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Stilbene glucosides are a class of natural compounds that have been used as natural antioxidants and anti-
fungal and antibacterial agents. Here, spruce bark extract, rich in stilbene glucosides, was used as a
natural ultraviolet-protective additive for sunscreens. The ultrasound-assisted extraction of fresh Norway
spruce (Picea abies) inner bark with 60% ethanol provided an extract in ca. 25% yield, of which one third
consisted of three stilbene glucosides (astringin, isorhapontin and polydatin) which were fully character-
ized and quantified by 1D and 2D NMR spectroscopy and high resolution-liquid chromatography mass
spectrometry (HR-LCMS). Emulsions of the extract were prepared and applied on polymethyl methacry-
late (PMMA) plates to study the effect of the extract on UV light absorbance. A 10% emulsion with spruce
crude extracts (containing 35% stilbene glucosides) alone provided UV protection equal to half the
efficiency of commercial SPF 15 sun lotions, which also displayed a 21-32% higher SPF effect in compari-
son with the same dosages of alkali lignin nanoparticles using the same sunscreen emulsification process.
A preparative scale chromatography was established for the first time as a fast and highly efficient method
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in the small-scale recovery of stilbene glucosides from spruce inner bark for full structural elucidation and
has a good chance to be industrially scalable. Overall, this exploration may launch a new era for the appli-
cation of stilbene glucosides of spruce bark extracts as genuine replacements for synthetic UV filters,
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Introduction

Ultraviolet (UV) radiation (particularly 290-400 nm) exposure
plays a key role in the development of viral skin diseases. Such
a state is partially caused by the depletion of the defence and
immune systems of the skin." Most chemical sunscreen pro-
ducts are used to block UV rays before penetrating through the
skin. However, the side-effects (toxicity and phototoxicity)** of
some chemically derived UV filters have recently been reported
as listed in Table 1, for example, benzophenone derivatives are
found to be cytotoxic in nature causing an apoptosis-inducing
effect,” octyl methoxycinnamate is reported to decrease cell
viability and increase the apoptosis against the neuroblastoma
cell line,>® and para-aminobenzoic acid can cause photoaller-
gic reactions.” Moreover, approximately 6000-14 000 tons per
year of sunscreens® pose a threat to marine ecosystems, and
thus some countries have started banning sunscreens contain-
ing certain chemical additives. Furthermore, the benefits of
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upgrading this underappreciated bark residue from energy production to higher value cosmetic use.

natural sunscreens are also fuelled by the increasing awareness
of sustainability; however, the allowed UV filters are restricted
due to tighter regulations over growing public health concerns.

The radiation protection performance of natural UV addi-
tives, such as leaves of aloe vera, green tea, and soybean oil,” is
listed in Table 1. However, their supply chain may not be as
sustainable as wood (spruce needles' or lignin'"'?) because
renewable wood can be sustainably harvested by the pulping
industry throughout the season. Furthermore, the sunscreen
demand is growing in double digit percentages globally nowa-
days; thus we need to develop alternative, innovative and safer
new types of naturally derived UV-filter ingredients urgently to
overcome the side effects (toxicity and phototoxicity) of some
chemically derived UV filters. Pentacyclic triterpenoids from
the birch bark, particularly betulin,"® have been the develop-
ment focus as novel pharmacological ingredients for their
known antitumor and anti-inflammatory activities. The launch
of innomost™ ' has gained attention for transforming 100%
pure bioactive azelaic acid from birch bark for the first time as
anti-acne and anti-rosacea'® ingredients in personal care for-
mulation products. Norway spruce (Picea abies) is another
major raw material of the European forest industry, and in
Finland alone approximately 0.9-1.3 million tons of spruce
bark are annually used for energy production.'® Spruce bark
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Table 1 Summary of the toxic effects (or function mechanism) from several selected artificial and natural photoprotective compounds
Concerned chemicals (or Action
plant, wood) spectrum Toxic effects (artificial) or function mechanism (natural) Ref.
Artificial ~ Organic UV filters
Octyl methoxycinnamate UVB Decreased cell viability and increased apoptosis against neuroblastoma 5 and 6
cell line
Benzophenone UVA/UVB Apoptosis-inducing effect against human leukemia cell lines 4 and 5
para-Aminobenzoic acid UVB Photoallergic reactions on the skin 5
Camphor derivative UVB Impaired preceptive, cell viability and receptive sexual behaviour 5
Octocrylene UVA/UVB Impaired expression of genes related to metabolism in brain 5
Inorganic filters
Zinc oxide particles UVA/UVB Disrupted ion homeostasis and oxidative stress 5
Natural  Plant derived
Leaves of aloe vera UVA/UVB Generated metallothionein reduces the production and release of skin 3 and 19
keratinocyte-derived immunosuppressive cytokines
Green tea UVA/UVB Antioxidant activities from polyphenols, caffeine, flavonoids, etc. 3and 19
Soybean oil UVA/UVB Antioxidant vitamin E reduces the photooxidative damage 3 and 19
Wood derived
Lignin UVA/UVB Antioxidant property of lignin 11 and 12
Spruce bark extracts UVA/UVB Radical scavenging and antioxidant activity of the stilbene glucosides Present
study

