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Cranberries contain abundant amount of procyanidins; however, 85% of them are 

non-absorbable polymers. Previous studies suggested that procyanidin polymers can 

be depolymerized into absorbable oligomers. The objective of this study was to optimize 

depolymerization reaction and evaluate the effects of reaction conditions on the yield of 

oligomers. Both purified procyanidin polymers and un-extracted procyanidins in pomace 

were depolymerized with or without added epicatechin. Purified procyanidin polymers 

were isolated from cranberries. For depolymerization of purified procyanidin polymers, 

the predicted yield of oligomers without added epicatechin was 227 µg/mg PP under the 

optimum condition of 44.3 min, 85 oC, and 0.96 M HCl. The predicted yield of oligomers 

with added epicatechin was 1493 µg/mg PP under optimum conditions of 90 min, 85 oC, 

0.65 M HCl, and epicatechin/PP (purified polymers) ratio of 3. For depolymerization of 

procyanidins in pomace, the predicted yield of oligomers without added epicatechin was 

5.30 mg/g pomace under the optimum condition of 70.9 min, 80 oC and 0.89 M HCl. If 

epicatechin was added, the predicted yield was 25.50 mg/g pomace under optimum 

conditions of 40 min, 85 oC, 0.84 M HCl and epicatechin/pomace ratio of 40 mg/g. The 

actual yields from verification experiments were close to the predicted yields. 
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Combination of high temperature and high acid concentration aggravated undesirable 

side reactions. High temperature, moderate acid concentration and high amount of 

epicatechin favored depolymerization, while optimum reaction time depended on other 

factors. This research provided a practical approach to depolymerize both purified 

procyanidin polymers and un-extracted procyanidins in pomace. The study had the 

potential to increase bioavailability and bioactivity of procyanidins in cranberries.   
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CHAPTER 1 
LITERATURE REVIEW 

Cranberries 

Cranberries (Vaccinium macrocarpon), a member of the plant family Ericacea, 

are native to North America. They have attracted growing interests as a functional food 

due to the potential health benefits associated their phytochemical composition.  

Health Benefits 

Cranberries have long been consumed for prevention and treatment of urinary 

tract infection. The effectiveness was demonstrated by a series of studies (Su and 

others 2010; Howell and others 2010; Avorn and others 1994). This property was linked 

to the ability of cranberry procyanidins to inhibit adhesion of Escherichia coli responsible 

for the infection (Howell and others 1998). Previous in vitro studies also showed that 

phenolic extracts from cranberries inhibited the growth and proliferation of breast, colon, 

prostate, lung, and other tumors (Neto 2007). A growing body of evidence also 

suggested that cranberries may reduce the risk of cardiovascular diseases by 

increasing the resistance of LDL to oxidation, inhibiting platelet aggregation and via 

other anti-thrombotic and anti-inflammatory mechanisms (McKay and Blumberg 2007).  

Procyanidins and Other Phytochemicals in Cranberries 

Cranberries contain significant amount of polyphenolic phytochemicals, a group 

of secondary metabolites from plants. Polyphenols in cranberries include phenolic 

acids, anthocyanins, procyanidins, and flavonols (Chen and others 2001). Anthocyanins 

are polyphenolic pigments that are responsible for red color of the fruit. Cyanidin, 

delphinidin, malvidin, palargonidin and peonidin are the main constituents of 

anthocyanins in cranberries. The average concentration of anthocyanins in cranberries 
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was 86 mg/100g edible portion of fruit (wet weight) (Harnly and others 2006; Wu and 

others 2006). Quercetin and myricetin are the main flavonols in cranberries. The most 

abundant phenolic acid in cranberries is ferulic acid, while ρ-coumaric and ellagic acids 

were also detected (Hakkinen and others 1999).  

Among these phytochemicals, procyanidins in particular captured most attention 

since they were postulated to be the bioactive compounds for the treatment and 

prevention of urinary tract infection (Foo and others 2000). Proanthocyanidins are 

oligomeric and polymeric flavan-3-ols. Flavan-3-ols are a class of flavonoids that have a 

2-phenyl-3,4-dihydro-2H-chromen-3-ol skeleton. The structures of different flavan-3-ols 

are shown in Figure 1-1. Proanthocyanidins containing exclusively catechin and/or 

epicatechin are procyanidins. The structures of procyanidins are demonstrated in Figure 

1-2. There are two types of inter-flavan bond between flavan-3-ol units.  B-type bonds 

are mainly C4→C8 bonds and some less frequent C4→C6 bonds. An A-type bound is 

linked by an additional ether bond between C2→O7. Size of procyanidins is described 

by Degree of Polymerization (DP). Procyanidins with DP 1, 2, 3, or 4 are called 

monomers, dimers, trimers, or tetramers. Procyanidin oligomers are defined as 

monomers through tetramers with DP 1-4. Procyanidins with DP≥5 are referred as 

polymers. Procyanidins with DP>10 are called high polymers. The concentration of 

procyanidins in cranberries is 418.8 ± 75.3 mg/100g fruit (fresh weight) (Gu and others 

2004). Procyanidins in cranberries consist of oligomers, polymers and high polymers 

(Gu and others 2003). Previous studies suggested that procyanidin monomers through 

tetramers were absorbable in vitro and in vivo, whereas procyanidins larger than 

tetramers were not absorbable (Holt and others 2002; Tsang and others 2006; Tomas-

13 



Barberan and others 2007). A-type procyanidins account for 51-65% of total 

procyanidins in cranberries (Gu and others 2004). It was found that A-type procyanidins 

in cranberries inhibited the adherence of uropathogenic E. coli to the uroepithelial-cell 

surfaces whereas the B-type isomers had no activity (Foo and others 2000). Cranberry 

procyanidins were also reported to be effective in preventing and/or treating dental 

caries (Koo and others 2010), cardiovascular disease (Caton and others 2010), and 

cancer (Kresty and others 2011).  

Depolymerization of Procyanidins  

Procyanidin polymers are not absorbable. Depolymerization of polymers into 

absorbable oligomers is expected to increase bioactivity of procyanidins. 

Depolymerization reaction is catalyzed by a proton under acidic conditions. Proton 

cleaves the C4-C8 inter-flavan bond to generate 4-carbocation intermediates from 

extension units and a flavan-3-ol from terminal unit. If a nucleophile, such as 

epicatechin, is not added into reaction media, carbocations undergo oxidation and 

structural rearrangement to form anthocyanidins. Only the terminal units are released as 

procyanidin oligomers. If epicatechin is added, it reacts with carbocation from extension 

units to form new procyanidin oligomers.  

Awika and others (2003) found that extrusion of sorghum increased the 

procyanidin oligomers while decreased the procyanidin polymers. The improvement of 

procyanidin bioavailability through extrusion was verified in weanling pigs (Gu and 

others 2008). However, extrusion was a harsh processing method and caused 

significant procyanidin degradation. Porter and others (1986) depolymerized 

procyanidins using 2.0 M HCl at 100oC and Fe3+ as an oxidant. All extension units were 

converted to cyanidins. Procyanidins released from terminal units may also be oxidized 
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or degraded by Fe3+. Phloroglucinol, toluene-α-thiol, and cysteine had been used as 

nucleophiles in the depolymerization process (Gu and others 2003; Koerner and others 

2009; Foo and Karchesy 1989; Selga and others 2004). However, none of these 

methods were feasible in food industry because final productions are no longer 

procyanidins.  

Catechin or epicatechin were used as nucleophiles to depolymerize B-type 

procyanidin polymers for the semi-synthesis of B-type dimers (Esatbeyoglu and 

Winterhalter 2010; Koehler and others 2008). Earlier study in our lab suggested that 

cranberry procyanidins could be depolymerized into procyanidin oligomers under acid 

conditions, using flavan-3-ols as nucleophiles. Depolymerization produced procyanidin 

dimers, trimers and tetramers of A-type and B-type (Liu and others 2013). 

