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Abstract

The lymph node is a structurally complex organ of the immune system, whose dynamic cellular 

arrangements are thought to control much of human health. Currently, no methods exist to 

precisely stimulate substructures within the lymph node or analyze local stimulus-response 

behaviors, making it difficult to rationally design therapies for inflammatory disease. Here we 

describe a novel integration of live lymph node slices with a microfluidic system for local 

stimulation. Slices maintained the cellular organization of the lymph node while making its core 

experimentally accessible. The 3-layer polydimethylsiloxane device consisted of a perfusion 

chamber stacked atop stimulation ports fed by underlying microfluidic channels. Fluorescent 

dextrans similar in size to common proteins, 40- and 70-kDa, were delivered to live lymph node 

slices with 284 ± 9 μm and 202 ± 15 μm spatial resolution, respectively, after 5 sec, which is 

sufficient to target functional zones of the lymph node. The spread and quantity of stimulation 

were controlled by varying the flow rates of delivery; these were predictable using a computational 

model of isotropic diffusion and convection through the tissue. Delivery to two separate regions 

simultaneously was demonstrated, to mimic complex intercellular signaling. Delivery of a model 

therapeutic, glucose-conjugated albumin, to specific regions of the lymph node indicated that 

retention of the drug was greater in the B-cell zone than in the T-cell zone. Together, this work 

provides a novel platform, the lymph node slice-on-a-chip, to target and study local events in the 

lymph node and to inform the development of new immunotherapeutics.
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Introduction

This paper describes a novel approach to the study of localized signaling in live lymph node 

tissue. Events in the lymph node determine how well we fight infections and respond to 

vaccines, whether a nascent tumor is recognized and destroyed, and whether our own tissues 

remain safe from autoimmunity. Over a decade of confocal and two-photon live imaging has 

revealed that cells and signaling molecules in the lymph node are organized in dynamic, 

intricate arrangements.1,2 It is thought that each cell type is strategically positioned to sense 
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and release molecular signals at just the right location.3,4 Cells called B cells, which produce 

antibodies once activated, are localized in the outer layer, or cortex, of the lymph node 

(Figure 1a), where they can rapidly internalize proteins that drain from the periphery.5,6 

Cells called T cells are concentrated in the interior, or paracortex, and recently have become 

a central focus for targeted cancer therapeutics.7 Although these essential substructures are 

readily imaged, at a few hundred microns in length scale, they are challenging to manipulate 

experimentally.

Peripheral infection, vaccination, and drug delivery create molecular stimuli that are routed 

specifically to either the B-cell or T-cell zone8-10, but the role of such local stimulation is 

difficult to test with current technology. Precisely targeting functional regions in the lymph 

node, e.g. with cytokines or pharmaceuticals, would elucidate differences in how each region 

responds to vaccinations or therapeutics. We hypothesize that the ability to probe and 

monitor local signaling in intact tissue could shift our understanding of how spatial 

organization drives immune responses. However, current experimental models are either too 

reduced (cell culture) or too complex (in vivo) to access specific regions precisely. In vitro 
cell culture is a powerful technique for studying population and single cells, but without the 

extracellular matrix, structural information about signaling is not available. In vivo 
experiments maintain the structural integrity, but locally controlled stimulation requires 

sophisticated systems with transgenic photo-activated receptors11,12 or micromanipulated 

injections.13 Furthermore, it is challenging to control the concentration and spread of stimuli 

when bathing cell or tissue samples in vitro or when injecting in vivo. New technologies 

with intermediate complexity are needed to probe the spatially complex signaling in the 

lymph node.

We hypothesized that local stimulation of the lymph node was possible by using 

microfluidics in combination with ex vivo tissue slices. Using viable slices of lymph node 

tissue, rather than cell cultures or intact explanted lymph nodes, maintains the spatial 

integrity of the organ while rendering it experimentally accessible. Lymph node14-18 and 

thymus slices19,20 have been used previously for measurements of T-cell motility, and tissue 

slices are well established in neurophysiology work and for analysis of tumor tissue.21-24 

Here we took advantage of lymph node slices as a novel means to reach specific 

substructures of the tissue.

Microfluidics, a technology to control fluidic delivery at the 10 – 1000 μm scale,25 provides 

a unique solution for spatial analysis of living systems.26,27 For example, microfluidic 

devices have been used to deliver stimuli to slices of brain tissue on chip28-32 and to local 

regions in cell cultures or even individual cells.33-36 These technologies have provided 

spatially and temporally precise stimulation by using ports below the tissue,29 laminar flow 

beneath a culture membrane,34,37 or a mobile probe.31,33,35,36 Micromanipulation has also 

provided localized stimulation of other tissue samples and whole organisms.23,38-41 If 

developed for tissues from the immune system, microfluidic analysis could shift our 

understanding of immunity and aid in developing targeted immunotherapies in the future.

Here we describe the development of a microfluidic platform to provide the first local 

chemical stimulation of lymph node tissue. After confirming the viability of 300-μm thick 
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lymph node slices, we identified the conditions needed for fluidic delivery with 200-300 μm 

spatial resolution. Stimulus concentration and timing of delivery were easily controlled via a 

Y-channel inlet. Multiple stimulations were possible across the slice due to the design of the 

exit port layer. As a proof-of-principle, we tested local responses to stimulation with a model 

therapeutic agent in specific regions of the lymph node slice, illustrating the potential to 

illuminate spatial dynamics of the immune system.

