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The native cellular microenvironment is complex, dynamic, and responsible for presenting 

both biomolecular (e.g., growth factors, cytokines) and biophysical (e.g., mechanical, 

structural) regulatory signals. While perhaps impossible to fully replicate the complexity of 

human tissues in engineered biomaterials, there is a specific need for combinatorial 

biomaterial platforms where combinations of biophysical and biomolecular cues can be 

rapidly screened. Such tools would enable investigations to identify hierarchies and 

synergies between multiple signals, and to determine the minimum constellation of cues 

necessary to induce a desired cellular phenotype. Advances in secretomic, genomic, and 

functional profiling as well as in systems biology could enable multi-scale analysis of 

interconnected signaling networks responsible for determining cell fate in response to 

complex extracellular cues. However, advances in biomaterials technology required to 

generate adaptable, three-dimensional microenvironments as test platforms to understand 

cell-material interactions on a similar scale have not yet been realized.
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The growth of robotic and microfluidic technologies has enabled fabrication of a range of 

material arrays to screen the impact of biophysical and biomolecular regulators on 

embryonic[1] and adult stem cell[2] differentiation. While these studies provided important 

insights, most were performed with cells cultured on 2D hydrogel platforms. Recently, some 

progress has been made describing combinatorial arrays of 3D biomaterials to mimic 

elements of native tissue architecture. Such approaches have created combinatorial arrays of 

3D macroporous synthetic polymeric scaffolds to explore the effects of polymer 

composition on MC3T3 preosteoblast adhesion and proliferation.[3] A separate approach 

using a gradient maker described a library of 3D poly(ethylene glycol)-based scaffolds with 

controlled mechanical properties, demonstrating selective osteogenic maturation of 

encapsulated MC3T3 cells in gels stiffer than 225 kPa.[4] Despite these advances, method 

for producing arrays of macroporous, naturally-derived polymeric scaffolds have yet to be 

described. Such a platform offers the potential to examine the combined impact of 

biophysical and biomolecular signals on regulating discrete cell behaviors. Further, the vast 

majority of the previously described 3D platforms require cells to be incorporated at 

fabrication, rather than having the ability to sequentially manipulate biomaterial structural, 

mechanical, and compositional properties, further incorporate discrete biomolecular signals, 

and then introduce cells.

Collagen-glycosaminoglycan (CG) scaffolds are naturally-derived polymeric biomaterials 

that have been used as regenerative templates for skin, peripheral nerves, conjunctiva and 

cartilage,[5] and as analogs of the native ECM to explore cell-matrix interactions in 

vitro.[6, 7] These scaffolds display high porosity (> 99%) and retain natural cell adhesion 

sites. Approaches have been described to tune structural and biomolecular properties at the 

macroscale via manipulation of the freeze-drying process used to fabricate these scaffolds. 

This makes this scaffold system particularly ideal for screening the impact of multiple 

regulators of cell activity in parallel. Notably, altering freezing conditions (rate, temperature, 

directionality) has been shown to impact scaffold pore size[8, 9] and anisotropy.[7] In 

addition to control over scaffold microstructure, our group has previously described methods 

to immobilize biomolecules within the scaffold in a ubiquitous[10] or spatially-restricted[11] 

manner to elicit specific cellular responses. Here we present a scalable, scaffold array 

platform that enables selective presentation of both biomolecular and structural cues at 

individually addressable nodes within the array, as well as its application to explore the 

combined impact of these signals on mesenchymal stem cell (MSC) bioactivity. While we 

have focused on CG materials here, the described freeze-drying fabrication approach should 

be amenable to other polymeric systems including chitosan,[12] silk,[13] and PLGA,[14] all of 

which have been used for generating large, macroscale biomaterials via lyophilization.

Inspired by the scalable architecture of the 96- and 384-well culture plate, we created a mold 

to enable fabrication of self-contained arrays of CG scaffolds with distinct variations in 

structural characteristics (e.g. pore size and anisotropy, Figure 1(a)) at unique nodes within 

the array. Pore size and shape are known regulators of cell behavior including adhesion, 

proliferation, and differentiation.[9, 15] The array was designed to be geometrically identical 

to a standard 96-well plate to enable interrogation of cell bioactivity within each scaffold 

node via existing microplate reader technologies. Each scaffold array was created via a 
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polysulfone chip containing arrays of machined wells mounted on aluminum (AL) or 

polysulfone (PS) bases to regulate the solidification of the CG suspension in the array chip. 

