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ABSTRACT: Although extractives have been symbolized as major bioactive pharmacological compounds from Salix (Salicaceae)
bark, we speculated that these pharmaceutical effects cannot be solely attributed to phenolic components and their derivatives, but
the long-chain suberin acids also contribute to their therapeutic effects. Hence, isolation and deconstruction of suberin were
conducted, for the first time, to enrich our knowledge about the macromolecular components at the cell wall of willow bark.
Saponification was adopted to obtain suberin extracts at a yield of approximately S wt % based on the bark of the studied hybrids.
Gas chromatography—mass spectrometry allowed qualification and quantification of 23 compounds from the released suberin
monomers, from which fatty acids represented majority of the isolated suberin, namely, fatty acid methyl esters (C17—C19); mono-
carboxylic acid (C7—C16); alpha, omega-dicarboxylic acid (C7—C16); and omega-hydroxy long-chain fatty acids (C16—C22).
Additionally, the lipophilic extractive was dominated by piceol, heptacosane, f-sitosterol, and fatty acids (C16—C28) from the

studied hybrids. These findings could boost our integrative approach toward full valorization of willow bark.

KEYWORDS: lipophilic extractive, omega-hydroxy fatty acid, suberin, willow bark

B INTRODUCTION

The concept of bark biorefinery' is envisioned to produce
high-value products out of the often-underappreciated bark
that is abundantly available from the forest and agricultural
industry. In particular, the traditional energy use could be
upgraded into the production of biologically active com-
pounds,2 colorants,” and functional nanomaterials® based on
uniqueness and singularity of bark’s chemical constituents.
This transformation could be envisioned to benefit pulp
manufacturers, biochemical industries, and color and textile
industries.

The fast-growing willow (Salicaceae) biomass is traditionally
cultivated for energy use. Well-managed willow crops can be
8—30% higher than the growth of other Finnish forest species
(i.e., downy birch, silver birch, and gray alder) on the same
marginal land.” Peatland restoration by planting energy willow
can significantly mitigate greenhouse emissions into the
environment better than other trees. Willow bark has been
identified as a potential source of high-value pharmaceut-
icals,” colorants,® and functional fibers.” However, not all
bioactive substances have been fully elucidated out of willow
bark.

Suberin, a highly hydrophobic substance, was speculated
contributing to significant hydrophobicity features® of willow
bark-derived nanofilms. Suberin, present at the root of Salix
martiana and rich in aromatic moieties, was reported to limit
oxygen diffusion as an adaptation to the flooding environment
where the willow traditionally grows.'’ These earlier reports
inspired us to explore the chemical characteristics of suberin
from willow bark.

Suberin is a lipophilic polyester macromolecule arising from
three building units, that is, long-chain fatty acids (poly-
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aliphatic domain), ferulic acid (polyaromatic domain), and
glycerol, which was supposed to interlink the domains
together.“’12 Suberin is considered as a macromolecular
structural component that cannot be extracted by simple
organic solvents. Harsh treatments, like alkaline methanolysis
with sodium methoxide (saponification),"’ can be used to
deconstruct suberin macromolecules into their monomers.

Suberin has been reported to be present in the cell walls in
trees’ outer bark or their wounded external tissues, including
Salix,HQuercus suber L.,"> and birch'® in which suberin
provides a protective barrier between the organisms and the
surrounding environment. Suberin-derived chemicals have
gained great interest from the cosmetics and pharmaceutical
industries, including the use in the treatment of cancer-related
diseases (absorbent of carcinogens and amtirnutagenicity)17
and wound therapy.'® Therefore, the objective of this study
was to characterize the isolated macromolecular components
of suberin from willow bark.

B MATERIALS AND METHODS

Materials and Chemicals. All the chemicals and solvents were
from Sigma-Aldrich unless described separately. Four-year old willow
hybrid “Karin” (SalixEnergi Europa AB) was harvested from a
plantation of VTT Technical Research Center of Finland (Kyyjarvi,
Finland) on May 13, 201S. Two-year old “Klara” was harvested from
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the field of Carbons Oy (Kouvola, Finland) on May 8, 2018. The bark
was manually stripped off and dried at 40 °C in an oven. The dried
bark was ground into fine particles (<1 mm mesh) (Wiley mill, USA)
that were kept in a desiccator until further use.

