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Abstract

Background: Adipose tissue is an easily accessible source of stem and progenitor cells that 

offers exciting promise as an injectable autologous therapeutic for regenerative applications. 

Mechanical processing is preferred over enzymatic digestion, and the most common method 

involves shuffling lipoaspirate (LA) between syringes and filtering to produce nanofat (NF). While 

NF has shown exciting clinical results, we hypothesized that new device designs could enhance 

recovery of stem/progenitor cells through optimization of fluid dynamics principles, integration, 

and automation.

Methods: We designed and fabricated the Emulsification and Micronization Device (EMD) and 

the Filtration Device (FD) to replace the manual NF procedures. Using human LA samples, the 

EMD and FD were optimized and compared to traditional NF using ex vivo measurements of cell 

Corresponding author: Jered B. Haun, PhD, Department of Biomedical Engineering, University of California Irvine, 3107 Natural 
Sciences II, Irvine, CA, 92697, jered.haun@uci.edu, http://haun.eng.uci.edu.
Author Contributions
J.A.L., D.A.B, A.D.W., and J.B.H. devised the concept for the work. J.A.L and J.B.H. designed the fluidic device technologies. J.A.L. 
carried out the experimental work. All authors carried out the experimental analysis. J.A.L. and J.B.H. wrote the manuscript, which all 
authors reviewed and edited.

Accepted for presentation at: Plastic Surgery Research Council Annual Meeting (PSRC) 2020, Toronto, Canada; *cancelled due to 
Covid-19

HHS Public Access
Author manuscript
Plast Reconstr Surg. Author manuscript; available in PMC 2023 May 03.

Published in final edited form as:
Plast Reconstr Surg. 2023 January 01; 151(1): 72e–84e. doi:10.1097/PRS.0000000000009798.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://haun.eng.uci.edu


number, viability, and percentage of mesenchymal stem cells (MSCs) and endothelial progenitor 

cells (EPCs).

Results: The EMD produced statistically similar results to NF, and these findings were 

confirmed for a cohort of diabetic patients. Combining the FD with the EMD was superior 

to manually filtered NF both in terms of recovered cell percentages (>1.5-fold) and numbers 

(2 to 3-fold). Differences were statistically significant for total MSCs and a DPP4+/CD55+ 

sub-population linked to improved wound healing in diabetes.

Conclusions: The new EMD and FD devices improved mechanical processing of human LA 

in terms of MSC enrichment and number compared to traditional NF. Future work will seek to 

investigate the wound healing response both in vitro and in vivo, as well as refine the technology 

for automated operation within clinical settings.

INTRODUCTION

Interest is rapidly growing to utilize adipose tissue as a potent, easily accessible source 

of regenerative cells for injectable autologous therapies, as evidenced by the increasing 

number of clinical trials and commercial isolation systems.1 Adipose-derived stem cells 

(ADSCs) are a subset of mesenchymal stem cells with adipogenic, osteogenic, and 

chondrogenic differentiation potential.2–4 ADSCs have been shown to improve regeneration 

in bone,5 cartilage,6 cardiac tissue,7 and other organs,8 as well as treat rheumatoid arthritis 

and Crohn’s disease.9,10 Adipose tissue is obtained via tumescent liposuction, and this 

lipoaspirate (LA) is often treated with proteolytic enzymes such as collagenase to release 

cells that comprise the stromal vascular fraction (SVF). SVF includes mature cells such 

as fibroblasts, endothelial cells, pericytes, and macrophages, regenerative cells such as 

MSCs and endothelial progenitor cells (EPCs), and contaminating blood cells. Importantly, 

SVF has been shown to exhibit comparable regenerative capabilities to ADSCs, including 

improved healing of burns, scars, and ischemic wounds in diabetes and other chronic 

diseases.11–17

Enzymatic digestion of adipose tissue presents regulatory challenges,18 and may not 

produce optimal SVF from a therapeutic standpoint. This has led to the development of 

mechanical methods to liberate SVF without the use of enzymes. A common method 

involves repeatedly passing LA back and forth between two syringes resulting in an 

emulsion termed nanofat (NF).19 After a filtration step, NF is injected and has been 

shown to be effective in correcting superficial rhytides, scars and discoloration, as well 

as improving neovascularization and fat graft survival.19–21 We recently characterized the 

cellular composition of NF, and demonstrated that stem and progenitor cell populations were 