Hydrogenolysis was also applied for the depolymerization of procyanidins. Foo 

performed this reaction under high temperature and pressure with palladium as a 

catalyst (Foo 1982). The 4-carbocation from extension unit adducted with hydrogen to 

produce procyanidins. The depolymerized products were mainly procyanidin oligomers. 

Although this method could efficiently depolymerize procyanidin polymers into 

oligomers, the harsh reaction conditions and requirement of a high-pressure reaction 

vessel restricted its application.  

Hypothesis and Objectives 

Depolymerizing cranberry procyanidins under acid condition with added 

epicatechin was proven to be an efficient method. We hypothesize that this 

depolymerization method can be applied on purified procyanidins or un-extracted 

procyanidins in cranberry pomace, a byproduct of cranberry processing. It is unknown 

that how the reaction conditions will affect the yield and composition of oligomers. We 
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further hypothesize that a more efficient depolymerization of procyanidins into 

absorbable oligomers with optimum yield and favorable composition can be achieved by 

process optimization and modeling. Therefore, the objective of this study is to evaluate 

the impact of depolymerization conditions, including temperature, acid concentration, 

reaction time and polymer/epicatechin ratio, on the composition and yield of oligomers; 

and to optimize depolymerization on both purified procyanidin polymers and natural 

procyanidins in cranberry pomace.  
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Figure 1-1.  Structures of the flavan-3-ols units in proanthocyanidins (Gu and others 
2003). 
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Figure 1-2.  Structures of epicatechin, catechin, and procyanidin dimers.  
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CHAPTER 2 
USING RESPONSE SURFACE METHODOLOGY TO OPTIMIZE 

DEPOLYMERIZATION OF PURIFIED PROCYANIDIN POLYMERS FROM 
CRANBERRIES 

Background 

Only 15% of total procyanidins in cranberries are absorbable oligomers, which 

significantly limits their bioactivity (Gu and others 2002). Previous studies in our lab 

revealed an efficient acid-assisted method, with or without added epicatechin as a chain 

breaker, to depolymerize the polymers into more absorbable and bioavailable oligomers 

(Liu and others 2013; Ou and Gu 2013) . Purified procyanidin polymers were prepared 

using a chromatographic method. The objective of this chapter was to evaluate the 

impact of depolymerization conditions, including temperature, acid concentration, 

reaction time and epicatechin/PP ratio, on the composition and yield of oligomers and to 

optimize the depolymerization reaction of purified procyanidin polymers using response 

surface methodology.  

Materials and Methods  

Chemicals 

Freeze-dried cranberry powders were provided by Ocean Spray Cranberries, Inc 

(Lakeville-Middleboro, MA). (-)-Epicatechin (>90%), Sephadex LH-20 and 1-propanol 

were purchase from Sigma Chemical Co. (St. Louis, MO). Amberlite FPX 66 resin was 

purchased from Dow Company (Midland, Michigan). Methanol, methylene chloride, 6N 

hydrochloric acid, acetic acid and sodium bicarbonate were products from Fisher 

Scientific (Pittsburgh, PA).  

19 



Preparation of Purified Procyanidin Polymers 

Five hundred grams of freeze-dried cranberry powder was blended with 1 L of 

60 oC hot water in a blender. The mixture was sonicated for 20 min then filtered through 

Whatman No.4 filter papers. The residue after filtration was extracted one more time 

with 1 L of 60 oC hot water assisted with sonication. Extracts were combined and loaded 

on a glass column packed with Amberlite FPX 66 resins. The column was first washed 

with 5 L of distilled water to remove sugars. Phytochemicals were recovered by eluting 

column with 2 L of methanol. This methanol extract was concentrated using a rotary 

evaporator under partial vacuum and further dried in a SpeedVac concentrator. Dried 

extract was re-suspended in 30% methanol and loaded on a column packed with 

Sephadex LH-20, which was pre-treated with 30% methanol for 4 h before use. 30% 

methanol (1.2 L), 60% methanol (1.2 L), 80%methanol (1.2 L), 100% methanol (1.6 L) 

and 70% acetone (1.2 L) were used to elute the column. Each 400 mL eluent was 

collected and labeled as a fraction. Sixteen fractions were collected. They were 

concentrated and dried using rotary evaporator and SpeecVac concentrator. 

Procyanidin composition in each fraction was analyzed using HPLC-MSn. Fraction 5-1 

contained exclusively high polymers with DP>10. This purified procyanidin polymer 

fraction was used for subsequent depolymerization experiments. 

Depolymerization of Purified Procyanidin Polymers  

Depolymerization was performed either with or without added epicatechin. A 50% 

1-propanol aqueous solution was used as solvent for all the depolymerization 

experiments. In depolymerization with added epicatechin, purified procyanidin polymers 

in Fraction 5-1 were dissolved in 50% 1-propanol aqueous solution to obtain a 15 

mg/mL stock solution. Two hundred microliter 1-propanol aqueous solution with 13.125 
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mg/mL epicatechin and 1.2 M HCl was then mixed with 100 µl stock solution. In 

experiments without added epicatechin, purified procyanidin polymers were dissolved in 

50% 1-propanol aqueous solution to obtain a 10 mg/mL stock solution. One hundred 

microliter stock solution was then mixed with 100 µl 1-propanol aqueous solution with 

1.2 M HCl. Reaction mixtures were incubated in a 57.5 oC water bath for 60 min. 

Reaction was terminated by adding 1 M NaHCO3 to adjust the pH to 5 ~ 6. Reaction 

mixtures were immediately injected for HPLC-MS analysis.  

HPLC-MSn Analysis of Procyanidins  

HPLC-MSn analyses were performed on an Agilent 1200 HPLC system (Palo      

Alto, CA) equipped with a binary pump, an autosampler, a fluorescence detector, and a  

HCT ion trap mass spectrometer (Bruker Daltonics, Billerica, MA). Samples were 

dissolved in methanol (5 mg/mL) and 5 µl was injected for analysis. Separation of 

procyanidins was carried out on a Luna Silica column (250 mm × 4.6 mm i.d., 5 μm, 

Phenomenx, Torrance, CA) at a column temperature of 37 °C. The binary mobile phase 

consisted of (A) methylene chloride/methanol/acetic acid/water (82:14:2:2, v:v:v:v) and 

(B) methanol/water/acetic acid (96:2:2, v:v:v). The 70 min gradient was as follows: 0−20 

min, 0.0-11.7% B linear; 20−50 min, 11.7-25.6% B linear; 50−55 min, 25.6−87.8% B 

linear, 55-65 min, 87.8% B isocratic; 65−70 min, 87.8−0.0% B linear; followed by 5 min 

of post-sequence run before the next injection. Excitation and emission wavelengths of 

the fluorescent detector were 231 and 320 nm, respectively (Robbins and others 2009). 

Electrospray ionization was set at negative mode using nebulizer 45 psi, drying gas 10 

L/min, drying temperature 350 °C, and capillary 4000 V. Mass spectra were recorded 

from m/z 150 to 2000. Auto MS2 was conducted with 80% compound stability and 80% 

trap drive level. The most abundant ion in full scan was isolated, and its product ion 
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spectra were recorded. Data was analyzed using Chemstation (Version B. 01.03, 

Agilent Technologies, Palo Alto, CA) and Compass DataAnalsyis (Version 4.0, Bruker 

Daltonics, Billerica, MA). The quantification of procyanidins are based on the method 

developed by Robbins and others (2012). Peaks on the chromatograms were integrated 

using a flat baseline method (Gu and others 2002). The relative response factors of 

each oligomers and epicatechin standard are shown in Table 2-1. Quantification of 

procyanidins was based on an (-)-epicatechin standard curve and the established 

relative response factors (Robbins and others 2009; Robbins and others 2012).  

