Size and Dielectric Properties of Skeletal Stem Cells Change Critically After Enrichment and Expansion from Human Bone Marrow: Consequences for Microfluidic Cell Sorting
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Abstract

The capacity of bone and cartilage to regenerate can be attributed to skeletal stem cells (SSCs) that reside within the bone marrow (BM). Given SSCs are rare and lack specific surface markers, antibody-based sorting has failed to deliver the cell purity required for clinical translation. Microfluidics offers new methods of isolating cells based on biophysical features including, but not limited to, size, electrical properties and stiffness. Here we report the characterisation of the dielectric properties of unexpanded SSCs using single-cell microfluidic impedance cytometry (MIC). Unexpanded SSCs had a mean size of 9.0 μm; larger than the majority of BM cells. During expansion, often used to purify and increase the number of SSCs, cell size and membrane capacitance increased significantly, highlighting the importance of characterising unaltered SSCs. In addition, MIC was used to track the osteogenic differentiation of SSCs and showed an increased membrane capacitance with differentiation. The electrical properties of primary SSCs were indistinct from other BM cells precluding its use as an isolation method. However, the current studies indicate that cell size in combination with another biophysical parameter, such as stiffness, could be used to design label-free devices for sorting SSCs with significant clinical impact.
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1. Introduction
Skeletal stem cells (SSCs) are present in bone marrow (BM) and have the capacity to form fat, cartilage and bone. Their differentiation capacity is restricted to skeletal lineages and although the terms SSCs and mesenchymal stem cells (MSCs) have been used interchangeably, SSCs should be distinguished from MSCs which are reported to exist in extra-skeletal tissues and do not contribute to skeletal development [1–3].

In an increasingly aged society, the potential to harness stem cells to promote tissue regeneration using stem cell therapies or tissue-engineering approaches is of paramount importance. However, at present there are no protocols for the isolation of a homogeneous SSC population from the human BM [3]. Consequently, despite their potential both in clinical applications [4,5] and for R&D, SSCs have only been used as a heterogeneous mixture of human bone marrow mononuclear cells (hBMMNCs) that include stem cells, other stromal progenitors and cells of the haematopoietic lineage.

The frequency of the SSC in the BM is extremely low, estimated at fewer than 1 in 10,000 hBMMNCs [6]. Current antibody-based enrichment protocols target multiple cell surface markers but, in the absence of a defined and selective marker for the SSC, cannot provide a homogeneous stem cell population. One strategy employed a combinatorial approach targeting CD146 (melanoma cell adhesion molecule) [7–9], together with the Stro-1 antibody [10]. Sorting was achieved using both magnetic and fluorescence-activated cell sorting, increasing the number of colony forming units-fibroblastic (CFU-F) up to 2,000-fold [11]. The Stro-1 antibody binds to an antigen recently identified as Heat Shock Cognate 70 (HSC70/HSPA8) [12], on the surface of approximately 10% of hBMMNCs and has been used for nearly three decades to enrich for adherent, high growth-potential CFU-F [10,13]. CD146 exists on a marginal sub-population of hBMMNCs that contribute to the regulation of haematopoiesis – a key feature of SSCs [1,8,9,14]. However, neither of these markers is specific to the SSC limiting the efficiency of antibody-dependent isolation methods.

A crucial step in most isolation protocols to enrich for the skeletal stem and progenitor population is the isolation of cells that adhere to tissue culture plastic, as this depletes the non-adherent populations. However, it is not clear whether plastic adherence alters the SSC phenotype from its original state in the BM microenvironment. Following selection by adherence, SSCs are commonly expanded for several weeks before assay, which can further alter their properties. Indeed, there is emerging evidence that human BM stromal cells become i) larger [15,16], ii) stiffer [17], iii) less proliferative [18–21], iv) display increased heterogeneity [16,21] and v) display loss of surface markers [10,22–24] and multipotent differentiation potential [19–21] with passage.

Microfluidics offers new approaches to cell sorting that can isolate rare cells based solely on the cells biophysical parameters. For a recent review in the context of SSC isolation see ref. [25]. Crucially, these methods do not use antibodies and are thus ‘label-free’. Typical biophysical parameters include size, stiffness, shape and acoustic and dielectric properties. The design of such microfluidic devices requires a priori knowledge of the unique biophysical features that discriminate SSCs from other cells found in the BM. To date, a dominant body of work within the skeletal cell arena has employed passaged cells limiting relevance to the SSC. Therefore, it is important to study SSCs in their original state – before plastic adherence and expansion. 

One commonly used label-free sorting method is dielectrophoresis (DEP), which has been widely used to sort cells based on a combination of size and dielectric properties, typically membrane capacitance [26,27]. For example, it has been used to isolate circulating tumour cells from peripheral blood of cancer patients as these cells are typically larger and have a higher membrane capacitance than healthy leukocytes [28]. DEP has also been used to sort stem cells either from their progenies [29–31] or from their tissue of origin [32–34] but with moderate success. In one example, putative adipose tissue-derived stem cells (ADSC) were enriched from digested adipose tissue by 14-fold, but mainly due to the removal of cell debris and erythrocytes, as the positive fraction was still largely contaminated (73%) with CD45+ nucleated cells [32].

