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Abstract

Autologous photoreceptor cell replacement is one of the most promising approaches

currently under development for the treatment of inherited retinal degenerative

blindness. Unlike endogenous stem cell populations, induced pluripotent stem cells

(iPSCs) can be differentiated into both rod and cone photoreceptors in high numbers,

making them ideal for this application. That said, in addition to photoreceptor cells,

state of the art retinal differentiation protocols give rise to all of the different cell

types of the normal retina, the majority of which are not required and may in fact hin-

der successful photoreceptor cell replacement. As such, following differentiation

photoreceptor cell enrichment will likely be required. In addition, to prevent the

newly generated photoreceptor cells from suffering the same fate as the patient's

original cells, correction of the patient's disease-causing genetic mutations will be

necessary. In this review we discuss literature pertaining to the use of different cell

sorting and transfection approaches with a focus on the development and use of

novel next generation microfluidic devices. We will discuss how gold standard strate-

gies have been used, the advantages and disadvantages of each, and how novel

microfluidic platforms can be incorporated into the clinical manufacturing pipeline to

reduce the complexity, cost, and regulatory burden associated with clinical grade pro-

duction of photoreceptor cells for autologous cell replacement.
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Significance statement

This article reports on how state of the art microfluidic devices are being used for stem cell

transfection and post-differentiation cell enrichment. The authors discuss how microfluidic

approaches avoid the use of specialized reagents and can be used to reduce the regulatory bur-

den and address manufacturing challenges that are associated with autologous cell replacement.
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1 | INTRODUCTION

Development of patient derived induced pluripotent stem cells

(iPSCs), next generation sequencing and genome editing technologies

have fueled the field of personalized medicine, which can be defined

broadly as use of the patient's own data to inform diagnosis and

develop customized treatments. Autologous cell replacement is at the

leading edge of this field. The most promising autologous cell replace-

ment strategies currently under development rely on the use of

induced pluripotent stem cells, which require tissue specific differenti-

ation prior to transplantation. For instance, we and others have shown

that following subretinal transplantation iPSC-derived photoreceptor

precursors cells are able to restore retinal function in animal models

of retinal degenerative blindness.1-10 Following decades of develop-

ment, the vast majority of the differentiation protocols reported faith-

fully recapitulate normal retinal development, which means that they

give rise to each of the different cell types found in the retina.10-40

For therapeutic photoreceptor cell replacement, enrichment of photo-

receptor precursor cells away from the unwanted cell types (ie, retinal

ganglion cells, bipolar inter neurons, retinal pigmented epithelial [RPE]

cells, etc) will be desirable.

In addition to requiring the use of sorting technologies, autologous

stem cell therapies for inherited diseases are also likely to require a

method for delivering reagents to the interior of cells in order to modify

their genome prior to differentiation and transplantation. For instance,

when using patient-derived induced pluripotent stem cells to generate

photoreceptors for the treatment of inherited retinal degenerative

blindness, the disease-causing genetic defect that initially resulted in

photoreceptor cell dysfunction and death will likely need to be repaired

prior to transplantation. As we and others have shown, repair can be

accomplished by delivering macromolecules such as Cas9 and homol-

ogy dependent repair (HDR) sequences to patient derived iPSCs

followed by clonal selection and cell line expansion.41-43

In this review, we will discuss common techniques for both cell

sorting and transfection and show how current “gold standard”
methods compare with new state of the art microfluidic approaches

for stem cell processing. In doing so we will discuss how novel micro-

fluidic strategies have the potential to decrease the cost, complexity

and regulatory burden associated with conventional approaches.

2 | CELL SORTING TECHNIQUES

2.1 | Label based strategies

Currently, fluorescence-activated cell sorting (FACS) and magnetic-

activated cell sorting (MACS) constitute the gold standard of cell

sorting approaches. Both techniques are selective and capable of

processing cells with very high throughput. Selectivity is most com-

monly conferred via the use of antibodies designed to target specific

cell surface antigens.

