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Chapter

Preparation of Tissues and 
Heterogeneous Cellular Samples 
for Single-Cell Analysis
E. Celeste Welch and Anubhav Tripathi

Abstract

While sample preparation techniques for the chemical and biochemical analysis 
of tissues are fairly well advanced, the preparation of complex, heterogenous 
samples for single-cell analysis can be difficult and challenging. Nevertheless, there 
is growing interest in preparing complex cellular samples, particularly tissues, 
for analysis via single-cell resolution techniques such as single-cell sequencing or 
flow cytometry. Recent microfluidic tissue dissociation approaches have helped to 
expedite the preparation of single cells from tissues through the use of optimized, 
controlled mechanical forces. Cell sorting and selective cellular recovery from 
heterogenous samples have also gained traction in biosensors, microfluidic systems, 
and other diagnostic devices. Together, these recent developments in tissue disag-
gregation and targeted cellular retrieval have contributed to the development of 
increasingly streamlined sample preparation workflows for single-cell analysis 
technologies, which minimize equipment requirements, enable lower processing 
times and costs, and pave the way for high-throughput, automated technologies. In 
this chapter, we survey recent developments and emerging trends in this field.

Keywords: tissue dissociation, cell sorting, microfluidics, diagnostics, devices

1. Introduction

The common conception of in vitro diagnostics is intertwined with the idea of a 
liquid starting sample - blood, saliva, urine, and other starting materials are often 
the candidates for study, allowing rapid determination of important details about a 
patient’s health status by investigating metabolomic, proteomic and genomic mark-
ers of disease [1]. Tissue samples are comparatively less discussed, with much less 
research devoted to optimizing their sample preparation for analysis. Despite the 
comparative lack of research in this area, tissue specimens are ubiquitous diagnostic 
samples, particularly for cancer, where they are used to confirm and characterize 
almost every case of solid-tumor cancer (Mayo Clinic, 2020).

While liquid biopsy has seen much recent innovation as a potential cancer 
diagnostic, the paucity of relevant tumor cells in the collected liquids often fails 
to adequately represent the cellular heterogeneity present within cancer tissues. 
Consequently, while liquid biopsy, diagnostic imaging and other tests are often 
conducted for preliminary diagnosis of cancer, tissue biopsies and cancer tissue 
specimens remain the standard and are routinely needed in order to profile an 
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individual’s cancer and assess prognosis, metastasis, treatment options, and more. 
As such, millions of tissue biopsy procedures are conducted every year in the 
United States.

In the current practice, repeat tissue biopsies are often required and much of 
the biopsied materials end up being wasted. Sources have estimated that the United 
States spends $8 billion annually on unnecessary repeat biopsy procedures just 
for breast cancer [2]. This is often because bulk sequencing and histopathological 
analyses limit the full extent of investigation. There is a growing interest in applying 
Single-Cell Analysis (SCA) techniques to better understand tissue heterogeneity 
and to improve the efficiency of sample recovery in tissue diagnostics. SCA is an 
umbrella term for any tests that ascertain cellular characteristics at the individual 
cellular level. The most popular emerging SCA approach for cancer diagnostics is 
arguably Single-Cell Sequencing (SCS) of nucleic acids (DNA, RNA), which also 
encompasses techniques such as single-cellRNA sequencing (scRNAseq). This is 
a Next Generation Sequencing (NGS) approach to characterize the genomes or 
transcriptomes of individual cells.

While traditional approaches involve homogenizing whole tissue sections 
and extracting DNA from bulk tissues, SCS techniques and traditional genomic 
or transcriptomic approaches involve isolation of single cells for sequential high 
throughput analysis. Because of this, there is a growing interest in using SCS tech-
niques for cancer diagnostics, as they are able to significantly reduce background 
noise and improve resolution [3]. However, a critical component which presently 
limits the clinical translational potential of the SCS workflow remains under-
investigated: How does one get from a complex, heterogeneous section of tissue 
to a suspension of targeted cancer cells? We herein provide an overview of the 
different approaches whereby suspensions of single targeted cells can be prepared 
from complex tissues, with an emphasis on applications that target advanced SCS 
analysis (Figure 1).

Figure 1. 
Overview of the conventional sample preparation workflow from tissue to single cell sequencing. Topics in red 
will be discussed at length in this chapter.
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2. Tissue dissociation methods

2.1 Introduction to conventional tissue dissociation

We will begin by summarizing the conventional approaches currently used 
for tissue dissociation - the process of obtaining cellular suspensions from tissues. 
We will discuss recent innovations at the academic and commercial level and will 
conclude by discussing some possible future directions for innovations in this area.

Current methods for dissociating tissues into single cells rely on chemical dis-
sociation techniques, mechanical dissociation techniques, or a combination of the 
two. The simplest benchtop preparation methods often consist of mincing tissues 
repeatedly with scalpels, followed by chemical treatment with proteases such as 
collagenase and other reagents that disrupt the extracellular matrix and cell–cell 
connections, often while agitating the solution. This is then followed by vortexing, 
centrifugation and other steps to aid in the purification of single-cell solutions 
for downstream analysis. In general, these protocols are sequential, with many 
prolonged and somewhat tedious manual steps, often resulting in a total processing 
time of an hour per clinically-sized biopsy sample.

The current standard of preparation techniques for tissue dissociation have been 
characterized extensively in the literature. Specific approaches has been developed 
for different tissue types, biopsy sizes, and downstream applications with the objec-
tive of producing a homogeneous single-cell suspension devoid of debris, aggre-
gates, or off-target cells. A number of specific protocols can be found in resources 
such as the Worthington Tissue Dissociation Encyclopedia.

Early attempts to improve upon tissue dissociation protocols for particular tissue 
types of applications date back to the 1970s with investigation into different proteo-
lytic enzymes and enzymatic adsorption at the cell surface [4]. Research has since 

Figure 2. 
Overview of various conventional and experimental tissue dissociation methods.
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been focused in three main areas: (1) optimizing traditional chemical/mechanical 
benchtop protocols, (2) translating chemical/mechanical protocols into microflu-
idic systems, (3) translating chemical/mechanical protocols into commercial sample 
processing devices (Figure 2).

2.2 Optimization of benchtop chemical and mechanical tissue dissociation

Some research has been conducted on the subject of optimizing chemical and 
mechanical digestion of tissue. As mentioned, both chemical and mechanical 
dissociation protocols and outcomes are dependent on tissue type. An example of 
this is illustrated in the work of Robin et al., in which myogenic cells were isolated 
using collagenase D and dispase II with repeated pipetting, but skin fibroblasts were 
isolated by collagenase treatment and subsequent mincing [5].

Some research tests numerous enzymes and combinations to determine best 
chemical conditions for a given tissue. For example, in our recent work, we stud-
ied chemical processing treatments and then combined processing with simple 
mechanical agitation of samples in a 96-well plate on a mechanical plate shaker 
to determine optimal treatments for dissociation of single cells from bovine liver 
samples [6]. Physical and mathematical modeling was used to predict optimum 
mechanical mixing parameters.

