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Chapter 1 
 

1 Introduction 
 
 
 
 

1.1 Motivation/ Chapter Overview 

Cellular heterogeneity is a defining characteristic of multicellular organisms. 

Tissues are made of heterogeneous mixtures of cell types that each play unique, 

specialized roles. Interestingly, even these single cell types can display heterogeneity. 

Cell sorting is used to isolate unique cell types, or subpopulations within cell types, based 

on defining characteristics like gene or protein expression,1,2 cellular density,3 or cellular 

size,4,5 for further study or translational therapies. Cell sorting methods can be 

characterized by their specificity (i.e. the effectiveness at isolating pure subpopulations), 

throughput (i.e. the number of cells that can be processed in a certain time), and yield (i.e. 

the number of cells that can be isolated from a certain input population). Though the 

specificity of any given sorting method is often discussed, cell yields and throughputs are 

vastly underreported. The goal of this thesis was to investigate these underappreciated 

sorting characteristics for common sorting methods, and subsequently to develop a novel 

sorting method designed to address common sorting pitfalls. 

The remainder of Chapter 1 will focus on essential background information on 

sorting methods and cell sources. Brief overview descriptions will be presented for three 

common sorting methods: fluorescence-activated cell sorting (FACS), magnetic sorting, 

and density gradient centrifugation. Finally, adipose-derived stem cells (ASCs), an 
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attractive, heterogeneous cell source often investigated for both basic science and 

translational applications, will be overviewed.  

Chapter 2 features a study designed to characterize the sorting efficiencies of two 

common sorting methods, FACS and magnetic-activated cell sorting (MACS). In a 

previous study in the Darling lab, we observed ~86% cell loss when using FACS to sort 

subpopulations of osteogenically primed stromal vascular fraction (SVF) cells.1 After 

examining the relevant literature, it became apparent that cell yields and throughputs of 

common sorting methods are underreported. Thus, we set out to test the efficiencies of 

two common sorting methods, FACS and MACS. To test efficiencies, we used each 

method to sort known mixtures of osteogenically primed SVF cells and A375 human 

melanoma cells based on the expression of an osteogenic marker protein, alkaline 

phosphatase liver/bone/kidney, and compared resultant cell yields, viabilities, and 

processing times. Additionally, this study presented a detailed optimization procedure for 

MACS antibody and microbead treatment concentrations to ensure accurate 

subpopulation discrimination. The results of this study provide researchers with both a 

MACS optimization method and quantitative comparison between FACS and MACS, 

thus enabling more informed sorting method decisions.  

Chapter 3 details progress on the development of mass-added density 

centrifugation (MADC): a novel, non-binary, particle-based sorting method that 

leverages small, massive nano/microparticles to alter cell density prior to density gradient 

centrifugation.  While our previous study, presented in Chapter 2, indicated the suitability 

of MACS for high-yield and –throughput cell isolations, the separations were binary (i.e. 

based on whether a protein was expressed rather than the level of expression). We thus 
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set out to develop a particle-based sorting method that combined the gentle, bulk 

processing of MACS with the non-binary separations of FACS. We hypothesized that we 

could alter the mass of cells proportionally to their expression of a surface marker of 

interest by labeling them with either an antibody-functionalized nanoparticle or by a 

primary antibody and secondary microbead, followed by continuous or discontinuous 

density gradient centrifugation. After centrifugation, gradients were fractionated and 

subjected to either flow cytometry or Western blot to verify successful separation. This 

study indicates MADC may be a useful tool the binary separation of large numbers of 

cells, and suggests future refinements of the technique to achieve non-binary separation. 

Chapter 4 summarizes and contextualizes the work presented within this thesis. 

Special attention is given to future directions that build upon the results presented herein. 

 

1.2 Background  

1.2.1 Cell Sorting 

Traditional population level molecular biology assessments like Western blot, 

quantitative polymerase chain reaction (qPCR), and DNA microarray, can obscure cell-

to-cell differences. In fact, cellular heterogeneity exists in many forms, including gene 

expression,1 protein expression,2 and mechanophenotype,6 among others, which can have 

functional consequences.7-10 Cell sorting provides a mechanism to isolate subpopulations 

for basic scientific investigations, diagnostic purposes,11,12 or therapeutic applications.13,14 

While the gold standard of cell sorting is FACS,15 alternative methods including 

magnetic-activated cell sorting,16 microfluidic cell sorting,17 or density gradient 

centrifugation,18 each provide their own unique strengths and weaknesses (reviewed in 
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Tomlinson et al.19). As such, while all of these sorting methods are capable of being used 

by themselves, they are often used in combination.20-22  

 

1.2.1.1 Fluorescence-Activated Cell Sorting (FACS) 

Invented in the late 1960s, FACS can sort cells based on a number of parameters 

including size, granularity, and the color and intensity of fluorescence.15,23,24 Despite 

many advancements in the design and construction of commercial FACS machines in 

the last 40-plus years, the fundamental sorting steps remain the same in the present 

day (Figure 1-1a). First, a heterogeneous input population containing fluorescent 

cells is input into the sorter as a single-cell suspension. The cells are then passed one-

by-one through an assessment volume in individual droplets where they are exposed 

to an excitation laser. Detectors measure both the forward and side scattered light 

(FSC and SSC, corresponding to cell size and granularity/complexity, respectively), 

and the fluorescence intensity of the cell in the assessment volume. Based on user-

defined size, granularity, and fluorescence gates, a charge is ascribed to the cell 

droplet, and deflected by charged plates into respective collection tubes. 
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Figure 1-1. Schematic representations of fluorescence-activated cell sorting (FACS) and 
magnetic activated cell sorting (MACS). a.) FACS: Single cells contained in fluid 
droplets are assayed for size, granularity, and fluorescence in an assessment volume. 
Based on size, granularity, and fluorescence, the droplets are charged and deflected into 
specific collection tubes. b.) MACS: Cells are magnetically treated with antibody-labeled 
beads, and placed into a magnetic field. Unlabeled cells pass through and are collected in 
a tube (labeled “step 1”). Subsequently, the magnet is removed, allowing elution of the 
retained, labeled cells into a separate tube (labeled “step 2”). Figure modified from Hu et 
al.25  

 

Fluorescent staining of cells is achieved in many and varied ways, and is the 

primary characteristic by which cells are sorted in FACS. Cellular fluorescence 

treatments can be split into two distinct categories: extra- and intra-cellular. The most 

common extracellular method for fluorescently staining cells is using antibodies 

targeting specific surface marker proteins. FACS sorting based on single or multi-

surface marker panels is routinely performed to isolate subpopulations of 

heterogeneously differentiating cells,26-28 and cancer and stem cell subpopulations, 29-

32 among many others. Alternatively, cells can be labeled extracellularly with 
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fluorescent, folded oligonucleotide probes called aptamers that target surface 

proteins. 33-35 Researchers have used fluorescently labeled aptamers to isolate bone 

marrow-derived stem cells (BMSCs)36 and putative cancer stem cells.37,38 While 

extracellular labeling, especially by antibodies, is the most common fluorescent cell 

staining method, several intracellular alternatives also exist. 

One method of rendering cells intracellularly fluorescent is the use of cell-

permeant dyes. These dyes function either by binding specific intracellular locations 

(i.e. the mitochondrial membrane) or molecules (i.e. DNA), or act as substrates for 

intracellular enzymes like aldehyde dehydrogenase (ALDH).39 Researchers have 

coupled a DNA dye, Hoechst 33342, with FACS to isolate subpopulations of mouse 

and trout testicular cells,40-42 hematopoietic stem cells,43 and cells in the various 

phases of the cell cycle.44 Others have used mitochondrial membrane dyes rhodamine 

123 (Rh123) and JC-1 to isolate subpopulations of mouse and rat testicular cells,45,46 

as well as mouse and human hematopoietic stem cells.47-49 Aldehyde dehydrogenase 

(ALDH) substrates BODIPY-aminoacetaldehyde (BAAA) and N-dansyl 

aminoacetaldehyde (DAAA), have been used to isolate human kidney progenitors,50 

hematopoietic stem cells,51,52 and subpopulations of mouse spermatogonial cells.53 

Finally, a newly developed, putatively stem-cell specific dye, CDy1, has been used to 

isolate induced pluripotent stem cells (iPSCs) and embryonic stem cells (ESCs),54,55 

mouse spermatogonial stem cells,56 and even subpopulations of multiple myelomas.57  

Molecular beacons can fluorescently label messenger RNA (mRNA) molecules, 

and provide an intracellular alternative to simple, cell permeant dyes. Invented by 

Tyagi and colleagues in the mid-1990s, molecular beacons are small, hairpin ribo- or 
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deoxyribo-nucleic acid (RNA and DNA, respectively) molecules that can be used to 

detect gene expression at the transcription level.58 In their most basic form, they 

consist of a 5′ fluorophore and 3′ quencher, 5+ base-pair stem, and 15-35 base loop 

that can be made complementary to oligonucleotide molecules of interest.59 In their 

unbound state, the 5′ fluorophore and 3′ quencher are kept in close proximity due to 

the self-complementary stem, but unwind upon hybridization with a target mRNA 

molecule. While simple DNA molecular beacons work incredibly well acellularly, 

they suffer from low signal-to-noise ratios in vitro, likely due to enzymatic 

degradation within the cell.60,61 As such, new iterations of molecular beacons have 

been synthesized in an effort to avoid enzymatic degradation, including 2′-O-metyl 

and 2′-deoxy beacons,62 locked nucleic acid (LNA) and LNA/DNA-hybrid 

beacons,63,64 and peptide nucleic acid (PNA) beacons.65-68 However, care must be 

exercised in the design of modified nucleic acid beacon constructs as their tight 

binding with endogenous mRNA may induce gene silencing.69Additionally, 

conventional beacons have been paired with other beacons to exhibit additional signal 

specificity,70,71 or otherwise modified to ensure true-positive detection.72-76 Various 

researchers have utilized molecular beacons or their derivatives with FACS to isolate 

human and mouse embryonic and neural stem cells,77,78 cardiomyocytes from 

heterogeneously differentiating pluripotent stem cell populations,79-81 and 

subpopulations of osteogenically primed SVF cells.1  

  With its many uses, and unparalleled specificity, FACS continues to be 

the most flexible cell sorting method. The abilities to use multiple markers to define 

extremely specific subpopulations and to separate cells based on differences in 
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fluorescence intensity make FACS an incredibly powerful tool. However, it is 

characterized by relatively low-throughput, and high cell losses, which will be 

discussed more in Chapter 2. 

 

1.2.1.2 Magnetic-Activated Cell Sorting (MACS) 

MACS* is performed much in the same way as FACS, but relies on targeted 

magnetic nanoparticles and an externally applied magnetic field to achieve cell 

separation (Figure 1-1).16 Magnetic labeling can be performed directly, with an 

antibody-labeled magnetic bead, or indirectly, using a fluorescent or biotinylated 

primary antibody coupled with a secondary magnetic bead targeting the 

fluorophore/biotin of the primary antibody. Magnetically treated, heterogeneous cell 

populations are first pipetted into a column placed in a strong magnetic field. Cells 

that have bound sufficient magnetic beads are retained on the column, while 

unlabeled cells pass through into a collection tube. Subsequently, the column can be 

removed from the magnetic field, and the labeled cells eluted into a separate 

collection tube. 

MACS is capable of performing analogous isolations to FACS, but is limited to 

binary separations using extracellular labeling. Like FACS, MACS has been used to 

isolate many different cell types, including lymphocytes,16 spermatogonial and 

prostatic epithelial stem cells,82,83 and various cancer stem cells,2,84 among many 

others. Additionally, magnetic sorting is used clinically in certain leukemia treatment 

                                                 
*“MACS” is technically a trade name for the magnetic cell separation system commercially produced by 
Miltenyi Biotec, however it often used to reference magnetic cell sorting, generally.16 
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protocols.13,14 Due to its bulk processing nature, MACS is very rapid and high 

throughput. As it is gravity-driven, it does not exert high cellular shear stresses like 

FACS, potentially resulting in higher post-sort viabilities.85 MACS does not require 

expensive machinery, and can be performed by novice users with little training. 

However, it is insensitive to clumps of cells and can suffer from false-negatives, 

resulting in lower purity isolations.26,86 Furthermore, MACS separates cells in a 

binary manner, isolating all cells based on whether or not they are labeled as opposed 

to the degree to which they are labeled. While concerns do exist as to whether the 

magnetic bead binding negatively affects cellular survival or post-sort phenotype, 

most studies indicate little to no effect.16,87-93 The relative merits of FACS and MACS 

are discussed in further detail in Chapter 2. 

 

1.2.1.3 Density Gradient Centrifugation 

Density gradient centrifugation can be performed in two distinct modes, rate-

zonal and isopycnic centrifugation, which enable the separation of different cell types 

on the basis of size and density, respectively (Figure 1-2). In either method, cell 

movements can be described by their sedimentation rates. The sedimentation rate, 

vcell, of a spherical cell in a fluid under constant centrifugation is a function of the 

cell’s size and density, and the density and viscosity of the surrounding fluid 

(Equation 1-1).94  

𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
2 ∙(𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐−𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

18∗𝜂𝜂𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
∗ 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐   Equation 1-1 
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where dcell = diameter of the cell, ρcell = density of the cell, ρfluid = density of the fluid, 

ηfluid = viscosity of the fluid, and fcentrifugal = the applied centrifugal force. 

 

Figure 1-2. Schematic of density gradient centrifugation modes. a.) Rate-zonal 
centrifugation separates cells solely based on size. b.) Continuous and c.) discontinuous 
isopycnic centrifugations separate cells solely based on density.  

