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Abstract

The culture of adherent mammalian cells involves adhesion to the tissue culture

vessel. This requires attachment factors from serum and/or a suitable substrate on

the vessel surface. Some cells require collagen or other substrates to promote

neurite outgrowth, differentiation or growth. However, laboratories often lack

guidance on the selection and/or optimisation of collagen. We model such selection/

optimisation work in the PC12 neuronal cell line. PC12 (NS‐1 variant) cells require a

substrate for adherence. Comparing cell attachment against a series of substrates,

we found collagen IV to be optimal. We show by comparison of morphology against

a range of concentrations that 10 µg/ml is sufficient for supporting cell attachment,

and also differentiation. PC12 cells from Riken Cell Bank do not require a substrate

for routine culturing but only for differentiation. As all substrates supported

attachment equally well, we used a novel serum‐free approach and identified

collagen IV as its preferred substrate. For these cells, Dulbecco's modified eagle's

medium but not Roswell Park Memorial Institute (RPMI) media supports normal cell

attachment. However, coating with collagen IV enabled the cells to grow equally well

in RPMI. Hence the strategic use of collagen is essential in laboratories working with

anchorage‐dependent cell lines.
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1 | INTRODUCTION

Cell culture is one of the most important techniques in cellular and

molecular biology. Its usage spans drug development, vaccine

production, tissue regeneration and genetic engineering. Cell lines

are often used in preliminary studies while primary cultures, which

better represent in vivo conditions, are used in confirmatory studies

(Phelan & May, 2017). The homogeneity of clonal cell lines in well‐

defined culture systems allows consistent and reproducible data

without the confounding effects inherent to in vivo systems (Segeritz

& Vallier, 2017).

In most tissues of the body, cells are surrounded and anchored to

a porous network of cell‐secreted fibrous proteins and proteoglycans

called extracellular matrix (ECM) (Bandzerewicz & Gadomska‐

Gajadhur, 2022). The ECM provides structural support to tissues

and stores growth and other secreted factors that can bind cellular

receptors to regulate cellular behaviour and function. Integrins are a

major class of cell adhesion molecules which are transmembrane

receptors connecting cells to other cells and the ECM. Binding of

ECM to integrins can initiate intracellular signalling that alters

cytoskeletal organisation and modulate cell morphology, spread,

growth, migration and viability (Muncie & Weaver, 2018).
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Although anchorage‐dependent cells can be cultured on a

glass or plastic (most commonly polystyrene) surface, they mostly

do not adhere directly, but to attachment factors adsorbed to

these surfaces. These factors are either secreted by the cells or

present in the serum added to the culture media. Nevertheless,

cell lines such as primary cells adhere poorly to polystyrene

vessels including those surface‐treated for cell culture. Some

laboratories culture cells on microplates for assays that involve

washing steps, and find the cells dissociate upon washing. There

are also experiments needing serum‐free media, and thus lack

certain attachment and spreading factors. Though PC12 cells

from Riken Cell Bank (Riken) can be cultured on normal tissue

culture vessels, a substrate coating is advised for differentiation

(Riken, personal communication). For all these reasons and also to

maintain cells in a more native state in vitro and mimic in vivo

behaviour, the tissue culture vessels can be coated with ECM

components or synthetic polymers which can influence cell

adhesion, morphology, growth, lifespan, migration, differentia-

tion and neurite outgrowth (Kleinman et al., 1987).

Collagens, the most widely used ECM component coating in

cell culture, is commercially available in various forms, along with

other ECM proteins such as fibronectin and laminin. They are

from animal or human sources, or recombinant. Poly ‐L‐lysine and

poly‐D‐lysine are poly amino acids applied to tissue culture

vessels to increase positively charged sites for better cell

adhesion. However, laboratories often lack guidance on the

selection and/or optimisation of these substrates. We model such

selection/optimisation work using the PC12 neuronal cell line.