While a great deal of research has been conducted in the area of chemical dis-
sociation, comparatively less work has been done on improving benchtop mechanical 
dissociation. Tissue grinder approaches are a common feature in the literature but are 
generally not indicated for downstream single-cell analysis due to their tendency to 
disrupt the cell membrane. Recent work by Scheuermann et al., however, used a tissue 
grinding benchtop preparation workflow created with downstream SCA in mind [7].

2.3 Microfluidic tissue dissociation

Various microfluidic approaches to the dissociation of tissue and cellular aggre-
gates for recovery of single cells have been investigated by researchers in recent 
years. Many of the investigated approaches consist of microfluidic chips or process-
ing workflows that use either a purely chemical or purely mechanical approach, 
but there have also been recent advances which combine chemical and mechanical 
processing in a single device.

Purely chemical microfluidic approaches to tissue dissociation are present in the 
literature but are somewhat less explored. An example of a chemically-focused tissue 
maintenance and dissociation microfluidic device is that created by Hattersley et al., 
which was used to maintain cellular viability in liver tissue biopsies over 70 hours 
[8]. In addition to this, the researchers performed an on-chip collagenase digestion.

Other mechanical and chemo-mechanical approaches involve applying force 
against a physical barrier or using hydrodynamic flow-based disruption to dissoci-
ate cellular aggregates and tissues. More recently, both of these methods have been 
combined into single microfluidic systems for improved results.

2.3.1 Applied force against a physical barrier

A common approach in microfluidic tissue dissociation devices involves the 
passage of cell aggregates through or over objects to physically disrupt cell–cell bonds. 
Lin et al., created an enzyme-free microfluidic chip for neurosphere dissociation 
which used micropillars with 20 μm gaps [9]. When a driving force was applied via 
a syringe pump, the spheroids were driven through the gaps, separating them into 
their constituent single cells. Another similar approach is the Biogrid, a silica-knife 
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microfluidic device created by Wallman et al. for enzyme-free dissociation of stem 
cell aggregates [10]. The Biogrid knives had edge thicknesses of 30 μm and grid spac-
ing of 200 μm. Another example of physical-barriers in microfluidic tissue dissocia-
tion is the microfluidic filter device reported by Qiu et al., which consisted of 2 nylon 
mesh membranes with 50 and 15 μm mesh sizes [11]. The mesh can be used to both 
elute single cells and retain cellular aggregates for further processing.

Physical-object based disruption can be an effective method to separate cellular 
aggregates into smaller aggregates and single cells, and (in the case of mesh) to selec-
tively retain or elute cells and aggregates based on size. However, for these methods to 
work, there must be an applied force, usually in the form of a syringe pump-generated 
pressure-driven flow. Additionally, sample loss and cell death can occur with processing, 
as cells collide with, deform, and stick to or are ruptured by the objects in their path. 
Sample constituents, such as cell free DNA and cellular debris, can also lead to device 
fouling, causing significant clogging of narrow apertures through which cells must pass.

2.3.2 Flow-based disruption

Another method for cellular aggregate disruption is passage through a mechan-
ically-optimized dissociating microchannel. Examples often include concepts such 
as hierarchical or branching microchannels, in which subsequent channels are half 
the width of prior channels. This principle is used in a set of two papers by Qiu 
et al., in which a network of branching channels is created and then optimized 
with shark-fin geometry in order to increase cellular recovery of single cells from 
aggregates passing through the chip [12]. The channels also used repeated channel 
expansions and constrictions in order to produce hydrodynamic fluid jets [13], 
which imparted forces on cellular aggregates, aiding in dissociation into single cells.

Other, previously utilized approaches include placing tissue specimens within 
a confined area on a chip and applying fluid jets to the tissue core. This concept is 
present in another paper by Qiu et al., in which the researchers use precision-flows 
to create a hydrodynamic mincing device [14]. The device accommodates tissue 
specimens up to 1 cm in length and 1 mm in diameter, focusing shear forces at 
distinct locations to improve contact between areas of the tissue and enzymes that 
aid in the disruption of cell–cell adhesion.

2.3.3 Integrated microfluidic tissue dissociation devices

In 2021, a notable work by Lombardo et al. integrated three different tissue 
processing techniques on a single microfluidic chip – enzymatic digestion, hydrody-
namic shear force, and mesh filtration - arguably representing the first chip of this 
kind [15]. This indicates a progression towards a “Next Generation” of microfluidic 
tissue dissociation devices. Their system combines tissue digestion, disaggregation, 
and filtration steps, and was tested on an array of kidney and mammary tissues. 
Using this technique, 2.5-fold greater recovery of single cells was obtained than with 
traditional techniques. They also demonstrated recovery of target cell type numbers 
at particular timepoints during device processing and demonstrated the utility of 
their device in a single-cell sequencing study. Progress in this area is likely to gain 
traction in the coming years.

2.4 Commercial tissue dissociation devices

Companies such as Miltenyi Biotec and S2Genomics have attempted to address 
the need for obtaining single cells from tissues by creating products that automate 
many of these functions, reducing manual labor and simplifying tissue dissociation 
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workflows (e.g. the GentleMACS Dissociator). Miltenyi Biotec has made progress in 
addressing limitations imposed by differences among tissue sources and organs by 
selling dissociation kits specifically designed for organism (e.g. mouse vs. human) 
and organ (e.g. small intestine, lung, tumor, brain). Despite this progress, there 
remains a significant need for improving the size, cost, complexity, and perfor-
mance metrics of these devices in order to enable improved cancer diagnostics via 
SCS. Key limitations of the GentleMACS Dissociation system, for example, are high 
costs in excess of $500 USD for only 25–50 preparations.

2.5 Electrical tissue dissociation

Although it has only been recently characterized, applied oscillating square 
wave voltages have been shown to aid in the dissociation of complex tissues into 
their component single cells [16]. Excellent cellular dissociation was observed 
with 1 kHz electrical conditions in a matter of <5 minutes, significantly faster than 
conventional chemo-mechanical approaches. The exact mechanism of the observed 
electric field induced tissue dissociation is not completely understood at this time 
but may be related to known effects of electric fields on membrane potential, ion 
transport, cellular movement, and proliferation.

A key finding of this work is the importance of oscillation frequency on tissue 
dissociation. Higher oscillations in the MHz range have previously been used to 
decrease heating and electroosmotic effects in electrophoretic applications [17], 
and previous research has shown that cells can reorient themselves in such electric 
fields in a manner dependent on the orientation and shape of the cell, as well as the 
electric field properties [17]. Presumably, the significantly lower dielectric constant 
of the cell membrane, and higher conductivity than the medium of suspension or 
cytoplasm can lead to charge accumulation at the membrane, and induced dipole 
moments that can generate shear stresses within the tissue, leading to alignment, 
rotation, and stretching behaviors. It is also thought that application of electric field 
induces a torque on the membrane glycocalyx, which is analogous to an externally 
applied mechanical force, and results in movement [18].