contains a variety of stilbene glucosides (ca. 10-20 wt%),
which are mainly present in the phloem (inner bark). Its stil-
bene content depends mainly on the harvest season, geo-
graphic location, and position in the tree."”'® By rough calcu-
lation, 36 000-52 000 tons of stilbene are currently wasted par-
ticularly during the storage and debarking stages at the
Finnish pulp mill every year, which in turn adversely affects
the chemical oxygen demand (COD) of the mill, and then the
associated wastewater treatment requires additional cost from
the pulp mill.

Stilbene glucosides are secondary metabolites and have
been shown to be effective in a tree’s defence mechanism as a
natural counteragent to fungal pathogens,® oxidative stress
and aging-related diseases,”** and Alzheimer’s disease.”
These hydroxystilbene glucosides have also been reported to
be incorporated into lignin’s structure through p-ether bonds
in Norway spruce bark.** Astringin, the major stilbene in
spruce bark extracts (Fig. 1), has significant radical scavenging
and antioxidant activities.>® Polydatin can also reportedly be
used to potentiate chemotherapy for human colon cancer.”®
Resveratrol, the aglycone of polydatin, is the best-known stilbe-
noid compound for its multi-spectrum pharmacological activi-
ties (e.g., antioxidant, anti-aging, and antimicrobial activities,
and treatment of neurodegenerative disease).>”

Although many established pharmaceutical and biological
activities have been reported for spruce bark stilbene com-
pounds, their poor solubility and stability in water*®*° limit

their maximal extraction efficiency from spruce bark, thus pre-
venting their use as value-added biochemicals. A high par-
tition coefficient (log P)*° of trans-stilbene suggests that stil-
bene compounds are hydrophobic, and therefore, extraction
with water alone cannot achieve a satisfactory yield. Several
studies have reported that the addition of a polar organic
solvent (e.g., acetone or ethanol, Table 2) could lead to a
marked increase in stilbene’s solubility. The aqueous solution
of stilbene glucosides is sensitive to light and temperature®
although Soural et al.** claimed accelerated solvent extraction
at a temperature of 100 °C in methanol as an efficient method
for the extraction of stilbenes from grape cane. trans- and cis-
Stilbenes occur as stereoisomers, but trans-isomers mostly
exist in nature due to their relatively high thermodynamic
stability. The trans-stilbene glucosides may convert into their
cis-isomers under light and further into phenanthrene under
UV irradiation.®® Ultrasound-assisted extraction (UAE)***° is a
commonly used technique in herbal extraction with the follow-
ing advantages: high production efficiency, fast mass transfer,
low energy consumption and high scalability.

The objective of this study was to optimize the extraction
process of stilbene glucosides using mixtures of water and
ethanol, a solvent that is derived from biomass, and to charac-
terize the chemical composition of the optimized extract using
advanced nuclear magnetic resonance (NMR) spectroscopy
and liquid chromatography-mass spectrometry (LC-MS) tech-
niques. Although there have been cases applying spruce bark
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Fig. 1 Main stilbene glucosides of Norway spruce bark: 1 astringin (CAS number 29884-49-9; solubility in water: 0.73 g L™* (predicted, TMIC ID:
FDB008433); pK, 8.99); 2 isorhapontin (32727-29-0; pK, 9.16); 3 polydatin (27208-80-6; solubility in water: 1.26 g L™%;8 pK, 9.21).

This journal is © The Royal Society of Chemistry 2022

Green Chem., 2022, 24, 2962-2974 | 2963


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2gc00287f

Open Access Article. Published on 02 March 2022. Downloaded on 7/18/2025 10:01:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Table 2 Solvents used in extracting stilbene glucosides (or their aglycones) from Norway spruce (inner) bar|
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k17,18,20,36

Main extracted Age (a); harvesting  Solvent; liquid-to-solid =~ Temperature (°C); Yield

component Section  month ratio (ml g ) time (min) (%) Analysis Ref.