PC12 was established from a rat pheochromacytoma (Greene &

Tischler, 1976) and served neurobiology researchers for over 40

years. When treated with nanomolar concentrations of nerve

growth factor (NGF), these cells stop proliferating, extend

neuritic processes and take on properties of mature sympathetic

neurons (Fujii et al., 1982). Various studies had attempted to

identify an optimal substrate for PC12 cells but with a limited

number of substrates, using no or only one type of collagen

(Akeson & Warren, 1986; Orlowska et al., 2017; Tomaselli et al.,

1987; Wiatrak et al., 2020). We reported that different variants

of PC12 cells have differing requirements for adhesive substrate

(Chua & Lim, 2021). Among them, the NS‐1 variant (NS‐1)

requires a substrate for adherence.

Most laboratories using common adherent mammalian cell lines

as a research tool perform two‐dimensional (2D) cell culture for one

or more cell lines. Where an adhesive substrate is required, the most

rapid and economical approach is to apply a single coating of a

suitable substrate. Using phase contrast microscopy of NS‐1 cells as

the model, we show how substrates can be compared to identify the

optimal one. The optimum concentration is then determined for cost‐

effectiveness. Where all substrates appear to support cell morphol-

ogy equally, we demonstrate a novel serum‐free approach to

determine the optimal substrate. Last, we illustrate a strategic use

of collagen to support an otherwise unsuitable tissue culture media

for a cell line.

2 | MATERIALS AND METHODS

2.1 | Reagents and chemicals

Cell culture medium (Dulbecco's modified eagle's medium

[DMEM] high glucose and Roswell Park Memorial Institute

[RPMI] 1640), horse serum and bovine serum albumin (BSA)

fraction V (7.5%) were from Gibco. Foetal bovine serum was from

Hyclone. Collagen I (Catalogue number 5005, Lot number 7503)

and collagen IV (Catalogue number 5022, Lot number 7543) were

from Advanced Biomatrix. Collagen I is prepared from collagen

extracted from bovine hide and collagen IV is isolated from

human placenta and is purified using a multi‐step process

according to the manufacturer's product information. Laminin

(Catalogue number CC095, Lot number 3062748), poly‐D‐Lysine

(Catalogue number A‐003‐E, Lot number 80802‐1) and poly‐L‐

Lysine (Catalogue number A‐005‐C, Lot number 3061974) were

from Merck. The purified mouse laminin is prepared from

Engelbreath‐Holm‐Swarm sarcoma according to the manufactur-

er's product information. Insulin from bovine pancreas, apo‐

transferrin from human, ethanolamine, β‐mercaptoethanol,

sodium selenite and other chemicals were from Sigma Aldrich.

2.2 | Cell culture

Neuroscreen‐1 (NS‐1) cells, a variant of PC12 cells (formerly from

Cellomics), were a generous gift from Dr Yves Le Dréan, University of

Rennes 1, France. PC12 (originator: L. Greene and A. Tischler)

RCB0009 cells (Riken) were obtained from Riken Cell Bank. NS‐1

cells and PC12 cells (Riken) were cultured in DMEM supplemented

with 15% horse serum and 2.5% foetal bovine serum. Cells were

incubated in a 37°C humidified CO2 incubator. Cells, passaged

between 3 and 13 passages, were used for the experiments.

2.3 | Cell morphology in different substrata

NS‐1 cells and PC12 (Riken) cells were cultured as described in ‘Cell

Culture’ and were seeded into six‐well plates, uncoated and coated

with 90 µg/ml collagen I, 10 µg/ml collagen IV, 50 µg/ml poly‐D‐

lysine, 50 µg/ml poly‐L‐lysine or 10 µg/ml laminin. Cells were

incubated in a 37°C humidified CO2 incubator. Cell morphology

was assessed after 24 h incubation using an Olympus IX71 inverted

microscope, and images were captured with an Olympus DP72

camera and examined using CellvF imaging software (Olympus). Cell

images were analysed using ImageJ 1.51 k software (NIH). All the

cells (at least 50) in the image were counted. Cells were examined for

‘spread’ morphology and the cell was counted as one with spread

morphology if the whole cell body is phase‐dark (Humphries, 1998).

