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Abstract

Carboxylic acids are organic acids containing one or more terminal carboxyl (COOH) functional groups. Short chain carboxylic acids (SCCAs;
carboxylic acids containing three to six carbons), such as malate and citrate, are critical to the proper functioning of many biological systems,
where they function in cellular respiration and can serve as indicators of cell health. In foods, organic acid content can have significant impact
on taste, with increased SCCA levels resulting in a sour or "acid" taste. Because of this, methods for the rapid analysis of organic acid levels are
of particular interest to the food and beverage industries. Unfortunately, however, most methods used for SCCA quantification are dependent
on time-consuming protocols requiring the derivatization of samples with hazardous reagents, followed by costly chromatographic and/or mass
spectrometric analyses. This method details an alternate method for the detection and quantification of organic acids from plant material and
food samples using free zonal capillary electrophoresis (CZE), sometimes simply referred to as capillary electrophoresis (CE). CZE provides a
cost-effective method for measuring SCCAs with a low limit of detection (0.005 mg/ml). This article details the extraction and quantification of
SCCAs from plant samples. While the method provided focuses on measurement of SCCAs from coffee beans, the method provided can be
applied to multiple plant-based food materials.

Video Link

The video component of this article can be found at http://www.jove.com/video/54611/

Introduction

Carboxylic acids are organic compounds containing one or more terminal carboxyl functional groups, each attached to an R-group containing
one or more carbons (R-C[O]OH). Short chain, low molecular weight carboxylic acids (short chain carboxylic acids, SCCAs) containing between
one and six carbons, are essential components of cellular respiration, and function in several biochemical pathways necessary for cell growth
and development. SCCAs play critical roles in cellular metabolism1, cell signaling2, and organismal responses to the environment (such as
antibiosis3). Because of this, SCCAs can serve as useful indicators of disruptions to cellular metabolism, plant stress responses4,5, and fruit
quality6,7. To date, SCCAs have been quantified primarily through chromatographic techniques such as high performance liquid chromatography
(HPLC) or gas chromatography-mass spectroscopy (GC-MS). While these methods, are capable of achieving very low limits of detection, they
can be expensive, require the derivatization of target SCCAs using caustic and/or toxic reagents, and include lengthy separation runs on the
GC or HPLC. Because of this, interest in the use of free zonal capillary electrophoresis (CZE), which does not require sample derivatization, to
quantify organic acids has steadily increased8.

Free zonal capillary electrophoresis (CZE) is a chromatographic separation methodology that, due to its high number of theoretical plates,
speed, and relative ease-of-use, is increasingly replacing both GC-MS and high-pressure liquid chromatography as an analytical method for
the quantification (particularly for quality control purposes) of anions, cations, amino acids, carbohydrates, and short chain carboxylic acids
(SCCAs)8,9,10. CZE-based separation of small molecules, including SCCAs, is based two primary principles: the electrophoretic movement of
charged ions in an electrical field established across the buffer filling the capillary; and the electro-osmotic movement of the entire buffer system
from one end of the capillary to the other, generally towards the negative electrode. In this system, small molecules move towards the negative
electrode at varying speeds, with the speed of each molecule determined by the ratio of the net charge of the molecule to the molecular mass.
As the movement of each individual molecule in this system is dependent on the charge state of the molecule and the overall rate of electro-
osmotic flow (which is itself based on the ion content of the buffer used to fill the capillary), the buffer pH and ionic composition heavily impact the
degree to which molecules can be efficiently separated using CZE. Because of this, SCCAs, with their relatively high charge-to-mass ratios, are
ideal targets for CZE-based separation. Metabolites separated using CZE can be detected using a variety of methods, including UV absorbance,
spectral absorbance (which is generally performed using a photo-diode array [PDA]), and/or mass spectroscopy (CE-MS or CE-MS/MS)8. The

http://www.jove.com
http://www.jove.com
http://www.jove.com
mailto:blakeslee.19@osu.edu
http://www.jove.com/video/54611
http://dx.doi.org/10.3791/54611
http://www.jove.com/video/54611/


Journal of Visualized Experiments www.jove.com

Copyright © 2016  Journal of Visualized Experiments November 2016 |  117  | e54611 | Page 2 of 9

diversity of separation and detection methods provided by CZE makes it an extremely flexible and adaptable technique. Because of this, CZE
has been increasingly applied as a standard method of analysis in the areas of food safety and quality11,12, pharmaceutical research13, and
environmental monitoring13,14.

