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Microfluidic Mazes to Characterize T-Cell Exploration Patterns following 
Activation 
 
 
One sentence summary 
 
We designed microfluidic maze devices to quantify the exploratory migration patterns of T-cells and 
found that mitogen activation and chemoattractant gradients significantly increase exploration 
patterns.  
 
 
 
Graphical Abstract 
 

 
 
 
 
Innovation, Integration, Impact 
We designed a microfluidic device to quantify exploratory patterns of T-cell migration through 
mazes by chemoattractants.  We identified distinct exploratory patterns of migration among 
populations of unstimulated and mitogen-activated T-cells, in response to CCL5 and CXCL10 
chemoattractants. Analysis of lymphocyte migratory patterns through mazes may serve as an index 
of lymphocyte activation and/or response to therapy, for example in patients with chronic infections 
or transplant rejection. 
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The migration of T-cell subsets within peripheral tissues is characteristic of inflammation and 

immunoregulation.  In general, the lymphocyte migratory response is assumed directional 

and guided by local gradients of chemoattractants and/or chemorepellents.  However, little is 

known about how cells explore their tissue environment, and whether lymphocyte activation 

may influence speed and exploratory patterns of migration.  To probe migration patterns by 

T-cells we designed a microfluidic maze device that replicates critical features of a tissue-like 

microenvironment.  We quantified the migration patterns of unstimulated and mitogen-

activated human T-cells at single cell resolution and found significant differences in 

exploration within microfluidic mazes.  While unstimulated lymphocytes migrated in a 

directed manner, activated T-cells migrated through large areas of the mazes in an 

exploratory pattern in response to the chemoattractants RANTES (CCL5) and IP-10 (CXCL10).  

The analysis of migration enabled by the microfluidic devices help develop new methods for 

determining how human circulating T-cells function in vivo to seek out antigens in health and 

disease states. 

Innovation, Integration, Impact 

We designed a microfluidic device to quantify exploratory patterns of T-cell migration 

through mazes by chemoattractants.  We identified distinct exploratory patterns of migration 

among populations of unstimulated and mitogen-activated T-cells, in response to CCL5 and 

CXCL10 chemoattractants. Analysis of lymphocyte migratory patterns through mazes may 

serve as an index of lymphocyte activation and/or response to therapy, for example in 

patients with chronic infections or transplant rejection. 

 

Introduction 

T-cells characteristically infiltrate peripheral tissues in the 

course of chronic inflammatory disease states (Robson 1906; 

Mueller 2013).  In this manner, they orchestrate and contribute 

to the pathology of the underlying disease. CD4+ T-

lymphocytes are a heterogeneous group of cells, consisting of 

naïve unactivated cells, as well as antigen-activated and 

previously activated subsets of cells. Some previously antigen-

activated CD4+ T cell subsets differentiate into a memory 

phenotype. All of these subsets have differing phenotypes that 

include a wide variety in chemokine receptor expression 

(Bonecchi, Bianchi et al. 1998; Woodland and Dutton 2003; 

Cyster 2005). Two chemokines, named CCL5/RANTES and 

CXCL10/IP-10 are well established to be expressed in rejecting 

human cardiac (Melter, Exeni et al. 2001) and renal (Pattison, 

Nelson et al. 1994; Krensky and Ahn 2007) allografts. In 

addition, CXCL10/IP-10 is now considered to be a reliable 

biomarker of evolving human allograft rejection (Suthanthiran, 

Schwartz et al. 2013). Receptors for these chemokines are also 

reported to be highly expressed on graft infiltrating T-

lymphocytes (Melter, Exeni et al. 2001) and thus it is suggested 

that these chemokines play an important role in orchestrating 

inflammatory responses, including T cell infiltration into 
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allografts undergoing rejection (Baggiolini 1998; Melter, 

McMahon et al. 1999; Hancock, Lu et al. 2000; Hancock, Gao 

et al. 2001; Fahmy, Yamani et al. 2003; Panzer, Reinking et al. 

2004; Krensky and Ahn 2007; Suthanthiran, Schwartz et al. 

2013). Despite the potential dynamic patterns of T cell 

migration and tissue infiltration, most inflammatory diseases 

are diagnosed by tissue biopsy and histological analysis. 