enriched by mechanical processing.22 Specifically, we observed at least three-fold increases 

in the percentage of MSCs, EPCs, and a subset of MSCs called multi-lineage differentiating 

stress-enduring (MUSE) cells, which exhibit pluripotency.23–25 While these results are 

exciting, the NF method was originally based on standard laboratory supplies and manual 

steps, and there has been little change to the format. Commercial systems such as the Tulip 

and LipoCube26 still require LA to be manually pushed by hand between two syringes, with 

a coupler dictating the effectiveness of micronization. This is followed by a second manual 

filtering step. Thus, it remains to be seen whether new design concepts can improve the 
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NF process. Moreover, automation could reduce variability introduced by human operators. 

Other mechanical methods have been developed, including centrifuging, shaking, vortexing, 

and commercial products such as Lipogems.27–29 However, these methods require even 

more manual steps and/or laboratory equipment, which is not conducive to clinical settings.

Microfluidic technologies have made it possible to rapidly design and test new concepts 

for manipulating fluids on the size scale of tissues and cells.30,31 In previous work, we 

developed microfluidic device technologies to dissociate tissues into single cells. This 

included a digestion device to break down tissue using hydrodynamic fluid shear and 

proteolytic enzymes,32 a dissociation device to reduce cellular aggregates into single cells 

using a network of branching channels with repeated expansions and constrictions,33,34 and 

a filter device to eliminate remaining aggregates using nylon mesh membranes.35 We also 

discovered that the filter device increased cell recovery by two- to three-fold for digested 

murine kidney, tumor, and liver via a dissociation mechanism. Recently, we integrated all 

three tissue processing technologies into a single platform and demonstrated at least two-

fold enhancement of cell recovery for different organs and improved reliability over manual 

methods.36 We hypothesized that these results would extend to mechanical processing of 

human LA. Specifically, we hypothesized that the micronization step could be improved 

by optimally leveraging laminar fluid shear forces to break down tissue and turbulent fluid 

mixing to emulsify lipid droplets. Additionally, integration and replacement of manual steps 

would improve reliability and lead to the development of a fully automated benchtop system.

Here, we present a novel fluidic device system for mechanically processing adipose 

tissue into an injectable therapeutic (Figure 1). We first designed an Emulsification and 

Micronization Device (EMD) to enhance mechanical processing relative to the inter-syringe 

method used to produce NF. We also designed a new Filtration Device (FD) to remove the 

largest adipose tissue fragments from mechanically processed LA and to further maximize 

recovery of stem and progenitor cells. These devices were combined, operated using a 

pump rather than manual actuation, and processing performance was compared to enzymatic 

digestion and NF processing for stem and progenitor cell recovery.

MATERIALS AND METHODS

This study was conducted in accordance with the regulations of the Institutional Review 

Boards at the University of California, Irvine (no. 2015–2181) and Long Beach VA Hospital 

(no. 01308). Patients were recruited who were undergoing liposuction for either cosmetic 

or reconstructive. Active systemic infection or use of immunosuppressive therapy resulted 

in exclusion from participation. A total of 13 patients were recruited for this study. Four 

patients had diabetes of unknown type, including 2 female and 2 male, with an average 

age of 61.5 (range, 59–63). Both female and male diabetic cohorts were split between 

African American and Caucasian descent. Nine patients were otherwise healthy, including 

all female, with an average age of 51.4 (range, 39–76). Four were Caucasian (44.4%), two 

Latina (22.2%), and three of Asian descent (33.3%). Adipose specimens were collected from 

the abdomen and/or flanks using standard vacuum-assisted liposuction with a 3 or 3.7 mm 

harvest cannula, and kept at room temperature until use.
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Emulsification and Micronization Device (EMD) Design, Fabrication, and Operation

The EMD features two 1.5 mm diameter constrictions that are separated by an abrupt 

expansion (Figure 2A). The constrictions generate shear forces that break down tissue 

into smaller units. Based on the high viscosity of LA, we expect laminar flow within the 

constrictions, which will provide consistent and reliable shear forces for micronization. The 

rapid expansion is designed to provide turbulent mixing to emulsify the fatty oil layer. 

Devices were 3D printed by Dinsmore Inc. (Irvine, CA) as a single part using an SLA 3D 

printer and biocompatible Somos BioClear resin (Royal DSM, Elgin, Illinois). 3D printing 

was chosen to produce a single monolithic construct that could withstand high flow rates 

and pressures required for LA processing, during which device clogging is commonly 

experienced. A fabricated device is shown in Figure 2B.