Capillary electrophoresis has been used to detect and quantify short chain carboxylic acids for nearly two decades13. The resolving power
(particularly for small, charged molecules), short run time, and low per sample cost of CZE analyses make CZE an ideal technique for the
separation and quantification of SCCAs13. This method presents a protocol to utilize CZE to measure the concentration of organic acids from
plant tissues. Example data was generated through the successful implementation of this protocol to measure the change in organic acid levels
in coffee seeds following a secondary fermentation treatment. The protocol details the critical steps and common errors of CZE-based separation
of SCCAs, and discusses the means by which this protocol can be successfully applied to quantify SCCAs in additional plant tissues.

Protocol

1. Sample Preparation

1. Assemble samples for short chain carboxylic acid (SCCA) extraction. Prepare 1.0 g of coffee seed at a time to ensure that enough sample
will remain after processing.

1. If samples were frozen prior to the grinding process, keep the tissue frozen throughout processing to prevent freeze/thaw damage and
sample oxidation. Remove the sample from the freezer or sub-zero storage only as needed for grinding.

2. Flash freeze fresh samples in liquid nitrogen immediately prior to sample grinding. To minimize sample handling, flash freeze samples
by placing them in a mortar pre-filled with liquid nitrogen.

3. Analyze liquid samples immediately following generation, or flash freeze in liquid nitrogen and store at -20 ºC or -80 ºC until analysis.
Prior to analysis, remove frozen samples from storage and allow to thaw. For liquid samples proceed to step (3.5) for processing.

2. Wear appropriate personal protective equipment (including safety glasses, gloves, and lab coat) before working with liquid nitrogen.
3. Triple-grind tissue samples to a uniformly fine powder (i.e., of uniform particle size) in liquid nitrogen using a ceramic mortar and pestle.

 

NOTE: Attaining a uniform particle size is essential for maximizing SCCA extraction efficiency.
1. Pre-chill the mortar and pestle with liquid nitrogen prior to the addition of the sample. Keep the mortar filled with a small volume of liquid

nitrogen as the sample is added.
2. Using a ladle, add enough liquid nitrogen to the mortar to completely submerge the sample.
3. Add easily ground samples, such as leaves or roasted coffee, to the liquid nitrogen and crush using a circular grinding motion. Begin to

grind samples when the liquid nitrogen level has decreased to the point where it just barely covers the samples.
4. Add hard to grind samples, such as raw coffee seeds, to liquid nitrogen and allow them to freeze for 10-30 sec (or until the liquid

nitrogen stops vigorously boiling) before grinding. Break the tissue into smaller fragments using a vertical crushing motion, and then
complete tissue grinding using a circular grinding motion.

5. Repeat steps 1.3.2-1.3.4 twice more, so that samples are ground a total of three times. Typically, three successive rounds of grinding
will reduce samples to a powder with a flour-like consistency.

6. If a flour-like consistency is not achieved, repeat steps 1.3.2-1.3.4 until samples are reduced to a powder of uniformly small particle
size (extraction efficiency is inversely proportional to particle size).

4. Transfer powder to glass vials or 1.5 ml microcentrifuge tubes. Initiate downstream processing immediately after grinding (recommended), or
store samples at -80 ºC until samples are ready for extraction.

1. If samples must be stored before analysis, split the sample into 500 mg aliquots (or 500 µl aliquots for liquid samples) and split among
multiple tubes for storage. Avoid subjecting samples to repeated freeze/thaw cycles, as these may alter sample composition and
negatively impact future sample measurements.

2. Organic Acid Standard Preparation

1. Assemble authentic standards for the SCCAs of interest. These will be used to create external and internal standard solutions for use in
determining SCCA concentrations. For coffee samples include citric, malic, acetic, and lactic acid as acids of interest and adipic acid as the
internal standard.

1. Ensure sure that the internal standard selected is not found naturally in the sample, and that the standard does not co-elute with other
peaks in the sample profile.

2. Run standard curves for each SCCA of interest, and determine the linear response range for each SCCA (see section 4 for running
instructions). Make sure to run standard curves for each SCCA to be measured in the sample.
 

NOTE: Standard curves may be run in either buffer or the background of the sample to be assayed. In the second case ("standard
addition"), values for the peak area of each standard curve point will be determined by subtracting away the background of the sample.

3. Pre-label all tubes and glassware needed with the SCCA acid name, concentration, and the date of the assay.

2. Prepare stock solutions for each standard at a known concentration (10 mg/ml) using a volumetric flask to ensure accuracy during standard
preparation.

1. Dissolve solid SCCA standards (citric acid and malic acid) in ultrapure water (18.2 MΩ) to achieve the concentration desired for the
stock solution.

1. Create a 10 mg/ml stock solution by adding 100 mg of standard to a 10 ml volumetric flask. Fill the volumetric flask to the 10 ml
line with ultrapure water to dissolve the acid.
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2. Create a lower concentration of acid standard or gently heat the flasks to drive difficult-to-dissolve SCCA standards, like adipic
acid, into solution.