 

In rate-zonal centrifugation, heterogeneous mixtures of cells of different sizes are 

layered on a pre-formed, continuous density gradient which is less dense than the 

cells at all points, and centrifuged. During centrifugation, the larger cells will exhibit 

faster sedimentation rates than the smaller cells (Figure 1-2a). If the centrifugation 

process is stopped prior to when cells of the denser cell type pellet, these gradients 

can be fractionated to isolate the individual cell types.  

Isopycnic centrifugation can be performed with either continuous or 

discontinuous density gradients. In continuous isopycnic centrifugation, mixtures of 

cell types of differing density are layered on top of a pre-formed continuous gradient 

with a maximum density that is greater than that of the cells. Upon centrifugation, 

each cell type moves down the gradient at their characteristic sedimentation rates 
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until they reach the gradient position that matches their density (Figure 1-2b). In 

discontinuous isopycnic centrifugation, a density gradient medium is diluted to make 

solutions of varied densities, which are carefully layered from most to least dense. 

Heterogeneous mixtures of cell types of varied density are then layered on top of the 

discontinuous gradient, which is subsequently centrifuged. Cells progress through the 

gradient steps until they reach an interface with a step of greater density than their 

own (Figure 1-2). After continuous or discontinuous isopycnic centrifugation, 

gradients can be fractionated to isolate the individual cell types. 

Density gradient centrifugation has been performed with a variety of different 

density gradient media to separate a myriad of cell types. While Ficoll95 and 

Percoll18,96 are two of the most common density gradient media compatible with cell 

use, many others exist, including Metrizamide,97 Nycodenz,98 and 

Iodixanol/Optiprep,99 among others. Since the late-1960s, polysaccharide Ficoll has 

been routinely used to perform discontinuous isopycnic separations of whole blood to 

isolate various cell types.100,101 Percoll, developed in the late-1970s, is composed of 

colloidal silica particles coated in polyvinylpyrrolidone (PVP).96 In addition to being 

used for discontinuous isopycnic centrifugation, Percoll can be centrifuged at high-g 

to make self-forming, continuous gradients due to its colloidal nature. As such, it has 

been used to separate many different cell types including spermatozoa,102 

cardiomyocytes,103 and various blood cells.104-106 A novel application of Percoll 

density centrifugation is presented in Chapter 3. 
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1.2.2 Adipose-Derived Stem Cells (ASCs) 

Adipose-derived stem cells (ASCs) are a multipotent cell population found in the 

vascular-associated cellular component, or stromal vascular fraction (SVF), of fat tissue. 

Discovered by Zuk and colleagues, ASCs possess both self-renewal and differentiation 

capacities, and lack the risk of teratoma formation posed by iPSCs or ESCs.107,108 ASCs 

are derived from the mesoderm, and can be differentiated down various mesodermal 

lineages including adipo-,109 chrondro-,110 myo-,111 and osteo-genic.112 Additionally, 

ASCs have even been reported to offer immunomodulatory effects.113 Though ASCs 

share many of these interesting qualities with other mesenchymal stem cells (MSCs), like 

bone marrow stem cells (BMSCs) and muscle-derived stem cells (MDSCs), ASCs 

possess distinct advantages over MSCs from other stem cell niches. 

Adipose tissue is an attractive stem cell source for both basic science and 

therapeutic applications due to its accessibility and the relative abundance of resident 

differentiable cells compared to other stem cell niches. Adipose tissue has been reported 

to contain a higher percentage of adult stem cells (ASCs: 1% - 40%)114,115 compared to 

bone marrow (BMSCs: 0.001% – 0.1%).116 ASCs can be easily procured from 

lipoaspirate waste, a byproduct of routinely performed liposuction surgeries (~250,000 

performed in U.S. in 2017).117 Prolonged passaging or active sorting processes are used 

to isolate ASCs from the SVF.  

Prolonged passaging leverages ASCs’ plastic adherence and self-renewal 

capacities to separate them from the rest of the cells of the SVF.118 First, lipoaspirate 

waste is processed by a combination of mechanical agitation and collagenase digestion to 

liberate the SVF. The SVF is then plated onto tissue culture plastic, allowing the adherent 
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cell types to attach and spread. Cells are then allowed to multiply in an expansion 

medium that maintains the proliferative and differentiation capabilities of the ASCs. Over 

the course of expansion and passaging, the proliferative ASCs overtake the remaining 

terminally differentiated cell types. While effective at isolation and purification of ASCs, 

prolonged passaging is not without its drawbacks. It is time-consuming and, despite the 

use of specialized expansion medium designed to maintain cell stemness, has been shown 

to affect ASC gene expression and differentiation potential due to sustained exposure to 

stiff cell culture plastic.119-121  

Cell sorting of ASCs is complicated by their dynamic surface marker profile.122 

The International Federation of Adipose Therapeutics and Science (IFATS) and the 

International Society for Cellular Therapy (ISCT) suggests a minimum surface marker 

definition of ASCs to include four markers (CD34+/CD31-/CD45-/CD235a-), with an 

additional four for increased specificity (CD13+/CD73+/CD90+/CD105+).114 These strict 

surface marker definitions can adversely affect cell yields, impairing thorough study or 

isolation of therapeutically relevant cell numbers. In the Darling Lab, we have conducted 

a study using a less stringent, gene expression-based sorting approach in an effort to 

increase functional cell yields.1 The large cell losses we observed during FACS 

separations in that study motivated the comparison of sorting efficiencies presented in 

Chapter 2. 

 

1.3 Closing Remarks 

This thesis serves to emphasize the importance of cell yields, throughputs, and 

resultant viabilities in cell sorting procedures. To this point, sorting purity has been the 
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primary characteristic by which sorting methods have been judged. However, as the 

personalized medicine revolution gains momentum and numerous new cell-based 

therapies are proposed, sorting parameters including yields, viabilities, and throughputs 

will have be afforded additional emphasis. Our rigorous characterization of these 

parameters for common sorting methods FACS and MACS (presented in Chapter 2) will 

serve both as a valuable decision-making tool as well as a template for others to conduct 

their own evaluations of sorting methods. Finally, with further development, our novel, 

particle-based sorting technology, MADC (presented in Chapter 3), will provide a much 

needed alternative for high-throughput, non-binary separations. 
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2.1 Abstract 

Efficient sorting methods are required for the isolation of cellular subpopulations in 

basic science and translational applications. Despite this, throughputs, yields, viabilities, 

and processing times of common sorting methods like fluorescence-activated cell sorting 

(FACS) and magnetic-activated cell sorting (MACS) are underreported. In the current 

study, we set out to quantify the ability of these sorting methods to separate defined 

mixtures of alkaline phosphatase liver/bone/kidney (ALPL)-expressing and non-

expressing cell types. Results showed that initial MACS runs performed using 

manufacturer’s recommended antibody and microbead concentrations produced 

inaccurate ALPL+ vs. ALPL- cell splits compared to FACS when ALPL+ cells were 

present in larger proportions (>~25%). Accuracy at all proportions could be achieved by 

using substantially higher concentrations of labeling reagents. Importantly, MACS sorts 

resulted in only 7-9% cell loss compared to ~70% cell loss for FACS. Additionally, 

MACS processing was 4-6 times faster than FACS for low proportion samples but took 
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similar time for high-proportion samples. Average cell viability for all groups remained 

high (>83%), regardless of sorting method. Despite requiring substantial optimization, 

the ability of MACS to isolate increased cell numbers in less time than FACS may prove 

valuable in both basic science and translational, cell-based applications. 

 

2.2 Introduction 

Cell sorting, enrichment, and purification methods are powerful tools enabling the 

isolation of cellular subpopulations for basic science and clinical applications. The 

stromal vascular fraction (SVF), or vascular-associated cellular component, of 

lipoaspirate has been identified as an attractive cell source for both basic science and 

translational study as it contains subpopulations of adipose-derived stem cells (ASCs) 

and other progenitors.1,2 Compared to other stem cell niches like bone marrow and 

muscle, adipose tissue contains higher percentages of differentiable cells, and can be 

isolated with ease and little donor site morbidity.3 As the SVF is comprised of a 

heterogeneous cell population, in vitro plating/expansion or cell separation techniques are 

required to isolate ASCs from non-stem cell types.4-6 Plating and expansion is a time 

consuming process not compatible with single-surgery procedures. More rapid cell 

separation techniques are needed for time-sensitive applications.  

 Subpopulations of ASCs and other progenitors can be fluorescently tagged based 

on biochemical markers and subsequently isolated from other cell types in the SVF by 

cell sorting techniques.7-12 The gold standard for cell separation is fluorescence-activated 

cell sorting (FACS). While FACS is capable of processing millions of cells and isolating 

multiple, high purity subpopulations, it is also relatively time consuming for very large 
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cell numbers and requires expensive machinery. A related technology, magnetic-

activated cell sorting (MACS), relies on direct (primary antibody-conjugated microbead) 

or indirect (primary antibody plus secondary antibody-conjugated microbead) magnetic 

labeling of cells prior to separation in a magnetic field.13 MACS is also used to select for 

cell populations using surface markers but is less time consuming and requires less 

expensive equipment than FACS. However, it lacks the sensitivity and cell-specific data 

provided by a fluorescence-based system and is not easily compatible with multiple-

marker profiles. Surprisingly, measures of cell throughput and yield, viabilities, and 

processing time between FACS and MACS are largely unreported, making it difficult to 

compare the practicality of the two techniques for a given application. 

Cell separation techniques for ASCs often employ multiple surface markers to 

specifically define the cell type, as a single, definitive marker has yet to be identified.14,15 

A general ASC definition proposed by the International Federation of Adipose 

Therapeutics and Science (IFATS) includes positive/negative expression for four surface 

markers (CD34+/CD31-/CD45-/CD235a-), with an additional four markers for increased 

specificity (CD13, CD73, CD90, and CD105).15 These restrictive definitions result in 

very small numbers of enriched, yet still heterogeneous, cells such that the population 

input to FACS must be extremely large to acquire therapeutically relevant numbers 

(~106-108) as output.16-22 Less restrictive surface marker profiles may enable isolation of 

larger cell populations and prove advantageous for regenerative medicine applications. 

One such marker, alkaline phosphatase liver/bone/kidney (ALPL), is a membrane bound 

protein involved in early matrix mineralization during osteogenesis and may be a useful 

target for identifying stem cell subpopulations, particularly for end applications of bone 
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regeneration.23-28 Previously, groups have isolated subpopulations of induced pluripotent 

stem cells and jaw periosteal cells based on ALPL expression that were capable of 

increased osteogenesis, though this has not yet been demonstrated with primary SVF 

cells.29,30 

The objective of this study was to quantify the processing times, cell yields and 

viabilities of MACS and FACS separations using defined mixtures of osteogenically 

primed SVF cells and A375 human melanoma cells based on their expression of ALPL. 

To accomplish this, primary SVF cells were first expanded and osteogenically stimulated 

to upregulate expression of the ALPL marker in responsive cell types. After priming, 

SVF cells were mixed in defined ratios with A375 cells (0:1, 1:3, 1:1, 3:1, 1:0) and 

separated based on ALPL expression using FACS or MACS. Processing time and cell 

throughput, yield, and viability for ALPL+ and ALPL- groups were quantified and 

compared between the two sorting methods. Effort was made to identify and reconcile 

discrepancies between the two approaches to better inform researchers using these 

techniques for cell enrichment/purification studies.  

 

2.3 Materials and Methods 

2.3.1 SVF Isolation and Culture 

For all FACS and MACS sorts, freshly thawed, passage 0 (P0) SVF cells were 

maintained in expansion medium with medium changes every other day until > 90% 

confluent in T182 tissue culture flasks (Genesee Scientific, San Diego, CA). Expansion 

medium maintained cells in a proliferative, multipotent state and consisted of Dulbecco’s 

modified Eagle’s medium: nutrient mixture F-12 (DMEM-F12) (GE Healthcare 
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HyClone, Pittsburgh, PA), 10% fetal bovine serum (FBS, ZenBio, Research Triangle 

Park, NC), 5 ng/mL epidermal growth factor, 1 ng/mL fibroblast growth factor, 0.25 

ng/mL transforming growth factor-β1 (R&D Systems, Minneapolis, MN), and 1X 

antibiotic/antimycotic (anti/anti, GE Healthcare HyClone).31 Once at near confluence, 

cells were primed with osteogenic medium for four days prior to sorting procedures. 

Osteogenic medium consisted of DMEM with high glucose (DMEM-hg, GE Healthcare 

HyClone), 10% FBS (ZenBio), 10 mM β-glycerophosphate, 150 µM ascorbate-2-

phosphate, 10 nM dexamethasone, 9.1 nM vitamin-D3 (Sigma-Aldrich, St. Louis, MO), 

and 1X anti/anti (GE Healthcare HyClone). Concurrently, freshly thawed A375 human 

melanoma cells were maintained in growth medium, with medium changes every other 

day for twelve days prior to sorting procedures. A375 growth medium consisted of 

DMEM-F12 (GE Healthcare HyClone) with 10% FBS (ZenBio) and 1X anti/anti (GE 

Healthcare HyClone). 

 

2.3.2 Fluorescence-Activated Cell Sorting (FACS) 

Four-day, osteogenically primed, P0, ALPL+ SVF cells and ALPL- A375 cells 

were detached from flasks using Accutase cell detachment solution (Corning Life 

Sciences, Tewksbury, MA) and filtered through 40 µm cell strainers (Fisher Scientific, 

Hampton, NH). Viability and cell numbers were determined using a trypan blue 

exclusion method. 8 x 106 cell mixtures were made according to the following 

ALPL+:ALPL- cell ratios: 0:1, 1:3, 1:1, 3:1, and 1:0. Cell mixtures were pelleted, and 

resuspended in 110 µL of 1:11 dilutions of anti-ALPL-allophycocyanin (APC) stock 

antibody solution for 10 min at 4°C, according to manufacturer’s protocol (Clone: W8B2, 
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Catalogue Number: 130-093-589, Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). 

