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     The bone marrow provides spatially and temporally variable signals that im-
pact the behavior of hematopoietic stem cells (HSCs). While multiple biomo-
lecular signals and bone marrow cell populations have been proposed as key 
regulators of HSC fate, new tools are required to probe their importance and 
mechanisms of action. Here, a novel method based on a microfl uidic mixing 
platform to create small volume, 3D hydrogel constructs containing overlap-
ping patterns of cell and matrix constituents inspired by the HSC niche is 
described. This approach is used to generate hydrogels containing oppos-
ing gradients of fl uorescent microspheres, MC3T3-E1 osteoblasts, primary 
murine hematopoietic stem and progenitor cells (HSPCs), and combinations 
thereof in a manner independent of hydrogel density and cell/particle size. 
Three different analytical methods are described to characterize local prop-
erties of these hydrogels at multiple scales: 1) whole construct fl uorescent 
analysis; 2) multi-photon imaging of individual cells within the construct; 3) 
retrieval of discrete sub-regions from the hydrogel post-culture. The approach 
reported here allows the creation of stable gradients of cell and material cues 
within a single, optically translucent 3D biomaterial to enable a range of 
investigations regarding how microenvironmental signals impact cell fate.      

relatively little is known about how 
HSCs assimilate and respond to multiple 
extrinsic cues from its microenvironment. 

 The rarity of HSCs within the bone 
marrow [  2  ]  challenges direct identifi cation 
of key niche constituents and underlying 
mechanisms of action. Previous ex vivo 
HSC studies have highlighted increas-
ingly sophisticated approaches to probe 
the infl uence of cell–cell interactions and 
paracrine-mediated signaling on HSC fate. 
HSCs cultured in conditioned media or co-
cultured with endothelial cells and osteo-
blasts exhibit altered fate decisions. [  5–7  ]  
Culture platforms have also recently been 
described to investigate the impact of com-
binations of growth factors. [  8  ]  While media 
supplementation and Transwell membrane 
experiments provide the capacity to study 
paracrine signaling in a limited manner, they 
are not amenable to reproduce the 3D cel-
lular, biophysical, and biochemical gradients 
that exist within the native bone marrow. 

 While functional bone marrow mimics 
may eventually require spatiotemporal control over the distri-
bution of multiple niche constituents within a single bioma-
terial, they must also facilitate analysis of the resultant fate 
decisions at multiple scales (single cell through cell popula-
tions). [  9  ]  Gradient materials are particularly attractive for such 
a platform due to their ability to present a continuous series 
of microenvironments across a single construct as well as 
their potential to mimic anatomical gradients found within the 
native bone marrow. [  10  ]  A number of approaches have recently 
been described for generating biomaterials containing defi ned 
gradients. Microfl uidic platforms, and more recently photo-
lithography approaches, have long been used to create spatial 
gradients of tethered and soluble biomolecules on 2D sub-
strates. [  11–14  ]  Resultant studies employing these gradients have 
been used to examine a wide range of cellular processes such as 
motility and polarity. [  15–20  ]  Polyacrylamide substrates containing 
gradients in elastic modulus have also recently been used to 
study the impact of stiffness gradients on mesenchymal stem 
cell behavior. [  21  ]  While time consuming, bioprinting techniques 
have been increasingly used to spatially pattern ECM proteins, 
growth factors, and/or cells on 2D substrates in order to impact 
stem cell differentiation and bioactivity. [  22,23  ]  

 While a wide range of methods have been reported for 
creating stable gradient on 2D substrates, techniques have 
only more recently begun to be described for creating stable 

  1   .  Introduction 

 Hematopoiesis is a physiological process where the body’s 
full complement of blood and immune cells are generated 
from a small number of hematopoietic stem cells (HSCs). [  1–3  ]  
HSCs are primarily found in the bone marrow, a complex, 3D 
microenvironment consisting of cells, the extracellular matrix 
(ECM), as well as ECM-bound and soluble biomolecules. [  2  ]  
This niche is believed to provide signals that dynamically infl u-
ence HSC fate decisions, notably quiescence, self-renewal, and 
differentiation. [  4  ]  HSCs use a complex network for sensing, 
communication, and regulation that is likely hierarchical and 
integrates multiple microenvironmental inputs. However, 
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gradients within fully 3D biomaterials. Convective mixing of 
multiple hydrogel precursor solutions has been shown to allow 
the production of stable gradients within 3D hydrogels, though 
this method is most effective for creating gradients in narrow 
channels with extended aspect ratios (channel length signifi -
cantly larger than width or depth). [  24,25  ]  Bioprinting techniques 
have been modifi ed to create patterns of stem cells and bio-
molecules within fully 3D hydrogels in order to infl uence cell 
aggregation and migration. [  26–32  ]  Although promising, the time, 
complexity, and equipment required for creating these struc-
tures remains a concern. Microfl uidic mixers have recently 
been described to create graded environments in fully 3D 
hydrogels, though typically these efforts have used microfl uidic 

channels to impart a gradient in growth 
factor concentrations across an otherwise 
uniform hydrogel specimen. [  33–35  ]  Further, 
these approaches typically have not been 
used to generate gradients of cells within 
the fi nal hydrogel; instead, cells are seeded 
on the surface of the hydrogels after they are 
formed. Such approaches preclude the gener-
ation of defi ned distribution patterns of cells 
within the fi nal hydrogel structure. 

