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Abstract

Cell culture medium (CCM) formulations are chemically defined to reduce lot-to-lot

variability and complexity of the medium while still providing all essential nutrients

supporting cell growth and productivity of various cell lines. However, raw material

impurities may still introduce variations and inconsistencies to final CCM formula-

tions. In one of our previous studies (Weiss et al. Biotechnol Prog. 2021;37(4):

e3148), we have demonstrated the impact of iron raw material impurity on Chinese

hamster ovary (CHO) cell performance and critical quality attributes (CQAs) of

recombinant proteins within the Cellvento® 4CHO CCM platform by identifying

manganese impurity as the main root cause for improved cell performance and

altered glycosylation profiles. This study sought to investigate the impact of iron raw

material impurities within another medium platform, namely EX-CELL® Advanced

CHO Fed-Batch-Medium. As opposed to previously published results, in this plat-

form, copper instead of manganese impurity present within the used ferric ammo-

nium citrate (FAC) iron source was responsible for an improved cell performance of a

CHOZN® cell line and a slight difference in CQAs of the produced recombinant pro-

tein. The use of tightly controlled raw material specifications or the use of low impu-

rity iron sources is therefore crucial to minimize the impact of impurities on cell

performance in any CCM platform and thereby guarantee consistent and reproduc-

ible cell culture processes.
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1 | INTRODUCTION

Cultivation of Chinese hamster ovary (CHO) cells is widely used to pro-

duce recombinant proteins for several applications within the pharma-

ceutical industry,1,2 whereas the cell culture medium (CCM)

composition is one major factor impacting cell performance and critical

quality attributes (CQAs) of the final product.3–5 In order to reduce lot-

to-lot variations and the complexity of the CCM, chemically defined

media have been developed comprising up to 100 components includ-

ing amino acids, carbohydrates, vitamins, lipids, inorganic salts and trace

elements.5–7 However, these CCM may still contain variabilities due to

trace metal impurities present within raw materials.8
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Since, on the one hand, iron is an essential compound needed in

CCM due to its central role in many cellular processes such as energy

metabolism or antioxidant functions,9 but on the other hand it can

catalyze Fenton reactions resulting in the formation of reactive oxy-

gen species (ROS) due to its redox capability,10,11 a previous study of

our group investigated the impact of iron raw material and its impuri-

ties on CHO cell performance and recombinant protein product qual-

ity within the Cellvento® 4CHO medium platform.12 Thereby,

manganese present as impurity within the iron source was identified

as the major contributing factor to an overall improved cell perfor-

mance and altered glycosylation profile of the recombinant proteins,

whereas iron itself showed contrary effects on both parameters.12

However, since different chemically defined media vary significantly

in their final formulation,13 the impact of especially iron raw material

impurities may be different for specific CCM platforms. Within this

study, the impact of iron raw material impurities on cell performance

and product quality (aggregation and glycosylation profile) of a

CHOZN® cell line within another medium platform, namely EX-CELL®

Advanced CHO Fed-Batch-Medium, was investigated. Results revealed

that, contrary to the previously performed study, copper rather than

manganese impurity present within the used ferric ammonium citrate

(FAC) iron source was the root cause for improved cell performance,

whereas also CQAs of the fusion protein seemed to be slightly affected

upon copper presence. Altogether, these results reinforce the need for

low impurity iron sources in CCM to develop consistent and reproduc-

ible cell culture processes independently of the used CCM platform.

