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Abstract

Maskwio 'mi is a traditional topical treatment used by the Mi'kmaq people to treat a variety
of skin conditions, including eczema and psoriasis. It is typically obtained through the
pyrolysis of Betula papyrifera Marshall (paper birch) bark via a can-over-can method. To
replicate those conditions under controlled settings, a pyrolysis reactor system developed
by Dr. Bierenstiel was used to recreate the production of maskwio'mi in the laboratory.
The resulting bio-oil, also referred to as an extract, is formed of a complex mixture,
containing hundreds of organic compounds, which makes it challenging to characterize.
Chromatography coupled with mass spectrometry is the common technique used for
bio- oil composition analysis. This approach has been applied to Betula species analysis,
which led to the identification and subsequent isolation of bioactive compounds, including
triterpenoids and phenolic compounds. Although some of these compounds can have
therapeutic effects, certain phenolic compounds, such as cresols, are recognized as
environmental pollutants due to their toxicity and potentially harmful effect on humans and
animals, which necessitates their accurate identification and quantification in bio-oil

samples.

This thesis presents the identification and quantification of phenolic compounds and
lupane-type triterpenes. First, the concentrations of ortho-, meta-, and para-cresol were
found to be from 324 to 1,240 mg/L using a full-scan GC-MS method. Selected reaction
monitoring (SRM) was employed to quantify nine compounds, which ranged from 192 to
5,909 mg/L. Furthermore, betulin and betulinic acid were quantified at concentrations of

2,411 + 45 ppm and 199 + 8 ppm using a UHPLC-MS method.
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Chapter 1. Introduction

1.1 Natural products in drug discovery

Natural products are bioactive compounds derived from plants, animals, or
microorganisms and have been essential to medicine for centuries.! Traditional medicines
around the globe, like traditional Chinese medicine, Ayurveda, and indigenous healing,
have applied the therapeutic potential of nature to treat illnesses, forming a basis for many
modern pharmaceuticals.? As of 2018, approximately 67% of anticancer drugs originated
from natural products.® For instance, paclitaxel (Taxol), a chemotherapy drug derived from
the Pacific yew tree (Taxus brevifolia) is one of the most used anti-cancer therapeutics
(Figure 1.1).* Additionally, another yew species, native to the Central Himalayas,
T. baccata, has been used in traditional medicine for cancer treatment.* Another great
example of nature-derived medicine, artemisinin, represents the class of anti-malarial drugs
derived from extracts of sweet wormwood (Artemisia annua), which is a traditional

Chinese medicine.’

paclitaxel artemisinin thapsigargin

Figure 1.1. Examples of drugs originating from nature.*



Multiple extensive reviews by Newman and co-workers highlight the ongoing importance
of natural products in modern drug discovery.®® For the period of 1989 to 1995, 60% of
antimicrobial and anticancer drugs were reported to originate from natural sources.’ In
2003, despite the productivity crisis of pharmaceutical companies due to multiple industry
challenges, the demand for diversity-oriented libraries of natural product-like compounds
has risen.!®!! Therefore, there is a necessity to expand the research, especially due to the

ongoing loss of biodiversity.’

Over the last decade, interest in natural products and their diverse bioactivity has increased
significantly, particularly in extracts and essential oils. For instance, Lee and Hyun have
reported the rising demand for plant materials and their extracts in the cosmetic industry.'?
Cuanalo-Contreras and Moreno-Gonzalez reported the same trend for the pharmaceutical
sector, where natural products are getting recognition for various conditions, including
neurodegenerative diseases.!* Considering their structural diversity and evolutionary

bioactivity, natural products remain a crucial source for developing new medicines.

1.2 Bioactive compounds in Betula species

The genus Betula, also known as birch, has been used in traditional medicine in various
cultures due to its therapeutic properties. In southeast Europe, the extract of european silver
birch (Betula pendula Roth) leaves is traditionally utilized for the treatment of rheumatic
diseases and blood purification, indicating anti-inflammation activity.!*!> Similarly,

Himalayan silver birch (Betula utilis) bark has also been reported for the treatment of



rheumatism, wound healing, and skin conditions.'® Among indigenous tribes along the

Missouri River, river birch (Betula nigra) leaves were applied to treat skin ailments.!”

Research on extracts of various parts of Betula species has led to the isolation of bioactive
compounds, including triterpenoids, flavonoids, and other phytochemicals.!® Triterpenes,
particularly lupane-type compounds like betulin and betulinic acid, are among the most
studied classes of compounds derived from Betula species (Figure 1.2 A). These
compounds have been reported to possess various pharmacological properties, such as anti-
microbial, anti-inflammatory, anti-cancer, and other biological activities.!*?° For instance,
Ghimire and co-workers stated that Betula alnoides bark extract exhibits anti-microbial
and anti-inflammatory activities attributed to the presence of phytochemicals, which

include betulin and other triterpenes.’!

Betulin is a crucial secondary metabolite
predominantly found in the bark of Betula species, however, the concentration varies on
the species.?? Dehelean and co-workers reported that betulin forms up to 24.5 wt% of dried
silver birch (Betula verrucosa) outer bark.”> O’Connell and co-workers identified this
natural product at 6.8 wt%, 11.9 wt%, and 17.6 wt% for heartleaf birch (Betula cordifolia),
paper birch (Betula papyrifera), and gray birch (Betula populifolia), respectively.
However, the highest concentration was found in yellow birch (Betula alleghaniensis),
which contains up to 56% of betulin.>* Dehelean and co-workers suggest that betulin has

antitumor potential as betulin-enriched birch bark extracts have shown significant

cytotoxic effects on cancer cell lines. >
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Figure 1.2. (A) Chemical structures of selected lupane-type triterpenes and (B) phenolic
compounds.

Betulinic acid is another bioactive compound derived from the bark of the Betula species.
Numerous studies have been conducted to identify and characterize betulinic acid,
attributable to its promising therapeutic activity, which includes anticancer, antimicrobial,
and anti-inflammatory properties. Drenkhan and co-workers confirmed the presence of
betulinic acid alongside betulin while conducting a comparative analysis of bioactive
compounds in Betula pendula.' Additionally, Szoka and co-workers reported that
betulinic acid demonstrates significant antineoplastic activity in human digestive system

cancer cells.®

Phenolic compounds, another valuable class of phytochemicals, are characterized by one
or multiple hydroxyl functional groups attached to an aromatic ring (Figure 1.2 B). These
compounds are widely abundant in plants, particularly teas, fruits, vegetables, and
tobacco.?® Phenols are generally recognized for their antioxidant activity 2’ due to the
ability to scavenge free radicals. Amongst the most well-studied phenolic compounds are
flavonoids and tocopherols reported to exhibit a variety of biological actions, including

antioxidant, antiviral, and anti-inflammatory.?*°



Methoxyphenols, a less-known subclass of phenolic compounds, are characterized by one
or more methoxy groups on an aromatic ring. These guaiacyl-type compounds often
originate from the thermal degradation of lignin, a natural polymer abundant in the cell
walls of wood.*° For instance, Betula species, including Betula papyrifera, are rich in lignin
and, consequently, in methoxyphenols, such as guaiacol, eugenol, and vanillin. These
compounds, typically generated in situ and released during the pyrolysis of birch wood and
bark, indicate that the Betula genus is a valuable source of phytochemicals.
Methoxyphenols garnered attention due to their potential bioactivity, which includes

antioxidant, anti-inflammatory, and antimicrobial properties.

Benzenediols, or catechols, are another class of phenolic compounds and are widely used
in pharmaceuticals. For instance, catechol derivatives are intermediates for the synthesis
of L-3,4-dihydroxyphenylalanine (L-DOPA), which is used for Parkinson's disease
treatment.>! Resorcinol, another benzenediol, is utilized in low doses in topical treatments

for its keratolytic and antiseptic activity.>?

Despite having beneficial properties, the use of phenols is strictly regulated due to their
cytotoxicity and potential skin irritation, which necessitates the quantification of phenolic

compounds.

Overall, an extensive analysis of Betula papyrifera extract is crucial to explore its full

potential as a source for drug discovery.