Optimization of Depolymerization Using Response Surface Methodology 

For depolymerization with added epicatechin, a central composite design with six 

center points was chosen to optimize the reaction. Independent variables included time, 

temperature, acid concentration and epicatechin/procyanidin polymer (PP) ratio (w/w). 

For depolymerization without added epicatechin, a 3×3 full factorial design was applied 

to determine optimum conditions. Time, temperature and acid concentration were 

selected as independent variables. Table 2-2 shows the experimental design and levels 

of variables. A total of 27 experiments for depolymerization without added epicatechin 

and 30 experiments for depolymerization with added epicatechin were conducted. 

Experiments were randomized to minimize unexplained variability.  

A full second-order polynomial regression model was fitted to optimize the 

depolymerization process and predict the maximal yield of oligomers. The model 

equation was as follow: 

𝑌𝑌1 = 𝑏𝑏0X + 𝑏𝑏1𝑋𝑋1 + 𝑏𝑏2𝑋𝑋2 + 𝑏𝑏3𝑋𝑋3 + 𝑏𝑏4𝑋𝑋4 + 𝑏𝑏11𝑋𝑋12 + 𝑏𝑏22𝑋𝑋22 + 𝑏𝑏33𝑋𝑋32 + 𝑏𝑏44𝑋𝑋42

+ 𝑏𝑏12𝑋𝑋1𝑋𝑋2 + 𝑏𝑏13𝑋𝑋1𝑋𝑋3 + 𝑏𝑏14𝑋𝑋1𝑋𝑋4 + 𝑏𝑏23𝑋𝑋2𝑋𝑋3 + 𝑏𝑏24𝑋𝑋2𝑋𝑋4 + 𝑏𝑏34𝑋𝑋3𝑋𝑋4+∈ 
(2-1) 

22 



𝑌𝑌2 = 𝑏𝑏0X + 𝑏𝑏1𝑋𝑋1 + 𝑏𝑏2𝑋𝑋2 + 𝑏𝑏3𝑋𝑋3 + 𝑏𝑏11𝑋𝑋12 + 𝑏𝑏22𝑋𝑋22 + 𝑏𝑏33𝑋𝑋32 + 𝑏𝑏12𝑋𝑋1𝑋𝑋2 + 𝑏𝑏13𝑋𝑋1𝑋𝑋3

+ 𝑏𝑏23𝑋𝑋2𝑋𝑋3+∈ 
(2-2) 

Y1 and Y2 are the response (yield of total oligomers) after depolymerization with 

or without added epicatechin, respectively. X1, X2, X3 and X4 are temperature (oC), 

reaction time (min), acid concentration (M) and epicatechin/PP ratio (w/w). Slope term 

(b0), linear terms (b1, b2, b3 and b4), quadratic terms (b11, b22, b33 and b44), interaction 

terms (b12, b13, b14, b23, b24 and b34) and random error ϵ were included in the model as 

coefficients. A forward stepwise regression with the stopping rule of minimum BIC 

(Bayesian Information Criterion) was used to simplify the model. The R square, which 

was the proportion of variance explained by the model, was used to measure the fitness 

of the model. The optimum yield was predicted by the desirability function based on the 

fitted model. The profiler of response surface plot was utilized to study the effects of 

different variables. The optimum yield was validated by verification experiments under 

the optimal conditions. 

Polynomial models were also employed to maximize the yield of dimers, trimers, 

and tetramers using a multiple response approach. For depolymerization with added 

epicatechin, we set the importance factors for dimers, trimers, and tetramers at 0.8, 1 

and 0.7, respectively, according to their reported bioactivity (Foo and others 2000). For 

depolymerization without epicatechin, we set the importance factors for monomers, 

dimers, trimers, and tetramers at 0.6, 0.8, 1 and 0.7, respectively. The optimum yield 

was predicted by the desirability function based on the fitted models. The predicted yield 

was validated using verification experiments under the optimal conditions.  
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Statistical Analysis 

All experimental designs and regression analysis were performed on JMP 

software (Version 10.0, SAS Institute Inc., Cary, NC). Data were presented as the mean 

± standard deviation.  

Results and Discussion 

Preparation of Purified Procyanidin Polymers 

Cranberry polyphenols included anthocyanins, procyanidins, flavonols, and 

phenolic acids. Traditionally, aqueous acidic acetone or methanol was used for 

extraction of polyphenols. We used ultra-sound assisted hot water extraction because it 

was proven to be an efficient and environment friendly method to extract 

phytochemicals (Buran and others 2014). Amberlite FPX 66 was used to remove the 

sugars. The sugar-free extract was then separated into sixteen fractions on Sephadex 

LH-20 to obtain purified procyanidin polymers. It had been reported that the separation 

mechanism of procyanidins on Sephadex LH-20 was absorption (Wang and others 

2011) . Table 2-3 shows procyanidin composition and weight of all 16 fractions. 

Procyanidins were not detected in the first three fractions eluted by 30% methanol, 

which was in agreement with previous studies (Liu and others 2011; Wang and others 

2011). HPLC chromatograms of Fraction 1-2, 2-2, 3-2, 4-2 and 5-1 are shown in Figure 

2-1. Oligomers of smaller size were eluted by 60% methanol. As the percentage of 

methanol increased in the mobile phase, oligomers with bigger sizes and polymers 

appeared in the fractions while smaller oligomers gradually disappeared. This 

observation supported previous finding that affinity between procyanidins and Sephadex 

LH-20 resin increases as molecular weight increases (Gu and others 2002). All fractions 

after 4-4 contained predominately polymers. Fraction 5-1 was selected as purified 
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procyanidin polymers for subsequent depolymerization experiments because it 

contained predominantly high polymers.  

HPLC-MSn Analysis of Procyanidins 

The HPLC chromatogram of the purified procyanidin polymers (Fraction 5-1) is 

shown in Figure 2-2E. The high polymers with degree of polymerization ≥ 10 were 

eluted as a single peak at 55 min and quantified using response factor of nonamers. 

Polymers with degree of depolymerization from 5 to 10 were small humps scattered 

from 32 min to 54 min. The content of high polymers in Fraction 5-1 was estimated to be 

82% (w/w). Oligomers were not detected in fraction 5-1. 

During depolymerization, the inter-flavan bond between extension unit and 

terminal unit was cleaved by proton under acidic condition, followed by the formation of 

4-carbocation intermediate from extension unit and a flavan-3-ol from terminal unit. 

Depending on whether epicatechin (a nucleophile) was added in the reaction system, 

the reaction proceeds in two different pathways. In depolymerization without added 

nucleophile, the 4-carbocation went through rearrangement to produce anthocyanin.  

Only the terminal units were released as oligomers. When epicatechin was added as a 

nucleophile in the system, it reacted with the 4-carbocation to form new oligomers with 

lower molecular weight.  

The HPLC chromatograms of the procyanidins after depolymerization with or 

without added epicatechin are shown in Figure 2-2B&C. The large peak representing 

the high polymers disappeared after depolymerization with added epicatechin and 

shrank significantly after depolymerization without added epicatechin. Procyanidins had 

three characteristic fragmentation pathways: quinone methide (QM) cleavage, retro-

Diels-Alder (RDA) cleavage and heterocyclic ring fission (HRF). MS spectrum of peak 1 
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showed a molecular ion of m/z 289 [M-H]-.This peak was identified as catechin or 

epicatechin, which cannot be separated on normal phase HPLC. Peak 2A gave rise to 

m/z 575 [M-H]- and product ions of m/z 423 and m/z 285, which were generated after 

retro-Diels-Alder fission of the heterocyclic ring and quinone methiode cleavage, 

respectively. Therefore, peak 2A was identified as procyanidin A-type dimers. The peaks 

2B were identified as procyanidin B-type dimers because of product ions of 425, 475 

and 287 from m/z 577 [M-H]-. Similarly, the peaks 3 were identified as trimers. Peaks 

from 24-30 min were identified as procyanidin tetramers as they gave rise to m/z 1149, 

1151, 1153 [M-H]-.  