2. Dilute liquid phase acid standards (acetic acid and lactic acid) in ultrapure water to achieve the desired concentration.
1. Pre-fill a volumetric flask with 5 ml of ultrapure water. Add enough acid to prepare a 10 mg/ml solution (calculated using the acid

density provided by the vendor) to the flask, and then add enough water to bring the final volume of the solution to 10 ml.

3. Transfer each stock solution to a clean 15 ml glass tube, with a polytetrafluoroethylene (PTFE) lined cap, and seal with plastic paraffin film.
Stock solutions can be stored in sealed tubes at 4 ºC for 1 week.

1. Ensure that SCCA standards have not precipitated out of solution prior to use if stock solutions have been refrigerated after
preparation. Drive precipitates back into solution through gentle heating.

4. Prepare the SCCA extraction solution. Include the internal standard at a concentration sufficient for detection in the samples (0.05 mg/ml).
Prepare enough solution to extract all samples.

1. Prepare 50 ml of SCCA extraction solution by diluting the internal standard stock solution to 0.05 mg/ml in ultrapure water. Add 250 µl
of the internal standard stock solution (10 mg/ml) to 49.75 ml of water.

2. If the extract needs to be diluted, adjust the internal standard concentration in the extraction solution so that the final concentration will
fall within the limits of quantification (giving a detectable, but not over-saturated, peak, see 5.2.2 below) of the CE system after dilution
(0.05 mg/ml).

3. Prepare fresh extraction solution for each series of extractions (i.e., for each experimental series).

5. Prepare standard curve samples (a series of appropriate dilutions) for SCCAs of interest, using a minimum of at least 5 points. The standard
curve concentrations employed will need to be in the linear response range for a given SCCA, and span the SCCA concentrations expected
in the samples.

1. Include the selected internal standard in the standard curve solutions to allow quantification of the internal standard in samples. The
internal standard will be used to aid in peak identification and calculating extraction efficiency (section 6).

2. Dilute each SCCA to the concentrations determined above (0.01, 0.02, 0.04, 0.06, 0.08 mg/ml; see above, 2.4.2) in new
microcentrifuge tubes (one for each concentration/standard curve point) using ultrapure water. Prepare 1 ml of solution for each
standard curve concentration point. Ensure that each concentration point contains all four acid standards and the internal standard at
the correct concentration.

3. Prepare new standard curve points for each set of samples to be run on the capillary electrophoresis system. Hold the standard curve
SCCA samples at 4 ºC until analysis, which will occur following the extraction of SCCAs from target tissues (section 3).

3. Organic Acid Extraction

1. Pre-label sample tubes, preparing at least one tube for each sample to be extracted.
2. Remove samples to be extracted from storage and place them on ice while weighing out material for extraction.
3. Weigh out 100 mg of sample for SCCA extraction.

1. After weighing each sample, transfer tissue to a clean 1.5 ml microcentrifuge tube. Measure out an amount of sample as close to the
target mass as possible to reduce variability.

2. Keep track of the mass of each sample measured, as the amounts of SCCAs detected will be normalized using the sample mass (see
6.5.2, below).

4. After weighing all samples, add 1 ml of extraction solution (the water + internal standard mixture from step 2.4) to each of the sample tubes.
Keep the ratio of extraction solution to tissue mass the same across all extractions (in this case 1 ml for 100 ± 5 mg tissue). Mix well by vortex
for 10 sec.

5. Allow samples to sit at room temperature for 1 hr. During this hour, mix each tube every 15 min as in step 3.4.
6. After 1 hr of extraction, mix the samples one final time and transfer sample tubes to a microcentrifuge. Centrifuge samples at 4 °C, 10,000 x g

for 10 min to precipitate solid material (cell walls, particulate matter, etc.).
1. When processing liquid samples, add the appropriate concentration of internal standard, mix briefly and centrifuge. After centrifugation,

treat liquid samples identically to the extract from solid samples.
2. Check the pH of the samples to confirm that they are compatible with the pH range of the running buffer in the detection kit (step 4.6) or

buffer system being employed. As the volumes of sample are usually quite small, pH can be monitored using pH paper.

7. Prepare to filter samples using syringe-mounted disc filters (3.8).
 

NOTE: Prevent sample loss by ensuring that each filter is correctly attached to a syringe before transferring supernatant. Prepare one syringe
equipped with a disc filter for each sample to be analyzed (including standard curve samples).

8. After centrifugation of samples and preparation of the syringe filters, transfer the supernatant from each sample to a 3 ml syringe equipped
with a 0.2 µm syringe filter. Use a new filter and syringe for each sample. Filter all samples, including standard curve samples and buffer
controls, prior to running on the CE system.

