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The analysis of Brownian motion is a sensitive and robust tool for a label-free high-throughput 

investigation of cell differentiation at the single-cell level. 
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The kinetics of stem and progenitor cell differentiation at the single-cell level provides essential clues to 

the complexity of the underlying decision-making circuits. In many hematopoietic progenitor cells, 

differentiation is accompanied by the expression of lineage-specific markers and by a transition from a 

non-adherent to an adherent state. Here, using the granulocyte-macrophage progenitor (GMP) as a model, 10 

we introduce a label-free approach that allows one to follow the course of this transition in hundreds of 

single cells in parallel. We trap single cells in patterned arrays of micro-wells and use phase-contrast 

time-lapse movies to distinguish non-adherent from adherent cells by an analysis of Brownian motion. 

This approach allowed us to observe the kinetics of induced differentiation of primary bone-marrow-

derived GMPs into macrophages. The time lapse started 2 hours after addition of the cytokine M-CSF, 15 

and nearly 80% of the population had accomplished the transition within the first 20 h. The analysis of 

Brownian motion proved to be a sensitive and robust tool for monitoring the transition, and thus provides 

a high-throughput method for the study of cell differentiation at the single-cell level. 

Introduction 
     

Single-cell studies are increasingly being used in the biological 20 

and biophysical characterization of living cells. In contrast to 

population studies, which uncover only the average behavior of 

many cells, single-cell studies examine the underlying dynamics 

of the responses of individual cells to external triggers1,2. Such 

experiments shed light on phenomena ranging from early 25 

signaling and responses at the level of protein synthesis to cell 

division and cell fate choices3. Single-cell analysis has also 

revealed phenotypic heterogeneity in isogenic populations4,5. 

Stem cell fate decisions are prominent examples of heterogeneous 

system responses. The unique ability of stem cells to give rise to 30 

many kinds of differentiated cells makes them prime candidates 

for regenerative medicine. Thus, single-cell analysis of 

hematopoietic stem cell (HSC) decision-making promises to 

further our understanding of the regulatory factors underlying fate 

decisions, with potential impact on clinical medicine.  35 

In recent years it has been recognized that, for single-cell analysis 

of stem cells in particular, there is a need for microscopy 

platforms that allow isolated cells to be cultured under conditions 
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that enable precise control over the mechanical and chemical 

properties of their micro-environment3,6. This is because 40 

population studies have shown that the signaling molecules 

present7 and the mechanical properties of the environment8,9 can 

have a marked impact on stem-cell fates10. Microfluidic devices 

offer a highly accurate and flexible platform for this purpose, 

allowing both cell screening and micro-patterning11,12. However, 45 

for most primary cells, and for non-adherent cells generally, 

isolation and tracking is difficult and time-consuming13,14. 

Various microfluidic approaches have been developed to hold 

cells in place and facilitate long-term experiments. Active 

systems use e.g. hydrodynamic forces to create single-cell traps at 50 

the ends of microchannels15 or cell-sized, semi-circular barriers16, 

while passive systems such as micro-arrays of 3D micro-wells 

topologically trap the cells on the surface17,18. In such devices, 

single-cell observations require the availability of fluorescent 

markers for the properties of interest. Fluorophore instability, 55 

bleaching, background noise and phototoxicity limit the 

application of fluorescence microscopy6. A label-free technique, 

which bypasses these limitations, is therefore highly desirable for 

time-lapse imaging of cells.  

Here, we introduce a novel approach to follow the fate of isolated 60 

cells over time without the need to label them. The technique 

monitors the Brownian motion of single non-adherent cells to 

determine the timepoint at which they attach to the surface. 

Brownian motion of spherical objects is well understood and has 

been used as a sensitive probe for particle-substrate interaction in 65 

the case of microbeads19–21. We used image-based fluctuation 

analysis to resolve the heterogeneity of adherence transition times 
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at the single-cell level. Cells are confined to arrayed micro-wells 