The percentage of cells with spread morphology is shown in the

equation (Stockton & Jacobson, 2001). All experiments were

repeated three times.
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percentage of cells with spread morphology

number of cells with spread morphology

total number of cells
x 100

(%)

=

2.4 | Cell morphology in different collagen IV
concentrations

NS‐1 cells were seeded in a six‐well plate coated with 3, 10 and

30 µg/ml collagen IV and incubated for 24 h. Cell morphology was

observed using an Olympus IX71 inverted microscope and images

were captured with an Olympus DP72 camera and examined using

CellvF imaging software (Olympus).

2.5 | Serum‐free supplemented media preparation

Serum‐free media with supplement was prepared by modification

of a published serum‐free media for PC12 cells (Ohnuma et al.,

2006). Six supplements (30 µg/ml insulin, 10 µg/ml apo‐

transferrin, 500 µg/ml BSA, 10 µM ethanolamine, 10 µM

β‐mercaptoethanol and 10 nM sodium selenite) were added to

the serum‐free DMEM media for PC12 cells (Riken) in wells

coated with different substrata.

2.6 | Adaptation of cells to serum‐free
supplemented DMEM media and RPMI media with
serum

Adaptation of PC12 (Riken) cells cultured in DMEM in full serum to

serum‐free DMEM with supplements as described in ‘Serum‐free

supplemented media preparation’ was carried out according to the

media adaptation protocol in the ATCC Animal Cell Culture Guide

(ATCC Animal Cell Culture Guide, 2014). In brief, the cells were

cultured in two flasks. One was in DMEM media with serum as

control and the other in a ratio of 25% serum‐free supplemented

media and 75% media with serum. Cell confluence rate and

morphology were monitored to ensure similarity. The proportion of

serum‐free DMEMwith supplements increased progressively (to 50%

and 75%) with each cell passaging. The cells were cultured in 75%

serum‐free supplemented DMEM media for three passages before

the experiment. Adaptation from DMEM media with serum to RPMI

media with serum was similar as described. Each adaptation was

repeated three times.

2.7 | PC12 (Riken) cell in RPMI media uncoated
versus collagen IV coated

PC12 (Riken) cells in DMEM media were adapted to RPMI media

(both in 15% horse serum and 2.5% foetal bovine serum) using

uncoated T25 flask or 10 µg/ml collagen IV‐coated T25 flask.

Adaptation of cell culture was as described in ‘Adaptation of cells

from full serum media to serum‐free supplemented media and RPMI

media’. After adaptation, cells in the uncoated and collagen IV‐coated

flask were passaged three times before cell observation. Cell

morphology was assessed after a 2 to 3‐day incubation using an

Olympus IX71 inverted microscope and images were captured with

an Olympus DP72 camera and examined using CellvF imaging

software (Olympus).

2.8 | Statistical analyses

All data were analysed using GraphPad Prism 9 software. Data sets

were tested for statistical significance using one‐way analysis of

variance (ANOVA) followed by post‐hoc Tukey's comparison test for

comparing three or more data groups. A p value less than .05 was

considered statistically significant. Data are reported as mean ±

standard error of mean of at least three independent repeats.

3 | RESULTS

3.1 | Collagen IV is optimal for NS‐1 cells

NS‐1 cells, a PC12 variant with an adherent phenotype, require a

substratum coating for cell adhesion, growth and differentiation.

