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Abstract 

A method was developed for the analysis of ester-linked phenolic acids in forage samples using extraction by 
an ultrasound-assisted treatment and quantification by HPLC with a UV-VIS detector. A reversed-phase C18 
column was used for developing the method and the optimal condition was established with isocratic elution 
using acetonitrile/methanol/H3PO4 pH 2.08 (13:12.5:74.5) as the mobile phase. To reduce the time of sample 
processing, the extraction of ester-linked phenolic acids was studied using ultrasound bath and the results 
were then compared with those from an extraction usual using alkaline hydrolysis (20˚C for 24 h). The me-
thod was valued through external and internal calibration. Internal calibration using o-coumaric acid as in-
ternal standard and m-coumaric acid as surrogate internal standard showed better results. The detection limits 
were of 0.09 and 0.04 mg·L–1 for p-coumaric and ferulic acids, respectively. The proposed method showed a 
good linear dynamic range (3.00 - 30.00 mg·L–1) for the analytes. The usefulness of the method- ology was 
demonstrated by addition-recovery experiments using forage samples and values were in the 83 to 99% 
range. The extraction of ester-linked phenolic acids by 120 minutes of ultrasound bath was faster and more 
reproducible than alkaline hydrolysis (20˚C for 24 h). 
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1. Introduction 

Phenolic compounds are a group of secondary metabo- 
lites synthesized by plants during development as a de- 
fense against pathogenic ingress, wounding and UV ra- 
diation [1,2]. Among the main phenolic compounds pre- 
sent in plants are phenolic acids, such as ferulic acid, p- 
coumaric acid and caffeic acid. 

These acids are present in plants in both free and 
bound forms where a small fraction occurs as “free ac- 
ids” and the majority are linked to structural components 
of the plant [3,4]. According to Jung (1989), ferulic and 
p-coumaric acids seem to be generally esterified to dif- 
ferent components of the cell wall. The majority of p- 
coumaric acid are esterified to lignin whereas ferulic acid 
tends to associate with the hemicellulose fraction and 
may form a cross-linkage between lignin and hemicellu- 

lose [3,4]. Due to such associations, several studies have 
shown that these compounds potentially affect the di- 
gestibility of forages by the rumen, thereby compromis- 
ing livestock performance [3,5-10]. 

Acidic hydrolysis and alkaline hydrolysis are the most 
common means of releasing the phenolics acids [2]. The 
main method of extraction applied in forage samples is 
alkaline hydrolysis. It allows quantification of total phe- 
nolic acids (ester-linked and ether-linked) or those that 
are only ester-linked through two types of treatment: 
mild alkaline or hot alkaline hydrolysis [11]. In the mild 
alkaline extraction, where the sample is treated with 
NaOH 1 mol·L–1 solution at 20˚C for 24 h, only ester 
bonds are cleaved. During hot alkaline hydrolysis, the 
sample is usually treated with a solution of NaOH 4 
mol·L–1 at 170˚C for 2 h, and both ester and ether bonds 
are cleaved. The ether-linked derivatives are estimated 
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by the difference between total phenolic acids and the 
ester-linked molecules [4,7]. 

Phenolic compounds have been analyzed in different 
samples by capillary electrophoresis (CE) [12-15], gas 
chromatography equipped with a mass spectrometric 
detector (GC-MS) [16-20], ultra performance liquid 
chromatography (UPLC) [21] and high performance liq- 
uid chromatography (HPLC) [3,5-7,9,20-27]. HPLC is 
most frequently used because it does not require a deri- 
vatization sample for analysis as gas chromatography 
[24]. When compared to capillary electrophoresis, HPLC 
is better in terms of accuracy, sensitivity and precision 
although it consumes more solvent and time for sample 
treatment [15]. 

Recently, ultrasound bath has been used as an ancil- 
lary tool for traditional extraction methods due to the 
simplicity of the method and a decrease in the time 
needed for extraction. There have been many studies 
applying ultrasound bath in the sample treatment of soils 
and sediments [28-31], biological [32-34], nutritious [35, 
36]. However, in the case of forage samples, no study 
has yet been reported in the literature describing this 
technique for the extraction and quantification of pheno- 
lic acids. 

