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Abstract of Mass-Added Density Modulation for Sorting Cells Based on Differential Surface 
Protein Levels, by Sylvia Amalia Sarnik, ScM, Brown University, May, 2021. 

 
 
 
Objective:  Cell sorting is a powerful tool in basic research and therapeutic enrichment. However, 

common cell sorting methods, such as fluorescence-activated cell sorting (FACS) and magnetic-

activated cell sorting (MACS) have significant limitations, such as generally low cell yields or 

restriction to binary separation, respectively. To address these limitations, we developed a two-

step cell sorting method called mass-added density centrifugation (MADC) to enable non-binary 

separation of large cell numbers based on surface protein levels. 

Methods: In the first MADC step (mass-adding), antibody-directed massive microparticles bind 

target surface proteins to modulate single-cell density proportionally to target protein level. 

Secondly, microparticle-laden cells are subjected to discontinuous density gradient centrifugation, 

whereby they separate into discrete density bands which can be isolated for downstream use. 

Results:  Here we demonstrate MADC’s utility for both live and fixed cell sorts of multiple cell 

types based on abundance of an example target protein, CD44. CD44 quantity in separated cell 

groups was assayed with western blots and correlated with modulated cell density.  

Conclusions:  This novel sorting method enables rapid, non-binary isolation of large quantities of 

cells based on surface protein levels and should prove useful in both basic science and therapeutic 

applications.  
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Introduction  

Cell sorting methods: Cell sorting is a crucial tool for enrichment of specific cell types from a 

heterogeneous population, with applications in research and medicine (1). The goal of cell 

enrichment is to increase the prevalence of a cell type of interest from a sample that contains a 

mixture of other cell types. Current cell sorting methods, including differential centrifugation, 

fluorescence-based sorting, and immunomagnetic-based isolation, each have limitations that make 

it difficult to efficiently sort large numbers of cells based on surface protein levels without 

sacrificing cell viability and/or yield. Density gradient centrifugation, a technique developed in the 

1950’s, has proven a valuable tool for isolating cell populations based on inherent density 

differences (2,3). Unfortunately, this method is not universally applicable, as cells of interest do 

not always have distinct densities from other cells in the sample. In these cases, researchers must 

use surface markers for the identification and enrichment of specific cell types.  

Fluorescence-activated cell sorting (FACS) is the current, state-of-the-art method for 

isolating populations of cells based on surface marker proteins. This method is advantageous in 

that multiple markers can be assessed at once, and cells can be isolated based on protein level. 

FACS has facilitated the study of cell heterogeneity and has demonstrated fantastic utility for both 

research and therapeutic purposes (4–6). Despite its many advantages, FACS has a few major 

limitations. First, flow cytometers are costly and require frequent maintenance as well as a skilled 

operator. Additionally, FACS is relatively limited in its cell throughput, with recent studies 

reporting poor cell yields (~70% loss of cells) and long processing times when working with large 

cell numbers (7). Magnetic-activated cell sorting (MACS) is a more high-throughput alternative 

to FACS and is an attractive choice for applications requiring large cell numbers including 

spectrometry, proteomics, and therapeutic applications where millions-to-billions of cells are 
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essential (8–11). In MACS, cells are labeled with magnetic microparticles targeting specific 

surface proteins and subsequently placed in a magnetic field. Labeled cells are retained in the field 

while unlabeled cells flow through (12). This method is advantageous in that it can sort many cells 

rapidly and does not require expensive machinery. However, MACS processing is limited to a 

binary output (i.e., target protein positive vs. negative subpopulations), therefore it cannot enrich 

for subpopulations based on specific target surface protein quantity.  