9. Filter the sample directly into a clean microcentrifuge tube. After filtering, close the tube containing filtrate and discard the syringe/filter
apparatus.

10. Immediately place filtered samples into the CE system for SCCA detection; or store samples at 4 °C overnight. If samples are to be stored
overnight, seal the tubes with plastic paraffin film to prevent gas exchange and sample evaporation.

1. If samples must be stored longer than a day after filtering, flash freeze extracts in liquid nitrogen or freeze at -20 ºC. After thawing,
however, ensure that each sample is examined for precipitate formation and filter if necessary (as in step 3.6).
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4. Setting Up the SCCA Detection Run

1. Consult the CE user manual for programming- and control software-specific details.
2. Prepare capillary electrophoresis (CE) sample vials for SCCA detection. Ensure vials are properly labeled, clean, and free of defects.
3. Wash and dry the caps of the CE vials before use.

1. Wash caps by submerging them in ultrapure water and allowing them to soak overnight. After soaking the caps, discard the soaking
solution and rinse the caps twice more with ultrapure water.

2. Transfer rinsed caps to a clean drying surface lined with lint-free tissue and allow them to air-dry. Ensure caps are completely dry
before use to avoid pressure failures.

4. Transfer 1 ml of sample to each CE vial, being careful to avoid accidentally splashing the sample into the neck of the vial. After transfer, place
a CE cap on each vial.

1. If a dilution is needed, dilute the coffee seed samples 1:10 or 1:100 directly in the CE vial using ultrapure water. For dilutions greater
than 1:100, create an intermediate dilution to avoid pipetting errors.

5. Prepare one vial for each standard curve point by transferring standard curve solutions (1.0 ml) from step 2.5 to CE vials. Cap each tube after
transfer.

6. Prepare a 0.1 M solution of sodium hydroxide (NaOH) by adding 0.04 g of NaOH to a beaker containing 90 ml ultrapure water and allowing
the pellets to dissolve. Transfer the 0.1 M NaOH solution to a 100 ml volumetric flask and bring the total volume to 100 ml.

7. Add 1 ml of 0.1 M NaOH solution to a clean CE vial and cap.
8. Prepare CE buffer vials for each batch of samples to be run on the CE system. Separation kits are available or custom buffers can be used13.

1. Prepare 1 vial with 1 ml of starting buffer solution and cap.
2. Prepare three vials with 1 ml each of running buffer solution and cap. Replace the running buffer before each batch of samples and

standard curve points, or after 35 samples, whichever occurs first.
3. Fill three additional vials with 1 ml of ultrapure water and cap each vial.
4. Prepare 1 empty "waste" vial with cap.

9. After preparing the vials described in step 4.8, load the vials containing the buffers and water, as well as the waste vials (from steps 4.8.2-5)
into the buffer tray of the capillary electrophoresis system, as per manufacturer instructions15. Carefully note the position of each vial for auto-
sampler programming.

10. Load the vials containing the standard curve points and the vials containing the samples to be assayed into the inlet sample tray, as
described in the manufacturer's instructions. Note the position of each vial for auto-sampler programming (see steps 4.11.1 below).

11. Prepare conditioning and sample separation methods (programs for these are provided in Tables 1 and 2, respectively), and write a sample
sequence file as per instrument operating instructions. Use the separation method detailed in Table 2: rinse the column with initiator (20 psi)
for 0.2 min; rinse with accelerator (20 psi) for 0.5 min, inject samples (0.5 psi) onto the column for 0.09 min, separate samples at 20 kV for 12
min, rinse with NaOH (20 psi) for 0.5 min, and finally rinse with water (20 psi) for 0.5 min.

1. Using the CE control software, write the sample running sequence (i.e., the worklist; a list file detailing the order in which the samples
will be analyzed, and the method to be used to separate each sample) using the "sequence" spreadsheet interface. Each row on the
spreadsheet will correspond to a sample run and produce a single data file.

1. Ensure that when writing the sequence file, samples are identified using the correct position in the sampling tray. Ensure that
each data file has a unique name to prevent the software from overwriting previous files. Program CE capillary conditioning runs
as a separate sequence prior to the sequence run containing the sample separation method.

2. Begin the sample sequence run with the standard curve solutions, followed by SCCA samples, and end with a second run of the
standard curve solutions. This will allow a calculation of the degree of any signal loss occurring during sample analyses.

 

Table 1: Conditioning method program used to prepare the capillary for short chain carboxylic acid separation via capillary
electrophoresisa.
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Table 2: Separation method program used to analyses short chain carboxylic acids via capillary electrophoresisa.