For FACS, cells are first labeled using fluorescent antibodies, dyes,

or genetic reporters. They are then passed one cell at a time through

a series of lasers, which each excite the cell at a specific wavelength.

The light emitted by these fluorophores is then detected by photode-

tectors, which allow for the identification of the fluorescent signal

present. Based on the markers detected, a FACS machine can then

deposit different cell populations into separate containers using elec-

trostatic force to deflect single cell liquid droplets. This approach has

been used widely for mouse photoreceptor cell isolation and subse-

quent subretinal transplantation. For instance, several groups have

used reporter mouse strains engineered to express green fluorescent

protein under control of the NRL promoter to isolate photoreceptor

precursor cells at various stages of retinal development to evaluate

the role of cellular maturation on functional integration following

transplantation.44-46 Similarly, using genetically modified pluripotent

stem cell fluorescent reporter lines several groups have adopted this

sorting strategy for evaluating human retinal development in vitro and

identify photoreceptor precursor cells following isolation and sub-

retinal transplantation in vivo.47-49 Unfortunately, this strategy relies

on endogenous expression of a cell type specific fluorophore and as

such is unlikely to be useful for clinical application. This is especially

true for photoreceptor cell replacement where endogenous expres-

sion of a fluorescent protein such as GFP would likely interfere with

normal visual function.

Unlike FACS, MACS relies exclusively on the use of antibodies to

attach paramagnetic beads to the surface of cells, which allows these

cells to be pulled out of suspension using a strong magnet. Once iso-

lated, antibody bound beads can be released and cells used for down-

stream applications. For instance, several groups have used cluster of

differentiation antigen 73 (CD73) antibody bound magnetic beads to

isolate photoreceptor precursor cells that retain the ability to inte-

grate into the rodent retina following transplantation.50-54 Like many

cell surface markers, CD73 has been reported to be expressed on a

variety of different cell types.55-57 For enhanced specificity, Lakowski

and colleagues demonstrated that a panel of five cluster of differenti-

ation antigens (ie, CD73+, CD24+, CD133+, Cd47+, and CD15-)

could be used to isolate photoreceptor precursor cells from embryonic

stem cells.55 Unfortunately, the MACS approach is not well suited for

multiple marker mediated isolation of specific cell populations as

selecting for multiple markers would require sequential isolation,

increasing the difficulty of the procedure while also increasing cell

loss. As such, the above-described study was performed using FACS.

Interestingly, as shown in Figure 1, in both developing fetal and adult

human retina CD73 appears to be predominantly expressed on a sub-

set of Rod photoreceptor cells. While the lack of expression in non-

photoreceptor cell types in the human retina is desirable, the fact that

CD73 does not appear to be expressed by cone photoreceptor cells,

even during early retinal development, is of concern for cell replace-

ment, as cone photoreceptor cells will be required to restore high acu-

ity vision. Interestingly, Gagliardi and colleagues convincingly

demonstrate that human CD73 enriched photoreceptor precursors

have the ability to give rise to cells expressing blue and red/green

cone opsin following subretinal transplantation.50 As such, additional

lineage tracing studies to demonstrate the fate of CD73-positive pro-

genitor cells are needed if this approach is to be used clinically.
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While MACS and FACS can be useful for cell sorting, as indicated

above, to be clinically relevant cell surface antigens and corresponding

antibodies are required. Unfortunately, in many cases targetable anti-

gens either do not exist or are not expressed solely on the cell type of

interest, making these approaches challenging to apply successfully.