1.3 Lignocellulose biomass

Biomass refers to organic material derived from plants, animal waste, or algae.’
Lignocellulosic biomass is the most abundant biochemical on the planet, which includes
mainly forestry and agricultural waste. Forestry biomass can be divided into two groups,
softwood and hardwood.** Betula genus is classified as hardwood, which comes from
angiosperm plants. Hardwood is characterized by large water-conducting pores surrounded

by fibrous cells.*

Figure 1.3. Constituents of lignocellulosic biomass.*

Lignocellulosic biomass consists of several key components: cellulose, hemicellulose,
lignin, extractives, and ash (Figure 1.3).3® In the cell wall, cellulose forms a tough skeletal
framework with microfibers, while hemicellulose and lignin fill the inner spaces as linking
materials.’® Cellulose connects to hemicellulose and lignin mainly via hydrogen bonds,

whereas hemicellulose and lignin form hydrogen and covalent bonds.?” These tight



interactions create lignin-carbohydrate complexes, often leaving residual fragments of one

in extracted samples of the other.>

The composition of each component depends on the type of biomass, typically ranging
from 40 — 60% for cellulose, 15 — 30% for hemicellulose, and 10 — 25% for lignin.
Particularly for Betula papyrifera, the cellulose content was reported to be approximately

44%,% while hemicellulose and lignin were 25% and 19.6%, respectively.*%¥

1.4 Pyrolysis of biomass materials

Pyrolysis is a thermochemical process of biomass decomposition, generally around 300 °C
to 700 °C, in the absence of oxygen.*’ During the pyrolysis of wood, numerous fractions
are formed, solid (biochar), liquid (bio-oil), and gaseous (biogas), each comprised of
various compounds. The relative proportion and composition of each fraction depends on
the specific type of biomass used and pyrolytic conditions such as temperature, heating

rate, and residence time.*’

Biochar, also referred to as char, is a solid residue remaining after the pyrolysis of biomass,
consisting of carbon-rich material and inorganic ash.*! The content of biochar depends on
the origin of the feedstock and operating conditions, typically making up 15 — 25 wt% of
the products.*? It is characterized by high porosity, low volatility and good electrical
conductivity.* Biochar has a variety of applications, from use as a solid fuel, in soil

remediation, carbon sequestration and as an electrode modifier.*>*’



The biogas composition is highly dependent on the feedstock type and pyrolysis
conditions.*? It generally contains gases like carbon monoxide, carbon dioxide, hydrogen,
methane, ethane, and ethene, along with traces of higher molecular weight gaseous organic

compounds and water vapor.**

Bio-oil is a highly oxygenated liquid derived from pyrolysis.* It is also called pyrolysis
oil, bio-crude oil, etc., however, in this study, the term ‘extract’ is used. Bio-oil is a dark-
coloured, viscous liquid that forms a complex mixture of up to 300 organic compounds,
typically with 30 — 40 wt% oxygen content, depending on the biomass feedstock and
operating process.*” These compounds could be classified as follows: acids (e.g., formic
acid, acetic acid), carbonyl and hydroxycarbonyl products (e.g., hydroxyaldehydes,

hydroxyketones), anhydrous sugars, phenols, and other aromatic compounds.***

Pyrolysis can be classified by several factors, including heating rate and residence time,
temperature, process type, reactor type, method of heating, feedstock, etc. The simplest
distinction is based on pyrolytic conditions. Fast pyrolysis involves high heating rates
(10 -200 °C/s), and short vapor residence time (0.5 — 10 s), typically occurring at
temperatures around 450 to 550 °C (Table 1.1). The bio-oil is the primary product of this
process (60 — 75 wt%), along with biochar (15 — 25 wt%) and syngas (10 — 20 wt%).*°
During slow pyrolysis, biomass is heated at much slower rates (0.1 —2 °C/s) at temperatures
ranging from 300 to 700 °C.* The yields of products are highly dependent on the exact
conditions. The process tends to favor biochar production at lower temperatures and longer
residual time.*” Flash pyrolysis, also called ultra-fast pyrolysis, occurs at extremely high
rates (10°— 10 °C/s) and residence time of less than 1 s. This predominantly forms bio-

oil (60 — 75 wt%) due to the reduced impact of secondary combustion reactions during the



process.*® Pyrolysis conducted at temperatures below 300 °C is usually referred to as
torrefaction. It is usually characterized by a low heating rate (0.2 — 0.8 °C/s) and a vapor

residence time of less than 30 min.

Table 1.1. Classification of pyrolysis types and characteristics.

Pyrolysis Residence  Heating Temperature Main References
type time Rate (°C/s) (°C) products
Fast 0.5-10s  High 450 — 550 Bio-oil 46,49
pyrolysis 10 —200 (<80 wt%)
Slow 10 — 60 min Slow 300 — 750 Biochar, bio- 46051
pyrolysis oil, biogas
0.1-2 (proportions
depend on
conditions)
Flash 0.1-0.5s Extremely 350 -550 Bio-oil 46,52,53
pyrolysis high
(60 — 75 wt%)
103-10%
Torrefaction <30 min Slow 200 — 300 Biochar, bio- #4333
oil, biogas
02-08 (proportions
depend on
conditions)

The heterogeneous nature of biomass makes it difficult to define a universal pyrolysis
mechanism. Instead, pyrolysis includes various thermal degradation processes, typically
proceeding through the following stages: moisture evaporation; depolymerization and
volatilization; sustained degradation with char formation and occurrence of secondary and
tertiary reactions.*> Challenges for precise mechanistic studies arise from the intricate
kinetics of simultaneous reactions and the formation of secondary products through

interactions among pyrolysis intermediates and biomass molecules. Understanding the



primary thermal degradation mechanisms is crucial to optimizing the process and
maximizing the yield of the preferred products. For example, Pakdel and co-workers
studied betulin extraction by vacuum pyrolysis of Betula papyrifera bark at temperatures
ranging from 250 to 300 °C under 0.7 kPa in a bench-scale reactor, followed by the
recovery of extractives using dry ice-limonene condensers. Although the increase in
temperature has led to a higher yield of products, no noticeable increase in betulin
extraction was found.’® In another study, birch twigs were pyrolyzed at 550 °C under a
nitrogen atmosphere in a thermostated ceramic tube reactor. The analysis of the products
by GC/FTIR/FID and GC/MS revealed a significant amount of carbon monoxide and
carbon dioxide, along with methane being the predominant hydrocarbon. Various
oxygenated organic compounds were also identified among the pyrolysates.>’ This
highlights the importance of ongoing research on the pyrolysis of Betula species, aiming

to reveal the full potential of this lignocellulosic biomass.

1.5 Maskwio'mi

Maskwio ' mi is a traditional topical treatment used by the Mi'kmaq (L nu) people.’® It was
obtained by the pyrolysis of Betula papyrifera bark, using a can-over-can method
(Figure 1.4). This method will be reported in Chapter 5. After extracting, oil or extract was
typically mixed with animal fat before application. This treatment could be used to treat a

variety of skin issues such as eczema, psoriasis, etc.>
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Figure 1.4. Traditional can-over-can method of obtaining maskwio 'mi.

However, this method poses several challenges, including difficulties in temperature
control, variability in yield, and overall low production. Moreover, as the process is
conducted outdoors, it is susceptible to environmental fluctuations. Therefore, an electrical
extractor (Figure 1.5) was designed to address these challenges and replicate the can-over-

can method under controlled settings.
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Figure 1.5. Schematic diagram of a pyrolysis reactor system.
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The methodology and pyrolytic conditions for the reactor system are reported in

Section 2.4.2.

1.6 Chromatographic methods coupled with mass spectrometry

1.6.1 Gas chromatography-mass spectrometry (GC-MS)

Gas chromatography with detection by mass spectrometry (GC-MS) is the common
technique used for bio-oil composition analysis mainly due to the great separation
efficiency, good sensitivity, and wide availability.®“*! However, the complex composition
of bio-oils poses challenges, such as insufficient resolution and peak coelution.’?> Gas
chromatography separates based on their differences in boiling points and their partition
between a gaseous mobile phase, typically helium, and a stationary phase coated inside a
column. GC-MS is usually limited to volatile and non-polar compounds, hence, prior
derivatization is required for polar and thermolabile compounds.®®® Non-polar
(5%- phenyl)-methylpolysiloxane columns are the most commonly used for bio-oil
analysis (Table 1.2). Low/mid-polarity and polar columns, coated with 14%-cyanopropyl-
phenyl)-methylpolysiloxane and modified polyethylene glycol are used, though less
frequently. The length of the columns varies, typically, the longer columns provide better

resolution as they have a greater number of theoretical plates and better peak capacities.®®
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Table 1.2. GC-MS conditions for various feedstock.

Feedstock Column Heating profile Reference
Wood (Pine) DB-5(30mx0.32mm 40 °C (4 min hold) — at 5 °C/min
% 0.25 pm) to 280 °C (15 min hold)
DB-FFAP 50 °C (5 min hold) — at3 °C/min %
(30 m % 0.25 mm X to 240 °C
0.25 um)
Wood chips HP-5(30mx0.32mm 35°C (15min hold) — at
(Pine) % 0.25 pm) 4 °C/min to 310 °C
Sawdust DB-5(60m x0.32mm 40 °C — 3 °C/min to 120 °C — ¢
(Pine) % 0.25 pm) at 2°C/min 200°C — at
10 °C/min to 280 °C (5 min hold)
Restek-5Sil MS 30m 40°C (4 min hold) — at ©
x 0.25 mm x 0.25 ym) 2.5 °C/min to 80 °C — at 4 °C/min
to 250 °C — 10°C/min to 310 °C
(10 min)
DB-5 40 °C — at 3 °C/min to 300 °C ¢
(60mx025mm X
0.25 um)
Wood (Oak) DB-530mx0.32mm 40 °C (4 min hold) — at 5 °C/min %
% 0.25 pm) to 280 °C (15 min hold)
Wood DB-1701 (60m x 45°C — at 3 °C/min to 235°C 7°
(Beech) 0.25 mm % 0.25 pm) (13 min hold)
Husk (Rice) HP-5MS (30 m x 0.32 60 °C — at 5 °C/min to 150 °C — !

mm % 0.25 pm)

OV-5 (30 m x 0.32
mm X 0.25 pm)

at 7 °C/min to 300 °C

40 °C (2 min hold) — at 5 °C/min
to 280 °C (10 min hold)

72

After separation, the sample is transferred to the ion source to be ionized, commonly using

electron ionization (EI). In EI (Figure 1.6), electrons are emitted by a heated filament and

accelerated to 70 eV, where the de Broglie wavelength of the electrons matches the bond

length of most organic molecules, thus maximizing the possibility of ionization and

fragmentation. By applying a small magnetic field parallel to the path of the electrons, they
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are forced into a helical trajectory, increasing interaction time with sample molecules. The
resulting molecular ions are then repelled into the accelerating region and directed into the

mass analyzer at a fixed kinetic energy.
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Figure 1.6. Scheme of the electron ionization source.”