DEP is widely used to measure the dielectric properties of a population of cells by analysing their response to an electric field with varying frequencies [26,35–37]. Flanagan et al. showed that mouse neural stem and precursor cell (NSPC) mixtures have different dielectric properties from neurons and astrocytes [38]. The same authors later showed that NSPCs displayed different DEP responses depending on the population bias towards astrogenic or neurogenic differentiation in both human [39] and mouse [31] cells. Also using DEP, human embryonic stem cell lines were shown to undergo a significant increase in membrane capacitance following differentiation into a MSC-like phenotype [37]. We used DEP to characterise the dielectric properties of routinely-expanded SSCs and of MG-63 and Saos-2 cell lines, representative of early and mature bone cell populations respectively [40]. 
Microfluidic impedance cytometry (MIC) is a non-invasive, high-throughput single cell characterisation technique that measures the size and dielectric properties of cells in flow [41]. High throughput is particularly valuable as it allows studying rare cell populations such as SSCs in bone marrow. MIC was recently used to study the differentiation of rat neural stem cells [42] and mouse embryonic stem cells (mESC) [43,44]. The differentiation process of mESC was associated with an increase in the cells membrane capacitance indicating the potential of MIC to be used to monitor stem cell differentiation.

In this work, we have used MIC to characterise the size and dielectric properties of primary human SSCs derived from unexpanded human BM samples. SSCs were pre-enriched using Stro-1+ magnetic isolation (MACS), and progenitor and SSC populations within the hBMMNCs sub-population were further identified with CD146+ fluorescent detection. The size and membrane capacitance of SSCs was compared with other hBMMNCs, and analysed as a function of cell expansion and passage. We also investigated changes in cell proliferation, alkaline phosphatase (ALP) activity, and the expression of relevant genes of interest. In addition, the dielectric properties of SSCs were measured following osteogenic differentiation. With this study, we aim to emphasise the importance of using unexpanded SSC cultures and to generate critical information on the biophysical properties of SSCs in the human BM that will allow their label-free sorting with significant clinical impact.

2. Materials and Methods

Cell Culture

Isolation and expansion of primary human SSCs
Human BM samples were obtained from patients undergoing total hip replacement surgeries at the Spire Southampton Hospital, with full patient consent. Only tissue that would have been discarded was used, with approval of the Southampton and South West Hampshire Research Ethics Committee (Ref no. 194/ 99/1 & 210/01). Following cell extraction from the BM, samples were washed with plain α-MEM and the cell suspension was filtered through a 70-µm cell strainer and layered upon Lymphoprep™ to remove red blood cells and the majority of granulocytes by density centrifugation. The BMMNC fraction was collected from the ‘buffy coat’ and incubated with the Stro-1 monoclonal antibody (IgM) from mouse hybridoma produced in loco. The SSC-enriched Stro-1+ cell population was isolated by magnetic separation of cells labelled with anti-mouse IgM microbeads, as previously detailed [45,46].

The enriched SSC population was plated at a cell density of 1x104 cells/cm2 in α-MEM supplemented with 10% foetal calf serum (FCS) (v/v), 100 U/mL penicillin and 100 μg/mL streptomycin (basal media) and maintained in a humidified chamber at 37 °C and 5% CO2 (passage 0). After one week of culture non-adherent cells were washed away, the media was replenished and subsequently changed every other day. For passage, cells were pre-treated with collagenase IV (200 μg/mL) in plain α-MEM for 40 minutes and lifted using 0.025% (w/v) Trypsin-EDTA with 0.05% glucose for 10 minutes at 37 °C. Cells were re-plated at a density of 2x102 cells/cm2. A diagram of this procedure with time-points of analysis is shown in Figure 1a.

Osteogenic differentiation

After expansion for 14 days in basal conditions, SSCs were passaged at a cell seeding density of 2x102 cells/cm2 and cultured in osteogenic media consisting of basal media supplemented with dexamethasone (10 nM) and ascorbate-2-phosphate (100 μM). The media was replenished every other day and the cells were analysed after 14 days [47].
MG-63 and Saos-2
MG-63 human osteosarcoma cells, from passages 27 to 30, and Saos-2 human osteosarcoma cells, from passages 26 to 28, were cultured in DMEM and α-MEM, respectively, supplemented with 10% FCS (v/v), 100 U/mL penicillin and 100 μg/mL streptomycin, and maintained in a humidified chamber at 37 °C and 5% CO2. The culture media was replenished every 2-3 days and the cells were routinely sub-cultured assuring a maximum confluence of 70%, being detached using 0.025% (w/v) Trypsin-EDTA with 0.05% glucose for 5 minutes at 37 °C and re-plated at a cell seeding density of 2-4x104 cells/cm2.
HL-60

HL-60, human peripheral blood promyelocytic leukaemia cells, were cultured in RPMI-1640 supplemented with 10% FCS (v/v), 100 U/mL penicillin and 100 μg/mL streptomycin, and maintained in a humidified chamber at 37 °C and 5% CO2. The cells were split every other day to provide a final concentration of 2x105 cells/mL.
Fluorescent antibody labelling and sample preparation
Human BMMNCs in suspension were incubated with blocking buffer (PBS 1x, 10% AB Human serum (v/v), 5% FCS (v/v) and 1% (w/v) BSA) to minimise non-specific antibody bonding. After blocking, cells were incubated in Alexa Fluor® 647-conjugated mouse anti-human CD146 antibody (563619 BD Pharmingen™) for 30 minutes at 4 °C under agitation. The cells were then incubated with Stro-1 antibody from a mouse hybridoma followed by incubation with Alexa Fluor® 488-conjugated goat anti-mouse IgM antibody (A-21042 from Invitrogen™). Non-specific binding was controlled using Alexa Fluor® 647-conjugated Mouse IgG1 κ Isotype Control (557714 BD PharmingenTM) and an IgM Isotype Control from a murine myeloma (M5909 SIGMA).
Fluorescence Cytometry

Labelled hBMMNCs were suspended in running buffer (PBS 1x, 2mM EDTA and 0.5% (w/v) BSA), filtered through a 100-µm cell strainer and analysed using a BD® Accuri C6 flow cytometer (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Data analysis was performed using FlowJo V10 software (FlowJo LLC, Ashland, OR, USA). Single cells were gated for linearity in the forward scatter (FSC-H vs FSC-A) plot and typically, 25,000 events were acquired for each measurement inside the single cell gate. Events were considered fluorescently positive above the threshold at which less than 1% of the cells were positive for the matched isotype control. 

