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Abstract

Human adipose tissue is a rich source of mesenchymal stem cells (MSCs). Human adipose-derived stem 

cells (ADSCs) are first prepared by tissue digestion of lipoaspirate. The remaining constituent contains a 

mixture of ADSCs, other cell types and lysed fragments. We have developed a scalable microfluidic sorter 

cascade which enabled high-throughput and label-free enrichment of ADSCs prepared from tissue-digested 

human adipose samples to improve the quality of purified stem cell product. The continuous microfluidic 

sorter cascade was composed of spiral-shaped inertial and deterministic lateral displacement (DLD) sorters 

which separated cells based on size difference. The cell count characterization results showed >90% 

separation efficiency. We also demonstrated that the enriched ADSC sub-population by the microfluidic 

sorter cascade yielded 6 enhancement of expansion capacity in tissue culture. The incorporation of this 

microfluidic sorter cascade into ADSC preparation workflow facilitates the generation of transplantation-

scale stem cell product. We anticipate our stem cell microfluidic sorter cascade will find a variety of 

research and clinical applications in tissue engineering and regeneration medicine.
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1 Introduction

Human adipose tissue-derived stem cells (ADSCs) are self-renewable and multi-potent adult mesenchymal 

stem cells (MSCs), which can be differentiated into various cell types, including osteocytes, adipocytes, 

neural cells, vascular endothelial cells, cardiomyocytes, pancreatic β-cells, and hepatocytes, etc.1 To date, 

approximately 130 clinical trials are being investigated to evaluate ADSC therapeutic efficacy and safety 

according to the US National Institutes of Health (NIH).2 Therapeutic applications of ADSCs are broad, 

which include bone regeneration, fat reconstruction, cartilage and intervertebral disc regeneration, 

cardiovascular and myocardial regeneration, treatment of stroke and Parkinson’s disease, hepatic 

regeneration, and pancreatic regeneration.1 The increasing popularity of ADSCs is due to several reasons. 

First, the use of ADSCs raises fewer ethical concerns. In contrast to human embryonic stem cell (ESCs), 

which involves the destruction of a 5-day-old preimplantation embryo,3 ADSCs are adult stem cells 

deriving from postnatal tissues. Second, ADSCs can be repeatedly harvested with lipoaspirate, which is 

routinely discarded as a by-product. With increasing obese population in the U.S., approximately 400,000 

liposuction procedures are performed each year. Each extraction yields a large quantity (100 ml to >3 liters) 

of lipoaspirate.4 Third, the average abundance of ADSCs in lipoaspirate-processed nucleated cells is 

approximately 2% compared with 0.002% bone marrow stem cell content in the total stromal cell 

population. The yield of ADSCs from 1g fat is approximately 5,000 cells, compared with 100 to 1,000 stem 

cells from 1mL bone marrow. The yield of ADSCs has been reported to exceed that from bone marrow by 

about 500-fold.5‒9 Fourth, ADSCs have good proliferative capacity and multipotency. ADSCs can be 

cultured for up to 1 month and retain strong multi-differentiation potential after 25 passages.10,11 Fifth, 

clinical research on ADSCs has shown effective immunomodulation and reduced side effects of chronic 

immunosuppression in allotransplantation.12,13 Last, the use of autologous additive platelet-rich plasma 

(PRP) in ADSCs has shown stimulatory effects in cell proliferation and differentiation for tissue 

regenerative therapies.14‒16 The efficacy of ADSCs and PRP had been confirmed in the healing process of 

chronic skin wounds,17 neocartilage regeneration,18 and osteoarthritis.19 The synergistic effects of ADSCs 

and PRP were also studied in preclinical animal studies in the pressure injury model,20 and the ischemic 

hindlimb model.21

ADSCs are first prepared by liposuction, collagenase digestion, and centrifugation to discard oil and tissue-

lysed fragments. The remaining constituent is called stromal vascular fraction (SVF), which consists of a 

heterogeneous mixture of ADSCs, pericytes, monocytes/macrophages, endothelial, progenitor, and 

hematopoietic stem cells.22 Amongst different cell types, ADSCs comprise 1‒10% of the SVF cell 

population.23 Typically, ADSCs are harvested by plastic adherence along with other cell types in the SVF 
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mixture. The ADSC sub-population adheres to plastic surfaces and expands in ADSC-specific growth 

media. The purity of ADSCs increases progressively in higher passages as other unattached cell types are 

washed out in the passaging process. It has been reported that the ADSC culture is almost completely 

purified upon three passages.24 Commercially available immunoaffinity magnetic activated cell sorting 

