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ABSTRACT In vitro polymerized type I collagen hydrogels have been used extensively as a model system for three-dimen-
sional (3D) cell and tissue culture, studies of fibrillogenesis, and investigation of multiscale force transmission within connective
tissues. The nanoscale organization of collagen fibrils plays an essential role in the mechanics of these gels and emergent
cellular behavior in culture, yet quantifying 3D structure with nanoscale resolution to fully characterize fibril organization remains
a significant technical challenge. In this study, we demonstrate that a new imaging modality, focused ion beam scanning electron
microscopy (FIB-SEM), can be used to generate 3D image datasets for visualizing and quantifying complex nanoscale organi-
zation and morphometry in collagen gels. We polymerized gels at a number of concentrations and conditions commonly used for
in vitro models, stained and embedded the samples, and performed FIB-SEM imaging. The resulting image data had a voxel size
of 25 nm, which is the highest resolution 3D data of a collagen fibril network ever obtained for collagen gels. This resolution was
essential for discerning individual fibrils, fibril paths, and their branching and grouping. The resulting volumetric images revealed
that polymerization conditions have a significant impact on the complex fibril morphology of the gels. We segmented the fibril
network and demonstrated that individual collagen fibrils can be tracked in 3D space, providing quantitative analysis of network
descriptors such as fibril diameter distribution, length, branch points, and fibril aggregations. FIB-SEM 3D reconstructions
showed considerably less lateral grouping and overlap of fibrils than standard 2D SEM images, likely due to artifacts in SEM
introduced by dehydration. This study demonstrates the utility of FIB-SEM for 3D imaging of collagen gels and quantitative anal-
ysis of 3D fibril networks. We anticipate that the method will see application in future studies of structure-function relationships in
collagen gels as well as native collagenous tissues.
INTRODUCTION
Fibril-forming collagens (e.g., type I, II, III) are ubiquitous
proteins that bear loads and maintain shape within the extra-
cellular matrix (ECM) of vertebrate organisms (1–3). Type I
collagen is essential for bone formation and it is the primary
organic constituent of bone (2,3). Type I collagen is also
the predominant load-bearing protein within connective
tissues such as ligament, tendon, and the dermis (4–6).
Type II collagen is the primary constituent of articular
cartilage, while type III collagen forms granular tissue dur-
ing wound healing and colocalizes with other collagens
(7–10). Fibrillar collagens undergo an entropy-driven pro-
cess known as fibrillogenesis, in which single tropocollagen
monomers self-assemble into nanoscale collagen fibrils with
a high aspect ratio. In vivo, fibrillogenesis is a cell-mediated
process whereby procollagen monomers are secreted (e.g.,
via fibroblasts) by vesicles and modified by membrane
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bound enzymes into tropocollagen monomers, which then
assemble into fibrils within the ECM (11,12). Fibrillogene-
sis can also be induced in vitro, whereby acid-solubilized
collagen is neutralized in the presence of phosphate buffered
saline (PBS), which causes tropocollagen monomers to
precipitate from solution and self-assemble into a fibrillar
network. Once a critical concentration (known as the
gelation point) of collagen is reached, fibrils begin to inter-
connect into a physically cross-linked network to form a
collagen hydrogel (13).

In vitro polymerization of type I collagen has played a
crucial role as both a cell culture scaffold and as a model
system to study the process of fibrillogenesis (14–16). The
fibril network of a collagen gel is tightly linked to the poly-
merization conditions, including collagen source, collagen
concentration, pH, temperature, and salt content, presence
of other proteins and molecules, and other physical and
chemical factors (15–17). Altering these variables changes
the rate of polymerization and the resulting diameter distri-
butions and organization of fibrils within the collagen
network. Such results are highly relevant, as numerous
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experimental and computational studies have demonstrated
that the microstructural organization of collagen fibrils
plays a central role in the resulting macroscopic properties
of gels in vitro and tissues in vivo (15,18–21), as well as
the emergent cellular behavior observed in culture.