Fluorescence-assisted Microfluidic Impedance Cytometry (MIC)
Microfluidic chip and impedance cytometer set-up

Figure 1b shows a diagram of the single cell analysis system. The microfluidic chip is fabricated from glass with a microfluidic channel (30 x 40 μm), defined in SU8 photoresist, through which cells flow. A detailed fabrication protocol of the MIC chips can be found elsewhere[48]. Platinum micro-electrodes were lithographically patterned onto the glass and connected to AC sinusoidal voltages (4Vpp) at fixed frequencies. When a particle moves between the electrode pairs, a differential current flows in the system. One pair of electrodes measures the electrical signal from the particle whilst the other pair acts as reference. Single cell impedance was measured using a custom trans-impedance amplifier and an impedance spectroscope (HF2IS, Zurich Instruments AG, Zurich, Switzerland). Simultaneously, when applicable cells were illuminated by a focused 100 mW 635nm laser beam (LRD-0635-PF, Laserglow Technologies, Toronto, ON, Canada) exciting fluorescence from fluorescently labelled CD146+ cells. The fluorescence emission was captured by the objective lens (10x, N.A. 0.30), passed through dichroic and band pass filter sets, spatially filtered using a pinhole and could be detected in the wavelength window from 660 to 700 nm using a photomultiplier (Hamamatsu Photonics, Hamamatsu, Japan) [49]. The simultaneous collection of both fluorescence and impedance allows independent identification and verification of cell phenotype. The data was processed and analysed using custom software written in MATLABTM (Mathworks, Inc. Natick, MA, USA) [50]. The impedance data was used to trigger the data acquisition and a peak detection algorithm was used to detect the fluorescence signals.
Sample preparation for MIC
The MIC chips were cleaned with 1M NaOH and dH2O, and primed with running buffer (PBS 1x, 2mM EDTA and 0.5% (w/v) BSA) before each experiment. Cells were suspended in running buffer at a concentration of 2-2.5x105 cells/mL and mixed with 7-μm polystyrene (PS) beads (in PBS, 0.01% Tween-20) at 0.5-1x105 particles/mL. PS beads have constant dielectric properties and were used to normalise the MIC results. The cell/bead suspension was pumped through the impedance cytometer at 40 μL/minute. 

Alkaline Phosphatase (ALP) staining
Stro-1-enriched SSCs cultured in 6-well plates were washed with PBS and fixed with 95% ethanol in dH2O for 10-15minutes. Fixed cultures were incubated with a Fast Violet B salt (0.24 mg/mL) and Naphtol AS-MX solution (4% v/v) in dH2O for 40 minutes at 37 °C in a humidified atmosphere protected from light. Cultures were washed with dH2O and imaged using a dissecting stereoscope [7].
ALP activity and DNA quantification

Stro-1-enriched SSCs cultured in 6-well plates were washed with PBS and fixed with 95% ethanol in dH2O for 10-15 minutes. Cells were lysed using 0.05% (v/v) Triton™ X-100 solution in dH2O followed by three freeze-thaw cycles. Total DNA was quantified against a standard curve (ssDNA from salmon testes) by addition of Quant-iT™ PicoGreen® dsDNA diluted in TE buffer and measurement of the emitted fluorescence (λex = 480nm; λem =520nm) using a FLx800TM fluorescence reader (BioTek, Winooski, VT, US). ALP activity was quantified against a standard curve (p-nitrophenol) by incubation of the cell lysate with a phosphatase substrate solution (1.33 mg/mL p-nitrophenyl phosphate in 0.5M Alkaline buffer solution) at 37 °C in the dark, under gentle agitation. The reaction was terminated by addition of 1M NaOH in dH2O after 40 minutes and absorbance was measured at 410nm using an ELx800TM absorbance reader (BioTek) [22,45].
Gene expression analysis
RNA extraction and complementary DNA synthesis

Total RNA was extracted from cultured cells using an RNeasy Mini Kit (Qiagen, Hilden, Germany). RNA concentration was measured using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and the RNA was reverse-transcribed using TaqMan Reverse Transcription Reagents (Applied Biosystems, Foster City, CA, USA). 

Quantitative reverse-transcription polymerase chain reaction (qRT-PCR)

Relative quantification of gene expression was performed as reported previously [51] using an ABI Prism 7500 detection system (Applied Biosystems). Primer Express 3.0 software (Applied Biosystems) was used to design the primers, which are shown in Table 1. A 20-µL reaction mixture was prepared in duplicate, containing 1 µL of complementary DNA, 10 µL of GoTaq qPCR Master Mix (Promega, Madison, WI, USA) and 1 µM of each primer. Thermal cycler conditions included an initial activation step at 95 °C for 10 minutes, followed by a 2-step PCR programme of 95 °C for 15 seconds and 60 °C for 60 seconds for 40 cycles. The 2-ΔΔCt method was used for relative quantification of gene expression, and the data were normalized to the expression of β-actin and compared to the expression levels of each gene at passage 0 or basal conditions, accordingly. 
Table 1 – Primers used for qRT-PCR (F: forward and R: reverse)
	Transcript
	Abbreviation (name, length)
	Primer sequence (5’-3’)