2 | MATERIAL AND METHODS

2.1 | Cell culture experiments

All raw materials and chemicals used for cell culture experiments were

purchased from Merck KGaA, Darmstadt, Germany if not stated oth-

erwise. For fed-batch cultures, a CHOZN® clone producing a fusion

protein was seeded at 2 x105 cells/ml in a working volume of 30 ml in

iron-deficient chemically defined EX-CELL® Advanced CHO Fed-

Batch-Medium supplemented either with ferric ammonium citrate A

(FACA) or ferric ammonium citrate B (FACB) iron source, coming from

two different supply chains, or low trace element impurity FAC

(FACSynt), which was synthesized in-house using a proprietary process,

at a final iron concentration of 16 mg/L (mass% of Fe in FACA: 16.7%,

mass% of Fe in FACB: 18.0%, mass% of Fe in FACSynt: 18.7%). Addi-

tionally, for some conditions, copper (II) sulfate pentahydrate (addition

of 21.3 or 22.7 μg/L from a 0.1 g/L stock upon either FACB or FACSynt

usage, respectively), sodium molybdate (VI) dihydrate (addition of

4.83 μg/L from a 0.1 g/L stock upon FACB usage), tin (II) chloride

dihydrate (0.70 μg/L from a 0.02 g/L stock upon FACB usage) or a

mixture of all three compounds were added to the CCM containing

FACB or FACSynt to obtain the same concentrations as present upon

FACA usage. The fed-batch experiments were performed in 50 ml spin

tubes (TPP) with vented cap at 37�C, 5% CO2, 80% humidity and with

an agitation speed of 230 rpm. 5% (v/v) of original glucose-containing

EX-CELL® Advanced CHO Feed 1 were added on day 3, 5, 7, 10,

12 and 14. Glucose (400 g/L) was fed on demand to up to 6 g/L dur-

ing the week and up to 10 g/L over the weekend. Viable cell density

(VCD) and viability were measured with the Vi-CELL™XR 2.04

(Beckman Coulter). Glucose, titer, lactate and ammonium concentra-

tions were analyzed with the Cedex Bio HT (Roche) after centrifuga-

tion of the sample for 5 min at 4500 rpm (2287 g).

2.2 | Antibody purification and CQAs analysis

Fusion proteins were purified from the cell culture supernatant on day

10 of the fed-batch experiments by using protein A PhyTips® (PhyNexus

Inc.). Aggregation and glycosylation profiles were analyzed using size

exclusion chromatography coupled to an UV detector (SEC-UV) and

ultra-performance liquid chromatography (UPLC) coupled to a mass

spectrometer (UPLC-MS), respectively, as described elsewhere.12,14

2.3 | Iron source characterization

The detection and quantification of trace elements within iron sources

was performed either by a semiquantitative elemental screening

method using inductively coupled plasma mass spectrometry (ICP-

MS) or by a quantification with external calibration using high resolu-

tion (HR)-ICP-MS as described elsewhere.12

2.4 | Statistical analysis

Data are expressed as means ± standard deviation (SD) of biological

replicates, whereas the graphical analysis was performed with Gra-

phPad Prism 9 software (GraphPad Software Inc.).

3 | RESULTS

3.1 | Effect of two iron sources, FACA and FACB,
coming from different supply chains on cell
performance and CQAs within EX-CELL® Advanced
CHO Fed-Batch-Medium

Following the recent findings within Cellvento® 4CHO and 4Feed

fed-batch platform,12 it was of great interest to investigate whether

the usage of two different FAC iron sources coming from different

supply chains might also cause an altered cell performance and/or

altered CQAs when supplemented to another chemically defined

medium platform. Therefore, two FAC iron sources, namely FACA and

FACB, were added to iron-deficient EX-CELL® Advanced CHO Fed-

Batch-Medium at a final iron concentration of 16 mg/L and a small-

scale fed-batch experiment was performed. Results (Figure 1, blue

and green curves) revealed a significantly improved VCD upon FACA

usage with a nearly two-times higher maximal VCD compared to

2 of 9 WEISS ET AL.



F IGURE 1 Legend on next page.

WEISS ET AL. 3 of 9



FACB (Figure 1a), as well as a prolonged cell culture viability through-

out the fed-batch experiment (Figure 1b). A three-times higher final

titer of the fusion protein was detected upon FACA usage compared

to FACB iron source (Figure 1c). Glucose consumption rate was higher

during the second half of the fed-batch process upon FACA usage com-

pared to FACB (Figure 1d) and a faster increase in lactate and ammo-

nium accumulation within cell culture supernatant was observed for

FACB (Figure 1e,f). Investigation of the aggregation profile showed no

difference upon usage of either FACA or FACB (Figure 1g), however, a

slightly different glycosylation profile of the fusion protein was

detected when comparing the two iron sources (Figure 1h). Similarly to

what was already observed within the Cellvento® 4CHO platform,12

manganese impurity level present within the used iron raw materials

was hypothesized as root cause for the observed differences. However,

even though the manganese impurity level showed slight variations

within the used iron sources (FACA: 56 μg Mn/g FAC and FACB: 38 μg

Mn/g FAC), usage of an aligned manganese concentration in both iron

sources (FACA and FACB) did not restore the cell performance to a simi-

lar level. Only the observed glycosylation profile differences of the

fusion protein detected upon usage of either FACA or FACB were

reduced after alignment of the manganese level (data not shown).