With a thermal conductivity ~850 times higher than polysulfone, aluminum bottom wells 

displayed efficient heat transfer during freezing, shorter solidification times, and resultant 

smaller pores within the scaffold node. Additionally, we explored the use of constant versus 

directional cooling methods previously demonstrated for large scaffold constructs[7, 8] to 

create isotropic versus anisotropic pore geometries, respectively.

SEM micrographs (Figure 1(b–e)) and pore size quantification via stereology (Supplemental 

Table 1) showed a stark influence of both base thermal conductivity and freezing conditions 

on scaffold pore size and shape, respectively. As expected, pores were significantly larger in 

the PS groups compared to the corresponding AL groups (p < 0.05). SEM of the isotropic 

scaffolds supported observations made via stereology that the pores were relatively rounded. 

Additionally, while macro-scale anisotropic CG scaffolds can be fabricated via thermally-

mismatched molds,[7] we were able to replicate this effect in the scaffold arrays via rapid 

cooling on a pre-cooled freeze-dryer shelf prior to lyophilization. Analysis of pore 

orientation angles from SEM images (Supplemental Figure 1) and light micrographs 

(Supplemental Figure 2) showed that the PS anisotropic group in particular had highly 

aligned pores.

We subsequently monitored suspension temperature profiles during lyophilization to 

compare the solidification processes in the scaffold array to previously reported macro-scale 

scaffolds. Directly following initial ice crystal nucleation, the temperature of the collagen 

suspension increased during an ice crystal growth phase, the length of which can be 

correlated to the average pore size of the scaffold. The solidification profiles shown in 

Figure 1(f–g) support the stereological pore analysis results with longer solidification times 

observed in the PS groups. Additionally, while constant (isotropic) cooling led to the onset 

of ice nucleation at about the same time in both the AL and PS groups (Figure 1(f)), 

directional (anisotropic) cooling led to delayed ice crystal nucleation in the PS group (Figure 

1(g)).

Next, we confirmed that the scaffold array could be integrated with conventional microplate 

reader technology to quantify cell bioactivity in each array node on-chip. Fluorescence 

spectrophotometry readouts of cell behavior were tracked over extended culture times. As a 

proof of concept, we compared the number of CellTracker Green® labeled human MSCs in 

three different groups: i) cells in suspension in a 96-well plate (96 well), ii) cells seeded on 

scaffold discs placed in a standard 96-well plate (96 scaffold), and iii) cells seeded on 

scaffold array nodes (Array). As expected, the average intensity for the array scaffolds, 

scaffold plugs, and cell-only controls increased linearly with increased cell seeding density 

(Figure 2(a)), validating the compatibility of the scaffold array setup with microplate 

technology. We also showed that all four array scaffold groups (AL, PS; isotropic, 

anisotropic) could support sustained MSC metabolic activity over a 7 day period, and that 

this response could be tracked on-chip, without the need for individual manipulation of each 

scaffold specimen within the array. Not surprisingly, MSC metabolic activity was 

significantly higher (p < 0.05) in the PS groups, likely due to increased scaffold permeability 

in the larger pores (Figure 2(b)).[16] MSCs within discrete nodes of the array were observed 
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via confocal microscopy to attach and spread normally (Figure 2(c–f)). Paralleling previous 

observations in macro-scale scaffolds,[17] MSCs appeared to conform to the structural 

contact guidance cues provided by discrete struts (red) in the PS scaffold group with larger 

pores while MSCs were able to attach and spread over multiple pores in AL group nodes 

with significantly smaller pores.