2.6 Regional dissociation methods

Within tissues, different regions of interest exist with different cellular proper-
ties. These regions can often be identified by microscopy or other methods but may 
be difficult to pick out using conventional heterogeneous sequencing approaches. 
Approaches such as manually excising an area of interest in a tissue sample for later 
analysis can still include numerous off-target cells.

Selective dissociation of cells from specific target regions of interest has been 
an area that has fascinated scientists since the 1980s. In the first work of its kind, 
Freyer and Sutherland selectively dissociated and characterized cells from various 
regions of tumor spheroids by applying a dilute trypsin solution at 18 to 30 degree 
angles in custom dishes [19]. Freyer and Schor later characterized the dissociation 
of cells from different spheroidal regions using an automated device that exposed 
outer spheroidal layers to 0.25% trypsin [20].

More recent advances in regional dissociation and regional tissue interrogation 
have also been made. The most notable technique in the field of region of interest 
analysis is arguably laser capture microdissection, a technique that is integrated 
with common optical microscopy infrastructure and used with conventional 
tissue-on-slide imaging. This technique uses optical interrogation to manually or 
automatically select tissue regions of interest and separate them from the surround-
ing tissue, placing targeted cells in a tube for subsequent molecular analysis. Other 
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ROI techniques such as Computer-Aided Laser Dissection can incorporate machine 
learning and other informatics techniques into the workflow for automated com-
puter recognition of regions of interest for subsequent selection.

2.6.1 Laser capture microdissection

The laser capture microdissection (LCM) process dates back to high-profile 
works published in Science in 1996 and 1997 by Emmert-Buck et al., and Bonner et 
al., respectively [21, 22]. The IT-based workflow begins with an initial microscopic 
visualization, followed by selection of cells of interest on a conventional microscopy 
slide. A region of interest (ROI) is then manually selected in conventional LCM 
workflows. After ROI selection, a cap covered with transfer film is lowered onto the 
tissue surface. A laser pulse is then activated, which in turn activates the transfer 
film, causing the cells in the selected area to adhere to the film on the cap. In the 
UV-based LCM technique, the laser is able to cut around the cell itself, bypassing 
the plastic adhesion process [23]. The selected cells can then be placed into a tube 
for molecular analysis and other downstream tests. The technique can also be used 
as an alternative to histological staining in proteomic sample analysis [24]. To date, 
combination of dissociation of the selected tissue for SCA has received only scant 
attention, but further research in this area over the next few years would represent a 
logical progression of existing microdissection technology (Figure 3).

2.6.2 Computer-aided laser dissection and machine learning

In the years since the creation of the LCM technique, many researchers have 
recognized a key limitation in the lack of automation of LCM: the requirement for 
manual selection. This results in low-throughput, making processing large amounts 

Figure 3. 
Overview of laser capture microdissection.
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of tissue samples a difficult task. A proposed solution lies in the Computer-Aided 
Laser Dissection (CALD) technique, which uses algorithms to recognize areas of 
interest and oversee dissection in an automated or semi-automated manner.

Statistical learning methods have long been proposed as a tool for region of inter-
est detection in cancer tissue specifically, but have also been widely used in the inter-
pretation of X-rays and other biomedical image data for diagnostic purposes [25, 26]. 
In recent work by Hipp et al., authors compare use cases of integrating image analysis 
tools into the LCM workflow [27]. They discussed possibilities of integrating existing 
software like ImageJ, as well as techniques such as spatially invariant vector quantiza-
tion and probabilistic pairwise Markov models. Recently, Ren et al. have translated a 
machine learning technique to achieve automatic partitioning of selected regions of 
interest [28]. They used a K-means clustering algorithm with a fuzzy c-means cluster-
ing algorithm to discern ROI, and automatically selected clustering results. It is likely 
that this particular area will experience significant growth in the coming years.

A major limitation of computer vision and machine learning techniques for 
region of interest detection in tissue samples is the need for algorithm training. 
Additionally, different algorithms must be used to detect regions of interest in 
different tissue types, as regions of interest can have distinct visual morphologies 
across tissues. Furthermore, these techniques may be poorly equipped to deal with 
irregular appearances of regions of interest, which could pose a hurdle towards 
their translation in cancer diagnostics.

3. Single-cell suspension purification methods

After tissue dissociation into cellular suspensions, workflows must be created that 
enable selection of single-cell populations for downstream analysis. A critical step 
in getting purified single-cell suspension lies in the discernment of single cells from 
large cellular aggregates and debris from the extracellular matrix and lysed cells.

We herein provide an overview of methods for removal of cellular clumps 
and debris, a sample preparation step which has become known as purification. 
These procedures are unique from cell sorting and manipulation methods due to 
the nature of their position in the pipeline from tissue to SCS. While cell sorting 
and manipulation methods are occasionally equipped to separate single cells from 
doublets, for example, they generally cannot be used without an intermediate 
purification step when analyzing dissociated tissue samples.

These sample purification processes are distinct from target cell selection 
methods as they are not focused on separating rare target cells from heterogeneous 
suspensions but are instead focused on simply obtaining purified single-cell 
suspensions themselves. While it has been shown that techniques such as flow 
cytometry facilitated FACS can be used directly from dissociated tissue samples, 
this section will focus on conventional methods of purification. Methods that will 
be discussed here are filtration and chemical debris removal (Figure 4).

3.1 Filtration

Filtration techniques are currently considered to be the gold standard for the 
sample purification step. Commercially available mesh filters can be purchased 
and incorporated into the benchtop preparation workflow when processing tis-
sue into single-cell suspensions for SCS. These commercial filters, created by 
companies such as Miltenyi Biotec, are often sold as “caps” that fit directly into 
centrifuge tubes. The tissue dissociate is simply poured over the cap, and filtrate 
passes through into the bottom of the tube. While this represents an example of 
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conventional filtration, other filtration methods can also be used. Different filter 
types include membrane filters, post filters, and weir filters.

Membrane filters contain porous structures that can be used to trap larger cells, 
such as tissue cells, while excluding smaller cells, such as red blood cells. Pillar 
based filters and weir filters all consist of obstacles about which cells must navi-
gate. Weir filters are characterized by a singular obstruction nearly closing off the 
channel, permitting only particles small enough to navigate the gap through, while 
pillar filters consist of numerous evenly spaced pillars. These systems are all prone 
to clogging with debris and clumps of tissue, especially at high cellular densities, 
although systems which use dynamic filtration instead of barrier filtration can clog 
less. Forward and reverse flow can be used to unclog filters if they are incorporated 
into a microfluidic environment, but clogging still poses an issue, nonetheless.

