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Abstract: The effects of various pulsed electric field (PEF) parameters on the extraction of 

polyacetylenes from carrot slices were investigated. Optimised conditions with regard to 

electric field strength (1–4 kV/cm), number of pulses (100–1500), pulse frequency (10–200 Hz) 

and pulse width (10–30 μs) were identified using response surface methodology (RSM) to 

maximise the extraction of falcarinol (FaOH), falcarindiol (FaDOH) and falcarindiol-3-acetate 

(FaDOAc) from carrot slices. Data obtained from RSM and experiments fitted significantly 

(p < 0.0001) the proposed second-order response functions with high regression coefficients 

(R2) ranging from 0.82 to 0.75. Maximal FaOH (188%), FaDOH (164.9%) and FaDOAc 

(166.8%) levels relative to untreated samples were obtained from carrot slices after applying 

PEF treatments at 4 kV/cm with 100 number of pulses of 10 μs at 10 Hz. The predicted 

values from the developed quadratic polynomial equation were in close agreement with  

the actual experimental values with low average mean deviations (E%) ranging from 0.68% 

to 3.58%.  
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1. Introduction 

The presence of falcarinol-type polyacetylenes in carrots has attracted considerable interest in recent 

times due to their potential beneficial effects for the human health [1]. Falcarinol (FaOH) is the most 

biologically active compound of three main polyacetylenes present in carrots with pronounced cytotoxic 

activity against several cancer lines [2]. Falcarindiol (FaDOH) possesses cytotoxic [1,3,4] and  

anti-mutagenic [5] activity in vitro, although it appears to be less bioactive than FaOH. Furthermore, 

FaDOH is an effective inhibitor of cyclooxygenases (COX), in particular COX-1, whereas the anti-COX 

activity of FaOH does not seem to be pronounced [6,7]. Pharmacological inhibition of COX can provide 

relief from the symptoms of inflammation and pain. Falcarindiol-3-acetate (FaDOAc) is less active than 

either FaOH or FaDOH. In fact, very little has been reported regarding its function, however it is always 

found present with other falcarinol type polyacetylenes in plants, and may exhibit some synergistic  

anti-fungal effects in plant [8].  

Despite the fact that the falcarinol-type polyacetylenes have been the subject of many scientific 

studies showing to a wide range of their potential health-beneficial bioactivities, it is however not 

possible to purchase commercial authenticated standards of these compounds due to their low abundance 

in natural sources [9]. Therefore it is essential that the methods of extraction, enrichment and isolation 

of polyacetylenes from the natural sources are aligned to generate highest yields of these compounds.  

In addition, falcarinol-type polycetylenes are thermally unstable and are susceptible to 

photodecomposition [10]; it is for this reason that the polyacetylenes are usually extracted in low light 

and at low temperatures. Furthermore, polyacetylenes are lipophilic and therefore are generally extracted 

using non-polar organic solvents by conventional solid-liquid extraction. An automated pressurized 

liquid extraction system which also utilises organic solvents but has the advantages of light avoidance 

and temperature control has also been reported [11]. Pulsed electric fields (PEF) on the other hand have 

been primarily studied as a novel non-thermal and cost-effective tool in food safety. However, in recent 

years there has been increasing application of PEF to extract intracellular metabolites of commercial 

interest in a high throughput and efficient manner. The underlying mechanism of PEF action is that it 

induces electroporation of cell membranes, increasing the cell-membrane permeability and release of 

valuable compounds [12,13]. PEF with very short duration (generally from several microseconds to 

milliseconds) and moderate electric field strengths of 0.5–7 kV/cm have shown to cause a high level of 

tissue disintegration [14–16]. Our previous study on carrot puree has shown the effectiveness of PEF 

pre-treatment to enhance polyacetylene extraction [17]. However, there is little information in the 

literature on the optimization of PEF processing parameters to maximise extraction of polyacetylenes 

from carrots. Moreover, the anatomical location of polyacetylenes in carrots has demonstrated that the 

highest concentrations of polyacetylenes were present in the phloem and the upper part of the root [18]. 