(MACS) kits can be used to isolate ADSCs from human lipoaspirate with several hours of labor-intensive 

preparation steps. Currently, only one MACS cell separation kit, the CliniMACS® CD34 from Miltenyi 

Biotec was granted Food and Drug Administration (FDA) approval to isolate hematopoietic stem cells 

derived from donor blood after apheresis.25 

Microfluidic sorting provides a minimally manipulated approach to enrich ADSC sub-population from 

tissue-digested SVF mixtures. With improved purity, ADSC co-culture samples are less susceptible to 

unpredictable influences from other SVF cell types.26 The incorporation of microfluidic technology into 

existing ADSC preparation workflows also reduces the risk of contamination by allowing stem cell 

processing in an enclosed and Good Manufacturing Practices (GMP) environment for improved 

reproducibility, biosafety, and therapeutic efficacy.27

Two types of label-free microfluidic separation technologies have been developed to sort stem cells. Spiral 

inertial microfluidic sorting uses differential lift force to balance with Dean vortex-induced drag to separate 

bioparticles with different sizes.28 Spiral inertial microfluidic sorters have higher throughput of several 

mL/min, but lower size separation resolution and low purity.29 Spiral inertial microfluidic sorting devices 

have been developed to isolate differentiated neural stem cells (NSCs) from a mixture of induced 

pluripotent stem cells (iPSCs),30 mouse MSCs from bone-marrow samples,31 single cells from neurosphere 

clusters,32 and sub-population of MSCs into osteoprogenitor with chondrogenic potential.33,34 Deterministic 

lateral displacement (DLD) is another passive microfluidic sorting technology that uses steric effects to sort 

cells.35 Different-sized cells are diverted into different flow paths when traversing through arrays of slanted 

micro-posts. DLD microfluidic sorters have lower throughput rates of several hundred µL/min but higher 

size resolution and high purity. A DLD microfluidic sorting device has been reported to separate particles 

with a resolution down to 10nm.36 DLD technology has been recently applied to enrich primary human 

skeletal progenitor cells from bone marrow for bone regenerative therapies without the use of biomarkers.37

The sorting performance and functionality of these microfluidic sorters can be augmented when arranged 

in multi-step configuration and multi-module combination. Five subgroups of different-sized MSCs were 

sorted in the same spiral inertial microfluidic sorter in four rounds at different flow rates.34 Three spiral 

inertial microfluidic sorters were cascaded on the same chip by balancing the fluidic resistance at the 

bifurcation.38 Two separation branches were cascaded in the same integrated spiral microfluidic sorter to 
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enable two-step continuous cell sorting.39 A microfluidic monolithic chip comprising modules of DLD, 

inertial focusing, and magnetophoresis was developed to continuously sort rare circulating tumor cells 

(CTCs) and deplete blood cells at high throughput.40 A serial workflow comprised of label-free inertial 

microfluidic isolation and downstream leukocyte functional assessment by isodielectric separation has been 

developed for the severity evaluation of sepsis patients.41 Recently, a novel two-stage i-DLD sorter coupling 

inertial microfluidics with DLD has been developed to separate spiked tumor cells from the diluted blood 

sample.42

In this work, combining the advantages of both spiral inertial and DLD sorters, we developed a label-free 

microfluidic sorter cascade to continuously enrich ADSCs from tissue-digested human lipoaspirate based 

on their size difference. The spiral inertial microfluidic sorter was optimized to recover ADSCs and reduce 

sample volume. The DLD microfluidic sorters were optimized to discard SVF and further improve sample 

purity. The sorting performance of this novel microfluidic sorter cascade was characterized using 

fluorescently labeled ADSCs spiked in the SVF cell mixture. Next, the enriched native ADSC sub-

populations from the SVF cell sample by microfluidic sorting were tested for proliferation capacity.

2 Methods and materials

2.1 Microfluidic sorter cascade 

The microfluidic sorter cascade consisted of one spiral inertial microfluidic sorter and two identical DLD 

microfluidic sorters (Figure 1). Inertial microfluidic sorting used the balance between differential lift force 

(inertial wall lift and velocity gradient force) and Dean vortex drag in a curvilinear fluidic channel to 

separate cells based on their size difference. The spiral microfluidic sorter was designed to focus larger 

ADSCs closed to the inner wall. Dominated by spanwise vortical re-circulation of Dean drag, other smaller 

SVF cell types and tissue-digested fragments tended to spread across the channel width. The enriched 

sample collected from the inner outlet of the inertial microfluidic sorter, which still contained a background 

of smaller debris was sent to two DLD microfluidic sorters for further purification. 