Optimization of Depolymerization  

Response surface methodology was employed to study the effects of the 

reaction conditions on the yield and optimize the yields of oligomers. A central 

composite design was utilized for the depolymerization with added epicatechin and a full 

factorial design was used for the depolymerization without added epicatechin. Two 

second-order polynomial models were obtained after a forward stepwise regression with 

the stopping rule of minimum BIC: 

𝑌𝑌1 = 808.60 + 48.13𝑋𝑋1 + 316.26𝑋𝑋2 + 47.77𝑋𝑋3 + 211.28𝑋𝑋4 − 301.94𝑋𝑋32

− 119.49𝑋𝑋2𝑋𝑋3 + 133.71𝑋𝑋2𝑋𝑋4 
(2-3) 

   
𝑌𝑌2 = −29.12 − 0.10𝑋𝑋1 + 2.71𝑋𝑋2 + 13.94𝑋𝑋3 − 0.02𝑋𝑋12 + 0.02𝑋𝑋22 − 77.11𝑋𝑋32

− 0.71𝑋𝑋1𝑋𝑋3 
(2-4) 

Equation 2-3 was the fitted model for depolymerization with added epicatechin. 

Y1 was the yield of oligomers excluding monomers (µg/mg PP) and X1, X2, X3 and X4 
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corresponded to the centralized variables of time, temperature, acid concentration, and 

epicatechin/PP ratio, respectively.  

Equation 2-4 was the model obtained for depolymerization without added 

epicatechin. Y2 was the yield of oligomers including monomers (µg/mg PP) and X1, X2 

and X3 were centralized variables of time, temperature, and acid concentration, 

respectively. The ANOVA demonstrated that both models were fitted well and had good 

predictive ability, which was evidenced by the very low F-values (p<0.0001). The R 

square of depolymerization with and without added epicatechin were 0.90 and 0.89, 

respectively.  

The profiler of surface plots was generated to study the effects of variables on 

the response and their interactions to each other. Two variables were plotted against the 

response while fixing other variables at center points. Figure 2-3 displays the surface 

plots for depolymerization without added epicatechin. The effects of temperature and 

time on the response are shown in Figure 2-3A. The yield of oligomers increased as the 

temperature increased. When temperature was low, highest yield was achieved at 

longest time. However, when temperature was high, shorter reaction time was favored 

for higher yields. Esatbeyoglu and Winterhalter (2010) reported that chalcane flavan-3-

ol dimers (gambiriins) were generated as byproducts of depolymerization. However, this 

compound was not detected in the present and previous studies in our lab (Liu and 

others 2013; Ou and Gu 2013).  This was because gambiriins may be undetectable 

using a fluorescent method. The m/z ratio of gamiriins was also not detected on the 

mass spectrum. Degradation of procyanidins under basic or acidic conditions had also 

been reported previously (Gu and others 2002; Laks and Hemingway 1987). However, 
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the identification of these degraded side product had not been reported before. These 

undesirable side reactions might be more significant at high reaction temperature. 

Figure 2-3B depicts the effects of acid concentration and time on the response. As the 

acid concentration increased, the yield first increased then decreased. The interaction 

between acid concentration and time was similar to that between temperature and time 

but more significant, which could be evidenced by the interaction term X1X3 in Equation 

2-4. Longer time was preferred at low acid concentration while shorter time was favored 

at high acid concentration, which suggested that high acid concentration aggravated 

undesirable side reactions as well. Prolonged exposure to harsh reaction conditions 

such as high temperature and high acid concentration might result in significant side 

reaction like degradation and lower yields. Figure 2-3C shows the surface plot of 

temperature and acid concentration against yields of oligomers. As temperature 

increased, the yields increased. As the acid concentration increased, the yield first 

increased then decreased. The interaction between these two variables was not 

significant. This observation contradicted a previous study in our lab which showed that 

higher yields of oligomers was achieved at lowest acid concentration of 0.1 M (Ou and 

Gu 2013). Our previous study used methanol as reaction media with highest allowed 

reaction temperature at 60 oC. The present study used aqueous 1-propanol as reaction 

media and much higher reaction temperature. The interaction between the acid 

concentration and other may also contributed to the differences.  

Figure 2-4 shows the surface plots of depolymerization with added epicatechin. 

The surface plot of temperature and time (Figure 2-4A) illustrated that yield of oligomers 

increased as temperature increased. Interestingly we found that the yields first 
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decreased then increased as the reaction time prolonged. Reaction time had a similar 

effect on the yields when plotted with acid concentration (Figure 2-4C). Since high 

temperature and acid concentration promoted undesirable side reactions, increasing 

reaction time might first favor side reactions over depolymerization then favor the 

depolymerization. Interaction between temperature and time, or acid concentration and 

time were not significant. Figure 2-4B demonstrates a significant interaction between 

temperature and acid concentration. When acid concentration was low, yield increased 

as temperature increased. However, if the acid concentration increased further, higher 

temperature resulted in lower yield as side reaction became predominant at high 

temperature and high acid concentration. Optimum yield was achieved at a combination 

of high temperature and middle acid concentration. Effects of acid concentration and 

epicatechin/PP ratio are depicted in Figure 2-4D. Higher amount of added epicatechin 

resulted in higher yield of oligomers because it provided more building blocks for the 

formation of new oligomers. There was litter interaction between acid concentration and 

epicatechin/PP ratio. Figure 2-4E shows the surface plot of temperature and 

epicatechin/PP ratio. Both temperature and epicatechin/PP ratio had positive effects on 

the yield and the effects became more significant as these two variables increased. This 

observation suggested a positive interaction between temperature and epicatechin/PP 

ratio. Figure 2-4F shows little interaction between time and epicatechin/PP ratio. In 

general, when epicatechin was present, the interaction between temperature and 

epicatechin/PP ratio, and temperature and acid concentration were significant. This was 

also supported by the interaction terms in Equation 2-3.  
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Optimum reaction conditions and the predicted maximal yield were predicted 

from the models. The prediction profilers for optimization are shown in Figure 2-5. The 

predicted yield of oligomers using depolymerization without added epicatechin was 227 

µg/mg PP under the optimum condition of 44.3 min, 85 oC, and 0.96 M HCl. The actual 

yield of verification experiment was 221±4 µg/mg PP, which matched the predicted 

value. For depolymerization with added epicatechin, predicted yield was 1493 µg/mg PP 

under optimum conditions of 90 min, 85 oC, 0.65 M HCl, and epicatechin/pp ratio of 3. 

The actually yield of oligomer was 1660±117 µg/mg PP, which was close to the 

predicted value. Table 2-4 shows the oligomer composition of samples after 

depolymerization under optimum reaction conditions. The HPLC chromatograms are 

also shown in Figure 2-6. In the absence of added epicatechin, the yield of A-type 

dimers was 4 fold of B-type dimers and the yield of A-type trimers was 2 times as much 

as B-type trimers. On the contrary, the yield of B-type dimers was about 2 times higher 

than the yield of B-type dimers. These findings were in agreement with a previous study 

(Ou and Gu 2013). It was known that 46.1% of the terminal units in the procyanidin 

polymers of cranberries were A-type linkage, which remained intact during 

depolymerization (Gu and others 2003; Gu and others 2002). When epicatechin was not 

added, those terminal units were released as A-type dimers or trimers. Those 

carbocations from extension units undergo rearrangement to produce anthocyanins 

(Porter and others 1986). This might account for the higher yield of A-type oligomers 

than B-type oligomers when epicatechin was absent. When epicatechin was added as a 

nucleophile, it reacted with the carbocations derived from the extension units to form 

new procyanidin oligomers. Since the extension units of procyanidins in cranberries 
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contained more B-type interflavan bonds than A-type, the yield of B-type oligomers was 

expected to be higher than that of A-type oligomers when epicatechin was added 

because the extension units were also released as newly formed oligomers.    