In the mass analyzer, ions are separated based on their mass-to-charge ratio (m/z). The most
commonly used analyzer in bio-oil analysis is the low-mass resolution single quadrupole
(Figure 1.7). A quadrupole mass spectrometer or quadrupole mass filter consists of four
parallel metal rods arranged symmetrically around a central z-axis. Two opposite rods
experience an AC and a positive DC voltage, while the other two receive an AC and a
negative DC voltage. A combination of DC and RF potentials influences the trajectory of
the ions, so only a specific ion would maintain a stable path through the quadrupole and
reach the detector, while others would become unstable and be filtered out.®> Quadrupole-
based systems offer robustness, high sensitivity and a good linearity range but can be
limited in resolving power and mass accuracy compared to high-resolution-based systems,

e.g. Orbitrap, FTICR.%
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Figure 1.7. Scheme of quadrupole mass filter. 7*

Several studies have investigated bio-oil composition using GC-MS with quadrupole
analyzers. Ingram and co-workers found levoglucosan to be the main component in both

pine and oak bio-oils despite differences in hemicellulose content.®*

Furfuran derivatives
and other carbohydrate-derived compounds made up to 25% of the total bio-oil
composition. Dos Santos and co-workers developed a SIM-based GC-MS method to
quantify 49 compounds out of 126 detected in five pine wood sawdust bio-oil samples.*’
Hydrocarbons, phenols, and benzofurans were found to be the predominant compounds.
Similarly, Joseph and co-workers reported a bio-oil composition consisting of phenolics,
furans, polyols, aldehydes, and carbohydrates but also identified resins and substituted
stilbenes.®® Aging studies showed that certain furan-ring sugars disappeared while
hemicellulose-derived sugars emerged, possibly due to the aging-induced release of lignin-

carbohydrate oligomers. GC-MS analysis with TMS derivatization contributed to 16% of

the mass loss observed during aging.

Additionally, to reduce the complexity of the matrix, pre-fractionation methods, such as

solvent extraction, have also been developed. However, the selectivity is not achieved,
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resulting in a few fractions with varying polarities.®> In one approach, five fractions were
obtained by sequentially extracting the resulting rice husk bio-oil in a separatory funnel
using n-hexane, tetrachloromethane, carbon disulfide, benzene, and DCM.”! 167 organic
compounds were identified by comparing the obtained mass spectra with NIST databases.
Those compounds were classified into alkanes, alcohols, aldehydes, ketones, acids, esters,
benzene, and nitrogen derivatives (Figure 1.8). The study also traced the origin of the
products based on the biomass composition. Cellulose primarily degrades into alcohols,
ketones, aliphatic acids, and esters, while hemicellulose produces similar compounds,
along with furfurals. Lignin breaks down into aldehydes, aromatic acids, and esters, and in
combination with extractives and proteins, it also forms amides, amines, and other

nitrogen-containing compounds. Additionally, waxes degrade into alkanes.
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Figure 1.8. Different group components detected in E1—Es.”!

Another pre-separation method, supercritical fluid extraction with CO», was developed as

an attempt for selective fractionation of bio-oils. A sequential SC-CO, extraction on pine
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wood bio-oil was performed in three steps: 5 min with pure CO3, 25 min with 90% CO» /
10% methanol, and 40 min with 75% CO2 / 25% methanol. GC-MS analysis identified
132 compounds out of 200 peaks detected by comparing retention time and mass spectra
to the NIST library. SFE enabled the detection of 27 additional low-abundant compounds
not found in raw bio-oil due to matrix effects. Semi-quantitative analysis revealed that
carbohydrates, phenols, and ketones were the most abundant, with phenols being
selectively enriched in the first fraction, while carbohydrates were in the second and third

fractions (Figure 1.9).
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Figure 1.9. Relative abundance of various compound types identified in the bio-oil and its
fractions by GC-MS.%

1.6.2 Pyrolysis-gas chromatography-mass spectrometry (PyGC-MS)

PyGC-MS is a chromatographic technique that integrates the thermal decomposition of
biomass with the structural analysis of resulting pyrolytic products. Two configurations
(online and offline) are typically used. In the online configuration, the products are directly

transferred from the pyrolysis unit to the gas chromatograph. However, the setup has
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several disadvantages, such as the inefficient detection of high-molecular compounds, poor

separation of polar compounds, and the potential deterioration of GC columns.®! In

PyGC- MS (Table 1.3), the most frequently utilized columns are mid-polar columns coated

with (14%-cyanopropyl-phenyl)-methylpolysiloxane, which are suitable for semivolatile

compound analysis. For instance, Alsbou and Helleur demonstrated using a ZB-1701

column for enhancing peak separation.” The study showed that 47-56% of bio-oil samples

from birch and pine wood were analyzed by PyGC-MS, exceeding the 40% detection

efficiency by the conventional GC.

Table 1.3. PyGC-MS conditions for various feedstock.

Feedstock Column Heating profile Reference
lignin DB-1701 (60 m x 0.25 45°C (4 min) — at 3 °C/minto °
mm X 0.25 um) 280°C (15 min)
VF-1701 (30 m x 0.25 40°C (5 min) — at 5 °C/minto '’
mm X 0.25 pum) 250°C (10 min)
Pine wood Rtx-1707 (60 m x 0.25 40°C (3 min) — at 5 °C/minto '8
mm X 0.25 pum) 280°C (1 min)
ZB-1701 (30 m x 0.25 35°C (6 min) — at 6 °C/minto °
mm X 0.25 pum) 240°C (4 min)
Mesquite  Elite-1701 (30 m x 45°C (1 min) — at 5 °C/minto 7
wood 0.25 mm % 0.25 pm) 275°C (3 min)
Birch ZB-1701 (30 m x 0.25 35°C (6 min) — at 6 °C/minto °
wood mm X 0.25 pum) 240°C (4 min)
sugarcane DB-5(30m x 0.25mm 60°C (1 min) — at 4 °C/minto
straw % 0.25 um) 280°C (15 min)
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1.6.3 Liquid chromatography-mass spectrometry (LC-MS)

Liquid chromatography (LC) is another technique for bio-oil characterization. However, it
is typically utilized either with other independent methods (e.g. FTIR, NMR) or coupled
to a high-resolution mass analyzer. While LC offers lower separation efficiency compared
to GC, it allows the analysis of a wider range of analytes, including volatile, non-volatile,
polar, and thermolabile compounds. Despite its versatility, the analysis of heavy bio-oil
fractions, e.g. polymers derived from cellulose and lignin degradation, might not be
possible, which could be attributed to the irresistible adsorption of highly polar

compounds.®!

HPLC is the most used form of LC, where separation occurs based on the distribution of
analytes between a liquid mobile phase (solvent) and a stationary phase (column coating).
The retention of compounds depends on their affinity for these phases.®? According to
Table 1.4, reverse-phase chromatography (RP-HPLC) is a widely used method
characterized by a non-polar stationary phase (typically C18) and a polar mobile phase
(water, methanol, acetonitrile). In contrast to normal-phase chromatography, non-polar
compounds are retained longer in RP-HPLC due to their stronger interaction with the

stationary phase.
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Table 1.4. LC-MS conditions for various feedstock.