5. SCCA Detection Run Execution and Data Collection

1. Initiate capillary conditioning runs. Expect to condition the capillary two or three times before the column is ready for sample separation.
Column conditioning should be performed as described in Table 1. Briefly, rinse column with 0.1 M NaOH (20 psi) for 1 min, rinse with water
(20 psi) for 1 min, rinse with initiator (20 psi) for 0.5 min, rinsed with accelerator (20 psi) for 0.5 min, separate accelerator at 30 kV for 10 min,
rinse column with 0.1 M NaOH (20 psi) for 0.5 min, and finally rinse the column with water (20 psi) for 0.5 min.

1. Condition the capillary prior to each sample sequence run. Achieve proper conditioning by keeping the separation voltage is constant
throughout the run and observing a flat baseline on the photodiode array trace.

2. After conditioning, initiate sample separation by opening the "control" menu in the software and selecting (i.e., clicking on) "run sequence."
Monitor the photodiode array (PDA) trace to ensure proper separation.

1. Observe the first trace and ensure that it has a flat baseline and cleanly resolved (baseline resolution), individual acid peaks. Over-
loaded samples will show long peak tails, or peak tailing, and will need to be diluted (Figure 1).

 

Figure 1: A comparison of PDA traces highlighting an overloaded sample. As analyte concentration increases, individual peak geometry
may begin to become asymmetric. At (a) 0.05 mg/ml, acetic acid presents a well-defined, bilaterally symmetrical peak. As the concentration of
acetic acid increases to (b) 0.07 mg/ml and (c) 0.10 mg/ml, a peak tail forms (arrows). This peak tailing is a good indication that the sample is
overloaded. Please click here to view a larger version of this figure.

3. At the conclusion of the sequence run, open the data files one at a time in the CE analysis software and integrate the peaks.
1. Integrate sample peaks.

1. Open the first file and set the automatic integration steps to exclude the first 3 min of the run (where the voltage, and therefore
the direction of column flow, is inverted as described in Table 1). In the same menu, set peak selection criteria to a minimum
peak width of 50 units and peak area of 100 units (or the manufacturer's default settings) to provide a moderately high level of
selectivity, separating acid peaks from background noise in the trace.

2. Manually check peak boundaries and baselines for each PDA trace to ensure proper peak integration. Improperly integrated peaks
(i.e., a slightly asymmetrical SSCA peak that has been integrated as two separate peaks by the automated software) will need to be re-
integrated manually.
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4. After integration, view the percent area report, then highlight and copy the percent area report and paste it into a separate spreadsheet.
Repeat for each sample to construct the full run peak report with each row representing a single peak (i.e., each peak should contain a single
compound if the separation is working well).

6. Data Analysis

1. Prepare data for analysis using the spreadsheet constructed in (5.4). Begin analysis by labeling the acid standards for each of the standard
curve points, including the internal standard.

2. Calculate a retention index for each peak by dividing the retention time for each peak in the sample by the retention time of the internal
standard in that sample. Sort the data set by the resulting retention index to identify the peaks of interest in each sample.

3. After identifying the peak for each acid of interest, construct standard curves for each acid using the external standard curve points.
1. Generate a standard (concentration) curve for each SCCA standard by determining the peak area for each concentration of the SCCA

standards, and plotting concentration on the x-axis vs. peak area on the y-axis. Plot the linear regression for each SCCA standard
curve and define the slope equation (y = mx + b).

2. Ensure that the R2 values of the linear regressions are 0.90 or higher as the quantifications are most accurately performed in the linear
range of the standard curve.

4. Calculate the acid concentration for a given SCCA in a sample using the peak area and the slope equation for the linear regression line of the
standard curve (calculated in 6.3.2 above). Briefly, divide the observed peak area for a given acid by the slope of the regression line for that
acid's standard curve.

1. Correct the raw concentration values calculated in step 6.4 for sample loss during processing using the internal standard (step 6.5).

5. Calculate the correction factor for each sample using the internal standard.
1. Divide the actual concentration of the internal standard (i.e., the known amount added at the beginning of the experiment) by the

observed value of the internal standard in the sample (i.e., the amount calculated using the slope equation of the standard curve for the
internal standard). Multiply the raw concentration values of each SCCA in the sample by this correction factor.

2. Divide the internal standard corrected SCCA concentration by the mass of the sample used for extraction to correct for any variation in
sample mass. This calculation yields amount of analyte per mass of sample (mg SCCA per mg ground coffee in this example), which
can then be converted to the appropriate units for the given study (mg/mg, mg/g, g/g, etc.).

6. After calculating SCCA concentrations (normalized to either the mass [for solid or liquid samples] or volume [for liquid samples]), use these
values for statistical analysis as per the demands of the experimental design and questions of interest.