Since the manganese impurity present within both iron sources

contributed in a similarly high manner to the overall total manganese

concentration in the CCM (>97%), the results thus suggested that

impurities other than manganese might have impacted the cell perfor-

mance within the EX-CELL® Advanced CHO Fed-Batch-Medium plat-

form, especially since other trace elements besides manganese are

known to affect cell performance.8,15

3.2 | Analysis of elemental impurities in FACA

and FACB

A full characterization of elemental impurities present within both iron

sources (FACA and FACB) was performed by semiquantitative ICP-MS

or quantitative HR-ICP-MS analysis. Table 1 summarizes all obtained

elemental impurities with values above 4 μg/g for at least one iron

source. Whereas some elements such as potassium (K), zinc (Zn) and

gallium (Ga) were only detected in FACB, other elements were found

in both iron sources. Higher trace element impurity levels for manga-

nese (Mn), nickel (Ni), copper (Cu), molybdate (Mo) and tin (Sn) were

observed in FACA, whereas magnesium (Mg), aluminum (Al), calcium

(Ca), titanium (Ti) and vanadium (V) showed higher levels in FACB.

Similar impurity levels were detected for chromium (Cr) and

cobalt (Co).

The next step then focused on identifying those trace elements

with significant different level of abundance in both tested FAC iron

sources and investigating their potential on improving cell perfor-

mance. Considering the smaller number of elements showing a higher

impurity level in FACA compared to FACB and the significant higher

impurity level of Cu, Mo and Sn in FACA compared to FACB (more

than five times higher), initial investigations only focused on the three

mentioned elements.

3.3 | Effect of copper, molybdate and tin on cell
performance and CQAs

To investigate the impact of Cu, Mo and Sn present as impurity in

FACA on CHOZN® cell performance in EX-CELL® Advanced CHO

Fed-Batch-Medium, a small-scale fed-batch experiment in spin

tubes was performed by comparing FACA and FACB iron source at

a final iron concentration of 16 mg/L, whereby the impurity levels

of Cu, Mo and Sn were also individually adjusted for FACB to the

exact same level as present in FACA. Additionally, the combinatory

effect of all three trace elements on CHOZN® cell performance

was studied upon supplementation to FACB. As shown in Figure 1,

cell performance upon FACB usage was significantly affected upon

trace element supplementation. Whereas the addition of only

molybdate or tin to FACB resulted in a similar low cell growth

F IGURE 1 Effect of iron sources FACA, FACB and FACB supplemented with either copper, molybdate, tin or a combination of them on cell
performance and CQAs of fusion protein. CHOZN® cells were cultivated in medium supplemented with either FACA or FACB iron source.
Additionally, four further conditions were prepared, where either copper, molybdate, tin or all three elements were added to FACB to achieve the
exact same respective concentrations as present in FACA. (a) VCD in x106 cells/ml. (b) Viability in %. (c) Fusion protein concentration in mg/L. (d)
Glucose concentration in g/L. (e) Lactate concentration in g/L. (f) Ammonium concentration in mmol/L. (g) HMW, main peak and LMW level of
fusion protein in %. (h) N-glycosylation forms (terminal sialylated, terminal galactosylated, terminal GlcNAc and terminal mannosylated) of fusion
protein in %. Data are mean ± SD of either four (a–f) or two (g,h) replicates

TABLE 1 Impurity profile of iron sources FACA, FACB and FACSynt

μg/g Fe Mg Al Ka Caa Tia Va Cr Mn Co Ni Cu Zn Ga Mo Sn

FACA 167,000 48 34 <5.0 100 32 60 7.5 56 20 50 60 <1.0 <5.0 21 4.5

FACB 180,000 150 110 5.3 200 120 140 8.5 38 21 40 4 190 10 1.2 0.75

FACSynt 187,000 <1.0 <2.0 5.3 26.0 <1.0 <0.1 1.8 <0.2 <0.1 <0.2 <0.1 2.0 <0.5 <0.5 <0.5

