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-MS method for the rapid
speciation and quantification of metal constituents
in cell culture media

Cameron J. Stouffer, Sarah K. Wysor and R. Kenneth Marcus *

It is well established that themetal content in Chinese hamster ovary (CHO) cell culturemedia (CCM) greatly

affects process productivity and critical quality attributes (CQAs). Metals exist in diverse chemical forms in

CCM, whichmay change during themonoclonal antibody (mAb) production cycle. Naturally, it is postulated

that the chemical speciation of these metals affects their uptake and metabolism. While the targeted forms

of metals in media are company-specified, their commercial sources, as well as those of the organic media

constituents, may result in concentrations and speciation that differ from the intended formulae. Therefore,

there is a need for a method to determine the concentration of metals and their chemical forms. Presented

here is a methodology to speciate inorganic-versus-ligated metals using high-performance liquid

chromatography (HPLC) employing a polypropylene capillary-channeled (C-CP) fiber column with

inductively coupled plasma mass spectrometry (ICP-MS) determinations of five target metals (Mn, Fe, Co,

Cu, and Zn). A 50 mL injection of CCM supernatant is used for an effective quantification method to

identify metal speciation and concentration deviations from reported formula levels. Two case studies as

to the utility of the methodology are presented: potential chemical contamination and species variability

due to shelf-life. Further development of this method has relevance towards quality control,

identification of contaminants, assessment of media stability/degradation products, and measurement of

whole cell metal uptake in growth media.
1. Introduction

The culturing of Chinese hamster ovary (CHO) cells in cell
culture media (CCM) is a prominent process for the production
of biotherapeutics, especially monoclonal antibodies (mAbs)
such as immunoglobulin G (IgG).1–6 Investigations into the
media's productivity and critical quality attributes (CQAs) have
established metal content as a main effector of CCM efficacy.6,7

The bioavailability of the metal components in media is crucial
to their effectiveness; too little and the cells cannot be
adequately nourished, while too much can lead to cellular
toxicity, potentially killing the cells.6,8–12 While it is known that
levels of metal content affect the cells' ability to grow in
CCM,6,13–17 little is known about the speciation of the metals in
CCM and how their chemical form affects cellular growth and
uptake. It is postulated that these metals may change form in
CCM and throughout the cell growth process due to cellular
metabolism, ultimately affecting the cellular growth and uptake
of thesemetals. As such, the composition of themedia, and how
that composition changes over time, is of the utmost concern to
researchers and pharmaceutical manufacturers.
versity, Biosystems Research Complex,
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For the culturing of cells, growth media, which typically
contains amino acids, carbohydrates, inorganic (metal) salts,
and other biologically benecial species, is used. Basal media,
the initiating growth media, is primarily composed of amino
acids, carbohydrates, inorganic salts, vitamins, and other
nutrients.18 As many transition metals, such as cobalt, copper,
and iron, act as the active centers of many essential enzymes
and coenzymes, they are added into CCM to support cellular
processes.6,12,18 However, variations in CCM metal composition
from the targeted formula have been reported with variations
present from batch to batch.1,6,8,12,17–20 Unintentional variations
in metal content are thought to be caused by contamination
from the input chemicals (e.g., amino acids) used in the CCM
formulation. This results in higher concentrations of metals
that can affect cell culture outcomes, alter the pH, osmolarity,
and generally introducing variability in the production results;
commonly known as critical quality attributes (CQAs).6,8,17,18,21–26

While variations in total metals content would seem to have
obvious implications in culture productivity, a more subtle, yet
potentially more impactful set of variables involves the chem-
ical speciation of those metals.