 The objective of this study was to develop 
a microfl uidic mixing platform able to gen-
erate 3D hydrogels containing opposing gra-
dients of multiple cell populations within the 
construct. Such a platform would leverage 
the relatively rapid speed for generating such 
gradients as well as the potential to modify 
mixing channel designs [  36  ]  to alter the width 
and geometry (linear, sinusoidal, exponen-
tial, sigmoidal) of the fi nal gradient. We 
intend to use this platform as the basis for 
developing 3D culture environments that 
more closely replicate elements of the het-
erogeneous cell, matrix, and biomolecular 
environment within the bone marrow. Here, 
we adapted a conventional staggered her-
ringbone microfl uidic mixer [  37  ]  to generate 
a 3D hydrogel containing tunable, opposing 
gradients of cell and biomaterial properties 
from two hydrogel precursor suspensions 
( Figure    1  ). We show that stable multi-cell 
gradients can be created independent of cell 
size and hydrogel density without harming 
cell viability. Using this design, the relative 
ratio of the two cell types, their spacing, and 
the speed of diffusive transport through the 
hydrogel are all variables that can be spatially 
defi ned.   

  2   .  Results and Discussion 

  2.1   .  Hydrogels Containing Opposing 
Gradients of Fluorescent Microspheres 

 Opposing gradient hydrogels were fi rst created using fl uores-
cent microspheres ( Figure    2  ) for a range of collagen hydrogel 
densities (1–2.5 mg mL −1 ) that best refl ect both typical working 
conditions for collagen hydrogels and the soft microenviron-
ment within the bone marrow. [  38–40  ]  Slightly different optimized 
fl ow parameters were identifi ed for each collagen density 
in order to create maximally reproducible counter-gradients 
(Table S1, Supporting Information). As expected, a higher fl ow 
rate (i.e., higher pressure) was required to achieve effective 
chaotic mixing for collagen suspensions of increased density. 
Hydrogels containing opposing linear gradients of fl uores-
cent microspheres were used to compare three distinct anal-
ysis modalities with relevance for the resultant bone marrow 

      Figure 1.  Concept and design of a microfl uidic device to create hydrogels containing overlapping 
gradients of hydrogel or cellular components. A) Two-component opposing gradient hydrogel 
with overlapping patterns of matrix and cell content within discrete regions in the hydrogel. 
B) Schematic of microfl uidic mixer that combines two inlet solutions (A,B) via a computer-
controlled syringe pump. Geometric expansion leads to 10 outlets that enter a 180  μ L Tefl on 
mold. Inset: Microscopic image of mixing channel (200  μ m wide × 100  μ m deep) containing 
a herring-bone structure (50  μ m) to indu ce chaotic advection. C) Macroscopic view of mixer 
containing colorized precursor suspensions. D) Macroscopic view of Tefl on mold containing 
resultant counter gradient hydrogel A schematic depicting the concept of the gradient gels. 
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mimics: 1) macroscopic analysis via fl uorescent slide scanner; 
2) microscopic analysis via confocal/two-photon imaging; 
3) hydrogel segmentation and analysis via fl ow cytometry.  

 Results from all analyses are reported in terms of fi ve stand-
ardized equally sized regions along the gradient (Figure  1 A). 
Macroscopic analysis using a slide scanner confi rmed the pres-
ence of opposing gradients of hydrogel precursor suspensions 
in the fi nal hydrogel construct for a range of collagen densities 
(1–2.5 mg mL −1 ). Figure  2 A shows distinct gradients of yellow/
green fl uorescent microbeads (FS-Y/G) versus red fl uorescent 
microbeads (FS-R) across a full 1.5 mg mL −1  collagen hydrogel. 
Figure  2 B,C show mean fl uorescence intensity (MFI) analysis 
confi rming the presence of opposing linear gradients of micro-
spheres for two hydrogel variants: 1.0 mg mL −1  (Figure  2 B), 
2.5 mg mL −1  (Figure  2 C). Figure  2 D depicts the ratio of the two 
microsphere populations across the fi ve standardized analysis 
regions for all four hydrogel densities created. Critically, linear 
opposing gradients of microsphere populations were created 
for all tested hydrogel densities. 