Stilbene glucosides Bark 51-82; April, June  Acetone; 30:1 56; 360 0.5-8.3  GC-MS; 18
HPLC

Stilbene glucosides,  Inner 31; September Acetone-water (9:1); 1005 15 10.8 GC-FID 36

stilbenes bark 3:1

Stilbene glucosides Bark 18, 37; unknown Acetone-water (95 : 5); RT; 30 2.7-4.8  GC-FID 17

100:1

Stilbene glucosides,  Bark unknown Ethanol-water (85:15);  60; 120 1.8 HPLC-MS; 20

stilbenes 10:1 NMR

Stilbene glucosides Inner 50; March Ethanol-water (60:40);  45; 20 8.96 NMR Present

bark 30:1 study

Gas chromatography-mass spectrometry (GC-MS); high-performance liquid chromatography (HPLC); gas chromatography with flame ionization
detection (GC-FID); nuclear magnetic resonance spectroscopy (NMR); and liquid chromatography-mass spectrometry (LC-MS).

trans-resveratrol for photoaging protection of human skin and
hair masks from IFF Lucas Meyer Cosmetics™ >’ and
SkinScience™,*® the composition of the spruce bark extracts
and its correlation with the UV blocking activity has not been
investigated yet. The stilbene-rich fraction of spruce bark was
used as a UV blocker in sunscreens in a preliminary study,*®
and a follow-up study has been systematically conducted for
the first time to (1) develop an industrially scalable preparative
chromatographic purification process for stilbene glucosides
and evaluate the full chemical profile of the spruce bark
extracts and (2) evaluate their use as UV blockers in sunscreens
using in vitro sun protection factor (SPF) measurements on
polymethyl methacrylate (PMMA) plates.

Materials and methods
Raw materials and chemicals

Fifty-year old spruce stems were harvested from a farm in
Lempaild, Finland, on 6 March 2017. The inner bark was
manually stripped from the spruce stems on 13 March 2017.
The collected spruce inner bark was freeze-dried and ground
into 1 mm sized particles. The samples were stored in alu-
minium foil at —20 °C before further use. Sulfuric acid (purity:
98%), gradient-grade acetonitrile (99.9%), acetone (99.9%),
n-hexane, ethanol (99.5%), astringin, polydatin, isorhapontin,
DMSO-d6 and pyridine-d5 were supplied by Sigma Aldrich,
Finland. Resveratrol was supplied by Evolva Holding SA
(Reinach, Switzerland). The original non-modified finished
sunscreen lotion used here was a Lumene Nordic Hydra 24 h
moisturizer (50 mL) (base-L). Commercial sunscreen lotions
were Lumene Day Cream SPF 15 (SPF 15-L), Day Fluid SPF 30
(SPF 30-L), and Biotherm Skin Oxygen Cream SPF 15 (SPF
15-B). All these commercial creams were supplied by Lumene

Oy (Fig. S17).

Experimental procedures

Ultrasound-assisted extraction (UAE). Prior to UAE, the
milled spruce inner bark (IB) was pre-treated with n-hexane at
75 °C for 15 min to remove the lipophilic extracts (Fig. 2). The

2964 | Green Chem., 2022, 24, 2962-2974

n-hexane treated IB was collected and dried at 40 °C overnight
and stored at —20 °C for further analysis. UAE extraction was
performed with an ultrasonic cleaner USC 600 TH (Avantor,
Pennsylvania) under the following conditions: solvent: water or
60% ethanol (v/v); liquid-to-solid ratio: 30:1 ml g'; tempera-
ture: 45-75 °C; and time: 5-60 min. All extractions were con-
ducted using aluminium foil for light protection. The extracts
were filtered into crucibles (16-40 um) and oven-dried over-
night at 40 °C. The lyophilized UAE extracts were stored in
amber-coloured glass containers to avoid exposure to light and
air. For a preliminary stability study, one set of UAE extracts
was prepared at 45 °C in a series of time periods (5 to 45 min)
and then stored exposed to open air and light for six weeks.

Emulsification. Two different emulsification preparations
were carried out during the study. First, creams of 1-10 wt%
spruce inner bark extract (SBE) were prepared in aluminium
foil covered jars by applying simple magnetic stirring at room
temperature (emulsification I). For example, a 1 wt% SBE
sunscreen was prepared by blending SBE (0.02 g) with base-L
(1.98 g) at 600 rpm overnight. The lotions were named E-I-1%,
E-I-2%, E-I-5%, and E-I-10% according to their SBE content.
The second emulsification (emulsification II) followed the tra-
ditional protocol:*® heating, melting, and mixing with a high
shear mixer (Fig. 2). The oil phase (C) and water phase (B)
were separately heated to 80 °C, combined, and homogenized
with a high shear mixer, followed by introducing the water
phase (A) with 1-2 wt% SBE and mixing again to achieve a
homogeneous lotion. The pH of the lotion was finally adjusted
to neutral before storing it in a sealed tube for further UVP
measurements. The detailed compositions of the water phase
B and oil phase C are listed in Table S1.}

Purification through preparative-scale liquid chromato-
graphy. Fraction collection (Fig. S2 and Table S2}) was per-
formed using a system from Shimadzu consisting of two
LC-20AP pumps, a degasser, an SIL-10AP autosampler, an
SPD-M20A diode array detector, and an FRC-10A fraction col-
lector. A semi-preparative Luna® Omega 5 pm PS C18 100 A
(250 10 mm) column and a Kinetex® 5 pum Biphenyl 100 A
(250 x 10 mm) column were used as a coupled column system
(Table S21) for the separation. The spruce bark extract with a

