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Abstract: Vanilla planifolia Jacks. ex Andrews pods can lose up to 50% of their vanillin during curing. One
explanation for this is the transformation of vanillin due to enzyme action, such as peroxidases, which generate
the formation of dimers like divanillin. Therefore, in this work, a simultaneous high-performance liquid
chromatography method (HPLC-DAD) was developed and validated for the separation and quantification of
the main compounds present in Vanilla planifolia Jacks. ex Andrews and divanillin. The separation of 9
compounds of interest was achieved within 15 minutes using a Zorbax Eclipse XDB-C18 column (250 mm x 4.6
mm i.d., 5 um particle size). The variables optimized included the mobile phase (water as solvent A, methanol
as solvent B, and acidified water, 102 M HsPOs, as solvent C), the separation gradient, and the column
temperature (40-60 °C). The maximum divanillin content was 0.02 g/100 g d.w. in a sample from Papantla de
Olarte. Chromatographic performance evaluation revealed excellent resolution, retention factor, and
selectivity. The method was successfully validated in terms of limits of detection and quantification, linearity,
and precision, as well as its application to cured pods, with evidence of divanillin presence in all analyzed
sample.

Keywords: aromatic compounds; divanillin, HPLC-DAD; phenols; validation; Vanilla planifolia

1. Introduction

The perennial vine, Vanilla planifolia Jacks. ex Andrews, is characterized by its substantial, green,
succulent stem. To develop the characteristic aroma of vanilla, mature green fruits must undergo a
curing process consisting of four stages: wilting, sweating, drying, and conditioning [1-5]. During
this process, glycosylated precursors, such as glucovanillin, are enzymatically hydrolyzed to their
free forms [3,6-8]. Over a period of 120 to 180 days, a complex sequence of enzymatic, chemical, and
biochemical reactions occurs during the curing of vanilla. The fruits, which initially have a high
moisture content (80%), transform into pods with a low moisture content (20-30%). This process
prevents the proliferation of microorganisms, especially molds, resulting in highly aromatic pods
with dark brown shades [9-11]. Various enzymes, including glucosidases, synthases, oxidases,
proteases, methyltransferases and phenylalanine ammonia-lyase, are involved in the biogenesis of
the vanilla aroma. The involvement of the enzyme 3-glucosidase in the formation of the vanilla aroma
has been extensively researched [3,6-8]. The activities of oxidative enzymes, notably peroxidases and
polyphenol oxidase, are closely monitored during the growth and maturation of vanilla pods, though
the precise reactions contributing to flavor development are not fully understood [11-13].
Specifically, peroxidases participate in the oxidation of vanillin to generate dimers, with divanillin
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being the most dominant [14-16]. However, various authors have reported that during the curing
process of vanilla, there is a reduction in the vanillin potential of up to 50% [2,3,9]. To explain the
decrease in vanillin content during the curing process, different hypotheses have been proposed. One
hypothesis suggests that due to the aldehyde group of vanillin, it may participate in Maillard
reactions by reacting with free amino groups present in the pods [17]. However, these studies do not
account for the high percentage of reduction, which, as previously mentioned, can be up to 50%
[2,3,9]. The most probable explanation is the transformation of vanillin by oxidative enzymes such as
peroxidases, leading to the formation of dimers like divanillin [14-16,18] (Figure 1). The presence of
this compound has been described due to its generation from vanillin and the action of peroxidases
present in the milk of various dairy products such as ice cream, creams, smoothies, among others
[19].

Divanillin is approved for use in food (FEMA GRAS #4107) in USA [20], is used as a flavor
enhancer in dairy products, as it imparts a pleasant and creamy sensation to foods when added at
concentrations of 5-50 mg/L [21,22]. Sensory studies revealed human recognition thresholds for the
velvety mouth-coating sensation between 1.0 umol/kg for divainillin [23]. In addition to being an
excellent antioxidant, it has demonstrated antitumor capabilities [24,25]. Moreover, there are various
patents describing the production of this compound for commercial purposes from vanillin, lignin,
and other sources [21]. The presence of divanillin has been identified in commercial extracts from
various countries such as Madagascar, Mexico, and Tahiti in vanilla beans [14,21]. However, there is
no validated method described in the literature for its quantification both individually and
simultaneously with the other compounds present in Vanilla planifolia Jacks. ex Andrews.