Despite specic implications of metal speciation only now
becoming the topic of study, it is not hard to imagine that the
chemical form of a metal (inorganic ion, types of ligands, etc.)
will have a bearing on the uptake of the metal into the host cells
This journal is © The Royal Society of Chemistry 2024
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as well as how they are metabolized internally.12 For example,
inorganic Fe2+ and Cu+ have the potential to generate reactive
oxygen species (ROS) through redox reactions. Elevated levels of
ROS can create oxidative stress leading to cellular damage, DNA
damage, and disruption of cellular functions, as well as impact
cell viability, proliferation, and overall cell health.27–29 Imbal-
ance in metal content can also indirectly affect cells by inter-
acting with proteins present in cell culture media essential for
growth. These interactions can affect protein folding, stability,
and activity. For instance, low levels of Cu2+ can prevent the
metabolic lactate shi, hindering cell growth, whereas a high
level of Cu2+ can lead to high levels of proteins.30–32 This can
impact cellular signaling pathways, enzyme activity, and overall
cell function.12 Additionally, some CCM supplements, such as
fetal bovine serum (FBS), may contain natural metal-binding
proteins or chelators, which must be accounted for.33 These
proteins and other small molecule chelators, such as amino
acids, can sequester or bind metals present in the media,
altering their intended form, and perhaps negating the positive
aspects of these metals in media, producing a need for metal
speciation identication and quantication.

As the chemical form of metals are postulated to have similar
effects as metal concentrations on CCM efficacy fundamental
questions, such as most preferred forms for cellular uptake/
metabolism, potential changes of speciation in-process, and
the like are unanswered. To explore this, it is imperative to
develop analytical methods capable of separating and quanti-
fying differences in both speciation and concentration of
available supplemental nutrients. Presented here is a rapid
method for the in-line species characterization (inorganic vs.
ligated)34 and quantication of ve metals (Mn, Fe, Co, Cu, &
Zn) common to CCMs, utilizing a standard high performance
liquid chromatography (HPLC) platform coupled to inductively
coupled mass spectrometry (ICP-MS). The separations of inor-
ganic and ligated species were performed using trilobal poly-
propylene (PPY) capillary-channeled polymer (C-CP) bers as
a stationary phase for a reversed phase solid phase extraction
(SPE) process, as previously described.35,36 The inorganic ions
and ligated species were then analyzed with ICP-MS, following
a post column dilution, to determine the respective quantity
and speciation states of the metals. This method provides
a rapid determination of the speciation of the target metals in
the media, potentially providing insights into the sources of
contamination of the metals in the media processing and
changes to their speciation states throughout production.

2. Methods and materials
2.1 Sample preparation

Solutions of inorganic Mn, Fe, Co, Cu, and Zn (High Purity
Standards (HPC), North Charleston, SC) were purchased in
stocks of 1000 mgmL−1. Solutions of each analyte were made in
concentrations ∼100× above and below their reported formula
concentrations in AMBIC 1.1 (Advance Mammalian Bio-
manufacturing Innovation Center) CCM,37 (Mn: 5.0 × 10−8 to
5.0 × 10−4 mM, Fe: 1.0 × 10−3 to 1.0 × 101 mM, Co: 1.0 × 10−5

to 1.0× 10−1 mM, Cu: 1.0× 10−6 to 1.0× 10−2 mM, Zn: 1.0× 10−4
This journal is © The Royal Society of Chemistry 2024
to 1.0× 100mM). Solutions weremade in ultra-pure 2% nitric acid
made from concentrated (70%) ultra-pure nitric acid (VWR
Chemicals, Radnor, PA) and Aristar ultra-pure water (VWR
Chemicals, Radnor, PA). A standard solution of the inorganic and
ligated forms of the ve target metals was made according to the
published formulation, using manganese chloride (MnCl2, Acros
Organics, Thermo Scientic, NJ), ferric ammonium citrate (C6H8O7

$xFe3
+$yNH3, Sigma Aldrich, St. Louis, MO), cyanocobalamin

(VB12, Spectrum Chemical Mfg. Corp., New Brunswick, NJ), cupric
sulfate (CuSO4, Fisher Scientic, Hampton, NH), and zinc chloride
(ZnCl2, VWR Chemicals, Radnor, PA). The ve target metallic
formswere added in concentrations they are present in formulated
media (5.05 × 10−6 mM, 0.133 mM, 0.003 mM, 2.69 × 10−4 mM,
and 0.014 mM for Mn, Fe, Co, Cu, and Zn, respectively).37 All
samples were then placed on an Analog Vortex Mixer (VWR
International, Radnor, PA) and vortexed for 60 seconds to ensure
the metals were completely dissolved in the water. Basal CCM
samples were purchased from Sigma-Millipore (St. Louis, MO).
2.2 In-line HPLC-ICP-MS components and methods