Optimisation of adhesive sub‐strate for PC12 cells reported so far

have involved limited substrates, and none in the NS‐1 variant. We

determined the optimal adhesive substrate of NS‐1 cells by analysing

cells with spread morphology against five substrates (collagen I,

collagen IV, laminin, poly‐D‐lysine and poly‐L‐lysine), as described in

‘Material and methods’. Figure 1 showed that 24 h after seeding,

more than 80% ± 3.5% of NS‐1 cells in collagen IV‐coated plate had

spread morphology. In contrast, only around 20.3% ± 1.5% to

31.3% ± 4.7% of cells had spread morphology in other substrates

(one‐way ANOVA p < .0001). The experiment was repeated three

times. Hence collagen IV is the optimal substrate for NS‐1 cell

attachment.

3.2 | Collagen IV at 10 µg/ml is sufficient for NS‐1
cells

To investigate the concentration of collagen IV on attachment of

NS‐1 cells, we used 3, 10 and 30 µg/ml collagen IV‐coated plate for

NS‐1 cell seeding. After 24 h incubation, the cell morphology is as

shown in Figure 2. Most NS‐1 cells in the 3 µg/ml collagen IV‐coated

well were round, phase‐bright and weakly attached, as shown in

Figure 2a. Figure 2b (10 µg/ml) and Figure 2c (30 µg/ml) showed a

majority of NS‐1 cells were well attached with spread out

morphology and phase‐dark. Hence 10 µg/ml is sufficient for

supporting cell attachment.
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3.3 | Collagen IV is the preferred substrate for
PC12 cells (Riken)

For culturing of PC12 cells (Riken), we found all substrates tested

could support spread morphology in more than 81% of cells (data

not shown). However, a substrate is required for differentiation.

To determine the optimal substrate for use in differentiation, we

used a novel approach by first adapting the cells to a serum‐free

media added with chemically‐defined supplement. Subsequently,

the different substrates were compared for supporting cell

attachment. The percentage of cells with spread morphology

using collagen IV was 90.3% ± 2.0% (one‐way ANOVA, p < .0001),

as shown in Figure 3. Other substrates had markedly lower

percentages of cells with spread morphology of 15.0% to 30%.

The experiment was repeated three times. This approach enabled

collagen‐IV to be identified as the preferred substrate for PC12

cells (Riken).

3.4 | Collagen IV enabled change of media from
DMEM to RPMI

PC12 cells (Riken) cultured in DMEM could not attach well to an

uncoated flask when adapted to RPMI media in full serum (Chua

& Lim, 2021). To investigate the utility of collagen IV in

supporting this change of media, we adapted the cells to RPMI

and full serum media in a collagen‐IV coated flask. Figure 4b

showed that the cells attached well to the collagen IV‐coated

flask, with a ‘spread out’ morphology. In contrast, when a non‐

coated flask was used, the cells were rounded, clumped and

loosely attached (Figure 4a).

F IGURE 1 Percentage of cells with spread out morphology in
NS‐1 cells in Dulbecco's modified eagle's medium (DMEM) with 15%
horse serum and 2.5% foetal bovine serum. NS‐1 cells were seeded
into six‐well plates with the wells ei‐ther uncoated (non) or coated
with laminin (LM) collagen I (I), poly‐L‐lysine (PLL), poly‐D‐lysine (PDL),
or collagen IV (IV). Cell morphology was observed after 24 h as
described in Section 2. Percentages of the number of cells with
spread‐out morphology over the total number of cells in the
respective wells are shown. The data shown are the mean ± standard
error of mean of three independent experiments. Statistical
significance is shown as *p < .05, **p < .01, ****p < .0001 using
one‐way analysis of variance.