	Beta-actin
	ACTB (82)
	F: GGCATCCTCACCCTGAAGTA
R: AGGTGTGGTGCCAGATTTTC

	Alkaline Phosphatase
	ALPL (86)
	F: GGAACTCCTGACCCTTGACC
R: TCCTGTTCAGCTCGTACTGC

	Runt-related Transcription Factor 2
	RUNX2 (78)
	F: GTAGATGGACCTCGGGAACC
R: GAGGCGGTCAGAGAACAAAC

	Osteocalcin
	BGLAP (110)
	F: AAGAGACCCAGGCGCTACCT
R: AACTCGTCACAGTCCGGATTG

	Transcription Factor SOX2
	SOX2 (95)
	F: CAAGATGCACAACTCGGAGA
R: GCTTAGCCTCGTCGATGAAC

	Alpha-1 Type I Collagen
	COL1A1 (52)
	F: GAGTGCTGTCCCGTCTGC
R: TTTCTTGGTCGGTGGGTG

	Alpha-1 Type II Collagen
	COL2A1 (58)
	F: CCTGGTCCCCCTGGTCTTGG
R: CATCAAATCCTCCAGCCATC

	Nucleostemin
	GNL3 (98)
	F: GGGAAGATAACCAAGCGTGTG
R: CCTCCAAGAAGTTTCCAAAGG

	Peroxisome Proliferator Activated Receptor Gamma
	PPARG (108)
	F: GGGCGATCTTGACAGGAAAG
R: GGGGGGTGATGTGTTTGAACTTG

	Fatty Acid Binding Protein 4
	FABP4 (108)
	F: TAGATGGGGGTGTCCTGGTA
R: CGCATTCCACCACCAGTT

	Transcription Factor SOX9
	SOX9 (74)
	F: CCCTTCAACCTCCCACACTA
R: TGGTGGTCGGTGTAGTCGTA


Statistical Analysis

All results were obtained from at least four independent measurements from different patients. Results are represented as Mean ± SD unless stated otherwise, with graphs prepared using GraphPad Prism 7 (San Diego, CA, USA). Statistical analysis was performed using the IBM SPSS software package version 21 (IBM, NY, USA). Data distributions were tested for normality using the Shapiro-Wilk test and statistical significance was tested using one-way analysis of variance (ANOVA) with Tukey’s post-hoc test for samples following a normal distribution or the Mann-Whitney U-test for samples not following a normal distribution. The statistical significance of the differences in gene expression between basal and osteogenic conditions was assessed using the Student’s t-test.

Materials

BioWhittaker® Dulbecco’s modified Eagle medium with glucose and L-glutamine (DMEM), Alpha minimum essential medium with desoxyribonucleotides, ribonucleotides and ultra-glutamine (α-MEM), RPMI-1640, Dulbecco’s phosphate buffered saline (DPBS), foetal calf serum (FCS) and trypsin/EDTA with glucose were obtained from Lonza (Basel, Switzerland). Penicillin-streptomycin 100x, AB human serum, collagenase IV, ethylenediamine tetra-acetic acid (EDTA), Naphtol AS-MX, Fast Violet Salt B, Triton™ X-100, ssDNA from Salmon testes, Igepal® CA-630, alkaline buffer solution 1.5M, phosphatase substrate, 4-nitrophenol, 7-μm polystyrene beads and Tween® 20 were purchased from Sigma-Aldrich (St. Louis, MO, USA). Quant-iT™ PicoGreen® dsDNA Reagent was from Thermo Fisher Scientific (Waltham, MA, USA). Bovine serum albumin (BSA) was obtained from GE Healthcare (Chicago, IL, USA). Lymphoprep™ was bought from Stem Cell Technologies (Vancouver, Canada). Anti-mouse IgM microbeads, LS MACS™ columns and the QuadroMACS™ separator were purchased from Miltenyi Biotec (Bergisch Gladbach, Germany). All reagents were used as received and according to the manufacturer’s recommendations.