Multiple responses were also fitted to optimize the yield of oligomers with each 

oligomer being assigned an importance factor according to their reported bioactivity. For 

the depolymerization without added epicatechin, monomers, dimers, trimers and 

tetramers had importance factor of 0.6 0.8, 1 and 0.7, respectively. For the 

depolymerization without added epicatechin, dimers, trimers, and tetramers had 

importance factor of 0.8, 1 and 0.7 respectively. The predicted and actual yield for each 

response and the optimum conditions are shown in Table 2-5. After applying importance 

factors, the optimum conditions were close to those obtained using a single response. 

However, we could readily optimize the reaction conditions for a specific preference of 

oligomer composition by changing the setting of responses and their importance factors. 

Summary  

Purified procyanidins polymers were isolated from cranberries using a two-step 

chromatographic method. Depolymerization methods with or without added epicatechin 

were optimized for maximal yield using response surface methodology. The effects of 

reaction conditions on yields of oligomers were also evaluated. Our results indicated 

that high temperature and high acid concentration aggravated undesirable side 

reactions such as degradation and thus lowered yield. Higher epicatechin/PP ratio led to 

better yield of oligomers. The interactions among variables depended on whether 

epicatechin was added in the reactions. When epicatechin was added, the interactions 

between temperature and epicatechin/PP ratio, and temperature and acid concentration 

were significant. When epicatechin was not added, time interacted significantly with acid 
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concentration. In general, the optimum yields were achieved at high temperature and 

moderate acid concentration. Shorter reaction time was favored in the absence of 

epicatechin and long reaction time was preferred with the presence of epicatechin. By 

applying multiple responses with different importance factor, we can efficiently optimize 

the reaction conditions for a specific preference of oligomer composition.  
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Table 2-1.  Relative response factor of procyanidin oligomers and epicatechin standard 
using fluorescence detector with excitation wavelength 230 nm and emission 
wavelength 321 nm.  

Procyanidins Relative response factor 
Monomers (epicatechin) 1.000 
Dimers 0.626 
Trimers 0.695 
Tetramers 0.584 
Pentamers 0.554 
Hexamers 0.471 
Heptamers 0.595 
Octamers 0.498 
Nonamers 0.637 
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Table 2-2.  Experimental design for the optimization of depolymerization of 
purified procyanidin polymers. 

Variables 

Experimental design and levels of variables 
Full factorial design for 

depolymerization without 
added epicatechin 

Central composite design for 
depolymerization with added 

epicatechin 
   
Time (min) 30, 60, 90 30, 60, 90 
Temperature (oC) 30, 57.5, 85 30, 57.5, 85 
Acid concentration 
(HCl, mol/L) 0.1, 0.8, 1.5 0.1, 0.8, 1.5 

Epicatechin/PP 
ratio (w/w) Not applied 0.5, 1.75, 3 

   

Single response Sum of oligomers excluding 
monomers 

Sum of oligomers including 
monomers 

   

Multiple responses 

Dimers, trimers and 
tetramers with importance 
factors of 0.8, 1 and 0.7, 

respectively 

Monomers, dimers, trimers and 
tetramers with importance 

factor of 0.6, 0.8, 1 and 0.7, 
respectively 
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Table 2-3.  Eluting solvents, procyanidin composition, and weight of collected 
fractions from Sephadex LH-20 column. 

Fraction Eluted solvents Procyanidin composition on HPLC Weight (g) 
1-1 30% methanol Not detected 3.76 
1-2 30% methanol Not detected 1.23 
1-3 30% methanol Not detected 0.61 
2-1 60% methanol Monomers and dimers 2.06 
2-2 60% methanol Monomers through pentamers, high 

polymers  
1.05 

2-3 60% methanol Monomer through high polymers 0.87 
3-1 80% methanol Dimers through high polymers 1.65 
3-2 80% methanol Dimers through high polymers 1.08 
3-3 80% methanol Dimers through high polymers 0.79 
4-1 100% methanol Trimers through high polymers 0.99 
4-2 100% methanol Trimers through high polymers 0.72 
4-3 100% methanol Trimers through high polymers 0.39 
4-4 100% methanol Polymers and high polymers 0.69 
5-1 70% acetone Polymers 1.13 
5-2 70% acetone Polymers 0.07 
5-3 70% acetone Polymers 0.02 
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Table 2-4.  Procyanidin composition after depolymerization under optimum 
conditions. 

 
 

Procyanidins 

Procyanidin composition (µg/mg PP) 

With epicatechin Without epicatechin 
90 min, 85 oC, 0.65 M HCl 

Epicatechin/PP ratio=3 
44 min, 85 oC, 0.96 M 

HCl 
Monomers 917±62 13.6±0.3 

A-type dimers 209±28 86.8±1.6 

B-type dimers 418±29 21.7±2.3 

A-type trimers 307±22 37.0±0.2 

B-type trimers 364±42 17.9±0.5 

Tetramers 360±27 44.2±0.3 

High polymers Not detected 40.5±0.3 

   

Sum of monomer 
through tetramer 

2576±141 221±4 

   

Sum of dimer 
through tetramer 

1659±79 208±4 

Results are mean ± standard deviation of duplicate tests. 
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Table 2-5.  Predicted and actual yields of oligomers under optimum conditions 
obtained using multiple response optimization method. 

 Predicted yields 
(µg/mg PP) 

Actual yields 
(µg/mg PP) 

Depolymerization without 
added epicatechin at 41 
min, 85 oC and 0.97 M 
HCl. 

Monomers 16.0 13.6±0.3 
Dimers 117 108±4 
Trimers 47.4 54.9±2.6 
Tetramer 46.1 44.2±0.4 

    
Depolymerization with 
added epicatechin at 90 
min, 85 oC, 0.82 M HCl 
and epicatechin/PP ratio 
of 3.  

Dimers 872 788±45 

Trimers 305 389±35 

Tetramers 301 333±15 
The actual yields are expressed as mean ± standard deviation of duplicate tests. 
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Figure 2-1.  HPLC chromatograms of Fraction 1-2, 2-2, 3-2, 4-2, and 5-1. Peaks from 1) 10 min to 30 min are oligomers; 
2) 30 min to 54 min are polymers and 3) 54 min to 66 min are high polymers. Note that Y-axes of these 
chromatograms are not in the same scale.  
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Figure 2-2.  HPLC chromatograms of purified procyanidins polymer and sample after depolymerization with or without 
added  epicatechin. A, purified procyanidins polymers. B, sample after depolymerization with added epicatechin 
at 60 min, 57.5 oC, 0.8 M HCl and epicatechin/PP ratio of 1.75. C, sample after depolymerization without added 
epicatechin at 60 min, 57.5 oC and 0.8 M HCl. 1, 2A, 2B, 3A, 3B, and 4 denote monomers, A-type dimers, B-
type dimers, A-type trimers, B-type trimers, and tetramers, respectively. Note that Y-axes of chromatograms are 
not in the same scale. 
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Figure 2-3.  Surface plots for depolymerization without added epicatechin. 
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Figure 2-3. Continued  
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Figure 2-4.  Surface plots for depolymerization with added epicatechin. 
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Figure 2-4.  Continued. 
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Figure 2-4.  Continued
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Figure 2-5.  Prediction profilers for depolymerization with or without added epicatechin. A, depolymerization without added 
epicatechin. B, depolymerization with added epicatechin.  
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Figure 2-6.  HPLC chromatograms of sample after depolymerization with or without added epicatechin under optimum 
conditions. A, sample after depolymerization without added epicatechin under optimum conditions. B, sample 
after depolymerization with added epicatechin under optimum conditions. 1, 2A, 2B, 3A, 3B, and 4 denote 
monomers, A-type dimers, B-type dimers, A-type trimers, B-type trimers, and tetramers, respectively. Note that 
Y-axes of chromatograms are not in the same scale
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CHAPTER 3 
USING RESPONSE SURFACE METHODOLOGY TO OPTIMIZE 

DEPOLYMERIZATION OF PROCYANIDINS IN CRANBERRY POMACE 

Background 

Cranberry pomace is byproduct of the juicing process, which contains mainly 

seeds, skins, and stems. It is considered as a rich source of value-added polyphenols 

(Vattem and Shetty 2002; White and others 2010). White and others (2010) proposed a 

one-pot reaction to release bound procyanidins and depolymerize polymers from 

cranberry pomace using alkaline hydrolysis. However, only a small portion of the 

polymers were depolymerized into oligomers, while over 90% were degraded in the 

presence of alkaline by opening of A-ring. This was expected because procyanidins 

were known to be unstable at a pH>7. Our previous studies suggested that acid-

assisted depolymerization with or without added epicatechin could be a feasible 

approach to extract and depolymerize procyanidins in cranberry pomace in situ (Liu and 

others 2013; Ou and Gu 2013). The objective of the present chapter was to apply 

response surface methodology to evaluate the impact of reaction conditions on the 

composition and yield of oligomers and to optimize the extraction and depolymerization 

of procyanidins in cranberry pomace.   

