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Chapter 1. Introduction

Between 2001 and 2005 the Southern Maryland Adticall Development
Commission enacted a voluntary buyout for tobaecmérs to decrease the
dependency of the area’s economy on leaf tobades sacigarette companies and
increase crop diversity. They provided the farnwath a subsidy in exchange for
stopping production of tobacco for smoking purposesl maintaining their farm in
agriculture for 10 years. The buyout was overwliedty successful, with 94% of
eligible Maryland tobacco producers participati8gthern Maryland Agricultural
Development Commission, 2004). However, with thiesidies ending as early as
2011 and the underlying fact that tobacco grows iwehe Maryland climate, it is
clear that if value-added alternate uses of tobaoatd be identified, the farmers
would be willing and able to continue growing thie During the buyout period,
many farmers chose different crops to produceutioly corn for livestock feed and
grapes for winemaking, but those crop productiorich&s required a large
investment in new equipment as well as having epstearning curve in the field
management of a new crop. The only option avalabth the buyout program that
will allow farmers to continue growing tobacco ¢eir land is to create profitable,
alternate uses to smoking of tobacco. This proaksssincludes developing and
refining the biorefinery processes that are assetiaith extracting different

products from tobacco so that profitability candpdimized.



Extensive efforts using transgenic tobacco for potidn of specific proteins
have been made to take advantage of tobacco’somghass production capability.
Applications of these made to order proteins ineladzyme replacement therapy,
various cancer treatments, and the creation of husaeum albumin for blood
replacement therapies (Nevitt et al., 2003). Havesuch studies are limited by the
stability of the transgenic tobacco post-harvestyall as the purity and precision of
the proteins being created by the tobacco. Swhtiances in the amino acid
backbone may trigger an immunological responsaimdns which can negatively
affect the efficacy of the proteins (Nevitt et 2003). Current studies conducted by
researchers at the University of Maryland have destrated that the chloroplastic
(F-1) rubisco protein, a non-allergenic proteinhaatnutritional value comparable to
milk protein (Wildman, 1983; Maryanski, 2002), anydoplastic (F-2) proteins can be
effectively recovered at pilot scale (Fu, 2007)wie variety of functionalities are
being explored to assess the applicability of #wvered protein, while extensive
field trials geared toward increasing the yieldaifacco biomass within a shorter
growth period are near completion. The overalneenic value of tobacco could be
leveraged if additional ingredients could be idigedi and retained from the
bioprocesses before sending the biomass for biersion of the remaining
cellulosic constituents. One of the most promisimggedients is the high-value

chemical, solanesol, which is the focus of thislgtu



Chapter 2: Literature Review

2.1 Solanesol

The chemical formula for solanesol igs8740, and its molecular weight is
631.07. Its official nomenclature is 3, 7, 11, 18, 23, 27, 31, 35-
Nonamethylhexatriaconta-2, 6, 10, 14, 18, 22, 26 33-nonaen-1-ol (Woollen and
Jones, 1971). Its chemical structure is shownguié 1. Coenzyme Q10 and
Vitamin K2 are both ubiquinone compounds (See EduR) which can be created

from solanesol.

ChH ChH
I |
CH;C=CH(CH,CH,C=CH)CH,OH
6] CH,
6-10
Figure 2.1: The chemical structure of solanesol ufd@.2: The chemical structure of ubiquinone

compounds

2.1.1 Solanesol in tobacco

Rowland et al. (1956) first reported the preserfcetanesol in tobacco.
They reported that solanesol levels of green (fyesarvested) tobacco leaf were
0.3% of the total leaf dry weight, and that solahésvels of both unaged, flue-cured
tobacco leaf and aged, flue-cured tobacco leafappeo increase slightly to about

0.4% of the total dry weight (Rowland, et al. 1956)



Subsequent research using improved analytical rdetbloowed higher levels
of solanesol. Severson et al. (1977) reportechestal concentrations in Maryland
tobacco of slightly over 2% of total leaf dry mattéAn Eastern Carolina flue-cured
variety showed concentrations of approximately 3%rg matter, while two burley
varieties had approximately 1% and 2% solanessheaetively (Severson, 1977).
Chamberlain et al. (1990) reported total solanesntentrations in six flue-cured
tobacco varieties ranging from 1.9% to 2.8% (drgi®a Free solanesol in these six
varieties ranged from1.3% to 2.5% of total leaf @eight (Chamberlain et al., 1990).
Solanesol was found to originate in the chloroglastthe tobacco leaves (Stevenson,
1963).

Later research determined that the apparent inelieasolanesol in cured
leaves observed by early researchers was printaréyto the release of bound
solanesol, in the form of esters, through the guprocess. Consequently, current
experimental extraction methods include a sapatifio step to free bound
solanesol. Addition of low concentrations of sadihiydroxide to the extraction
solution has produced a 15-20% increase in solhnesovery (Zhou and Liu,
2006a).

Both free and bound forms of solanesol are foumdaily in the chloroplasts
of tobacco leaves. Zhao et al. (2007) used higfopeance liquid chromatography
(HPLC) to measure solanesol concentrations in uarparts of the tobacco plant.
They found that leaf solanesol concentrations \Be8dimes greater than in the
stalks. The ratio between leaf concentrationscmtentrations in other plant parts

(i.e., flowers, seeds, fruits, and roots) was eyeater (Zhao et al. 2007).