3. Results and Discussion
Frequency of Stro-1+ and CD146+ cells following Stro-1 enrichment and cell expansion
The frequency of SSCs in the BM is estimated at fewer than 1 in every 10,000 nucleated hBMMNCs [6]. Consequently, to study SSCs in unexpanded human BM samples these cells must be pre-enriched. Unsorted hBMMNCs were analysed by flow cytometry and a representative scatter plot (FSC-A vs SSC-A) of the sample is presented in Figure 2a. The populations fall into three gates (lymphocyte, monocyte and granulocyte fractions). The majority of cells present within the granulocyte fraction were depleted after MACS sorting of Stro-1+ cells (Figure 2b) and the largest enrichment was observed within the lymphocyte fraction. This can be attributed to nucleated erythroid progenitor cells, which contribute to more than 95% of the Stro-1+ cells in the BM [10], but display typically lower FSC properties [52]. The Stro-1+ hBMMNCs were enriched from 13.8 ± 5.9 % (N=6) in the BM to 76.7 ± 9.0 % (N=6, p < 0.001) after MACS (Figure 2a-c and Figure 3a). MACS enrichment with Stro-1 increased the frequency of CD146+ cells by more than 2-fold from 1.2 ± 0.4 % (N=4) in the BM to 2.7 ± 0.9 % (N=6), see Figure 2d-f and Figure 3b. The vast majority of CD146+ cells were localised within the monocyte fraction, as previously reported for putative SSC populations [53]. Enrichment of the Stro-1+ hBMMNCs using MACS and restriction of subsequent analyses to the CD146+ fraction increased the frequency of the SSC in the samples from 1 in 10,000 to around 1 in every 40 (2.7% CD146+ of 13.8% Stro-1+) hBMMNCs, a significant sub-population.
The frequency of CD146+ and Stro-1+ cells was investigated as a function of cell passage. Figure 3a shows a marked decrease in the Stro-1+ cell fraction from 76.7 ± 9.0 % (N=6) after MACS to 28.3 ± 6.3% (N=5, p<0.001) after 14 days in culture (passage 0). The percentage of Stro-1+ cells continued to decrease significantly with passage to just 8.8 ± 8.4% (N=5, p<0.05 vs P0) at passage 3, corresponding to 56 days in vitro (DIV). These results are in agreement with previous reports. In [10], the percentage of Stro-1+ cells in adult human BM cells declined to 8.5% after 6 weeks in culture, and in [22], Stro-1+ cells were completely absent at passage 7, after 21 to 35 DIV, in human foetal femur-derived BM cell cultures. Stewart and colleagues reported the percentage of Stro-1+-enriched hBMMNCs to be around 21 ± 6% (Mean ± SEM) at passage 1 after 28 days in culture which correlates with our findings at 20.4 ± 14.4% (N=5) [23]. Conversely, the frequency of CD146+ cells increased markedly at passage 0 (82.9 ± 5.3 %, N=5) compared to immediately after MACS isolation (2.7 ± 0.9 %, N=6, p<0.001). This reflects the efficiency of cell adhesion as part of the current SSC isolation protocol which removes non-adherent cells from the haematopoietic lineage that are Stro-1+ but CD146-, as is the case for nucleated erythroid progenitor cells [10,52]. With cell expansion and passage, the percentage of CD146+ appears to gradually decline, although this trend did not reach statistical significance. A previous study has shown a minimal decrease in the expression of CD146 after 6 passages [24]. ESM Fig. S1 shows individual flow cytometry data for all six patient BM samples.
 Microfluidic impedance cytometry measurements of Stro-1+-enriched human SSCs unexpanded and following cell expansion: cell size
Conventional flow cytometry does not provide a precise cell size measurement because the forward light scatter (FSC) signal does not scale linearly with size. Figure 4a shows an impedance scatter plot of Stro-1+ unexpanded hBMMNCs obtained from one individual patient. For individual impedance scatter plots of all six patient BM samples please see ESM Figure S2. Simultaneous fluorescence detection uniquely identified the CD146+ cells (dark red) and impedance was measured simultaneously at two frequencies (500 kHz and 2 MHz). At a low frequency (500 kHz), cells are insulating and for viable cells electrical impedance scales linearly with cell volume. Thus, MIC provides accurate data for cell size.  For absolute size determination and to eliminate drift and experiment-to-experiment variability, polymer beads with a known size were mixed with the cells. At 2MHz, it is possible to detect changes on cells membrane capacitance, which reflects differences in the composition and morphology of the cell plasma membrane (ESM Figure S3). However, to consider the influence of cell size differences at 2MHz, the measurement must be normalised to the cell volume to give the so-called electrical opacity: the impedance ratio at a higher to a lower frequency (2 MHz/500 kHz).
In Figure 4a, histograms illustrate the distribution of size and opacity of the cells along with a Gaussian fit for the size distribution of CD146+ (dark red line) and CD146- cells (blue and green). Given the comparable size distributions, these can be associated with the lymphocyte and monocyte fractions from Figure 2e respectively. The mean cell size and opacity values calculated from a minimum of three independent measurements for each analysed group of cells are presented in Figure 5a and b, with the independent measurement values for each patient shown in ESM Figure S4.

The size of the CD146+ cells in the Stro-1-enriched unexpanded hBMMNCs was observed to overlap significantly with other (CD146-) hBMMNCs (Figure 4a) indicating that cell size is not a unique marker for SSCs and suggesting that these cells could not be isolated based solely on size. The SSCs were found within the largest cell fraction in the BM (Figure 5a), with a measured diameter of 9.0 ± 0.4 μm (N=6), compared to 7.4 ± 0.2 μm (N=4) and 8.3 ± 0.9 μm (N=4) for Stro-1+/CD146- and Stro-1- cells respectively.

The size of the SSCs was significantly larger following adherence and expansion (Figure 4b). As early as passage 0 (14 DIV), the average cell size was noted to more than double, increasing to 18.2 ± 1.3 μm (Figure 5a, N=4, p<0.001). The cell size continued to increase gradually to an average of 21.7 ± 0.3 μm at passage 3, significantly larger than at passage 0 (N=4, P<0.001). The average size range observed for expanded cells (18.2 – 21.7 μm) is in agreement with the sizes reported for expanded hBMMNCs estimated using microscopy [15,16,40,54] or deformability cytometry [55]. These results also support previous findings that hBMMNCs increase in size with culture expansion [15,16,56], associated with a loss of both self-replicative [16] and differentiation capacity [54,56]. The substantial size difference found between unexpanded and expanded SSCs highlights the phenotypic changes that SSCs undergo during expansion, and emphasise the need to study SSCs in their unaltered state. Indeed, if the size of expanded SSCs were observed in the BM, size-based SSC isolation would become trivial. 