The objective of this work was to propose an alterna- 
tive method that is fast and precise for extracting ester- 
linked phenolic acids using an ultrasound bath. This pa- 
per describes the development of a new method using 
high performance liquid chromatography (HPLC-UV) 
for the separation of five phenolic acids (ferulic, p-cou- 
maric, m-coumaric, o-coumaric and caffeic acids). Shiki- 
mic acid was also included in the calibrations and is an 
organic acid that occurs as an intermediate during the 
process of hydroxycinnamic acid formation [3,37]. The 
performance of the analytical procedure was evaluated 
by determining the concentration of phenolic acids in 
forage samples. 

2. Experimental 

2.1. Chemicals and Solutions 

The standard compounds (including ferulic, p-coumaric, 
m-coumaric, o-coumaric, caffeic and shikimic acids) 
were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). HPLC grade solvents (methanol, acetonitrile and 
tetrahydrofuran) and HPLC grade reagents (phosphoric 
acid, acetic acid and potassium phosphate monobasic) 
were from Tedia Company Inc. (Fairfield, OH, USA). 
The chemicals sodium acetate, sodium hydroxide and 
hydrochloric acid were from Vetec (Rio de Janeiro, RJ, 
Brazil). 

Stock solutions of the ferulic, p-coumaric, 

m-coumaric, o-coumaric, caffeic and shikimic acids were 
prepared at a concentration of 1 g·L–1 in methanol and 
filtered thr- ough a 0.45 µm PTFE filter. These solutions 
were stable for one week when stored at 4˚C. 

2.2. Preparation of Calibration Standards 

Standard solution containing a mixture of caffeic, shiki- 
mic, ferulic and p-coumaric acids were first prepared in 
mobile phase at a concentration of 100 mg L-1 and were 
gradually diluted in mobile fase to working concentra- 
tions of 3 to 20 mg·L–1. An internal standard of o-cou- 
maric acid and a surrogate internal standard of m-cou- 
maric acid was added to set up a resulting concentration 
of 10 mg·L–1 in all standard solutions. 

2.3. HPLC Apparatus  

HPLC analyses were conducted using an Agilent 1100 
Series system equipped with a manual injection valve 
with a 20 µL sample loop, a degasser system, a quartet 
pump and a multiple wavelength UV-detector. Data ac- 
quisition and processing were accomplished with the 
Agilent Chemistation LC Systems software. A reversed- 
phase (RP) column ZORBAX ODS (150.0 mm × 4.6 
mm I.D., 5 μm particle size) and a ZORBAX ODS 
pre-column (12.5 mm × 4.6 mm I.D., 5 μm particle size) 
were used at room temperature. 

2.4. Optimization of the Chromatographic  
Separation 

This study involved the optimization of the separation 
conditions of shikimic, caffeic, p-coumaric and ferulic 
acids using a mobile phase composed for organic sol- 
vents and acid solution or buffer. Initially, mixtures of 
methanol, acetonitrile or tetrahydrofuran with aqueous 
solution were tested as eluents to obtain a sufficient 
resolution. The pH range of the eluent (2.08 to 4.50) was 
adjusted with phosphoric acid, acetic acid, acetate buffer 
or phosphate buffer. The values of retention time, peak 
symmetry, resolution and sensitivity were evaluated for 
sufficient resolution on the RP- column. 

2.5. Plant Material  

Fractions of stem and leaf of the species Brachiaria bri- 
zantha Marandu, Cynodon dactylon Florakirk, Cynodon 
nlemfuensis Florona, Panicum maximum Mombaça, 
Pennisetum purpureum Anão and Pennisetum pur- pu-
reum Pioneiro were obtained from the experimental farm 
of EMBRAPA (Goiás, Brazil). The samples were taken 
every 30 days, dried in forced air oven at 55˚C for          
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Table 1. Content (mg·g–1 dry matter) of ester-linked p-coumaric and ferulic acids in Panicum maximum Mombaça extracted 
in bath with programmed temperature (at 20˚C for 24 h) and ultrasound (at room temperature for 120 min). 