Feedstock Column Solvent A/B; Ionization Analyzer  Reference
elution
Birch bark  Syncronis ACN/H,0;  ESI Orbitrap 8
50x2.1mm  gradient
C18 1.7 pm
Birch wood ACQUITY H>O/ACN; ESI Quadrupole #
chips UPLC BEH gradient
50 x 2.1 mm
C18 1.7 pm
Wood Syncronis ACN/H0; ESI Orbitrap 85
pellets C18 (50 mm  gradient
x 2.1 mm X
1.7 pm)
Ligno- Kinetex C18  H,O/MeOH; ESI, APCI FTICR 86
cellulosic 2.6 um gradient
biomass particles
100 x 3 mm
Pine C18 (150 mm H,O/ACN; ESI QTOF 68
sawdust X 75 pm % gradient
5 um)

Efficient ionization is essential for the accurate identification of bio-oil components.
However, due to the complex composition of bio-oil, different compounds exhibit varying
ionization efficiencies, and thus, no single technique can ionize all compounds without
competition effects.’! Therefore, a combination of ionization techniques with different

selectivity is often required.®’

Electrospray ionization (ESI) is the most used ionization for bio-oil characterization
using HPLC-MS. In ESI (Figure 1.10), a dilute analyte solution is transferred through a
metal capillary at a low flow rate (1 — 20 uL/min).®® A high voltage (2 — 6 kV) applied to
the capillary tip generates a strong electric field, dispersing the solution into charged

droplets. A coaxial sheath gas (nitrogen) helps nebulization and directs the spray toward
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the mass spectrometer. Solvent evaporation reduces the size of the droplets until free
analyte ions are released. The ions pass through a sampling cone or heated capillary
(100 — 300 °C) into the high vacuum of the mass spectrometer, while the heated capillary

ensures complete desolvation.

[onization chamherfntmnspheric pressure region : Mass spectrometer,
" high vacuum region

Spray needle
¥

I
1
i
Analyte in N; (g) flow i Analyte in
solution (sheath gas) ' gas phase
1
e |
oy R —_

1
i
1
N3 (g) flow '

! Heated capillary
]

(100-300"C)
Charged ES droplets (aerosol)

Source sampling cone

Figure 1.10. Scheme of an ESI source.®

ESI is best suited for polar to highly polar compounds and is particularly effective for
thermally unstable species.®” Most oxygenated compounds in bio-oil are protic and readily
deprotonated, therefore, negative ESI mode is preferred,”® while positive ESI mode is used
for aprotic and basic compounds.’! Yet, the efficiency of ESI can be influenced by dopants
and pH. For instance, Smith and co-workers found that the pH significantly affected signal
intensity in negative ESI mode, while ammonium formate and other organic modifiers
impacted ionization efficiency.””> Similarly, Hertzog and co-workers observed that
nitrogen-containing compounds showed stronger signals when doped with ammonium

acetate or formic acid in positive ESI mode.”!

APCI is another ionization technique used in HPLC-MS. In APCI (Figure 1.11), a

sample is sprayed into the ionization chamber through a capillary and is nebulized by a
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high-speed nitrogen beam, forming small droplets.”® Then, they enter a heated vaporization
chamber, where they undergo desolvation and convert into a gas-phase molecular mist.
Ionization occurs when a corona discharge needle applies a high voltage, generating
reactant ions that interact with the analytes and lead to the formation of protonated

molecular ions in positive mode and anion attachment or electron capture in negative mode.
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Nebulizer gas

Heated block
(vaporizer)
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Figure 1.11. Scheme of atmospheric pressure chemical ionization source.”*

APCI is effective for low to moderate polarity compounds with molecular masses up to
1500 Da.”* However, unlike ESI, APCI requires some volatility and thermal stability of the

analyzed compounds.!

Various mass analyzers coupled to LC have been utilized for bio-oil characterization
(Table 1.4), which includes quadrupole mass filter, quadrupole time-of-flight (QTOF),
Orbitrap, and Fourier transform ion cyclotron resonance (FTICR). The principles of the
quadrupole mass spectrometer were discussed earlier in the chapter. An example of
LC- Q- MS could be the study by Meile and co-workers that reported the identification of
several compounds, such as furfural, vanillin, syringol, levoglucosan, glucose, and xylose,

using SIM-based ultra-high performance liquid chromatography (UHPLC)-ESI-MS %
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The QTOF mass spectrometer is a hybrid that combines the two techniques, consisting of
three quadrupoles, including a pre-filter quadrupole and a time-of-flight tube (Figure 1.12).
The quadrupole QO is an ion guide that allows the low-pressure gases coming from LC to
be pumped away and focus the ions prior to the transmission to the next quadrupole. Q1
functions as a mass filter, allowing only ions of a specific mass to pass through. The third
quadrupole Q2 is a collision cell, where, under the appropriate RF applied, ions undergo
collision-induced dissociation (CID) by interacting with argon molecules bled into the
source. The fragmented ions are reaccelerated into the ion modulator region, where an
electric field pulses the ions, accelerating them orthogonally to their original trajectory.
Then, they enter the reflectron, which compensates for minor velocity differences and
extends the path of the ions by forcing them to reverse direction, improving mass
resolution. Finally, the ions reach the microchannel plate (MCP) detector, where they are
amplified and detected. QTOF exhibits excellent mass accuracy, fast acquisition speed, and
theoretically unlimited mass range, despite its limitation in quantitative performance and
dynamic range.”>*> As an example, Joseph and co-workers used a Q-TOF LC-MS/MS
system to analyze bio-oil aging products and identified over 1000 distinct chromatographic
peaks.®® By peracetylating the samples, the ionization efficiency and chromatographic

separation of polar and high-molecular-weight compounds were improved.
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Figure 1.12. Scheme of QTOF.”

High-resolution mass spectrometry (HRMS) is a highly sensitive technique used in bio-oil
analysis for untargeted analysis. In contrast to low- and mid-resolution analyzers like single
quadrupoles and TOF, HRMS instruments such as Orbitrap and FT-ICR MS achieve
resolutions exceeding 100,000.°” For instance, a comparison of Q-TOF MS and FT-ICR
MS was conducted for the characterization of eucalyptus bio-0il.”® At m/z 351
(Figure 1.13), FT-ICR MS (400,000) resolved six distinct compounds, in comparison
Q- TOF MS (resolution 5,000) detected only one, thus unable to resolve two closely spaced
ions. However, even though Q-TOF is not able to perform a comprehensive analysis of

bio-oils, it could still detect major compounds while being cheaper and more robust.
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Figure 1. 13. (A) ESI spectrum of eucalyptus bio-oil using Q-TOF MS. m/z from 351.00 to

351.40 using (B) Q-TOF MS (resolution of 5000) and (C) FT-ICR MS (resolution of 400
000).”®

1.7 Thesis Objectives

The characterization of pyrolysis-derived products, especially bio-oil, poses a challenge
due to the complexity of the matrix. As mentioned previously, pyrolysis produces a mixture
of hundreds of compounds, each presenting in low concentrations. This complexity results
in overlapping peaks in the chromatographic separation, making it challenging to resolve
individual components. The solubility issue further complicates the characterization, which

can be addressed by sample preparation.

Thus, the objective of this thesis is to address the discussed challenges and to provide
insights into the chemical composition of Betula papyrifera extract. This will involve

targeted and untargeted analyses using combined chromatographic and mass spectrometric
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techniques, along with further quantification of bioactive compounds (phenolic and

triterpene. I conducted all the experiments and prepared the drafts of this thesis.
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Chapter 2. Identification of cresol isomers using GC-MS

2.1  Introduction

Pyrolysis is a thermochemical process of converting biomass into char, bio-oil and gas
products in the absence of oxygen. This process is commonly applied to lignocellulosic
biomass which primarily consists of cellulose, hemicellulose, and lignin.*® While thermal
degradation of cellulose and hemicellulose yields sugars and light volatiles,
depolymerization of lignin results in the formation of various phenolic compounds. In the
case of hardwood, the primary products of lignin degradation are syringol, guaiacol, and

their derivatives, including cresols *° as shown in Figure 2.1.

OH OH OH OH OH
syringol guaiacol ortho-cresol meta-cresol  para-cresol

Figure 2.1. Structures of several phenolic compounds as the main phenolic compounds
obtained in the pyrolysis of lignin.

Cresols are recognized as environmental pollutants due to their toxicity and potential effect
on humans and animals.”” However, due to the lack of information on their
carcinogenicity,'” they were not classified as human carcinogens, according to the
American Conference of Governmental Industrial Hygienists (ACGIH) and International
Agency for Research on Cancer (IARC).!°"-1922 3 to 5 ppm was established as the exposure

limit for phenol and cresol isomers.'"!
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The majority of analysis methods for cresols identification require derivatization
due to the tendency of hydrogen bond formation, which leads to low volatility and affects
sensitivity in GC.!®® Derivatization is achieved by transformation procedures including
alkylation, acylation or silylation of the phenolic OH group into aryl alkyl ethers, esters
and aryl silicates. In the case of cresols, silylation agents, N-tert-butyldimethylsilyl-/N-
methyltrifluoroacetamide (MTBSTFA) and N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA), are typically utilized to transfer a TBDMS or TMS onto the phenol group and
making it less hydrophilic.!** Schummer and co-workers suggested that MTBSTFA should
be preferred over BSTFA for its higher analytical response in GC-MS.!% Typically,
ultrasound-assisted or microwave-assisted extraction is performed prior to sample
preparation, followed by solid-phase extraction.!? Another study reported solid-liquid
extraction with low-temperature purification and cresol derivatization using BSTFA with

further selected ion monitoring-based GC-MS method.!'?’