After confirming that scaffold arrays containing nodes with discrete microstructural 

properties could be fabricated and that subsequent cell response could be traced using plate 

reader technology, we used a commercially-available gradient maker to fabricate scaffold 

arrays containing node-to-node gradients in biomolecular signals (Figure 3(a)). Twelve-node 

scaffold arrays (AL base) were first fabricated with a gradient of fluorescently-labeled 

bovine serum albumin (BSA)-cyanine (Cy)5. Direct quantification of the fluorescent signal 

of the scaffold array nodes with the microplate reader showed incorporation of a linear 

gradient across the array (R2 = 0.97, Figure 3(c)). Opposing linear gradients of two model 

proteins were subsequently created by loading two different protein/CG solutions into the 

gradient maker with resultant linear gradients of Cy3-labeled BSA (R2 = 0.96) and 

AlexaFluor® 647-labeled streptavidin across the array (R2 = 0.99, Figure 3(d)). In addition 

to biomolecular signals, gradations of ECM components such as structural proteins and 

mineral content may also play a key role in the design of biomaterial analogs for a range of 

tissues such as orthopedic interfaces.[18] We therefore demonstrated a process to create array 

platform containing a gradient of mineral content across the array by mixing non-

mineralized (CG) and mineralized (CGCaP) collagen suspensions via the gradient maker. 

MicroCT analysis and quantification of calcium content within discrete array nodes 

demonstrated the presence of a mineral gradient across the scaffold array (Figure 3(b)).

In addition to the simple incorporation of proteins and other ECM components into the 

gradient maker fabrication process, we demonstrated post-fabrication modification of 

discrete nodes with biomolecular signals. Here we used a benzophenone-based 

photolithography scheme, previously used to pattern biomolecules within large CG 

scaffolds.[11] We showed that linear gradients of covalently-immobilized platelet-derived 

growth factor BB (PDGF-BB) could be created within CG array nodes by simple variation 

of the UV exposure time during photolithographic patterning (R2 = 0.96, Figure 4(a)). We 

also demonstrated the creation of discrete patterns and shapes of immobilized PDGF-BB 

within individual array nodes (Figure 4(a)). Since PDGF-BB has known mitogenic and 

chemoattractant effects on MSCs, patterning of the factor within certain regions of the 

scaffold (e.g., the center) could be especially beneficial. We also used carbodiimide-

mediated crosslinking chemistry to immobilize stepwise gradients of a model biomolecule 

(biotinylated concanavalin A) onto the array scaffolds (Supplemental Figure 3(a–b)). The 

resulting protein gradient was near-linear (R2 = 0.91, Supplemental Figure 3(c)). 

Maintenance of biomolecule activity following covalent immobilization was tracked by 

evaluating the effect of a linear gradient of PDGF-BB within AL and PS array scaffolds on 

MSC metabolic activity (Figure 4(b)). We observed a positive correlation between MSC 

metabolic activity and increasing PDGF-BB content in both the AL and PS groups. As 

expected we also saw higher activity in the larger pore PS groups, most likely due to 

improved nutrient biotransport associated with increased pore size.[16, 19]
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Finally, we used biomolecular gradients across the chip to induce specific biological 

responses. Here, a gradient of a modular peptide mimic of bone morphogenetic protein 2 

(BMP-2)[20] was created to enhance MSC osteogenic differentiation across the array. MSC-

seeded array scaffolds were cultured in osteogenic induction media for 7 days and then 

fixed, permeabilized, and incubated with an antibody against osteocalcin, a marker of 

osteogenesis. The osteocalcin antibody was then tagged with a fluorescently-labeled 

secondary antibody with osteocalcin-related fluorescent signal quantified directly within the 

scaffold nodes via a microplate reader. Cell number was quantified in parallel via Hoechst 

counterstaining. Notably, results demonstrated that increasing amounts of BMP-2 peptide 

incorporation resulted in trends towards increasing osteocalcin expression (Figure 4(c)) with 

little corresponding change in cell number (Figure 4(d)). This finding shows that 

biomolecules incorporated into scaffold arrays via gradient maker technology maintain 

activity and can elicit a specific biological response. Ongoing efforts will use this platform 

for monitoring of live cell behavior (proliferation, differentiation, etc.) in situ within the 

array setup using fluorescent reporters.

Strategies for combinatorial evaluation of biophysical and biochemical regulators of cell 

behavior are critical for the design of new biomaterial platforms. This work outlines a 

scalable approach to fabricate arrays of naturally-derived, three-dimensional collagen 

scaffolds while retaining the capacity to independently tune pore size, pore anisotropy, and 

the presentation of matrix or biomolecular cues node-to-node. Given recent findings from 

our lab that selective modification of CG scaffold structural properties can be used induce 

multi-lineage MSC differentiation in the context of orthopedic insertion repair,[21] but that 

incorporation of combinations of growth factors can lead to unexpected cell 

phenotypes,[10, 22] array-based platforms such as that described here may have significant 