and their motion is tracked over time using phase-contrast 

microscopy. As a proof of principle, we investigated the 

differentiation of granulocyte-macrophage progenitors in 

response to the cytokine M-CSF. During hematopoiesis, 5 

multipotent HSCs give rise to several lineage-restricted 

progenitors, which ultimately produce all the different mature 

blood-cell types22. Thus the bipotent granulocyte-macrophage 

progenitor (GMP) population gives rise to the 

monocyte/macrophage (M) and the granulocyte (G) lineages23. In 10 

vitro, GMPs can be instructed to adopt the Ms or Gs fate by 

exposure to the cytokines macrophage colony-stimulating factor 

(M-CSF) or granulocyte colony-stimulating factor (G-CSF), 

respectively24.  Of these three types of cells, Ms are adherent 

while GMPs and Gs are non-adherent. We compare the timing of 15 

adherence of macrophages with the up-regulation of Lysozyme 2 

(Lyz2), F4/80, and MacI, myeloid commitment/differentiation 

markers. We find that the adherence transition precedes the up-

regulation of MacI, Lyz2 and F4/80 expression, hence following 

the general behavior observed by Rieger et al.24 We demonstrate 20 

that the label-free technique is capable of robustly detecting the 

adherence transition, and discuss its potential for studying the 

kinetics of differentiation.   

Results  

Micro-structure fabrication 25 

We fabricated micro-structured patterns on a tissue-culture plastic 

(TCP) substrate, which was then attached to the underside of a 

bottomless slide (I-Luer sticky slide; ibidi, Germany) to form the 

floor of a channel with walls 400 µm high. The pattern consists of 

an array of 3D micro-wells whose walls are 12 µm high. We 30 

tested different well diameters ranging from 15 to 50 µm and 

selected for the best single-cell coverage and maximum space for 

free diffusion. For GMPs (mean diameter 15 µm), micro-wells 

with a diameter of 35 µm were resulted in 90% viability and 60% 

single coverage. The micro-array pattern is fabricated from cell-35 

repelling PEGDA polymer on a tissue culture plastic substrate25. 

Each slide carries an array of 45×750 micro-wells. Compared to 

conventional cell-culture flasks, the limited depth of the channel 

and the thinner layer of medium on top of the cells results in 

reduced background fluorescence, while still supplying enough 40 

nutrients for up to two days.  

Cells in micro-wells 

GMPs carrying an EGFP-tagged Lyz2 gene (see Methods) were 

induced to differentiate into macrophages by adding M-CSF as 

previously described24. Cells were pipetted into the channel and 45 

allowed to settle into the micro-well arrays (Fig. 1a). Three 

distinct states in the differentiation of GMPs into macrophages 

could be distinguished: a freely diffusive state subject to 

Brownian motion, a semi-adherent state, and a fully adherent 

state (Fig. 1b).  50 

Non-adherent cells diffuse freely, ranging over the whole area of 

a micro-well. Semi-adherent cells attach to the surface and 

become immobile. Fully adherent cells spread out on the 

substrate and display active, crawling motion. Fig. 1c shows 

phase-contrast images of a representative cell going through each 55 

of the three states. For the purpose of differentiation detection, we 

followed the positions of cells until just before division or until 

the transition to the fully adherent state. While the former breaks 

the symmetry in label-free detection, the latter is characteristic for 

a late stage of differentiation. The adherent state was observed to 60 

confirm that the cell had successfully reached the fully developed 

macrophage state, which could occur either in the same 

generation or after division. 

Most of the cells in the non-adherent state ranged over the whole 

well area. In others, a tendency to remain close to the wall was 65 

observed. These latter cells show less difference in motion 

between the two states, but the switch to the adherent state is still 

distinguishable. 

Time-lapse imaging  

Time-lapse microscopy was performed using an inverted 70 

Axiovert 100M Zeiss microscope, taking advantage of the out-of-

focus phase-contrast image, in which cells have bright centers. 

This accelerates cell recognition in image processing. Each 

sample is imaged at 3-min intervals for 24 h, producing a time-

lapse sequence of cell motion (Fig. 2a). An interval of 3 min 75 

allows a cell of 15 µm diameter to be displaced by ~3 µm, which 

equals the ~5 pixel resolution in our microscopy setup.  

Cell centers were tracked with an in-house ImageJ26 plug-in. The 

software locates the micro-well array and automatically tracks the 

center of the cell until cell division or differentiation. For more 80 

details of the recognition algorithm see the Supplementary 

Information. Fig. 2b shows an example of one cell in a micro-

well (red) and the cell contour (green) as detected by the 

software. Fig. 2c is the resulting trajectory of the center of the 

cell. All tracking data were processed simultaneously, decreasing 85 

the time required for analysis.   

Confined Brownian motion in micro-wells 

We used the mean square displacement (MSD) of cell position to 

characterize Brownian motion in confinement. As shown in Fig. 