The EMD was evaluated using human LA samples from otherwise normal (N = 5) and 

diabetic (N = 4) patients. LA was washed with phosphate-buffered saline (PBS) and 

sub-divided into separate portions. One portion was left unprocessed and termed macrofat 

(MF). Another portion was processed into NF by manually passing 30 times between two 

connected syringes, as previously described.19 Remaining samples were processed with the 

EMD for 10, 20, or 30 passes using a syringe pump (Harvard Apparatus, Holliston, MA) 

at a flowrate of 20 mL/s, approximately the same flow rate used to manually produce NF. 

We employed a high precision syringe pump to ensure that flow rate was as accurate (within 

0.35% of set rate) and reproducible (within 0.05% of actual rate) as possible.

Filtration Device (FD) Design, Fabrication, and Operation

The FD captures large, mm-scale pieces of adipose tissue that remain after processing with 

the EMD. The multi-layer design includes fluidic channels and an embedded nylon mesh 

membrane (Figure 2C) that were fabricated by ALine, Inc. (Rancho Dominguez, CA) using 

a commercial laminate approach, similar to previous work.35 Membrane pore size was either 

0.5 or 1 mm, similar that used to filter NF prior to injection.19 A fabricated device is shown 

in Figure 2D.

Prior to FD filtration, LA from patients (N = 4) was processed using the EMD using 

30 passes. Sample was then passed through using a syringe pump at 10 mL/min. FDs 

containing either 0.5 or 1 mm nylon mesh membranes were evaluated, and compared to 

NF that was passed through a 1 mm mesh cloth. Filtered samples were collected from the 

effluent outlet.

Cell Isolation

Following mechanical processing, cells were isolated from all samples as previously 

described.22 Briefly, 0.1% type I collagenase (Sigma-Aldrich Co., St. Louis, MO) was 

prepared in PBS, sterilized using a 0.22 μm vacuum filter (Millipore Corp., Billerica, MA), 

mixed with LA at a 1:1 volume ratio, and incubated at 37°C for 30 min in a water bath while 

swirling intermittently. Control media (DMEM supplemented with 10% fetal bovine serum, 

500 IU penicillin, and 500 μg streptomycin) was then added in an equal volume to neutralize 

enzymatic activity. The mixture was allowed to separate by gravity for 10 minutes, and 

the infranatant layer that contains SVF was collected and filtered through a 100 μm cell 
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strainer. Samples were centrifuged at 500 × g for 7 min and pellets were resuspended in 

control media. Nucleated cell counts and viability were determined using an automated, 

dual-fluorescence cell counter (Logos Biosystems Inc., Annandale, VA).

Flow Cytometry

Collagenase-digested cell suspensions were evenly divided into FACS tubes and 

resuspended in FACS Buffer (1× PBS, without Ca and Mg) supplemented with 1% BSA 

(PBS+). Cell suspensions were stained simultaneously in 100 μL total volume with 5 μL 

(1 test) of each monoclonal mouse anti-human antibodies shown in Table 1 (all from 

BioLegend, San Diego, CA). After 20 minutes at 4°C, samples were washed with FACS 

Buffer by centrifugation, resuspended in PBS+ supplemented with 7-AAD (BD Biosciences, 

San Jose, CA) for dead cell exclusion, and maintained on ice for at least 15 minutes prior 

to analysis on a Novocyte 3000 Flow Cytometer (ACEA Biosciences, San Diego, CA). 

Compensation was determined using single antibody-stained samples and compensation 

beads (Invitrogen, Waltham, MA). Heat treatment (55°C for 15 min) was used as a dead 

cell control for 7-AAD. Gates were inputted into FlowJo software (Ashland, OR) to 

automatically calculate the compensation matrix. Signal positivity was determined using 

appropriate Fluorescence Minus One (FMO) controls. A sequential gating scheme (Figure, 

Supplemental Digital Content 1) was used to identify cell populations of interest from 

non-cellular debris and cellular aggregates. The cell populations of interest are listed and 

described in Table 2.

Statistics

Data are represented as the mean ± standard error from at least three independent 

patient samples. Statistical analysis included ANOVA using parametric F tests to evaluate 

differences among groups and post-hoc parametric t tests to evaluate pairwise differences 

between groups. We also performed non-parametric Kruskal-Wallis tests to confirm results 

remained consistent. Differences were considered to be statistically significant when both 

parametric and non-parametric tests yielded p-values <5%.