Histology, however only offers a single, static snapshot of the 

state of inflammation without accounting for the complex 

dynamics of leukocyte infiltration of tissues, e.g. 

chemoattraction and chemorepulsion migration as a component 

of pro-inflammation or pro-resolution processes (Recchiuti and 

Serhan 2012; Boneschansker, Yan et al. 2014). Such dynamics 

are critical for the understanding of the evolution vs. the 

resolution of chronic inflammatory diseases including chronic 

transplant rejection following solid organ transplantation 

(Chapman, Folks et al. 1995; Nankivell and Alexander 2010; 

Recchiuti and Serhan 2012). 

 

Current paradigms for T-cell recruitment into tissues focus 

exclusively on chemoattraction as the major mechanism for 

directing T-cell migration (Pattison, Nelson et al. 1994; 

Agostini, Calabrese et al. 2001; Panzer, Reinking et al. 2004; 

Lazzeri, Rotondi et al. 2005).  However, it increasingly appears 

that our understanding of the patterns of T-cell migration is 

incomplete. Furthermore, the biological basis for exploratory 

patterns of T cell migration as is seen in vivo (Henrickson, 

Mempel et al. 2008) is relatively underexplored.  Nevertheless, 

recent studies by our laboratory have revealed unique, 

unexpected characteristics of T-cell migration, including 

patterns that include frequent directional changes, 

chemoinhibition, chemorepulsion and low persistence 

migration (Boneschansker, Yan et al. 2014).  These collective 

and more complex migration patterns ultimately determine 

whether and how T-cells localize within a tissue. 

 

New techniques including videomicroscopy of T-cell migration 

within lymph nodes (Halin, Mora et al. 2005) and other tissues 

(Gebhardt, Whitney et al. 2011) have confirmed the limitations 

of classical in vitro static assays and have begun to uncover the 

concept of exploratory lymphocyte migration patterns within 

tissues.  However, in vivo assays are difficult to perform and 

have significant limitations in terms of resolution and 

feasibility.  Early studies using microfluidics have attempted to 

characterize cellular migration in the presence of stable 

gradients, but were hampered by the presence of flow and the 

effect of shear stress (Lin and Butcher 2006).  Nevertheless, the 

migration of T-cells within microscale channels can be 

measured in more detail and under controlled conditions that 

simulate the presence of chemical gradients and mechanical 

confinement conditions in tissues (Gebhardt, Whitney et al. 

2011; Boneschansker, Yan et al. 2014).  Several recently 

developed microfluidic tools to study cell chemotaxis have 

been applied to the study of T-cells migration.  These have 

revealed that T cells have a complex migratory phenotype, 

which is challenging to quantify (Hoerning, Koss et al. 2011; 

Nandagopal, Wu et al. 2011; Wu, Wu et al. 2013; 

Boneschansker, Yan et al. 2014). For example, T-cells were 

found to have a low persistence migration pattern in response to 

several chemokines, and we observed their ability to 

continuously change migratory direction both with 

(Boneschansker, Yan et al. 2014) and without mechanical 

confinement (Nandagopal, Wu et al. 2011). To study the 

frequent change in migratory direction, maze models have 

showed to be promising. For example, our group has developed 

microfluidic mazes that allow for the study of directional 

decision making (Ambravaneswaran, Wong et al. 2010) while 

others developed 3D maze models that focus on turning 

frequencies of cells (Olsen, Hjorto et al. 2013). However, to 

enable more relevant measurements and more precise control of 

the microenvironment conditions during cell migration new 

microfluidic tools are needed that allow for a more 

straightforward analysis of more complex exploratory 

migration patterns of T-cells. 

 

Here, we developed a microfluidic maze device with orthogonal 

arrays of channels and chemoattractant reservoirs to quantify 

the migration patterns of T-cells and elucidate the changes in 

exploratory and chemotactic migration patterns after mitogenic 

activation.  Our studies identify novel but distinct exploratory 

patterns of migration among unstimulated and mitogen-

activated populations of T-cells in response to the classical T 

cell chemoattractants RANTES (CCL5) and IP-10 (CXCL10). 

