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Interactions between cells and the extracellular matrix are at the core of tissue engineering and biology. How-
ever, most studies of these interactions have used traditional two-dimensional (2D) tissue culture, which is less
physiological than three-dimensional (3D) tissue culture. In this study, we compared cell behavior in four types
of commonly used extracellular matrix under 2D and 3D conditions. Specifically, we quantified parameters of
cell adhesion and migration by human foreskin fibroblasts in cell-derived matrix or hydrogels of collagen type I,
fibrin, or basement membrane extract (BME). Fibroblasts in 3D were more spindle shaped with fewer lateral
protrusions and substantially reduced actin stress fibers than on 2D matrices; cells failed to spread in 3D BME.
Cell-matrix adhesion structures were detected in all matrices. Although the shapes of these cell adhesions
differed, the total area per cell occupied by cell-matrix adhesions in 2D and 3D was nearly identical. Fibroblasts
migrated most rapidly in cell-derived 3D matrix and collagen and migrated minimally in BME, with highest
migration directionality in cell-derived matrix. This identification of quantitative differences in cellular responses
to different matrix composition and dimensionality should help guide the development of customized 3D tissue

culture and matrix scaffolds for tissue engineering.

Introduction

THE DEVELOPMENT OF optimal biocompatible scaffolds for
tissue engineering requires an in-depth understanding of
the interactions between cells and the extracellular matrix of
the tissue of interest. Recently, natural three-dimensional
(8D) matrices have been adopted as more physiological
models for analyzing cell-matrix interactions than traditional
two-dimensional (2D) tissue culture.!™'* Initial studies com-
paring cell behavior in 2D and 3D matrices have revealed
differences in cell morphology,g'11 migration,l’9 adhesions,
and signaling.*'>? These findings have established the
importance of matrix dimensionality, that is, 3D versus 2D.
However, studies to date have generally focused on a single
specific 3D model, even though in vivo tissue environments
can vary substantially in matrix composition.

Four of the most commonly used in vitro 3D matrix
models are collagen gels,>2® cell-derived matrix (CDM)
from fibroblasts,® fibrin gels,27’28 and basement membrane
extract (BME or Ma’crigel).29 Collagen I is the most widely
used matrix protein for in vitro 3D studies.***' Collagen I
exists in vivo as fibers and is a major component of connec-
tive tissue. The primary integrin receptor used by cells to
bind to 3D collagen is oczﬁl.n

CDM is a 3D composite of matrix proteins produced
naturally by fibroblasts. After fibroblasts produce a dense 3D
matrix in vitro, the matrix is denuded of cells to yield an
acellular 3D matrix. A key component of these matrices is
fibronectin, but it also contains significant amounts of col-
lagen I and heparan sulfate proteoglycans such as perlecan.*
The integrin osf; is the primary receptor for fibronectin
and CDM.!

Fibrin forms a network of fibers assembled after thrombin
cleavage of fibrinogen. Fibrin serves as a provisional matrix
in wound healing™ and is also involved in pathological
states, such as tumor invasion.>* Fibrin, like collagen, is a
self-polymerizing matrix protein that can form a gel, which
permits studying 3D cell interactions with a single matrix
protein. The fibers in a fibrin matrix are typically thinner,
shorter, and straighter than collagen fibers.”®> Polymerized
fibrin was first used in 1998 as a scaffold for transplantation
of tissue-engineered grafts in burns and chronic wounds.*®
Cells adhere to fibrin using a number of integrins, most
notably asf, o, B, and onBS.37

BME, also known as Matrigel, is used as a reconstituted
basement membrane gel after polymerization of extracts from
the Engelbroth-Holm-Swarm mouse sarcoma.® Inn vivo, base-
ment membranes separate the epithelium from connective
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tissue, and they are composed of collagen type IV, laminins,
entactins, and proteoglycans, particularly perlecan.***" De-
pending on the cell type or malignant state, cells can prolif-
erate or differentiate when cultured on BME.*" Cells also
differentiate to varying extents depending on whether they
are plated on top or inside of BME.*! The integrins oy, 0P,
g1, 0P, 6P, 7P, and o0Py are used by fibroblasts to bind
to BME.**

Although 3D cell-matrix adhesions were reported to exist
in vivo,! a recent study on 3D collagen gels reports the ab-
sence of any discrete cell adhesions in 3D.** Because 3D cell-
matrix interactions may differ markedly depending on the
specific type of ECM, a systematic comparison of the be-
havior of cells in diverse 3D matrices is needed to identify
shared and divergent morphological and biological re-
sponses, including the nature of cell-matrix adhesions. This
study presents a comparative quantitative investigation of
the influence of these four matrices on the morphology, mi-
gration, and adhesion structures of primary human fibro-
blasts.

