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Reports of 5-methyl tetrahydrofolic acid (5mTHF) analyses for commercial citrus 

products have shown high variability and long analysis times.  There have been few 

studies relating the kinetic properties of 5mTHF to citrus juice processing variables, as 

well as folate amounts within certain citrus components and by-products.  This 

investigation analyzed the 5mTHF polyglutamates in citrus products with novel methods 

using capillary electrophoresis (CE) and high performance liquid chromatography 

(HPLC) techniques.  For the CE method, folate was purified and concentrated 100-fold 

using combined folate-affinity chromatography (FAC) and carbon-18 solid phase 

extraction.  Subsequently, the samples were analyzed with CE using photo diode array 

detection.  For HPLC analysis, folate was purified from citrus products and concentrated 

2-fold using FAC.  The samples were then analyzed with HPLC using fluorescence 

detection.  The CE and HPLC methods demonstrated adequate reproducibility with 

standard errors of ∼1% and ∼2%, respectively.  Both methods showed adequate folate 
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recovery and gave similar quantitative results.  Analysis time for HPLC methods was 

faster (<60 min/sample) than CE methods (<120 min/sample); however, both were 

considerably faster than most traditional methods (4 to over 24 hours).  Seven 

polyglutamyl 5mTHFs were found in most not-from-concentrate (NFC) orange juice (OJ) 

in total amounts of ∼1 nmol/mL with varying distributions of individual polyglutamates.  

The methods were also effective in determining folate amounts and distributions in 

various orange fractions, single-strength OJ from concentrate, NFC grapefruit juice and 

citrus peel molasses diluted to 12° Brix.  Methods were also adapted to monitor folate 

stability at 88°C in citrus juice model systems.  Models containing vitamin C in amounts 

normally found in citrus juice appeared to have a folate degradation rate approximately 

1/7 that of models containing no vitamin C.  Pasteurization studies demonstrated that 

folate loss was minor (<2%) with most commercial OJ pasteurization conditions (i.e., 

93°C for 5 sec, 88°C for 15 sec and 82°C for 30 sec).  This study confirms 5mTHF 

amounts and stability within citrus products and offers faster and more reproducible 

methods for citrus industry implementation. 
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CHAPTER 1 
INTRODUCTION 

Orange juice (OJ) is a significant source of polyglutamyl 5-methyl 

tetrahydrofolates (5mTHFs), accounting for up to 20% of the recommended dietary 

allowance.  This important vitamin degrades with heat, O2, light and extreme pH.  

Traditional methods of analysis in foods have relied on microbiology assays or high-

performance liquid chromatography (HPLC) requiring a conjugase enzyme treatment.  

The enzyme treatment may cause variances in the results and may take several hours to 

completely hydrolyze the folates within citrus products to monoglutamate for quantitative 

analysis.  Consequently, there is a need for faster and more reproducible methods.   

There have been few reports on the stability of citrus juice folate under common 

pasteurization conditions or folate concentrations in citrus by-products.  It is 

hypothesized that folate within citrus products (especially juice) would be relatively 

stable, since vitamin C has been shown to be a powerful protective agent (Chen and 

Cooper 1979).  However, quantitating folate within citrus products using traditional 

methods has been too cumbersome for routine kinetic studies or by-product analysis.   

 The objectives of this experiment were three-fold: 1) to adapt methods using 

capillary electrophoresis (CE) with photo diode array (PDA) detection and HPLC with 

fluorescence detection, 2) to determine polyglutamyl folates within citrus products, and 

3) to determine folate degradation kinetics considering citrus juice processing variables.  
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CHAPTER 2 
LITERATURE REVIEW 

 Historically, the folate recommended dietary allowance has changed dramatically.  

The requirement has currently been set at 400 µg/day with increased requirements for 

infants and pregnant women (Whitney and Rolfes 1996).  The decision to increase the 

requirement has been a result of the widespread prevalence of folate deficiency, 

especially among infants and pregnant women.  There have been numerous studies 

elucidating folate nutrition, chemistry, synthesis, absorption and degradation.  Folate 

analysis in foods has also been the subject of many studies, as there has continually been 

a need for alternative methods. 

Nutrition 

Folate acts as part of enzymatic complexes and is mostly required to donate or 

accept one-carbon units in various metabolic reactions.  These reactions may include 

amino acid metabolism, purine and pyrimidine synthesis and the S-adenosylmethionine 

(Whitney and Rolfes 1996).  A folate deficiency greatly affects rapidly growing cells, 

especially red blood cells and gastrointestinal (GI) cells.  Consequently, symptoms of 

folate deficiency are anemia and GI tract deterioration (Whitney and Rolfes 1996).  In 

expectant mothers and their infants, the folate requirement is increased due to increased 

cell development.  Neural tube defects in infants may be a result of folate deficiency 

within the first stages of pregnancy (Botto et al. 1999).  Furthermore, since folate aids in 

the methylation of homocysteine to methionine, adequate folate intake has been linked to 

reduced risks of cardiovascular disease and strokes (Brattstrom and Wilcken 2000). 

2 
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Folates may have one or more glutamic acid (1) moieties linked to the carboxyl 

group of p-aminobenzoic acid (2), which, in turn, is linked to a 2-amino-4-hydroxy-6 

methylpterin (3) compound (Figure 1a).  Folic acid is a monoglutamate form of folate 

with a fully oxidized pteridine structure containing no carbon substituent groups (Figure 

1a).  However, most food-derived folates have reduced and carbon-substituted pteridine 

structures.  Also, most exist in polyglutamyl forms with varying lengths (Gregory 1996).  

In OJ, folates mostly exist as 5mTHF polyglutamates (Figure 1b) (Dong and Oace 1973, 

 

Gregory et al. 1984, Streiff 1971, Tamura et al. 1976, White 1990, White et  al. 1991). 

 

igure 1. Chemical structures of folic acid (a) and 5-methyl tetrahydrofolate 
(b):1=glutamic acid, 2= p-aminobenzoic acid and 3=2-amino-4-hydroxy-6 

Synthesis 

Folates are essential vitamins be ody cannot synthesize them; however, 

synthes

es that 

 
F

methylpterin. 

cause the b

is occurs in most higher plants, including citrus.  Although the chemical 

constituents (1, 2 and 3) are available in animals, the body lacks three key enzym
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synthesize the folate.  This mechanism begins with the conversion of 3 to its diphosphate

form by a pyrophosphokinase enzyme.  Then, the diphosphate pterin structure is linked to 

2 with a dihydropteroate synthase enzyme.  Then, 1 is attached to the carboxyl end of 2 

with a dihydrofolate synthetase enzyme.  Both plants and animals have enzymes that wil

continue polyglutamate synthesis; however, only higher plants can form the starting 

monoglutamate derivative (Scott et al. 2000). 

Absorp

 

l 

tion 

Upon consumption, folates are es 

hydroly

s.  

 

hesis 

lutamyl Folate Distribution and Amounts 

Polyglut g and Oace 

1973).  

te form 

monoglutamate (30-45%) and the tetraglutamate (10-15%) (Tamura et al. 1976). 

 absorbed mostly in the GI tract, where enzym

ze the polyglutamates to monoglutamate and attach a methyl group if needed.  

Special transport systems deliver these monoglutamyl folates to the liver and other cell

In the liver, folates are converted back to polyglutamyl forms for storage and are active 

upon hydrolysis.  When folates are needed, they are transported in their methylated form

to the cells, where they are absorbed but remain inactive.  Vitamin B12 is required to 

demethylate the folate to induce its activity in the cell.  Both the folate and the 

methylated vitamin B12 are then active and available for DNA and protein synt

(Whitney and Rolfes 1996). 

Citrus Polyg

amyl 5mTHFs predominantly occur in citrus products (Don

 There have been few studies of the polyglutamyl distribution in citrus products. 

However, the few studies done have been with OJ and have shown considerable 

variability.  One study reported that OJ folates exist mostly in their monoglutama

(Streiff 1971).  However, other studies reported five polyglutamyl folates in OJ with the 

pentaglutamate accounting for the majority of the folates (40-45%) followed by the 
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 The amount of folate in OJ and grapefruit juice (GJ) has also shown variabili

within the literature.  OJ has been reported to contain anywhere from 0.283 to 1.1

ty 

5 

mol/m  

91).  

s 

 

gical growth 

and HPLC assays.  Each h ever, HPLC assays have 

gained 

s 

ckman 

nts 

y et al. 

n L of folate with most reports indicating an average of approximately 1 nmol/mL

(Dong and Oace 1973, Gregory et al. 1984, Streiff 1971, White 1990, White et al. 19

GJ folate amounts have also shown variability within the literature (0.20 to 0.46 

nmol/mL); however, most reports indicate an average amount closer to 0.20 nmol/mL 

(Dong and Oace 1973, Streiff 1971, White 1990, White et al. 1991).  Explanation

offered to account for the variability seen in OJ and GJ folates have been incomplete 

conjugase treatments during assays, sample preparation errors, inferior analytical 

methods and less than optimal experimental conditions (Dong and Oace 1973, Tamura

and Stockstad 1973, Tamura et al. 1976, White 1990, White et al. 1991).   

Traditional and Current Methods 

Citrus juice folate has been most commonly analyzed by microbiolo

as advantages and disadvantages; how

popularity in recent years.  Both assays use conjugase treatment to convert the 

polyglutamyl folates to their monoglutamate form before measurement.  For 

microbiological assays, the conjugase treatment is performed since the growth organism

may not effectively metabolize the polyglutamyl folate forms (Eigen and Sho

1963).  For HPLC assays, the conjugase treatment is required since there are few 

commercial standards of the various polyglutamyl 5mTHF forms.  Conjugase treatme

of citrus juice have ranged from 1.5 to over 8 hours (Dong and Oace 1973, Gregor

1984, Streiff 1971, Tamura et al. 1976, White 1990, White et al. 1991).  Englehardt and 

Gregory (1990) found that 180 min was required to fully deconjugate triglutamyl folic 
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acid added to OJ; however, their study did not monitor the native folate deconjugation.  

Furthermore, several investigations have implicated citric acid (the major organic acid i

citrus products) as an inhibitor of deconjugase enzymes (Tamura et al. 1976, Tamura and

Stokstad 1973).  Thus, incomplete deconjugation may have been a factor to the 

variability seen in the literature.     

