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Designing an ideal biomaterial supportive of multicellular tissue repair is challenging, especially with a poor
understanding of the synergy between constituent proteins and growth factors. A brute-force approach, based on
screening all possible combinations of proteins and growth factors, is inadequate due to the prohibitively large
experimental space coupled with current low-throughput screening techniques. A high-throughput screening
platform based on rational and combinatorial strategies for design and testing of proteins and growth factors can
significantly impact the discovery of novel tissue-specific biomaterials. Here, we report the development of a
flexible high-throughput screening platform, Rapid Assessment of Migration and Proliferation (RAMP), to
rapidly investigate cell viability, proliferation, and migration in response to highly miniaturized three-
dimensional biomaterial cultures (4–20 mL) with sparingly low cell densities (63–1000 cells per mL for cell arrays;
1 mL of 1000–10,000 cells per mL for migration arrays). The predictions made by RAMP on the efficacy and
potency of the biomaterials are in agreement with the predictions made by conventional assays but at a
throughput that is at least 100–1000-fold higher. The RAMP assay is therefore a novel approach for the rapid
discovery of tissue-specific biomaterials for tissue engineering and regenerative medicine.

Introduction

In 2000 alone, *50 million Americans sustained injuries,
resulting in an estimated $80 billion in direct healthcare

costs.1 Autologous tissue grafts represent a common treat-
ment option for soft tissue trauma and bone defects, result-
ing in donor site morbidity. For the severely injured,
incomplete regeneration may limit patients’ ability to rejoin
the workforce as well as impact their long-term quality of
life. Toward this end, tissue engineering and regenerative
medicine aim to develop a replacement biomaterial to sup-
port tissue regeneration, and thereby improve functional
outcomes. Development of a replacement biomaterial, how-
ever, is challenging as the biomaterial needs to be presented
with appropriate biomechanical, biochemical, and topo-
graphical cues, usually via a scaffold. Ideally, this biomate-
rial would support the repair of a multicellular native tissue
without eliciting an immune response. The experimental
discovery space is prohibitively large given the high number
of possible constituent proteins and growth factors. A high-
throughput screening platform that allows the testing of a
large number of candidate biomaterials in a time- and cost-
effective manner can significantly impact the development of
an ideal tissue-specific biomaterial. High-throughput tech-

nologies have enabled significant advances in other fields,
such as drug discovery, genetics, and toxicity screening.2–5

High-throughput cell-culture arrays are of particular interest
in tissue engineering due to their capacity for rapid cultur-
ing, imaging, and analysis of hundreds of samples while
reducing experimental costs and increasing reproducibility.

Conventional cell-culture arrays have typically focused on
assaying cell response to libraries of proteins and synthetic
polymers4 in two dimensions by quantifying metrics, such as
viability, proliferation, and differentiation.3,6 While two-
dimensional (2D) arrays have some utility in cytotoxicity
applications, three-dimensional (3D) arrays will be more
advantageous for accurately assessing the cell in a physio-
logically relevant manner, thus improving their applicability
in vivo. Cell response to material composites is also affected
by the presentation scheme. Cell behavior (proliferation,
gene expression, and spreading) can be different in 2D
compared with 3D cultures.7 Although 3D cell-culture arrays
have been previously used to evaluate cell viability or dif-
ferentiation within biomaterials, they do not accommodate
the analysis of higher order cellular characteristics (e.g.,
morphology, migration, etc.) to varied matrix compositions
or soluble factors.8–10 This limits their utility for rapid
screening of cellular responses to compositionally varied
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biomaterials, and emphasizes the need to extend such high-
throughput methods to functional cell assessments for ap-
plications in tissue engineering.

Tissue engineering has broadly been applied to repair
injuries and treat diseases that affect a variety of tissues, such
as skin, bone, cartilage, liver, and nerves. For example, in the
peripheral nervous system (PNS), guidance channels, tubes
that bridge the nerve injury generated from a wide array of
biomaterials, are used to support the repair of nerve in-
juries.11 Effective guidance channels must support many cell
types in the peripheral nerve, which can contain sensory,
motor, or a mix of both neuron populations as well as other
resident non-neuronal cells (e.g., glia, endothelial cells, and
fibroblasts). To date, engineered guidance channels fail to
support repair of large-gap injuries, and therefore autografts
remain the gold standard for peripheral nerve injury. During
the development of novel guidance channels, nerve regrowth
is assessed as a primary metric of repair, but migration and
repopulation of other resident cells is also necessary for re-
pair, and is often overlooked. The singular focus on neural
regrowth lends itself to only part of the story. If the bioma-
terial is not supportive of growth and migration for all res-
ident cells vital to the functional regeneration of the injured
tissue, then the implanted biomaterial may not be successful.

Collagen type I, the most abundant protein in peripheral
nerves, is supportive of neuronal growth; however, Schwann
cells, the glial support cells in the PNS, are not supported
within this biomaterial.12,13 Since Schwann cell repopulation
is necessary to support axonal growth and ultimately to
remyelinate the injured nerve, a biomaterial required for
peripheral nerve repair would need to support both neurons
and Schwann cells.11,14 It is unlikely that a single factor can
adequately support all resident PNS cells; however, it is
likely that a synergistic combination of matrix proteins and
soluble growth factors has the potential to facilitate tissue
regeneration. The rate-limiting step is the ability to rapidly
screen relevant cell responses in three dimensions to a vari-
ety of candidate matrix proteins and soluble growth factors,
thereby identifying an optimum tissue-specific biomaterial.
This approach, ideally, would evaluate both, basic functions
(viability, proliferation, etc.) as well as more complex cell
behavior (spreading, migration, etc.), in a rapid manner.