potential for rapidly optimizing biomaterials for regenerative medicine applications. Further, 

this approach should be adaptable to the freeze-drying fabrication of other biopolymer 

systems and can be combined with existing patterning methods including photolithography 

and affinity-binding. Arrays were created with the geometry of a 96-well plate to enable 

integration with standard well-plate assay technologies. Eight and twelve node arrays were 

chosen for this study to demonstrate the capacity to create user-defined patterns of structural 

and biomolecular signals across a natural polymer-derived scaffold array. However, the 

flexibility of lyophilization-based fabrication suggests ease of scale-up to a wider range of 

array geometries (e.g., full 96 or 384 node arrays) in the future. Gradient maker technology 

was integrated to facilitate reproducible creation of linear biomolecular gradients across 

microstructurally-distinct nodes of a single CG scaffold array. We subsequently used 

gradients of biomolecular factors to drive cell proliferation and to regulate MSC fate. 

Scaffold arrays allow presentation of defined combinations of signals while tracing cell 

response node-to-node without having to physically remove discrete nodes from the array, 

hence facilitating parallel analysis of large numbers of scaffold specimens. Together, the 

material system described here should prove as a useful platform technology to aid studies 

attempting to decode the synergies in both nature and kinetics of microenvironmental factors 

necessary to regulate cell activity across a diverse range of tissue engineering and 

regenerative medicine applications.
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Experimental Section

Extended procedures can be found in the Supporting Information.

Array scaffold fabrication

Scaffold arrays were fabricated in situ via freeze-drying. Arrays of wells (6.5 mm diameter; 

96 well-plate geometry) were machined through polysulfone sheets (2 mm thick) that were 

subsequently mounted on removable bases made from aluminum and polysulfone 

(kaluminum/kpolysulfone ≈ 850). For some experiments, a monolithic array with 12 nodes and 

a single aluminum base was used. CG scaffolds within the array were composed of a 

suspension of type I collagen and chondroitin sulfate as described extensively[8, 23] while 

CGCaP suspension was derived from type I collagen, chondroitin sulfate, and calcium salts 

in phosphoric acid.[24] Suspension was pipetted into each node and a full scaffold array was 

fabricated via freeze-drying the suspension at a final temperature of −10°C via isotropic 

(constant) cooling or anisotropic (directional) cooling.

Cell culture within array scaffolds

Human bone marrow-derived mesenchymal stem cells (MSCs) were purchased from Lonza 

(Walkersville, Maryland) and cultured in low glucose DMEM with MSC-validated FBS 

(Invitrogen, Carlsbad, CA) and antibiotics (Invitrogen). MSCs were re-suspended at a 

concentration of 5 × 104 per 20 μL media respectively and seeded onto scaffold nodes using 

a previously validated static seeding method.[15]

Fluorescence quantification within array scaffolds via microplate reader

To quantify cell number on-chip, MSCs were stained with CellTracker™ Green CMFDA 

(Invitrogen) and added either directly onto array scaffolds, onto scaffolds placed within a 

96-well plate, or in suspension in a 96-well plate. The array was placed on an inverted 96-

well plate lid for reading on the plate reader. The average fluorescence for each sample was 

determined on-chip by taking 9 measurements at different locations in each node of the 

array (or individual well of the 96 well plate for control experiments), to account for 

heterogeneities in the scaffold groups. Subsequent analysis of cell activity within the arrays 

was performed similarly, though with different fluorescent antibodies.

Gradient scaffold fabrication

Scaffolds with linear biomolecular gradients were created using a gradient maker (CBS 

Scientific, San Diego, CA). The CG suspension was mixed with the biomolecule to be 

patterned then loaded into the gradient maker, with either CG suspension or CG suspension 

with a second biomolecule of interest loaded into the opposite chamber on the gradient 

maker. The linear mixture of the two suspensions created by the gradient maker was metered 

into the array using a mini-peristaltic pump (CBS Scientific), then freeze-dried as previously 

described.
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Benzophenone photolithography

Benzophenone photolithography was used to localize biomolecules of interest within 

discrete nodes of the array, using methods previously described.[11] Briefly, the scaffold 

array was soaked in a solution of benzophenone-4-isothiocyanate in DMF to immobilize 

benzophenone groups to amines on the CG scaffold. Scaffolds were soaked in a PDGF-BB 

solution prior to patterning via UV irradiation (351.1–363.8, 20 mW/cm2) and thoroughly 

rinsed after patterning to remove non-immobilized protein.