2.1.2 Coenzyme Q10

Coenzyme Q10, also known as ubiquinone, is a vitdiké substance used
by the human body to help produce ATP in the edectransport chain and is found
throughout the body, with the highest concentrationthe heart and liver (Ernster
and Dallner, 1995). Coenzyme Q10 is currently ¢asitudied as a supplement which
can possibly provide relief for migraine headaadhiesers (Sandor, et al., 2005)
protect people from Parkinson’s disease and otberadegenerative diseases
(Matthews, et al. 1998), and lower blood pressUreese studies have helped
develop coenzyme Q10 into a high value producthhatincreased its demand.
Coenzyme Q10 is currently available as a dietappment, as well as being added

to products like skin cream and toothpaste (Kan2@83).

Coenzyme Q10 is currently fermented from yeast KShip 2001). There are
established protocols for developing coenzyme Q@d fsolanesol (West, 2004 as
well as studies that have found that using soldresoincrease the yield of

coenzyme Q10 derived from the fermentation of y@astet al, 2008).



2.2 Extraction and Purification Techniques

Researchers have proposed various new techniquesgroving recovery of
solanesol. Zhou and Liu (2006a) reported thatofiseicrowaves to assist a solvent-
based extraction consisting of a 3:1 ethanol:hexairn&ure combined with NaOH
yielded 0.91% (w/w, dry basis) solanesol in 40 nesu The same researchers
compared microwave-assisted extraction to the pusly used heat-reflux extraction
and found only minor increases in overall yieldfpercentage extraction of
solanesol), while the microwave-assisted extractignificantly reduced extraction
time from 180 to 40 minutes (Zhou and Liu 2006&is research team also
examined the saponification step required to fieaenld solanesol, finding that when
using microwave-assisted extraction, a 0.05 M smubf NaOH is optimal.
However, during the lengthy heat-extraction proctss higher 0.05 M concentration
of NaOH can destroy the solanesol, and it was ohéted that 0.02 M NaOH vyielded
the maximum amount of solanesol in heat-refluxaotion. The saponification
process also can alleviate emulsification, whicly mpi@esent problems during later
solanesol separation and purification steps (ZimulLau 2006a).

Chen et al. (2006) found that three rounds la2iigninutes each in an
ultrasonic bath were sufficient to extract the sekol from tobacco leaf residues.
However, they analyzed different saponificatiorpsteadding as much as 30 mg/mL
of KOH to the solution and applying a hot waternbfabm 2 to 24 hours. Again, due
to the eventual destruction of solanesol by theé aed KOH, the solanesol yields
reached a maximum at 4 hours with 20 mg/mL KOH (Céteal., 2006). Room

temperature extraction and soxhlet extraction teghas have also been analyzed, but



due to their considerably lower yields and longa&stion times, have not been further
investigated (Zhou and Liu 2006b).

Zhao and Du (2007) proposed a technique involviog sotary, counter-
current chromatography to recover solanesol inrai@avoid using industrial organic
solvents in the extraction. They found that asu@flower oil: ethanol solvent
system removed many impurities, but solanesol yedd only about 27% of the
resulting product. Some recent publications haxgssted the use of supercritical
fluid extraction (SFE) to recover solanesol (Cl3006; Rao, 2007), but there are
guestions regarding the cost-effectiveness of 8ERnblogy and its suitability for
handling large batches.

Tang et al. (2007b) completed a study using sgiglecolumn chromatography
to extract and purify solanesol and found a solaingsld of 0.38% and a purity level
of 83.04%. However, their extraction method did $gem to maximize the solanesol
extracted. The purification was done by dissolwngde solanesol extract into a
petroleum ether solution (10:1, v/v). The solutwas applied to a silica gel column,
and eluted with petroleum ether-acetone (90:10, vA/5 mL fraction was collected
and dried using a rotary evaporator (Tang et &78).

Recent research has outlined a method of solidepbetsaction for the
concentration and purification of solanesol exsatlsing silica gel and analyzing
parameters such as sample loading flow and sanoplene, a fast, quantitative and
reproducible method was found to produce a 97.5%wvery of solanesol (Tang et al.
2007a). Crude solutions of solanesol were runutinca column of silica gel at a

determined rate of 1 mL/min and the adsorptionotdrsesol by the silica gel was



determined to be 58.5 +- 1.7 mg per gram of sijgeh The silica was then eluted

with acetone and collected for HPLC-UV analysisn@&t al. 2007a).

2.3 Analytical M ethods of Detection

Several techniques have been described for anglgnianesol content in
tobacco leaves. These include gas chromatogrdp@y (Chamberlain et al., 1990;
Severson et al, 1977); thin layer chromatograpiyQ(T solid phase extraction (Tang
et al., 2007a); high performance liquid chromatpgsa(HPLC) with UV detection
(Tang et al., 2007b); differential refraction deiee, and evaporative light scattering
detection (Zhou and Liu, 2006b). TLC has provesbfgmatic due to considerable
solanesol decomposition on the plates, while G@lires lengthy extraction and
derivatization procedures. On the other hand, HR\MChas been proven an accurate
and precise approach for rapid determination creggol content (Chen et al., 2006;
however, some modifications might be needed depgrath the solvent and column
used. Table 2.1 compares different detection nustiod solanesol, their detection

limits and their drawbacks.