Notes: Only elements showing values above 4 μg/g raw material for at least one iron source are presented, whereby the impurity characterization was

done by semiquantitative ICP-MS if not stated otherwise. Fe, iron; Mg, magnesium; Al, aluminum; K, potassium; Ca, calcium; Ti, titanium; V, vanadium; Cr,

chromium; Mn, manganese; Co, cobalt; Ni, nickel; Cu, copper; Zn, zinc; Ga, gallium; Mo, molybdate; Sn, tin
aQuantitative values gained with HR-ICP-MS, whereby the obtained calibration curves yielded a correlation coefficient of at least >0.995
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compared to FACB alone with an average maximum VCD of

8.49 �106 cells/ml detected on day 7, supplementation of copper

to FACB led to a similar VCD profile as obtained for FACA with an

average maximum VCD of 15.69 �106 cells/ml detected on day 10

(Figure 1a). Usage of either FACB alone or FACB supplemented with

either molybdate or tin resulted in a faster decline of cell culture

viability compared to the other tested conditions. Addition of cop-

per to FACB maintained cell culture viability above 60% until the

end of the fed-batch experiment compared to the already detected

cell death on day 17 upon FACA usage (Figure 1b). The addition of

copper to FACB iron source also led to a significantly higher final

titer compared to only FACB or FACB supplemented with only

molybdate or tin with final fusion protein concentrations of around

2191.3 mg/L compared to only roughly 549.3 mg/L, respectively.

Interestingly, an even higher final titer was observed for FACB sup-

plemented with copper (average titer of 2191.3 mg/L) compared to

FACA iron source (1826.3 mg/L) on day 17 (Figure 1c). Glucose con-

sumption rate was similar throughout the first seven days of the fed-

batch process for any tested condition, whereas copper-containing

conditions consumed more glucose in the following days, resulting from

a higher VCD and viability compared to the other conditions

(Figure 1d). A lower lactate accumulation within cell culture supernatant

during the fed-batch experiment was detected upon FACA and FACB

supplemented with copper compared to the other tested conditions

(Figure 1e), whereas a faster increase in ammonium accumulation was

detected upon FACB and FACB supplemented with either molybdate or

tin (Figure 1f). The detected absolute differences in high molecular

weight (HMW), low molecular weight (LMW) and main peak level for

fusion protein were less than 2.2, 4.1 and 2.7%, respectively, for all

tested conditions (Figure 1g). Fusion protein glycosylation results rev-

ealed slightly higher levels of terminal galactosylated species and

slightly lower terminal GlcNAc levels upon FACA and FACB usage sup-

plemented with copper compared to the other tested conditions with

an average absolute altered level of 6.4 and 3.8%, respectively. This dif-

ference, however, might have been caused by a still higher cell culture

viability for those conditions on day 10. The direct impact of copper on

these glycoforms would require further investigation that is beyond the

scope of this note. No significant copper-, molybdate- or tin-related

effect on terminal sialylated or terminal mannosylated species was

observed (Figure 1h).

Overall, the results indicate that, contrary to the observations

made within Cellvento® 4CHO platform, copper instead of manga-

nese impurity present within the FACA iron source contributed to

an overall improved cell performance of the tested CHOZN® cell

line in EX-CELL® Advanced CHO Fed-Batch-Medium as well as

slightly altered CQAs. This difference was especially observed due

to the comparison of two different iron sources (coming from two

supply chains) having different copper impurity levels, whereby a

comparison of copper impurity levels present within several lots of

the same iron source resulted in a standard deviation of ±8.51 μg/g

(FACA) and ±3.13 μg/g (FACB). The copper impurities present in

FACA and FACB thus contributed either to more than 63% or less

than 26% to the final medium formulation, respectively.

3.4 | Effect of low impurity FAC iron source
(FACSynt) on cell performance

Although the addition of copper to FACB iron source to match the

same copper concentration as present within FACA improved the cell

performance significantly, there was still a difference observed in cell

performance compared to FACA that may be due to further impurities.

