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Tissue culture and practical Biotechnology

Progress in cell purification technology is critical to increase the availability 

of viable cells for therapeutic, diagnostic, and research applications.

Technologies for cell purification in

• science, 

• medicine, 

• industrial biotechnology and biomanufacturing
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Cell purification

Efficient cell separation is essential in a multitude of fields:

• personalized cell therapy,

• organ recellularization, 

• diagnostics and disease monitoring

• drug discovery

• basic cell biology
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Cell targets and their diagnostic or therapeutic 
applications.
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Examples of clinically relevant cell products



Cell purification
Immunoaffinity – MACS – FACS - Microfluidics

Clinical and analytical procedures require highly purified cells

• cell purification method is crucial 

• every method offers a different balance between 

yield, purity, and bioactivity of the cell product. 

For most applications, the requisite purity is only achievable through 

affinity methods, due to the high target specificity that they grant.
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Cell purification
Immunoaffinity – MACS – FACS - Microfluidics

Cells for therapeutic applications

- separation technologies must meet analytical benchmarks and regulatory 

compliance 

- product quality (cell viability and phenotype purity) is highly controlled to 

ensure product efficacy and patient safety. 

- presence of adventitious agents is also rigorously monitored, and all 

processing steps must be compatible with sterility.
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Tissue culture and practical Biotechnology

Cell therapy, tissue engineering, and gene therapy are called:

“regenerative medicine” 

or 

“advanced therapies” 

or 

“advanced therapy medicinal products” (ATMPs, European union legal term) 

This represents the most recent branch of the biotechnology revolution in 

medicine.
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Advanced Therapy Possible Mode of Action(s)
in-vivo mode of action of an advanced
therapy depends on:
1. the type of cell/tissue; 
2. the ex-vivo manipulations performed on 

the cells/tissue in the manufacturing facility 
(e.g., genetic modification);

3. the route of administration,
4. the in-vivo environment the cells/tissue 

occur.

They are typically subject to regulatory 
regimes: 
• public health legislation 
• pharmaceutical legislation
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Examples of “Stem Cell”

• The fundamental property of a stem cell 
capability to multiply 
self-renewal capacity
ability to go through numerous cycles of cell division (through mitosis) 
while maintaining the undifferentiated state and giving rise to a variety of 
differentiated cells.

• Adult (or somatic)/non-Adult stem cells, 
Mesenchymal stem cells (MSCs) and induced Pluripotent Stem Cells (iPSCs) 
are currently the subjects of intense non-clinical and clinical investigation.

• iPSCs are capable of unlimited ex-vivo (in-culture) growth.

• MCSs and oligo- and unipotent stem cells cannot be grown in culture indefinitely, 
→ i.e., they grow to senescence.
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Origin, characteristics, and uses of “stem” cells

Type of stem cell Origin Characteristic potential Application

Treatment-refractory 
Moderate-to-severe Crohn's 
Disease
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Type of stem cell Origin Characteristic potential Application

Origin, characteristics, and uses of “stem” cells
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Stem cell potency Explanation and examples

Totipotent (or omnipotent) stem cell Can differentiate into all embryonic and extraembryonic cell types (i.e., in humans 
they give rise to the foetus, umbilical cord, and the placenta: morula’s cells (0–5 
days old embryo)

Pluripotent stem cell Can differentiate into all three germ cell types (endoderm, mesoderm, or 
ectoderm lineage) but not the placenta and umbilical cord, and subsequently into 
all embryonic cell types: ESCs, iPSCs

Multipotent stem cell Can differentiate into closely related cells, such as all cells in a particular organ: 
MSCs, other adult (=somatic) stem cells

Categorization of stem cells on their potency



Tissue culture and practical Biotechnology

13ISBN 978-3-030-00709-6  - ISBN 978-3-030-00710-2 (eBook)
https://doi.org/10.1007/978-3-030-00710-2 -
© Springer Nature Switzerland AG 2013, 2019

Stem cell potency (segue) Explanation and examples

Oligopotent stem cell Can differentiate into a restricted closely related group, such as a 
hematopoietic progenitor cell that can produce a subset of blood cell types, 
such as B and T cells; vascular stem cell that has the capacity to become both 
endothelial or smooth muscle cells