Experimental Flow. Suberin Extraction (Figure 1). The ground
dry bark was extracted first with dichloromethane (DCM) and then
with hot water to capture both lipophilic and hydrophilic compounds
following Tappi T 204 om-88."° The yield of the extracts was
determined based on their weight after drying under a vacuum oven.
The extract-free bark (8 g) was then refluxed in 300 mL 2.5 wt %
sodium methoxide in absolute methanol for 3 h. Then, the upper
phase of the suspension was first filtered through a crucible with a
pore size of 10—16 pm. Approximately SO mL methanol was used to
rinse and collect any solubilized components from the remaining
residues before a second round of filtration. Hot water was used here
to neutralize the eluents. Aqueous HCI (10 wt %) was used to acidify
(pH S) the combined methanol extracts which were further
concentrated with a rotary evaporator to bring the volume below
100 mL. The filtrate was then transferred into a separatory funnel and
washed three times with 100 mL chloroform. Anhydrous sodium
sulfate was used to remove any remaining water from the combined
chloroform solution. The solvent was removed in a vacuum oven to
obtain the product, suberin.

Hydrolyzable “Tannin-Like” Substance. Diethyl ether (100 mL)
was used three times to collect the hydrolyzable substance via liquid/
liquid extraction, which remained at the liquid effluents after
chloroform extraction (Figure 1). Anhydrous sodium sulfate was

Willow bark

| Extraction with DCM |

| Extraction with hot water I

I

Methanolysis CH;ONa/
CH;0H (abs)

F‘ Extraction wnth chloroform |ﬂ

| Tannin-like || Suberm ” Solid re5|due

Figure 1. Suberin and hydrolyzable “tannin-like” substance extraction
through alkaline methanolysis with sodium methoxide.

used to eliminate any remaining water, and most of the solvents were
removed under vacuum in a rotavapor evaporator. The concentrated
fraction was vacuum-dried overnight before further analysis.

Acid-Insoluble Residue and Ash. The acid-insoluble residue of
bark and solid residues from both schemes was determined by the
Klason lignin method according to Tappi standard T 222 om-88.>
The ash content was determined according to standard procedure
Tappi T 211 om-93.”

Characterization. Gas Chromatography—Mass Spectrometry
(GC—MS). Klara (9.6 mg) and Karin (12.3 mg) of isolated suberin
were solubilized in 500 yL pyridine with tetracosane as the internal
standard (1 mg mL™'). N,O-Bis(trimethylsilyl) trifluoroacetamide
(300 uL) was then added into the mixture which was kept at room
temperature for 12 h. The specific temperature program of GC—MS
was described previously."”> Additionally, the lipophilic extracts (7.2
and 11.7 mg for Karin and Klara, respectively) and hydrolyzable
tannin-like substances (unquantified) were also characterized. Their
mass fragments were referenced with NIST Chemistry WebBook,
MassBank of North America, and the literature.

Solid-State Nuclear Magnetic Resonance Spectroscopy. Solid-
state 3C cross polarization with magic angle spinning nuclear
magnetic resonance (CP/MAS NMR) spectroscopy was performed
on a Bruker AVANCE III spectrometer operating at 400 MHz for
protons using a double-resonance CP-MAS probe head. Samples were

packed into 4 mm ZrO, rotors and plugged with KEL-F endcaps and
spun at a spinning frequency of 12 kHz. The contact time for cross
polarization was 1 ms, and at least 20 k scans were collected with a 5 s
relaxation delay.

