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Objective/Thesis Abstract
Capillary electrophoresis (CE) is an analytical chemistry approach that allows for the
efficient separation by charge of diverse classes of compounds for analysis, including secondary
metabolites. The goal of this work was to optimize a buffer system for plant tissue analysis using
micellar electrokinetic chromatography (MEKC), and by doing so to understand the role of
buffer components in the performance of this form of capillary electrophoresis. In this
experiment we implemented a factorial design to optimize buffer composition for separating
plant tissue and secondary metabolites. The results of this experiment will be used to optimize a
universal buffer for MEKC analysis that can be used on any variety of plant tissues. To
determine the feasibility of this, a diverse set of plant secondary metabolite chemical standards in
solution were tested as well as Helianthus annuus tissue to confirm the separation in a real
biological sample. The results of this optimization yield insights into the utility of buffer
components like electrolyte and pH for MEKC separation.
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Introduction
Capillary electrophoresis (CE) is an analytical technique used to analyze the composition
of a sample by separating the compounds within it based on charge and size, and allows for
identification of sample makeup by passing the individual compounds passed a diode array
detector yielding a UV fingerprint (Jimenez-Lozano 2002). It is a separation technique that can
be used to quantify a compound and can use UV fingerprints of said compound to identify it in
nearly any kind of organic or inorganic aqueous solution (Tavares 2003). CE relies heavily on
electroosmotic flow (EOF) to move and separate analytes in a small capillary. The silica coating
of the capillary is charged with a strong base to create a weak acid on the wall of the capillary,
which is then coated with buffer to allow interaction with the capillary wall and for the
electroosmotic flow to pass appropriately. Once the silica in the CE capillary has been prepared
or “cleaned” by hydrolyzing it with NaOH (or another appropriate strong base) and then coated
with buffer, a small quantity of sample is injected, shocked, and then allowed to separate within
the bulk electroosmotic flow of the buffer. The injected buffer coats the capillary walls, creating
a bilayer on the silica of positively charged electrolyte which increases the viscosity (η) of the
electroosmotic flow and adds a layer of charge to the capillary wall (ε), slowing down negatively
charged molecules. Sample interactions with the capillary and the buffer allow the sample
components to be separated based largely on charge. The charged separation could also be
affected by the pH of the buffer (ζ), which can ionize molecules in the sample and dictates how
well electrolyte and sample can interact. Molecules in sample are further separated by size since
large charged molecules are attracted to the electrode differently than small molecules, and as
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molecules encounter surfactant, interactions with
these charged micelles acting as a pseudo-stationary
layer will also separate molecules by size. The

Figure 1: Formula and Factors Affecting the
Electroosmotic Flow Epsilon and zeta are the two terms
of this equation that were manipulated in this factorial and
are directly related to the velocity of the electroosmotic
flow.

Formula for the Velocity of the
Electroosmotic Flow (EOF)

negatively charged spherical aggregation of
hydrophobic surfactant like SDS into amphiphilic
micelles may encapsulate weakly charged or neutral
species, and will separate these based on charge as
well. The composition of the buffer is an important
factor because it controls the electroosmotic flow
(Figure 1) of molecules within the capillary, their

𝑣𝐸𝑂𝐹 = − (

𝜀𝜁
)𝐸
4𝜋𝜂

ε = dielectric constant of the electrolyte
ζ = the zeta potential (volts) / a measure of
the charge on the wall of the capillary
η = viscosity (Poise)

separation, migration, and can alter the charge of
compounds in sample and change the way the sample interacts with the capillary (Whatley

E = applied potential (Volts/cm)

2001). As the electroosmotic flow flows toward the cathode, the small positively charged
molecules will elute first, followed by large positively charged molecules, large negatively
charged molecules, and small negatively charged molecules (Chetwynd 2018). The neutral
species will be separated last by the surfactant which is most strongly attracted toward the anode.
The slightly negative species will elute first, followed by the slightly positive ones which interact
most strongly with the surfactant, and are therefore the furthest back (Pranaityte 2006) (Figure
2). The diode array detector (DAD) records a unique spectral signature for each molecule that
passes by, and the spectra along with the peak area and the migration time of each peak can be
used to determine the identity of a compound, and its concentration in the solution.
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To determine the best possible buffer
for plant tissue separation, it was first
necessary to know the principal components
of a buffer. By definition an MEKC buffer
needs a surfactant to separate uncharged or

