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Abstract

BACKGROUND: The objective of this study was to validate an improved 4-dimethylaminocinnamaldehyde (DMAC) colorimetric
method using a commercially available standard (procyanidin A2), for the standard method for quantification of
proanthocyanidins (PACs) in cranberry powders, in order to establish dosage guidelines for the uropathogenic bacterial
anti-adhesion effect of cranberry.

RESULTS: Commercially available cranberry samples were obtained (five from U.S. sources and six from European sources)
for PAC quantification in five different analytical laboratories. Each laboratory extracted and analyzed the samples using the
improved DMAC method. Within-laboratory variation (mean ± SD) was 4.1 ± 1.7% RSD (range, 2.3–6.1% RSD) and the between
laboratory variability was 16.9 ± 8.5% RSD (range, 8–32% RSD). For comparative purposes, the cranberry samples were
alternatively quantified using weights of extracted PACs (gravimetric). The correlation coefficient between the two methods
was 0.989.

CONCLUSION: This improved DMAC method provides a simple, robust and relatively specific spectrophotometric assay for total
PACs in cranberry samples using commercially available procyanidin A2 dimer as a standard. DMAC is most useful within a
given type of food such as cranberries, but may not be appropriate for comparing concentrations across different food types,
particularly in those cases where large differences exist among the relative amounts of each oligomer and polymer.
c© 2010 Society of Chemical Industry
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INTRODUCTION
Cranberry (Vaccinium macrocarpon Ait.) has been utilized tradi-
tionally for the prevention of urinary tract infections (UTIs), and
clinical research supports this claim.1,2 An important mechanism
of action may be the bacterial anti-adhesion activity attributed
to ingesting cranberry products.3 Proanthocyanidins (PACs) in
cranberry have been shown to inhibit primarily P-fimbriated Es-
cherichia coli adhesion to uroepithelial cells in vitro4 – 7 and ex vivo,8

interfering with this primary step in the infection process.9 PACs,
also referred to as condensed tannins, are oligomers and poly-
mers of monomeric flavan-3-ols, such as catechin and epicatechin
(Fig. 1). The PACs in cranberry contain a high proportion of the
unusual A-type double linkages which may be important struc-
tural features in the anti-adhesion process.5 In one study, other
food sources of PACs that contain only B-type linkages (chocolate,
grape, apple and green tea) were consumed. However, they did
not elicit ex vivo bacterial anti-adhesion activity in urine follow-
ing ingestion. Only cranberry juice with A-type PACs prevented
bacterial adhesion.10

The current recommended daily dosage of cranberry for UTI
prevention is based on the efficacious levels that have been
administered in human intervention trials. Often, the daily con-
sumption of 300 mL of Cranberry Juice Cocktail (a 27% cranberry

juice preparation made by Ocean Spray Cranberries, Inc., contain-
ing 36 mg PACs, measured by the DMAC colorimetric method
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Figure 1. Numbering system for flavanoid structure (epicatechin) and
structure of procyanidins dimer A2.

(an aldehyde condensation of 4-dimethylaminocinnamaldehyde),
has been recommended. This dose has been shown to reduce
bacteriuria and pyuria in a large clinical trial.11 Other types of
cranberry products, including encapsulated powders, have also
demonstrated activity in vitro,6 ex vivo12,13 and in vivo.14

A number of analytical procedures including colorimetric,
gravimetric, chromatographic and mass spectrometric methods
are currently being employed for the measurement of cranberry
PACs;15 – 17 however, due to the complexities of the PAC structures
and A-type linkages, the results can often be erroneous and may
not be reproducible.18 Gravimetric methods involve fractionating
PACs and weighing the total content. This technique can be
expensive and labor intensive. Mass spectrometry may be useful
for authentication, but it is not suitable for quantification unless
standards are available and response factors for the individual
oligomers are known. Normal-phase high-performance liquid
chromatography methods are effective at quantifying PACs with
B-type linkages, such as those in chocolate, grapes and other
foods,19,20 but may be less effective at estimating total PACs for
cranberry due to the heterogeneous A-linked PACs and lack of
appropriate standards.