To achieve this goal, we have designed and developed
Rapid Assessment of Migration and Proliferation (RAMP), a
high-throughput cell-array-based platform to test naturally
occurring matrix proteins within a 3D hydrogel. The RAMP
assay employs a spatially addressable, miniaturized, 3D
cell-culture array to determine functional outputs, such as
number, spreading, and migration, rapidly screened with a
high-resolution flatbed scanner. These cell arrays can be eval-
uated at a single time point to evaluate differences in spreading
or over time to examine changes in cell number (e.g., prolifer-
ation and toxicity screening) and migration. We envision that
this assay will identify biomaterials that are growth supportive
(GS, reported as ‘‘positive hits’’), but could be expanded to
discovery of biomaterials that are not supportive of cellular
processes or are growth inhibitive (GI, reported as ‘‘negative
hits’’). More subtle differences can subsequently be identified
using higher resolution imaging modalities.

Here, we demonstrate the application of RAMP assay for
identifying GS and GI biomaterials, while biomaterials that
provide intermediate cell support are not pursued further as

they are less likely to find much utility. While the need to
investigate GS biomaterials is obvious, it is equally advan-
tageous to identify GI biomaterials. During development,
both GS and GI cues work in concert to direct cells to form
organized tissues. A highly tuned biomaterial that incorpo-
rates a combination of GS and GI biomaterials to control
migration and proliferation of the many beneficial and
potentially detrimental cell populations would provide a
‘‘smart’’ scaffold to support tissue-specific repair.

The challenge of increasingly complex biomaterial optimi-
zation needs to be met with an effective screening assay. The
studies described in this article exemplify the use of the RAMP
assay for the rapid design and discovery of optimal bioma-
terials. We provide a proof of concept using Schwann cells
and two collagen-based hydrogels (collagen type I, GI;
a composite of collagen type I and Matrigel� [4:1], GS). We
have evaluated the sensitivity of RAMP assay to rapidly as-
sess Schwann cell number, spreading, and migration within
these two similar yet functionally diverse biomaterials, and
subsequently confirmed the results of RAMP with conven-
tional macroscale assays. While other assays exist to evaluate/
screen for cell proliferation and viability on or within a 3D
biomaterial, to our knowledge, this is the first assay to eval-
uate cell migration within a 3D biomaterial in a rapid format.

Materials and Methods

Isolation of primary Schwann cells

Primary Schwann cells were isolated from the sciatic nerve
of postnatal day-2 Sprague Dawley rat pups (Taconic Farms,
Inc.) as previously described.15–17 Briefly, the sciatic nerve was
removed and plated in 1-mm lengths in six-well culture dishes
containing base medium (Dulbecco’s modified Eagle medium
[DMEM; Mediatech, Inc.] supplemented with 10% fetal bovine
serum [FBS; Hyclone], 2 mM L-glutamine [Hyclone], and
50 U/mL penicillin/streptomycin [Mediatech, Inc.]) under
standard culture conditions (37�C, 5% CO2). Isolated cell cul-
tures were treated with antimitotic agents (10 - 5 M cytosine
arabinoside; Sigma Aldrich) for 72 h to remove the highly mi-
totic fibroblasts. Contaminant fibroblasts were targeted with
complement-mediated cell lysis.18 Purified Schwann cells were
expanded in growth medium (base medium supplemented
with 6.6 mM forskolin [Sigma Chemical] and 10mg$mL- 1 bo-
vine pituitary extract [BD Biosciences]). Purity was assessed
by S100 immunostaining, a Schwann-cell-specific marker, with
cells used from passages 3–10 at > 97% purity.

Array assembly and sterilization

Sylgard 184 poly(dimethylsiloxane) (PDMS; Dow Corn-
ing) sheets were generated by pouring the base (15 g) and
curing agent at 10:1 wt/wt ratio into a 128 · 86 mm2 rectan-
gular dish (Nunc) and allowing the PDMS to cure at room
temperature for 48 h prior to use. About 75 · 25 mm2 rect-
angles were excised from the PDMS sheets. A dermal punch
was used to create wells from the excised PDMS to create
gaskets with inner diameters (IDs) of 2, 3, or 4 mm. The
PDMS gaskets were scrubbed clean with detergent (Alco-
nox), rinsed with diH2O for 5 min in a sonicator bath, dried
with filtered air, and UV sterilized. Cleaned, acid-etched
coverglass (50 · 24 mm2) was coated with 0.5% w/v poly-2-
hydroxyethyl methacrylate (pHEMA; Sigma Aldrich) to
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prevent cell attachment to the glass.19 The gasket was placed
on the pHEMA-coated glass and a multiwell assembly was
formed that was UV sterilized prior to use.