Table 2.1: Comparison of solanesol detection method

Method Detection Limits Remarks Reference
(mg/mL)
Gas 0.02 High temperatures, Chamberlain et al,
Chromatography involves lengthy 1990
(GC) extraction and Chen et al, 2007
derivatization
procedures
High Performance 0.05 Commonly Chen et al., 2007
Liquid available
Chromatography
with ultraviolet
detection
(HPLC-UV)
High Performance 0.1 ELSD is more Zhou et al, 2006b
Liquid expensive than UV
Chromatography
with Evaporative
Light Scattering
Detection
(HPLC — ELSD)
Thin Layer 0.5 Problematic due to Woollen and Jones,
Chromatography considerable 1971
(TLC) solanesol
decomposition on
the plates
Time-of-Flight 0.0018 Most expensive  Chen et. al, 2007

Mass Spectrometer
(TOF-MS)

method




Chapter 3: Research Goal

The goal of the project was to investigate theibglity of extracting
solanesol from tobacco biomass residue followirgggin recovery. In order to
achieve the goal, there were three objectives:
» To establish reliable analytical methodology capaifldetecting solanesol.
* To assess solanesol concentration distributiomaméass recovered at various
stages of tobacco protein bioprocessing.
* To evaluate the yield, processing time required, solvent usage of different

extraction approaches.
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Chapter 4: Materialsand Methods

4.1 Tobacco Processing
4.1.1 Low alkaloid tobacco samples

Low alkaloid tobaccoNicotiana tabacum L. cv. MD-609LA) containing an
average nicotine level of 0.6-0.8 mg/g dry weiglsvgrown on the University of
Maryland, College Park Greenhouse Facility. €gply, tobacco has a nicotine
content between 0.6 to 2.9 mg/g dry weight (Hoffmand Hoffman, 1998). The
tobacco was grown from seed (Figure 4.1) to reprtidel stage over a period of 4
months. First, the tobacco seeds were scatteredsaStyrofoam beds filled with
small cells of soil, which were floated on a basfinwvater. At the seedling stage, the
plants were moved so that each cell was occupiezhlyyone plant (Figure 4.2). A
few weeks later, the tobacco plants had overgrdwir tells (Figure 4.3) and were
transplanted into individual pots of soil (Figurdy The plants continued to grow
and were harvested at the plants adult stage, aftemflower buds were formed
(Figure 4.5). The adult tobacco plants were haegeBy hand and stored in a cold

room at 4 °C until processing.
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Figure 4.1 Tobacco seeds and seed pod.

Figure 4.2 Tobacco plants growing in greenhousetlstafter seeding.

12



Figure 4.4 Tobacco plant two weeks after potting.
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Figure 4.5 Tobacco plant at harvest stage.
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4.1.2 Samples Originated from Protein Extraction

Figure 4.6 outlines the general procedures usea phecessing fresh tobacco
for protein extraction. Three different samples BAand C) were collected during
the tobacco protein extraction procedures and aedly After the leaves were
separated from the stalk, the tobacco leaves waoerated with a hammer mill. The
first sample (A) contained only the macerated lsdvem the freshly harvested
tobacco plants. The second sample (B) was cotldoben the biomass waste stream
following the separation of ‘Green Juice’ from tlesidue of the tobacco biomass
during protein processing; this residue is a higldjulosic material with most of its
protein-containing liquid squeezed out during sepress operation. The final
sample (C) was the end waste material (chloroplagtsediment material) following
centrifugation that separated it from the protailuson during the protein extraction

process.

15



{ Fresh Tobacco} Samples for

Plant: Solanesol
Analyses
A 4 A
[ Stem Material ] [ Tobacco Leaves} """""""""
A 4 A
Biofuel Hammer Mill
Research*
A
{ Chopped Ieaves}
A 4
Screw Press
A 4 A
‘Green Juice’ Tobacco |
Biomas:
A 4
Centrifuge

\ 4 A
‘Amber Juice’ Chloroplast |
Protein Solutio Sedimer
\ 4
Protein
Research

* Additional resear ch which is beyond the scope of this project.

Figure 4.6 Simplified tobacco bioprocessing flowttwautlining the origin of the three samples being
analyzed for solanesol.
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4.2 Sample Preparation

The tobacco leaves (Sample A), biomass (Samplaril) chloroplast
sediment (Sample C) were dried in a convection @atésb°C to 60°C. The dried
leaves were ground with a Pertan 3600 Lab MilIN& 40 sieve (0.425 mm) was
used to ensure consistent particle size. Ten godutie dried samples were weighed
and placed into a vessel with 100 mL of a 1:3 hexathanol (v/v) solvent solution.
NaOH (0.02 M) was employed as an additional sapatibn step to free the bound
solanesol present as esters in each sample andhimexdolanesol yield (Zhou and

Liu 2006a). The solvent system was used for atipa solutions.

4.3 Extraction M ethods

Three extraction methods (heat-reflux extractioitrowave-assisted
extraction and ultrasound-assisted extractionyédanesol recovery were

investigated.

4.3.1 Heat Reflux Extraction

In heat-reflux extraction, the prepared sampleti8n 4.2) were placed into
a round bottom flask and were heated in a watdr #ia60°C. The sample solution
was stirred constantly at 75 rpm for 180 min (Zh2206b), and a distillation column

was used to prevent solvent loss due to evaporétigure 4.7).
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Figure 4.7 Experimental setup of the heat-refluxastion method.
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4.3.2 Microwave-assisted Extraction

For microwave-assisted extraction, the sample Waed into the chamber of
an Ethos E Microwave Extraction Labstation (Milestdnc., Monroe, CT) with two
magnetrons (800 W ea.) installed. The samples plages into the microwave
labstation and heated to 60°C in 45 seconds. diedrature was monitored and

maintained for 40 minutes.