B RESULTS AND DISCUSSION

Chemical Characteristics of Acid-Insoluble Residue
and Lipophilic Extracts. The acid-insoluble residue after
removal of suberin with the NaOMe/MeOH treatment led to
an acid-insoluble residue content (7 + 0.2%, Table 1) that was

Table 1. Yield Loss of Extracts and Acid-Insoluble Residue
from Willow Bark Based on Figure 1°

Karin Klara
DCM extracts % 1.89 (0.09) 1.84 (0.04)
water extracts % 12.1 (0.87) 9.8 (1.95)
acid-insoluble residue % 7 (0.2) 10 (0.6)
suberin 4.5 (0.4) 5.3 (0.7)
hydrolyzable tannin not known not known
others 74.5 73.1

“Others include cellulose, hemicellulose, pectin, ash, and others. The
numbers in the parenthesis are standard deviations.

significantly lower than the previously reported Klason lignin
content (24.7 + 0.1%).” Similar behavior was observed for
hybrid Klara bark. According to the literature, the bark lignin
content has been frequently overestimated because of the
presence of proteins and tannins.”” The water-soluble extract
content determined according to Tappi T 204 om-88'’ was
lower than the hot water extract content obtained under milder
conditions.” Possibly, the higher temperature and longer reflux
time in the standard method led to partial precipitation or
condensation of the hydrophilic substances.

The *C—CP/MAS spectrum of the acid-insoluble residue
after the NaOMe/MeOH treatment revealed strong signals of
cellulose and hemicelluloses (62—105 ppm) while the aromatic
and methoxyl signals, characteristic of lignin, were weak
(Figure 2a), which indicates that ester bonds of lignin might be
removed by de-esterification (i.e., saponification); this may
partly reflect the fact that the methylene peaks (30 and 33
ppm) of suberin involve linkages between lignin and
carbohydrates™ within the matrix of the cell wall'' The
detailed peak assignment is summarized in Table S1
(Supporting Information). Figure S1 presented a similar
spectrum profile of the Klara hybrid.

The yield of DCM extracts varied between 1.89 + 0.09%
(w/w) in Karin and 1.84 + 0.04% (w/w) in Klara, which was
slightly lower than that reported for Salix viminalis (2.66%)
and Salix atrocinerea Brot (3.94%). GC—MS allowed
quantification of 18.7 and 14.3%, respectively, for DCM
extracts of Karin and Klara bark. More than 80 wt % DCM
extracts, remained as unquantified, were speculated as high-
molecular-weight condensed compounds that were hard to
solubilize in pyridine. The identified principal components
were saturated fatty acids, long-chain alkanes, sterols, and
aromatic compounds as shown in Figures 3 and 4, and Table
S2.

Saturated fatty acids, that is, hexadecanoic acid (Cl16),
tetracosanoic acid (C24), hexacosanoic acid (C26), and
octacosanoic acid (C28), represented a major class of
identified DCM extracts from Karin (7.8 wt %) and Klara
(9.3 wt %). These fatty acids were observed from other parts of
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a) Karin solid
residue (Figure 1)

b) Extract free
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Figure 2. Solid-state *C CP/MAS spectrum of (a) Karin bark solid residue (Figure 1) and (b) extract-free Karin.

OH o

0, HO'

Hexadecanoic acid (2)

4'-Hydroxy acetophenone (1) Heptacosane (4)
"°\n/\/\/\/\/\/\/\/\/\/\/\/
o Tetracosanoic acid (5)

Nonacosane (6)

Ho.
beta-sitosterol (9)
Hexacosanoic acid (7) Ho*

HO.
Octacosanoic acid (8)

Figure 3. Detected DCM extracts from Karin and Klara bark based on
the GC—MS total-ion chromatogram. Mass spectra of their
trimethylsilylated profile are summarized in Figure S2.

Salix, including bark,** leaf,” and root.'® The Klara bark DCM
extracts contained 3.2 wt % alkanes with carbon atom numbers

from C27 (heptacosane) to C29 (nonacosane). These alkanes
were earlier detected from the leaf of Salix.”® Piceol, as the
aglycons of picein (principal water-soluble extractives at Karin
bark),” represented up to 3.8 wt % of Karin DCM extracts.
This compound has been suggested as a potential anti-
inflammatory agent’* and shown to be active against spruce
budworm.® beta-Sitosterol accounted for roughly 2 wt % from
DCM extracts of studied hybrids, and this sterol possesses
pharmaceutical effects in inhibiting the growth of Escherichia
coli bacteria.”” These insights here suggest us to utilize these
lipophilic extracts as potential agents for antibacterial uses. The
hypothesis was that lipophilic substances present at inner bark
can be extracted using DCM, and those suberin-derived
lipophilic components located within the macromolecule
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Figure 4. GC—MS total-ion chromatogram of the major peaks from Karin/Klara DCM extracts.
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obtained from Karin bark by alkaline methanolysis (Figure 1). Mass

spectra of their trimethylsilylated (TMS) profiles are summarized in Figure S4.

matrix of outer bark require harsh conditions to liberate their
monomers out.