DLD microfluidic sorting used arrays of slanted micro-posts to exert different magnitudes of steric force 

on cells for size-based separation.35 Larger ADSCs had hydrodynamic centers of mass further away from 
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the micro-posts and were laterally displaced from the channel centerline to the side. Smaller SVF cells and 

fragments had the hydrodynamic center of mass closer to the micro-posts and traversed through the micro-

post arrays in a zigzag manner along the channel centerline. As these two cell populations flowed 

downstream, the difference in lateral displacement was accumulated and directed to different outlets. 

Figure 1. Schematic of continuous microfluidic enrichment for human adipose-derived stem cells 
(ADSCs) from tissue-digested stromal vascular fraction (SVF) cells using a serial combination of one 

spiral inertial and two identical deterministic lateral displacement (DLD) microfluidic sorters.

2.1.1 Design of the spiral inertial microfluidic sorter

The geometric design of the spiral inertial microfluidic stem cell sorter was adapted from our previous 

works.29,31 The inertial microfluidic device consisted of a main 10-looped spiral microfluidic channel with 

a rectangular cross-section. The channel width was 500µm, and the total length was about 50cm connecting 

with one inlet and two outlets. The outlet channel split location was designed to optimize for ADSC 

recovery. The outlet portion near the inner side was designated for ADSC collection. 

2.1.2 Design of the DLD microfluidic sorter

The DLD microfluidic sorter was designed to sort ADSCs from SVF cell samples. Each DLD microfluidic 

sorter contained two sets of symmetric slanted micro-post DLD arrays, which were separated by a centerline 

separator spanning the entire length of the device. Two symmetric sets of DLD arrays were connected to 

one common sheath inlet, sample inlet, collect outlet and discard outlet. The sorting characteristics of DLD 

was determined by the geometrical arrangement of the slanted angle and separation distance (both along 
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the streamwise and lateral directions) between each micro-post.35 These parameters determined the cut-off 

(or critical) diameter. We chose the cut-off diameter based on size difference between ADSCs and other 

SVF cell types to maximize ADSC recovery and SVF cell discard. The size distribution of ADSCs and 

ADSC-depleted SVF cell sub-population will be characterized in Section 3.1. Larger ADSCs displaced 

laterally were collected by the side outlet channel. The SVF cells and fragments with the size smaller than 

the critical diameter traversed through the micro-post array in a “zigzag” path. They were not laterally 

displaced and collected by the discard outlet along the centerline. The detailed design parameters of the 

DLD microfluidic sorter were described in SI (Fig. S1, Table S1, and Fig. S2).

2.1.3 Device fabrication process

Both layouts of the spiral inertial and DLD microfluidic sorters were designed with AutoCAD (Autodesk, 

2010LT). The photomasks were printed on a high-resolution transparency manufactured by CAD/Art 

Services, Inc. (Bandon, OR). Both spiral inertial and DLD microfluidic sorters were fabricated using 

polydimethylsiloxane (PDMS) soft-lithography technique. A single layer of SU-8 photoresist was patterned 

on 4” silicon wafers as mold masters. Photoresists SU-8 2075 and SU-8 3050 were used in the fabrication 

of spiral inertial and the the DLD microfluidic sorter mold masters respectively to accommodate for height 

difference of two devices. The SU-8 patterning processes were adapted from the manufacturer protocol 

from MicroChem data sheet (https://kayakuam.com/products/su-8-photoresists/). After SU-8 patterned 

silicon mold master fabrication, the average height of the SU-8 patterned layers of the spiral inertial and 

the DLD microfluidic sorter device measured 155µm and 40µm, respectively, using a profilometer. PDMS 

was prepared by mixing base with curing agent at weight ratio of 1:10 (Sylgard 184, Dow Corning) and 

cast over the SU-8 patterned silicon masters, followed by degassing in a desiccator and curing in an oven 

at 65°C for at least 3 hours. The cured PDMS substrates were peeled off from the SU-8 patterned silicon 

masters and diced, followed by inlet/outlets hole punching (1.5mm diameter). For device assembly, the 