Reversed phase (RP) separations were performed using
a Thermo Fisher Ultimate 3000 HPLC unit, consisting of
a quaternary pumping system and injector (the standard
absorbance unit was not employed). A microbore polypropylene
(PPY) C-CP ber column, assembled in this laboratory from
bers extruded in the Department of Materials Science at
Clemson University,38 was mounted in place of the standard
commercial column. The tri-lobal bers (∼630 bers) were
pulled through 30 cm of polyether ether ketone (PEEK) tubing
(0.78 mm i.d.) (Cole-Palmer, Vernon Hills, IL, USA). The ber
column was used to separate the inorganic ions (unretained)
and ligated species (retained) of CCM using a reversed-phase
protocol as previously described,35,39 wherein the free metal
ions pass through the column directly to the plasma and the
ligated species are subsequently eluted using an 80 : 20 ACN :
H2O mixture.

The coupling of the HPLC separation platform to the ICP-MS
is illustrated in Fig. 1. Briey, test solutions were injected (50
mL) onto the PPY C-CP ber column in ultra-pure (UP)-H2O +
0.1% TFA at a ow rate of 500 mL min−1. A solvent gradient step
to 80% ACN + 0.1% TFA was then initiated at t= 4min following
the initial injection to elute the adsorbed, ligated species from
the column (depicted in Fig. 2). Following passage through the
column, the solutions (the native injection matrix and the
ACN : H2O eluates) were split 1 : 10 and the ow subsequently
supplemented back to 500 mL min−1 with 2% HNO3 (effectively
a 10% dilution) and carried to the nebulizer for ionization and
quantication by ICP-MS. Use of the nitric acidmatrix allows for
ready quantication using the same standard response curves
for both elution matrices as well as serve to dilute the ACN
content down to 8% to assure stable plasma operation. The
HPLC was coupled to the Solation ICP-MS (Advion Corp., Ithaca,
NY, USA) via a MicroFlow PFA nebulizer (NexION2000, ESI,
Omaha, NE) housed within a custom quartz cyclonic spray
chamber (ESI, Omaha, NE). The ICP-MS operating conditions
are presented in Table 1. The individual transient elemental
J. Anal. At. Spectrom., 2024, 39, 1600–1608 | 1601
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Fig. 1 Illustration of HPLC employing a polypropylene C-CP fiber
column and ICP-MS for in-line differentiation and quantification of
metals in cell culturemedia. A 1 : 10 flow splitter andmerging t-fitting is
used in combination to affect a 1 : 10 dilution of the respective carrier
solvents for matrix normalization and suitability for introduction in the
ICP plasma.

Fig. 2 Demonstrative temporal profiles of C-CP fiber separation and
ICP-MS detection of inorganic and ligated species. Initial peaks
represent the non-retention of the inorganic species and direct
passage to the plasma, with the organic solvent (80 : 20 ACN : H2O)
introduction initiated at t = 4 min.

Table 1 Solation ICP-MS operation conditions

Parameter Unit Value

Plasma gas ow rate L min−1 16.0
Auxiliary gas ow rate L min−1 0.8
Carrier gas ow rate L min−1 1.30
Peristaltic pump rate rpm 30
RF power W 1400
Sampling depth mm 4.0
Einzel lens 1 V −8
Einzel lens 2 V −48
Octapole exit V −20
Octapole bias V −22
Collisional gas ow rate L min−1 0
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signal responses were integrated in the newly-updated Advion
Data Express for ICP-MS soware using the “Process List for
Quantitation” peak integration function. While it will be
1602 | J. Anal. At. Spectrom., 2024, 39, 1600–1608
discussed in detail in subsequent sections, Fig. 2 illustrates
a typical ICP-MS signal output, illustrating the direct transit of
inorganic species to the plasma yielding ICP-MS transient
responses at time = ∼0.5 min, with the ACN : H2O wash initi-
ated at time = 4 min, eluting the bound, ligated species. The
analyte signals for the respective elution bands were integrated
for a total time of 60 seconds, with the elution time set to the
center of the signal transient of each sequence.