Cell population arrays

To determine assay sensitivity to cell concentration, spot
size, and biomaterial composition, serial dilutions of purified
Schwann cells ranging from 63 to 1000 cells per mL were
suspended in bovine collagen type I (MP Biomedical) bio-
materials, with or without growth-factor-reduced Matrigel
(BD Biosciences), as adapted from Dewitt et al.13 These ma-
terials were chosen because Schwann cell migration and
spreading are not supported within 3D collagen hydrogels,
while the inclusion of Matrigel that is comprised of collagen
IV, laminin, and other soluble and insoluble factors serves to
support these cell functions.13,20

Phenol red free (PRF) 1· DMEM, PRF growth medium,
FBS, 0.1 N NaOH, and stock 4 mg$mL - 1 bovine collagen
were prepared in a 3:6:4:7:20 ratio, respectively, resulting
in a final concentration of 2 mg$mL - 1 collagen for each
concentration of Schwann cells. Cell-laden collagen and
collagen–Matrigel hydrogels were pipetted into the arrays, in
replicates of eight for each well size. To avoid artifacts from
imaging, the biomaterial height was kept constant (*1 mm)
irrespective of the well ID, yielding hydrogel volumes of 4, 9,
and 16 mL for wells of 2, 3, or 4 mm, respectively. Schwann-
cell-laden constructs were incubated for 10 min at 37�C and
then checked for even cell dispersion throughout the bio-
materials and covered in PRF Schwann cell growth medium
and maintained in culture for 1–7 days. Acellular collagen
and collagen–Matrigel biomaterials served as controls.

Migration arrays

Step-wise injection of cells during polymerization helped
retain Schwann cells locally within the center of the hydro-
gel. First, acellular collagen was pipetted into an array with
4-mm-ID wells and allowed to partially polymerize for 2 min
at room temperature. A second layer of collagen was pi-
petted on top of the partially polymerized acellular collagen
layer and incubated for an additional 2 min. Schwann cells
(0–10,000 cells per mL) were suspended in collagen and 1 mL
of the suspension was injected on top of partially polymer-
ized, double-layered hydrogel, incubated at 37�C for 10 min
to complete polymerization, and then covered in PRF growth
medium and cultured for 1–7 days in vitro. Step-wise injec-
tion of the cells during polymerization helped retain the
Schwann cells locally within the center of the hydrogel. More
traditional macromigration studies were performed concur-
rently in a 48-well-plate assay for comparison.

Fluorescent staining and imaging

Cell proliferation and migration array samples were fixed
with 4% w/v paraformaldehyde and 4% w/v sucrose (Sigma-
Aldrich) in a buffer solution containing 60 mM piperazine-1,
4-bis(2-ethanesulfonic acid), 25 mM 4-(2-hydroxyethyl)piperazine-
1-ethanesulfonic acid, 10 mM ethylene glycol-bis(2-aminoethy-
lether)-N,N,N¢,N¢-tetra acetic acid, 2 mM MgSO4, and
sufficient KOH to achieve pH 7.0 in diH2O for 1 h. Samples
were rinsed with 1· phosphate-buffered saline (PBS; Cam-
brex) for three times and permeabilized with 0.01% v/v
Triton-X (Sigma-Aldrich) in PBS. Due to the high purity of the

isolated Schwann cell cultures ( > 97%), cell spreading was
visualized using phalloidin, rather than a Schwann-cell-
specific stain. The samples were incubated at room temperature
in phalloidin-conjugated tetramethylrhodamine B isothio-
cyanate (TRITC-phalloidin; Sigma-Aldrich) diluted 1:500 and
4¢,6-diamidino-2-phenylindol (DAPI; Invitrogen) diluted
1:1000 in 5% w/v bovine serum albumin (Sigma-Aldrich) for
1 h. Samples were rinsed in PBS, and stored overnight at 15�C
prior to imaging.

The arrays (cell population and migration) were imaged
on a Typhoon Trio flatbed scanner (GE Healthcare Bio-
sciences; 10mm resolution) in the fluorescence mode (532 nm
laser, 580 BP 546 emission filter) to rapidly assess the total
cell signal along the z-axis on a xy-plane image. In parallel,
the arrays were also imaged using an Olympus IX81 in-
verted microscope (Olympus) with a 4· dry objective and
representative images were acquired from the center of each
culture.

Data analysis and statistics

Cell array scans were assessed as 8-bit images using the
NIH ImageJ toolkit (National Institute of Health) to quantify
average intensity per culture condition as a measure of cell
number or the signal area as a measure of migration. The
average signal intensity per test condition (m = 8 replicates
per array) in the proliferation assay was measured and
presented as a raw value for each data set (n = 3). Average
signal intensity was also normalized to the maximum aver-
age signal intensity value in any single array to account for
variability across replicates. Migration was quantified using
the ImageJ freehand selection tool by tracing the perimeter of
the cell-laden area, and then quantifying the average inten-
sity and area of each culture condition (n = 3 separate trials,
m = 12 replicates). Migration data at any time point was
normalized to similar values prior to the onset of significant
migration (8 h for the 4-mm-ID arrays and 24 h for the 48-
well-plate arrays). In parallel, individual wells within the cell
arrays were imaged using a fluorescence microscope to
quantify cell number, spreading, and migration. Images were
analyzed using ImageJ to determine the total cell number
(DAPI signal) and cell spreading (phalloidin signal). Cell
spreading was normalized to cell number to determine the
average cell spreading area for each sample.

Data obtained from flatbed scanning and fluorescent mi-
croscopy were rank-ordered (1 corresponding to inferior per-
formance). The average intensity measured by the scanner was
compared to results obtained with conventional macroscale
assays, microscopy and image analysis. Two-way multiple-
replicate ANOVA was performed using Excel (Microsoft) to
determine statistical significance of spot size, cell density,
composition, culture time, and migration ( p-values < 0.05).
Student’s t-test was performed to determine statistical signif-
icance between individual conditions ( p-value < 0.05). Error
bars are represented as standard deviation.