Microbiological assays measure folate based on the nutritional requirements for 

the growth of certain microorganism

n 

 

s, especially Lactobacillus casei.  The methods are 

relative

time 

m, species 

.   

e to 

st 

d 

ly inexpensive with minimal sample preparation.  However, the assay requires 

much maintenance and time (Blakely and Benkovic 1984, Eigen and Shockman 1963, 

Gregory 1989). Historically, following the conjugase treatments, relatively long 

incubation times are required for turbidmetric (40 hrs) or titrimetric (72 hrs) assays 

(Eigen and Shockman 1963).  Although modern methods require less incubation 

(∼18 hours) and implement automatic plate or density readers (Tamura 1998), 

microbiology methods are still too slow for routine industrial use.  Variability and 

imprecision may be common because of variances in microorganism metabolis

and growth requirements (Blakely and Benkovic 1984, Eigen and Shockman 1963)

 HPLC methods employed for analyzing folates within food use the lengthy 

conjugase treatment, and most require a preconcentration and/or purification procedur

effectively separate the folates from other components of the food.  Variability in pa

results may have been attributed to both incomplete deconjugation and inadequate 

separation and concentration techniques.  HPLC procedures have used ion exchange an

reversed-phase columns with ultra violet (UV) –visible (Vis), fluorometric, mass 

spectrometry, and electrochemical detection (Gregory et al. 1984, Pawlosky et al. 2001, 
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White 1990, White et al. 1991).  HPLC methods are often preferred over microbio

growth assays since the latter’s long incubation times increase analysis time.     

Degradation and Thermal Kinetics 

Folate has been shown to degrade with light, extreme pH, O2 and heat all

logical 

 playing 

a role.  Photochemical deg s a result of free radical 

formati

 

be more 

he reaction has been characterized to follow a pseudo-first order model 

when f

).  

 

 

radation has been suggested to occur a

on from light energy, which will eventually cleave bonds rendering the folate 

nutritionally inactive (Blakely and Benkovic 1984).  Extreme pH has also been shown to 

increase degradation rates.  Paine-Wilson and Chen (1979) showed that 5mTHF 

degradation rates increased with decreasing pH from 7 to 2.6 and increasing pH from 7 to

12 at 100°C. In their investigation as well as others, the 5mTHF was observed to 

labile in lower pH than higher pH media (Mnkeni and Beveridge 1983, Paine-Wilson and 

Chen 1979).   

It has been well established that oxidation is the most predominant form of folate 

degradation.  T

olate is the rate-limiting reactant in unlimited-O2 environments (Barrett and Lund 

1989, Chen and Cooper 1979, Ruddick et al. 1980).  Activation energies have ranged 

from 29.7-82.8 kJ/mol (7.1-19.8 kcal/mol) (Barrett and Lund 1989, Chen and Cooper 

1979, Mnkeni and Beveridge 1983, Paine-Wilson and Chen 1980, Ruddick et al. 1980

When O2 is limited to concentrations of ∼0.5 to 1 ppm, the reaction seems to follow a 

second order kinetic model (Day and Gregory 1983).  Investigators have suggested this 

may be because O2 is no longer in abundance and exists in amounts comparable to the 

folate concentration.  In these situations, reaction rates appeared to dramatically decrease

(Chen and Cooper 1979, Day and Gregory 1983, Mnkeni and Beveridge 1983, Ruddick
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et al. 1980).  When O2 was absent from the system, Barrett and Lund (1989) observed a 

first order kinetic model with much lower rate constants at 90°C than rate constants in 

unlimited-O2 systems.  

 Most kinetic investigations have been conducted in buffer systems at neutral pH

to predict 5mTHF degradation in food or othe

 

r biological media.  However, Paine-Wilson 

s 

ood 

r 

 mL of 

1983, M

  

rs has not 

and Chen (1979) demonstrated that varying the buffer medium as well as the pH has 

substantial effects on rate constants and activation energies.  Furthermore, some 

researchers have shown remarkable differences in reaction rates in food model system

(Day and Gregory 1983, Mnkeni and Beveridge 1983).  Dramatic differences in f

systems may relate to O2- or free radical- scavenging and reducing capabilities of some 

food constituents.  The most cited constituent is ascorbic acid or vitamin C, which 

behaves as a scavenger and reducing agent.  In investigations conducted by Chen and 

Cooper (1979), it was shown that folate degradation in a buffer containing 0.1% 

ascorbate had similar effects as a deaerated system without ascorbate at 100°C.  Simila

stability is hypothesized in OJ since vitamin C amounts in OJ are ∼40 mg per 100

juice, with only minor losses after pasteurization (Braddock 1999, Johnson et al. 1995). 

Other constituents in food and model systems (i.e., iron, lactose, etc.) have also 

shown to protect folate from degradation (Chen and Cooper 1979, Day and Gregory 

nkeni and Beveridge 1983).  In laboratory practices, reducing agents (i.e., 2-

mercaptoethanol) have been employed for their scavenging and reducing capabilities.

Although other food model systems have been studied, there have been few 

investigations with a citrus juice model system.  Also, the effect of vitamin C or other 

citrus constituents on 5mTHF degradation under typical processing paramete
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been formally studied.  In addition, no reports were found to show possible differences

similarities in polyglutamyl folate lability (or stability). 

Citrus Products 

Citrus fruits encompass a major portion of the U.

 or 

S. fruit consumption.  In 2000, 

oranges alone accounted for $2.1 bil eceipts, second only to grapes at 

$3.1 bi

 

h 

from co

ize and other quality specifications are met.  The fruit is washed and sanitized 

and the  size 

lion of farm cash r

llion (USDA 2002).  However, that same year, oranges were the most consumed 

fruit in the U.S. (31% of total per capita fruit consumption) followed by grapes (17%) 

(STAT Communications 2000).  Eighty-three percent of these oranges (mostly Valencia)

were processed into OJ to meet U.S. consumer demands.  OJ is and has long been the 

most popular juice in the U.S.  Significant amounts of grapefruits and lemons were also 

processed in 2000 (58.6% and 38.3%, respectively) (STAT Communications 2000).   

Juice processing.  Oranges and grapefruits are mainly processed into retail juice 

in three ways: not-from-concentrate (NFC), frozen concentrate (FC) and single-strengt

ncentrate (SSFC).  In recent years, NFC products have gained popularity among 

consumers as a result of better flavor and quality than most SSFC and FC products.  

However, SSFC and FC productions have remained significant (Braddock 1999, CFEA 

2000).   

All processes begin by harvesting the fruit from the citrus trees when Brix, 

acidity, s

n transported by a conveyor belt to a sizer, which accepts fruit of appropriate

for extraction.  The two extractors predominantly used within the citrus industry are 

FMC® and Brown® extractors.  From either device, pulpy juice is extracted from the fruit 
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and transported to screened finishers for pulp removal.  Once the pulp has been removed, 

the juice is ready to be pasteurized and processed as NFC, FC or SSFC. 

Not-from-concentrate.  During NFC processing, the juice is deaerated to about 1 

ppm O

d 

 make 

concen t is 

 is 

 to 

in 

2 to minimize oxidation during pasteurization (Braddock 1999).  The juice is then 

fed through a continuous pasteurizer at specified temperatures and times.  These time-

temperature combinations must adequately inactivate bacteria and enzymes within the 

juice.  Commercial variables may be the following: 82°C for 30 sec, 88°C for 15 sec an

93°C for 5 sec (Braddock 1999).  It has been shown that high-temperature-short-time 

conditions (93°C for 5 sec) are optimal for better retention of flavors and nutrients 

(Braddock 1999, Johnson et al. 1995, Labuza and Riboh 1982, Lund 1975).  Upon 

pasteurization, the juice is chilled and stored in aseptic tanks for packaging.   

Frozen concentrate and single-strength juice from concentrate.  To

trated citrus juices, the juice from the extractor is sent to an evaporator where i

first pasteurized at 93°C for 20 sec, then a vacuum is applied allowing evaporation of 

water from the juice at lower temperature to preserve quality.  This first heat treatment

termed a stage.  As the juice flows through the tube to a second stage, it is treated with 

the steam generated from the previous stage.  Effects are where steam vapor from the 

product are condensed.  This subsequent treatment under a vacuum causes more water

be evaporated from the juice.  This continues through 3 or 4 more effects; however, the 

steam temperature drops approximately 10°C at each effect.  Reports have shown that 

with some evaporators, temperature of the juice may remain above 65°C for almost 2 m

(Braddock and Sadler 1989). Under these conditions, the quality (nutrition, flavor, color, 

etc.) of the juice usually degrades significantly.  This primarily is a result of thermal 
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degradation of nutrient and flavor compounds, or thermal artifacts formed with the he

over longer periods of time (Maillard products, α-terpineol, etc.) (Braddock and Sadler 

1989, Johnson et al. 1995, Marcotte et al. 1998).  The final concentrate may be stored in 

large cold tanks until they are further manufactured into FC or SSFC products.   

Citrus Components and By-Products 

at 

Citrus fruits are f  processing.  The peel 

consist

d 

 

ned in 

9).   

soluble , 

 on 

ractioned into various components during

s of the flavedo and albedo.  The flavedo is the colored outer part of the fruit and 

contains a wax coating for protection and oil glands for metabolic chemical reservoirs 

(mostly terpenes) (Braddock 1999).  The inner white portion of the peel is the sponge-

like albedo.  The albedo is the richest source of pectin, other carbohydrate polymers an

flavone glycosides (Braddock 1999).  Citrus fruits also contain carpellary membranes and

white spongy cores, with similar compounds as the albedo.  In the industry, these are 

generally referred to as the rag and core of the fruit.  The actual juice and soluble 

components (i.e., sugars, acids, organelles, enzymes, essential oils, etc.) are contai

juice sacs (Braddock 1999).  These sacs are referred to as pulp when they are ruptured 

during extraction.  Finally, the seed is the component with the least water, generally 

containing concentrated amounts of lipids, proteins and carbohydrates (Braddock 199

Most citrus fruits are comprised of about 85% water by weight, followed by 

 sugars (10%), fiber (2%), organic acids (1%), amino acids and proteins (1%)

vitamins and minerals (0.7%) and oils and lipids (0.3%).  There have been few studies

the folate content within any citrus fruit component other than the juice.  One report 

indicated that orange pulp and peel contained very low folate levels (Streiff 1971).  
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However, the conclusions were informal with no values reported.  Furthermore, the 

reports were based on methods that may not have been sufficiently advanced. 

 Citrus peels (esp. oranges) may comprise up to 40% of the total fruit wet weight.  