Other filtration techniques of interest include cross-flow filtration and size 
exclusion filtration. Cross-flow filtration is a filtering technique that has been 
used in the purification of animal cells since the 1990s [29]. It offers a prospective 
solution to one of the most ubiquitous issues of all filter-based cellular purification 
systems, clogging, by using sieve-like sorting. Size exclusion filtration can be cre-
ated with progressively decreasing filter mesh sizes but is occasionally used to refer 
to pillar-based filters containing tiered post arrangements with decreasing gaps. 
These systems can be translated into microfluidic chip formats in order to isolate 
differently sized particles in different regions of the chip [11, 30].

3.2 Chemical methods for debris removal

In addition to mechanical filtration of dissociated cellular suspensions, chemi-
cal methods for debris removal are also highly utilized. Common methods include 
removal of red blood cells, and removal of extracellular DNA.

Figure 4. 
Overview of single-cell suspension purification methods.
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Figure 5. 
Overview of cell sorting and manipulation methods.

In the SCS workflow, non-nucleated red blood cells are often excluded from 
analysis by chemical treatment with products such as red blood cell lysis buffers 
that are commercially available for purchase. These buffers can contain ammonium 
chloride, potassium carbonate, and EDTA. The solution is incubated on pelleted 
dissociated tissue for 4–5 minutes at room temperature, and then deactivated by 
adding PBS, and subsequently removed, according to BestProtocols guidelines 
provided by ThermoFisher Scientific.

Extracellular DNA removal is also a popular purification step for some SCA 
protocols. During the tissue dissociation process, extracellular DNA is commonly 
released. The DNA sticks to the cells, causing them to form aggregates. This can 
cause aggregation on filters, which can lead to sample loss and clogging. DNAse 
I solutions are a proposed answer to this problem. They are recommended to be 
applied to solutions at a concentration of 100 μg/mL, according to BestProtocols. 
An issue with DNAse I use is that it is inhibited by actin release from dead cells. 
It also must be removed from the sample for successful downstream analysis 
with SCS.

4. Cell sorting and manipulation methods

After the sample purification step, many single-cell analysis workflows require 
additional processing steps to eliminate any remaining doublets or off-target 
cells. Therefore, some SCS workflows are concerned not only with the selection 
of individual single cells, but also the retrieval of specific subsets of cells from 
heterogeneous cellular populations. Examples include selecting for cancerous cells 
from a predominantly healthy cell population or selecting for cells with rare genetic 
mutations. Sorted suspensions of cells of interest are then able to enter the remain-
ing part of the SCS workflow, consisting of lysis and analysis steps.
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Methods that will be discussed in this section cover techniques for cell sorting 
and manipulation, many of which have relevance to target cell selection. Topics 
to be discussed include fluorescence activated cell and droplet sorting, magnetic 
activated cell sorting and magnetophoresis, computer vision and cell picking tech-
niques, optical techniques such as optical tweezers and focused beams, mechanical 
and physical cell sorting, electrokinetic and acoustophoretic cell sorting (Figure 5).

4.1 Fluorescence activated cell sorting

4.1.1 FACS history and commercial flow cytometry

Fluorescence Activated Cell Sorting (FACS) is a ubiquitous technique created 
in the late 1960s by “Bonner, Sweet, Hulett, Herzenberg, and others” [31, 32]. The 
technique built upon previous cell sorting developments in flow cytometry and 
is currently used widely by researchers in order to obtain cellular suspensions of 
target cells.

In the conventional FACS process using a standard flow cytometer, a cellular 
suspension sample is injected through a fluid sheath into a flowing stream in lami-
nar flow conditions. The cellular suspension is previously treated with a fluorescent 
probe or antibody, which can be either a general probe, or a probe specific for a 
particular cell type or characteristic of interest.

A laser illuminates the stream directly before droplet formation, and fluo-
rescence emission scatter information is transmitted to a detector. Immediately 
afterwards, aerosolized droplets are produced by vibration of the instrument, and 
contain either a single-cell or an absence of cells, as verified using the recorded 
fluorescence signal information. The droplets are charged based on cellular contents 
and are then electrostatically deflected into containers based on charge. Uncharged 
droplets maintain their original course.

Since the invention of FACS, numerous technological improvements have been 
developed, such as incorporation of multiple fluorescent lasers and detection 
capabilities within commercially available flow cytometry instruments [32]. FACS 
techniques are constantly evolving, and have also notably been translated outside of 
the flow cytometry workflow and into microfabricated microfluidic chip systems 
over the past two decades [33, 34]. This translation can circumvent limitations of 
the traditional aerosolization process while still maintaining the general principles 
of FACS such as real-time sample classification and binning. While traditional FACS 
is an open-system and lacks sterilization, microfluidic FACS chips are sterile and 
single use.

Other persistent limitations of FACS are relatively high cell number require-
ments (>106 cells) and reagent consumption, high cost of flow cytometry instru-
ments, and the potential for cross-contamination, and clogging, especially when 
analyzing dissociated tissue samples [35].

4.1.2 Fluorescence activated droplet sorting

Fluorescence Activated Droplet Sorting (FADS) is a microfluidic fluorescence-
activated sorting technique which uses many of the same principles of FACS [36]. 
FADS was first described by Baret et al. in 2009 as a method that combined the 
benefits of FACS with those of microtiter-screening. The process involves encapsu-
lation of single cells within emulsion droplets, which are then dielectrophoretically 
sorted as in FACS. In Baret et al.’s initial work, sorting rates of up to 2,000 droplets/
second were obtained with a false positive rate of <1/104 droplets. Limitations were 
seen in co-encapsulation of fluorogenic substrate with cells, not in sorting. Errors 
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could be minimized at low sorting densities (<105 cells), which are unable to be run 
using conventional FACS flow cytometry [37]. Ever since this initial work, FADS 
has been used in numerous single-cell applications, and other applications, such 
as synthetic biology. Newer systems have focused on increasing throughput, and 
multiplexing droplet sorting capabilities [38].

4.2 Magnetic activated cell sorting and magnetophoresis

Magnetic Activated Cell Sorting (MACS), or magnetic separation of target cells 
is one of the most commonly used separation techniques for cellular selection. In this 
technique, nanosized superparamagnetic beads are bound to a particular antibody 
or other recognition element for a specific cellular target of interest. Specifically 
bound cells are then removed from solution using a magnet, followed by washing of 
the beads and liberation of the bound cells. Common cellular-recognition elements 
include the Epithelial Cell Adhesion Molecule (EPCAM) for separation of CTCs 
from whole blood, such as is used in the commercially available Veridex Cellsearch 
system and other applications [39]. Other approaches can use separation via specifi-
cally engineered indirect interactions, such as biotin/streptavidin coupling.

Once nanoparticles are co-incubated with cellular solutions, they can bind to 
target cells through antibody/antibody, antibody/antigen, or other interactions. 
The bound target cells can then be separated from unbound off-target cells and 
collected by moving them to a different location within a microfluidic chip or tube 
using an external permanent magnet, via a process known as “magnetophoresis”. 
Electromagnetic coils can also be used to enact magnetophoresis, although this is a 
less common approach. Researchers such as Pirozzi et al. have used this technique 
in combination with microfluidic oil/water immiscible phase filtration in order 
to separate cancer cells from various sample matrices, including unprocessed 
whole blood.

