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Abstract

The biomolecular relevance of medium supplements is a key challenge affecting cell culture practice. The biomolecu-
lar composition of commonly used supplements differs from that of a physiological environment, affecting the valid-
ity of conclusions drawn from in vitro studies. This article discusses the advantages and disadvantages of common
supplements, including context-dependent considerations for supplement selection to improve biomolecular
relevance, especially in nanomedicine and extracellular vesicle research.
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Background

Cell culture studies have been a cornerstone of scien-
tific research since the first isolation of nerve cells from a
frog in 1907 [1]. Conventional cell culture practice often
entails two-dimensional (2D) plastic dishes filled with
medium containing bovine-based supplements [2]. The
2D cell culture format fails to accurately depict interac-
tions between cells and their extracellular surroundings,
impacting other processes such as cell signaling and
division [3, 4]. In addition, physiologically relevant fluid
dynamics are not implemented in conventional cell cul-
ture practices, overlooking various effects on cells, such
as shear stress [3]. Moreover, bovine-based supplements
fail to accurately depict a physiologically relevant spe-
cies-specific environment. Taken together, the limitations
of conventional cell culture practices span physical and
molecular factors. This article focuses on the biomolecu-
lar relevance of cell culture practice by comparing the
composition and impact of common supplements. The
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possible implications of physiologically irrelevant sup-
plements are discussed, especially in the context of nano-
medicine and extracellular vesicle research studies, which
are susceptible to artificial results due to use of inappro-
priate cell culture media.

Fetal bovine serum (FBS) is a widely used cell culture
supplement obtained from fetuses during the slaughter
of pregnant cows [5]. The rich nutrient and growth fac-
tor content of FBS is used for the maintenance and pro-
liferation of a wide range of human and animal cell lines
[5-7]. Another widely used cell culture supplement is
chemically defined media, which contain a distinct mix-
ture of biomolecules, such as growth factors, lipids, and
amino acids, required for cell growth [8-11]. Human
serum has also been used as a cell culture supplement,
displaying higher compatibility with clinical-grade cell
manufacturing than FBS and improved biomolecular rel-
evance for human cells compared to FBS or chemically
defined media [12-15]. Human serum is derived from
the supernatant of coagulated blood, consequently hav-
ing a biomolecular profile representative of a pathophysi-
ological environment (blood clotting). Human plasma
is an overlooked cell culture supplement that is closely
representative of the physiological extracellular environ-
ment. This article focuses specifically on the disadvan-
tages and advantages of FBS, chemically defined media,
human serum, and human plasma, noting that several
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other cell culture supplements have also been developed
and reviewed elsewhere.

Biomolecular relevance

FBS contains a variety of biomolecules and the complex
combination of factors responsible for promoting cell
maintenance and proliferation have yet to be fully
determined [8, 16]. It is important to consider the
biomolecular relevance of FBS as a supplement for non-
bovine cell lines. FBS is poorly reflective of adult human
biomolecules due to fetal, bovine, and serum origin.
Therefore, the extensive use of FBS in cell culture calls
into question the applicability and validity of in vitro
studies [16, 17]. FBS reflects a biomolecular environment
corresponding to fetal physiology, which is distinct to
that of an infant or adult (Fig. 1A). The biomolecular
composition of fetus blood differs substantially from
that of an adult. For example, fetus plasma has differing
proteomic and lipidomic profiles compared to adult
plasma [18-20]. Specifically, high density lipoprotein
(HDL) is the major carrier of cholesterol in fetus cord
blood, compared to low density lipoprotein (LDL) in
maternal serum [19]. Furthermore, apolipoprotein (Apo)
E and ApoA-II are enriched on fetal HDL [19], while
the levels of many lipids are substantially lower than in
maternal plasma (Fig. 1A) [18, 19]. Fetal cord blood also
contains substantially higher levels of biomolecules, such
as albumin, hemoglobin, platelet factor 4, and vitamin
D-binding protein (Fig. 1A) [19]. Therefore, while there
are several embryonic/fetal cell lines in use, culturing
other cell lines with fetal supplements, such as FBS, is
unlikely to reflect a physiologically relevant biomolecular
environment. A comparison of various head and neck
carcinoma cells grown in FBS, newborn calf serum
(<14 days old), and calf serum (< 12 months old), revealed
substantial differences in cell proliferation based on the
used sera [21]. Cells grown with newborn calf serum
showed delayed attachment (36 h), altered morphology,
and poor proliferation compared to FBS (~80% lower at
72 h) [21]. Similarly, calf serum led to lower short-term
and long-term proliferation than FBS (~50% lower)
and morphological changes in most of the assessed cell
lines; although the supplement outperformed newborn
calf serum [21]. These results further emphasize the
importance of considering the effects of the supplement-
associated development stage on cell culture.

In addition to reflecting the biomolecular environment
of fetal physiology, FBS is representative of bovine
physiology. Human and bovine serum contain many
of the same proteins, but they differ in homology
(Fig. 1B), which could impact various biological
processes, including those relying on precise receptor-
ligand interactions. The functional implications of
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species-specific biomolecules in cell culture studies
remain poorly understood and are likely to be assay-
dependent. In addition to homology issues, the overall
biomolecular composition and abundance of plasma/
serum varies between species. For example, bovine serum
has differing lipid and amino acid profiles compared
to human serum (Fig. 1A) [22-24]. Human serum-
derived lipoproteins contain different compositions
of triglycerides, cholesterol, cholesterol esters, and
phospholipids compared to their bovine counterparts
[22, 24].

The limitations of FBS in terms of developmental
stage and species-specific characteristics are further
exacerbated by the use of serum, which reflects the
biomolecular composition of a specific pathophysi-
ological environment (for example, wound healing). The
generation of serum alters the biomolecular composition
of blood due to coagulation. For example, human serum
contains higher levels of lactate, creatinine, lipoproteins,
vitamin D binding proteins, and amino acids compared
to plasma (Fig. 1A) [25-31]. Serum fails to accurately
represent the biomolecular composition of the native
extracellular space, as most cells are surrounded by inter-
stitial fluid, which more closely resembles plasma than
serum.