MADC: an alternative cell sorting method: To address the shortcomings of FACS and MACS, 

we developed a novel cell sorting method, mass-added density centrifugation (MADC), to rapidly 

isolate large amounts of cells for applications where protein levels need to be resolved. We 

hypothesized that we could modulate single-cell 

density proportionally to its target protein level to 

enable separation of cells on a density gradient by 

distributing the modified, single-cell densities into 

discrete bands. The MADC workflow involves two 

major steps, the first being mass-adding in which 

the density of single cells is altered according to 

protein abundance, followed by density 

centrifugation (Figure 1). In the mass-adding step, 

we achieve single-cell density modulation with 

a series of three incubations: 1) labeling the 

target surface protein with a primary antibody, 

2) targeting primary antibodies with secondary, 

biotinylated anti-IgG antibodies to increase 

Figure 1: Mass-Added Density Centrifugation 
(MADC) enables rapid, high- throughput cell sorting 
based on surface protein abundance. Mass-adding 
modifies cell density proportionally to protein levels by 
tagging a protein of interest with antibody-directed 
massive microparticles. The second step, density 
centrifugation, then separates cells on a density 
gradient to sort cells into groups corresponding to 
protein quantity. 
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signal, and 3) binding tertiary, streptavidin-coated, massive microparticles. These microparticles 

effectively increase the mass of the cell without appreciably affecting the composite volume, 

thereby modulating composite density proportionally to surface protein abundance. The second 

step of MADC, density centrifugation, involves centrifuging the mass-added cells on a discrete 

density gradient to separate cells with like-densities. After centrifugation, groups of cells with 

similar target surface protein quantities are distributed into distinct density layers and can be 

isolated from the gradient for downstream applications.  

To demonstrate its utility, we applied MADC to the enrichment of human melanoma cells 

(MeWo) and primary adipose-derived stem cells (ASCs) based on differential CD44 abundance. 

CD44 was selected as a representative protein of interest since it is a common cell surface protein 

with applications in many areas of research. After confirming robust density changes with the 

mass-adding procedure, we used western blots to confirm variable CD44 protein levels in cells 

isolated from distinct density layers. Good reproducibility and high, post-sort cell viabilities 

indicated MADC is a robust method for rapidly sorting millions of cells based on surface protein 

levels.  
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Chapter 2: Methods  

Cell Culture: Human melanoma (MeWo) cell line (ATCC® HTB-65™) was cultured in T182 

tissue culture flasks (Genesee Scientific, San Diego, CA) at 37oC with 5% CO2. Medium consisted 

of Minimum Essential Media (GE Healthcare HyClone, Pittsburgh, PA) supplemented with 10% 

fetal bovine serum (FBS, Zen-Bio, Research Triangle, NC),1% non-essential amino acids (GE 

Healthcare HyClone), 1% penicillin-streptomycin (GE Healthcare HyClone), and 1% L-glutamine 

(GE Healthcare HyClone). Medium was changed every other day, and cells were expanded until 

90% confluent. Cells were detached using 0.25% trypsin (GE Healthcare HyClone) then either 

passaged at 1/10th density or fixed with 4% paraformaldehyde (Thermo Fisher Scientific, 

Waltham, MA) for 15 minutes for use in fixed-cell MADC trials.  

For human adipose-derived stem cell (ASC) studies, primary human lipoaspirate was procured 

from the abdomen of one informed and consenting male donor (43 y/o, prior diagnoses of 

panniculitis and lipodystrophy) in accordance with guidelines approved by the Institutional 

Review Board of Rhode Island Hospital. Stromal vascular fraction (SVF) cells were isolated 

according to established protocols and immediately placed in cryogenic storage (13). SVF cells 

were thawed and passaged three times to expand cell numbers and enrich for ASCs for use in cell-

sorting studies (14). ASCs were maintained in control medium consisting of Dulbecco’s modified 

Eagle’s medium: nutrient mixture F-12 (GE Healthcare HyClone), 10% FBS, and 1% 

antibiotic/antimycotic (GE Healthcare HyClone) (15). Cells were maintained at 37oC with 5% 

CO2, and medium was changed every other day until cells were 90% confluent in T182 tissue 

culture flasks before splitting at 1/10th density into new flasks. ASCs in this study were used up to 

passage 8.  
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Mass-Adding Procedure 

Fixed cells: 4% paraformaldehyde -fixed cells were centrifuged (800g x 2 minutes), then 

resuspended at 5 million cells/mL in phosphate-buffered saline (PBS, Thermo Fisher Scientific) 

supplemented with 5% FBS to minimize non-specific antibody binding and cell clumping. Mouse 

anti-human CD44 antibody (Cat. 555476BD, Bioscience, San Jose, CA) was added to the cell 

suspension at a 1:500 dilution and incubated at room temperature on a shaker for 30 minutes. Cells 

were pelleted (800g x 2 minutes) and washed once in PBS + 5% FBS. Cells were resuspended to 

5 million cells/mL, and biotinylated goat anti-mouse IgG antibody (Cat. BA-9200, Vector labs, 

Burlingame, CA) was added at an optimized 1:500 dilution followed by a 30-minute incubation. 