3. Results and discussion
3.1 Matrix considerations for in-line ICP-MS analysis

The speciation of metals using the polypropylene C-CP ber
column utilizes a reversed-phase separation method, where
organic solvents are used for the elution of retained ligated
species.35,36 In a standard analysis using ICP-MS, a solution
containing 1–5% HNO3 is typically used as the carrier solution.
The addition of organics to the carrier solution can have
minimal positive effects, including the reduction of ionization
instabilities and spatial/temporal uctuations in the plasma
and the enhancement of the ionization efficiency of certain
elements.40 Despite potential benets, the addition of organic
constituents into the ICP oen causes severe effects and
changes in the plasma's thermal properties, leading to varia-
tions in the ionization efficiency and background noise. It can
also cause changes in the volatility of the sample matrix, which
might cause a decrease in the sample transport efficiency, and
changes to the nebulization efficiency, altering droplet size and
aerosol characteristics, impacting the overall sensitivity and
accuracy of the analysis. Finally, introduction of organic
solvents has the particularly deleterious effect of depositing
soot on the sampling cone, effecting the conductivity of the
cone, leading to severe instability and potential clogging.41–47 As
such, many different approaches to mitigate the effects of
organic solvents have been developed, including optimization
of ICP operating conditions including sample introduction rate,
carrier gas ow rate, RF power, etc., the reduction of carbon
concentration introduced into the plasma, change to mobile
phase pH, timing of separation gradient changes, etc.41,46,48,49

Given that organic-phase elution is required, the effect of the
elution mobile phase on ICP stability, ionization efficiency, and
spectral effects needs to be explored.

To assess the potential effects of the organic matrices on the
responses of the ve target metals, a 1 : 10 dilution of 80% ACN
+ 0.1% TFA (ligated species elution step) followed with 2%
HNO3 was performed. Linearity of responses for the relevant
concentrations of 55Mn and 63Cu in CCM can be seen in Fig. 3. A
summary for each of the ve analyte's response functions, R2,
LOD, and LOQ, for analysis in a standard 2% HNO3 solution
and the 1 : 10 dilution of the ligated-species elution step matrix
with 2% HNO3 is found in Table 2. The addition of the organic
constituents in the matrix was seen to have no signicant effect
on the ICP-MS responses for any of the ve analytes as they all
produced similar sensitivity, detection limits, and linearity in
both the aqueous 2% HNO3 matrix and the 1 : 10 80% ACN +
0.1% TFA: 2% HNO3 matrix. It can be concluded that a 1 : 10
dilution using 2% HNO3 is sufficient to mitigate any potential
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Demonstrative response curves for 55Mn and 63Cu using the
flow splitter and T-fitting apparatus, confirming quantitative
recoveries.
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deleterious effects inicted by the organic solvent. Stated
another way, the Solation ICP-MS is robust towards the intro-
duction of as much as 8% ACN in the carrier solvent.

Beyond the results for the inorganic metals of Table 2, it was
necessary to conrm that the ionization efficiencies of cobalt in
both the VB12 and CoCl2 forms were not different, i.e., no
species bias. Therefore, the response of Co in the two forms was
compared. Solutions were made from 1.0 × 10−5 mM to 1.0 ×

10−1 mM in the two plasma introduction matrices; 1 : 10 H2O +
0.1% TFA: 2% HNO3 and 1 : 10 80% ACN + 0.1% TFA: 2%HNO3.
In the aqueous matrix, CoCl2 and VB12 produced responses with
logarithmic slopes of 0.9133 and 0.9319, with R2 values of
0.9984 and 0.9746, respectively. When introduced in the organic
matrix, CoCl2 and VB12 responded in a similar fashion with
logarithmic slopes 0.9354 and 0.9194, and R2 values of 0.9974
and 0.9972, respectively. These responses reveal no appreciable
differences in their ionization characteristics based on chem-
ical speciation, in either matrix.
3.2 Integration of HPLC to ICP-MS