Nevertheless, the average cell size found for SSCs in the BM (9.0 ± 0.4 μm) was the largest of the cell populations analysed. Cell size is an important parameter that strongly dictates the outcome of label-free microfluidic cell-sorting approaches [25]. These results indicate that cell size could be used in combination with another biophysical parameter for SSC purification from human BM. Using real-time deformability cytometry, a contactless microfluidic technique for high-throughput mechanical characterisation of single cells, we have previously shown that SSCs at passage 0 are significantly stiffer than other cells present in the BM including lymphocytes, monocytes and granulocytes [55]. Combining cell size with higher cell stiffness, could allow separation using techniques that are sensitive to both size and deformation, such as inertial microfluidics [57] or deterministic lateral displacement [58]. Given the phenotypic changes reported here for SSCs following adherence and expansion it would be important to determine whether the higher cell stiffness observed for SSCs at passage 0 [55] could be verified in unexpanded samples.
Microfluidic impedance cytometry measurements of Stro-1+-enriched human SSCs unexpanded and following cell expansion: membrane capacitance
Figure 4a shows that the opacity of CD146+ and CD146- cells completely overlap, with no significant differences between the average opacity of Stro-1- (0.87 ± 0.01, N=4), Stro-1+/CD146- (0.88 ± 0.01, N=4) and Stro-1+/CD146+ (0.88 ± 0.01, N=6) cells. This data indicates that opacity cannot be used as a label-free marker for the SSC contained within the Stro-1+/CD146+ sub-population. It also shows that the membrane capacitance of unexpanded SSCs is indistinct from other cells in the BM indicating that sorting SSCs from human BM using a technique such as dielectrophoresis is unlikely, in isolation, to yield pure sub-populations. 

The opacity of the SSC was observed to decrease after adhesion in culture (Figure 4c), i.e. a significant increase in membrane capacitance. At passage 0, the average opacity values were observed to fall to 0.82 ± 0.02 (p<0.001, N=4) with no further changes up to passage 3 when cells were kept in basal expansion conditions, which do not promote cell differentiation. (Figure 5b and ESM Figure S4b). This is in keeping with significant phenotypical changes between expanded and unexpanded SSCs. Although not quantitative, optical microscopy images of SSCs following expansion indicate morphological changes such as an increase in cell size and membrane spreading with increasing passage (Figure 6), which is in keeping with previous observations [16]. Higher membrane capacitance may arise from an increase in the membrane surface area and morphology, including, for example, the presence of microvilli, blebs, folds or ruffles [26–28,59], some of which may affect cell adhesion. 

To assess the relationship between cell adhesion and membrane capacitance we also analysed the dielectric properties of cancer cell lines that grow either as adherent (MG-63 and Saos-2) or as suspension (HL-60) cultures (Figure 5b). MG-63 and Saos-2 are human osteosarcoma cell lines representative of early and mature bone cell populations respectively, while HL-60 represents a human myeloid progenitor cell line. It is well known that cancer cells have high membrane capacitance associated with increasing structural disorder at the original tumour site and the capacity to invade neighbouring healthy tissue [28]. Higher membrane capacitance is also seen in tumour cells that originate from solid tumours. Although both MG-63 and Saos-2 cells are adherent, the membrane capacitance of MG-63 was significantly higher (p<0.01) than Saos-2 (opacity values of 0.71 ± 0.03 and 0.82 ± 0.01 respectively). Conversely, although maintained under different culture methods (adherent vs suspension), Saos-2 and HL-60 showed similar opacity values with the HL-60 slightly higher (p<0.05). This indicates that factors other than cell adhesion govern cells membrane capacitance. The membrane capacitance of MG-63 was also higher than expanded SSCs (p<0.001, N=4) confirming previous values obtained using dielectrophoresis [40].
Cell proliferation, ALP activity and gene expression of Stro-1+-enriched human SSCs following cell expansion

To assess whether there were changes in the proliferation capacity or the osteogenic potential of SSC, total DNA (Figure 7a) and specific ALP activity were quantified at each passage (Figure 7b and ESM Figure S5). There were no statistical differences in the total DNA amount or ALP activity, though both were observed to be higher at passage 1. However, it is important to note that it is difficult to draw any conclusions from cell proliferation and ALP activity at passage 0, as following isolation cells are plated at a significantly higher cell density to compensate for the presence of non-adherent haematopoietic cells.

The relative expression of stem and osteogenic genes of interest was assessed using qRT-PCR for all passages (Figure 8). No differences were observed in the expression levels of GNL3 (nucleostemin), a gene associated with stem cell proliferation. The expression of the osteogenic genes (RUNX2, ALPL, COL1A1 and BGLAP) was also measured. We observed no significant differences in ALPL and RUNX2, although there was an increase in the expression of ALPL at passage 1 (2.6 ± 1.7 fold-increase vs P0, N=4) with expression levels correlating well with the specific ALP activity shown in Figure 7b. The expression of COL1A1 (2.2 ± 1.5 fold-increase vs P0, N=4) and BGLAP (1.8 ± 0.4 fold-increase vs P0, N=4) was also higher at passage 1 suggesting an enhanced osteogenic phenotype at this passage before dedifferentiation on passage. The expression levels of other genes associated with stem cell maintenance (SOX2), chondrogenesis (SOX9 and COL2A1) and adipogenesis (FABP2 and PPARG) were negligible (CT values over 30; data not shown).
Tracking osteogenic differentiation of Stro-1+-enriched human SSCs using microfluidic impedance cytometry

Microfluidic impedance cytometry and AC electrokinetics methods have demonstrated differences in the dielectric properties of stem cells and their progeny [38,42–44,60]. Exploiting these differences DEP was used to sort osteoblasts (differentiated from a human mesenchymal stem cell line for 21 days) from their progenitor cells with moderate efficiency [29]. To investigate whether impedance cytometry could be used to track osteogenic differentiation of SSCs, Stro-1+-enriched SSCs at passage 1 were cultured under osteogenic conditions for 14 days and the osteogenic phenotype of the cells was initially confirmed. 

