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Catalytic hydrogenolysis of larix bark
proanthocyanidins in ionic liquids produces UV
blockers with potential for use in cosmetics
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The bark of larix, a major tree species in the coniferous forests of China's Greater Khingan Mountains, is
typically treated as waste. The bark is, however, rich in flavonoids, known as proanthocyanidins, although
their high degree of polymerization and high molecular weight reduce their biological activity and
potential applications. lonic liquids, a new type of “green solvent”, characterized by low vapor pressure
and good stability, have been developed and used as new solvents for naturally occurring
macromolecules. Here, we used 1-butyl-3-methylimidazole chloride ([BMIM]Cl) as the ionic solvent to
reduce the degree of polymerization of larix bark proanthocyanidins by Pd/C-catalyzed hydrogenolysis.
The optimal reaction conditions, determined using an orthogonal experimental design, were: reaction
temperature, 90 °C; reaction time, 1.5 h; catalyst loading, 4 g L™ (Pd/C: [BMIMICl); and hydrogen
pressure, 2.5 MPa. Characterization of the reaction products by UV-Vis and IR spectroscopy and gel
permeation chromatographys showed that they retained the proanthocyanidin structure. We showed
that whilst both the native and depolymerized proanthocyanidins were able to block UV light when

added to commercially available skin creams and sunscreens, the depolymerized proanthocyanidins
Received 30th April 2021 fecti t . trati This stud ds th licati f u -
Accepted 20th August 2021 were more effective at a given concentration. This study expands the applications of a new “green” ionic
liquid solvent, provides a technical foundation for the low-cost depolymerization of larix bark

DOI: 10.1039/d1ra03197] proanthocyanidins, and also explores a potential high-value use for waste larix bark as the source of

rsc.li/rsc-advances a UV-blocking additive for cosmetics.

bonds, Fig. 1). The average degree of polymerization (DP) of
proanthocyanidins in larix bark is 9-10, and the molecular

1 Introduction

(cc)

Larix, a long-lived, fast-growing tree, is the main species in the
coniferous forests of China's Greater Khingan Mountains and is
also an important species for forest regeneration and affores-
tation. The harvesting and processing of larix produces a large
amount of residues, such as bark and wood powder, which are
typically viewed as a low value resource and used as fuel.
Preparation of highly active polyphenols from the by-products
of the pulping industry is a green strategy to realize the high
value utilization of agricultural and forestry wastes." These
phenolic structures, such as lignin, have broad application
prospects in the field of materials, and also inspire our interest
in the research of bioactive polyphenols.* Larix bark is,
however, rich in proanthocyanidins, which account for 10-16%
of the bark mass. Proanthocyanidins are formed by polymeri-
zation of catechin and epicatechin subunits via bonds between
C, in the C ring and Cg or Cq in the A ring (C4-Cg or C,-C6
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weight is ~2800.*° Proanthocyanidins, a type of flavonoid
comprising “flavan-3-alcohol” monomers, are the main
component of larix bark tannin extracts, which have been
widely used in the leather tanning industry.*” Although the
average DP of proanthocyanidins in larix bark is 9-10, lower
molecular weight polymers are also present and larix

Fig. 1 The molecular structure scheme of catechin, epicatechin and
proanthocyanidins LPPCs, n =5; LOPC n <5.
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proanthocyanidins can be further classified as larix polymeric
proanthocyanidins (LPPCs, DP =5) or larix oligomeric proan-
thocyanidins (LOPCs, DP <5). Because of their large molecular
weight, LPPCs cannot easily penetrate biofilms, resulting in low
biological activity and, consequently, low value. LOPCs, on the
other hand, have strong biological activity. As well as showing
strong anti-oxidant properties,*® LOPCs have been reported to
protect retinal cells.® suppress tumor growth,"* combat the
damage done by inflammation,"” and protect against cardio-
vascular and cerebrovascular diseases.’® Because of their
aromatic structure, proanthocyanidins strongly absorb UV light
and have a good prospects for use in sunscreens.** One study*®
showed that the sun protection factor (SPF) of high-
concentration proanthocyanidins from red raspberry seeds
was much higher than that of commercially available
sunscreens, confirming the potential of proanthocyanidins as
natural ingredients for highly UV-blocking sunscreens.