Figure 2:Figure
MEKC
Capillary
Cross
Section
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1: Formula
and
Factors
Affecting
themolecules are
white andElectroosmotic
negative ones are
grey.
Shows
small
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and
are directly
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to strongly
the velocity
of theto the anode.
Negativeelectroosmotic
molecules interact
flow.with the positively charged silanol
walls coated with electrolyte. Anionic surfactant like SDS is most
strongly attracted to the anode and positively charged wall, and
slightly positive neutral or hydrophobic species of molecules are
most strongly attracted to the surfactant micelles and are therefore
pulled strongly toward the anode with them.

weakly charged molecules and to act as a
pseudo-stationary phase to separate molecules
by size, electrolyte to charge the capillary wall

+

and create opportunities for molecule

-

interaction, and the buffer needed to be set to a

-

-

specific pH to charge the sample as well as the
double layer of electrolyte on the silica of the
capillary (Tomasbarbarean 1995). Once the
general composition of a buffer was known, dozens of articles using MEKC to separate and
analyze secondary metabolites in plant tissue were assessed and categorized by their buffer
compositions. The literature was found to be widely inconsistent and varied dramatically in their
buffer constituents, making it difficult to adapt a system from the literature (Figure 3). Twenty
papers using MEKC for secondary metabolite analysis in plant tissue were evaluated based on
the levels and types of surfactant, electrolyte, and pH level used, as well as the nature of the plant
tissue being analyzed, what if any additives were used in the buffer, and took note of several
other relevant parameters in these model experiments. By comparing common components used
to make a buffer, we identified a wide range of potential buffer combinations. A factorial design
3
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Figure 3: Buffer Variation Across the
Literature Electrolyte ranged from 10 mM60 mM, SDS ranged from 10 mM-180 mM
and pH ranged from 6.75-10.5.

Electrolyte Concentration
(mM)

was used to manipulate all the different buffer
components simultaneously, and this experiment
focuses on the interacting charged component of
the larger factorial design. Electrolyte and pH are

Sterbova et al

directly responsible for the charged environment

Fonseca and Tavares

within the capillary and hold the most influence

Pietta et al
Zhang et al

over the electroosmotic flow of molecules past

Micke et al
Baggett et el

the detector (Figure 1). These two interacting

Dubber and Kanfer
0

20

40

60

80

SDS Concentration (mM)

buffer components are the most crucial to the
buffer composition and success of the separation,

Sterbova et al
Fonseca et al
Ganzera et al
Pietta et al
Falk et al
Glowacki et al
Micke et al
Soto et al
Unger
Dubber and Kanfer

so these two factors were tested on the most
difficult and time consuming initial step in
optimizing a buffer system. A total of 40 buffers
were tested at every combination of four
electrolyte levels and 10 pHs as part of this
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best performing buffers will be further modified
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in future experiments by testing at three different
surfactant levels and various levels of the two
most commonly used additives. The buffers were
all tested by separating a compound mix of
common plant secondary metabolite standards,
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and ground-truthed using real plant extracts of homogenized sunflower (Helianthus annuus) leaf
tissue. Each of the two sample types were dissolved or extracted in two types of solvent, either
0.5% DMSO/Water or MeOH. These four total sample types were tested using all buffer
combinations under the same conditions. Using the compound mix of known chemical standards,
we can clearly identify the effects of each buffer component on the separation of the sample.
Outlining the effects of each buffer component will assist in choosing which buffer to promote to
the uncharged separation component of the factorial, and will allow a knowledgeable adjustment
of future buffer composition based on understanding of how the components of the buffer are
affecting sample separation.
The full factorial design tests four electrolyte levels and ten pH levels, with three
surfactant levels, three levels of two different additives, and is tested using Helianthus annuus
tissue and a compound mix of 12 different plant secondary metabolite standards, each in MeOH
solvent and in 0.5%DMSO/Water (Figure 4). The factorial was broken down into three
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sequential component parts, each testing the four types of
sample: the Interacting Charged Component assessed here
focuses on the interaction between pH and electrolyte, the
Uncharged/Hydrophobic Component tests various levels of
surfactant to analyze the role of size exclusion and
hydrophobic analyte separation, and the third part optimizes
for Increased Analyte Resolution, which is where organic
modifiers like ACN and MeOH are used to sharpen peak
resolution and completely separate similarly charged and
structured molecules. Even though surfactant is a key
component to an MEKC buffer, SDS was tested outside the
initial factorial of pH and electrolyte since those two factors
have a direct effect on the EOF of the buffer, while SDS
does not (Whatley 2001).
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Figure 4: Flowchart for Buffer
Optimization Factorial This flowchart
details the full extent of the factorial to
determine an optimized universal buffer
for plant tissue analysis. This experiment
focuses on the combination of interacting
buffer components with all sample types.