Results

Assay sensitivity to cell density in collagen-based
biomaterials

RAMP sensitivity to cell number was evaluated using 3D
hydrogels over a range of cell densities (63–1000 cells per mL).
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For both collagen-based biomaterials, collagen alone and
collagen–Matrigel composite, the scanned array image ex-
hibits an increase in signal with increasing seeding density
that was well dispersed throughout the biomaterial (Fig. 1A,
B). Quantitative measurements of signal intensity from the
scanned array image confirm a significant increase in signal
with increasing seeding density within the range of 250–1000
cells per mL (Fig. 1C). Thus, RAMP can rapidly detect gross
differences in cell number within a 3D hydrogel.

Rapid assessment of morphological differences
in collagen-based 3D biomaterials

The established sensitivity of the RAMP assay to cell
density (Fig. 1C) can be expanded to detect differences in
cell morphology due to biomaterial composition. Significant
differences between the model collagen biomaterials, colla-
gen and collagen–Matrigel composite, were detected for
individual densities within the range of 63–500 cells per mL.
The minimum cell density required for cell detection in 3D
using the scanner was evaluated by first scanning the array
and identifying spots that did not have a significantly
greater signal than acellular controls, and then confirmed
using microscopy to visualize and quantify the actual cell
densities based on DAPI signal. The minimum cell density
required for detection by the scanner (Fig. 1) was 451 cells
permL in collagen and 267 cells permL in collagen–Matrigel,
as based on actin signal, suggesting differences in cell
spreading within the biomaterials. Thus, the RAMP assay
is sensitive enough to detect differences in cell response be-
tween different collagen-based biomaterials, and the thresh-
old values are cell-type dependent. Conventional fluorescence
microscopy was used to verify results (sensitivity to number
and composition) from RAMP and demonstrated even cell

dispersion across randomly selected focal planes (Fig. 2A–G).
As expected, a higher overall actin signal based on cell area
was measured in response to Matrigel and increased seeding
density (Fig. 2A–G). Spreading was limited in the collagen-
only biomaterials and no significant increase in Schwann cell
area with increasing seeding density was observed even after
3 or 7 days in culture. In both biomaterials, Schwann cells
were well dispersed and did not form clusters within the
wells.

Using both RAMP and conventional microscopy, differ-
ences in signal intensity were detected between the two hy-
drogels at the same seeding density (within a given range),
suggesting that differences in cell morphology can be de-
tected at a given seeding density. The cell area (actin signal)
was normalized to the cell number (DAPI signal) to rapidly
estimate the average individual cell area. Cell spreading is
limited in collagen-only biomaterials (130 – 78mm2$cell - 1)
compared with Schwann cells cultured within collagen–
Matrigel (1571 – 575mm2$cell - 1; Fig. 2A–F, H). Schwann cells
exhibit a round morphology in collagen hydrogels, while a
more spread morphology is evident with the addition of
Matrigel. Differences in individual cell morphology within
the collagen-based biomaterials were first detected by RAMP
and confirmed using microscopy.

The RAMP assay is designed to rapidly screen cell re-
sponse in 3D to a biomaterial library. Its utility, in practice, is
dependent on good quantitative agreement with macroscale
hydrogels imaged using traditional microscopy. The average
spot intensity from RAMP arrays for different biomaterials
(e.g., seeding density and matrix composition; Fig. 1) as well
as experiment duration (day 3 and 7 data) were rank-ordered
with the highest intensity values corresponding to the
highest rank order. The average cell area as measured by
microscopy was similarly rank-ordered by cell area. The
correlation between RAMP and traditional methods (mi-
croscopy) was linear with a few outliers (Fig. 2I). Most im-
portantly, there was a good correlation between the rank for
the top three hits (identified as GS biomaterials) using the
scanner and the microscope. The lower ranked biomaterials
(indicated as GI biomaterials) also showed a correlation be-
tween the two assays, indicating that RAMP is adequately
sensitive in quickly identifying GI biomaterials as well.

Average intensity and cell distribution is independent
of well diameter

Assay throughput was explored by conducting biomate-
rial screening experiments over a range of well diameters (2-,
3-, or 4-mm ID). A serial dilution of Schwann cells from 63 to
1000 cells per mL was seeded into arrays of varying diameter.
The thickness of each of the biomaterial regardless of well
diameter was kept constant to allow a direct comparison
between well sizes. Single scans of 2-, 3-, and 4-mm-ID wells
exhibited consistent signal within seeding densities ranging
from 1000 cells per mL (left) to 125 cells per mL (right) (Fig.
3A–C). Regardless of well diameter, the average intensity
increases with initial seeding density over the range of 250–
1000 cells per mL (Fig. 3D). The scanned images provide
qualitative evidence that the cells were well distributed
within each biomaterial. Regardless of the imaging modality,
the normalized intensity at a given seeding density was in-
dependent of well diameter (Fig. 3D–G).