RESULTS

The EMD enriches for MSCs and EPCs in a similar manner to NF

We first performed an optimization study for the EMD using human LA samples (N = 5 

patients) and different numbers of passages through the device at 20 mL/s via a syringe 

pump which demonstrated that 30 produced the best results (Figure, Supplemental Digital 

Content 2). Results for this optimal condition are shown in Figure 3, relative to MF and 

NF. For total cell recovery, MF samples yielded the highest value at ~730,000 +/− 180,000 

cells/mL of LA (Figure 3A). NF and EMD produced lower cell counts, by nearly half, 

but differences were not statistically significant. Viability was similar, at ~90%, for all 

conditions (Figure 3B), with no statistically significant differences. The relative percentage 

of stem/progenitor populations recovered in cell suspensions are shown in Figure 3C. 

Results were normalized to MF since absolute numbers within SVF have been shown to vary 

widely across different patients and anatomical locations used to harvest adipose tissue.37,38 

Total MSCs, Muse and DPP4+/CD55+ MSC subpopulations, and EPCs were all enriched in 
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NF, by 2- to 3-fold, as shown previously.22 For the EMD, stem/progenitor percentages were 

generally comparable to NF, and differences were not statistically significance. Statistical 

comparisons for all outcomes and testing conditions are included in Table, Supplemental 

Digital Content 1. Population percentage results without normalization to MF were similar 

(Figure, Supplemental Digital Content 3).

EMD enrichment results extend to diabetic patients

We also evaluated a cohort of diabetic patients (N = 4), and again found that 30 passes 

through the EMD was optimal (Figure, Supplemental Digital Content 4). Total cell recovery 

was similar to normal patients (680,000 +/− 240,000), with NF and EMD at approximately 

half of MF (Figure 4A). These differences were statistically significant based on the 

parametric F test (p-value=0.038), but not the non-parametric KW test. Viability was similar 

for all conditions (Figure 4B), with no statistically significant differences. Stem/progenitor 

cell percentage (Figure 4C) results followed the initial non-diabetic patient cohort, with all 

MSC and EPC subtypes enriched by >2-fold for both NF and EMD. Statistical comparisons 

for all outcomes and testing conditions are included in Table, Supplemental Digital Content 

2. Non-normalized population percentages were also similar to the initial non-diabetic 

patient cohort (Figure, Supplemental Digital Content 5).

The FD further enhances enrichment and recovery of MSCs populations

Finally, we performed an optimization study for the FD using human LA samples (N = 4 

patients) and filters with different pore sizes, which indicated that 1 mm pores produced 

more cells and higher percentages of stem/progenitor cells relative to 0.5 mm (Figure, 

Supplemental Digital Content 6). Cell recovery for the FD with 1 mm pores was lower than 

using the EMD alone, but we found that manually filtering NF decreased cell recovery 

and stem/progenitor cell percentages to an even greater extent (Figure, Supplemental 

Digital Content 6). Filtered results for NF and EMD/FD are shown in Figure 5, relative 

to MF. A total of 900,000 +/− 160,000 cells were recovered per mL LA from MF after 

enzymatic digestion (Figure 5A), similar to initial studies. Cell count drastically decreased 

for manually filtered NF to 130,000 +/− 50,000 cells/mL, while the EMD/FD produced 

270,000 +/− 30,000 cells/mL. Differences were statistically significant relative to MF (F 

test p-value=0.001, KW test p-value=0.013). Cell viability remained high, in excess of 90%, 

for all conditions (Figure 5B), with no statistically significant differences. Flow cytometry 

indicated that much of the stem/progenitor cell enrichment attained by NF was lost after 

filtering (Figure 4C), with population percentages reduced to near MF levels. Conversely, 

the FD better retained stem/progenitor cell enrichment from EMD conditions, with total 

CD34+ cells, MSCs, and EPCs all exceeding MF by >2-fold. Importantly, differences 

between EMD/FD and filtered NF were statistically significant for total MSCs (1.9 +/− 0.2 

vs 1.3 +/− 0.04, F test p-value=0.037, KW test p-value=0.021) and the DPP4+/CD55+ MSC 

subpopulation (1.5 +/− 0.2 vs 0.8 +/− 0.2, F test p-value=0.039, KW test p-value=0.021). 