4.3.3 Ultrasound-assisted Extraction

Ultrasound-assisted extraction was conducted siraléhe heat-reflux
extraction method (4.3.1), with the exception okaded sonification step that was
executed in triplicate and aimed at removing alhef solanesol from the tobacco
sample and into the solution. After heat-reflukragtion step, the solvent was
gravity filtered (Whatman No. 1) to separate infrthe remaining biomass and set
aside. A 20 mL aliquot of hexane was added tae¢hsining biomass in the flask
and the flask was sealed to prevent solvent evéiporaThe sample was placed in a
Neytech model 28H ultrasonic bath (Neytech, USA§ &iequency of 47+3kHz for
20 minutes. The water volume inside the bath waarid the samples were kept at
60°C. The solution was filtered again and addethéanitial solvent, while another
20 mL aliquot of hexane was added to the remaihiomass and the procedure
repeated. The ultrasound procedure was run foniBQtes each cycle for three
cycles, increasing the total time of processing40 minutes and the final volume of

solvent to 200 mL.
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4.3.4 Post extraction

All samples, regardless of extraction method, wieea centrifuged at 5000 x
g using a Beckman L7-65 ultracentrifuge (Fullertéi). The supernatant was taken
and filtered through a 0.45 um Millipore (BilleridslA) syringe driven filter unit and

stored at 4°C until it was analyzed.

4.4 Analytical Method

4.4.1 HPLC Analysis

The solanesol concentration of the samples wasndeted using reverse-
phase high performance liquid chromatography (RRE)Rising a Shimadzu LC-
2010A (Columbia, MD) equipped with serial dual pjen pumps, an oven, an
automated sampling injection unit, and an ultraatieisual(UV-VIS) detector (D
lamp light source) capable of detecting wavelermgthl5 nm. A Waters reversed-
phase p-Bondapak;gcolumn (3.9 x 300 mm, 10 um particle size) withuargl
column (Milford, MA) was used. A solanesol stari&r90%, Product No. S8754),
obtained from Sigma-Aldrich (St. Louis, MO), wassfianalyzed at various
concentrations to obtain a quantitative calibratiarve between solanesol
concentration and the peak area in the chromataogram

A mixture of 60/40 (v/v) acetonitrile-isopropanallstion was used as the
mobile phase, using the sample injection volum&QofiL with 0.8 ml/min flow rate.
A Waters C18 column (3.9 x 300 mm) maintained aC2%as used.

Chromatograms were created and the peaks werezadalyith a Gaussian

20



(symmetrical) distribution for the retention factbat is a measure of the time the
sample component resides in the stationary phéetgveeto the time it resides in the

mobile phase.

2(tR2 _tRl)
o Tl

R

Figure 4.8 Resolution equation.

The resolution, defined in Figure 4.8 as the peglagation divided by mean
peak width, was also calculated using the Clas$ 9Roftware supplied with the
equipment. The resolution was calculated to comgéferent variables (mobile
phase, oven temperature, and flow rate) used isdlamesol detection method to

determine the optimal peak separation between gaakent on the chromatogram.

4.4.2 Satistical Analysis

Three replications of each sample were performemhgiHPLC analysis and
three samples were performed for each of the gper@xental treatments. The results
were analyzed for statistical significance usingS3A1.3 software with ANOVA
followed by Tukey's test (p<0.05) for mean sepanmati Complete statistical analysis

can be found in Appendix A.
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Chapter 5: Resultsand Discussion

5.1 Improving the Detection M ethod

An optimized HPLC method using a standard detedistem was developed
combining the key elements reported by Zhou (20@éio) Zhang (2001) to establish
an analytical procedure capable of providing ramd accurate quantification of
solanesol in the biomass samples with a deteatimhadequate for industrial

applications.

5.1.1 Improving Peak Resolution

The most critical challenge in optimizing the HPI@thod was the ability to
acquire proper resolutions of the target compounadjely solanesol, with the
presence of the extraction solvents and other iitigsir In the present study, the
main problem was that the ethanol used as paheoéxtraction solvent created its
own large peak ahead of the solanesol peak. Smeethese two peaks were close
enough that they joined. Different variables wewvaluated to increase the separation
between the two peaks so that the quantificatiosoténesol could be performed
without interference from the solvent peak. Tocaeplish this, the microwave-
assisted extraction samples were employed to eedllna effect of different variables
on the solanesol resolution of HPLC chromatogrditme mobile phase ratio of
acetonitrile and isopropanol (60/40 v/v) was alflesad analysis was done to see if it

helped in the separation (Figure 5.1). However 80/40 ratio was found to be the
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optimum in both position and relative size of théasesol peak. The temperature of
the oven was then analyzed (Figure 5.2), and itfaasd that lowering the
temperature from 35°C to 22°C significantly altetled position of the two peaks,
allowing for a considerably better resolution attdrang the final results on solanesol
concentration to a level of quantification of 0@@/mL. Finally, the mobile phase
flow rate was adjusted from 0.5 to 0.8 mL/min, &éimel best resolution was found to

occur when the flow rate was 0.8 mL/min (Figure)5.3

35T Oven temperature
0.6 mL/min. flow rate

0.04

0.035

0.03 -

0.025

0.02

HPLC Resolution

0.015 A

0.01

0.005

95/5 75125 25/75 5/95

Ratio of mobile phase: acetonitrile-isoproponol (v/ V)

Figure 5.1 Comparison of the separation resolltietveen ethanol and solanesol peaks at various
mobile phase ratios (v/v acetonitrile-isoproparl® constant 35°C oven temperature and 0.6
mL/min. flow rate.
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50/50 (v/v) Acetonitrile-isopropanol mobile phase
0.6 mL/min flow rate

0.04

0.035 +

0.03

0.025 -

0.02

0.015 -

HPLC Resolution

0.01 ~

0.005 -

25¢C 35C 45C
Oven Temperature

Figure 5.2 Comparison of the peak separation réealat various oven temperatures at a constant
50/50 mobile phase ratio (v/v acetonitrile-isopnogix and 0.6 mL/min. flow rate.
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60/40 (v/v) Acetonitrile-isopropanol mobile phase

0.04 -
0.035 -
0.03
5 0.025
|
S
¢ 0.02-
o
3
a 0.015
T
0.01
0.005
0-
35T 25T 25T 22T 22T

0.6 mL/min. 0.6 mL/min. 0.5 mL/min. 0.5 mL/min. 0.8 mL/min.
Oven Temperature and Flow Rate

Figure 5.3 Comparison of the peak separation réealat various oven temperatures and flow rates a
constant 60/40 mobile phase ratio (v/v acetonitstgropanol).
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5.1.2 Example Separation Peaks

Figures 5.4 through 5.6 illustrate the presenad@fthanol peak during
HPLC-UV analysis. However, through modifying theriables involved in analysis,
a clear separation of the two peaks was establishgpnire 5.4 shows a 0.1 mg/mL
solanesol standard in a pure hexane solvent. &iyris the chromatogram of a
solanesol standard in the solvent used for extracti:3 hexane:ethanol (v/v).
Finally, an example chromatogram of an unknown an@ve-assisted extraction is

shown in figure 5.6.

U Detector Ch1-215nm
peter:solanesol_5-9.003

0.1 mgfmL
Solanesol
Standard

Minutes

Figure 5.4 Example HPLC chromatogram of 0.1 mg/millasesol standard in hexane.
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___ U Detector Ch1-215nm
peter- solanesol bl]-1l1 22C I]Bﬂuw ' ethanol+std r¢p1 real

E00

' Solanesol
. Standard

Figure 5.5 Example HPLC chromatogram of solandgswidard in 1:3 hexane:ethanol (v/v) solvent
solution.

U Detector Ch1-215nm
" peter._solanesol bl]~1l] 23C_.8flow Mlcrm

. Solanesol

Figure 5.6 HPLC chromatogram of example sampleraniave-assisted extraction.
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5.1.3 Solanesol calibration curve

Solanesol concentrations of 0.01, 0.05, 0.1, ®&,1a0 mg/mL were analyzed
to create a calibration curve. The correspondieakareas of the known
concentrations were utilized to create a lineardli@e and allow quantification of
unknown solanesol samples. The curve was credthdive solanesol standard
(>90%, Product No. S8754) obtained from Sigma-Ald(6h Louis, MO) and had a

linear regression of y = 6*10 — 139757.

35000000

y = 6*10x - 139757

30000000 —+
R? = 0.9992
25000000 |~ - - -
20000000 |~ - - - m e

15000000 + << A

Area (mV)

10000000 +

5000000 +

0 T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6

Solanesol Concentration (mg/mL)

Figure 5.7 Solanesol calibration curve using aiteqihase of 60/40 (v/v) acetonitrile-isopropanol
with a sample injection volume of 10 puL with 0.8/min flow rate through a Waters C18 column (3.9
x 300 mm) maintained at 25°C.
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5.2 Extraction M ethods

A significant increase in solanesol yield was fowvhen utilizing either the
micro-wave assisted extraction or the ultrasourstster] extraction over the heat-
reflux extraction method (Figure 5.8). Such inee=acould be attributed to the
ability of the added electromagnetic radiationiedking down the cellular structure
and releasing more solanesol into the solutionglvheat alone might not be able to
accomplish. Microwave-assisted extraction wasbest efficient method, as it gave
the maximum yield with the shortest amount of tamel no additional solvents.
Ultrasound extraction did reach a similar yieldt the extended amount of time and
extra solvent needed made it less desirable trmmitrowave-assisted method.
Equipment wise, the heat reflux extraction requinessmallest investment because it
uses traditional laboratory equipment. The ultsasbequipment would require a
small, one-time investment, whereas the microwaestation would be the most
expensive single piece of equipment to obtain. el@w, the one-time cost of
microwave-assisted extraction equipment would \iked overcome by the reduced
solvent cost and time of processing needed to @dmanesol using that technique.
These results confirm previous studies (Zhou, 2G&bZhang, 2001) which showed
that processing steps beyond normal heat-reflwaetkdon can improve overall yields

as well as reducing the time of extraction.
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Figure 5.8 Comparison of solanesol concentrati@ncgnt dry weight) of tobacco biomass using
different extraction methods: ultrasound-assishedt-reflux, and microwave-assisted extraction.
Values bearing the same superscript in a colummetrsignificantly different (P > 0.05).

Table 5.1 Comparison of solanesol concentratiorcgue dry weight), time of
extraction, solvent usage, and special equipmesdetfor the ultrasound-assisted,
heat-reflux, and microwave-assisted extraction oathased on a 10g sample.

Solvent Usage (mL)

Extraction %%T;ﬁgtsgr Time Special
Method (% dry weight) (min.) Hexane  Ethanol Equipment
Heat Reflux 0.073 +0.013 180 25 75 Water bath
UItrasound- 0.102 + 0.001 240 85 75 Ultrasound unit,
assisted water bath
Microwave- 0.101 + 0.00B 40 o5 75 Microwave

assisted ' - labstation

Each value is the mean = SD, n = 3. Values bedhegame superscript in a column are not
significantly different (P > 0.05).
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5.3 Sour ces of Solanesol

The results of the solanesol concentrations irsimples collected from
different processing steps are summarized in Fi§l#e As expected, there was a
statistically significant difference in the solaoksoncentration between each of the
samples. The chloroplast sediment was found te tia highest concentration of
solanesol, which was expected due to the factsthlanesol is found in the
chloroplasts of tobacco plants (Stevenson, 198Bg biomass waste contained the
smallest concentration of solanesol, which was elgected because the biomass is
consisted of largely cellulosic materials (Demir2004). It is important to note
that, however, there is a much greater volume etabacco biomass when compared
to the chloroplast sediment, so depending on th&we of the tobacco being
processed for protein processing, the tobacco tssmauld still allow for a
significant amount of solanesol to be extractedaddition, the total solanesol yield
by using the waste from protein processing wouddlice both the biomass and the
chloroplast samples. Table 5.2 illustrates thiscept by taking the volume of fresh
tobacco leaves into account when discussing fiolahesol content. The table also
demonstrates what the quantity of the dried wamtegpée produced during the

processing of 100 kilograms of fresh tobacco leaves
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Figure 5.9 Comparison of solanesol concentratie@ncgnt dry weight) from different waste streams of
an established tobacco protein extraction methatlids bearing the same superscript in a column are
not significantly different (P > 0.05).

Table 5.2 Comparison of dried sample mass and estdyield from 100 kg of fresh
tobacco leaves (MD-609LA) from the different wasteams of an established protein
extraction method.

Mass of dried sample Solanesol content Solanesol content
Sample source per 100 kg fresh (% dry weight) per 100 kg fresh

leaves (kg) leaves (Q)
Fresh Leaves 13.1 0.154 +0.037 20.2
Biomass 4.9 0.047 +0.030 2.3
Chloroplasts 1.1 0.331 +0.045 3.6
Total waste 6.0 5.9

Each value is the mean + SD, n = 3. Values bedhiegame superscript in a column are not
significantly different (P > 0.05).

*The sum of the biomass and chloroplast sampleg;wilustrates total solanesol collection possible
after protein processing.
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Previous research has shown a large range (0.89 % dry weight) in the
amount of solanesol found in differing varietiedabacco (Zhou, 2006b). The
tobacco variety used in this study, MD609 LA, whsesen for its high protein
content and low alkaloid content, and could hawveelolevels of solanesol than other
tobacco varieties. In addition, most studies darsgsol use tobacco that has been
cured for smoking purposes. As previous studigg sdown (Chamberlain et al.,
1990), the curing process helps to free bound sstarand increase solanesol yield.
While a saponification step was employed in thesg@né study to increase the free
solanesol, there could still be more bound soldriagbe uncured leaves that might
not be fully released by the saponification stEprthermore, it is important to note
that the age of the tobacco plants might also itear It was previously determined
that for maximum overall profitability of the prateprocessing, the tobacco plants
should be harvested as soon as they reach thestalyét (Fu, 2008). However,
tobacco plants used for smoking purposes aredejtdaw for a longer amount of
time, which could allow the plant more time to puod and/or accumulate solanesol.

Additionally, the amount of samples processed caldd have an impact on
the final yield of solanesol. The solanesol com@ion in the chloroplasts sediment,
while significantly higher than the other sampl@as not as high as expected when it
is known that the solanesol originates in the dptasts. This could be because
solanesol is more vulnerable to heat damage ddryigg after the centrifugation
step. The fresh leaf samples had minimal procggwiior to the drying step, which
could explain the higher overall yield. Also, dsramentioned, further optimization

of the method of extraction could also help to &ase the yield of solanesol such that
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it could be a cost-effective, value-added produdbble for industrial-scale

production.
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Chapter 6: Conclusions

Among the three extraction methods investigatedrawave-assisted
extraction was found to be the most efficient imte of solanesol yield and
processing time required. All waste streams frbengdrotein processing of tobacco
were found to contain solanesol, with a signifibahigher concentration found in
the chloroplast sediment waste. However, duedcthall amount of chloroplast
sediment obtained at that final stage of the pngbedcessing, the biomass waste
obtained following the initial maceration and extran of the protein laden ‘green
juice’ could also be used for extraction of solarés maximize solanesol yield. A
method of detecting solanesol using HPLC-UV wagsssfully developed that had a
guantification limit of 0.01 mg/mL. Overall yields solanesol were found to be
lower than previous studies have shown. Thikelyibecause uncured leaves were
used, the tobacco was a low-alkaloid variety, tl@ts were harvested at the very

beginning of their adult stage, and the harsh msiog conditions of some samples.