Representative Results

This protocol has been successfully utilized to measure the effects of seed treatments on the SCCA content of green coffee seeds. In this
experiment, the six treatments were: a saturated microbial suspension of Leuconostoc pseudomesenteroides strain GCP674 in its growth
medium (1), an aqueous suspension of GCP674 microbes in water (2), an aqueous solution of acetic and lactic acids (0.15 and 0.4 mg/ml
respectively) (3), a spent M1 growth medium treatment (4), dH2O water (5), and an un-treated control (no substance added to seeds) (6).
Treatments were applied and allowed to ferment for 24 hours. Four independent replicates were assessed for each treatment. Analysis was
conducted for citric (C), malic (M), acetic (A) and lactic (L) acid levels using adipic acid as an internal standard.

For each SCCA and the internal standard, standard curves spanning the range of concentrations predicted to be in coffee samples (5, 10, 20,
40, 60, and 80 ng/µl) were generated. As expected, each acid exhibited a linear response for this concentration range with R-squared values of
0.9876 for citric acid, 0.9987 for malic acid, 0.9998 for acetic acid, and 0.9999 for lactic acid. The internal standard (adipic acid) also exhibited
a linear response over this concentration range, yielding an R-squared value of 0.9984. Prior to sample analyses, limits of detection (LOD) and
limits of quantitation (LOQ) were determined for each SCCA and the internal standard (adipic acid). The limit of detection of citric, malic, acetic,
and adipic acid was 1 ng/µl; and the LOD for lactic acid was 2 ng/µl. The limit of quantitation of citric, adipic, acetic, and lactic acid was 4 ng/µl;
and the LOQ for malic acid was 2 ng/µl. To calculate the percent recovery SCCAs and adipic acid, coffee was spiked with individual SCCAs or
adipic acid and processed using the protocol described above. The percent recovery was then calculated by using the following formula ([{peak
area spiked sample - peak area control sample}/theoretical peak area of calculated concentration of spiked sample {generated by analyzing
buffer + SCCA/adipic acid spike}] x 100). Using this method, we calculated percent recoveries of 106.08% ± 12.66 for citric acid, 98.35% ± 1.15
for malic acid, 91.94% ± 3.07 for acetic acid, 97.42% ± 1.48 for lactic acid, and 100.19% ± 2.57 for adipic acid.
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To determine the precision of the method, the intra- and inter-day variability of measurements made using CZE was also calculated. To
determine intra-day variability, samples of each SCCA and adipic acid were measured from a single coffee sample five times across a 24-hour
period, and coefficients of variability (COV; calculated by dividing the standard deviation in peak area [or concentration] for each SCCA by the
average peak area [or concentration] for that SCCA, and then multiplying the result by 100) for each compound were calculated using the peak
area. To assess the importance of correcting samples using the internal standard, the coefficient of variance for each SCCA was also calculated
using the concentrations of each SCCA calculated using adipic acid as an internal standard. As expected, the CZE method was able to precisely
measure SCCAs and adipic acid, with COVs of 3.02% for citric acid, 2.64% for malic acid, 3.74% for acetic acid, and 2.01% for adipic acid (lactic
acid was below LOD/LOQ for all coffee samples measured). These measurements were repeated across a five-day period, and the CVs ranged
from 2.11-5.25% for citric acid, 2.01-5.32% for malic acid, 1.72-3.74% for acetic acid, and 1.26-3.82% for adipic acid. When peak areas were
corrected using the internal standard and calculated concentrations of SCCA were used to calculate COVs, the intra-day COVs ranged from
1.08-4.17% for citric acid, 1.47-3.40% for malic acid, and 2.68-5.10% for acetic acid. To assess inter-day variability, SCCAs in a single coffee
sample were measured once per day across a five-day period. This experiment was then repeated five times for each SCCA and adipic acid.
The COV for each SCCA was then calculated by dividing the standard deviation in peak area (or concentration) for each SCCA by the average
peak area (or concentration) for that SCCA and multiplying by 100. To assess the importance of correcting samples using the internal standard,
COVs were also calculated using the concentrations of each SCCA calculated using adipic acid as an internal standard. The CZE method was
able to reliably reproduce SCCA measurements, with COVs ranging from 5.24-10.02% for citric acid, 6.55-9.47% for malic acid, 7.67-8.63% for
acetic acid, and 3.08-6.57% for adipic acid. When peak areas were corrected using the internal standard and calculated concentrations of SCCA
were used to calculated COVs, the inter-day COVs ranged from 4.56-6.23% for citric acid, 3.39-4.99% for malic acid, and 9.5-10.94% for acetic
acid.