Materials and Methods  

Chemicals 

Cranberry pomace was provided by Ocean Spray Cranberries, Inc (Lakeville-

Middleboro, MA). (-)-Epicatechin (>90%), Sephadex LH-20 and 1-propanol were 

purchased from Sigma Chemical Co. (St. Louis, MO). Amberlite FPX 66 resin was 

purchased from Dow Company (Midland, Michigan). Methanol, methylene chloride, 6N 

47 



hydrochloric acid, acetic acid and sodium bicarbonate were products from Fisher 

Scientific (Pittsburg, PA).  

Depolymerization of Procyanidins in Cranberry Pomace  

Depolymerization was performed with or without added epicatechin. A 50% 1-

propanol aqueous solution was used as solvent for all the depolymerization 

experiments. Pomace was mixed with solvent using a 1 g to 10 mL ratio. In 

depolymerization with added epicatechin, 0.5 g pomace was suspended in 5 mL 

aqueous 1-propanol containing 0.8 M HCl and 25 mg/mL epicatechin. In 

depolymerization without added epicatechin, 0.5 g pomace was suspended in 5 mL 

aqueous 1-propanol containing 0.8 M HCl. The reaction mixture was incubated in a 

water bath at 55 oC for 80 min. The reaction was terminated by adjusting the pH to 5-6 

using 1 M NaHCO3. The mixture was centrifuged at 13500 rpm for 5 min and the 

supernatant was immediately injected for HPLC-MS analysis. Two reactions without HCl 

and epicatechin added were also performed to extract procyanidins from pomace. 

Pomace (0.5 g) was suspended in 5 mL aqueous 1-propanol and incubated in a 30 oC 

or 80 oC water bath for 30 min. The supernatant after centrifugation at 13500 rpm for 5 

min was immediately injected for HPLC-MSn analysis.  

HPLC-MSn Analysis of Procyanidins  

HPLC-MSn analyses were performed on an Agilent 1200 HPLC system (Palo      

Alto, CA) equipped with a binary pump, an autosampler, a fluorescence detector, and a  

HCT ion trap mass spectrometer (Bruker Daltonics, Billerica, MA). Samples were 

dissolved in methanol (5 mg/mL) and 5 µl was injected for analysis. Separation of 

procyanidins was carried out on a Luna Silica column (250 mm × 4.6 mm i.d., 5 μm, 

Phenomenx, Torrance,CA) at a column temperature of 37 °C. The binary mobile phase 

48 



consisted of (A) methylene chloride/methanol/acetic acid/water (82:14:2:2, v:v:v:v) and 

(B) methanol/water/acetic acid (96:2:2, v:v:v). The 70 min gradient was as follows: 0−20 

min, 0.0-11.7% B linear; 20−50 min, 11.7-25.6% B linear; 50−55 min, 25.6−87.8% B 

linear, 55-65 min, 87.8% B isocratic; 65−70 min, 87.8−0.0% B linear; followed by 5 min 

of post-sequence run before the next injection. Excitation and emission wavelengths of 

the fluorescent detector were 231 and 320 nm, respectively (Robbins and others 2009). 

Electrospray ionization was set at negative mode using nebulizer 45 psi, drying gas 10 

L/min, drying temperature 350 °C, and capillary 4000 V. Mass spectra were recorded 

from m/z 150 to 2000. Auto MS2 was conducted with 80% compound stability and 80% 

trap drive level. The most abundant ion in full scan was isolated, and its product ion 

spectra were recorded. Data was analyzed using Chemstation (Version B. 01.03, 

Agilent Technologies, Palo Alto, CA) and Compass DataAnalsyis (Version 4.0, Bruker 

Daltonics, Billerica, MA). The quantification of procyanidins are based on the method 

developed by Robbins and others (2012). Peaks on the chromatograms were integrated 

using a flat baseline method (Gu and others 2002). The relative response factors 

between each oligomers and epicatechin standard for our own HPLC system are shown 

in Table 2-1. Quantification of procyanidins was based on an (-)-epicatechin standard 

curve and the established relative response factors (Robbins and others 2009; Robbins 

and others 2012).  

Optimization of Depolymerization Using Response Surface Methodology 

For depolymerization with added epicatechin, a central composite design with 

five center points was chosen to optimize the reaction. Independent variables included 

time, temperature, acid concentration and epicatechin/PP ratio (w/w). For 

depolymerization without added epicatechin, a 3×3 full factorial design was applied to 
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determine optimum conditions. Time, temperature and acid concentration were selected 

as independent variables. Table 3-1 summarizes the experimental design and levels of 

variables. A total of 27 experiments for depolymerization without added epicatechin and 

29 experiments for depolymerization with added epicatechin were conducted. Both 

experimental designs were randomized to minimize unexplained variability.  

A full second-order polynomial regression model was fitted to optimize the 

depolymerization reactions and predict the maximal yield of oligomers. The model 

equation was as follow: 

𝑌𝑌1 = 𝑏𝑏0X + 𝑏𝑏1𝑋𝑋1 + 𝑏𝑏2𝑋𝑋2 + 𝑏𝑏3𝑋𝑋3 + 𝑏𝑏4𝑋𝑋4 + 𝑏𝑏11𝑋𝑋12 + 𝑏𝑏22𝑋𝑋22 + 𝑏𝑏33𝑋𝑋32 + 𝑏𝑏44𝑋𝑋42

+ 𝑏𝑏12𝑋𝑋1𝑋𝑋2 + 𝑏𝑏13𝑋𝑋1𝑋𝑋3 + 𝑏𝑏14𝑋𝑋1𝑋𝑋4 + 𝑏𝑏23𝑋𝑋2𝑋𝑋3 + 𝑏𝑏24𝑋𝑋2𝑋𝑋4 + 𝑏𝑏34𝑋𝑋3𝑋𝑋4+∈ 
(3-1) 

𝑌𝑌2 = 𝑏𝑏0X + 𝑏𝑏1𝑋𝑋1 + 𝑏𝑏2𝑋𝑋2 + 𝑏𝑏3𝑋𝑋3 + 𝑏𝑏11𝑋𝑋12 + 𝑏𝑏22𝑋𝑋22 + 𝑏𝑏33𝑋𝑋32 + 𝑏𝑏12𝑋𝑋1𝑋𝑋2 + 𝑏𝑏13𝑋𝑋1𝑋𝑋3

+ 𝑏𝑏23𝑋𝑋2𝑋𝑋3+∈ 
(3-2) 

Y1 and Y2 are the response (yield of oligomers) for depolymerization with or 

without added epicatechin, respectively. X1, X2, X3 and X4 are temperature (oC), 

reaction time (min), acid concentration (M) and epicatechin to pomace ratio (mg/g 

pomace). Slope term (b0), linear terms (b1, b2, b3 and b4), quadratic terms (b11, b22, b33 

and b44), interaction terms (b12, b13, b14, b23, b24 and b34) and random error ϵ were 

included in the model as coefficients. A forward stepwise regression with the rule of 

minimum BIC was used to simplify the model. The R square, which is the proportion of 

variance explained by the model, was used to determine the fitness of the model. The 

optimum yield was predicted based on the fitted model. The profiler of response surface 

plot was utilized to study the effects of variables on the response. The optimum 

predicted yield was validated by verification experiments at the optimal conditions. 
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Statistical Analysis 

All experimental designs and regression analysis were performed on JMP 

software (Version 10.0, SAS Institute Inc., Cary, NC). Data were presented as the mean 

± standard deviation.  

