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�is paper describes a capillary electrophoresis method for the determination of the cationic B-vitamins thiamine, nicotinamide,
pyridoxine, pyridoxal, and pyridoxamine in untreated cell culture medium samples. �e e�ects of the bu�ering capacity, the
mobility of the coion, and the preconditioning solution on the robustness of the method were investigated. Using a 100mM
phosphoric acid and 55mM triethanolamine background electrolyte at pH 2.3 and capillary preconditioning with 1M NaOH, all
�ve vitamins could be separated with good resolution. Preliminary method validation data over the range 10–110 µM for
undiluted samples, with 10 μM being the lower range limit of quanti�cation QL, showed accuracy recoveries of 94–104%, and
migration time and peak area repeatabilities within 0.4% RSD and 2.6% RSD, respectively.

1. Introduction

Biopharmaceuticals have become important products in the
pharmaceutical industry [1, 2]. Biopharmaceuticals are
produced using cell culture bioprocesses. �e cell culture
medium quality is critical for bioprocess performance and
the quality of the �nal product [3]. Vitamins are present in
cell culture medium in small amounts as essential nutrients.
�ey have been shown to play important roles in cell growth,
cell death, and productivity [4, 5], as well as for an increase in
mAb yield [6]. Vitamins can also a�ect the colour of the drug
substance, which is a product quality attribute [6, 7]. For a
better understanding of the e�ect of vitamins on factors such
as cell growth, cell viability, and productivity, the moni-
toring of the biopharmaceutical process is essential. �e
degradation of vitamins in aqueous solutions can make
accurate analysis challenging. B-vitamins are sensitive to a
range of external factors, such as light, oxygen, low or high
pH, and temperature, as well as to interactions with other
cell culture medium components [8]. Vitamin monitoring is
nowadays often performed o�ine, where samples are taken

at di�erent time points of the biopharmaceutical process and
stored for analysis at a later time point. Due to the unstable
character of the vitamins in solutions, there is a need for a
fast, robust method for cell culture medium samples that can
be used for at-line analysis directly after sampling. A sep-
aration technique that can handle the complex cell culture
medium, consisting of the medium components including
carbohydrates, amino acids, vitamins, lipids, salts, trace
elements, growth factors, polyamines, bu�ers, surfactants,
and antifoams [9], as well as components produced or leaked
by the cells, such as metabolites, proteins, nucleic acids,
lipids, and membrane debris, should be selected. In addition
to the complex sample matrix, vitamins, even though they
are all essential nutrients, show few close chemicals or
functional similarities [10]. Due to the di�erent physical-
chemical properties, a one-size-�ts-all derivatisation or
sample clean-up is di£cult. Capillary electrophoresis (CE)
can handle complex sample matrices with reduced sample
preparation because of its high separation power and simple
set-up. In addition, with CE, rapid analyses can be obtained
with minimal sample volumes. For at-line monitoring of the
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biopharmaceutical process, a robust method should be
developed. Several factors impact migration time and peak
area repeatability. Controlling the electro-osmotic flow
(EOF) is one of the most important factors for robustness
and continuous reproducible use. (e EOF is the result of
the electric double layer formed by ions in the buffer to
balance the charge on the capillary wall. When an electric
field is applied over the capillary, ions in the diffuse part of
the electric double layer move and drag the bulk liquid along,
creating a plug flow. (e EOF is affected by several factors,
such as the ionic strength of the buffer and the charge on the
capillary wall [11]. (e charge of bare fused silica capillary
walls is pH dependent. (e charge on the capillary wall can
be minimised by selecting a background electrolyte (BGE)
with a low pH, this significantly reduces, and thus controls,
the EOF. In addition, the minimised charge reduces the
adsorption of matrix components to the capillary wall.
Adsorption of matrix components to the capillary wall could
affect the charge on the wall and thus the EOF. Adsorption of
cell culture medium components cannot be fully avoided, so
in order to further reduce the adsorption of components
from the complex cell culture medium samples, capillary
coatings could be applied. Next to preventing adsorption,
capillary coatings also control the EOF. One option is dy-
namically coating the capillary by adding an additive to the
BGE, such as amine modifiers like triethanolamine (T-
EthA). T-EthA could be used to suppress adsorption because
of its electrostatic interaction with silanol, masking free
silanol groups [12–14]. (ese BGE additives can form a
positively charged layer on the capillary wall, protecting it
from the adsorption of cell culture medium components,
and slowing down or even reversing the EOF. (e applied
voltage during separation can cause electrolysis of the BGE,
altering its pH. Since the pH both affects the EOF and the
analyte charge, the pH of the BGE should be kept constant.
Buffer depletion could be reduced by selecting a BGE with a
high buffering capacity [15]. Several factors influence the
buffering capacity, such as the concentration and the pH of
the BGE; a higher buffering capacity is obtained with a
higher buffer concentration and when a buffer pH close to
the pKa of the buffering component is selected. By selecting
the BGE pH, it is also important to take the pKas of the
analytes into account, for a robust method, the charge on the
analytes should not be significantly affected by small pH
changes; and thus, a pH significantly far from the analytes
pKas should be selected. Lastly, capillary preconditioning is
important for high migration time repeatabilities [16, 17].
Rinsing the capillary is important since it returns the cap-
illary to the same consistent conditions. (e capillary should
first be rinsed with a solution to remove potentially adsorbed
components from the capillary wall, usually, sodium hy-
droxide or strong acids in the range of 0.1 to 1.0M are used.
(en the capillary should be rinsed with the BGE to re-
equilibrate the capillary surface. Good capillary pre-
conditioning can provide a well-defined, reproducible state
of surface hydroxylation on the capillary wall. Although
several papers describing CE for the analysis of water-soluble
vitamins in pharmaceutical preparations such as tablets were
published [18–22], the monitoring of vitamins with CE in