At present, the applications of cellulose and lignin in various
fields have been reviewed,>****® but due to the influence of
polymerization degree on the activity, the application of
proanthocyanidins is relatively less. So far, depolymerization of
low-value LPPCs to produce high-value LOPCs and investigation
of their UV-blocking properties thus has important practical
significance for improving the range of application of proan-
thocyanidins. Depolymerization of LPPCs is typically achieved
using chemical degradation," biodegradation,* oxidation®"**
or hydrogenolysis.?* but all of these methods have drawbacks.
Chemical degradation requires the use of acids, alkalis and
other chemical reagents, which pose a potential risk to the
environment. In biodegradation, which uses microbial or bio-
logical enzymes, the reaction conditions are strict, the reaction
takes a long time, and the degree of depolymerization is
uncertain. Oxidation typically uses light, electricity and heat to
depolymerize proanthocyanidins into smaller molecules and
generates CO, and H,O. There are also many by-products,
which makes it difficult to obtain pure LOPCs. Hydrogenolysis
is commonly used to break C-C bonds in biological macro-
molecules and is one of the most important strategies for
directional cleavage of C,-Cg (or C,—Cs) bonds in proantho-
cyanidins. Under the right conditions, hydrogenolysis does not
destroy the structure of polyphenols and selectively produces
LOPCs with higher purity and better activity than other
methods. Du et al.*® studied the catalytic hydrogenolysis of
LPPCs in ethanol, using Pd/C as the catalyst, and Jiang et al.**
found that hydrogenolysis of LPPCs can be catalyzed by HP-
2MGL resin.

So far, most catalytic hydrogenolysis reactions have been
carried out in organic solvents. This limits the reaction
temperature because organic solvents have a high vapor pres-
sure and evaporate above a certain temperature. The environ-
mental pollution caused by volatilization of organic matter is
also a concern. In terms of resource recycling, environmental
protection and realization of “green chemistry”,” it is, there-
fore, important to identify non-volatile, stable, green solvents in
which to carry out hydrogenolysis of LPPCs. Ionic liquids are
salts that are liquids at temperatures below 100 °C and are
usually composed of a combination of organic cations and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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organic/inorganic anions.** Compared with organic solvents,
ionic liquids, which are frequently referred to as “green”
solvents,” have excellent thermodynamic stability and low
vapor pressures, with almost no volatilization. Ionic liquids are
excellent solvents and reaction mediums for natural macro-
molecules. If the economic problem of solvent recovery is
solved, the recovery of ionic liquid can have a positive impact on
the environment. At present, ionic liquids are widely used as
solvents for natural lignocellulose.?® Yang et al.>® prepared high-
strength cellulose from corn straw wusing 1-butyl-3-
methylimidazole chloride ([BMIM]CI) as the solvent. [BMIM]CI
is a relatively common ionic liquid, which has been shown to be
good solvent for the extraction of proanthocyanidins.*® Using
[BMIM]CI as the solvent for catalytic hydrogenolysis of LPPCs
will provide a more thermodynamically stable environment for
the reaction and will effectively achieve “zero emissions”, thus
reducing environmental pollution. It will also expand the range
of applications of ionic liquids as solvents for reactions
involving natural macromolecules. In this study, LPPCs (DP =
13.19) and Larix bark natural oligomeric proanthocyanidins
(NOPCs, DP = 4.65) were extracted from larix bark by solvent
extraction. Then, the hydrogenolysis reaction was carried out
under the catalyst we synthesized (Fig. 2). The method for
synthesizing the catalyst is simple and green, and formaldehyde
can gently reduce palladium to a reduced state, which is bene-
ficial to catalyze the hydrogenolysis reaction. An orthogonal
experimental design was used to determine the effects of reac-
tion temperature, hydrogen pressure, reaction time and catalyst
loading on the yield of hydrogenolysis products and to optimize
the process conditions. The reaction products were character-
ized by UV-Vis and FTIR spectroscopy and gels permeation
chromatography (GPC). The effects of adding LPPCs and LOPCs
to skin creams or sunscreens was then evaluated, in terms of UV
transmission, stability to UV light and sensory evaluation. This
work not only broadens the scope of applications of “green”
ionic liquids, but also provides a technical basis for the low-cost
depolymerization, development and utilization of proantho-
cyanidins from larix barks.

2 Results and discussion
2.1 Determination of standard curves

Larix bark proanthocyanidins are macromolecular polymers
comprising catechin (or epicatechin) monomers. The standard
curves of Abs vs. catechin mass concentration and Abs vs.
catechin molar concentration were, therefore, drawn using the
Vanillin-HCl assay,® with catechin as the standard. The
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Fig. 2 Schematic diagram of hydrogenolysis of LPPCs in ionic liquid.
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Fig. 4 TG/DTG curves of Pd/C catalyst.

regression equation of Abs and M was Abs = 4.83558 x 10~ *M +
0.00676, with a correlation coefficient R*> = 0.999 by linear
fitting of the obtained data. In a similar way, the linear regres-
sion equation of Abs and C was Abs = 6.45827 x C + 0.01176,
with R* = 0.999. Using this method, we determined the DP of
LPPCs and NOPCs to be 13.19 and 4.65 respectively. In
a previous report,’ the average DP of proanthocyanidins in larix
bark was usually between 9 and 10. The difference is mainly due
to removal of NOPCs in the process of extracting the LPPCs.