Monomeric Composition of Suberin (Chloroform-
Soluble). Suberin was successfully isolated from the matrix as
indicated by the disappearing aliphatic methylene peaks (30.0
and 32.9 ppm) of suberin®® in Figure 2a and Figure SI.
Isolated suberin accounted for 4.5 + 0.4 and 5.3 + 0.7% from
the bark of Karin and Klara, respectively. Suberin was
speculated as the major compound present at the outer bark
of studied Salix hybrids as its layer represents less than 10 wt %
of whole bark depending on the age. GC—MS allowed the
quantification of 70.7 and 55.4% based on the extracted
suberin of Karin and Klara, respectively. The majority of Karin
suberin compounds were fatty acids, aromatic compounds,

10851

long-chain aliphatic alcohols, and sterol compounds as shown
in Figures 5 and 6, and Table 2. Detailed assignment for Klara
suberin is included in Table S3 and Figure S3. Mass spectra of
trimethylsilylated suberin compounds are summarized in
Figure S4.

Aromatic Compounds. Four aromatic compounds were
identified and quantified in suberin of Karin (13.7 wt %) and
Klara (19.2 wt %), which suggested a function of suberin in
pathogen defense.'" Ferulic acid accounted for approximately
46.7 wt % of total identified aromatic compounds from Karin
suberin, which has been reported to possess pharmaceutical
activities, including antimicrobial, anti-inflammatory, antith-
rombosis, and anticancer.>® Moreover, it was speculated as the
connection points between lignin units with the identified
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Table 2. Chemical Composition of Suberin (70.71 wt % Detected) Obtained from Karin Bark by Alkaline Methanolysis as

Weight Percentage (wt %) of Analyzed Suberin®

retention
time, min

peak

number ester/ether (TMS) derivatives

aromatic compound

16.07 2 4’-hydroxy acetophenone (Me; TMS ether)
21.48 S isoeugenol (Me; TMS ether)

24.82 7 4-methoxycinnamic acid (Me; TMS ester)
28.78 9 ferulic acid (Me; TMS ether; TMS ester)
fatty acids

saturated fatty acids (mono-carboxylic acid)

7.64 1 heptanoic acid (TMS ester)

22.27 6 dodecanoic acid (TMS ester)

31.92 10 hexadecanoic acid (TMS ester)

saturated fatty acids (alpha, omega-dicarboxylic acid)

19.51 4 pimelic acid (di TMS ester)
25.86 8 azelaic acid (di TMS ester)
35.77 12 hexadecane-1,16-dioic acid (diTMS ester)

omegahydroxy-long-chain fatty acids

39.47 15 16-hydroxyhexadecanoic acid (TMS ether; TMS ester)

47.93 22 22-hydroxydocosanoic acid (TMS ether; ester)

fatty acids methyl esters

36.9 13 methyl 16-hydroxyhexadecanoate (Me; TMS ether)

38.46 14 hexadecanedioic acid 1-methyl ester (Me; TMS ester)

40.13 17 methyl 18-hydroxy-9-octadecenoate (Me; TMS ether)

40.81 18 methyl 10-hydroxystearate (Me; TMS ether)