Colorimetric assays are advantageous because they are normally
inexpensive, rapid, and simple to perform. Certain colorimetric
assays are specific for flavan-3-ols and PACs and depend on the
reaction of chemical reagents with sites on the PAC molecule.
However, a lack of appropriate standards and interferences from
other sample components, such as anthocyanins and extraction
solvents, can lead to over- or underestimation of PACs. One
such method that is subject to overestimation of PACs is the
European Association for the Valorization of Cranberry (EuraCran)
method, a modification of the acid catalyzed autoxidation reaction
that leads to the formation of anthocyanidins from PACs. The
resulting anthocyanidins are red in color and are then quantified
by measuring their absorbance at 545 nm. Since the native
anthocyanins present in the whole cranberry sample are not
removed prior to the reaction, their presence may confound
the results, leading to an overestimation of PACs. Even though
this acid–butanol assay is a classical method, it is not well
suited to quantification.21,22 Several of the shortcomings of this
method have been outlined in a review.22 An additional review

of colorimetric quantification methods for cranberry PACs can be
found in the paper by Howell.23

DMAC is a colorimetric method that appears to be more accurate
than other methods and has been successfully used to quantify
cranberry PACs.15 It is less likely to have interferences from sample
components, such as anthocyanins, since the reaction is read
at 640 nm. The DMAC method was used to substantiate French
health claims for the bacterial anti-adhesion activity of cranberry
juice concentrate and juice concentrate extract powder granted
in 2004, cranberry juice cocktail in 2005, and fresh frozen and
puréed cranberry in 2007 by the French food safety authority,
AFSSA (Agence française de sécurité sanitaire des aliments), which
concluded that the daily intake of 36 mg of PAC in cranberry
contributes to decreasing adhesion of certain uropathogenic P-
fimbriated E. coli to the walls of the urinary tract. However, the
quantification method used in the 2002 petition, the ‘old DMAC
(ref. PAC 003)’ involves using a proprietary standard which is
not commercially available. This limits the widespread use of
this method for quantification of PACs in cranberry products and
justifies the need to develop an improved method.

Accurate standardization of PAC content is vital to establishing
dosage guidelines for consumers, monitoring efficacy and shelf-
life of dietary supplements and other products, and to formulate
standardized test materials for use in research studies. Currently,
there is no universally accepted method for quantification of
cranberry PACs. The objective of this study was to validate an
improved ‘DMAC’ method (originally modified and improved by
Brunswick Labs, Norton, MA, USA) which uses a commercially
available A2 dimer standard (Fig. 1). This method could be utilized
worldwide as an accurate, reproducible, inexpensive and rapid
standard method for quantification of PACs in cranberry powders
with an outcome similar to that obtained using the previous DMAC
method for the reference quantity of 300 mL of Cranberry Juice
Cocktail (36 mg PAC). Under these circumstances, the existing
health claims in France can be upheld with the current value of
36 mg PAC and also be validated by competent authorities.

EXPERIMENTAL
Chemicals
1. HPLC grade water was from a Millipore MilliQ R/O water

purification system (Millipore, Millipore, Bedford, MA)
2. HPLC grade methanol (99.9%) was from Fisher Scientific,

Houston, TX; cat. #A452-4
3. HPLC grade reagent alcohol (91%) was from Fisher Scientific;

cat. #A995-4
4. HPLC grade acetone was from Burdick & Jackson, Morris

Township, NJ; cat. #AH010-4
5. 4-Dimethylaminocinnamaldehyde (DMAC; F.W. 175.23) was

from Sigma, St Louis, MO, USA; cat. #EC-228-267-0
6. Hydrochloric acid (37%; 12.5 mol L−1) was from Sigma; cat.