biopharmaceutical cultivation processes remained unex-
plored. Some interesting work has been shown for vitamin
analysis in the bacterial growth medium [23]. However, the
BGE in this work has a high conductivity combined with a
low buffering capacity. (e presence of sodium dodecyl
sulphate in the BGE can potentially prevent the adsorption
of medium components to the capillary wall, but seeing the
complex nature of upstream cell medium samples, this is
likely not sufficient. For pharmaceutical tablets, often only
pyridoxine is used as B6 vitamin, whereas in cell culture
cultivation processes, a variation of all three B6 vitamins,
pyridoxine, pyridoxal, and pyridoxamine is used. In this
work, the focus is on developing a method for the detection
of the cationic B-vitamins thiamine, nicotinamide, pyri-
doxine, pyridoxal, and pyridoxamine in upstream pro-
cessing cell culture medium samples with CE. During
method development, factors affecting the robustness, such
as capillary preconditioning, buffering capacity, buffer pH,
and coion mobility were investigated.

2. Experimental

2.1. Chemicals. (iamine HCl, nicotinamide, pyridoxine
HCl, pyridoxal HCl, pyridoxamine 2HCl, Tris(hydrox-
ymethyl)aminomethane (Tris), phosphoric acid 85–95%,
glycine, and triethanolamine (T-EthA) were obtained from
Merck/Sigma Aldrich (Darmstadt, Germany). HyClone
ActiPro medium and HyClone ActiSM medium were
purchased from Cytiva (Marlborough, USA). Modified
FMX-8 cell culture medium (FMX-8 MOD) with the
composition as described in [24] was provided by the De-
partment of Industrial Biotechnology, KTH Royal Institute
of Technology, Stockholm, Sweden. Water was of MilliQ-
grade quality (18.2MΩ·cm).

2.2. Instrumental Conditions. Experiments were conducted
on an Agilent 7100 capillary electrophoresis system with a
Diode Array UV detector (Waldbronn, Germany). Chem-
station software was used for instrument control, data ac-
quisition, and data analysis. Bare fused silica capillaries with
50 µm id were purchased from Agilent Technologies.
Capillaries had a total length of 33 cm with an effective
length of 24.5 cm.(e separation voltage ranged from 13 kV
to 20 kV depending on the conductivity of the used (BGE)
and was ramped over 0.5min. Samples were introduced
hydrodynamically at 30mbar for 5 s, followed by the in-
jection of a BGE plug using the same conditions. Separations
were carried out at 20 °C.(e detector signal was recorded at
210 nm. Before first use, the capillary was flushed succes-
sively with 1M NaOH, water, and BGE at 1 bar for 20min
each. At the beginning of each working day, the capillary was
flushed successively with 0.1M NaOH, water, and BGE at
1 bar for 10min each. Prior to each injection, the capillary
was preconditioned with BGE at 1 bar for two minutes.

2.3. BGE and Sample Preparation. BGEs containing phos-
phoric acid under acidic conditions were tested with dif-
ferent coions; Tris, glycine, and T-EthA. (e final BGE
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consisted of 100mM phosphoric acid and 55mMT-EthA,
which had a pH of 2.3. No pH adjustment was done. Vitamin
stock solutions of 20mM in water were prepared and stored
at −20 °C. A standard vitamin mixture was prepared by
mixing these vitamin stock solutions and diluting the
mixture with water, the final concentrations of the vitamins
in the mixtures varied and ranged from 10 µM to 110 µM.
Cell culture medium samples were analysed untreated.
Spiked cell culture medium samples were prepared by
adding 4 µL of a 4.5mM standard vitamin mixture to 356 µL
cell culture medium sample. Descriptive statistics were
calculated according to the normal procedures.

