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Abstract

Chemotaxis is a classic mechanism for guiding cell migration and an important topic in both 

fundamental cell biology and health science. Neutrophil is a widely used model to study 

eukaryotic cell migration and neutrophil chemotaxis itself can lead to protective or harmful 

immune actions to the body. While much has been learnt from past research about how neutrophils 

effectively navigate through a chemoattractant gradient, many interesting questions remain 

unclear. For example, while it is tempting to model neutrophil chemotaxis using the well-

established biased random walk theory, the experimental proof was challenged by the cell’s highly 

persistent migration nature. Special experimental design is required to test the key predictions 

from the random walk model. Another question that interests the cell migration community for 

decades concerns the existence of chemotactic memory and its underlying mechanism. Although 

chemotactic memory has been suggested in various studies, a clear quantitative experimental 

demonstration will improve our understanding of the migratory memory effect. Motivated by these 
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questions, we developed a microfluidic cell migration assay (so-called dual-docking chip or D2-

Chip) that can test both the biased random walk model and the memory effect for neutrophil 

chemotaxis on a single chip enabled by multi-region gradient generation and dual-region cell 

alignment. Our results provide experimental support for the biased random walk model and 

chemotactic memory for neutrophil chemotaxis. Quantitative data analyses generate new insights 

into neutrophil chemotaxis and memory by making connections to entropic disorder, cell 

morphology and oscillating migratory response.

Introduction

A wide range of biological cells can sense soluble chemical concentration gradient and 

respond by directional cell migration along the gradient, a process term chemotaxis1. 

Chemotaxis plays governing roles in many fundamental physiological processes, ranging 

from immune battling of foreign pathogen invasion to neuronal communication and to tissue 

regeneration2–4. Incorrectly signaled chemotaxis can lead to various cellular malfunctions 

such as elevated effector cell infiltration to mis-targeted host tissues and subsequent 

autoimmune organ damage5. Furthermore, chemotaxis can be hijacked by tumor cells as an 

effective mechanism to translocate to distance organs6, 7. Thus, understanding the 

mechanism of chemotaxis is fundamentally important for curiosity-driven basic science 

research and can be highly translational to solve health problems8–10. Neutrophil is the most 

abundant type of white blood cells, serving at the front line for the body’s host defense11–14. 

Neutrophil is highly motile and has been widely used as a model cell system for studying 

cell migration and chemotaxis15. While much has been learnt from past research for 

neutrophil chemotaxis, some long-standing interesting questions are increasingly attracting 

researchers to revisit using new technologies. Among them, here we are particularly 

interested in predictions from a biased random walk model for chemotaxis and the 

chemotactic memory effect, which can be tested using a microfluidic cell migration assay.

Neutrophil chemotaxis was traditionally modeled as a deterministic spatial gradient sensing 

process in combination with stochasticity16. Chemoattractant gradient sensing is 

implemented by specific ligand-receptor interaction and its downstream signaling cascades 

to define the directional signal across the cell body, which guides the subsequent biophysical 

locomotion17. Stochasticity is introduced as noise to modulate the external chemotactic 

signal and cellular gradient sensing18. A threshold approach based on gradient sensing is 

typically employed to define the baseline randomness and directional migration19. In the 

context of deterministic gradient sensing, cells are able to interpret both the gradient 

steepness and mean concentration for chemotaxis20. By contrast, an increasing number of 

recent studies modeled chemotaxis as an adaptive process, which relies on dynamic and 

stochastic optimization of directional decision making within cell’s local chemoattractant 

environment21–23. This approach offers an interesting alternative approach for understanding 

chemotaxis and realizing the role of migratory morphology in gradient sensing. From a 

physicist’s point of view, it is tempting to model chemotaxis as a biased random walk of 

microparticles. The random walk theory is well-established and was applied to model many 

biological systems such as DNA, cytoskeleton, diffusion and mixing of biological 

contents24–26. Particularly, biased random walk achieved great success to quantitatively 
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describe chemotaxis of small suspension cells such as bacteria27. A similar approach was 

previously used to model chemotaxis of larger eukaryotic cells such as neutrophils19. 

However, although both modeling and experiments in this direction have been reported27–30, 

experimental evidence is still lacking. It is especially challenging to test the biased random 

walk model in commonly-used 2D in-vitro cell migration systems, due to highly persistent 

migration of these surface crawling cells and other external effects such as flows. 