PDMS substrates and glass microscope slides were treated in an air plasma cleaner (Harrick Plasma, Ithaca, 

NY), and then bonded together permanently. Different parts of a fabricated DLD microfluidic sorter device 

were shown under phase imaging of optical microscopy in SI (Fig. S3).
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2.2 Sample Preparation

2.2.1 Reagents and media

Human MesenCult™ MSC basal medium, Human MesenCult™ MSC stimulatory supplement, L-

Glutamine (L-Glut), Dulbecco’s phosphate-buffered saline (D-PBS) without calcium and magnesium, and 

trypsin-EDTA (0.25%) from STEMCELL Technologies, Inc. (Vancouver, Canada) were primarily used for 

tissue culture of ADSCs. CellTracker™ Red and Green dyes, GibcoTM Minimum Essential Media (MEM), 

NucBlue® fixed cell ReadyProbes® reagent (DAPI), and Pierce™ 16% formaldehyde were purchased from 

ThermoFisher Scientific Inc. Bovine Serum Albumin (BSA) was purchased from Fisher Scientific 

(Hampton, NH). All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO).

2.2.2 Preparation of SVF cells from tissue digestion of lipoaspirate

Isolation of SVF cell population from human lipoaspirate was prepared using a protocol adapted from a 

previous publication.43 Human lipoaspirate was purchased from Zen-Bio, Inc. (Research Triangle Park, 

NC). Lipoaspirate was first washed with equal volumes of phosphate buffer saline (PBS) and Penicillin-

Streptomycin (Pen/Strep), optionally with anti-fungal amphotericin B, mixed and settled over several 

minutes. The bottom phase was aspirated off. This process was repeated until liquid was clear in order to 

remove most of the red and white blood cells. The tissue was re-suspended in equal volume of sterile filtered 

PBS containing 0.1% collagenase Type I from Worthington Biochemical (Lakewood, NJ) and 0.5% BSA 

which was pre-warmed to 37°C. The suspension was incubated at 37°C for 30‒60 min with agitation every 

5‒10 minutes until the fat was transformed into a smooth looking paste lacking obvious fat chunks. The 

sample was centrifuged at 300×g for 5 min at the room temperature. After centrifugation, the whole sample 

was shaken vigorously to remix and disrupt ADSCs from adipocytes and re-spun as before. The material 

was aspirated above the pellet while being careful not to disturb the SVF pellet. The pellet was re-suspended 

in alpha-MEM/10% Fetal Bovine Serum (FBS), L-Glut/Pen/strep in 10mL. The re-suspended SVF cell 

mixture was passed through a 70µm cell strainer in a 50ml conical centrifuge tube to remove any connective 

tissue, and the sample was centrifuged at 300×g for 5 min. The media was aspirated and cells were re-

suspended at 3×106 cells/mL of freezing media (80%FBS/10% alpha-MEM/10% Dimethyl sulfoxide 

(DMSO)). The SVF vials were then cryopreserved in liquid nitrogen. 
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2.2.3 Preparation of human adipose-derived stem cell (ADSC) culture

The ADSC sub-population from SVF cell mixture was purified by plastic adherence in tissue culture at 

37°C and 5% CO2. The SVF cell mixture containing native ADSCs was plated at 2.3×106 cells per T75 

flask. The media was refreshed twice a week. The ADSC culture was washed with D-PBS to remove 

residual blood cells before one week incubation. Tissue culture-purified ADSCs were sub-cultured to higher 

passages or cryopreserved in a similar protocol with the SVF preparation. To reconstitute purified and 

cryopreserved ADSCs, after thawing the cryopreserved ADSC vial in a warm water bath at 37°C, culture 

media was added to the ADSC samples. The ADSC suspension was collected by centrifugation at 300×g 

for 10 min to remove DMSO in the freezing media and then re-suspended in culture media. The purified 

ADSCs (5×105 cells) were seeded in tissue culture flask. Typically, after 3‒4 days, the ADSC culture 

achieved 80‒90% confluency and was sub-cultured at a splitting ratio of 1:3.

2.2.4 Reconstitution of ADSCs and ADSCs-depleted SVF cell samples

Passages P3 to P6 of cultured ADSCs were used in all microfluidic sorting experiments and characterization 

assays. ADSC tissue culture at 80‒90% confluency was dissociated with 0.25% trypsin-EDTA for 10min, 

centrifuged to remove the trypsin at 300g for 10min, and re-suspended in cell culture media at desired 

concentration and volume. The SVF cell population contained 1‒10% of native ADSCs.23 To correctly 

characterize sorting performance using fluorescently labeled ADSC spiking samples, it was necessary to 

remove the native ADSC sub-population in the SVF cell samples before microfluidic sorting experiments. 