3, the plot of MSD vs time is linear at short time-scales, 90 

indicating free diffusion with a defined diffusion coefficient. In 

the case of confinement, as with cells in micro-wells, the MSD 

reaches a plateau value at large time-scales. As explained in more 

detail in the Supplementary Information, we used an explicit 

expression for the MSD for 2D diffusion in a circular 95 

confinement27. The plateau value (P) in this case is given by  P = 

L2/4, where L denotes the clearance L = dwell – dcell between a cell 

with diameter dcell and the wall of a micro-well with diameter 

dwell. 

Fig. 3a shows the MSD for 10 individual GMPs exhibiting the 100 

characteristic shape of MSD for confined Brownian motion with 

the plateau value corresponding to the clearance. Three individual 

MSDs shown in color are compared to the theoretical expression 

(fits shown as lines). The cell diameters derived from the plateau 

of the MSD graphs (inset of Fig. 3a) and the images (values in 105 

Fig. 3b) are compatible with each other, as the out-of-focus image 

shrinks the apparent diameter of the cells, which accounts for the 

difference between the two values.  

Transition point from non-adherent to adherent state 

The transition from the non-adherent to the adherent state serves 110 

as a marker for the timepoint of GMP differentiation. To detect it, 

we monitored the Brownian displacement of cells between 
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successive frames (∆R = |Ri+1-Ri|) (Fig. 4a). This displacement 

depends on the diffusion coefficient and the physical constraints 

on motion. A non-adherent cell diffuses freely within the well, 

and thus shows a larger displacement per unit time than adherent 

cells, which are no longer subject to Brownian motion. Fig. 4a 5 

shows representative displacement records for 8 cells and the 

difference between the non-adherent state in the beginning and 

the adherent state at the end. For high-throughput parallel 

investigation of single cells, it is important that this transition 

point be automatically detectable. 10 

The standard deviation of displacement over a rolling time-

window of 5 frames, σ5, was used for automatic determination of 

the transition point. The standard deviation σ is an indicator of 

the degree of variation in the motion of a particle over the course 

of the time-window. A threshold value was chosen in such a way 15 

that σ5 value drops below it after adherence. This value is 

manually chosen for one cell and used for the whole experiment. 

The time-point at which σ persistently drops below this threshold 

is taken as the transition point (red circle in Fig.4b). Monitoring 

of the persistence of the transition to the low-motion regime 20 

permits one to distinguish the actual transition to adherence from 

short-term fluctuations in Brownian motion. 

The cumulative sum (cusum) algorithm was used to confirm 

detection of the transition point. The cusum algorithm checks the 

global behavior of a system at each time-point and reports if there 25 

is a persistent regime change in the system28,29. The algorithm 

yields transition points in agreement with the values obtained by 

the standard deviation approach. Both the cusum and standard 

deviation algorithm are described in detail in the SI.  

Heterogeneity in time to adherence 30 

Differentiation of GMPs shows stochastic dynamics30,24, with 

each individual cell behaving differently (e.g. Fig. 4a). With the 

help of micro-well arrays we are able to capture and analyze the 

behavior of many cells in parallel. The transition point detection 

technique was used to identify the adherence of 789 cells in 35 

parallel. This represents a physical marker of differentiation of 

non-adherent GMPs into adherent macrophages. Fig. 5a shows 

the temporal distribution of single-cell adherence over a period of 

30 h. All the cells were cultured under the same conditions. 

Monitoring began 4 h after addition of M-CSF to the progenitors. 40 

Around 40% of cells were adherent by the start of imaging. The 

number of adherence events then drops exponentially with time, 

and 80% of the cells have adhered to the TCP substrate prior to 

the first division.  

The time course of differentiation was investigated via the onset 45 

of expression of the EGFP-tagged lyz2 signal as well as the 

presence of MacI and F4/80 antibody markers. Fluorescent 

images were analyzed by setting fluorescence thresholds for each 

marker and counting of the number of MacI and F4/80 positive 

and Lyz2-GFP expressing cells respectively. Fig. 5b shows the 50 

percentage of adherent cells (black), together with the time course 

of MacI positive (red), Lyz2-expressing (green), and F4/80 

positive (blue) cells over a period of 48 h. It can be clearly seen 

that Lyz2 and F4/80 expression follows the expression of MacI. 

In contrast most adherence events occur slightly before MacI 55 

expression. The kinetics of the increase of total adherence, 

however, is weaker than the steep increase of MacI expression. 