 

Results 

Device Validation, Chemokine Gradients, and Cell Tracking 

We designed a microfluidic device that consist of orthogonal 

arrays of small channels, so that individual cells have equal 

potential to migrate in the x axis in a straightforward movement 

pattern and/or along the y axis in an exploratory pattern in 

response to an established chemoattractant. The majority of 

previous studies evaluating T cell migration ignored the 

concept that T cells may migrate in y plane and only evaluate 

directed movement towards a chemokine. This concept is 

important as current models suggest that after leaving the 

bloodstream, leukocytes simply enter the parenchyma and 

migrate through tissues in response to a gradient. Nevertheless, 

in vivo, it is characteristic that cells migrate diffusely 

throughout an inflamed tissue and thus the concept of 

exploratory patterns of migration has great physiological 

importance. Our maze design is a first step that allows for this 

analysis. To validate our maze device (Fig 1B), we first probed 

the formation of chemical gradients. Fluorescent red TRITC-

Dextran (5µm, 10kDa, Sigma Chemical, St. Louis, MO) was 

loaded in the chemoattractant reservoir and the formation and 

maintenance of chemoattractant gradients were recorded by 

time-lapse microscopy (Fig. 1C). The molecular weight of 

TRITC-Dextran was comparable to that of the chemoattractants 

used in the study (CCL5/RANTES, MW 8kDa and 

CXCL10/IP-10, MW 10 kDa).  The analysis of the profiles of 
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fluorescent intensity across the maze confirmed the 

maintenance of chemoattractant gradients through the nodes of 

the mazes over the time course of 15 hours (Fig 1C). Along the 

x-plane there is a gradual increase of the chemokine 

concentration (Fig 1D) and the chemokine concentration along 

the y-plane represents a hyperbolic curve, with the highest 

concentrations in the centre (Fig 1E). 

 

To analyse the T-cell exploration of nodes within the maze, we 

manually tracked individual cells and formulated image 

processing codes and methods for quantitative analysis and 

comparison of the results. We assigned the location of each cell 

in each image to the nearest node in the maze.  From the total 

number of cells visiting each node, we generated heat maps of 

node T-cells exploration.  We assigned relative values to each 

node, between 0 and 1, in order to normalize all heat maps. We 

then employed a colour heat legend for comparisons between 

the different experimental conditions.  We assigned a value of 0 

and coloured blue the least traversed nodes.  We assigned a 

value of 1 and coloured red the nodes traversed across all 

experimental conditions (Fig. 1F). 

Migration Patterns of T-cells towards the chemoattractants 

CXCL10/IP-10 and CCL5/RANTES 

We recorded and analyzed the trajectories of T-cells through 

the mazes using manual tracking of individual cells along with 

both qualitative and quantitative image analysis of node 

exploration (Fig. 2,3). Unstimulated T-cells (TUS) often 

migrated in longitudinal patterns across the maze towards the 

chemoattractant reservoirs containing either CXCL10/IP-10 

(Fig. 2A) or CCL5/RANTES (Fig. 3A, Supplementary movie 

S1).  After entrance from main channels of the devices into the 

mazes, these cells migrated most often straight towards 

chemoattractant reservoirs. In contrast, mitogen-activated T-

cells (TMA) exhibited multi-directional exploratory patterns of 

migration after exposure to chemoattractant gradient conditions. 

These cells often migrated in directions orthogonal to the 

direction of the steepest chemoattractant gradient (Fig. 2B,3B, 

Supplementary movie S2, S3) We tracked a total of N=2460 T-

cells in 520 mazes. We found that TMA cells visit the largest 

number of nodes in the presence of a CXCL10/IP-10 gradient 

(Fig. 2B). This was far greater than TUS cells that rarely 

migrated through the maze (Fig. 2A). In addition, we observed 

that the total number of cells entering the mazes was lower in 

devices where the concentration of CXCL10/IP-10 was uniform 

vs. devices presenting a gradient (489 versus 649 cells). There 

was also notable higher node coverage of TMA cells in 

response to uniform CXCL10/IP-10 (Fig. 2D) compared to 

TUS cells (Fig. 2C). 

 

In the presence of CCL5/RANTES gradients, again, there was 

quantitatively more maze nodal trafficking with TMA cells 

versus TUS cells (Fig. 3A,B) but overall this difference was 

less striking than that observed in response to CXCL10/IP-10.  