This journal is © The Royal Society of Chemistry 2022
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UVP measurement and prepared creams

Fig. 2
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Emulsification II: A & B: water phases; Emulsification I:
C: oil phase simple mixing

Illustration of various steps and materials in the experimental work. The originally light-colored inner bark turned reddish brownish by the

action of light and atmospheric oxygen. The in vitro UV protection (UVP) was evaluated by UV absorbance measurements of the creams.

concentration of 59.37 mg ml™" was dissolved in an aceto-
nitrile-water mixture (60:40). The injection was performed
using an injection volume of 50 pl. Separation of sugars,
astringin, polydatin, isorhapontin, etc. was achieved using a
gradient of acetonitrile (solvent B) and ultra-pure water
(solvent A) at a flow rate of 3 mL min~". The gradient was set
as follows: solvent A was held at 90% for 12 min followed by a
linear gradient from 90% solvent A to 80% in 1 min. Then
solvent A was held at 80% for 47 min followed by a linear gra-
dient from 80% solvent A to 70% in 1 min. Solvent A was held
at 70% for 39 min followed by a linear gradient from 70%
solvent A to 0% in 1 min. Solvent A was held at 0% for 19 min
before increasing back to 90%. Nine fractions were continu-
ously quantitatively collected from 19 injections with detection
wavelengths of 210 and 320 nm. All organic solvents were
removed from the collected fractions using a rota-vapor (Biichi
Labortechnik AG) and the remaining fractions were freeze-
dried for recovery yield calculations and structural analysis.

Analytical techniques

In vitro SPF measurements. The emulsified sunscreen lotion
was evenly spread onto the PMMA plate (1.3 mg cm™>) using a
gloved finger before being placed in a 30 °C oven (Model ED
115, BINDER) in the dark for 5 min. The UV absorbance spec-
trum of the PMMA plate (containing the spread product) was
measured at 290-400 nm using a Kontron 933 spectrophoto-
meter equipped with an integrating sphere to determine the
SPF and UVA protection, and calculate the critical wavelength
(CW). The PMMA plates (containing the spread product) were
then irradiated for a period of 10 min under a solar simulator
(SUNTEST CPS+, Atlas Material Testing Technology) producing
a dose of 2 DEM (400 J m~?), which was used to mimic sun
exposure to determine the photostability of the tested creams.

This journal is © The Royal Society of Chemistry 2022

The absorbance of the sample was measured again over the
range of 290-400 nm after irradiation and 30 °C drying. Four
independent measurements were carried out to increase the
reliability of the data.'"*"*?

The sun protection factor (in vitro) is expressed as SPF
in vitro using an expression where E(y) refers to the action spec-
trum of erythema, S(y) is the standard solar spectrum, 7'(y) is
the average transmission of the layer of the tested product
spread on the PMMA plate, and d(y) is the wavelength interval
(1 nm). The SPF in vitro was calculated using the following

eqn (1):

SPFinvitro =Y " E(y)S(r)d(r)/ Y _E(1SHT()d(y). (1)

The in vitro assessment of the UVA protection factor
(PF-UVA) is expressed from the entire residual UVA spectrum
that has passed through the sample layer. The value is
obtained by including the calculation mode of the efficiency of
the Persistent Pigmentation Darkening (PPD) for wavelengths
between 320 nm and 400 nm. A xenon arc lamp is used to
ensure a sufficient level of irradiance and to not induce
wrongly the photostability of the product, where P(y) refers to
the action spectrum of PPD, L(y) is the spectrum of the xenon
arc lamp, T(y) is the average transmission of the layer of the
test product spread on the PMMA plate, and d(y) is the wave-
length interval (1 nm). The PF UVA was calculated using the
following eqn (2):

PFUVA =Y P(y)L(r)d(y)/ Y _P(L()T()d(y).  (2)

Nuclear magnetic resonance (NMR) spectroscopy. One-
dimensional "H and *C and two-dimensional "H-"*C hetero-
nuclear single quantum coherence (HSQC) spectra were

Green Chem., 2022, 24, 2962-2974 | 2965
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acquired with a 400 MHz Bruker Avance III spectrometer using
DMSO-d6/pyridine-d5 (4:1) as the solvent.**** 1,3,5-trioxane
(6C 93.1, 6H 5.12 ppm) and DMSO (5C 39.5, 6H 2.49 ppm) were
used as internal standards for stilbene glucoside quantifi-
cation and chemical shift calibration, respectively. HSQC
spectra were acquired (spectral widths of 15 ppm and 250 ppm
for "H and '*C, respectively) using a relaxation delay (d1) of 2
s, 1 K data points, 256 ¢1 increments, and 100 transients. An
adiabatic version of the HSQC experiment was used (hsqcetgp-
sisp.2 pulse sequence from the Bruker Library). "H NMR was
performed using a spectral width of 16 ppm, d1 of 1.5 s, and
32 K data points. The following parameters were used for *C:
spectral width of 220 ppm, d1 of 1.5 s, and 65 K transients of
64 K data points. The spectral images were processed using
Topspin 4.0 (Bruker).