F IGURE 2 Cell morphology in different concentrations of
collagen IV. NS‐1 cells were cultured in Dulbecco's modified eagle's
medium (DMEM) media with 15% horse serum and 2.5% foetal
bovine serum in a T25 flask as described in the Section 2. Cells were
seeded into six‐well plate with each well coated with 3 µg/ml (a),
10 µg/ml (b) or 30 µg/ml (c) collagen IV respectively. After 24 h of
incubation, representative phase contrast photomicrographs were
taken. (a) Show a majority of rounded, loosely attached phase‐bright
cells. (b) Shows a majority of spread out, firmly attached phase‐dark
cells. (c) Shows almost all the cells are spread out and strongly
attached. Scale bar (a, b, c) 100 µm.
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4 | DISCUSSION

Two‐dimensional cell culture has been used since the 1900s and

remains the most common cell culture platform. 3D cell culture is

increasingly used, particularly in specific applications involving cancer

cells, stem cells and drug discovery (Jensen & Teng, 2020). However,

laboratories culturing only common adherent mammalian cell lines

still only require 2D cell culture, and where necessary, an adhesive

substrate for the tissue culture vessels. In this report we show how

substratum coating can be optimised and used strategically. We

identified the optimal substrate by comparison attachment of cells

grown on different commonly available substrates. We tested poly‐L‐

lysine and poly‐D‐lysine, both positively charged polymers that can

change the negatively‐charged surfaces of tissue culture‐treated

polystyrene vessels to positive for better attachment to negatively‐

charged ions of cell membranes. At the same time, this coating can

capture beneficial factors secreted by cells or present in serum

(Stearns et al., 2016). We also tested collagen I, collagen IV and

laminin, all components of the ECM. In contrast to ECM in vivo which

is a 3D network surrounding the cells, there is only a single protein

layer presented to the cells in vitro. Cell surface receptors such as the

integrin family are able to bind specific ECM molecules. Cell‐matrix

adhesions via integrins can trigger intracellular signalling that

facilitates cell attachment, spread, survival and differentiation.

While all the substrates tested improved cell attachment over

uncoated control, collagen IV exhibited a three to four‐fold bigger

effect compared to the other substrates. This enhancement of

cell attachment by collagen IV could be due to its direct binding

to cells. While type I collagen is the most abundant collagen in the

body, type IV occurs primarily in the basement membranes, which

is the ECM layer adjacent to the cells (Bandzerewicz &

Gadomska‐Gajadhur, 2022). Basement membranes are involved

in cell adhesion, migration and are a reservoir of growth factors

and enzymes (Khoshnoodi et al., 2008). Type IV collagen is known

to interact with a large variety of cells, mostly via the integrin

family of cell adhesion molecules. Integrin α1β1 and α2β1 have

been reported to bind to collagen IV (Vandenberg et al., 1991).

Another possible mechanism by which collagen IV promotes cell

attachment is by binding to and forming a reservoir of cell‐

secreted or serum factors that promote cell‐matrix adhesion and

cell spread via binding to cell surface receptors.

F IGURE 3 Percentage of cells with spread out morphology in PC
12 (Riken) cells in serum‐free supplemented media. PC12 (Riken) cells
were adapted from full serum media as described in Section 2. Cells
were seeded into six‐well plates with the wells either uncoated (non)
or coated with laminin (LM) collagen I (I), poly‐L‐lysine (PLL), poly‐D‐
lysine (PDL), or collagen IV (IV). Cell morphology was observed after
24 h as described in Section 2. Percentages of the number of cells
with spread‐out morphology over the total number of cells in the
respective wells are shown. The collagen IV‐coated well had the
highest percentage of cells with spread‐out morphology. The data
shown are the mean ± standard error of mean of three independent
experiments. Statistical significance is shown as *p < .05, ***p < .001,
****p < .0001 using one‐way analysis of variance.