Nevertheless, similar to CXCL10/IP-10, these exploratory 

migration patterns were more pronounced for gradients of 

CCL5/RANTES than for uniform concentrations, for both 

unstimulated and mitogen-activated cells (Fig. 3C, D).  

Additionally, the total number of cells entering mazes primed 

with CCL5/RANTES was less in response to uniform 

concentrations of chemoattractant versus the gradient-based 

condition (333 versus 450 cells).  

 

We compared the heat maps for CXCL10/IP10 and 

CCL5/RANTES and found consistent differences between 

chemoattractant gradient versus uniform chemoattractant 

conditions for both chemoattractants. The number of cells 

entering the mazes was higher in the presence of 

chemoattractant gradients than in uniform chemoattractant 

conditions, and maze exploration was higher for TMA 

compared to TUS cells, for both CCL5/RANTES and 

CXCL10/IP10. These differences are visible by the greater 

extent of blue coloration (no exploration) of the mazes in 

uniform chemoattractant conditions, as opposed to the yellow 

to red colours in the gradient based conditions (increased 

exploration). 

 

In control experiments, lymphocytes migrated spontaneously in 

media alone, in the absence of a chemoattractant gradient. 

Under these conditions, we observed no difference between 

maze coverage consolidated images for TUS cells versus TMA 

cells.  However, only a small numbers of cells entered devices 

(a total of 81 cells entered 52 mazes) in media alone.  

Collectively, these findings suggest that both chemoattractant 

gradients and mitogen-activation are necessary to enhance the 

migration of T-cells, and the two conditions have a cumulative 

effect on the T-cell exploration migration patterns. 

Characteristics of Exploratory T-cell Migration 

Quantitative analysis confirmed that TMA cells exhibited the 

highest area of maze coverage during migration in CXCL10/IP-

10 gradients (Fig.4A, p<0.05). This area of maze covered by 

migrating T-cells was higher in the gradient compared to 

uniform CXCL10/IP-10, and was higher for mitogen-activated 

compared to unstimulated cells.  CCL5/RANTES gradient 

conditions demonstrated only a slight increase of maze node 

exploration by TMA cells versus TUS cells, a difference that 

was not significant (p>0.05). These results confirmed the 

qualitative patterns that were exhibited by their respective heat 

maps.  Interestingly, when we normalized the results by the 

number of T-cells entering the mazes, the TUS cells in 

CXCL10/IP-10 gradients displayed the largest area of maze 

explored per individual cell (Fig. 4B). The area of coverage in 

chemoattractant-free, control experiments was minimal. 

 

Analysis of cell migration speed through the mazes revealed 

that the fastest cells were the TMA cells in the presence of 

CCL5/RANTES gradients, up to 500 µm/hr (average ~250 

µm/hr, Fig. 4C).  This result was consistent with the larger area 

of maze explored by individual TMA compared to TUS cells in 

the presence of CCL5/RANTES gradients (Fig. 4B).  We found 

comparable migration speed of TUS and TMA cells in all other 
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conditions, including the uniform concentrations of 

CCL5/RANTES and uniform and gradient concentrations of IP-

10 (Fig.4B). The migration speed of both TMA and TUS cells 

was slower in uniform concentrations compared to gradients, 

for both IP-10 and CCL5/RANTES.  In the absence of a 

chemoattractant, we found that both TMA and TUS cells 

migrated the slowest, at speeds below 100 µm/hr.    

 

Discussion 

We designed a microfluidic maze device to study how 

chemoattractants and the state of T-cell activation modulate 

their patterns of migration.  A key feature of the maze device is 

the mechanical restriction of T-cell migration inside orthogonal 

arrays of small channels, with paths that run both along and 

perpendicular to the direction of gradients.  This geometric 

maze design was intended to simulate some of the physiologic 

conditions that T-cells encounter in vivo when traversing 

peripheral tissues and entering areas of inflammation. The maze 

enables the analysis of exploratory patterns of lymphocyte 

migration including the quantification of the patterns of T-cell 

migration, the persistence of migration in response to the 

chemoattractant gradients, and the speed by which T-cells 

explore the maze.  The maze is an artificial microenvironment, 

with tightly controlled geometrical and chemical features, 

designed to enable precise measurements of T-cell migration in 

conditions that are easy to replicate. The cross section of the 

channels is larger than the spacing in interstitial tissues (Wolf, 

Te Lindert et al. 2013), such that it allows the easy passage of 

T-cells.  Previous work of our group showed that confinement 

of leukocytes does not alter their migration signatures, however 

it does increase the migratory persistence of cells and increases 

their migratory speed (Boneschansker, Yan et al. 2014). 