3. Results and Discussion

3.1. Method Development. (e vitamins pyridoxine (PN),
pyridoxal (PL), pyridoxamine (PM), thiamine (B1), and
nicotinamide (B3) with pKa values of 5.6, 4.1, 9.6, 5.5, and
3.6, respectively [25], are all positively charged at acidic pH.
(erefore, a BGE with a low pH should be used. Phosphate
has a pKa value of 2.2; and thus, a high buffering capacity at
this pH, which is significantly lower than the pKa values of
the vitamins. In addition, it is inorganic, thus showing very
little UV absorbance. Hence, phosphoric acid BGEs were
investigated. At a low pH, the separation window for cat-
ionic substances is wide, which increases the separation of
cell culture medium matrix components from the vitamins.
One of the attributes a robust method needs to adhere to is
good migration time repeatability. Selecting a BGE with a

high buffering capacity improves the migration time re-
peatability [26]. For a robust method, the BGE composition
should be consistent. For that reason, the pH of the BGE
should be set by using calculated concentrations of buffer
components, rather than setting the pH afterwards by the
addition of acids or bases. (is approach controls ionic
strength and reproducibility. In order to ensure sharp peaks,
electromigration dispersion should be suppressed by
selecting a coion with a mobility close to that of the analytes
[27]. (e mobilities of pyridoxal, pyridoxine, and nicotin-
amide were determined to be 26.5, 27.1, and 33.9×10−9m2/
Vs, respectively, by Terekhova et. al. [28], and the mobilities
of pyridoxamine and thiamine are expected to be in the same
range. Two coions with mobilities close to this range were
selected; Tris and glycine. (e pKa of phosphoric acid is 2.2;
a higher buffering capacity is thus obtained with a BGE pH
close to this value. When mixing phosphoric acid and Tris in
a ratio of 2 :1, and phosphoric acid and glycine in a ratio of
1 :1, a pH of 2.3 is obtained. (ree BGEs were prepared; A)
50mM phosphoric acid, 25mM Tris, pH 2.3, B) 50mM
phosphoric acid, 50mM glycine, pH 2.3, and C) 100mM
phosphoric acid, 100mM glycine, pH 2.3, see Table S1 in the
supporting information for buffer properties. A standard
vitamin mixture containing vitamin B1, B3, and the B6
complex pyridoxine, pyridoxal, and pyridoxamine was
analysed with these three BGEs, see Figures 1(a)–1(c) for
the obtained electropherograms and Table S2 in the sup-
porting information for measured mobilities. (e migra-
tion time repeatabilities of the vitamins achieved with BGE

0

10

20

30
A

bs
or

ba
nc

e (
m

A
U

) 

2 3
Time (min)

41

(a)

0

20

40

60

A
bs

or
ba

nc
e (

m
A

U
) 

2 3 41
Time (min)

(b)

0

40

80

A
bs

or
ba

nc
e (

m
A

U
) 

2 3 41
Time (min)

(c)

B1

B3

PM

PN

PL

0

10

20

30

A
bs

or
ba

nc
e (

m
A

U
) 

2 3 4 5 6 7 81
Time (min)

(d)

Figure 1: Electropherograms of a standard vitamin mixture (conc. 2.5–4.5mM) analysed with BGEs: (a) BGE A : 50mM phosphoric acid,
25mM Tris (current 52 µA), (b) BGE B : 50mM phosphoric acid, 50mM glycine (current 52 µA), or (c) BGE C :100mM phosphoric acid,
100mM glycine (current 84 µA), at 20 kV, or with (d) BGE D :100mM phosphoric acid, 55mM T-EthA (current 46 µA) at 13 kV. PM:
pyridoxamine, B1: thiamine, B3: nicotinamide, PN: pyridoxine, and PL: pyridoxal.