Although vanillin represents 85% of the volatile compounds in Vanilla planifolia Jacks. ex
Andrews, the exquisite natural aroma of vanilla is highly complex and attributed to a diverse mixture
of different volatile compounds, not solely to the presence of vanillin [26-28]. Among the compounds
with higher concentrations are vanillin, vanillic acid, p-hydroxybenzaldehyde and p-hydroxybenzoic
acid [3,26,29-32] (Figure 1). For the identification and analysis of these compounds, several
instrumental methods have been used, being high performance liquid chromatography coupled to
ultraviolet-visible (HPLC-UV-Vis or HPLC-DAD) the most used. These techniques are specifically
described for Vanilla planifolia Jacks. ex Andrews pods in the standards NF-ISO-5565-2-1999; NMX-
FF-074-SCFI-2009, and NOM-182-SCFI-2011 [33-35], following Soxhlet extraction or other extraction
methods [29-32]. Alternative techniques employed for analyzing these compounds include high-
performance liquid chromatography coupled with mass spectrometry (HPLC-MS) [32,36], gas
chromatography coupled with mass spectrometry (GC-MS) [14,26,37,38] and nuclear magnetic
resonance (NMR) [14,15,36]. Therefore, the objective of the present study is to develop and validate
a reliable HPLC-DAD method that allows for the simultaneous separation and quantification not
only of the main aromatic compounds but also of the divanillin dimer. Additionally, various samples
of cured pods were selected to demonstrate the applicability of the method.
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Figure 1. Structures of the compounds of interest: 1-p-hydroxybenzyl alcohol; 2-vanillyl alcohol; 3-p-
hydroxybenzoic acid; 4-p-hydroxybenzaldehyde; 5-vanillic acid; 6-vanillin; 7-anisyl alcohol; 8-anisic
acid and 9-divanillin.

2. Materials and Methods
2.1. Reagents and Solvents

The standards p-hydroxybenzyl alcohol (1), vanillyl alcohol (2), p-hydroxybenzaldehyde (3), p-
hydroxybenzoic acid (4), vanillic acid (5), vanillin (6), anisyl alcohol (7), and anisic acid (8) were
purchased from Sigma-Aldrich Chemical Co (St Louis, MO, USA), while divainillin (9) was acquired
from BOC Sciences (Shirley, NY, USA). Water and methanol (HPLC grade) were purchased from
Tedia (Fairfield, OH, USA), dimethyl sulfoxide (DMSO), and phosphoric acid (HsPOs, HPLC grade)
were purchased from Sigma-Aldrich Chemical Co.

2.2. Preparation of Standard Solutions

The stock solutions were prepared using a 1:1 mixture of DMSO:(MeOH/Water acidified (100
mM, HsPO4) with a 3:7 ratio) employing different concentrations (0.5, 1, 2, 10, 25, 50, 100 mg/L) of
each compound. Calibration curves were obtained for each compound of interest. Regarding the
development of the HPLC method and its validation, a single solution containing all 9 compounds
of interest was used.

2.3. Raw Material

Seven batches of cured Vanilla planifolia Jacks. ex Andrews pods from the 2020-2021 harvest were
analyzed, sourced from different regions of the state of Veracruz (Mexico) at varying altitudes.
Among these, three batches were from the Totonacapan region. The origin locations of the cured pods
were: Tecolutla (VTEC, 20 masl), Papantla de Olarte (VPAP, 80 masl), Misantla (VMST, 300 masl),
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Zongolica (VZGL, 1200 masl), and Atzalan (VATZ, 1676 masl). These samples were used for method
validation.

2.4. Sample Preparation

The extractions were performed following the method established by Pérez Silva et al. [3] with
some modifications. The cured vanilla pods were ground using a Chefman MEC-5256U mill. 300 mg
of the sample was weighed and then, 20 mL of a 1:1 mixture of DMSO:(MeOH/acidified water (3:7)
(100 mM, HsPOs)) was added. The sample was immersed in an Elmasonic P D78224 ultrasonic bath
(Elma Schmidbauer GmbH, Singen, Germany) for 10 min at 37 kHz and room temperature. The
supernatant was filtered using a No. 4 filter paper and and stored at 4 °C until further use.