Materials and Methods
Cell culture

Primary human foreskin fibroblasts were a gift from Susan
Yamada and Marinilce dos Santos (National Institute of
Dental and Craniofacial Research, NIH), using tissue sam-
ples provided by the Cooperative Human Tissue Network
funded by the National Cancer Institute. The cells were
cultured in Dulbecco’s modified Eagle’s medium (HyClone)
containing 10% fetal bovine serum (HyClone), 100 U/mL
penicillin, 100 ug/mL streptomycin, and 100 pg/mL gluta-
mine in tissue culture plastic dishes (BD Falcon). Cells were
passaged at a 1:5 ratio throughout the study, and all cells
were used between passages 10 and 17.
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2D matrices

Twenty-millimeter glass coverslips (Deckglaser Cover
Glasses) were coated with a 10pg/mL solution of BME,
collagen, or fibrinogen in phosphate-buffered saline (PBS) at
37°C for 1h. The fibrinogen-coated coverslips were treated
with thrombin (1 NIH U/100pL) to create a fibrin coating.
2D CDM was created by physically compressing fibroblast-
derived 3D matrix as described previously,* and confocal
microscopy was used to confirm that the matrix was con-
fined to the X-Y plane. Fibroblasts were plated onto the 2D
matrices at a density of 5x10° cells/cm?.

3D matrices

The standard steps for preparation of each of the
four types of 3D matrix are indicated diagrammatically in
Figure 1.

Cell-derived matrix. CDM was produced from high-
density 7-day cultures of mouse NIH-3T3cells as de-
scribed.*® Ascorbic acid (50 pg/mL; Sigma) was added every
2 days. The total protein concentration of these matrices was
determined by solubilizing in 6 M guanidine, measuring
using a NanoDrop ND-1000 spectrophotometer (1 =3), and
then back-calculating to the original volume of matrix. Pri-
mary human fibroblasts were plated on top of the CDM, and
they rapidly penetrated the matrix as demonstrated previ-
ously by 3D confocal microscopy reconstructions showing
the primary human fibroblasts fully embedded within the
matrix.!

Basement membrane extract. Growth factor-reduced
BME without phenol red (Trevigen; 12-18 mg/mL) was po-
lymerized as described,*® with the following modifications:
60 uL BME was plated onto a 14 mm MatTek dish and
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FIG. 1. Generation of 3D extracellular matrices. Each matrix was produced as described in the Materials and Methods
section at the protein concentration most commonly used in the literature (5mg/mL CDM, 10mg/mL BME, 2.5mg/mL
collagen, and 4 mg/mL fibrin). 3D, three-dimensional; BME, basement membrane extract; CDM, cell-derived matrix.
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polymerized at 37°C for 30 min. Cells were added to 3mL
medium at 1x10* cells/mL and incubated at 37°C for 45 min.
The medium was aspirated and a second layer of 70 uL. BME
was added on top of the first layer. This 3D BME system was
placed at 37°C to polymerize for 45 min. Alternatively, BME
was diluted 1:10 with media containing 5x10° cells/mL, and
100 uL of this homogenous BME—cell mixture was plated
onto a 14 mm MatTek dish to polymerize at 37°C for 45 min.
Then, 2mL of medium was added, and the cells were cul-
tured for an additional 24h. In experiments directly com-
paring cells seeded in a sandwich between two layers of
BME with cells embedded in a single layer of BME, the same
concentrations of BME were used for all layers.

Collagen matrix. Neutralized solutions of pepsinized
collagen (Nutragen) at 2.5mg/mL were prepared as previ-
ously described” with the following modifications: 10x
Dulbecco’s modified Eagle’s medium (Invitrogen) was ad-
ded to the collagen solution in a 1:1 ratio with 0.2 M HEPES.
NaOH (0.1 N) was used to adjust the collagen solution to pH
7.4. Collagen solution (60pL) was spread onto a 14mm
MatTek dish and polymerized at 37°C for 150 min. Cells
were added to 3mL medium at 1x10* cells/mL for 30 min.
The medium was aspirated and a second layer of 70 pL of
collagen was added on top of the first layer. It was then
placed at 37°C to polymerize for 180min. Alternatively,
5%10° cells/mL were mixed in with 2.5mg/mL collagen,
and 100 uL of this mixture was plated as a single layer in a
14mm MatTek dish and polymerized at 37°C. The 3D col-
lagen gels used for this study remained fixed to the substrate,
and gels that detached or became free floating were dis-
carded.

Fibrin matrix. Fibrin matrices were produced as previ-
ously described” with the following modifications: 100 uL of
solution containing fibrinogen, human fibroblasts, and
thrombin was spread onto 14 mm MatTek dishes. Alexa 647-
labeled fibrinogen (Molecular Probes) was mixed with un-
labeled fibrinogen (American Diagnostica) at a 1:10 ratio.