Consistently, the random walk theory often comes short to effectively describe chemokinetic 

cell migration data in microfluidic devices31. In this context, we propose to experimentally 

test the dynamic change of synchronized cell migration toward a chemoattractant gradient 

enabled by pre-alignment of cells at identical initial positions relative to the gradient. Such a 

design will offer a window to observe chemotactic migration with respect to the predictions 

from the biased random walk model. Specifically, we expect decreased synchronization of 

chemotaxis among cells over time due to accumulated statistical variation of cell migration 

and a gradually reduced chemoattractant gradient dependent migratory bias at each time 

step.

Another interesting and challenging topic in neutrophil chemotaxis concerns the existence of 

cell migratory memory and its underlying mechanism. In the context of chemotaxis, we 

define the memory as the phenomenon that the cell’s chemotactic migratory behavior in its 

current chemoattractant environment is affected by the cell’s previous migration history. 

Experimental and modeling efforts in this direction go back a long way in the field of cell 

migration research8, 15, 32–40. Sensitive morphological, orientation and migratory response 

of neutrophils to temporal variations of chemoattractant fields, which depends on the cell’s 

previous chemoattractant exposure, were consistently reported21, 32, 37. Furthermore, 

retarded adjustment of chemotactic migration in response to spatial changes of 

chemoattractant gradients was clearly demonstrated8, 33. We recently showed that 

chemotactic memory can be reflected by the chemotaxis history dependent chemotaxis-to-

flowtaxis transition in spatially-varying gradient fields using a microfluidic device33. 

Similarly, a recent study further suggested that cells can initiate and maintain chemotactic 

migration in response to chemoattractant waves and demonstrated the importance of 

localized cytoskeleton structure for preserving chemotactic memory37. However, a common 

drawback of these previous studies is the lack of spatial control of cell positions in their 

respective experimental systems, and the conclusion was often drawn based on the average 

of individual cell measurements with significant background variations. Effort was made to 

calibrate individual cell variation in the analysis but the pitfall of this approach for 

introducing subjectiveness remains33. In this regard, here we propose to design an 

experiment to better test the chemotactic memory using again the cell alignment technique 

and multi-region chemoattractant field generation. This approach will allow us to 

simultaneously monitor the memory effect of a group of pre-aligned cells as they migrate 

through adjacently configured gradient and gradient-free regions.

The proposed new experiments to test the biased random walk model and chemotactic 

memory effect require a suitable cell migration assay that permits controlled cell alignment 

and multi-region gradient generation. In addition, it is desirable to perform both experiments 

through a single assay. For these reasons, we developed a microfluidic cell migration device, 
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so-called dual-docking chip or D2-Chip, to enable such dual experiments on a single chip 

and address the respective interesting questions concerning neutrophil chemotaxis. 

Microfluidic devices offer useful experimental tools for cell biology research owing to 

advantages in miniaturization and microenvironmental control. Over the last nearly two 

decades, various microfluidic devices and systems have been widely applied for quantitative 

cell migration and chemotaxis studies41, 42. The D2-Chip inherited the useful designs from 

previously reported devices in gradient control and cell docking43–46, and further developed 

new features to permit dual-region cell alignment and multi-region gradient generation, 

which critically enabled the proposed dual cell migration experiments in this study. 

Confining cells to microchannels has the added advantage of allowing for more precise 

measurements of chemotaxis parameters. Similar strategies to control cell position or 

gradient generation for microfluidic cell migration experiments have been reported 

previously47–49. Our results support the biased random walk as one possible model for 

describing neutrophil chemotaxis and demonstrate the chemotactic memory effect. 

Comprehensive in-depth quantitative data analysis methods were applied for interpreting the 

experimental data leading to new insights for neutrophil chemotaxis. Computer simulations 

based on the biased random walk and receptor-based gradient sensing model were 

performed to compare with the experiments.

Materials and Methods

Design and fabrication of microfluidic device

Microfluidic device with two-layer features was design using Solidworks (Dassault 

Systemes S.A., ver. 2013) and the design was printed to a transparency mask at 24,000 dpi 

resolution (Fineline Imaging). The mold of the design was fabricated using standard 

photolithographic and soft-lithographic techniques50. Briefly, a 3 μm thick layer defined the 

docking structures and another 70 μm thick layer defined the fluidic channels. Fabrication of 

the master molds was performed by patterning two layers of SU-8 photoresist (Microchem 

Corporation) on a silicon wafer as described previously51. The SU-8 mold was molded by 

polydimethylsiloxane (PDMS)(Sylgard 184, Dow Corning) to create the negative replica of 

the patterns. The inlets and outlets were punched out of PDMS followed by bonding the 

PDMS replica to a glass slide using an air plasma cleaner (Harrick Plasma, PDC-001) to 

complete the device assembly. The microfluidic channel was coated with fibronectin 

(Corning) for 1 hour followed by blocking with 0.4% BSA in RPMI-1640 for another 1 hour 

all at room temperature before cell migration experiments.