2.5. Instrument and Development of Chromatographic Conditions

The samples were analyzed using an Agilent model 1260 Infinity II apparatus (Agilent
Technologies, Santa Clara, CA, USA), equipped with a photodiode array detector (G7117C),
multicolumn thermostat (G7116A), quaternary pump (G7111B), and an autosampler (G7129A)
controlled by OpenLAB CDS software (Agilent Technologies, Version 2.5). The photodiode array
detector (DAD) was set to three wavelengths for detecting the compounds of interest at 230 nm
(vanillyl alcohol, p-hydroxybenzyl alcohol, vanillin and anisyl alcohol), 254 nm (vanillic acid, p-
hydroxybenzoic acid, anisic acid and divanillin), and 280 nm (p-hydroxybenzaldehyde). A Zorbax
Eclipse XDB-C18 column (Agilent Technologies, 250 mm in length, 4.6 mm internal diameter, and 5
um particle size) was used.

A stock solution containing the 9 compounds of interest was the sample used for all
chromatographic tests, which consisted of a solvent gradient of solvent A (HPLC-grade water),
solvent B (HPLC-grade methanol), and solvent C (acidified water, 10-2 M HsPOs), temperatures (40-
60 °C), and flow rates (1.5-2.25 mL/min). The criteria for choosing the most effective chromatographic
separation were determined by evaluating key chromatographic properties: retention time (tr),
resolution (Rs; Equation 1), retention factor (k; Equation 2), and selectivity (a; Equation 3). The
calculation of these chromatographic properties were performed using the equations outlined below:

_ 2(tree) — tra))

Rs =———-—F-— 1
Wyay = Wy @

_th
k = o 2)
t’R(B) K(B)
= oo G)
t'rea) (4)

Wh) and Wee) denote the widths at the base of the adjacent peaks A and B, tr) and tre) denote
the retention times of these adjacent peaks, tu stands for the dead time of the column and t'x is the
adjusted retention time (calculated as t'r = tr-tm). These parameters were determined using OpenLAB
Data Analysis software (Agilent Technologies, Version 2.5).

2.6. Validation of the Chromatographic Method

The chromatographic method was validated according to ICH Guideline Q2 (R1). Validation
included appropriate detection, identification, and quantification of 9 compounds of interest.
Evaluated parameters included: linearity, limit of detection (LOD) and quantification (LOQ),
precision and robustness.

2.6.1. Linearity

Linearity was assessed by constructing calibration curves for each compound of interest based
on their standard solutions. Different concentrations (0.5, 1, 2, 10, 25, 50, 100 mg/L) of each standard
were used. The coefficients of determination (R?) were calculated to indicate the degree of linear
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correlation. This specific parameter is crucial for confirming the linear correlation between the
obtained results and the actual concentration of each compound within the analyzed range.

2.6.2. Detection and Quantification Limits

LOD and LOQ have been determined based on the ICH Q2 guideline. Specific calibration curves
have been developed with concentrations close to the LOD and LOQ ranges. LOD and LOQ have
been validated with samples with concentrations of the compounds of interest close to the LOD and
LOQ limits. In this way, concentrations of 0.1, 0.5, 1, 2, 5, and 10 mg/L of each of the compounds of
interest have been employed to obtain the limits of detection (LOD; Equation 4) and quantification
(LOQ; Equation 5), using the standard deviation of the response and the regression slope.

30
100
L0Q = — )

where, o denotes the standard deviation of the blank response, while S refers to the slope of the
calibration curve. All analyses were performed in duplicate, and calculations were carried out using
Microsoft Office Excel 365 (Version 2401, Microsoft, Redmond, WA, USA).

2.6.3. Precision

The precision of the method was assessed by examining repeatability and intermediate precision
concerning the following chromatographic properties: retention time, peak area, peak width, peak
height, and resolution for the 9 compounds of interest. Thirty independent HPLC analyses were
conducted over three consecutive days, with 10 analyses performed each day. Intermediate precision
was evaluated by computing the coefficient of variation (CV) for each parameter using data from 30
tests. Repeatability was assessed by calculating the average CV from analyses conducted on the same
day. According to the AOAC Manual for the Peer-Verified Methods Program (AOAC, 2012), a CV
below 10% was used as a reference to confirm the method's precision.

2.6.4. Robustness

Robustness refers to a method's ability to remain unaffected by small, intentional variations in
its parameters. The robustness of the method was assessed by introducing a +5% variation in column
temperature, flow rate, and injection volume. For each parameter, three different levels were tested,
with four repetitions at each level.

To evaluate the impact of these variations on the chromatographic parameters (retention time,
peak area and peak resolution) an analysis of variance and a Tukey test were performed, assuming a
significance level of 0.05. This procedure was conducted using Minitab version 17.1.0 (Minitab, Inc.,
State College, PA, The Plains, VA, USA).