Therefore, the aim of this research was to study the effect of electric field strength, number of pulses, 

pulse frequency and pulse width on the main polyacetylenes (FaDOH, FaDOAc and FaOH) in carrot 

slices. Moreover, an optimization of PEF processing parameters was carried out in order to extract the 

highest amount of these polyacetylenes.  
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2. Results and Discussion  

2.1. Effect of PEF Processing Parameters on Polyacetylenes 

The levels of individual polyacetylenes in unprocessed carrot slices after pressurized liquid extraction 

were 55.20 μg/g DW for FaOH, 71.37 μg/g DW for FaDOH and 28.29 μg/g DW for FaDOAc. Studies 

on carrots have shown that FaOH levels extracted could vary from 20 to 359 μg/g depending on carrot 

cultivar [8,18–20]. Values of FaDOH and FaDOAc were in the range reported by Rawson et al. [9] in 

fresh peeled carrot. Effect of PEF processing on the relative contents of falcarinol (FaOH), falcarindiol 

(FaDOH) and falcarindiol-3-acetate (FaDOAc) are shown in Table 1. The maximum FaOH (210.2%), 

FaDOH (179%) and FaDOAc (169.6%) contents were observed when applying 100 number of pulses 

of 10 μs at 10 Hz with an electric field strength of 4 kV/cm compared to untreated carrot slices. Thus, 

the pre-treatment of carrot slices with PEF processing was effective by almost 100% to enhance 

polyacetylene extraction in combination with pressurized liquid extraction. 

Table 1. Central composite response surface design for polyacetylenes on carrot slices 

treated under different mild PEF treatment conditions. 

Mild PEF Treatment Conditions *   Relative Content (%) **† 

Electric 

Field 

(kV/cm) 

Number 

of 

Pulses 

Pulse 

Frequency 

(Hz) 

Pulse 

Width 

(μs) 

Specific 

Energy 

(KJ/kg) 

Increase of 

Temperature 
FaOH FaDOH FaDOAc 

1 100 10 10 0.1 0.05 ± 0.01 169.1 ± 8.0 130.4 ± 8.0 128.7 ± 8.2 

4 100 10 10 2.4 0.90 ± 0.10 210.2 ± 11.0 179 ± 12.1 169.6 ± 10.4 

1 1500 10 10 2.2 1.05 ± 0.20 190.8 ± 4.0 159.0 ± 3.8 115.4 ± 2.0 

4 1500 10 10 35.6 6.00 ± 0.50 193.9 ± 2.0 88.6 ± 2.4 119.4 ± 3.0 

1 100 200 10 0.1 0.06 ± 0.01 209.8 ± 1.0 135.7 ± 4.7 121.0 ± 1.3 

4 100 200 10 2.4 1.00 ± 0.15 130.9 ± 2.0 166.3 ± 3.0 139.8 ± 2.5 

1 1500 200 10 2.2 1.50 ± 0.22 140.0 ± 2.1 120.5 ± 7.0 70.5 ± 2.0 

4 1500 200 10 35.6 6.40 ± 0.30 115.6 ± 8.0 97.4 ± 5.0 116.8 ± 4.3 

1 100 10 30 0.4 0.31 ± 0.05 150.7 ± 2.0 142.7 ± 4.5 119.1 ± 3.2 

4 100 10 30 7.1 1.30 ± 0.15 134.1 ± 6.0 126.0 ± 4.2 115.9 ± 4.3 

1 1500 10 30 6.7 1.10 ± 0.14 127.8 ± 12.0 117.1 ± 6.5 99.3 ± 8.0 

4 1500 10 30 106.7 10.0 ± 0.5 102.1 ± 7.2 73.6 ± 5.1 125.5 ± 4.0 

1 100 200 30 0.4 0.05 ± 0.10 147.6 ± 3.2 150.2 ± 2.1 88.7 ± 1.3 

4 100 200 30 7.1 1.00 ± 0.10 111.5 ± 5.4 125.5 ± 4.0 94.2 ± 2.0 

1 1500 200 30 6.7 1.20 ± 0.10 122.8 ± 6.0 128.2 ± 9.1 115.6 ± 7.2 

4 1500 200 30 106.7 10.0 ± 0.5 97.2 ± 5.0 72.8 ± 3.0 67.4 ± 2.5 

1 800 105 20 2.4 2.20 ± 0.10 139.3 ± 1.4 139.9 ± 4.4 100.6 ± 4.2 

4 800 105 20 37.9 6.20 ± 0.22 100.5 ± 3.0 119.3 ± 3.7 124.3 ± 2.0 

2.5 100 105 20 1.9 0.65 ± 0.10 131.1 ± 4.2 130.7 ± 3.2 105.5 ± 3.5 

2.5 1500 105 20 27.8 5.20 ± 0.20 57.4 ± 10.0 109.0 ± 9.5 48.2 ± 9.4 

2.5 800 10 20 14.8 3.00 ± 0.32 106.0 ± 9.3 102.0 ± 8.1 86.0 ± 6.1 

2.5 800 200 20 14.8 3.20 ± 0.50 104.8 ± 5.5 65.5 ± 8.3 59.1 ± 3.0 

2.5 800 105 10 7.4 1.60 ± 0.20 82.7 ± 6.2 91.8 ± 6.0 92.0 ± 3.0 

2.5 800 105 30 22.2 3.30 ± 0.10 96.1 ± 5.2 66.4 ± 3.0 81.8 ± 4.0 

2.5 800 105 20 14.8 2.60 ± 0.30 102.7 *** ± 12.0 110.2 *** ± 11.3 78.5 *** ± 11.0 