As discussed before, addition of organics to the matrix affects
plasma stability, but it was found that a 1 : 10 dilution with 2%
Table 2 ICP-MS analytical response functions and figures of merit for t
solvent (80 : 20 ACN : H2O) diluted 1 : 10 in 2% HNO3

Element/isotope Carrier solvent Response function (

55Mn 2% HNO3 y = 0.93x + 0.87
1 : 10 organic : acid y = 0.87x + 1.45

57Fe 2% HNO3 y = 0.96x − 0.62
1 : 10 organic : acid y = 0.90x − 0.05

59Co 2% HNO3 y = 0.96x + 1.25
1 : 10 organic : acid y = 0.92x + 1.66

63Cu 2% HNO3 y = 0.92x + 1.38
1 : 10 organic : acid y = 0.94x + 0.60

64Zn 2% HNO3 y = 0.92x + 0.60
1 : 10 organic : acid y = 0.94x − 0.09

This journal is © The Royal Society of Chemistry 2024
HNO3 was sufficient to relieve any negative effects of the sepa-
ration matrix to the plasma's ability to ionize the ve target
analytes. To make a fully integrated in-line separation and
detection method using the HPLC and ICP-MS system, a dilu-
tion step needs to be added to reduce the organic matrix from
the separation. For this aim, an apparatus using a 1 : 10 ow
splitter and a T-tting for a 1 : 10 dilution was constructed, as
illustrated in Fig. 1. Responses of the ve target analytes (55Mn,
57Fe, 59Co, 63Cu, and 64Zn) were analyzed from at a concentra-
tion 100× above and below their reported product formula
concentration. Responses were evaluated by the peak transient
values of triplicate measurements, with the analytical gures of
merit presented in Table 3. All ve analytes produced linear
responses in both matrices when injected onto the column and
carried through the entire analytical protocol. These responses
conrmed the stable and reproducible ow splitting, dilution,
and ionization processing of the ve analytes using the inte-
grated HPLC and ICP-MS system.
3.3 Separation of inorganic and ligated species

CCM contains a plethora of metal compounds to be used as
supplements for various cellular processes. These metals ulti-
mately help to sustain and support cell life and growth;
however, both the concentration and speciation of these metals
oen deviate from the intended product formula. Indeed, the
concentrations and speciation states may change in the course
of the culture process. The ve common metal supplements
used in the AMBIC 1.1 CCM include Mn, Fe, Cu, and Zn, which
are added as inorganic metal species, whereas Co is added as
vitamin B12 (VB12), a Co-complexed vitamin. According to the
published formula, the input concentrations are: 5.05 ×

10−6 mM of ferric ammonium citrate, 0.133 mM of manganous
chloride, 0.003 mM of VB12, 2.69 × 10−4 mM of zinc chloride,
and 0.014 mM of cupric sulfate.37

To this extent, the in-line speciation and detection of metal
species in CCM using the integrated HPLC-ICP-MS system was
tested for accuracy using an in-house prepared mixture of the
species in aqueous solution for use as a standard versus the
supplied AMBIC media. Calibration functions were generated
for the analytes across concentrations of 0.01 to 100× the
formula values. Fig. 2 illustrates a typical separation sequence
he inorganic test elements in 2% HNO3 (acid) and the organic elution

log–log) R2 LOD (pg mL−1) LOQ (pg mL−1)

0.9985 1.3 4.2
0.9942 1.3 4.3
0.9999 1.2 3.9
0.9961 1.3 4.2
0.9989 1.9 6.2
0.9972 1.3 4.2
0.9974 1.2 4.0
0.9975 1.2 3.9
0.9998 1.2 4.0
0.9950 1.1 3.5

J. Anal. At. Spectrom., 2024, 39, 1600–1608 | 1603
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Table 3 ICP-MS analytical response functions and figures of merit for test elements in the aqueous (water + 0.1% TFA) and organic (80 : 20
ACN : H2O) elution solvents, followed by the 1 : 10 flow split and 10× dilution with 2% HNO3

Element/isotope Carrier solvent Response function (log–log) R2 LOD (pg mL−1) LOQ (pg mL−1)