Chemical composition. The chemical composition of spruce
bark was analysed according to NREL/TP-510-42618.%> The
quantification of the hydrolysed monosaccharide was per-
formed by high-performance anion-exchange chromatography
with pulsed amperometric detection (HPAEC-PAD). The detailed
experimental parameters were summarized previously.*®

Stilbene quantification. A UV-vis spectrophotometer
(Shimadzu UV-2550) was used to test the UV absorption
(190-400 nm) for both extracts and authentic standards. All
samples were diluted to a UV absorbance range of 0.2-0.7.
trans-Polydatin was used as an external standard for a relatively
quick and reliable quantification of stilbene glucosides with
the UV-vis spectrometer.”” Polydatin, its aglycone piceatannol
and the extract (SBE) all showed an absorption maximum at
320 nm.*° A series of 4, 6.2, 7.6, 10 and 11.6 pg mL™" of poly-
datin solutions was used to build a linear calibration line at
320 nm (Fig. S37).

Liquid chromatography-mass spectrometry. The
HPLC-DAD-MS and high-resolution mass spectrometry
(HRMS) analyses were conducted using an Agilent 1260
Infinity High Pressure Liquid Chromatography (HPLC) system
(Agilent Technologies, Singapore). The HPLC system was
coupled with an Agilent diode-array detector (detection wave-
lengths: 210 nm and 300 nm) and an Agilent 6350 QTOF mass
spectrometer (Santa Clara, USA) equipped with a dual electro-
spray ionization (ESI) interface (Agilent Technologies).
Detection was carried out within a mass range of 100-1100 m/z
or 100-3200 m/z. The mass accuracy of the instrument using
external calibration was specified as <3 ppm. The HPLC separ-
ation was performed using Phenomenex Luna® Omega 5 pm
PS C18 100 A (150 x 2.1 mm) and Kinetex® 5 pm Biphenyl
100 A (150 x 2.1 mm) columns at room temperature using the
same gradient program as above (Table S271). The analysis was
performed with a flow rate of 0.20 mL min~" and an injection
volume of 10 pL. The analytes were measured in negative ion
mode and the capillary voltage was set to +4000 V. The drying
gas flow was set to 11 L min~" with a temperature of 300 °C.
The nebulizer, fragmentor, skimmer, and octopole RF were set
to 30 psi, 160V, 65 V and 400 V, respectively.

The HRMS analysis of the fractions was performed using
the HPLC system as an injector with an injection volume of

2966 | Green Chem., 2022, 24, 2962-2974
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5 uL and a flow rate of 0.250 mL min~" (50: 50 acetonitrile :
ultra-pure water). The ionization was performed using a dual
electrospray in the negative ion mode. The instrumental para-
meters were set as follows: capillary voltage: 4500 V, source
temperature: 300 °C, drying gas: 11 L min~", nebulizer
pressure: 30 psi, fragmentor: 160 V, skimmer: 65 V and octo-
pole RF: 400 V, respectively. A similar method has been
recently reported, combining a supercritical fluid and high-
resolution mass spectrometry, having potential for use in
qualitative and quantitative determination of lipophilic
extracts (such as triglycerides and sterols) from pine bark.*®*°

Results and discussion
UAE extraction of spruce bark

To achieve a high extraction efficiency of stilbene glucosides
from spruce bark, the effects of the solvent (water or 60 v% of
ethanol), temperature (45-75 °C), and time (5-60 min) were
studied since the stilbene glucosides are sparingly soluble in
water and thermally unstable. Fig. S41 shows the effects of the
solvent and temperature on the gravimetric extract yield and
the yield of stilbene glucosides in 20 min extraction time.
Generally, the gravimetric extract yield increases with the rise
of temperature irrespective of the solvent although the use of
60 v% ethanol leads to a higher maximum yield compared to
water extraction (28 and 23%, respectively). More importantly,
the yield of stilbene glucosides was much higher (11-19%) in
60 v% ethanol than in water (4-6%). Therefore, 60 v% ethanol
was selected as the solvent for the subsequent experiments to
investigate further the effects of temperature and time on the
stilbene glucoside yields.

Although there were some variations in the results, a
20 min extraction time at 45 °C was sufficient to provide the
maximum 19% yield of stilbene glucosides (Fig. 3).
Application of longer time or higher temperature had possibly
an adverse effect on the stilbene glucoside yield although the
overall extract yield remained constant. According to a previous
study, stilbene glucoside solutions are fairly stable below
60 °C, above which their stability decreases as the aglycones
liberate and convert to other phenolic compounds.®" Six weeks
exposure of the extracts to light showed a significant decrease
in the stilbene glucoside content (UV absorption at 320 nm)
(Fig. S57), which was tentatively explained by the light-induced
trans- to cis-isomerization and subsequent formation of phe-
nanthrene structures.>® These results emphasized the need to
carry out the extraction in darkness (with protection with alu-
minium foil). Further extractions were then carried out with 60
v% ethanol at 45 °C using a 20 min extraction time.