#320331-500
7. Acetic acid (glacial) was from Fisher Scientific; cat. #A35-500
8. Procyanidin A2 (HPLC; purity >99%) was from Extrasynthèse,

Genay Cedex, France; cat. #0985 S, lot #0808041

Preparation of working reagents for the BL-DMAC method
1. PAC extraction solvent. Acetone (75 mL) was transferred to a

glass bottle containing 24.5 mL of deionized water and 0.5 mL
of acetic acid was added. This solution is stable for 1 year at
18–25 ◦C.
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2. Acidified ethanol. Concentrated (36%) hydrochloric acid
(12.5 mL) was added to 12.5 mL distilled water and 75 mL
of ethanol (91%) in a glass bottle and mixed. This solution is
stable for 1 year at 18–25 ◦C.

3. Dilution solution. Ethanol (91%) (80 mL) was added to 20 mL of
deionized water and mixed.

4. Elution solution. Ethanol (91%) (80 mL) was added to 19.5 mL
of deionized water, 0.5 mL acetic acid and mixed.

5. DMAC reagent (0.1%). DMAC (0.05 g) was weighed out and
added to 50 mL of acidified ethanol (reagent 2, above). This
reagent was made fresh daily.

Procyanidin A2 calibration standard
Each laboratory was responsible for purchasing the standard
(100 µg mL−1). Procyanidin A2 (5 mg) was weighed out and
quantitatively transferred to a 50 mL volumetric flask. Ethanol
(91%) was added to give a final concentration of 100 µg mL−1.
Aliquots were placed in 1.5 mL HPLC sample vials and stored
at −80 ◦C. These standards were stable for at least 6 months.
A procyanidin A2 control was prepared by transferring 1 mL
of the 100 µg mL−1 working procyanidin A2 solution into a
1.5 mL conical tube, and 250 µL of ethanol (91%) was added
and vortexed to give a 80 µg mL−1 procyanidin A2 as a quality
control sample.

Extraction of PACs from cranberry powders
Dried powders of either whole cranberry or non-selective food
grade concentrates of cranberry were weighed (20–1000 mg)
into a 50 mL conical tube. The PAC extraction solution (20 mL)
was added to the samples. The samples were vortexed for 30 s
followed by sonication at room temperature for 30 min. Samples
were then placed on an orbital shaker for 1 h and subsequently
centrifuged at 2000 × g at 20 ◦C for 10 min. The supernatant was
collected for analysis.

Extraction of PACs from cranberry juice sample
A C18 column (1cc, LCR 100 mg; Varian, Palo Alto, CA; part#
121130001, lot# 0710105MFG) was washed with water with care
taken to keep the column wet with the water meniscus just
touching the surface of the C18 packing. One milliliter of cranberry
juice was added to each column and allowed to pass through
the column by gravity. The column was washed twice with 1.0 mL
water and eluted twice with 1.0 mL of elution solution (reagent 4,
above). Two milliliters of the eluted extract was collected in a 5 mL
tube and vortexed to mix well prior to analysis.

96-Well plate layout
The plate reader protocol was set to read the absorbance (640 nm)
of each well in the plate every minute for 30 min. The frequency of
reading may vary with the particular microplate reader used. The
plate included blanks, standards, controls, and unknowns at serial
dilutions of 1-, 2-, 4-, 8-, 16-, and 32-fold as appropriate.

Analysis
The incubation chamber was pre-heated to 25 ◦C, and the system
was allowed to equilibrate. A digital pipettor was used to dispense
into wells of a 96-well plate one of the following: (1) 70 µL of
80% ethanol for blanks; or (2) 70 µL of control, standard, and
samples. The DMAC solution (210 µL) was added using a multi-
channel pipettor into all 96 wells (containing blanks, standards,

controls, and samples). Depending upon the particular brand of
plate reader, some used an automatic pipettor in the plate reader
to add the DMAC solution. The final volume was 280 µL well−1.
The microplate was read for 25 min.

Calculations and statistical analyses
The maximum absorbance readings were used for calculation,
which generally occurred before 20 min, depending on the
dilution of the sample. Corrected absorbencies were calculated
by subtracting the average blank absorbance and a calibration
curve was generated from the standards. PAC concentrations
were calculated by using a regression equation (Y = a + bX)
between procyanidin A2 concentration (Y) (µg) and the maximum
absorbance minus the blank (X).