For instance, until recently cell surface antigens useful for isolation of

corneal limbal stem cells remained elusive. Although we were able to

demonstrate that ABCB5 was expressed on limbal stem cells and

could be used for cellular enrichment to successfully treat animal

models of limbal stem cell deficiencies, this marker is not Limbal stem

cell specific.60-62 Similarly, markers that are often used for stem cell

derived vascular endothelial cell enrichment (eg, CD31) are expressed

on a variety of different endothelial cell populations and monocytic

cells, making them less than ideal for isolation of tissue specific vascu-

lar subtypes.63-65

2.2 | Label free strategies

In regenerative medicine, therapeutic stem cells or their progeny are

typically transplanted into patients to rebuild injured tissues. For clini-

cal cell replacement, all reagents applied to the cells must be fully

characterized and guaranteed to be safe in order to gain regulatory

approval. The use of fluorescent and/or magnetic bead bound

antibodies that target specific cell surface antigens for cell sorting,

increases the labor and regulatory burden associated with clinical

translation. For instance, conjugation of antibodies to cells destined

for transplant followed by sorting is both time consuming and has the

potential to alter cell function and compromise both safety and

the effectiveness of the treatment. In addition, FACS, which requires

a complex specialized piece of equipment, presents significant

manufacturing challenges. For autologous cell replacement for

instance, FACS protocols must reliably prevent cross contamination of

patient derived cell lines following sequential sorting. This would likely

require a complete sterilization between each sorting run. Sorting

strategies that utilize presterilized single use devices that do not

require specialized reagents would be much more desirable. To

address concerns associated with label-based cell enrichment, a vari-

ety of different label-free microfluidic cell sorting approaches are

being developed. Microfluidic sorting methods are typically designed

to sort cells based on physical characteristics such as diameter and

stiffness, which avoids reliance on the presence of unique cell surface

antigens and reagents. These platforms are generally implemented as

cheap, disposable chips driven by an external pump (eg, syringe pump

or peristaltic pump). Such label free approaches are ideal for isolation

of cells with unreliable or absent cell surface antigens and terminally

differentiated stem cell progeny that are destined for clinical cell

replacement. Two of the most commonly used microfluidic device

F IGURE 1 CD73 expression in the adult and developing fetal human retina. A-C, Single-cell RNA sequencing of adult human retinal cells58

demonstrates that the NT5E gene that encodes CD73 is expressed by a select population of mature rod photoreceptor cells only. D-F,
Reprocessed single-cell RNA sequencing of developing fetal human retinal cells59 demonstrates that NT5E is predominantly expressed by
committed rod photoreceptor cells, with very infrequent expression in retinal progenitor cells and developing cone photoreceptor cells
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designs published to date are (1) deterministic lateral displacement

(DLD) and (2) hydrodynamic focusing. There are also many label free

cytometry approaches being developed, such as ghost cytometry,66

impedance cytometry67 and deformability cytometry,68 which will

likely play an important role in cellular analysis going forward. How-

ever, these platforms have not yet been integrated into cell sorters, so

we will not be covering them in depth in this review.

1. As shown in Figure 2A, in deterministic lateral displacement (DLD) a

series of microposts are used to move cells perpendicular to the direc-

tion of fluid flow in a manner related to their size and stiffness. Several

groups have successfully used this approach to separate a variety of

different cell types.71-73 For instance, Xavier and colleagues recently

demonstrated how this approach could be used to isolate skeletal pro-

genitor cells from human bone marrow.71 Specifically, they showed

that by using DLD they could successfully isolate skeletal progenitor

cells, which were stiffer than leukocytes and contained within the

larger cell fraction of bone marrow. These isolated progenitor cells

retained their ability to form clones in cultures indicating that they

retained their stem cell potential. One of the drawbacks of DLD how-

ever, is that it is susceptible to clogging. As cell debris and/or aggre-

gates cannot easily escape the active region of the DLD device they

become trapped, disrupting the flow pattern required for sorting,

which in turn negatively impacts enrichment efficiency.