For in vitro polymerized collagen gels, a number of
methods are utilized to study the structure-function relation-
ships between collagen fibril microstructure and resulting
macroscopic properties. Macroscopic properties are as-
sessed using turbidity assays to study the kinetics of fibrillo-
genesis, mechanical testing to study the elastic, plastic, and
viscoelastic properties of gels and a number of other assays
to examine the permeability and diffusion coefficients of
collagen gels (15,16,22–24). The microscopic organization
of collagen gels has been studied using a number of different
microscopy techniques, including optical methods such as
confocal reflectance microscopy, confocal fluorescence
microscopy, second harmonic generation, and electron mi-
croscopy methods such as scanning electron microscopy
(SEM) and transmission electron microscopy (TEM)
(Fig. 1) (15,25–29). The major advantage of the aforemen-
tioned optical methods is that they are inherently three
dimensional (3D). However, the diffraction limit of light,
which is ~l/2 (where l is the imaging wavelength), has
proven to be a significant limitation. Individual collagen
fibrils within in vitro polymerized gels typically have
diameters of <100 nm, which is below the diffraction limit
for the wavelengths used in optical microscopy (15). There-
fore, optical methods cannot resolve structural organization
at the fibril level. Electron microscopy methods overcome
this limitation and can provide nanometer resolution
for observing fibril diameters and organizations. However,
both SEM and TEM are inherently two dimensional (2D),
so information regarding the 3D organization of collagen
fibrils is not obtained.

In the absence of a 3D imaging modality with nanoscale
resolution, significant questions remain concerning the 3D
organization of collagen fibrils, and fibril branching, merg-
FIGURE 1 (Left) 15,000� SEM image of a 2 mg/mL collagen gel dem-

onstrates the ability of electron microscopy to reveal complex organization

of individual collagen fibrils and fibril aggregates within a gel. (Right) 60�
confocal reflection image of a 2 mg/mL collagen gel reveals the limited

ability of optical microscopy to distinguish individual collagen fibrils and

their complex nanoscale interactions.
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ing, and grouping within collagen gels. Since collagen gels
garner their mechanical stability (at least initially) from
physical cross links of fibrils, this information is highly rele-
vant in understanding force transmission within collagen
fibril networks and the effects of polymerization conditions
on the resulting networks and damage propagation within
the networks, to name a few. An important phenomenon
seen in vitro is the tendency for fibrils to laterally aggregate
into microscale fibers. We have found that studying this
grouping of fibrils is challenging using traditional 2D EM
methods due to the intrinsic 3D nature of the groupings.
There exists a clear need for new methods and modalities
capable of providing 3D data sets of collagen gels with
nanoscale resolution.

Previous studies have utilized serial block face scanning
microscopy (SBF-SEM), whereby a microtome is mounted
inside a vacuum chamber and serial images are taken of
a sample after successive layers of material are removed
(30–33). These methods have been used to reconstruct 3D
images and track collagen fibrils within a mouse embryo
tendon (34). Such methods have not been applied to the
study of collagen fibril networks in collagen gels. Although
SBF-SEM can provide 3D reconstructions, obtaining very
thin sections (<50 nm) in hard substrates is challenging,
thus limiting the resolution in the slicing direction.

This research examined the use of focused ion beam
scanning electron microscopy (FIB-SEM) as a means to
image the 3D organization of collagen fibrils within a
collagen gel and establishes a pipeline for preparing, nano-
scale imaging, and processing data sets for the extraction of
3D fibril network parameters. In FIB-SEM, a focused ion
beam (positively charged gallium ions in this case) is
used to mill serial sections of the sample, with an SEM im-
age being acquired after each face is exposed (35,36). This
method can yield 3D reconstructions with nanometer reso-
lution, overcomes some of the shortcoming of SBF-SEM
such as slice thickness, and provides an automated means
of obtaining these reconstructions. This study demonstrates
that complex fibrillar organization can be observed in 3D
with adequate resolution to distinguish individual collagen
fibrils in collagen gels polymerized under varied conditions.
Furthermore, a validated 3D tracing protocol is demon-
strated that yields network parameters of the fibril organiza-
tion, and these parameters vary as a result of polymerization
conditions. By analyzing the extracted 3D network, fibril
parameters, such as segment length and the frequency of
branching, have been measured in a collagen gel 3D fibril
network for the first time to our knowledge. Furthermore,
an algorithm was developed for measuring fibril aggrega-
tion into fibers, and it was shown that such aggregation
appears to be concentration dependent. By facilitating the
3D imaging of collagen fibril networks at the nanoscale,
these methods provide a novel tool for the study of struc-
ture-function relationships within collagen gels as well as
native collagenous tissues.