FIG. 1. Rapid Assessment of Migration and Proliferation
(RAMP) arrays imaged by the flatbed fluorescent scanner
are sensitive to differences in seeding density and matrix
composition. Representative scans for phalloidin-stained
Schwann cells cultured for 24 h in collagen (A) and collagen–
Matrigel� (B) were analyzed. (C) The average intensity in-
creases significantly with increasing seeding density within
both biomaterials for 250–1000 cells permL densities (#p < 0.05,
n = 3, m = 8). Intensity differences between the two model
biomaterials can be detected at individual seeding densities
from 63 to 500 cells permL with collagen (black circles) ex-
hibiting a significantly lower average intensity relative to the
collagen–Matrigel biomaterial (gray squares) ( + p < 0.05, n = 3,
m = 8). Error bars represent standard deviation.
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Schwann cell migration is sensitive to presence of Matrigel

Cell attachment, proliferation, and viability over time are
straightforward and necessary metrics to quantify when
determining whether a given biomaterial is appropriate.
Once basic metrics of cell attachment are satisfied, increas-
ingly complex cell response metrics, such as migration, need
to be assessed to identify appropriate biomaterials for tissue
repair. In this work, we extended the cell population assay to
rapidly assess a more complex cell response, for example, cell
migration. Typically, migration assays are performed in a
large-scale, multiwell format, which are both effort and re-

source intensive. Rapid-screening technologies currently do
not incorporate assessment of migration despite its impor-
tance in tissue repair. Simple modifications to cell placement
within the biomaterial allow for the rapid screening of cell
migration. To demonstrate this, Schwann cells were injected
in the center of an acellular hydrogel and these arrays were
scanned after 8 h to visualize cell placement (Fig. 4A, C). By
96 h, migration was quantified and was observed extending
beyond the initial injection site within the collagen–Matrigel
(Fig. 4G), but migration was not apparent within the collagen
biomaterials (Fig. 4E). In collagen, there was an obvious re-
duction in signal, indicating a loss in cell number. These

FIG. 2. Traditional microscopy confirms RAMP analysis of Schwann cell response to model biomaterials. Arrays were
imaged using microscopy and changes in cell morphology were analyzed. Schwann cells were stained with phalloidin to
visualize the actin cytoskeleton (red) and the nuclei were labeled with DAPI (blue). Cells were seeded within the collagen (A,
C, E) or collagen–Matrigel (B, D, F) biomaterials at densities ranging from 250 to 1000 cells per mL and were cultured for 3
days. Schwann cells remained largely rounded in the collagen-only construct, while the collagen–Matrigel biomaterial
supported a spread morphology at all cell densities examined. (G) Using ImageJ, cell area was significantly (*p < 0.05, n = 3,
m = 12) higher for Schwann cells cultured within collagen–Matrigel (gray squares) over those cultured within collagen (black
circles). As expected, there was a significant increase in the overall cell area with increasing seeding density ( + p < 0.05, n = 3,
m = 12). (H) Normalizing the cell area to cell number provides the average spreading area per cell, which was shown to be
significantly (*p < 0.05, n = 3, m = 12) higher for cells seeded within collagen–Matrigel (gray squares) than Schwann cells
cultured in collagen (black circles). There was not a significant difference in spreading area per cell between seeding densities
when normalized to cell number. (I) High-throughput, low-resolution scanner intensity measurements from RAMP correlate
with low-throughput, higher resolution microscopy measurements for samples with varying seeding density, matrix, and
duration with few outliers. ‘‘Hits’’ found in the scanned image show comparable correlation to the samples with the highest
Schwann cell spreading area. Error bars represent one standard deviation. Scale bar = 200 mm. 4 · magnification. DAPI, 4¢,6-
diamidino-2-phenylindol. Color images available online at www.liebertpub.com/tec

624 DUMONT ET AL.



results were confirmed by microscopy at higher resolution
(Fig. 4B, D, F, H). Using RAMP, migration was rapidly as-
sessed over time (8, 24, 48, and 96 h). Schwann cells did not
migrate to any significant extent within collagen, but did
migrate into collagen–Matrigel after 24 h and continued to
migrate at 48 and 96 h, in agreement with our qualitative
assessment (Fig. 4I, p < 0.05).

Similar to the cell culture arrays, there was a positive
correlation in the migrated area (microscopy) and average
intensity (scanner) (Fig. 4J). Over 96 h, a similar overall trend
was confirmed in a macroscale, 48-well-plate assay using
traditional microscopy and quantified with image analysis
(Fig. 4K, p < 0.05). Thus, RAMP is able to quickly screen
higher order metrics (migration) in a resource- and time-
efficient manner making it attractive for evaluating a larger
experimental space.

Discussion

We report on the development of an assay to extend high-
throughput techniques to screen for basic metrics, such as
cell spreading, cell viability, and cell proliferation, to include
cell migration in a rapid format. The data presented is a
proof-of-concept evaluating the sensitivity of cells seeded
within a mixture of two common hydrogels: type 1 collagen
and Matrigel. First, RAMP sensitivity to cell density was
validated at a single time point over a range of seeding
densities; however, this assay could be seeded at a single
density and increases in cell number could be screened over
time to evaluate toxicity to (decrease) or proliferation within
(increase) a biomaterial (Fig. 1). To investigate this concept,
assay sensitivity to biomaterial composition was demon-
strated using two model biomaterials. Collagen is a com-
monly used biomaterial for neural tissue engineering,
supportive of neurite outgrowth but less supportive of
Schwann cell spreading and migration. Unlike collagen, the

collagen–Matrigel composite biomaterial incorporates many
soluble and insoluble factors, including, but not limited to,
laminin and type IV collagen—key components of the nat-
ural Schwann-cell-produced basal lamina—which support
Schwann cell proliferation and migration.13 Differences in
cell response to acellular collagen and 4:1 collagen–Matrigel
were attributed to biochemical differences and not biome-
chanical variability as these materials have similar elastic
moduli of 6.4 and 6.6 kPa, respectively.13 Utilizing these
model biomaterials, we demonstrate RAMP to be a flexible
platform that can be used to assess multiple cell metrics,
including cell number (Fig. 1), gross cell morphology
(Fig. 2), and cell migration (Fig. 4), in response to different
biomaterials.