 While a statistically signifi cant ( p  < 0.05) change in FS-Y/G 
and FS-R MFI between each region was not always observed, 
the overall trend was statistically signifi cant for all hydrogel 
densities. Slight non-uniformity in the resultant gradients 

can be noted across many gels. This can be 
attributed to speed of gelation of the collagen 
system, which relies on temperature induced 
gelation processes as well as the diffi culty in 
maintaining a uniform fl ow across a large 
8 mm mold width. Shrinking the size of the 
resultant multi-gradient hydrogel and using 
photocross-linkable chemistries are currently 
being pursued to create more stable opposing 
gradients. While previous literature has sug-
gested that herringbone structures are not 
necessary to ensure uniform mixing, [  11  ]  the 
presence of heterogeneities (e.g., beads, cells) 
within our precursor suspensions required 
the presence of herringbone mixing struc-
tures to create linear gradients within the 
hydrogel (Figure S1, Supporting Informa-
tion). Microbead-laden hydrogels created 
using an identical mixer geometry that lacked 
the herringbone structures contained micro-
bead populations concentrated to either end 
of the construct, but not mixed across the 
construct, suggesting that herringbone struc-
tures are required to generate stable opposing 
gradients. 

 We subsequently used fl uorescence acti-
vated cell sorting (FACS) analysis to vali-
date the capacity to isolate distinct regions 
from within the hydrogel for post-culture 
analysis. The fi ve standard regions along 
the gradient were isolated from the gradient 
hydrogel using a custom metal die inserted 
into the hydrogel, resuspended in PBS in 
order to break up the gels, and analyzed via 
fl ow cytometry in order to confi rm the pres-
ence of opposing gradients of fl uorescent 

microbeads ( Figure    3  ) consistent to results obtained via the 
slide scanner (Figure  2 ). For a representative (1.5 mg mL −1 ) 
hydrogel variant, region 1 contained an 85:15 FS-Y/G:FS-R 
ratio, region 3 contained a 46:54 FS-Y/G:FS-R ratio, and region 
5 contained a 15:85 FS-Y/G:FS-R ratio. The Y/G:R ratio varied 
from 5.6:1 to 1:5.6, slightly different from the ratios obtained 
via the fl uorescence slide scanner ( ≈ 4.5:1 to 1:4.5, Figure  2 D). 
Such differences are likely due to detection effi ciencies of each 
characterization method. However, overall these results demon-
strate the potential to analyze either the hydrogel as a whole or 
distinct regions from within the hydrogel, a critical capacity for 
analyzing local versus global cell interactions across a gradient 
biomaterial.   

  2.2   .  Infl uence of Microfl uidic Mixing Conditions on Cell Viability 

 Chaotic advective mixing has the potential to exert shear 
stresses on cells within the hydrogel suspension. While pre-
vious studies have indicated shear-mediated fl ow can be a neg-
ative regulator of cell viability, [  41  ]  HSCs natively mobilize into 
the peripheral blood stream and home back to the marrow, 
suggesting a capacity to withstand shear stresses associated 

      Figure 2.  Collagen hydrogels containing overlapping gradients of multiple fl uorescent micro-
beads. A) Spectrally separated images of the yellow/green fl uorospheres (FS-Y/G) vs red fl uoro-
spheres (FS-R) populations within a single opposing gradient hydrogel. B) Normalized mean 
fl uorescence intensity (MFI) for FS-Y/G vs FS-R populations along a 1.0 mg mL −1  gradient 
hydrogel. C) Normalized MFI for FS-Y/G vs FS-R populations along a 2.5 mg mL −1  gradient 
hydrogel. D) Ratio of FS-Y/G:FS-R within fi ve standardized regions along the multi-gradient 
hydrogels (1.0, 1.5, 2.0, and 2.5 mg mL −1 ). 
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with blood fl ow. [  42–44  ]  To examine the impact of fl ow through 
the mixer on cell viability, 1 mg mL −1  collagen suspensions 
containing MC3T3-E1 or primary LSK cells were alternatively 
placed directly into a glass-bottom MatTek dish (control) or 
were passed through the microfl uidic mixer (device) into the 
dish. Relative cell viability was assessed up to 3 d ( Figure    4  ; 
Figure S2, Supporting Information). For both cell types, a 
high degree of relative viability was observed over the fi rst 
24 h of culture, the period of time during which the most sig-
nifi cant effects of applied shear stress were expected. [  45  ]  While 
some statistically signifi cant differences in viability were 
observed after 3 d in culture, viability remained high (>60%) 
throughout.  

 Notably, these results are consistent with previous observa-
tions involving a microfl uidic device with channel dimensional 
and fl uid fl ow rates smaller than those used here. [  8  ]  This prior 
work suggested that fl ow-induced cytotoxicity of HSPCs in 
microfl uidic culture platforms is limited, in agreement with 
results reported here. While only examining fl ow-induced 
changes on cell viability here, ongoing experimental efforts 
are examining the role played by channel dimension, advective 
mixing conditions, hydrogel density, and fl ow rate on HSPC 

function (e.g., self-renewal vs proliferation). Such an approach 
would be critical for addressing the functional signifi cance 
of applied shear stresses on HSPC fate or for investigating 

  Figure 3.  Isolating subregions from the gradient hydrogel for FACS analysis. A) Schematic of a counter-gradient hydrogel composed of yellow/green 
fl uorospheres (FS-Y/G) vs red fl uorospheres (FS-R). B) Metal die insert used to divide the hydrogel into fi ve distinct hydrogel regions along the gra-
dient. C) Characteristic FACS plots for hydrogel regions along the gradient with relative percentage of FS-Y/G (green) or FS-R (red) characteristic of 
MFI analysis results. 