Notes: * Order of the assays was randomized; ** Data shown are the mean ± SD of 3 treatment repetitions, each 

assay was performed in triplicate; *** Data shown are the mean of 6 repetitions; † 100% of retention corresponds to 

concentrations of FaOH, FaDOH and FaDOAc to 55.20 ± 2.0, 71.37 ± 5.1, 28.29 ± 4.0, µg/g of DW, respectively 
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Results of the analysis of variance (F-test) for each dependent variable and their corresponding 

coefficients of determination (R2) obtained by fitting the second-order response model to the 

experimental data are shown in Table 2. The ANOVA indicates that a second order model described 

with accuracy the changes in the relative content of polyacetylenes of PEF-treated carrot slices  

(p < 0.0001) (Table 2). The determination coefficients (R2) were 0.75, 0.81 and 0.82 for FaOH, FaDOH 

and FaDOAc, respectively, and the lack-of-fit was not significant, meaning that the models were 

adequate for predicting the response across the design space. 

Table 2. Analysis of variance of the second-order models for the polyacetylenes in mild 

PEF-treated carrot slices. 

 F-Value 
Source 1 FaOH FaDOH FaDOAc 

Quadratic Model 11.74 *** 11.65 *** 14.79 *** 
E 5.11 * 8.33 * 4.20 * 
n 7.68 ** 27.85 *** 13.81 * 
f 5.24 * 1.25 13.97 * 
τ 15.64 ** 7.48 ** 9.06 ** 

E2 32.25 *** 10.58 ** 50.16 *** 
n2 0.11 3.86 0.04 
f2 1.28 1.83 0.43 
τ2 0.05 7.23 * 0.82 

E · n 3.50 16.14 ** 0.32 
E · f 4.00 * 0.03 0.59 
E · τ 0.25 4.83 * 6.25 * 
n · f 0.70 1.01 0.05 
n · τ 0.03 0.05 5.97 * 
τ · f 2.27 1.34 0.02 
R2 0.75 0.81 0.82 

Adjusted R2 0.69 0.75 0.77 
1 E = Electric field strength; n = number of pulses; f = pulse frequency; τ = pulse width; FaOH = Falcarinol; 

FaDOH = Falcarindiol; FaDOAc = Falcarindiol-3-acetate; * significant at p < 0.05; ** significant at p < 0.01; 

*** significant at p < 0.0001. 

2.1.1. Falcarinol (FaOH) 

The relative FaOH content was represented by polynomial quadratic equations in terms of the studied 

PEF parameters (Equation (1)): 
28.19073.0962.1064.002.08.983.290(%) EfEfnEFaOH ⋅+⋅⋅−⋅−⋅+⋅−⋅−= τ  (1)

where E is the electric field strength (kV/cm), n the number of pulses, f is the pulse frequency (Hz) and 

τ is the pulse width (μs). 

The number of pulses and pulsed width had a significant effect (p < 0.01) on the FaOH content of 

carrot (Table 2). The linear coefficients of these parameters were negative, meaning that the FaOH 

content depleted with increasing the duration of the treatment.  

Moreover, the positive value of the quadratic term of E (p < 0.0001) (Table 2) indicated that relative 

FaOH content reached a minimum as electric field strength rose. For example, PEF treatments carried 
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out at 10 Hz and electric field strengths from 2.68 to 3.14 KV/cm led to the minimum residual FaOH 

values of 120% using 100 pulses of 10 μs (Figure 1).  

 

Figure 1. Counter plots for the combined effect of pulse frequency and electric field strength 

on FaOH relative content of carrot slices treated with 100 number of pulses at pulse widths 

of 10 μs.  

Nevertheless, the electric field strength and pulse frequency also had an important effect on the FaOH 

levels extracted from carrot slices (p < 0.05). As a result of the synergy between these parameters  

(p < 0.05), it was suitable to accurately define optimum values within the range of studied conditions to 

achieve the highest levels of FaOH content. It was possible to predict maximum relative FaOH values 

of 188% when applying 4 kV/cm at 10Hz or 1 kV/cm at 94 Hz keeping constant number of pulses at 

100 and pulse widths of 10 μs (Figure 1). Previous studies in carrot puree observed that the highest levels 

of FaOH detected in PEF-treated carrot purees were up to 1.92-fold higher than untreated samples when 

processing at 0.25 kV/cm and 2000 pulses of 20 μs at 10 Hz [17]. The behaviour of polyacetylenes to 

PEF processing could be related to the fact that FaOH is a precursor of both the FaDOH and the FaDOAc 

and, therefore, in the presence of active enzyme systems, the compounds may be interconverted [8,19]. 