This chapter reports the quantification of cresols without prior derivatization. This study
aimed to develop an easy and efficient method to quantify cresols in the birch bark

extract.!%®

2.2 Results and discussion

2.2.1 Gas chromatographic separation of cresol isomers
This study aimed to develop an easy and efficient method to quantify cresols in the birch
bark extract without a derivatization step. The identification was performed using full scan

data acquisition mode on a gas chromatograph instrument coupled with a low-polarity
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column. Rtx-5MS column, coated with 5% diphenyl-95% dimethylpolysiloxane, was
selected for chromatographic separation as it allows the analysis of both polar and non-
polar compounds. Initially, a three-step temperature program with a total of 30 min run
was developed for the isomer identification. The oven temperature was kept at 50 °C for
1.0 min, ramped to 200 °C at 10.0 °C /min with a hold time of 5.0 min, then ramped again
to 280 °C at 15.0 °C /min with a hold time of 5.0 min. The run time was later shortened to
a two-step 15-minute programming with the temperature kept at 50 °C for 1.0 min, then
ramped to 200 °C at 10.0 °C/min with a hold of 5.0 min. The chromatograms of cresol
standards are shown in Figures 2.2-2.5. Ortho-cresol signal occurred at 5.204 min while
meta-cresol and para-cresol eluted at 5.345 and 5.338 min, respectively, confirmed by
control experiments with pure compounds as reference. The elution of the cresol isomers
correlates with a lower boiling point of ortho-cresol, at ambient pressure, of 191.0 °C,

while meta- and para-isomers have very close boiling points of 202.2 °C and 201.9 °C.!'%
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Figure 2.2. Analysis of 20 mg/L of ortho-cresol eluting at 5.204 min. Total run of 30 min
on Thermo Scientific Trace 1310 Gas Chromatograph equipped with a Restek Rtx-5MS
column and TSQ 9000.
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Figure 2.3. Analysis of 20 mg/L of meta-cresol eluting at 5.345 min. Total run of 30 min
on Thermo Scientific Trace 1310 Gas Chromatograph equipped with a Restek Rtx-5MS
column and TSQ 9000.
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Figure 2.4. Analysis of 20 mg/L of para-cresol eluting at 5.338 min. Total run of 30 min
on Thermo Scientific Trace 1310 Gas Chromatograph equipped with a Restek Rtx-5MS
column and TSQ 9000.
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Figure 2.5. Analysis of 100 mg/L mix of cresol isomers. Ortho-cresol elutes at 5.204 min,
while meta- and para-isomers elute together at 3.355 min. Total run of 30 min on Thermo
Scientific Trace 1310 Gas Chromatograph equipped with a Restek Rtx-5MS column and
TSQ 9000.

Analytes underwent fragmentation by electron ionization at 70 eV with a triple quadrupole
MS detector. The mass spectra of isomers were obtained in the range of 50 to 550 Da with
an optimal dwell time of 0.2 s (Figures 2.6-2.8). The base peak at m/z 108.1 corresponds
to the molecular ion [M]"" of ortho-cresol, followed by the fragment at m/z 107.1 by loss
of proton. The first fragmentation pathway involves the loss of H>O, producing the
fragmentation ion C7Hs " at m/z 90. Another fragmentation pathway attributed to the loss of
CHO resulted in the fragmentation ion CsH7" at m/z 79. Further fragmentation reaction

forms a phenyl intermediate CsHs" at m/z 77.
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Figure 2.6. Mass spectrum of ortho-cresol. Base peak at m/z 108.1 on Thermo Scientific
Trace 1310 Gas Chromatograph equipped with a Restek Rtx-5MS column and TSQ 9000.
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Figure 2.7. Mass spectrum of meta-cresol. Base peak at m/z 108.1 on Thermo Scientific
Trace 1310 Gas Chromatograph equipped with a Restek Rtx-5MS column and TSQ 9000.
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Figure 2.8. Mass spectrum of para-cresol. Base peak at m/z 107.1 on Thermo Scientific
Trace 1310 Gas Chromatograph equipped with a Restek Rtx-5MS column and TSQ 9000.
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2.2.2  Internal standard selection

To quantify cresols, an internal standard method was chosen to ensure accurate analyte
quantification by compensating for possible variations in the sample preparation, injection
volume, or instrumental response. Caffeine was selected based on the following criteria: it
does not naturally occur in the bark, is stable, and can be readily ionized. However, due to
the poor solubility of caffeine in methanol, water was chosen as a co-solvent to enhance its

solubility.

2.2.3 Calibration and validation

The linearity of cresol isomers was assessed for a 10-fold concentration range,
20 — 200 mg/L, with the addition of 20 mg/L of caffeine. Calibration curves for cresol
isomers were plotted by the ratio of peak areas of the isomer and the internal standard
versus the sample concentrations (Figure 2.9). All cresols expressed linearity in the
20 — 200 mg/L range with a correlation coefficient (R?) > 0.99. Following the calculations
described by Apostol and co-workers,*! the assessments of the limit of detection (LOD)
and limit of quantification (LOQ) for each isomer were based on the Standard Deviation
of the y-intercept from the regression of their respective calibration curve. The LOD values
for ortho-, meta-, and para-cresol are 20.6 mg/L, 16.6 mg/L, and 14.2 mg/L (Table 2.1).
Similarly, the LOQ values for ortho-, meta-, and para-cresol were determined to be

62.6 mg/L, 50.2 mg/L, and 43.0 mg/L (Table 1.1).
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Figure 2.9. Calibration curves for cresol isomers obtained in triplicate. Peak area vs.
concentration.

Table 2.1. Analytical parameters of the method for quantification of ortho-, meta- and
para-cresol.

Analyte  Retention  Linear Correlation LOD LOQ 4 LRSD
time (min) range coefficient (R?) (mg/L) (mg/L) /Lﬁ
(mg/L) (mg/L)
ortho-creso 5.204 20 -200 0.991 20.6 62.6 324+9
meta-cresol 5.345 20 -200 0.997 16.6 50.2 871 =100
para-cresol 5.338 20 -200 0.998 14.2 43.0 1,240 £ 156

LOD, limit of detection; LOQ, limit of quantification; p, mean; t: t-value at 95% confidence level; RSD:
relative standard deviation; n: number of injections (n = 6).

2.2.4  Analysis of the birch bark extract

For the characterization of a birch bark sample, an aliquot of the extract was diluted 8-fold
with methanol and analyzed with the developed GC-MS method (see Figure 2.10). Cresol
isomers were identified by comparing the retention time of the peaks in the calibration
solutions and the sample. The base peak of each compound was chosen for quantitation

(m/z 108.1 for ortho- and meta-cresol, m/z 107.1 for para-cresol). The sample was analyzed
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in quintuplicate. The obtained GC-MS total ion chromatogram (TIC) reveals a dense array
of peaks, showing the complexity of the extract (see Figure 2.11). The caffeine IS elutes at
10.576 min, however, its presence is difficult to distinguish due to the high number of
overlapping signals. A closer examination of the chromatogram in the region where the
cresols elute indicates that the meta- and para-isomers elute together, while the ortho peak
is obscured by interference with adjacent compounds. Following full scan analysis by GC-
MS, the quantities of ortho-, meta-, and para-cresols in birch bark extract were determined
as 324 + 9 mg/L, 871 £ 100 mg/L, and 1,240 + 156 mg/L, respectively. Although
quantification was performed for the cresol isomers in the sample, its accuracy is uncertain

due to the close elution of m- and p-isomers and from overlapping peaks.
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Figure 2.10. Total ion chromatogram obtained for a birch bark extract. Total run of 30 min
on Thermo Scientific Trace 1310 Gas Chromatograph equipped with a Restek Rtx-5MS
column and TSQ 9000.
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Figure 2.11. Total ion chromatogram obtained for a birch bark extract (closer examination).
Ortho-cresol elutes at 5.204 min, while m- and p-isomers elute together at 3.355 min. Total
run times on the Thermo Scientific Trace 1310 Gas Chromatograph-TSQ 9000 GC-MS

equipped with a Restek Rtx-5MS column were 30 min.

2.3  Conclusions

A full-scan GC-MS method was developed to detect and quantify three cresol isomers in
the birch bark extract with caffeine as an internal standard. The separation of meta- and
para-cresol is difficult due to their similar boiling points. Despite high interference from
overlapping peaks, ortho-, meta-, and para-cresol in birch bark extract were determined to
be 324 mg/L, 871 mg/L, and 1,240 mg/L, respectively. A different approach, such as

selected reaction monitoring, needs to be taken to quantify the cresol isomers efficiently.
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2.4 Experimental

2.4.1 Materials

Ortho-cresol, meta-cresol, para-cresol, and caffeine were obtained from Sigma-Aldrich
(MilliporeSigma Canada Ltd., ON, Canada). Methanol was purchased from Fisher
Scientific (Thermo Fisher Scientific Inc., Waltham, MA, USA). All chemicals and solvents

used were of analytical grade.