 Content (mg·g–1 dry matter) 
 Bath with programmed temperature Ultrasound 

Replicate p-CA FA p-CA FA 
1 4.48 4.75 4.08 4.93 
2 4.39 4.52 4.09 4.93 
3 4.20 4.42 4.05 4.88 

Average 4.35 4.56 4.07 4.91 
Sd 0.14 0.17 0.03 0.03 

RSD 3 3 1 1 

p-CA = Ester-Linked p-Coumaric Acid; FA = Ester-Linked Ferulic Acid; Sd = standard deviation; RSD = relative standard deviation. 

72 h and grounded (1 mm). 

2.6. Extraction of Ester-Linked Phenolic Acids  

Approximately 25.0 mg of leaf of Panicum maximum 
Mombaça were extracted at room temperature with 1 
mol·L–1 NaOH using the following times for sonication: 
15, 30, 60, 90, 120, 150, 180, 210, 240, 270 and 300 mi-
nutes. The results obtained were then compared with 
those from the alkaline hydrolysis at 20˚C for 24 h. Trip- 
licate extractions and analyses were carried out. 

After extraction, the samples were subsequently fil- 
tered and washed with water. The combined filtrate and 
wash was acidified to pH 2.5 with 6 mol·L–1 HCl and 
brought to a final volume of 10 mL. The sample solu- 
tions were diluted using mobile phase, filtered through a 
0.45 µm PTFE filter and analyzed by HPLC. The injec- 
tion volume was 20 µL. 

3. Results and Discussion 

3.1. Development of the HPLC Method 

Preliminary tests employing a binary mixture (organic 
solvent: aqueous solution) as the mobile phase were per- 
formed. The best isocratic separation was established for 
each organic solvent (acetonitrile, methanol and tetrahy- 
drofuran) at different pH values (2.08, 2.20, 2.50, 3.00, 
3.50, 4.00 and 4.55). This showed that increasing pH 
resulted in a longer retention time of the compounds. 
Depending on the eluent pH, the ferulic and p-coumaric 
acids present double peaks at higher pH values. This can 
be explained by the presence of weak organic acids, with 
pKa values of around 4.5 and 9.5 [17]. The best results 
were obtained with the mobile phase adjusted to pH 2.08 
with phosphoric acid (for all three solvents) because 
ionization of the phenolic acids is suppressed at this pH 
value. However, pH variations of the eluent using binary 
compositions did not improve the resolution. Among the 

compositions of the mobile phase optimized by applying 
the ternary mixture of solvents, the best separation con- 
dition was for isocratic elution with a mobile phase 
composed of acetonitrile/methanol/H3PO4 pH 2.08 (13: 
12.5:74.5) at a flow of 1 mL·L–1. The detection of the 
compounds was based on different wavelengths that took 
into consideration their maximum absorption. Here, the 
signal was registered at 236 nm from 0 to 3 minutes, 316 
nm from 3 to 9.1 minutes and 236 nm from 9.1 to 15 
minutes. This detection had increased sensitivity, im- 
proving the detection and quantification limits of the 
method. 

3.2. Extraction of Ester-Linked Phenolic Acids 

For ultrasound bath extraction, analyses were performed 
in three replicates. Sonication times of 90 minutes and 
less were not enough to extract completely the ester- 
linked phenolic acids. The peak areas of the phenolic 
acids increased with increasing time and reached their 
maxima at 120 minutes of sonication. At sonication 
times over 150 minutes, the peak areas decreased, indica- 
ting a possible compound degradation.  

To evaluate accuracy, paired Student's t-test was used 
to determine whether significant differences existed be- 
tween results obtained using 120 minutes of sonication in 
an ultrasound bath and those obtained by alkaline hydro- 
lysis extraction (20˚C for 24 h). The paired Student's t- 
test (α  = 0.05) showed that there was not a significant 
difference between the means. However, results from 
extraction employing the ultrasound bath presented s- 
maller relative standard deviations, indicating that this 
method is more reproducible when compared to alkaline 
hydrolysis (Table 1). Therefore, extraction with ultra- 
sound bath for 120 minutes was used to reduce the time 
of sample analysis. 