Experimental

Device fabrication:

The top and bottom layers of the microfluidic device were fabricated using standard soft 

lithography techniques.42 Briefly, transparency masks were drawn in AutoCAD LT 2015 and 

printed at 20,000 DPI by CAD/Art Services, Inc. (Bandon, OR). Master molds were 

fabricated using photolithography of SU-8 photoresist (Microchem, Westborough MA, 

USA) on 3” silicon wafers in a class 1000 cleanroom. Replicas of the device were made 

using soft lithography of polydimethylsiloxane at a 10:1 ratio of silicon elastomer base to 

curing agent (PDMS, Elllsworth Adhesives, Germantown WI, USA). The perfusion chamber 

in Layer 3 was punched with a 12-mm tissue punch; its inlet and outlet were created with a 

1.25 mm I.D. tissue punch to accommodate the polyethylene 1.57 O.D. x 1.14 I.D. perfusion 

tubing (Warner Instruments, Hamden CT, USA). A 0.75 mm I.D. tissue punch was used to 

punch channel inlets in Layer 3. All tissue punches were obtained from World Precision 

Instruments, Sarasota FL, USA. The middle layer of the device consisted of a 250 μm-thick 

PDMS sheet (SSP, Ballston Spa NY, USA) that had been laser etched (Versa Laser 3.5, 

Universal Laser Systems, Scottsdale AZ, USA) with 80-μm ports and 1000-μm through-

holes designed to align with the channel inlets in Layer 3. Layers 2 (middle) and 3 (top) 

were manually aligned and permanently bonded with air plasma (Tegal Plasmod). These 

layers were then aligned with Layer 1 (bottom), which was held in place by non-covalent 

conformal contact.

Determining the flow rate through the port:

Each channel in the device had two potential outlets for fluid flow: the port and waste outlet 

at the terminus of the channel. To estimate the flow rate passing through the port, a slice of 

agarose was placed over the port and immersed in PBS. The channel was pre-filled with 

PBS. PBS was flowed through the channel for 30 min at 0.4 μL/min and collected in a 

centrifuge tube at the waste outlet. The theoretical volume (12 μL) was compared to the 

actual volume collected (8.32 ± 0.02 μL, n = 3 channels). Therefore, the flow rate through 

the port in this experiment was estimated as 3.67 ± 0.02 μL in 30 min, or 0.12 μL/min.

Lymph node slice preparation:

Lymph node slices were prepared similarly to rodent brain slices43,44, and based on 

published protocols for lymph node and thymus.14,16 All animal work was approved by the 

Animal Care and Use Committee at the University of Virginia. Male and female C57BL/6 

mice were purchased from Jackson Laboratory or Taconic (USA) and used while 6-12 

weeks old. Mice were housed in a vivarium and given food and water ab libitum. On the day 

of the experiment, mice were anesthetized with isoflurane and immediately euthanized by 

Ross et al. Page 3

Analyst. Author manuscript; available in PMC 2021 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cervical dislocation. The six inguinal, brachial, and axillary lymph nodes were immediately 

removed and placed in ice-cold DPBS without calcium or magnesium (Lonza, Walkersville 

MD USA, #17-512F), supplemented with 2 % heat-inactivated FBS (Gibco, Fisher 

Scientific), for 2 min for recovery. The lymph nodes were then embedded in 6 % low 

melting point agarose (Lonza, Walkersville MD, USA) prepared in PBS and chilled on ice. 

Tissue was sliced 300 μm thick in ice-cold PBS using a vibratome (Leica VT1000S, 

Bannockburn, IL, USA) set to a speed of 90 and frequency of 3. Slices were immediately 

immersed in RPMI supplemented with 10 % FBS, 1x L-glutamine, and 1x Pen/Strep (Fisher 

Scientific) and kept in a humidified sterile incubator at 37°C with 5% CO2 for at least one 

hour before the experiment. Slices of agarose without tissue were prepared in the same 

manner. See supplemental methods for methods used to test slice viability.

Viability of lymph node slices:

To assess the viability of cultured lymph node slices, slices were collected as described in 

the Methods section and placed in an incubator at 37 °C with 5 % CO2 for an initial 1 hr 

recovery period after surgery. Slices remained immersed in media, without media exchange, 

for the entire culture period. At each time point (0, 2, 6, or 24 hours after the recovery 

period), pools of 20 slices were crushed through a 70-μm filter, centrifuged (Sorvall ST40R 

Centrifuge, Fisher Scientific) at 400G for 5 minutes, and resuspended in PBS. Cell 

suspensions were immediately stained with 2 μM Calcein AM (Life Technologies) and 0.5 

μg/mL 7-AAD (Biolegend, San Diego CA, USA). A subset of slices were killed at time 0 

with 70% ethanol for 15 minutes before staining, as a negative control. Cell viability was 

analyzed using a FACS Calibur flow cytometer (BD, USA).