Concentrations of sample extracts were calculated as total PACs
= (C × D × V)/(1000 × S), where the total PACs are in mg g−1; C
is the concentration of PACs in a sample extract, in g L−1; D is the
dilution factor; V is the extraction volume, in milliliters; and S is the
sample size, in grams.

Data were expressed as milligrams of procyanidin A2 equiva-
lents per gram or per 300 mL (juice) of sample.

The means and relative standard deviation (%RSD) for replicate
analyses were calculated for each sample within each laboratory.
The overall mean and %RSD between laboratories was calculated
from the individual laboratory means. Two-way analysis of variance
was performed on all powdered samples with laboratory and
sample as independent factors. Interaction of laboratory and
sample was also evaluated.

Gravimetric isolation of PACs
Cranberry powder was extracted to isolate total PACs using a
gravimetric method10 by only one laboratory (Rutgers University).
Reverse phase (C18) followed by adsorption chromatography
(Sephadex LH-20) were used to fractionate and isolate the total
PACs effective at preventing P-type E. coli bacterial adhesion.
An aqueous sample extract was loaded onto a C18 column,
washed with water, and then a 15% methanol elution of
sugars and acids, followed by acidified methanol (1% acetic
acid) to elute the total polyphenolics. The total polyphenolics
sample was dried under reduced pressure, reconstituted in
50% ethanol and loaded onto a Sephadex LH-20 column. The
flavonol glycosides, anthocyanins and other low molecular weight
flavonoid compounds were washed off with 50% ethanol, followed
by elution with 70% acetone to recover the PAC fraction. The
PAC elution was lyophilized and weighed to quantify the total
PACs.

Cranberry sample materials
A total of 11 commercially available samples were obtained
(five from US sources and six from European sources) for PAC
quantification analysis. Powdered samples were coded and sent
blinded to five different analytical laboratories (three in the US,
one in China and one in Europe) for analysis of PACs by the
BL-DMAC method. In order to obtain a reference quantification
value for PAC levels in cranberry powder samples and cranberry
juice, each laboratory (except one) extracted a juice sample, and all
laboratories analyzed all cranberry powder samples. Laboratories
were instructed to perform triplicate extractions and to make
serial dilutions of the extracts (1 : 2, 1 : 4, 1 : 8, 1 : 16, and 1 : 32) and
analyze each dilution in triplicate.
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Table 1. PAC concentrations† of cranberry samples analyzed in five different laboratories

Lab #1 Lab #2 Lab #3 Lab #4 Lab #5 Overall

ID# Mean RSD % Mean RSD % Mean RSD % Mean RSD % Mean RSD % Mean RSD % P‡

09-0150 0.77 1.30 0.63 2.26 0.58 15.58 0.65 4.94 0.53 6.98 0.63 14.3 NS

08-3733 2.46 2.09 2.41 1.17 2.86 2.21 2.05 8.00 2.03 0.00 2.36 14.4 NS

08-3731 5.61 0.57 6.10 1.74 4.81 7.43 2.37 6.77 4.73 3.35 4.72 30.3 NS

09-0145 11.86 3.10 10.24 7.32 10.62 1.87 4.22 6.06 8.75 5.19 9.14 32.4 NS

09-0148 11.14 0.99 11.08 2.23 11.27 9.64 10.05 3.02 8.52 1.43 10.41 11.2 NS

09-0149 24.27 0.96 23.24 5.36 22.04 8.35 20.27 0.74 18.61 1.30 21.68 10.5 NS

09-0147 33.08a 5.10 33.52ab 2.97 37.80c 2.48 27.22a 9.14 27.96a 3.35 31.92 13.7 <0.001

08-3732 33.89a 1.80 36.42ab 2.12 40.34c 11.44 25.34a 8.75 29.33a 1.20 33.06 17.8 <0.001