Methods
Making Buffer Solutions and Extracts
To make the first set of buffers, all four levels of Sodium Tetraborate Decahydride
(hereafter referred to as borate) were mixed with 15 mM Sodium Dodecyl Sulfate (SDS), both
purchased standard grade from Sigma Aldrich, and were dissolved in Deionized filtered water
purified through reverse osmosis. After both the borate and the SDS were fully dissolved, the
final pH of each buffer was modified using phosphoric acid or sodium hydroxide to decrease or
increase the pH respectively, with the assistance off a pH probe (PH-BTA, Vernier, Inc.).
. To gain an objective description of the performance and separation ability of each
buffer, a mixture of known compound standards were needed. An initial 20 analytical standards
of plant secondary metabolites were dissolved singly in either a methanol or a 0.5%
DMSO/water solution to a final concentration of 1 mM, and these twenty standards were tested
with a previously published, reasonably effective buffer to determine separation time and
spectral fingerprints for each compound. These 20 compounds included flavonoids, nonflavanoid phenolics, alkaloids, and terpenes. Of these 20 compounds, a subset of 12 compounds
that were identified to have sufficiently different migration times and spectral fingerprints so as
to be easily identified were combined into compound mixtures with the two different solvents,
methanol and the 0.5%DMSO/water solution. The compound mix contains five terpenes
(myrcene, limonene, B-caryophyllene) and seven phenylpropanoids (quercetin, naringenin,
catechin, coumarin, caffeic acid, salicylic acid, and gallic acid). The compound mixtures of these
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common secondary metabolites were used as a simple sample matrix to test the separation
abilities of the buffers and to establish a spectral library to differentiate secondary metabolites.
In addition to testing the range of buffers with the compound mixtures, the buffers were
all also tested with H. annuus samples. This biological sample was made using finely ground,
homogenized dried leaf tissue collected and pooled in equal proportion from plants of twelve
inbred lines of cultivated sunflower, known as the ‘core 12’. The Core 12 lines of H.annuus
represent 50% of genetic diversity in crop sunflower, and were picked to be representative of
crop sunflower as a whole (Mandel et al. 2013). Secondary metabolites were extracted from
0.05g plant tissue using either analytical grade methanol (CAS# 67-56-1, Sigma Aldrich), or
with 1mL 0.5% standard grade DMSO (CAS# 67-85-5, Sigma Aldrich) and deionized filtered
water. These extractions were vortexed for 30 seconds, centrifuged at 4000rpms for 10 minutes,
and refrigerated for 2 days before being used as sample for analysis. After the secondary
metabolites were fully extracted into the solvent, the samples were diluted 1:3 before being run
in the capillary electrophoresis system.
Sequence Table and Method Breakdown
The efficacy of each buffer and sample was tested on a capillary electrophoresis (CE)
system (G7100 capillary electrophoresis system, Agilent Technologies Inc.) in a capillary 56 µM
wide, and 60 cm long. The conditions in the capillary were 25 ˚C with voltage at 25 kV, a current
of 300 µA, and a power of 6.0 W. The Interacting Charge Component of the factorial tested the
effects of pH and electrolyte, and this was done using two sequences separating the buffers by
pH. The sequences were created so that the pH was slowly increased and there was minimal pH
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change and disturbance of the silanol groups on the capillary wall. Significant changes to pH
within a sequence affects the electroosmotic flow of the system, which can alter the migration
time of the sample (Lauer 2009). To prevent ion buildup and unnecessary disturbance of the
capillary wall, the buffers were tested in such a way that the pH only gradually increased
between methods. When attempting to randomize pH as well as borate concentrations, Joule
heating and other effects brought on by changing capillary wall conditions brought an unsteady
current through the machine, and ruined the results of that sequence. To avoid that, there were
two sequences run during this part of the experiment, one sequence testing the 20 buffers from
6.0-8.0pH, and the second testing the 20 buffers at 8.5-10.5 pH. Each sequence tested every
buffer in those pH levels, with every borate combination, in combination with an H. annuus
tissue extract sample from each extraction solvent, and then the sequences were repeated with
the compound mixes in the same extractant solvents. The sequence is structured with repeating
patterns of an 11 method intervals, starting with a cleaning method, an internal standard method,
one sample type tested at all borate levels and one pH level, an internal standard, and then the
other sample type was tested with the same buffers. This pattern repeats five times and increases
in increments of 0.5 pH, and borate concentrations were randomized within each sequential pH
level. An example of the sequence can be found in the supplement (Table S1). The cleaning
method uses 600 second flushes of 1M NaOH, 0.1 M NaOH, and then triple filtered deionized
water to dislodge any excess NaOH molecules not bound to the silica in the capillary, followed
by a 300 second buffer flush to coat the capillary for the next sample. This cleaning run is
followed by the standard 4-hydroxyacetophenone, 98% (PHAP) (CAS# 99-93-4, Sigma
Aldrich), and then the sample runs. The sample runs are preconditioned with 180 second flush of
9