F IGURE 4 PC12 (Riken) cells in uncoated versus collagen
IV‐coated flask. PC12 (Riken) cells were adapted from Dulbecco's
modified eagle's medium (DMEM) to Roswell Park Memorial Institute
(RPMI) (both in 15% horse serum and 2.5% foetal bovine serum) as
described in the Section 2. Cells were seeded into an uncoated T25
flask and a 10 µg/mL collagen IV‐coated flask. Representative phase
contrast images are shown after three passages in the RPMI media
and imaged after 2–3 days of seeding. (a) PC12 (Riken) cells in
uncoated T25 flask containing RPMI media are rounded, phase‐bright
and clumped. (b) PC12 (Riken) cells in collagen IV‐coated T25 flask in
the same RPMI media are spread out, phase dark and attached well.
Scale bar 200 µM.
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We showed the identification of the one optimal substrate for

use in a cell line. However, it is also possible to use two substrates.

Orlowska et al showed a single coating of laminin or poly‐L‐lysine

alone did not support attachment of PC12 cells as well as the

combination of poly‐L‐lysine with laminin (Orlowska et al., 2017).

However, using more than one substrate is costlier and involves a

more complex coating procedure. Hence if a single substrate coat is

sufficient for the cells, it will be more economical and rapid. We

performed a dose–response experiment to determine the lowest

effective concentration of the substrate. However, at high substrate

concentration it is possible to observe patches of gel‐like regions

under the microscope where cellular features are harder to

distinguish (data not shown). Hence use of the lowest sufficient

substrate concentration is both economical and practical.

We coat tissue culture vessels with substrate before use. When

stored at 2–8°C, the coated vessels can retain their activity for at

least 3 months. It is possible to purchase pre‐coated vessels, but

these are costlier and have an expiry date. We compared

commercially available collagen IV‐precoated vessels with those we

coated at the usual concentration. When used in a disease model

where cells die without intervention, the cells in the precoated

vessels mostly survived (data not shown). This could be due to a

difference in the collagen quality, concentration or unknown

additives. Hence although precoated vessels can reduce the work-

load of coating, it is disadvantageous because of its higher cost, fixed

expiry date and inability to modify the coating in accordance with the

type of experiment.

Where the optimal substrate cannot be distinguished by

comparing cell morphology in full serum media, we demonstrated a

novel approach utilising serum‐free media added with a chemically‐

defined supplement. This will preclude any serum factors that is

supporting cell adherence without the need for substrate. Serum

proteins involved in cell adhesion include laminin, fibronectin,

vitronectin and thrompospondin (Yildirim, 1998). We also showed

the use of an adhesive substrate to facilitate conversion to a different

cell media. At times cells may not adhere in a new media despite

using a media adaptation protocol. This can happen if the new media

has a lower level of calcium or magnesium ions which are needed for

cell attachment. In such cases, use of an adhesive substrate such as

collagen can facilitate successful adaptation to a new media. The

approaches and results from this work should provide useful models

for laboratories in the strategic use of collagens in cell culture.

AUTHOR CONTRIBUTIONS

William K. Lim conceptualised the study, acquired funding and

supervised the project. PinFen Chua performed the experiments and

analysed the data. Both authors contributed to the writing and

reviewing of the manuscript. Both authors approved the final

manuscript.

ACKNOWLEDGEMENT

We thank Universiti Malaysia Sarawak for administrative support of

the project. This work was funded by a Catalyst Grant (GL/F05/

SRDC/10/2020) from Sarawak Research and Development Council,

Sarawak, Malaysia. It was co‐funded by a ScienceFund grant (02‐01‐

09‐SF0107) from Ministry of Science, Technology and Innovation,

Malaysia.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

Data available on request from the authors.

ORCID

William K. Lim http://orcid.org/0000-0003-3829-537X

REFERENCES

Akeson, R., & Warren, S. L. (1986). PC12 adhesion and neurite formation
on selected substrates are inhibited by some glycosaminoglycans
and a fibronectin‐derived tetrapeptide. Experimental Cell Research,

162(2), 347–362.
ATCC Animal Cell Culture Guide. (2014). https://www.atcc.org/~/media/