Native ADSCs in SVF samples expressed cell membrane receptors which bind with plastic surface and 

plastic adherence has been used to purifiy ADSCs.24 To prepare ADSC-depleted SVF cell sub-population, 

cryopreserved SVF samples from lipoaspirate were first thawed in a water bath at 37°C and reconstituted 

carefully in ADSC culture media. The SVF cell suspension was then centrifuged at 300×g for 10min. After 

discarding the supernatant which contained freezing media, the SVF pellets were re-suspended in ADSC 

culture media. The SVF cells were incubated in a T75 culture flask (37°C, 5% CO2) for about 4 hours. 

Native ADSCs in the SVF adhered to the culture flask, which were validated by immunophentotyping using 

immunocytochemistry staining from our previous work.29 The cell suspension was then collected as a sub-

population of SVF cells depleted of native ADSCs. The cell suspension was filtered with a 40µm cell 

strainer to screen out large clumps.
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2.2.5 CellTrackerTM fluorescent staining protocol 

Adherent ADSCs in tissue culture flasks were washed with PBS and stained with 5µM CellTracker™ Green 

in serum-free culture media for 20min. The stained ADSCs were washed thoroughly with PBS with 

centrifugation to remove unbound dye. The ADSCs were then dissociated in culture media, centrifuged and 

reconstituted at desired concentration and volume in ADSC culture media. The cell concentration was 

confirmed with hemocytometer cell counting. We had attempted to stain the ADSC-depleted SVF cell sub-

population with CellTracker™ Red. However, we found that the ADSC-depleted SVF sub-population 

contained a considerable amount of cell fragments and debris which did not uptake the fluorescent dye. We 

used phase imaging to count ADSC-depleted SVF cells and fragments.

2.3 Sorting Performance Characterization

2.3.1 Cell counting

Purified ADSCs loaded with CellTrackerTM fluorescent dye were used to spike the tissue-digested SVF 

mixture to enable cell count for sorting performance characterization of our microfluidic sorter cascade. 

The ADSCs were counted under fluorescent imaging and the issue-digested SVF cells without fluorescent 

labeling were counted under brightfield phase imaging. Cell samples were counted with 10µL aliquots 

using a hemocytometer mounted on an epifluorescence microscope (Nikon TiE) under a 10 objective with 

phase imaging. Fluorescence or brightfield images were taken at 66 fields of view and exported to ImageJ 

(https://imagej.nih.gov/ij/) for image analysis and cell count. Typically, more than a total number of 

thousand cells and tens of targeted ADSCs were counted.

2.3.2 Sorting performance metrics CellTrackerTM stained samples

We defined the sorting performance characterization metrics as follows:
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𝑃𝑢𝑟𝑖𝑡𝑦 =  
[ADSC]

[ADSC] + [SVF cell] (1)

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦[ADSC]𝐶𝑜𝑙𝑙𝑒𝑐𝑡 =  
[ADSC]𝐶𝑜𝑙𝑙𝑒𝑐𝑡

[ADSC]𝐶𝑜𝑙𝑙𝑒𝑐𝑡 + [ADSC]𝐷𝑖𝑠𝑐𝑎𝑟𝑑
(2a)

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦[SVF cell]𝐶𝑜𝑙𝑙𝑒𝑐𝑡 =  
[SVF cell]𝐶𝑜𝑙𝑙𝑒𝑐𝑡

[SVF cell]𝐶𝑜𝑙𝑙𝑒𝑐𝑡 + [SVF cell]𝐷𝑖𝑠𝑐𝑎𝑟𝑑
(2b)

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦[ADSC]𝐷𝑖𝑠𝑐𝑎𝑟𝑑 =  
[ADSC]𝐷𝑖𝑠𝑐𝑎𝑟𝑑

[ADSC]𝐶𝑜𝑙𝑙𝑒𝑐𝑡 + [ADSC]𝐷𝑖𝑠𝑐𝑎𝑟𝑑
(2c)

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦[SVF cell]𝐷𝑖𝑠𝑐𝑎𝑟𝑑 =  
[SVF cell]𝐷𝑖𝑠𝑐𝑎𝑟𝑑

[SVF cell]𝐶𝑜𝑙𝑙𝑒𝑐𝑡 + [SVF cell]𝐷𝑖𝑠𝑐𝑎𝑟𝑑
(2d)

𝐸𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡 𝑅𝑎𝑡𝑖𝑜 =  
𝑃𝑢𝑟𝑖𝑡𝑦𝐶𝑜𝑙𝑙𝑒𝑐𝑡

𝑃𝑢𝑟𝑖𝑡𝑦𝐼𝑛𝑙𝑒𝑡
(3)

where [ADSC] and [SVF cell] denoted the number of ADSCs and SVF cells respectively.