After labeling, cells were maintained on ice until sorted. 

To lessen the impact of user variability, a single, expert operator with over 20 

years of fluorescence sorting experience performed all FACS sorts using a stream-in-air 

BD Influx cell sorter fitted with a 100 µm nozzle and 488 nm trigger and 633 nm 

fluorescence excitation lasers (Becton Dickinson, Franklin Lakes, NJ). Sorts were 

performed using a 20.1 psi driving pressure and a droplet frequency of 38.15 kHz. 

Though droplet delay was set independently for each sort, a typical value from a 

representative experiment was 28.9967 ms (1/droplet frequency). FSC and SSC gates and 

laser gains were established using two, 8 x 106 cell, unlabeled (A375 and osteo-primed 

SVF, respectively) and two, 8 x 106 cell, anti-ALPL-APC-labeled (A375 and osteo-

primed SVF, respectively) samples in 500 µL autoMACS rinsing solution (Miltenyi 

Biotec) with 0.5% BSA (Sigma-Aldrich, St. Louis, MO) after filtering through 40 µm 

cell strainers. Subsequently, 8 x 106 ALPL+:ALPL- cell mixtures of the ratios described 

above were passed through 40 µm cell strainers and sorted into ALPL+ and ALPL- 

fractions. 50 mL conical collection tubes (Genesee Scientific) containing 5 mL of cold, 

DMEM-hg base medium were used to preserve post-sort viability. After sorting, cells 

were maintained on ice until counted. Total cell yields were defined as the sum of live 

and dead cells counted at the output. Output fractions were calculated for both ALPL+ 

and ALPL- subpopulations by dividing the post-sort total cell count for each 

subpopulation by the sum of ALPL+ and ALPL- post-sort total cell counts. Viability was 

defined as the number of live output cells divided by the sum of live and dead output 
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cells, multiplied by 100. Each five-condition run (0:1, 1:3, 1:1, 3:1, 1:0) was repeated 

three times. 

 

2.3.3 Magnetic-Activated Cell Sorting (MACS) (Manufacturer’s Protocol) 

For experimental sorting runs, four-day, osteogenically primed, P0, ALPL+ SVF 

and ALPL- A375 cells were uplifted, filtered, and combined into mixtures of defined 

ratios as described above. Four unlabeled and anti-ALPL-APC-labeled control conditions 

were prepared as described previously. The remaining 8 x 106 cell experimental 

conditions (0:1, 1:3, 1:1, 3:1, and 1:0 ALPL+:ALPL-) were antibody-labeled as 

previously described, pelleted, and subsequently labeled with 100 µL of 1:5 dilution, 

anti-APC microbeads (Catalogue Number: 130-090-855, Miltenyi Biotec) for 15 minutes 

at 4°C. Each 8 x 106 antibody- and microbead-labeled condition was magnetically sorted 

at room temperature using “MS” columns, inserted into a Miltenyi OctoMACS separator 

(Catalogue Numbers: 130-042-201 and 130-042-109, respectively, Miltenyi Biotec). 

Post-sort retained and flow-through fractions from each experimental condition were 

counted, and viabilities determined as described previously. After sorting, cells were 

maintained on ice until counted. Output fractions, retained and flow-through yield, and 

viability were calculated as described above. After counting, all retained and flow-

through fractions for each experimental condition were further analyzed by flow 

cytometry to quantify the distribution of ALPL+ and ALPL- cells within each 

fraction/condition. FSC and SSC gates and laser gains were established using the four, 

labeled and unlabeled control conditions, as described previously. Each five-condition 

run (0:1, 1:3, 1:1, 3:1, 1:0) was repeated three times. 
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2.3.4 Magnetic-Activated Cell Sorting Optimization 

Optimization experiments were performed to reconcile discrepancies between 

MACS-isolated retained and flow-through fractions and the defined ALPL+ and ALPL- 

cell splits. Antibody and microbead labeling concentrations were varied to determine 

their effect on retained and flow-through output fractions and percent cell yield using 

only fixed, ALPL+ SVF cells. Primary SVF cells were expanded and osteogenically 

primed as described previously. After four days of priming, cells were detached from 

flasks using Accutase, pelleted, and fixed in suspension for 15 min in 10% formalin 

phosphate (Fisher Scientific) at room temperature. To determine the influence of 

microbead concentration, five aliquots of 8 x 106 fixed, ALPL+ SVF cells were labeled 

with 1:11 antibody dilutions, followed by 1:16, 1:8, 1:5, 1:2, or pure anti-APC microbead 

solutions prior to magnetic sorting using MS columns fitted with 70 µm filters (Miltenyi 

Biotec). Similarly, to determine the influence of antibody concentration, four aliquots of 

8 x 106 fixed, ALPL+ SVF cells were labeled with 1:11, 1:7.5, 1:5, or 1:2.5 anti-ALP-

APC antibody dilutions prior to labeling with 1:5 microbead dilutions and MACS 

processing using MS columns fitted with 70 µm filters. Finally, to examine the effect of 

simultaneously varying antibody and microbead concentration, two 8 x 106 ALPL+ SVF 

aliquots were labeled with 1:2.5 antibody dilutions followed by a 1:5 dilution or pure 

microbead solution and processed by MACS using MS columns fitted with 70 µm filters. 

Following all magnetic sorts, cells were counted and calculations made for retained and 

flow-through output fractions and percent cell yield. Post-sort retained and flow-through 

fractions of antibody-varied and simultaneous antibody- and microbead-varied trials were 
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further analyzed by flow cytometry to determine distributions of ALPL+ and ALPL- cells 

within each sample. 

 

2.3.5 Magnetic-Activated Cell Sorting (MACS) (Optimized Protocol) 

Three separate, five-condition (0:1, 1:3, 1:1, 3:1, 1:0 ALPL+:ALPL-) runs were 

performed as described previously but with increased antibody and microbead labeling 

concentrations. For optimized MACS protocol runs, cells were labeled with 110 µL of a 

1:2.5 dilution of anti-ALPL-APC antibodies for 10 min at 4°C, followed by 100 µL of 

undiluted anti-APC microbeads for 15 min at 4°C. All post-sort counting, viability, and 

flow cytometric assessment was performed as described previously. 

 

2.3.6 Statistical Analysis 

For MACS optimization, correlations between retained output fractions and either 

antibody or microbead dilution were determined by calculating Pearson’s r values on log-

transformed data. For FACS and manufacturer’s and optimized protocol MACS, 

comparisons of total, live, and dead cell yields were made using a Kruskal-Wallis one-

way analysis of variance (ANOVA) on ranks (factor: sorting method, p < 0.05). 

Comparisons of average viability for all ratio conditions were made using a Kruskal-

Wallis one-way ANOVA on ranks (factor: sorting method, p < 0.05) to determine 

statistical differences between FACS (n = 25), manufacturer’s protocol MACS (n = 27), 

and optimized MACS (n = 27). 
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2.4 Results 

2.4.1 MACS Optimization 

Manufacturer’s protocol MACS runs displayed major differences in retained and 

flow-through output fractions compared to FACS-separated ALPL+ and ALPL- fractions 

(Figure 2-1). To determine whether antibody and microbead concentrations specified by 

the manufacturer’s MACS protocol was responsible for the observed differences, MACS 

antibody- and microbead- treatment concentrations were varied in a series of 

optimization trials to determine their effect on isolation of fixed, ALPL+ SVF cells. Data 

showed that when antibody labeling concentration was held constant (1:11) and 

microbead concentration varied (1:16, 1:8, 1:5, 1:2, and no dilution), a very strong 

positive correlation existed between microbead concentration and retained cell yields for 

MACS optimization tests (Figure 2-2a, r = 0.95). Similarly, in MACS optimization runs 

performed with varied antibody concentrations (1:11, 1:7.5, 1:5, and 1:2.5) and fixed 

microbead concentration (1:5), a very strong positive correlation existed between 

antibody concentration and retained fraction yields (Figure 2-2b, r = 0.99). Regardless of 

antibody concentration, flow cytometric analysis showed that the retained and flow-

through fractions all exhibited high fluorescence and large overlaps in their fluorescence 

histograms (Figure 2-2c). This overlap suggested manufacturer’s protocol MACS-

isolated flow-through subpopulations were comprised largely of false-negatives.  To 

address this complication, MACS optimization runs were performed with high antibody 

concentration (1:2.5) coupled with high microbead concentration (1:5 or no dilution). 

When performing MACS with these increased antibody and microbead concentrations, 
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false-negative rates were minimized as evidenced by low flow-through cell percentages 

and little fluorescence overlap between retained and flow-through fractions (Figure 2-3). 

  

 

Figure 2-1. Normalized output fraction of osteogenically primed SVF and A375 
controlled-ratio sorts using FACS, manufacturer’s protocol MACS, and optimized 
protocol MACS. Defined mixtures of osteogenically primed SVF and A375 cells were 
labeled with anti-ALPL-APC antibodies (and anti-APC microbeads for MACS) prior to 
cell sorting. After separation, ALPL+/retained and ALPL-/flow-through fractions were 
counted and normalized output fractions computed. For ALPL+:ALPL- cell ratios > 1:3, 
manufacturer’s protocol MACS sorts were not able to accurately separate ALPL+ and 
ALPL- cells. Error bars indicate standard deviation. 
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Figure 2-2. Cell yield and fraction analyses for MACS optimization trials of varying 
antibody and microbead concentrations. MACS cell yields of retained and flow-through 
fractions for pure ALPL+ optimization sorts when a) microbead dilution was varied with 
a fixed (1:11) antibody dilution and b) antibody dilution was varied with a fixed (1:5) 
microbead dilution. c) Distributions of ALPL+ cells within retained and flow-through 
fractions of antibody-varied trials displayed in b) were assessed via flow cytometry and 
confirmed a high false-negative rate in flow-through fractions. (APC fluorescence 
corresponds to APC dye on anti-ALPL antibody).  
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Figure 2-3. Cell yield and flow cytometric analysis for high concentration antibody and 
microbead MACS optimization trials. Fixed SVF cells were labeled with 1:2.5 antibody 
dilutions prior to 1:5 or no dilution microbead labeling and then magnetically sorted. 
Retained and flow-through fractions were counted and percent cell yields calculated prior 
to flow cytometric analysis. a) Percent cell yields, b) flow cytometry fluorescence 
histograms of post-sort fractions (APC fluorescence corresponds to APC dye on anti-
ALPL antibody).  

 

A complete set of MACS runs was performed using the optimized antibody (1:2.5 

dilution) and microbead (no dilution) concentrations. Retained and flow-through fractions 

collected with the optimized protocol mirrored both the ALPL+/ALPL- fractions 

observed with FACS, and the defined input fractions (Figure 2-1). Flow cytometry of the 

retained and flow-through fractions indicated low fluorescence overlap, and thus accurate 

ALPL+/ALPL- subpopulation separation, compared to results using the manufacturer’s 

MACS protocol (Figure 2-4). 
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Figure 2-4. Post-MACS flow cytometric analysis of retained and flow-through fractions 
isolated using either manufacturer’s or optimized protocols. After MACS separation of 
defined mixtures of ALPL+ and ALPL- cells (0:1, 1:3, 1:1, 3:1, 1:0) according to 
manufacturer’s (a-e) or optimized protocols (f-j), post-sort subpopulations were assessed 
by flow cytometry. For input populations larger than 1:3, manufacturer’s protocol sorts 
exhibited large false-negative rates.  
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2.4.2  Cell Yield, Viability, and Sorting Time for Sorting Experiments 

The effectiveness of a cell sorting procedure depends substantially on the number 

of viable cells it can process. Comparisons were made between FACS and 

manufacturer’s and optimized protocol MACS approaches, with special focus on cell 

yields (total, live, and dead) and viability. On average, FACS produced low total and live 

cell yields (Figure 2-5a). Comparatively, manufacturer’s and optimized protocol MACS 

produced high cell yields, exhibiting only 10% and 14% of total FACS cell loss (Figure 

2-5a). Dead cell yields were universally low (Figure 2-5a). Likewise, average cell 

viability was universally high among sorting methods, though both manufacturer’s and 

optimized protocol MACS exhibited slightly higher viability than FACS (p < 0.0001 and 

p<0.002, respectively, Figure 2-5b). As a practical parameter, individual FACS 

procedures took 20-30 minutes, while individual manufacturer’s protocol MACS 

procedures took approximately 5 minutes. Individual optimized protocol MACS sorting 

times scaled with increasing ALPL+:ALPL- input ratios, such that small ratios (0:1 and 

1:3) took ~5 minutes while large ratios (3:1 and 1:0) took ~30 minutes to complete. 
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Figure 2-5. Total, live, and dead cell yields and post-sort viabilities for FACS, 
manufacturer’s protocol MACS, and optimized protocol MACS sorts. Post-sort a) total, 
live, and dead cell yields and b) viabilities for FACS and manufacturer’s and optimized 
protocol MACS (a. Unlike letters within total, live, and dead yield sections indicate 
statistical difference, p < 0.05; b. * Indicates significant difference in viability among 
sorting methods, p < 0.05). Error bars indicate standard deviation. Average live cell input 
cell number: 8x106 for all sorting methods. Average total cell input number: 
10.7±1.4x106 for FACS, 9.5±0.8x106 for manufacturer’s protocol MACS, and 
9.8±0.3x106 for optimized protocol MACS.  