As expected, the extraction with 60 v% ethanol had little or
no effect on the non-extractive components of spruce bark
(Fig. 4), which consisted mostly of carbohydrates (neutral
sugars derived from cellulose, hemicelluloses, pectin, etc.) and
lignin. ‘Others’ refer to substances, such as pectic galacturonic
acid, acetyl groups of xylan and tannins, which are not specifi-
cally included in the applied analytical protocol.*> The treat-

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Effect of temperature (45, 60 and 75 °C as indicated in the legends) and time on gravimetric extract yield (E) and spectrophotometric
(320 nm) stilbene glucoside yield (S) from spruce inner bark under UAE extraction.
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(a) Overall chemical and (b) carbohydrate composition of spruce inner bark (IB), n-hexane treated IB, and n-hexane + UAE treated IB.
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ment with 60 v% ethanol removed practically all extracts
(>20% of the dry matter) of spruce bark without affecting the
other components of the bark.>® In summary, 60 v% ethanol
appears to be a practical and sustainable solvent to purify the
non-structural stilbene-glucosides with a high yield from the
spruce bark within a short time.

Chemical composition of spruce bark extract

A preparative-scale designed and
implemented to recover stilbene glucosides from spruce bark
extracts, and to reveal the complete chemical profile of the
spruce bark extracts. As the separation in column chromato-
graphy depends on the partition behaviour of the bioactive
compounds in relation to the selected resin material,”® the

separation mechanism between the target molecule and the

chromatography was

This journal is © The Royal Society of Chemistry 2022

introduced resin needs to be modified. The key process design
criteria are the high purity and recovery yield, low solvent con-
sumption and a good chance to be industrially scalable. An
efficient separation and purification of stilbene glucosides
from spruce bark extracts were successfully demonstrated.
Although the chemical characterization of stilbene glucosides
has been prevalently conducted by deconstructive techniques,
such as GC-FID or GC-MS (Table 2), which always require prior
derivatization, here structural elucidation by the non-decon-
structive spectroscopic (LC-MS and NMR) techniques was suc-
cessfully used for the structural analysis of both the spruce
bark UAE extracts (Fig. 5 and 6) and their each individually
purified fractions (Fig. S6-S141). The NMR signals were
assigned based on the literature**>" and NMR spectra of auth-
entic astringin, polydatin, and isorhapontin (Fig. S15-S17%).
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purified fraction 6 (isorhapontin, Fig. S21) in DMSO-d6/pyridine—-d5 (v/v

4:1). The labels assign the signals from stilbene glucosides astringin (A, black), isorhapontin (I, green) and polydatin (P, red) (Fig. 1) for (a). The chemi-

cal shifts of each assigned signal are summarized in Table S3.+

Several unlabelled signals in the anomeric (90-110 ppm)
and non-anomeric (60-85 ppm) **C NMR regions (Fig. 5 and
6), fraction 1 and fraction 2 (Fig. S2, Table S2,} and Table 3)
indicated the presence of carbohydrates and catechin (or epi-
catechin) in the extract. Most chemical shifts of the stilbene
glucosides were well resolved and 1,3,5-trioxane was applied as
an internal standard for their quantitative determination by
"H NMR spectroscopy.”” The main stilbene glucosides (astrin-
gin, isorhapontin and polydatin) accounted for 35.1% of the
extract (Table 3) which was approximately one third and half
less than what was estimated from the "H NMR spectroscopy
(46.8%) and UV absorption at 320 nm (75.5%), respectively.
The difference might originate from the presence of some
polymeric materials, such as condensed tannins, which could

2968 | Green Chem., 2022, 24, 2962-2974

explain the presence of underlying broader signals in the "H
and "*C NMR spectra (Fig. 6). In fact, the ">*C NMR spectra of
the bark extracts contained several broad ‘background’ signals
at chemical shifts that are characteristic of polymeric con-
densed tannins® (Fig. S187). Other tentatively assigned frac-
tions in Table 3 and Fig. S197 (approx. 50 wt% of spruce bark
extracts) included dihydrokaempferol, keto-teracacidin, taxifo-
lin-3-glucoside, and kaempferol 7-O-glucoside which have
been previously reported for their presence in spruce bark
435 and could possibly associate with their role in the
biosynthesis of spruce phenolic defence against bark beetles.”*
The overall stilbene glucoside yield was 8.96% of spruce inner
bark, which is close to the earlier reported yield (10.8%) in
extracting spruce bark with acetone-water (9 : 1 v/v).>¢

extracts®

This journal is © The Royal Society of Chemistry 2022
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marized in Table S3.t

Use of spruce bark extract as a UV blocker

Inspired by its high UV absorptivity, intrinsic brownish colour
and the established pharmacological (particularly anti-aging)
characteristics,”* "’ the spruce bark extract was tested for its per-
formance in sunscreens. Two sets of samples (emulsification I
and emulsification II) have been prepared more recently and
therefore knowledge on their long-term stability is still lacking.