2.3.3 Proliferation assay

The purity and quality of a stem cell population can be evaluated by its expansion capability in proliferation 

assays.24 The cell cultures were incubated at 37°C and 5% CO2 with media changes twice a week. At each 

passage, once the tissue culture reached 8090% confluency, the cells were trypsinized with 0.25% trypsin-

EDTA for 10 minutes. After washing out the Trypsin-EDTA with centrifugation, the cell pellets were re-

suspended in fresh media and cell counted with a hemocytometer before plating back to a larger well plate 

or culture flask to best match optimized seeding densities (2.510103 cells per cm2). We continued the 

tissue culture of ADSCs to higher passages until they lost their expansion capability such that they failed 

to double their population for two weeks. The cell proliferation was calculated using the following 

equation:44

(4)𝑁 = 𝑁0𝑒𝑘𝑡
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where N0 is the number of cells in the beginning, k is the growth rate, and t is the time. The doubling time, 

T is calculated as:

(5)𝑇 =
𝑙𝑛2

𝑘

2.3.4 Continuous Microfluidic Sorter Cascade  

The microfluidic sorter cascade consisted of one spiral inertial sorter, one Y-splitter, and two identical DLD 

sorters assembled in a 3-D printed plastic casing (Figure 2a). Inertial microfluidic sorters typically operate 

at higher flow rates than the DLD microfluidic sorters. We matched the flow rate between the two types of 

sorters by connecting the collect outlet of the spiral inertial microfluidic sorter to the sample inlets of two 

DLD microfluidic sorters through a Y-splitter device using 0.020” inner diameter Tygon™ tubing. The Y-

splitter was a symmetric bifurcation device. The widths of the parent and daughter channels were 400µm 

and 200µm, respectively. Both parent and daughter channels were 5mm long. The height of all channels 

was 100µm. The flow rates were matched between these two types of microfluidic sorters to enable 

continuous sorting. The connection of two DLD microfluidic sorters and Y-splitter dramatically increased 

the fluidic resistance of the collect outlet of the spiral inertial microfluidic sorter. To prevent backflow and 

balance the fluidic resistance between the collect and discard outlets in the spiral inertial microfluidic sorter, 

a Tygon™ tubing with a length of 20cm and an inner diameter of 0.010” was inserted to the discard outlet 

of the spiral inertial microfluidic sorter. The length of this flow restrictive tubing was experimentally 

determined to match fluidic resistance between the Y-splitter and two DLD microfluidic sorters. The 

discard outlets of the inertial microfluidic sorters and the two DLD microfluidic sorters were directed to a 

common reservoir in a 12-well plate. Two collect outlets of the two DLD microfluidic sorters were directed 

to another common reservoir in the 12-well plate. Prior to use, all microfluidic devices in the assembly were 

primed in one single step to remove any trapped air bubbles. Alternatively, isopropanol (IPA) could be used 

in the priming process for sterilization treatment. When the cell samples arrived the sorting region of both 

inertial and DLD sorters, the flow conditions had reached steady state for optimal sorting performance. We 

determined this experimental setup and operational flow rates by several optimization steps as reported in 

SI (Fig. S4 to Fig. S8). 

The optimal inlet sample flow rates were set in the inertial microfluidic sorter to be 500µL/min and the 

sheath flows of each DLD microfluidic sorter to be 200µL/min. The cell sample mixture mounted on a 

single syringe pump (Harvard Apparatus) was connected to the sample inlet of the spiral inertial 
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microfluidic sorter. Two syringes filled with culture media mounted on a dual syringe pump (Harvard 

Apparatus) were connected to the sheath flow inlet of each DLD microfluidic sorter. The detailed workflow 

and flow rates at each device unit and connection component in the microfluidic sorter cascade assembly 

are shown in Figure 2b.