PDFs/Culture%20Guides/AnimCellCulture_Guide.ashx

Bandzerewicz, A., & Gadomska‐Gajadhur, A. (2022). Into the tissues:
Extracellular matrix and its artificial substitutes: Cell signalling
mechanisms. Cells, 11(5), 914. https://mdpi-res.com/d_attachment/
cells/cells-11-00914/article_deploy/cells-11-00914.pdf?version=16
46646115

Chua, P., & Lim, W. K. (2021). Optimisation of a PC12 cell‐based in vitro
stroke model for screening neuroprotective agents. Scientific

Reports, 11(1):8096. https://doi.org/10.1038/s41598-021-87431-4

Fujii, D., Massoglia, S., Savion, N., & Gospodarowicz, D. (1982). Neurite
outgrowth and protein synthesis by PC12 cells as a function of
substratum and nerve growth factor. The Journal of Neuroscience,
2(8), 1157–1175. https://www.jneurosci.org/content/jneuro/2/8/
1157.full.pdf

Greene, L. A., & Tischler, A. S. (1976). Establishment of a noradrenergic
clonal line of rat adrenal pheochromocytoma cells which respond to
nerve growth factor. Proceedings of the National Academy of Sciences,

73(7), 2424–2428. https://doi.org/10.1073/pnas.73.7.2424
Humphries, M. J. (1998). Cell‐substrate adhesion assays. Current Protocols

in Cell Biology, 1, 9.1.1–9.1.11.
Jensen, C., & Teng, Y. (2020). Is it time to start transitioning from 2D

to 3D cell culture? Frontiers in Molecular Biosciences, 7, 33.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7067892/pdf/
fmolb-07-00033.pdf

Khoshnoodi, J., Pedchenko, V., & Hudson, B. G. (2008). Mammalian

collagen IV. Microscopy Research and Technique, 71(5), 357–370.
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/pdfdirect/
10.1002/jemt.20564?download=true

Kleinman, H. K., Luckenbill‐Edds, L., Cannon, F. W., & Sephel, G. C. (1987).
Use of extracellular matrix components for cell culture. Analytical

Biochemistry, 166(1), 1–13.
Muncie, J. M., & Weaver, V. M. (2018). The physical and biochemical

properties of the extracellular matrix regulate cell fate. Current Topics
in Developmental Biology, 130, 1–37. https://www.ncbi.nlm.nih.gov/

pmc/articles/PMC6586474/pdf/nihms-1030680.pdf
Ohnuma, K., Hayashi, Y., Furue, M., Kaneko, K., & Asashima, M. (2006).

Serum‐free culture conditions for serial subculture of
undifferentiated PC12 cells. Journal of Neuroscience Methods, 151(2),
250–261. https://doi.org/10.1016/j.jneumeth.2005.08.004

Orlowska, A., Perera, P., Al Kobaisi, M., Dias, A., Nguyen, H., Ghanaati, S.,
Baulin, V., Crawford, R., & Ivanova, E. (2017). The effect of coatings
and nerve growth factor on attachment and differentiation of

372 | CCell ell BBiologyiology
    IInternationalnternational

CHUA AND LIM

http://orcid.org/0000-0003-3829-537X
https://www.atcc.org/%7E/media/PDFs/Culture%20Guides/AnimCellCulture_Guide.ashx
https://www.atcc.org/%7E/media/PDFs/Culture%20Guides/AnimCellCulture_Guide.ashx
https://mdpi-res.com/d_attachment/cells/cells-11-00914/article_deploy/cells-11-00914.pdf?version=1646646115
https://mdpi-res.com/d_attachment/cells/cells-11-00914/article_deploy/cells-11-00914.pdf?version=1646646115
https://mdpi-res.com/d_attachment/cells/cells-11-00914/article_deploy/cells-11-00914.pdf?version=1646646115
https://doi.org/10.1038/s41598-021-87431-4
https://www.jneurosci.org/content/jneuro/2/8/1157.full.pdf
https://www.jneurosci.org/content/jneuro/2/8/1157.full.pdf
https://doi.org/10.1073/pnas.73.7.2424
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7067892/pdf/fmolb-07-00033.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7067892/pdf/fmolb-07-00033.pdf
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/pdfdirect/10.1002/jemt.20564?download=true
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/pdfdirect/10.1002/jemt.20564?download=true
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6586474/pdf/nihms-1030680.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6586474/pdf/nihms-1030680.pdf
https://doi.org/10.1016/j.jneumeth.2005.08.004


pheochromocytoma cells. Materials, 11(1), 60. https://doi.org/10.
3390/ma11010060