TABLE 1 Six Different Groups of Gels Were Polymerized with

Varied Collagen Concentration, Polymerization Temperature,

and the Presence of Additional Molecules

Sample Description

Collagen

Concentration

(mg/mL)

Polymerization

Temperature

Additional

Molecules

4 mg/mL RT 4 RT N/A

4 mg/mL 37�C 4 37�C N/A

2 mg/mL RT 2 RT N/A

2 mg/mL 37�C 2 37�C N/A

2 mg/mL DS 2 RT DS

2 mg/mL decorin 2 RT decorin

Imaging of Collagen Gels with FIB-SEM
MATERIALS AND METHODS

Collagen gel polymerization

Type I collagen was purified from rat tail tendons as previously described

and dissolved in 0.02 M acetic acid at a concentration of 10 mg/mL

(15,16,25). This solution was diluted to either 2 or 4 mg/mL using 10�
PBS containing phenol red and water such that the final concentration

of PBS was 1�. While on ice, the collagen solution was neutralized

with 1 N sodium hydroxide to obtain a pH of ~7.5. The solution was

poured into silicone elastomer molds, which were pressed onto glass slides

to keep them flat and seal the mold while providing a method to gently

remove the gels from the mold after polymerization. The gels were al-

lowed to polymerize in the molds overnight at either room temperature

(RT) or 37�C. The mold cavities were cylindrical in cross section and

had a thickness of 3 mm and diameter of 10 mm (Fig. 2). Additional

samples were polymerized either in the presence of the glycosamino-

glycan dermatan sulfate (DS) or proteoglycan decorin, as these have pre-

viously been shown to alter the microstructural organization of collagen

gels (15,37). A total of six groups of gels (six gels in each group) were

polymerized (Table 1).
Staining

Immediately after polymerization, gels were fixed, stained, and embedded.

Gels were first placed in a primary fixative (2.5% glutaraldehyde, 2% form-

aldehyde in 1� PBS) overnight on a shaker plate. Gels were subsequently

stained twice with a 2% osmium tetroxide solution overnight and once with

a 2% Uranyl acetate solution for two days (34,35). This created a positive

stain in which fibril material generates a signal that can be measured using

SEM. After staining, gels to be imaged by FIB/SEM were subjected to a

solvent exchange whereby the water phase was replaced with ethanol using

an ethanol series (50, 75, 95, and 100%) and were subsequently embedded

in PMMA using previously described methods (38). These gels were then
FIGURE 2 (A) Collagen gels were polymerized in silicone elastomer