No differences were observed in RAMP assays ranging
from 2- to 4-mm ID, indicating that RAMP can be scaled
below the 2-mm (4mL) threshold to increase throughput
without a reduction in accuracy, as demonstrated in Figure 3.
In this work, the number of sample replicates for each con-
dition (m) is 8–12 within each of the three trial runs; thus,
there were 288 (cell population arrays) or 96 (cell migration
arrays) individual samples in each trial array run. RAMP is
only limited by the size of the PDMS gasket, pHEMA-coated
glass, and well diameter used. Here, only two biomaterials
were assayed so a smaller glass substrate was used to ac-
commodate the samples, but a larger setup could be easily
used to accommodate more samples. Alternatively, reducing
the sample size to a diameter of 2 mm or less would increase
the throughput of RAMP when larger biomaterial libraries
are screened. We do, however, expect that there is a lower
limit where a decreasing well diameter will eventually de-
crease the signal area below detection limits of the scanner
detector. Three factors—printing parameters (accuracy and
reproducibility), cell type, and dye choice—dictate the lower
limits of the assay. The printing accuracy within the well is
an important factor to obtain reproducible results. For

FIG. 3. The average spot intensity
for a given cell density is indepen-
dent of spot diameter (2–4 mm).
Schwann-cell-laden collagen was
printed in RAMP arrays of varying
spot sizes, cultured for 24 h, and
stained with phalloidin. Re-
presentative scans at (A) 4, (B) 3,
and (C) 2 mm are depicted with
increasing seeding density (de-
creasing from left to right). (D) No
significant differences in the aver-
age intensity were detected due to
spot size at a given seeding density
( p > 0.05). As expected, significant
increases in average spot intensity
with increasing seeding density
were detected in the range of 125–
1000 cells per mL ( p < 0.05, n = 3,
m = 12). (E–G) Microscopy verified
uniform dispersal of cells within
the biomaterials in all arrays re-
gardless of spot size. Error bars
represent standard deviation. Color
images available online at
www.liebertpub.com/tec
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example, in the 2-mm wells (Fig. 3), off-centered printing
results in uneven gelation along the well sides. Poor printing
results in nonuniform distribution of cells/biomaterials
within the well and these samples were discarded from
further analysis. This hurdle can be overcome through the
addition of an automated seeding device, or by simply using
a thinner PDMS gasket with manual printing that makes it
easier to maintain an even deposition within the well. A
second factor is cell type and the inherent size and mor-
phology of the cell type used in the screen. For example, in
this work, Schwann cells have the capacity to spread sig-
nificantly within a GS biomaterial, which allows for scanner
sensitivity to a more graded cell response to different mate-
rials and a larger disparity between GS and GI biomaterials.
Primary Schwann cells can be printed with a high purity, so

the use of phalloidin to label actin within all cells is an effi-
cient stain to visualize and quantify cell spreading. In con-
trast, neurons isolated from tissue have proliferating glial
cells, and the use of a neuro-specific marker would be more
appropriate. RAMP is a comparative assay that would re-
quire some preliminary experiments to determine the dy-
namic range for each cell type and dye combination. It is not
necessary to optimize cell response to each biomaterial, ra-
ther the ability to compare all novel biomaterials with a
control biomaterial (positive and negative) on-chip is im-
portant for the rapid identification of relative changes of GS
or GI biomaterial candidates that can be verified using tra-
ditional microscopy.

High-throughput assessment of cell metric with the
flatbed scanner correlated linearly with traditional, low-