water, 0.1M NaOH, more water, and then 300 seconds of the buffer being tested to coat the
newly exposed silica on the capillary walls. After preconditioning, 50 mbars of pressure was
applied to the sample for 5 seconds, voltage is applied at 25 KV for 0.2 minutes, and then the
matrix in the capillary is allowed to flow past the diode array for 22 minutes. The purpose of
these sequences was to identify a handful of well performing buffers to test at different SDS
levels and eliminate those that do not work in the system.
Buffer Selection
The sequential factorial optimization study was broken into several parts to most
efficiently test all the parameters. Once the interacting charge component of the factorial with the
pH and electrolyte was performed on each of the four samples, a handful of well performing
buffers would be selected for further optimization. This selection process involved counting all
of the true peaks from each separation and calculating the total separation time for each sample.
True peaks were identified visually as an individual peak and confirmed with UV spectra. The
interacting charge component of the experiment testing pH and electrolyte concentration was
repeated three times so that at least three total chromatograms for every buffer with every sample
were produced. This allowed us to confidently select well performing buffers for further
optimization. Only peaks identified with UV spectra were counted, and the average separation
capabilities of the buffers were assessed. Only buffers capable of separating more than 8 of the
12 compounds in the compound mixture and had comparable separation in the biological sample
were considered to progress to the next phase of the optimization
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Results
Across all sample sequences, averaged values of peak numbers and separation times
between all sample runs indicated buffers in the 8.5-9.5 pH range performed the best, with some
good separation at 10 and 10.5pH in conjunction with low electrolyte concentrations. Buffers at
those high pH levels often experienced joule heating, or just poor separation due to the high
charge conditions from a large zeta potential and the confounding epsilon potential from the
heightened borate concentration. Optimal separation occurred at 9.5 pH.
A clear trend among all sequences revealed that increasing electrolyte concentration
directly increases the separation of the compounds in the sample. At the higher borate
concentrations, 30 mM and 45 mM, there was so much separation that some compounds were
not able to migrate passed the detector before the method was terminated at 22 minutes (Figure
5). An electrolyte concentration as high as 30 mM borate might be useful when separating an
unpurified or very complex solution of secondary metabolites, but more than that and the
separation will take too long per sample to be an effective high-throughput analytical tool.
The compound mix of standard secondary metabolites had a cleaner separation of
metabolites compared to the H.annuus sample. This was certainly due to its pure chemical nature
and was used to clearly demonstrate the separation abilities of the buffers. Trials with these
compound mix samples also had a lower standard deviation of peaks separated between
sequences (Figure 6). This implies that the more purified the sample is, the easier its components
will be to separate. That does not imply that a biological sample won’t separate as well, but there
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was more room for error, and less reliability of consistent separation between sequences with the
H. annuus samples.
The last variable investigated in the interacting charge component of the factorial was the
influence of extractant/solvent. With both the compound mixtures and the H. annuus samples,
MeOH and 0.5%DMSO samples had an approximately equal amount of compound separation,
but with some distinctive features. MeOH had slightly higher separation abilities at most pH
levels, and more reliable separation between replicate runs as shown by higher peak number
averages and lower standard deviations. It is important to note though that while the peak
numbers and standard deviations are empirically better for MeOH, the numbers are not
substantially different than the ones accumulated for 0.5% DMSO samples. The samples with
0.5% DMSO did have slightly lower separation at most pH levels, but had higher separation at
the high pH levels. In addition, and perhaps most notably, the separations with 0.5% DMSO
were more distinct than the ones with MeOH, with more peak resolution and a more stable
baseline between peaks (Figure 7).
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Figure 5: Spreading Effects of Borate Concentration Note the spreading effects of increasing electrolyte
concentration. As more electrolyte is added, the more negative species take longer to migrate since they
are spending more time interacting with the positive charges on the capillary wall. It is worth noting that
while the migration time of the more positively charged compounds eluting around 7.5 minutes was not
affected as much, adding more electrolyte did allow for the separation of four more molecules between
15 mM borate and 30 mM borate.