molds that were pressed onto glass slides. (B) Stained gels were embedded

in PMMA resin and sectioned. (C) A typical FIB-SEM excavation site with

the milled fiducial marker identified by a dashed box. (D) Representative

SEM image from an ion beam milled face, with collagen fibrils shown in

white.
cut in half using a diamond point saw and the face was polished using a

fine-grit lapidary polishing disk. This exposed the center of the gel, where

the fibril geometry was free from edge effects (Fig. 2 B). Gels that were pre-

pared for SEM imaging were dried with hexamethyldisilazane (15,25).
SEM imaging

Samples dried with hexamethyldisilazane were mounted onto metal posts

with carbon tape and imaged at 15,000� in high vacuum using a Quanta

600 FEG SEM (FEI, Hillsboro, OR). Six images were acquired in six sepa-

rate locations in a sample from each polymerization group. High-resolution

images (3775 � 4096 pixels) were saved.
FIB-SEM imaging

A Helios Nanolab 650 (FEI) was used to perform the FIB-SEM imaging of

the embedded gels. First, the site was prepared by using the ion beam to

excavate a pit around the volume to be imaged. Then the ion beam was

used to etch fiducial markers into the surrounding material (Fig. 2 C). Plat-

inum was deposited on the periphery to provide additional strength during

the milling process. The focused ion beam was used to sequentially re-

move either 20 or 25 nm layers of material while the SEM obtained a

10,000� image from the milled face after removal of each layer. An auto-

slicing program automated this process. This yielded a series of sequential

images that were used to reconstruct the 3D volume of the collagen fibril

network. The dimensions of the milled face were ~20 mm in width and

15 mm in height. The total number of slices acquired varied from 250 to

650. During milling, debris tended to accumulate on and around the fidu-

cial markers. If this debris obscured the fiducial marker, the autoslicing

program would fail, resulting in a decreased number of slices, thus ex-

plaining the variance in the number of slices. A FIB-SEM scan was ob-

tained for each of the six sample types. Additionally, we obtained three

scans from three separate regions of a single 4 mg/mL sample to determine

site-to-site variability.
Volume rendering and 3D tracing

Image stacks were imported into ImageJ (National Institutes of Health,

Bethesda, MD) and were cropped so that unusable portions of the image

stack were removed. The usable portion of the stack varied between scans,

with milled material debris often obscuring the bottom and edges of the

image. After cropping all images within a stack, the resulting images

were enhanced using auto level correction, background subtraction using

a rolling ball algorithm, a despeckle algorithm, and a 3D median filter

(3 � 3). Image stacks were then binarized using the autothreshold function

with the Otsu method. Processed image stacks were saved as 3D TIFF

images and were imported into Amira (FEI), where the 3D volume was

resampled to obtain an isotropic voxel size that had an edge length equal

to the slice thickness.
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Fibril diameter distributions and volume fraction

Resampled binary datasets were imported into the Farsight Open Snake

Tracing System (OSTS) for quantitative analysis (39,40). This system,

which was originally developed to track neuronal axons, proved well suited

for tracking collagen fibrils in the 3D data sets. Using an active contouring

algorithm, this program extracts the fibril network and related information

(Fig. 3). Additional values including fibril diameter, fibril volume, fibril

segment length, and the number of branchpoints were obtained using

another Farsight executable, Trace Edit (41). The volume of the traced net-

works was used to compute the volume fraction of collagen in each sample.

Histograms were generated and normalized of the fibril segment diameters

for each sample so that the integral of the histogram had a value of unity.

The mean fibril diameter, fibril segment length, and the number of branch-

points per unit of fibril length were computed for each sample. The samples

were grouped by collagen concentration and the mean and standard devia-

tions for these network parameters were computed and compared.
Fibril grouping measurement

The tendency for collagen fibrils to form into groups of parallel fibrils was

quantified by using a custom MATLAB program (The MathWorks, Natick,

MA). The coordinates of the fibril networks from the OSTS were analyzed

to determine the number of fibril groupings (fibers) relative to the number of

detected fibrils, and the diameters of those fibers. The algorithm recognized

fibers within the network by checking for fibrils that are oriented within 5�

of each other with respect to each fibril axis within a specified distance of

each other. A 3D best fit line was determined for each fibril. The dot product

of a unit vector along the line with each coordinate axis was used to approx-

imate the orientation of the fibril in 3D space. Fibrils whose orientations

were within 5� of each other were to be grouped as possible fibers. Subse-

quently within each grouping, the distance between all possible two-fiber

combinations was taken to determine which fibrils were within a specified
FIGURE 3 (A) A typical 3D reconstruction of a collagen fibril network

from the FIB-SEM data. (B) The traced fibril network obtained using the

Farsight OSTS system, where traces are shown in yellow and the fibril vol-

ume is shown in gray. (C) A typical synthetic fibril network (2 mg/mL, 6

pixel diameter) generated using the MATLAB algorithm. (D) An SEM im-

age of a 2 mg/mL sample with the traced network overlaid, with individual

traces alternating in color. To see this figure in color, go online.
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input distance of each other. This was done by looking at the shorter fibril of

the two fibrils being compared and taking the distance between each of its

points and all points on the longer fibril, and saving the minimummeasured

distances. If 70% of these minimum distance values were within the spec-

ified distance criteria, the two fibrils were classified as a fiber. This created

an initial set of fibers that were then further grouped with other fibers if they