 

Figure 2: Example PDA traces with peaks indicated. Green coffee samples were diluted 1:10 before loading into CE vials. Acids of interest
are indicated: acetic acid (A), citric acid (C), lactic acid (L), malic acid (M) and the internal standard, adipic acid (IS). Please click here to view a
larger version of this figure.

Statistical analysis was conducted on corrected acid concentrations using a general linear model (GLM) to determine whether or not treatments
altered organic acid levels. A model incorporating "treatment" x "run" (coded as a random factor) was implemented for the GLM. Tukey pairwise
comparisons at 95% confidence were used to determine the directionality of changes.

Treatment altered SCCA concentrations in the green coffee. Acetic acid was significantly enriched in all treatments over the no treatment control
(GLM, p <0.0001).

 

Figure 3: Impact of treatment on organic acid levels in green coffee. Treatment had no impact on (a) citric or malic acid levels in green
coffee. However, all treatments significantly increased (b) acetic acid levels compared to no treatment controls (GLM, p <0.001). Increases in
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acetic acid levels were greatest with the microbe + medium treatment. Letters indicate significant difference by Tukey pairwise comparisons at
95%. Please click here to view a larger version of this figure.

The greatest increase was observed in the microbe + media treatment, which increased 0.25-fold (0.5 vs 0.4 mg/g coffee in GCP674 vs. NT). A
similar trend was observed in lactic acid levels, though they were not significantly different. There were no significant changes or trends in the
other acids tracked (citric and malic acid).

Discussion

As with any analytical technique, there are several critical factors that can significantly impact the quality and reliability of the data generated.
First, it is important to process samples efficiently, with a minimum of freeze/thaw cycles. Repeated freezing and thawing can compromise
the chemical composition of the sample before processing or analysis. Second, it is critical to apply the steps of this protocol to all samples
consistently and evenly. Technical errors arising from inconsistent sample preparation and handling can significantly impact the quality of the
data generated, and result in increased "noise" in the SCCA measurements. For example, the particle size of the sample post-grinding will
impact the speed and efficiency of SCCA extraction. It is therefore critical to ensure that the samples are ground to a uniform particle size, as this
will maintain extraction efficiency across samples and help to reduce sample-to-sample variability. Similarly, accurate measurement and pipetting
during the preparation of standard solutions, accurate measurement of sample masses, and careful monitoring (and normalization) of extraction
times will result in the generation of more uniform data. Taking time to carefully normalize, measure, and record each of these parameters will
ensure the reliability of the data and allow for accurate post-run correction of data for any processing errors which may occur. Third, it is critical
to select and use an appropriate internal standard. Calculations of the final analyte concentration will rely heavily on accurate correction based
on the peak area of the internal standard observed in each sample. Because of this, it is critical that the internal standard be both accurately and
precisely measured; and should ideally not occur naturally in the sample or co-elute with other compounds. Not only does the proper selection
and use of an internal standard in all samples enable the researcher to control for changes in metabolite levels observed due to differences
in extraction efficiency; it also greatly simplifies downstream processing and peak identification. Finally, it is necessary to monitor the peak
identification and integration process. While automated processing algorithms are useful, they are not perfect. The data generated by this
technique rely on the accuracy of integration, and the traces must be checked manually to ensure the quality of integration events, particularly
the definition of peak boundaries and baselines.

As with any analytical procedure, it is important to establish that the CZE method presented here is: a. accurate: able to determine the amount
of a given SCCA present; b. precise: capable of reproducibly quantifying SCCAs within the same day and in measurements made across
several days of analysis; and c. robust: capable of recovering most of the SCCAs present in the samples being analyzed. As shown above
in the representative results, the method described here is capable of accurately determining the amounts of SCCAs present in samples. All
the SCCAs measured (citric, malic, acetic, and lactic acid) and the internal standard (adipic acid) exhibited a linear response in the 0-80 ng/µl
concentration range. Additionally, the LOQs and LODs for these acids ranged from 2-4 ng/µl and 1-2 ng/µl, respectively. The method was also
precise, as all of the SCCAs measured and the adipic acid internal standard exhibited low intra-day variability, falling between 2.0-5.5% of the
peak area (or between 1.0-5.2% of the calculated concentration) for all SCCAs measured. The inter-day variability of SCCA measurements
was also relatively low, falling between 3.05-10.10% of the peak area (or between 3.30-10.95% of the calculated concentration) for all SCCAs
measured. Interestingly, with the exception of acetic acid, which was consistently at or close to the limit of detection/quantification in all coffee
samples analyzed, correcting samples using adipic acid as an internal standard resulted in more reproducible measurements and a decrease
in the coefficient of variability (see Representative Results, above). These data are consistent with previously published results indicating that
correction with an internal standard is essential in maintaining precision in CE analyses over time16. While some methods have employed
inorganic ions as an internal standard, we felt that adipic acid was a more appropriate standard for the CZE method presented here, as it is an
organic acid and therefore more likely to experience loss in the sample preparation steps similar to that experienced by the SCCAs of interest in
the sample. Adipic acid had the additional advantages of not being present in the coffee samples being examined, exhibiting a linear response
across the same concentrations used for SCCAs in this study, exhibiting relatively low LOD/LOQ values (1 ng/µl and 4 ng/µl, respectively), and
a high percent recoverability from the coffee matrix (100.19% ± 2.57), making it a useful standard for quantifying SCCAs in coffee samples.
Interestingly, the high percent recovery observed for adipic acid was achievable for all organic acids measured in this study, which exhibited
percent recovery values ranging from 91.94-106.08%. These data indicate that the CZE method presented here is capable of recovering most of
the SCCAs present in coffee samples.