2. Hydrodynamic focusing uses hydrodynamic forces to cause cells to

come to an equilibrium position a channel. As illustrated in

Figure 2B, this equilibrium position is determined by balancing of lift

and drag forces, which is a function of cell size and biomechanical

properties (ie, stiffness and viscosity). Like DLD, hydrodynamic

focusing has been used successfully to sort a variety of different cell

types, including endogenous stem cells.74-76 For instance, Hur and

colleagues were able show how hydrodynamic focusing could be

used to isolate adrenal cortical progenitor cells from a mixed cell

population obtained from digestions of murine adrenal glands.74

Separation was accomplished by exploiting the differing strengths of

cell-cell adhesion between undifferentiated precursors and differen-

tiated somatic cells. Given that the cell-cell junctions are stronger

between differentiated cells than undifferentiated cells, a digestion

protocol was developed which resulted in complete dissociation of

progenitor cells leaving the differentiated somatic cells in larger

clumps. The clumps and single cells could then be hydrodynamically

sorted by size to effectively separate progenitor cells from the con-

taminating somatic cells with little to no reduction in viability (ie, not

significantly different from unsorted control samples). As enriched

adrenal progenitor cells could subsequently be expanded in culture,

it is conceivable that these cells could be given back to the patient

from which they were derived in order to restore adrenal function.

One drawback of this technique is that it takes relatively large differ-

ences in cell size and/or stiffness to result in detectable differences

in equilibrium position.

Due to the issues mentioned above, neither DLD nor hydrody-

namic focusing are ideal for sorting of pluripotent stem cell derived

photoreceptor precursor cells from each of the different cell types

derived following retinal differentiation.12-14,20-34 Specifically, follow-

ing retinal organoid dissociation clusters of RPE and/or inner retinal

cell types is common, as such the potential for DLD device clogging is

F IGURE 2 Next-generation microfluidic cell sorting strategies.
A-C, Microfluidic cell sorting strategies that utilize deterministic
lateral displacement (A, adapted from McGrath et al,69 streamlines
obtained via CFD simulation), hydrodynamic focusing (B, adapted
from Di Carlo et al70) and cellular compression with lateral deflection
(C). For DLD cells start in a given streamline. If the cell is larger than a
critical size, they are displaced laterally into a new streamline due to
interaction with the posts (P). For hydrodynamic focusing the balance
between a wall interaction force, a shear gradient lift force and stokes
drag dictate the presence of equilibrium positions for cells suspended
in a liquid. Over time, cells will tend to occupy equilibrium positions
within the channel, resulting in size based focusing. For cellular
compression with lateral deflection, the sorting platform consists of a
series of diagonal constrictions designed to deflect cells laterally
relative to the main direction of flow in a manner related to their size
and mechanical properties
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high. Similarly, the differences in size between retinal cells that are lib-