2.2 Properties of Pd/C catalyst

2.2.1 Palladium valence. XPS is an advanced analytical
technique used in the microscopic analysis of electronic mate-
rials and components. The principle is to use X-rays to radiate
the sample and excite the valence electrons of the surface
elements of the sample. By plotting the binding energy of

Table 1 Table of orthogonal experimental horizontal factors
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photoelectrons as the x-coordinate and the relative intensity
(pulse per s) as the y-coordinate, drawing images can be used to
characterize the elemental composition and valence state of the
sample surface.

XPS analysis and characterization of the Pd/C catalyst can
provide information about the elements on the surface of the
catalyst and about the valence of the Pd. In Fig. 3, the binding
energies of 335.5 eV and 340.9 eV correspond to Pd 3ds/, and Pd
3ds,, respectively, of the reduced state, Pd°. The binding
energies of Pd’ is consistent with the reports in the literature.?
The difference is, the binding energies of 337.5 eV and 342.8 eV
correspond to Pd 3ds,, and Pd 3d;,,, respectively, of the oxidized
state, PdO,. Since the catalyst prepared by this method has not
been calcined, PdC, will not be produced. On the one hand,
PdOx is due to the fact that Pd is not completely reduced in the
preparation process; on the other hand, it is due to the fact that
Pd is exposed to the air for too long after reduction. The XPS
diagram reveals the presence of two valence states of elemental
palladium, Pd(0) and Pd(2), on the surface of the activated
carbon. Because of the excellent ability of metallic palladium to
adsorb hydrogen,® we speculate that Pd(0) plays a major role in
the catalytic hydrogenolysis of proanthocyanidins. Therefore,
the synthesis method of this catalyst is feasible and gentle.

2.2.2 Thermal stability of Pd/C catalyst. TGA is an analyt-
ical method that analyzes and characterizes the thermal
stability of samples. The TG curve, which has temperature on
the x-axis and sample mass on the y-axis, reflects the relation-
ship between the mass of the sample and temperature. The DTG
curve is the first derivative of the TG curve and, over a particular
range, the peak value of the DTG curve indicates that the rate of
weight loss of the test sample has reached its maximum value.
Since catalytic hydrogenolysis needs to take place at a particular
temperature, the thermal stability of the Pd/C catalyst is very
important. The Pd/C catalyst was characterized over the
temperature range 30-500 °C. The TG and DTG curves of the Pd/
C catalyst (Fig. 4) show that the rate of weight loss gradually
increases with increasing temperature in one weightlessness
peak, until a temperature of 97.2 °C is reached. The TG and DTG
curve showed that the catalyst has significant weight loss
(~20%) from 50 °C to 110 °C, which is mainly caused by water
evaporation. At 110 °C, the rate of weight loss of the Pd/C
significantly decreased, and the weight increased linearly as
the temperature decreased. The main cause of weightlessness
may be the result of sintering the activated carbon at too high
a temperature, which causes the internal pore structure to

Factor
Level Reaction time, h Reaction temperature, °C Catalyst loading, g L™* Hydrogen pressure, MPa
1 1 70 2 1
2 1.5 80 3
3 2 90 4 2.5
4 3 110 5 3
5 4 130 6 4
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collapse. Higher temperatures will thus cause a decline in
catalytically active sites and adversely affect the catalytic reac-
tion. Throughout the testing process, the total weight loss of the
Pd/C catalyst was 26.13%. TGA thus showed that our Pd/C
catalyst was relatively stable over the temperature range that
is suitable for catalytic hydrolysis. Excessively high tempera-
tures would, however, adversely affect the activity of the catalyst
and reduce the yield of the hydrogenolysis reaction.

2.3 Optimization by orthogonal experimental design

An orthogonal experimental design was adopted, with hydro-
genolysis yield (¢) as the investigation index, and reaction time,
reaction temperature, catalyst loading and hydrogen pressure
as the four investigation factors. Five levels were designed for
each factor, and an L,s (5°) orthogonal experimental table
(Table 1) was established. The experimental results were shown
in Table 2.

2.4 Influence of each factor on yield of hydrogenolysis

2.4.1 Reaction time. ¢ increased slowly from 1 h to 1.5 h
and reached a maximum (38.27%) at 1.5 h, before falling to
29.37% after 4 h (Fig. 5a). The reaction reached equilibrium at
1.5 h and, with increasing reaction time, the newly formed
LOPCs may undergo unwanted side reactions which reduce the
amount of the desired products. The optimal reaction time for
hydrogenolysis of LPPCs was thus 1.5 h.

2.4.2 Reaction temperature. Reaction temperature has one
of the biggest impacts on chemical reactions. ¢ increased

View Article Online
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rapidly over the temperature range 80-90 °C (Fig. 5b), reaching
44.82% at 90 °C. The DP of the LPPCs decreased significantly at
this temperature for two reasons. Firstly, increased temperature
significantly reduces the viscosity of ionic liquids, thus
improving the mass transfer rate of hydrogen and, secondly, the
rate of C-C bond fracture is accelerated at higher temperatures.
Between 90 °C and 130 °C, ¢ fell rapidly to 29.37%, likely
because of side reactions, such as pyrolysis of the LPPCs, at high
temperatures. Since these by-products are not LOPCs, the yield
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Fig. 5 (a) Plot of ¢ plotted vs. hydrogenolysis time; (b) plot of ¢ vs.

reaction temperature; (c) plot of ¢ vs. catalyst loading; (d) plot of ¢ vs.
hydrogen pressure.