Gradient measurement and computer simulation

To generate the gradient, equal volumes of medium with or without chemoattractant were 

added to the microfluidic device from the source inlets. The pressure difference between the 

source inlets and the common outlet drives the fluid flows in the source channel and the sink 

channel. The cell inlets and outlet were sealed using adhesive tapes during image capturing 

progress. Diffusion of the chemoattractant solution and the medium through the thin barrier 

channels generates a stable linear chemoattractant gradient in the middle gradient channel at 

the equilibrium state. The concentration gradient was verified by measuring the intensity 

profile of FITC-Dextran (Sigma-Aldrich) additive to the chemoattractant solution using a 
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fluorescence microscope (Nikon Ti-U). The fluorescence micrograph of the gradient was 

analyzed using ImageJ (NIH, version 1.44). The gradient profiles in the middle channel and 

the barrier channels were also simulated using COMSOL Multiphysics 5.2. We applied the 

2D incompressible Navier-Stokes equation to simulate the flow field, and the transient 

convection-diffusion equation to simulate the concentration distribution in the channel. The 

parameters of N-Formylmethionine-leucyl-phenylalanine (fMLP, Sigma-Aldrich) were 

adapted from the literature44.

Cell preparation

Human blood samples were obtained by venipuncture from healthy donors under an ethics 

protocol approved by the Joint-Faculty Research Ethics Board at the University of Manitoba. 

Informed written consent form was obtained from all participants by the recruiting staff at 

the Victoria General Hospital in Winnipeg. Neutrophils were separated using a magnetic 

negative neutrophil isolation kit directly from the blood sample (EasySep Direct, 

STEMCELL Technologies). Isolated neutrophils were re-suspended in the migration 

medium (RPMI-1640 with 0.4% BSA) and kept at 37°C before experiments within 8 hours.

Cell migration experiment

Cell loading step—Before loading cells, we emptied the inlets and outlets of the 

microfluidic device. Then neutrophils were loaded to the middle gradient channel of the 

microfluidic device from the cell loading port. The pressure difference between the middle 

gradient channel and outer source/sink channels pushed the cells toward the channel wall 

and aligned the cells along the two sides of the middle gradient channel due to the thin 

barrier channels. After the cells settled beside the thin barrier channels, the remaining cell 

solution in the cell loading port was removed.

Gradient generation—The chemoattractant solution (i.e. fMLP) in RPMI-1640 with 

0.4% BSA and the migration medium (RPMI-1640 with 0.4% BSA) were added to the 

device to generate the gradient in the middle gradient channel as described before.

Imaging capturing—The cell inlet and outlet were sealed using tapes during image 

capturing progress. The microfluidic device was placed under an inverted microscope 

(Nikon Ti-U) and cell migration images were recorded at 6 frames/min for 25 minutes with 

an environmental control chamber to maintain the temperature at 37 °C throughout the 

experiments. We chose the 25 minutes experiment period based on the following reasons: 

neutrophils can migrate at the speed in the order of 10μm/min. The width of the gradient 

channel in the D2-Chip is 300 μm. Thus, 25 minutes of experiment would allow the cells to 

migrate across the channel length. Both the chemotaxis experiment and the memory effect 

experiment were performed in the same device, which is one of the main features of this D2-

Chip. The cell migration assay was repeated independently 3 times for each condition. The 

gradient was verified before and after each experiment.

Cell tracking and data analysis

Cell migration analysis—Movement of individual cells was tracked using the Manual 

Tracking plug-in in ImageJ. Only aligned cells by the docking structure were chosen for 
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tracking. Quantitative cell migration parameters including (1) chemotactic index (CI), which 

is the ratio of the cell displacement in the gradient direction to the total migration distance; 

and (2) migration speed (V), which is the total migration distance over the experiment 

period, were calculated from the cell tracking data following previously established 

methods52. Moreover, we evaluated the temporal change of CI and V during the experiment. 

We divided the 25 minutes period to 10 intervals of 2.5 minutes and we calculated the 

individual CI and V in each 2.5 minutes interval. The chosen 2.5 minutes time interval was 

based on the previously reported persistence time of neutrophil migration53.

In this study, we further defined a new parameter, the chemotactic entropy (CE) to describe 

the level of disorder of cell migration direction in response to a chemoattractant gradient.