The waste streams from protein processing can aagnificant influence on
the overall profitability of alternate use tobat¢bmough the extraction of solanesol.
Further studies are recommended that will analyizerdnt varieties of tobacco for
solanesol concentration, as well as pilot-scaléntgso ensure that large scale

extraction and production of solanesol can be aekie
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Appendix A: Statistical Analysis

Extraction Methods

The ANOVA Procedure

Dependent Variable: dryweight

Sum of
Source DF Squares aM8quare FValue Pr>F
Model 2 0.00476284 (0288142  34.55 <.0001
Error 24 0.00165407.00D06892

Corrected Total 26 0.00641691

R-Square Coeff Var  Root MSEryvekight Mean

0.742233  8.998686  0.008302 0.092255

Source DF AnovaSS M&guare FValue Pr>F

Type 2 0.004762840.00238142  34.55 <.0001
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Tukey's Studentized Range (HSD) Teastfgweight

Alpha 0.05
Error Degrees of Freedom 24
Error Mean Square 0.000069

Critical Value of Studentized Range 3.53170

Minimum Significant Difference 0.0098

Means with the same letter are not sigaiftty different.

Tukey Grouping Mean N Type
A 0.102048 9 ltrelsound
A 0.101240 9 dwiwave
B 0.073478 9  atReflux
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Sour ces of Solanesol

The ANOVA Procedure

Dependent Variable: dryweight

rBof
Source DF Squares Mean Square F Value
Model 2 0.370285210.18514260 160.26
Error 24 0.02772550.00115523
Corrected Total 26 0.39801071

R-Square Coeff Var  Root MSErywkight Mean

0.930340 19.14295 0.033989 0.177552

Source DF AnovaSS aW&quare F Value

Type 2 0.37028521 0.18514260 160.26
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Tukey's Studentized Range (HSD) Test for dryweight

Alpha 0.05
Error Degrees of Freedom 24
Error Mean Square 0.001155

Critical Value of Studentized Range 3.53170

Minimum Significant Difference 0.04

Means with the same letter are not sigaiftty different.

Tukey Grouping Mean N Type
A 0.33129 9 |@bplasts
B 0.15402 9  dhdeaves
C 0.04734 9 oBBass

39



Bibliography

Balasubramaniam, D., C. Wilkinson, K Van Cott, @aAg. 2002. Tobacco protein
separation by aqueous two-phase extractloof. Chromatogr A. 989, 119-
129.

Baker, R.R. 1991. Unpublished Report. Determinatib8olanesol in Environmental
Tobacco Smoke. British-American Tobacco Companly Eundamental
Research Centre
http://www.library.ucsf.edu/tobacco/batco/htmi/18008090/.

Chamberlain, W.J., R.F. Severson and O.T. Choft9R0. Determination of
solanesol in tobacco by capillary gas chromatograghof Chromatogr, 513:
55-60.

Chen, J., X. Liu, X. Xu, F.S.C. Lee and X. Wang0@0Rapid determination of total
solanesol in tobacco leaf by ultrasound-assisté@etion with RP-HPLC and
ESI-TOF/MS J. of Pharm. Biomed. Anal. 43: 879-885.

Chen, J., J. Liu, F.S.C. Lee, and X. Wa2@08. Optimization of HPLC-APCI-MS
conditions for the qualitative and quantitativeatetination of total solanesol
in tobacco leaved. Sep. Sci. 31, 137-142.

Chiu, Y.H. 2006. A technology to extract solandsoin tobacco leaves waste.
China’s Tobacco Science.
http://64.233.179.104/translate_c?hl=en&u=httphiédar.ilib.cn/A-
zgyckx200602003.html.

Chokshi, D. 2001. Ubiquinone composition and meshatated thereto. U.S. Patent
6,806,0609.

Demirbg, A. 2004. Conversion of Agricultural Residues teeFProducts via
Supercritical Fluid ExtractiorEnergy Sources. 26:1095-1103.

Ernster, L., and G. Dallner. 1995. Biochemical, giblpgical and medical aspects of
ubiquinone functionBiochim Biophys Acta 1271: 195-204.

Fukusaki, E., S. Takeno, T. Bamba, H. Okumoto, bkt S. Kajiyama, and A.
Kobayashi. 2004. Biosynthetic Pathway for the Cabyprenol, Solanesol, in
TobaccoBiosci. Biotechnol. Biochem. 68 (9).

Fu, H. 2007. Alternative Uses of Tobacco. Persocoalersation.

40



Fu, T.J. 2006. NCFST Allergen Research and Pr@aiastibility Studies. U.S.
Food and Drug Administration, Nat'| Center for Fo®dfety and Technology,
“NCFST Allergen Research and Protein DigestibiStydies.”
http://lwww.ars.usda.gov/sp2UserFiles/Program/108/Et+
O6Presentation_USDA.pdf, p.13

Hoffmann D. and I. Hoffmann. 1998 Chemistry and i€ofogy. Smoking and
Tobacco Control Monography 9, 3.

Kaneka Nutrients. Q10 Products. http://kanekagif.Accessed April 2008.

Keca, M., S. Gross and I. Malnar. 1997. Isolatbsolanesol from tobacco
Nicotiana tabacum L by classic extraction and ultrasound extractiéarm.
Glas. 53: 173-182.

Khidyrova NK, and KM Shakhidoyatov. 2002. Plantymknols and their biological
activity. Chem. Nat. Comp. 38. 107-121.

Liu H., J. Fang, J. Jin, W. Zhong, and Z. Ye. 2088lation, Characterization and
fermentation condition of Coenzyme Q10 producimgistwith solanesol as
precursor.Acta Microbiol Sn. 48 (2), 157-163.