This journal is © The Royal Society of Chemistry 2022

The UV blocking ability of the emulsions was explored by
applying them on a PMMA plate and measuring the change in
the absorbance of UV light.*"*> With 10% addition of SBE
(containing 35% pure stilbene glucosides) to pure creams,
emulsification I led to a product (E-I-10%) that blocked the UV
radiation equal to half the efficiency of commercial SPF 15-L
and SPF 15-B (Fig. 7 and Table 4). Logically, adding 10% puri-
fied stilbene glucosides to the pure cream is expected to go

Green Chem., 2022, 24, 2962-2974 | 2969
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Table 3 Mass balance of the spruce bark extract based on the purified fractions (Fig. S2). Standard deviations are included in parentheses.
Tentatively assigned fractions are in italic format. The result interpretation is based on NMR (N), HPAEC-PAD (H), LC-MS (L), and references (in

number)
Analytic (or Yield®
Component reference) % Yield %
Fraction 1 Glucose; fructose N; H; L 12.0 2.6
(0.04)
quinic acid L —
Fraction 2 Catechin or epicatechin or both N; L; 51; 52 16.6 —
dihydrokaempferol or keto-teracacidin N; L; 51; 52 —
Fraction 3 Astringin N; L 18.9 18.3
(3.1)°
Fraction 4 taxifolin-3-glucoside L; 51 4.5 —
Fraction 5 Polydatin N; L 2.5 4.2 (2.2)°
Fraction 6 Isorhapontin N; L 13.7 24.7
(1.8)°
Fraction 7 M-H = 507.1861, M,, (%508.1861); M-H = 707.1963, M,,, (~708.1963) L 4.7 —
Fraction 8 Kaempferol 7-O-glucoside; C;;H350;0 0r C2:H20014 N; L; 51 11.8 —
Fraction 9 M-H = 595.1456, MW (~596.1456), C3oH,50,5; M—H = 375.2913, MW L 8.9 —
(=376.2913), Co,H 4035
Uncharacterized Ash — — 1.5 (0.1)
fractions” C16H 3,0, and C;gH360, L — —
Stilbene/overall 35.1/93.7 46.8/
49.0

“ Quantification by nineteen rounds of quantitative fractionation. ? Quantification by HPAEC-PAD based on three independent measurements.
“Integration of H2' of astringin and determined by "H NMR based on three independent measurements. ¢ Integration of H2' from polydatin and
determined by "H NMR based on three independent measurements. ¢ Integration of CH;0 and H2' from isorhapontin and determined by 'H
NMR based on three independent measurements.’ May include C;6H3,0,, C13H360,, condensed tannins, ash, etc.

above the UV blocking efficiency of the commercial SPF 15
lotions. In comparison with alkali lignin nanoparticles,"" SBE
provided a 21-32% higher SPF effect than with the same
dosages of 5 wt% (4.3 vs. 2.68-3.68) and 10 wt% (8.5 vs.
5.33-5.72) using the same emulsification process, respectively.
In the emulsification I series, the SBE dosage correlated posi-

1.6 H

LTy L}

1.2

0.8 -

absorbance

tively with the UVP performance both at the measured SPF
and the protection factor of the UVA range (Fig. S207). With
the same SBE dosage, E-II-1% gave a slightly lower protection
than E-I-1% (Fig. S201) which was caused possibly by the
thermal instability (temperature of 80 °C) or the pH adjust-
ment in emulsification II. The stilbene glucosides (Fig. 1) and

290

300 310
—E-I-1%

320 330
——E-1-2%

base-L

E-I-5%

380
———SPF 15-L

390 400

—E-I-10% ———SPF 15-B

Fig. 7 UVA-UVB (290-400 nm) absorbance of emulsification | (E-1-1%, E-I1-2%, E-I-5%, and E-1-10%) in comparison with the commercial creams

(base-L; SPF 15-L and SPF 15-B). Their standard deviations are included.
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Table 4 The measured SPF/UVA/LOC values before and after solar
irradiation