Table 2 Orthogonal experimental table for hydrogenolysis of LPPCs in ionic liquid

Reaction time, Reaction temperature,

Hydrogen pressure,

Project h °C Catalyst loading, g L' MPa DP @, %
1 1 130 5 1 9.02 31.61
2 1 110 6 3 7.23 45.19
3 1 90 2 2 8.84 32.98
4 1 80 3 4 10 24.18
5 1 70 4 2.5 8.48 35.71
6 1.5 130 4 3 8.45 35.94
7 1.5 110 5 2 9.16 30.55
8 1.5 90 6 4 7.3 44.66
9 1.5 80 2 2.5 7.43 43.67
10 1.5 70 3 1 8.37 36.54
11 2 130 3 2 10.66 19.18
12 2 110 4 4 8.35 36.69
13 2 90 5 2.5 3.98 69.83
14 2 80 6 1 9.46 28.28
15 2 70 2 3 10.31 21.84
16 3 130 2 4 8.45 35.94
17 3 110 3 2.5 9.6 27.22
18 3 90 4 1 9.4 28.73
19 3 80 5 3 9.72 26.31
20 3 70 6 2 8.2 37.83
21 4 130 6 2.5 10 24.18
22 4 110 2 1 10.44 20.85
23 4 90 3 3 6.87 47.92
24 4 80 4 2 8.37 36.54
25 4 70 5 4 10.9 17.36

© 2021 The Author(s). Published by the Royal Society of Chemistry
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of the hydrogenolysis reaction decreases. As a result, 90 °C was
determined to be the optimal temperature for hydrogenolysis.

2.4.3 Catalyst loading. The catalyst provides the main
active site for catalytic hydrogenolysis and, within limits,
increased catalyst loading accelerates the reaction. As shown in
Fig. 5c, ¢ increased from 31.06% to 34.72% when the catalyst
loading was increased from 3 ¢ L' (Pd/C: [BMIM]Cl) to 4 g L™,
and then stabilized. When the catalyst loading was increased
further to 6 g L', ¢ was 36.03%, indicating that the overall yield
did not change significantly within this range of catalyst load-
ings. From an economic perspective, we believe that a catalyst
loading of 4 g L' is the best option for large-scale processing.

2.4.4 Hydrogen pressure. Under our reaction conditions,
the hydrogen pressure is proportional to the hydrogen molec-
ular concentration. This means that, within limits, higher
pressure is more favorable for gas-liquid-solid phase contact
and thus the hydrogenolysis reaction. The curve of ¢ vs.
hydrogen pressure is shown in Fig. 5d. Within the range 1-
2.5 MPa, ¢ increased rapidly and reached a maximum value of
40.12% at 2.5 MPa. When the hydrogen pressure was further
increased to 4 MPa, ¢ gradually decreased to 31.77%. There are
two possible reasons for the decrease in ¢. Firstly, increased
hydrogen pressure may lead to hydrogenation/hydrogenolysis
of other groups in the LPPCs, thus destroying the original
polyphenolic structure. Secondly, further hydrogenation/
hydrogenolysis may lead to degradation of the newly formed
LOPCs. A hydrogen pressure of 2.5 MPa is thus most suitable for
hydrogenolysis of LPPCs.

2.5 Significance and optimization of each factors

Using Pd/C as the catalyst, the optimal conditions for hydro-
genolysis of LPPCs in the ionic liquid [BMIM]CI were: reaction
time, 1.5 h; reaction temperature, 90 °C; catalyst loading, 4 g
L~'; and hydrogen pressure, 2.5 MPa. It is worth noting that the
orthogonal experiment contains some errors, which will reduce
the significance of each factor. As shown in the analysis results
of Tables 2 and 3, it can be seen that the mutual influence of
factors is very obvious. Firstly, the interval level selected for each
factor needs to be expanded and, secondly, interactions
between factors interfere with the experimental results and the
interactions between factors needs to be further investigated.