Unipotent stem cells (or precursor cell) Have the property of self-renewal but can only give rise to cells of their own 
lineage, such as muscle or skin stem cells. This distinguishes these cells from 
real stem cells as they do not differentiate into other cell phenotypes

Categorization of stem cells on their potency
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Somatic (adult) Cell Technologies

→ Adult stem cells are present in many tissues

→ In tissues, they exist in a defined, organized environment of supporting cells 
that define the architecture of the “stem cell niche”

→ Adult stem cells are rare and they cannot always be isolated and grown in 
culture. 

→ Even when they can be grown in culture, usually they grow to senescence.

The Hallmark of adult stem cells:

- ability to “self-renew” both in-vivo and ex-vivo 

- undergo asymmetric cell division (give rise to two different cells, one an identical 
stem cell and the other a partly differentiated progenitor cell)



Tissue culture and practical Biotechnology

15ISBN 978-3-030-00709-6  - ISBN 978-3-030-00710-2 (eBook)
https://doi.org/10.1007/978-3-030-00710-2 -
© Springer Nature Switzerland AG 2013, 2019

Adult Stem Cells Used as Transplant Product

• Adult stem cells (used since the 1950s) to treat cancers of blood cells 
→ bone marrow transplants

• HSCs (Hematopoietic stem cells)

• Procedure: 
 - whole body irradiation to kill malignant cells in multiple myelomas and  

   leukaemia. 
 - the patient receives a bone marrow transplant containing a few HSCs
 - HSCs home to the bone marrow stem cell niches and begin to replenish the 

   blood
 

• Rejection and graft-versus-host disease (GvHD) are still threatening complications of 
this therapy,  but its practice can now be considered routine.
These products are not medicinal products (transplant products, with a different 
legislative regime worldwide)
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Adult Stem Cells for Clinical Application: Immune 
Cells 1/2

Immune cell types currently investigated for their 
therapeutic value (autologous and allogeneic cells 
are used as cell sources):

- DCs (dendritic cells) and macrophages (Important constituents of 
the innate immune system are APCs like macrophages and dendritic 
cells (DCs), which reside in tissues)

- tumor infiltrating lymphocytes (TILs) (A cellular immunotherapy to 
treat cancer relies on interaction of the cellular product with the 
patient’s immune system for its effect. The in-vivo immunological 
effect will very likely be different between species.)

→ Cells do not undergo ADME [Absorption, Distribution, Metabolism, and Excretion) as conventional medicinal products)
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Adult Stem Cells for Clinical Application: Immune Cells  
2/2

• regulatory T cells (Tregs are subsets of CD4+ T-cells that play an 
important role in limiting inflammation through the secretion of anti-
inflammatory cytokines, such as IL-10 and TGF-β.

• → Induction of Tregs may be of interest for vaccines that aim to reduce 
inflammation in autoimmune diseases).

• Gamma-delta (γδ) T cells (a subset of T cells that promote the 
inflammatory responses of lymphoid and myeloid lineages and are 
especially vital to the initial inflammatory and immune responses).
NB: the exact mechanisms responsible for γδ T cell proinflammator 
functions remain poorly understood

• - Viral reconstitution T cells (protocols to develop virus-specific T cells 
(VSTs) were based on ex vivo generation and in vitro expansion of T 
cells, leading to a final product comprising polyclonal T cells 
(recognizing different immunogenic viral antigens) 

(Cells do not undergo ADME as conventional medicinal products)

A rapid way to obtain VSTs from the donor is the 
direct selection of specific T cells using viral 
peptide multimers conjugated to magnetic 
beads, to select highly pure cytotoxic T cells,
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Adult Stem Cells for Clinical Application: MSCs

MSCs can be isolated from bone marrow, adipose tissue, and umbilical cord 
tissue

• several private companies offer personal cell banking services and public cord 
blood banks supply pooled cord blood samples for clinical use

• Trials indications: bone/cartilage repair, heart, lung, liver, gastrointestinal, 
neurological diseases, and rheumatology, Crohn’s, and other autoimmune 
diseases, GvHD after organ transplantation and kidney Diseases