The differing proteomic and metabolomic profiles of
serum and plasma can be attributed to the presence of
anticoagulants in plasma and distinct processing proce-
dures [25, 26, 29, 30, 32, 33]. Addition of anticoagulants,
such as ethylenediaminetetraacetic acid (EDTA), citrate,
and heparin, to plasma may also partially inhibit pro-
teolytic activity, favoring biomolecular stability due to
reduced protein and peptide degredation [34]. The bio-
molecular composition also differs depending on the type
of anticoagulant, especially in terms of levels and compo-
sition of fibrinogen, complement C3 and C4, and brady-
kinis [34]. Although plasma is closely representative of
normal physiology, a disadvantage of plasma is susceptib-
lity to clotting, especially in media containing high levels
of calcium. Potential clotting of plasma can be overcome
through the addition of heparin, which is already used
in some media formulations [35]. It is important to note
that human plasma reflects the extracellular environ-
ment of endothelial and hematopoietic cells. Other cell
types, which are not in direct contact with the blood, are
exposed to an interstitial fluid, that possesses a tissue-
dependent biomolecular composition. The interstitial
fluid usually contains lower concentrations of circulat-
ing biomolecules than plasma, as macromolecules, such
as albumin and lipoproteins, are required to undergo
endothelial transcytosis to enter the interstitial space in
tissues with continuous vasculature [36].
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Fig. 1 Biomolecular differences between various cell culture supplements. A Comparison between fetal bovine serum and adult human plasma

in the three major areas of differences (fetal versus adult; bovine versus human; serum versus plasma). Arrows indicate an increase (1) or decrease
(¥) in the levels of biomolecules based on developmental stage (fetal versus adult), species (bovine versus human), and non-coagulated/coagulated
state (serum versus plasma). B Approximate percentage of homology between abundant bovine and human plasma proteins, determined

by UniProt. [48] Apo, apolipoprotein; £V extracellular vesicle, HDL, high-density lipoprotein, LDL low-density lipoprotein

Finally, chemically defined media contains a mixture
of biomolecules that promote cell growth, however, the
exact composition of these formulations often remains
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diversity, failing to accurately mimic a physiological
environment. Additionally, chemically defined media can
vary substantially in composition, leading to different
gene expression in cultured cells [37].

Another key consideration in terms of biomolecular
composition of cell culture supplements is heterogene-
ity. Extensive batch-to-batch variability has been docu-
mented, which affects consistent cell growth and leads
to reproducibility challenges in research [16, 17]. Inter-
supplier variability is another challenge, with FBS dis-
playing differing metabolomic profiles and cellular effects
depending on the commercial vendor [17]. For example,
FBS-induced secretion of inflammatory cytokines in
epithelial cells varies depending on the brand [17]. For
human blood products, age and blood group variability
can often be accounted for, but unknown genetic and life-
style factors impact the biomolecular composition, lead-
ing to extensive heterogeneity [38—40]. Pooling of human
serum or plasma is one approach to reduce variability
[15, 41, 42]. An advantage of chemically defined media is
decreased batch-to-batch variability [10, 11] compared to
FBS, human serum, and plasma.

Selection of supplements for clinical manufacturing
of cell therapy poses additional challenges. In general,
EBS is deemed unsuitable for clinical cell manufacturing
[13-15] due to various reasons, including potential trans-
mission of zoonic bacteria/viruses and prion diseases
[43—-45]. Pathogenic transmission is possible with human
serum and plasma, and these supplements are often
screened for select viral diseases, such as human immu-
nodeficiency virus and hepatitis B virus [25, 44]. Residual
FBS may also induce xenogeneic responses [43, 45, 46],
while residual human serum and plasma could induce
allogeneic immune responses [47]. Allogeneic reactions
caused by residual human serum and plasma could be
mitigated by using universal donors (AB) [14].

Consequences of biomolecular relevance

The use of supplements with non-physiologically relevant
biomolecular compositions substantially impacts cell cul-
ture studies. For example, serum lacks fibrinogen [25],
which is a major component in the coagulation cascade
and has also been demonstrated to impact cell growth,
motility, and intra/extravasation. Interactions with fibrin-
ogen protected cancer cells from natural killer cell-medi-
ated cytotoxicity [49], a phenomenon that could have
gone undiscovered with cell culture supplements, such
as FBS and serum. Furthermore, fibrinogen signaling can
also activate pro-inflammatory pathways, regulate innate
immune responses, and impact a variety of autoimmune
and neurological diseases [50, 51]. Specifically, fibrinogen
has also been shown to promote cell migration of smooth
muscle cells [52], promote inflammation in peripheral
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blood mononuclear cells [53] and alter microvascular
permeability [54]. Therefore, the absence of fibrinogen in
cell culture studies may lead to results and conclusions
that are poorly reflective of an in vivo environment. Oste-
opontin is another factor that is substantially depleted in
human serum compared to plasma [25]. Osteopontin is
an extracellular matrix protein, first identified in bone
tissues [55] and later shown to regulate immune cell
function, angiogenesis, and cancer progression [55, 56].
Taken together, low levels of certain biomolecules, such
as osteopontin and fibrinogen, in the most widely used
cell culture supplements may lead to false interpretations
of cell function and an inability to assess physiologically
relevant phenomena.

In addition to reduced levels of specific proteins,
certain biomolecules are enriched in serum compared
to plasma, including metabolites and lipids, which are
vital for cell growth, but also affect cell function and fate
[57-60]. Supplementation of cell culture medium with
exogenous lipids impacts proliferation, viability, antibody
secretion, and the membrane composition of cells [37, 60,
61]. Serum free alternatives have been employed to study
endogenous lipid synthesis in cell culture [60]. Melanoma
cells cultured in a chemically defined medium without
lipids displayed substantially increased expression of
de novo fatty acid, cholesterol synthesis genes, and the
LDL receptor compared to supplementation with FBS
[60]. However, conditions without exogenous lipids are
unlikely to reflect a physiological environment. Taken
together, both an excess and deficiency of biomolecules
compared to a physiological environment is likely to alter
cell function (Fig. 2A).

Initial drug discovery studies are often performed in
cell culture studies. Interactions between drugs and the
surrounding biomolecular environment impacts clear-
ance, biodistribution, safety, and efficacy. Various thera-
peutic agents were shown to bind to biomolecules in the
blood, such as albumin, lipoproteins, and glycoproteins
[59]. Nanomedicines are especially susceptible to inter-
actions with biomolecules in the blood and extracellular
space, as they have large surface areas [62]. The field of
nanomedicine has rapidly expanded over the past few
decades with several nanomedicines approved for clini-
cal use [63, 64], making it especially important to empha-
size best practices for studies with nanoparticles [65].
Nanoparticles exposed to either human plasma, mouse
plasma, or FBS display differing interactions with bio-
molecules [66—69]. Such interaction change the physi-
cal and biological identity of nanoparticles, including
size, surface charge, cellular uptake, and immune clear-
ance [66, 68, 69] (Fig. 2B-C). For example, synthetic lipid
nanoparticles exposed to FBS showed higher uptake in
human epithelial cervical cancer cells than those exposed
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Fig. 2 Altered biomolecular composition of cell culture supplements can impact immune clearance and target cell uptake. A Potential
disadvantageous (non-physiologically relevant) effects of cell culture supplements. Cell culture supplements impact biomolecular identity of drug
delivery systems such, as nanoparticles, by affecting immune clearance (B) and target cell uptake (C)

to human serum [69]. Therefore, it is especially impor-
tant to consider the impact of supplement selection (for
example, species matching) on nanoparticle effects in cell

culture.