Here ni is the number of cells fall in the ith  angle interval; i is an integer from 1 to 12 as 

the index label for the 12 angle intervals; N is the total number of cells. The first angle 

interval (i=1) is set between  and ; the following angle intervals rotate 

counterclockwisely with increasing i and  increment. Thus  is the migration angle state 

density for the ith  angle interval.|Δθi| is the chemotactic weighting factor (value range 

between 0 and π), which is the absolute angle difference between the migration angle state 

(i.e. use  for the ith angle interval) and the gradient direction at  through the 

shortest path. The migration angle of each cell was defined as the angle of the connecting 

line between the cell’s initial and final position during each 2.5 minutes interval of the 

experiment with respect to the positive horizontal direction, and was used to compute the 

time-dependent CE. Thus, highly directional migration toward the gradient direction will 

have a smaller value of CE, and random migration or migration against the gradient 

direction will have a larger value of CE. It is worth pointing out that CE does not distinguish 

cells with the same migration angle but different migration distance. Thus, CE reflects the 

cells’ chemotactic orientation disorder.

Cell morphology analysis—We calculated the cell’s time-dependent aspect ratio and 

area using Fiji, an image processing package for ImageJ. Briefly, the cell boundary was 

segmented, and the best fitting ellipse of the cell boundary was calculated. The aspect ratio 

was calculated as the ratio of the major axis to the minor axis of the best fitting ellipse. The 

cell area was calculated from the best fitting ellipse of the cell.

All parameters were calculated using the MATLAB software and presented as the average 

value ± standard error of the mean (s.e.m.). Three independent experiments for each 

condition were analyzed and 40 cells were analyzed for each experiment. For the aspect 

ratio and cell area analysis, 10 cells were analyzed for each experiment. Statistical analyses 
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were performed using the Student’s t-test. The difference was considered statistically 

significant at p < 0.05 (indicated by “*”). The data shown in the figures were selected from 

representative experiments to simplify the presentation. The general results in different 

repeated experiments are consistent. On the other hand, the exact cell migration parameter 

values can vary from experiment to experiment.

Cell migration modeling and simulation

The biased random walk model for chemotaxis was developed and the computer simulation 

was performed in MATLAB as detailed in the Supplementary Information S1. The cell 

orientation bias at each time step was assumed to be proportional to the ligand-receptor 

occupancy difference across the cell body in the cell’s local ligand concentration field. The 

kinetic parameters for ligand-receptor interactions and the cell model were adapted from 

previous models26, 54. Ligand gradient configuration and other spatial dimension parameters 

for the cell migration simulation were derived from our microfluidic cell migration 

experiments.

Results

The D2-Chip and gradient generation

The D2-Chip consists of a middle gradient channel, which is sandwiched by an outer source 

channel and an outer sink channel, and the source/sink channels are connected to the middle 

gradient channel by thin barrier channels (Fig. 1). The gradient channel, source channel and 

sink channel are 70 μm (H)×300 μm (W). The barrier channels are 3 μm (H)×50 μm (W). 

Two serpentine channels are designed at upstream of the source and sink channel. The 

serpentine channels are connected midway through a short bridge channel (200 μm) to 

balance the pressure based on a previously reported strategy43, 55. Then the serpentine 

channels split again to connect with the source channel and the sink channel, which are later 

connected at the downstream into a single channel with a common outlet. By this strategy, 

equal-pressure flows of the chemoattractant solution and medium can be maintained in the 

source channel and the sink channel. After the chemoattractant solution and medium are 

added to the inlets, it takes ~ 5 minutes for the solutions to reach the source and sink 

channels. During this period, cells are not exposed to the chemoattractant solution. Once the 

solutions reach the source and sink channels, the gradient is generated in the middle gradient 

channel within 1 minute. Diffusion of the chemoattractant solution and medium into the 

middle channel through the barrier channels is expected to generate a stable linear 

chemoattractant concentration gradient in the middle channel at the equilibrium state. 

Similar strategies for gradient generation have been reported previously48, 56, 57. In this 

study, gradient generation in the D2-Chip was verified by both Multiphysics modeling and 

the experiments (Fig. 2). The modeling result shows the expected linear gradient in the 

middle channel (Fig. 2B). In addition, the modeling predicts a sharp gradient developed in 

each barrier channel (Fig. 2B). The normalized chemoattractant concentration in the source 

channel and sink channel is basically uniform at 1 and 0, respectively. Consistently, our 

experimental results confirmed the balanced pressure in the bridge channel (data no shown) 

and generation of identical linear gradient in the middle channel. The gradient profiles in 

two different positions (1000 μm apart) along the middle channel are compared and the 
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result shows no statistically significant difference (Fig. 2C;2E). The gradient is stable for at 

least 1 hour, which is sufficiently long for neutrophil migration experiments (Fig. 2D). 

