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Fibrous tissue engineering scaffolds, such as those produced by electrospinning, cannot achieve their clinical potential until deep
cell-scaffold interactions are understood. Even the most advanced imaging techniques are limited to capturing data at depths of
100 yum due to light scatter associated with the fibers that compose these scaffolds. Conventional cross-sectional analysis provides
information on relatively small volumes of space and frontal sections are difficult to generate. Current understanding of cellular
penetration into fibrous scaffolds is limited predominantly to the scaffold surface. Although some information is available from
cross-sections, sections vary in quality, can distort spatial scaffold properties, and offer virtually no spatial cues as to what scaffold
properties instigate specific cellular responses. Without the definitive ability to understand how cells interact with the architecture
of an entire scaffold it is difficult to justify scaffold modifications or in-depth cell penetration analyses until appropriate techniques
are developed. To address this limitation we have developed a cryosectioning protocol that makes it possible to obtain serial frontal
sections from electrospun scaffolds. Microscopic images assembled into montage images from serial sections were then used to
create three-dimensional (3D) models of cellular infiltration throughout the entire scaffold.

1. Introduction and regulating the extent of cellular penetration and pop-
ulation of electrospun scaffolds is fundamental to each of
these potential applications and considerable effort has been
directed at achieving this objective [4, 8, 18].

The refractive nature of the fibers that comprise an elec-
trospun scaffold limits the utility of conventional light and
confocal microscopy in the analysis of electrospun scaffolds
[19, 20]. Even with two-photon microscopy, the structural
properties of these constructs limit imaging to a maximum
depth of approximately 100 ym, and even then the resulting
z-stack data represents a small fraction of the entire surface
area of the scaffold [20, 21]. Several laboratories, including
our own, have used cross-sectional analysis of samples taken
from frozen sections in order to judge the extent of cellular
penetration into electrospun scaffolds [12, 22, 23]. However,
given the complex surfaces and wide distribution of cells in

Electrospinning is a technique that can be used to pro-
duce three-dimensional (3D) tissue engineering scaffolds
composed of nano- to micron-sized fibers fabricated from
natural proteins [1, 2], synthetic polymers [3-6], and blends of
natural proteins and synthetic polymers [7-9]. The versatility
of this technique allows for considerable control over the
composition, mechanical (e.g., tensile strength, elasticity,
etc.), and structural (e.g., fiber size, fiber alignment, scaffold
shape, scaffold porosity, etc.) properties of the resulting
constructs [4, 10-12]. Electrospinning produces a unique
class of nanomaterials that can be utilized in a wide variety
of biological applications; for example, electrospun scaffolds
have been used to investigate how cells interact with 3D
environments of varying compositions [13, 14], and, in a

more esoteric application, electrospinning has been proposed
as a method for fabricating organs and tissues targeted
for replacement therapy [15-17]. Understanding, promoting,

electrospun materials it is difficult to characterize the depth
and extent of cell penetration throughout an entire scaffold
using these methods. Data collection in this type of analysis



is usually limited to a few selected sections taken from
the scaffold and, without a comprehensive morphometric
approach, this type of analysis often results in a subjective and
biased analysis of the samples.

Tissue engineering scaffolds targeted for use in recon-
structive therapy are typically designed to mimic the gross
dimensional characteristics of the native target tissue [4, 10,
24, 25]. For example, the wall of a native, small diameter
artery may reach nearly 500 yum in thickness in an adult,
ostensibly requiring a scaffold of approximately the same
thickness to act as a graft [26, 27]. In this example, due to the
inherent limitations imposed by the structure of the scaffold,
the spatial cell-matrix information for the majority of the
scaffold would be unobtainable. Developing methods to bet-
ter understand how cells interact throughout the entirety of a
tissue engineering scaffold represents an important element
of the design process. Without this type of information it is
difficult to make rational decisions concerning what changes
in structure, nutrient support, and/or seeding conditions
might be necessary to modulate cell distribution and func-
tion. Scaffold structural considerations are too often based
on limited data (e.g., cross-sectional samples) at best and,
at worst, academic guesswork. In this study we describe a
method in which we are able to take serial frontal sections
through the entire thickness of frozen electrospun scaffolds.
This represents a method that provides nearly unambiguous
information concerning the depth and spatial distribution of
cells within a given scaffold design. By reconstructing data
collected from the individual serial sections into a three-
dimensional model it is also possible to explore how regional
variations in scaffold structure impact cell-matrix interac-
tions.