Therefore we expect that the confinement used in our model 

allowed for faster exploration of the maze, but not in significant 

differences of the migratory patterns. 

 

Our observations of migration patterns of T-cells raise the 

possibility that the exploration of tissues by moving 

lymphocytes is far more responsive to systemic and local cues 

than had been previously thought (Melter, McMahon et al. 

1999).  Both CCL5/RANTES and CXCL10/IP-10 are well-

established chemoattractants (Baggiolini 1998; Nelson and 

Krensky 2001; Panzer, Reinking et al. 2004; Lazzeri, Rotondi 

et al. 2005; Suthanthiran, Schwartz et al. 2013) and our data 

confirms that the presence of gradients causes the T-cells to 

explore larger areas of the maze than uniform concentration.  

We report here that activation generally increases the 

exploration, and has a larger impact in the presence of gradients 

of chemoattractants.  These results are comparable with 

previous observations of migration patterns of T-cells in vivo 

(Herz, Paterka et al. 2011).  New findings include the increased 

exploration migration inside the mazes by activated T-cells and 

chemoattractant gradients.  As compared to unstimulated T-

cells, mitogen-activation generally leads to exploratory 

migration patterns, whereas the presence of gradients increases 

individual cell migration speed. Moreover, whereas the 

CCL5/RANTES appears to promote migration of activated T-

cells to a greater extent than unstimulated T-cells, IP-10 has 

similar effects on both cell populations and even induces higher 

exploration behaviour in individual unstimulated vs. mitogen-

activated T-cells. 

 

It is possible that activated lymphocytes express multiple 

chemoattractant receptors and display complex responses 

relevant not only to migration towards tissues but also for 

microenvironment exploration. Since CXCL10/IP-10 and 

CCL5/RANTES are characteristically expressed in association 

with human allograft rejection (Suthanthiran, Schwartz et al. 

2013), we speculate that the general physiological relevance of 

these exploring patterns is that alloantigen-activated cells that 

are typically recruited into an allograft, encounter chemokine(s) 

and start to explore the tissue. Additional activation as a 

consequence of interaction with antigen presenting cells within 

the foreign tissue further activates and/or sustains activation 

responses that in turn stimulate the cells to migrate throughout 

the inflamed and chemokine containing tissue. Under ‘normal’ 

physiological conditions this response is selected to destroy a 

foreign antigen such as an infectious agent, and the exploratory 

migratory pattern will allow T cells to seek out antigen in the 

course of a cell mediated local inflammatory response. It is also 

very likely that cells in vivo respond to sequential chemokine 

gradients that further enhance exploration. Additional studies 

need to be performed to further characterize this response as it 

is possible that dysfunctional ‘exploratory migratory patterns’ 

may lead to continued disease. Also we speculate that 

exploratory patterns may be a factor in the development of 

chronic inflammation.  Our data in these experiments suggest 

that for a functional assay of the activation status of 

lymphocytes, it is not sufficient to index disease progression 

but rather that measurements of the exploratory patterning of T-

cells can further indicate their biological effects in the course of 

a disease entity.  If for instance, activated effector T-cells fail to 

traffic in typical patterns, then they are unlikely to promote 

disease. Furthermore, extensive exploratory patterning of 

activated immunoregulatory T-cells may provide a means to 

suppress inflammation in peripheral tissues (Muthukumar, 

Dadhania et al. 2005).  Such patterns cannot be captured using 

the traditional transwell assay, where only the final position of 

the cells is available.  Such patterns could also not be captured 

for cells on flat surfaces (micropipette, most microfluidic 

experiments, etc) because their migration is significantly more 

random(Lin and Butcher 2006).  Even when the T-cells are 

confined in small channels(Irimia 2014), which for example 

have been shown to rectify the migration of neutrophils towards 

chemoattractants, they display low persistence and frequent 

directional changes(Boneschansker, Yan et al. 2014).  While 

the responses of unstimulated T-cells to uniform concentrations 

and gradients of chemoattractants CXCL10/IP10 and 

CCL5/RANTES are similar, the responses become distinct and 

higher for CXCL10/IP10 after mitogen-activation of T-cells.  
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Experimental 

Microfluidic devices to analyze T-cell exploration patterns 

We designed a microfluidic device to study T-cell migration 

patterns at the single cell level, toward soluble 

chemoattractants, through orthogonal arrays of small channels.  