In addition to nanomedicine, the field of extracellular
vesicles is highly susceptible to artificial cell culture
results due to inappropriate supplement selection
and a lack of standardization within the field [70, 71].
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Extracellular vesicles are biological nanoparticles, with
one or several lipid bilayers, released by all cells [72].
Over the past decade, the field of extracellular vesicles
has grown exponentially and several extracellular
vesicle products are in clinical trials [73, 74]. Similar
to synthetic nanoparticles, extracellular vesicles have
a large surface area, which promotes interaction with
surrounding biomolecules, especially lipoproteins that
are present in blood-derived supplements [75, 76]. A
study demonstrated that cancer cell-derived extracellular
vesicles induce TNF-a expression in monocytes cultured
in supplements depleted of lipoproteins [70]. However,
the lack of lipoproteins is physiologically irrelevant,
as lipoproteins are abundant in blood and present in
the interstitium of tumors and healthy tissues [70].
Supplementing the culture medium with physiological
levels of the lipoprotein, LDL, led to the opposite
findings, where the extracellular vesicles reduced TNF-a
expression in monocytes [70]. Therefore, artificial results
and conclusions can arise when the extracellular space
lacks physiologically relevant biomolecular components.
The cellular uptake of various cancer extracellular vesicles
was also altered in a cell type-dependent manner in the
presence of LDL [70]. Specifically, cancercell-derived
extracellular vesicles displayed lower uptake in human
brain microvascular endothelial cells but higher uptake in
monocytes following the addition of LDL [70]. Adsorbed
biomolecules on the extracellular vesicle surface are also
likely to impact immunological recognition and clearance
[77]. Taken together, a lack of physiologically relevant
biomolecules fails to accurately portray extracellular
vesicle and nanoparticle cell culture interactions in vivo.
In general, the use of human plasma as a cell culture
supplement more accurately depicts nanoparticle and
extracellular vesicle interactions with a physiologically
relevant environment.

The selection of cell culture supplements is also a key
consideration in the isolation of extracellular vesicles
from conditioned media. Serum and plasma contain
levels of extracellular vesicles that far outnumber those
produced by cells in culture [70]. Additionally, these
supplements also contain large amounts of contaminants,
such as lipoproteins, protein aggregates, and
polysaccharides, that are challenging to separate from
extracellular vesicles [78, 79]. Therefore, supplements
should ideally be depleted from extracellular vesicles
and other similar sized contaminants to enable isolation
and study of cell culture-produced extracellular vesicles.
However, various cell types, such as glioblastoma,
neuroblastoma, cervical carcinoma, human embryonic
kidney cells, and myoblasts demonstrated decreased
proliferation when extracellular vesicles were depleted
from FBS and human serum [80, 81]. Additionally, the
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depletion of extracellular vesicles from FBS altered
the differentiation of myoblasts [80]. Such altered cell
characteristics is likely to affect the composition and
function of cell culture-specific extracellular vesicles,
which should be taken into consideration [70].

In addition to extracellular vesicle-depleted blood-
derived supplements, chemically defined media have
also been used for cell culture-derived extracellular
vesicle production. One study showed that a chemically
defined low-protein medium (Opti-MEM) reduced cell
proliferation compared to extracellular vesicle-depleted
FBS, but resulted in increased extracellular vesicle pro-
duction, which is common during cell stress [82]. Nota-
bly, the extracellular vesicles produced with Opti-MEM
differed in protein composition, in particular displaying
increased levels of stress-related proteins, compared to
those produced in extracellular vesicle-depleted FBS [82].
New types of chemically defined media have been devel-
oped to improve cell viability, while ensuring high levels
of extracellular vesicle production [83]. It is important to
note that chemically defined media can also be a source
of contaminants in extracellular vesicle isolation studies.
For example, subjecting a chemically defined medium to
ultracentrifugation, a common extracellular vesicle isola-
tion technique, led to the formation of protein aggregates
that co-pelleted with extracellular vesicles, contaminat-
ing the samples [84].

In addition to using extracellular vesicle-depleted sup-
plements and chemically defined media, many studies
starve cells (lack of exogenous proteins/lipids) during the
period of extracellular vesicle generation [85, 86]. Starva-
tion will result in more drastic stress-induced effects on
cells compared to supplements that contain proteins and/
or lipids. Consequently, starvation-induced cell stress,
including apoptosis, can substantially increase extracel-
lular vesicle production and change extracellular vesicle
characteristics [82], which may fail to reflect a physiologi-
cally relevant environment. Taken together the effects on
supplement selection should be carefully considered in
the extracellular vesicle field to avoid the production of
contaminated or physiologically irrelevant samples that
result in false/inaccurate findings about biological effects.

Considerations other than biomolecular relevance

Non-physiologically representative cell culture supple-
ments have many disadvantages, including abnormal cell
proliferation, differentiation, morphology, signaling, and
responses to exogenous agents, such as drugs. However,
biomolecular relevance should not be considered in iso-
lation from other factors, such as ethics, logistics, and
protocol standardization, when selecting the most suit-
able cell culture supplements. In fact, the use of human-
derived products as cell culture supplements poses
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unique logistical and ethical challenges. While human
serum and plasma can be derived from pre-existing infra-
structure, such as blood banks, their usage in cell culture
competes with patient-driven demand for blood prod-
ucts. However, sourcing blood products that have been
deemed clinically unsuitable (for example, lengthy stor-
age times) has been recommended as a potential solution
to avoid competing with patient demand [87]. It is also
important to note that the use of human blood prod-
ucts requires adherence to informed consent, report-
ing, traceability and confidentiality protocols [87]. The
use of FBS also poses logistical and ethical concerns. For
example, suppliers are tasked with sustainably meeting
the global demand for FBS, which requires two million
bovine fetuses each year [7]. There is also a lack of regula-
tory control in the production of FBS [5, 16], which raises
ethical issues concerning the treatment of cows during
the collection process [8]. Chemically defined media have
less ethical concerns compared to FBS, human serum,
and plasma [10, 11].

In addition to logistical and ethical considerations
of cell culture supplements, other advantages and
disadvantages exist, including those related to protocol
standardization and cell culture maintenance. For
example, many cell culture protocols have been
standardized based on FBS to ensure consistent results,
including diagnostic assays [88-90]. Additionally, FBS
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has proven suitability for culturing a broad range of cell
types. In some cases, human serum displays an improved
ability to sustain cell proliferation and/or differentiation
compared to FBS [44, 47, 91, 92]. For example, the use of
human serum decreased the doubling times of adipose
mesenchymal stromal cells [44] and chondrocytes [47] by
approximately 20 h and up to ten days, respectively. For
other cells, such as cervical cancer cells, human serum
resulted in similar metabolic activity, proliferation, and
cell migration as FBS, but enhanced spheroid formation
and caused a 23-43% increase in cell invasion [91]. Select
studies have shown that human plasma is comparable to
FBS and human serum in terms of cell proliferation and/
or differentiation [13, 46, 93, 94]. In the case of adipose
mesenchymal stromal cells, proliferation and endothelial
differentiation was similar in human plasma and FBS
[93]. Dendritic cells also displayed similar cell viability
when grown in human plasma compared to human
serum [13]. However, periodontal ligament cells grown
in plasma displayed substantially higher cell proliferation
compared to conditions with FBS [94]. On the contrary,
comparative studies showed that chemically defined
media are unable to sustain cell growth/proliferation as
effectively as FBS and human serum [9, 95]. The overall
strengths and limitations of the discussed cell culture
supplements are summarized in Table 1 [25].