For this reason we show the single cell correlations in more 

detail. Fig.5c shows the correlation between the adherence 

timepoints and the onset of the differentiation markers for all 60 

cells individually. Again there is a clear order in the expression of 

the differentiation markers, while their correlation with the 

adherence time points is weak. Adherence typically occurs before 

the onset of the differentiation markers (as seen by the fact that 

most data points fall above the dashed line indicating the 65 

isochronic events). However, there are individual cells that show 

MacI or even Lyz2 expression before the onset of adherence.  

DISCUSSION 

Our study demonstrates that arrays of micro-wells enable single-

cell analysis of the transition from a non-adherent to an adherent 70 

state utilizing Brownian motion as reporter. GMPs exhibit 

heterogeneity in the timing of both the adhesion transition as well 

as differentiation at the single-cell level. Rieger et al.24 previously 

observed by manual cell tracking and classification of adherence 

that the transition to the adherent state precedes up-regulation of 75 

the Lyz2 marker protein in most cases. Our study reproduces 

these data quantitatively. In contrast to manual evaluation, our 

unsupervised approach allows for high temporal resolution and 

increased statistical accuracy of the adhesion time point. In 

addition we observe the temporal sequences of differentiation 80 

markers MacI, Lyz2 and F4/80. However, the correlation of these 

markers with the time-point of adherence is weak. Clearly 

adhesion is an early indicator of differentiation. Yet, the statistics 

of adherence events does not seem to strictly depend on the stage 

of differentiation. Hence the molecular changes at the cell surface 85 

that allow for adhesion do not seem to be directly timed within 

the differentiation process. In future studies with surface 

functionalized micro-wells more refined adhesion studies can be 

carried out. Single-cell analysis of Brownian motion therefore 

provides a versatile label-free method for high-throughput 90 

detection of the adherence transition. In particular, in future work 

the micro-wells could be functionalized with specific antibodies 

in order to detect the expression of surface molecules and 

selectively modify adherence of cells to the micro-well surface. 

In this case, time-resolved studies on single cell surface protein 95 

expression could be carried out without the adverse effects of 

intense illumination for fluorescence imaging. The time interval 

chosen for phase-contrast imaging in our study was several 

minutes, but could be further reduced. Potentially, Brownian 

motion analysis is capable of resolving single molecule binding 100 

as shown by Wong et al. for latex particles31. Hence, single-cell 

adhesion arrays open up the possibility of single-surface-

molecule studies on living cells for protein and membrane 

characterization32,33,31 and quantitative evaluation of numbers of 

adhesion sites. In principle, the only limitation on the observation 105 

time in our approach is the point of cell division. We believe that 

the highly parallel analysis of single cells by monitoring of 

Brownian motion is a powerful, high-throughput, label-free 

method, which is particularly promising for the time-resolved 

investigation of differentiation and the detection of changes in 110 

cell-surface properties of non-adherent cells. 

Methods 

Device fabrication 
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Our microfluidics devices are based on inert PEGDA 

(polyethyleneglycol diacrylate)34. The template for the micro-

well array is fabricated on a standard plastic tissue-culture (TCP) 

foils, which is attached to the underside of an I-Luer sticky slide 

(ibidi, Munich, Germany). The slide as supplied is patterned with 5 

a cut-out 400-µm deep channel that can be accessed from each 

end. The attached template thus serves as the floor of the channel.  

The fabrication process has been described previously25. In short, 

the PDMS precursor is mixed with curing agent at a 10:1 (Sigma-

Aldrich) ratio. The mixture is degassed for 15 min and then 10 

poured onto a patterned silicon wafer. After a subsequent 

degassing step for 15 min, PDMS is cured for ~3 h at 50°C in an 

oven. The PDMS mold is peeled from the wafer and cut along the 

structures to form an open network. PDMS and TCP substrate are 

exposed to argon plasma for 30 sec, then brought into contact 15 

with each other. A drop of PEGDA polymer (polymer solution 

containing 2% of photoinitiator 2-hydroxy-2-

methylpropiophenone (v/v) (Sigma-Aldrich, Germany)) is placed 

at the open end of the PMDS mold. The empty space of the mold 

is filled with PEGDA by capillary force-induced flow. The 20 

polymer is then cured under UV light for 15 min. The PDMS 

mold is removed and the patterned PEGDA substrate is cured 

overnight at 50°C. The substrate is then sonicated in ethanol for 

10 min, followed by a 10-min sonication in deionized water. 