Adapting this protocol to new sample types requires the collection of preliminary data, based on literature or empirical evidence, concerning
the expected amounts of targeted analytes. This information will help guide the experimental design, sample preparation, and standard curve
construction. Determining the correct sample dilution to use can be easily accomplished empirically by running a dilution series of a test extract
to find a proper working dilution. This protocol was designed to detect the SCCAs outlined in the example results, but it could easily be adapted
to detect other SCCAs by altering the separation parameters, such as separation voltage, pressure, or time. It is important to remember,
however, that altering the separation parameters may alter the number of runs that can be accomplished on a single set of separation buffers as
these buffers degrade with use. Baseline degradation or changes in current are often manifestations of over-used/depleted buffers. Replacing
the running buffer and reconditioning the capillary can often resolve these problems. After extended use, the ability of the capillary to resolve
analytes will decrease as well. Decreased baseline stability, drastic shifts in retention time, and reduced peak resolution are all signs that the
capillary may need to be replaced. It is also possible to receive a pressure error resulting from improper sealing between the sample vial and the
capillary due to an ill-fitting vial cap or a defective vial. Ensure the caps fit snugly into the sample vials to prevent this error.

Traditionally, chromatographic methods such as GC-MS, GC-FID, or HPLC have been used to detect SCCAs in a wide range of matrices,
including air, water, soil, and plant samples14. While effective, a major drawback in these methods is the need to derivatize SCCAs before
detection. Derivatization uses hazardous reagents the limit of detection is often affected by the efficiency of the derivatization reaction13,14.
The detection of non-derivatized SCCAs through CZE avoids analyte loss during processing, exposure to hazardous derivatizing agents, and
reduces sample preparation time. These benefits can be seen in the high percent recovery rates (ranging between 91.94-106.08%) calculated
for all SCCAs measured in this study. In addition, CZE quantification of SCCAs achieves limits of detection comparable to those reported in
literature for GC-MS, GC-FID, and HPLC, in the range of parts per million to parts per billion13,14. When combined with high-speed run times,
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high-resolution separation power, the straight-forward sample processing protocols employed by this method of analysis, the sensitivity and
convenience of CZE make it an attractive alternative to traditional GC or HPLC methods.

However, it is important to note that, while CZE provides several advantages over GC-MS HPLC, or LC-MS/MS based methods of SCCA
analysis, it is not appropriate for all SCCA analyses. For example, since the CZE method described here relies solely on spectrophotometric
detection, it does not allow for the identification of unknown SCCAs present in the sample, or the confirmation of SCCA identity via mass spectral
profiling. Because of this, GC-MS or LC-MS/MS methods would be better suited for SCCA analyses in samples containing large numbers of
unknown SCCAs, or samples in which it is critical to confirm the identity of all SCCAs present. Additionally, as previously reported LC-MS/MS
based methods allow for lower limits of detection (LODs)-on average, 0.05 µg/ml for LC-MS/MS17 vs. the 1 µg/ml for CZE obtained using the
method presented here-LC-MS/MS based quantification of SCCAs may be more appropriate for samples in which SCCAs are present in very low
or trace amounts.

The protocol presented here focuses on the extraction and quantification of short chain carboxylic acids (SCCAs) from plant tissues. Obtaining
proficiency in this technique will open the door to a wide range of applications of this technology for the individual researcher. This technique,
with only slight variations in methodology, has been successfully employed in the analysis of SCCAs in a diverse population of samples and
substrates, ranging from food products and tissue samples to environmental water and soil samples8. Additionally, gaining familiarity with the
chemical principals underlying this technology though this protocol will provide researchers with the knowledge base needed to attempt the
analysis of other compounds, such as carbohydrates or metals8,13. The analytical flexibility of capillary electrophoresis makes it an extraordinarily
powerful tool suitable for a myriad of experimental applications.
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