Table 1 Summary of key challenges and limitations of FBS, human serum, human plasma and chemically defined media

Supplement Fetal bovine serum Human serum Human plasma Chemically defined
LOGISTICAL
Supply Limited cattle inventory Limited clinical inventory Limited clinical inventory Available
Accessibility Higher Lower Lower Higher
Commercial cost Low High High Low
BIOLOGICAL RELEVANCE
Human physiology Not representative Representative Representative Not representative
Post-fetal physiology Not representative Representative Representative Not representative
Cell physiology Not representative Not representative Representative Not representative
Compatibility with cell Low High High High

therapy
Immunogenic responses

CELL EXPANSION
Cell proliferation
Complement lysis
Clotting
Viral (human) contaminants
Batch variability

ETHICAL
Human and animal ethics

Possible xenogeneic immune
responses

Higher

Unlikely (fetal origin)
Not applicable
Unlikely

High

Animal rights (for example,
lack of anesthesia)

Possible allogeneic immune
responses

Higher
Possible

Not applicable
Possible

High

Competing with patient
needs

Possible allogeneic immune
responses

Lower
Possible
Possible
Possible
High

Competing with patient
needs

Not applicable

Lower

Not applicable
Not applicable
Unlikely

Low

Not applicable
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In most cases, improved physiological relevance can
be achieved by matching the supplement to the species,
development stage, and health/disease state of the cells
that are being studied. However, this is highly context-
dependent, and in some cases, the modification of
supplements through depletion of certain components
may be necessary to obtain ideal results, such as in
extracellular vesicle isolation studies. The use of machine
learning software and artificial intelligence has become
more prominent for the optimization of cell culture
media for cell maintenance and meat cultivation [96-98].
These technologies are promising for the development
of media formulations with enhanced experimental
applicability and biomolecular relevance.

Concluding remarks

There are a variety of cell culture supplements avail-
able, each with distinct advantages and disadvantages,
spanning biomolecular relevance, logistics, ethics, and
protocol standardization. The differing biomolecular
composition of FBS, human serum, plasma, and chemi-
cally defined media leads to varying results in cell cul-
ture studies. The heterogeneity of blood products can
also impact the reproducibility of cell culture studies.
The precise content of chemically defined media can be
controlled but is scarcely representative of a physiologi-
cal environment with diverse biomolecular components.
The failure of conventional cell culture to represent
physiological conditions is a key limitation that impacts
the validity of conclusions, especially in fields, such as
nanomedicine and extracellular vesicle research. There-
fore, it is critical to assess the importance of extracellu-
lar biomolecules in cell culture studies and make efforts
to use the most physiologically relevant supplements.
Increasing the biomolecular relevance of cell culture
practice through machine learning software and artificial
intelligence will pave the way for future discoveries and
uncover previously unknown biological mechanisms.
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NMDA N-methyl-D-aspartate

TNF-a Tumor necrosis factor-a

Acknowledgements
Figures 1A and 2 were made in ©BioRender—biorender.com.

Author contributions
RG: Conceptualization, Writing—Original Draft, Writing—Review & Editing,
Visualization, Funding acquisition. LH: Writing—Review & Editing, Visualization.

Page 8 of 10

JW: Conceptualization, Writing—Original Draft, Writing—Review & Editing,
Supervision, Project administration, Funding acquisition.

Funding

Partial funding for this work was provided by The University of Queensland,
Australia (JW), the National Institute on Aging, National Institutes of Health,
United States under award number RO1AG076537 (JW), The Medical Research
Future Fund, Australia under award number MRF2019485 (JW), the National
Breast Cancer Foundation, Australia under award number 2023/1IRS0063, and
the Australian Government Research Training Program Scholarship (RG). The
content is solely the responsibility of the author and does not necessarily
represent the official views of the organizations and funding agencies.

Availability of data and materials
The datasets generated during and/or analyzed during the current study are
available in the UniProt repository, UniProt.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 27 May 2024 Accepted: 9 November 2024
Published online: 03 January 2025

References

1. Sivakumar Joghi Thatha, G. New insights into cell culture technology.
(IntechOpen, 2017). https://doi.org/10.5772/62590.

2. Weiskirchen S, Schroder SK, Buhl EM, Weiskirchen R. A Beginner’s guide
to cell culture: practical advice for preventing needless problems. Cells.
2023;12:682. https://doi.org/10.3390/cells12050682.

3. Kapatczynska M, et al. 2D and 3D cell cultures - a comparison of
different types of cancer cell cultures. Arch Med Sci. 2018;14:910-9.
https://doi.org/10.5114/aoms.2016.63743.

4. Duval K, et al. Modeling physiological events in 2D vs. 3D cell culture.
Physiology. 2017;32:266-77. https://doi.org/10.1152/physiol.00036.
2016.

5. Jochems CE, van der Valk JB, Stafleu FR, Baumans V. The use of
fetal bovine serum: ethical or scientific problem? Altern Lab Anim.
2002;30:219-27. https://doi.org/10.1177/026119290203000208.

6. Subbiahanadar Chelladurai K, et al. Alternative to FBS in animal cell
culture—an overview and future perspective. Heliyon. 2021;7: e07686.
https://doi.org/10.1016/j.heliyon.2021.e07686.

7. Gstraunthaler G, LindI T, van der Valk J. A plea to reduce or replace fetal
bovine serum in cell culture media. Cytotechnology. 2013;65:791-3.
https://doi.org/10.1007/510616-013-9633-8.

8. Karnieli O, et al. A consensus introduction to serum replacements and
serum-free media for cellular therapies. Cytotherapy. 2017;19:155-69.
https://doi.org/10.1016/jjcyt.2016.11.011.

9. Usta SN, Scharer CD, Xu J, Frey TK, Nash RJ. Chemically defined serum-
free and xeno-free media for multiple cell lineages. Ann Transl Med.
2014,2:97-97. https://doi.org/10.3978/].issn.2305-5839.2014.09.05.

10. McCoy RE, Costa NA, Morris AE. Factors that determine stability of
highly concentrated chemically defined production media. Biotechnol
Progress. 2015;31:493-502. https://doi.org/10.1002/btpr.2047.

11. Schnellbaecher A, Binder D, Bellmaine S, Zimmer A. Vitamins in cell
culture media: stability and stabilization strategies. Biotechnol Bioeng.
2019;116:1537-55. https://doi.org/10.1002/bit.26942.