43.77 20 methyl (E,12R,13R)-12,13-dihydroxyoctadec-9-enoate
(diTMS ether; TMS ester)

monoglyceride

45.35 21 2,3-dihydroxypropyl tetradecanoate (diTMS ether)

long-chain aliphatic alcohols

43.32 19 1-pentadecanol (TMS ether)
Sterols
56.41 23 beta-sitosterol (TMS ether)

unknown compound

58.54 24 unknown compound

compounds, detected as methyl ester (Me) and/or TMS

amount, % M,, of TMS DB/
(w/w) characteristic fragments m/z derivatives literature
13.7
3.0 208; 193; 151; 133; 89 208 [N]
33 236; 205; 189; 177; 115; 73 236 [N]
1.0 250; 235; 203; 175; 102; 73 250 [N]; [T1]
6.4 280; 270; 250; 227; 171; 143; 338 [N]; [M];
129; 87 [15]
48.4
9.7
12 189; 173; 129; 89; 73 202 [NJ; [T1]
42 259; 201; 171; 152; 117; 73 272 [NJ; [T1]
4.3 328; 313; 269; 145; 132; 117; 328 [N]; [15]
75; 73
5.3
1.0 245; 187; 169; 159; 117,75 304 [NJ; [T1]
1.2 317; 217; 204; 201; 149; 129; 332 [N]
117; 75; 73
3.1 283; 241; 209; 191; 154; 112; 430 [NJ; [29]
98; 97
4.8
3.1 401; 385; 311; 217; 204; 147; 416 [30]
117; 75; 73
L6 427; 395; 204; 159; 146; 75 500 (15; 31]
28.6
74 343; 311; 146; 103; 75 358 [32]
42 357; 313; 307; 269; 159; 117; 372 [29]
98; 73
52 384; 369; 353; 337; 262; 159; 384 [33]
129; 95; 75
6.3 371; 339; 273; 244; 185; 146; 386 [33]
103; 73
5.6 315; 275; 270; 185; 147; 129; 472 [34;35]
9S; 73
2.4 382; 343; 329; 243; 187; 129; 446 [N]
87; 73
5.0 28S; 181; 135; 129; 75; 73 300 [N]
0.8 486; 396; 357; 207; 129; 119; 486 [N]
107; 73
0.3 604; 589; 487; 397; 273; 205;
191; 109; 73

“MS spectra were referenced with the literature'>>*>* and publicly available databases [DB]: NIST Chemistry WebBook [N]; MassBank of North
America [M]. Some compounds were tentatively identified [TI] according to their mass fragments and molecular weight (M,,)

aliphatic compounds of the suberin.'> Isoeugenol, represented
approximately 56.7 wt % of identified aromatic from Klara
suberin, has shown its role in anticholinergic and antidiabetic
effects.’” Additionally, the glyceridic ester of the 4-methox-
ycinnamic acid has been traditionally used in the formulation
of UV-B sun screening.”® 4'-Hydroxy acetophenone (piceol)
was identified here at suberin from both hybrids.

Fatty Acids. Together, 16 fatty acids (C7—C22) were
detected from suberin monomers of Karin and Klara bark,
symbolized as typical suberin markers. Fatty acid methyl esters
(FAMEs) accounted for more than half of the total identified
fatty acids from Karin (59.1 wt %) and Klara (68.0 wt %),
which can be further isolated for biodiesel use.”” Dodecanoic
acid, hexadecanoic acid, and hexadecane-1,16-dioic acid were
detected as major saturated fatty acids. 9,12-Octadecadienoic
acid (linoleic acid) was the only detected diunsaturated fatty

10852

acid present at Klara suberin, which is known for inhibiting the
ultraviolet-induced pigmentation of the skin.*® Furthermore,
16-hydroxyhexadecanoic acid and 22-hydroxydocosanoic acid
represented approximately 10 wt % based on fatty acids of
Karin suberin. These long-chain @-hydroxy fatty acids (omega
HFAs) are rare in nature and known as important apoplastic
substances protecting plants from radiation and pathogen
infections,"" which can be applied as potential anticancer
agents.42

2,3-Dihydroxypropyl tetradecanoate, as a monoglyceride,
accounted for 2.4 wt % from the Karin suberin, which was
known as a promising emulsifier to improve the physical
stabilities of the protein-stabilized emulsions.* 1-Pentadecanol
was identified as the only aliphatic alcohol from the suberin
substances, which accounted for 5.0 and 2.5 wt % based on
Karin and Klara suberin, respectively. 3-Sitosterol was the only

https://doi.org/10.1021/acs jafc.1c04112
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sterol found in the studied Salix, which was also observed from
its lipophilic extracts.