3.3. Features of the Analytical Method  

The evaluation of the method was performed by external  
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Figure 1. Typical chromatograms of (a) standard mixture 
and (b) phenolic acids released from ester bonds in a sam-
ple of Panicum maximum Mombaça leaf. Peaks: 1) shikimic 
acid, 2) caffeic acid, 3) p-coumaric acid, 4) ferulic acid, 5) 
m-coumaric acid, and (6) o-coumaric acid. Analytical con-
ditions: column, ZORBAX ODS; flow-rate, 1.0 ml/min; 
detection for programming of wavelength; mobile phase, 
acetonitrile/methanol/H3PO4 pH = 2.08 (13:12.5:74.5). 

and internal calibration. Initially was studied the applica- 
tion of the o-coumaric and m-coumaric acids as internal 
standard and surrogate internal standard. Preliminary was 
studied the presence of o-coumaric and m-coumaric ac- 
ids in forage samples. Figure 1 compares the chroma- 
tograms of a standard mixture (ferulic, p-coumaric, m- 
coumaric, o-coumaric, caffeic and shikimic acids) and a 
forage sample. The retention time obtained for the com- 
pounds confirmed that o-coumaric and m-coumaric acids 
were not present in the samples. As a consequence, m- 
coumaric and o-coumaric acids were used as surrogate 
internal standard and internal standard, respectively. 

The precision of the method was evaluated by re- 
peated injection ( n  = 6) of a forage sample, and the 
standard deviation was determined as better than 3% 
(external calibration) and 1% (internal calibration). The 
sensitivity was also determined using the limit of detec- 
tion (LOD) and the limit of quantification (LOQ). The 
LOD was calculated as 3 s, where s is the average signal 
of standard deviation of 6 forage sample injections with 
low phenolic acid concentration, and the LOQ was 10 s. 

Table 2 shows the analytical parameters for repeated 
injection of a tropical forage sample using internal and 
external calibrations. The internal calibration presented 
smaller values of LOD, LOQ and RSD. The best results 
were attributed the use of the internal standard (o-cou- 
maric acid) and surrogate standard (m-coumaric acid) 
that corrected fluctuations between each injection and 
losses during the sample extraction process, respectively. 

Linearity was evaluated, taking into account the cor- 
relation coefficient (r) and the response factor in the  

Table 2. Limit of detection (LOD), limit of quantification 
(LOQ) and repeatability achieved for external and internal 
calibration.  

 External calibration Internal calibration 

Comp
ound 

LOD 
(mg·L–1) 

LOQ 
(mg·L–1) 

RSD 
(%) 

LOD 
(mg·L–1) 

LOQ 
(mg·L–1) 

RSD 
(%) 

p-CA 0.18 0.60 3 0.09 0.28 1 
FA 0.08 0.26 1 0.04 0.15 1 

p-CA = Ester-Linked p-Coumaric Acid; FA = Ester-Linked Ferulic Acid; 
LOD = limit of detection; LOQ = limit of quantification; RSD = relative 
standard deviation. 

Table 3. Results of regression analysis on calibration. 

 External calibration Internal calibration 

Compound 
regression 

equation y = 
ax + ba 

correlation 
coefficient 

regression 
equation y = 

ax + bb 

correlation 
coefficient 

Shikimic 
acid 

y = 17.392x + 
3.294 r = 0.99940 y = 0.1987x + 

0.0022 r = 0.99970 

Caffeic 
acid 

y = 111.81x + 
6.2715 r = 0.99995 y = 1.2778 x – 

0.0026 r = 0.99995 

p-Coumaric 
acid 

y = 154.71x + 
9.4925 r = 0.99990 y = 1.768 x – 

0.0026 r = 0.99990 

Ferulic acid y = 96.016x + 
42.606 r = 0.99910 y = 1.0973 x  

+ 0.0399 r = 0.99935 

aWhere y and x are the peak area (mAU) and concentration of the analytes 
(mg·L–1), respectively; bWhere y is the ration of the area of the analyte peak 
divided by the area of the surrogate internal standard and x is the ration of 
the concentration of the analyte divided by the concentration of the surro- 
gate internal standard. 