2.6 Structural characterization of proanthocyanidins

2.6.1 UV-Vis spectroscopy. UV-Vis spectroscopy measures
the absorption by a sample of light at wavelengths between 190-

Table 3 Variance analysis table for hydrogenolysis of LPPCs in ionic
liquid

Factor DOF Adj SS Adj MS F P
Reaction time 4 240 60.01 0.32 0.858
Reaction temperature 4 817 204.24 1.08 0.426
Catalyst loading 4 113.5 28.36 0.15 0.746
Hydrogen pressure 4 367 91.75 0.49 0.958
Error 8 1507.9 188.49

SUM 24 3045.4

30082 | RSC Adv, 2021, 11, 30078-30087
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800 nm and can be used for the qualitative and quantitative
detection of proanthocyanidins. The spectra of LPPCs, NOPCs
and LOPCs were recorded using a UV-Vis spectrophotometer
over the range 190-800 nm. There were no absorption peaks
between 350 nm and 800 nm and the absorption spectra at 190-
350 nm are shown in Fig. 6. The maximum absorption wave-
length of LPPCs, NOPCs and LOPCs is ~278 nm, which is
consistent with literature values for the characteristic absorp-
tion wavelength of proanthocyanidins.** LOPCs and NOPCs
showed maximum absorption peaks at ~220 nm, whereas the
maximum absorption peak of LPPCs was at 208 nm, indicating
that, like NOPCs, LOPCs obtained by hydrogenolysis have the
characteristics of oligomeric proanthocyanidins. This indicates
that Pd/C catalyzed hydrogenolysis of LPPCs in an ionic liquid
produces LOPCs, which have a similar absorption spectrum to
NOPCs.

2.6.2 IR spectroscopy. IR spectroscopy provides informa-
tion about the functional groups present in a sample compound
and is most often used for qualitative detection. The FTIR
spectra of the LPPCs, NOPCs and LOPCs are shown in Fig. 7 The
stretching vibrations of hydroxyl groups can be seen as wide,
strong peaks at 3400 cm ™. The strong peaks at 1610 cm ™" are
characteristic of benzene ring and the peaks at 1616 cm ',
1517 cm ™" and 1453 em™ ' are characteristic of the “breathing”
vibrations of benzene rings. The peak at 1282 cm™ " is charac-
teristic of ether bonds. This is consistent with the literature.*
Compared with the spectra of the LPPCs and NOPCs from larix
barks, the spectrum of the LOPCs retains the infrared absorp-
tion peaks corresponding to each functional group of proan-
thocyanidins, confirming that the LOPCs still have the
structural characteristics of proanthocyanidins. The catalytic
hydrogenolysis of LPPCs in [BMIM]CI also shows good selec-
tivity. In other words, the reaction breaks C-C bond between
proanthocyanidin monomers, thus reducing the DP and
molecular weight of the LPPCs, but does not destroy the struc-
ture of the polyphenols, providing the required LOPCs, which
have higher biological activity.

2.6.3 Gel permeation chromatography. The molecular
weights of LPPCs before hydrogenolysis and LOPCs after
hydrogenolysis were determined by GPC. The molecular weight
distribution curves (Fig. 8) show that the molecular weight of
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Fig. 6 UV-Vis spectra of LPPCs, NOPCs and LOPCs.
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Fig. 7 IR spectra of LPPCs, NOPCs and LOPCs.

the LOPCs is significantly lower than that of the LPPCs, con-
firming the efficiency of Pd/C for catalytic depolymerization of
LPPCs.

2.7 Ultraviolet blocking by proanthocyanidins

2.7.1 Ultraviolet blocking by skin creams and sunscreen
containing different amounts of proanthocyanidins. Proan-
thocyanidins are aromatic compounds that contain a large
number of phenolic hydroxyl groups and thus strongly absorb
light in the UV region of the spectrum (Fig. 9). LOPCs and LPPCs
were mixed with two different skin creams and a sunscreen to
explore their effect on the UV blocking performance of the skin
creams and sunscreen. The UV absorbance of LOPCs was
superior to that of LPPCs over the range 290-400 nm. As well as
enhancing the UV absorbance, the hydrogenolysis reaction also
serves as an additional purification process so the purity of the
LOPCs was improved compared with that of the LPPCs. Over the
wavelength range 320-400 nm, skin cream-B transmits close to
80% of UV light and, over the range 290-320 nm, transmittance
is close to 70% (Fig. 9a and b). Transmission by skin cream-Y
exceeded 80% in both UVA and UVB regions (Fig. 9¢ and d).
These experiments indicate that commercially available skin
creams absorb UV light only weakly. The sunscreen performed
better than the skin creams, although transmittance increased
above 390 nm (Fig. 9e and f). In all cases, UV transmittance
decreased significantly after addition of proanthocyanidins and

——LPPC
——LoPC

1 2 3 4 5 6 7
log (Molar mass)

Fig. 8 Molecular weight distribution curves of LOPCs and LPPCs.
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Fig. 9 UVB and UVA transmittance of skin creams and sunscreen
mixed with different mass concentrations of LOPCs and LPPCs. (a and
b) skin cream-B with different mass concentrations of LPPCs and
LOPCs; (c and d) skin cream-Y with different mass concentrations of
LPPCs and LOPCs; (e and f) SPF20 sunscreen with different mass
concentrations of LPPCs and LOPCs.

the decrease was concentration-dependent over the range 0.1-
1.0 wt% mass fraction of proanthocyanidins. At the same mass
concentration, the UV transmittance of both skin creams and
sunscreen decreased more markedly after addition of LOPCs
than after addition of LPPCs.