MACS principles have been translated into commercially available systems. The 
first commercially available MACS system was created by Miltenyi in 1990 [40]. 
CTC enrichment of 105 fold was obtained using high magnetic gradient column 
MACS, but purification was found to be lower than would be clinically applicable 
in CTC work [35, 41]. This has since been improved using magnetic sweeping and 
other techniques.

Much work on MACS is focused on CTC isolation from blood using markers, a 
much easier problem to solve than isolation of target cellular populations from dis-
sociated tissue samples. However, some work has been conducted on stem cell isola-
tion of solid-tissue originated cells [42]. Other work has been conducted on MACS 
separation from tumor tissue, but there has been little progress in this area as MACS 
separation is not a label-free technique, and relies on marker-based separation of 
specific target cell types [43]. As such, MACS is not considered to be an appropriate 
technique for understanding the true extent of tissue heterogeneity but can be used 
within the processing workflow to isolate particular cell types of clinical interest 
with known unique extracellular markers.

4.3 Computer vision and robotic cell picking techniques

Automated cell picking instruments are recent commercially translated instru-
ments which can take various forms. Common themes in cell pickers are the use 
of optical imaging and computer vision to distinguish cells of interest. Certain 
cell pickers, such as the Shimadzu Cell Picker, are focused on picking cell colonies 
off culture plates for use in cell line construction and cloning applications. Other 
systems are designed specifically for isolating rare cells from liquid biopsies, such 
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as the CellCelector instrument, an Automated Lab Solutions product. Many are 
designed specifically with downstream single-cell genetic analysis in mind.

Cell pickers can use diverse methods to select cells of interest, such as image rec-
ognition of fluorescent cells, distinct cellular morphologies, and more. After selec-
tion occurs, cells must be physically “picked”, or removed. Most cell picking devices 
work by using a mechanical micro-manipulation robotic picking system. For 
example, the Shimadzu Cell Picker works by simply lowering a pipette to a particu-
lar location, as ascertained using the automated picking system. The CellCelector 
is equipped with different picking modules using capillaries, metal scraping tips, 
or plastic tips. In addition to translation into commercially available instruments, 
computer vision and robotic sorting have also been incorporated into microfluidic 
cell sorting [44]. Similarly to LCM, robotic cell picking techniques are often lower-
throughput in comparison to other methods (e.g. FACS), despite automation. They 
are also frequently performed in open-air, posing a contamination risk.

4.4 Optical techniques

Optical techniques can be used in order to physically trap cells in suspension 
using elements such as focused laser beams, fields, and more. Some commonly used 
optical sorting techniques include optical tweezers and focused optical beams. The 
optical tweezers technique is arguably the most well-characterized technique and 
can be used to noninvasively move and separate dielectric particles in solution, such 
as cells, in a label free manner. Optical beams use radiation forces to achieve cell 
movement, and can also use optical radiation for other applications, such as bubble-
induced cellular deflection.

4.4.1 Optical tweezers

Optical tweezers, invented by Ashkin et al., in 1986, are used in the noninvasive 
label-free separation of cells [45]. They work by applying photonic forces from 
evanescent fields and laser beams. Depending on properties of the refractive indi-
ces, cells and other dielectric particles are acted on by forces that can hold them in 
place, or move them to a new location [46, 47]. Optical tweezers are highly sensitive 
instruments that enable applied force resolution in the piconewton range, with sub-
nanometer spatial resolution. Thus, these are highly useful tools in the microfluidic 
separation of individual target cells.

In addition to their usefulness in sorting, optical tweezers have been applied 
to the interrogation of numerous biological questions from assessing cellular 
responses over time to analyzing cellular biomechanics [46, 48]. While they have 
been applied to the separation of embryonic stem cells and tissue engineering, they 
have yet to be comprehensively utilized within the tissue to single-cell workflow 
[46, 49, 50]. Robotics technology has also been integrated with optical tweezers in 
recent years [51–53].

4.4.2 Optoelectronic tweezers

Optoelectronic tweezers (OETs) combine optical manipulation with electronic 
capabilities, specifically electrode-based DEP, to create a promising label-free tech-
nique that is frequently higher-throughput than optical tweezers, and a potentially 
promising area for SCS sample preparation. Optical images are projected onto a 
surface, creating temporary visual electrodes, which are used to locally apply an elec-
tric field, producing a dielectric force which can be exerted on the cells. In the event 
that the cell is less polarizable than the liquid, such as with cells in culture media, the 
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pattern will repel it, which can be used to confine a cell to a specific location while fluid 
and other materials flow freely [54]. In addition to OETs potential for trapping, cells 
can also be transported through the chip and sorted via dielectrophoretic forces via the 
creation of light-defined channels and use of size selective sorting, respectively [55].

The translation of optoelectronic tweezers is somewhat limited by high required 
optical intensities, as is also a key limitation of standard optical tweezers [56]. 
However, light intensities have been used for cell separation in OET devices that are 
100,000-fold lower than optical tweezers [57]. Other advances, such as combination 
with microfluidics and electric field re-orientation, have been used to increase the 
potential for OET translation. OETs have been used to manipulate mammalian cells in 
a variety of ways, from replicating the tumor microenvironment on a microfluidic chip 
[58] to their combination with scRNAseq preparatory microrobotics [59].

4.4.3 Focused optical beams

Focused optical beams can be used in order to apply radiation force to indi-
vidual cells in a microfluidic environment, resulting in precisely controlled cellular 
manipulation, similar to that observed in the optical tweezers technique [60]. Cells 
can be deflected into an alternative channel at a junction with the influence of a 
laser pulse [61].

Focused optical beams such as lasers can also be used in cell sorting in an addi-
tional way. Localized heating from laser light can result in bubble formation, which 
can in turn produce mechanical deflection of target cells [62]. Optical scalpel tech-
niques can also be used in order to assess different cellular components, but these 
techniques are not in-line with the expected workflow for downstream single-cell 
analysis.

4.5 Label-free sorting by mechanical and other physical properties

Other methods can sort cells based on their physical properties such as density, 
size, and settling behavior. Techniques that will be discussed here include settling 
and adhesion-based techniques, deterministic lateral displacement, inertial focus-
ing, centrifugal microfluidics, and field flow fractionation.

4.5.1 Settling and adhesion

Different cell types settle and adhere differently in in vitro environments, due to 
a combination of material interaction and mechanical properties. Bailey-Hytholt et 
al. recently demonstrated effective rare cell selection via different settling behavior 
of cells in polystyrene wells [63]. This approach was used in a prenatal testing 
workflow for the purpose of separating rare extravillous trophoblasts from infants 
in utero from maternal cervical cells in cervical swabs. Bailey-Hytholt also notably 
investigated trophoblast enrichment via differences in surface adhesion on an 
inclined plane [64]. The principles of differential adhesion have also been applied to 
embryonic cell sorting [65].