2.4.2 Extraction method

White paper birch bark (Betula papyrifera Marshall) was collected from fallen birch trees.
The outer bark was separated from the inner bark, washed with water, and dried. The
reactor system was built by the lab, and the procedure can be described as follows. The
wired basket is filled with shredded bark and secured with wire mesh. The basket is placed
in the reactor vessel, sealed with the lid, and insulated. The cooling system is activated to
maintain proper flow. The reactor vessel is programmed to the optimized conditions using
a proportional-integral-derivative controller, connected to a computer via the Omega
datalogger. The temperature was ramped to 300 °C at 600.0 °C/min with a hold of
30.0 min, then ramped to 425 °C at 300.0 °C/min with a hold of 20.0 min. Finally, it was

ramped to 500 °C at 100.0 °C/min and held for 30.0 min.

2.4.3 Sample preparation
All cresol standard solutions were prepared in methanol from a 10,000 mg/L stock with a

pipette, forming concentrations of 40, 100, 200, 400, and 1,000 mg/L. Afterward, 1.0 mL
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of each solution was mixed with 1.0 mL of a 40 mg/L caffeine solution, which was used
as an internal standard (IS) and vortexed. A 40 mg/L solution of caffeine was prepared
from a 10,000 mg/L stock in a co-solvent mixture (methanol:water (50:50)% v/v). Before
analysis, 0.4357 g of birch bark extract was dissolved in 4 mL methanol, then a 1.0-mL
aliquot of the prepared solution was mixed with 1.0 mL of methanol and vortexed.

Calibration curves were obtained in triplicate.

2.4.4 GC-MS conditions

A Thermo Scientific TRACE 1310 gas chromatograph (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) equipped with an EI source and a Thermo Scientific TSQ 9000 Triple
Quadrupole Mass Spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) were
used for the identification of cresols in the birch bark extract. The oven temperature was
kept at 50 °C for 1.0 min, ramped to 200 °C at 10.0 °C /min with a hold of 5.0 min, then
ramped again to 280 °C at 15.0 °C /min with a hold of 5.0 min. Helium with a purity of
99.9999% was used as a carrier gas with a flow rate of 5.0 mL/min. the chromatographic
separation was achieved by an Rtx-5MS (30.0 m x 250.0 um % 0.25 pm) capillary column
obtained from Restek (Restek Corp., Centre County, PA, USA) and injections were
performed by TriPlus RSH autosampler (Thermo Fisher Scientific Inc., Waltham, MA,
USA) in a splitless mode. The overall run time was 30.0 min. The triple quadrupole MS
provided at least unit resolution over the scan range m/z 50 — 550. The MS transfer-line

and 1on source temperatures were 250 °C and 230 °C, respectively.
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Chapter 3. Quantitative analysis of phenolic compounds by
time-dependent selected reaction monitoring-based GC-

MS/MS method

3.1 Introduction

GC-MS is a preferred technique for the quantification of phenolic compounds yet its
application for complex matrices remains challenging. SRM, referred to as multiple
reaction monitoring (MRM) when multiple transitions are included, is an alternative
approach for the accurate quantification of low-abundant targeted compounds typically
employing a triple quadrupole (QqQ) instrument.!'!® By selecting a specific precursor-to-
product ion transition, SRM provides high selectivity, enhanced sensitivity, and reduced
interference from the matrix.'!! In an SRM assay, the first quadrupole mass analyzer (Q1)
is initially set to allow only a precursor ion specific to a targeted compound to pass through.
The ion undergoes fragmentation by collision-induced dissociation (CID) in the collision
cell (Q2). Finally, the second quadrupole mass analyzer (Q3) filters so that only a specific
fragment 1on maintains a stable trajectory under the optimized collision energy. The two

m/z selection minimize the background signal and provide a high duty cycle.''?

3.2 Results and discussion

The objective of this study was (a) to develop MRM methods and quantify several phenolic
compounds in Betula papyrifera extract, and (b) to compare the quantified amounts

obtained using full scan to MRM. Standard solutions, extract samples, and spiked solutions
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were analyzed using the TSQ 9000 triple quadrupole GC-MS system to achieve this. The
established methods were then validated by assessing linearity, intra- and inter-day
precision, limit of detection (LOD) and quantification (LOQ) of targeted compounds.
Finally, the methods were applied to the quantitative analysis of phenolic compounds and

triterpenes in Betula papyrifera extract with its accuracy evaluated by recovery checks.

3.2.1 Method development for qualitative identification of targeted phenolic
compounds

Initially, the detection of each compound standard was performed using the full scan
acquisition mode using the instrumental conditions selected in Chapter 2. The GC
temperature programming for phenolics was shortened to a 15-minute run, as mentioned
in Section 2.1.1. Full scan, product ion scans, and optimization of MRM conditions were
then conducted to select precursor ions, product ions, and optimized collision energies for
an optimized method for each compound. Two SRM transitions for each compound were

chosen; a caffeine IS (20 mg/L) was used to ensure greater accuracy (Table 3.1).
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Table 3.1. SRM transitions selected for phenolic compounds.

Compound Retention Precursor Product ion Collision
time (min) ion (m/z) (m/z) energy (eV)
caffeine 10.522 194.1 109.1 12
194.1 193.1 8
ortho-cresol 5.196 108.1 79.1 14
108.1 107.1 12
meta-cresol 5.377 107.0 51.1 24
107.0 77.1 14
para-cresol 5.354 108.1 79.1 14
108.1 107.1 12
2-methoxyphenol 5.525 124.1 81.0 10
124.1 109.0 18
4-allyl-2- 7.546 164.1 77.0 8
methoxyphenol
164.1 149.1 14
4-methoxyphenol 6.491 124.1 53.1 16
124.1 81.0 26
benzene-1,2-diol 6.341 63.1 62.1 6
64.1 63.1 16
benzene-1,3-diol 6.757 81.1 53.1 8
82.1 81.1 6
4-hydroxy-3- 7.836 123.1 65.1 14
methoxybenzaldehyde
123.1 108.0 8

43



3.2.2 Method validation

Prior to the quantitative analysis of selected compounds, the methods developed were

validated by linearity, limits of detection (LODs), limits of quantification (LOQs), and

precision. The data (Table 3.2) shows the linear ranges, LODs, and LOQs. The linearity of

calibration curves for the targeted compounds was assessed by analyzing standard solutions

at five calibration levels. Linear regression curves were plotted using the average values of

n = 2 injections per calibration level. All curves showed a good linearity with correlation

coefficients (R?) ranging from 0.983 to 0.998 within the test range. The LODs and LOQs

were measured with signal-to-noise ratios (S/N) of 3 and 10, respectively, and were

determined based on the residuals standard deviation method. The amounts determined for

each analyte varied from 0.4 — 21.8 mg/L for LOD and 1.3 — 66.2 mg/L for LOQ.

Table 3.2. Analytical parameters of the method for quantification of targeted compounds.

Compound Linear range R? LOD LOQ
(mg/L) (mg/L) (mg/L)

ortho-cresol 20— 100 0.991 0.4 1.3
meta-cresol 20-100 0.998 4.6 14.0
para-cresol 20100 0.983 13.6 41.1
2-methoxyphenol 20-100 0.996 6.3 19.1
4-allyl-2-methoxyphenol 20-100 0.991 7.9 23.8
4-methoxyphenol 20-100 0.996 21.8 66.2
benzene-1,2-diol 20— 100 0.998 4.8 14.6
benzene-1,3-diol 20-100 0.996 10.2 31.0
4-hydroxy-3- 20-100 0.992 7.4 22.5
methoxybenzaldehyde

LOD, limit of detection; LOQ, limit of quantification.
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Intra- and inter-day precision of the MRM methods were evaluated based on an average of
6 injections on a single day and an average of 6 injections over two consecutive days
(Table 3.3). Calibration curves exhibited acceptable precision as intra-day RSD ranged

from 1.7 — 7.7%, whereas inter-day RSD ranged from 3.5 — 11.4%.

Table 3.3. Intra-day and inter-day precision for quantification of targeted compounds.

Compound Intra-day precision Inter-day precision
RSD (%) ? RSD (%) ®
ortho-cresol 7.2 114
meta-cresol 2.2 3.6
para-cresol 7.7 9.2
2-methoxyphenol 2.8 3.5
4-allyl-2-methoxyphenol 3.9 4.7
4-methoxyphenol 2.2 3.9
benzene-1,2-diol 1.7 7.0
benzene-1,3-diol 4.4 8.7
4-hydroxy-3-methoxybenzaldehyde 3.7 8.3

RSD: relative standard deviation; a: based on an average of 6 injections on the same day; b: based on an
average of 6 injections over two consecutive days.

3.2.3 Qualitative analysis of 9 compounds in Betula papyrifera extract

The developed GC-MS/t-SRM method was then applied to the quantification of nine
compounds in Betula papyrifera extract. As previously mentioned, the sample extracts
were prepared by 8-fold dilution with methanol. Table 3.4 presents the confidence interval
for the determined amounts, based on an average of six injections for each sample, along

with the standard deviation of their respective peak area. The results indicate that all
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compounds were present in Betula papyrifera extract, with varying quantities. The highest
concentration was detected for benzene-1,2-diol (5,909 + 141 mg/L), followed by m-cresol

(1,708 = 14 mg/L) and p-cresol (1,487 £ 19 mg/L), respectively.