Cells were washed in PBS + 5% FBS twice, then resuspended to 2 million/mL. Streptavidin-coated 

microbeads (Cat. SVM-05-5H, Spherotech, Lake Forest, IL,) were then added in a cell-number 

dependent fashion to yield greater than 1,200 beads/cell (210 μL beads at a concentration of 

5.74x1010 particles/mL) per 10 million cells and incubated for 30 minutes on a shaker at room 

temperature. The labeled cells were then filtered through a 70 μm nylon mesh (Thermo Fisher 

Scientific) to remove clumps before pipetting on top of a Percoll gradient (Thermo Fisher 

Scientific) for density-separation.  

Live cells: Cells expanded in T182 flasks were detached using 0.25% trypsin and spun down at 

400g for 5 minutes. The pellet was resuspended in ice-cold Hank’s Balanced Salt Solution (HBSS, 

Thermo Fisher Scientific), supplemented with 10% FBS (HBSS+10%FBS). Cell counts and 

viabilities were determined using trypan exclusion. Cells were diluted to 5 million cells/mL, and 

mouse anti-human CD44 antibody was added to the cell suspension at a 1:500 dilution. Cells were 

incubated in primary antibody for 10 minutes while shaking on ice. An equal volume of HBSS + 

10% FBS was then added to dilute out the antibody before spinning down at 300g for 2 minutes. 
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Solution was removed and cells were resuspended to 5 million cells/mL before adding a 1:500 

dilution of secondary antibody, biotinylated goat anti-mouse IgG antibody. Cells were incubated 

for 10 minutes while shaking on ice. An equal volume of HBSS + 10% FBS was then added before 

spinning down at 300g for 2 minutes. Cells were resuspended in HBSS + 10% FBS to a maximum 

volume that could be layered onto an Optiprep (Sigma Aldrich, St. Louis, MO) gradient. Beads 

were added to the cell suspension in a cell-number dependent fashion to yield greater than 1,200 

beads/cell (210 uL beads at a concentration of 5.74x1010 particles/mL) per 10 million cells, 

followed by a 10-minute incubation shaking on ice. Cells were then passed throXgh a �0 μm mesh 

(Thermo Fisher Scientific) to remove any clumps before layering the suspension on the Optiprep 

gradient for density centrifugation.  

Density Gradient Formation and Centrifugation 

Designing the discrete density gradient: Discrete gradient densities were determined 

experimentally. Literature about the densities of live vs. fixed cells is limited, so first we tested the 

cell density of non-mass-added live and fixed cells by centrifuging the cells on a discrete gradient 

ranging from 1.030 to 1.050 g/mL. Fixed and live cells were found to exhibit slightly different 

densities. For example, fixed MeWo densities were less than 1.040g/mL and live MeWo were less 

than 1.060g/mL. This initial cell density test determined the least-dense fraction on the MADC 

gradient. The most-dense fraction was then set at ~0.05 g/mL higher than the starting density, to 

resolve cell groups with increased density due to mass-adding.  

Density gradient for fixed cell separation: Percoll solution was diluted with 1.5 M sodium 

chloride (NaCl, Thermo Fisher Scientific) to make stock isotonic Percoll (SIP, density 1.125 

g/mL). The SIP solution was further diluted with 0.15 M NaCl according to manufacturer’s 

instructions to generate desired density solutions (16). 15 mL tubes (Genesee Scientific) were 
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rinsed with 100% FBS to prevent cells from adhering to the sides. Then, Percoll solutions of 

decreasing density were pipetted into the tube, with care taken to gently layer solutions to prevent 

mixing at gradient interfaces.  

Density gradient for live cell separation: 

Optiprep (iodixanol) solution was used for live-

cell separations due to increased cell viability 

post-sort. Optiprep solution was diluted with 

HBSS, supplemented with 3% bovine serum 

albumin (BSA, Thermo Fisher Scientific) to 

generate desired density solutions according to 

manufacturer’s instructions (17). 15 mL tubes 

were rinsed with 100% FBS to prevent cells from adhering to the sides. Then, Optiprep solutions 

of decreasing density were pipetted into the tube, with care taken to gently layer solutions to 

prevent mixing at gradient interfaces. 