Our device consists of a main channel for cell-loading with an 

array of 14 side channel mazes, each ending in reservoirs 

designed to maintain chemoattractant gradients over time. Each 

device also has an inlet and outlet, both of which were closed 

and secured by plastic tubing during time of video-microscopy 

experiments to prevent any fluid flow.  In order to model the 

mechanical constraints during physiologic lymphocyte 

migration patterns in tissues, migrating lymphocytes were 

confined inside the 10 × 10 µm channels (cross-section).  While 

the turns that moving cells could make were restricted within 

the nodes of the maze, the mazes enabled precise quantification 

of exploratory cell movement patterns.  The size of each maze 

(600 µm by 800 µm) is such that we could observe multiple 

cells moving simultaneously through the mazes.  The distance 

between nodes was calculated such that one image of a 

lymphocyte per pair of nodes was acquired for each lymphocyte 

(fastest lymphocyte migration speed ~600 µm/hour) at the 

required frequency of image acquisition to allow imaging of all 

mazes in one experiment  (once every 10 minutes).  For cells 

enter the mazes, the devices allow for the analysis of migration 

in the direction of the chemical gradients (along the X axis) as 

well as orthogonal exploration (along Y axis) and the analysis 

of the exploratory patterns of migration by individual as well as 

the entire subpopulation of responsive cells (by the number of 

nodes visited). 

 

Standard microfabrication techniques were used to manufacture 

micro-fluidic devices. Two layers of photoresist (SU8, 

Microchem, Newton, MA), the first one 10 µm thin and second 

50µm thick, were patterned onto a silicon wafer sequentially as 

per manufacturer’s instructions creating a “master” wafer. 

Patterned replicas were fabricated molding PDMS 

(Polydimethylsiloxane, Fisher Scientific, Fair Lawn, NJ), which 

were later bonded to standard glass slides (1x3 inches, Fisher 

Scientific) after treatment with air plasma (Nordson March 

XP250) similar to a previously described process(Butler, 

Ambravaneswaran et al. 2010).  Four to six microfluidic 

devices were placed per glass slide: a new microfluidic device 

was used for each experimental condition.  

Separation of human T-cells  

Venous blood samples were obtained from healthy volunteers 

under informed consent as approved by the IRB at Boston 

Children’s and Massachusetts General Hospital.  Human 

peripheral blood mononucleocytes (PBMC) were isolated using 

Ficoll gradient centrifugation.  CD3+ T-lymphocytes were 

isolated from PBMC by standard negative selection using the 

human Pan T cell Isolation Kit (Miltenyi Biotec, Auburn, CA) 

according to the manufacturer’s instructions. The purity of 

CD3+ population was analyzed by flow cytometry (Beckton 

Dickinson Analyzer, Franklin Lakes, NJ) with the FlowJo 

Software application (Tree Star, Inc, OR) and found to be better 

than 95% .  

 

After isolation, T-cells were cultured at 37°C in 5% CO2 in 

RPMI 1640 media containing 10% fetal calf serum, 2mM L-

glutamine, 100 U/ml penicillin/streptomycin (Gibco-Invitrogen, 

Carlsbad, CA).  T-cells were cultured in the absence or 

presence of anti-CD3 and anti-CD28 antibodies (each at 1 

µg/mL, BD Pharmingen, San Diego, CA) in 96 well cell culture 

plates for 48 hours prior to being added to the maze device.  For 

the purpose of our studies we have used standard mitogen to 

activate pooled population of CD4+ T-cells, such that they 

undergo a uniform activation response that includes more 

homogenous chemokine receptor expression profiles within 

polyclonal populations of T-cells. 