 

2.5 Discussion 

The overarching goal of this study was to enable researchers to make informed 

decisions about cell sorting methods by quantifying important, vastly underreported 

sorting parameters including cell throughputs, yields, and viabilities of FACS and MACS 

procedures. To do this we created a series of defined mixtures of osteogenically primed 

SVF (ALPL+) and A375 human melanoma (ALPL-) cells and separated them using 

FACS and MACS. We hypothesized that MACS would enable faster isolation of larger 

numbers of highly viable cells compared to FACS.  Indeed, we found that manufacturer’s 

protocol MACS sorts were considerably faster and lost fewer cells than FACS but were 

unable to accurately separate ALPL+ from ALPL- subpopulations. Optimization 

necessitated substantially increased MACS antibody and microbead labeling 
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concentrations, thereby enabling accurate separation of ALPL+ and ALPL- 

subpopulations, albeit at a higher cost-per-sort. Optimized protocol MACS procedures 

were completed 0-6 times faster than FACS per sort, with larger ALPL+:ALPL- mixtures 

taking progressively longer than smaller ratio mixtures. 

While FACS runs confirmed our preconceptions of fluorescence-based sorting 

(i.e., high purity, low throughput and yield), comparative manufacturer’s protocol MACS 

runs yielded contradictory results as flow-through fractions exhibited high false-negative 

rates.. Though manufacturer’s protocol MACS provided a higher percent total cell yield 

(93% ± 8% versus 32% ± 11%, p<0.0001) and percent live cell yield (104% ± 10% 

versus 35% ± 10%, p<0.0001), its retained- and flow-through-normalized output 

fractions diverged from the defined input values for the  higher, osteo-primed SVF:A375 

ratios (1:1, 3:1, and 1:0, Figure 2-1). The larger than anticipated flow-through 

normalized output fractions suggested that manufacturer’s protocol MACS-isolated flow-

through groups were primarily composed of false-negative cells. These suspicions were 

confirmed upon flow cytometric analysis of the retained (nominally “ALPL+”) and flow-

through (nominally “ALPL-”) fractions. The fluorescence histograms for these fractions 

exhibited overlapping, high fluorescence values, indicating inadequate separation of 

highly fluorescent, ALPL+ and non-fluorescent, ALPL- cells. These results are consistent 

with a previous study, which demonstrated high (16%-35%) false-negative rates with 

manufacturer’s protocol MACS separations.32 Our subsequent hypothesis was that the 

manufacturer-recommended MACS protocol provided insufficient antibodies and/or 

microbeads to sufficiently label a highly expressed surface protein like ALPL across 

large numbers of cells. Insufficient amounts of antibody could result in too few surface 
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ALPL proteins being antibody-labeled, thereby limiting the potential binding partners for 

magnetic microbeads that are required to hold cells in the MACS column. Similarly, 

insufficient numbers of microbeads could result in incomplete saturation of available 

antibody-labeled ALPL surface proteins, preventing cells from being retained in the 

column. 

To determine whether the manufacturer’s protocol MACS antibody and 

microbead treatment concentrations were responsible for inaccurate separation of ALPL+ 

and ALPL- cells, , antibody and microbead concentrations were varied systematically 

prior to sorting in a series of optimization experiments on pure, fixed, ALPL+ SVF cells. 

Solely increasing antibody or microbead labeling concentration was insufficient to isolate 

the pure, ALPL+ input cell population. However, by coupling increased antibody 

concentration (1:2.5) with increased microbead concentration (1:5 or no dilution), 

percent-retained cell yield could be brought within 10% of the defined, ~100% input 

population. As such, we concluded that the manufacturer’s protocol antibody and 

microbead concentrations were indeed insufficient to adequately label, and isolate high-

proportion ALPL+ populations. We subsequently hypothesized these optimized MACS 

antibody and microbead labeling concentrations would enable accurate separation of 

ALPL+ SVF and ALPL- A375 cells, in contrast to the manufacturer’s protocol. 

Optimized protocol MACS sorts were performed on live cells using the higher 

antibody (1:2.5) and microbead (no dilution) concentrations, yielding retained and flow-

through splits that more closely matched the defined input. Post-sort flow cytometric 

analysis indicated appropriate separation of ALPL+ and ALPL- fractions, as the 

fluorescence histograms of highly fluorescent retained (ALPL+) and lowly fluorescent 
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flow-through (ALPL-) fractions displayed minimal overlap.  Compared to FACS, 

optimized protocol MACS experiments displayed higher percent total cell yield (91% ± 

8% versus 32% ± 11%, p<0.0001) and live cell yield (102% ± 11% versus 35% ± 10%, 

p<0.0001). The discrepancies in cell loss between manufacturer’s and optimized protocol 

MACS and FACS is likely due to the FSC and SSC (size and granularity) gating required 

by FACS. To ensure purity of the isolated subpopulations, FACS imposes strict size and 

granularity constraints on the assessed populations. As a result, multi-cell aggregates and 

debris are rejected during sorting, lowering yield but maintaining the purity of the output 

streams. MACS does not impose size and granularity constraints, thereby increasing yield 

at the potential expense of purity. Discrepancies in cell yield were not the only 

differences exhibited by FACS and MACS, however. 

FACS sorts took considerably longer (~20-30 min per sort) to complete than 

MACS manufacturer’s protocol sorts (~5 min per sort). Processing time for MACS 

optimized protocol sorts varied with the proportion of ALPL+ cells in the sample; quick 

for lower proportions and slow for higher proportions (~5-30 minutes per sort). This 

characteristically slower processing time for FACS is due to the single-cell assessment 

approach inherent in the technology. While FACS systems can use higher fluid (air or 

liquid) flow rates to increase the speed of cell sorting, it is still a relatively slow process 

compared to MACS, which is accomplished as a bulk separation. While relatively modest 

cell numbers were sorted in this study (8 x 106 cells), accurately separating larger, 

clinically relevant cell numbers with FACS would take progressively longer. 

Additionally, FACS sorts must be performed serially, while MACS sorts can be 

performed in parallel. As a result, the total time required for five, serial FACS sorts 
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(~1.7-2.5 hrs) vastly exceeded the time required for the five, parallel MACS sorts (~5 

min for manufacturer’s protocol, ~30 min for optimized protocol). Furthermore, the ready 

parallelization afforded by MACS allows for vast increases in input cell numbers without 

appreciable increases in sorting time.   

Longer sorting times were required for optimized protocol MACS sorts with 

larger ALPL+:ALPL- sorting ratios. As cells proceed through the MACS column, 

magnetically labeled cells are sequestered, and the void volume of the column is 

effectively reduced, requiring unlabeled cells and fluid to take a slower, more circuitous 

path to the outlet. Thus, as ALPL+:ALPL- ratios increased so did the sorting times. This 

knowledge may be useful, especially when separating cells without prior knowledge of 

the number of positive cells in the population. By measuring the approximate sorting 

time, a researcher can get an estimate of the percentage of positive cells in the population. 

Additionally, sorting times for populations containing high percentages of positive cells 

could likely be reduced by diluting the population and simultaneously sorting through 

multiple MACS columns. 

In addition to the anticipated differences in throughputs, yields , and sorting 

times, manufacturer’s and optimized protocol MACS displayed slightly higher, post-sort 

viability compared to FACS (94% ± 4% and 90% ± 8% versus 84% ± 5%, p<0.0001 and 

p=0.002, respectively), consistent with published reports.32,33 In FACS, the high fluid 

flow rates coupled with small nozzle diameters have the potential to reduce cellular 

viability due to high shear stresses.34 Conversely, MACS is a gravity-driven process that 

does not impart high shear stresses, which should help maintain good viability. In both 
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sorting methods, keeping the cells on ice both pre- and post-sort better maintained 

viability as it effectively lowered the metabolic rate of the cells.  

The current study used single, representative FACS and MACS systems to 

investigate the general performance of these technologies as measured by cell throughput, 

yield, and viability.  That said, results will likely vary for different device operators and 

equipment choices (i.e., alternative cell sorter models or magnetic bead suppliers). In the 

current study, user-to-user variability and equipment differences were controlled for by 

having a single, experienced operator use equipment from a single manufacturer (BD 

Influx for FACS sorts, Miltenyi Biotec MACS beads and OctoMACS magnet for MACS 

sorts). While not conducted as part of the current study, we have completed similar FACS 

runs with different operators and cell sorters (BD FACS Aria and BioRad S3) for general 

comparison purposes. Minor variations existed, but the overall trends related to cell 

throughput, yield, and viability were conserved. Many different options exist for 

immunolabeled, magnetic cell sorting beads, like Dynabeads (Thermo Fisher) or EasySep 

(Stem Cell Technologies), but direct comparisons of the technologies are complicated by 

the proprietary nature of their characteristics (e.g., particle size, antibody density, 

magnetic moment, etc.). However, each of these technologies is likely to have similar 

limitations to Miltenyi’s MACS system, necessitating a rigorous optimization as 

presented in the current study to ensure sorting accuracy regardless of magnetic bead 

supplier. As such, though the specific throughputs, yields, and sorting times of different 

FACS and MACS equipment will likely vary, the relative comparison between 

fluorescence- and magnetic-based sorting observed in the current study is expected to 

remain consistent. 



 
 

55 

In conclusion, we demonstrated that MACS performed according to optimized 

protocols enabled a more rapid, higher-yield, and higher-viability isolation of osteo-

primed, ALPL+ SVF cells in our stem cell isolation model compared to FACS. As such, 

MACS may be the more attractive option when selecting for low-abundance cell 

populations or time-sensitive clinical samples intended for cell therapy applications. In 

fact, this has been demonstrated by clinical trials using magnetic bead-based, FDA-

approved CliniMACS and ISOLEX 300i CD34+ cell isolation systems for treatment of 

leukemia and other hematologic diseases.35-37 Moving forward, it will be important to 

study the impact that parallelized, high-throughput sorting may have in a broader range of 

clinical applications. Increasing the efficiency of cell separation will enable isolation of 

larger cell numbers in less time than current methods, an asset for both basic science and 

cell-based therapies. 

 

2.6 Major Takeaways 

• MACS processes cells more quickly and with greater yields than FACS. 

• Selecting for highly abundant subpopulations with MACS requires substantially 

more antibodies and magnetic microbeads than recommended by manufacturer 

protocols. 

• The occurrence of false-negatives in MACS, a commonly noted limitation, can be 

lessened by antibody/microbead optimization. 
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2.11 Supplemental Information 

2.11.1  Preliminary FACS and MACS Sorts 

Initial FACS and MACS sorts were performed on live, osteogenically primed 

SVF cells. Post-sort ALPL+ and ALPL- fractions were subjected to a 21-day, post-sort 

osteogenic differentiation protocol prior to ALPL activity assessment. Unsorted cells and 

“mock sorted” cells, i.e. those only subjected to size and granularity gating (FACS) or 

passed through columns not placed in the magnetic field (MACS), were included as 

controls. Two-way analysis of variance (factors: condition and sorting method) with an 

unequal N, modified Tukey post hoc test (p < 0.05) was performed to determine 

statistical differences between FACS (N = 3, n = 9 – 12) and MACS (N = 1, n = 4).  

Exceedingly small ALPL- fractions in FACS sorts indicated pre-sort expansion 

and osteogenic priming likely homogenized the cell population, selecting for ALPL+ 

cells (Figure S 2-1a). Stark differences in ALPL+/ALPL- splits between FACS and 

MACS indicated the possibility of MACS-isolated ALPL- subpopulations being 

composed primarily of false-negatives (Figure S 2-1a). This was confirmed by the lack 

of difference in ALPL+ and ALPL- groups’ 21-day, post-sort ALPL activities (Figure S 

2-1b).  
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Figure S 2-1. Initial FACS and MACS post-sort yield and differentiation results. a.) Cell 
yields and b.) 21-day, post-sort ALPL activity for FACS and MACS isolated 
subpopulations. * indicates statistically different difference (p < 0.05).  
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Chapter 3 
 

3 Mass-Added Density Centrifugation (MADC): A 
novel, particle-based, non-binary cell sorting 

method 
 

Bryan Sutermaster, M.S. 

 

 

3.1 Introduction 

Cell sorting methods can be used to isolate subpopulations of cells from complex, 

heterogeneous cell mixtures for both basic science and clinical applications.1-3 The two 

most common cell sorting methods, fluorescence-activated cell sorting (FACS) and 

magnetic-activated cell sorting (MACS), leverage fluorescent and magnetic labels, 

respectively, to separate cells.4-6 FACS is characterized by ability to isolate highly pure 

subpopulations, but does so at the expense of throughput and resultant cell viability.7 

Additionally, FACS requires specialized, expensive equipment and a skilled operator 

capable of performing calibration and maintenance. In contrast, MACS is gentle and 

high-throughput, but cannot provide the specificity offered by FACS.8 However, MACS 

can be performed with a simple magnet, and by novice users. While these are the most 

common and flexible sorting methods, other, more specialized sorting methods exist.  

Isopycnic, or density gradient, centrifugation enables cell separation based on 

differences in density, and is a technique commonly used to separate various cell types 
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from whole blood or subcellular organelles from cell lysates.9-13 Isopycnic centrifugation 

requires a density gradient medium and a centrifuge, and can be performed by novice 

users. Percoll, a common density gradient medium, is a colloidal suspension of 

polyvinylpyrrolidone (PVP)-coated silica particle which can be used to sort cells at their 

physiological densities.14,15 Upon high-g centrifugation, the colloidal silica particles self-

sort based on size, forming a continuous density gradient. Alternatively, Percoll solutions 

of defined density can be layered in a discontinuous gradient. In either method, cells are 

layered on top of the pre-formed continuous or discontinuous gradients and centrifuged at 

low-g. In continuous density gradient centrifugation, cells travel through the gradient 

until they reach the region of the gradient that matches their density (the isopycnic point). 

In discontinuous gradient centrifugation, cells travel through the gradient steps and 

ultimately stop when they reach the interface of a step that is greater than their own 

density. After centrifugation, either continuous or discontinuous gradients can be 

fractionated to isolate cells. While isopycnic centrifugation is incredibly useful for 

separating cells/subcellular organelles of varying density, it is by definition incapable of 

separating cells/particles of the same density. 