However, high-intense and short PEF conditions have been reported to be effective in extracting other 

bioactive compounds. For instance, López, Puértolas, Condón, Raso and Alvarez [21] reported that the 

application of five pulses at 7 kV/cm increased 4-fold the total amount of betainin recovered from red 

beetroot compared to untreated samples. 

2.1.2. Falcarindiol (FaDOH) 

The relative FaDOH content was represented by polynomial quadratic equation in terms of the studied 

PEF parameters (Equation (2)):  

 (2)FaDOH (%) =113.1− 46.5 ⋅ E − 0.049 ⋅ n + 9.520 ⋅τ − 0.014 ⋅ E ⋅ n − 0.524 ⋅ E ⋅τ +12.28 ⋅ E2 − 0.224 ⋅τ 2
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where E is the electric field strength (kV/cm), n the number of pulses, f is the pulse, frequency (Hz) and 

τ is the pulse width (μs). 

Electric field strength (p < 0.05), number of pulses (p < 0.0001) and pulse width (p < 0.01) affected 

linearly the relative FaDOH content, whereas pulse frequency did not exert influence (p > 0.05) on the 

levels of FaDOH extracted from carrot slices. The positive quadratic terms describing the effects of 

electric field strength (p < 0.01) and pulse width (p < 0.05) on the FaDOH content were also significant. 

However, the interaction terms E·n and E·τ indicated that the effect of electric field strength was clearly 

influenced by the number of pulses and the pulse width (Table 2). The coefficient sign of these 

interactions were negative; thus indicating that these factors acted in opposite directions. The 

simultaneous increase of electric field strength from 2.5 to 4.0 kV/cm and the decrease of 10 μs of pulses 

from 450 to 100, resulted in an increment from 120% to 173% on the relative amounts of FaDOH at 

frequency of 10 Hz (Figure 2A). As pulse frequency is not a dependent factor and high levels would 

increase the cost of extraction, pulse frequency was kept at the lowest level of 10 Hz. Moreover, it was 

possible to exchange different combinations of the variables E·n and E·τ to extract the same level of 

FaDOH (Figure 2). Thus, the maximum FaDOH levels were obtained by combining electric field 

strengths of 4 kV/cm with 100 number of pulses and pulse widths lower than 12 μs (Figure 2B). As a 

result of these PEF treatment conditions, an increase in the membrane electroporation and an 

improvement in mass transfer might have induced, which led the increase of polyacetylenes 

extractability from carrot slices [22]. Aguiló-Aguayo et al. [17] also reported an increase of three times 

the amount of FaDOH extracted from untreated carrot puree when applying 0.25 kV/cm, 100 number of 

pulses of 20 μs at 10 Hz. 

 

Figure 2. Counter plots for the combined effect of the number of pulses and electric field 

strength (A) and the combined effect of pulse width and electric field strength (B) on FaDOH 

relative content of carrot slices. (A) Pulse frequency set at 10 Hz and pulse width set at  

10 μs. (B) Pulse frequency set at 10 Hz and number of pulses set at 100.  
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2.1.3. Falcarindiol-3-acetate (FaDOAc) 

Relative FaDOAc experimental values were modelled through the polynomial Equation (3), where E 

is the electric field strength (kV/cm), n the number of pulses, f is the pulse frequency (Hz) and τ is the 

pulse width (μs). 

23 21.151013.154.0474.012.004.01.613.198(%) EnEfnEFaDOAc ⋅+⋅⋅⋅+⋅⋅−⋅−⋅−⋅−⋅−= − τττ  (3)

As can be seen, the linear terms of the equation for electric field strength, number of pulses, frequency 

and pulse width (p < 0.05) were negative, indicating that increasing these parameters led to the lowest 

relative FaDOAc contents. Nevertheless, the positive value of the quadratic term of the electric field 

strength (p < 0.0001) indicated that FaDOAc retention reached a minimum as this parameter increase. 

In fact, increasing the electric field strengths up to 3 kV/cm led to reductions in the amount of FaDOAc 

extracted from carrot (Figure 3A). Aguiló-Aguayo et al. [17] observed that treating carrot puree at  

1 kV/cm and 500 pulses of 20 μs reduced the FaDOH and FaDOAc content up to 80% less with respect 

to untreated carrot purees. 