12. Psychogios N, et al. The human serum metabolome. PLoS ONE. 2011;6:
e16957. https://doi.org/10.1371/journal.pone.0016957.


https://www.uniprot.org/
https://doi.org/10.5772/62590
https://doi.org/10.3390/cells12050682
https://doi.org/10.5114/aoms.2016.63743
https://doi.org/10.1152/physiol.00036.2016
https://doi.org/10.1152/physiol.00036.2016
https://doi.org/10.1177/026119290203000208
https://doi.org/10.1016/j.heliyon.2021.e07686
https://doi.org/10.1007/s10616-013-9633-8
https://doi.org/10.1016/j.jcyt.2016.11.011
https://doi.org/10.3978/j.issn.2305-5839.2014.09.05
https://doi.org/10.1002/btpr.2047
https://doi.org/10.1002/bit.26942
https://doi.org/10.1371/journal.pone.0016957

Ghebosu et al. Journal of Biomedical Science

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

(2025) 32:3

. Wong EC, et al. Development of a clinical-scale method for generation

of dendritic cells from PBMC for use in cancer immunotherapy.
Cytotherapy. 2001;3:19-29. https://doi.org/10.1080/146532401753156
377.

Dos Santos VTM, et al. Characterization of human ab serum for
mesenchymal stromal cell expansion. Transfus Med Hemother.
2017;44:11-21. https://doi.org/10.1159/000448196.

Stute N, et al. Autologous serum for isolation and expansion of human
mesenchymal stem cells for clinical use. Exp Hematol. 2004;32:1212-25.
https://doi.org/10.1016/j.exphem.2004.09.003.

van der Valk J. Fetal bovine serum-a cell culture dilemma. Science.
2022,375:143-4. https://doi.org/10.1126/science.abm1317.

Liu'S,Yang W, Li Y, Sun C. Fetal bovine serum, an important factor
affecting the reproducibility of cell experiments. Sci Rep. 2023;13:1942.
https://doi.org/10.1038/541598-023-29060-7.

Mir SA, et al. Population-based plasma lipidomics reveals developmental
changes in metabolism and signatures of obesity risk: a mother-
offspring cohort study. BMC Med. 2022;20:242. https://doi.org/10.1186/
$12916-022-02432-y.

Sreckovic |, et al. Distinct composition of human fetal HDL attenuates its
anti-oxidative capacity Biochimica et biophysica acta. Mol Cell Biol Lipids.
2013;1831:737-46. https://doi.org/10.1016/j.bbalip.2012.12.015.
IgnjatovicV, et al. Age-related differences in plasma proteins: how plasma
proteins change from neonates to adults. PLoS ONE. 2011;6:e17213.
https://doi.org/10.1371/journal.pone.0017213.

Fang C-Y, Wu C-C, Fang C-L, Chen W-Y, Chen C-L. Long-term growth
comparison studies of FBS and FBS alternatives in six head and neck cell
lines. PLoS ONE. 2017;12:e0178960. https://doi.org/10.1371/journal.pone.
0178960.

Skipski VP, et al. Lipid composition of human serum lipoproteins. Biochem
1.1967;104:340-52. https://doi.org/10.1042/bj1040340.

Keller S, Block RJ. Amino acid composition of the serum proteins Il

the chromatographic isolation of human and bovine serum albumins,
and the amino composition of the fractions. Arch Biochem Biophys.
1959;85:366-73. https://doi.org/10.1016/0003-9861(59)90502-8.

Evans L, Patton S, McCarthy RD. Fatty acid composition of the lipid
fractions from bovine serum lipoproteins. J Dairy Sci. 1961;44:475-82.
https://doi.org/10.3168/jds.50022-0302(61)89765-8.

Ayache S, et al. Comparison of proteomic profiles of serum, plasma, and
modified media supplements used for cell culture and expansion. J Trans!
Med. 2006;4:40. https://doi.org/10.1186/1479-5876-4-40.

Vignoli A, et al. Serum or plasma (and Which Plasma), that is the question.
J Proteome Res. 2022;21:1061-72. https://doi.org/10.1021/acs jproteome.
1c00935.

George JN, Thoi LL, McManus LM, Reimann TA. Isolation of human
platelet membrane microparticles from plasma and serum. Blood.
1982;60:834-40. https://doi.org/10.1182/blood.V60.4.834.834.

Palviainen M, et al. Extracellular vesicles from human plasma and serum
are carriers of extravesicular cargo-implications for biomarker discovery.
PLoS ONE. 2020;15: €0236439. https://doi.org/10.1371/journal.pone.
0236439.

Dettmer K, et al. Comparison of serum versus plasma collection in

gas chromatography-mass spectrometry-based metabolomics.
Electrophoresis. 2010;31:2365-73. https://doi.org/10.1002/elps.20090
0778.

Sotelo-Orozco J, Chen SY, Hertz-Picciotto |, Slupsky CM. A comparison

of serum and plasma blood collection tubes for the integration of
epidemiological and metabolomics data. Front Mol Biosci. 2021;8:
682134. https://doi.org/10.3389/fmolb.2021.682134.

Yu Z, et al. Differences between human plasma and serum metabolite
profiles. PLoS ONE. 2011;6: €21230. https://doi.org/10.1371/journal.pone.
0021230.

Nishiumi S, Suzuki M, Kobayashi T, Yoshida M. Differences in metabolite
profiles caused by pre-analytical blood processing procedures. J Biosci
Bioeng. 2018;125:613-8. https://doi.org/10.1016/jjbiosc.2017.11.011.
Paglia G, et al. Influence of collection tubes during quantitative targeted
metabolomics studies in human blood samples. Clin Chim Acta.
2018;486:320-8. https://doi.org/10.1016/j.cca.2018.08.014.

Yi J, Kim C, Gelfand CA. Inhibition of intrinsic proteolytic activities
moderates preanalytical variability and instability of human plasma. J
Proteome Res. 2007;6:1768-81. https://doi.org/10.1021/pr060550h.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

Page 9 of 10

Palombella S, et al. Systematic review and meta-analysis on the use of
human platelet lysate for mesenchymal stem cell cultures: comparison
with fetal bovine serum and considerations on the production

protocol. Stem Cell Res Ther. 2022;13:142. https://doi.org/10.1186/
$13287-022-02815-1.

Amruta A, lannotta D, Cheetham SW, Lammers T, Wolfram J. Vasculature
organotropism in drug delivery. Adv Drug Deliv Rev. 2023;201: 115054.
https://doi.org/10.1016/j.addr.2023.115054.

Takii S, Wu J, Okamura D. The amount of membrane cholesterol required
for robust cell adhesion and proliferation in serum-free condition. PLoS
ONE. 2022;17:€0259482. https://doi.org/10.1371/journal.pone.0259482.
Kalampouka I, van Bekhoven A, Elliott BT. Differing effects of younger
and older human plasma on C2C12 myocytes in vitro. Front Physiol.
20189:152. https://doi.org/10.3389/fphys.2018.00152.