Differential surface adhesion can also be artificially engineered by coating a pat-
terned surface on a microfluidic chip with a particular marker or ligand. Stott et al. 
were the first to take this approach to cellular isolation in 2010 using a Herringbone 
chip coated with EpCAM to detect CTCs in the blood [66]. EpCAM has also been 
used in other more recent approaches [67] and EpCAM-free approaches to cancer 
cell isolation have also been investigated by looking at specific peptides of interest 
for particular cancer types [68]. However, these approaches are not label-free, which 
significantly limits their translational potential into the tissue to SCS NGS workflow.
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4.5.2 Deterministic lateral displacement

Deterministic lateral displacement (DLD) was initially used for particle 
separation in 2004 in Huang et al.’s notable work [69]. Since then, it has been 
widely used for cell separation, as characterized in detail elsewhere [70, 71]. 
Deterministic lateral displacement structures have been used in the label-free 
separation of large cells for tissue engineering [72], and cancer cells from diluted 
whole blood samples [73]. This method uses different size-dependent hydrody-
namic forces to separate cancer cells from red blood cells and other cells as they 
pass through a channel equipped with numerous posts through which the cells 
must navigate. Various works have also shown that triangular posts can help to 
optimize results [73, 74].

A similar approach to DLD is deterministic cell rolling. Cell rolling devices con-
sist of ridged microfluidic channels, which, like DLD, enter the flowpath of cells, 
resulting in mechanical deflection. The surface of the channel can be modified with 
a target of interest, such as P-selectin, which can briefly bind target cells, deflecting 
them to a different location within the chip [75].

4.5.3 Inertial focusing

Inertial focusing is another technique frequently used to sort cells in micro-
fluidic chips by inducing movement across laminar flow streamlines. Continuous 
inertial focusing, ordering, and separation of particles was demonstrated by Di 
Carlo et al. in 2007, and has since been applied extensively in microfluidic cell sepa-
ration [76]. Di Carlo et al. demonstrated that particles in laminar flow conditions 
can migrate across streamlines in a “continuous, predictable, and accurate manner”. 
The migration is caused by particle lift forces in conditions where inertial flow is 
significant. Boundary effects at microchannel walls can create this lifting phenome-
non. Particular channel geometries create inertial forces that result in a bias towards 
certain equilibrium positions, a phenomenon which can be used for ordering of 
cells within a given microfluidic chip. Inertial focusing has been used, for example, 
in spiral microchannels and serpentine channels [77–82]. Inertial effects can also be 
combined with other hydrodynamic techniques, or flow fractionation techniques as 
well, such as pinched flow fractionation.

4.5.4 Centrifugation and centrifugal microfluidics

Centrifugation techniques are some of the oldest methods historically used 
in the separation of various blood components, such as nucleated cells and red 
blood cells. This same principle has been used in the sorting of CTCs from  
other cells in blood and bone marrow samples [83]. While developments using 
standard tube-based centrifugation methods have been minimal in recent years, 
centrifugal microfluidics has spawned a new field of target cell separation 
research.

Centrifugal microfluidics techniques have been investigated for over 40 years 
[84]. Techniques have been created using recycled or repurposed compact disks 
or disk-shaped polymer-based materials, which are rotated around a conven-
tional or custom centrifuge to separate rare cells from other sample components. 
These systems are referred to as Lab-on-a-disk or Lab-on-a-CD platforms [84]. 
Snider et al. recently created one such system for application in the separation 
of single cancer cells from dissociated biopsy cores [85]. They were able to 
observe up to 80% capture efficiencies when using 2,000 to 15,000 cell input 
samples. While some centrifugal microfluidics applications perform chemical 
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and mechanical cell lysis on chip, this system preserved cells in-tact for visual 
microscopic analysis. Centrifugal microfluidics can be integrated with geomet-
ric, magnetophoretic, and dielectrophoretic separation approaches [86].

4.5.5 Field flow fractionation

Field flow fractionation (FFF) and, in particular, sedimentation field flow 
fractionation (SdFFF) is a label-free method that can be used to separate various 
cell types. While FFF is primarily utilized in the separation of subcellular particles, 
macromolecules and nanoparticles, SdFFF has been used in the separation of 
stem cells [87]. For example, SdFFF has been used in the isolation of cancer stem 
cells from colorectal cancer cell lines [88]. Pinched flow fractionation (PFF) is a 
similar technique, but it is mainly used in separation of blood components and 
non-mammalian cells [89, 90]. FFF techniques have also been combined with other 
techniques, such as dielectrophoresis [91, 92].

4.6 Label-free sorting by electrokinetic properties

With the exception of electrical tissue dissociation and FACS, electrokinetic 
methods for cell separation and recovery have heretofore not been discussed in this 
chapter. Electrokinetics are physical effects resulting from applied electric fields 
that produce physical movement of cells and other particles [93]. While our discus-
sion of FACS mentioned electrostatic sorting of charged droplets, in this section, 
we will discuss electroosmosis, electrophoresis, and dielectrophoresis within the 
context of cellular separation from dissociated tissue samples. We will also briefly 
discuss electrorotation and electroorientation phenomena (Figure 6).

Figure 6. 
Overview of electrokinetic phenomena used in the manipulation of cells.
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4.6.1 Electroosmotic flow

Electroosmotic flow moves fluids and the particles suspended within them by 
induced migration of solvated ions [94]. Therefore, electroosmosis is characterized 
by fluid movement, as opposed to particle movement within a fluid, the mechanism 
at play in electrophoresis and dielectrophoresis. Electroosmosis has also been used 
in combination with FACS in order to sort fluorescent cells. Electroosmotic flow has 
also been used to create microfluidic on-demand particle separation by inducing a 
vortex on the conductive surface to direct particles, such as cells, towards an outlet. 
This phenomenon is referred to as controlled electroosmotic micro-vortexes or fluid 
pumps [95, 96]. Alipanah et al. have recently used induced charged electroosmotic 
flow and magnetic fields in conjunction, and managed to use flow vortexes to 
enable the magnetic field to overcome particle drag forces [97]. The effect can be 
tunable, as demonstrated by Yan et al., by adjusting modulating electrode and insu-
lating post thickness, which correspondingly increases flux within the channel [95].

A major limitation of certain electroosmotic protocols lies in the use of DC 
electric fields. DC fields can induce electrolysis of water, bubbling, and produc-
tion of reactive oxygen species, which can decrease viability of cells and introduce 
turbulence. In order to overcome these limitations, AC electroosmosis has gained 
some attention. For example, Puttaswamy et al. used AC electroosmosis to avoid 
these negative effects of DC field application [98].