Journal of Analytical Methods in Chemistry 3



A, B, or C were all within 7.0% RSD, 1.6% RSD, or 0.7%
RSD, respectively. As expected, the migration time re-
peatability increased with increasing buffering capacity.
Using glycine in the BGE, unfortunately, caused the vi-
tamin peaks to split into double peaks. (e eigen mobility
of the BGEs containing glycine is close to the mobilities of
the vitamins, which could cause an interference [29];
however, interference caused by the eigen mobility of the
buffer is expected to influence only one of the vitamin
peaks, not all peaks. Although the mechanism is not fully
understood, it is clear that a different coion should be
selected. When using Tris in the BGE, not all vitamins were
baseline separated. An alternative coion for Tris is T-EthA.
T-EthA interacts with the capillary wall, forming a dynamic
coating, controlling the EOF, and slightly reversing it [30],
which could improve resolution. In addition, the dynamic
coating improves robustness as small changes in pH do not
affect the EOF as strongly as on an uncoated capillary, it
prevents adsorption of cell culture medium components,
and it increases migration time reproducibility. For
T-EthA, a pH of 2.3 is obtained when mixing phosphoric
acid and T-EthA in a ratio of 1.8 :1. A standard vitamin
mixture was analysed with a BGE consisting of 100mM
phosphoric acid and 55mM T-EthA at pH 2.3 (BGE D).
(is BGE had a buffering capacity of 69.1mM, which is
about equal to the 50mM phosphoric acid/50mM glycine
BGE (Table S1). By changing the coion to T-EthA, an
improvement in resolution and peak shape was achieved.
Due to the high current produced when using this BGE
(82 µA at 20 kV), the applied voltage was reduced to
prevent excessive Joule heating. Changing the voltage from
20 to 13 kV did not affect the resolution of the vitamin
peaks, it only increased the migration times. (e migration
time repeatabilities for the vitamins using T-EthA in the
BGE were all within 0.4% RSD, which is significantly better
than when using Tris or glycine as coion.

3.2.Application toCellCultureMedium. In order to show the
applicability of the developed method for vitamin moni-
toring in biopharmaceutical processes, three different cell
culture media were tested. Two of these media were the
commercially available ActiPro medium and ActiSM me-
dium. (ese cell culture media are commercially available
with a proprietary composition but are described as
chemically defined and animal-derived component-free
media developed to provide high yields of recombinant
proteins in bioprocesses using Chinese hamster ovary
(CHO) cell lines [32]. (e ActiSM medium is generally used
for developing the bioprocess, while ActiPro is used for the
production process. (e third medium was the modified
FMX-8 medium (FMX-8 MOD). (e FMX-8 culture me-
dium was developed for the production of recombinant
proteins under chemically defined culture conditions and its
formulation was published [33]. To prepare FMX-8 MOD,
several components commonly present in the cell culture
medium were added to the well-defined FMX-8 culture
medium. (e exact composition of FMX-8 MOD was de-
scribed in [24], FMX-8 MOD contains the cationic vitamins

nicotinamide (16.2 µM), thiamine (4.3 µM), and pyridoxine
(12.9 µM). (e three media were analysed untreated
(Figure 2(a)), as well as spiked with a standard vitamin
mixture (Figure 2(b)). (e vitamins are separated from the
components in the complex cell culture medium matrices
and detected in the cell culture medium samples. (is shows
the potential of the method as a platformmethod to monitor
the concentrations of the vitamins in biopharmaceutical
processes. A complete validation always needs to be per-
formed with samples from the actual bioprocess under
monitoring. (e data given here demonstrate that this ad-
ditional/complementary validation will be straightforward.

Another factor affecting the robustness of the method is
capillary preconditioning. To investigate the influence of the
preconditioning solvent on the robustness, the capillary was
flushed with either 0.1M phosphoric acid or with 1M NaOH
prior to analysing a standard vitamin mixture six times. (e
migration time repeatabilities of the vitamins analysed after
the phosphoric acid flush were all within 0.8% RSD, while the
migration time repeatabilities of the vitamins analysed after
the NaOH flush were all within 0.4% RSD. (e peak area
repeatabilities after the phosphoric acid or NaOH flush were
all within 8.2%RSD or 2.6%RSD, respectively. Using a NaOH
flush significantly improved both the migration time and the
peak area repeatabilities compared to a phosphoric acid flush.
It was also observed that the migration times slightly in-
creased after the NaOH flush. (e T-EthA forms a dynamic
positive coating on the capillary wall, slightly reversing the
EOF. After flushing with NaOH, more silanol groups on the
capillary wall are deprotonated than after the phosphoric acid
flush, which results inmore T-EthA adsorbing to the capillary
wall, explaining the slightly longermigration times. A trend in
decreasing migration times was observed after both pre-
conditioning protocols; however, it was less prominent after
the NaOH flush, which indicates that after the NaOH flush a
more stable T-EthA coating was formed.