concentration range of 3.00 to 30.00 mg·L–1. Calibration 
curves were determined by a mixture of standard solu- 
tions of the phenolic acids, and applying an internal stan- 
dard (o-coumaric acid) and a surrogate standard (m- 
coumaric acid). Each point on the calibration curve cor- 
responds to an average signal from three independent 
peak measurements for each acid. The proportionality of 
peak area and concentration was confirmed for all the 
analytes (correlation coefficient > 0.999), as shown in 
Table 3.  

The accuracy of the method was evaluated through 
recovery assays using tropical forage samples spiked 
with a mixture of acid standards comprising ferulic, p- 
coumaric, m-coumaric, caffeic and shikimic acids at 
three fortification levels: 5.00, 7.50 and 10.00 mg·L–1 
(Table 4) with 10.00 mg·L–1 o-coumaric acid as the in-
ternal standard. A blank spike (NaOH 1 mol·L–1) ( n  = 
5) was also prepared for the extraction tests with a mix-
ture of the phenolic acids at a concentration of 10.00 
mg·L–1 (Table 4). 

Table 4 shows the results of recovery for p-coumaric, 
ferulic and m-coumaric acids using internal and external 
calibrations. The extraction method recoveries obtained 
for phenolic acids ranged from 82 to 99%, thus confirm- 
ing the accuracy of the method for extraction of phenolic  
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Table 4. Recovery and relative standard deviation achieved for sample and blank spiked with a mixture of acid standards for 
external and internal calibration. 

Compound Sample Levels of spiked concentration (mg·L–1) n  = 3 
Internal calibration External calibration 

Mean Recovery (%) RSD (%) Mean Recovery (%) RSD (%) 

p-Coumaric acid 
Sample spike 

5.00 98 2 85 4 
7.50 98 1 82 4 

10.00 99 1 86 4 
Blank spike 10.00 91 2 85 3 

Ferulic acid 
Sample spike 

5.00 88 2 85 1 
7.50 89 2 82 2 

10.00 91 2 89 5 
Blank spike 10.00 83 1 85 3 

m-Coumaric acid 
Sample spike 

5.00 92 4 84 1 
7.50 92 1 83 3 

10.00 91 1 91 2 
Blank spike 10.00 97 3 95 3 

RSD = relative standard deviation. 

Table 5. Content (mg·g–1 dry matter) of ester-linked p-coumaric and ferulic acids in samples of Brachiaria brizantha, Cynodon 
dactylon, Cynodon nlemfuensis, Panicum maximum and Pennisetum purpureum. 

  Contenta ± C.I. (mg·g–1 dry matter) 
Sample Fraction p-CA FA 

Brachiaria brizantha Marandu stem 7.99 ± 0.20 5.41 ± 0.25 
leaf 5.98 ± 0.18 5.63 ± 0.12 

Cynodon dactylon cv. Florakirk stem 7.89 ± 0.21 4.28 ± 0.07 
leaf 8.60 ± 0.41 4.11 ± 0.21 

Cynodon nlemfuensis Florona stem 5.30 ± 0.11 4.48 ± 0.09 
leaf 5.82 ± 0.13 5.22 ± 0.12 

Panicum maximum Mombaça stem 7.74 ± 0.33 4.19 ± 0.10 
leaf 4.36 ± 0.14 3.35 ± 0.17 

Pennisetum purpureum Anão stem 0.84 ± 0.20 1.63 ± 0.27 
leaf 1.05 ± 0.07 3.34 ± 0.32 

Pennisetum purpureum Pioneiro stem 2.11 ± 0.07 2.09 ± 0.27 
leaf 0.94 ± 0.10 2.83 ± 0.17 

p-CA = Ester-linked p-coumaric acid; FA = Ester-linked ferulic acid; aMean ± confidence interval (α  = 0.05) from 3 determinations. 