3. Results and Discussion
3.1. Development of the HPLC Method

For the development and validation of the HPLC-DAD method, a mixture of 9 standards
corresponding to the 9 compounds studied in this work was prepared. The criterion for selecting the
most effective chromatographic separation was achieved through optimal chromatographic
conditions. The evaluated properties included retention time (tr), selectivity (a), retention factor (k),
and resolution (Rs). Most studies set a minimum target resolution of greater than 1.5 [39]; resolution
of 1 indicates a 4% overlap between adjacent peaks, while a resolution of 1.5 reduces this overlap to
0.3%. Any value below 1 signifies poor separation. The retention factor (k) is generally sought to be
between 1 and 10, though it can sometimes be extended to a range of 0.5 to 20.65 [40]. Selectivity is
typically targeted to be between 1 and 2 [41]. Various trial and error experiments were conducted to
find the optimal chromatographic conditions that yield well-defined peaks with moderate separation
times and column pressure.
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3.1.1. Optimization of the Separation Gradient

The gradient was optimized by several trial-and-error experiments, involving multiple
chromatographic separations by varying the percentages of solvent A to solvent B (90-35%). The first
gradient tested showed difficulties in the separation of of p-hydroxybenzaldehyde and vanillic acid.
These compounds exhibit nearly identical retention times, despite differing in their UV-Vis spectra
(280 and 254 nm respectively).

Finally, the best separation of the compounds of interest was achieved with the following
separation gradient: 0 min, 9% B; 2 min 9% B; 7 min 19% B; 10 min 19% B; 15 min 80% B; 18 min 80%
B; 23 min 9% B; 29 min 9% B; solvent C remains constant (10%) during the whole chromatographic
separation.

3.1.2. Study of the Effect of Column Temperature

The next step in the development of the method involved determining the effect of column
temperature on the separation of compounds, specifically analyzing the influence of temperature on
retention time and peak resolution. Various separations were performed with the column at the
following temperatures: 40, 45, 50, 55, and 60 °C.

A trend was observed where higher column temperatures led to some compounds beginning to
overlap. Notably, starting at 50 °C, vanillyl alcohol and p-hydroxybenzoic acid did not separate
successfully, exhibiting overlapping peaks. Therefore, the final temperature selected for the
development of the chromatographic method was 45 °C.

3.1.3. Study of the Effect of Flow Rate

After determining the optimal column operating temperature, tests were conducted at various
flow rates (1.5, 1.75, 2.0, and 2.25 mL/min) to achieve the best separation of the compounds of interest.
The flow rate that provided the best separation for p-hydroxybenzaldehyde and vanillic acid was 2.25
mL/min. Higher flow rates were not used because the pressure generated compromised the integrity
of the column.

3.2. Characteristics of the Developed Method

Finally, the optimal gradient for the HPLC-DAD method developed in this study is as follows:
0 min, 9% B; 2 min 9% B; 7 min 19% B; 10 min 19% B; 15 min 80% B; 18 min 80% B; 23 min 9 % B; 29
min 9% B; solvent C remains constant at 10% throughout the chromatographic separation. The
column temperature is set to 45 °C, and the flow rate is 2.25 mL/min. Separation of the 9 studied
compounds was achieved in less than 15 minutes, with a total analysis time of 29 minutes, including
re-equilibration to initial conditions. The chromatogram obtained under optimal conditions is shown
in Figure 2.

The chromatographic properties of the developed method are described in Table 1. The results
indicate that the compounds are correctly separated with appropriate values for peak width,
retention factor, selectivity, and resolution, despite the challenges in separating these compounds.
The method validation was carried out in accordance with the ICH Guideline Q2 (R1) [42], evaluating
linearity, precision, detection limits, and quantification limits.
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Figure 2. Chromatogram of the compounds: 1-p-hydroxybenzyl alcohol; 2-vanillyl alcohol; 3-p-
hydroxybenzoic acid; 4-p-hydroxybenzaldehyde; 5-vanillic acid; 6-vanillin; 7-anisyl alcohol; 8-anisic

acid and 9-divanillin, obtained under optimal conditions (A =230 nm).

Table 1. Chromatographic characteristics of the method developed by HPLC-DAD.