Preliminary method validation was performed for the
final method with optimised capillary preconditioning and
BGE.Method precision was tested using six consecutive runs
of a standard vitamin mixture. (e migration time re-
peatabilities for the vitamins in themixture were within 0.4%
RSD and the repeatabilities of the peak area were all within
2.6% (Table 1). Linearity was investigated over the range of
10–110 µM by triplicate analysis of six standard vitamin
mixtures at different concentrations (10 µM, 30 µM, 50 µM,
70 µM, 90 µM, and 110 µM). Calibration plots were linear
over this range with R2 larger than 0.99 for all vitamins
(Table 1, and Figure S1, Supporting Information).(e lowest
level, 10 µM, is the lower range limit QL [31] and was
prepared in duplicate and injected in total six times, in order
to have good precision and accuracy on the lower range limit
of quantification QL. Accuracy was determined as a recovery
of the calculated concentrations from the actual concen-
trations. Overall, the recovery was 95–105%, although the
recovery at the lowest concentration level of pyridoxamine
was 94% (Table 2). Generally, for vitamin determination in
complex cell culture media a recovery of 90–110% and a
precision of 10% RSD are required. (is method performs
well within the acceptable range.
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4. Conclusion

Summarising the results, the cationic vitamins B1, B3, and
the B6 complex pyridoxine, pyridoxal, and pyridoxamine
can be separated using a 100mM phosphoric acid and
55mM T-EthA BGE at pH 2.3 with good resolution. (e
dynamic T-EthA coating is most stable after a capillary
preconditioning with 1M NaOH. A good precision was
obtained with migration time repeatabilities within 0.4%
RSD and peak area repeatabilities within 2.6% RSD. (e
method was linear over the range of 10–110 µM, with good
accuracy of 94–104%. (ese performance results were well
within the required limits of 90–110% accuracy and ≤ 10%
RSD. (e method shows to be applicable for the monitoring
of vitamins in biopharmaceutical processes, the vitamins are
separated from the complex cell culture medium matrix.

(is shows the great potential of using this method for at-
line analysis for the monitoring of the biopharmaceutical
process. A full validation should be performed with process
samples from the actual bioprocess under monitoring.
Looking at the preliminary validation data, no issues are
expected for the final validation.

Abbreviations

BGE: Background electrolyte
EOF: Electro-osmotic flow
PL: Pyridoxal
PM: Pyridoxamine
PN: Pyridoxine
T-EthA: Triethanolamine
Tris: Tris(hydroxymethyl)aminomethane

Table 1: Preliminary method validation data: precision on migration time and peak area of six consecutive runs and linearity data over the
range 10–110 µM.

Precision (n� 6) Linearity (n� 21)
Migration time (%) Peak area RSD (%) Slope Intercept Correlation coefficient (R2)

PM 0.4 1.9 0.11 0.14 0.996
B1 0.4 2.6 0.08 0.23 0.996
B3 0.3 2.3 0.10 0.13 0.998
PN 0.3 1.5 0.25 0.34 0.998
PL 0.3 1.5 0.20 0.24 0.998

Table 2: Method accuracy expressed as percentage recovery.

Conc. (µM) n PM (%) B1 (%) B3 (%) PN (%) PL (%)
10 6 94 95 95 95 96
30 3 102 101 100 100 98
50 3 102 103 103 103 104
70 3 103 102 102 101 101
90 3 96 97 98 98 100
110 3 101 101 100 100 99
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Figure 2: Electropherograms of (a) FMX-8 MOD, ActiSM, and ActiPro medium and (b) FMX-8 MOD, ActiSM, and ActiPro medium
spiked with standard vitamins (50 µM) analysed with BGE: 100mM phosphoric acid, 55mM T-EthA. Applied voltage 13 kV; resulting
current 40–46 µA. PM: pyridoxamine, B1: thiamine, B3: nicotinamide, PN: pyridoxine, PL: pyridoxal.
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Supplementary Materials

Table S1. BGE composition and properties as calculated by
PeakMaster. PA: phosphoric acid, Gly: glycine. (e pH is 2.3
for each BGE. Table S2. Apparent mobilities (×10−9m2/V/s)
of the vitamins obtained with the different BGEs. At pH 2.3,
the EOF could be assumed virtually zero, making these
values also the electrophoretic mobilities. For BGE D, a
negative EOF is likely present, decreasing the apparent
mobilities of the vitamins. Figure S1.Calibration curves (left)
and residual plots (right) of (a) pyridoxamine, (b) thiamine,
(c) nicotinamide, (d) pyridoxine, and (e) pyridoxal. (Sup-
plementary Materials)
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