had matching index values. Grouping was continually repeated until no two

fibers contained the same fibrils. Fiber diameter was measured by taking the

largest measured average distance between any two fibrils within each fiber

and adding the respective average radii of each fibril involved with that

maximum distance.
Validation of tracing algorithm

To verify the accuracy of the Farsight OSTS for use on collagen fibrils, syn-

thetic images of fibril networks with known parameters were generated and

analyzed. Synthetic fibril networks were created using a previously devel-

oped MATLAB algorithm (26). The algorithm creates a random fibril

network resembling 3D image data of collagen gels (Fig. 3). Synthetic

network image data were created with different collagen concentrations

(2 and 4 mg/mL) and diameters (2, 4, and 6 pixels). These image datasets

were analyzed with OSTS to obtain the traced network along with measured

diameters. These recreated images were compared to the original synthetic

image data to determine the accuracy of the traced network in OSTS. To

check accuracy of diameter measurements, the average measured diameters

along with their standard deviations were compared to the known input

diameter. To verify that the MATLAB algorithm was able to effectively

identify fibers, artificial networks were created in which the addition of a

known number of fibril groupings and known diameters were generated.

The input values of the synthetic fibrils groupings were then compared to

the values obtained from the fiber tracking algorithm in MATLAB.
RESULTS

3D volume rendering of fibril networks

3D reconstructions of FIB-SEM data revealed a complex
network of collagen fibrils that display splitting, merging,
groupings, and interweaving (Fig. 4). The 20 and 25 nm
voxel size provided adequate resolution to reconstruct these
complicated features. We attempted to acquire a similar vol-
ume of image data across samples. However, controlling the
deposition of milled material was problematic, resulting in
varied sample dimensions and volumes (Table 2). For all
samples, fibril networks were highly connected. Lower-
density samples had a correspondingly lower density of fi-
brils. Qualitative observation of the 3D networks alone
was inadequate to distinguish most samples. The addition
of the glycosaminoglycan DS resulted in considerably
more grouping of fibrils than in the other sample types.
Tracing results and comparison of fibril network
parameters

Overlay of the traced networks on the original data set
revealed that the OSTS algorithm tracked the fibrils with
high fidelity (Fig. 3 B). The volume fraction averaged
over all 4 mg/mL samples (2.98 5 1.29%) was nearly
double that of the 2 mg/mL samples (1.67 5 1.17), but
this difference was not statistically significant (Fig. 5 A).



FIGURE 4 3D reconstructions for each condition. Within each data set,

individual fibrils, grouped fibrils, and complex fibril interactions such as

merging, splitting, and interweaving are present. The considerable differ-

ences between networks are primarily due to the varied polymerization con-

ditions, although some there are some contributions from varied sample

volumes between data sets and spatial variance of collagen density. Scale

bars vary across samples due to differences in sample volume inherent in

the FIB-SEM technique.

Imaging of Collagen Gels with FIB-SEM
The volume fractions for both groups were nearly eight
times higher than the theoretical value, which is 0.2 and
0.4% for the 2 and 4 mg/mL samples. The mean fibril diam-
eters for the 2 mg/mL gels were 1285 41 and 995 36 nm
for the 4 mg/mL gels, with this trend consistent throughout
the histograms for samples polymerized at both RT and
37�C (Fig. 5 B). The fibril diameters were similar between
the two polymerization temperatures. Although the volume
fraction varied significantly from site to site within a single
4 mg/mL sample (2.3–4.9%), the mean fibril diameter and
TABLE 2 Imaged Sample Dimensions and Volumes

Sample Description

Width

(mm)

Height

(mm)

Depth

(mm)

Volume

(mm3)

4 mg/mL RT 10.1 6.7 12.1 816

4 mg/mL 37�C 9.1 6.6 6.2 375

2 mg/mL RT 9.0 6.7 4.9 298

2 mg/mL 37�C 10.1 6.7 9.8 664

2 mg/mL DS 10.1 6.7 13.2 895

2 mg/mL decorin 10.1 6.7 4.7 318
distributions were very similar (Fig. 5 C). The 2 mg/mL
DS sample and 2 mg/mL decorin sample had fibril distribu-
tions that were markedly different from the other 2 mg/mL
samples (Fig. 5 D). Although the mean fibril segment length
was greater for the 4 mg/mL gels (10205 150 nm) than the
2 mg/mL gels (9005 32 nm), this difference was not statis-
tically significant (p ¼ 0.098). The mean distance between
branch points was less for the 4 mg/mL gels (970 5
32 nm) than the 2 mg/mL gels (1019 5 151 nm), but this
was not statistically significant (p ¼ 0.58). There was an
increased tendency for 2 mg/ml gels to have more fibril
groupings than the 4 mg/mL gels, with 1.67 5 0.45% of
fibrils being grouped into aggregates of two or more for
the former and 1.08 5 0.78%. This difference was not sig-
nificant (p ¼ 0.26).
Tracing validation