Retention Width Retention Selectivity Resolution

f Compound time (min) (seg) factor (k) (o) (Rs)
1 p-hydroxybencyl alcohol 445 0.27 3.86 1.53 6.51
2 Vanillyl alcohol 6.31 0.30 5.89 114 2.50
3 p-hydroxybenzoic acid 7.09 0.34 6.74 1.26 4.54
4 p-hydroxybenzaldehyde 8.71 0.37 8.50 1.07 1.49
5 Vanillinic acid 9.27 0.38 9.11 1.26 4.72
6 Vanillin 11.41 0.53 11.45 1.13 3.58
7 Anisyl alcohol 12.75 0.22 1291 1.14 8.83
8 Anisic acid 14.38 0.15 14.69 1.01 1.08
9 Divanillin 14.54 0.17 14.87 - -

Several studies report the quantification of vanillin by HPLC [33-35], but very few validated
these methods for the quantification of vanillin [43,44], along with other volatile phenols in Vanilla
planifolia Jacks. ex Andrews [45-47] and anisic compounds in Vanilla pompona ssp. grandiflora (Lindl.)
Soto-Arenas [48]. However, in this proposed method, the quantification of a dimer (divanillin) for
the first time, and 8 volatile phenols in Vanilla planifolia Jacks. ex Andrews was achieved, improving
the retention times of all the compounds reported in the literature [44-48], except for the tr of 9.90
min [43], where only vanillin was determined (Table 2). To date, no validated method for the
quantification of divanillin and other phenols in cured vanilla beans and alcoholic vanilla extracts
has been reported in the literature.

Table 2. Comparison of retention times in the literature with those obtained in this work.

¥ Compound Retention time (min)

This work [43] [45] [46] [47] [48] [44]
1 p-hydroxybencyl alcohol 4.45 - 59 - - 5.34 -
2 Vanillyl alcohol 6.31 - 8.05 - - 741 -
3  p-hydroxybenzoic acid 7.09 - 1027 74 - 8.17 -
4 p-hydroxybenzaldehyde 8.71 - 1233 99 - 9.93 -
5 Vanillinic acid 9.27 - 1133 91 - 1143 -
6 Vanillin 11.41 990 139 11.8 125 1429 13.0
7 Anisyl alcohol 12.75 - - - - 1510 -
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8 Anisic acid 14.38 - - - - - -
9 Divanillin 14.54 - - - - - -

3.2.1. Linearity

The linearity of the developed chromatographic method was confirmed by the coefficients of
determination (R?) of the calibration curves obtained for the studied compounds. Good linearity was
observed for all 9 compounds of interest within the studied range (Table 2), as all compounds
exhibited R? values of 0.9996 or higher.

3.2.2. Detection and Quantification Limits

The limit of quantification (LOQ) and the limit of detection (LOD) (Table 3) for the analyzed
compounds were calculated by multiplying the standard deviation of the blank by 3 and 10,
respectively, and dividing by the regression slope of each compound, as described in the Materials
and Methods section. These values fall within the parts per million (ppm) range, indicating the ability
to detect very small quantities of the analyte.

Table 3. Validation parameters of the HPLC method developed.

# Compound Calibration curve Rz LOD (mg/L) LOQ (mg/L)
1 p-hydroxybencyl alcohol ~ y=8.838x+4.2881  0.9995 0.0387 0.1291
2 Vanillyl alcohol y=9.6997x +1.0834  0.9998 0.0371 0.1238
3 p-hydroxybenzoicacid  y=27.764x+1.4178 1 0.0131 0.0436
4 p-hydroxybenzaldehyde y=30.9288x-1.4969 0.9999 0.0119 0.0397
5 Vanillinic acid y =14.9978x +0.3961  0.9999 0.0243 0.0810
6 Vanillin y =24.3273x - 11.1028  0.9992 0.0161 0.0535
7 Anisyl alcohol y =17.515x - 0.2164 1 0.0209 0.0698
8 Anisic acid y =27.6438x +2.1590  0.9997 0.0131 0.0436
9 Divanillin y =8.6675x +0.568  0.9999 0.0418 0.1395

3.2.3. Precision

Retention time, peak area, and resolution were assessed to evaluate the precision of the method
(repeatability and intermediate precision), expressed in terms of coefficient of variation (CV). All CV
values were below 6% for all peaks and for all evaluated chromatographic properties, as shown in
Table 4. The precision obtained was below the acceptable limits defined by AOAC, i.e., +10%
according to the AOAC manual for the Verified Pairwise Methods Program [49]. Therefore, it can be
confirmed that the developed method is precise, with retention time being the parameter showing
the highest precision.

Table 4. Coefficient of variance of repeatability and intermediate precision with respect to different
chromatographic properties.

Retention time  Peak area  Peak resolution
Repes IPb Repe2 IPb Repe2  IPb
p-hydroxybencyl alcohol ~ 0.04 047 383 416  4.09 4.56
Vanillyl alcohol 0.03 102 478 532 374 4.49
p-hydroxybenzoic acid 0.03 042 438 4.89 3.76 423
p-hydroxybenzaldehyde 0.02 032 513 552 3.00 4.59

++

Compound

o N O O B W N R

Vanillinic acid 0.02 041 366 427 262 3.60
Vanillin 0.02 042 411 453  5.08 5.53
Anisyl alcohol 0.01 013 550 574 3.58 4.23
Anisic acid 0.01 001 320 512 1.95 5.98
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9 Divanillin 0.01 0.03 3.68 437 - -

2 Repeatability coefficient of variance (%) (1 = 10). ® Intermediate precision coefficient of variance (%) (1 = 30).

3.2.4. Robustness

The robustness of a method refers to its capacity to remain unaffected by minor intentional
variations in its variables. In this study, robustness was evaluated by applying a +5% variation in
column temperature, flow rate, and injection volume. The impact of these changes on three
properties—retention time, peak area, and chromatographic resolution—was assessed. Statistical
comparisons were performed using Tukey’s test, with the results presented in Table 5. Different
letters in the same row for each parameter indicate statistically significant differences (p < 0.05)."

The developed method demonstrated full robustness in terms of retention times and resolution
when the injection volume was varied between 9.5 and 10.5 pL. The peak area was not considered as
it is dependent on the injected volume. Accurate control of the sample injection volume is therefore
crucial. However, variations in column temperature and flow rate resulted in significant differences
(p < 0.05) in retention times and peak areas, indicating that the method is highly sensitive to changes
in these parameters. Consequently, strict control of these variables is required, and the method
documentation should include a precautionary note. Nevertheless, with proper tuning and
equipment calibration, the method has demonstrated its capacity for precise and well-defined
chromatographic peak separation [50].

Table 5. Robustness of the developed method.

Injection volume
Temperature (°C) Flow rate (mL/min) )

# Compound (uL)
42 45 48 2.15 225 235 9.5 10 10.5
Retention p-
time (min) 1 hydroxybency 4.65* 4.51° 438 4.71* 453> 435¢ 4.54* 4500 454°
1 alcohol
Vanillyl
2 6.53  6.38> 6.23< 6.60* 640" 6.20° 6.41° 641> 6.40°
alcohol
p_
3 hydroxybenzo 7.44 721* 698 748 723> 701¢ 7252 7260 7.25°
ic acid
p-
4 hydroxybenza 9.05° 881> 859 9.11= 883> 858 8852 8.86* 8.85°
Idehyde
5 Vanillinicacid 9.68° 9.40> 9.15¢ 9.71= 943> 9.17¢ 945 946° 9.45°
11.87 1159 11.25 11.61 1126 11.63 11.64 11.63
6 Vanillin R . . 11.922 . : : : :
: 1291 1281 12.69 12.81 12.63 12.82 12.83 12.84
7 Anisyl alcohol R . . 13.012 . . R R R
L 1416 1440 14.33 1440 14.28 1441 1441 1441
8 Anisic acid . b . 14.532 b . X . .
14.61 1456 14.51 1456 1447 1456 1456 14.57
9 Divanillin . b . 14.672 b . . . .
Peak area p-

868.3 866.7 8669 9082 869.0 8317 8258 870.7 9127
1 hydroxybency

Da 4a 8a 4a 9b 2c c 8b 62
1 alcohol 0
5 Vanillyl 975.6 973.1 9715 1019. 9734 9338 925.8 975.6 1023.
alcohol 7a 7b 10 892 6P 8¢ 9c 9b 982
p-

2855. 2850. 2847. 2986. 2854. 2735. 2713. 2860. 3001.

3 hydroxyb
YATOXYDENZO  gga g9a  27a 38 19> 78 27¢ 93 600

ic acid
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” 3314. 3307. 3306. 3466. 3312. 3177. 3148. 3317. 348l.

4 hydroxybenza
75 274 63° 722 86b 17¢ 89¢ 92v 35°

Idehyde

1573.  1573. 1573. 16447 1573. 1510. 1498. 1578. 1656.
532 362 58a 762 890 19¢ 03¢ 220 572
2217.  2211. 2207. 2317. 2214. 2114. 2104. 2218. 2327.
022 84zb 45p 352 870 51¢ 80¢ 340 29a
1687. 1685. 1683. 1761. 1685. 1615. 1603. 1688. 1771.
102 42a 467 032 47 21¢ 78¢ 79b 342
2644. 2636. 2631. 2757. 2638. 2523. 2507. 2642. 2771.
182 90> 36> 752 100 55¢ 05¢ 36> 192
1056. 1053. 1089. 1128. 1053. 1036. 998.2 1052. 1108.

5 Vanillinic acid
6 Vanillin
7 Anisyl alcohol

8 Anisic acid

9 Di illi
tvantin 072  30c 0 90 28 16 3 72  32a
Peak p-
resolution 1 hydroxybency 6.20@ 6.56 6.56° 6.37* 6292 633 6.13* 631> 6.212
1 alcohol
illyl 2412
p  Venily 2670 245> 2410 258 238> 2340 2420 24ds
alcohol b
p_
3 hydroxybenzo 4.062 3.962 4.252 3.892 3.78 3.870 3.80@ 3.832 3.80°
ic acid
p_
4 hydroxybenza 1.59° 1.49® 147° 1.44° 144> 1462 1452 1.48 1472
Idehyde
. . 4.832
5 Vanillinicacid 5.232  4.58P 5,58 490> 4.67° 479 4692 4,63

b
6 Vanillin 3.06b 295> 3770 334 328 347¢ 315 297¢ 3.072

Anisyl alcohol  7.56> 7.73® 826 8.07°0 7.65* 7.46° 7.79* 7570 7412

0.98a

8 Anisic acid b 1.022 095> 0.98* 1.060 096> 1.04* 1.072 1.05*

*The same letter within a column indicates no significant differences, as determined by Tukey's test (p < 0.05).

3.3. Application to Real Samples

Once the optimal method for analyzing the compounds of interest present in vanilla was
obtained, an additional study was conducted to quantify the compounds in Vanilla planifolia Jacks. ex
Andrews pods from Mexico, specifically from the 2020-2021 harvest in the state of Veracruz. The
analysis results are summarized in Table 6, as well as the chromatogram of a sample is shown in
Figure 3, where the analyzed compounds in a vanilla sample can be identified, along with the specific
wavelengths at which each compound absorbs. In summary, of the 9 compounds identified in the
Mexican vanilla pods, 7 are phenols (p-hydroxybenzyl alcohol, vanillyl alcohol, p-hydroxybenzoic
acid, p-hydroxybenzaldehyde, vanillic acid, vanillin, and divanillin), 1 alcohol (anisyl alcohol), and 1
aromatic acid (anisic acid) [26]. The compounds identified in all samples were vanillyl alcohol, p-
hydroxybenzoic acid, p-hydroxybenzaldehyde, vanillic acid, vanillin, and divanillin. Notably, anisic
acid and anisyl alcohol were detected and quantified in all samples, except anisic acid in VTEC. Both
compounds have been previously identified and quantified in Vanilla planifolia Jacks. ex Andrews
using GC-MS [26,37,51], as they are not major compounds like in cured pods of Vanilla xtahitensis |.W.
Moore and Vanilla pompona (ssp. grandiflora (Lindl.) Soto-Arenas and Schiede) [48,52-55], which can
be quantified using HPLC-UV-Vis. The major characteristic compounds of Vanilla planifolia (p-
hydroxybenzoic acid, p-hydroxybenzaldehyde, vanillic acid, and vanillin), as documented in
previous studies [26,29,56,57], were identified and quantified in this work, with VPAP02G showing
the highest vanillin content (3.57 g/100 g d.w.). The presence of divanillin in commercial alcoholic
extracts from Tahiti, Madagascar, and Mexico has been previously described [14], as well as in dairy
products, due to the oxidation of vanillin by peroxidase enzymes present in milk [13,19,58].
Additionally, the natural generation of the dimer is significant due to its effect on food products;
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divanillin has been reported to enhance sensory properties at low concentrations (5-50 mg L) in
dairy products [14], influencing not only the fatty and creamy flavor properties but also significantly
improving fullness and mouthfeel [13,14]. The sample with the highest divanillin content was
VPAPO5 (0.02 g/100 g d.w.), followed by VAZNO3 (0.01 g/100 g d.w.), while the other 5 samples,
although from different localities at different altitudes, showed no significant difference in divanillin
content.