Chemical Characteristics of Hydrolyzable (Diethyl
Ether-Soluble) Tannin. GC—MS analyzed the chemical
composition of the hydrolyzable substances qualitatively.
Figure 7, Table S4, and Figure S5 demonstrated that major

oH
o o
HO. HO_AR\ HO o i
OH OH 1 HQMOH
o o o HO o OH

Succinic acid (1)
o] OH o

4- Hydroxybenzolc acid (6) O
Protocatechuic OH
acid (9)
HO
Azelaic acid (8) para Coumarlc acid (10)
o

OH
N N T N e g °“
N Cetyl aloohol (11) Heptadecanoic acid (14)
Ao~ MO oH "°]©/%)L
HO OH

o OH
Hexadecanoic acid (13) Gallic acid (12) o Caffeic acid (15) ©

NN NoH "OH
Stearyl alcohol (16) Octadecanoic acid (17)

2-Butenedioic acid (E) (2) 2,2-Dimethylsuccinic acid (3) Resorcinol (4) Malic acid (5)

Figure 7. Detected diethyl ether-soluble components from Karin and
Klara bark (Figure 1) based on the GC—MS total-ion chromatogram.
Mass spectra of these trimethylsilylated compounds are summarized
in Figure S6.

substances were suberin-derived fatty acid (succinic acid; 2-
butanedioic acid and azelaic acid), 2-hydroxyacid (malic acid),
and aromatic compounds (protocatechuic acid). Interestingly,
the protocatechuic acid can be applied as a pharmaceutical
agent for reducmg the risks of cancer and diabetes.”* para-
Coumaric acid®® and caffeic acid*® were identified and
reported to be the intermediate in the biosynthesis of lignin.
Gallic acid, identified here, has been traditionally symbolized as
hydrolyzable tannins. Resorcinol (insoluble in chloroform) can
be used in the production of resins.'” Fatty acids
(heptadecanoic acid, 2,2,-dimethylsuccinic acid, and octadeca-
noic acid) and saturated long-chain aliphatic alcohols (cetyl
alcohol and stearyl alcohol) were identified from both hybrids.
Especially cetyl alcohol (C16) can be used for the treatment of
eczema.”® Furthermore, hexadecanoic acid was identified both
from the chloroform-soluble suberin and diethyl ether-soluble
fractions.

In conclusion, Willow bark suberin had a significantly higher
amount of fatty acid (FAME enriched) moiety than aromatic
compounds, which suggested a function of suberin not only in
pathogen defense but also providing energy for various
metabolic mechanisms at the cell wall of willow bark. The
identified catechol and piceol might partly be linked with the
water-soluble extractives (i.e., catechin and picein) of the
studied hybrids. Catechol and gallic acid, symbolized as
hydrolyzable tannins, were identified from the hydrolyzable
fractions. Overall, these promising insights evidenced that
suberin, lipophilic extractives, and its hydrolyzable tannin-like
substances could be further applied as a source of
pharmaceuticals and cosmetics. Willow outer and inner bark
can be phy51cally separated through the water flotation
mechanism.” The hydrophilic inner bark absorbs water and
can sink into the water, while the hydrophobic outer bark
floats.*® Therefore, the willow bark biorefinery concept50 in
Figure 8 is suggested here for the first time. The inner bark can
be processed for extractives, sugars, and functional fibers, !
whereas outer bark can be used as a source of suberin-derived
pharmaceutical compounds. The extractives can be further

Willow
bark

l | Outer bark

[ I

2\ N ! N ! 2\ N
q Fiber, fibril Hydrophilic
AN Sugar or fiber & lipophilic Suberin
(C6-C3-C6) bundles extracts
. \ . )

Colorant pigments Functional materials Pharmaceutical and cosmetic

Figure 8. Fractionation scheme of a conceptual willow bark

biorefinery.

chromatographically purified®” for pharmaceutical® and colo-
rant use.
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