4.6.2 Electrophoresis

In electrophoresis, particles suspended within a solution move towards an 
electrode with opposite charge in a DC field with a force proportional to their 
surface charge. Cells have a slightly negative charge, resulting in their migration 
towards the positively charged electrode. While electrophoresis is generally con-
sidered to be less efficient in the sorting of cells when compared to other processes 
such as dielectrophoresis, it has still been applied in the separation of mammalian 
cells [99]. One approach to mammalian cell separation via electrophoresis is with 
capillary electrophoresis, which can be coupled with an inkjet printing system. This 
approach was used to separate HUVEC, HepG2 and Caco-2 cell lines in a drop-on-
demand technique by Zhang et al. [100]. Water-in-oil continuous flow techniques 
with encapsulated cells can also be used to improve electrophoretic droplet sorting 
of single cells from doublets [101]. However, most uses of electrophoresis are in the 
detection of proteins, antibodies, and other cellular constituents.

4.6.3 Dielectrophoresis

Dielectrophoresis (DEP) is different from electrophoresis in that cells move in a 
non-uniform field as a result of their polarizability, not their charge. Non-uniform 
AC fields induce dipole moments across cells, effectively polarizing them and 
inducing migration. If the cells have a higher permeability than the fluid they are 
immersed in, they are attracted to the area with the highest field intensity, known as 
the maxima, in a process called positive DEP (pDEP). If the reverse is true and the 
cells have a lower permeability than the surrounding fluid, negative DEP (nDEP) 
will occur, and the cells will migrate away from the region of highest field intensity. 
The forces of dielectrophoresis depend on cellular properties such as size and shape, 
as well as the characteristics of the surrounding fluid and electric field.

DEP can be used to create cell traps via the application of a field gradient 
across planar electrodes. DEP traps are effectively strong enough to maintain cells 
in a desirable position despite external forces, such as fluid movement. Because 
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different cell types have different dielectric properties, DEP can be used in the 
isolation of particular cell types of interest from heterogeneous cellular popula-
tions. DEP can also be used to separate cells and aggregates of different sizes within 
homogenous cellular populations [102–105].

While DEP has also been applied to numerous applications concerning blood, 
DNA, microorganisms, and other cells, this concept has not been as extensively inves-
tigated in cellular suspensions from dissociated tissues [106, 107]. However, initial 
progress has been made in the creation of a DEP microfluidic device using direct cur-
rent to trap individual cells from cellular mixtures containing MCF7 and MDA-MB-231 
cancer cells, as well as PBMC blood cells [108]. DEP devices can be structured so as to 
control the DEP at individual locations in a microfluidic chip, such as within specific 
wells. Lateral DEP devices can be used to position cells using interdigitated electrode 
arrays [109]. Feedback on cellular capture and location can be assessed by measuring 
changes in impedance as cells pass through different chip locations.

In addition to pDEP and nDEP, different subtypes of DEP exist, such as closed 
or conventional dielectrophoresis (cDEP) and traveling wave dielectrophoresis 
(twDEP) [110]. DEP is also widely multiplexed with droplet microfluidics, optical 
readout systems, and more, making it a very diverse and versatile technique.

4.6.4 Other electrical phenomena

Other electrical phenomena exist that can be helpful tools in single-cell manipu-
lation and sorting, which could be potentially usefully integrated into single-cell 
processing workflows from tissue starting samples. The two most important 
examples of such phenomena are electroorientation and electrorotation.

In electroorientation, cells orient themselves so that they are aligned in a certain 
confirmation along with an applied electric field. This phenomenon occurs if the 
induced dipole moment along a particular axis of the cell is stronger, as the dipole 
moment has varying frequency dependency depending on the axis [17]. This effect 
is generally seen at higher frequencies, on the order of MHz, and is most frequently 
seen in non-human cells, although the principle has been applied in DEP systems to 
human cells as well [111].

In electrorotation, cells are able to be rotated by surrounding electrodes. The 
principle was first developed in Arnold and Zimmermann in 1988, in order to per-
form dielectric measurements on individual cells [112]. In this process, surrounding 
electrodes can be placed at the 0°, 90°, 180°, and 270° positions. The electrodes 
can emit constant electric fields, but generally use rotating electric fields that are 
phase-shifted by 90 degrees [17, 112]. As with electroorientation, this is a frequency 
dependent process.

4.7 Label-free sorting by acoustophoretic properties

Acoustophoresis is a process in which acoustic pressure waves are able to result 
in movement via standing or traveling wave formation. Acoustic techniques have 
been combined with microfluidic systems in recent years, creating a new subcate-
gory of “acoustofluidic” devices. Acoustofluidic systems have been used extensively 
in cell sorting applications and offer benefits such as rapid movement over nm to 
mm length scales. Different acoustic waves that are used for this purpose consist of 
bulk standing waves, and surface acoustic waves (SAWs). SAWs are further subdi-
vided into standing SAWs (SSAWs) and traveling SAWs (TSAWs). The key differ-
ence between bulk waves and standing waves are that bulk waves, generated by a 
piezoelectric transducer, propagate through the bulk of the microchannel chamber 
itself, while surface acoustic waves, generated by an interdigitated transducer, 
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propagate through the bottom surface of the channel [113]. Acoustofluidic systems 
are frequently used to sort cells via deformability or other elastic properties.

4.7.1 Bulk standing waves

The first instance of bulk standing wave sorting was characterized by Johansson 
et al. in 2009, in which an ultrasonic transducer was used to facilitate microfluidic 
FACS [114]. In the bulk standing wave acoustophoretic process, pressure waves 
that are identical in terms of oscillation frequency and magnitude are applied to a 
fluid media in opposite directions, resulting in standing wave formation within the 
media. Standing waves contain nodes and oscillating antinodes, which represent 
0% pressure fluctuation and 100% pressure fluctuation, respectively. In bulk 
standing waves, the transmitted acoustic wavelength matches the configuration 
and dimensions of a given channel, and particles are able to move outward. When 
placed in physiologically relevant buffers such as media, cells are able to be focused 
into areas within the microfluidic channel via this process as a result of their higher 
density than the surrounding fluid. They can be separated by size due to differences 
in forces that dominate at different particle sizes. Specifically, acoustic radiation 
dominates in larger particles while drag forces induced by acoustic streaming 
dominate in smaller ones [113].

The bulk acoustic wave separation technique has benefits over other acoustic 
techniques due to the increased flexibility in transducer placement, which makes 
microfluidic chip construction less complex. Bulk wave systems tend to operate 
using a comparatively lower frequency and longer wavelength, which gives them 
utility in the manipulation of particles of up to 200 μm, such as water-in-oil drop-
lets [115]. Bulk wave mechanisms often require more energy than surface wave 
methods to facilitate cell sorting, due to the need to propagate signal throughout the 
entire bulk of the channel as opposed to the surface (Figure 7a) [116].