erated from organoids are less than ideal for efficient hydrodynamic

sorting. To address these concerns, we recently developed the micro-

fluidic cell sorting platform illustrated in Figure 2C. Using this device

cells are exposed to repeated compressions by a series of thin ridge

constrictions oriented diagonally to the direction of flow. In our hands,

these repeated compressions do not have a significant impact on cell

viability.77 As cells interact with these constrictions, which are

designed to be smaller than the cell's diameter, they deflect laterally in

the device in a manner related to their size and stiffness. The perfor-

mance of this platform is dependent on the gap size and as such must

be reoptimized for each application. The design of the constrictions

allows cell debris and aggregates to move along the constrictions into

a gutter and exit the device without causing clogs. At the end of the

device there are five independent wells from which sorted cell

populations can be collected. To evaluate the utility of this platform,

we recently performed a series of experiments using iPSC derived

photoreceptor precursor and RPE cell lines as well as human donor

retina.78 When photoreceptor precursor and RPE cells were mixed at

a ratio of 37% RPE to 63% photoreceptor precursor cell and injected

into the device at a concentration of 2x106 cells per mL, we were able

to reliably separate the photoreceptor precursor cells away from the

RPE cells. Similarly, when human donor retina was dissociated and

sorted using the device, we were able to isolate independent samples

enriched for RPE (largest fraction in well 1), rod and cone photorecep-

tor cells (largest fraction in well 4) and inner retinal neurons, including

retinal ganglion cells (enriched in wells 1-3).78 Although we believe

that there is still room for further improvement, these findings dem-

onstrate that retinal cells can be separated into discrete populations

by exploiting differences in cell size, stiffness and viscosity79-81 (ie,

without the need for antigen specific antibodies or fluorescent

markers). Moreover, naturally occurring stem cells may be processed

in a similar manner to enrich for desired cell phenotypes.82

3 | MICROFLUIDIC MEDIATED CELL
TRANSFECTION

Since autologous iPSCs possess the same genome as the patient from

whom they are derived, the use of these cells for treatment of

inherited disease will likely require correction of the disease-causing

genetic variants that resulted in death of the target cell type prior to

differentiation. Genome editing approaches that utilize zinc finger

nucleases, Talens or CRISPR/Cas9 to induce double strand DNA

breaks and homology directed repair of target genetic loci, have been

used for this purpose.83-85 In addition, next-generation CRISPR tech-

nologies including base editors, primer editors and RNA-targeting Cas

effectors, which can be used to restore gene function in the absence

of double strand DNA break induction, are promising new

approaches.86 For these strategies to work, delivery of nucleic acid

and/or protein to patient derived iPSCs, followed by genetic screening

and expansion of genetically corrected clones, is required. Although

several strategies for delivering genome editing reagents to iPSCs

exist, the most widely used are (1) viral transduction, (2) chemical

transfection, and (3) electroporation. Viral transduction takes advan-

tage of the native ability of viruses to insert their DNA into infected

cells. By replacing the genetic material required for replication, viruses

can be engineered to deliver sequences of interest to a variety of dif-

ferent cell types with high efficiency. For instance, adeno associated

viruses (AAV) are used extensively in both preclinical and clinical set-

tings to safely deliver therapeutic DNA to photoreceptor cells and

mitigate disease progression.87-91 Unfortunately, the packaging capac-

ity of AAVs is limited to approximately 4.7 kb, making them less useful

for delivery of the genome editing reagents required to induce homol-

ogy directed repair in patient derived iPSCs in vitro since CRISPR/

Cas9 and repair templates exceed this limit. For this reason, lentivi-

ruses, which have a payload of approximately 8 kb, have been wildly

used for genome editing of patient derived iPSCs.92-95 Although suc-

cessful, the major drawback associated with the use of lentivirus is

that they carry with them increased risk of inducing insertional muta-

genesis resulting from random insertion of the genetic payload into

the host cell's genome.96 In addition, viruses are only useful for deliv-

ery of nucleic acids, which precludes their use for CRISPR mediated

genome editing via delivery of ribonuclear proteins, which are often

significantly more efficient.97,98 Chemical reagents such as

lipofectamine are quite common for delivery of macromolecules given

that they are not subject to the packaging size limitation that viruses

are subject to. These techniques involve conjugating a positively

charged carrier with target nucleic acids. This positively charged com-

plex is then attracted to the cell membrane, whereby it is taken up via

endocytosis. One of the greatest advantages of this approach is the

ease and speed with which it can be utilized. Specifically, unlike viral

transduction, which requires engineering of a viral plasmid and pack-

aging into viral particles by trained technical staff using well character-

ized safety protocols, lipofection can be safely performed using

almost any expression plasmid. As with lipofection, electroporation

also avoids concerns associated with cargo size limits.

Electroporation works via exposure of cells to large electric fields that

cause pores to form transiently in the cell membrane through which

macromolecules can enter. Both lipofection and electroporation have

been used extensively by us and others for CRISPR mediated correc-

tion of patient derived iPSCs with excellent success.83,99 The major

drawback of both techniques is that they use proprietary reagents

that would be subject to FDA regulation when used for clinical cell

replacement. As these reagents are not typically produced under and

compliant with cGMP the regulatory burden associated with their use

is high.

To address these concerns, we and others have pioneered the

use of novel microfluidic approaches designed to deliver macromole-

cules to cells without the need for specialized reagents. In general,

microfluidic transfection strategies rely on physical deformation of a

cell to induce pore formation. Macromolecules (nucleic acids, proteins,

etc) are then delivered by either diffusion or convective transport.