55Mn Water + 0.1% TFA y = 1.4x + 11.2 0.9877 4.7 16
80% ACN + 0.1% TFA y = 1.2x + 9.6 0.9312 10 33

57Fe Water + 0.1% TFA y = 1.3x + 6.6 0.9627 2.6 × 104 8.9 × 104

80% ACN + 0.1% TFA y = 1.2x + 6.0 0.9828 1.4 × 104 4.7 × 104
59Co Water + 0.1% TFA y = 1.1x + 8.6 0.9840 65 2.2 × 102

80% ACN + 0.1% TFA y = 1.2x + 8.0 0.9819 98 3.3 × 102
63Cu Water + 0.1% TFA y = 1.1x + 8.2 0.9979 8.0 102 2.7 × 103

80% ACN + 0.1% TFA y = 1.2x + 7.9 0.9706 8.4 × 102 2.8 × 103
64Zn Water + 0.1% TFA y = 0.9x + 7.6 0.9913 1.3 × 103 4.1 × 103

80% ACN + 0.1% TFA Y = 1.0x + 7.1 0.9858 2.6 × 103 8.6 × 103

Fig. 4 Photograph of bottles of AMBIC CCM basal media. From left to
right: Basal 1 – Lot. No. 22G015 (DOM July 18th, 2022), Basal 2 –
22L270 (DOM November 18th, 2022), and Basal 3 – 22L271 (DOM
November 21st, 2022).
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for an AMBIC media sample, where the metals introduced as
salts all show responses corresponding to the injection band,
while Co shows some small response with that group and
a more prominent band observed with the organic eluate. The
experimentally determined concentrations and percentage
recoveries of triplicate measurements for the ve target metals
can be seen in Table 4. The percentage recoveries for the inor-
ganic metals ranged from 92.9% to 105.0%. The appearance of
Co in both fractions is evidence of some dissociation of the
metal from the core of the vitamin; as had been seen previously
with this analyte.39 Interestingly, the fraction of the free Co,
10.4% dissociated, compares directly to fundamental studies of
VB12 equilibria measurements during photolytic reactions
where 10% of the cobalt was observed to dissociate,50 with the
composite concentration of the inorganic and ligated Co yiel-
ded a recovery of 95.7%. As seen in Table 4, the precision of the
method also shows excellent reproducibility with all elements
having standard deviations ten percent or less relative to the
calculated value. The evaluation of the standard solution
through the complete analytical method proved the method to
be quantitatively accurate, with analytical percent recoveries.

3.4 Case study 1: process media analysis and potential metal
contamination

As described previously, there can oen be differences among
the actual metal content between lots prepared according to the
‘same formula’. It is typical in this industry to prepare media
from gravimetrically portioned dry components, with dissolu-
tion in H2O. Deviations from expected concentrations/species
Table 4 Comparison of experimentally determined concentrations to th
for method testing of the integrated HPLC-ICP-MS

Species
Formula concentration
(mM)

Experiment
(mM)

Inorganic – Mn 5.05 × 10−6 5.1 × 10−6 �
Inorganic – Fe 1.33 × 10−1 1.3 × 10−1 �
Inorganic – Co 0 2.7 × 10−4 �
Ligated – Co 3.0 × 10−3 2.6 × 10−3 �
Inorganic – Cu 2.69 × 10−4 2.5 × 10−4 �
Inorganic – Zn 1.4 × 10−2 1.5 × 10−2 �

1604 | J. Anal. At. Spectrom., 2024, 39, 1600–1608
can be due to the weighing process, contamination brought in
by other components, or the water system. Fig. 4 is a photo-
graph of 3 AMBIC 1.1 basal medial bottles (lot numbers
provided in caption) that should have the same metal content
and speciation, with the only difference being that Basal 3
contains no glucose. It is visually clear that while Basal 1 and 3
are very similar, Basal 2 has a different hue; golden rather than
e commercial media formula composition of a mixed species solution

al concentration
%Recovery Total %recovery

5.0 × 10−7 101.8
7.6 × 10−3 98.7
1.2 × 10−5 n/a 95.7
8.5 × 10−5 86.7
1.3 × 10−5 92.9
3.3 × 10−4 105.0

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 C-CP fiber separation and ICP-MS traces for 63Cu for the three
AMBIC 1.1 CCM bottles.
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rose. While the difference in color may be present due to devi-
ations in the non-metal constituents (e.g., amino acids), it is
reported that high levels of iron have been observed to change
the color of media to a darker yellow/orange color.51,52 Differ-
ences in the metal concentration and/or speciation should be
discernible via the developed method, and so 50 mL aliquots of
each bottle were run through the procedure in triplicate.