The synergistic effect of proanthocyanidins with sunscreen
(Fig. 9e and f), may be due to w-m* superposition of aromatic
rings in the proanthocyanidins with aromatic rings in the
sunscreen. Addition of either LPPCs or LOPCs to sunscreen thus
reduces transmission of UV light and enhances protection. At
the same concentration, LOPCs enhanced the performance of
the sunscreen more than LPPCs.

2.7.2 Sensory evaluation. The skin creams and sunscreen
purchased in the market are all white creams. After adding
proanthocyanidins, the color of the samples became light
brown and deepened with increasing mass concentrations of
proanthocyanidins (Fig. 10). Apart from the color change, other

K'Y

Fig.10 Photographs of skin cream with different mass concentrations
of proanthocyanidins: (a) LOPCs, (b) LPPCs.
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properties, such as smell, texture and feel on the skin, were
unchanged after addition of proanthocyanidins. The brown
color may, however, be rejected by consumers and reduce the
commercial  potential of  proanthocyanidin-containing
sunscreen products. Methods to reduce the color of proantho-
cyanidins whilst retaining their UV-blocking properties, should
be further studied.

2.7.3 Stability to UV radiation. Commercial sunscreens
showed little change in capacity to absorb UV light in the region
290-400 nm after exposure to UV light for 2 h (Fig. 11a). When
sunscreens containing proanthocyanidins were exposed to UV
radiation for 2 h, however, their UV absorbance in both UVA and
UVB regions increased (Fig. 11b and c), indicating an
improvement in protection. After irradiation with UV light for
2 h, the UV absorbance of skin cream-B containing 0.1 wt%
LPPCs or 0.1 wt% LOPCs decreased in both UVA and UVB
regions (Fig. 11d and e), indicating poor stability to UV light. In
order to explore how to improve the sun protection afforded by
sunscreen containing proanthocyanidins under UV radiation,
we used the light stability of skin cream-B as a reference. Unlike
sunscreen, skin cream-B does not contain active sunscreen
ingredients. When added to sunscreen, proanthocyanidins may
interact with some of the active ingredients during 2 h of UV
exposure, forming better UV-blocking agents. The active ingre-
dients in sunscreens, such as butylmethoxydibenzoylmethane,
have poor light stability and readily undergo photodegradation.
Proanthocyanidins are effective natural antioxidants and their
ability to scavenge free radicals may protect the active ingredi-
ents in sunscreens from degradation. There is thus a theoretical
basis for using proanthocyanidins in the cosmetics industry to
enhance the reliability and safety of sunscreens.

a s SPF20 sunscreen] b 35 SPF20 sunscreen+ 0.1 wt% LPPCs]
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——after UV ——after UV
125 25
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Fig. 11 Diagrams of UV absorption before and after UV irradiation for
2 h. (a) SPF20 sunscreen; (b) SPF20 sunscreen with 0.1 wt% LPPCs; (c)
SPF20 sunscreen with 0.1 wt% LOPCs; (d) skin cream-B with 0.1 wt%
LPPCs; (e) skin cream-B with 0.1 wt% LOPCs.
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3 Conclusion

In this work, we used Pd/C as the catalyst to hydrogenolyze
LPPCs in a non-organic solvent, the ionic liquid [BMIM]CI. An
orthogonal experimental design was used to optimize the
conditions for the hydrogenolysis reactions. The best condi-
tions were found to be: temperature, 90 °C; reaction time, 1.5 h;
catalyst loading 4 g L™" (Pd/C: [BMIM]CI); and hydrogen pres-
sure, 2.5 MPa. ANOVA showed that the significance of the
interactions between different experimental factors needs
further investigation. UV-Vis and IR spectroscopy, together with
GPC analysis, showed that the LOPCs produced during the
hydrogenolysis reaction retained the structural characteristics
of proanthocyanidins. Compared with reaction in traditional
organic solvents, reaction in the ionic liquid achieves direct
hydrogenolysis of LPPCs. Because the ionic liquid is also stable
and non-volatile, it causes less environmental pollution than
organic solutions and provides a sustainable alternative for
hydrogenolysis of LPPCs.

To demonstrate potential applications of the proanthocya-
nidins, we added LPPCs and LOPCs to both skin cream and
sunscreen. The UV transmittance of skin cream with added
proanthocyanidins was lower than that of pure skin cream,
confirming the ability of proanthocyanidins to block UV light.
LOPCs provided a better UV barrier than LPPCs at the same
concentration. Addition of proanthocyanidins to a shop-bought
sunscreen also improved sun protection, with UV absorbance
increasing with increasing UV radiation time. The specific
mechanisms underlying the improved performance, however,
need further study and clarification. One potential downside of
adding proanthocyanidins to cosmetic products is that the
products take on a brown color, which may be unattractive to
consumers. To achieve better acceptance, it may be necessary to
develop methods for decolorizing proanthocyanidins.