      Figure 4.  Relative viability of MC3T3 and LSK cells in 1 mg mL −1  collagen 
hydrogel after passing through the microfl uidic mixer. 
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mechanisms by which HSPCs sense shear stresses during 
mobilization from the bone marrow into the blood stream.  

  2.3   .  Hydrogels Containing Opposing Gradients in Cell Content 

 The ability to create opposing gradients of multiple cell popula-
tions within the hydrogel was demonstrated in a manner iden-
tical to that described for fl uorescent microspheres. Opposing 
gradients of fl uorescently tagged MC3T3s (with CMFDA-green 
dye and CMTPX-red dye) were observed via MFI analysis across 
all collagen densities (1–2.5 mg mL −1 ;  Figure    5  ). Figure  5 A 
shows counter-gradients of MC3T3 cells for a representative 
hydrogel (1 mg mL −1 ). Figure  5 B depicts the CMFDA:CMTPX 
ratio within the fi ve regions for all hydrogel variants. Similar 
to the microbead gradients, a statistically signifi cant ( p  < 0.05) 
change in MFI was observed in the direction of the gradient 
across the hydrogel even though adjacent regional differences 
were not always statistically signifi cant. Differences in MFI 
ratios between cell (3:1 to 1:3, Figure  5 B) and microsphere 
(4.5:1 to 1:4.5, Figure  2 D) laden hydrogels may be due to differ-
ences in chaotic mixing of  ≈ 20  μ m cells and 1  μ m microbeads. 
Although this is an unavoidable occurrence in the presence of 
cells, modifi cations in microchannel dimensions could possibly 
alleviate these problems.  

 The stability of the cell gradients was subsequently assessed 
via FACS from hydrogels created using opposing gradients 
of unlabeled and CMFDA-labeled MC3T3s in 1.0 mg mL −1  

collagen hydrogels (Figure  5 C). The lowest hydrogel concentra-
tion was chosen as it was expected to present the least steric 
resistance to cell movement. The fraction of CMFDA +  cells 
across the hydrogel was analyzed via FACS both immediately 
after hydrogel creation (0 h) and after 1 d in culture (24 h). 
Consistent gradients were observed (Figure  5 C), suggesting 
the microfl uidic device can be used to establish stable opposing 
gradients of cell content. Notably, a statistically signifi cant 
( p  < 0.05) increase in CMFDA +  MC3T3s was observed across 
the gradient hydrogel at both 0 and 24 h, with no signifi cant dif-
ference in CMFDA +  fraction within any discrete region. While 
long-term remodeling is likely to disrupt these gradients, this 
current device will enable short-term analysis of cell–cell inter-
actions. In addition to aiding the analysis of gradient stability, 
the ability to reproducibly isolate discrete regions from within 
the hydrogel is expected to play a particularly signifi cant role 
in analyzing HSC fate decisions in future experiments where 
HSCs could be isolated from distinct regions of the hydrogel 
for not only FACS analysis, but also for further molecular 
biology techniques such as real-time polymerase chain reaction 
(RT-PCR) or signal transduction pathway analysis. 

 As an alternative, confocal microscopy was used to examine 
hydrogels containing opposing gradients of CMFDA +  versus 
CMTPX +  MC3T3s without having to disrupt the hydrogel cul-
ture. Our goal was to demonstrate the ability to use 3D imaging 
approaches to characterize local regions within the gradient 
hydrogel and do so in a manner conducive to continuous, live-
cell monitoring of individual or small groups of cells within 

      Figure 5.  Collagen hydrogels containing overlapping gradients of multiple fl uorescently tagged cell types. A) Normalized mean fl uorescent inten-
sity (MFI) for CMFDA vs CMTPX-labeled MC3T3 cells within fi ve standardized regions along a 1 mg mL −1  collagen gradient hydrogel. B) Ratio of 
CMFDA:CMTPX labeled MC3T3 cells for all hydrogel densities (1.0, 1.5, 2.0, 2.5 mg mL −1 ). C) FACS analysis of the fraction of CMFDA +  MC3T3 cells 
(vs unlabeled MC3T3s) within each region of the hydrogel immediately after hydrogel formation (0 h) and after 24 h of culture. 
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the heterotypic hydrogel microenvironment. Qualitative assess-
ment of image stacks acquired from each of the standardized 
hydrogel regions ( Figure    6  A, Region 3) suggests that confocal 
or multi-photon imaging could be used to describe the local 
cellular microenvironment. Subsequently, the total number 
of CMFDA +  versus CMTPX +  MC3T3s was manually counted 
within each image stack (Figure  6 B). Linear opposing gradient 
were observed for all hydrogel densities (1–2.5 mg mL −1 ). Taken 
together, these results suggest that local features within the 
hydrogel can be described via population level analysis of the 
entire construct (Figure  5 A) or at the single-cell level via fl uo-
rescent microscopy (Figure  6 B).   