The artificial fibril networks with varied concentration and
diameter were traced using the OSTS algorithm and the
mean fibril diameters were computed and compared to the
value used to generate the network. The computed fibril
diameter for networks generated with a 2 pixel diameter
was 3.15 5 0.21 pixels, which represents an error of 57%.
The computed fibril diameter for networks generated using
a 4 and 6 pixel diameter was 4.05 5 0.21 and 5.93 5 0.34
pixels, respectively. This represents an error of <1.5% for
networks with fibrils >4 pixels in diameter, which is the
case for all of the networks traced from the volumetric
FIB-SEM data. 2D projections were obtained of these same
networks and were used to validate the 2D tracking algo-
rithm, where the traced diameters were within 7% of the
diameter used to generate the network. The synthetic net-
works with fibril grouping were tracked using the aforemen-
tioned MATLAB algorithm and the results for the number of
groups and diameter of the group were compared to the true
values and an error of<8%was observed. These data demon-
strate that both tracing algorithms produce highly accurate
results for the sparse fibril networks traced in this study.
Comparison to 2D SEM data

Qualitative side-by-side comparisons of SEM images to the
reconstructed FIB-SEM images of the sample within the
same group revealed that although SEM images generally
corresponded to the FIB-SEM reconstructions, there were
distinct differences (Fig. 6). In general, the SEM images
showed more aggregation of adjacent fibrils and more over-
lap of fibrils than the FIB-SEM image, presumably due to
the 2D projection of the 3D fibril network.
DISCUSSION

The results of this study demonstrate that our new approach
for characterization of fibril networks in collagen gels via
Biophysical Journal 111, 1797–1804, October 18, 2016 1801



FIGURE 5 (A) Average volume fraction for all 2

and 4 mg/mL samples, where error bars represent

standard deviations. (B) Normalized histograms

comparing the fibril diameter distributions of the

2 mg/mL gels (gray) and 4 mg/ml gels (black),

where samples polymerized at RT are dashed and

at 37�C are solid. These results demonstrate that

increasing the collagen concentration results in a

decrease in the fibril diameters, while changing

the polymerization temperature had a small but

measurable effect. (C) Comparing the normalized

histograms of the fibril diameter distributions ob-

tained from FIB-SEM imaging at three different

sites within the same 4 mg/mL sample revealed

that the fibril diameter within the sample was

consistent across the sample volume. (D) Normal-

ized histograms comparing the 2 mg/mL RT sam-

ple (solid) with the 2 mg/mL DS sample (dashed)

and 2 mg/mL Decorin sample (dot-dash) revealed

the significant effect that the addition of these mol-

ecules has on the resulting fibril network.

Reese et al.
FIB-SEM imaging in combination with 3D tracing provides
accurate, high-resolution, automated analysis of fibril
network geometry. Raw data sets had a voxel size of
25 nm, which are the highest resolution 3D data sets of a
collagen fibril network from a gel ever obtained. This reso-
lution was essential for discerning the individual fibrils,
fibril paths, and branching and grouping within the samples.
The OSTS algorithm provided a means of obtaining
network descriptors such as fibril diameter, length, and
number of branch points, as well as number of fibril
aggregations.
FIGURE 6 Qualitative comparison of the SEM 2D images and FIB-SEM

3D reconstructions (top row, 4 mg/mL; bottom row, 2 mg/mL). The SEM

images showed more aggregation and more overlap of adjacent fibrils

than the FIB-SEM 3D reconstructions.
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Validation using synthetic data demonstrated that the
traced networks were highly accurate for fibrils with a diam-
eter of 4 pixels or more, which was the case for most fibrils
in the 3D FIB-SEM data sets. The resulting fibril diameter
histograms demonstrated that the technique can quantify
differences in the collagen fibril networks in gels poly-
merized under different conditions. This technique can be
readily applied to other types of hydrogels, including gels
made from naturally occurring materials such as fibrin,
hyaluronic acid, and alginate, and synthetic scaffolds such
as poly(ethylene glycol).