MSCs products have been approved globally: 

treatment of Crohn’s fistulas → Alofisel™ in the EU and Prochymal™ in Canada 
and New Zealand for the

treatment of pediatric acute GvHD → Temcell HS™ in Japan 
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Adult Stem Cells for Clinical Application: MSCs



Table 17.17  Development stage manufacturing and testing 
challenges for different advanced therapy technologies,
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Table 17.17  Development stage manufacturing and testing 
challenges for different advanced therapy technologies,
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Cell - practical Biotechnology 
Ex-vivo Gene Modification of Cells Using Viral 
Vector Technologies
Genetic modifications using viral vector technology

• several cell types:

• T cells, HSCs, and MSCs. 

• vector systems for transfer of genetic information into the cells:

• adeno associated virus (AAV), 

• herpes virus (HPV), 

• adenovirus (Ad), 

• lentivirus (LV), 

• gamma-retrovirus (γ-RV).
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Table 17.4  EU-ATMP classification definitions according to the 
EU pharmaceutical legislation
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aCD19+ (CAR-T cells) = cluster of differentiation (CD) 19 ‘chimeric antigen receptor T cells’, CAR-T cells
bHassan et al. (2013)

“advanced therapy medicinal products” 
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“advanced therapy medicinal products” 



Examples
(Ex-vivo Gene Modification of Cells Using Viral Vector Technologies)

ex-vivo gene therapy for Children with ADA-SCID 
(Strimvelis against ADA-SCID, defects in the housekeeping enzyme adenosine deaminase (ADA), 
which causes metabolites of adenosine to accumulate to toxic levels.)

• CD34+ cells (i.e., HSCs that can make lymphocytes) extracted from bone 
marrow cells

• correct copy of the gene for ADA is inserted into CD34+ cells using a 
γ-RV vector
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Examples
(Ex-vivo Gene Modification of Cells Using Viral Vector Technologies)

ex-vivo gene therapy for Children with ADA-SCID 
(Strimvelis against ADA-SCID, defects in the housekeeping enzyme adenosine deaminase (ADA), which causes 

metabolites of adenosine to accumulate to toxic levels.)

• back to the patient via intravenous infusion, Strimvelis is transported in 
the blood circulation to the bone marrow

• genetically modified CD34+ cells start to grow and produce healthy B- 
and T-lymphocytes that can produce ADA
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Examples
(Ex-vivo Gene Modification of Cells Using Viral Vector Technologies)

T-cells Ex-vivo Genetically Modified

• Immune surveillance, any molecules identified as non-self are eliminated. 
(virally infected cells, but also transformed (tumor) cells)

• T-cells play a key role in cell-mediated immunity
genetic modification of the T cells 
 - altering the specificity of the T-cell receptor (TCR)
 - introducing antibody-like recognition in CARs (chimeric antigen receptors)

Clinical success of response rates to CAR-T19 cells:

• B cell acute lymphoblastic leukaemia (B-ALL) --> approved by the FDA  (Kymriah®). 

• diffuse large B-cell lymphoma (DLBCL) --> Yescarta®
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Tissue culture and practical Biotechnology

Cell purification technology is critical to increasing 

the availability of viable cells for different applications.

for therapeutic, diagnostic, and research applications.
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Cell purification
Immunoaffinity – MACS – FACS - Microfluidics

A variety of techniques are now available for cell separation:

• Traditional non-affinity and affinity-based purification techniques, focusing on 
established ligands and chromatographic formats. 

• Affinity-based pseudo-chromatographic and non-chromatographic technologies, 
especially focusing on magnetic-activated cell sorting (MACS) and fluorescence-
activated cell sorting (FACS). 