  2.4   .  Diffusivity of the Hydrogel Matrix 

 To simulate paracrine-mediated intracellular signaling, we 
examined small-molecule diffusivity in monolithic collagen 
hydrogels (1–2.5 mg mL −1 ) using fl uorescein isothiocyanate 
(FITC)-conjugated dextran (40 kDa). Hydrogel diffusivity 
was high for all hydrogel densities: 150  ±  4 (1.0 mg mL −1 ), 
143  ±  10 (1.5 mg mL −1 ), 137  ±  6 (2.0 mg mL −1 ), and 153  ±  10 
(2.5 mg mL −1 )  μ m 2  s −1 . While a direct correlation between 
increasing collagen hydrogel density and mechanical integrity 
exists, [  38  ]  small-molecule diffusivity was not signifi cantly affected 
for the range of collagen hydrogels explored here. Although the 
cells within the hydrogel could act as impermeable objects that 

hinder biomolecule diffusion, [  46  ]  cell densi-
ties (up to 5E6 cells mL −1 ) were chosen such 
that they composed less than 7% of the total 
hydrogel volume. However, we anticipate that 
the magnitude of niche cell paracrine signals 
reaching an HSPC within the network to be a 
function of the local diffusivity of the matrix 
as well as the local density of niche cells. 
While such effects are the subject of ongoing 
investigations, the platform described in this 
study enables study of the impact of parac-
rine-mediated niche cell signaling on HSC 
fate through control over both matrix diffu-
sivity and niche cell density.  

  2.6   .  Heterotypic Bone Marrow Microenviron-
ment Mimics 

 The microfl uidic mixing platform was then 
used to generate preliminary heterotypic 
bone marrow culture environments. Here, 
opposing gradients of primary murine LSK 
(HSPCs) and MC3T3 osteoblasts were cre-
ated in 1 mg mL −1  collagen hydrogels. While 
MC3T3 osteoblasts are not expected to be 
functional niche cells capable of infl uencing 
hematopoiesis, the objective of this effort was 
to demonstrate that opposing linear gradients 
could be created from multiple cell types of 
different sizes (MC3T3 osteoblasts,  ≈ 20  μ m; 
LSKs,  ≈ 5  μ m) as the precursor to ongoing 

work using primary niche cells isolated from the bone marrow. 
Opposing gradients of LSKs and osteoblasts were quanti-
fi ed via whole construct fl uorescence ( Figure    7  B,C). Notably, 
similar opposing gradients of MC3T3s and LSKs (2:1 to 1:2, 
Figure  7 C) were observed as previously seen for opposing 
MC3T3 gradients in 1 mg mL −1  collagen (Figure  5 A). Multi-
photon microscopy was used to image individual LSKs and Lin +  
(GFP + ) bone marrow cells mixed together in a single hydrogel 
construct. Here, spectral deconvolution methods were capable 
of discerning LSKs (cKit + Sca1 + ) from mature bone marrow 
(Lin + ) cells (Figure  7 D). As expected for the LSKs, [  47  ]  Sca1 was 
expressed across the cell surface while cKit was expressed in 
punctuate regions. Features in the resulting gradient gel appear 
to be primarily set by in-channel mixing and fl uid fl ow through 
the outlets, suggesting that cell precipitation or heterogeneities 
in the precursor suspensions within the syringes may be neg-
ligible due to the speed of hydrogel mixing, often faster than 
1 min (Table S1, Supporting Information).  

 Taken together, these experiments demonstrate the capability 
to create heterotypic cell microenvironments and then to inter-
rogate the resultant multi-cell aggregates at multiple scales. 
Notably, the multi-gradient hydrogel construct developed here 
offers the potential to perform HSC fate tracing assays within 
a model 3D microenvironment where the local cellular micro-
environment can be systematically manipulated. Ongoing work 
is also exploiting this system to create gradients in the bio-
physical properties of the matrix and incorporating additional 

      Figure 6.  Confocal analysis of collagen hydrogels containing overlapping gradients of multiple 
fl uorescently tagged cells. A) Confocal microscope image taken within subregion three along 
the gradient showing the relative density of CMFDA vs CMTPX labeled MC3T3 cells. B) Fraction 
of CMFDA vs CMTPX MC3T3 cells within the fi ve regions along the gradient calculated from 
confocal images via manual cell counting. 
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microfl uidic layers to provide local supplementation of cues 
such as growth factors to the hydrogel. [  48  ]  Effi cient post-culture 
retrieval of local subregions of the hydrogel construct offers the 
potential to analyze region-specifi c HSC gene expression, sign-
aling pathway analyses, and functional capacity (colony-forming 
unit, in vivo repopulation assays). [  49,50  ]  Future investigations 
leveraging this technology are anticipated to provide signifi cant 
new information regarding how HSCs interact and respond to 
the diverse biophysical environment within the bone marrow.   