acids. A better accuracy was obtained by internal cali- 
bration with RSD < 4% as the external calibration 
showed RSD < 5%. However, caffeic acid is unstable 
and it could not be detected after the alkaline hydrolysis 
in this study, with no signal being detected at the reten- 
tion time of this analyte (Sun et al., 2001). Shikimic acid 
was detected but it was not quantified in the spiked trop-
ical forage sample since it presented co-elution with 
components present in the sample. For the quantification 
of shikimic acid, it is necessary to adjust the method, so 
that the accuracy was not determined for the recovery of 
shikimic and caffeic acids. 

3.4. Determination of Ester-Linked Phenolic 
Acids 

Under optimum conditions, the ultrasound bath method 
was applied to determine p-coumaric and ferulic acid 

concentrations in six tropical forage samples (in tripli- 
cate), applying an internal standard (o-coumaric acid) 
and a surrogate internal standard (m-coumaric acid). Ta- 
ble 5 shows the results obtained for p-cumaric and fer- 
ulic acids in fractions of stem and leaf of the species 
Brachiaria brizantha Marandu, Cynodon dactylon Flo- 
rakirk, Cynodon nlemfuensis Florona, Panicum maximum 
Mombaça, Pennisetum purpureum Anão and Pennisetum 
purpureum Pioneiro. A reasonably good correlation ( 2r  
= 0.99 – p-coumaric acid and 2r  = 0.98 – ferulic acid) 
between the ultrasound bath (2 h) and the thermostatic 
bath (20˚C for 24 h) was found for extrac- tion. For 
p-coumaric acid, the confidence interval for the slope 
and intercept are (0.93 ± 0.03) and (0.01 ± 0.11) mg·g–1 
dry matter, respectively, for a 95% confidence level. For 
the ferulic acid the confidence interval for the slope and 
intercept are (1.07 ± 0.04) and (0.01 ± 0.16) mg·g–1 dry 
matter, respectively, for a 95 % confidence level. A 
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paired Student´s t-test showed that the mean values 
( exp critt t<  ; 3.52 for p-coumaric acid and 3.38 for ferulic 
acid < 4.30, n  = 3, P  = 0.95) did not significantly 
differ. Taking into account these results, no significant 
differences between the extraction methods were ob-
served, strongly indicating the absence of systematic 
errors.  

As can be seen in Table 5 for samples of Brachiaria 
brizantha Marandu, Cynodon nlemfuensis Florona, Pen- 
nisetum purpureum Anão and Pennisetum purpureum 
Pioneiro the concentration of ferulic acid is high in the 
leaves while the concentration of p-coumaric acid is high 
in the stem of Brachiaria brizantha Marandu and Penni- 
setum purpureum Pioneiro. For samples of Panicum 
maximum Mombaça, both acids are found at higher con- 
centrations in the stem. For all samples except the specie 
Pennisetum purpureum, the concentration of p-coumaric 
acid is greater than that of ferulic acid, where the differ- 
ence in concentration between the two acids is higher in 
the stem than in the leaf. 

4. Conclusions 

This study has demonstrated the potential use of an ul- 
trasound bath for 120 minutes in the extraction of pheno- 
lic acids in tropical forage. This method was fast and 
reproducible when compared with the extraction tech- 
nique using a thermostatic bath with a programmed tem- 
perature of 20˚C for 24 hours, which is the main method 
reported in the literature for treatment of forage samples. 
The samples were quantified using an internal standard 
(o-coumaric acid). This method presented smaller values 
of LOD, LOQ and RSD for the external standard. 
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CE, capillary electrophoresis; GC-MS, gas chromatogra- 
phy with a mass spectrometry detector; UPLC, ultra per-
formance liquid chromatography; HPLC, high perfor-

mance liquid chromatography; p-CA, ester-linked 
p-coumaric acid; FA, ester-linked ferulic acid; LOD, 
limit of detection; LOQ, limit of quantification; RSD, 
relative standard deviation; CI, confidence interval. 
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