To assess on-chip viability, lymph node slices were cultured in PBS on the microfluidic chip 

with and without perfusion for 1 hr and 4 hr. Perfusion was achieved using a peristaltic 

pump (Watson Marlow 120S/DM2, Wilmington MA, USA) with Manifold Solva orange 

pump tubing (1.D. 0.89 mm, Fisher Scientific) connected to Polyethylene 1.57 O.D. x 1.14 

I.D. PE-160/100 tubing (Warner Instruments) at a rate of 0.15 mL/min. A subset of slices 

were killed with 70 % ethanol for 15 minutes to serve as a negative control. Another subset 

of slices were cultured in a well plate in media (37°C with 5 % CO2) to serve as a positive 

control. After 1 hr or 4 hr, slices were stained for 20 minutes with a LIVE/DEAD assay 

consisting of Calcein AM (Life Technologies) to stain live cells and propidium iodide 

(Fisher Scientific) to stain dead cells. Slices were analyzed on a ClarioSTAR plate reader 

(BMG LABTECH, Ortenberg, Germany). The ratio of LIVE/DEAD fluorescent intensities 

from the plate reader was calculated to quantitate the viability of the tissue after each 

condition.

Microfluidic delivery of dextrans to lymph node slices and agarose:

For delivery experiments, a single slice of tissue or agarose was placed in the perfusion 

chamber of the device and submerged with PBS with 2% FBS. The slice was weighted down 

by placing a small stainless steel washer (10 mm O.D. and 5.3 mm I.D., Grainger USA) over 

top the agarose. Chemyx syringe pumps (Houston TX, USA) with nonshrinkable PTFE 

TT-30 tubing with 0.012” I.D. and 0.009” wall thickness (Weico Wire, Edgewood NY, USA) 

were used for delivery (100-μL Hamilton Model 1710 RN syringe with 26s gauge, large hub 
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needle). Solutions of FITC-dextran of varying molecular weight (3, 10, 40, 70 kDa; all at 0.2 

mg/mL; Life Technologies) in PBS were delivered to the slice at room temperature and in 

room air for varying lengths of time from 3 to 60 sec (“pulse time”). Each delivery was 

performed as follows: Separate syringes loaded with PBS or FITC-dextran were connected 

to the two inlets of a Y-channel. The channel was primed with PBS, which was kept at a 

constant flow rate throughout the experiment. A pulse of dextran was delivered by starting 

and stopping the flow of dextran solution at designated time intervals; the PBS was left on to 

continually flush the dextran out of the tissue. This procedure allowed multiple pulse times 

to be tested in a single slice. Perfusion over the top of the slice did not significantly affect 

the spread of dextrans in the tissue (Figure S4). Therefore, for ease of experimentation, all 

characterization was done in the absence of perfusion. The flow rate for the dextran and PBS 

delivery was 0.2 μL/min each (total flow rate of 0.4 μL/min; final dextran concentration 0.1 

mg/mL) unless otherwise noted. At this flow rate, the dextran and PBS streams mixed within 

the first few millimeters, providing a uniform concentration distribution at the port. See 

supplemental methods for estimation of actual flow rate through the port.

For the flow rate experiment, the dextran and PBS flow rates were varied while being held in 

a constant ratio, to keep the concentration delivered constant at 0.1 mg/mL. For the 

concentration experiment, the flow rate ratio was varied while holding the total flow rate 

constant at 0.4 μL/min. For the dual delivery experiment, FITC-conjugated 70-kDa Dextran 

and Texas Red-conjugated 10-kDa Dextran (Life Technologies) were delivered through 

separate ports.

Fluorescent microscopy and image analysis:

All delivery experiments were imaged in real time on a Zeiss AxioZoom macroscope (Carl 

Zeiss Microscopy, Germany) with an Axiocam 506 Mono camera (for glucose-BSA, 

delivery to agarose, flow rate and concentration experiments, and dual-delivery experiments) 

and Axiocam 506 color camera (for delivery of dextran and fluorescein to tissue). Filter 

cubes used were GFP (Zeiss filter set #38), Cy5 (#50), Texas Red (#64), Rhodamine (#43), 

and DAPI (#49). Time lapse images (14 bit) were collected for the duration of delivery at 

500-ms intervals for dextran/fluorescein delivery and 1-s intervals for dual-delivery. Images 

were analyzed using Zen software (Zeiss) and Image J. Linescans were drawn across the 

delivery region once the dextran reached maximum intensity in the slice, immediately before 

PBS flushed it out. Background fluorescence from the slice was measured before each 

delivery pulse and subtracted from the linescan data. Each linescan was fit with a Gaussian 

distribution, and the area under each linescan curve was calculated and plotted versus pulse 

time. Pulse width was calculated at 61 % of the maximum intensity; this gives a width equal 

to 2 standard deviations of the Gaussian curve.