Density Centrifugation: After mass-added cells had been filtered throXgh a �0 μm mesh, cells 

were layered carefully on top of prepared Percoll (fixed cells) or Optiprep (live cells) density 

gradients (Figure 2). The gradients were then centrifuged at 600g for 10 minutes to separate cells 

into distinct density layers. Gradients were fractionated by pipetting off Percoll or Optiprep 

solution 1 mL at a time and collecting bands of cells of interest into new 15 mL tubes. The 

individual fractions were resuspended in 5 mL PBS + 10% FBS (fixed cells) or 5 mL HBSS + 

10% FBS (live cells) to dilute out gradient solution before spinning down at 400g for 5 minutes to 

pellet the cells for use in downstream assays or plating. 

Figure 2: Density centrifugation procedure schematic.   
1) Dilutions of percoll solution are layered to form a 
density gradient with discreet layers 2) mass-added cells are 
layered on top of the percoll gradient 3) the column is 
centrifuged at 700 g for 8 minutes to separate cells based on 
density 4) layers are pipetted off to isolate fractions of cells 
with like-densities and protein levels.  
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Surface Protein Abundance: Western blot assays were conducted to determine CD44 protein 

levels of cells isolated in distinct density layers after MADC separation. For live-cell protein 

quantification, MADC-sorted cells from distinct density layers were lysed on ice for 30 minutes 

using radioimmunoprecipitation (RIPA, Santa Cruz Biotechnologies, Santa Cruz, CA) lysis buffer. 

For paraformaldehyde-fixed-cell protein tests, the previously described FITSAR (formaldehyde-

fixed Intracellular Target-Sorted Antigen Retrieval) method was used to isolate protein from 

MADC-sorted cells (18,19). Briefly, cells were suspended in lysis buffer consisting of 300 mM 

Tris hydrochloride ( Sigma Aldrich) with 2% sodium dodecyl sulfate (SDS; Thermo Fisher 

Scientific) and 2X protease/phosphatase inhibitor (Pierce™, Thermo Fisher Scientific) and boiled 

at 100oC for 35 minutes, followed by a 2-hour incubation at 60oC. The samples were then spun 

down at 14,000g for 10 minutes before collecting the supernatant in a fresh 1.7 mL tube (Genesee 

Scientific). Protein concentrations in the lysates were analyzed using a bicinchoninic acid (BCA) 

Assay (Pierce™, Thermo Fisher Scientific) prior to gel loading. For each gradient, a fixed amount 

of protein across all cell fractions was loaded and separated on SDS-PAGE Any KD gels (Bio-

Rad, Hercules, CA) and transferred onto Immobilon™-FL polyvinylidene fluoride membranes 

(Millipore, Burlington, MA). The membrane was rinsed in water then incubated in Revert Total 

Protein Stain (LiCor, Lincoln, NE) for 5 minutes. Total protein stain was imaged in the 700 nm 

channel using an Odyssey CLx near-infrared scanner (LiCOR). The membrane was then 

submerged in 0.1 M sodium hydroxide (Sigma Aldrich) and 30% (v/v) methanol (Sigma Aldrich) 

in water for 5 minutes to remove the stain before blocking in non-mammalian Odyssey® Blocking 

Buffer (LiCOR) for 1 hour at room temperature to limit interference with the IRDye™ secondary 

antibodies. Following blocking, membranes were incubated with a mouse anti-human CD44 

antibody (1:500 dilution, Cat. 3570S, Cell Signaling Technology, Danvers, MA) for 1 hour at room 
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temperature or at 4oC overnight. Membranes were washed three times at 15-minute intervals in 

1X Tris-buffered saline Tween (TBST, Thermo Fisher Scientific) and then labeled with a goat 

anti-mouse IRDye® 800CW (1:1000 dilution, Cat. 925-32210, LiCOR) secondary antibody for 

1 hour. Membranes were washed three more times at 15-minute intervals in 1X TBST before 

imaging on the Odyssey CLx near-infrared scanner on the 800 nm channel. For all western blots, 

densitometry analyses were performed using ImageJ version 1.51d. Protein quantification data 

were normalized to total protein staining.  