Sorting technologies have been proposed to alter cell density prior to separation 

using a density gradient, but published studies have used density-altering particles larger 

than the cells, themselves. In a since-expired U.S. patent and book chapter, a method for 

altering the density of cells using 0.1 µm – 5 µm particles was proposed, however no 

studies using this method were ever published.16,17 Additionally, a separate, recent study 

was published in which multiple fetal nucleated red blood cells were bound to anti-

CD147-functionalized, 30 µm gelatin-coated silica microparticles to enable discontinuous 
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density gradient separation from normal blood cells.18 As this technique utilized particles 

that are larger than that of the cell, it only enabled binary separations that obscure 

potentially important cellular heterogeneity. Thus, an opportunity exists for the 

development of a non-binary, particle-based sorting method capable of separation of 

cellular subpopulations exhibiting graded protein expressions.  

For effective sorting, surface marker targets should be characteristically expressed 

by cellular subpopulations of interest. CD51/61 and CD271 are two important surface 

markers expressed in various human melanoma cells. CD51/61 is a heterodimeric 

integrin, also known as the vitronectin receptor, that is uniformly highly expressed in 

A375 cells.19 Various reports have implicated either CD51/61 expression or that of its 

subunits in melanoma tumorigenicity/metastasis.20-23 In MeWo cells, CD271, or nerve 

growth factor receptor, has been shown to be upregulated in a dose-dependent manner in 

response to treatment with common chemotherapeutic drug cisplatin.24 CD271 has been 

implicated in metastasis and chemotherapeutic resistance, and has even been posited as a 

melanoma cancer stem cell marker.25-31 These markers may be useful as targets in cell 

sorting of melanoma subpopulations. 

In the study that follows, we set out to design a novel sorting method called mass-

added density centrifugation (MADC), in which cellular density was altered by the 

binding of small, massive nano/microparticles prior to conventional density gradient 

centrifugation. To determine the feasibility of this novel separation method, we designed 

a three-pronged, proof-of-concept study. First, A375s and MeWo were labeled with 

massive micro- or nano-particles targeting CD51/61 and CD271, respectively, mixed 

with untreated cells, and subjected to density gradient centrifugation using continuous 



 
 

68 

gradients to determine the ability of MADC to perform binary separations. After 

centrifugation, the gradients were fractionated and subjected to flow cytometry to 

determine the relative per-fraction splits of treated and untreated cells. To test whether 

MADC was capable of non-binary separations, anti-CD271/microparticle-treated MeWo 

cells were subjected to density gradient centrifugation using continuous gradients, prior 

to fractionation and Western blot analysis for per-fraction CD271 expression. Finally, an 

analogous experiment was performed with anti-CD271/microparticle-treated MeWo cells 

using a discontinuous gradient, prior to fractionation and Western blot to quantify per-

fraction CD271 expression. The objective of developing this novel, particle-based sorting 

method was to equip researchers with a versatile, accessible sorting technology 

combining the gentle, high-throughput nature of MACS with the non-binary separation 

capabilities of FACS. Furthermore, used in tandem with MACS, MADC could enable 

non-binary separation of magnetically sorted subpopulations, addressing one of the 

magnetic sorting modality’s primary weaknesses. 

 

3.2 Materials and Methods 

3.2.1 MADC Theory 

Cellular mass and volume is altered by binding of small, massive particles. The 

mass and volume of a cell-particle composite can be described as a function of their 

individual masses and volumes (Equations 3-1,3-2), where (mcell, mparticle, mcell+particles), 

(vcell, vparticle, vcell+particles), and (rcell, rcell+particles) are the masses, volumes, and radii, 

respectively, of the cell, particles, and cell/particle composites, and n is the number of 

bound particles. Hence, the density of the cell/particle composite, ρcell+particles, can be 
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described as a function of their individual masses and volumes (Equation 3-3). Provided 

that the radius of the mass-adding particles is much, much smaller than that of the cell, 

the cell/particle composite can be made more massive without precipitously changing 

volume. 

 

𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐+𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑛𝑛 ∙ 𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝   Equation 3-1 

 

𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐+𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 4
3
∙ 𝜋𝜋 ∙ 𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐3 + 𝑛𝑛 ∙ �4

3
∙ 𝜋𝜋 ∙ 𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝3�   Equation 3-2 

 

𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐+𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =  𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐+𝑛𝑛∙𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
4
3∙𝜋𝜋�𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

3+ 𝑛𝑛∙�𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝3��
   Equation 3-3 

 

Estimates of the maximum possible number of particles added per cell were calculated 

for each particle type by dividing the surface area of a cell (dcell ≈ 20 µm) by the cross-

sectional area of the particle. 

 

3.2.2 Cell Culture and Fixation 

A375 human melanoma cells were plated into T182 flasks (Genesee Scientific, 

San Diego, CA) and expanded to confluence in growth medium composed of Dulbecco’s 

Modified Eagle’s Medium with high glucose (DMEM-hg, GE Healthcare HyClone, 

Pittsburgh, PA), 10% fetal bovine serum (Genesee Scientific), and 1% 
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penicillin/streptomycin (GE Healthcare HyClone). Once confluent, cells were detached 

using Accutase Cell Detachment Solution (Innovative Cell Technologies, San Diego, 

CA) to preserve trypsin-vulnerable surface markers, and centrifuged for 5 min at 400 g to 

pellet. Cells were then fixed in 10% formalin phosphate (Fisher Scientific, Hampton, 

NH) for 30 min at room temperature. After fixation, the cells were washed twice in 

phosphate buffered saline (PBS, Fisher Scientific) and stored at 4°C prior to use. 

MeWo human melanoma cells were similarly plated into T182 flasks and 

expanded to confluence in growth medium composed of Modified Eagle’s Medium, 1% 

penicillin/streptomycin , 1% L-Glutamine, 1% non-essential amino acids (GE Hyclone), 

and 10% fetal bovine serum. Fresh stocks of 1.67 mM cisplatin (Sigma-Aldrich, St. 

Louis, MO) were made the day of treatment in 0.9% saline. 15 µM and 30 µM cisplatin 

stocks were made by diluting the 1.67 mM cisplatin stock solution with complete MeWo 

growth medium. Confluent T182 flasks of MeWo cells were treated with either 0 µM 

(MeWoNT), 15 µM (MeWo15), or 30 µM (MeWo30) cisplatin in complete growth medium 

for 24 hrs at 37°C and 5% CO2. After 24 hrs, cells were uplifted with Accutase and fixed 

as described previously. 

 

3.2.3 Wheat Germ Agglutinin Staining 

For trials using Sera-Mag™ beads, fixed MeWo30 cells (20 x 106) were stained 

with either wheat germ agglutinin-AlexaFluor 488 or -AlexaFluor 647 (WGA488, 

WGA647, respectively, Thermo Fisher Scientific, Waltham, MA) according to 

manufacturer’s protocols. Briefly, cell pellets were resuspended in 5 µg/mL WGA488 or 

WGA647 in Hank’s buffered saline solution (HBSS, GE Healthcare HyClone) for 10 min 
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while rocking covered in foil at room temperature. After the 10 minute incubation, cells 

were washed once in HBSS prior to a second fixation in 10% formalin phosphate for 30 

min at room temperature while covered in foil to prevent dye leaching. After secondary 

fixation, 10 x 106 WGA647-stained cells were pelleted prior to antibody treatment, while 

10 x 106 WGA488-stained cells were resuspended in 500 µL autoMACS Rinsing 

Solution (Miltenyi Biotech, Bergisch Gladbach, Germany) + 0.5% bovine serum albumin 

(BSA, Millipore Sigma, Burlington, MA) and stored until density gradient centrifugation. 

For trials using 80 nm InnovaCoat® gold beads (Expedeon, San Diego, CA), 2 x 

106 A375 cells were stained with WGA488 according to manufacturer’s protocols. Cells 

were incubated covered at room temperature without additional agitation for 10 min. 

After the 10 minute incubation period, cells were washed twice in PBS and stored prior to 

density gradient centrifugation. 

 

3.2.4 InnovaCoat® Gold CD51/61 Antibody Functionalization 

80 nm InnovaCoat® Gold nanoparticles were functionalized with anti-CD51/61 

antibody (Catalogue Number: 16-0519-81, Clone: 23C6, Invitrogen, Carlsbad, CA) 

according to manufacturer’s protocols with slight modifications. Briefly, anti-CD51/61 

antibody was diluted to 0.05 mg/mL using the provided antibody diluent solution. The 

diluted antibody stock was further diluted to a final concentration of 0.01 mg/mL with 

provided reaction buffer. Using 450 µL of the 0.01 mg/mL antibody dilution, the dried 

InnovaCoat® beads were reconstituted, and incubated at room temperature for 15 min. 

After 15 min, 50 µL of the supplied quenching buffer was added, and the solution 

incubated for another 5 min. To wash out remaining unbound antibodies, the quenching 
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buffer was diluted 1:20 in water, and 5 mL was added to the antibody-functionalized gold 

beads. The solution was then centrifuged at 9,000 g for 10 min to pellet the beads. After 

centrifugation, the beads were resuspended in 500 µL PBS. Antibody functionalization 

was confirmed using Conjugate Check&Go! lateral flow assays according to 

manufacturer’s protocols (Expedeon). 

 

3.2.5 Pre-Sera-Mag™ MADC Antibody Treatment 

10 x 106 WGA647-stained or unstained MeWo30 cells subjected to 24hr cisplatin 

treatment as described previously were pelleted and resuspended in 200uL of anti-

CD271-biotin antibody (Catalogue Number: 557195, Clone: C40-1457, BD Biosciences, 

San Jose, CA) and incubated for 15 min at room temperature. After 15 min, 1 mL of cold 

autoMACS Rinsing Solution + 0.5% BSA was added, and the cells pelleted. The cells 

were washed once more in cold autoMACS Rinsing Solution + 0.5% BSA, and pelleted 

prior to magnetic microbead treatment. 

 

3.2.6 Anti-CD51/61-Functionalized InnovaCoat® Bead Treatment 

2 x 106 unstained A375 cells were first blocked with 3% BSA for 1 hr at room 

temperature. After blocking, cells were pelleted and resuspended in 500 µL of anti-

CD51/61-functionalized Innovacoat® beads in PBS + 1% BSA and incubated for 1 hr at 

RT. After the 1 hr incubation, the cells were pelleted and washed twice with PBS. 

Finally, the bead-treated cells were resuspended in 100 µL PBS. 
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3.2.7 Sera-Mag™ Bead Treatment 

For continuous gradient MADC experiments designated for post-separation flow 

cytometry, 10 mg/mL magnetic, neutravidin coated particles (Sera-Mag™ SpeedBeads, 

diameter: ~1 µm, density: ~2.0 g/cm3, GE Healthcare Life Sciences, Marlborough, MA) 

were diluted to a final concentration of 1 mg/mL using cold autoMACS Rinsing Solution 

+ 0.5% BSA (10 µL 10 mg/mL Sera-Mag™ beads + 90 µL autoMACS Rinsing Solution 

+ 0.5% BSA). 10 x 106 MeWo30 (anti-CD271-biotin-treated, WGA647-stained) cells 

were resuspended in diluted Sera-Mag™ beads and incubated at room temperature for 15 

min while covered in foil. After the incubation, 1 mL of cold autoMACS Rinsing 

Solution + 0.5% BSA was added to the cell/bead mixture and pelleted. The cell pellet 

was washed twice more in cold autoMACS Rinsing Solution + 0.5% BSA prior to cell 

counting using trypan blue exclusion. Antibody/bead-treated MeWo30 cells were then 

resuspended at a concentration of 2 x 106 cells per 100 µL.  

For continuous gradient MADC experiments designated for post-separation 

Western blot, unstained MeWo30 cells were antibody- and bead-treated as above, and 

subjected to density gradient centrifugation alone (i.e. without mixing with WGA488-

stained MeWo30 cells). After separation, density gradients were fractionated, lysed, and 

subjected to Western blot. 

For discontinuous gradient MADC experiments, 10 x 106 unstained MeWo30 cells 

were antibody-treated as previously described. Subsequently, MeWo30 cells were treated 

with 500 µL (50 µL of 10 mg/mL Sera-Mag™ beads + 450 µL autoMACS Rinsing 

Solution + 0.5% BSA) of 1 mg/mL Sera-Mag™ solution for 15 min at room temperature 

while gently rocking. After bead treatment, treated MeWo30 cells were washed as above 
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before undergoing discontinuous density gradient centrifugation, fractionation, lysis, and 

Western blot.  

10 µL or 50 µL of 10 mg/mL Sera-Mag™ particles were incubated with 10 x 106 

untreated, A375 cells or 8 x 106 untreated, MeWo30 cells, respectively, for 15 min at 4°C 

prior to attempted magnetic separation with a MagJET Separation Rack (Catalogue 

Number: MR01, Thermo Fisher Scientific) to determine approximate non-specific 

binding rate. After the attempted separation, the supernatant and cell pellet were collected 

separately, prior to cell counting via trypan blue exclusion assay. Non-specific binding 

rate was defined as the percentage of cells collected in the “pellet” on the magnetic stand 

divided by the total number of input cells. 

 

3.2.8 Density Gradient Centrifugation, Post-MADC Fractionation 

For the experiment using InnovaCoat® beads, Percoll (GE Healthcare Life 

Sciences) and 1.5 M NaCl were mixed to make an isotonic stock (SIP), prior to dilution 

with 0.15 M NaCl to a final density of 1.064 g/mL according to the manufacturer’s 

protocol.32 3.5mL of the 1.064 g/mL Percoll solution was pipetted into a polypropylene 

OptiSeal™ centrifuge tube (13 x 48 mm, Beckman Coulter, Indianapolis, IN), and 

centrifuged at 45,000 g for 15 min at 4°C in an Optima Max ultracentrifuge fitted with 

TLA-110 rotor (Beckman Coulter) to make a continuous gradient. Then, 2 x 106 

WGA488-stained A375 cells (no bead treatment) were mixed with 2 x 106 unstained 

A375 cells (treated with anti-CD51/61-functionalized beads) and pipetted on top of the 

pre-established gradient. The cell-containing gradient was then centrifuged for 5 min at 

1043 g (5000 RPM) and 4°C. The tube was inspected for the presence of multiple cell 
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bands, and then subjected to an additional two 5 min/1043 g centrifugations. The gradient 

was fractionated by puncturing a hole in the bottom of the centrifuge tubes using an 18 

gauge, 1 ½” needle (Becton Dickinson, Franklin Lakes, NJ) and draining into a 1.7 mL 

tube snap-cap tube (~275 µL per fraction, Genesee Scientific). All fractions were then 

analyzed by flow cytometry (Figure 3-1). 

 

 

Figure 3-1. Schematic of MADC-separation of 1:1 mixtures of untreated, green-
fluorescent cells and antibody/bead-treated, non- or red-fluorescent cells using pre-
established continuous gradients. For anti-CD51/61-functionalized InnovaCoat® MADC 
separations of A375 cells, bead-treated cells were left unstained, while untreated cells 
were stained fluorescent green with WGA488. For anti-CD217-biotin/Sera-Mag MADC 
separations of MeWo30 cells, antibody/bead-treated cells were stained fluorescent red 
with WGA647, while untreated cells were stained fluorescent green with WGA488.  

 

For continuous gradient experiments using Sera-Mag™ beads, 3.5 mL of the 

1.064 g/mL Percoll solution was pipetted into 4 - 6 polypropylene OptiSeal centrifuge 

tubes. To one of the tubes, density gradient marker beads (1.02 g/cm3, 1.04 g/cm3, 1.06 
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g/cm3, and 1.09 g/cm3, Cospheric, Santa Barbara, CA) were added to visualize the 

gradient distribution after each centrifugation. Tubes were then weighed and balanced, 

and gradients established as described previously. For experiments designated for flow 

cytometry evaluation, 2 x 106 WGA488-stained MeWo30 cells (no antibody or microbead 

treatment) were mixed with 2 x 106 WGA647-stained MeWo30 cells (treated with 

antibody and microbeads), gently pipetted on the top of three, pre-established, continuous 

gradients, and rebalanced. All gradients (3x experimental, cell-containing gradients, and 

1x density marker bead gradient) were centrifuged a second time as described above. All 

cell-containing gradients were then fractionated (~ 275 µL/fraction) and subjected to flow 

cytometry (Figure 3-1). For experiments designated for Western blot evaluation, 4 x 106 

MeWo30 cells (treated with antibody and beads) or 4 x 106 MeWo30 cells (without 

antibody or bead treatment) were pipetted on top of pre-established 1.064 g/mL Percoll 

gradients, centrifuged and fractionated as above. Fractions were then lysed, and proteins 

quantified using a BCA assay kit (Catalogue Number: 23225, Pierce, Thermo Fisher 

Scientific). Contiguous fractions possessing > 5 µg of protein were sequentially 

renumbered (from the bottommost fraction up) and subjected to Western blot (Figure 

3-2). 
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Figure 3-2. Schematics of MADC separation and density gradient centrifugation using 
continuous gradients. a.) MADC-separation of anti-CD271-biotin/Sera-Mag™-treated 
MeWo30 cells. b.) density gradient centrifugation of untreated MeWo30 cells. 

 

For discontinuous gradient experiments using Sera-Mag™ beads, SIP was diluted 

with 0.15M NaCl to make Percoll solutions of 1.040 g/mL, 1.042 g/mL, 1.044 g/mL, 

1.046 g/mL, 1.048 g/mL, and 1.050 g/mL per the manufacturer’s protocol. In two 15 mL 
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centrifuge tubes (Genesee Scientific), 2 mL of each Percoll density was carefully layered 

from most to least dense. 10 x 106 antibody/bead-treated MeWo30 cells were pipetted on 

to the top of one of the discontinuous gradients, while 10 x 106 untreated MeWo30 cells 

were pipetted on top of the other. The gradients were then centrifuged for 15 min at 400 g 

in a Sorvall™ Legend™ X1R centrifuge fitted with a FIBERLite® F15-8x50C rotor 

(Thermo Fisher Scientific). After centrifugation, the gradients were split into four 3 mL 

fractions by carefully aspirating from the tops of the gradients. The fractions were then 

lysed and subjected to Western blot (Figure 3-3). 
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Figure 3-3. Schematics of MADC separation and density gradient centrifugation using 
discontinuous gradients. a.) MADC-separation of anti-CD271-biotin/Sera-Mag™-treated 
MeWo30 cells. b.) density gradient centrifugation of untreated MeWo30 cells. 

 

3.2.9 Cellular Density Estimation 

A375 and MeWo cell densities were estimated by subjecting them to density 

gradient centrifugation. Briefly, unstained A375 and MeWo cells were centrifuged on the 

top of pre-established, continuous 1.064 g/mL Percoll gradients as previously described, 
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and compared to a control gradient with density marker beads. Estimated cellular density 

was determined by comparing the distances from the menisci of the cell bands to those of 

beads of known density. 

 

3.2.10 Flow Cytometry 

To determine the population heterogeneity in CD271 expression, untreated and 

cisplatin-treated MeWo cells were subjected to a single-color flow experiment using a 

Guava EasyCyte cytometer (Millipore Sigma) equipped with 488 nm and 642 nm 

excitation lasers. 1 x 106 MeWoNT, MeWo15, and MeWo30 cell pellets were first treated 

with 1:5 dilutions of anti-CD271-biotin for 10 min at room temperature. After 10 min, the 

cells were washed twice in 1 mL HBSS, and pelleted. Pellets were resuspended in 1:200 

dilutions of Alexa Fluor™ 488-conjugated, goat anti-mouse secondary antibody 

(Catlogue Number: A-21121, Invitrogen) for 15 min covered at room temperature. After 

the secondary antibody incubation, the cell pellets were again washed twice in 1 mL 

HBSS prior to flow assessment. Forward and side scatter (FSC and SSC, respectively) 

gates and 488 nm laser gains were set using unstained MeWoNT, MeWo15, and MeWo30 

cells. Secondary-only controls were included to assess non-specific binding of the 

secondary antibody. 

For the experiment using InnovaCoat® beads, FSC and SSC gates and laser gains 

were set using unstained A375 cells. A 200,000 event count target was set for each 

control and isolated fraction. Green fluorescence histograms were plotted for each 

fraction, and gates were drawn to quantify the relative fraction of non-fluorescent to 

fluorescent cells (i.e. bead-treated to non-bead treated).  
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For experiments using Sera-Mag™ beads, FSC and SSC gates and laser gains were 

set using WGA488-stained cells, WGA647-stained cells (no antibody or microbead 

treatment), and WGA647-stained cells treated with antibodies and beads. 10,000 event 

count targets were set for each control and isolated fraction, and samples were diluted to 

ensure a cell concentration less than 500 cells/µL. Green and red fluorescence signals 

were plotted on a log/log scale and gates were drawn to determine the relative ratio 

between green and red fluorescent cells in each fraction. 

 

3.2.11 Cell Lysis and Western Blot 

Cell lysis and antigen retrieval was performed in accordance with established 

protocols.33,34 Briefly, cell pellets were resuspended in a buffer containing 300 mM Tris-

HCl (Fisher Scientific), 10% sodium dodecyl sulfate (SDS, Fisher Scientific), and 2x 

protease/phosphatase inhibitor cocktail (Pierce, Thermo Fisher Scientific), incubated at 

100°C in a boiling water bath for 30 min, and subsequently incubated for an additional 2 

hrs in a 60°C water bath. Cell lysates were then centrifuged for 10 min at 14,000 g and 

4°C. The supernatant was decanted, and protein content quantified using a BCA assay 

kit. Protein lysates were stored at -80°C until subjected to Western blot. 

Using Any kD™ Mini-Protean TGX pre-cast gels (Catalogue Number: 456-9033, 

Bio-Rad, Hercules, CA) , 10 µL of Chameleon™ Duo protein ladder (Catalogue Number: 

928-60000, LI-COR, Lincoln, NE) and 5 µg of protein per sample were separated for 75 

min at 120 V. Proteins were transferred onto Immobilon®-FL membranes (Catalogue 

Number: IPFL10100, Millipore Sigma) for 70 min at 120V. Prior to primary antibody 

incubation, membranes were blocked in Odyssey® Blocking Buffer (Catalogue Number: 
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927-40100, LI-COR) for 1 hr at room temperature while shaking. After blocking, the 

membrane was incubated overnight at 4°C while shaking with both rabbit anti-human 

CD271 antibody [p75NTR (D4B3) XP® Rabbit mAb, Catalogue Number: 8238S, Cell 

Signaling Technology, Danvers, MA) and mouse anti-human β-tubulin antibody 

(Catalogue Number: E7-S, Developmental Studies Hybridoma Bank at the University of 

Iowa, Iowa City, IA) each diluted 1:1000 in 1:1 Odyssey® Blocking Buffer:Tris-buffered 

saline tween (1x TBST). Next, the membrane was incubated separately in 1:5000 

IRDye® 800CW goat anti-mouse and IRDye® 680RD donkey anti-rabbit secondary 

antibody dilutions (Catalogue Numbers: 925-32210 and 925-68073, respectively, LI-

COR) for 1 hr at room temperature while shaking. Finally, the membranes were imaged 

on an Odyssey CLx infrared gel imaging system (LI-COR). CD271/β-tubulin relative 

protein expression was computed using grayscale densitometry values obtained from 

ImageJ. 

 

3.2.12 Statistical Analysis 

Pearson’s correlation coefficients were computed to determine whether 

relationships existed between per-fraction relative percentage of bead-treated cells and 

fraction number for both InnovaCoat®- and Sera-Mag™-MADC separations of A375 

and MeWo30 cells, respectively. Similarly, Pearson’s correlation coefficients were 

calculated to determine whether relationships existed between fraction number and per-

fraction CD271/β-tubulin relative expression for both continuous and discontinuous 

MADC separation of MeWo30 cells using anti-CD271-biotin antibodies and Sera-Mag™ 

beads. 
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3.3 Results 

3.3.1 Cell Density, Maximum Particles Per Cell, and Simulated Composite Density 

Simulated A375 and MeWo per-cell composite densities indicated both 

InnovaCoat® and Sera-Mag™ beads were theoretically capable of adding sufficient mass 

to enable successful MADC separation. To determine the simulated per-cell densities of 

cell/particle composites, the densities of A375 and MeWo cells were empirically 

determined and the estimated maximum added particles computed for InnovaCoat® and 

Sera-Mag™ beads. The estimated maximum number of particles added per cell for 80 nm 

InnovaCoat® gold and 1 µm Sera-Mag™ particles were 250,000 and 1,600, respectively. 

Estimated A375 and MeWo cell densities were both ~ 1.04 g/mL. Simulated densities of 

cell/particle composites were computed (Equation 3-3) and plotted versus the number of 

particles bound (Figure 3-4) using the empirically determined A375/MeWo cell 

densities. The predicted range of cell/particle composite densities ranged from 1.04 g/mL 

to 1.33 g/mL for InnovaCoat®-treated cells and 1.04 g/mL and 1.20 g/mL for Sera-

Mag™-treated cells. 
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Figure 3-4. Simulated density of cell/particle composites as a function of the number of 
particles added. Cell labeled with a.) 80 nm, ~ 19.3 g/mL InnovaCoat® beads or b.) 1µm, 
~ 2.0 g/mL Sera-Mag™ beads. 

 

3.3.2 MeWo Expression of CD271 in Response to 0 µM, 15 µM, and 30 µM Cisplatin 

Western blot and flow cytometry evaluation of MeWo cells exposed to 24 hr 

treatments of 0 µM, 15 µM, and 30 µM Cisplatin (MeWoNT, MeWo15, and MeWo30, 

respectively) indicated a dose-dependent upregulation of CD271. Fluorescence 

histograms of MeWoNT, MeWo15, and MeWo30 populations treated with primary (1°) and 

fluorescent secondary  (2°) antibodies indicated greater proportions of cells expressing 

high levels of CD271 with increasing cisplatin treatment concentration (Figure 3-5a-d). 

All untreated and 2°-only controls indicated low cellular autofluorescence and non-

specific 2° antibody binding, respectively, for MeWoNT, MeWo15, and MeWo30. Western 

blot confirmed the ensemble average relative upregulation compared to reference gene β-

tubulin (Figure 3-5e). All subsequent MADC experiments using Sera-Mag™ beads were 

performed with MeWo30 cells, as that population displayed the highest frequency of cells 

with high CD271 expression, thereby maximizing potential for mass-adding particle 

binding. 
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Figure 3-5. Flow cytometry and Western blot evaluation of MeWo cells exposed to 24 hr 
treatments of 0 µM, 15 µM, and 30 µM cisplatin (MeWoNT, MeWo15, MeWo30, 
respectively). a.) MeWoNT, b.) MeWo15, and c.) MeWo30 samples treated with both 
primary and secondary antibodies (1°+2°) were compared to unstained (NT) and 
secondary only controls (2° Only) within each population, to determine cell 
autofluorescence and non-specific secondary antibody binding, respectively. d.) 1°+2°-
treated conditions of each cell type were compared to assess differences in CD271 
expression distribution. e.) Semi-quantitative densitometry analysis of Western blot 
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bands was performed to assess the ensemble average, relative CD271/β-tubulin 
expression for each cell population. 

 

3.3.3  Continuous Gradient MADC using InnovaCoat® and Sera-Mag™ Beads 

Flow cytometry evaluation of post-continuous gradient MADC fractions indicated 

successful separation of A375s using anti-CD51/61-functionalized InnovaCoat® beads. 

Two, distinct cell bands (one colorless, one red) were identified after centrifugation on a 

pre-established 1.064 g/mL Percoll density gradient (Figure 3-6a). Upon fractionation 

and flow cytometry analysis, a moderately strong negative correlation (r = -0.74) was 

observed between fraction number and relative, per-fraction InnovaCoat®-treated cell 

percentage. Furthermore, a distinct shift in the per-fraction WGA488-stained (no bead 

treatment) and unstained (anti-CD51/61-functionalized InnovaCoat®-treated) split was 

observed between Fractions 8 and 9. Fractions 1 – 8 displayed relatively more unstained 

(anti-CD51/61-functionalized InnovaCoat®-treated) A375s than WGA488-stained cells 

(no bead treatement), while Fractions 9 – 11 displayed the opposite trend, indicating 

successful separation. Likewise, the concentration profile of unstained (anti-CD51/61-

functionalized InnovaCoat®-treated) A375s peaked in a lower fraction than unstained (no 

bead treatment) A375s (Figure 3-7).  
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Figure 3-6. Pictures of continuous MADC gradients after secondary centrifugation and 
before fractionation. a.) anti-CD51/61-functionalized InnovaCoat®-treated  + untreated 
A375 cells. b.) MeWo30 cells treated with anti-CD271-biotin and Sera-Mag™ beads + 
untreated MeWo30 cells. 
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Figure 3-7. Flow cytometry evaluation of post-continuous MADC fractions using anti-
CD271-functionalized InnovaCoat® beads and A375 cells. Line gates in per-fraction 
fluorescence histograms (left) define relative percentage (middle) of InnovaCoat®-
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treated to untreated cells. Total, treated, and untreated cell concentration profiles are also 
plotted (right).  

 

In contrast to continuous gradient MADC separations of A375 cells using 

antibody functionalized InnovaCoat® beads, flow cytometry evaluation of post-

continuous gradient MADC fractions indicated unsuccessful separation of MeWo30 cells 

using anti-CD271-biotin/Sera-Mag™ beads. After centrifugation on pre-established, 

continuous 1.064 g/mL Percoll gradients, a single band was visible in the centrifuge tube 

(Figure 3-6b). While per-fraction relative percentage of WGA647-stained 

(antibody/bead-treated) cells displayed a strong negative correlation with fraction number 

(r = -0.92), the concentration profiles indicated no separation (Figure 3-8). 
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Figure 3-8. Flow cytometry evaluation of post-continuous MADC fractions using anti-
CD271-biotin antibodies, Sera-Mag™ beads, and MeWo30 cells. Gates in the red vs. 
green fluorescence scatter plots (left) define the relative percentage (middle) of Sera-
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Mag™-treated cells to untreated cells per fraction. Total, treated, and untreated cell 
concentration profiles are also plotted (right). 

 

Comparisons of post-separation Western blots of continuous gradient MADC 

fractions versus simple density gradient centrifugation fractions also indicated 

unsuccessful separation of anti-CD271-biotin/Sera-Mag™-treated MeWo30 cells. 

CD271/β-tubulin relative expression displayed a weak negative correlation (r = -0.42) 

with fraction number for anti-CD271-biotin/Sera-Mag™-treated MeWo30 (Figure 3-9a). 

Untreated MeWo30 cells subjected to simple density gradient centrifugation displayed 

similar behavior with per-fraction CD271/β-tubulin relative expression exhibiting a 

moderate negative correlation with fraction number (r = -0.73, Figure 3-9b).  
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Figure 3-9. Per-fraction quantification of CD271/β-tubulin relative expression post 
continuous gradient MADC and density gradient centrifugation. a.) Western blots of 
fractions isolated from continuous gradient MADC (using anti-CD271-biotin/Sera-
Mag™-treated MeWo30 cells). b.) Western blots of fractions isolated from post-density 
gradient centrifugation (using untreated MeWo30 cells) c.)Per-fraction, semi-quantitative 
densitometry analysis of CD271/β-tubulin relative expression. 

 

The non-specific binding rate when 10 µL of Sera-Mag™ particles were incubated 

with 10 x 106 A375 cells was ~ 13 - 21%. However, when subjected to additional washes 

and magnetic separations, the non-specific binding rate could be reduced to ~ 8%. The 

non-specific binding rate when 50 µL of Sera-Mag™ particles were incubated with 8 x 

106 MeWo30 cells was ~ 44%. 
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3.3.4 Discontinuous Gradient MADC using Sera-Mag™ Beads 

Much like continuous gradient Sera-Mag™-MADC, similar trends were observed 

between CD271/β-tubulin relative expression and fraction number, indicating 

unsuccessful MADC separation. Both Sera-Mag™-MADC and simple density gradient 

centrifugation separations of MeWo30 cells displayed strong negative correlations (r = -

0.96 and r = -0.98, respectively) between CD271/β-tubulin expression and fraction 

number (Figure 3-10). Despite the strong negative correlations, the apparent differences 

between per-fraction CD271/β-tubulin were small. 

 

 

Figure 3-10. Per-fraction quantification of CD271/β-tubulin relative expression post 
discontinuous gradient MADC and density gradient centrifugation. a.) Western blots of 
post-discontinuous gradient MADC (anti-CD271-biotin/Sera-Mag™-treated MeWo30 
cells) and post-density gradient centrifugation (Untreated MeWo30 cells) fractions. 
b.)Per-fraction, semi-quantitative densitometry analysis of CD271/β-tubulin relative 
expression.  
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3.4 Discussion 

The objective of this study was to develop a novel cell sorting method that 

combined the gentle, high-throughput characteristics of a particle-based sorting method 

like MACS, and enabled non-binary separation like FACS. We hypothesized that 

separation could be accomplished by altering the density of cells with small, massive 

nano/microparticles, and subsequently subjecting them to density gradient centrifugation. 

Furthermore, we postulated that targeting the micro/nanoparticles to surface markers 

would enable cellular density alterations directly proportional to protein expression, 

thereby enabling non-binary separations. To test this hypothesis, we labeled two different 

cell types (A375 and MeWo) with antibody-functionalized particles (InnovaCoat® beads) 

or with a primary, biotinylated antibody followed by NeutrAvidin-coated beads (anti-

CD271-biotin/Sera-Mag™), and subjected them to density gradient centrifugation using 

continuous or discontinuous Percoll gradients. Post-sort flow cytometry analysis 

indicated that mixtures of untreated A375 and anti-CD51/61-functionalized InnovaCoat® 

bead-treated A375s were able to be separated by our hypothesized MADC process. 

However, in attempted MADC separations of MeWo30 cells using a combined anti-

CD271-biotin/Sera-Mag™ approach with both continuous and discontinuous gradients, 

flow cytometry and Western blot analyses indicated no separation. Though binary 

separation of cells by altered density has been proposed and demonstrated using particles 

larger than the size of the cell, to our knowledge, our successful binary MADC separation 

of A375 cells is the first demonstration of altered density sorting using non-magnetic, 

subcellular-sized particles.16-18  
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  Anti-CD51/61-functionalized InnovaCoat® gold beads enabled binary separation 

of treated A375 cells from untreated. Gold was selected as a candidate for particle 

composition due to its high density, and the commercial availability of a wide range of 

gold nanoparticles. Though we did attempt to antibody-functionalize other gold 

nanoparticle sizes and shapes in-house, the conjugation protocols were non-trivial and 

often suffered from significant particle aggregation or failed antibody attachment (data 

not shown). The InnovaCoat® system enabled easy functionalization with a commonly 

used anti-CD51/61 antibody. Initial A375 MADC separations were successful, as two 

clear bands were visible in the gradient after secondary centrifugation and post-separation 

per-fraction flow cytometry indicated stark differences in the treated and untreated A375 

cell concentration profiles. However, the observed density changes were much less than 

those predicted when the number of bound particles per cell was maximized (~250,000 

InnovaCoat® beads).  

There are several possible explanations as to why observed cellular density 

changes were less than those predicted by simulation in the InnovaCoat®-MADC trials. 

One possible explanation for this observation is that we simply did not treat the cells with 

enough of the antibody-functionalized beads. If all 2 x 106 treated A375s expressed ≥ 

250,000 CD51/61 protein complexes, it would require 5 x 1011 antibody-functionalized 

InnovaCoat® beads to saturate their surfaces. However, each vial of InnovaCoat® beads 

is estimated to have 1 x 1011 particles, which would provide ~ 22% coverage per cell. 

Despite this, the anticipated per-cell density of an A375 cell with ~ 22% maximum 

predicted bead coverage (~ 55,000 beads/cell) would still be large (~ 1.104 g/mL) 
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compared to an untreated cell (~ 1.04 g/mL). As such, sub-saturating bead treatment 

numbers is not the most likely explanation for our lower-than-expected density changes.  

Another possible explanation is that fewer than 250,000 CD51/61 protein 

complexes were expressed per A375 cell. While it has been established that A375 cells 

highly express CD51/61, the exact number of surface proteins is unknown, and would 

require complex quantitative proteomic analyses outside the scope of this study to 

determine.19,35,36 Additionally, non-specific binding of the antibody-functionalized beads 

may have decreased the effective density difference between treated and untreated cells. 

If CD51/61 protein levels in the treated A375 cells were insufficient to bind all antibody-

functionalized microbeads during the treatment step, unbound beads could have bound 

the untreated A375 cells during the centrifugation process. As such, the density of the 

untreated cells would have been increased, thereby decreasing the effective density 

difference compared to the treated cells. Similarly, it is possible CD51/61 was not 

expressed at sufficient levels to bind enough of the InnovaCoat® beads to add sufficient 

mass to yield a larger physical separation within the density gradient. 

Though they enabled successful binary separation, the InnovaCoat®-A375 

pairing was unsuitable for further, more thorough studies. Initial flow cytometry 

experiments indicated that A375s expressed CD51/61 at a high, consistent level 

throughout the population (data not shown). This made the cell type/marker combination 

suitable for binary separation proof-of-concept experiments, but precluded non-binary 

separations. Additionally, the price of the InnovaCoat® gold nanoparticles made 

significant optimization impractical, as each separation required an entire InnovaCoat® 

vial (~ $570). Finally, while the InnovaCoat® particle enabled easy antibody 
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functionalization, it would have necessitated the purchase of entirely new batches of 

particles for each candidate antibody/protein target. To address these limitations, we 

identified a new candidate cell line, a different surface protein target, and alternative 

mass-adding particle. Cisplatin pre-treated MeWo, whose expression of CD271 spanned 

a wide range, was identified as a candidate cell line/protein target in which to test non-

binary MADC separations. Next, we identified a less expensive, physically larger particle 

(~ 1.0 µm, ~ 2.0 g/mL), in Sera-Mag™ NeutrAvidin coated beads, in an effort to add 

more mass per CD271 protein bound. Sera-Mag™ NeutrAvidin particles also offered the 

flexibility to change candidate protein markers, as the same particles could be used with 

any biotinylated antibody.  

 Even with the potential advantages Sera-Mag™ NeutrAvidin beads possessed 

over InnovaCoat® particles, attempted continuous gradient MADC separations of 

MeWo30 cells were unsuccessful. Two of the same potential explanations that prevented 

InnovaCoat® beads from generating a large physical separation between treated and 

untreated A375s can be extended to the attempted Sera-Mag™ separations of MeWo30 

cells: non-specific bead binding and insufficient protein expression. Effort was made to 

optimize the initial Sera-Mag™ bead treatment volumes to ensure minimal excess Sera-

Mag™ particles during the centrifugation step, thereby minimizing the possibility of non-

specific binding. The lack of numerous unbound beads after Sera-Mag™ treatment was 

confirmed using phase contrast microscopy (data not shown), making non-specific 

binding an unlikely culprit. Similarly, MeWo30 cells were specifically selected due to the 

increased frequency of CD271 high expressers as confirmed by flow cytometry, making 

insufficient protein expression a less likely explanation. Somewhat surprisingly, though 
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initially identified as an attractive characteristic imparting flexibility, the Sera-Mag™ 

beads’ NeutrAvidin coating may be the most likely explanation for the unsuccessful 

separation. As NeutrAvidin possesses four binding domains for biotin molecules, it is 

possible that only a quarter of the possible particles were bound per cell, limiting the 

effective mass added. Still, simulations indicated a quarter of the maximum number of 

particles (~ 400 beads) would result in an estimated per-cell density of ~1.09 g/mL; a 

density difference still generating considerable movement on the continuous 1.064 g/mL 

density gradient. As such, we hypothesized that much fewer than the anticipated number 

of particles bound the MeWo30 cells, resulting in a vastly smaller than anticipated density 

difference. Subsequently, we revised our experimental design in an effort to reduce the 

possibility of a single Sera-Mag™ bead binding multiple biotinylated antibodies, and to 

increase the physical separation within a narrow density range.  

 Despite using five times the number of Sera-Mag™ beads and a lower cell 

treatment concentration, discontinuous-MADC separations of MeWo30 cells were likely 

unsuccessful due to cell aggregation. Initial discontinuous gradient tests using the same 

Sera-Mag™ bead treatment volumes (10 µL of 10 mg/mL Sera-Mag™ beads + 90 µL of 

autoMACS Rinsing Solution + 0.5% BSA) used in continuous trials displayed significant 

cell aggregation when subjected to secondary centrifugation (data not shown). Both Sera-

Mag™ bead number and treatment volume were increased in an effort to minimize the 

possibility of a single bead binding multiple biotinylated antibodies, and to decrease the 

chance of cell-to-cell contact, respectively. After antibody and Sera-Mag™ bead 

treatment steps, the cell pellet looked much darker (as the Sera-Mag™ beads were brown 

in color) than continuous gradient MADC trials, suggesting more beads were bound per 
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cell. However, when placed on top of the discontinuous Percoll gradients and 

centrifuged, large cell aggregates were still visible in the gradient. Upon examination 

under phase contrast microscopy, the presence of cell-cell aggregates heavily labeled 

with microbeads was confirmed. It is likely that the NeutrAvidin-coated Sera-Mag™ 

beads were acting as crosslinkers, connecting the biotinylated antibody-bound CD271 

molecules from one cell to that of another. Furthermore, it is possible that the large size 

of the Sera-Mag™ beads exacerbated the crosslinking problem, as it provided increased 

surface area for potential NeutrAvidin interaction with nearby biotinylated antibody-

bound CD271 proteins on adjacent cells.  

Cellular aggregation effectively spreads the mass change as a result of bead 

binding over a much larger volume (i.e. the collective volume of all the cells and beads in 

the aggregate), reducing the effective density change. According to our cell/particle 

density simulation, a single fully labeled MeWo cell (i.e. with 1,600 Sera-Mag™ beads 

bound, predicted density ~ 1.20 g/mL) need only aggregate with three additional 

unlabeled MeWo cells before the collective aggregate density is ~ 1.043 g/mL. This 

aggregate density value continues to decrease as additional cells are added, approaching 

the initial density of a single cell (~ 1.04 g/mL). In fact, it is possible that cellular 

aggregation was present in both the InnovaCoat®- and Sera-Mag™- MADC separations 

using continuous gradients and contributed to the less-than-anticipated physical 

separation between bands and failure to separate, respectively. However, due to the 

smaller physical dimensions of the centrifuge tubes used in the continuous gradient 

experiments coupled with the smaller physical separations between narrow density 

ranges, it is likely cellular aggregation escaped detection in these trials. 
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 Future work will focus on refining treatment protocols and reagent choices to 

minimize cellular aggregation and non-specific nano/microparticle binding, and to enable 

post-separation particle removal. While sufficient to illustrate binary separation in the 

InnovaCoat® trials, our fractionation methodology was rudimentary and may have 

resulted in slight mixing of adjacent gradient layers.13 In future work, more controlled 

gradient fractionators will be implemented. Per the success of the smaller, denser 

InnovaCoat® gold beads in the current study, smaller nanoparticles (~ 80 - 100 nm) made 

of more affordable metals like iron oxide, iron, or silver (5.24 g/mL, 7.87 g/mL, an 10.50 

g/mL, respectively) will be considered. Additionally, these smaller nanoparticles may 

reduce the possibility of nanoparticle-mediated cell-to-cell crosslinks. Similarly, 

alternative nanoparticle avidin coating densities will be investigated in an effort to 

minimize cell crosslinking potential. Various nanoparticle modifications (i.e. 

PEGylation) will be also be investigated in an effort to diminish the potential for non-

specific binding. Finally, desthiobiotinylated antibodies, which enable dissociation from 

avidin without harsh chemical treatments, will be investigated so that particle labeling 

can be removed post-separation.37 

 In summary, the study presented herein illustrates the feasibility of MADC for 

performing binary separations of A375 treated and untreated cell mixtures using anti-

CD51/61-functionalized 80 nm InnovaCoat® gold beads and continuous 1.064 g/mL 

Percoll density gradients. However, widespread cellular aggregation likely hampered the 

predicted physical separation of treated and untreated A375 bands in these trials. 

Likewise, cellular aggregation prevented successful separation of anti-CD271-

biotin/Sera-Mag-treated MeWo30 cells using both continuous and discontinuous 
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gradients. Future work will focus on protocol and particle modifications in order to 

prevent non-specific particle binding and nanoparticle-mediated cell aggregation, and to 

enable post-separation nanoparticle removal. These refinements will facilitate bulk, non-

binary separation of billions of cells without expensive equipment, and expand the 

usefulness of our already powerful, novel separation technique. 
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3.7 Supplemental Information 

3.7.1 Determination of Percoll Gradient Parameters 

Percoll gradients of varied starting density (1.016 g/mL, 1.028 g/mL, 1.040 g/mL, 

1.052 g/mL, 1.064 g/mL, 1.076 g/mL, and 1.087 g/mL) were mixed with density marker 

beads and centrifuged for 15 min at 4°C at various centrifugation rates (15,000 g, 30,000 

g, 45,000 g, 60,000 g, 75,000 g, and 90,000 g). After centrifugation, the distances of the 

marker bead bands to the meniscus were measured and plotted (Figure S 3-1). 1.064 

g/mL gradients centrifuged at 45,000 g offered large, linear physical separation in the 

predicted cell density range (1.04 g/mL – 1.06 g/mL). All subsequent continuous density 

gradient centrifugations were performed with gradients formed as such.  
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Figure S 3-1. Preliminary experiments to determine candidate Percoll gradient 
parameters. Percoll solutions of 1.016 g/mL, 1.028 g/mL, 1.040 g/mL, 1.052 g/mL, 1.064 
g/mL, 1.076 g/mL, and 1.087 g/mL starting density containing calibration beads were 
centrifuged at A.) 15,000 g, B.) 30,000 g, C.) 45,000 g, D.) 60,000 g, E.) 75,000 g, and 
F.) 90,000 g for 15 min at 4°C. After centrifugation, distances from the meniscus to the 
bead bands of known density were measured and plotted. Calibration bead densities: 1.02 
g/mL, 1.04 g/mL, 1.06 g/mL, 1.08 g/mL, and 1.13 g/mL.  
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Chapter 4 
 

4 Conclusions and Future Work 
 
 
 
 

Sorting technologies are critical tools enabling investigations into the functional 

implications of cellular heterogeneity. While purity is a particularly important and often 

discussed sorting parameter, yield and throughput are rarely considered thoroughly. 

Furthermore, it is imperative to have a holistic understanding of the strengths and 

weaknesses of each sorting method in order to make appropriate sorting decisions. As 

such, the first goal of this thesis was to provide researchers with a thorough, quantitative 

characterization of the two most common sorting methods, FACS and MACS. Next, 

having witnessed the weaknesses of FACS and MACS firsthand, we set out to design a 

novel sorting technique aimed at addressing the shortcomings of the two popular sorting 

methods. This thesis will serve as a resource for researchers currently utilizing 

conventional cell sorting methods, and provides a detailed description of the 

fundamentals of MADC, our new and exciting, alternative sorting method. In the future, 

we will continue to work on thorough characterization of existing, conventional sorting 

technologies as improvements are made, as well as further MADC refinements. 

 

4.1 Chapter 2 

In Chapter 2, we thoroughly characterized the ability of FACS and MACS to separate 

known mixtures of osteogenically primed SVF cells and A375 human melanoma cells. 
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We found our preconceptions of FACS sorting to be mostly accurate: FACS produced 

accurate separations of our ALPL+ and ALPL- cells, but with considerable cell loss. In 

comparison, MACS performed using the manufacturer’s protocol antibody and 

microbead concentrations resulted in high cell yields, but produced divergent 

ALPL+:ALPL- splits. Flow cytometry analysis of the retained and flow-through fractions 

confirmed an inefficient separation, and a high false-negative rate. Reports from studies 

evaluating both FACS and MACS in the course of their separations indicated similarly 

high false-negative rates of 40-60%.1,2 In contrast to previous studies, we rigorously 

optimized antibody and microbead concentrations and found MACS was capable of 

recapitulating the accurate separations of FACS, while maintaining high yield.  

While our study examined established FACS sorting methods and machinery, future 

evaluations should include new, commercially available FACS technologies. The 

Influx™ cell sorter (Becton Dickinson, Franklin Lakes, NJ) used in the study presented in 

Chapter 2 belongs to the “jacket-in-air” type of FACS machines. These devices require a 

careful calibration and expert operation to maximize yields and ensure accurate sorting. 

To ensure maximum accuracy, a single operator with 20+ years of experience was 

employed to calibrate and perform the sorts in our study, however new technologies exist 

to automate the calibration process. Specifically, the S3e™, a new desktop cell sorter 

manufactured by Bio-Rad (Hercules, CA), is marketed as capable of performing “lossless 

sorting.”3,4 It is equipped with ProDrop™ technology, that functions to automatically 

calculate the optimal droplet delay time, a parameter critical to sorting yield.5 However, 

we recently conducted demo experiments analogous to those presented in Chapter 2 using 

the S3e™ and observed no benefit to cell yields, and considerable decreases in 
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throughput. In reality, the innovation provided by the S3e™ may be its lowering the 

barrier-of-entry to cell sorting compared to more manual sorters like the Influx™. 

Additionally, two new sorting products based on microfluidic technologies, the WOLF® 

(NanoCellect Biomedical, Inc., San Diego, CA) and the MA900 (Sony Biotechnology, 

San Jose, CA) cell sorters, would be interesting systems to evaluate. The low flow/event 

rates of these sorters likely reduce potential throughput, but may result in increased 

viability and yield.6,7 As such, these sorters may be most appropriate for low cell-number 

applications that require high cell recovery. Finally, like the S3e™, the accessibility of 

these machines may ultimately be their most attractive features.  

Though increased antibody and microbead concentrations enabled our MACS 

optimized protocol sorts to accurately sort highly viable subpopulations, their long-term 

effects on the cells were not thoroughly investigated. To establish the effects of high 

antibody and microbead concentrations on growth rate and long-term viability, cells 

sorted using the optimized MACS protocol will have to be subjected to proliferation 

assays, like MTT, and prolonged viability assessment. Though the low concentrations of 

antibodies and beads suggested by the manufacturer’s protocols have been reported to not 

affect cell function, additional functional assays (differentiation, motility, etc…) should 

be performed, as well. If increased magnetic bead concentration is found to adversely 

influence separated cells, it may be beneficial to develop novel magnetic beads capable of 

being removed post-sort. A desthiobiotinylated primary antibody coupled with an avidin-

coated magnetic particle may provide a method for achieving this goal.8  
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4.2 Chapter 3 

Chapter 3 detailed our development of a novel, particle-based sorting method, 

MADC. We found that by treating A375 cells with anti-CD51/61-functionalized, 

InnovaCoat® beads and subsequently subjecting them to continuous density gradient 

centrifugation, we could separate the cells in a binary manner. However, attempts to 

separate MeWo30 cells with a combination of anti-CD271-biotin antibodies, Sera-Mag™ 

NeutrAvidin beads, and either continuous or discontinuous density gradient 

centrifugation were unsuccessful. Close post-centrifugation inspection of discontinuous 

SeraMag™-treated MeWo30 gradients revealed significant cellular aggregation. 

Composite cell/bead density estimates given by our simulations indicated that a fully 

labeled MeWo30 cell need only aggregate to three other unlabeled cells to effectively 

negate density changes. In hindsight, it is likely that cellular aggregation played a role in 

limiting the physical separation between InnovaCoat®-labeled and unlabeled A375s, and 

is the most likely culprit for failed continuous and discontinuous gradient Sera-Mag™ 

separations of MeWo30 cells. 

The first issue to address in MADC development is to reduce cellular aggregation. 

Initial tests of MADC utilized commercially available resources in an effort to maximize 

the accessibility of the technology. However, going forward, it may be necessary to 

synthesize our own particles, or modify existing ones, to enable more control over 

multiple variables. If the technique is to proceed using the primary biotinylated 

antibody/secondary avidin-coated bead strategy, we will likely have to experiment with 

the density of avidin surface coating in an order to minimize crosslinking potential. 
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Similarly, the size of the beads will likely have to be optimized to minimize the exposed, 

avidin-coated surfaces of bound beads available for crosslinking to nearby cells.  

Various surface modifications and functionalizations of mass-adding particles may be 

helpful in combatting cellular aggregation, as well. Mass-adding particles with two 

distinctly functionalized hemispheres, or “Janus” particles, could potentially be 

synthesized as described by Sulchek and colleagues in 2012.9 In their study, the 

researchers sputter-coated gold onto a single side of either polystyrene or silica 

microparticles, resulting in two unique hemispheres with different reaction chemistries. 

Though we would likely use a more massive, iron/iron oxide/silver starting particle, we 

could conceivably functionalize the sputter-coated gold hemisphere with avidin 

molecules, as described in the aforementioned study, and the other hemisphere with a 

simple polyethylene glycol (PEG). By confining avidin functionalization to a single side 

of the particle, we could minimize the effective surface area available for particle-

mediated crosslinking to nearby cells. Furthermore, the opposing, PEGylated face can act 

as an anti-fouling agent, preventing non-specific binding.  

Future work may include investigating alternatives to Percoll for density-mediated 

separation. Accurate fractionation of density gradients can be difficult without 

specialized, and potentially expensive, equipment. However, microfluidic 

acoustophoresis devices that enable separations based on a combination of cell size and 

density may enable an alternative method for mass-added sorting.10,11 

Finally, further refinement of MADC may expand its usefulness beyond cell 

separations. Operating ideally, the single-cell density modulation of MADC directly 

correlates to expression of a protein target. As such, the gradient position of the cell/bead 
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composite can be translated into the approximate protein level on the surface. In this way 

MADC could potentially serve as a proteomic quantification method.  

 

4.3 Closing Remarks 

The importance of cellular heterogeneity is becoming more and more apparent. 

Performing a simple Web of Science search for publications in which “cell heterogeneity” 

appears in the title returns 117 manuscripts in 2012 (my first year at Brown) and 362 in 

2017 (the last full year for which data is available); a staggering 209% increase. Sorting 

technologies are a necessary tool for isolating cells based on their individual 

characteristics so that we may gain understanding of the ramifications of heterogeneity. It 

is therefore imperative that we both characterize existing sorting technologies, and 

develop new ones, so that we may most effectively study single-cell differences. In 

conclusion, this thesis contributes to the advancement of single-cell isolations by calling 

attention to two oft-forgotten sorting parameters, yield and throughput, which will 

become increasingly important as basic science and clinical applications require larger 

cell numbers. Additionally, we have developed a new and exciting sorting method that 

will prove useful as a high-throughput, high-yield alternative to current technologies. 
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