(a)

(b)

Figure 2. Microfluidic sorter cascade for ADSC sorting: (a) experimental assembly; and (b) schematic. 
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3 Results and Discussion

3.1 Size Distribution of ADSC and ADSC-depleted SVF Cell Sub-population  

We examined the size distribution of ADSC, SVF cell, and ADSC-depleted SVF cell sub-populations. Cell 

samples were loaded into a hemocytometer and inspected manually under an optical microscope with phase 

imaging. The diameter of purified ADSCs was 20.6±4.3µm (mean±s.d., n=373), SVF cells 16.9±5.4µm 

(n=372), and ADSC-depleted SVF cells 12.0±2.4µm (n=373). The average cell diameter of ADSC-depleted 

SVF cells was about 60% of the purified ADSCs. Two sub-populations were statistically different based 

on Student’s t test. Our findings agreed reasonably well with published data.45 The size distribution of these 

cell sub-populations was shown in SI (Fig. S9).

3.2 Sorting Performance Characterization with Fluorescent Labeled ADSCs

We characterized the sorting performance of the microfluidic sorter cascade using CellTracker™ Green 

stained ADSCs spiked in ADSC-depleted SVF cell mixture. The preparation of the ADSC-depleted SVF 

cell mixture and fluorescent labeling protocol were described in Section 2.2.4 and Section 2.2.5 

respectively. The cell sample mixture was prepared (~1×106 cells/mL) with initial purity between 1‒2%. 

The integrated microfluidic sorter cascade ran continuously for 6min with inlet sample processing volume 

about 3mL. Approximately 3×106 cells were processed. Cell samples from the inlet, collect, and discard 

outlets were imaged and counted as shown in Figure 3a. The cells that showed green color in fluorescent 

imaging were labeled ADSCs. The non-stained cells and tissue-digested fragments were from the SVF sub-

population, which were counted under phase imaging. The average sorting performance was summarized 

in Figure 3b, Figure 3c, and Table 1. The continuous-flow, sequential microfluidic enrichment approach 

resulted in targeted ADSC enrichment of ⁓30, from an initial purity of 1.7% to 46.8%, ADSC recovery 

of >90%, and non-target SVF cell discard of >95%. A sample sorting throughput of ⁓8,000 cells/s was 

achieved. 
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(a)

(b) (c)

Figure 3. Sorting performance of ADSCs (green) from ADSCs-depleted SVF cell mixture by 
microfluidic sorter cascade: (a) cells collected at inlet and outlets in a hemocytometer under 

fluorescence imaging and phase microscopy; (b) recovery; and (c) enrichment ratio and purity.
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Table 1. Sorting performance of ADSCs from ADSCs-depleted SVF cell mixture by microfluidic sorter 
cascade.

Purity Recovery Enrichment
Inlet Collect Discard Collect Discard Collect

ADSCs SVF cells ADSCs SVF cells
1.7% 46.8% 0.2% 94.1% 1.9% 5.9% 98.1% 30.4

SVF cells were ADCS-depleted

3.3 Expansion Capacity of ADSC Sub-population after Microfluidic Enrichment 

A proliferation assay was used to quantify the expansion capability of native ADSC sub-population from 

the SVF cell mixture in tissue culture after microfluidic sorting. Cryopreserved SVF cell vials were thawed 

in culture media and passed through a 40µm pore-size cell strainer to screen out large clumps. After washing 

out the freezing media with centrifugation, the native SVF cells were re-suspended in fresh media at 1106 

cells/mL. 5 mL of this native SVF cell mixture preparation was used directly as the inlet sample. The 

microfluidic sorter cascade was run for 10 minutes at the prescribed operating condition. After microfluidic 

sorting, cell concentrations from the collect and discard outlets were 7×104 cells/mL and 1106 cells/mL, 

respectively. Cell samples at the inlet without microfluidic sorting and those from the collect and discard 

outlets after microfluidic sorting were transferred into a 24-well plate with equivalent seeding density of 

3105 cells per well.

We conducted proliferation assays on cell samples of inlet, collect, and discard, as described in Section 

2.3.2. The number of harvested cells at each passage for three samples was counted using a hemocytometer 

as shown in Figure 4a. We determined ADSC expansion doubling time by logarithmic fitting based on 

equation (4) ‒ (5) in Figure 4b. Overall, the microfluidics-enriched native ADSC sub-population in the SVF 

mixture, known as the collect sample, was expanded ⁓300 over one month of tissue culture in 6 passages. 