Microfluidic delivery of Glucose-BSA to lymph node slices:

Bovine serum albumin conjugated to glucose (Glucose-BSA) was purchased from Vector 

Laboratories (Burlingame CA, USA) and fluorescently labelled with Alexa Fluor 647-

succinimidyl ester (Life Technologies) according to manufacturer recommendations. Live 

lymph node slices were stained with 10 μg/mL FITC anti-mouse CD45R/B220 antibody 

(clone RA3-6B2) for 60 minutes (Biolegend, San Diego CA, USA) and 1 μg/mL Hoescht 
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33342 trihydrochloride trihydride for 10 minutes in the incubator before the experiment 

(Life Technologies). Slices were glucose-starved in PBS + 2% FBS for 1 hour to facilitate 

enhanced uptake, then transferred to the microfluidic perfusion chamber. 400 μg/mL Alexa 

Fluor 647-Glucose-BSA in PBS was locally delivered to the T-cell and/or B-cell zones of the 

slice at a flow rate of 0.4 μL/min for 5 s and was not flushed out with PBS. After local 

delivery, slices were immersed in media in a 24-well plate and transferred to an incubator at 

37 °C and 5% CO2. Images were collected at 5, 15, 30, and 60 min after delivery. For 

comparison, a different set of slices were soaked in 400 μg/mL Alexa Fluor 647-Glucose-

BSA in PBS for one hour in an incubator (global delivery), then washed 3x with PBS and 

immediately imaged. Images were analyzed in Zeiss Zen software. To quantify spatial 

distribution, the integrated fluorescence intensity of glucose-BSA was calculated in the slice. 

Next, the B-cell and T-cell zones were manually outlined according to the intensity of the 

B220 staining, and the integrated fluorescent intensity of glucose-BSA was calculated in 

each zone. The percent of signal in each zone was obtained from the ratio of fluorescent 

intensity in the zone to the total fluorescent signal. See supplemental methods for glucose-

BSA uptake analysis by flow cytometry.

Glucose-BSA uptake analysis:

To confirm cellular uptake of glucose-BSA, splenocytes were harvested from naïve mice and 

incubated in 400 μg/mL Alexa Fluor 647-Glucose-BSA or PBS (control) for 1 hr in an 

incubator (37 °C and 5 % CO2). The cells were washed, immunostained with 10 μg/mL 

B220/CD45R-Pacific blue (clone RA-6B2), 10 μg/mL CD4-APC-Cy7 (clone GK1.5), 2.5 

μg/mL CD11c-PE (clone N418), and 0.5 μg/mL 7-AAD (all from Biolegend, San Diego CA, 

USA) analyzed using flow cytometry. Gating was set using single-color and FMO controls.

Statistics:

All values are reported as mean ± SEM unless otherwise noted. All statistics were performed 

in GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA USA) and considered 

significant at the 95% confidence interval (p<0.05).

Results and Discussion

Device design for the lymph node slice-on-a-chip:

We designed an integrated microfluidic chip that would provide localized chemical targeting 

of lymph node slices while permitting live fluorescent imaging (Figure 1b-e). The three-

layer microfluidic device was comprised of an on-chip perfusion chamber aligned atop a set 

of ten parallel 100 μm x 100 μm microchannels, each feeding a single port 80 μm in 

diameter. Channels beneath the tissue slice provide the ability to discretely deliver stimulant 

solutions to local regions of tissue.37,45 The channel spacing (200 μm center-to-center 

distance) and the port diameter were chosen to provide spatially resolved delivery to lymph 

node substructures such as the B cell and T cell zones, which are typically 200-300 μm in 

length scale. A Y-channel inlet for each microchannel enabled straightforward control of the 

concentration and timing of delivery, as well as the ability to rapidly flush out the stimulus 

solution from the tissue without having to reload syringes or pumps. We used an M-shaped 
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layout for the ports, rather than a straight line, to facilitate multiple access points across the 

lymph node slice.

Viability of lymph node slices off-chip and on-chip:

Culture of live lymph node slices is a relatively new technique14-16, so we first sought to 

verify the viability of the tissue over the timescale of the experiments. To collect slices, the 

brachial, inguinal, and axillary lymph nodes from mice were removed, embedded in 6 % 

agarose, sliced on a vibratome, and allowed to recover for 1 hr while immersed in media in a 

cell culture incubator (5 % CO2) at 37 °C. Slice viability during culture was first tested using 

flow cytometry (Figure S1). Under these conditions, slices remained viable for at least 6 

hours (<7 % membrane-permeable cells) with a drop in viability by 24 hours, similar to 

cultures of splenocytes46 and comparable to acute brain slice culture.43 Further optimization 

of lymph node slice viability will be required for study of longer term immunological 

responses, such as antigen recognition (24 or 48 hr), proliferation of T cells (3-5 days) or 

induction of germinal centers (6 days).47

Next, lymph node slice viability was validated on the microfluidic device (Figure S2). There 

was no significant difference in viability between slices cultured in an incubator or cultured 

on chip, after 1 or 4 hr. This result indicates that slice viability was not altered by the chip on 

this timescale. Furthermore, there was no difference in viability with or without perfusion of 

media on the chip in this time period, similar to results in other microtissues23, although we 

note that perfusion or media exchange may be needed when studying function in future 

experiments.