Light microscopy

After 24 h of culture and fixation in 4% paraformaldehyde
(PFA) and 5% sucrose in PBS, images of human fibroblasts in
each of the 2D and 3D matrices were acquired using a
Photometrics CoolSNAP ES CCD camera on an inverted
microscope with a 20xobjective (Zeiss Axiovert S100).

Antibodies and reagents

Labeled activated anti-B; integrin antibody (mAb 9EG?7)
was obtained from Pharmingen-BD Biosciences, paxillin an-
tibody (clone 349) from Transduction Laboratories, and
monoclonal anti-vinculin-FITC antibody from Sigma. Spe-
cies-specific secondary antibodies were from Jackson Im-
munoResearch. Phalloidin conjugated with rhodamine was
obtained from Molecular Probes. Rabbit antifibronectin an-
tibody R5836 was generated by our laboratory using human
plasma fibronectin purified by gelatin- and heparin-Sepharose
affinity chromatography. Concavalin-A (ConA) was directly
labeled with DyLight 649 N-hydroxysuccinimide (Pierce).
Briefly, DyLight was first adjusted to 1mg/mL in DMSO,
and ConA to 10mg/mL in sodium borate buffer (100 mM,
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pH 8.65). Then, 100 uL of DyLight 649 was added per 1 mL of
ConA and incubated at room temperature for 1 h. Excess dye
was removed and buffer was exchanged (PBS, pH 7.4)
through a desalting column (Pierce).

Immunofluorescence staining

Fibroblasts were plated on 20 mm glass coverslips or ad-
ded to 3D matrices and cultured overnight. Samples were
fixed and permeabilized with 4% PFA and 0.3% Triton X-100
in PBS containing 5% sucrose for 5min and then were fixed
for an additional 30 min in 4% PFA (4% PFA and 0.25%
glutaraldehyde for BME) in PBS containing 5% sucrose. Im-
munostaining was performed with the indicated primary
antibodies and rhodamine-conjugated phalloidin at room
temperature for 45 min, followed by secondary Cy2- or Cy5-
conjugated antibodies for 30 min. The PBS washes contained
0.05% Tween 20. CDM was stained using an antibody to
fibronectin, and the fibrin matrix was visualized using Alexa
647-labeled fibrinogen. Stained samples were mounted in
Gel/Mount (Biomeda).

Laser scanning confocal microscopy

Immunofluorescence microscopy images were obtained
using a Zeiss LSM 510 confocal microscope equipped with
an A-Plan Apochromat 63x objective (1.4N.A.). The 488 nm
Argon (~17% power), 543nm HeNel (~60% power), and
633nm HeNe2 (~30% power) lasers were used to excite 488
Alexa fluor and Cy2, rhodamine-phalloidin, and Cy5, re-
spectively. The pinholes for each laser line were aligned for
optimal confocality. The BME and collagen matrices con-
taining cultured cells close to the glass-bottom culture
chamber were visualized using reflected light imaging.””***’
Z slices were acquired at 1 pm intervals in the 3D matrices.
Digital images were obtained using LSM AIM Browser
software. Each figure shown is representative of a minimum
of three independent experiments analyzing at least 5-10
cells each.

Image processing

Images were processed using Image] (NIH) and Meta-
Morph Offline 7.0 software (Molecular Devices). Z slices of
cells in 3D matrices were maximally projected to create a 2D
image. A smoothing filter and background subtraction was
used (filter details provided upon request). Data from these
images were quantified by performing maximal z projec-
tions, filtering to reduce background, setting a threshold to
create a binary image, and comparing the number of pixels
highlighted.

Quantification of cell morphology

Cells in CDM were stained with phalloidin and fibronectin
antibody to visualize the cells and the matrix, respectively.
Several confocal z slices were acquired to encompass the
entire cell. Phalloidin images were projected together and
thresholded manually or automatically in MetaMorph to
calculate the length, width, and total cell spread area of the
fibroblasts in each of the matrix environments. For cells on
glass, collagen, fibrin, and BME, the cells were labeled with
DyLight 649-concavalin A. Confocal images were captured
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and the spread area was calculated in MetaMorph as de-
scribed above.

Time-lapse microscopy

Cells were plated onto matrices at a density of 1x10* per
mL. After overnight incubation, cell movements were mon-
itored with inverted microscopes equipped for phase-con-
trast microscopy (Zeiss Axiovert 25) with a 37°C humidified
chamber (Precision Plastics) using a 5x(A Plan, 0.12N.A.)
objective. Images were collected with digital cameras
(Infinity2; Luminera) at 10 min intervals for 24h using In-
finity2 software and stored as image stacks using Meta-
Morph 7.0 software (Universal Imaging/Molecular Devices).
Velocity and persistence of migratory directionality were de-
termined by tracking the positions of the cell body using the
Track Point function of MetaMorph. GraphPad InStat was
used to perform analysis of variance with Tukey posttests. To
visualize the interactions of fibroblasts with ECM fibers, im-
aging of cells was initiated at 3h after plating and continued
for 24h using phase-contrast microscopy as described above,
but using a 20x(LD A Plan, 0.3N.A.) phase-contrast objective.
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Statistical analysis

Quantitative data were compared by performing analysis
of variance with Tukey posttests using InStat software
(GraphPad).