Osteogenic induction was evidenced by an increase in ALP staining of cells grown in osteogenic conditions compared to basal expansion conditions (Figure 9). This was verified by up-regulation of ALPL (2.8 ± 1.4 fold-increase, p < 0.05, N=4) and COL1A1 (1.2 ± 0.1 fold-increase, p < 0.05, N=4) in cells following osteogenic differentiation (Figure 10). There were no differences in the expression levels of RUNX2 and BGLAP, which are early and late osteogenic markers respectively [61–63]. The expression of GNL3, associated with cell proliferation, was unchanged. SOX2 was significantly downregulated (0.06 ± 0.06 fold-change, p < 0.001, N=4) although SOX2 expression was already minimal in basal conditions. SOX9 (0.5 ± 0.5 fold-change, N=4), COL2A1 (0.5 ± 0.5 fold-change, N=4) and FABP2 (0.8 ± 0.2 fold-change vs Basal, N=4), associated with chondrogenesis and adipogenesis respectively, were downregulated despite the high CT values at basal expansion conditions. A significant unexpected upregulation of PPARG (4.0 ± 0.5 fold-increase, N=4) in cells following osteogenic differentiation was observed, which may be due to the nature of the samples used, which typically originate from older patients undergoing total hip replacement surgery, and the increase in marrow adipogenesis associated with osteoporosis and age-related osteopenia has long been known [64,65]. 

Although slightly lower, the average cell size of SSCs following osteogenic differentiation (Figure 5a, P1 Osteo, 18.5 ± 0.7 μm, N=4) was not statistically distinct from SSCs following expansion (P1 Basal, 20.2 ± 0.7 μm, N=4). In contrast, there was a significant increase (Figure 5b, p<0.05) in the membrane capacitance of SSCs following osteogenic differentiation reflected in a marked change in the opacity, from 0.80 ± 0.02 to 0.75 ± 0.01. Previous studies using impedance cytometry  have shown a decrease in opacity (increase in membrane capacitance) of mouse embryonic stem cells following differentiation [44]. Our results show the potential of MIC as a non-invasive and non-destructive technique to track the differentiation of SSCs without the need for any sample pre-processing. For example, using MIC it would be possible to assess the efficiency of the osteogenic differentiation of SSCs while allowing cell subculture, further biological analysis, or their use for in vivo implantation.
4. Conclusion

The biophysical properties of enriched human SSC populations (Stro-1+/CD146+) obtained from human BM change significantly under adherent expansion conditions. Specifically, this study demonstrates that both cell size and membrane capacitance of unexpanded SSCs differed from expanded cells as early as passage 0. The average cell size increased over 2-fold to 18.2 ± 1.3 μm while the membrane capacitance increased as determined from the decrease in electrical opacity. These results highlight the importance of studying unaltered SSCs isolated from the original tissue as the primary cell population provides a unique biophysical signature. Critically, if the size and membrane capacitance differences observed between expanded SSCs and other BM cells were verified for unexpanded SSCs, SSC isolation from human BM using microfluidic label-free sorting techniques could be easily achieved.

 Nevertheless, although the membrane capacitance of the SSC did not differ from other BM cells, the size of the SSC in the BM was found within the largest cell fraction at 9.0 ± 0.4 μm. This is the first time that the size of the SSC is estimated from unexpanded human BM samples – a crucial step towards the design of a microfluidic device for SSC isolation. When compared with the size distribution of other BM cells (7.4 ± 0.2 μm and 8.3 ± 0.9 μm for Stro-1+/CD146- and Stro-1- cells respectively), the data indicates that SSCs could be significantly enriched using a size-based sorting approach to fractionate cells smaller and larger than (e.g.) 8.5 μm removing the vast majority of non-relevant cells in the BM. It is important to note that due to the overlapping size distribution, complete SSC isolation cannot be achieved based solely on size. One possible solution would be to design a label-free sorting system that exploits both differences in cell size with another biophysical parameter, which would lead to significant SSC enrichment. We have previously shown that SSCs at passage 0 are significantly stiffer than the three main leukocyte populations (lymphocytes, monocytes and granulocytes), also present in the BM [56]. We therefore hypothesise that cell stiffness could be used to enhance the SSC sorting purity using a sorting device that is both sensitive to size and deformation.  It would be important to confirm if the higher stiffness of SSCs at passage 0 is verified in unexpanded samples, which is the subject of current investigations using deterministic lateral displacement (DLD) devices (a size-based sorting technique that can provide additional data on cell deformation).