We also note that additional EMD/FD-processed populations attained statistical significance 

for one of the tests, but not both, including CD34+ (2.7 +/− 0.7 vs 1.2 +/− 0.2, F test 

p-value=0.075, KW test p-value=0.021) and EPCs (5.5 +/− 1.5 vs 2.2 +/− 0.1, F test 

p-value=0.076, KW test p-value=0.021). Non-normalized population percentages are shown 
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in Figure, Supplemental Digital Content 7. We note that differences between the EMD/FD 

and MF did reach statistical significance for EPCs following filtration.

We note that the lower cell recovery obtained after filtering NF in Figure 5A exacerbates 

the lower relative number of stem/progenitor cells in Figure 4C. To illustrate this point, 

Figure 4D displays total cell recovery for each stem/progenitor cell type. Results were again 

normalized to MF, which now represents the expected maximum recovery level. Filtered 

NF ranged from 10 to 30% of this recovery potential, while EMD/FD was consistently 

>50%. EPCs exceeded 100%, but the error was large. Critically, differences between NF and 

EMD/FD reached high level of statistical significance for MSCs (0.6 +/− 0.1 vs 0.2 +/− 0.07, 

F test p-value=0.020, KW test p-value=0.021) and the DPP4+/CD55+ MSC subpopulation 

(0.49 +/− 0.9 vs 0.12 +/− 0.06, F test p-value=0.0.104, KW test p-value=0.021). The other 

populations attained statistical significance for only one test, including CD34+ (0.9 +/− 0.3 

vs 0.2 +/− 0.1, F test p-value=0.0.055, KW test p-value=0.021), EPCs (1.8 +/− 0.7 vs 0.3 

+/− 0.1, F test p-value=0.068, KW test p-value=0.021), and Muse (0.5 +/− 0.1 vs 0.2 +/− 

0.1, F test p-value=0.049, KW test p-value=0.083). Statistical comparisons for all outcomes 

and testing conditions are provided in Table 3.

DISCUSSION

Human LA contains a mixture of nonuniform-sized tissue fragments, cells, and fatty oils 

that requires both micronization and emulsification. While the NF method has been shown 

to be effective at processing LA into an injectable cellular therapeutic without enzymatic 

treatment, it requires sample to be shuffled between two syringes by hand.19 The EMD was 

designed to process LA in a manner similar to NF, but with greater control over flow due to 

the use of a pump. The design included two constriction regions that were separated by an 

abrupt expansion, which creates regions of high viscous shear force and turbulent mixing. 

The EMD resulted in lower total cell recovery relative to MF, which was likely caused by 

destruction of fragile cells by shear forces, as previously observed during NF processing.19 

However, stem and progenitor cells appear relatively resistant to these shear forces, leading 

to enrichment in the cell suspensions.22 In this study, we found that EMD treatment did 

result in enrichment of MSCs and EPCs relative to MF, statistically similar to NF. These 

results were replicated using LA from patients with diabetes. Enrichment of stem/progenitor 

populations is particularly encouraging in the context of diabetes, as wound healing and 

neovascularization are well known to be impaired.39 Specifically, diabetes has been shown 

to deplete key stem cell subpopulations in adipose tissue,40 which highlights the potential 

impact of enhanced enrichment and recovery.41

The FD was designed to work in concert with the EMD, removing any remaining large, 

mm-scale pieces of adipose tissue that would not be able to pass through small-bore 

needles. The FD better preserved both total cell recovery and stem/progenitor enrichment in 

comparison to NF with manual filtration. Specifically, the FD containing a 1 mm membrane 

produced >2-fold more total cells and greater enrichment levels for all stem/progenitor 

cells studied. Most importantly, these two effects combined to increase the total number 

of stem/progenitor cells recovered, and this difference was statistically significant for total 

MSCs and the DPP4+/CD55+ subpopulation, while Muse and EPCs were at the borderline 
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of significance. This implies that most NF-processed cells are lost during the filtration step, 

and thus excluded from the final injectable therapeutic. Conversely, 2- to 3-fold more stem/

progenitors will be present in cell suspensions generated with the EMD/FD. Interestingly, 

we found that EPCs were higher after EMD/FD treatment in comparison to MF, which 

should not be possible since MF was not filtered. This difference was not significant, but 

could suggest that our fluidic device system is more effective at dissociating tissues than 

enzymatic treatment alone, as we have observed in our previous work.32,42–44 We will 

follow up on this finding in future studies.