Results

Fibroblast morphology in 2D and 3D
extracellular matrices

We first characterized morphological differences between
fibroblasts migrating in the four extracellular matrices.
Human foreskin fibroblasts were cultured on 2D or within
3D matrices overnight before being fixed and imaged using
phase-contrast microscopy (Fig. 2A). The cells on 2D colla-
gen, fibrin, and BME/Matrigel substrates were broader and
more flattened and had more cell protrusions and lamellae
than in the corresponding 3D matrices. Fibroblasts cultured
on 2D compressed CDM displayed a more slender
appearance with fewer protrusions than on the other 2D
matrices. Conversely, the fibroblasts cultured in 3D
CDM, collagen, and fibrin all displayed a spindle-shaped,

Fibrin

BME

FIG. 2. Morphology of human fibroblasts in 2D and 3D matrices (A) and quantification of cell length, width, and spread
area in 2D and 3D matrices. (A) Cells were imaged using phase-contrast microscopy at 24 h after plating on 2D matrix-coated
coverslips or into 3D matrices. Scale bar represents 10 um. (B, C) Cell outlines were determined as described in the Materials
and Methods section. The cell spread area (B) was calculated on 2D and 3D substrates after concanavalin A or phalloidin
staining. The cells on a 2D surface were nearly twice as large in terms of cell spread area as cells in the comparable 3D matrix.
The cell axial ratio (cell length/width) was calculated (C); the cells in 3D BME were unable to spread and thus had an axial
ratio close to 1 because their length and width were nearly identical. Scale bar represents 10 um and error bars indicate
standard error. *p <0.05 and ***p < 0.001. 2D, two-dimensional.
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elongated, or cylindrical phenotype with fewer protrusions
than on the corresponding 2D matrices and with small or no
lamellae. In 3D BME, the large majority of the cells did not
spread and remained rounded. A small minority (10%) of the
cells in BME could spread partially, but their overall spread
area was substantially less than in the other 3D matrices.

Quantification of cell morphology

Cell outlines of human fibroblasts in 2D and 3D matrices
were determined by confocal microscopy of cells stained
with concanavalin A or phalloidin. The length, width, and
total spread area of fibroblasts in each of the matrix envi-
ronments were calculated using MetaMorph software. Con-
sistent with the observed differences in cell morphology, the
most striking quantitative differences in fibroblasts on 2D
versus within 3D matrices involved overall cell shape and
cell spread area (Fig. 2). In each of the 3D matrices, cells were
substantially less spread than in the corresponding 2D ma-
trix (Fig. 2B). The observed cell cross-sectional area deter-
mined from the confocal section of the cell at its widest
circumference was twofold greater on 2D compressed CDM
than in 3D CDM, and it was fivefold greater for cells on 2D
BME than in 3D BME. The overall shape of cells as quantified
by cell axial ratio (length divided by width) was the same in
3D CDM, 3D collagen, and 3D fibrin, but the ratio was close
to 1 in 3D BME because the cells remained rounded without
spreading (Fig. 2C). Although the fibroblasts failed to spread
in 3D BME, time-lapse movies revealed that they continu-
ously explored and interacted with the BME via small filo-
podial projections (data not shown). Overall, the cells tended
to be less elongated and more spread on all 2D matrices and
2D glass than in 3D matrices (Figs. 2 and 3A). This difference
was most profound for cells on 2D collagen, 2D fibrin, and
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2D glass substrates. Parenthetically, the length of cells in 3D
could be underestimated by our calculations because cells
can tilt out of the X-Y plane used for quantification, so the
difference is likely to be even larger. These findings are
generally consistent with previous descriptions of cells in
the four types of 3D matrix, although the excellent spreading
on 2D BME (as great or greater than on a glass substrate)
compared with the complete failure to spread in 3D BME
was not expected. We conclude that fibroblasts are more
elongated and spread substantially less laterally within 3D
matrices compared with their morphology on 2D substrates.

Actin phenotype in 2D and 3D extracellular matrices

To explore further the cytoskeletal phenotypes of fibro-
blasts in each of the 2D and 3D matrices, we compared
confocal z slices after staining for F-actin using phalloidin.
Figure 3A shows the most central confocal z slice of the
fibroblasts on 2D and in 3D matrices. Numerous stress
fibers are present in cells on each of the 2D matrices, whereas
generally fewer, thinner, and more peripherally located
stress fibers are seen in the cells in each of the 3D matrices.