Local delivery to agarose and lymph node tissue:

To study how cells in specific regions respond to stimuli, migrate before and after 

inflammatory triggers, or how local signals initiate structural changes in the lymph node, it 

is essential to control the quantity and resolution of delivery. To characterize the spatial 

resolution of our device, we delivered peptide and protein-sized molecules into slices by 

using FITC-labelled dextrans of varying molecular weight (3 to 70 kDa) while taking time 

lapse images every 500 ms (Movie S1). Repeated deliveries were made possible by flushing 

the dextran out of the tissue with PBS immediately after each delivery. Delivery into tissue 

slices (Figure 2) was compared to delivery into 2 % agarose (Figure S3) in order to isolate 

any effects of the tissue structure. Delivery profiles were well fit by a Gaussian distribution 

in both the agarose (Figure S3a,b) and the tissue (Figure 2a,b). The quantity delivered was 

assessed by the area under the Gaussian curve (AUC), and the width of the peak, or pulse 

width, was assessed at 61% of maximum intensity. AUC increased linearly at small pulse 

times in both agarose and tissue (Figure S3c and Figure 2c, respectively), then continued to 

increase linearly with a shallower slope at longer times (> 20 s; Figure S3e and Figure S5). 

This suggested that for longer delivery times, the tissue may approach a saturation point or 

the dextran may diffuse out the top of the tissue.

Pulse width also increased linearly at small pulse times (3 - 15 s), providing predictable 

local stimulation (Figure S3d, Figure 2d). Delivery times longer than 20 s did not provide 

local stimulation under these conditions, and the width of delivery began to reach saturation. 
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On average, a 317 ± 16 μm region of agarose (n = 5 slices) and a 284 ± 9 μm region of tissue 

(n = 5 slices) were stimulated by a 5-s delivery of 40-kDa FITC dextran. Consistent with a 

diffusion-controlled process, there was a significant dependency of pulse width on molecular 

weight (Figure S3g, two-way ANOVA, F(4,31) = 14.4, p < 0.0001), with larger molecules 

travelling shorter distances. We note that both diffusion and convection from the port 

contribute to the observed lateral spread in these experiments, due to continuous flow of 

dextran solution and PBS into the tissue during delivery. Overall, the device provides 

sufficient resolution to deliver proteins such as cytokines, which typically have molecular 

weights of 15 - 50 kDa, to specific sub-structures in the lymph node.

Experimental modeling of mass transport in brain tissue is often done in dilute (0.2 – 1 %) 

agarose due its similarity in permeability.48 It is not known how molecular diffusion in 

lymph node tissue compares to brain. Interestingly, we observed that pulse width was not 

dependent on whether the probes were delivered to 2 % agarose or lymph node tissue 

(Figure S3g, two-way ANOVA, F(4,31) = 0.295, p = 0.88). The similarity between agarose 

and tissue suggests that 2 % agarose may be a suitable matrix for modeling mass transport in 

lymph node tissue.

Microfluidic control over removal of stimuli:

Precise temporal control of stimulation is an advantage of using microfluidics. Here, the Y-

channel design provided a means to rapidly remove the stimulus from the tissue after timed 

delivery. During experiments dextran was cleared from the tissue after each pulse by 

continued flow of PBS (Movie S1). We observed that the FITC-dextran signal was cleared 

from the tissue in 30 - 80 s, depending on the molecular weight. In a 2-dimensional 

computational model of the experiment (Comsol Multiphysics, see supplemental methods), 

which incorporated convection and isotropic diffusion, this removal was predicted to take 

approximately 60 - 120 s at a flow rate of 0.4 μL/min (Figure 3a and Movie S2). The shorter 

experimental clearance times may be due to lack of sensitivity to trace quantities of 

fluorophore in the experimental system, or to differences in fluid flow and mass transport 

through the tissue compared to the simulated matrix. Nonetheless, these results show that 

protein-sized molecules were removed by continued flushing of saline to below the limit of 

detection in seconds to minutes after delivery.

We hypothesized that the spatial resolution of delivery was improved by diffusion out the top 

of the tissue. Simulations of the experiment supported this hypothesis at long but not short 

delivery times (Figure 3 b-c). By modeling the tissue with an open or closed top boundary, it 

was confirmed that loss out the top slowed the accumulation and lateral spread of the 

dextran at longer delivery times (>40-60 s). At shorter times, the open-top model actually 

had increased influx (AUC) of dextran, because of the increased vertical convection passing 

through the slice. Experimental data for AUC and pulse width followed similar trends as the 

open-boundary model, which suggests that diffusion does occur out the top of the tissue and 

impacts the quantity and resolution of delivery.
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On-demand microfluidic control over quantity delivered and spatial resolution:

When delivering chemical stimuli to tissue, it is desirable to be able to control the quantity 

and spatial resolution of delivery separately. We hypothesized that increasing the 

concentration of stimulus at the port would increase the quantity delivered, independent of 

the pulse width. To test this hypothesis experimentally in lymph node slices, the total flow 

rate during delivery was held constant (0.4 μL/min), while the individual flow rates of 40-

kDa dextran and saline at the Y-channel inlets were varied (Figure 4a; raw data in Figure 

S6a). The experiment was replicated in the computational model by varying the 

concentration of dextran at the channel inlet. The total quantity delivered (area under the 

curve) increased linearly with increasing concentration in both the experiment and the model 

(Figure 4c). In contrast, pulse width was not significantly dependent on delivery 

concentration in the experiment or the model (Figure 4e; one-way ANOVA, p>0.05, n = 5). 