These transfections are generally very fast (less than an hour of

processing time) after which the cells can be replated and expanded

for downstream selection, clonal expansion, and validation.
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In 2008, Hallow and colleagues demonstrated that fluid shear

forces can be used to deliver a macromolecule cargo into cell lines.100

In 2012 Sharei and colleagues reported the development of a micro-

fluidic cellular transfection device that was designed to deliver macro-

molecules to cells by passing them through a narrow constriction at

high flow rates.101 By squeezing the cells into a small channel, the

authors demonstrate that they could cause pores to form in the cell

membrane through which a payload suspended in the surrounding

buffer could be passed into the cell through diffusive transport

(Figure 3A). By using mechanical forces to induce pore formation, this

approach removes the need for proprietary reagents necessary for

common transfection strategies such as lipofection and electropora-

tion. In addition, devices are relatively simple, which allows for mass

production and distribution as single use disposable units eliminating

the need for complex pieces of equipment and worry about cross con-

tamination of independent patient samples. Collectively these advan-

tages are significant when trying to deploy the technology under

current Good Manufacturing Practice (cGMP) for autologous clinical

cell replacement. This approach, however, is not without its

drawbacks. Most importantly, given that the payload enters the cell

through passive, diffusive transport, delivery efficiency when using

this technique is inversely related to payload size. For instance, when

delivering fluorescent dextran molecules of varying size to murine

embryonic stem cells, Sharei et al demonstrated a drop in delivery effi-

ciency from approximately 50% for 3 kDa dextran to approximately

25% when 70 kDa dextran was used.101

To address issues associated with reduced delivery efficiencies

with increased cargo size, our group recently developed another

microfluidic delivery platform, which subjects cells to repeated, rapid

compressions.77 During these rapid compressions, the volume of the

compressed cell decreases, followed by partial volume recovery in

between compressions (Figure 3B). As shown in Figure 3C, in prelimi-

nary experiments we have been able to deliver a large multicistronic

CRISPR construct containing gene specific sgRNA sequences, Cas9

and a GFP report construct with associated promoters, to human

patient derived iPSCs at an efficiency similar to that obtained using

lipofectamine stem. As CRISPR mediated genomic correction of iPSCs

is typically achieved by transient transfection followed by clonal selec-

tion and expansion,102,103 high transfection efficiency is not a require-

ment for genomic correction. That said, unlike the above-described

approach, the volume changes created using this device cause active,

convective transport of the payload suspended in the surround buffer

across the cell membrane. The most important consequence of this

convective delivery mechanism is that delivery efficiency is not a

strong function of payload size. For instance, a relatively constant

delivery efficiency of greater than 80% was demonstrated for delivery

of dextrans that were 4 kDa and 2000 kDa in size to K562 myeloge-

nous leukemia cells. With some optimization (see Section 4), we

believe that efficient transfection of patient derived iPSCs will be pos-

sible. As with the diffusive transfection approach described above,

use of this convective transfection strategy does not require special-

ized reagents or proprietary materials. Likewise, devices can be readily

fabricated and provided as sterilized single use devices, which is ideal

for manufacturing of autologous cell replacement products.

In addition to cGMP compatibility of both the techniques

described above are amenable to massive parallelization. Due to the

small size of each individual channel, many channels can be fabricated

on a single chip with shared inputs and outputs, drastically increasing

throughput without increasing device cost or the usability of the

platform.