Confocal imaging of 3D matrix structure

Visualizing the arrangement of proteins in a matrix is
important to understand the interaction of cells with the
matrix. Confocal fluorescence imaging of fibrin and CDM
and reflectance/backscatter imaging of collagen and BME
were used to view the overall morphology of the 3D matrices
(Fig. 3B). These two modes of imaging are known to provide
similar results for matrix imaging.””** Fibrin and collagen
matrices had short fibers arranged randomly in all directions,
whereas CDM had longer fibers with local orientation orig-
inally produced by the cells that had generated the matrix.

BME

FIG. 3. Actin distribution in pri-
mary human fibroblasts on 2D and
within 3D matrices (A) and struc-
ture of 3D matrices (B). Images of
actin in 3D matrices represent a
single z slice through the central
region midline of each cell. 3D
CDM was stained using an anti-
body to fibronectin. Collagen and
BME were visualized using reflec-
tion microscopy. Fluorescently
labeled fibrinogen was used to vi-
sualize the fibrin matrices. Images
were acquired using a confocal
microscope. Scale bar represents
10 pm.

BME
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BME was the only matrix composed of nonfibrous proteins.
The protein concentrations chosen for each matrix were the
concentrations most commonly used in studies of cells inside
each of these 3D matrices. Parenthetically, it was not possible
to prepare the four matrices at the same protein concentra-
tion because BME remains a liquid below 9mg/mL* and
CDM is produced at 5mg/mL. Fluorescence and reflectance
imaging were also used to compare the responses of each
type of matrix to living fibroblasts. When fibroblasts were
fixed in the matrices and stained for F-actin (phalloidin) or
examined by phase-contrast microscopy, accumulation of
fibers adjacent to the cells in fibrin was observed (Fig. 2A).

Cell migration in 2D and 3D matrices

Because of the importance of cell migration in wound
healing and tissue remodeling, we quantified human fibro-
blast migration within each of the four 3D matrices and on
their 2D counterparts. Images of the cells were collected
every 10 min for 24 h. At least 30 cells were tracked in each of
the 2D and 3D matrices. The human fibroblasts displayed
significantly different velocities in each of the 2D matrices
(Fig. 4A). Interestingly, they migrated most rapidly on 2D
BME-coated substrates, followed by 2D CDM, collagen, and
fibrin. Among the 3D matrices, the cells migrated with the
highest velocities in 3D CDM (29.5+11.7 um/h), followed
by collagen and fibrin; in marked contrast to 2D conditions,
they failed to migrate in 3D BME. Overall, the cells translo-
cated 1.6 times more rapidly in 3D CDM than on 2D CDM,
1.7 times faster in 3D collagen than on 2D collagen, and 1.3
times faster in 3D fibrin than on 2D fibrin.

Among the 3D matrices, directionality of cell migration was
highest in 3D CDM (0.66 +0.2), followed by collagen, fibrin,
and BME (Fig. 4B). There were no significant differences in
directionality between 2D and 3D for CDM and fibrin sub-
strates. The fibroblasts appeared to use a mesenchymal mode
of migra’cion47’49’50 in all of the 2D and 3D matrices, with the
exception of 3D BME, in which there was virtually no mi-
gration and minimal calculated directionality. These results
underscore the markedly different migratory responses of cells
to the same matrix material in a planar distribution in 2D
versus arrangement as a 3D hydrogel. Although three of the
3D matrices promoted more rapid migration of fibroblasts
than on a 2D substrate, BME was the opposite in promoting
rapid migration as a flat substrate versus as a hydrogel.

Adhesions to 3D matrices differ from adhesions
to 2D matrix

To compare the cell adhesion structures formed by fibro-
blasts adhering to each of the matrices, antibodies to activated
B; integrin (Fig. 5) and vinculin (Fig. 6) were used. A z stack of
confocal images 1 pm apart was collected using a 63xobjec-
tive. By Integrin expression was observed in cell-matrix ad-
hesions in all four matrices (Fig. 5). Vinculin staining was
present in cell adhesions in 3D CDM, collagen, and fibrin (Fig.
6), but was notably diffuse in cells in BME. The cell adhesions
on cells in 3D matrices were equally distributed over the cell
body, as seen in the z series of adhesions in a fibrin gel in
Supplementary Movie 1 (Supplementary Data are available
online at www liebertonline.com/ten). Staining for vinculin in
discrete adhesions was weaker than for p; and was some-
times not detected in collagen gels; a diffuse component of
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FIG. 4. Velocity and directionality of fibroblasts migrating
in 2D and 3D matrices. Imaging was initiated at 24h after
adding human fibroblasts to matrices. The data were collected
by tracking movements of 2060 cells under each condition in
at least three separate experiments. Velocity (A) and direc-
tionality (B) were calculated using MetaMorph and Excel. The
concentrations of 3T3 CDM, BME, collagen, and fibrin in the
matrices were 5.2, 10, 2.5, and 4mg/mL, respectively. Bars
represent standard error. *p < 0.05, **p < 0.01, and ***p < 0.001.