Thus, quantity delivered could be increased with minimal effect on the pulse width, simply 

by varying the flow rates at the Y-channel inlet.

The flow through the port drives convection through the lymph node matrix that is expected 

to contribute to the entry and spread of chemical stimuli. The estimated flow rate through the 

port when delivering at a total flow rate of 0.4 μL/min was 0.12 μL/min, approximately 1/3 

of the total flow rate (see Methods). To test the contribution of convection through the lymph 

node tissue on the chip, total flow rate was varied by increasing the flow rate in each channel 

equally (Figure 4b,d,f; raw data in Figure S6b). The experiment was simulated by varying 

the flow velocity at the channel inlet. In both the experiment and the model, AUC and pulse 

width were significantly dependent on flow rate (one-way ANOVA, p<0.05 for each). The 

amount delivered was less sensitive to flow rate than to concentration: doubling the 

concentration or the flow rate increased the experimental AUC by 3.5-fold or 1.7-fold, 

respectively. This property may be useful when aiming to deliver stimuli at physiologically 

relevant flow rates. Alternatively, to mitigate the contribution of flow, a porous membrane 

could be incorporated as a barrier beneath the tissue.37

Dual stimulation of lymph node slices

To recreate the complex intercellular signaling that occurs in the node, both the location and 

timing of delivery must be controlled, for molecules of varying size and molecular weight. 

We modelled this situation by delivering FITC-conjugated 70-kDa dextran and Texas Red-

conjugated 10-kDa Dextran through different ports into a single tissue slice (Figure 5 and 

Movie S2). Ports were chosen to deliver the reagents to non-overlapping regions, and the 

initiation of flow and PBS flush were staggered in time. FITC-70-kDa Dextran was 

delivered first (Figure 5b) for 5 seconds, followed by a subsequent flush with PBS, and 

Texas red-10-kDa Dextran (Figure 5d) was delivered in between. Next, Texas red-10-kDa 

Dextran was flushed out (Figure 5f-g), and within a few seconds both dextrans were 

removed from the tissue by PBS (flushing flow rate increased to 5 μL/min, Figure 5h). The 

flushing caused an increase in lateral spread through the tissue. To minimize this, future 

versions of the device could include additional sources of buffer flow to minimize the lateral 

spread during delivery and flushing.37 This experiment demonstrates the potential for 

delivery of multiple drugs or stimuli in parallel in a single microfluidic experiment.
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Local activation of immune cells on-chip:

To test the hypothesis that local stimulation of lymph node tissue can reveal how specific 

regions respond to stimuli, we delivered a model therapeutic to specific regions of the lymph 

node and monitored the response (Figure 6). Glucose-conjugates have been utilized as drug 

delivery systems to target cancer cells through receptor-mediated endocytosis49,50; 

conjugates with glucose or other metabolites may also provide a means to preferentially 

reach glycolitically active lymphocytes7. Targeting T-cells with glucose conjugates could 

potentially prevent T-cell dysfunction in hostile environments during cancer7, while 

targeting B-cells could potentially be used to deactivate B-cell receptor signaling to improve 

tumor viability and resistance to therapy.51

We conjugated glucose-BSA to AlexaFluor 647, then verified uptake by incubating 

splenocytes with the conjugate and analyzing by flow cytometry (Figure S7). To test whether 

local targeting was in fact needed, lymph node slices were soaked and incubated with 400 

μg/mL of Alexa Fluor 647-glucose-BSA for 1 hr. Both the quantity and the location of 

uptake differed between slices (Figure S8). Some slices took up glucose-BSA only in the 

sinus area or B cell zones (Figure S9a,c), while others showed uptake across the tissue 

(Figure S9b). We hypothesized that local stimulation could circumvent this unpredictability 

by specifically targeting the region of interest.

Based on its molecular weight, BSA (66 kDa) conjugated to glucose was expected to remain 

localized within a 300-μm region after short delivery pulses on the microfluidic chip without 

flushing. This made it a good candidate to test local delivery to the T-cell and B-cell zones 

within the lymph node (Figure 6). To enable targeting of specific regions, live lymph node 

slices were immunostained prior to the experiment with FITC-anti-mouse B220, to identify 

the B-cell zones, and counterstained with Hoechst (blue). For simplicity, the T-cell zone was 

defined as any region outside the B-cell zone. The device was able to deliver glucose-BSA 

to these localized regions. To promote retention of the protein in the tissue, all flow was 

stopped immediately after delivery instead of flushing it out with PBS. When imaged 5 min 

after delivery to the T-cell (Figure 6a-d) or B-cell (Figure 6e-g) zones, glucose-BSA signal 

was found predominantly in the targeted region (69 ± 5 % in the T cell zone and 77 ± 5 % in 

the B cell zone, respectively).

Interestingly, the response to stimulation with Alexa Fluor 647-glucose-BSA differed 

between the regions. By 15 min after delivery to the T cell zone, glucose-BSA signal was 

completely cleared from the T-cell zone (0 % of remaining signal), while remaining 

unchanged in the B-cell zone (Figure 6c,d). In contrast, after delivery to the B-cell zone, the 

glucose-BSA remained concentrated in that zone (93 ± 3 % of remaining signal, Figure 

6f,g). These data suggest that glucose-BSA in the T-cell zone either diffused rapidly out of 

the tissue slice or, possibly, was transported to the B-cell zone.