2. Materials and Methods

2.1. Electrospinning. All reagents were obtained from Sigma
unless otherwise noted. Polycaprolactone (PCL: 65,000 M.W.)
was suspended and electrospun from trifluoroethanol (TFE)
at concentrations of 150 mg/mL (producing small diameter
fibers) or 250 mg/mL (producing large diameter fibers). Elec-
trospinning syringes were capped with a blunt-tipped 18-
gauge needle and placed into a syringe driver (Fisher Sci-
entific) set to deliver the electrospinning fluid into an 18-
21kV static electric field at a rate of 8 mL/hr across a 20 cm
gap [4]. A solid cylindrical metal mandrel (length =11.75 cm,
diameter = 6.33 mm) or a perforated cylindrical metal man-
drel was used as ground targets (functional length = 11.75 cm,
mandrel diameter = 6.33 mm, and pore diameter = 0.75 mm
spaced laterally 2mm and vertically 1.5mm) [4, 12]. The
target mandrels were designed to rotate and translate laterally
(4 cm/s over a 12 cm distance) in order to facilitate an even
distribution of fibers.

2.2. Cell Culture. Human dermal fibroblasts (hDF, Cascade
Biologics C-013-5C) were cultured in DMEM-FI12 (Gibco)
supplemented with 10% fetal bovine serum (FBS, Hyclone)
and 1% penicillin/streptomycin (P/S, Invitrogen). For cell
culture experiments 6 mm diameter and 1 mm thick circular
samples were punch cut from electrospun scaffolds and
sanitized in a 70% ethanol wash for 30 min followed by two
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phosphate bufter solution (PBS) rinses and one media rinse.
Scaffolds were seeded with 25,000 cells and cultured in an
incubator set to 37°C and 5% CO,. Cell culture media were
changed every 3 days. For analysis, populated scaffolds were
fixed in 10% glutaraldehyde in phosphate buffer solution
(PBS) for 10 minutes followed by two rinses in PBS. Samples
were placed in fresh PBS and stored at 4°C until being pro-
cessed for analysis. Samples were cut into 50 ym thick serial
sections as described subsequently in this study and stained
with 4',6-diamidino-2-phenylindole (DAPI) and rhodamine
phalloidin.

2.3. Image Acquisition. Montage images of each serial section
were prepared from data captured with a Nikon TE300
microscope equipped with 10x and 20x objectives and a DXM
1200 digital camera, all images captured at a resolution of
1280 x 1024. Brightfield images were overlaid with fluo-
rescence images using the Photomerge function of Adobe
Photoshop CS4. 3D scaffold reconstruction was performed
using Google SketchUp Make.

2.4. Cryosectioning Sample Preparation and Cutting Protocol

(1) Samples were placed into a 30% sucrose solution pre-
pared in PBS for 3 days at 4°C. This extended incuba-
tion period was used to ensure that the scaffolds were
tully infiltrated with sucrose and cryoprotected dur-
ing processing. Poor sucrose infiltration (e.g., short
soak times) resulted in inconsistent cell preservation
and catastrophic sample deformation during cutting
(e.g., crush and fragmentation issues that prevented
section recovery). This is one of the most critical steps
in this protocol; typical procedures call for 1 hour
submersion in sucrose which resulted in very poor
frontal sectioning [28].

(2) Samples were removed from the sucrose solution and
placed directly into a “cryomold” containing suffi-
cient optimal cutting temperature compound (OCT)
embedding media to fully submerse the scaffolds.
We have found that Fisher, flat-bottom culture dishes
work as well as cryomolds. Extended scaffold expo-
sure to unfrozen OCT was avoided as it was found to
reduce rhodamine staining of actin.

(3) A nonseeded (scrap) scaffold of identical size to the
sample to be processed was placed directly on top of
the cell seeded sample. This second scaffold was used
as a “buffer” to reduce the risk of physically damaging
the underlying scaffold of interest.

(4) The entire cryomold was then placed onto the cryobar
inside the cryostat (Figure 1) and, using a press tool,
the sample was quickly submerged and flattened by
pressing it down to the bottom of the cryomold
until all OCT had solidified. In this step the scrap
scaffold mitigates physical damage to the scaffold
from the press tool and provides a backing for when
the press tool is removed (see Figure 2). The press tool
is ideally a semirigid, flat-bottom cylinder of similar
size to the sample. We used a 5 mm diameter, 2.5 cm
long cylindrical eraser refill for this study (Helix,
Grandyville, MI).
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FIGURE 1: Typical cryosectioning chamber. Temperatures used were
as follows: cryobar (-35°C), chamber (-25°C), and specimen (-34°C
to —=36°C).