Table 3.4. Compounds determined in Betula papyrifera extract.

Compound Retention time pl RSD Peak area
(min) ﬁ RSD

ortho-cresol 5.196 652+ 15 1.6
meta-cresol 5.377 1,708 £ 14 0.6
para-cresol 5.354 1,487+ 19 1.1
2-methoxyphenol 5.525 673 £31 1.1
4-allyl-2-methoxyphenol 7.546 299 £2 3.0
4-methoxyphenol 6.491 192 +4 6.0
benzene-1,2-diol 6.341 5,909 + 141 1.3
benzene-1,3-diol 6.757 362+ 1 1.6
4-hydroxy-3- 7.836 348+ 1 0.9
methoxybenzaldehyde

i, mean; t: t-value at 95% confidence level; RSD: relative standard deviation; (n = 6).

3.3 Conclusions

Nine compounds were effectively quantified in birch bark extract via GC-MS/t-SRM. The
determined amounts varied from 192 to 5,909 mg/L with a precision of < 6%. The
developed method allowed a highly selective analysis of compounds despite challenging

matrix interference.
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3.4 Experimental

3.4.1 Materials

O-cresol, m-cresol, p-cresol, benzene-1,2-diol, benzene-1,3-diol, 2-methoxyphenol,
4- methoxyphenol, 4-hydroxy-3-methoxybenzaldehyde, 4-allyl-2-methoxyphenol, and
caffeine were obtained from Sigma-Aldrich (MilliporeSigma Canada Ltd., Ontario,
Canada). Methanol was purchased from Fisher Scientific (Thermo Fisher Scientific Inc.,

Waltham, MA, USA). All chemicals and solvents used were of analytical grade.

3.4.2 Extraction method

The extraction method employed follows the procedure detailed in Section 2.4.2.

3.4.3 Calibration and validation

All standard solutions were prepared in methanol from a 10,000 mg/L stock with a
micropipette, forming concentrations of 40, 80, 120, 160, and 200 mg/L. Afterward, 1 mL
of each solution was mixed with 1.0 mL of 40 mg/L caffeine solution used as an internal
standard and vortexed. A 40 mg/L caffeine solution was prepared from a 10,000 mg/L
stock in methanol and sonicated. The intra- and inter-day precision was performed by
consequently analyzing standards in sextuplicate. Intra-day and inter-day tests were

conducted on the same day and over two consecutive days.
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3.4.4 Sample preparation
Before analysis, 0.3500 g of the birch bark extract was dissolved in 2 mL methanol and
sonicated for 2 h, then a 1.0 mL aliquot of the solution was mixed with 1.0 mL of 40 mg/L

caffeine solution and vortexed. Calibration curves were obtained in triplicate.

3.4.5 GC-MS conditions

The instrumental conditions for the selected reaction monitoring (SRM) establishment
were consistent with those described in Section 2.4.4. Data acquisition was performed
using the timed-SRM approach, with further collision energy optimization, then processed
by Thermo Scientific Chromeleon software. For the detailed procedure, refer to

Section 2.4.4.

48



Chapter 4. Determination of triterpenes by UHPLC-APCI-

QTOF-MS method

4.1 Introduction

LC-MS is widely used in detecting triterpenes due to its ability to analyze non-volatile and
thermally unstable compounds without derivatization. Among LC-MS techniques, ESI is
commonly employed for polar triterpenes, such as oleanolic or ursolic acids, while
atmospheric pressure chemical ionization (APCI) and atmospheric pressure
photoionization (APPI) are selected for less polar triterpenes that cannot be ionized
efficiently by ESL.'!"® The ionization efficiency of these atmospheric pressure sources was
evaluated for 12 triterpenes, with both APCI and APPI being effective for triterpenes
detection.!'®> APCI primarily depends on source temperature and the corona discharge
needle current. In contrast, APPI requires additional parameter adjustments, particularly
source temperature and dopant selection. Despite the complexity, APPI has been
demonstrated to have higher sensitivity than APCI in positive ion mode. For example, the
limits of quantification (LOQ) for lupeol, betulin, betulin derivatives, and other
triterpenoids in selected ion mode (SIM) ranged from 5 — 15 pg/L for APPI and
2 -840 ug/L for APCL'" UHPLC-APPI-MS conditions have also been applied for
triterpenes analysis using MRM and assessed for precision and accuracy.!'* The LOQ
values for lupeol and betulinic acid were similar to each other at 6.6 and 6.7 ng/L,
respectively. Another MRM-based UHPLC-APCI-MS method was developed for the
analysis of four triterpenes (lupeol, erythrodiol, betulin, and betulinic acid).!!> The limits

of quantification were in the range of 2 — 6 ng/L, with compounds containing two hydroxyl
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groups demonstrating higher LOQ values. In comparison, UHPLC-ESI-MRM-MS
provided an even lower LOQ for betulinic acid at 0.35 pg/L.'

The work reported in this chapter was directed toward development of a
UHPLC- QTOF- MS method for the detection and quantification of betulin and betulinic

acid.

4.2 Results and discussion

4.2.1 Method development

The first step in the method development was to select an ionization source that could
provide efficient ionization and accurate quantification of the analytes. This choice is
critical as it directly impacts the sensitivity, specificity, and overall analytical performance.
Among the available techniques, ESI and APCI are most used for complex
matrices.!!”. While ESI, more suitable for polar and ionic compounds, was initially tested,
it proved to be insufficient for the quantification of the targeted triterpenes due to its
preferential ionization of impurities rather than betulin (Figure 4.1). APCI was therefore
selected as it offered superior performance, particularly for analyzing less polar compounds

like triterpenes.
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Figure 4.1. Chromatograms of 100 mg/L betulin standard using ESI and APCI.

For the chromatographic separation, a BEH (ethylene-bridged hybrid) C18 column was
chosen due to its chemical stability over a wide pH range (1 — 12) and its ability to provide
high-resolution separation of structurally similar compounds. The ionization polarity was
evaluated to optimize sensitivity and selectivity for triterpenes detection. Both positive and
negative ionization modes were tested using APCI-MS. The positive mode demonstrated
better performance, given higher peak intensity and well-defined chromatographic peaks
(Figure 4.2). In contrast, the negative mode exhibited lower signal intensity and lower
resolution as more interferences appeared in the TIC, with prominent peaks attributed to

impurities rather than the standard compound.
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Figure 4.2. Chromatograms of 100 mg/L betulin standard using positive and negative ion
mode APCIL.

A gradient elution method was chosen to allow better resolution and improve the sensitivity
of the analysis. The mobile phase composition underwent optimization. Initially,
acetonitrile was used as the organic solvent, but it was replaced with methanol as the latter
provided better solubility (for the sample) and enhanced ionization for the triterpenes under
APCI conditions. The compatibility of methanol with APCI, along with improved
chromatographic peak shapes and higher signal intensities, make it the preferred choice.
The source conditions were optimized for both betulin and betulinic acid by testing the

parameters (Table 4.1).
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Table 4.1.Tested parameters and optimized conditions for analysis of triterpenes.

Tested parameter Tested Optimized for Optimized for

betulin betulinic acid
Flow rate (mL/min) 0.2;0.3;0.4 0.3 0.3
Corona current 2.0;3.0; 4.0 4.0 4.0
Probe temperature (°C) 500; 550 550 500
Source temperature (°C) 120; 150 120 150
Desolvation gas flow 800; 1000 800 1000
(L/h)

4.2.2 Qualitative analysis of betulin

The fragmentation of pentacyclic triterpenes involves a retro Diels-Alder (rDA) cleavage
in the C-ring, breaking the C(8)-C(14) and C(9)-C(11) bonds to generate two fragments:
the ABC* and the C*DE moieties, where * indicates the ring undergoing fragmentation
1819 Betylin, which elutes at 10.95 min in the TIC, its deprotonated molecular ion
[M- H]* appears at m/z 443 (Figure 4.3). The molecular ion [M]" underwent the neutral
loss of a water molecule, forming the base peak at m/z 425 [M-H>O]". The [M-H,O]" ion
may lose additional water molecule, producing a peak at m/z 407, or undergo RDA
fragmentation, forming a C*DE fragment at m/z 235. Alternatively, the RDA process might

occur to the molecular ion [M]", yielding an ABC* fragment at m/z 191.
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Figure 4.3. Proposed main fragments of betulin after retro Diels-Alder cleavage under
APCL

4.2.3 Method validation

To ensure the reliability of the UHPLC-APCI-QTOF method for the quantification of
triterpenes in the sample, analytical parameters were evaluated, including linear range,
correlation coefficient, limit of detection (LOD), and limit of quantification (LOQ). The

results are summarized in Table 4.2.

Table 4.2. Analytical parameters of triterpenes analysis.