To further test these observations, we delivered glucose-BSA to the intersection of the T-cell 

and B-cell zones for simultaneous stimulation (Figure 6h-i). Five minutes after delivery, the 

glucose-BSA signal was equally distributed between the T-cell and B-cell zones (49 ± 11 % 

and 48 ± 13 %, respectively; Figure 6j). However, by 15 minutes, only 1.3 ± 0.4 % was in 

the T-cell zone and 93 ± 7 % was in the B-cell zone. This data supported the observation that 
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glucose-BSA does not remain in the T-cell zone after short deliveries. The differential 

response in the T-cell and B-cell zones illustrates the need for analysis of local behaviors. 

Future experiments with higher resolution microscopy will allow tracking of cell migration 

and molecular diffusion after delivery, to determine the extent to which glucose-BSA is 

transported between regions.

Recently, glucose-conjugates were proposed as a potential strategy for targeted drug-

delivery to T-cells.7 Interestingly, our initial results suggest that such conjugates may be 

preferentially captured in the B cell zone rather than the T cell zone of the lymph node, 

although these experiments cannot distinguish cellular endocytosis from retention in the 

extracellular matrix. It is possible that longer deliveries to the T-cell zone would facilitate 

more uptake, although flow cytometry data suggested that, on average, B-cells picked up 

more glucose-BSA than T-cells did after 1 hr incubation in vitro (Figure S8). If upheld with 

other conjugates, then targeting the B-cell zone may provide a useful method to facilitate 

active transport into cells for drug delivery. These findings suggest that local delivery of 

potential therapeutics with real-time monitoring of the response may become a useful 

platform for drug-screening and may inform the development of spatially targeted therapies.

Microfluidic delivery is complementary to existing methods for local stimulation of intact 

lymphoid tissue. For instance, light-induced stimulation of photo-activated receptors11,12,52 

and release of caged molecules53,54 offer potentially higher spatial and temporal resolution 

than fluidic delivery, but require genetically modified animals 55 or specifically designed 

cage systems for each molecule of interest. Microinjection is another well-established 

approach for local stimulation in brain13,56, although it may increase the risk of local tissue 

damage around the insertion site.57 In small organs such as murine lymph nodes, a 30 or 31-

gauge needle (310 or 260 μm outer diameter) is sufficient to deliver to an intact node and 

elicit powerful immune responses58,59, but may cause damage not suitable for studying the 

effects of spatial organization.60 In contrast, the damage from slicing tissue is localized to 

the outer 10 – 100 μm of the slice15,61,62, leaving the inner layers intact for microfluidic 

delivery to specifically immunostained sub-structures. In addition, microfluidics provides 

the ability to remove or flush out the stimuli from the tissue. Flushing is advantageous 

because it provides temporal control over the stimulation and enables repeated 

measurements. Here, we showed removal of stimuli within 30 - 80 s, even at the slow flow 

rates used here (0.2 μL/min), potentially enabling temporally resolved stimulations on the 

order of once per minute. Future work to optimize the device for more frequent stimulations 

could provide rapid pulsing of stimuli in discrete regions of the tissue.

Applications of microfluidic devices to immunology have primarily focused on studying 

chemotaxis63, purifying specific cell types64,65, quantitating cell secretion at the single cell 

level66-68, and studying single cell interactions.66,69,70 These techniques illuminate how 

single cells migrate and communicate, but provide limited spatial information. In 

complementary work, researchers have used a “bottom-up” approach to recreate complex 

immunological structures on-chip, starting from cell cultures.71-74 Microfluidics has been 

used to build 3D cellular constructs for paracrine signaling75 and leukocyte extravasation74, 

and to mimic lymphatic drainage71,76 and immune cell reorganization during cancer.77 

Tissue engineering strategies have created sophisticated in vitro models of lymphoid tissue 
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from cells and extracellular matrix components.78 Here, we took an alternative “top-down” 

approach to retain the spatial organization of intact tissue while rendering it experimentally 

accessible.

Conclusions

This paper presents the first experimental system for local chemical stimulation of lymph 

node tissue on a microfluidic device with 200 – 300 μm spatial resolution. This spatial 

resolution was sufficient to target discrete regions of a murine lymph node slice, including 

the B cell and T cell zones. The device provides real-time control over the pulse width and 

quantity delivered and a unique array of ports for multi-focal activation of tissue. Local 

stimulation with glucose-BSA revealed that T-cell and B-cell zones responded differently, 

supporting the need for a system that can tease apart the effects of spatial structure by 

targeting specific regions within the tissue. Future iterations of the device to improve spatial 

resolution and incorporate ex vivo detection assays may improve its utility for detecting 

immune responses in small clusters of cells. In the future, the lymph node slice-on-a-chip 

may become a powerful platform to study the local responses that drive immunity, with 

potential applications in fundamental biomedical research and in the development of new 

immunotherapies.
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Figure 1: 
Microfluidic device for local stimulation of lymph-node slices. a) Schematic of key 

structural features of the lymph node. b) Exploded view of 3-layer PDMS device. Layer 1 

contained ten 100 μm x 100 μm microchannels, each with a Y-inlet (Layer 1). Ports in Layer 