FIG. 4. Schwann cell migration can be rapidly screened over time using a flatbed scanner. Schwann cells were printed into
acellular biomaterials and incubated over 4 days in culture. Samples were fixed at 8, 24, 48, and 96 h postprinting. Scanned
slides and microscopy images show Schwann cells largely remain localized within an acellular collagen (A, B) and collagen–
Matrigel (C, D) biomaterials (8 h). In contrast, there is no migration within the collagen-only biomaterial (E, F) and there is
significant migration within collagen–Matrigel (G, H) after 4 days. Higher resolution images (F, H) confirmed these obser-
vations. (I) Schwann cell migration was quantified based on the scanned data and plotted against time. The migration area was
normalized to the 8-h time points for each matrix type. Area significantly increases with increasing time for the collagen–
Matrigel (gray square) biomaterial, but does not change significantly for the collagen (black diamond). A significant difference
between the biomaterials at 48 and 96 h was detected, + p < 0.05 for matrix biomaterial, *p < 0.05 for collagen–Matrigel time
sensitivity compared to 8-h sample (n = 3, m = 12). ( J) High-throughput, low-resolution scanner intensity measurements cor-
relate with low-throughput, high-resolution microscopy measurements. Planar scan ‘‘hits’’ that support Schwann cell migra-
tion, dependent on matrix and duration, result in an increased Schwann cell migration area based on traditional microscopy,
indicating a linear correlation between the two imaging modalities. (K) Macroscale migration assays were used to confirm
differences between the biomaterials after 96 h. Microscopy data of the cell area confirmed a significant increase in cell
migration after 96 h in collagen–Matrigel compared with collagen (*p < 0.05, n = 3, m = 3) and compared with the 24-h samples
( + p < 0.05). Error bars represent standard error. Scale bar = 200mm. Color images available online at www.liebertpub.com/tec
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throughput inverted microscopy with few outliers, as dem-
onstrated through rank-order analysis (Figs. 2I and 4J).
Further, data acquired by conventional microscopy were
comparable to those collected from confocal microscopy
images despite the 3D biomaterials being 1-mm thick. Pre-
sumably due to even seeding of cells within the transparent
biomaterial and the small z-dimension of the constructs,
confocal microscopy did not provide different outcomes
relative to the conventional microscopy. An outlier of par-
ticular interest in the basic cell metric arrays was the colla-
gen samples seeded at 1000 cells per mL indicated as a GS hit
via the scanner, but as a GI hit using microscopy. This dis-
parity may be due to the high concentration of cells that
diffract the light throughout the biomaterial, leading to a false
positive. It is therefore proposed that an optimal seeding
density would be < 1000 cells permL for this cell type to
achieve consistent scanner data and to allow for growth of
the cell population without reaching saturation. By first pin-
pointing an optimal seeding density for a given cell type,
RAMP can assess basic cell characteristics thus providing a
promising technique to quickly screen a library of biomate-
rials. Biomaterials identified as GS or GI can be further
screened based on higher order cellular metrics/functions,
such as migration, to efficiently predict cell response within a
novel composite biomaterial. A second screen serves to con-
firm or reject false positives and false negatives based upon
the candidates (GS or GI) identified in the first screen.

RAMP is a fluorescence-based assay and therefore has an
inherent limitation in that the 3D biomaterials of interest
must be optically transparent within the emission spectrum
of the dyes; however, simple modifications to RAMP would
overcome this limitation. Nontransparent biomaterials may
be used if cell response is evaluated indirectly. Developing a
deeper well (thick PDMS sheets) or a gasket overlay post-
printing would confine the medium for each individual
sample instead of submerging the entire array within a
common medium. This partitioning would allow for the
collection of medium from each sample to be used for the
numerous subsequent assays (viability, proliferation, or
metabolism) compatible with high-throughput arrays. As-
sessing general metabolism (Alamar Blue) or examination of
specific metabolites in cells could be used to rank-order
biomaterials in a two-step fashion.

To capitalize on the rapid assessment offered by investi-
gating basic cell metrics and the highly informative func-
tional analysis of the migration cell array, we propose this
platform to progress in a two-step manner. First, the cell
number and morphology can be rapidly assessed over a
wide array of candidate hydrogels to identify relative GS or
GI materials. In the second phase, RAMP is used to evaluate
cell migration as confirmation of previously identified GS or
GI biomaterials, providing a greater level of confidence.
Figure 5 outlines the general approach for employing RAMP
in the design and discovery of lead candidate biomaterials.
‘‘Hits’’ discovered from screening basic cell metrics for a
single cell type could be rank ordered and a subpopulation
of materials could be advanced for further screening using
the migration assay.

RAMP data can be processed in parallel evaluating all
resident cells simultaneously to quickly identify a library of
candidate biomaterials. However, due to its modular nature,
RAMP can be applied in series to limit the experimental

space. For example, in the peripheral nerve, Schwann cells
are abundant and can proliferate in vitro for easy screening,
unlike the nonproliferating motor neurons. Therefore, by
first identifying the GS materials for the motor-neuron-de-
rived Schwann cells, one can subsequently rapidly identify a
common material for motor neurons and motor-derived
Schwann cells in a resource-efficient manner. Neurite out-
growth will be a key indicator of neuronal preference for a
biomaterial and work is currently underway to validate
sufficient sensitivity of RAMP to detect the thin neurite
projections. Preliminary 2D culture of sensory neurons on
laminin-coated arrays has shown that the fluorescent scanner
technology used in RAMP is sensitive enough to detect
neurite outgrowth (Supplementary Fig. S1; Supplementary
Data are available online at www.liebertpub.com/tec). These
results should be translatable to the 3D biomaterials utilized
in RAMP and further work will investigate this supposition
and begin to utilize RAMP to screen biomaterial libraries.

Individual cell-specific biomaterials can be combined to
generate a tissue-specific biomaterial, supportive of key res-
ident cells necessary for tissue regeneration. Tissue-specific
biomaterials would be designed based on supportive bio-
materials common to two or more cell types within the target
tissue. The Venn diagram in Figure 5 represents a potential
situation of overlapping cell-specific biomaterial ‘‘hits’’ for 4
cell types. In this situation supportive biomaterials for cell
types 1 and 3 overlap with all the cell types, whereas there
may not be any materials found to be GS for both cell types
2 and 4. In this scenario, composite biomaterials could be
rationally designed weighing the GS properties identified
supportive of two or more resident cell types. For example,
in the peripheral nerve, Schwann cell migration and re-
population is a key element of repair, but neurons are nec-
essary to propagate the signal. Ideally, a single biomaterial
would be identified that would be supportive of all of these
cell types. Clearly, this is not neural engineering specific, but
can be applied to any multicellular tissue construct.