Device setup 

The chemoattractants, recombinant human CCL5/RANTES 

(Biolegend, San Diego, CA) and CXCL10/IP-10 (R&D 

Systems, Minneapolis, MN), were diluted in cell culture media 

and fibronectin (120kDa, Sigma Aldrich, 1 µg/mL, 1:20 

dilution) and used at 100 nM concentrations.  The micro-fluidic 

devices were initially primed with either preparations of media 

or chemoattractant for 1 hour at room temperature. Overall, 10 

experimental conditions were tested, and each condition 

repeated three times in independent experiments: unstimulated 

T-cells (TUS cells) and mitogen-activated T-cells (TMA cells) 

were placed in cell culture media without chemoattractant 

(control), uniform concentrations and gradients of 

CCL5/RANTES [100nM] or CXCL10/IP-10 [100nM].  

 

For priming, the solutions were loaded under pressure from a 1 

mL syringe, while the exit of the main channel was clamped, to 

allow filling of side channels and reservoirs with 

chemoattractants or media and push air out through the porous 

PDMS.  To established chemoattractant gradients, after 

priming, the main channel was flushed with culture media.  

This procedure enables the formation of chemoattractant 

gradients extending from the main channel through mazes to 

the chemoattractant reservoirs.  T-cells (either unstimulated or 

mitogen-activated) were washed and then infused into the main 

channel (~6x103 T-cells/condition) and allowed to settle in the 

device at 37oC for a few minutes before imaging started.  The 

entrance and exit ports were secured by clamping the inlet and 

outlet tubing, preventing any flow inside the main channel and 

ensuring gradual diffusion of chemoattractant into the maze.  

Time-lapse microscopy was performed on a fully automated 

Nikon TiE microscope with environmental chamber at 37 °C, 

5% CO2 using NIS-Elements AR 3.10 software (Nikon 

Instruments Inc, Melville, NY).  Images were acquired every 10 

minutes for 15 hours, using a 10X objective. 

Image Analysis 
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Cell tracking was performed manually using Image J software 

(NIH), which assigned colour tracks to each cell. Due to 

variations in the initial positioning of the devices and slow 

mechanical drift with time of the microscope stage, the position 

and orientation of each maze varied from image to image. To 

allow comparisons across different mazes and experimental 

conditions, we computed the location of the maze for each 

image (at time t=0) and transformed the cell positions into 

normalized coordinates. For each subsequent image, a gradient-

based method was used to compute the relative displacement in 

each region (Horn and Weldon 1986). Prior to analysis, images 

were also normalized to the same average brightness to reduce 

the effect of slow changes in illumination conditions. The 

displacements for all regions at a given time were combined to 

find the best-fit translation and rotation by a least-squares 

scheme. 

Data Analysis 

On the aligned and normalized images of each maze, the 

positions of each cell were recorded relative to the entrance of 

the maze (0,0 coordinates in the X,Y system), and at each time 

step, over the 15 hour experimental period. These positions 

were then quantized to the nearest node of the maze.  From 

these points, we built “probability maps” to quantify cellular 

trafficking across each branch and nearest nodes in the maze. 

Given the nodes for a cell at two sequential times, we 

calculated the number additional nodes visited when travelling 

along the shortest paths between these nodes. From these nodal 

maps, we generated “heat maps” in MATLAB (MathWorks, 

Natick, MA) in order to provide analysis of node passage by the 

T-cells (and thereby area of maze coverage) in each 

experimental condition. For example, if a cell migrated between 

two nodes horizontally and two vertically in the time interval 

between two sequential images, we considered six shortest 

paths. We estimated the probability of a visit for each of the 

additional seven nodes on each path from the number of paths 

passing through each of the nodes.  With this approach, nodes 

of the maze that are part of multiple paths were marked as more 

likely to have been visited.  We then computed the probability 

for node of the maze from all the probabilities for all cells at all 

times and normalized by the number of cells. The resulting 

probability reflects, over the course of one experiment, how 

likely a given cell in the maze is to traverse that node at some 

point. Because of the methods of calculating the visited nodes, 

this approach tends to smear out the probabilities somewhat, 

and the actual differences between experimental conditions are 

likely to be starker than represented here. Additional analysis 

(i.e. speed calculations of T-cells) for control and experimental 

conditions were also performed in MATLAB. 