intracytoplasmic staining was observed in the cells stained
for vinculin, as described by others. Overall, the fluorescence
signal-to-noise ratio was greater for 2D matrices than 3D
matrices. Staining for ; and vinculin on the same cells in 3D
matrices confirmed that B; and vinculin were colocalized at
>95% of the adhesions in 3D CDM, collagen, and fibrin
(Supplementary Fig. S1). It is theoretically possible that cell
adhesions and morphology might differ in cells analyzed in
the matrix sandwiches we used for 3D collagen and BME (to
ensure that the cells would be suspended in the matrix)
compared with cells analyzed in 3D gels poured as a single
layer. However, direct comparisons of morphology and in-
tegrin-based cell adhesions showed that they were very sim-
ilar, with no reproducible differences found between cells
cultured in sandwiches or a single layer of the 3D matrix
(Supplementary Figs. S2 and S3).

Quantification of cell adhesions

Confocal images of B, integrin staining of fibroblasts in 2D
and 3D matrices were used to calculate the length, width,
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and area of each cell adhesion structure, the average num-
ber of adhesions per cell, and the total summed area of cell
adhesions per cell (Fig. 7). B; Integrin was chosen as the
marker for cell adhesions because staining for p; was
stronger than for vinculin, and B; and vinculin generally
colocalized as noted above. Adhesions were quantified in
3D CDM, collagen, and fibrin matrices, the three 3D ma-
trices in which adhesions were observed. The average
length of adhesions in 3D matrices was 1.74 £ 0.09 um, and
no significant difference was found between the 3D matri-
ces. Likewise, the average width of adhesions was
0.76 £0.02 pm, with no significant difference between the
3D matrices. The length of adhesions in 3D CDM was sig-
nificantly greater than on 2D CDM, whereas the widths of
adhesions in each of the 2D and 3D matrices were not
significantly ~different. Consequently, the axial ratio
(length/width) of adhesions in 3D CDM was significantly
greater than in 2D CDM (Fig. 7A). The average number of
adhesions per cell in 3D matrices was 224 +23, and this
number did not vary significantly between the 3D matrices
(Fig. 7B). In contrast to the substantial differences observed
in overall cell morphology and cell spread area in 2D and
3D, the overall total area involving cell-matrix adhesion
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2D BME

FIG. 5. Distribution of B, integrin and
F-actin in 2D and 3D matrices. Human
fibroblasts were cultured on 2D matrix-
coated glass coverslips (A) or in 3D ma-
trices (B) and fixed after 24 h of culture.
Samples were stained for activated B, in-
tegrin (monoclonal antibody 9EG?7, green)
and F-actin (phalloidin, red). Images are
maximum projections of z slices, unless
otherwise indicated. Representative im-
ages are shown from three separate ex-
periments. Scale bar represents 10 um.

3D BME

structures on the cells was not significantly different be-
tween any of the paired 2D and 3D matrices (Fig. 7C).

Discussion

Understanding how cells interact with natural 3D matrices
of varying compositions is critical for the rational develop-
ment of biomimetic scaffolds and microenvironments for
tissue engineering. Because little is known about differences
in the behavior of a cell in different 3D matrices, we focused
on a single cell type—human fibroblasts—as they interacted
with four widely used 3D matrices. We directly compared
cell morphology, migration, and adhesions to provide fun-
damental comprehensive information on cellular responses
to each type of 2D or 3D matrix.

Fibroblasts in each type of 3D matrix tended to display a
more cylindrical or spindle-shaped phenotype, with fewer
protrusions or lamellipodia, as well as less total cell spread
area than on a 2D matrix or glass substrate. Except in
BME, the cell axial ratio (length vs. width) of fibroblasts in
each type of 3D matrix was quite similar. This shape re-
sembles the phenotype of fibroblasts and mesenchymal
cells in vivo.'*'1>! Fibroblasts on 2D matrices, especially on
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A 2D CDM

Vinculin

FIG. 6. Distribution of vinculin and F-
actin in 2D and 3D matrices. Fibroblasts
were cultured on 2D matrix-coated glass
coverslips (A) or in 3D matrices (B) and
fixed after 24 h of culture. Samples were
stained for vinculin (green) and F-actin
(phalloidin, red). Images are maximum
projections of z slices. Representative im-
ages are shown from three separate ex-
periments. Scale bar represents 10 pm.
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collagen, fibrin, and glass, had a spread phenotype. The
reduced number of cell protrusions and lamellipodia on 2D
CDM compared with the other 2D substrates may be due to
the fact that 2D CDM is a compressed matrix in which fi-
bers are still present in the X-Y plane, so cells spread along
fibers rather than on a uniformly coated substrate; in fact, a
recent study has established that narrow linear 1D matrix
patterns strongly mimic 3D fibrillar matrix in effects on cell
morphology, cytoskeleton, and migration.”