A tissue-specific biomaterial generated from a single
component is preferred; however, a composite material
could be developed to support cell populations that do not
share an affinity for a single biomaterial. For example, in
the peripheral nerve, there are motor neurons and sensory
neurons as well as motor Schwann cells and sensory
Schwann cells that are phenotypically distinct from one
another.21 Motor neurons preferentially extend along motor
pathways that contain motor Schwann cells,21,22 suggesting
that Schwann cells and neurons in the motor nerves exhibit
similarities in substrate affinity, as do Schwann cells and
neurons in the sensory nerves. Overlap in biomaterial
preference between sensory nerve cells could be used to
develop scaffolds for mixed nerves, while motor neuron
tracts are developed in parallel. In vivo, these tracts would
run in parallel down the spinal cord, but there are areas
where they would bifurcate. These characteristics could be
well captured using a tissue-specific biomaterial that uti-
lizes distinct cell-specific biomaterials patterned to replicate
in vivo properties. This strategy would not only overcome
the differences in substrate affinity, but would also increase
the control over cell populations that are segregated
in vivo.

RAMP has been developed to rapidly assess cell response
to 3D biomaterials in an effort to identify cell- and tissue-
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specific biomaterial candidates for in vivo applications. The
possible utility of RAMP extends beyond the practice in-
vestigated here. Screening biomaterials that promote stem
cell self-renewal would be beneficial for enhancing ex vivo
expansion of stem cells. For example, clinical trials using
stem cells for neurodegenerative diseases are currently un-
derway and require the use of large numbers of stem cells for
each patient.23,24 Current protocols are neither time nor cost
effective, but RAMP could be implemented to identify bio-
materials the stem cells could be cultured on or within that
would increase their rate of ex vivo self-renewal and prolif-
eration for subsequent use as a cell-mediated therapeutic.
Additionally, there is increasing interest in developing
induced pluripotent stem cells to study disease models
in vitro.25 Cells are highly influenced by their 3D microen-
vironment and therefore an appropriate 3D biomaterial to
study these cells, as well as develop a 3D model of disease,
would be necessary for each disease of interest. RAMP could
be implemented to expedite the development of a disease
model that could then be used to study treatment options
in vitro. The utility of RAMP is not limited to practices ex-
plored in this work and can be used on innumerable appli-
cations for biomaterial discovery.

This work describes a novel platform (RAMP) to identify
GS and GI biomaterials in a two-step assay. First, by quan-
titatively measuring the changes in cell number and
spreading, and, second, by screening previously identified
candidates for cell migration in a rapid manner. To our
knowledge, this is the first rapid assessment of migration in a
high-throughput assay. The preliminary evaluation of the
RAMP assay discussed in this study establishes it as a novel,
effective, and powerful tool to address the challenges of
biomaterial design and discovery. The strength of the RAMP
assay lies in the synergy between rational and combinatorial
design strategies. Neither is sufficiently adequate nor prac-
tical in identifying promising candidates alone. However,
a combination of the two strategies—rational selection of
matrix proteins and growth factors that are physiologically
relevant to a given tissue/organ, and a combinatorial
screening of all possible combinations of these in a rapid
and high-throughput manner—can facilitate the discovery
of compositionally optimized biomaterials. In addition to
compositional changes, a library of biomechanically diverse
hydrogels can be evaluated using RAMP either in con-
junction or independently with compositional changes.
Although not explicitly studied here, manipulation of the

FIG. 5. RAMP, a novel high-throughput assay, can be used to identify tissue-specific biomaterials for capable of sup-
porting complex cellular processes required for injury repair. This 3D assay utilizes any single cell type embedded within a
material; in this case, the model material was collagen embedded with Schwann cells, which is then cultured for several
days, at which point the samples are fixed, stained for cytoskeleton structures, and scanned on a flatbed scanner as part of
the screening process. Traditional microscopy is used to verify the positive ‘‘hits’’ and negative ‘‘hits’’ for further screening
based on cell morphology and number, although work presented here has shown a strong correlation between imaging
modalities for the ‘‘hits.’’ These potential biomaterial candidates are then rescreened with enhanced sensitivity via a
migration assay. Other cell types can be simultaneously screened in separate, but parallel arrays to discover biomaterials
supportive of simple cell processes, such as viability, are then rescreened for higher order processes required for tissue
repair (e.g., neurite outgrowth in neurons, differentiation of stem cells, migration, etc.). A composite biomaterial could be
developed from the identified ‘‘hits’’ that would be supportive of necessary resident cells as well as potentially inhibitive of
the undesired cell types. The overlap of positive biomaterial ‘‘hits’’ across cell types can be employed for the development
of a composite tissue-specific biomaterial. Orthogonal biomaterials across different cell types could similarly be used to
arrange supportive and inhibitive cues for developing a highly optimized tissue-specific biomaterial. Color images available
online at www.liebertpub.com/tec
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biomechanical properties of promising biomaterial candi-
dates would allow for further fine tuning of a biomaterial, as
the biochemical and mechanobiological responses are known
to work in concert to control the cell function.

The results obtained from RAMP are in agreement with
conventional, low-throughput methods using macroscale
assays analyzed by microscopy and image analysis, indi-
cating sufficient sensitivity for rapid screening of a bioma-
terial library. Due to the modular nature of this assay, several
cell types could be screened in parallel to identify a bioma-
terial that is GS for all cells or a tissue-specific biomaterial.
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