As a result, significant waste is generated from large-scale juice production (Braddock 

1999).  The industry has responded to this problem by the manufacture of citrus peel 

molasses and pellets.  The molasses is used as a substrate for alcoholic fermentation, and 

the dried pellets are used as cattle feed.  During peel processing, the raw peel from the 

extractors is shredded into small pieces for more effective water removal.  Lime (CaO) is 

mixed with the residue to neutralize the peel acidity and to de-esterify the pectin.  The 

mixture is pressed to separate the liquor from the cake.  The cake is dried in a rotating 

kiln (150°C) and later pelletized (Braddock 1999).  The press liquor is concentrated to 

molasses by an evaporator, operating similarly to a conventional juice evaporator; 

however, the initial heat step is typically lower (82°C or 180°F) (Braddock 1999).  The 

dried peel pellets contain mostly complex and simple carbohydrates, while the molasses 

contains mostly simple sugars (Braddock 1999).  Little research has been done on the 

folate content within these major by-products. 

Separation, Purification and Concentration 

There are numerous obstacles in analyzing folate within food, most of which 

derive from the small quantities of folate present.  Folates may exist in the presence of 

numerous highly concentrated food constituents, which interfere with accurate folate 

analysis.  For example, the vitamin C in OJ is over 1000 times greater in quantity (vit C 

=40 mg/100mL) than folate and has caused difficulties in folate measurement (White 

1990, White et al. 1991).  There have been numerous techniques devised to separate (or 
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purify) folate from food constituents and other media.  The objective of many of these 

techniques is to concentrate the folate to a suitable amount for measurement.  Solid phase 

extraction (SPE) and folate affinity chromatography (FAC) have primarily been 

employed.     

Solid-phase extraction.  SPE separates and concentrates folate based on its 

chemical affinity to certain resins.  There are mainly two types of SPE, reversed-phase 

and ion exchange.  Reversed-phase SPE uses non-polar resins (i.e., phenyl-, octadecyl-, 

etc.) to retain more hydrophobic compounds.  Ion exchange SPE retains more ionic 

compounds by using polar resins (i.e., DEAE-Sephadex, aminopropyl, etc.).  In folate 

analysis, reversed-phase is usually used to separate folates that are either more protonated 

or in the presence of an ion-pairing reagent (i.e., tetrabutylammonium phosphate) (Bagley 

and Selhub 1997, Pfeiffer et al. 1997, Pfeiffer and Gregory 1996, Robello 1987, Selhub 

1989, Varela-Moreiras et al. 1991, White 1990, White et al. 1991).  Folates in neutral and 

higher pH media are more ionic and are usually bound by ion exchange resins.   

Most of these methods involve column equilibration prior to sample application.  

Samples within liquid media are applied to the column and later washed with a solvent to 

remove any non-binding constituents.  The folates are subsequently collected with 

another solvent that reduces the affinity of the folate to the resin.  Most of these methods 

have been devised to analyze monoglutamyl folates.   

Folate affinity chromatography.  FAC is another technique and uses columns 

containing immobilized folate binding protein (FBP) from bovine milk covalently bound 

to a gel matrix.  The columns are equilibrated with low-salt buffers at neutral pH, eluted 

at usually 0.5 mL/min.  Samples are applied to columns in clarified liquid mediums at 
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neutral pH, and then washed with high salt buffers (neutral pH) to remove unbound 

constituents trapped within the gel.  Columns are then re-equilibrated before a dilute acid 

is added to temporarily denature the FBP for folate release and collection.   

FBP is very specific for folates and has shown dissociation constants (Kd) of ~3 – 

5 nM at pH 7.2 and 37ºC (Salter et al. 1981).  The technique has also shown adequate 

binding capacities per column to effectively recover most folates (i.e., >90% recoveries) 

(Bagley and Selhub 1997, Selhub 1989).  These methods have been employed to analyze 

polyglutamyl folates from various biological and food samples (Pfeiffer and Gregory 

1996, Pfeiffer et al. 1997, Selhub 1989, Varela-Moreiras et al. 1991).  In one study, red 

blood cell polyglutamyl 5mTHF’s were purified and concentrated with FAC.  The study 

reported a characteristic polyglutamyl distribution within human red blood cells (tetra- 

8.8%; penta-47.2%; hexa-30.1%; hepta-9.4%; mono-4.6% and small traces of di- and tri-) 

(Pfeiffer and Gregory 1996).  No work has reported the use of FAC to analyze folate 

within citrus products.  It is hypothesized that similar techniques may be effective for 

polyglutamyl folate analysis within citrus products.  Tamura et al. (1976) reported the 

only record of polyglutamyl distribution within citrus products using DEAE-Sephadex® 

chromatography.  These resins were later reported to have poorer recovery for 

monoglutamyl folates than anion exchange or reverse-phase resins (Robello 1987). 

Analyses  

High performance liquid chromatography.  In HPLC, a sample is pumped 

through a packed column using a mobile phase.  Based on chemical properties, folates 

may adhere to column resins (i.e., reverse-phase or ion exchange) for characteristic 

retention times, allowing separation of folates from other compounds in the sample.  
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Eventually the folate exits the column to the detector where it is measured.  If the 

chromatographic techniques are refined sufficiently, the polyglutamyl folates may also be 

separated from each other (Bush et al. 1979, Pfeiffer and Gregory 1996, Selhub 1989, 

Varela-Moreiras et al. 1991).  The advantages of HPLC techniques are that methods have 

been developed and shown to be effective in analysis.  However, there may be peak 

broadening, and separation of similar compounds may be difficult. 

Capillary electrophoresis.  CE separates compounds based on their charge-to-

mass ratio in a capillary tube bridging a source vial and destination vial.  The source vial 

(anode) and the destination vial (cathode) both contain an electrolytic buffer.  Thus, as a 

potential is generated across these electrodes, an electro-osmotic force drives migration 

of electrolytes through the capillary tube from the source to the destination vial.  When a 

sample is injected in the source vial, it will travel along with the electrolytic buffer, and 

constituents will separate by differences in migration speed.  The fastest molecules are 

the smallest and most positive; the slowest are the smallest and most negative.  Just 

before they reach the destination vial, the separated compounds approach a detector 

where they are measured (Baker 1995).   

CE has shown great promise as an alternative technique to HPLC in separating 

compounds.  Its major advantages include: excellent separation capabilities, fast analysis, 

excellent peak resolution and small sample size requirements (Baker 1995).  Although 

CE advantages have made it an increasingly important analytical tool, CE is still a 

relatively new technique with fewer refinements than HPLC.  Another disadvantage is 

blocking of capillary tubes with larger constituents or aggregates accumulated over time.  

This may be circumvented with frequent cleaning and proper sample preparation.     
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 Folic acid and other water-soluble vitamins have been analyzed with CE (Bills et 

al. 1996; Fotsing et al. 1997).  CE has also been used to rapidly separate polyglutamyl 

folates and folate derivatives in about 10-15 min (Pinto et al. 1996, Takemura et al. 1996, 

Waltham et al. 1997).  However, CE has not been used to analyze polyglutamyl folates in 

citrus products or other food mediums.  CE applications have been used to analyze and 

monitor other various components in citrus juices, including sugars, acids, adulterants, 

pectinesterase, flavonoids and vitamin C.  (Braddock et al. 2001, Cancalon 1999, 

Cancalon and Bryan 1993, Saavedra et al. 2000).   

Detection 

Fluorescence.  Fluorescence has been found to be a very specific and sensitive 

tool with effective measuring capabilities for 5mTHFs within acidic media (pH<3) 

(Gregory et al. 1984).  In fluorescence monitoring, 5mTHFs are excited at λmax of 295 nm 

and measured for fluorescence at λmax of 356 nm.  These maximum excitation and 

emission parameters have been used within various studies to monitor and tentatively 

identify polyglutamyl 5mTHFs (Pfeiffer and Gregory 1996).   However, the specificity of 

this technique prevents detection of many compounds that do not fluoresce (including 

other folates).  It has been shown that folates found in citrus products are predominantly 

5mTHFs (Dong and Oace 1973), this form of detection seems feasible.   

Photo diode array.  Photo diode array (PDA) is a widely used form of detection 

and has been employed to analyze all types of folate.  This detector monitors folate 

absorbance at λmaxs of usually 280-295 nm depending on the pH and the compound.  The 

amount of absorbance is a direct measurement of folate amount and follows Beer’s Law:  

absorbance (A) = molar absorptivity (∈) x path length (b) x concentration (c) 
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In PDA, the folate absorbance is measured while scanning with various ultra-violet (UV) 

and/or visible λs.  A characteristic spectrum is produced by plotting the absorbance at 

each λ.  Spectral characteristics have been used within various publications to tentatively 

identify various folates in both their mono- and polyglutamyl forms (Pfeiffer and Gregory 

1996, Pfeiffer et al. 1997, Selhub 1989, Varela-Moreiras et al. 1991).  The advantage of 

this versatile technique is its capability of detecting a wide range of folate compounds.  

However, the technique is not as sensitive as other methods (i.e. fluorescence), requiring 

more sample preparation to concentrate folate forms for adequate detection.  

 



 

CHAPTER 3 
MATERIALS AND METHODS 

The following experiments were conducted under conditions to help protect folate 

from unintended degradation.  Folate-containing samples were handled under the 

following practices: sample storage at -80°C for no more than 3 days, shielding from 

light whenever possible, frequent deaeration with N2 gas flooding and cooling in an ice 

bath whenever possible during an experiment.  

Limits of Detection 

The limits of detection (LODs) were determined for the PDA and fluorescence 

detectors used in these experiments.  This was done using 5mTHF monoglutamate 

standard solutions (Sigma Chemical Co., St. Louis, MO) in 0.1 M phosphate buffer, pH 

7.0 containing 50 mM mercaptoethanol (Pfieffer et al. 1997).  PDA LODs were 

determined by applying standards to a Beckman-Coulter® capillary electrophoresis (CE) 

instrument with a PDA detector (Model no. 605168-AA, Beckman Coulter, Inc., 

Fullerton, CA).  The samples were analyzed under the following conditions:  60 min run 

time, 55 mM sodium tetraborate buffer with 5% acetonitrile, 18 kV voltage, fused silica 

column (50 cm x 50 µm), 25°C, 20 sec injection at 0.5 p.s.i., λmax of 290 nm absorbance 

and λscan of 190 nm to 400 nm.   