Vitucci D, et al. Serum from differently exercised subjects induces
myogenic differentiation in LHCN-M2 human myoblasts. J Sports Sci.
2018;36:1630-9. https://doi.org/10.1080/02640414.2017.1407232.

Allen SL, et al. The effect of young and old ex vivo human serum on
cellular protein synthesis and growth in an in vitro model of aging. Am

J Physiol Cell Physiol. 2021;321:C26-C37. https://doi.org/10.1152/ajpcell.
00093.2021.

Bubinski M, et al. Plasma pooling in combination with amotosalen/

UVA pathogen inactivation to increase standardisation and safety of
therapeutic plasma units. Transfus Med. 2021;31:136-41. https://doi.org/
10.1111/tme.12763.

Beetler DJ, et al. Reconstituted extracellular vesicles from human platelets
decrease viral myocarditis in mice. Small. 2023;19:22303317. https://doi.
0rg/10.1002/smll.202303317.

Muraglia A, et al. Culture medium supplements derived from human
platelet and plasma: cell commitment and proliferation support. Front
Bioeng Biotechnol. 2017;5:66. https://doi.org/10.3389/fbioe.2017.00066.
Witzeneder K, et al. Human-derived alternatives to fetal bovine serum in
cell culture. Transfus Med Hemother. 2013;40:417-23. https://doi.org/10.
1159/000356236.

Tekkatte C, Gunasingh GP, Cherian KM, Sankaranarayanan K.“"Humanized"
stem cell culture techniques: the animal serum controversy. Stem Cells
Int. 2011;2011: 504723. https://doi.org/10.4061/2011/504723.

Alipour R, Fatemi A, Alsahebfosul F, Andalib A, Pourazar A. Autologous
plasma versus fetal calf serum as a supplement for the culture of
neutrophils. BMC Res Notes. 2020;13:39. https://doi.org/10.1186/
$13104-020-4902-z.

Munirah S, et al. Autologous versus pooled human serum for articular
chondrocyte growth. J Orthop Surg (Hong Kong). 2008;16:220-9. https://
doi.org/10.1177/230949900801600219.

The UniProt C. UniProt: the universal protein knowledgebase in 2023.
Nucleic Acids Res. 2023;51:D523-31. https://doi.org/10.1093/nar/gkac1
052.

Zheng S, et al. Platelets and fibrinogen facilitate each other in protecting
tumor cells from natural killer cytotoxicity. Cancer Sci. 2009;100:859-65.
https://doi.org/10.1111/j.1349-7006.2009.01115.x.

Davalos D, Akassoglou K. Fibrinogen as a key regulator of inflammation in
disease. Semin Immunopathol. 2012;34:43-62. https://doi.org/10.1007/
s00281-011-0290-8.

Ryu JK, et al. Blood coagulation protein fibrinogen promotes
autoimmunity and demyelination via chemokine release and antigen
presentation. Nat Commun. 2015;6:8164. https://doi.org/10.1038/ncomm
s9164.

Naito M, et al. Effects of fibrinogen and fibrin on the migration of vascular
smooth muscle cells in vitro. Atherosclerosis. 1990;83:9-14. https://doi.
0rg/10.1016/0021-9150(90)90124-2.

JensenT, et al. Fibrinogen and fibrin induce synthesis of proinflammatory
cytokines from isolated peripheral blood mononuclear cells. Thromb
Haemost. 2007;97:822-9. https://doi.org/10.1160/TH07-01-0039.

Tyagi N, Roberts AM, Dean WL, Tyagi SC, Lominadze D. Fibrinogen
induces endothelial cell permeability. Mol Cell Biochem. 2008;307:13-22.
https://doi.org/10.1007/511010-007-9579-2.

Icer MA, Gezmen-Karadag M. The multiple functions and mechanisms of
osteopontin. Clin Biochem. 2018;59:17-24. https://doi.org/10.1016/j.clinb
iochem.2018.07.003.


https://doi.org/10.1080/146532401753156377
https://doi.org/10.1080/146532401753156377
https://doi.org/10.1159/000448196
https://doi.org/10.1016/j.exphem.2004.09.003
https://doi.org/10.1126/science.abm1317
https://doi.org/10.1038/s41598-023-29060-7
https://doi.org/10.1186/s12916-022-02432-y
https://doi.org/10.1186/s12916-022-02432-y
https://doi.org/10.1016/j.bbalip.2012.12.015
https://doi.org/10.1371/journal.pone.0017213
https://doi.org/10.1371/journal.pone.0178960
https://doi.org/10.1371/journal.pone.0178960
https://doi.org/10.1042/bj1040340
https://doi.org/10.1016/0003-9861(59)90502-8
https://doi.org/10.3168/jds.S0022-0302(61)89765-8
https://doi.org/10.1186/1479-5876-4-40
https://doi.org/10.1021/acs.jproteome.1c00935
https://doi.org/10.1021/acs.jproteome.1c00935
https://doi.org/10.1182/blood.V60.4.834.834
https://doi.org/10.1371/journal.pone.0236439
https://doi.org/10.1371/journal.pone.0236439
https://doi.org/10.1002/elps.200900778
https://doi.org/10.1002/elps.200900778
https://doi.org/10.3389/fmolb.2021.682134
https://doi.org/10.1371/journal.pone.0021230
https://doi.org/10.1371/journal.pone.0021230
https://doi.org/10.1016/j.jbiosc.2017.11.011
https://doi.org/10.1016/j.cca.2018.08.014
https://doi.org/10.1021/pr060550h
https://doi.org/10.1186/s13287-022-02815-1
https://doi.org/10.1186/s13287-022-02815-1
https://doi.org/10.1016/j.addr.2023.115054
https://doi.org/10.1371/journal.pone.0259482
https://doi.org/10.3389/fphys.2018.00152
https://doi.org/10.1080/02640414.2017.1407232
https://doi.org/10.1152/ajpcell.00093.2021
https://doi.org/10.1152/ajpcell.00093.2021
https://doi.org/10.1111/tme.12763
https://doi.org/10.1111/tme.12763
https://doi.org/10.1002/smll.202303317
https://doi.org/10.1002/smll.202303317
https://doi.org/10.3389/fbioe.2017.00066
https://doi.org/10.1159/000356236
https://doi.org/10.1159/000356236
https://doi.org/10.4061/2011/504723
https://doi.org/10.1186/s13104-020-4902-z
https://doi.org/10.1186/s13104-020-4902-z
https://doi.org/10.1177/230949900801600219
https://doi.org/10.1177/230949900801600219
https://doi.org/10.1093/nar/gkac1052
https://doi.org/10.1093/nar/gkac1052
https://doi.org/10.1111/j.1349-7006.2009.01115.x
https://doi.org/10.1007/s00281-011-0290-8
https://doi.org/10.1007/s00281-011-0290-8
https://doi.org/10.1038/ncomms9164
https://doi.org/10.1038/ncomms9164
https://doi.org/10.1016/0021-9150(90)90124-2
https://doi.org/10.1016/0021-9150(90)90124-2
https://doi.org/10.1160/TH07-01-0039
https://doi.org/10.1007/s11010-007-9579-2
https://doi.org/10.1016/j.clinbiochem.2018.07.003
https://doi.org/10.1016/j.clinbiochem.2018.07.003

Ghebosu et al. Journal of Biomedical Science (2025) 32:3

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

TanY, Zhao L, Yang Y-G, Liu W. The role of osteopontin in tumor
progression through tumor-associated macrophages. Front Oncol.
2022;12:953283. https://doi.org/10.3389/fonc.2022.953283.
Ghosh-Choudhary S, Liu J, Finkel T. Metabolic regulation of cell fate and
function. Trends Cell Biol. 2020;30:201-12. https://doi.org/10.1016/j.tcb.
2019.12.005.