4 | FUTURE PERSPECTIVES

While the microfluidic techniques presented in this paper have the

potential to enable the manufacture of safe, high potency cell thera-

pies there are some shortfalls, which the community is continuing to

address. First, while label-free microfluidic sorting strategies have

advantages over “gold standard” techniques in terms of cost and

safety, they are still not as selective as FACS or MACS. While we

expect the performance of these new devices to continue to improve,

it may be that microfluidic cell sorting will never perform as well as

F IGURE 3 Next-generation microfluidic cell devices. A,B,
Schematics depicting diffusive (A) and convective (B) microfluidic cell
transfection device designs. Red arrowheads denote net direction of

macromolecular transport across the cell membrane. Black arrow
denotes direction of fluid flow. C, Schematic and preliminary data
demonstrating microfluidic delivery of a large multicistronic construct
containing sgRNAs, Cas9, GFP reporter and associated promoters to
patient derived iPSCs. Delivery of the same construct using
Lipofectamine Stem, which we have previously used for CRISPR
correction of patient iPSCs,85 has been included for comparison
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antibody-based methods, provided that appropriate markers exist. It is

the belief of the authors that emerging label-free microfluidic sorting

techniques can complement “gold-standard” techniques by serving as

an alternative when either, (1) appropriate targets for antibody labels

do not exist, (2) the conjugation of antibodies to cells presort could

interfere with the cell's utility in downstream applications, (3) steriliz-

ing multiuse instrumentation becomes burdensome, or (4) the cost of

purchasing/operating large commercial sorters becomes prohibitive.

As discussed above, the performance of microfluidic transfection

technologies is highly dependent on proper selection of device geom-

etry to ensure sufficient deformation of cells to facilitate transfection

without destroying the cells or clogging the device. While this optimi-

zation is more straightforward with a relatively homogeneous cell

population, things rapidly become complicated when attempting to

transfect heterogeneous samples. One can imagine that for a fixed

device geometry, cells of differing size in a mixed population will

respond differently. The smallest cells in the population may not be

adequately deformed to allow for transfection, while the largest cells

may be damaged due to excessive deformation or simply clog the

device, resulting in loss of valuable cell product and time. It is possible

that this issue can be addressed by “presorting” a heterogeneous cell

population into more homogeneous fractions, and then transfecting

each fraction containing useful cells using separate devices.

In addition to the technical limitations of emerging technologies,

there is also the issue that new microfluidic sorting and transfection

platforms currently do not exist as “out of the box” solutions. This is

especially problematic when attempting to implement the technology

into an existing clinical production pipeline. Unlike existing technolo-

gies such as FACS that have been in widespread use and familiar to

the FDA, implementation of novel microfluidic devices will likely

require extensive validation and pose a significant regulatory burden.

Generally, device geometries and process parameters need to be

retuned for new applications, and this optimization generally must

be done by someone familiar with the platform of interest. While

these issues will likely become less pronounced as the technologies

mature, we believe that increased communication and collaboration

between the stem cell and microfluidics communities is essential in

ensuring that these new microfluidic platforms are developed and dis-

tributed in a way that is most beneficial to the research needs of the

stem cell community and most translatable to the treatment of

patients.

5 | SUMMARY

Autologous photoreceptor cell replacement for the treatment of

inherited retinal degenerative blindness is at the forefront of personal-

ized medicine. Unfortunately, complexities associated with this

approach present significant manufacturing challenges. In general, bio-

logics manufacturing is designed for mass production of a single prod-

uct to treat a large number of individuals (eg, vaccine production).

Autologous photoreceptor cell replacement requires that a unique line

of iPSCs be generated, genetically corrected, and differentiated for

every patient in need, in order to prevent immune rejection. Following

differentiation, photoreceptor precursor cells must be isolated and

delivered independent of the other retinal cell types that are gener-

ated during the differentiation process. Although many of the

reagents required for manufacturing of autologous iPSC-

photoreceptor cells are cGMP compliant, gold standard approaches

used for genetic correction of patient derived iPSCs and sorting of

photoreceptor precursor cells following differentiation require

reagents and equipment that are not well suited to clinical

manufacturing. As described in this review, novel microfluidic strate-

gies are being developed for both cellular enrichment and transfection

that do not require specialized reagents and complex equipment. By

incorporating these microfluidic strategies into autologous photore-

ceptor cell manufacturing pipelines, we believe that it will be possible

to greatly reduce the cost, protocol complexity, and regulatory burden

associated with production of autologous photoreceptor cells for

treatment of retinal degenerative blindness.
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