Results and Discussion 

HPLC-MSn Analysis of Procyanidins 

The HPLC chromatograms of the extracted procyanidins from pomace are shown 

in Figure 3-1. Without HCl and added epicatechin, procyanidins were extracted from 

pomace without depolymerization. When the extraction was performed at 30 oC, only a 

small amount of procyanidins was extracted (Figure 3-1A). The procyanidins extracted 

at 80 oC (Figure 3-1B) were about 3 fold of those extracted at 30 oC. Procyanidins had a 

strong affinity to the plant cell wall (Le Bourvellec and others 2004; Hellstrom and 

Mattila 2008; Arranz and others 2009). The procyanidins in pomace are tightly bound to 

plant matrix since those loosely bound procyanidins have been extracted in the juicing 

process. The 80 oC extract predominantly contained high polymer with a concentration 

of 10.95 mg/g pomace. A-type dimers were the most abundant oligomers in pomace. 

This observation was in agreement with a previous study which reported that cranberry 

pomace contained high level of A-type oligomers (White and others 2010). Aqueous 1-

propanol appeared to be a suitable solvent to extract procyanidins from pomace. Higher 

temperature was favored for extraction of procyanidins from pomace.  

The reaction mechanism of depolymerization with or without added epicatechin 

had been described in Chapter 2. The HPLC chromatograms of the procyanidins after 

depolymerization with or without added epicatechin are shown in Figure 3-2. Compared 

to the extracted procyanidins from pomace as shown in Figure 3-1 B, the large peak 
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representing the high polymers disappeared after depolymerization with added 

epicatechin and shrank significantly after depolymerization without added epicatechin. 

MS spectrum of peak 1 showed an ion of m/z 289 [M-H]-. This peak was identified as 

catechin or epicatechin, which cannot be separated on normal phase HPLC. Peak 2A 

gave rise to m/z 575 [M-H]- and product ions of m/z 423 and 285, which were generated 

after retro-Diels-Alder fission of the heterocyclic ring and quinone methiode cleavage, 

respectively. Peak 2A was identified as procyanidin A-type dimers. The peaks 2B were 

identified as procyanidin B-type dimers due to product ions m/z 425, 475 and 287 

formed from 577 [M-H]-. Similarly, the peaks 3 were identified as trimers. Peaks in 24-30 

min were identified as procyanidin tetramers as they gave rise to m/z 1149, 1151, 1153 

[M-H]-.  

Optimization of Depolymerization  

Response surface methodology was utilized to study the effects of the reaction 

conditions on the yield and optimize the yields of oligomers. A central composite design 

was applied for the depolymerization with added epicatechin and a full factorial design 

was used for the depolymerization without added epicatechin. Two second-order 

polynomial models were obtained after a forward stepwise regression with the rule of 

minimum BIC (Bayesian Information Criterion): 

𝑌𝑌1 = 13.17 + 0.12𝑋𝑋1 + 5.20𝑋𝑋2 + 0.81𝑋𝑋3 + 3.05𝑋𝑋4 + 3.98𝑋𝑋12 − 3.92𝑋𝑋22 − 5.73𝑋𝑋32

− 0.82𝑋𝑋1𝑋𝑋4 + 3.47𝑋𝑋2𝑋𝑋4 
(3-3) 

𝑌𝑌2 = 1.24 − 0.002𝑋𝑋1 + 0.046𝑋𝑋2 + 0.57𝑋𝑋3 − 0.005𝑋𝑋12 − 2.22𝑋𝑋32 (3-4) 

Equation 3-3 was the fitted model for depolymerization with added epicatechin. 

Y1 was the yield of oligomers excluding monomers (mg/g pomace) and X1, X2, X3 and 
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X4 corresponded to the centralized variables of time, temperature, acid concentration 

and epicatechin/polymer ratio (mg/g pomace), respectively.  

Equation 3-4 was the model obtained for depolymerization without added 

epicatechin. Y2 was the yield of oligomers including monomers (mg/g pomace) and X1, 

X2, X3 and X4 were centralized variables of time, temperature and acid concentration. 

The ANOVA demonstrated that both models were fitted well and had good predictive 

ability with low F-values (P<0.00001). The R square of depolymerization with and 

without added epicatechin were 0.95 and 0.88, respectively.  

The profiler of surface plots was employed to study the effects of variables on the 

response and their interactions to each other. Two variables were plotted against the 

response while fixing other variables at center points. Figure 3-3 shows the surface 

plots for depolymerization without added epicatechin. Figure 3-3A depicts the effects of 

temperature and time on the response. The yield of oligomers increased as the 

temperature increased. As reaction time increased, the yield first increased then 

decreased. Shorter reaction time was preferred at high temperature. Compared with the 

depolymerization of purified polymer without added epicatechin, the effect of reaction 

time was more significant on the yield. Figure 3-3B demonstrates the effects of acid 

concentration and time on the response. When the acid concentration and reaction time 

increased at the same time, the yield first increased then decreased. The interaction 

between acid concentration and time was not significant. This observation was 

consistent with that in previous chapter which showed high acid concentration 

aggravated degradation and other side reactions. Figure 3-3C shows the surface plot of 

temperature and acid concentration against yield. As temperature increased, the yields 
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increased. As the acid concentration increased, the yield first increased then decreased. 

There was no interaction between temperature and acid concentration. In general, the 

patterns of the effect of variables on the response were similar between 

depolymerization of purified polymers and depolymerization in pomace. The optimum 

yield was also achieved at a combination of highest temperature and moderate acid 

concentration. The optimum reaction time was longer since binding of procyanidins onto 

the plant matrix required a longer reaction time for the extraction and depolymerization 

to complete. There was little interaction among the variables for depolymerization of 

pomace without added epicatechin, which was evidenced by the facts that there was no 

interaction term in equation 3-4. Unlike depolymerization of purified polymers, 

depolymerization of procyanidins in pomace involved extraction and depolymerization at 

the same time. Higher temperature should benefit both extraction and depolymerization. 

However, the optimum reaction time and acid concentration might not be identical for 

extraction and depolymerization. The optimum conditions were a trade-off between the 

optimizations of extraction and depolymerization.  

Surface plots of depolymerization with added epicatechin are shown in Figure 3-

4. The surface plot of temperature and time (Figure 3-4A) demonstrates that yield of 

oligomers increased as temperature increased. As the reaction time prolonged, the 

yields first decreased then increased. Figure 3-4B demonstrates the effects of 

temperature and acid concentration. Similarly, optimum yield was achieved at a 

combination of high temperature and moderate acid concentration. When acid 

concentration was low, yield increased as temperature increased. However, as the acid 

concentration further increased, high temperature resulted in lower yield due to 
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degradation or other side reactions. Figure 3-4C shows the effects of acid concentration 

and reaction time. The yield first decreased then increased as reaction time prolonged. 