Maryanski, J. 2002. ILSI Protein Allergenicity Tenxtal Committee, Testimony
before the Food Biotechnology Subcommittee, Foodigaty Committee,
FDA, 45
http://lwww.fda.gov/OHRMS/DOCKETS/ac/02/transcri3886t2.doc.

Matthews, R. T., L. Yang, S. Browne, M. Baik, andAVIBeal. 1998. Coenzyme Q10
administration increases brain mitochondrial cotregions and exerts
neuroprotective effect®roc. Natl. Acad. Sci. 95: 8892-8897.

Nevitt, J., G. Norton, B. Mills, M.E. Jones, M. &lbrock, D. Reaves, K. Tiller, and
G. Bullen. 2003. Participatory Assessment of Scanal Economic Effects of
Using Transgenic Tobacco to Produce PharmaceutMadsking Paper, Dept.
of Ag. and Applied Econ., Virginia Tech.

Rao, J.R., 2007. Method of Isolating Solanesol &&ttfrom Tobacco Utilizing Super
Critical CO2 Fluid Extraction. Patent Publicatidomber WO/2007/029264.
http://www.wipo.int/pctdb/en/wo.jsp?wo0=2007029264.

Rao, R.N., M.V. Talluri, T.S. Krishna, and K. Raghanath. 2008. Continuous
counter current extraction, isolation and deterdmaof solanesol in
Nicotiana tobacum L. by non-aqueous reversed phigbeperformance liquid
chromatographyd. of Pharmaceut Biomed. 48: 310-315.

41



Rowland, R.L., P.H. Latimer, and J.A. Giles. 19bkie-Cured Tobacco. I. Isolation
of Solanesol, an Unsaturated Alcohdl Am. Chem. Soc. 78: 4680-4683.

Sandor, P.S., L.D. Clemente, G. Coppola, U. SaeAgd-umal, D. Magis, L.
Seidel, R.M. Agosti, and J. Schoenen. 2005. Effiaat coenzyme Q10 in
migraine prophylaxis: A randomized controlled tridéurology 64: 713-715.

Severson, R.F., J.J. Ellington, P.F. Schlotzhdrd¥, Arrendale, and A.l. Schepartz.
1977. Gas Chromatographic Method for the Deterronaif Free and Total
Solanesol in Tobaccal. of Chromatogr, 139: 269-282.

Southern Maryland Agricultural Development Comnossi2004. Annual Report.
Tri-County Council.
http://www.somarylandsogood.com/pdf/Report.2004.pdtessed May 2007.

Stevenson, J., F.W Hemming, and R.A. Morton. 198 Intracellular Distribution
of Solanesol and Plasoquinone in Green Leaveseof étvacco Plant.
Biochem. J. 88, 52.

Tang, D.S., H.L. Liang, L. Zhang, and H.L. Chen0?28. Solid Phase Extraction of
Solanesol.Chromatographia, 66: 129-131 (2007).

Tang, D.S., L. Zhang, H.L Chen, Y.R. Liang, J.1, Hul. Liang, and X.Q. Zheng.
2007Db. Extraction and purification of solanesohfrtobacco (I). Extraction
and silica gel column chromatography separatiosotdnesolSep. Purif.
Tech.. 56, 291-295.

Wei, X., D.H.Yu, and C. Chen. 2003. Isolation of&®®sol from Discarded Tobacco
Plant.Biochem. J. 88, 52. 1963.

West, D.D. 2004. Synthesis of coenzyme Q10, ubanenU.S. Patent 6,686,485.

Wildman, S. 1983. An Alternate Use for Tobacco Agltiure: Proteins for Food Plus
a Safer Smoking Material. http://www.wws.prinaetedu/cgi-
bin/byteserv.prl/~ota/disk3/1983/8315/831507.PDF.

Woollen, B.H., and D.H. Jones. 1971. Analytical Nets for Tobacco Lipidsl.
Chromatogr. 61,180-182.

Wooten, J.B. 1985. Direct Detection of Solanesdlabacco byH and**C Magic
Angle Spinning NMR.J. Agric. Food Chem., Vol. 33, No.3.

Xin, Z., X. Yan and C. Jianmin. 2006. IsolationSulanesol from Discarded Nicotine
and Tobacco. Chinese Medicine Industrial Magazine.
http://64.233.179.104/translate_c?hl=en&u=http: wikb.cn/A-
zgyygy200607012.html.

42



Zhang, M. and J. Huang. 2001. Determination of &sal in the Extracts of Tobacco
Leaves by High Performance Liquid Chromatogragiiyn. J. of Chromtogr.
19, No. 5.

Zhao, C., Y. Zu, C. Li and C. Tian. 2007. Distrilout of solanesol in Nicotiana
tabacum.Journal of Forestry Research, 18: 69-72.

Zhao, Y. and Q. Du. 2007. Separation of solanestilhacco leaves extract by slow
rotary counter-current chromatography using a nawelaqueous two-phase
solvent systemJ. of Chromatogr. A. 1151: 193-196.

Zhou, H.Y. and C.Z. Liu. 2006a. Microwave-assist&ttaction of solanesol from
tobacco leavesJ. of Chromatogr A. 1129: 135-139.

Zhou, H.Y. and C.Z. Liu. 2006b. Rapid determinatidrsolanesol in tobacco by
high-performance liquid chromatography with evapieealight scattering

detection following microwave-assisted extractidnof Chromatogr B. 835:
119-122.

43