Phelan, K., & May, K. M. (2017). Mammalian cell tissue culture techniques.
Current Protocols in Molecular Biology, 117(1), A.3F.1–A.3F.23.

Segeritz, C.‐P., & Vallier, L. (2017). Cell culture: Growing cells as model
systems in vitro, Basic Science Methods for Clinical Researchers (pp.
151–172). Elsevier.

Stearns, N. A., Zhou, S., Petri, M., Binder, S. R., & Pisetsky, D. S. (2016).
The use of poly‐l‐lysine as a capture agent to enhance the detection

of antinuclear antibodies by ELISA. PLoS One, 11(9), e0161818.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5017613/pdf/
pone.0161818.pdf

Stockton, R. A., & Jacobson, B. S. (2001). Modulation of cell‐substrate
adhesion by arachidonic acid: Lipoxygenase regulates cell spreading

and ERK1/2‐inducible cyclooxygenase regulates cell migration in
NIH‐3T3 fibroblasts. Molecular Biology of the Cell, 12(7), 1937–1956.
https://doi.org/10.1091/mbc.12.7.1937

Tomaselli, K. J., Damsky, C. H., & Reichardt, L. F. (1987). Interactions of a
neuronal cell line (PC12) with laminin, collagen IV, and fibronectin:

Identification of integrin‐related glycoproteins involved in attach-
ment and process outgrowth. Journal of Cell Biology, 105(5),

2347–2358. https://escholarship.org/content/qt2m03x528/qt2m
03x528.pdf?t=qag0rd

Vandenberg, P., Kern, A., Ries, A., Luckenbill‐Edds, L., Mann, K., & Kühn, K.
(1991). Characterization of a type IV collagen major cell binding site

with affinity to the alpha 1 beta 1 and the alpha 2 beta 1 integrins.
Journal of Cell Biology, 113(6), 1475–1483. https://rupress.org/jcb/
article-pdf/113/6/1475/1061449/1475.pdf

Wiatrak, B., Kubis‐Kubiak, A., Piwowar, A., & Barg, E. (2020). PC12 cell
line: Cell types, coating of culture vessels, differentiation and other

culture conditions. Cells, 9(4), 958.
Yildirim, A. (1998). The role of serum on the adhesion of cultured Chinese

Hamster Lung (CHL) cells. Turkish Journal of Medical Sciences, 28(4),
383–388.

How to cite this article: Chua, P., & Lim, W. K. (2023). The

strategic uses of collagen in adherent cell cultures. Cell Biology

International, 47, 367–373.

https://doi.org/10.1002/cbin.11966

CHUA AND LIM CCell ell BBiologyiology
    IInternationalnternational

| 373

https://doi.org/10.3390/ma11010060
https://doi.org/10.3390/ma11010060
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5017613/pdf/pone.0161818.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5017613/pdf/pone.0161818.pdf
https://doi.org/10.1091/mbc.12.7.1937
https://escholarship.org/content/qt2m03x528/qt2m03x528.pdf?t=qag0rd
https://escholarship.org/content/qt2m03x528/qt2m03x528.pdf?t=qag0rd
https://rupress.org/jcb/article-pdf/113/6/1475/1061449/1475.pdf
https://rupress.org/jcb/article-pdf/113/6/1475/1061449/1475.pdf
https://doi.org/10.1002/cbin.11966