08-3730 37.26b 4.37 40.76c 0.78 46.15d 1.12 – – 32.73a 2.65 38.62 13.3 <0.05

09-0146 144.4b 4.58 155.6c 0.04 152.8c 5.18 139.5b 1.85 128.5a 3.13 144.2 7.5 <0.001

09-0144 185.9b 10.16 185.3b 0.21 195.2c 2.50 165.3a 7.99 160.0a 3.80 179.0 9.4 <0.001

† Concentrations of PACs expressed as g kg−1 dried powder except for sample 08–3730 which was a cranberry juice cocktail in which the concentration
is expressed as mg of PACs in 300 mL of juice.
‡ Significance of interaction term of laboratory by sample in two-way analysis of variance for all samples except cranberry juice (08–3730) which was
analyzed by one-way analysis of variance.
a – d Results without a common superscript are significantly different (p<0.05 or p<0.001).
RSD, relative standard deviation (%).

RESULTS AND DISCUSSION
The DMAC reagent has been used previously for the detection of
catechins and PACs for their selective detection following HPLC
separation of crude extracts;24 as a sensitive, selective derivatiza-
tion method for densitometric determination of catechins25 and as
a reliable and sensitive method for PAC screening in plants.26 More
recently the DMAC method has been used for the determination
of total PACs in chocolate.27 In this manuscript we report on an
extension of the use of this method for determination of PACs
in cranberry which inherently contain both B-type and A-type
linkages.

The reaction mechanism of the DMAC reagent with a molecule
is not clearly defined although it seems to react with compounds
having free meta-oriented hydroxyl groups in the flavonoid
molecule and with a single bond at the 2,3-position of the C-
ring (Fig. 1).28 Previous work with the DMAC reagent has shown
that there is a high degree of selectivity for flavanols.27,28 Color
development appears to depend on the structural conformation
of the flavanol with the color yield with procyanidin B3 being
less than 50% of that with catechin or epicatechin.28 Procyanidin
B3 has a C–C intermonomer linkage involving the C-4 position
of one monomer and the C-8 position of the other monomer.
Although it has been suggested that the DMAC reagent reacts
with only one monomeric unit in each PAC molecule,28,29 this has
not been clearly demonstrated in the literature. Depending upon
their structural configuration, large polymeric compounds may
not be detected with as much sensitivity with the DMAC reagent
as a monomer.

Concentrations of PACs in the powdered cranberry samples
obtained commercially ranged from 0.63 to 177 mg g−1 based
upon the mean concentrations determined from the analyses
by five different laboratories (Table 1). Samples were extracted
in triplicate by these laboratories and thus the overall variability
within a laboratory represents errors associated with extraction
as well as analytical variability of the BL-DMAC method. The
within-laboratory variation (mean ± SD) across all samples was
4.1 ± 1.7% RSD (range, 2.3–6.1% RSD) which is slightly better

than observed previously with chocolate samples (6.6% RSD). The
between-laboratory variability was 16.9±8.5% RSD (range, 8–32%
RSD).

Data from cranberry powders were analyzed by two-way
analysis of variance with laboratory and sample as independent
variables. Interactions of laboratory by sample were also analyzed.
The interaction term was not significant (P > 0.05) for samples
with lower PAC concentrations (Table 1), but was at higher
concentrations. Repeatability of the PAC concentrations was best
within an optical density reading on the photometer between 0.2
and 0.8 OD. The responses for the calibration curve were linear in
the concentration range of 3.125–100 µg mL−1. The laboratories
were not given specific instructions relative to dilutions to use for
quantification which may account for the greater variability among
labs at the higher concentrations. Thus, for best repeatability,
concentrated samples should be diluted so that they fall within
the range of linearity below 100 µg mL−1.