• Emerging trends, (progress in chemical, material) and microfluidic sciences 
opened new exciting avenues towards high-throughput and high-purity cell 
isolation processes.
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Cell purification

Different techniques have emerged and classified by:

(i) physical characteristic (i.e., cell volume and shape, density, and light 
scatter properties or fluorescence), 

(ii) surface properties (i.e., electrical charges, hydrophobicity, etc.) and cell 
constituents (i.e., such nucleic acids, enzymes and other proteins)

(iii) adherence/affinity features 
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Cell purification techniques

Techniques are classified into separations by:
(i) physical characteristic (i.e., cell volume and shape, density, and light scatter properties or fluorescence), 

(ii)  surface properties (i.e., electrical charges, hydrophobicity, etc.) and cell constituents (i.e., such nucleic acids, 
enzymes and other proteins)

(iii)  adherence/affinity features 
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Cell purification

A variety of techniques are now available for cell separation:

• non-affinity methods such as density gradient, centrifugation, 

dielectrophoresis, and filtration

• affinity methods such as chromatography, two-phase partitioning, 

and magnetic-/fluorescence-assisted cell sorting. 
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Cell purification
Immunoaffinity – 
MACS – FACS - 
Microfluidics
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Comparison of physical (non-affinity) and affinity-based 
cell separation

Non-affinity methods

• density gradient 
centrifugation

• dielectrophoresis 

• field-flow fractionation 

• filtration 

• elutriation centrifugation 

Affinity-based cell separation

• Rosetting

• Chromatography

• Fluidized Beds

• Cryogels
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Method Mechanisms Target Cells
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Methods



Method Advantage Disadvantage
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Method Mechanisms Target Cells
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Cell purification-Summary
Immunoaffinity – MACS – FACS - Microfluidics

• Affinity-based separations have emerged as the main technology for 

cell isolation, 

→ for high yield and purity, scalability and sterile

• Affinity-based methods for cell purification include

• traditional chromatographic techniques 

• non-chromatographic or pseudo-chromatographic systems.

• Employing biorecognition agents for capture, 

→ traditional protein ligands to synthetic binders
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Cell purification
Immunoaffinity – MACS – FACS - Microfluidics
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Affinity-based cell separation
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Cell affinity chromatography

• Difficulty in identifying unique biomarkers 

• Cell surface receptors may vary among donors and different tissues isolated from an 
individual donor → heterogeneity complicates the selection of target cell markers

Examples problem: The case for mast-cells 
 purification by affinity is predominantly based on CD117 (c-Kit) targeting, 
 (this receptor is not specific to mast cells and is present in many stem cell phenotypes)

NOTE 
low receptor expression levels and low target cell abundance,
→ negative enrichment is the preferred strategy

(microfluidic devices integrating negative selection strategies and physical separation 
methods (e.g., fluid, electric, or magnetic field) represent the technology of choice



Affinity-based cell separation
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Cell affinity chromatography

• Selecting the target receptor  (disadvantages)

→biochemical effects that occur upon receptor binding. 

→ligand/receptor interactions can trigger undesired events such as 
internalization of the receptor, metabolic alteration, and even 
differentiation, in the case of stem cells

Examples problem: The case for mast-cells

• Metabolic changes caused by affinity binding have been observed on mast cells enriched by targeting c-kit 
and FcεRI; 

• These markers, utilized for positive selection, are crucial in IgE activation and are likely to impact cellular 
metabolism.
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Cell affinity chromatography

• Ligand selection 

→take into account both kinetic and thermodynamic (KD) binding parameters 

→(KD) is crucial to ensure product purity, 

in the case of positive selection,

High-affinity ligands (low KD), binding target cells specifically, make cell elution 
difficult, 

low-affinity ligands (high KD), allowing for easier elution, may not provide sufficient 
throughput. 

Ideal affinity ligand offers a balance between specific binding and effective elution

→ Cell size, aspect ratio, and receptor density can be used to estimate the number of 
interactions per cell and to select an appropriate ligand density for a given value of KD



Affinity-based cell separation
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Cell immunoaffinity chromatography

The strength of the interaction between the antibody and the target 
protein….. A Problem?  → answer competitive elution and cleavable linkers



Affinity-based cell separation

53Bacon K, Lavoie A, Rao BM, Daniele M, Menegatti S. Past, Present, and Future of Affinity-based Cell Separation Technologies. 
Acta Biomater. 2020 Aug;112:29-51. doi: 10.1016/j.actbio.2020.05.004.

Cell immunoaffinity chromatography

Protein A/G-based methods

→ a cell mixture is incubated with a 
receptor-specific antibody and passed 
through a Protein A/G-linked adsorbent 



Affinity-based cell separation
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Cell immunoaffinity chromatography

• Synthetic antigens represent the first use of synthetic ligands for cell 

purification 

Haptens as antigens to stimulate an immune response:

immobilized ligands to isolate white cells with anti-hapten activity

• Two main difficulties also encountered in affinity-based capture

• non-specific binding of non-target cells and 

• detaching cells from the adsorbent without impacting their viability



Affinity-based cell separation
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Cell affinity chromatography

Advantage of lectins is that cell elution can be triggered by mono- and disaccharides, 
which are harmless to cells



Affinity-based cell separation and density-gradient 
separation 

Rosetting 

(affinity 

and  

traditional 
density-
gradient 
separation 
methods) 
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Affinity-based cell separation and Chromatography

57Bacon K, Lavoie A, Rao BM, Daniele M, Menegatti S. Past, Present, and Future of Affinity-based Cell Separation Technologies. 
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Expanded bed chromatography. 



Comparison of affinity-based cell separation

Pseudo-chromatographic systems

• Gel Affinity Separation

• Fiber-based affinity separations

• Affinity Membranes

Non-chromatographic affinity 
purification

• magnetic-activated cell sorting 
(MACS) 

• fluorescence-activated cell 
sorting (FACS) 

58Bacon K, Lavoie A, Rao BM, Daniele M, Menegatti S. Past, Present, and Future of Affinity-based Cell Separation Technologies. 
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Affinity two-phase partitioning
Aqueous two-phase systems (ATPS) form when two polymers added to a water solution 
produce two non-miscible liquid layers, across which other components in the solution 
migrate based on their differential affinity towards the polymers

(Affinity two-phase partitioning is a powerful preparative method for cells, cell membranes and organelles, and viruses)



Comparison of physical (non-affinity) and affinity-based 
cell separation

Non-chromatographic affinity purification

• magnetic-activated cell sorting (MACS) 

• fluorescence-activated cell sorting (FACS) 

• Elements of MACS and FACS sorting can be combined 
in a method known as “ratcheting cytometry” to perform multicomponent 
purifications of specific subpopulations

→ This method is frequently used for continuous and quantitative purification 
of T cell subsets for cell therapy manufacturing.

59Bacon K, Lavoie A, Rao BM, Daniele M, Menegatti S. Past, Present, and Future of Affinity-based Cell Separation Technologies. 
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Non-chromatographic affinity purification MACS

60

Bacon K, Lavoie A, Rao BM, Daniele M, Menegatti S. Past, Present, 
and Future of Affinity-based Cell Separation Technologies. 
Acta Biomater. 2020 Aug;112:29-51. doi: 
10.1016/j.actbio.2020.05.004.

Ligand immobilization 
techniques are highly 
dependent on the nature 
of the ligand. 

Examples Magnetic nanoparticles coated 
with bis-Zn-DPA (synthetic ligand that 
binds Gram-positive and Gram-negative 
bacteria) 
have been utilized for separating
Escherichia coli from blood with 
complete bacterial clearance in two 
separation cycles.



Non-chromatographic affinity purification FACS
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FACS 
provides highly pure (>95%) 
cell populations and can 
sort at the single cell level 
due to the high sensitivity of 
fluorescence detection



Comparison of physical (non-affinity) and affinity-based 
cell separation

Microfluidic devices for cell separation
The latest frontier of Cell Affinity Chromatography (CAC):

→ microfluidic devices that comprise sub-millimeter channels coated with affinity 
ligands (M-CAC) 

The high surface-area-to-volume ratio of microfluidic channels, enhanced by 
micro-fabricated structures with complex geometry, has enabled the capture of 
cells at extremely low concentrations by M-CACs

→ M-CAC systems have been utilized to separate T- and B-lymphocytes at high 
purity (> 97%) from mixed suspensions.