Presented in Table 5 are the determined metal concentra-
tions and speciation based on the calibration functions
described relative to Table 4. It is expected that all Mn, Fe, Cu,
and Zn would be added and remain as inorganic species
whereas Co is expected to exist as a ligated species. Based on the
determinations, there are clear deviations in the concentrations
and speciation of the added metals in the media. The deter-
mined percentage difference from the formula values are given
for each case. Uniformly, the Mn content was determined to be
less than the formula values, while each of the other metals
(save Zn in bottle 3), are over the target levels. As discussed
before, a change to a yellow/orange color is typically associated
with increased Fe levels,51,52 however that is not seen here. The
most dramatic deviation was in fact concentration of Cu in
bottle 2; >300× the target value. As can be seen for the 63Cu+

traces of Fig. 5, the increase concentration of Cu is in the form
of inorganic Cu, rather than an organometallic compound(s).
Clearly, a proposed case of Fe contamination is not supported.
While this method cannot attribute the change in color of the
media solely to the Cu content, it does provide ready metal
content feedback which could be invaluable in assessing the
source of the contamination. In general, though, the developed
methodology provides rapid characterization of the metal
content in the media as a survey or quality control element.
Fig. 6 C-CP fiber separation and ICP-MS response for 59Co for the
three AMBIC 1.1 CCM bottles and that for a freshly prepared VB12

solution.
3.5 Case study 2: degradation of media components as
a function shelf life

As pointed out in previous discussion, uniquely among the
metals, the Co content to the AMBIC 1.1 media is added in the
form of cobalamin (VB12). In humans, VB12 plays a key role in
red blood cell formation and metabolism,53–55 and so is likely
relevant in the mammalian CHO cell processes and thus
Table 5 Determined values of metal species sampled from 3 lots of AM
difference values are based against published formula. 0-Value refers to

Sample bottle Species 55Mn

Basal 1 Inorganic 4.1 × 10−6

Ligated 0
Total 4.1 × 10−6

Percentage difference −18.1
Basal 2 Inorganic 4.4 × 10−6

Ligated 0
Total 4.4 × 10−6

Percentage difference −12.0
Basal 3 Inorganic 3.0 × 10−6

Ligated 0
Total 3.0 × 10−6

Percentage difference −40.5

This journal is © The Royal Society of Chemistry 2024
a logical form to add to the CCM matrix. As shown in the
chromatogram of Fig. 2, and in the quantitative analyses of
Tables 4 and 5, the VB12 added to the test solutions begins to
dissociate on time scales of hours. It must be admitted that the
BIC 1.1 basal media following HPLC-ICP-MS processing. Percentage
elemental response occurring below that species' LOD