Statistical analysis

One-way analysis of variance (ANOVA) followed by Tukey's HSD post-hoc test was 

performed on pore size and MSC metabolic activity data sets. Statistical significance was set 

at p < 0.05. At minimum of n = 3 independent scaffolds per group were used for all 

analyses. Error is reported as the standard error of the mean unless otherwise noted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Scaffold array mold with disparate base thermal conductivities (kaluminum/kpolysulfone ≈ 

850). SEM images of array scaffold microstructure with different base materials (aluminum; 

polysulfone) and freezing procedures (isotropic, constant cooling; anisotropic, directional 

cooling) reveal larger pores in the polysulfone groups and elongated, aligned pores in the 

anisotropic groups. (b) AL isotropic, (c) AL anisotropic, (d) PS isotropic, (e) PS anisotropic. 

Scale bars: 100 μm. Representative thermal profiles during solidification for CG scaffold 

arrays frozen under (f) isotropic or (g) anisotropic conditions. The ice crystal growth phase 

period is markedly shorter for AL scaffolds. Isotropic (constant) cooling conditions results 

in onset of solidification at about the same time for both base materials, but anisotropic 

(directional) freezing leads to later onset of solidification in less conductive PS group.
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Figure 2. 
(a) MSCs labeled with CellTracker Green were seeded at three different amounts (0.2, 0.4, 

and 1 × 105) in solution (96 well), onto scaffolds placed in a 96 well plate (96 scaffold), or 

onto array scaffolds (Array). Linear increases in fluorescent signal with increased cell 

number were observed for each group, validating that quantitative cell metrics can be 

quantified directly within the array via standard microplate reader technology. (b) MSCs 

show sustained metabolic activity when cultured in array scaffolds. MSC metabolic activity 

is significantly higher in the larger pore PS groups compared to the corresponding AL 

groups. ^: significantly higher than day 1 value, a: significantly higher than corresponding 

anisotropic group, b: significantly higher than corresponding AL group. Confocal images of 

MSCs seeded within (c) PS isotropic, (d) AL isotropic, (e) PS anisotropic, and (f) AL 

anisotropic array groups. Pores are clearly larger in PS groups. MSCs conform to the 

scaffold microstructure more in the PS groups while spreading across multiple structural 

elements in the AL groups. Scale bars: 100 μm. Red: scaffold backbone (AlexaFluor® 633 

carboxylic acid, succinimidyl ester), Green: actin (AlexaFluor® 488 phalloidin), Blue: 

nuclei (Hoechst 33258).
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Figure 3. 
(a) A gradient maker connected to a peristaltic pump was used to meter mixed CG 

suspensions to discrete nodes of the array mold. (b) Loading of the gradient maker with non 

mineralized and mineralized CG suspensions respectively results in the creation of mineral 

gradients as shown by microCT and calcium quantification (inset). (c) Monolithic gradient 

array containing a single linear gradient of Cy5-labeled BSA functionalized CG scaffolds. 

Direct plate reader quantification of Cy5 signal in array scaffolds demonstrates the creation 

of a linear biomolecular gradient. (d) Opposing linear gradients of Cy3-labeled BSA and 

AlexaFluor® 647-labeled streptavidin across a single scaffold array.
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Figure 4. 
(a) Benzophenone photolithography was used to create a linear gradient of covalently-bound 

PDGF-BB across discrete nodes of a single array as a function of UV exposure time. 

Alternatively, discrete patterns of biomolecular signals (stripes, squares) can also be created 

within individual array nodes. Scale bars: 500 μm. Green channel: AlexaFluor® 647 anti-

rabbit secondary antibody, blue channel: collagen autofluorescence. (b) PDGF-BB gradient 

directly incorporated across the array scaffolds drives increased MSC metabolic activity 

within both AL and PS groups. The larger pore PS scaffolds support higher levels of 

metabolic activity. ^: significantly higher than AL group at gradient position, *: significantly 

higher than gradient position 1. (c) BMP-2 peptide gradient incorporated across the array 

induces in a linear increase in osteocalcin expression (7 days) with (d) limited changes in 

MSC number (proliferation).
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