Because the barrier channels are very thin, the fluorescence signal in these channels is too 

weak to measure using conventional fluorescence microscopy. Collectively, different 

adjacent gradient profiles are configured in the D2-Chip allowing chemotaxis assay and 

studying the chemotactic migratory memory effect.

Cell alignment and dose-dependent neutrophil chemotaxis in the D2-Chip

To further validate the key functions of the D2-Chip, we tested simultaneous cell alignment 

at the two sides of the middle gradient channel. Upon loading the cells into the middle 

gradient channel through the cell loading port, cells were pushed toward either side of the 

channel edge due to the pressure difference between the middle channel and the source/sink 

channels. Because of the very thin barrier channels, which separate the middle gradient 

channel and the source/sink channels, spherical cells of a larger diameter (~10 μm) were 

pushed against the edges of the main channel but couldn’t cross the barrier channel. The low 

flow speed at the channel edge allows cells to firmly settle on the fibronectin-coated channel 

surface within a few minutes (Fig. 1E). Thus, the dual-region cell alignment function of the 

D2-Chip was achieved, which is required for the cell migration experiment in this study. It is 

worth pointing out that in the current experiment there is no control of the spacing between 

aligned cells. Lowering the cell loading density did not affect the spacing between aligned 

cells. On the other hand, the current cell loading can typically align a single layer or 

sometimes double layers of cells along the docking channels. We consider this acceptable 

for the purpose of the current cell migration experiments. Next, we ask if the D2-Chip can be 

used to effectively test neutrophil chemotaxis. We applied a 10 nM fMLP gradient or a 100 

nM fMLP gradient to the middle gradient channel and monitored the migration of the 

aligned cells. In both gradients, cells aligned by the sink channel exhibited clear chemotactic 

migration toward the fMLP gradient as shown by comparison of cell images at the beginning 

and the end of the experiment and the corresponding cell tracks (Fig. 3; SI Movie 1). 

Quantitative cell migration data analysis further showed stronger chemotactic migration (i.e. 

CI) and cell motility (i.e. V) in the 100 nM fMLP gradient than the 10 nM fMLP gradient 

(Fig. 4A–B). Furthermore, CI reduces over time while CE increases over time in the 10 nM 

and 100 nM fMLP gradient (Fig. 4C;4E). CE is higher in the 10 nM fMLP gradient than the 

100 nM fMLP gradient (Fig. 4E). Thus, as expected, neutrophil chemotaxis is 

chemoattractant gradient dose-dependent, and the level of time-dependent chemotaxis is 

associated with the entropic disorder of cell migration angle. Different than the time-

dependent pattern of CI and CE, cell migration speed rapidly increases to the peak level 

within the first 5–8 minutes of the chemotaxis experiment in the 10 nM fMLP gradient and 

the 100 nM fMLP gradient, and this plateau speed is relatively stable for the rest of the 

experiment period (Fig. 4D). Altogether, the chemotaxis assay function of the D2-Chip was 

successfully demonstrated.

Neutrophil chemotaxis as a biased random walk

Cell alignment by the sink channel effectively configured cells with identical initial positions 

in the main gradient channel. This unique feature allowed us to monitor the time-evolvement 

of diversified chemotactic migration among cells with the same initial condition. This is 
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predicted, not exclusively, by the biased random walk model, which assumes a 

chemoattractant gradient dependent migratory bias at each time step while the accumulated 

statistical variation over time will result in de-synchronization of chemotactic migration for 

different cells. Indeed, our results showed that in the 100 nM fMLP gradient, cells initially 

migrated toward the gradient in a highly synchronized manner and such synchronized 

migration decreased over time (Fig. 5A; SI Movie 2). By contrast, the synchronized 

chemotactic migration was not apparent in the much lower 10 nM fMLP gradient over the 

same time frame (Fig. 5A; SI Movie 2). Consistently, time-dependent cell migration data 

analysis showed a decay of CI over time from the initial near perfect chemotaxis (i.e. CI is 

close to +1 at the early time points) in both the 10 nM fMLP and 100 nM fMLP gradients 

following different dynamics (Fig. 4C). Cell migration angles became more disordered over 

time as reflected by increased CE (Fig. 4E). On the other hand, cell speed increased over 

time to different plateaus depending on the dose of fMLP gradient (Fig. 4D). These 

experimental observations were conceptually reproduced by computer simulations based on 

the biased random walk and receptor-based gradient sensing model (Fig. 5B; Supplementary 

Information S1; SI Movie 3).