57Fe 59Co 63Cu 64Zn

1.6 × 10−1 3.0 × 10−3 4.5 × 10−4 1.7 × 10−2

0 1.6 × 10−3 0 0
1.6 × 10−1 4.6 × 10−3 4.5 × 10−4 1.7 × 10−2

+21.7 +52.9 +65.4 +21.2
1.6 × 10−1 2.2 × 10−3 9.4 × 10−3 1.7 × 10−2

0 2.1 × 10−3 0 0
1.6 × 10−1 4.3 × 10−3 9.4 × 10−3 1.7 × 10−2

+17.3 +44.8 +338.7 +22.8
1.8 × 10−1 1.7 × 10−3 5.8 × 10−4 8.0 × 10−3

0 2.2 × 10−3 0 0
1.8 × 10−1 3.9 × 10−3 5.8 × 10−4 8.0 × 10−3

+32.6 +28.7 +114.2 −43.5

J. Anal. At. Spectrom., 2024, 39, 1600–1608 | 1605
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commercial-sourced VB12 may itself contain free Co. Fig. 6 is
composed on temporal overlays of the Co content in AMBIC 1.1
media samples Basal 1–3 (shown in Fig. 4), along with a freshly
prepared VB12 solution whose concentration is at the target
formula value. Clearly seen, while the freshly prepared sample
shows ∼10% inorganic content, the actual CCM samples show
appreciable levels of degradation (assuming all Co comes from
VB12). As presented in Table 5, the inorganic fractions of the
basal media range from 43–65%, a clear departure from what
was the intended compositions. These media bottles had been
stored in a dark walk-in refrigerator at a temperature of ∼5 °C
for approximately 6 months, a time frame not unusual for such
materials. These deviations from the input values of intact VB12

have not been noted in the literature, as such interrogations
likely have not been performed. As such, it remains unknown if
those departures from the intended inputs are consequential or
not, or if they occur as a general rule.

4. Conclusions

The content and chemical stability of CCM is an essential part
of the production of biotherapeutics, such as mAbs, to ensure
reproducibility and quality of the manufactured product. Vari-
ations in CCM metal composition and speciation have been
observed across produced batches. It is postulated that these
deviations may result in an ineffective media or at least vari-
ability in the product's critical quality attributes. Thus,
a method of speciation and quantication is needed to provide
insights on how changes in the concentration and chemical
forms of metals in CCM can affect its efficacy. Developed here is
a sensitive, quantitative, in-line speciation and detection
method using an HPLC equipped with a polypropylene C-CP
ber column that is coupled to the Solation ICP-MS for the
speciation and quantication of metals in CCM. As ICP-MS
ionization is typically hindered by organic matrices, as used
for the speciation, a simple apparatus utilized a ow splitter
and T-tting to dilute the chromatographic eluates to a toler-
able organic content level (8% ACN). Initial testing of response
curves demonstrated the ability of the ICP-MS to ionize and
detect Mn, Fe, Co, Cu, and Zn in a matrix of a 1 : 10 dilution of
80% ACN + 0.1% TFA with no signicant difference observed in
the sensitivity, LODs (single pg mL−1), LOQs, linearity, or
background. Utilizing a 1 : 10 ow splitter and T-tting, the
HPLC was successfully integrated to the Solation ICP-MS,
resulting in a quantitative and linear response curve over
a wide dynamic range. Inorganic and ligated species were
successfully separated using the reversed-phase C-CP ber
column platform with percentage recoveries ranging from 92.9
to 105.0%.

Two case studies were presented to illustrate the general
utility of the methodology. In the rst case, chemical contami-
nation was suggested based on the difference in color between
three bottles of basal media, assumed to have the same metal
composition. While Fe was anticipated to be the culprit, Cu
levels were found at >300× higher levels than the formula
concentration in the second basal media bottle. While greater
effort is required to discern the underlying reasoning for the
1606 | J. Anal. At. Spectrom., 2024, 39, 1600–1608
color difference and any differences in media performance, the
method readily identies this pronounced deviation from
expectations. The second case study showcased the methods
ability to provide evidence to the changes of metal speciation as
a function shelf life time. Here VB12 was seen to dissociate to
43–65% inorganic deviation aer 6 months, while being shel-
tered from light in a refrigerator. This differed greatly to a few
hours old solution of VB12 that only saw a 10.4% inorganic Co
dissociate from the vitamin.

The simple method developed here will enable future studies
as to the effects that metal speciation have on cellular uptake of
metals and cellular growth. Taken a step futher, use of isotopic
tracing of different chemical forms of a given meta could
provide vital insights into preferential uptake base on specia-
tion. It should be pointed out that the general approach can be
implemented with other forms of reversed-phase chromatog-
raphy columns or ICP-OES if sufficiently sensitive for the
application at hand. Ultimately, this in-line separation and
detection method and apparatus could be implemented across
a variety of industries and research settings to address a wide
variety of contamination and inconsistency issues related to
metal content and speciation.
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