Cranberry samples were also analyzed quantitatively by a gravi-
metric method10 in which the PACs were isolated, dried and
weighed (Table 2). This technique was performed by the Rut-
gers University laboratory, where it is used routinely, and in this
study served as a comparative check for the accuracy of the
BL-DMAC method. The within-laboratory variation of the gravi-
metric method was 15.2 ± 15.7% RSD. Because of the complexity
of the PACs, there is no ‘gold standard’ to use in validating a
chemical method and the gravimetric method seemed to be a
reasonable approach for comparison, realizing that it is not with-
out deficiencies. The amount of PACs determined to be present
in the samples using gravimetric weighing was greater than that
determined with the BL-DMAC method in two samples with high
concentrations of PACs (Fig. 2 and Table 2). The linear relationship
between the two methods (Fig. 2) had a correlation coefficient
of 0.9892, but there was deviation below the BL-DMAC mean
with the gravimetric method at concentrations in the range of
20–30 mg g−1 and a large deviation above in samples with higher
PACs concentrations. These two samples also had larger relative
quantities of polymers than the other samples. In these later sam-
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Table 2. Comparison of analytical methods for the analysis of PACs
in cranberry products

DMAC (D) Gravimetric (G)
Deviation (G − D)

Sample Mean RSD (%) Mean RSD (%) (mg g−1)

09-0150 0.63 14.3 2.67 43.0 2.04

08-3733 2.36 14.4 2.67 43.0 0.31

08-3731 4.72 30.3 5.67 10.0 0.95

09-0145 9.14 32.4 13.33 4.0 4.19

09-0148 10.41 11.2 4.67 25.0 −5.74

09-0149 21.68 10.5 12.33 20.0 −9.35

09-0147 31.92 13.7 10.67 11.0 −21.25

08-3732 33.06 17.8 32.67 4.0 −0.39

08-3730 45.40 24.7 40.14 5.0 −5.26

09-0146 144.15 7.5 175.33 1.0 31.18

09-0144 178.98 9.4 244.00 1.0 66.00

Data expressed as means (mg g−1) with coefficient of variation (%)
of triplicate analyses from five laboratories for BL-DMAC and one
laboratory for the gravimetric method.
RSD, relative standard deviation (%).

Figure 2. Deviation in proanthocyanidin (PAC) concentrations using
gravimetric method (Y) of quantitation versus the BL-DMAC method
(X). Correlations coefficient was 0.972. Polymonial regression coefficients
(Y = a0 + a1X + a2X2 + a3X3) were as follows: (2.2572, −0.4980, 0.00497).

ples, the BL-DMAC method would be expected to underestimate
the quantity relative to the gravimetric method (Fig. 2), if indeed
the DMAC reagent reacts with only one monomeric unit per PAC
molecule. There were also differences in extraction of PACs for the
gravimetric determination compared to the extract used for DMAC
determination. Because of these differences, we do not expect a
strong direct correlation between the two methods.

CONCLUSION
Quantification of the total PACs in cranberry powder samples using
the improved BL-DMAC method is important in the evaluation and
standardization process. Universal adoption of this DMAC standard
reference method worldwide by the cranberry industry will allow
producers to use one standard method to ensure accurate labeling
of PAC levels in products, and aid consumers in selecting products
with sufficient PAC levels to obtain bacterial anti-adhesion activity.
Currently, there is no ‘perfect’ method for the quantification of
PACs in cranberry powders and other botanical materials. The

biggest limitation to most methods is lack of a commercially
available standard. The new BL-DMAC method provides a simple
and relatively specific spectrophotometric assay for total PACs in
cranberry powders, utilizing a commercially available procyanidin
A2 standard. BL-DMAC is most useful within a given type of food
such as cranberries, but may not be appropriate for comparing
concentrations across different food types, particularly in those
cases where large differences exist among the relative amounts of
each oligomer and polymer.

Correlation of the PAC level with anti-adhesion bioactivity may
be important to ensure that a particular cranberry product contains
PACs that are efficacious and have not been degraded during
processing, irreversibly bound to excipients, etc. This will help to
ensure that an adequate anti-adhesion benefit is delivered to the
consumer.

Furthermore, techniques such as mass spectrometry could be
considered to authenticate cranberry powders by guaranteeing
the presence of A-type linkages in the PACs. This would guard
against adulteration of cranberry products with B-linked PACs or
flavan-3-ols (epicatechin or catechin) from other less expensive
food sources.
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