2 were aligned over the channels, forming the bottom of a perfusion chamber for slice 

culture (Layer 3). c) Side-view schematic of the device in use. The tissue slice (brown) was 

perfused with media (blue) above. Stimulus solution (green) was delivered through a 

microchannel, partially exiting through a port to stimulate a local region of the slice. d) 

Photograph of assembled device and e) micrograph of the ports aligned over the 

microchannels. The M-shape design facilitated multiple access points across the lymph 

node.
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Figure 2: 
Delivery of FITC-Dextran to 300 μm-thick murine lymph node tissue slices. a) 

Representative bright field (top) and fluorescent (bottom) images of 0.1 mg/mL 40 kDa-

FITC dextran delivery to a tissue slice. In the lower image, the slice is outlined in white and 

the direction of flow through the active channel is shown by yellow arrow. A line scan was 

taken (green dotted line) to analyze quantity and resolution of delivery. b) Representative 

line scan data for a 5-s delivery of 40 kDa-FITC Dextran. Curve was fit with a Gaussian 

distribution (black trace), which was used to calculate the area under the curve (AUC) and 

the width of the delivered pulse, taken at 61 % of the max (2 standard deviations). c) AUC 

increased linearly with increasing pulse time to 15 s (r2=0.96-0.98 for all curves). d) Pulse 

width increased linearly at small pulse times (r2=0.80-0.99). n = 5, mean ± SEM.
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Figure 3: 
Diffusion out the top of the tissue is predicted to effect lateral spread. a) Concentration 

distribution plot (left) after a simulated 5-s delivery of 0.1 mg/mL FITC 40 kDa-Dextran, 

and (right) after 60 s of continued buffer flow. The tissue was modeled as a porous matrix, in 

this case with an open boundary so that mass transport could occur out the top. Color scale 

below shows concentration. Predicted AUC (right Y-axis in b) and pulse width (c) vs. pulse 

time for tissue with an open (red open circles) or closed (blue circles) top boundary. 

Experimental data (green circles) is overlaid and was most comparable to the open-boundary 

model.
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Figure 4: 
Varying pulse width and quantity delivered on the microfluidic chip. a-b) Schematics of 

experiments. In lymph node slices, area under the curve (AUC) increased linearly with c) 

increasing concentration and d) increasing flow rate. AUC represents integrated fluorescent 

units and integrated concentration in the experiment and model, respectively. Because of 

differing units, only trends, not values, can be compared. e) Pulse width was not 

significantly dependent on delivery concentration (one-way ANOVA, P>0.05) but f) 

increased linearly with increasing flow rate. n = 5, mean ± SEM. Experiments were 

simulated using COMSOL Multiphysics (red and right Y-axis for d-e).
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Figure 5: 
Selected time lapse images from a dual delivery of 70 kDa FITC-Dextran (green) and 10 

kDa Texas Red-Dextran (red) to a lymph node tissue slice. In (a), the slice is outlined in 

white dashed lines, and the active ports are traced in white dotted lines. Images are shown 

from each stage of the experiment, according to the timeline above.
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Figure 6: 
Local stimulation of the T-cell and B-cell regions of lymph node slices on-chip. Live slices 

were stained with FITC-anti-mouse B220 (green) and Hoechst (blue) to identify B-cell 

zones. a) Representative delivery of Alexa Fluor-647-Glucose-BSA (red) to the T-cell zone. 

Representative images collected 5 min and 15 min after delivery to the T-cell zone (b, c), B-

cell zone (e, f), and the intersection of the two zones (h, i). All images shown with equal 

scaling of intensities. Graphs show the average percent of total glucose-BSA signal that was 

located in each zone, 5 and 15 minutes after delivery. d) Percent signal in the T cell zone 

dropped significantly by 15 min after delivery there (paired t-test, p<0.05, n = 2). g) Percent 

signal in the B-cell zone remained high after delivery there (n = 3). j) After delivery to the 

T/B interface, percent signal in the T cell zone dropped significantly by 15 min (paired t-

test, p<0.05, n = 3), but not in the B cell zone. Values are mean ± SEM.

Ross et al. Page 22

Analyst. Author manuscript; available in PMC 2021 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Experimental
	Device fabrication:
	Determining the flow rate through the port:
	Lymph node slice preparation:
	Viability of lymph node slices:
	Microfluidic delivery of dextrans to lymph node slices and agarose:
	Fluorescent microscopy and image analysis:
	Microfluidic delivery of Glucose-BSA to lymph node slices:
	Glucose-BSA uptake analysis:
	Statistics:

	Results and Discussion
	Device design for the lymph node slice-on-a-chip:
	Viability of lymph node slices off-chip and on-chip:
	Local delivery to agarose and lymph node tissue:
	Microfluidic control over removal of stimuli:
	On-demand microfluidic control over quantity delivered and spatial resolution:
	Dual stimulation of lymph node slices
	Local activation of immune cells on-chip:

	Conclusions
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:

