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Microscale technologies offer the capability to generate in vitro artificial cellular

microenvironments that recapitulate the spatial, biochemical, and biophysical

characteristics of the native extracellular matrices and enable systematic, quantitative,

and high-throughput studies of cell fate in their respective environments. We devel-

oped a microfluidic platform for the generation of two-dimensional arrays of

micrometer-size cell-laden hydrogel modules (HMs) for cell encapsulation and cul-

ture. Fibroblast cells (NIH 3T3) and non-adherent T cells (EL4) encapsulated in HMs

showed high viability and proliferation. The platform was used for real-time studies

of the effect of spatial constraints and structural and mechanical properties of HMs on

cell growth, both on the level of individual cells. Due to the large number of cell-

laden HMs and stochastic cell distribution, cell studies were conducted in a time- and

labor efficient manner. The platform has a broad range of applications in the explora-

tion of the role of chemical and biophysical cues on individual cells, studies of

in vitro cell migration, and the examination of cell-extracellular matrix and cell-cell

interactions. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4940430]

I. INTRODUCTION

Local extracellular matrix (ECM) is a key component of cellular microenvironments that

serves as a scaffold supporting cells and provides regulatory cues to control cell behavior in

spatiotemporal multicellular processes.1–3 Artificial ECMs mimicking some of the key biophysi-

cal and biochemical characteristics of their naturally derived counterparts have been extensively

studied, with the ultimate goal of using them in tissue transplantation, regenerative medicine,

and tissue engineering.4 Among these materials used as instructive artificial ECMs, polymer

hydrogels are particularly promising due to their intrinsic porous structure and mechanical, bio-

physical, and chemical properties that can closely resemble those of natural ECMs.5–14

The exploratory work on instructive artificial ECMs has greatly benefited from microscale

technologies, including photolithography,7,11,15 microprinting,16,17 and microfluidics,18 as these

platforms paved the way for efficient, systematic, and quantitative studies of cell-ECM interac-

tions and enabled high-throughput reproducible studies of cells at the level of a single cell or a

small number of spatially confined cells. Photolithography was used for in situ generation of

photopolymerized hydrogels with a spatial identity and desired topography; however, the utili-

zation of ultraviolet radiation and the use of radicals may affect cell fate.19,20 Bioprinting of

arrays of cells and biological molecules is a powerful method of cell seeding, yet, controlling
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cell viability and long-term functionality remains a challenge.21 Microfluidics (MFs) enabled

the encapsulation of cells in uniform micrometer-sized hydrogel particles with composition and

physical properties tuned in a high-throughput manner.22–25 This method offered the capability

to generate libraries of cell-laden artificial instructive ECMs;26,27 however, subsequent analysis

of cell fate relied on averaged characteristics over the entire population of encapsulated cells

and did not examine the behavior of individual cells in their respective ECM, which is impor-

tant in studies of rare diseases and gene mutations.28,29 An alternative MFs-based approach

would be the development of two-dimensional (2D) arrays of cell-laden microscale hydrogel

modules (HMs). The capability to enumerate (or index) individual HMs would enable in situ
monitoring, manipulation, and analysis of cells in their respective microenvironments in a real-

time manner. This platform resembles cell analysis in a microwell plate format; however, it uti-

lizes a smaller amount of high-cost reagents, reduces evaporation of water, enables automated

loading and analysis of samples, and provides an enhanced ability to study individual cells.

Two-dimensional arrays of droplets have been produced by immobilizing pre-formed droplets

in predesigned locations,30,31 by using a Slipchip method,32 and by utilizing surface patterning

techniques.33,34 These methods enabled the generation of high-density indexed arrays of drop-

lets and allowed direct studies of the properties of species compartmentalized within droplets,

e.g., the neurotoxin-response of Caenorhabditis elegans,30 protein crystallization,35,36 and

enzyme activity.37 The utilization of 2D arrays of cell-laden polymer hydrogels that can be

used as instructive artificial ECMs was, however, hampered by the complexity of microfluidic

devices, e.g., the use of digital valves.38

In the present work, we developed a MF platform for the generation of high-density 2D

arrays of cell-laden polymer HMs. We used an elegant approach proposed by Chiu et al., who

utilized self-digitalization of liquid streams into droplets using micrometer-size compartments.39

This cost-efficient and straightforward method has been used to study polymorph crystalliza-

tion39 and DNA amplification;40 however, it was not extended toward studies of cell behavior

in 2D arrays of hydrogels. In the present work, we used self-digitization of suspensions of cells

in a gelling polymer solution to form high density 2D arrays of cell-laden HMs. Notably, HMs

could be formed from a variety of physically or chemically gelling polymers, with the require-

ment of their gelation occurring after the formation of cell-laden droplets. We selected agarose

as an exemplary physically gelling polymer for two reasons. Agarose forms gels by thermoset-

ting, that is, upon cooling and it is non-cytotoxic and biocompatible.26,41 If needed, agarose can

be readily functionalized with growth factors or peptide fragments to make it bioactive.42,43

The concentration of fluorescein isothiocyanate conjugated agarose (FITC-agarose) was selected

at 2 wt. % for characterization of the shape and the size distribution of droplets and HMs, since

the physical properties of the FITC-agarose solution at this concentration are comparable with

the physical properties of unmodified agarose solution at higher concentration (eg. 3–5 wt. %).

The concentration of agarose in HMs for culturing cells was selected from 3 to 5 wt. %, since

the Young’s modulus of agarose microgels at polymer concentration of 3–5 wt. % at 37 �C was

0.5–4.3 kPa,44 spanning the range of elastic moduli of normal to malignant breast tissues.45,46

The approach to 2D arrays of cell-laden HMs (i) enabled efficient generation of

micrometer-size artificial ECMs from precursor droplets, which avoided problems caused by

wetting and/or coalescence of droplets;47 (ii) produced libraries of cell-laden HMs with varying

structural and mechanical properties; (iii) offered the capability to monitor individual cells in
situ in their respective environments and in a real-time manner; and (iv) provided the ability to

explore the effect of spatial constraints on cell fate. In the present work, we selected NIH 3T3

fibroblasts and EL4 T cells as two model cell lines representing adherent cells and non-

adherent cells. We selected 3 days as cell culture period in HMs, as it is a standard period for

proliferation and passaging of NIH 3T3 in cell culture flasks,48,49 and EL4 T cells with a 3 day

culture period were comparable with the fibroblasts cultured under the same conditions. This

MF platform has a broad range of applications, including studies of the effect of biochemical

and biophysical cues on individual cell fate, studies of in vitro cell migration, and the examina-

tion of cell-ECM and cell-cell interactions.
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II. EXPERIMENT

A. Fabrication of the microfluidic device

Fabrication of the MF device was carried out using a soft lithography method.39 The device

was assembled from three layers of polydimethylsiloxane (PDMS, Sylgard184, Dow Corning)

and a glass slide (Corning 75 � 50 mm Plain Microscope Slides, Product #2947-75X50) (see

supplementary material, Fig. S1(a)).50 The assembled device was placed in an oven for 12 h at

115 �C to allow it to recover its hydrophobicity. The surface of microchannels was further

modified by infusing a 10 wt. % solution of trichloro(1H,1H,2H,2H-perfluorooctyl) silane (97%

pure, Sigma, USA, #448931-10G) in ethanol in the microchannel, heating the MF device at

45 �C for 3 min, and washing the silane solution away with 100% ethanol and deionized water.

B. Formation of 2D array of droplets and hydrogel modules in the MF device

Self-digitization of the aqueous stream supplied to the MF device occurred in several

steps. First, the surface of PDMS in the device was treated with fluorinated oil (HFE 7500,

3M, Canada) mixed with 0.1 wt. % block copolymer perfluorinated polyether-b–(polypropylene

glycol-polyethylene glycol-polypropylene glycol)–b-perfluorinated polyether (PFPE-b-(PPG-PEG-

PPG)-b-PFPE).51 In cell encapsulation experiments, a 1 wt. % solution of PFPE-b-(PPG-PEG-

PPG)-b-PFPE in fluorinated oil was used. Then, the entire MF device was filled with either an

agarose solution or a suspension of cells in an agarose solution. Next, the oil phase was intro-

duced in the MF device to replace the aqueous phase in the supplying microchannel, but retaining

aqueous droplets in the wells. Finally, the entire MF device was cooled down to 4 �C for 45 min

to transform the precursor droplets into HMs, and the oil phase in the supplying channel was

replaced with the cell culture medium.

C. Characterization of volumes of droplets and hydrogel modules

The average volume of precursor droplets in the microwells was calculated as the product

of the average 2D projection area of the droplets and the average height of the wells (see sup-

plementary material Fig. S150 for the dimensions of the channels and wells). The average vol-

ume of HMs in the wells was calculated as the product of the average 2D projection area of

the HMs and the average height of the wells.

D. Cell culture

NIH 3T3 fibroblast cells were cultured in Dulbecco’s Modified Eagle Medium with

4.5 g l�1 glucose, L-glutamine, and sodium pyruvate (DMEM, GIBCO, #11995-065) supple-

mented with 10% (v/v) fetal bovine serum (FBS, Invitrogen, #16000-036) and 1% (v/v)

Penicillin/Streptomycin (Sigma-Aldrich, #P4333–100ML) in an incubator supplied with 5%

CO2 at 37 �C. A 0.25 wt. % Trypsin-EDTA solution (GIBCO, #25200-056) was used to detach

cells from the plastic flask. After cell detachment, fresh nutrition medium was added, and the

cell suspension was centrifuged at 1000 rpm for 3 min. The supernatant was then disposed, and

the cells were re-dispersed in fresh medium. For cell passaging, 5 vol. % of the cell suspension

were transferred to the fresh medium every 3 days.

EL4 cells were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM, GIBCO,

#12440–053) with 10% (v/v) fetal bovine serum and 1% (v/v) Penicillin/Streptomycin (Sigma-

Aldrich, #P4333-100ML) and incubated at 37 �C and at 5% CO2. Cells were washed with

Hank’s Balanced Salt Solution (HBSS, GIBCO, #14175-095), centrifuged and dispersed in the

fresh medium at the same conditions, as described above. For cell passaging, 5 vol. % of the

cell suspension were transferred to the fresh medium every 3 days.

E. Cell culture in hydrogel modules

Following the formation of NIH 3T3 fibroblast-laden HMs, the MF device was placed in

an incubator containing 5% CO2 at 37 �C. A cell culture medium was continuously supplied to
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the MF device at the flow rate of 0.05, 0.08, or 0.11 ml/h via a perfluoroalkoxy alkane tubing

(IDEX health and Science) using a syringe pump. EL4 cells encapsulated in HMs were cultured

under the same conditions as the NIH 3T3 fibroblast cells, with the flow rate of the cell culture

medium of 0.08 ml/h.

F. Live/dead assay and fluorescent staining of cells

Live cells were identified by staining them with Calcein AM (Invitrogen, Carlsbad, CA;

green fluorescence), and dead cells were identified by staining them with Ethidium Homodimer I

(Invitrogen, Carlsbad, CA; red fluorescence). The live and dead cells stained with fluorescence

dyes were imaged by confocal fluorescence microscopy (CFM) (Nikon, Eclipse Ti-E, Japan). The

viability of individual cells encapsulated in HMs on day 0 was characterized as the ratio of live

cells to the total number of cells, that is, the sum of the numbers of live and dead cells. For cell

colonies grown from individual cells on day 3, the viability was characterized as the ratio of live

colonies to the total number of colonies. The non-proliferated cells on day 3 were also accounted

as colonies in the determination of viability on day 3. The total number of cells was also con-

firmed by staining cell nuclei with Hoechst (Sigma-Aldrich Canada; blue fluorescence).

A solution of Calcein AM (4 lM), Ethidium Homodimer I (4 lM), or Hoechst 33342

(10 lg/ml) in HBSS was perfused through the MF device compartmentalizing cell-laden HM

for 5 min, and the MF device was placed in the incubator at 37 �C for cell staining for 60 min.

G. Confocal fluorescence microscopy imaging

The 3D structure of the FITC-agarose HM was characterized using an inverted confocal

microscope (Nikon, Eclipse Ti-E, Japan). The images of individual HMs were obtained by 3D

reconstruction of the CFM images with a step of 10 lm. The images of the stained cells and

cell colonies in the HMs were obtained by 3D reconstruction of the CFM images with a step of

3 and 5 lm, respectively.

H. Determination of the microstructure of the agarose gels

Agarose solutions were prepared by dissolving agarose powder (ultra-low gelling tempera-

ture, Lonza Rockland Inc., USA) in HBSS at 70 �C for 2 h. After 1 h incubation of the solution

at 37 �C, gel slabs were prepared by cooling �0.15 ml of the solution at 4 �C for 45 min, fol-

lowing the conditions of the preparation of HMs. The gels were instantly frozen by liquid nitro-

gen, and the water was removed by freeze drying for 3 days under �40 �C at �200 Pa. Prior to

imaging, the cross-section of the gel slabs was coated with Au nanoparticles using a SC7640

High Resolution Sputter Coater (Quorum Technologies) for 15 s at 2.0 kV. Scanning Electron

Microscopy (SEM) imaging was carried out on the Quanta FEI Scanning Electron Microscope.

I. Statistical analysis

Statistical significance of experimental results was verified using the Student’s t-test. The

experimental results are expressed as the mean value plus/minus standard deviation (SD) for at

least three independent experiments.

III. RESULTS

A. Preparation and characterization of precursor droplets and hydrogel modules

Five rows, each containing 100 wells with dimensions of 200� 130� 97 lm and a straight

supplying microchannel (used for the delivery of cell suspension in an agarose solution), were

placed in the MF device. The supplying microchannel was used for the delivery of cell suspen-

sion in an agarose solution to the wells and for the supply of the nutrition medium to cell-laden

HMs. Fig. 1(a) shows a “top view” schematic of the preparation of the 2D array of HMs. After

wetting the surface of the MF channel with fluorinated oil, the supplying channel and wells

were filled with either an aqueous agarose solution at polymer concentration, Cagar, or a

014110-4 Wang et al. Biomicrofluidics 10, 014110 (2016)



suspension of cells in the agarose solution (Fig. 1(a), top). Next, the aqueous phase in the sup-

plying channel was replaced with the oil phase. This step led to the formation of an array of

droplets of agarose solution or cell suspension in agarose solution, which were compartmental-

ized in the wells (Fig. 1(a), middle). The entire MF device was cooled down to 4 �C for 45 min

to transform the droplets into HMs, and the oil phase in the supplying channel was replaced

with the cell culture medium (Fig. 1(a), bottom). Fig. 1(b) shows a “top view” schematic of the

fragment of the MF multi-well device. The wells and the rows were enumerated by numbers

(1, 2, 3…, etc.) and letters (A, B, C, D, and E), respectively. The individual inlets and outlets

enabled the delivery of distinct species in and out of each row of wells.

We first examined the formation of HMs from the cell-free agarose solution. An aqueous

2 wt. % solution of agarose conjugated with FITC52 was introduced into the MF device at 37 �C
and compartmentalized in the wells (Fig. 1(c), top view of the droplets), thereby forming a 2D

array of droplets (serving as HM precursors). In the wells, the droplets had a cuboid shape with

truncated corners, as determined by 3D reconstruction of CFM images (Fig. 1(d)). The droplets

had an average volume of (2.6 6 0.2)� 10�12 m3 (Fig. 1(e)). The coefficient of variation (CV),

defined as a standard deviation in droplet volume divided by average droplet volume, did not

exceed 6% for the entire population of droplets in five rows. The cuboid shape was preserved

upon the transformation of the precursor droplets into agarose HMs. The average HM volume

was (2.4 6 0.2)� 10�12 m3 (Fig. 1(e)), that is, 7.7% smaller than the average volume of the

precursor droplets. The CV of the entire population of HMs in five rows did not exceed 8%,

indicating the uniformity of HM dimensions.

B. Encapsulation of cells in hydrogel modules

A suspension of NIH 3T3 fibroblasts in agarose solution at the concentration of cells of

7� 105 cell ml�1 was introduced in the MF device at 37 �C. Following the formation of cell-laden

FIG. 1. Microfluidic generation of hydrogel modules (HMs). (a) Schematic of the MF generation of the 2D array of cell-

laden agarose HMs from top view of the channel and wells. Step 1: cell suspension in an agarose solution is perfused

through the microfluidic device. Step 2: the agarose solution in the supplying channel is switched to an oil phase. Droplets

of agarose solution are confined in the wells, and cells are entrapped into the droplets. Step 3: the temperature is lowered to

4 �C to transform the droplets of agarose solution into gels (HMs). After HM formation, the oil phase in the supplying chan-

nel is replaced with a cell culture medium. The black arrows show the direction of infusion of liquid phases: top to bottom:

agarose solution or cell suspension in the agarose solution, oil, and nutrition medium. (b) Schematic of the top view frag-

ment of the 2D array containing five rows with seven microwells, each (the entire row contained 100 wells). (c)

Fluorescence microscopy image of the top view fragment of the 2D array (shown in (b)), with wells filled with a 2 wt. % so-

lution of agarose conjugated with fluorescein isothiocyanate (FITC). (d) Three-dimensional CFM image of an individual

HM formed in the well from FITC-conjugated agarose. The image was obtained by 3D reconstruction of the images with a

step of 10 lm. (e) Variation in the average volume of droplets of agarose solution at Cagar¼ 2 wt. % (�) and resulting

microgels (�), shown for rows A–E. The dimensions of 90 droplets or microgels in each row were analyzed for the calcula-

tions of the average volume. The scale bar is 500 lm in (b) and (c) and 100 lm in (d). Error bars in (e) show standard devia-

tion (SD).

014110-5 Wang et al. Biomicrofluidics 10, 014110 (2016)



droplets and their transformation into HMs, optical microscopy and CFM were used to examine

the distribution of cells in HMs. A high transparency of agarose HMs enabled direct visualization

of cells in each well. Fig. 2(a) shows optical microscopy images of the most representative popula-

tions of HMs containing 0, 1, 2, and 3 cells per HM. Representative CFM images show the lateral

and vertical distributions of cells within the body of the same cell-laden HM (Fig. 2(b)).

Fig. 2(c) shows the distribution of the number of cells per HM, determined at the concen-

tration of cells in the feeding suspension at Ccell¼ 7� 105 cell�ml�1 and the average volume of

precursor droplets of (2.6þ /�0.2)� 10�12 m3. A large fraction (58%) of HMs contained 1–3

cells, 34% of HMs were cell-free, and 6% of HMs contained more than 3 cells. The distribution

of the number of cells per droplet (and per HM) was compared with Poisson distribution53

P xð Þ ¼ e�kkx

x!
; (1)

where P(x) is the fraction of HMs expected to contain x cells, and k is the average number of

cells per HM. The fraction of cell-free HMs was �18% higher than that determined from the

Poisson distribution, while the fraction of HMs containing 2 cells was 8% lower. This effect

had a hydrodynamic origin and stemmed from the competition of microscale laminar vortices

and inertial cell focusing, as described elsewhere.54

A relatively high (34%) fraction of cell-free HMs was compensated by the large overall

number of HMs on a chip: among 500 HMs, 300 HMs were laden with 1–3 cells. In our work,

the value of Ccell was selected to be low to obtain a high fraction of HMs laden with 1–3 cells;

however, in principle, based on Eq. (1), the number of cells encapsulated in HMs can be

increased by using higher Ccell or by fabricating a MF device with larger dimensions of wells

(thus increasing the size of HMs).

C. Viability and proliferation of fibroblast cells in hydrogel modules

Encapsulation of cells in HMs provided the ability to monitor the behavior of individual

cells in their respective microenvironments in a real-time manner. Fig. 3(a), left (top and bot-

tom) shows representative HMs (Cagar¼ 4 wt. %), encapsulating one and two cells, respectively,

imaged 60 min after cell encapsulation. Following 3 day culture, individual cells showed signifi-

cant growth, as shown by the bright field images in Fig. 3(a), right. To explore cells growth,

cell nuclei were stained by Hoechst (blue fluorescence) (Fig. 3(b)). The presence of multiple

nuclei in each of the spots revealed that after 3 days, colonies contained multiple cells.

FIG. 2. Encapsulation of fibroblasts (NIH 3T3) in hydrogel modules. (a) Optical images (top view) of the cells compart-

mentalized in HMs prepared from cell suspension in 4 wt. % agarose solution. Cell concentration was 7� 105 cells�ml�1.

Scale bars are 100 lm. The vertical black lines show the features of the microchannel below the wells (see supplementary

material).50 (b) Representative CFM images of cells, in which the nuclei were stained with Hoechst 33342. The top and the

bottom images show the top and the side view, respectively, of the same cell-laden HM. Scale bars are 100 lm. (c)

Experimentally determined distribution of cells per HM formed at Ccell¼ 7� 105 cell�ml�1 and the volume of precursor

droplets of (2.6 6 0.2)� 10�12 m3. The solid red line shows the variation in the number of cells per HM based on the

Poisson distribution. The experimental data were collected for 555 HMs from four independent experiments. Error bars

present the standard deviation (SD).
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In addition, live stain by Calcein AM (green fluorescence) and dead stain by Ethidium

Homodimer I (red fluorescence) revealed the viability of the cells in the colonies after 3 day

culture. In the control experiment, cells were encapsulated in the macroscopic 4 wt. % agarose

gels prepared using the same protocol as HMs (supplementary material, Fig. S250).

Fig. 3(b) shows that the viability of cells encapsulated in HMs on day 0 was �10% lower

than in a macroscopic gel. After 3 day culture, cells encapsulated in the macroscopic agarose

gel and in the agarose HMs both exhibited �20% decrease in viability, which implied that the

fibroblasts immobilized in the agarose HMs represented similar levels of viability to those in

macroscopic agarose gels.

D. Analysis of spatial constraints on growth of fibroblast cells

The capability to visualize and identify encapsulated cells in the course of cell culture

enabled the characterization of the effect of spatial constraints, that is, the number of cells per

FIG. 3. Viability and growth of fibroblasts (NIH 3T3) in hydrogel modules. (a) Optical microscopy images of NIH 3T3

fibroblast cells compartmentalized in HMs. Phase contrast images (left column) show one and two cells (top and bottom,

respectively) per HM (Cagar¼ 4 wt. %). Phase contrast images (right column) show the same cells after culturing 3 days.

Scale bars are 100 lm. The vertical black lines show the features of the microchannel below the wells (see supplementary

material).50 (b) CFM images of the cells shown in (a) after 3 day culture. Top and bottom images show growth of fibroblast

colonies starting from one and two cells (top and bottom) shown in (a), respectively. The CFM images show Hoechst

33342 staining, Calcein AM (Cal AM), and Ethidium Homodimer I (EthD-I) staining and merged image of cell staining by

all three dyes, respectively. Nuclei staining by Hoechst 33342 shows the formation of cell colonies after 3 day culture.

Scale bars are 100 lm. Scale bars in the insets are 10 lm. (c) Viability of cells encapsulated in macroscopic agarose gel and

in 4 wt. % agarose HMs on day 0 and day 3. Cell-laden macroscopic gel was prepared under the same conditions as cell-

laden HMs. The concentration of cells in the suspension was 7� 105 cell ml�1. Error bars represent the standard deviation

(SD). The bracket above the data bars in (c) indicates that the two data sets were compared using Student’s t-test. The triple

stars denote p< 0.001. For all other pairs of data sets in (c), p> 0.05, signifying no significant difference between any two

of these data sets.
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HM, on cell growth. Importantly, the variation in HM volumes did not exceed 8%. By analyz-

ing the 2D projected area of the cells and colonies with image J,55 we calculated the averaged

diameter of the individual cell, Dcell, on day 0 and cell colony, Dcolony, on day 3 and character-

ized the growth of individual cells in HMs as

G ¼ Dcolony � Dcellð Þ
Dcell

� 100%: (2)

Fig. 4(a) shows the averaged values of G on day 3, for the HMs containing 1, 2, and 3

cells (the number of wells containing more than 3 cells was represented at significantly lower

frequency, as shown in Fig. 2(c)). No significant dependence of cell growth on the number of

cells per HM was observed for HMs compartmentalizing 1–3 cells, as shown in Fig. 4(a), with

G � 40%.

To investigate the role of spatial distribution of cells in HMs, we examined the dependence

of cell colony growth on the original cell-to-cell distance, d, which was defined as the center-

to-center distance (binned at 610 lm) between the two adjacent cells located in the same

(610 lm) plane of HM. These studies were conducted for HMs encapsulating two cells only.

No pre-selection has been performed from the subset of data in Fig. 4(a). The value of d
changed from 10 to 70 lm, with d¼ 10 lm for two cells in intimate contact (Fig. 4(b)). Fig.

4(c) shows that no significant effect of the cell-to-cell distance on colony growth was observed

after 3 day cell culture.

FIG. 4. Growth of fibroblast colonies in hydrogel modules formed at Cagar¼ 4 wt. %. (a) Variation in the growth of colonies

G (determined using Eq. (2)) for the different cell encapsulation rate. (b) Optical microscopy images of HMs containing

cells in intimate contact on day 0 (top) and day 3 (bottom). Scale bars are 100 lm. The vertical black lines show the fea-

tures of the microchannel below the wells (see supplementary material).50 (c) Variation in the value of G for cell at differ-

ent original center-to-center distance d. In (a), the average diameter of cells and colonies in HMs containing one, two, and

three cells per HM on day 0 was determined for 35, 30, and 24 cells, respectively. In (c), cell-to-cell distance was deter-

mined for 36 cells. The value of d was determined for 36 cells. The number of cells analyzed was 12, 6, 12, and 6 for d of

10, 30, 50, and 70 lm, respectively. The concentration of cells in the suspension was 7� 105 cell ml�1. Error bars corre-

spond to standard deviation (SD). Student’s t-test: p> 0.05 for all pairs of data sets in (a) and (c), indicating no significant

difference between any two data sets.
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E. Effect of the mechanical properties and structure of HMs on colony growth

The 2D array of cell-laden HMs was used to study the effect of the structural and mechani-

cal properties of the hydrogel on colony growth. The cell-laden HMs were prepared in three

parallel rows of wells from precursor solutions with Cagar of 3, 4, and 5 wt. %. At 37 �C, the

Young’s modulus, E, of these microgels was 0.5, 1.5, and 4.3 kPa, respectively.44 Fig. 5(a)

shows representative scanning electron microscopy images of these hydrogels. All the gels had

a “honeycomb” microstructure, with a pore size reducing at higher polymer concentration.

Fibroblast NIH 3T3 cells encapsulated into these HMs and cultured for 3 days exhibited

�10% decrease in the growth of colonies, when Cagar increased from 3 to 5 wt. % (Fig. 5(b)).

For cells compartmentalized in HMs, we also examined the effect of the flow rate, Qm, of the

cell culture medium in the supplying microchannel on the colony growth. Fig. 5(c) shows that

�10% increase in cell growth occurred, when Qm increased from 0.05 to 0.11 ml/h. When the

flow rate of medium was ��0.02 ml/h, the viability of cells after 3 day culture reduced to 0%.

At Qm 	�0.15 ml/h, the gels partly disintegrated due to a strong shear force exerted on the

HMs by the liquid medium.

F. Culture of T-cells

The 2D array of HMs was also utilized for the encapsulation and culture of non-adherent T

cells (EL4 cells). Fig. 6(a) (left, top and bottom) shows bright field optical microscopy images

of one and two EL4 cells per HM, respectively, imaged 60 min after cell encapsulation. On day

3, individual cells formed colonies (Fig. 6(a), right). The presence of multiple cell nuclei was

FIG. 5. Growth of fibroblasts in hydrogel modules with different Young’s moduli and under different flow rate of the cul-

ture medium. (a) Scanning electron microscopy (SEM) images of HMs at Cagar (top to bottom) of 3.0, 4.0, and 5.0 wt. %.

Scale bar is 10 lm. The insets show the Young’s modulus of HMs at room temperature. (b) Colony growth in HMs with

varying Cagar, on day 3. The flow rate of the cell culture medium Qm¼ 0.05 ml�h�1. (c) Effect of the flow rate of the cell

culture medium, Qm, on colony growth in HMs on day 3 (Cagar¼ 4 wt. %). In (b), G of the cells in agarose HMs at 3, 4, and

5 wt. % was determined for 20, 37, and 30 cells, respectively. In (c), G of the cells in agarose HMs at 4 wt. % at Qm of 0.05,

0.08, and 0.11 ml/h was determined for 86, 18, and 17 cells, respectively. The brackets above the data bars in (b) and (c)

indicate the two data sets compared in Student’s t-test. The single and double stars denote the p values: * p< 0.05, **

p< 0.01. For all other pairs of data sets in (b) and (c), p> 0.05.
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confirmed by staining them with Hoechst (blue fluorescence), as shown in Fig. 6(b). The viabil-

ity of EL4 cells was examined by staining cells with Calcein AM (live stain, green fluores-

cence) and Ethidium Homodimer I (dead stain, red fluorescence), as shown in Fig. 6(b). The

viability of cells in HMs at Cagar¼ 4 wt. % and Qm¼ 0.08 ml/h was �87% after 3 day culture.

In the control experiments conducted with cells encapsulated in macroscopic agarose gels, a

small fraction of dead cells (�10%) in colonies was also found in 4 wt. % macroscopic agarose

gels after 3 day culture (supplementary material, Fig. S350).

IV. DISCUSSION

The MF platform for the generation of 2D arrays of microscale artificial ECMs enables

screening of their chemical and biophysical properties, as well as real-time studies of spatial

constraints on cell behavior in their respective microenvironments. The distinct features of the

platform include a uniform size of HMs (CV< 8%), the use of a small amount of reagents, sup-

pressed evaporation of water, and an automated loading and analysis of samples. In the present

work, the array of 500 cell-laden enumerated HMs with controllable mechanical properties and

structures was produced within 90 min.

FIG. 6. Viability and growth of T cells encapsulated in hydrogel modules. (a) Optical microscopy images of EL4 cells com-

partmentalized in HMs. Phase contrast images (left column, top and bottom) show HMs laden with one and two cells,

respectively. Cagar¼ 4 wt. %. Phase contrast images (right column, top and bottom) show the same HMs after 3 day cell cul-

ture. Scale bars are 100 lm. The vertical black lines show the features of the microchannel below the wells (see supplemen-

tary material).50 (b) CFM images of EL4 cells shown in (a) after 3 day culture. Top and bottom images show growth of T

cell colonies starting from one and two cells (top and bottom) shown in (a), respectively. The CFM images show (left to

right) cell colonies stained with Hoechst 33342, Calcein AM (Cal AM), and Ethidium Homodimer I (EthD-I) and a merged

image of cells stained by all three dyes. Nuclei staining by Hoechst 33342 shows the formation of cell colonies after 3 day

culture. The concentration of cells in the suspension was 7� 105 cell ml�1. Scale bars are 100 lm. Scale bars in the insets

are 10 lm.
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The applicability of the MF platform was demonstrated by analyzing cell viability and

growth in HMs formed in comprehensively studied, well-characterized agarose hydrogels. Both

adherent and non-adherent cells—NIH 3T3 fibroblast cells and EL4 T cells—showed high via-

bility and growth. A large number of call-laden HMs with a stochastic distribution of encapsu-

lated cells enabled time- and labour-efficient studies of the effect of inter-cell distance and the

encapsulation rate on colony growth. The platform provided the capability to study cell fate on

the level of individual cells, which is important in studies of rare cells and cell-cell

interactions.26,56

Fibroblasts encapsulated in HMs exhibited high viability and proliferation rate after 3 day

culture; however, they did not spread in the inherently inert agarose HMs, consistent with ear-

lier work.42 Proliferation of cells could be prohibited by the lack of bioactive ligands in the

supporting matrix.57 Presumably, due to the lack of cell binding sites, we also did not observe

the effect of inter-cell distance on fibroblast colony growth. The platform was particularly ad-

vantageous for studies of the effect of hydrogel properties on cell fate. A large number of cell-

laden HMs with identical gel compositions and properties in the same row provided statistically

significant cell characterization, while HMs in parallel rows varied in agarose concentration,

and thus in Young’s modulus and structure of the hydrogel. Cell culture in HMs with a higher

Cagar showed a decreased proliferation, which was consistent with earlier findings on the inhib-

ited cell proliferation in matrices with a high stiffness.58,59 In addition, a larger pore size in the

gels formed at a lower Cagar favored cell proliferation, thus enabling more cells to achieve 3D

confluency.60–62 A poor viability of cells cultured at medium flow rate � 0.02 ml/h was

ascribed to the poor delivery of nutrients to cell-laden HMs and an insufficient removal of

waste from the cells. The MF platform was also utilized for the fabrication of 2D arrays of aga-

rose HMs encapsulating non-adherent T cells. After 3 day culture, T cells exhibited high viabil-

ity and proliferation rate. The platform offered the capability for in situ monitoring of T cell

migration in artificial ECMs, important for T cell activation, differentiation, survival, and inter-

action with target cells.63–66

A MF approach to the generation of 2D arrays of cell-laden HMs paves the way for effi-

cient studies of cell fate in instructive artificial ECMs. Real-time imaging of cells and cell

colonies encapsulated in HMs provided sufficient resolution for the determination of cell via-

bility and spatial factors on cell growth. Imaging of cell-laden HMs by confocal fluorescence

microscopy provided sufficient signal intensity to resolve individual cells and quantify the vi-

ability of individual cells and cell colonies. Moreover, real-time imaging of cells and colonies

by optical microscopy enabled direct visualization and subsequent quantification of spatial

factors, e.g., cell-to-cell distance, as well as the dimensions of individual cells and colonies,

which would be otherwise challenging when overall fluorescence intensity of a large number

of cells is utilized.

The platform offers the capability to acquire information on the role of spatial effects on

individual cell behavior, e.g., the effect of the distance between the neighboring cells in HMs.

While in macroscopic cell-laden gels, the results of such studies are generally averaged, by

encapsulating a small number of cells into HMs and by varying the cell-to-cell distance within

a limited range the effect of cell-cell interactions can be more accurately investigated.

Furthermore, 2D HM arrays offer at least two advantages in the growth of cancer spheroids.

Due to the uniform HM size distribution, the diffusion path length for the delivery of soluble

molecular cues, e.g., drugs and nutrients to the cells, will be identical, which would provide

quantitative, statistically significant data. Second, in-flow delivery of drugs to cancer spheroids

allows mimicking drug delivery in vivo.

While agarose HMs were used for the proof of principle work, studies of other hydrogels

of synthetic and biological nature are a clear next step for in-depth cell analysis. Another im-

portant direction of research on the level of individual cells includes studies of in vitro cell

migration and cell-cell interactions in the respective HMs. The integration of 2D arrays of cell-

laden HMs with microplate readers would make the MF platform particularly beneficial in fun-

damental cell biology research, drug discovery, and bioassay validation.
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V. CONCLUSION

In conclusion, we have demonstrated MF generation of 2D arrays of uniform, micrometer-

size hydrogel modules for cell encapsulation and culture. Advantages of the platform include

the uniform dimensions of the modules, the use of small reagent volumes, suppressed evapora-

tion of water, and an automated loading and analysis of samples. Due to the large number of

cell-laden modules and stochastic distribution of cells in the modules, cell studies can be con-

ducted in a time- and labor efficient manner. Both NIH 3T3 fibroblast cells and EL4 T cells

showed good viability and proliferation in hydrogel modules after 3 day culture. The platform

was used—on the level of individual cells—for studies of the effect of spatial constraints on

cell growth. The 2D array of hydrogel modules was also used to examine the role of structural

and mechanical properties of the hydrogel on cell growth.

The growth of cell colonies is an important factor determining cell fate. It plays a vital

role in, e.g., stem cell proliferation and differentiation,67 tumorigenicity,55 intercellular signal-

ing,68 and mediation of cell morphology.69 The application of the platform in cell culture,

starting from a single cell or a very small number of cells, will provide valuable information

on colony growth in real time.

Other types of biopolymers, e.g., collagen and gelatin and synthetic polymers, as well as

polymer mixtures can be used for the microfluidic generation of 2D arrays of HMs. The mecha-

nism of gelation can include thermosetting, as in the current work, or photo- and thermocros-

slinking of polymers or monomers. The requirement is that polymer gelation occurs after the

formation of precursor droplets. The platform can also be used for the exploration of the effect

of chemical and biophysical cues on individual cells, studies of in vitro cell migration, and the

examination of cell-ECM and cell-cell interactions by co-encapsulating different cells in the

hydrogel modules.

In the present work, we used a five-row microwell MF device and tested five different con-

ditions of cell culture in HMs. In principle, the described platform can utilize up to 20 000

HMs per chip with dimensions of 5 cm � 8 cm. In this situation, tens to hundreds of independ-

ent conditions of cell culture can be investigated on a single chip.
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