 

Figure 3. Counter plots for the combined effect of pulse width and electric field strength (A) 

and pulse width and number of pulses (B) on FaDOAc relative content of carrot slices.  

(A) Pulse frequency set at 10 Hz and number of pulses set at 100. (B) Pulse frequency set at 

10 Hz and electric field strength set at 4 kV/cm. 

The effect of pulse width was affected by the electric field strength and the number of pulses as 

indicated by the significance (p < 0.05) of the interaction terms E·τ and n·τ (Table 2). The negative sign 

of the interaction E·τ indicated that combination of high electric field strengths and short pulse widths 

led to the high FaDOAc retentions (Figure 3A). Figure 3B confirms that maximum permeabilisation 

could be achieved in carrot slices after PEF treatments consisting of 100 pulses of 10 μs resulting in 

greatest recovering of FaDOAc (167%) setting pulse frequency at 10 Hz and electric field strength at  

4 kV/cm.  
  



Molecules 2015, 20 3949 

 

2.2. Optimization and Model Validation 

Optimal PEF treatment conditions for maximizing the amounts of polyacetylenes extracted from 

carrot slices were determined. To this purpose, the same priority was assigned to each variable, seeking 

maximum levels of FaOH, FaDOH and FaDOAc. The desirability was achieved by combining low 

number of pulses and high electric field strengths (Figure 4). An overall score of 0.910 was obtained 

when the treatment was carried out at 4 kV/cm at 10 Hz using 100 pulses of 10 μs. At these optimal 

conditions, predicted FaOH, FaDOH and FaDOAc contents relative to untreated carrot slices were 

188%, 164.9% and 166.8%, respectively. The results of the optimisation of PEF parameters were 

validated by repeating the experiment at the conditions predicted. The predicted values were in close 

agreement with experimental values (Table 3) and were found to be not significantly different (p > 0.05). 

In addition, variations between the predicted and experimental values obtained for relative FaOH, 

FaDOH and FaDOAc -levels were within an acceptable error range as depicted by average mean 

deviation (E%, Table 3); therefore, the predictive performance of the established model may be 

considered acceptable.  

 

Figure 4. Response surface plot desirability of mild PEF-treated carrot slices as a function 

of maximal FaOH, FaDOH and FaDOAc retention keeping constant pulse frequency at  

10 Hz and pulse width for 10 μs. 

Table 3. Average mean deviation (E%) values of predicted and actual values at optimal mild 

PEF treatment conditions set up at 4 kV/cm with 100 number of pulses of 10-μs and at  

10 Hz of pulse frequency. 

 
Actual Values at 

Optimal PEF 
Predicted Values 
at Optimal PEF 

E (%) Desirability 

FaOH 195 ± 6 188.0 3.58 0.910 
FaDOH 170 ± 5 164.9 2.98 0.910 
FaDOAc 168 ± 2 166.8 0.68 0.910 
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3. Experimental Section 

3.1. Chemicals 

Acetonitrile, ethyl acetate and HPLC grade water (99%) were obtained from Sigma-Aldrich (Arklow, 

Ireland). Diatomaceous earth and silica gel (SiO2) were purchased from ThermoFisher Scientific 

(Dublin, Ireland). 

3.2. Preparation of Carrot Slices 

Whole carrots (Daucus carota, cv. Nerac) were purchased in a local market (Tesco, Dublin, Ireland). 

The carrots were washed with tap water and cut into slices of 1 cm thickness, retaining the peel. Only 

slices of around 3.6 ± 0.2 cm diameter were used for processing under PEF conditions; slices with 

smaller diameter were discarded. Carrot slices selected for the experiment consisted of a central stele 

(mostly vascular tissue) and a peripheral cortex layer.  

3.3. PEF Conditions 

PEF equipment used in this investigation was an ELCRACK® HVP 5 unit (DIL, Quakenbrück, 

Germany) working in batch mode. A parallel-plate treatment chamber consisting of two stainless steel 

electrodes (total electrode area of 16 cm2 and gap of 1 cm) was used. The carrot electrode contact was 

around 5.65 ± 0.02 cm2. The apparatus generated square waveform pulses in bipolar mode. Carrot slices 

were treated at electric fields from 1 to 4 kV/cm using a number of pulses ranging from 100 to 1500 pulses, 

pulse frequencies from 10 to 200 Hz and pulse widths between 10 to 30 μs at ambient (~15–23 °C) 

temperature. Five (n = 5) carrot slices of around 69 g each were exposed to each PEF treatment and three 

replicates were processed per treatment.  

Temperature of carrot slices after each PEF treatment was recorded with fibre optic temperature 

probes (Lumasense technologies Fluoroptic® Temperature Probe, Santa Clara, CA, USA). Measurement 

of temperature was taken directly on the sample before and after each treatment, which did not exceed 

beyond 33.5 °C.  

The specific energy depends on the voltage applied, treatment time, and resistance of the treatment 

chamber that varies according to the geometry and conductivity of the material treated [13]. The specific 

energy per pulse (W') was calculated by following Equation (4): 

W ' = 1

ρ
K·E(t )

2

0

∞

 dτ  (4)

where ρ (kg/m3) is the density of the treated product; K is the electrical conductivity (S/m), E (V/m) is 

the electric field strength; and τ (s) is the pulse width. The total specific energy applied (W) was 

calculated by multiplying the energy per pulse (W') by the number of pulses.  

PEF-treated slices were then frozen at −80 °C followed by lyophilisation for 18 h in a freeze-drier 

(D80 Leanne Freeze Drier, Cuddon, New Zealand) with a temperature of 30 °C and a pressure of  

0.02 mbar. 
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3.4. Extraction of Polyacetylenes 

Extraction of polyacetylenes was performed using pressurized liquid extraction with an ASE 200 

automated system (Dionex, Surrey, UK) as described previously [11]. The optimized conditions were 

100% ethyl acetate at a pressure of 800 psi, temperature off, for three static cycles. Freeze-dried carrot 

slices were milled to powder using a Retsch Mixer Mill (Retsch MM400, Haan, Germany) and 1 g was 

mixed with 4 g of SiO2 Hyflow diatomaceous Earth placed in a 22 mL ASE extraction cell. The 

remaining volume of the cell was filled with diatomaceous earth. The extracts were dried under N2 at 

room temperature using a Techne Sample Concentrator (Techne DRIBLOCK DB-3D, Staffordshire, 

UK) and the residues re-diluted in 1.5 mL of acetonitrile. The re-diluted residues were centrifuged 

(13,000 rpm for 1 min) and transferred to a 2 mL amber vial prior to RP-HPLC analysis.  

3.5. Separation and Quantification of Polyacetylenes 

Separation and quantification of polyacetylenes was carried out by RP-HPLC analysis using an 

Agilent 1100 series HPLC system (Agilent Technologies, Boeblingen/Stuttgart, Germany) equipped with 

multiwavelength UV detector. Chromatographic conditions used were as described by Søltoft et al. [23] 

with some modifications. The chromatographic separation was carried out on a Luna 5 μ C18, 4.6 × 100 mm 

column (Phenomenex, Torrance, CA, USA) at a flow rate of 1.0 mL/min at 40 °C, with an injection 

volume of 10 μL. The A and B eluents were Milli-Q water and acetonitrile, respectively. The gradient 

program was as follows: 70% B for 5 min, a linear gradient to 86% B for 18 min, a linear gradient to 

100% B for 2 min, isocratic elution for 10 min, followed by a 3 min ramp back to 70% B and  

re-equilibration for 4 min, giving a total run time of 38 min. Runs were monitored using a UV-visible 

detector at 205 nm. Polyacetylenes were identified by addition of standard and quantified using external 

standard calibration curves. The standards (10–60 μg/mL) used in all cases were isolated from a large 

scale ethyl acetate extraction of freeze-dried carrots and purified, in house, using optimized column 

chromatography and preparative HPLC methods described by Rawson et al. [9]. Results were expressed 

as µg of each individual polyacetylene per g of dry weight (DW) of carrot. Relative polyacetylene 

content was used to describe the changes in the content of PEF-treated carrot slices (Equation (5)): 

100 = (%)content  enepolyacetyl Relative
0

x
C

Ct  (5)

where Ct and C0 are the concentration of polyacetylenes of treated and untreated samples, respectively. 

3.6. Experiment Design 

A face-centred central composite response surface analysis was used to determine the effect of 

electric field strength (E), number of pulses (n), pulse frequency (ƒ) and pulse width (τ) on the 

polyacetylene content of carrot. Independent variables were chosen at the following levels: E (from 1 to 

4 kV/cm), n (from 100 to 1500), f (from 10 to 200 Hz) and τ (from 10 to 30 μs). The experimental design 

was performed in triplicate (Table 1). A polynomial response surface was fitted to experimental data. 

The second-order response function was predicted by Equation (6): 
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where Y is the dependent variable, βo, βi, βii and βij are the constant, linear, quadratic and interaction 

regression coefficients, respectively and Xi represent the encoded values of the variables. The non 

significant terms were deleted from the second-order polynomial model after an ANOVA test, and a 

new ANOVA was performed to obtain the coefficients of the final equation for better accuracy. Design 

Expert 7.0 software (Stat Ease Inc., Minneapolis, MN, USA) was used to generate quadratic models that 

fit the experimental data and to draw the response surface plots.  

3.7. Model Validation 

The predictive performance of the developed models describing the combined effect of electric field 

strength (X1), number of pulses (X2), pulse frequency (X3) and pulse width (X4) on independent variables 

(FaOH, FaDOH and FaDOAc) of carrot slices were valided with optimal PEF treatment conditions as 

predicted by the design. 

The criterion used to characterize the fitting efficiency of the data to the model was the multiple 

correlation coefficients (R2) and the average mean deviation (Equation (7)): 

 
(7)

where ne is the number of experimental data, VE is the experimental value and VP is the predicted value. 

4. Conclusions 

The PEF pre-treatment of carrot slices was effective to enhance pressurized-liquid extraction of 

polyacetylenes. Optimal PEF process conditions with regard to electric field strength (1–4 kV/cm), 

number of pulses (100–1500), pulse frequency (10–200 Hz) and pulse width (10–30 μs) were identified 

using response surface methodology (RSM). The results demonstrated that the combined treatment of  

4 kV/cm, 100 number of pulses of 10 μs at 10 Hz was optimal for maximising FaOH, FaDOH and 

FaDOAc levels. Data fitted significantly (p < 0.0001) the proposed second-order response functions. 

Therefore, PEF is a promising technique to increase extraction of polyacetylenes from minimally process 

fresh cut carrots such as carrot slices. 

Acknowledgments 

The authors thank James Lyng of University College Dublin School of Agriculture and Food Science 

and Michael Gaffney, Teagasc Horticulture Unit, Ireland. The study has been carried out with the 

financial support from Irish Phytochemical Food Network (IPFN) project funded under the Food 

Institutional Research Measure (FIRM, 06TNITAFRC6) by the Irish Department of Agriculture, Food 

and Marine (DAFM). Ingrid Aguiló-Aguayo thanks Generalitat of Catalonia for the postdoctoral grant 

Beatriu de Pinós (BP-DGR2010). 
  

100
1

(%)
1

×−= 
=

n

i E

PE

e V

VV

n
E



Molecules 2015, 20 3953 

 

Author Contributions 

Ingrid Aguiló-Aguayo, Nigel Brunton and Dilip K. Rai designed research; Ingrid Aguiló-Aguayo, 

Corina Abreu, Mohammad B. Hossain, Rosa Altisent performed research and analyzed the data;  

Ingrid Aguiló-Aguayo, Inmaculada Viñas and Dilip K. Rai wrote the paper. All authors read and 

approved the final manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest  

References 

1. Zidorn, C.; Jöhrer, K.; Ganzera, M.; Schubert, B.; Sigmund, E.M.; Mader, J.; Greil, R.;  

Ellmerer, E.P.; Stuppner, H. Polyacetylenes from the apiaceae vegetables carrot, celery, fennel, 

parsley, and parsnip and their cytotoxic activities. J. Agric. Food Chem. 2005, 53, 2518–2523. 

2. Christensen, L.P.; Brandt, K. Bioactive polyacetylenes in food plants of the Apiaceae family: 

Occurrence, bioactivity and analysis. J. Pharm. Biomed. Anal. 2006, 41, 683–693. 

3. Fujioka, T.; Furumi, K.; Fujii, H.; Okabe, H.; Mihashi, K.; Nakano, Y.; Matsunaga, H.; Katano, M.; 

Mori, M. Antiproliferative constituents from Umbelliferae plants. V. A new furanocoumarin and 

falcarindiol furanocoumarin ethers from the root of Angelica japonica. Chem. Pharm. Bull. 1999, 

47, 96–100. 

4. Purup, S.; Larsen, E.; Christensen, L.P. Differential effects of falcarinol and related aliphatic  

C17-polyacetylenes on intestinal cell proliferation. J. Agric. Food Chem. 1999, 57, 8290–8296. 

5. Miyazawa, M.; Shimamura, H.; Bhuva, R.C.; Nakamura, S.; Kameoka, H. Antimutagenic activity 

of falcarindiol from Peucedanum praeruptorum. J. Agric. Food Chem. 1996, 44, 3444–3448. 

6. Alanko, J.; Kurahashi, Y.; Yoshimoto, T.; Yamamoto, S.; Baba, K. Panaxynol, a polyacetylene 

compound isolated from oriental medicines; inhibits mammalian lipoxygenases. Biochem. Pharmacol. 

1994, 48, 1979–1981. 

7. Prior, R.M.; Lundgaard, N.H.; Light, M.E.; Stafford, G.I.; van Staden, J.; Jäger, A.K. The 

polyacetylene falcarindiol with COX-1 activity isolated from Aegopodium podagraria L.  

J. Ethnopharmacol. 2007, 113, 176–178. 

8. Rawson, A.; Koidis, A.; Patras, A.; Tuohy, M.G.; Brunton, N.P. Modelling the effect of water 

immersion thermal processing on polyacetylene levels and instrumental colour of carrot disks.  

Food Chem. 2010, 121, 62–68. 

9. Rawson, A.; Tiwari, B.K.; Tuohy, M.G.; O’Donnell, C.P.; Brunton, N. Effect of ultrasound and 

blanching pretreatments on polyacetylene and carotenoid content of hot air and freeze dried carrot 

discs. Ultrason. Sonochem. 2011, 18, 1172–1179. 

10. Bohlmann, F.; Burkhardt, F.; Zdero, C. Naturally Occurring Acetylenes; Academic Press Inc.: 

London, UK, 1973. 

11. Pferschy-Wenzig, E.M.; Getzinger, V.; Kunert, O.; Woelkart, K.; Zahrl, J.; Bauer, R. Determination 

of falcarinol in carrot (Daucus carota L.) genotypes using liquid chromatography/mass spectrometry. 

Food Chem. 2009, 114, 1083–1090. 



Molecules 2015, 20 3954 

 

12. Donsì, F.; Ferrari, G.; Pataro, G. Applications of pulsed electric field treatments for the 

enhancement of mass transfer from vegetable tissue. Food Eng. Rev. 2010, 2, 109–130. 

13. Toepfl, S.; Mathys, A.; Heinz, V.; Knorr, D. Review: Potential of high hydrostatic pressure and pulsed 

electric fields for energy efficient and environmentally friendly food processing. Food Rev. Int. 

2006, 22, 405–4203. 

14. El-Belghiti, K.; Rabhi, Z.; Vorobiev, E. Effect of process parameters on solute centrifugal extraction 

from electropermeabilized carrot gratings. Food Bioprod. Process. 2007, 85, 24–28. 

15. Jemai, A.B.; Vorobiev, E. Effect of moderate electric field pulses on the diffusion coefficient of 

soluble substances from apple slices. Int. J. Food Sci. Technol. 2002, 37, 73–86. 

16. Loginova, K.V.; Shynkaryk, M.V.; Lebovka, N.I.; Vorobiev, E. Acceleration of soluble matter 

extraction from chicory with pulsed electric fields. J. Food Eng. 2010, 96, 374–379. 

17. Aguiló-Aguayo, I.; Hossain, M.B.; Brunton, N.; Lyng, J.; Valverde, J.; Rai, D.K. Pulsed electric 

fields pre-treatment of carrot purees to enhance their polyacetylene and sugar contents. Innov. Food 

Sci. Emerg. 2014, doi:10.1016/j.ifset.2014.02.010. 

18. Czepa, A.; Hofmann, T. Quantitative studies and sensory analysis on the influence of cultivar; spatial 

tissue distribution and industrial processing on the bitter off-taste of carrots (Daucus carota L.) and 

carrot products. J. Agric. Food Chem. 2004, 52, 4508–4514. 

19. Kidmose, U.; Hansen, S.L.; Christensen, L.P.; Edelenbos, M.; Larsen, E.; Nørbæk, R. Effects of 

genotype; root size, storage, and processing on bioactive compounds in organically grown carrots 

(Daucus carota L.). J. Food Sci. 2004, 69, S388–S394. 

20. Mercier, J.; Ponnampalam, R.; Bérard, L.S.; Arul, J. Polyacetylene content and UV-induced  

6-methoxymellein accumulation in carrot cultivars. J. Sci. Food Agric. 2006, 63, 313–317. 

21. López, N.; Puértolas, E.; Condón, S.; Raso, J.; Alvarez, I. Enhancement of the extraction of betanine 

from red beetroot by pulsed electric fields. J. Food Eng. 2009, 90, 60–66. 

22. Puértolas, E.; Cregenzán, O.; Luengo, E.; Alvarez, I.; Raso, J. Pulsed-electric-field-assisted 

extraction of anthocyanins from purple-fleshed potato. Food Chem. 2013, 136, 1330–1336. 

23. Søltoft, M.; Eriksen, M.R.; Träger, A.W.B.; Nielsen, J.; Laursen, K.H.; Husted, S.; Halekoh, U.; 

Knuthsen, P. Comparison of polyacetylene content in organically and conventionally grown carrots 

using a fast ultrasonic liquid extraction method. J. Agric. Food Chem. 2010, 58, 7673–7679. 

Sample Availability: Samples of the compounds are not available from the authors.  

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