 

Conclusions 

A microfluidic device allows for the analysis of T-cell 

migration patterns, with single cell resolution.  This analysis 

could help understand whether the patterns of T-cell migration 

have implications for the development or resolution of disease 

processes. The study of T-cell exploratory migration patterns 

will help in the development of novel agents as future anti-

inflammatory therapeutics. 
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Figure 1. Lymphocyte migration in tissues and devices to quantify lymphocyte migration in vitro.  (A) T-cells often migrate 

through the parenchyma, confined by the extracellular spaces, toward areas of inflammation in tissues.  Hypothetical trajectories of 

migration are represented by yellow lines.  (B) A microfluidic device simulates the extracellular space in tissues as an orthogonal 

maze of channels with 50 µm pitch.  A reservoir of chemoattractant and a cell loading chamber serve as source and sink, 

respectively, to create a chemical gradient across the maze. Several mazes were employed simultaneously in one device.  (C) 

Enhanced microscopy image of the maze in the presence of a TRITC-Dextran gradient through the maze, at one hour after gradient 
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formation between a reservoir to the right and the cell loading chamber to the left. Fluorescent activity of the TRITC dextran 

gradient is shown along the x (D) and y (E) plane of the maze. (F) To quantify the migration of lymphocytes through the maze, we 

manually tracked the cells locations.  From these, cell tracks were automatically generated (i.e. dashed and dotted lines).  We 

assigned different colours to different nodes in the maze depending on the number of cells passing through each node.  Yellow 

colour denotes nodes that were traversed only once; red colour denotes heavily trafficked nodes, with multiple cells passing 

through; black colour denotes nodes in which cell migration was arrested. 
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 Figure 2. T-cell migration patterns inside the mazes in the presence of chemoattractant CXCL10/IP-10.  (A) Heat map 

compilation of the locations of unstimulated T-cells inside the maze in the presence of a gradient of chemoattractant IP-10.  Colors 

range from blue (unvisited nodes of the maze, relative value 0) to red (most traversed nodes for all conditions, relative value 1 – 

see legend to the right). (B) Mitogen-activated T-cells in an CXCL10/IP-10 gradient move robustly through the mazes and the 

majority of nodes are visited repeatedly. (C) Unstimulated T-cells rarely enter the maze in uniform CXCL10/IP-10.  (D) Mitogen-

activated T-cells enter the mazes but most frequently traverse the nodes close to the entrance when a uniform CXCL10/IP-10 

gradient is present. Locations in the mazes are represented in microns (X,Y coordinates on the side of the maze drawing), with the 

entrance to the maze at (0,0) and the chemoattractant reservoir at (0,800). 
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Figure 3. T-cell migration patterns inside the mazes in the presence of chemoattractant CCL5/RANTES.  (A) Unstimulated 

T-cells show robust migration through the maze in the presence of gradients of chemoattractant CCL5/RANTES. (B) Mitogen 

activated T-cells also migrate robustly in gradient CCL5/RANTES. (C) Unstimulated T-cells are dispersed through the maze in 

uniform concentrations of CCL5/RANTES. (D) Mitogen activated T-cells traverse most of the nodes of the maze in uniform 

concentrations of CCL5/RANTES.  Colors code the relative number of cell visits for each node and range from blue (unvisited 

nodes of the maze, relative value 0) to red (most traversed nodes for all conditions, relative value 1 – see legend to the right). 

Locations in the maze are represented in microns (X,Y coordinates on the side of the maze drawing), with the entrance to the maze 

at (0,0) and the chemoattractant reservoir at (0,800).  
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Figure 4. Quantification of T-cells migrating through 

the mazes in the presence of chemoattractants.  (A) 

The area of the maze explored by the moving T-cells 

increases with cell stimulation and the presence of 

guiding gradients of chemoattractant.  Mitogen activated 

T-cells in CXCL10/IP-10 gradients exhibited the most 

exploratory behavior in comparison to unstimulated T-

cells in CXCL10/IP-10 gradient.  We measured no 

significant difference with respect to area of coverage 

between unstimulated and mitogen-activated T-cells in 

CCL5/RANTES.  (B) The area of the maze explored, 

normalized by the number of cells and time, reveals that 

T-cells are most exploratory in the presence of 

CXCL10/IP-10 gradients.  (C) The migration speed of 

the T-cells was the highest in mitogen-activated T-cells 
in gradients of CCL5/RANTES. 
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