Reproducibility Assay: The entire MADC procedure was conducted in triplicate. 10 million 

paraformaldehyde-fixed MeWo cells were processed for each, independent run (30 million cells 

total). After initial antibody labeling steps, the cells were pipetted onto a Percoll density gradient 

with three layers: 1.07, 1.08, and 1.22 g/mL. After a 10-minute centrifugation at 600g, cells from 

the top (<1.07 g/mL), middle (<1.22 g/mL), and bottom (>1.022 g/mL) fractions were isolated. 

Cells were then labeled with wheat germ agglutinin (WGA) at a 1:500 dilution for 10 minutes at 

room temperature. Cells from the top fraction were labeled with Alexa Fluor 647-conjugated WGA 

(WGA-647, Thermo Fischer Scientific). Cells from the middle fraction were labeled with Alexa 

Fluor 488-conjugated WGA (WGA-477, Thermo Fischer Scientific). Cells from the bottom 

fraction were left unstained. After thorough rinsing in PBS, cells were fixed in a second preparation 

of 4% paraformaldehyde to prevent WGA leaching in solution, which was observed in pilot work 

to lead to artifactually stained cells. Following this treatment, cells from the separate fractions were 

re-mixed and layered onto another density gradient (identical to the first: 1.07, 1.08, 1.22 g/mL). 

After 10-minute centrifugation at 600g, gradients were fractionated as previously described to 

obtain cells from the top (<1.07 g/mL), middle (<1.22 g/mL), and bottom (>1.022 g/mL). The 

three fractions were then spun down separately and resuspended in 1 mL PBS for analysis on a 
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Guava easyCyte 8HT flow cytometer (Luminex, Austin, TX). Control samples for establishing 

gates consisted of unstained, WGA-647-stained, and WGA-488-stained paraformaldehyde-fixed 

MeWo cells. Cell distributions spanning across the second gradient separation were analyzed 

based on cell counts within defined gates around WGA-647, WGA-488, and unstained cells for 

each isolated fraction. A small, double-stained cell population with high red and green 

fluorescence appeared in the mixed-cell fractions. This group was excluded from analysis as it was 

attributed to the artifactual staining mentioned above. Data were analyzed with InCyte 3.3 

software.  

Statistical Analysis: All statistical analyses were performed using SigmaPlot version 12.5. 

Western blot protein levels for the density fractions were compared using a one-way analysis of 

variance (ANOVA) with post-hoc Holm-Sidak analysis for significance in pairwise comparisons. 

For the repeatability assay, we compared how cells from each fraction of the first gradient 

distributed into fractions of the second gradient with a one-way ANOVA. For example, we 

compared the distribution of AlexaFluor 647 labeled cells (from the top fraction of the first 

gradient) across the three fractions of the second gradient. A post-hoc Holm-Sidak test was used 

to analyze significance in pairwise comparisons. Population doubling times for control (non-mass-

added), mass-added unsorted cells, mass-added CD44high, and mass-added CD44low cells, were 

compared for each timepoint with a one-way ANOVA. 
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Chapter 3: Results 
 
Single-cell density modulation is achieved during the MADC mass-adding step:  To test 

whether cell density could be modified by microparticle labeling, cell distribution throughout a 

density gradient was compared between mass-added and control, unprocessed cells (Figure 3A). 

The gradient on the right shows the clear distribution of mass-added cells throughout the density 

gradient, indicated by banding at density interfaces. The gradient on the left shows the distribution 

of control, non-mass-added cells, which are only found at the upper-most density layers 

(<1.040g/mL). Density bands from the gradients were isolated, and cells in each fraction were 

quantified to confirm that the distribution of mass-added cells ranged from <1.035 g/mL to 

upwards of 1.070 g/mL (pellet) (Figure 3B). These results indicated that the mass-adding step was 

able to increase cell density 

upwards of 0.035 g/mL, a 

difference easily resolvable 

on a discrete density gradient. 

This gradient confirms that 

cell density is modulated by 

the mass-adding MADC step 

by anchoring dense 

microparticles to specific 

surface proteins. 
Figure 3: Cell density increased after MADC mass-adding step. A, Individual cell 
densities could increase to over 1.070 g/mL in the mass-added cell density column 
(right) as compared to control, non-mass-added cells, which largely settled at densities 
less than 1.040 g/mL (left). Note: Brownish red color due to binding of the iron 
microparticles to cells. B, The distribution of mass-added and control cells throughout 
the gradient was quantified using flow cytometry. Mass-added cells that did not end up 
in the pellet showed a clear shift in their densities, spanning the entire gradient. 
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Target protein levels correlate 

with cell density: Western blots 

were used to determine whether 

MADC cell sorting is protein-level 

dependent. Cells isolated from 

distinct density bands after MADC 

separation were lysed and analyzed 

for relative CD44 levels. Cells 

isolated from increasing-density 

fractions correlated with increased 

CD44 abundance (Figure 4). 

Repeated iterations of MADC 

separations into four fractions of cells 

reflected similar protein concentration 

correlations to cell density. There was 

a significant difference in CD44 level between cells of the 1st and 4th (p= 0.005) fraction, as well 

as between the 2nd and 4th fraction (p=0.029).  

Assessing Reproducibility of the MADC process: We performed a reproducibility experiment 

to determine the reliability of cell distribution in each density layer if a sample was centrifuged 

sequentially on two identically constructed gradients. This test was also used to quantify cell loss 

using the MADC procedure. Cells from the top, middle and bottom fractions of an initial gradient 

separation were labeled with Alexa Fluor 647-conjugated wheat germ agglutinin (WGA-647) for 

the top fraction, Alexa Fluor 488-conjugated wheat germ agglutinin (WGA-477) for the middle 

Figure 4: CD44 abundance was higher in cells isolated from 
more dense fractions. A, Western blots probing for CD44 on cells 
sorted by MADC revealed a corresponding increase in CD44 levels 
with gradient fraction density. Note: Lysates were collected from a 
typical live-cell MADC separation trial. B, Densitometry analysis 
of CD44 intensity, normalized by total protein levels for each lane, 
revealed the same trend of increasing CD44 abundance in cells 
deposited in higher density fractions (*p<0.05). Note: Densitometry 
analysis combines western blots from three, separate, live-cell 
MeWo MADC separations. 
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fraction, and left unstained for the bottom 

fraction. These cells were then mixed and re-

separated on a second gradient (Figure 5A). 

Distribution of cells to the three density layers 

was then analyzed by flow cytometry (Figure 

5B). For all fractions, a large majority of cells 

re-deposited in the same density band as in the 

original gradient. Statistically, the number of 

cells re-depositing in their same gradient 

location between the first and second 

separations (WGA-647 to the top, WGA-488 

to the middle, and unstained to the bottom), 

versus other density bands in the second 

separation, was significant for all fractions (p 

< 0.05). 69% of cells from the top fraction of 

the first separation (WGA-647 stained) re-

deposited in the top fraction of the second 

separation. 57% of cells from the middle 

fraction (WGA-488 stained) re-deposited to 

the middle fraction. 72% of cells from the 

bottom fraction (unstained) re-deposited to the 

bottom fraction. The entire process, from the 

Figure 5: Cells tend to re-deposit in the same density 
band upon subsequent separation trials. A, Experimental 
schematic for the MADC reproducibility assay (as described 
in Methods). 1. Cells were mass-added. 2. Mass-added cells 
were centrifuged on a density gradient (1st gradient 
separation). 3. Cell fractions were isolated, and WGA 
stained, then fractions were re-mixed. 4. WGA-stained cells 
were centrifuged on a second density gradient (2nd gradient 
separation). 5. Cell fractions were isolated, and fluorescence 
was analyzed by flow cytometry to determine the 
distribution of cells in each fraction. B, Cell distributions 
upon subsequent separation trials indicate that a significant 
proportion of cells re-distribute to the same density fraction, 
as compared to the number of cells depositing in different 
fractions. A portion of unstained cells from the bottom 
fraction of the first separation tended to re-distribute to less 
dense fractions in the second gradient separation.  
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mass-adding procedure to fractionation, and cell isolation proved to be largely cell-retentive, with 

~25% cell loss.  