The strikingly rounded, nonmotile phenotype of human
fibroblasts in 3D BME differs markedly from the behavior
of these cells in the other 3D matrices. It is, however, con-
sistent with the fact that fibroblasts in vivo are predomi-
nantly found in the connective tissue stroma and not in the
thin basement membrane that separates the epithelium
from the connective tissue. Others have also found that fi-
broblasts do not grow well in the presence of Matrigel/
BME.*! In contrast, however, these cells spread very well
and migrated particularly rapidly on BME as a 2D sub-
strate, perhaps because it mimics a planar basement mem-
brane. The relatively diffuse distribution of vinculin in
adhesions of rapidly migrating fibroblasts on 2D BME is
reminiscent of the diffuse contacts observed in rapidly mi-
grating embryonic fibroblasts before they start to form focal
adhesions and slow their rates of migration during matu-
ration in cell culture.”® Cell differentiation is known to
differ depending on whether cells are cultured on top of or
within BME.*! Although the fibroblasts failed to spread in
3D BME, they continued to interact with the BME via small
filopodial projections, resembling microglia in the brain
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3D Collagen 3D Fibrin

that remain stationary while scanning their environment
using filopodial protrusions.”

In 2D cell culture, the actin cytoskeleton has been well
established to have important roles in cell morphology and
migration, as well as linking the cell interior and the ECM
through cell adhesions.>** In vivo, however, fibroblasts ex-
hibit few actin stress fibers,*’ except in tissues that undergo
constant large mechanical loading, such as tendon.®! We
observed a similar paucity of stress fibers in 3D CDM, col-
lagen, and fibrin, in which only few thin stress fibers were
seen near the plasma membrane. Thus, the actin phenotypes
in 3D matrices are much more similar to cells in vivo than to
cells on 2D matrix-coated coverslips. The observation that
numerous stress fibers span the cells in all of the 2D models
examined in this study is consistent with higher levels of
cytoskeletal stress associated with stiff, noncompliant sub-
strates, which promote the formation of focal adhesions and
stress fibers.®*™*°

Many cells, such as fibroblasts and macrophages, must
migrate through ECM to carry out functions such as tissue
repair and remodeling. Thus, it is important to characterize
and compare cell migration in the various 3D matrices. Our
results revealed that the velocity of fibroblasts is dependent
on both the dimensionality and the composition of the ma-
trix—it varied not only between the 2D matrices and the 3D
matrices of the same compositions, but also between 3D
matrices of differing composition. Fibroblasts migrating
within 3D CDM had the greatest velocity and directionality,
at 30 um/h and 0.7, respectively, and their velocity was 1.6
times that of the cells in 2D CDM. The latter data are similar
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FIG. 7. Quantification of cell adhesions in 2D and 3D ma-
trices. Z projections of B, staining of human fibroblasts in 2D
and 3D matrices were created. The axial ratio (A) of the cell
adhesions were compared for each of the 3D and corre-
sponding 2D matrices. The average number of cell adhesions
per cell was also compared (B), along with the total area
covered by cell adhesions per cell (C). Statistical analyses
were performed using analysis of variance and Tukey post-
tests (n=28-13 cells). **p <0.01.
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to those in a previous study comparing 2D and 3D migration
in this CDM model, which reported a migration rate of
30pm/h and a velocity 1.5 times higher in 3D CDM than on
2D CDM.! However, to our knowledge, no one has directly
compared cell migration between multiple 3D matrices. For
inducing maximal rates of migration, the effectiveness of
matrices varied substantially in the following order:
CDM > collagen > fibrin > BME. Consequently, we conclude
that one cannot merely study cell migration or other pro-
cesses in 3D, but that it is also crucial to consider the mo-
lecular composition of the 3D model system being
investigated.