This study provides a new solvent for the study of directed
depolymerization of proanthocyanidins, and also provides
a commercially relevant example of the benefits of using ionic
liquids, which are safe, sustainable and easy to recycle, for
reactions of biomolecules. We have also explored value-added
applications of proanthocyanidins and showed that they are
good UV-blockers, with great potential for use in sunscreens
and other products in which protection from the harmful
effects of UV light is needed.

4 Experimental
4.1 Materials and reagents

Larix bark was crushed to a powder with particle diameter 0.5-
1.0 mm as raw material. Catechin was purchased from Beijing
Kool Chemical Co, Ltd. 1-Butyl-3-methylimidazole chloride
([BMIM]CI) was purchased from Shanghai Chengjie Chemical
Co, Ltd. PdCl,, vanillin, ferric chloride, ethanol, silver nitrate,
PdCl, and catechin were purchased from Tianjin Mesco
Chemical Co, Ltd. Methanol, ethanol, petroleum ether, ethyl
acetate, silver nitrate, catechin, vanillin, formaldehyde (37-
40%) and acetic acid were purchased from Tianjin Tianli
chemical reagent Co, Ltd. Hydrochloric acid (36-38wt%), nitric

© 2021 The Author(s). Published by the Royal Society of Chemistry
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acid, sodium hydroxide and hydrogen peroxide were purchased
from Tianjin Kemiou Chemical Regent Co, Ltd. acetic acid,
methanol, ferric chloride, 1-butyl-3-methylimidazole chloride
([(BMIM]CI) and all of the above reagents are analytically pure.
Methanol (chromatographically pure) was purchased from
Tianjin Tianli chemical reagent Co, Ltd. Potassium bromide
(spectral pure) was purchased from Tianjin Kemiou Chemical
Reagent Co, Ltd. Marketed cosmetics, skin cream-B (produced
by a company in Suzhou), skin cream-Y (produced by a company
in Tianjin), and SPF20 sunscreen (SPF20), were purchased from
supermarket in Harbin.

4.2 Preparation of LPPCs

Larix bark proanthocyanidins were extracted using the ethanol
extraction method, as previously described.*

4.3 Characterization of proanthocyanidins

4.3.1 Determination of degree of polymerization. The
average DP of the proanthocyanidins was determined by
Vanillin-HCI assay,** using catechin as the standard. Accurately
weighed samples of the LPPCs and NOPCs respectively, ob-
tained in Section 2.2 (0.010 g) were dissolved in [BMIM]CI (1
mL) and then accurately diluted to 10 mL with methanol in
volumetric flasks to provide mother solutions. Aliquots (0.5 mL)
of the mother solutions were diluted to 10 mL with methanol in
volumetric flasks and aliquots of these diluted solutions (1 mL)
were used to determine Abs, and calculate the mass concen-
tration (M). Aliquots (0.5 mL) of the diluted solutions described
above were also transferred to 10 mL light-impermeable tubes
with constant volumes of acetic acid. Abs was determined, and
the molar concentration (C) was calculated. The DP of the
proanthocyanidins was calculated using formula (1).

DP = MI(C x M) (1)

Here, M, is the relative molecular weight of catechin (290.27).

4.3.2 UV-Vis spectroscopy. The proanthocyanidin samples
to be tested were dissolved in 70% (v/v) aqueous ethanol (40 pg
mL™Y). 70% (v/v) aqueous ethanol was used as the blank
control. The samples were scanned over the range 200-800 nm
using a Tu-1950a dual-beam UV-Vis spectrophotometer (Beijing
General Analysis Instrument Co, Ltd, China).

4.3.3 IR spectroscopy. The KBr embossing method was
used. The proanthocyanidin samples to be tested (2 mg) were
ground together with KBr (200 mg) in an agate mortar under an
infrared lamp and the resulting powder was pressed into thin
discs. The spectra were recorded using an FTIR-650 Fourier
infrared spectrometer (Tianjin Port East Science and Tech-
nology Development Co, Ltd.).

4.3.4 Gel permeation chromatography. The proanthocyani-
dins (25 mg) were dissolved in 50% (v/v) aqueous methanol (10
mL) and the solutions were filtered through a 0.45 pm pore
diameter filtration membrane. The molecular weight distribution
of the proanthocyanidins was determined by gel chromatography
using an Agilent 1100 HPLC system (Agilent Technologies, Inc.,
USA). The samples (50 pL) were injected for tandem gel
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chromatography on a double column (79911GF-084 + 79911GF-
083) at a temperature of 30 °C. A diode array detector was used,
with a detection wavelength of 270 nm. The mobile phase was 50%

aqueous methanol and the flow rate was 1.0 mL min~".