Compound Retention Linear range Correlation LOD LOQ
time (mg/L) coefficient (mg/L) (mg/L)
(R?)
Betulin 11.15 20— 100 0.992 60 183
Betulinic acid 11.85 20-100 0.995 7.9 23.9

LOD, limit of detection; LOQ, limit of quantification.
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Under optimized chromatographic conditions, betulin and betulinic acid were eluted at
11.15 min and 11.85 min, respectively. Linearity was assessed at five concentration levels
ranging from 20 — 100 mg/L for both compounds, resulting in R? > 0.99, suggesting a
strong positive correlation. The method demonstrated varying sensitivity levels for targeted
compounds. For betulin, LOD was determined to be 60.4 mg/L, while LOQ was
183.1 mg/L. In contrast, betulinic acid demonstrated higher sensitivity at 7.9 mg/L and

23.9 mg/L levels for LOD and LOQ, respectively.

4.2.4 Quantitative analysis of triterpenes

The validated UHPLC-APCI-MS method was then applied to the quantification of two
triterpenes in the Betula papyrifera extract. The birch bark sample was diluted 8-fold in
methanol and analyzed. The results of the quantitative analysis are summarized in
Table 4.3, presenting the confidence interval for the determined amounts, based on an
average of six injections for each sample and the relative standard deviations (RSD) of the
respective peak areas for each compound. Betulin and betulinic acid were determined to

be 2,411 + 45 mg/L and 199 + 8 ppm, respectively, with an acceptable precision of < 5%.

Table 4.3. Triterpenes determined in Betula papyrifera extract.

t RSD
. . N
Compound Retent19n time pE— Peak a:ea RSD
(mln) (mg/L) ( /o)
Betulin 11.15 2,411 +45 32
Betulinic acid 11.85 199+ 8 4.8

|, mean; t: t-value at 95% confidence level; RSD: relative standard deviation; n: number of injections (n =
6).
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4.3 Conclusions

A UHPLC-MS method was developed for the detection and quantification of several
triterpenes in Betula papyrifera extract. APCI was confirmed to provide superior
performance to ESI for low polarity compounds such as triterpenes. Betulin and betulinic
acid in the bio-oil extracts were quantified and found to be 2,411 + 45 ppm and
199 + 8 ppm, respectively, with an acceptable precision of < 5%. This indicates that the
method developed is reliable for the identification and quantification of other low-volatility

compounds in complex matrices such as the Betula papyrifera extract.

4.4  Experimental

4.4.1 Materials

Betulin, betulinic acid, and caffeine were obtained from Sigma-Aldrich (MilliporeSigma
Canada Ltd., Ontario, Canada). Methanol, acetone, and acetonitrile were purchased from
Fisher Scientific (Thermo Fisher Scientific Inc., Waltham, MA, USA). All chemicals and

solvents used were of analytical grade.

4.4.2 Extraction method
The extraction method employed follows the procedure detailed in Section 2.4.2. For the

detailed method, refer to that section.

56



4.43 Calibration

A 1,000 mg/L stock solution of betulin was prepared in a binary solvent mixture using a
micropipette (acetonitrile:acetone (50:50 v/v). Standard solutions of betulin were prepared
in methanol from 1,000 mg/L stock, forming concentrations of 40, 80, 120, 160, and
200 mg/L. Afterward, 1.0 mL of each solution was mixed with 1.0 mL of 40 mg/L caffeine
solution, which was used as an internal standard and vortexed. A 40 mg/L solution of

caffeine was prepared from 10,000 mg/L stock in a binary solvent mixture (methanol:water

(50:50 v/v)).

4.4.4 Sample preparation
To prepare a birch bark sample, 0.3 g of extract was dissolved in 4 mL methanol, then a
1 mL aliquot of the solution was mixed with 1 mL of methanol and vortexed. Calibration

curves were obtained in triplicate.

4.4.5 UHPLC-MS conditions

UHPLC-MS was performed with an Acquity UPLC System (Waters Corp., MA, USA)
with a Waters Xevo QTOF MS (Waters Corp., MA, USA) and atmospheric pressure
chemical ionization as an ion source. Optimized instrument parameters were as follows:
corona current at 4.0 pA; probe temperature at 550 °C for betulin and 500 °C for betulinic
acid; source temperature at 120 °C for betulin and 150 °C for betulinic acid; sampling cone
at 35.0 V; extraction cone at 4.0 V; cone gas flow at 50.0 L/h; desolvation gas flow at
800 L/h for betulin and 1000 L/h for betulinic acid. UHPLC separation was carried out

with an Acquity UPLC BEH C18 Column (1.7 um x 2.1 mm x 50 mm) operating at 40.0 °C
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in a gradient mode. The mobile phase was A: water with 0.1% formic acid (v/v); B:
acetonitrile with 0.1% formic acid (v/v). The gradient program was: Initial at B: 5%; 2 min
at B: 30%; 3 min at B: 50%; 4 min at B: 70%; 8 min at B: 80%; 15 min at B: 90%; 16 min
at B: 95%; 20 min at B: 95%; 25 min at B: 95%. The injection volume was 10 pL, and the

flow rate was at 0.3 mL/min.
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Chapter 5. Conclusions and future Work

This chapter reports the conclusions about the thesis work as well as some preliminary
results from studies begun to differentiate the chemical composition of birch bark extracts
obtained from traditional methods versus a controllable laboratory reactor. The results from
these analyses are semi-qualitative; further analysis is needed to confirm the trends

established.

5.1 Conclusions
In Chapter 2, a full-scan GC-MS method was reported to detect and quantify three cresol
isomers in the birch bark extract using caffeine as an internal standard. Despite high
interference from overlapping peaks in birch bark extract, ortho-, meta-, and para-cresol

were determined to be 324 mg/L, 871 mg/L, and 1,240 mg/L, respectively.

In Chapter 3, a different approach, such as selected reaction monitoring, was taken for the
quantification of nine compounds, including cresols in birch bark extract. The determined

amounts ranged from 192 to 5,909 mg/L with a precision of < 6%.

In Chapter 4, a UHPLC-MS method was developed for the detection and quantification of
several triterpenes in Betula papyrifera extract. APCI was confirmed to provide superior
performance for low polar compounds such as triterpenes compared to ESI. Betulin and
betulinic acid were quantified at concentrations of 2,411 + 45 ppm and 199 + 8 ppm,

respectively, both demonstrating an acceptable precision of < 5%.
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5.2 Preliminary results for analysis of bio-oil extracts from the traditional preparation

method

An extract was obtained by a traditional Mi’kmaq method with a yield of 5%. The GC- MS
chromatogram of the Betula papyrifera extract is presented in Figure 5.1. According to the
National Institute of Standards and Technology (NIST) library guidelines, values of
Reverse Search Index (RSI) over 800 are indicative of a good match. Thus, the present
study reports the compounds with RSI values of 800 or higher. The GC-MS analysis
revealed the presence of 329 peaks, with 77 matched with the NIST database. Polycyclic
derivatives at 13.20% were the predominant class of compounds (Figure 5.2), followed by
triterpenes, benzene, and phenol derivatives at 8.07%, 3.91%, and 3.38%, respectively. The

other classes were present at less than 1%.
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Figure 5.1. TIC of birch bark extract obtained by traditional method.
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Figure 5.2. Tentative composition of birch bark extract obtained by traditional method.
Identified ~31% of the total peak area.
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5.3 Reactor system extract

An extract was obtained by a reactor system with a yield of 61%. The GC-MS
chromatogram of the Betula papyrifera extract is presented in Figure 5.3. The GC-MS
analysis revealed the presence of 255 peaks, with 76 matched with the NIST database.
Phenolic derivatives at 16.26% were the predominant class of compounds (Figure 5.4),
followed by polycyclic, triterpenes derivatives, and hydrocarbons at 9.39%, 7.20%, and

2.31%, respectively. The other classes were present at less than 2%.

)

e

4 508 -

4.0e3 |

1.5e9

-1.0e9

Figure 5.3. Total ion chromatogram (TIC) of birch bark extract obtained by the reactor
system.
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Figure 5.4. Tentative composition of birch bark extract obtained by the reactor system.
Identified ~41% of the total peak area.

5.4 Experimental

White birch bark (Betula papyrifera Marshall) was collected from fallen birch trees, then
the outer bark was separated from the inner bark, washed, and dried. The bark was placed
inside a 3.5 L metal container with 4 to 8 holes at the bottom, while a 250 mL container
was used as a receptacle can (Figure 1.4). It was placed flush with the ground level in a
hole dug with a bark-filled container positioned atop it. After stabilizing with dirt or sand,
a fire is built around the container and left to burn for 2 to 3 hours. Once cooled, the bark

extract is collected from the receptacle, typically 50 to 100 mL with a 25 to 50 mL water
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layer. Afterward, it is stored in the fridge until further usage. For the detailed extraction
method conducted by a reactor system, refer to Section 2.4.2. For the detailed sample
preparation, refer to Section 3.4.4. For the detailed GC-MS procedure, refer to

Section 2.4.4.

5.5 Future work

Although some conclusions can be drawn from these results, further analysis is necessary
for understanding the chemical composition of the birch bark extract. The next steps may
involve targeted analysis of the compounds identified in the tentative composition
(Figure 5.4), fractionation of the extract, and investigation of the influence of bark

constituents (lignin, cellulose, and hemicellulose) on the overall composition of the extract.
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