7.5
mM
15 mM

30 mM

45 mM
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Figure 6: Data Tables of Peak Separation with Standard Deviation The charts with the number of peaks represents
the average number of peaks obtained from all buffers in 3-5 runs. The standard deviations represent the standard
deviation expected of the averaged peak number values based on the trials recorded.
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Figure 7: Effects of pH on MeOH and 0.5% DMSO/Water Samples At low pH molecules may exhibit
similar charges, and this effect is exacerbated because at low pH adsorption is suppressed. At low pH
there is very little separation. As molecules begin interacting with the capillary there is more and more
separation of molecules. At 9.0 pH and on there is the most separation of particles in solution, and as
the pH increases, so does the ionization of those molecules. For that reason, at high pH’s like 10.0 and
10.5, the charged particles are participating in more interactions and migrating further apart.
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Discussion
There is little consensus in the literature about what kinds of buffer to use when
analyzing plant extracts with MEKC. Literature found using MEKC for this purpose varied
wildly in their buffer components and component concentrations. Papers were found running
analysis with buffers that spanned 10 pH levels, and exceeded the range of electrolyte and
surfactant levels being tested here. Not only was there no consistency among other researchers,
but none of the papers offered a reason for their choice in buffer, a critical choice to make since
it dictates the capillary conditions, and the separation of analyte. Buffer compositions vary
widely between labs, and in this factorial we determined what the quantitative effects of some of
these differences actually are.
The electrolyte in a buffer is responsible for charging the silica on the capillary walls.
The ionization creates obstacles in the capillary and can alter the local epsilon and zeta potentials
on the capillary, influencing the velocity of the EOF throughout the capillary (Towns 1992).
Saturating your buffer with electrolyte will hydrolyze more of the silanol groups on the capillary
wall, causing the more negative molecules to bind more extensively to the wall. This results in
more separation of the analyte, and an even more delayed separation for more negative species.
Increasing the electrolyte concentration would be good when working with a complex sample
with a wide range of molecules or when working with a lot of very negative species in solution.
It’s important to have a reasonable electrolyte concentration because as it increases, the charged
molecules begin to interact more strongly with the capillary wall, and will get further and further
apart. It’s possible for molecules in the sample to still be bound to the capillary wall and still be
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in the process of migrating by the time the method is done. These charged molecules might elute
much later then they would have in a less electrolyte saturated solution, and so might not be
captured on a chromatograph within a reasonable amount of time. For our compound mix
sample, we found 7.5 mM Borate to sufficiently separate the standards at most pH levels, while
in our biological sample we found that 15 mM and 30 mM Borate were better for separation.
The pH of the buffer is responsible for giving charge to the molecules in solution. At
lower pH levels adsorption to the ionized silica walls is suppressed, so there are less interactions
with the capillary wall and less differentiation of molecules (Towns 1992). At higher pH’s when
there are more free hydronium ions in solution the particles in the sample are expected to become
partially positively charged. This variation in charge allows the molecules to become more
separated from each other in the capillary, or closer together when they share the same charges.
Ionizing the molecules in the sample changes the migration time of those molecules (Jones and
Jandik 1991), making pH a critical component of an MEKC buffer. This is demonstrated in
Figure 7 where the only difference between each chromatogram is the pH, and thus the charge of
the compounds in solution. At pH 6.0 and 6.5 the sample is very widely spread out and nearly
unrecognizable as individual compounds. The molecules become widely dispersed at pH 7, and
then move closer to each other and seem to display a more uniform charge from 7.5-9.0. At 9.510.5 some of the molecules have become more charged and separated. This upper range of pH
levels performed better than the other ranges of pH since it allowed for more variation of charges
between molecules and a clean separation of molecules in a timely manner. Within the upper
range of pH, 9.5 gave on average the most separation of compounds in the compound mix and in
the biological sample. While 10 and 10.5 pH gave good separation, they often lead to Joule
18