We acknowledge that the strongest effect that we observed in this study was for the FD 

following EMD treatment. We suspect that enhanced processing by the EMD played a role, 

but at this time we do not know whether the FD would similarly improve cell recovery for 

NF. It is also unclear how the FD would compare to commercial filtration systems such as 

the Tulip and Lipocube following either EMD or NF.26 These questions will all be studied 

in future work. We do note that our results were obtained using a syringe pump, obviating 

the need for manual contribution from a human operator, which can introduce variability, 

and in general presents a challenge to generating consistent and reproducible flow rates and 

shear forces. This could, in turn, negatively affect the quality of the final cell suspension. 

Migrating to a pump-driven system will help to standardize and automate the processing 

of LA for clinical settings. Our EMD and FD technologies were designed to function as 

disposable cartridges for such an automated system, which will be developed and tested in 

future work.

Limitations to this study include patient-to-patient variability with respect to the number 

of cells recovered from LA for various cell subpopulations. While MF normalization did 

provide clear evidence of the effects of mechanical processing and filtration, we will seek 

to confirm these findings in larger cohorts, including patients with both type 1 and type 

2 diabetes. Notably, we have only assessed stem/progenitor cell enrichment and recovery 

number, and thus future work will seek to directly assess pro-healing responses in vitro, 

using animal models, and, after obtaining regulatory approval, in human subjects. Finally, 

we have focused on injectable cellular therapeutics, but NF has also been explored for fat 

grafting, and it has been shown that downstream processing such as staged centrifugation 

can concentrate MSCs.45 Alternative processing methods and applications, such as fat 

grafting, will be investigated in future studies.

CONCLUSION

In this work, we have presented and characterized a set of new fluidic devices that 

mechanically processes human LA via emulsification, micronization, and filtering into a 

format that can be injected directly as a cell-based therapeutic. This system is similar 

to NF, but significantly enhances MSCs and EPCs in terms of cell numbers and relative 

concentration. Fluid is also driven using a pump instead of manual actuation, which holds 

the potential for automating and standardizing LA processing in the clinical setting. Future 

work will seek to evaluate whether the findings here translate to improved wound healing 

using in vitro and in vivo models, as well as to develop out an automated benchtop system.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Fluidic devices for processing adipose tissue.
Lipoaspirate (LA) is collected by standard vacuum-assisted liposuction and processed using 

the Emulsification and Micronization Device (EMD), which breaks down adipose tissue 

into smaller fragments and emulsifies fat droplets. The mechanically sheared and emulsified 

sample is then passed through the Filtration Device (FD) to remove the largest tissue pieces, 

which can clog needles during injection. Following device processing, the final cellular 

suspension can be injected into a patient for augmenting wound healing or other regenerative 

capacity.
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Figure 2. Processing device design and fabrication.
(A,B) Emulsification and Micronization Device (EMD) for processing LA. (A) Schematic 

of design and (B) picture of device produced via 3D printing. (C,D) Filtration Device (FD) 

for removing large tissue fragments after EMD treatment. (C) Exploded view showing six 

plastic layers, including two for channels (green), two acting as the filter spacer and support 

grid (red), and two for sealing the top and bottom of the device. The embedded nylon filter 

is shown in yellow. (D) Picture of the FD with 1 mm pore nylon filters that was fabricated 

using pressure lamination. Scale bars are 1 cm.
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Figure 3. Emulsification and Micronization Device (EMD) results for human LA.
Human LA (N = 5) was mechanically processed by manually shuffling between two 

syringes (nanofat, NF) or using the EMD with 30 device passes. Unprocessed LA is 

indicated as macrofat (MF). All samples were digested with collagenase prior to cell 

analysis. (A) Nucleated cell counts decreased by ~half for NF and all device-processed 

conditions. (B) Nucleated cell viability remained at ~90% for all conditions. (C) Stem and 

progenitor cells were identified by flow cytometry, and the relative population percentage 

was calculated and normalized to MF (value=1). Mechanical processing enriched stem/

progenitor cell types of interest, often by 2- to 3-fold compared to MF, while the EMD 

provided similar or improved results. Error bars represent standard error from at least three 

independent experiments.
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Figure 4. EMD results for diabetic human LA.
Diabetic human LA (N = 4) was mechanically processed as NF or the EMD, or left 

unprocessed as MF. All samples were digested with collagenase prior to cell analysis. 