Although a longer reaction time was applied in the model for complete extraction and 

fractionation, the optimum yield for depolymerization with added epicatechin was 

achieved at shortest time (40 min), which corresponded with depolymerization of 

purified polymers with added epicatechin. Interaction effects between temperature and 

time, and acid concentration and time were not significant. Effects of acid concentration 

and epicatechin/pomace ratio are illustrated in Figure 3-4D. Higher amount of 

epicatechin resulted in higher yield of oligomers because it provided more building units 

for the formation of new oligomers. No interaction was observed between acid 

concentration and epicatechin/pomace ratio. Figure 2-4E shows the surface plot of 

temperature and epicatechin/pomace ratio. When temperature was low, increasing the 

amount of epicatechin had little effect on the yield. As the temperature increased, the 

yield increased significantly as epicatechin/pomace increased. This observation 

suggested a positive interaction effect between temperature and epicatechin/pomace 

ratio. Figure 2-4F shows the surface plot of time and epicatechin/pomace ratio. The 

yield first decreased then increased as time prolonged. Higher amount of epicatechin 

was favored for higher yield. In summary, when epicatechin was added, the effects of 

reaction conditions on yield of depolymerization of pomace were very similar to those of 

depolymerization of purified polymers.  

Optimum reaction conditions and the predicted maximal yield were attained from 

the models. The prediction profilers for optimization are shown in Figure 3-5.The 

predicted yield of oligomers using depolymerization without added epicatechin was 5.30 
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mg/g pomace under the optimum condition of 70.9 min, 80 oC and 0.89 M HCl. The 

actual yield of verification experiment was 4.72±0.80 mg/g pomace, which was close to 

predicted value. For depolymerization with added epicatechin, predicted yield was 25.50 

mg/g pomace under optimum conditions of 40 min, 85 oC, 0.84 M HCl and 

epicatechin/pomace ratio of 40 mg/g. The actual value of oligomer yield was 26.21±2.30 

mg/g pomace, which agreed with predicted value as well. Table 3-2 shows the 

oligomers composition of samples after depolymerization under optimum reaction 

conditions. The HPLC chromatograms are also shown in Figure 3-6. In the absence of 

added epicatechin, the yield of A-type dimers was 1.72 mg/g pomace, which was about 

double of B-type dimers. The yield of A-type trimers (0.33 mg/g pomace) was also two 

times higher than B-type trimers (0.17mg/g pomace). On the contrary, when epicatechin 

was added for depolymerization, the yield of B-type dimers was about 2 fold of A-type 

dimers. The yields of A-type and B-type trimers were almost the same. This pattern was 

consistent with our previous observation on depolymerization of purified polymers, as 

described in Chapter 2.   

Summary  

Procyanidins in pomace were efficiently extracted and depolymerized using an 

acid-assisted one-pot method, with or without added epicatechin. These methods were 

optimized for maximal yield using response surface methodology. The effects of 

reaction conditions on yields of oligomers were evaluated. When epicatechin was 

added, the patterns of effects of variables were similar to those of depolymerization of 

purified polymers. In the absence of epicatechin, there was little interaction among 

variables. In general, the optimum yields were achieved at high temperature and 

moderate acid concentration. Moderate reaction time around 70 min was favored in the 
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absence of epicatechin and shortest reaction time was preferred with the presence of 

epicatechin.  
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Table 3-1.  Experimental design for the optimization of depolymerization of 
procyanidins in cranberry pomace. 

Variables 

Experimental design and levels of variables 
Full factorial design for 

depolymerization without 
added epicatechin 

Central composite design for 
depolymerization with added 

epicatechin 
Time (min) 40, 80, 120 40, 80, 120 
Temperature (oC) 30, 55, 80 30, 55, 80 
Acid concentration 
(HCl, mol/L) 0.1, 0.8, 1.5 0.1, 0.8, 1.5 

Epicatechin/pomace 
ratio (mg/g) Not applied 10, 25, 40 

   

Single response Sum of oligomers excluding 
monomers 

Sum of oligomers including 
monomers 
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Table 3-2.  Procyanidin composition after extraction and depolymerization under optimum conditions. 
Procyanidins Procyanidin composition (mg/g pomace) 

Extraction only 
 

With added epicatechin  Without epicatechin 

30 min, 80 oC, No acid 40 min, 80 oC, 0.84 M HCl, 
epicatechin/pomace=40 mg/g 

71 min, 80 oC, 0.89 M 
HCl 

Monomers 0.075±0.02 24.8±2.7 0.43±0.06 

A-type dimers 0.50±0.01 4.76±0.39 1.72±0.28 

B-type dimers 0.34±0.06 9.70±0.67 0.95+0.20 

A-type trimers 0.12±0.02 2.82±0.35 0.33±0.11 

B-type trimers 0.29±0.05 2.98±0.20 0.17±0.04 

Tetramers 0.52±0.08 5.95±0.44 1.68±0.11 

High polymers 9.86±1.53 Not detected 1.22±0.03 

Sum of monomer 
through tetramer 

1.84+0.03 51.1±3.2 5.29±0.16 

Sum of dimer through 
tetramer 

1.76±0.01 26.2±2.3 4.85±0.10 

Sum of monomer 
through tetramer and 
high polymer 

11.7±1.6 51.1±3.2 6.51±0.18 

Results are mean ± standard of duplicate tests. 
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Figure 3-1.  HPLC chromatograms of procyanidins extracted from pomace without HCl or added epicatechin. A, 
procyanidins extracted from pomace at 30 oC without HCl or added epicatechin. B, procyanidins extracted from 
pomace at 80 oC without HCl or added epicatechin. 1, 2A, 2B, 3A, 3B, and 4 denote monomers, A-type dimers, 
B-type dimers, A-type trimers, B-type trimers, and tetramers, respectively. Note that Y-axes of chromatograms 
are not in the same scale. 
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Figure 3-2.  HPLC chromatograms of procyanidins from pomace after depolymerization with or without added epicatechin. 
A, procyanidins from pomace after depolymerization without added epicatechin at 80 min, 55 oC and 0.8 M HCl. 
B, procyanidins from pomace after depolymerization with added epicatechin at 80 min, 55 oC, 0.8 M HCl and 
epicathechin/pomace ratio of 25mg/g (B). 1, 2A, 2B, 3A, 3B, and 4 denote monomers, A-type dimers, B-type 
dimers, A-type trimers, B-type trimers, and tetramers, respectively. Note that Y-axes of chromatograms are not 
in the same scale.
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Figure 3-3.  Surface plots for depolymerization of procyanidins in pomace without 
added epicatechin. 

62 



 
 
Figure 3-3.  Continued. 
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Figure 3-4.  Surface plots for depolymerization of procyanidins in pomace with 

added epicatechin. 
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Figure 3-4.  Continued. 
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Figure 3-4.  Continued.
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Figure 3-5.  Prediction profilers for depolymerization of procyanidins in pomace with or without added epicatechin. A, 
depolymerization of procyanidins in pomace with added epicatechin. B, depolymerization of procyanidins in 
pomace without added epicatechin.  
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Figure 3-6.  HPLC chromatograms of procyanidin from pomace after depolymerization with or without added epicatechin 
under optimum conditions. A, procyanidins from pomace after depolymerization with added epicatechin under 
optimum condition. B, procyanidins from pomace after depolymerization without added epicatechin under 
optimum condition. 1, 2A, 2B, 3A, 3B, and 4 denote monomers, A-type dimers, B-type dimers, A-type trimers, 
B-type trimers, and tetramers, respectively. Note that Y-axes of chromatograms are not in the same scale. 
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CHAPTER 4 
CONCLUSIONS 

Procyanidin polymers were purified from cranberries and depolymerized 

under acid conditions with or without added epicatechin. Procyanidins in pomace 

were extracted and depolymerized simultaneously using an acid-assisted one-

pot method, with or without added epicatechin. Both depolymerization reactions 

were optimized for maximal yield using response surface methodology. High 

temperature and high acid concentration aggravated undesirable side reactions 

such as degradation and lowered yield. A combination of high temperature, 

moderate acid concentration and high amount of epicatechin favored 

depolymerization, while optimum reaction time depended on other factors.  
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