heating which were presented as power/current issues in the capillary when the electrolyte was
increased, giving a wildly unsteady baseline in the chromatograms and often makes it impossible
to identify any separation of compounds.
The last variable tested in this factorial was the effect of sample extractant on the
separation abilities of that sample. Every combination of buffers was tested in parallel on each of
these two types of samples, either 0.5% DMSO/Water or methanol. Both of these extractants
proved to be a good solvent for secondary metabolites. On average methanol extracts were able
to separate slightly more compounds than the DMSO samples, but they had less clarity. Peaks
were distinct, and compounds were still able to be identified using spectral signatures, but the
baselines were flatter and the compound peaks were more resolved in the DMSO runs. It’s
possible that with more replications the average number of peaks separated with each solvent
would be more similar and they would prove to be more reliable with a smaller standard
deviation of peaks separated between sequences. There were only three replicates performed of
each sample with each buffer combination, and outliers collected could be influencing the
averages and standard deviation between sequences. However, the qualitative appearance of the
chromatograms suggests that alcohol-based extracts may have lower reproducibility in MEKC.
Moving forward in the larger optimization study, buffers at 8.5, 9.5 and 10.5 will be
tested with 7.5 mM and 15 mM Borate, as well as at 15 mM, 30 mM, and 60 mM SDS. In this
uncharged separation component of the buffer optimization, the best concentration of pseudo
stationary phase will be tested for optimal separation of molecules by size, as well as to
understand how well the buffer can separate uncharged or hydrophobic molecules. After that, no
more than 5 total buffers with optimized pH, electrolyte, and surfactant will be used to analyze
19

all sample types while testing the different additives and concentrations of additives. Once a high
performing optimized buffer is selected, it will be used for analysis with 100 species of plants
from all major families and classes ranging from ferns to temperate trees. Should the separations
be successful, our buffer would be a universal starting place for plant tissue analysis using
MEKC capillary electrophoresis.
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Conclusion
Buffers at 9.5 are optimal for secondary metabolite separation, with good separation also
seen at pH’s 8.5-10.5. Electrolyte concentration and pH are critical components for compound
separation and for controlling the charge within a capillary. Simple samples can be effectively
separated with electrolyte concentrations as low as 7.5 mM borate, and more complex samples
can be cleanly separated at borate concentrations between 15 mM and 30 mM. CE is a robust
analytical separation tool capable of separating components of sample regardless of sample
solvent, but 0.5% DMSO solvents yield sharper peaks and a flatter baseline compared to samples
using methanol as the solvent. Total recovery of samples is not always possible, but efficient,
effective, high-throughput analysis is achievable with capillary electrophoresis.
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