Other trace elements that have been either reported in literature for

their positive effect on cell growth, viability or titer were for instance

zinc and vanadium,16,17 even though an excess of vanadium was also

reported to cause a cytotoxicity within CHO cells.18,19 In order to

investigate whether impurities present within FACA might have led to

a toxic effect and thus might have caused a faster decline in cell cul-

ture viability compared to FACB supplemented with copper, an in-

house synthesized low impurity FAC iron source (FACSynt; impurity

profile presented in Table 1) was used and compared to the previously

used FACB + Cu2+ condition. The setup of this small-scale fed-batch

experiment was similar to previous experiments and relied on the sup-

plementation of the new iron sources to iron-deficient EX-CELL®

Advanced CHO Fed-Batch-Medium at a final iron concentration of

16 mg Fe/L. Additionally, due to the previous findings, one further

condition was tested, for which copper was added to FACSynt to

match the exact same concentration as present in FACB + Cu2+.

Results revealed a similar cell growth curve upon FACSynt usage sup-

plemented with copper compared to FACB + Cu2+, whereas usage of

low copper-containing FACSynt alone resulted in a lower maximal VCD

(Figure 2a). Cell culture viability was maintained again above 60% until

the end of the fed-batch for copper-containing conditions, whereas

usage of FACSynt led to a detected cell death on day 14 (Figure 2b). A

similar final fusion protein concentration of around 2053.3 mg/L was

detected for FACB and FACSynt, both supplemented with copper,

which was more than three-times higher compared to FACSynt

(Figure 2c). Glucose consumption rate was similar throughout the first

seven days of the fed-batch process for any tested condition, whereas

the glucose consumption rate was higher for copper-containing condi-

tions in the following days as a result of increased VCD and viability

compared to FACSynt (Figure 2d). Usage of FACSynt alone led to a

higher lactate and a similar ammonium accumulation within cell cul-

ture supernatant during the fed-batch experiment compared to

copper-supplemented FACB and FACSynt (Figure 2e,f). The detected

absolute difference in HMW level for fusion protein was less than

0.4%, whereby a reduced main peak level was observed upon FACSynt

usage compared to copper-containing conditions, which was inversely

correlated to the LMW level (Figure 2g). Fusion protein glycosylation

results revealed similar profiles for FACB and FACSynt when sup-

plemented with copper, whereby the absolute differences were less

than 2.4% for all presented glycosylation forms. Usage of only FACSynt

led to a reduced terminal galactosylation level and increased terminal

GlcNAc level compared to the copper-supplemented conditions simi-

larly to what was already observed upon usage of FACB only

(Figure 2h). On the one hand, these results confirm the positive con-

tribution of copper to overall cell performance thus also affecting gly-

cosylation profile of the recombinant protein. On the other hand, the
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results suggest that impurities present within some iron sources

(FACA) might be detrimental to cell culture and responsible for the

decreased cell viability and lower final titer observed at the end of the

fed-batch.

Overall, the results thus reinforce the impact of iron raw material

impurities on cell culture performance and the need for low impurity

iron sources in CCM formulations to decouple the effects of iron and

other elements in cell culture processes. This is particularly relevant

for media development scientists since impurities can have either a

positive effect on performance and CQAs or an unwanted toxic

effect, even at very low concentrations.

4 | DISCUSSION

Iron raw material impurities, especially manganese, were already iden-

tified as major contributors for altered cell performance and protein

glycosylation level within Cellvento® 4CHO CCM platform.12 This

study sought to investigate the impact of iron raw material impurity

on cell performance and CQAs of a CHOZN® clone within another

CCM platform, namely EX-CELL® Advanced CHO Fed-Batch-Medium

by performing small-scale fed-batch experiments. Thereby, copper

rather than manganese impurity was identified to significantly contrib-

ute to an improved cell performance with a reduced lactate accumula-

tion within cell culture supernatant, whereas a slight impact of copper

impurity on CQAs of the fusion protein was observed.