→To ensure binding specificity, the channels are often grafted with hydrophilic 
polymer brushes (e.g., PEG) or coated with hydrogels (e.g., alginate) functionalized 
with antibody ligands

62Bacon K, Lavoie A, Rao BM, Daniele M, Menegatti S. Past, Present, and Future of Affinity-based Cell Separation Technologies. 
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Comparison of physical (non-affinity) and affinity-based 
cell separation
Example of reversible binding of ligand

Peptide ligands can also be engineered to enable 
the control of cell binding and 
release upon exposure to biocompatible stimuli. 

→ stimuli-responsive monomers can be 
incorporated into the amino acid sequence, 
allowing the peptide to reversibly

 

Switch between a binding and a non-binding 
mode: 

- upon cooling

- exposure to light or a magnetic field.
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Cell purification
Immunoaffinity – MACS – FACS - Microfluidics

Cell separation technologies 
for basic research, diagnostic, and therapeutic applications, resulting in cell isolation 
methods that are more efficient, scalable, and dependable.

•  Affinity-based approaches are now the most utilized, owing to their ability to 
achieve high purity. 

• Microfluidic technologies represent the next frontier of cell manufacturing as they 
offer the capacity to perform multiple functions (mixing, counting, lysis, single cell 
analysis, etc.) in a single device. 
• Advances in parallelization and scale-up hold great promise to overcome the low throughput of 

current devices and enable processing of large sample volumes. Further, the ability to integrate 
post-sorting molecular, cellular, and functional characterization furthers the appeal of using 
microfluidic devices for cell separation.
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Cell purification
Immunoaffinity – MACS – FACS - Microfluidics
Biorecognition front
affinity-based separations are shifting from protein and antibody ligands 
towards synthetic ligands. 

Biological ligands are highly specific but limited by their high cost and 
exceedingly strong binding. 
Synthetic ligands can be synthesized affordably, at a large scale, and with no 
batch-to-batch variability.

Gentle cell elution conditions → the development of stimuli-responsive 
ligands, such as photo-switchable peptides, whose binding activity can be 
controlled by exposure to biocompatible stimuli. (further progress in the fields 
of in vitro and in silico selection methods is needed)
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Cell purification- Challenge
Currently, the major challenge for cell therapies and related clinical applications 
resides:

An achieving rapid, efficient, and affordable separation while minimizing costs and 
attaining the required purity, yield, and functionality of the cellular product. 

→Membrane-based separations enable the processing of large-volume cell 
suspensions at high flow rates, thereby increasing throughput and minimizing 
processing time, which aids in maintaining the viability, ensure high recovery, 
purity, and bioactivity of the cell product.

→Basic cellular research and personalized medicine (patient-specific cellular 
therapies)
- identification of highly specific markers defining cell populations advancements

    - integrating physical and affinity-based strategies in miniaturized devices
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FSC: 0° forward scatter
(dimensioni)
SSC: 90° side scatter
(granulosità)

Flow cytofluorimetry

M.C Bonaccorsi di Patti, R. Contestabile, M.L. Di Salvo,  Metodologie Biochimiche - II Edizione  - Zanichelli    ----  2019
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M. Maccarrone, Metodologie Biochimiche e Biomolecolari, 
Zanichelli     2019
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FACS: 
Fluorescence Activated Cell Sorting
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Flow cytometry (Analysis) 

M. Maccarrone, Metodologie Biochimiche e Biomolecolari, 
Zanichelli     2019
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Flow cytometry (Analysis) 
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Flow cytometry (Analysis) 

M. Maccarrone, Metodologie Biochimiche e Biomolecolari, 
Zanichelli     2019
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Analisi al citofluorimetro

M. Maccarrone, Metodologie Biochimiche e Biomolecolari, 
Zanichelli     2019



https://www.youtube.com/watch?v=7bCZx5xPwt0

https://www.youtube.com/watch?v=EQXPJ7eeesQ

Analysis (software example)
https://www.youtube.com/watch?v=3nsLoitwYYA

Flow cytometry

https://www.youtube.com/watch?v=7bCZx5xPwt0
https://www.youtube.com/watch?v=EQXPJ7eeesQ
https://www.youtube.com/watch?v=3nsLoitwYYA
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