Results for (A) nucleated cell counts, (B) viability, and (C) normalized cell populations 

closely followed results in Figure 3 for non-diabetic LA samples. Error bars represent 

standard error from at least three independent experiments.
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Figure 5. Filtration Device (FD) results.
Human LA (N = 4) was mechanically processed as NF or using the EMD. NF was then 

manually filtered using a 1 mm mesh cloth, while EMD samples were filtered using the 

FD with 1 mm pore size. All samples were digested with collagenase prior to cell analysis. 

(A) Nucleated cell counts decreased by over half for NF and EMD processed samples, 

and further decreased with filtering, most notably for NF. (B) Nucleated cell viability 

remained >90% for all conditions. (C) The FD better maintained enrichment of cell types 

from EMD treatment, with overall higher percentages compared to MF (value=1) and NF 

filtered conditions. (D) Cell numbers were even greater for EMD/FD relative to filtered 

NF, particularly for total MSCs and the two subpopulations. Error bars represent standard 

error from at least three independent experiments. * indicates p < 0.05 relative to MF, ** 

indicates p < 0.01 relative to MF, and # indicates p < 0.05 relative to NF/filter based on both 

parametric and non-parametric tests.
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Table 1:

Flow cytometry probe panel

Assay Probe

CD34 Anti-CD34 Ab (clone 561)-BV421

CD45 Anti-CD45 Ab (clone 2D1)-BV510

SSEA-3 Anti-SSEA-3 Ab (clone MC-631)-FITC

CD26 Anti-CD26 Ab (clone BA5b)-PE

CD31 Anti-CD31 Ab (clone WM59)-PE/Cy7

CD55 Anti-CD55 Ab (clone JS11)-APC

CD13 Anti-CD13 Ab (clone WM15)-APC/Cy7

Viability 7-AAD
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Table 2:

Stem and progenitor cell types of interest.

Cell type Markers Significance References

CD34+ CD34+ Common marker for multipotentiality 38,46

Mesenchymal Stem Cells (MSCs) CD45−, CD31−, CD34+ Key in regenerative wound healing 47 

Endothelial Progenitor Cells (EPCs) CD45−, CD31+, CD34+ Vascularization of healing tissues 48 

Multilineage Differentiating Stress-
Enduring (Muse)

CD45−, CD31−, CD34+, 
SSEA-3+, CD13+

Nontumorigenic, pluripotent, stress tolerant stem 
cells

23,25

DPP4+/CD55+ CD45−, CD31−, CD34+, 
CD26+, CD55+ Improved wound healing in diabetic models 24,49
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Table 3:

Statistical analysis of EMD and FD processing results shown in Figure 5.

Outcomes

Mean (S.D.)
Parametric F 
test p-value

Post-hoc T tests Non-
parametric 

Kruskal Wallis 
test p-value

MF NF EMD EMD vs. 
MF

EMD vs. 
NF

NF vs. 
MF

COUNT 898525 
(329107)

130613 
(103428)

271450 
(58106) 0.0010 0.0045 0.6032 0.0012 0.0125

VIABILITY 90.8 (5.2) 90.5 (6.3) 92.6 (4.2) 0.8330 0.8823 0.8406 0.9959 0.7939

Population (%, normalized to MF)

CD34 1.2 (0.3) 2.7 (1.3) 0.0745 0.0745 0.0209

MSC 1.3 (0.1) 1.9 (0.5) 0.0373 0.0373 0.0209

EPC 2.2 (0.2) 5.5 (3.1) 0.0755 0.0755 0.0209

MUSE 1.2 (0.6) 1.6 (0.3) 0.2580 0.2580 0.3865

DPP4 0.8 (0.4) 1.5 (0.4) 0.0393 0.0393 0.0209

Cell number (normalized to MF)

CD34 0.2 (0.2) 0.9 (0.6) 0.0552 0.0552 0.0209

MSC 0.2 (0.1) 0.6 (0.2) 0.0197 0.0197 0.0209

EPC 0.3 (0.2) 1.8 (1.3) 0.0676 0.0676 0.0209

MUSE 0.2 (0.2) 0.5 (0.1) 0.0488 0.0488 0.0833

DPP4 0.1 (0.1) 0.5 (0.2) 0.0139 0.0139 0.0209
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