Afterwards, it is blow-dried and attached to the ibidi I-Luer sticky 25 

slide and stored under sterile conditions.  

Cell preparation 

FACS purification of GMPs23 from LysM:EGFP mice35 was 

performed as described24. Briefly, femora, tibiae, humeri, hip 

bones and vertebrae were dissected from 8- to 12-week-old mice, 30 

crushed in ice-cold 2% FCS/PBS, and cells were isolated by 

passage through a 40 µm filter (BD). All experiments were 

performed according to Swiss federal law and institutional 

guidelines of ETH Zuerich and approved by local animal ethics 

committee of Basel-Stadt (license number 2655). 35 

For erythrocyte lysis, cells were resuspended in ACK buffer 

(Lonza) for 2 min. Cells were then stained with biotinylated 

antibodies against lineage-specific markers (B220, CD3e, CD19, 

CD41, CD11b, Gr-1, Ter119 (all eBioscience)) followed by 

incubation with streptavidin-coated magnetic beads (Roth). After 40 

magnetic depletion of labeled lineages, cells were stained with 

Streptavidin-APC-eFluor780, c-kit-PE-Cy7, CD34-eFluor660 (all 

eBioscience), Sca-1-Pacific Blue (Biolegend) and CD16/32-PE 

(BD) for at least 30 min on ice. Cell sorting was done on a 

FACSAriaIII (Becton-Dickinson). Sorted GMPs were 45 

resuspended in SFEM (Stem Cell Technologies) containing 20 

µg/ml of M-CSF, 10 ng/ml F4/80 and 10 ng/ml MacI after 

markers. Time-lapse imaging was initiated 2 h after sorting and 

addition of cytokine, this time is necessary for transportation, 

seeding cells into micro-well arrays, and preparation of image 50 

acquisition setting.  

The microscopy slide incubated at 37°C in an ibidi heating 

system chamber with 5% CO2 and high humidity (ibidi, Munich, 

Germany). The chamber is mounted on an inverted microscope 

and a phase-contrast image is taken every 3 min and a fluorescent 55 

image every 3 h. Image acquisition is programmed to take a 

fluorescence picture of a subset of positions for each interval of 

phase-contrast imaging. Hence, we have fluorescent data at every 

time-point. 
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Fig. 1 a) Schematic view of cells settling into micro-wells under gravity. 

b) Schematic depiction of the three states of adherence: freely mobile, 

semi-adherent and adherent. c) Corresponding phase-contrast image of a 

non-adherent GMP which differentiates into an adherent macrophage. 

The dots indicate the position of the center of cell over a period of 24 h 5 

(elapsed time is coded in color from red to blue; see Fig. 2c). The 

transition point is the time at which the cell enters a semi-adherent state. 

 

Fig. 2 a) Three frames from a time-lapse sequence of phase-contrast 10 

images of a single field at 10X magnification. The field contains ~250 

wells and 50 single cells. b) Selected frames from a time-lapse sequence 

of phase-contrast images of a single well. Contours are detected 

automatically, the yellow contour indicates the micro-well and green 

contour indicates the center of the cell. c) Trajectory of the center of cell 15 

over a period of 14 h, (elapsed time coded in color as indicated), This cell 

adheres to the surface after around 12 h. 
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Fig. 3 a) Mean square displacement of cell center. The dots are 

experimental points and the solid line shows the fit from the explicit 

expression (See Supplementary Information). The different plateau values 

reflect differences in cell diameter. b) The corresponding phase contrast 5 

images of cells for solid lines are shown. Diameters calculated from fitted 

curves are shown in the inset and the diameter calculated from image 

calibration is shown on the corresponding image.   

Fig. 4 a) Graph of cell displacement vs. time for a set of 8 single cells, 10 

showing how a non-adherent GMP cell differentiates into an adherent 

macrophage. b) Evolution of the local standard deviation σ over a rolling 

time window of 5 frames. 

 

15 
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Fig. 5 a) Histogram of the number of adherence transitions in the 

time course of GMPs differentiation into macrophages (data are 

from 789 single cells), red line shows a first order exponential fit 

to the data. b) Percent of cells that adhered (black) and percent of 5 

cells that exhibited MacI (red), LzyM (green), and F4/80 (blue) 

fluorescent signal versus time. c) Correlation between the 

timepoint of cell adherence and the onset of the fluorescent 

signals. The dashed line indicates simultaneous events.  The color 

intensity map indicates the number of cells.  10 
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