(5) Once the OCT in the cryomold had solidified, the
press tool was removed with a gentle twisting motion,
keeping the sample on the cryobar at all times.

(6) Frozen samples were allowed to fully solidify on the
cryobar (3-5min). At this point all tools needed for
sample manipulation (forceps, brushes, knife, etc.)
were placed into the cryochamber and allowed to cool
to sectioning temperature. Room temperature tools
will melt the OCT which can make handling the sam-
ple extremely difficult. Additionally any melted OCT
that refreezes onto the knife increases cutting difficulty
(the knife needs to be as clean as possible at all times).

(7) Frozen scaffolds were recovered from the cryomold
and affixed to a textured cryosectioning plate using
OCT as an adhesive.

(8) Once the sample was mounted onto the cryosection-
ing plate, the plate was secured to the sectioning
arm of the cryostat and allowed to cool to sectioning
temperature (3-5 minutes).

(9) Aligning the sample with the knife edge is crucial. We
accomplished this by bringing the sample as close to
the knife as possible (without touching) and aligning
it as flush as possible to the blade. If the sample is not
aligned properly the ensuing cut will yield only a por-
tion of the section. If this happens, realign the sample
based on the previous cut and resection. We stored
cut sections in 48-well tissue culture plates filled with
PBS. Retain any sections that may have been taken
misaligned as these and the realigned samples still
represent the surface of the scaffold. Useful data can
still be extracted from these samples. It takes practice
and patience to properly align a scaffold.

(10) For PCL scaffolds, a general sectioning speed of one
rotation of the cutting cycle per second was used to
process the frozen material. The rate of travel across
the knife blade that produces the best sections can be
expected to vary to some degree by the nature of the
sample processed and is usually determined through
experience.

(A) Start with an empty well

(B) Fill the well with OCT

(C) Place the sample in the well
(side of interest facing down)

(D) Place the buffer material on top of the sample

(E) Position press tool above the buffer material \_é_l

(F) Apply enough pressure to flatten the sample

(G) Maintain pressure until the sample is frozen ;
(H) Remove press tool and allow
the sample to freeze completely

Unfrozen OCT
Frozen OCT

FIGURE 2: Flattening and freezing a sample for cryosectioning. The
flattening process is critically important—ensuring the sample is
flush with the bottom of the flat bottomed cryomold allows for
accurate alignment of the first, crucial section. Steps (A)-(D) are
completed outside of the cryosectioning chamber (room tempera-
ture) while steps (E)-(H) are completed inside the cryosectioning
chamber, on the cryobar or on an equivalent precooled metal mass.
Steps (E) and (F) must be completed quickly after placing the
sample in the cryosectioning chamber to prevent the premature
freezing of the sample in an unflattened state (e.g., if a sample has
residual tension, such as when electrospinning onto a small diameter
mandrel, it will tend to curl).

(11) Once cut, each section was recovered from the knife
surface with cold, fine-tipped forceps by grasping the
frozen OCT that surrounds the cut section (rather
than grasping the section itself) so as not to damage
it. Each section was then placed in separate PBS-filled
wells (24-, 36-, and 48-well plates work well for this
process), rather than onto dry microscope slides. This
serves a dual purpose; first, placing sections directly
into PBS quickly dissolves any residual OCT and
ensures that the sections stay hydrated; the hydra-
tion step improves overall image quality. Second,
dissolving the residual OCT mitigates the concerns
regarding reduced rhodamine staining mentioned
above. Third, the PBS bath is very forgiving and helps
to flatten or unfurl sections that may have folded
during recovery. Manually flattening a section after
placement onto a dry microscope slide is extremely
difficult as the delicate sections tend to tear rather
than unfold. Additionally, rehydration of cut sections
allowed to dry on a microscope slide commonly
results in air bubbles being trapped inside the fibrous
network, reducing image quality.
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FIGURE 3: Construction of a three-dimensional model of cellular infiltration. (a) Images are imported into the workspace and separated on
the z-axis by a factor of 10. (b) A three-dimensional object of choice is used to replace each of the DAPI positive nuclei to represent cell
location in space. (c) The bright field channel images depicting the scaffold fibers are turned off. (d) To better visualize cell penetration within
the scaffolds a digital section was prepared and the opposing images were rotated to reveal the distribution of cells within the scaffold.

(12) Sections were either stored in PBS at 4°C (assum-
ing slow scaffold degradation rates) or processed
immediately. Regardless of treatment, all cut sections
were washed with fresh PBS to remove residual OCT
(which can reduce rhodamine staining as mentioned
above). To image sections, a drop of PBS was placed
onto a microscope slide or coverslip into which (using
fine-tipped forceps) sections were transferred. Some
less-stift sections will fold in on themselves once they
are moved from the wells but generally unfold once
resubmerged in the PBS droplet, manual manipula-
tion was rarely required with the PCL scaffolds. A
coverslip was placed over the section and any excess
PBS was removed so that the sections were flattened.
The sections were then imaged and either placed
back into its original well for storage or the coverslip
was sealed and the section stored on the slide. Of
note, placing the sections between two microscope
coverslips (eliminating the thicker microscope slide)
for imaging simplifies flipping the sections over to
investigate either side of the scaffold in detail.

2.5. Image Analysis. Our objective is to develop methods to
characterize the distribution of cells within an electrospun
scaffold on a global scale. To achieve this objective we
systematically captured overlapping images across the entire
surface of each individual 50 ym thick cryosection. Prior to
moving the image field of view images were first captured
in the brightfield channel and then in the fluorescence
channel; this insures registry between the two image data sets.
Paired bright field and fluorescence images were combined to
produce a composite image. Using the Photomerge function
in Photoshop the individual composite images were then
assembled into a montage that represented the entire surface
area of each individual serial frontal section. The brightfield

channel was used in this assembly process because images
collected from the fluorescence channel (especially if DAPI
images are required) lack sufficient data density to for the
Photomerge function to assemble the montage (i.e., an image
of widely distributed nuclei does not have enough image
terrain features to allow the algorithm to assemble the
individual microscopic image fields into a montage).

Montage images from each individual frontal section
were imported into Google SketchUp and placed in a z-stack
orientation within the workspace (Figure 3). To facilitate
modeling we increased the distance between each frontal
section by a factor of ten to better visualize scaffold layer
properties. Montage composite images were aligned in the
vertical orientation using scaffold features or fiduciary marks
placed within the scaffolds prior to embedding. This process
was greatly simplified in this study because the exemplar
scaffold was fabricated using air impedance electrospinning,
a process that produces large scale features that penetrate the
scaffold in the z-direction. Registry marks can be incorpo-
rated into the peripheral edges of conventional scaffolds using
a small diameter needle to facilitate the alignment process.

To model cell position a 3D shaded rendering of a cylin-
der approximating the cross-sectional dimensions of a cell
was created and used to replace the DAPI nuclear images
marking the position of each cell within the scaffold (Fig-
ure 3(b)). We note here that the 3D shape used for cellular
representation in this model is arbitrary. In some cases it may
be helpful to use different shapes, such as spheres, to improve
cell visualization; however, it should be noted that this is only
a representation of the location of the cell, not a depiction of
actual cell shape.

Once all of the cells have been represented by a shaded
cylinder (or other 3D object) in the montage z-stacks, the
brightfield image channel was turned oft (Figure 3(c)) allow-
ing just the 3D distribution of the cylinders that mark each
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Section depth

0 um (surface)

35um

70 pm

1 mm

FIGURE 4: Consecutive frontal images of electrospun scaffolds seeded with human dermal fibroblasts stained with DAPI (yellow). Note how
data management can be monitored by examining sections prior to image acquisition. Once some predetermined threshold of cells has been
detected in the scaffold frontal sections the data sets are prepared for z-stack assembly. In this example, the majority of cells were present in
the first 70 um of the sample and subsequent frontal sections were excluded from the analysis. The large scale pores present in this scaffold
were used to align the samples in the vertical direction prior to z-stack assembly.

cells’ position to be visible. Because cells tend to primarily
occupy the surface and sides of the represented scaffold we
created a digital slice in the scaffold and rotated each half
away to better reveal the position of cells that were embedded
within the depth of the electrospun scaffold (Figure 3(d)).