Solar PF LOC CW
irradiation SPF  UVA (nm)
Base-L (reference) Before 1.5 1.3 380
After 1.4 1.3 381
E-1-1% Before 1.7 1.4 374
After 1.3 1.2 380
E-I-2% Before 2.4 1.6 365
After 1.6 1.3 371
E-I-5% Before 43 2.1 360
After 2.2 1.6 365
E-I-10% Before 8.5 3.0 359
After 3.7 2.2 364
E-II-1% Before 1.6 1.4 378
After 1.5 1.3 380
E-1I-2% Before 1.9 1.5 371
After 1.5 1.3 376
SPF 15-L (positive Before 16.6 5.7 375
control) After 149 5.3 375
SPF 15-B (positive Before 16.7 9.7 378
control) After 14.4 8.0 378
SPF 30-L (positive Before 36.0 24.5 380
control) After 35.8 25.5 380

UVA corresponds to the protection factor of the UVA range. CW is the
wavelength below which 90% of the absorbance curve resides. All
calculation is based on the average of four independent
measurements.

condensed tannins that might be present in SBE are weakly
acidic and their ionization changes their light absorption
spectra. Interestingly, the visual appearance of E-II-1% was
close to that of E-I-10% (Fig. S217). trans-Resveratrol has been
reported to be stable for several months when protected from
light and kept at neutral pH.*® Therefore, a pH adjustment of
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the creams may play a role in preserving the stilbene gluco-
sides; however this is out of scope of this present study.

The solar irradiation using a sun simulator allows the deter-
mination of the photostability of the tested samples. In the
emulsification I series, the SBE dosage correlated negatively
with the UVP performance both at the measured SPF and the
protection factor of the UVA range. To be specific, the
measured SPF increased progressively from 24 to 56% at the
dosages of 1-10%, respectively. The low photostability of the
stilbene glucosides could be explained by the fact that trans-
stilbene glucosides may convert into their cis-isomers under
light and further into phenanthrene under UV irradiation. The
major drawbacks of liberating the full biological effects of stil-
bene glucosides apparently lie in these molecules’ poor stabi-
lity and low solubility. Their use as sunscreen UV-filters is
therefore limited to a certain pH and solvent. Besides, the con-
ventional chemical conjugation strategies (e.g. esterification,
alkylation, and acylation)’’*® could alter the molecule’s char-
acters; the enzymatic functionalization like glycosylation®® and
lipase-catalysed enzymatic acylation® are other alternative bio-
compatible strategies for solubility and stability enhancement.
The suggested reactions shown in Fig. 8 are not listed as part
of the ‘restricted reaction’ to manufacture the naturally derived
cosmetic ingredients according to ISO 16128-1.°" Notably, the
solubility of the resveratrol 3,5-B-p-diglucoside improved with
1700-fold more water solubility than the unglucosylated mole-
cule without losing its antioxidant activity.”® Such protection
strategies are thought to enhance the stability and hydrophobi-
city of these compounds at neutral pH and their original
colour could be preserved. Thus, (bio)chemical functionali-
zation needs to be systematically carried out to improve the
overall stability of stilbene.
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Fig. 8 Possible controlled functionalization of the stilbene glucosides (or their aglycon forms) from spruce bark (polydatin is used as an example).

Enzymatic approach is highlighted with a dashed line.
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Conclusions

Today, the conventional synthetic UV filters are posing a
global public health concern for the environment and
humans. They can transmit and have an impact on the survival
rate and reproduction of aquatic organisms via humans’
sunscreen products. Thus, we need to develop alternative safer
sunscreens, e.g., new types of naturally derived UV absorbers.
A short ultrasound-assisted treatment of spruce inner bark
with 60 v% ethanol at 45 °C provided an extract (SBE) that was
rich in stilbene glucosides. One- and two-dimensional NMR
and LC-MS techniques verified the structure of the main stil-
bene glucosides, astringin, isorhapontin and polydatin, which
together formed one third of the extract and ca. 9.0% of the
original bark. The extract was brownish in colour which poss-
ibly originated from coextracted condensed tannins. A 10%
emulsion of SBE (containing 35% stilbene glucosides) pro-
vided UV protection equal to half the efficiency of commercial
SPF 15 sun lotions. The UV protection performance of spruce
bark extracts outperformed that of lignin'' at the same
dosages of 5 or 10 wt%.

The spruce bark stilbenes have shown their significant UV-
absorbing capacity, but there have not been enough scientific
data to enhance their photostability and solubility. A systema-
tic study (Fig. 8) will be conducted to introduce substituted
ester functionalities through chemo-enzymatic strategies. The
solubility and stability of these functionalized stilbenes may
improve 1000-fold with more water solublility without losing
their UV-absorbing activity. Currently, spruce bark is entirely
for energy use at pulp mills, while this resource-wise use of
spruce bark for stilbene in sunscreens will allow more income
potential for forest owners. This is the first scientific demon-
stration of the use of a stilbene-rich spruce bark extract as a
UV blocker in sunscreens and it may potentially lead to the
commercial utilization of spruce bark in the cosmetic industry.
However, it is still quite far from the current preliminary
research to a fully medically certified marketable product in
the context of ‘spruce bark biorefinery’. Further work will also
be needed to demonstrate the long-term performance of SBE
in the products.
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