A positive effect of copper on cell growth and titer upon supple-

mentation to CCM was already reported in literature,15,20 whereby a

more efficient energy production via the oxidative phosphorylation

pathway resulting in a reduced overall lactate accumulation within cell

culture was suggested.15,20–22 In contrast, a copper limitation was

reported to favor glycolysis over citric acid cycle as the energy gener-

ation route leading to a higher lactate accumulation within cell cul-

ture.21,22 This hypothesized copper-related difference in energy

metabolism was proposed to involve copper-dependent enzymes

involved in the mitochondrial electron transport chain such as cyto-

chrome c oxidase, an enzyme responsible for the last step of the elec-

tron transfer within the mitochondrial respiratory chain.21,23 Within

this study, it is thus likely that an enhanced oxidative capacity of the

cells was induced either by an increased protein expression level

and/or activity of cytochrome c oxidase upon copper presence as

reported in several studies,24–27 and thereby leading to an overall

improved cell performance and thus to a reduced lactate accumulation

within cell culture.

Alternatively, since copper is a known cofactor for the copper/zinc

superoxide dismutase 1 (SOD1), an enzyme involved in protecting the

cells from reactive species produced during cellular respiration,28–30

copper might have increased the cellular antioxidant defense capacity

in a similar manner as it was suggested for manganese,12 leading to an

increased cell growth and fusion protein production. SOD1 is

preventing cellular lipid peroxidation and deoxyribonucleic acid (DNA)

damages by dismutating superoxide anions and is thus an essential

enzyme of the cellular antioxidant defense system.30

Although copper impurity significantly improved the cell perfor-

mance, the presence of further raw material impurities within FACA

was suggested to cause a faster decline in cell culture viability and a

reduced final titer when comparing to low impurity FACSynt iron

source. Since iron sources used for cell culture processes are usually

obtained from poorly characterized starting materials (iron ores used

by other industries), and are further processed by applying strong

acids such as sulfuric acid leading to the final raw material used in

CCM (ferrous sulfate),31–36 raw material impurities are likely intro-

duced and batch-to-batch variability is expected due to this heteroge-

neity in starting materials.37,38 Further root causes for impurities in

iron sources may result from the use of low-grade solvents or contam-

inated or leaching packaging materials during the manufacturing pro-

cess.37,38 To ensure process consistency for biologics, tight

specifications should be applied for the release of such high risk raw

materials and should be based on sensitive analytical methods such as

quantitative ICP-MS.39,40 Additional assessments should be per-

formed to identify other risky raw materials in formulations and stud-

ies have to be performed to generate knowledge about the possible

impact of their impurities on the final cell culture process perfor-

mance.37,39 In case the raw material manufacturing process or the

inherent heterogeneity of starting source materials does not enable a

tight control of the specifications and thus does not support a con-

stant quality, new processes or supply chains should be established to

guarantee the constant supply of low impurity raw materials with

drastically reduced risks of variability.

5 | CONCLUSION

Overall, this study describes the impact of iron raw material impurity,

in this case of copper impurity, on cell culture performance in EX-

CELL® Advanced CHO Fed-Batch-Medium leading to an overall

improved cell growth, titer and prolonged viability, whereas CQAs of

the tested fusion protein were only slightly affected upon copper

F IGURE 2 Effect of low impurity iron source FACSynt and FACSynt supplemented with copper on cell performance and CQAs of fusion
protein compared to FACB supplemented with copper. CHOZN® cells were cultivated in medium supplemented with either FACB + Cu2+,
FACSynt or FACSynt + Cu2+. (a) VCD in x106 cells/ml. (b) Viability in %. (c) Fusion protein concentration in mg/L. (d) Glucose concentration in g/L.
(e) Lactate concentration in g/L. (f) Ammonium concentration in mmol/L. (g) HMW, main peak and LMW level of fusion protein in %. (h) N-
glycosylation forms (terminal sialylated, terminal galactosylated, terminal GlcNAc and terminal mannosylated) of fusion protein in %. Data are
mean ± SD of either three (a–f) or two (g,h) replicates
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presence. This study further highlights the need for low impurity iron

sources in CCM formulations in order to decouple the effects of iron

and other contaminating trace elements thereby allowing the develop-

ment of consistent and stable cell culture processes without

unwanted impurity-related positive or even toxic effects.
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