The velocities of migration of cells on 2D matrices were
different than in 3D matrices, and the relative order of rates
also differed, with velocities on BME > CDM > colla-
gen > fibrin. The differences between rates of migration and
organization of the actin cytoskeleton in 2D versus 3D en-
vironments may result at least in part from the different
physical properties of the migratory substrate. It has been
suggested that cells often migrate more slowly on a 2D
matrix than within a 3D matrix because 2D matrix has a
greater density/concentration of ligand on which the cells
can make large focal adhesions and remain more firmly
anchored to the substrate.®®®” However, a striking exception
was found on or within BME, which might result from the
nature of normal fibroblasts to remain in the connective tis-
sue and not migrate into the basement membrane. In con-
trast, malignant cells of the fibroblast lineage (human
fibrosarcoma cells) do migrate in 3D BME gels.®

Interestingly, the directional persistence of cell migration
often depended on the composition, but not necessarily on
the dimensionality, of the matrices. Whether cells migrate
with directional persistence or more randomly can be regu-
lated by a number of mechanisms,”*®® to which the present
study adds matrix composition. Time-lapse movies of these
fibroblasts migrating in 3D matrices revealed that the cells in
3D CDM, collagen, and fibrin migrated by mesenchymal
mode. Mesenchymal migration is the standard mode of mi-
gration for NIH 3T3 fibroblasts and is characterized by cycles
of protrusion, attachment, and retraction®®”? using localized
(as opposed to diffuse) adhesions.*”°

Cells interact with ECM through adhesions. Adhesions
have been described in detail for cells on 2D matrix, and the
best characterized forms are the focal adhesions—mature
focal adhesions contain primarily the o,f; integrin. In con-
trast, longer, thinner structures termed fibrillar adhesions
have been implicated in matrix assembly and primarily uti-
lize the a5f; 1'11’cegrin.71’72 A recent study using immortalized
tumor cells has challenged the existence of any detectable cell
adhesions in a 3D collagen gel, even though the cells retained
a requirement for several adhesion components including
vinculin.** Our study addresses this unresolved question
about the existence of cell adhesions in 3D environments
directly and quantitatively using primary human fibroblasts
embedded in a variety of different types of 3D matrix.

When fibroblast adhesions were previously characterized
in a complex 3D CDM based heavily on fibronectin, the cell
adhesions were termed 3D matrix adhesions; they had a
characteristically long, slender phenotype dependent solely
on the asf; integrin rather than the o,f5 integrin, which is
characteristic of focal adhesions.! Adhesions have also been
reported in 3D collagen’*” and 3D fibrin,”® but the absence
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of quantification and direct comparisons of these adhesions
under different conditions of matrix composition and direc-
tionality has left the extent or even existence of these adhe-
sion structures open to question.** We found that cell-matrix
adhesions were readily detectable in each of the 3D matrices,
particularly by examining for prominent aggregates of acti-
vated, ligand-occupied integrins. These adhesions were dis-
tributed all over the cell surface rather than being located
primarily on the ventral (lower) surface, as observed on cells
in traditional 2D cell culture. The axial ratio (L/W) of ad-
hesions in 3D CDM was greater than in 2D CDM, but was
not significantly different between 2D and 3D matrices of
fibrin and collagen. This could be because CDM has long,
linear fibers, which contribute to the formation of adhesions
with a greater L/W ratio. Notably, however, there were no
major differences under 2D versus 3D conditions in the av-
erage number of adhesions per cell and the total area of
adhesions. However, we did observe in 3D collagen gels
that, even though prominent adhesions were readily
detectable by immunostaining for integrins, staining for
vinculin was variable and at times not detectable (see Sup-
plementary Fig. S2 and data not shown). We speculate that
because these collagen gels lack the large organized fibrils of
collagen seen in vivo, there may be less force at the cell ad-
hesions, resulting in diminished accumulation of force-
dependent cell adhesion components such as vinculin.””
Overall, our results suggest that even though classical focal
adhesions per se and stress fibers are not prominent in 3D
matrices, the area of the cell surface devoted to interactions
mediated by other types of adhesive structures besides focal
adhesions with the surrounding matrix is at least as large for
3D as for 2D cell-matrix interactions. Our quantification also
establishes that there are no significant differences in total
interaction area devoted to defined cell adhesion structures
between matrices of different composition.

Overall, our results establish that biochemical composition
and dimensionality both play important roles in fibroblast
cell-matrix interactions. Of the four common 3D matrices
studied here, each matrix has distinct effects on cell mor-
phology and especially on cell migration. Consequently, one
cannot simply study cells in 3D. Moreover, the choice of the
best 3D molecular microenvironment for 3D studies or bio-
mimetic tissue engineering will depend on the actual in vivo
system being studied, mimicked, or repaired. For example,
our study establishes that cells can migrate exceptionally
efficiently on BME in a flat 2D configuration and yet are
completely unable to migrate in the same material in a 3D
configuration. This material would consequently be useful
for promoting lateral migratory dispersion of cells while
blocking penetration into the matrix. The approaches and
findings presented in this study should facilitate the design
of scaffolds for tissue engineering”® and the analysis of the
cellular effects of changing ECM microenvironments in bio-
logical processes as diverse as development, wound healing,
tumor progression, and remodeling of bioengineered tissues.
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