In addition, about 4,000 cells, around 1.3% of the SVF cell population attached to the 24-well plate initially 

were able to proliferate afterwards, compared with only about 1,500 cells, less than 0.5% in the case of SVF 

samples without microfluidic enrichment, which is the original sample supplied at the inlet. Our calculation 

found that the doubling time of the microfluidics-enriched ADSC sub-population was T = 4.2 days or 101 

hours. When we evaluated the proliferation rate at P3-P6 of microfluidics-enriched ADSCs, the expansion 

doubling time was T = 3.0 days or 72 hours, which is comparable with the doubling time of completely 

purified ADSCs (P3-P9) at T = 86 ± 23 hours from published data.24,46 In comparison with SVF cell samples 

without microfluidic enrichment, the number of harvested ADSCs with microfluidic sorting was expanded 

only ⁓50 after one month of culture. The expansion doubling time of ADSCs in the SVF sample without 
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microfluidic sorting was T = 5.6 days or 134 hours. The doubling time of ADSCSVF samples from discard 

outlet with microfluidic sorting was T = 9.2 days or 221 hours. The cell expansion doubling time of all 

samples was summarized in Table 2. The tissue culture images at each passage were shown in SI (Fig. S10). 

The reduced proliferation doubling time confirmed that our microfluidic sorter cascade successfully 

enriched the ADCS cell content from tissue-digested sample.

(a) (b)
Figure 4. Expansion of ADSC sub-population enriched from SVF cell mixture after microfluidic 
sorting: (a) number of ADSCs harvested at different passages; and (b) population doubling time.

Table 2. Comparison of expansion doubling time of ADSC sub-population 
enriched from SVF samples after microfluidic sorting.

Inlet Collect Discard

P0-P6 P3-P6

in days 5.6 4.2 3.0 9.2

in hours 134 101 72 221

Conclusion

In this work, we developed a novel microfluidic sorter cascade for label-free, continuous and rapid isolation 

of human ADSCs from tissue-digested lipoaspirate products. This microfluidic sorter cascade combines the 

advantages of both spiral inertial and DLD microfluidic sorters to isolate targeted ADSCs from other SVF 
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cell types and fragments based on size difference. No additional biochemical labeling steps were required 

for device operation. PDMS soft-lithography techniques was used to fabricate individual microfluidic sorter 

devices and components, which were readily assembled in a 3-D printed casing. 

Spiral inertial microfluidic sorters can separate cells with higher throughput but with lower size resolution, 

while the DLD microfluidic cell sorters have higher  size resolution but operate at lower throughput.. Thus, 

both sorters are combined in  the microfluidic sorter cascade for their complementary characteristics. We 

first used a spiral inertial microfluidic sorter to recover most ADSCs, discard the majority of other SVF cell 

types and tissue digested fragments, and reduce processing volume. After spiral inertial microfluidic 

sorting, the sample solution was split and supplied to two identical DLD microfluidic sorters to further 

enrich ADSCs from SVF cell mixtures. 

Using CellTrackerTM stained spiking ADSC samples, we demonstrated that this cascade microfluidic 

enrichment approach achieved targeted ADSC enrichment of ⁓30 and recovery of >90%, non-target SVF 

cells discard of >95%, and sorting throughput rate of 8,000 cells/s, resulting in 200× improvement in 

comparison with dielectrophoresis (DEP) microfluidic sorters.47,48 Despite the high enrichment ratio, the 

final purity of ADSCs in SVF cells was about 50%. The impurities collected after DLD microfluidic sorting 

consisted of cell aggregates and other larger non-target cells, which have similar size with target ADSCs 

and are challenging to separate out using size-based sorting methods alone. We also demonstrated that 

microfluidic sorting improved the quality of ADSC tissue culture by removal of contaminant SVF cell 

types. In a proliferation assay, we demonstrated the microfluidic enriched ADSC sub-population from SVF 

mixture improved by 6× in expansion capacity in 6 passages of one-month tissue culture. 

Label-free and transplantation-capacity scale microfluidic sorting technology will open up new avenues of 

intraoperative usages of stem cells, which avoids exposing stem cells to potentially harmful xenobiotic 

reagents and minimizes cell manipulation which could cause infectious contaminations. We anticiplate that 

our label-free, rapid, and minimally intrusive microfluidic sorting technology augments to streamline the 

stem cell preparation workflow in clinics and research labs for regenerative medicine and tissue engineering 

applications.
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