Additionally, the current studies demonstrate that impedance cytometry can be used to track osteogenic differentiation of SSCs, verified by quantitative reverse transcription polymerase chain reaction of relevant genes of interest associated with stem cell maintenance and proliferation, and with the osteogenic, chondrogenic and adipogenic differentiation processes. This indicates the potential of MIC as a non-invasive and non-destructive technique to monitor stem cell differentiation in a label-free manner without the need for any sample pre-processing. The results presented in this paper will guide the design and implementation of label-free technologies for the study and isolation of primary human SSCs that could have significant impact on SSC research and clinical practice. 
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Figure 1. (a) Schematic diagram of the experimental protocol. Human bone marrow mononuclear cells (hBMMNCs) were obtained by density centrifugation of BM samples from patients undergoing total hip replacement surgery and enriched by MACS sorting of the Stro-1+ population. Before expansion and at each passage and corresponding day in vitro (DIV), cells were analysed using microfluidic impedance cytometry (MIC), flow cytometry (FC), alkaline phosphatase (ALP) activity, and/or quantitative reverse transcription polymerase chain reaction (qRT-PCR). At Passage 1, the same analyses were performed to detect changes in cells following osteogenic differentiation. (b) shows the impedance cytometry set-up including the confocal-optical detection. Cells flow through the microchannel, passing between pairs of electrodes and the optical detection region. The fluorescence properties of the cell were measured simultaneously with the impedance allowing direct correlation of the electrical and fluorescent properties on a single cell basis.
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Figure 2. Fluorescence flow cytometry of unexpanded human bone marrow mononuclear cells (hBMMNCs). a), b), d) and e) show plots (forward vs side scatter) of unexpanded hBMMNCs before (a, d) and after (b, e) enrichment of Stro-1+ cells by magnetic-activated cell sorting (MACS). The three gates show the fraction of cells falling inside typical FSC and SSC distributions for lymphocytes, granulocytes and monocytes as previously shown [53]. c) and f) show frequency histograms of the fluorescence intensity of hBMMNCs before and after enrichment by MACS and the respective matched isotype controls. The top and bottom panel images refer to the expression levels detected using the Stro-1 antibody and an anti-CD146 antibody respectively.
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Figure 3. Fluorescence flow cytometry of human bone marrow mononuclear cells (hBMMNCs). Frequency of Stro-1+ (a) and CD146+ (b) hBMMNCs in the BM, before and after enrichment of the Stro-1+ population by MACS, and following cell expansion under basal culture conditions (passages 0 to 3). Values represent mean ± SD (N ≥ 4; *p < 0.05; ***p < 0.001).
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Figure 4. Fluorescence-assisted microfluidic impedance cytometry of Stro-1-enriched human bone marrow mononuclear cells (hBMMNCs). a) Scatter plot of cell size (µm) vs electrical opacity (normalised to 7-μm diameter reference beads) of Stro-1+-enriched hBMMNCs obtained from one individual patient. Top and bottom histograms demonstrate the cell size and opacity distributions respectively, with colour-coded Gaussian distributions fitted to the data. The dark red line represents the distribution of CD146+ cells, representative of skeletal stem cells (SSCs). b) and c) show histograms of the distribution of cell size and electrical opacity with increasing cell passage from one individual patient.
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Figure 5. Size and electrical opacity of cells analysed by microfluidic impedance cytometry. Bar charts summarising the cell size (a) and electrical opacity (b) of hBMMNCs in the bone marrow (BM), after expansion at passages 0 to 3, and following osteogenic differentiation (P1 Osteo). Within the BM, cell size and opacity were measured for Stro-1- cells, and both the CD146- and CD146+ populations within the Stro-1+ fraction. Skeletal stem cells (SSCs) are contained within the Stro-1+/CD146+ population. Also shown are data for two adherent (MG-63 and Saos-2) and one suspension (HL-60) human cancer cell lines. The appended table summarises the statistical analyses of the data with the top-right and bottom-left values showing the p-values for cell size and opacity, respectively. Values represent mean ± SD (N ≥ 3; *p < 0.05; **p < 0.01; ***p < 0.001; N.S. – not significant).
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Figure 6.  Optical microscopy. Images show apparent changes in the size and morphology of unexpanded hBMMNCs after enrichment of the Stro-1+ population by MACS (BM after MACS) and at different passages (P0 to P3) growing under basal expansion conditions. Cells typically appeared to grow larger and were observed to display a spread morphology with increasing passage. Scale bar 500 μm (100 μm in BM) in top panel and 200 μm (50 μm in BM) in lower panel.
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Figure 7. Proliferation and alkaline phosphatase activity of Stro-1-enriched human bone marrow mononuclear cells (hBMMNCs). a) Total DNA quantification from hBMMNCs grown on individual 6-well plates for 14 days at each passage (P0-P3) determined using the PicoGreen® nucleic acid quantitation assay. b) Specific ALP activity of hBMMNCs grown on individual 6-well plates for 14 days at each passage determined by the colorimetric detection of the dephosphorylation of p-nitrophenyl phosphate. Values represent mean ± SD (N = 4).
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Figure 8. Quantitative reverse-transcriptase polymerase chain reaction. Relative gene expression of relevant genes of interest of Stro-1+-selected human bone marrow mononuclear cells (hBMMNCs) grown in basal expansion conditions at different passages (P0-P3). GNL3 is associated with stem cell proliferation, RUNX2, ALPL, COL1A1 and BGLAP are genes related with the process of osteogenesis and PPARG is a regulator of adipocyte differentiation. Values represent mean ± SD normalised to the expression levels of hBMMNCs at passage 0 (N = 4; *p < 0.05).
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Figure 9. Alkaline phosphatase (ALP) activity. ALP staining of human bone marrow colony forming units-fibroblastic (CFU-F) grown on 6-well plates for 14 days under basal expansion conditions or following osteogenic (osteo) differentiation in basal media supplemented with dexamethasone (10 nM) and ascorbate-2-phosphate (100 μM). For each individual patient (identified by genre and age) an increased ALP activity can be observed following osteogenic differentiation evidenced by a stronger cell staining. Images represent an entire well captured using a dissecting stereoscope. 
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Figure 10. Quantitative reverse-transcriptase polymerase chain reaction. Relative gene expression of relevant genes of interest of passage 1 Stro-1+-selected hBMMNCs after 14 days following osteogenic (osteo) differentiation in basal media supplemented with dexamethasone (10 nM) and ascorbate-2-phosphate (100 μM). GNL3 and SOX2 are associated with stem cell proliferation and stem cell maintenance respectively. RUNX2, ALPL, COL1A1 and BGLAP are genes related with the process of osteogenesis, with RUNX2 and BGLAP being early and late osteogenic markers respectively. SOX9 and COL2A1 are genes associated with chondrogenic differentiation, and PPARG and FBAP4 with adipocyte differentiation.  Values represent mean ± SD normalised to the expression of hBMMNCs growing under basal expansion conditions (N ≥ 4; *p < 0.05; ***p < 0.001).
