' (C-O-H
symmetric stretching of starch), as summarized in Table 3.*?
In particular, starch displayed a stronger band at 478 and
1378 ecm™ ' for bark that was harvested during non-winter
seasons (04-23, 07-13, and 09-23), which supports the previous
identifications that starch has a higher abundance in the
recovered pectin and hemicellulose fractions. Moreover, the
spectra show the characteristic signature of protein given by
the amide I band (around 1650 cm™") that was assigned to the
vibration of the trans peptide group C=ONH. Also, the amide
III band (B-sheet) that arises from the combination of N-H
bending and C-N stretching of the peptide group (1233 cm™),
the sharp band of the phenylalanine ring vibration
(1005 cm™"), S-S carbohydrates (530-560 cm™'), and aromatic
amino acids (632 cm™"). There are highly significant character-

-1

Arbitrary Intensity (offset)

T - :l T T I: i . T - T - T :I T
200 400 600 800 1000 1200 1400 1600 1800 2000
———02-17—— 04-23—— 07-13—— 09-23—— 12-04  Raman Shift (1/cm)

Fig. 5 Time-gated Raman spectroscopic analysis of willow bark that
was harvested from 02-17 to 12-04 (Fig. 1). For assignments see Table 3.
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Table 3 Tentative Raman band assignments based on literature and
authentic compounds

Peaks [cm™] Bond type/band assignment Ref.”
333-394 Ferulic acid, pectin 45¢
478 S-S stretch containing starch 42°
440 Pectin “
530-560 S-S stretch, carbohydrates, proteins 18 and 37
632 C-C twist, aromatic amino acids 46
722 CH, rocking, nucleic acids (adenine) 47
823 C-0O-C glycosidic link in RNA backbone 48
844/856 Pectin 49°
868/920 Starch 42
915 Pectin, cellulose 504
938 Starch 42
980 Lignin 51
1005 CH; rocking of protein (phenylalanine) 47 and 52
1100 Carotenoids 52
1130 C-N stretch (starch) 52¢
1165 Phenylalanine, tryptophan 38
1233 Amide III (-sheet) 47
1320 C-C-C symmetric stretching, cellulose 52
1378 C-O-H symmetric stretching of starch 42
1405 Cellulose 51
1420-1450 Lignin v(CH,) 51°
1520 C=C in the plane of carotenoids 52
1631 Lignin v(CH,) shoulder of 1600 514
1650-1672 C=0O0 stretch (amide I), protein 47

“The Raman spectrum of the authentic ferulic acid, starch, pectin,
and lignin are summarized in Fig. S5.7

istic carbohydrate and protein peaks at 530-560 cm™" as well
as 632 and 1005 cm™" for WB of 02-17 (late winter) and 12-04
(early winter) in comparison to other seasons. The parench-
yma tissue from the inner bark might act as temporary storage
of reduced nitrogen as a protein reserve in overwintering,*®
where the protein has previously been identified in the frac-
tion of enzymatically purified lignin of willow bark.**

Conclusions

In this work, the chemical composition of willow bark has
been demonstrated for its seasonal response to the harvesting
seasons. Thus this information is interpreted in both a
destructive manner (wet-chemical purification and characteriz-
ation using NMR spectroscopy) and a non-destructive manner
(novel time-gate Raman spectroscopy). The most striking sea-
sonal effect involved the structural characteristics of pectin.
Specifically, pectin showed clear structural differences as a
response to the season, including the ratio and composition of
HG and RG-I domains, and the branching profile of the RG-I
sidechain. The correlation between seasonal dynamics and
pectin structure is discussed for the first time, which provides
the basic knowledge needed for optimizing the microbial con-
sortium in valorizing willow bark that can possibly be har-
vested from multiple seasons. One of the major obstacles in
further optimizing this “tailor-made enzyme consortium based
on the structural features of the substrate” strategy” and “con-
trolled valorization of willow bark as a source of biochemicals

1916 | Green Chem., 2023, 25,1908-1919
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and fiber”®® is simply the lack of a holistic approach to under-
stand the seasonal effects on structural features of major con-
stituents in the bark cell walls, namely pectin and hemi-
cellulose. Pectinases and hemicellulases can then be tailored
more precisely to liberate the sclerenchyma fiber bundle from
the willow bark.

The identified starch in the recovered fractions of both
pectin and hemicellulose was found to be more abundantly
present in non-winter seasons (04-23, 07-13, and 09-23) than
in winter seasons (02-17 and 12-04). This is also supported by
the relatively higher abundance of starch in the native form of
willow bark that is harvested in non-winter seasons, as
revealed by Raman spectroscopy. Polarized Raman spec-
troscopy also revealed that protein is more pronounced at 02-
17 (late winter) and 12-04 (early winter) in comparison to other
seasons. In addition to the pectinases and hemicellulases, the
addition of starch- and protein-degrading enzymes to the
enzyme cocktail consortium might also be carefully tailored
according to its season of harvesting. The synergetic (or com-
peting) effects between different enzymes acting on substrates
still need to be further optimized by response surface method-
ology (RSM) experiments and this will be systematically investi-
gated in another study. TG Raman spectroscopy has not been
implemented previously as a facile and non-destructive tech-
nique to reveal a structural profile from the original form of
willow bark with a drastically reduced fluorescence
background.

These findings remind us that we must carefully consider
seasonal dynamics in tailoring the enzyme consortium to
recover sclerenchyma fiber bundles from willow bark, which
play a crucial role in further optimizing the “tailor-made
enzyme consortium based on the structural features of the
substrate” strategy.® It is also essential for designing controlled
and tailored valorization strategies to utilize willow bark as a
potential source of fiber bundles and extracts.”® A similar strat-
egy can be tailored for the valorization of bark from other fast-
growing trees, such as eucalyptus and poplar. However, it is
still far from an understanding of the specific mechanism
involved in the regulation of all these structural fractions as a
response to the season. The combination of classical wet-
chemical characterization and non-destructive TG Raman
paves the way for a more intuitive understanding of seasonal
effects.
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