  3   .  Conclusions 

 We described an approach to reproducibly create heterotypic 
microenvironments containing HSCs and one or more puta-
tive niche cells in counter-gradient hydrogels. We have used 
multiple analytical approaches to validate the multi-gradient 
hydrogels at many scales (single cell to whole construct). We 
also described a method to extract distinct sub-regions from 
the greater hydrogel matrix for analysis using conventional 
molecular biology approaches. We demonstrated fabrication 
and maintenance in culture of a series of hydrogels containing 
opposing gradients of fl uorescent microspheres, cell popula-
tions of similar size, or dissimilar sizes. Preliminary cell cul-
ture assays with both a cell line (MC3T3s) and primary stem 
cell population (LSK) indicated that viability was not signifi -
cantly affected by microfl uidic patterning. 

 The eventual goal of this effort is to develop a versatile bio-
material platform able to create complex patterns of niche 
inspired signals in order to examine the impact of biophysical 

cues and niche cell paracrine signaling on HSC fate. In addi-
tion to helping generate signifi cant new knowledge regarding 
how micro-environmental signals help shape HSC fate deci-
sions, this system may also facilitate optimization of culture 
platforms for ex vivo expansion of clinically relevant hematopoi-
etic cell populations as well as study of the etiology, expansion, 
and treatment of hematopoietic pathologies.  

  4   .  Experimental Section 
  Fabrication of the Microfl uidic Mixer and Hydrogel Mold : The 

microfl uidic device was fabricated using standard two layer 
photolithography procedures on a 4″ Si wafer (University Wafers, South 
Boston, MA). [  51  ]  The design of the microfl uidic diffusive mixer contains 
channels with a 200  μ m (wide) × 100  μ m (tall) cross-section with 50  μ m 
high staggered herringbone features. These herringbone features induce 
chaotic advection in the channel that further facilitates mixing of cells. [  37  ]  
The design for the device was created in Freehand MXTM (Macromedia 
Inc.) and printed on high-resolution transparencies (5080 dpi, University 
of Illinois at Urbana-Champaign Printing Services). A positive relief 
structure of the microchannel design was obtained by covering a 
silicon wafer with a 100- μ m layer of SU8–2050 negative photoresist 
(MicroChem Corporation, Newton, MA) via spin-coating, baking (65  ° C 
for 5 min, 95  ° C for 15 min), and subsequently using UV exposure (OAI 
1500, 220 mJ cm −2 ) through the photomask that defi nes the channel 
geometry. A second 50  μ m layer of photoresist was spin-coated onto 
the microchannel geometry, followed by baking and UV exposure 
(180 mJ cm −2 ) with a herringbone photomask. The resulting two-layer 
photoresist structure was baked (65  ° C for 1 min, 95  ° C for 6 min) 
and then developed using propylene glycol monomethyl ether acetate 
(PGMEA). The remaining positive relief structure was then washed away 
with acetone and isopropyl alcohol. A monolayer of tridecafl uoro-1,1,2,2-

      Figure 7.  Incorporation of primary hematopoietic stem cells within the gradient hydrogel. A) FACS schematic of Lin − cKit + Sca1 +  cell isolation from 
the bone marrow of C57BL/6 mice. B) Spectrally separated images of the CMFDA-labeled MC3T3s vs CMPTX-labeled HSPCs within a single counter-
gradient hydrogel (1 mg mL −1  collagen). C) Normalized mean fl uorescent intensity (MFI) for CMFDA +  MC3T3s vs CMPTX +  HSPCs within 1 mg mL −1  
collagen hydrogels. D) Non-destructive imaging of individual cKit + Sca1 +  and Lin +  bone marrow cells within a 1 mg mL −1  collagen hydrogel via in situ 
two-photon microscopy. 
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tetrahydrooctyl trichlorosilane (Gelest, Morrisville, PA) was deposited 
onto the silicon master prior to replica molding to prevent covalent 
adhesion of polydimethylsiloxane (PDMS) on the photoresist and the 
silicon surfaces. PDMS devices were then created from this master by 
curing a 10:1 mixture of monomer:cross-linking agent (RTV 615 Part 
A/B, General Electric, Waterford, NY) on the wafer at 65  ° C for 1 h. After 
peeling the PDMS mold off the wafer, access ports were punched using 
a 20-gauge needle. The mold was fi rst cleaned with tape (Scotch TM 
3M), and sealed to a plasma treated (Harrick Scientifi c Corp., PDC001) 
3″ × 2″ glass slide (Fischer Scientifi c 12–550-A3), followed by annealing 
at 65  ° C for 1 h. 