Baker SA, Rutter J. Metabolites as signalling molecules. Nat Rev Mol Cell
Biol. 2023;24:355-74. https://doi.org/10.1038/541580-022-00572-w.
Vasseur S, Guillaumond F. Lipids in cancer: a global view of the
contribution of lipid pathways to metastatic formation and treatment
resistance. Oncogenesis. 2022;11:46. https://doi.org/10.1038/
541389-022-00420-8.

Wu S, Naar AM. A lipid-free and insulin-supplemented medium supports
De Novo fatty acid synthesis gene activation in melanoma cells. PLoS
ONE. 2019;14:€0215022. https://doi.org/10.1371/journal.pone.0215022.
Savonniere S, et al. Effects of lipid supplementation of culture media on
cell growth, antibody production, membrane structure and dynamics in
two hybridomas. J Biotechnol. 1996;48:161-73. https://doi.org/10.1016/
0168-1656(96)01392-2.

Khalid A, et al. Strategies for improving drug delivery: nanocarriers and
microenvironmental priming. Expert Opin Drug Deliv. 2016;14:865-77.
https://doi.org/10.1080/17425247.2017.1243527.

Gentile E, et al. Liposomal chemotherapeutics. Future Oncol.
2013;9:1849-59. https://doi.org/10.2217/FON.13.146.

Martins JP, et al. The solid progress of nanomedicine. Drug Deliv Trans|
Res. 2020;10:726-9. https://doi.org/10.1007/513346-020-00743-2.

Leong HS, et al. On the issue of transparency and reproducibility in
nanomedicine. Nat Nanotechnol. 2019;14:629-35. https://doi.org/10.
1038/541565-019-0496-9.

Caracciolo G, et al. The liposome-protein corona in mice and humans
and its implications for in vivo delivery. ] Mater Chem B. 2014,2:7419-28.
https://doi.org/10.1039/c4tb01316f.

Solorio-Rodriguez A, et al. A comparison of the human and mouse
protein corona profiles of functionalized SiO(2) nanocarriers. Nanoscale.
2017;9:13651-60. https://doi.org/10.1039/c7nr04685€.

Wolfram J, et al. The nano-plasma interface: implications of the protein
corona. Colloids Surf B Biointerfaces. 2014;124:17-24. https://doi.org/10.
1016/j.colsurfb.2014.02.035.

Yang K, Reker-Smit C, Stuart MCA, Salvati A. Effects of protein source on
liposome uptake by cells: corona composition and impact of the excess
free proteins. Adv Healthcare Mater. 2021;10:2100370. https://doi.org/10.
1002/adhm.202100370.

Busatto S, et al. Considerations for extracellular vesicle and lipoprotein
interactions in cell culture assays. J Extracell Vesicles. 2022;11: e12202.
https://doi.org/10.1002/jev2.12202.

Welsh JA, et al. Minimal information for studies of extracellular vesicles
(MISEV2023): from basic to advanced approaches. J Extracell Vesicles.
2024;13: e12404. https://doi.org/10.1002/jev2.12404.

Broad K, et al. Unraveling multilayered extracellular vesicles: speculation
on cause. J Extracell Vesicles. 2023;12: €12309. https://doi.org/10.1002/
jev2.12309.

Ghodasara A, Raza A, Wolfram J, Salomon C, Popat A. Clinical translation
of extracellular vesicles. Adv Healthcare Mater. 2023;12:2301010. https://
doi.org/10.1002/adhm.202301010.

Beetler DJ, et al. Extracellular vesicles as personalized medicine. Mol
Aspects Med. 2023;91: 101155. https://doi.org/10.1016/j.mam.2022.
101155,

lannotta D, Kijas AW, Rowan AE, Wolfram J. Entry and exit of extracellular
vesicles to and from the blood circulation. Nat Nanotechnol. 2024:19:13-
20. https://doi.org/10.1038/541565-023-01522-z.

Ghebosu RE, Pendiuk Goncalves J, Wolfram J. Extracellular vesicle and
lipoprotein interactions. Nano Lett. 2024,24:1-8. https://doi.org/10.1021/
acs.nanolett.3c03579.

Xia'Y, Zhang J, Liu G, Wolfram J. Immunogenicity of extracellular vesicles.
Adv Mater. 2024;36:2403199. https://doi.org/10.1002/adma.202403199.
lannotta D, et al. Chemically-induced lipoprotein breakdown for
improved extracellular vesicle purification. Small. 2024,20: e2307240.
https://doi.org/10.1002/smll.202307240.

Goncalves JP, et al. Hyaluronic acid: an overlooked extracellular vesicle
contaminant. J Extracell Vesicles. 2023;12: e12362. https://doi.org/10.
1002/jev2.12362.

Page 10 of 10

80. Aswad H, Jalabert A, Rome S. Depleting extracellular vesicles from fetal
bovine serum alters proliferation and differentiation of skeletal muscle
cells in vitro. BMC Biotechnol. 2016;16:32. https://doi.org/10.1186/
$12896-016-0262-0.

81. Eitan E, Zhang S, Witwer KW, Mattson MP. Extracellular vesicle-depleted
fetal bovine and human sera have reduced capacity to support cell
growth. J Extracell Vesicles. 2015;4:26373. https://doi.org/10.3402/jev.v4.
26373.

82. LiJ, etal. Serum-free culture alters the quantity and protein composition
of neuroblastoma-derived extracellular vesicles. J Extracell Vesicles.
2015;4:26883. https://doi.org/10.3402/jev.v4.26883.

83. Figueroa-Valdés Al, et al. A Chemically defined, xeno- and blood-free
culture medium sustains increased production of small extracellular
vesicles from mesenchymal stem cells. Front Bioeng Biotechnol.
2021;9:619930. https://doi.org/10.3389/fbioe.2021.619930.

84. Lee YXF, Johansson H, Wood MJA, El Andaloussi S. Considerations and
implications in the purification of extracellular vesicles—a cautionary
tale. Front Neurosci. 2019;13:1067-1067. https://doi.org/10.3389/fnins.
2019.01067.

85. ShekariF, et al. Cell culture-derived extracellular vesicles:
considerations for reporting cell culturing parameters. J Extracell Biol.
2023;2:¢115. https://doi.org/10.1002/jex2.115.

86. Lehrich BM, Liang Y, Fiandaca MS. Foetal bovine serum influence
on in vitro extracellular vesicle analyses. J Extracell Vesicles.
2021;10:12061. https://doi.org/10.1002/jev2.12061.

87. Jacobs MN, et al. OECD workshop consensus report: Ethical
considerations with respect to human derived products, specifically
human serum. OECD test guidelines Front Toxicol. 2023;5:1140698.
https://doi.org/10.3389/ftox.2023.1140698.

88. Bayani J, Squire JA. Traditional banding of chromosomes for cytogenetic
analysis. Curr Protoc Cell Biol. 2004;Chapter 22:Unit 22.3. https://doi.org/
10.1002/0471143030.cb2203s23.

89. Howe B, Umrigar A, Tsien F. Chromosome preparation from cultured cells.
JVis Exp. 2014:50203. https://doi.org/10.3791/50203.

90. Oostra AB, Nieuwint AWM, Joenje H, de Winter JP. Diagnosis
of fanconi anemia: chromosomal breakage analysis. Anemia.
2012;2012:238731. https://doi.org/10.1155/2012/238731.

91. Heger J, et al. Human serum alters cell culture behavior and improves
spheroid formation in comparison to fetal bovine serum. Exp Cell Res.
2018;365:57-65. https://doi.org/10.1016/j.yexcr.2018.02.017.

92. Pisciotta A, et al. Human serum promotes osteogenic differentiation
of human dental pulp stem cells in vitro and in vivo. PLoS ONE.
2012;7:€50542. https://doi.org/10.1371/journal.pone.0050542.

93. Zhang P, Policha A, Tulenko T, DiMuzio P. Autologous human plasma
in stem cell culture and cryopreservation in the creation of a tissue-
engineered vascular graft. J Vasc Surg. 2016;63:805-14. https://doi.org/10.
1016/}jv5.2014.10.015.

94. Martinez CE, Gomez R, Kalergis AM, Smith PC. Comparative effect of
platelet-rich plasma, platelet-poor plasma, and fetal bovine serum on
the proliferative response of periodontal ligament cell subpopulations.
Clin Oral Investig. 2019;23:2455-63. https://doi.org/10.1007/
s00784-018-2637-1.

95. Piletz JE, et al. Human cells grown with or without substitutes for Fetal
bovine Serum. Cell medicine. 2018;10:2155179018755140. https://doi.
org/10.1177/2155179018755140.

96. Nikkhah A, et al. Toward sustainable culture media: using artificial
intelligence to optimize reduced-serum formulations for cultivated meat.
Sci Total Environ. 2023,894:164988. https://doi.org/10.1016/j.scitotenv.
2023.164988.

97. Hashizume T, Ying BW. Challenges in developing cell culture media using
machine learning. Biotechnol Adv. 2024;70:108293. https://doi.org/10.
1016/j.biotechadv.2023.108293.

98. HashizumeT, Ozawa Y, Ying BW. Employing active learning in the
optimization of culture medium for mammalian cells. NPJ Syst Biol Appl.
2023;9:20. https://doi.org/10.1038/541540-023-00284-7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.3389/fonc.2022.953283
https://doi.org/10.1016/j.tcb.2019.12.005
https://doi.org/10.1016/j.tcb.2019.12.005
https://doi.org/10.1038/s41580-022-00572-w
https://doi.org/10.1038/s41389-022-00420-8
https://doi.org/10.1038/s41389-022-00420-8
https://doi.org/10.1371/journal.pone.0215022
https://doi.org/10.1016/0168-1656(96)01392-2
https://doi.org/10.1016/0168-1656(96)01392-2
https://doi.org/10.1080/17425247.2017.1243527
https://doi.org/10.2217/FON.13.146
https://doi.org/10.1007/s13346-020-00743-2
https://doi.org/10.1038/s41565-019-0496-9
https://doi.org/10.1038/s41565-019-0496-9
https://doi.org/10.1039/c4tb01316f
https://doi.org/10.1039/c7nr04685e
https://doi.org/10.1016/j.colsurfb.2014.02.035
https://doi.org/10.1016/j.colsurfb.2014.02.035
https://doi.org/10.1002/adhm.202100370
https://doi.org/10.1002/adhm.202100370
https://doi.org/10.1002/jev2.12202
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1002/jev2.12309
https://doi.org/10.1002/jev2.12309
https://doi.org/10.1002/adhm.202301010
https://doi.org/10.1002/adhm.202301010
https://doi.org/10.1016/j.mam.2022.101155
https://doi.org/10.1016/j.mam.2022.101155
https://doi.org/10.1038/s41565-023-01522-z
https://doi.org/10.1021/acs.nanolett.3c03579
https://doi.org/10.1021/acs.nanolett.3c03579
https://doi.org/10.1002/adma.202403199
https://doi.org/10.1002/smll.202307240
https://doi.org/10.1002/jev2.12362
https://doi.org/10.1002/jev2.12362
https://doi.org/10.1186/s12896-016-0262-0
https://doi.org/10.1186/s12896-016-0262-0
https://doi.org/10.3402/jev.v4.26373
https://doi.org/10.3402/jev.v4.26373
https://doi.org/10.3402/jev.v4.26883
https://doi.org/10.3389/fbioe.2021.619930
https://doi.org/10.3389/fnins.2019.01067
https://doi.org/10.3389/fnins.2019.01067
https://doi.org/10.1002/jex2.115
https://doi.org/10.1002/jev2.12061
https://doi.org/10.3389/ftox.2023.1140698
https://doi.org/10.1002/0471143030.cb2203s23
https://doi.org/10.1002/0471143030.cb2203s23
https://doi.org/10.3791/50203
https://doi.org/10.1155/2012/238731
https://doi.org/10.1016/j.yexcr.2018.02.017
https://doi.org/10.1371/journal.pone.0050542
https://doi.org/10.1016/j.jvs.2014.10.015
https://doi.org/10.1016/j.jvs.2014.10.015
https://doi.org/10.1007/s00784-018-2637-1
https://doi.org/10.1007/s00784-018-2637-1
https://doi.org/10.1177/2155179018755140
https://doi.org/10.1177/2155179018755140
https://doi.org/10.1016/j.scitotenv.2023.164988
https://doi.org/10.1016/j.scitotenv.2023.164988
https://doi.org/10.1016/j.biotechadv.2023.108293
https://doi.org/10.1016/j.biotechadv.2023.108293
https://doi.org/10.1038/s41540-023-00284-7

	Increasing the biomolecular relevance of cell culture practice
	Abstract 
	Background
	Biomolecular relevance
	Consequences of biomolecular relevance
	Considerations other than biomolecular relevance

	Concluding remarks
	Acknowledgements
	References