3. Discussion

3.1. Inadequacies of Current Techniques. Conventional confo-
cal optical imaging techniques are limited to approximately
the first 100 ym of a fibrous scaffold and, as a result, cannot
adequately provide data on the distribution of cells on a
global scale within a large construct. Conventional cross-
sectional analysis (sections taken perpendicular to the surface
of a scaffold) can theoretically obtain data similar in nature
to the data generated by a frontal section technique. While
this is possible, pragmatically frontal sectioning has several
advantages compared to conventional cross-sectioning. First,
sections taken with this modified cryosectioning protocol
retain better structural integrity and are subject to less
physical damage. Second, only relevant frontal sections need
be analyzed. As a hypothetical example, cells are seeded
onto the top surface of an electrospun sample that is 6 mm
in diameter and 1 mm thick. Then, assume this particular
scaffold supports the infiltration of cells to a depth of
200 pm (cell penetration to this depth is common in our lab
when seeding onto scaffolds consisting of large fibers—data
not shown). It would require taking 120 total 50 ym-thick
conventional cross-sections to capture data from the entire
scaffold as cells would be present in each cross-section. From
a practical perspective, it is unlikely that all 120 sections of
this scaffold would be recovered, leaving gaps in the data
set. In contrast, if frontal sections were taken, stained with
DAPI, and assayed, the fluorescence marking the presence of
cells would be present in only the first 5-6 frontal sections
(Figure 4). Capturing data from only the relevant sections

of the sample simplifies data acquisition and accelerates
image processing time. To summarize this example, cross-
sectioning the entire scaffold would require 120 total sections,
all of which would have to be stained and imaged whereas
frontal sectioning would require 20 total sections, only 5 of
which would have to be stained and imaged.

Storing frontal sections is also more convenient com-
pared to storing conventional cross-sections. In the example
described and using 48-well plates to store sections (each
section in one well) from each scaffold, cross-sectioning
would require 3 complete plates to store one scaffold whereas,
using frontal sectioning, 2 separate scaffolds could be stored
in a single plate. Because fewer wells are used, the total
amount of imaging reagent (e.g., DAPI or other fluorescence
markers) required for staining the frontal sections is greatly
reduced compared to the conventional sections (despite
cross-sectioned samples having a smaller volume, the amount
of reagent necessary to cover a sample is dependent on the
sample thickness which, in this case, is the same). From a
data output standpoint, cross-sections depict the extent of
cellular infiltration at a specific location (as does confocal
microscopic analysis); data obtained from a frontal section
reflects how local features impact the depth of penetration
over a large surface area. This type of data might otherwise
be lost in a conventional cross-section. In our study, despite
the large scale nature of the pores induced by air impedance
electrospinning that were present in the scaffolds, it was not
possible to clearly identify these features in conventional
cross-sectional analysis whereas they are easily distinguished
in frontal sections (Figure 5).

3.2. 3D Modeling. As noted, cell distribution and the extent
of cell infiltration can be rapidly determined from individual
frontal sections (Figure 4). In this figure the scaffold sec-
tions have been aligned, placed side-by-side for examina-
tion, and projected with the appropriate depth and scaling
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FIGURE 5: Cross-section (a) and frontal section (b) of an air impedance scaffold seeded with human dermal fibroblasts (yellow). Notice how the
spatial scaffold properties, such as the macropores (arrow), are easily visible in the frontal section whereas in the cross-section no landmarks
can be confidently identified. The ability to recognize scaffold features (e.g., macropores) improves our ability to correlate certain cellular
events (e.g., infiltration) with changes in scaffold architectures. Left scale bar = 200 ym (for (a), cross-section image), right scale bar = 500 ym

(for (b), frontal section image).

legends. However, frontal sections are highly amenable to
3D reconstruction and modeling. Entire scaffolds may be
reconstructed in this manner.

Insufficient interfiber spacing and low scaffold porosity
(despite the enormous void space that is present in these
constructs) are commonly cited as factors that limit the
penetration of cells into an electrospun scaffold. With caveats,
our limited observations in this study largely support these
assumptions. Scaffolds produced by air impedance electro-
spinning exhibit regions of lower fiber density and increased
interfiber distances (Figure 4, 35um deep frontal section)
which support localized areas of increased cellular penetra-
tion. However, this same analysis reveals that scattered cells
are present in regions adjacent to these large scale features.
It is unclear at this time if these scattered cells represent
cells that have directly penetrated the scaffold or if these cells
represent a population that first entered the large scale pores
and then migrated laterally to reach these domains.

4. Conclusions

We described a modified cryosectioning protocol that
addresses a major limitation in the analysis of electrospun
scaffolds. This method provides unambiguous data con-
cerning the extent to which cells penetrate a scaffold on a
global scale. Through the utilization of this frontal cryosec-
tioning protocol researchers will be able to make definitive
conclusions regarding how cellular infiltration and ECM
interactions are influenced by specific scaffold structural
properties. This information will lead to better scaffold design
and an improved understanding of cellular infiltration.
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