In addition, we performed time-dependent cell morphology analysis. Our results showed that 

the cell aspect ratio increases (and therefore elongated cell polarity) over time in the 100 nM 

fMLP gradient, but decreases (and therefore rounding cell shape) over time in the 10 nM 

fMLP gradient (Fig. 6A–C). In 10 nM and 100 nM fMLP gradients, the planar cell area on 

the substrate decreases over time (Fig. 6D). Together with the observed stronger chemotaxis 

in the 100 nM fMLP gradient, the cell morphology analysis suggests the direct correlation 

between chemotaxis and elongated cell polarity.

Furthermore, the dynamic change of cell elongation, especially in the 100 nM fMLP 

gradient, suggests the dynamic cell morphology adjustment to optimize gradient sensing and 

motility. More specifically, we suspect that the fan-like cell morphology facilitates cell 

gradient sensing in the lower gradient region while the elongated cell morphology facilitate 

cell motility in the higher gradient region.

Memory effect of neutrophil chemotaxis

In the same set of experiment, we monitored the migration of cells aligned by the source 

channel in response to the fMLP fields in the barrier channel and the source channel. Again, 

the cell alignment feature of the D2-Chip configured the identical initial cell positions, 

which will result in similar chemotactic memory for cells after they migrated across the 

barrier channel into the source channel. It is worth pointing out that the cell alignment was 

not always perfect and some cells were not aligned, which will be excluded from analysis. 

Then this chemotactic memory, if it exists, can be revealed by characterizing the cell’s 

continued directional migration in the uniform fMLP field in the source channel. The 

gradient generation strategy in the D2-Chip assures a sharp fMLP gradient in the barrier 

channel and a uniform fMLP field in the source channel (Fig. 2B), which is significantly 

advantageous compared to our previously used strategy to produce the similar gradient 

profile based on flow mixing at high flow rate33.
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Indeed, our results showed that with the configuration of an uniform 10 nM fMLP field in 

the source channel, cells robustly migrated across the barrier channel, and continued their 

migration for a considerable distance into the uniform fMLP field in the source channel over 

the 25 minutes experiment (Fig. 7A; SI Movie 3). Consistently, time-dependent cell 

migration data analysis showed a decay of both CI and migration speed over time for cell 

migration in the source channel, which is associated with increased CE (Fig. 8C–E). By 

contrast, over the 25 minutes experiment, with the configuration of a much higher uniform 

100 nM fMLP field in the source channel, many cells migrated within the barrier channel 

but could not enter the source channel, and other cells migrated back into the middle 

gradient channel, thus exhibiting overall random migration (Fig. 7B; SI Movie 4). The 

observed backward migration is consistent with the reported reverse cell migration away 

from the high concentration region of the gradient58, 59. The mechanism of such reverse 

migration is still not clear. In our experiment, we speculate that the cell’s chemotactic 

migration is saturated in the high chemoattractant concentration region so they tend to 

migrate to the region, where the chemotactic signal has better contrast and also has more 

free space in the middle gradient channel. Quantitative data analysis confirmed the higher CI 

in the 10 nM fMLP gradient than the 100 nM fMLP experiment while cell speed is 

comparable under both conditions (Fig. 8A–B).

Furthermore, we mimicked transendothelial neutrophil migration for the memory effect in 

the D2-Chip (Supplementary Information S1). HUVEC were patterned along the edge of the 

source channel of the D2-Chip based on the pressure difference between the middle gradient 

channel and source channel. After HUVEC were seeded, neutrophils were loaded to middle 

gradient channel and aligned along the docking barrier channels. Then the fMLP gradient 

was applied for cell migration experiment. Similar microfluidics-based strategy for 

transendothelial migration has been reported previously60–62. Our preliminary results 

consistently show that neutrophils can migrate into the 10 nM fMLP source channel through 

the barrier channel and an additional HUVEC layer (Fig. S3A). By contrast, cells couldn’t 

migrate into the 100nM fMLP source channel through the HUVEC layer (Fig. S3A). 

Although the patterned HUVEC layer in our current experiments only mimics the vessel 

endothelial layer in a limited manner, the preliminary results from these experiments suggest 

the potential importance of chemotactic memory in extravasation.