Qualitative comparison of the SEM images to the 3D
FIB-SEM reconstructions revealed that there was consider-
ably more lateral grouping of fibrils than in the FIB-SEM
data. To image the gels with SEM, they first had to be dehy-
drated and have all liquid phase material removed, which
caused significant shrinking of the gels. We hypothesize
that this shrinking resulted in distinct but adjacent fibrils
coming into contact, thus appearing to be fused. This result
highlights the artifacts that can be introduced by dehydra-
tion of collagen gels for SEM, and these artifacts cannot
be corrected by postprocessing of the images.

In contrast to SEM, FIB-SEM imaging allows quantifica-
tion of fibril volume fraction within the gels. In 2D SEM im-
ages it is only possible to quantify the percentage of the
image area occupied by the fibrils. Because this area is a
result of projecting 3D fibrils onto a 2D plane, there is no
way to directly correlate these measurements to the 3D vol-
ume fraction. It is interesting to note that the volume frac-
tions measured from the FIB-SEM data sets were nearly
eight times higher than would be predicted if tropocollagen
was densely packed within fibrils. This result suggests that
collagen fibrils are highly hydrated, consisting of ~85% wa-
ter, a result supported by a previous study (25). FIB-SEM
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also allows for the computation of fibril segment lengths and
the measurement of true branchpoints, something that is not
possible using 2D projections of networks, as in SEM.

Although FIB-SEM offers many advantages relative to
other imaging modalities for studying collagen gels, there
are many factors to be taken into consideration. While the
3D datasets have a resolution that greatly exceeds that of op-
tical methods, the imaging volume is much smaller. How-
ever, by measuring fibril network parameters in three
different sites within the same sample, we found that even
with a small sample volume, representative parameters for
the entire sample can be measured. Furthermore, the scan
time required to obtain a full data set for FIB-SEM is
6–12 h, while optical methods may only take 1–2 h. One
possible solution to decrease imaging time is to reduce the
resolution of the image acquired in on each face (we actu-
ally had to down-sample our image resolution) and by tak-
ing thicker slices. Increasing slice thickness by 50% should
have a minimal impact on the accuracy of the reconstructed
and traced networks, but should significantly reduce scan
time. Additionally, FIB-SEM requires that the sample is
stained and embedded within resin, which increases the
processing time for the samples. Although this is necessary
for obtaining flat faces when milling with the ion beam, by
embedding smaller samples, this process could be signifi-
cantly sped up. Despite the many processing steps for stain-
ing and embedding the gels in resin, we believe that the
nanoscale network structure was well preserved. The con-
centrations of gels used in this study result in a physically
cross-linked network that is stable under its own weight
and can be handled and even tested under tension. The struc-
ture of these cross-linked networks should not be affected by
the gentle processing steps of staining and solvent exchange
during the embedding process, at least at the spatial scale
examined in this study. We note that we did not examine
the condition of the finer components of the ECM after
fixation. Additional considerations include the challenges
associated with obtaining a consistent sample volume and
the necessity of embedding in a hard resin. PMMA was
chosen because it mills well by an ion beam and can fully
infiltrate the gel. Many of these issues can likely be ad-
dressed by further optimization of the preparation, embed-
ding, and imaging methods used with FIB-SEM.

Although this study is, to our knowledge, the first of its
kind for collagen gels, a previous study by Bushby et al.
(35) describes a similar method for observing collagen fibrils
in a chick embryo. Although this study was used as a refer-
ence, unique methods had to be developed to deal with the
highly hydrated nature of collagen gels. Furthermore, the
aforementioned study did not perform any image processing
on the volumetric data sets. In this study, a pipeline is devel-
oped that allows for a detailed qualitative analysis of fibril
networks with nanoscale resolution, as well as detailed quan-
titative comparisons using network parameters such as fibril
diameter, length, branching, and fibril grouping.
In summary, FIB-SEM is an effective method for imaging
the complex morphological organization of fibrils within
a collagen gel with nanometer resolution, and the image
datasets provide both qualitative and quantitative metrics
of comparison for in vitro studies utilizing collagen gels.
Due to its high spatial resolution, FIB-SEM represents an
ideal tool for examining the nanoscale organization of
fibrillar networks in studies of collagen gels in a variety of
applications, including their use for in vitro cell culture.
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