Fluorescence limits were determined by applying standards to a LDC Analytical® 

HPLC instrument (Constametric 3200, River Beach, FL) with a Spectrasystem® 

fluorescence detector (FL3000, Thermo Separation Products, Inc., San Jose, CA).  The 
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samples were analyzed under the following conditions: 25 – 35 min run time, 33 mM 

phosphoric acid mobile phase with 4% acetonitrile, 10 µL injection, 1 ml/min flow rate, 

Perkin Elmer® HS3-C18 column (3.3 cm x 4.6 mm), 3 µm particle size, excitation-295 nm 

and emission-356 nm (Pfeiffer and Gregory 1996, Pfeiffer et al. 1997).   

Purification and Preconcentration 

Folate Affinity Chromatography.  FAC columns previously prepared by 

immobilizing folate-binding protein (FBP) in beaded agarose gel (Affigel 10, Bio-Rad 

Laboratories, Richmond, CA) using procedures described in Selhub et al. (1980) with 

modifications described by Gregory and Toth (1988).  About 2 mL of the gel was poured 

in 0.7 cm (i.d.) x 20 cm glass columns (Bio-Rad).  The columns were conditioned with 5 

mL of 0.025 M potassium phosphate (pH 7.0).   

Binding capacities were tested periodically by overloading columns with known 

amounts of a folic acid standard solution (10 mL of 5 mg/L folic acid solution with 1% 

ascorbic acid, pH 7.0).  The samples were washed with 5 mL of 0.025 M potassium 

phosphate (pH 7.0) containing 1 M sodium chloride and 5 mL of 0.025 M potassium 

phosphate (pH 7.0).  Two milliliters of 0.02 M trifluoroacetic acid (TFA)/0.01 M 

dithiothreitol (DTT) was applied and discarded to account for the void volume.  The 

TFA/DTT solution (5 mL) was applied and collected in a 5 mL flask that contained 50 

µL of 1 M piperazine to neutralize the pH and 50 µL of 10% ascorbic acid (w/v) and 14.3 

M mercaptoethanol to protect the eluted folates.  The absorbances of eluents were 

measured at 296 nm with a spectrophotometer.  Concentrations were calculated using 

Beer’s Law (A=∈bc).  The folic acid molar absorptivity (∈) was estimated to be 20.05 x 

10-3 mol-1cm -1 (pH 7) and the path length (b) was 1 cm (Blakely and Benkovic 1984).  
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From these calculations, binding capacities were determined to be approximately 70 nmol 

of folate per column.  Samples were applied to columns in amounts 20% less than the 

binding capacity with similar conditions as described above. 

Octadecylsilyl solid-phase extraction. A 200 mg Sep-Pak® Octadecylsilyl (C18) 

SPE cartridge (Part no. WAT054945, Waters, Taunton, MA) was used to concentrate 

samples further for analysis with less sensitive detectors (i.e., PDA).  The method is 

described below in the CE-PDA method.  Void volumes, capacities and folate recoveries 

were checked using both 5mTHF standard solutions and 5mTHF-spiked OJ samples 

(Appendix B).  Results were implemented into the procedure.  

CE-PDA Method 

In the CE-PDA method (Figure 2), NFC OJ (50 mL) was centrifuged (10,000 g 

for 10 min. at 0°C) and adjusted to pH ∼7.  The clarified sample was applied through a 

No. 1 Whatman filter paper to a FAC column that had been equilibrated with 0.025 M 

potassium phosphate.  The column was washed with 5 mL of 0.025 M potassium 

phosphate containing 1 M sodium chloride (pH 7.0) followed by 5 mL of 0.025 M 

potassium phosphate (pH 7.0).  The TFA/DTT (2 mL) solution was applied and discarded 

to account for the void volume.  TFA/DTT solution (5 mL) was applied and collected in a 

5 mL aliquot that contained 50 µL of 1 M piperazine to neutralize the pH and 50 µL of 

10% ascorbic acid (w/v) and 14.3 M mercaptoethanol to protect the eluted folates.  This 

sample had undergone a 10-fold volume reduction (50 mL to 5 mL) that theoretically 

would concentrate the folates 10-fold.    

The 5 mL fraction containing the concentrated folate was adjusted to pH 3.5 using 

commercial concentrated phosphoric acid to protonate the folates.  The sample was 
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applied to a C18 cartridge that had been conditioned with 5 mL of 95% ethanol and 10 mL 

of deionized water.  The column was then washed with 2 mL of deionized water.  A 0.4 

mL void volume of 20% ethanol containing 50 mM mercaptoethanol (or 1% vitamin C) 

was applied.  Upon elution, 0.5 mL of 20% ethanol containing 50 mM mercaptoethanol 

(or 1% vitamin C) was applied and collected for analysis.  This subsequent 10-fold 

volume reduction accounted for a theoretical 100-fold folate concentration from the 

original sample.  These samples were analyzed with a CE-PDA using the parameters 

described above.   

 50 mL of OJ

 

 

 

Apply to folate affinity chromatography column for
10-fold conc. 

 

 Apply to C18 cartridge for 10-fold conc. 

 

 
Analyze with CE-PDA for 60 min. 

 

Figure 2. Brief outline of CE-PDA method to purify and concentrate OJ folate 100-fold. 

HPLC-F Method 

In the HPLC-F method (Figure 3), NFC OJ (10 mL) was centrifuged (10,000 g for 

10 min. at 0°C) and adjusted to pH ∼7.  The clarified sample was applied to FAC 

columns under the conditions previously described.  The resulting 5 mL fraction was 

analyzed with HPLC-F conditions previously described with 5 µL injection volumes. 
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10 mL of OJ

 

 

 

Apply to folate affinity chromatography 
column for 2-fold conc. 

 

 

 

 

Analyze with HPLC-F for 25 to 45 min.  

 

Figure 3. Brief outline of HPLC-F method to concentrate and purify OJ folate 2-fold. 

Quantitation and Tentative Identification  

For both the CE and HPLC analyses, each of the folate peaks were quantitatively 

integrated.  Concentrations were determined using a standard curve equation derived 

from 5mTHF monoglutamate standards (Appendix A).  Folate concentration was 

reported as this total.  The loss of folate from the methods was accounted for by 

multiplying the total by the appropriate factor (see recovery studies). 

The folate vitamers were tentatively identified by their UV-Vis spectra (λscan – 

190 nm – 400 nm), fluorescence excitation and emission λ parameters (295 nm and 356 

nm, respectively) and relative retention times of 5mTHF polyglutamates extracted from 

human red blood cells based on published procedures (Pfeiffer and Gregory 1996).  

Fluorescence spectra were also determined to assure maximum excitation and emission 

 



23 

parameters (excitation λscan: 200 nm – 320 nm; emission λscan: 300 nm – 385 nm).  

Homologue peaks from the same sample were compared for their relative amounts to 

each other from CE-PDA electropherograms and HPLC-F chromatograms.  This was 

done to confirm that detection responses from the two detectors were similar for each 

peak.  To further validate that all of the peaks represent folate homologues, OJ samples 

were treated with an enzyme that would hydrolyze all of the folates to their pteroic acid 

derivative (1 mg/mL of γ-carboxypeptidase G, Sigma Chemical Co., St. Louis, MO) in 

triplicate within three media: OJ serum (5 mL), DTT/TFA solution (5 mL) with 50 µL of 

1 M piperazine, 14.3 M mercaptoethanol and 1% ascorbate (w/v) and 20% ethanol with 

50 mM mercaptoethanol (0.5 mL).  Samples were adjusted to pH 7.3 and maintained in a 

30°C water bath.  Samples were periodically monitored with HPLC-F or CE-PDA until 

full deconjugation was observed.  A Student’s t-test was used to compare average folate 

concentration from the treated samples with average concentration from untreated 

samples (α = 0.05, df = 4).   

Method Studies 

Precision.  Three independent trials of the same OJ sample were analyzed with 

both methods.  The total folate amounts were averaged for each method and standard 

errors of the mean were calculated. 

Folate recovery.  For each method, three of the same NFC OJ samples were 

spiked with a known amount of 5mTHF monoglutamate standard (0.354 and 0.125 µM 

for HPLC-F and CE-PDA methods, respectively) and compared to an unspiked sample 

analyzed in triplicate.  Dividing actual spiked concentrations by theoretical spiked 

concentration and multiplying by 100 determined percent recoveries.  Samples were 
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periodically spiked to properly account for folate loss.  Losses were accounted for in final 

total folate amounts.   

Method comparison.  The same NFC OJ sample was analyzed by both methods 

in three independent trials.  The results were averaged, and a Student’s t-test (α = 0.05, df 

= 4) was done to determine any significant differences between the two methods.   

Method Application and Orange Component Analysis 

Although both methods were used for several citrus products, the HPLC-F 

method was the main working method used throughout these experiments due to its speed 

over the CE-PDA method.  Aside from NFC OJ; NFC GJ, SSFC and CPM adjusted to 

12° Brix were also analyzed for the folate amounts.  Orange components were also 

investigated for their folate amounts in duplicate trials using whole Valencia oranges 

separated into component parts.  Folate extractions were adapted from published 

procedures (Pfeiffer and Gregory 1996, Pfeiffer et al. 1997).  The orange components 

(juice, juice pulp, peel, seeds, rag and core) were separated, and their wet weights were 

taken.  Then, equal wet weights (5 g) of each component were homogenized within 30 

mL of Hepes/Ches buffer (50 mM Hepes, 50 mM Ches, containing 2% (w/v) ascorbic 

acid and 50 mM mercaptoethanol, pH 7.85) using a Polytron® homogenizer (Brinkman, 

Wesbury, NY) for 30 sec at a medium setting, and followed by sonication for 10 sec.  

The samples were placed in a boiling bath for 10 min. to denature any FBP and then 

immediately cooled in an ice bath.  The samples were centrifuged (10,000 g for 10 min at 

0°C) and analyzed using an adapted HPLC-F method.  The precipitates were re-

suspended and the extraction procedure was repeated until folates were no longer 

detectable with HPLC-F analysis. 
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Kinetic Studies 

Citrus juice models.  Citrus juice model solutions were prepared (12% sucrose, 

0.6% citric acid in deionized water adjusted to pH 3.5 with 0.1 N HCl).  One model 

solution type contained ascorbic acid (or vitamin C) in amounts normally found in OJ (40 

mg/100 mL), and the other type contained no ascorbic acid.  Model solutions were placed 

in test tubes (1 cm x 7.5 cm) in 4.5 mL aliquots.  The samples were heated to 88°C in a 

water bath and were monitored using a thermocouple submerged within an extra sample.  

Once adequate temperature was reached, a 0.5 mL aliquot of known 5mTHF standard 

was added to each tube.  Timing began once the aliquot was added.  Reactions were 

heated for various times (see below) and then immediately quenched within an ice bath.  

Samples were then analyzed with HPLC-F.  The natural logs of each concentration were 

plotted versus time.  The resulting slopes represented the apparent rate constants.    

 These procedures were followed for both model solutions in three independent 

trials.  The starting folate concentrations for the model solutions without ascorbic acid 

were approximately 0.45 µM, and for the models with ascorbic acid they were 

approximately 0.16 µM.  5mTHF concentrations were determined from time 0 to 9 

minutes in approximate 1-minute intervals for the models without ascorbic acid.  For the 

models with ascorbic acid, 5mTHF concentrations were determined at times 0, 1, 5, 10 

and 20 min.    

Not-from-concentrate orange juice pasteurization.  Approximately 64 L of 

NFC OJ was extracted from Valencia oranges with FMC® extractors (Model 63, FMC 

Food Tech Citrus Machinery Division, Lakeland, FL) and finished with 20-gauge screen 

mesh.  The juice, contained within a tank, was continually stirred as it was fed into a 
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continuous pasteurizer (Model 25, Microthermics, Inc., Raleigh, NC).  Juice was 

pasteurized at 82, 88 and 93°C for 0, 5, 15, 30 and 60 sec in the hold tube of the 

pasteurizer.  Duplicate samples were collected and analyzed using adapted HPLC-F 

procedures.  5mTHF concentrations at each time for each temperature were determined.  

Their natural logs were plotted versus time and linear regression analysis was used to 

determine the slopes, which represented the apparent rate constants.  A one-way ANOVA 

test was used to determine significant differences among the apparent rate constants (α = 

0.05, df = 11).  The apparent rate constants were used to calculate theoretical folate loss 

under the pasteurization conditions and compared with observed values. 

Heat evaporation.  Valencia OJ was extracted, finished and concentrated to 62° 

Brix in a pilot-scale continuous high-temperature-short-time five-stage evaporator (Cook 

Machinery, Dunedin, FL).  Before undergoing heat evaporation, raw Valencia OJ (12.6° 

Brix) was analyzed with HPLC-F methods.  A sample of the concentrate after 

evaporation was reconstituted to 12.6° Brix and analyzed in triplicate with HPLC-F 

methods.  The samples were compared to each other and noted for average loss of folate.

 



 

CHAPTER 4 
RESULTS 

Analytical Method Studies 

Using 5mTHF monoglutamate standards, it was shown that fluorescence detection 

was about 200 times more sensitive than PDA detection (Table 1).  Fluorescence range of 

linearity was 0.0155 to 0.619 µM.  PDA detection was found to have a wider range with 

a lower LOD of 3.09 µM and an upper LOD much larger (>150 times) than amounts in 

OJ. 

Table 1.  Limits of detection of 5mTHF for photo diode array (PDA) and fluorescence 
detection (10 µL injection).  

 Detector Lower  Upper 
PDA 3.09 µM *** 

F 0.0155 µM 0.619 µM 
 

 
The precisions of the methods were both adequate, with the CE-PDA method 

being slightly better (ε = 1%) than the HPLC-F method (ε = 2.2%)(Table 2).  The 

methods were considerably faster (CE-PDA: <120 min/sample; HPLC-F: <60 min) than 

traditional methods (4 to over 24 hours).  OJ folates were recovered better with the 

HPLC-F method (90.4%, n=3, RSD=1.2%) than the CE-PDA method (83.2%, n=3, 

RSD=1.5%).  The CE-PDA method required more steps to acquire a 100-fold folate 

concentration while the HPLC-F method only required a single step to acquire the 2-fold 

folate concentration.  Also, other citrus products showed similar recoveries using spiked 

5mTHF standards.  These recoveries were factored appropriately in all folate results.  

Using a Student’s t-test (α=0.05, df=4), there was no significant difference in folate 
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determined from the same OJ sample analyzed in triplicate by each method (Appendix 

F). 

Table 2.  Relative standard deviations and standard errors of the mean for triplicate trials 
of NFC OJ analyzed with CE-PDA and HPLC-F methods for 5mTHF. 

 
Method n RSD Standard Error of the 

mean (ε) 
CE-PDA 3 1.2% 1% 
HPLC-F 3 3.8% 2.2% 

 

 

 
Tentative Identification 

The red blood cell polyglutamyl folates as well as the PDA spectral characteristics 

(fits > 0.850) (Figure 4) and fluorescent excitation and emission λs (295nm and 356nm, 

respectively) were used to tentatively identify different vitamers.  Excitation fluorescent 

spectra for each homologue were similar with a 295 nm maximum.  The emission spectra 

were similar for the three homologues in largest quantity with a maximum at 356 nm 

(Figure 5).  Other homologues in low quantities were found to have a maximum at 325 

nm (Figure 5).  However, homologue peaks from CE-PDA analysis were very similar in 

concentration to peaks from HPLC-F analysis (within 1-3% RSD, n=3)(Appendix A).  

Finally, comparisons of peak amounts before and after enzyme treatment in OJ serum, 

TFA/DTT and 20% ethanol solutions were found not to be significantly different 

(Student’s t-test, α=0.05, df=4) (Appendix C). 

Quantitation 

Total folate concentrations of 0.6 to 1.4 nmol/mL were found in most NFC OJ 

samples with most samples averaging of about 1 nmol/mL.  Seven 5mTHF 

polyglutamates were found in most NFC OJ samples with varying distributions.  Some 

samples contained approximately 30-40% mono-, 40-50% penta-, 7 -15% tetra- and less 
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than 10% for di-, tri, hexa- and hepta-glutamates (Figure 6).  Others contained 

polyglutamyl folates predominantly in the monoglutamate form (60-80%) with the other 

homologues accounting for the rest (Figure 7).  Some OJ samples showed a larger 

amount of heptaglutamate (40-60%) than monoglutamate (30-40%) and other 

homologues (<18%)(Figure 8).   
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gure 4. Graph of absorbance (mAU) versus wavelenth (nm) showing UV/Vis spectrum 
of 5mTHF monoglutamate standard (λscan: 190 nm – 400 nm). 
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Figure 5. Fluorescence versus wavelength (nm) graphs showing the following spectral 

scans: A) excitation λscan for all peaks (200 nm – 320 nm), B) emission λscan for 
3 most concentrated peaks (300 nm – 385 nm) and C) emission λscan for 3 least 
concentrated peaks (300 nm – 385 nm). 

 

Figure 6. CE electropherogram of a 100-fold folate concentrated NFC OJ sample within a 
20% ethanol solution containing 1% vitamin C showing a polyglutamyl 5mTHF 
distribution of predominantly 5mTHF pentaglutamate. 
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Figure 7. CE electropherogram of a 100-fold folate concentrated NFC OJ sample within a 

20% ethanol solution with 50 mM mercaptoethanol showing a polyglutamyl 
5mTHF distribution of predominantly 5mTHF monoglutamate. 
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Figure 8.  HPLC chromatogram of a 2-fold folate concentrated NFC OJ sample within a 
TFA/DTT solution showing a polyglutamyl 5mTHF distribution of 
predominantly 5mTHF heptaglutamate. 
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Orange Components 

 Polyglutamyl 5mTHF distributions in all Valencia orange fractions were found to 

exist mostly in the monoglutamate form (60-70%).  Juice (without the pulp) accounted 

for the most total folate (64-67%), while seeds accounted for the least (1%) (Figure 9). 

The rag and core components as well as the peel were found to have a smaller but 

significant amount of folate (14-18% and 12-14%, respectively).  Juice pulp was also 

shown to have a small amount of folate (2-3%). 

Fraction Weight in 
Orange (g) 

Weight 
Analyzed (g) 

5mTHF 
Concentration per 

Gram (nmol/g) 

Total Folate 
within Fruit 

Juice  94.6 5.0 1.2 63.7% 
Floating pulp 11.0 5.0 0.42 2.5% 

Peel 37.0 5.0 0.88 18.2% 
Rag and core 30.5 5.0 0.86 14.7% 

Seeds 5.0 5.0 0.39 1.1% 
Total 178.1     100.20% 

Rag and 
core

14 - 18%

Juice 
64 - 67%Floating 

pulp
2 - 3%

Peel
12 - 18%

Seeds
1%

 

Figure 9. Folate amounts and percents of total wet weight in various components of  
Valencia oranges (n=2). 
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Not-From-Concentrate Grapefruit Juice and Citrus Peel Molasses 

Smaller quantities of 5mTHF were found in both commercial NFC GJ (0.23 

nmol/mL, n=3, 1.4% RSD) and 12° Brix CPM (0.12 nmol/mL, n=3, 6.1% RSD) than 

what is normally found in NFC OJ (∼1 nmol/mL) (Figure 10).  Seven 5mTHF 

polyglutamates were found in NFC GJ with the following distribution: ∼20% mono-, 

∼6% di-, ∼10% tri-, ∼5% tetra-, ∼36% penta-, ∼20% hexa- and <5% heptaglutamate.  

Only five 5mTHF vitamers were found in the 12° Brix CPM with the following 

distribution: mono- (∼25%), di- (<2%), tetra- (<1%), hexa- (∼40%) and hepta- (∼32%). 

0
0.2
0.4
0.6
0.8

1
1.2

Valencia Avg. Grapefruit
(1.4% RSD)

Avg. Citrus Peel
Molasses   (6.1%
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nm
ol
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Figure 10. Concentrations of 5mTHF (nmol/mL) within commercial NFC GJ and diluted 
citrus peel molasses compared to amounts normally found in NFC OJ. 

 
Citrus Juice Models 

 The model studies showed a dramatic difference in 5mTHF degradation between 

citrus juice models with and without vitamin C (Table 3).  The average apparent rate 

constants (k88°C) of models without vitamin C were almost 7 times greater (0.196 min-1) 

than models with vitamin C (0.0307 min-1).   
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Table 3.  Average apparent rate constants (k) at 88°C of citrus juice model solutions with 
and without vitamin C (40 mg/100 mL). 

Model Avg. Apparent k88°C 

(min
-1) n RSD % 

Without Vitamin C 0.196 3 7.1 

With Vitamin C 0.0307 3 4.1 
 

Not-From-Concentrate Orange Juice Pasteurization 

 Folate degradation within Valencia OJ showed apparent k values that were 

significantly different from each other (one way ANOVA, α=0.05, df=11)(Appendix G).  

The average apparent k82°C (0.031 min-1) was ∼1.5 times less than the average apparent 

k93°C (0.048 min-1).  From the calculated apparent k values, it was estimated that folate 

loss would range from ∼2% or less after certain pasteurization conditions (Table 5).  The 

least loss of initial folate was calculated at higher temperatures with shorter times (93°C 

for 5 sec) than lower temperatures and longer times (82°C for 30 sec) (Appendix D).  

However, observed values did not follow this pattern but did show percent losses of ∼2% 

or less.  Each of the polyglutamyl 5mTHFs appeared to degrade at about the same rate; 

however, k values were not determined since differences were at times too small.   

Table 4.  Average apparent rates (k) of NFC OJ pasteurized with a continuous pasteurizer 
at 82, 88 and 93°C for 0, 5, 15, 30 and 60 sec. 

Temperature 
(°C) 

Avg. Apparent k 
(min-1) n RSD R2

avg 

82 0.031 2 3.7% 0.98 
88 0.038 2 2.0% 0.83 
93 0.048 2 1.6% 0.93 
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Table 5.  Calculated and observed folate losses of NFC Valencia OJ pasteurized at three 
commercial conditions. 

  Folate Concentration (nmol/mL)  
Pasteurization 

Conditions 
Apparent ka 

(min-1) Raw Juice  Pasteurized  Loss of Initial 
Folate (%) 

     
Calculated Losses    
     
82°C, 30 sec 0.031 1.28 1.26 1.56 
88°C, 15 sec 0.038 1.28 1.27 0.78 
93°C, 5 sec 0.048 1.28 1.27 0.78 

     
Observed Losses    
     
82°C, 30 sec 0.031 1.28 1.26 1.56 
88°C, 15 sec 0.038 1.28 1.25 2.34 
93°C, 5 sec 0.048 1.28 1.26 1.56 

a Apparent rate constant calculated as the slope  ln(Cfinal) = -kt + ln(Cinitial) 
 

Evaporation 

 Valencia OJ concentrated from 12.6° Brix to 62° Brix in a pilot scale evaporator 

showed a considerable loss of its initial folate concentration (Figure 11).  The raw juice 

(1.0 nmol/mL, n=3, 4.1% RSD) had about 60% more folate than a concentrated OJ 

sample (0.36 nmol/mL, n=3, 9.6% RSD) from the same lot that had been reconstituted to 

its original Brix.   
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Concentration of 5mTHF in Fresh Valencia Orange juice 
and FC Valencia OJ (nmol/ml)
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(nmol/ml)1.0 nmol/mL, 4.1% RSD, n=3 0.36 nmol/mL, 9.6% RSD, n=
 

oncentrations of 5mTHF (nmol/mL) within Valencia OJ before and after 
oncentration by evaporation. 



 

CHAPTER 5 
DISCUSSSIONS 

Analytical Method Studies 

Limits of Detection.  Lower limits of 5mTHF fluorescent detection were found to 

be considerably higher (0.01547 µM or 15470 pmol/100 µL injection) than previously 

reported lower limits (0.03 to 2.3 pmol/100 µL injection)(Gregory et al. 1984) (Table 1).  

However, LOD may vary with instruments, protocols and extraction and purification 

media.  The upper fluorescence LOD was the upper 5mTHF concentration where 

detection was no longer linear.  The upper LOD was 40 times greater than the lower 

limit.  This range was optimal for adequate detection of all significant polyglutamyl 

5mTHFs after a 2-fold volume reduction, which was approximated to be a 2-fold 

concentration.  PDA detection was found to be 200 times less sensitive than fluorescence 

detection, with a lower LOD of 3.094 µM.  The upper LOD was not determined since it 

appeared to be greater than 150 times the folate amount normally found in OJ.  A 100-

fold concentration was adequate to detect all polyglutamyl folates within OJ.   

Method precision.  Both methods demonstrated adequate precision for OJ (Table 

2), with εs of 1% (for CE-PDA) and 2.2% (for HPLC-F).  The better precision of the CE-

PDA method was observed throughout most of the study; however, this was attributed to 

the instrument’s automatic sampling unit, which may have reduced injection variability.  

HPLC manual injections were the likely reason for lower and more variable precisions in 

the HPLC-F method.   
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Method speed.  Although both methods were considerably faster than traditional 

methods, the HPLC-F method was almost twice as fast as the CE-PDA method.  

However, the most time-consuming parts of the CE-PDA method were the purification 

and concentration steps.  These steps were necessary because of the lower sensitivity of 

PDA.  Faster CE methods may be obtained with fluorescence detection or different 

separation parameters (i.e., voltage, column, buffer, etc.).   

Folate recovery.  Folate recovery from an OJ medium was shown to be adequate.   

The greater recovery observed with the HPLC-F method (90.4%) than the CE-PDA 

method (83.2%) was expected, as more folate may have been lost from the SPE step 

(Appendix E).  Recoveries within other media studied (i.e., GJ, CPM, certain extraction 

buffers, etc.) were periodically checked and found to be similar to the above-mentioned 

values. Similar recoveries were expected since all media contained protective agents and 

few interfering components.      

Method comparison. Although both methods appeared to have different 

recoveries, folate amounts determined from each method before folate loss was 

accounted were not significantly different.  When folate loss was accounted, the folate 

concentrations were still not significantly different (Student’s t-test, df=4, α=0.05) 

(Appendix F).  This indicates that folate recovery in both methods and the methods 

themselves are comparable to each other.   

Quantitation and Tentative Identification 

Quantitation.  All folate peaks were integrated.  Concentrations were determined 

from monoglutamyl 5mTHF standard curves and then added for a total folate amount.  It 

was observed that folate concentrations of each polyglutamyl folate from the same 
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sample were similarly determined by both CE-PDA and HPLC-F (within 1-3% 

RSD)(Appendix A).  This demonstrates that folate was determined similarly by two 

independent modes of detection.   Also, this validates the assumption that glutamic acid 

moieties have little contribution to spectral characteristics.  Once these concentrations 

were added, the following equation was employed to account for folate loss:  

(1+((100 – recovery%)/100)) x (total folate determined) 

The total of all folate forms before enzyme treatment was not significantly 

different from quantitations after enzyme treatment (Student’s t-test, df=4, α=0.05) 

(Appendix C).  It should be noted that carboxypeptidase G series enzymes are different 

than traditional folate conjugase enzymes, since they hydrolyze all folates to their pteroic 

acid form.  However, pteroic acid concentrations were not significantly different from 

folate homologue concentrations before treatment.  Since all folates underwent the same 

reaction, this further validates that the homologue peaks indeed represent folate vitamers.  

Interestingly, enzyme treatment time varied with the mediums used.  The OJ serum 

medium showed the slowest rate (32 hours).  This may have been a result of pH or 

inhibition by citric acid. 

The TFA/DTT solution also exhibited a slow rate (28 hours); however, the 

inhibiting factor was not determined.  It is assumed that one or more of the major 

components in the solution may have caused inhibition (i.e. piperazine, DTT, TFA, etc.).  

The enzyme catalyzed reactions faster within the 20% ethanol solution containing 

mercaptoethanol (<50 min).  This faster rate was perhaps a result of the greater folate 

concentration, smaller volume and little inhibition from medium components. From these 

observations, the SPE technique followed by γ-carboxypeptidase G or folate conjugase 
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enzyme treatment may be employed as an effective technique for routine folate analysis 

in citrus juice.  This technique may avoid using FAC, which would be advantageous 

within the citrus industry.  Preliminary studies showed that C18 SPE had recoveries >95% 

(n=2, 3.1% RSD) (Appendix B). However, further research is required to optimize and 

develop this method.   

Tentative identification.  The red blood cell polyglutamyl 5mTHFs showed a 

characteristic distribution similar to previous reports (Pfeiffer and Gregory 1996).  From 

this distribution each 5mTHF homologue was tentatively identified by its relative 

retention time.  This was used as one form of identification to supplement other forms. 

In PDA spectra, monoglutamyl 5mTHF had library fits of 0.85 and higher to 

commercial standards (Figure 4).  Lower fits were observed with lower concentrated 

homologues, as background interferences may have obscured absorption readings.  

Typically, OJ samples contained larger amounts of monoglutamyl 5mTHF with fits of 

greater than 0.90.  This allowed for more confidence in identification.  Similar fits were 

observed with di-, tetra-, penta-, hexa- and heptaglutamyl 5mTHFs; however, only for 

certain samples where these homologues were in large concentration.  Fits of less than 

0.90 were always seen with triglutamyl homologues.    

Similar problems were found when emission spectra from fluorescence detection 

were attempted (Figure 5).  5mTHF polyglutamates in highest concentration showed 

emission spectrums similar to monoglutamyl standards (λmax=356 nm), while lower 

concentrated polyglutamyl forms showed different λmaxs (∼325 nm).  Excitation λmaxs for 

all homologues were found to be similar to monoglutamyl 5mTHF standards.  The 

excitation λmaxs were similar to previous findings (Pfeiffer and Gregory 1996, Pfeiffer et 
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al. 1997); however, the emission λmaxs were only the same for the greater concentrated 

homologues.  In the sample that was analyzed, the mono-, di- and tetraglutamate 

homologues were the three most concentrated vitamers.  Once again, it was believed that 

background interference or scattering (i.e., Raman scattering) might have obscured 

spectral readings, as no peaks were observed when the same samples were monitored for 

fluorescence at 325 nm with normal excitation λ.  However, peaks were observed when 

samples were monitored for fluorescence at 356 nm.   

Citrus Products 

Not-from-concentrate orange juice.  NFC OJ folate amounts ranged between 

0.6 to 1.4 nmol/mL throughout the study, indicating that folate amount may vary with 

individual fruit as well as maturity, cultivar, growth conditions, processing etc.  The 

literature has shown similar variability in folate amount (Dong and Oace 1973, Gregory 

et al. 1984, Streiff 1971, Tamura et al. 1976, White 1990, White et al. 1991).  However, it 

was noticed that most NFC OJ samples analyzed within this study contained ∼1 

nmol/mL, similar to previous findings (Dong and Oace 1973, Gregory et al. 1984, White 

1990, White et al. 1991). 

 The 5mTHF polyglutamyl distribution also varied within this study.  Most 

distributions showed a dominance of the monoglutamyl form (Figure 7), which coincides 

with certain previous findings (Streiff 1971).  Other distributions, however, showed a 

dominance of the pentaglutamyl form (Figure 6), which agrees with reports by Tamura et 

al. (1976).  However, this study also found a distribution with a dominance of the 

heptaglutamyl form (Figure 8), which has not been previously reported.  The variability 

in distribution seen both in this study and within the literature may be attributed to 

 



42 

variability in cultivars, maturities, growth conditions, etc.  More research is required to 

confirm these assumptions.   

Orange components.  Interestingly, the 5mTHF polyglutamyl distribution was 

approximately similar for all fractions of a raw Valencia orange, with folates mostly 

existing in the monoglutamyl form.  The juice fraction contained the majority of the 

folate based on the total wet fruit weight (Figure 9).  Since the pulp also contained some 

folate, it seems likely that pulp may contribute to total folate amount in added-pulp juice 

products.  The peel, rag and core contained significant folate based on total wet-weights.  

This disagrees with Streiff’s observations (1971); however, the L. casei assay and 

amounts were not specifically described from that study.  Also, components within the 

peel may have inhibited or altered L. casei growth, as it has been shown that peel 

contains certain terpenes with antimicrobial properties (Braddock 1999).  The peel, rag 

and core consist mostly of water; therefore, it seems likely that soluble components, such 

as folate, may also be distributed within these fractions.  In contrast, seeds contain the 

least water and thus account for about 1% of the total folate of an orange.  These 

investigations were done with only two Valencia oranges; therefore, these values only 

provide an estimate of folate amounts within each component.   Also, since few studies 

have been previously done, more work is required to confirm these findings. 

Not-from-concentrate grapefruit juice.  The NFC GJ folate results confirm 

previous findings (Dong and Oace 1973, Streiff 1971, White 1990, White et al. 1991).  

The folate was found to be ∼0.2 nmol/mL, ∼80% less than a typical NFC OJ sample (∼1 

nmol/mL) (Figure 10).  It would be expected that variability in NFC GJ folate amount 

would be similar to that observed with NFC OJ; however, only three commercial GJ 
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samples were analyzed.  A commercial GJ sample was assumed to offer adequate 

sampling of many different grapefruits, cultivars and maturities; however, this cannot be 

certain.  The distributions showed folates existed in mostly the pentaglutamyl form.  No 

other reports of polyglutamyl distributions within GJ have been reported to confirm these 

findings.  Therefore, further work is required to understand the relationship of 

polyglutamyl distribution with cultivars, maturities, growth conditions, etc. 

Citrus peel molasses.  CPM adjusted to 12° Brix showed ∼90% less folate (∼0.1 

nmol/mL) than amounts normally found in NFC OJ (Figure 10).  The amount seems 

probable since there was less folate in peel than in juice.  Also, it is possible that the 

folate was not completely extracted from the peel into the press peel liquor during 

molasses manufacture.  Furthermore, oxidative or hydrolytic losses are likely in the 

presence of CaO, used to extract the press liquor from the peel.  These factors combined 

with the heat evaporative concentration process may largely diminish folate amounts 

within the CPM.  The studies were limited in that only one commercial molasses sample 

was analyzed in triplicate.  Further work is required to see how varying specific portions 

of the process may enhance folate amount.  However, it seems unlikely that research 

would be done since the molasses is mostly used for alcohol fermentation.  Interestingly, 

the polyglutamyl distributions showed larger amounts of hexa- and hepta- followed by 

the monoglutamyl forms.  This obscure distribution may be a result of the original fruit 

peel; however, further research is needed to validate this claim. 

Kinetic Studies 

Citrus juice models.  Citrus juice model study results demonstrate that ascorbic 

acid significantly protected 5mTHF from degradation ∼7-fold (Table 3).  The protective 
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effect of vitamin C has been shown within the literature; however, several of the studies 

investigated degradation within buffer systems or model food systems not similar to 

citrus juice (Chen and Cooper 1979, Day and Gregory 1983, Mnkeni and Beveridge 

1983, Paine-Wilson and Chen 1979).  Certain investigators showed slightly better 

protection with vitamin C than was observed in this study; however, their models were at 

neutral pH with different medium constituents (Chen and Cooper 1979, Day and Gregory 

1983).  This seems a valid assumption, since it has been shown that 5mTHF may be more 

labile within acidic environments in the presence of other constituents (Day and Gregory 

1983, Mnkeni and Beveridge 1983, Paine-Wilson and Chen 1979, Ruddick et al. 1980).  

 Models with and without ascorbic acid appeared to be pseudo-first order as was 

expected since O2 was unlimited.  This confirms several previous studies (Barrett and 

Lund 1989, Chen and Cooper 1979, Paine-Wilson and Chen 1979).  However, if O2 was 

reduced or absent, reaction rates would be expected to significantly decrease and follow 

either second- or first-order kinetics (Chen and Cooper 1979, Day and Gregory 1983, 

Mnkeni and Beveridge 1983, Paine-Wilson and Chen 1979, Ruddick et al. 1980).  From 

three independent trials with both models, apparent rates were determined at 88°C (kvit C 

=0.196 min-1 and k No Vit C =0.0307 min-1); however, the studies were carried to only a 

single half-life with models without vitamin C and not even one half-life with models 

with vitamin C.  This was mainly a result of the great stability of 5mTHF in the presence 

of vitamin C, requiring long time periods for folate degradation.  

Not-from-concentrate orange juice pasteurization.  The model studies 

tentatively demonstrated the degree of 5mTHF degradation under certain processing 

variables.  However, to further elucidate (and validate) these findings, pasteurization 
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studies of Valencia NFC OJ at various temperatures (82°C, 88°C, and 93°C) were 

performed in a continuous pasteurizer (Table 4).  Degradation rates of OJ folate within 

unlimited O2 environments appeared to follow pseudo-first order kinetics.  Once again, it 

was assumed that second- or first-order kinetic models would occur with low-O2 or O2-

absent environments, respectively.  Actual k values could not be determined for each 

temperature since 5mTHF degradation was not taken to a single half-life, due to its 

enhanced stability within OJ.  Furthermore, most continuous juice pasteurizers are 

designed to hold liquid mediums for periods of less than 2 minutes.  Apparent k values 

were determined for each temperature and found to be significantly different (one-way 

ANOVA, α=0.05, df=11) (Appendix G).  The apparent k88°C in OJ (0.038 min-1) appeared 

similar to the apparent k88°C of the model with vitamin C (0.0307 min-1).  The minor 

differences may be attributed to chemical composition, efficiency of heating and 

quenching, amount of O2, etc.   

 Most psuedo-first order and first order degradation reactions demonstrate less loss 

at high-temperature-shorter-time conditions (Labuza and Riboh 1982, Lund 1975).  

Vitamin C, flavor components and most other nutrients in juice and other products 

behave in this manner (Barrett and Lund 1989, Johnson et al. 1995, Labuza and Riboh 

1982, Marcotte et al. 1998).  Folate losses in this experiment were calculated to also 

follow this pattern with maximum losses of less than 2% (Table 5 and Appendix D).  

However, observed folate losses did not follow this same pattern, but they were ∼2% or 

less.  Therefore, the data do not provide strong evidence of any difference in folate loss 

among the pasteurization conditions used.  The great stability of 5mTHF within OJ is 

mostly attributed to the great protective properties of vitamin C to scavenge free radicals 
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and O2 as well as reduce oxidized folate forms.  These results confirm citrus juice model 

results and the observations seen by other investigators (Chen and Cooper 1979, Day and 

Gregory 1983).  Although microbes and enzymes will deactivate in juice at 93°C for 5 

sec, a 30-sec hold time at 93°C is commonly used within the industry for NFC OJ 

(Braddock 1999).  Even under these conditions, minimal folate loss is expected (∼2.4%).  

Interestingly, polyglutamyl homologues were noticed to degrade similarly.  This was 

expected, as the glutamic acid moieties were not believed to contribute significantly to 

stability (or lability).  Apparent rate constants or percent losses were not calculated since 

differences after heat treatments were at times too small.   

Finally, it should be noted that these values might over-estimate the folate loss as 

the pasteurizer and model studies were conducted with unlimited amounts of O2.  

Industrial pasteurizers usually deaerate NFC OJ to ∼1 ppm (Braddock 1999).  However, 

this amount still is in excess of the folate amount found in OJ; therefore, further work is 

required within this area to determine any differences in OJ folate degradation rate and 

behavior.   

Heat evaporation.  SSFC was expected to have a much larger loss of initial 

folate (>60% loss) than pasteurized NFC OJ samples (Figure 11).  This was expected 

since juice in an evaporator is at higher temperatures for longer periods of time (above 

65°C for ∼2 min) (Braddock and Sadler 1989).  Actual rates could not be determined 

from the results, since temperatures and folate concentrations were not recorded at each 

effect of the evaporator.  Future studies may include specific rate determinations of 

temperature and folate amount in each effect.  Furthermore, polyglutamyl homologues 

were found to once again degrade similarly to the monoglutamate form.  It is unlikely 
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that folate loss was a result of evaporation since folate is a large ionic, non-volatile 

molecule, which will enable it to remain within the OJ at temperatures used during 

evaporation.  Folate analysis of the condensate would validate this claim. 

It is customary for SSFC to be pasteurized at lower temperatures than NFC (i.e. 

82°C for 30 sec) (Braddock 1995).  As observed earlier within this study, these 

pasteurization conditions may further reduce folate amounts, since the product receives 

two thermal treatments.  This may account for some of the variable folate concentrations 

in OJ within the published literature (Dong and Oace 1973, Gregory et al. 1984, Streiff 

1971, Tamura et al. 1976, White 1990, White et al. 1991).   

Further Research 

 The models and methods within this study may be used for future investigations 

in citrus or other food products.  Additional research is needed to elucidate causes of 

folate variability in both amount and polyglutamyl distribution.  Varying cultivars, 

maturities, growth conditions, etc. may help in these investigations.  Also, storage studies 

may help optimize folate retention, as losses may occur with certain types of packaging, 

storage temperatures, headspace volume and composition, exposure to light or O2, etc.   

 Both methods, especially the CE-PDA method, could be used as a base for future 

studies.  Varying the CE parameters (i.e., buffer strength, volatage, capillary length, etc.) 

may significantly reduce analysis time without compromising sufficient separation of 

folate components.  Furthermore, fluorescence detection may be implemented with CE if 

lower pH buffers (i.e., phosphate buffers) have been shown to be effective in separation 

of polyglutamyl folates.  The CE-PDA method may be adapted to analyze folate in foods 
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with higher concentrations than OJ.  With higher folate concentrations, less sample 

preparations would be required to concentrate the folate.  

 Also, both methods may be used to analyze folates within various biological and 

food media.  For example, similar procedures can be used with various other juices, 

fruits, vegetables, etc.  However, folate recovery and extraction studies may be necessary.  

With efficient analysis, both in time and precision, kinetic studies may also be employed. 

 



 

CHAPTER 6 
CONCLUSIONS 

The CE-PDA and HPLC-F methods have been shown to be efficient and 

reproducible with folate recovery between 82 and 90%.  However, the HPLC-F method 

was found to be more practical than the CE-PDA method because of shorter total analysis 

time.  This research offers the first account of polyglutamyl folate analysis within citrus 

using CE and may serve as a base for future studies.   

Results confirmed NFC OJ contained ∼1 nmol/mL of folate, and the methods 

used had the additional advantage of separating all seven polyglutamyl 5mTHFs.  Orange 

by-product fractions were also found to contain polyglutamyl folates with the juice 

accounting for the most folate, followed by the peel, rag and core, pulp and seeds.  It was 

concluded that the polyglutamyl distributions from sample-to-sample were related to 

varying cultivars and/or maturities; however, further work is required to confirm this.  

SSFC, NFC GJ and 12° Brix CPM respectively contained 60%, 80% and 90% less folate 

than amounts determined in NFC OJ, thus it was concluded that NFC OJ is the most 

folate-abundant commercial citrus product of those tested.   

Results of kinetic studies provided evidence that vitamin C protects 5mTHF from 

degradation 7-fold within model solutions.  Vitamin C played a similar role in enhancing 

5mTHF stability within Valencia NFC OJ.  Loss of initial folate from Valencia NFC OJ 

was minor (<2%) with most commercial pasteurization conditions and greater with heat 

evaporation conditions.  Furthermore, individual polyglutamyl folates were observed to
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degrade similarly during heat treatments, indicating that glutamic acid residues have no 

or little effect on stability.    

 



 

APPENDIX A 
PEAK QUANTITATION AND COMPARISON 

Quantitation.  Standard equations were frequently formulated by plotting peak 

areas versus known concentrated standards.  The figures below (Figures 12 and 13) give 

typical examples of standard curves and equations for HPLC-F and CE-PDA instruments 

used.  The standard equations were used to calculate the concentration of all unknown 

5mTHFs (mono- or polyglutamate) from their respective peak area.  Using the examples 

illustrated, the equations were set up in the following manner:  

HPLC-F:     concentration (µM) = peak area/(3 x 107) 

CE-PDA:     concentration (µM) = (peak area+675.14)/(1177.3) 
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Figure 12.  Standard curve of peak area versus concentration (µM) of 5mTHF using 

HPLC-F.  
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Figure 13.  Standard curve of peak area versus concentration (µM) of 5mTHF using CE- 
PDA. 

Comparison.  An experiment was designed to compare HPLC-F and CE-PDA 

5mTHF peaks.  The same NFC OJ sample was analyzed in triplicate with the HPLC-F 

and CE-PDA methods.  Average concentrations were determined for each of the peaks 

(5mTHF vitamers).  These concentrations were then compared by determining the 

standard deviation between concentrations from HPLC-F and CE-PDA methods (Table 

6).  RSD percents were calculated to be 2.5% or less for all peaks, thus validating that 

fluorescence and PDA detection are comparable to each other. 
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Table 6.  Comparisons of 5mTHF peaks analyzed by HPLC-F and CE-PDA methods. 
Peak Number HPLC Avg. CE Avg. Avg.  Std Dev.  RSD % n=3 

1 0.722 0.722 0.722 0 0 

2 0.126 0.126 0.126 0 0 

3 0.109 0.11 0.1095 0.00071 0.65 

4 0.0501 0.0496 0.04985 0.00028 0.57 

5 0.045 0.0453 0.04515 0.00021 0.47 

6 0.107 0.107 0.107 0 0 

7 0.022 0.0228 0.0224 0.00057 2.5 

 



 

APPENDIX B 
OCTADECYLSYLIL SOLID-PHASE EXTRACTION EXPERIMENTS 

Void volume.  A 20 µM (or 20 nmol/mL) 5mTHF standard solution (n = 2, 

pH<3.5; 5 mL) within the TFA/DTT medium used in this study was applied to a 

conditioned and washed C18 cartridge.  The cartridge was washed with water (2 mL).  

Then, 100 µL aliquots of 20% ethanol solution containing either 50 mM mercaptoethanol 

or 1% (w/v) vitamin C (both obtained similar results) were added.  As each aliquot had 

eluted, a 100 µL sample was simultaneously collected and then analyzed with CE-PDA.  

This was done for 15 aliquots to determine the presence of folate in each aliquot.  From 

these results, it was found that folate was not contained within the first 4 aliquots (400 µL 

or 0.4 mL void volume) but entirely contained within the 500 µL or 0.5 mL after the void 

volume (Figure 14).   

Recovery and capacity.  Since the folate had undergone a 10-fold volume 

reduction, a 10-fold concentration was assumed.  Thus, a 200 µM concentration was 

expected.  When the concentrations of each fraction were added, it was found that 198.3 

µM or 99% (RSD% = 2.5) of the original folate was collected.  This indicated adequate 

folate recovery within the TFA/DTT solution used in this study.  A similar recovery was 

determined when 20 µM was spiked within an NFC OJ sample (96% folate recovery, n = 

2, RSD% = 3.1).  Since a 20 µM 5mTHF spiked samples showed adequate recovery, it 

was assumed that the C18 SPE cartridge capacity was well within the range of what is 

typically found in the juice after even a 10-fold concentration (∼10 µM or 10 nmol/mL).  
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Figure 14. Concentration of standard 5mTHF (µM) within 100 µL aliquots versus 
volume (µL). 

 
 

 



 

APPENDIX C 
DECONJUGATION STUDIES 

Student’s t-tests (Figure 15) were performed to determine any significant 

differences between enzyme-treated samples versus untreated samples (Figures 16 and 

17).  

 Avg. Total Peak conc. (nmol/ml) (n = 3)   
Treated  0.706  (5-methylpteroic acid)   
Untreated  0.714  (5mTHF homologues)   
Avg. 0.710   
Std Dev. 0.00571   
RSD % 0.80%   
    
t-test    
    
1. Null hypothesis: Treated - Untreated = 0   
    Alternative Hypothesis: Treated - Untreated is not 0   
    
2. α = 0.05, df=4    
    
3. Rejection Regions: -2.78 > t > 2.78    
    
4.  Determined t = -2.42   
    
5. -2.42 > -2.78    
    
6.  With 95% confidence, the null hypothesis that the treated and untreated 
samples are significantly different in 5mTHF amounts was rejected.  
 
Figure 15.  Student’s t-test (α = 0.05, df=4) used to compare treated and untreated 

samples of NFC OJ folate within TFA/DTT medium (n = 3). 
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Figure 16. Before and after enzyme treatment of 100-fold folate concentrated from NFC 
OJ in 20% ethanol solution showing similar total folate concentration. 
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monoglutamyl 5mTHF standards since glutamic acid residues were found to not affect 

detection response from either detector.   

 



 

APPENDIX D 
CALCULATION OF FOLATE LOSS USING APPARENT RATE CONSTANTS 

 Using apparent rate constants, the following equation was set up to determine 

folate concentration after a certain time: ln (Cfinal) = -kt + ln(Cinitial).  The following is an 

example calculation of the estimated folate loss for Valencia NFC OJ pasteurized for 30 

sec. at 82°C.   

   

 ln (Cfinal) = -kt + ln(Cinitial) 

                           = -0.031 min-1(0.5 min) + ln(1.28 nmol/mL) 

                           = 0.231 

                 e0.231  = 1.26 

       percent loss =  ((1.28 – 1.26)/1.28) x 100 

Thus, a 1.56% folate loss is estimated at 82°C for 30 sec. 
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APPENDIX E 
FOLATE RECOVERY 

Table 7.  Folate recovery values for HPLC-F and CE-PDA methods using known 5mTHF 
spiked within NFC OJ.        

  
Spiked 5mTHF Concentration 

(nmol/mL)   
Method Observed  Actual Recovery (%) 
HPLC-F 0.319 0.354 90.4% 
CE-PDA 0.104 0.125 83.2% 
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APPENDIX F 
METHOD COMPARISON 

NFC OJ was analyzed in triplicate with the CE-PDA and HPLC-F methods.  

Student’s t-tests were used to determine any significant differences between average 

folate concentrations determined before and after concentrations were accounted for 

folate loss (α = 0.05, df = 4).  The following figure demonstrates the t-test and the results. 

                Avg. [5mTHF]  
 Loss not accounted    Loss accounted   
HPLC-F method 1.12                      1.23   
CE-PDA method  1.09                      1.26   
Avg. 1.11                      1.24   
Std Dev. 0.0212                0.0283   
RSD % 1.92%                   2.28%   
    
t-test    
    
1. Null hypothesis: HPLC - CE = 0   
    Alternative Hypothesis: HPLC - CE is not 0   
    
2. α = 0.05, df=4    
    
3. Rejection Regions: -2.78 > t > 2.78    
    
4.  Determined tloss not accounted = 2.45     tloss accounted= -1.84       
    
5. 2.45 < 2.78        and    -1.84>-2.78   
    
6.  At α=0.05, we fail to reject the null hypothesis that 5mTHF conc. determined  
with HPLC and CE methods were significantly different.  
 
Figure 18.  Student’s t-test (α = 0.05, df=4) used to compare NFC OJ 5mTHF amounts 

determined by HPLC-F and CE-PDA methods (n = 3) before and after folate 
loss was accounted.  
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APPENDIX G 
ANALYSIS OF APPARENT RATE CONSTANT VARIANCE 

Table 9.  One-way analysis of average apparent rate constant variance demonstrating 
significant differences among apparent rate constants at 180, 190 and 200°F (82, 
88 and 93°C) of NFC OJ samples (n=2) with F > 4.96. 

SUMMARY       
Groups Count Sum Average Variance   

Temperature  6 1140 190 80 
  

Apparent Rate 
Constants (k) 6 0.235 0.039167 6.25E-05

  
       
       
ANOVA       

Source of Variation Sum of 
Squares df Mean of 

Squares F P-value F crit 

Between Groups 108255.35 1 108255.40 2706.38 1.67E-13 4.96 
Within Groups 400.00 10 40.00    

       
Total 108655.35 11         
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