In addition, we performed the cell turning number analysis for the memory effect. We 

measured the number of times that a cell makes U turns or switches migration direction 

toward or away from the gradient in the barrier channel before it enters the source channel 

(Supplementary Information S1; Fig. S3B). Our results show that for the 10 nM fMLP 

experiment, many cells directly entered the source channel and other cells made less turns/

switches (Fig. S3C). By contrast, in the 100 nM fMLP experiment, cells made much more 

turns/switches and most cells couldn’t enter the source channel (Fig. S3C). These results 

suggest that the overall chemotactic memory effect may be a result of the oscillating 

migratory response between chemotaxis and chemorepulsion. The frequency of this 

oscillatory migration is expected to mediate the memory effect.

Collectively, our result provided a clear experimental demonstration of the chemotactic 

memory effect and suggested possible mechanism and physiological relevance.
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Discussion

Our results support the biased random walk as a possible model for describing neutrophil 

chemotaxis in a 2D substrate but do not exclude other models. For example, a deterministic 

spatial gradient sensing model combined with variation of individual cells in gradient 

sensing and motility would in principle predict the same result. However, while both models 

are valid, the biased random walk model is more attractive owing to its mechanistic 

simplicity. In fact, our model integrated useful features from both models by using receptor-

based deterministic gradient sensing to define the chemotactic bias for driving the 

downstream random walk. In addition, cell-cell interactions can also contribute to the 

synchronized chemotaxis. However, visualization of cell migration from the time-lapse 

movies does not indicate strong cell-cell interactions. The implication with the biased 

random walk model in operation for chemotaxis is broad and insightful. For example, such a 

model would allow us to neglect complex biological differences among individual cells in 

their chemotaxis ability, but instead deal with the deviation as a statistical problem. This can 

be particularly applicable to neutrophils given their abundance in white blood cells and high 

motility. As another example, the biased random walk model would predict effective 

neutrophil chemotaxis in a very shallow or noisy gradient (which can be physiologically 

relevant in vivo; or equivalently chemotaxis of abnormal neutrophils with low gradient 

sensing ability in a strong gradient) over sufficient time steps without imposing any 

chemotactic signaling amplification mechanism. In addition to directionality and motility 

measurements of neutrophil migration, we further compared the morphology change of 

chemotaxing cells in different gradient conditions. Together with the observed stronger 

chemotaxis in the 100 nM fMLP gradient, the cell morphology analysis suggests the direct 

correlation between chemotaxis and elongated cell polarity. Furthermore, the dynamic 

change of cell elongation, especially in the 100 nM fMLP gradient, suggests the dynamic 

cell morphology adjustment to optimize gradient sensing and motility.

To test the chemotactic memory, our experimental design configured well-controlled multi-

region spatial chemoattractant fields. Although the 1D cell migration system has the 

advantage for measuring the memory effect44, 63, we chose the 2D cell migration system in 

this study to avoid the cell confinement effect in the 1D system, which can be difficult to 

decouple from chemotaxis. Our results are in general agreement with other relevant studies, 

which all reported retarded adjustment of cell migration upon change of the gradient 

condition8, 32, 36–40. Our results further demonstrated that such chemotactic memory is 

chemoattractant gradient dependent. Fundamentally, the chemotactic memory effect 

suggests that the migratory response is mediated synergistically by the cell’s current and 

previous exposure to the chemoattractant signal. Physiologically, the stronger memory effect 

in a weaker chemoattractant field would allow cells to continue their chemotactic migration 

toward the target in the event of gradient fluctuation. This is also relevant for the 

extravasation stage of the cell recruitment process. By contrast, as the cells approached the 

target, the chemoattractant field in the source region is expected to be relatively uniform at 

high concentration. Therefore, it presents a strong “stopping” signal for cells, which 

effectively disrupt the chemotactic memory. Thus, the chemotactic memory effect is 
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expected to contribute to the accurate control of neutrophil trafficking and positioning in 

tissues.

The time-dependent CI and cell speed analysis consistently reflected the time-dependent 

synchronized chemotaxis of the aligned cells by the decay of CI but not cell speed over time, 

thereby supporting the biased random walk model. In addition, it quantitatively showed the 

decay of chemotactic memory over time with the decrease of both CI and speed. Another 

new method we used in this study for the first time is the entropy analysis. The concept of 

entropy is well established in thermodynamics and statistical mechanics64–66 and it has been 

successfully applied to analyzing collective cell migration based on particle image 

velocimetry data (PIV)67, 68. In this study, we for the first time applied the entropy analysis 

to single cell migration experiment based on cell tracking data. Our results provided 

insightful implication that chemotaxis and chemotactic memory are associated with the level 

of disorder of cell migration angle. The increase of chemotactic entropy makes logical 

connections to the decrease of CI and the increase of migratory oscillation. Thus, the 