4.7.2 Surface acoustic waves

The study of SAWs dates back to 1885, when they were initially studied by Lord 
Rayleigh [117]. Surface acoustic waves travel parallel to the channel surface and are 
thought to be confined to within ~1 wavelength of the surface. SAWs are generated 

Figure 7. 
Depiction of different acoustophoretic devices and concepts. (a) Depiction of bulk waves; (b) depiction of 
standing surface acoustic waves; (c) depiction of staveling surface acoustic waves; (d) illustration of an acoustic 
microfluidic device. IDT indicates interdigitated transistor. Reproduced with permission [113].
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by a different transistor type - IDTs. SSAWs are characterized by fixed nodes and 
antinodes (Figure 7b). This occurs following the interference of two opposing 
traveling SAWs or a SAW that is reflected [113]. TSAWs, alternatively, are SAWs 
propagating in a single direction away from a single acoustic source (Figure 7c) 
[113]. Generally, SSAW approaches use two IDTs on opposite sides of a microfluidic 
device, while TSAW approaches use a single IDT single IDT (Figure 7d).

Particular cell types of interest can also be sorted in a contactless, label-free 
manner via deformation-assisted cell sorting using SAWs. SSAW fields can be 
applied across a channel by applying oscillation across interdigitated transducers at 
either side. Tunable IDT pitches give SAWs characteristic wavelengths, which can be 
determined using the simple equation (Eq. (1)). Where f is the frequency, v is the 
velocity, and x is the pitch of the transducer.

 f v / x=  (1)

Surface acoustic wave platforms produce acoustic streaming when SAWs 
interact with surrounding fluid. In channels with SAW fields on either side 
(SSAW), hydrodynamic focusing occurs, which can also be referred to as “acous-
tic tweezers” [118]. The resulting streams move encapsulated cells or other 
particles, which can subsequently be trapped at pressure nodes along the chip 
[119]. For example, Nawaz et al. recently combined a real-time fluorescence and 
deformability cytometry method using SSAW-based label-free sorting [120]. This 
technique was found to reduce cell-processing time by an order of magnitude 
when compared to “state-of-the-art image-based sorters”, without the need for 
specialized equipment.

Traveling surface acoustic waves (TSAWs) are less commonly used than stand-
ing surface acoustic waves (SSAWs), but have nevertheless been applied to facilitate 
cell sorting. Systems using traveling waves often employ them for the purpose of 
cellular deflection into collection wells or outlets via fluid streaming initiated by 
acoustic radiation forces [121, 122]. Cells can be sorted by size directly from bulk 
solution using a TSAWs, governed by a simple equation, adapted from the work 
of Skowronek et al., which describes whether acoustic radiation drag force from 
streaming dominates (Eq. (2)) [123]. In which K is a dimensionless factor, r is par-
ticle radius, and λ is the wavelength of the TSAW. When K < 1, streaming induced 
drag dominates. When K > 1, radiation dominates.

 2 /K rπ λ=  (2)

4.8 Other techniques

Certain other techniques can be used for cell sorting and manipulation that do 
not fit precisely into any of the aforementioned categories. An example that has gar-
nered attention in recent years is bubble-based deflection, which can be produced 
by numerous different physical mechanisms.

4.8.1 Bubble-based deflection

Bubble deflection, also referred to by other terms such as ‘vortex-actuated cell 
sorting’ is a technique which uses instantaneous bubble-formation to in turn induce 
formation of a fluid jet which is then able to deflect cells of interest as they pass 
through a microchannel. Bubbles can be generated in one of several ways. The most 
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common approach is to use heating to induce bubble formation. For example, resis-
tive or electrical heating can be used to heat the surrounding area [124, 125]. Heating 
can also be created by optical mechanisms, such as laser light pulses [62, 125–128]. 
Ultrasound can also be used to create bubbles via cavitation, but, due to the large 
wavelengths, precise sorting of cells is difficult [129]. Spark discharge in dielectric 
liquids causes “electrical breakdown” and can induce the formation of highly pres-
surized bubbles at the electrodes [130].

Bubble deflection techniques are commonly integrated into a FACS workflow 
as a replacement step for electrostatic charging and charge-based deflection. 
In this standard workflow, optical detection with fluorophores is still needed. 
However, certain researchers have used bubbles as cellular tags, and measured 
displacement and velocity under ultrasound, representing a potentially label-free 
technique [131].

5. Conclusion

Sample preparation for single-cell analysis is a critical area of importance for 
future research in order to ensure widespread clinical translation of single-cell 
sequencing and other single-cell analysis techniques into cancer diagnostics and 
other workflows. The highlighted tissue dissociation, sample purification and cell 
manipulation techniques represent the current state-of-the art at the time of this 
writing for these processing steps.

New techniques relevant to the preparation of single cells from tissues will 
continue to be developed in the coming years. Additionally, researchers have begun 
combining several of the techniques discussed herein into new, hybrid devices, 
some of which have even been commercialized. For example, the CTC-iChip sorts 
cells using a combination of deterministic lateral displacement, inertial focusing, 
and magnetophoresis and was able to obtain a cell sorting rate of 107 cells/second 
and an enrichment yield of 97% rare cells [132]. While this device was notably 
tailored towards the liquid biopsy workflow, it’s quite possible that integrated 
techniques targeting tissue dissociation into single cells will be forthcoming.

Comprehensive sample preparation instruments that can perform tissue dis-
sociation, purification, and single-cell selection functions, among others are a 
current target of innovation, as evidenced by the work of Lombardo et al., who 
combined dissociation with purification via filters, enabling subsequent single-cell 
 sequencing [15].

It is likely that machine learning and artificial intelligence will continue to be 
combined with the sample preparation process in order to improve the workflow. 
Laboratory automation techniques, such as automated liquid handling systems will 
also continue to increase in prominence to both heighten throughput and avoid 
manual processing. These methods will collectively expedite processing, making it 
significantly more efficient and less laborious.

The combination of high-resolution single-cell analysis techniques with high-
heterogeneity tissue samples represents an ideal path forward to achieving next 
generation cancer diagnostics. However, for this future to become a reality, much 
progress and innovation is still needed within the tissue to single-cell sample 
preparation workflow. Developments are being made on multiple fronts, from 
dissociation and cellular manipulation to machine learning and computer vision. 
Integrated techniques are on the rise, and new devices are being commercialized. 
A comprehensive discussion of available technologies has been presented here with 
particular emphasis on translational potential within the tissue to the single-cell 
sequencing workflow.
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6. Further reading

For more information on other steps in the sample preparation workflow, such 
as single-cell encapsulation and lysis, we recommend Hosic et al.’s comprehensive 
review [23]. To contextualize the relevance of the single-cell analysis workflow, 
the reader is also recommended the following papers on heterogeneity and spatial 
resolution in tissue as resolved through single-cell analysis [133–136]. For further 
information on experimental considerations for particular single-cell approaches, 
the reader is recommended the following resources: scDNAseq [137], scRNAseq 
[138–140], ATAC-seq [141], single-cell proteomics [142–144] and single-cell 
metabolomics [145, 146].
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