 MADC maintains high cell viabilities post-sort: Live-cell MADC sorts were conducted to 

examine feasibility for experiments where live cells are needed in downstream applications. Both 

MeWo and ASCs were separated on MADC gradients in duplicate. Both cell types maintained 

high viabilities (>90%) throughout the entire MADC process, with no significant difference 

between mass-added and unprocessed control cells incubated on ice. In these sorts, we were able 

to process upwards of 20 million cells on one gradient column centrifuged for 10 minutes, attesting 

to the high-throughput possibilities of this method, particularly if conducted in an arrayed setup. 

To assess the potential effects of mass-adding particles on cells, we tracked proliferation rates of 

cells plated post-MADC sorting (Figure 6). When comparing CD44high, CD44low, and unprocessed- 

control cells, there was 

no significant 

difference in 

proliferation rates when 

assessed over a week 

post-sort (p>0.05).  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Cell proliferation rates for MeWo and ASCs were unaffected by MADC cell 
sorting. There was no statistically significant difference in population doubling times 
between MADC processed and control, unprocessed cells (p > 0.05). Plating-effects impacted 
all conditions, as indicated by longer PDTs through days 2 and 3. However, this effect 
seemed to disappear by day 5-6.  
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Chapter 4: Discussion 
 

The goal of our work was to develop a novel cell sorting method that allowed for rapid 

selection of large quantities of cells according to the abundance of a target surface protein. To do 

this, we first confirmed that single-cell density modulation with a mass-adding step was resolvable 

on a density gradient and that density shifts were proportional to protein abundance. Next, we 

characterized reproducibility and cell losses, confirming MADC as a reliable sorting method with 

high cell yields. Lastly, we applied MADC to live-cell sorts to demonstrate its utility in 

maintaining high viabilities (>90%) with minimal effects on basic cell behavior (e.g., proliferation 

rates). Our results demonstrate MADC as an attractive cell sorting alternative to FACS and MACS 

for high throughput, protein quantity-dependent sorts.  

The fundamental principle of MADC is for single-cell density modulation to correlate with 

surface protein levels. Western blot experiments revealed a trend existed for cells from increasing 

density fractions having increasing protein abundance, confirming our expected outcome. To date, 

studies looking at cell heterogeneity based on protein levels have been limited to FACs-sorted 

cells, a technology not readily available to all labs, particularly ones in low resource settings. 

MADC enables researchers to rapidly and inexpensively sort cells based on protein levels to enable 

closer examination of cell heterogeneity. For example, our CD44-sorted cells could be used for 

downstream cancer or stem cell research, as CD44 expression levels correlate with stem-like cell 

behavior and cancer malignancy (20–22). Beyond research use, MADC could be applied to sorting 

stem cells, and other beneficial cell types, to improve treatment outcomes. A major challenge for 

cell-based therapies is that often more than hundreds of millions of cells are needed (23–25). This 

requirement necessitates in vitro expansion of cells to achieve high enough numbers(24–26). 

However, vitro expansion can have adverse effects on cell behavior resulting in decreased stem 
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cell potency and unpredictable treatment outcomes (27,28). In such cases, MADC can be applied 

to enrich expanded stem cells for those retaining the most optimal stem-like qualities, while 

simultaneously acquiring a more homogenous cell population. MADC is a versatile cell sorting 

technique, with the power to expand research into cell heterogeneity and improve cell-based 

therapies.  

The MADC protocol, as detailed here, was found to be well-suited for fixed-cell isolations 

as well as live-cell sorts. For the optimized live-cell MADC procedure, cell viability remained 

above 90%. Optiprep gradient solution was selected due to higher viabilities in live-cell sorts. The 

diluting medium for the iodixanol solution was HBSS supplemented with FBS to provide more 

nutrients to cells during processing (29). Alternatively, Percoll is diluted with an isotonic salt 

solution which provides little pH buffering action or toxin neutralization. It is also possible that 