entropy analysis can be broadly useful for analyzing single cell migration data and the 

combined use of multiple quantitative cell migration parameter analysis can provide 

comprehensive interpretation of cell migration data and new biophysical insights.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Illustration of the D2-Chip
(A) Illustration of the design of D2-Chip; (B) A picture of a real D2-Chip. The zoom-in 

image shows the bridge channel and the region for the parallel gradient channel, source 

channel and sink channel; (C) Top view of the region for the parallel gradient channel, 

source channel and sink channel; (D) Side view of the region for the parallel gradient 

channel, source channel and sink channel; (E) Dual docking of neutrophils at the two sides 

of the middle channel in the D2-Chip.
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Figure 2. Gradient generation in the D2-Chip
(A) Heat map of the simulated concentration field in the bridge channel, and the parallel 

gradient channel, source channel and sink channel; (B) Simulated gradient profile in the 

parallel gradient channel, source channel and sink channel; (C) The fluorescent image of the 

parallel gradient channel, source channel and sink channel; (D) Gradient profile at different 

time points in the middle gradient channel. (E) Gradient profiles at two different positions 

(1000 μm apart) along the middle gradient channel as labeled in (C).
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Figure 3. Chemotaxis of neutrophil docked in the middle channel by the sink channel to fMLP 
gradients
(A) Images of cells in a 10 nM fMLP gradient at the beginning (0 min) and in the end (25 

min) of the experiment and the cell tracks; (B) Images of cells in a 100 nM fMLP gradient at 

the beginning (0 min) and in the end (25 min) of the experiment and the cell tracks.
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Figure 4. Quantitative data analysis of neutrophil chemotaxis analysis in the middle gradient 
channel
(A) Chemotactic index (CI) to a 10 nM fMLP gradient and a 100 nM fMLP gradient; The 

blue squares are the CI for individual cells; The long line indicates the average CI and the 

error bars indicate s.e.m.; (B) Cell speed to a 10 nM fMLP gradient and a 100 nM fMLP 

gradient; The blue squares are the speed for individual cells; The long line indicates the 

average speed and the error bars indicate s.e.m.; (C) Time-dependent CI to a 10 nM fMLP 

gradient and a 100 nM fMLP gradient; (D) Time-dependent speed to a 10 nM fMLP 

gradient and a 100 nM fMLP gradient; (E) Time-dependent CE to a 10 nM fMLP gradient 

and a 100 nM fMLP gradient. The data shown are from representative experiments.
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Figure 5. Representative experiment and simulation results showing synchronized neutrophil 
migration in the middle channel to a 100 nM fMLP gradient but not a 10 nM fMLP gradient
(A) Images of representative cells migrating in a 10 nM fMLP or a 100 nM fMLP at 

different time points; (B) Images of representative simulation cells migrating in a 10 nM 

fMLP or a 100 nM fMLP at different time points based on the biased random walk model.
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Figure 6. Time-dependent cell morphology analysis
(A) Images of 3 representative cells with changing morphology over time as they migrate 

from the lower region to the higher region of a 10 nM fMLP gradient; (B) Images of 3 

representative cells with changing morphology over time as they migrate from the lower 

region to the higher region of a 100 nM fMLP gradient; (C) Average cell aspect ratio over 

time in different fMLP gradients based on all cells analyzed from a representative 

experiment; (D) Average planar cell area over time in different fMLP gradients based on all 

cells analyzed from a representative experiment.
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Figure 7. Memory effect of neutrophil chemotaxis
(A) Images of representative cells docked in the middle channel by the source channel with 

10 nM fMLP at the beginning (0 min) and in the end (25 min) of the experiment and the cell 

tracks; (B) Images of representative cells docked in the middle channel by the source 

channel with 100 nM fMLP at the beginning (0 min) and in the end (25 min) of the 

experiment and the cell tracks.
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Figure 8. Quantitative data analysis for the memory effect of neutrophil chemotaxis
(A) CI for the 10 nM fMLP experiment and 100 nM fMLP experiment; The blue squares are 

the CI for individual cells; The long line indicates the average CI and the error bars indicate 

s.e.m.; (B) Cell speed for the 10 nM fMLP experiment and 100 nM fMLP experiment; The 

blue squares are the speed for individual cells; The long line indicates the average speed and 

the error bars indicate s.e.m.; (C) Time-dependent CI for the 10 nM fMLP experiment; (D) 

Time-dependent speed for the 10 nM fMLP experiment; (E) Time-dependent CE for the 10 

nM fMLP experiment. The data shown are from representative experiments.
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