 The microfl uidic mixer was designed to combine two hydrogel inputs 
(Component A, Component B) to create 10 output streams (Figure  1 A), 
each with a defi ned ratio of the 2 inlet components. A Tefl on mold with 
inner dimensions of 15 mm × 8 mm × 1.5 mm ( ≈ 180  μ L) was made with 
10 stainless steel tubes (25 Gauge) attached to either side of the 15 mm 
length of the mold close to the top surface. The tubes were press-fi t 
into holes punched at each outlet of the microfl uidic mixer and into 
the Tefl on frame to physically connect the microfl uidic mixer and the 
mold. Tubes press-fi t into the opposite side of the Tefl on frame served 
as outlets for the displaced volume within the mold during gradient 
formation (Figure S3, Supporting Information). Glass coverslips were 
semi-permanently attached to the top and bottom of the mold via non-
toxic, non-reactive high-vacuum grease (Dow Corning). The coverslips 
were placed to facilitate live-cell fl uorescent imaging within the gradient 
construct as well as post-culture removal to facilitate access to discrete 
regions of the hydrogel. 

  MC3T3 and HSPC Cell Culture : MC3T3-E1 pre-osteoblasts (MC3T3, 
ATCC, Manassas VA, passage 20–30) were cultured in T25 fl asks in 
complete alpha-MEM media (minimum essential medium (MEM) 
with alpha modifi cation, 10% fetal bovine serum (FBS), 5% Penicillin-
Streptomycin, 5% L-Glutamine). MC3T3s were cultured to confl uence at 
which point they were washed in PBS and trypsinized; cells were then 
either re-suspended in culture for expansion or prepared for use in the 
microfl uidic devices. Prior to use, cells were fl uorescently tagged via 
CMFDA (green) or CMTPX (red) fl uorescent dye (Invitrogen, Carlsbad 
CA) at a 1:1000 dilution in complete alpha-MEM media (15 min; 
37  ° C). [  52  ]  

 Primary HSPCs were isolated from the bone marrow of the femur 
and tibia of female C57BL/6 mice (Jackson Labs; Ages 1–3 months). 
The bones were gently crushed with a mortar and pestle, washed with 
a solution of PBS + 2% FBS (PBS/FBS), and fi ltered with a 40- μ m 
sterile fi lter to isolate whole bone marrow. All subsequent steps were 
performed in a PBS/FBS solution on ice. Red blood cells were lysed with 
ACK lysis buffer (Invitrogen, Carlsbad, CA). Cells were re-suspended in 
PBS with Fc receptor-blocking antibody to reduce non-specifi c antibody 
binding. HSPCs were identifi ed as the Lin − Sca-1 + c-kit +  (LSK) fraction 
by incubating the remaining bone marrow cells with a cocktail of 
antibodies: PE-conjugated Sca-1 (1:100 dilution), APC-conjugated c-kit 
(1:100 dilution), and a 1:100 dilution of an FITC-conjugated Lineage (Lin) 
cocktail (CD5, B220, Mac-1, CD8a, Gr-1, Ter-119). [  53–55  ]  All antibodies 
were supplied by eBioscience (San Diego, CA). The LSK fraction was then 
sorted using a BD FACS Aria II fl ow cytometer (BD FACS Diva software) 
and collected in PBS/FBS on ice for immediate use. An average of 0.2% 
of total bone marrow cells sorted was identifi ed as LSK, consistent with 
previously reported results. [  53–55  ]  All animal experiments were conducted 
with permission obtained from the University of Illinois Institutional 
Animal Care and Use Committee (IACUC), Protocol #09054, #12033. 

  Preparation of Collagen Hydrogel Solutions Containing Fluorescent 
Microbeads or Cells : Type I collagen (BD Biosciences, Bedford MA) was 
used as the hydrogel precursor suspension for all experiments. Collagen 
solutions with defi ned densities (1.0, 1.5, 2.0, 2.5 mg mL −1 ) were 
prepared from the stock collagen solution of approximately 9 mg mL −1  
(lot specifi c) by mixing the collagen stock solution with complete  α -MEM 
media and HEPES solution (2.5% of fi nal volume); fi nal suspension 
pH was adjusted to 7.3–7.5 via 0.4  m  NaOH. [  56  ]  Hydrogels containing 
1- μ m diameter yellow/green (FS-Y/G) (Excitation: 505/15 nm; Emission: 
515/15 nm) or Red (FS-R) fl uorescent microbeads (Excitation: 575/25; 

Emission: 610/25) (Invitrogen, Carlsbad, CA) were generated by 
vortexing 0.1% (v/v) beads with the collagen hydrogel solution. Similarly, 
MC3T3s or LSK HSPCs were mixed into the hydrogel at a concentration 
of 200 000–400 000 cells mL −1 . All steps were performed at 4  ° C to 
minimize the potential for hydrogel gelation prior to mixing through the 
microfl uidic mixer. 

  Generation of Multi-Gradient Hydrogels : To prevent air bubbles from 
being trapped inside the device, the entire device assembly (microfl uidic 
mixer, mold, connecting conduits) was immersed in water under 
vacuum (40 Torr, 15 min). The two input solutions for the multi-gradient 
hydrogel were prepared in 1 mL syringes that were then placed on a 
computer-controlled syringe pump (Harvard Apparatus, model 33 twin 
syringe pump, Holliston MA). The fl ow rate of the hydrogel precursor 
suspensions as well as the fl ow duration was tuned in accordance 
with the hydrogel density (Table S1, Supporting Information) to 
facilitate chaotic mixing and the formation of a smooth gradient. After 
generating the gradient hydrogel, the Tefl on mold was detached from 
the microfl uidic mixer, submerged in culture media in a Petri dish, 
and maintained in an incubator for long-term culture. To maintain the 
reproducibility of the gradients, new microfl uidic mixers were generated 
for each experiment. 

  Characterizing Hydrogel Gradients : A Typhoon 9400 fl uorescence 
slide scanner (GE electronics) was used to assess the two-component 
gradients. Briefl y, the projected fl uorescence values through the 
thickness of the hydrogel and across the gradient were gathered, with 
the resultant composite image subdivided into 5 (standardized) equally 
sized regions (1–5) along the gradient. As controls, the monolithic 
precursor suspensions were placed onto glass slides and scanned in 
order to normalize the fl uorescence levels quantifi ed from the gradient 
hydrogel. The MFI of each region was subsequently determined for all 
acquired fl uorescence channels using ImageJ in a manner previously 
described. [  57  ]  All fl uorescence data were then normalized to the 
appropriate precursor gel solution fl uorescence, yielding a normalized 
MFI for each region. 

 Hydrogels containing fl uorescently labeled (CMFDA, CMTPX) cells 
were alternatively imaged using a Zeiss 710 multiphoton confocal 
microscope through the coverslip under the hydrogel mold. 3D image 
stacks (700  μ m × 700  μ m × 170  μ m deep) were acquired in the plane of 
the hydrogel construct from each of the fi ve regions along the gradient; 
the total number of CMFDA versus CMTPX labeled cells in each region 
was then quantifi ed. The spectral deconvolution capabilities of the Zeiss 
710 microscope were employed to image discrete LSK HSPCs via cKit 
(APC) and Sca1 (PE) fl ow cytometry antibodies as well as Lin +  (GFP + ) 
bone marrow cells within the collagen hydrogel. 

 To analyze discrete populations within each hydrogel region (1–5), 
we developed a metal die, which could be inserted into the hydrogel 
at any point during culture to mechanically separate the hydrogel into 
fi ve equally sized regions along the gradient (Figure  3 B). Each sub-
region contained 20–30  μ L of cell-hydrogel suspension that could be 
individually collected and analyzed. The microbead or cell-embedded 
constructs isolated from each hydrogel region were resuspended in PBS, 
fi ltered to remove the collagen and analyzed using a BD fl ow cytometer 
to quantify relative populations across the hydrogel gradient. 

  Quantifying Small Molecule Diffusion : Hydrogel diffusivity was 
measured via fl uorescence recovery after photobleaching (FRAP) 
experiments using FITC-conjugated Dextran (40 kDa, Sigma 
Aldrich). [  58–61  ]  Here, a 1 mg mL −1  dextran solution in PBS was used 
to prepare the collagen precursor solutions of different densities 
(1–2.5 mg mL −1 ), replacing the media suspension previously described. 
The collagen solution was spread over a MatTek dish and incubated 
overnight (37  ° C, 5% CO 2 ). FRAP measurements were performed using 
the Zeiss 710 Multiphoton confocal microscope. [  48  ]  Briefl y, a 80- μ m 
diameter spot was bleached (laser intensity: 0.05 mW) at the center of 
the gel depth. The sample was bleached for 5 s and recovery for up to 
15 min was traced via fl uorescent imaging. The half time ( t  1/2 ) of the 
recovery was calculated using the FRAP function available in the Zeiss 
software. The hydrogel diffusion coeffi cient ( D ) was subsequently 
calculated as:
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D = w2

t1/2   
(1)

      
where  D  is the diffusion coeffi cient,  w  is the photobleaching beam 
radius, and  t  1/2  is the recovery half time. [  58,62  ]  A maximum of three 
spots were bleached per sample, spaced as far away from each other 
as possible to minimize after-effects of photobleaching on every 
subsequent measurement. 

  Cell Viability : Cell viability within the hydrogels was assessed using 
a live/dead cytotoxicity kit (Invitrogen) using Calcein AM (live) and 
ethidium homodimer (dead) as indicators. [  63  ]  Viability was quantifi ed 
via fl uorescence microcopy and ImageJ at 0, 6, 24, and 72 h of culture 
analysis. 

  Statistical Analysis : One-way analysis of variance (ANOVA) was 
performed on gradient measurements across different regions and 
collagen densities for the beads and cells followed by Tukey tests. [  64  ]  
Signifi cance was set at  p  < 0.05. At least  n   =  4 gradient gels were used 
for all analyses. In the fi gures, the error in each data point is reported as 
the standard error of the mean unless otherwise noted.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
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