4.4 Preparation of Pd/C catalyst

The catalyst was prepared as previously described.*® Activated
carbon (AC, 20-40 mesh, 6.0 g) was placed in a 250 mL round
bottom flask, soaked in 12% hydrochloric acid solution, boiled
at 50 °C for 10 h, washed until free from Cl~ ions and then
dried. The pre-treated AC was mixed with 12% nitric acid and
refluxed at 80 °C for 3 h. After washing, the newly formed AC-
HNO; was dried. AC-HNO; was immersed in H,O, (5 M,
completely covered), refluxed for 5 h, washed and dried at
110 °C to provide AC-HNO;-H,0,. PdCl, (0.4743 g), water (15
mL) and concentrated hydrochloric acid (3 mL) were heated
until the PdCl, was fully dissolved. The solution was then added
dropwise with stirring to the AC-HNO;-H,O, at 80 °C in a water
bath. The pH was adjusted to 10 and the reaction mixture was
kept at 90 °C for 2 h. Formaldehyde solution (37-40%, 10 mL)
was added and the reaction mixture was aged for 30 h. The
resulting Pd/C catalyst was removed by suction filtration,
washed and dried.

4.5 Characterization of Pd/C catalyst

X-ray photoelectron spectroscopy. X-ray photoelectron spec-
troscopy (XPS) of the Pd/C catalyst was performed using a K-
Alpha X-ray photoelectron spectrometer (Thermo Fisher Scien-
tific, Inc., USA), under the following conditions: Ag 3D, 5/2
resolution, half peak width 0.85 eV, binding energy range 0-
1350 eV, Al target, X-ray maximum values of 12 kV and 30 mA.

4.5.1 Thermogravimetric analysis (TGA). TGA of the Pd/C
catalyst was carried out using a Pyrisl thermogravimetric
analyzer (PerkinElmer, Inc., USA), with a temperature range of
30-500 °C and a heating rate of 10 °C min .

4.5.2 Catalytic hydrogenolysis of LPPCs. LPPCs (0.50 g)
were magnetically stirred with [BMIM]CI (53.6 g, ~50 mL) at
90 °C to prepare a solution (1 : 100, w/v). The solution, together
with an aliquot of the Pd/C catalyst, was placed in a hydro-
genolysis reactor. Hydrogen was then fed into the reactor and
the reaction temperature was set. Once the set temperature was
reached, the reactor agitator was started and the reaction was
stirred at a rotational speed of 500 rad min~". At the end of the
reaction, the reaction mixture was taken out of the reactor and
the solid catalyst Pd/C was removed by filtration to provide an
ionic liquid solution of the product. Transformed this solution
(1 mL) in 10 mL volumetric flask, then diluted with methanol to
volume and determined DP according to (1) the efficiency of the
hydrogenolysis of the proanthocyanidins was evaluated using
the yield (¢) of desired products. The DP of the product was
determined and ¢ was calculated using (2).

® = (DP, — DP,)/DP, x 100% (2)

Where, DP, and DP; is the average degree of polymerization of
LPPCs and hydrogenolysis products respectively. The residual
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product solution was dialysed for 72 h. The solid products were
obtained after washing, centrifugation and drying. The total
solids were dissolved in 70% (v/v) aqueous ethanol. After
removing ethanol by rotary evaporation, LOPCs were extracted
with ethyl acetate. The LOPCs obtained at 110 °C, with a Pd/C
loading of 5 g L™, a hydrogen pressure of 2.5 MPa and a 2 h
reaction time were used for subsequent characterization and UV
blocking studies.

4.6 Sun protection testing of proanthocyanidins

4.6.1 Preparation of proanthocyanidin-containing skin
cream and determination of UV transmittance. The proantho-
cyanidins were mixed with either skin cream or sunscreen
(mass fractions of proanthocyanidins, 0, 0.1, 0.5 and 1.0%) and
stirred at 600 rpm for 24 h at room temperature in the dark. To
test whether the proanthocyanidins were completely dissolved,
or were suspended, in the skin cream or sunscreen, the samples
were centrifuged at 10 000 rpm for 1 h. If there was no precip-
itate after centrifugation, the proanthocyanidins were fully
soluble in the skin cream and sunscreen. Skin creams and
sunscreens containing different concentrations of proantho-
cyanidins were spread evenly on clean quartz glass (40 x 40 x 1
mm?®) and then dried in a dark room for 20 min. The UV
transmittance (T%) was measured using a TU-1950 UV spec-
trophotometer, equipped with a solid sample holder. Each scan
was from UVB (290-320 nm) to UVA (320-400 nm).

4.6.2 Sensory evaluation. The color sensation of the skin
creams and sunscreens containing different concentrations of
proanthocyanidins were evaluated by sight, smell, and feel on
skin.

4.6.3 UV radiation assay. Sunscreens, with and without
proanthocyanidins, were exposed to UV light to investigate the
effect of UV radiation. The samples were prepared as described
in Section 2.7.1 and the coated quartz glass sheets were irradi-
ated with UV light for 2 h. The UV light source were two 15 W UV
lamps together with an illumination intensity of 1330.4 W
cm 2. The UV absorbance (Abs) of the samples from UVB (290-
320 nm) to UVA (320-400 nm) was measured before and after
UV exposure to determine the light stability of these sunscreens.
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