These results indicate that the proposed HPLC method is applicable for analyzing compounds
present in vanilla. This is of great interest because it allows for the quantification of both major and
minor compounds, as well as the dimer, with high precision.

Table 6. Quantification of compounds in Vanilla planifolia Jacks. ex Andrews.

Compounds (g/100 g d.w.)
Sampl p- Vanill p- - N N Anis Ani o
hydroxyb yl hydroxyb Vanillic Vaini yl . Divain
e _ hydroxyben . . sic -
encyl alcoh enzoic saldehvde acid, llin  alco acid illin
alcohol ol acid Y hol
0.02 0.00
VAZN 0.09 = 0.05+ 0.02 + 012 +0.01b 015+ 274+ % 3+ 0.002+
02 0.00¢ 0.01¢ 0.004 e 0.01° 0.08¢ 0.000 0.00 0.01¢
b b
0.00 0.00
VAZN 0.06 0.05+ 0.04 + 0.09 + 0.00¢ 016+ 337+ 4 L, 3 001z
03 +0.004 0.00¢ 0.00° R 0.01¢ 0.01° . 0.00 0.00°
0.000
0.02 0.01
VMST 0.15+ 012+ 0.04 + 0.08 + 0.00¢ 017+ 141+ =+ £+ 0.005=+
01G 0.002 0.002 0.00° R 0.01=>  0.02f 0.01= 0.00  0.00¢
b ab
0.01 0.01
VPAP 0.03 + 0.09 + 0.01+ 0.07 + 0.004 019+ 357+ + +  0.003+
02G 0.00¢ (0.02abe 0.00¢ 0.012 0.01=  0.00= 0.01  0.00¢
b ab
0.00 0.01
VPAP 0.05+ 0.07+ 0.02 + 0.06 + 0.00¢ 0.09+ 093+ 4 . * 0.02 +
05 0.01de 0.01be 0.004 R 0.01¢ 0.038 0 Oz)b 0.00  0.002
0.03
VTEC 0.14 + 0.07 + 0.02 + 013 + 0.00° 019+ 3.08+ — ~ N.D 0002+
01 0.002 0.01be 0.00¢ R 0.012 0.00¢ N 0.00¢
0.002
0.02 0.01
VZGL 012+ 01+ 0.04 + 012 + 0.00b 016+ 25+ + * 0.01+
01 0.01¢ 0.012b 0.002 e 0.01v 0.01¢ 0 61a 0.00  0.00¢

ab

aCompounds expressed as the mean of three replicates + standard deviation (g/100 g dry weight (d.w.) + S.D.).
N.D.= Not detected. Different uppercase letters in the same column indicate significant difference (p < 0.05)
between samples.
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Figure 3. HPLC-DAD chromatogram of a sample of Vanilla planifolia Jacks. ex Andrews at a) 230 nm;
3-p-hydroxybenzoic acid, 5-vanillic and 8-anisic acid b) 254 nm; 1-p-hydroxybenzyl alcohol, 2-vanillyl
alcohol, 6-vanillin; 7-anisyl alcohol and 9-divanillin and b) 280 nm; 4-p-hydroxybenzaldehyde
obtained under optimal conditions.

4. Conclusions

A rapid and reproducible HPLC-DAD method was developed for the separation and
quantification of the 9 major aromatic compounds present in vanilla with an analysis time of 15 min,
achieving high precision (CV < 6%). This results in a major enhancement and a considerable decrease
in the time needed for analysis: The optimal chromatographic conditions were: column temperature
of 45 °C, solvent flow rate of 2.25 mL min-! and 10 pL injection volume in addition to excellent
validation results (linearity, sensitivity, LOD and LOQ). The method was effectively applied to
various batches of cured Vanilla planifolia pods, allowing the analysis and quantification of the most
important compounds. Furthermore, the proposed HPLC-DAD method offers significant advantages
as a practical technique for the quantification of the main aromatic compounds, including a dimer
present in cured Vanilla planifolia pods as well as analysis in a shorter time. It can also be applied to
the analysis of other species in the Vanilla genus, where anisic compounds are of greater importance,
such as in Vanilla x tahitensis . W. Moore and Vanilla pompona (ssp. grandiflora (Lindl.) Soto-Arenas
and Schiede), making the developed method potentially useful as a fundamental reference.
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