Optiprep results in less shear during density centrifugation, as it is a small molecule-based density 

solution (iodixanol) rather than a polydisperse particle-based (silica) solution like Percoll. Post-

sort there was no observable impact of MADC on cell health, as determined with a proliferation 

assay and general morphological observations. However, cell behavior is very complex. Therefore, 

future work will focus on characterization of the effect of microparticles on cell behaviors, such 

as impact on stem cell differentiation. We do not expect microparticle-decoration on cells to pose 

unresolvable problems for therapeutic applications. A study by David et al. found no negative 

consequences of injecting cells tagged with MACS microbeads in vivo (30). When stem cells 

tagged with MACS microbeads (compositionally similar to our microparticles) were injected into 

a mouse heart, the microbeads were quickly cleared and showed no adverse impact, thereby 

increasing our confidence that this method could be applied as a therapeutic cell enrichment 

method. Alternatively, MADC can be modified by substituting a cleavable biotin to then easily 
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remove microparticles post-sort to minimize adverse effects (31). In addition to demonstrating 

utility for sorting both live and fixed cells, we found MADC to be a reliable method, with good 

reproducibility.  

In our reproducibility assay, we tested whether cells would distribute to the same density 

fractions when centrifuged twice in a row on identical density gradients. One trend we observed 

is that a portion of cells from the more dense fractions of the first gradient re-distributed to the less 

dense fractions during the second centrifugation. In the middle fraction, 22% of cells from the 

middle in the first gradient re-distributed to the top fraction of the second gradient. This decrease 

in density may be an artifact of the experiment. Microparticles may have been removed during 

WGA staining and re-mixing, effectively changing the density of these cells. Given that in a 

normal MADC separation, cells are only labeled, and density centrifuged once, this is not a 

problem for practical applications. Despite the drift of cells to less dense fractions in the second 

gradient, we found that the majority of cells from the first gradient settled into the same density-

bands when centrifuged on an identical gradient a second time. These results indicate that 

distribution throughout the gradient is not random, but rather that individual cell density is indeed 

modulated in the mass-adding step. Altogether, the reproducibility of cell distribution on 

subsequent density separations demonstrates that MADC is a reliable cell sorting method.  
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Chapter 5: Conclusions and Future Directions 
 

Here we present MADC as a novel cell sorting method that complements gold-standard 

approaches like FACS and MACS. MADC is a suitable option for research, or therapeutic, 

purposes as it is rapid and inexpensive, requiring only a centrifuge and cell labeling materials.  

Future work will focus on rigorous optimization of antibody combinations and gradient 

densities to achieve high-quality outcomes. A given cell type may differ in original starting 

density, and the magnitude of density shifts will depend on the absolute number of surface proteins 

available for antibody binding. For example, MeWo cells required gradients with higher densities, 

up to 1.100 g/mL, compared to ASCs that inherently expressed less CD44, which only needed 

gradients that went up to 1.090 g/mL. Due to a lack of publications reporting such data, there is 

some experimental calibration required for each cell type and target protein. 

Additionally, modifying the mass-adding procedure by utilizing a cleavable biotin 

alternative would allow for the removal of microparticles post-sort to minimize disruption to 

normal cell function (31). With this modification cells would be minimally altered when used for 

downstream research or therapeutic applications.  

Despite some limitations, MADC addresses key shortcomings of both FACS and MACS 

to enable scientists to rapidly sort high quantities of cells based on protein levels for downstream 

applications ranging from proteomic studies to therapeutics. 
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Appendix A 

 

 
 Supplementary Figure 1. Example brightfield images of cells from increasing density fractions 
taken at 40x magnification. Generally, cells isolated from increasing density fractions exhibited 
higher microparticle coverage. 
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Supplementary Figure 2. Example data for one independent run of the reproducibility assay 
showing the gating strategy for flow cytometric analysis of cell distributions that settled in 
designated density layers upon subsequent MADC separations. 
A, Side scatter (SSC) vs. Forward scatter (FSC) dot plot depicting initial gate for cells, which 
were cut off just below 30,000 to limit inclusion of debris in event 
analysis. The remaining events were counted as cells, although it is notable that 
microparticle decoration on cell surfaces shifted SSC and FSC plot patterns from non-labeled 
cell plots. B, Example data and gates used to count events for the top fraction of cells isolated 
from the second density gradient. C, Example data and gates for the middle fraction of cells 
isolated from the second density gradient. D, Example data and gates for the bottom fraction of 
cells isolated from the second density gradient. E, Raw cell counts for re-distribution of cells to 
top/middle/bottom fractions based on the designated gates. Graph illustrates counts within 
analyzed density fractions for three independent runs of the re-distribution assay. 
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