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Abstract. We present a 3D study of nanostructural features of a bioprinted tissue spheroid interacting with polyurethane
dual-scale biocompatible scaffold manufactured by three-dimensional printing and electrospinning. Three-dimensional analysis of fibroblasts interacting with electrospun polyurethane fibers was conducted using scanning probe nanotomography
with an experimental setup combining ultramicrotome and a scanning probe microscope. Three-dimensional reconstruction
demonstrates direct visualization of cell membrane protrusions and coherent cell-fiber interfaces, the formation of which is
a prerequisite for an efficient tissue engineered implant. Analysis of obtained 3D data allows for quantitative calculation of
the important morphological parameters of adhered cells, scaffolds, and cell-scaffold interfaces. The proposed method may
be successfully applied to investigate 3D cell-scaffold constructs at nanoscale.
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1. Introduction

to volume ratio are crucial for sufficient cell adhesion and proliferation and consequent ingrowth and
vascularization of tissue [3].
Electrospinning is based on the electric field induced
stretching of ultrathin fibers from the solution and
enables production of 2D and 3D polymer microfibrous structures. These structures have varied architecture and controlled fiber diameters ranging from
several nanometer to 10 microns [4–7]. It is widely
used to fabricate porous scaffolds for cell carriers
from various biopolymer materials.

Emerging additive technologies such as 3D printing
and electrospinning have become indispensable in
tissue engineering and regenerative medicine. These
technologies enable such tasks as creation of implantable 3D scaffolds with suitable morphology,
mechanical properties, and biocompatibility that allows culturing of essential cells and tissue fragments [1, 2]. Such morphological characteristics of
scaffolds as volume porosity, pore dimensions, interconnectivity of porous systems, and surface area
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deviation [21]. These artifacts can make image segmentation for 3D reconstruction of cell-scaffold system morphology more difficult. They may be almost
totally removed with use of proper deconvolution
image filtering procedure described in [20], but it
leads to loss of effective resolution – in that case
from 150 down to 320 nm.
A resolution of 50 nm has been achieved during X-ray
nanotomography of bone tissue, albeit with the sample dimensions limited to 50 µm or less, which is not
suitable for analysis of most bio-artificial cell-scaffold or tissue-scaffold systems [22].
FIB/SEM technique may provide impressive results
in terms of resolution, but it may also cause unfavorable structural changes in biological and polymer
samples because of electron and ion radiation damage [23]. Restrictions of X-ray and SEM/FIB tomographies are unsuitable in many cases for studies of
cell-scaffold systems, and development of complementary 3D microscopy techniques remains necessary for more comprehensive analyses [24].
In the present work, we demonstrate an example of
3D nanoscale analysis of a cell-scaffold system using
an alternative analytical technology, scanning probe
nanotomography (SPNT), which is a combination of
methods of serial sectioning by ultramicrotomy and
study of the sample blockface surface by scanning
probe microscopy (SPM) after each sectioning [25–
27]. This technology enables users to obtain a series
of SPM images of sectioned cells and scaffold fiber
surfaces and conduct 3D reconstruction of the structures by integrating obtained serial SPM images.
Here, we present a 3D study of interactions of electrospun polyurethane scaffold with cells of bioprinted tissue spheroids produced from primary human
fibroblasts.

After the scaffold is manufactured, the next step needed for fabrication of a tissue-engineered construct is
effective deposition of cells or tissue fragments onto
the scaffold. One of the most prospective and rapidly
developing methods for deposition of biological material onto carriers is 3D bioprinting. This technique
is most effectively realized by printing with cell aggregates such as tissue spheroids (which usually have
a diameter of several hundred microns and may contain tens of thousands of living cells) in accordance
with a preset digital 3D model [8–11]. The spreading
and fusion of spheroids in the porous scaffold leads to
the formation of continuous bio-artificial tissue.
In previous work [12], we described the technology
of fabrication and analysis of the 3D nanostructure
of dual-scale scaffolds produced by 3D printing and
electrospinning from biocompatible polyurethane.
Such dual-scale scaffolds may serve as a universal
micro- and nanostructural platform for bioprinted
tissue-engineered constructs that correspond to internal organs [13, 14].
We also have explored nanostructural features of
human fibroblast spheroids interacting with such
dual-scale polyurethane scaffold by means of scanning electron microscopy (SEM) [15] and 2D atomic
force microscopy (AFM) [16], proving high biocompatibility of the electrospun scaffold. However, developing of effective tissue-engineered constructs
based on three-dimensional biocompatible scaffolds
requires elaborate 3D analysis and control of the scaffold architecture and characteristics of cell-scaffold
interactions on micro- and nanoscale. Developing
proper 3D imaging approaches for tissue engineering
applications is challenging in terms of achievable
resolution, contrast, imaging depth, and possible sample damage issues [17].
Such 3D microscopy techniques as focused ion beam
(FIB) -scanning electron microscopy (SEM) [18, 19]
and X-ray nanotomography with Zernike phase contrast [20] provide comprehensive 3D evaluation of
scaffolds and cells-scaffold interaction including
analysis of cells grown on electrospun PLGA scaffolds and corresponding cell-scaffold interfaces [19,
20]. Zernike method of X-ray phase contrast imaging maybe effectively used for generation of highcontrast images which allow distinguishing of cell
and scaffold details. However, typically this method
gives rise to halo artifacts at the edges of features,
arising from diffracted X-rays from the sample, which
pass through the phase ring, having low angular

2. Experimental
2.1. Manufacturing of dual-scale
polyurethane scaffold samples
Scaffold samples were manufactured using biocompatible polyurethane (PU), officially approved for clinical use in the United States (EG-85A, Lubrizol Corp.,
Wickliffe, OH, USA; courtesy of prof. Xuejun Wen,
Virginia Commonwealth University, Richmond, VA,
USA). Dual-scale scaffolds measuring 10×10×1.3 mm
were produced by combining 3D-printing and electrospinning techniques.
Three-dimensional printing was conducted using 3D
printer Duplicator i3 (Wanhao 3D Printer, Jinhua,
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the substrate surface with high precision according
to a preset digital model [15].

China). The following PU 3D-printing parameters
were applied: nozzle diameter – 0.4 mm; thickness
of deposited layer – 0.3 mm; platform temperature –
+50 °С; nozzle temperature – +210/215 °С; working
velocity in the printing plane – 10 mm/s. Fabricated
scaffold samples comprise three layers of PU stripe
grids with direction of stripes in each layer perpendicular to neighboring layers, stripe cross-section is
0.4 mm×0.4 mm and grid period is 0.8 mm.
PU fibers were deposited on 3D-printed PU grid scaffold by electrospinning performed on Professional
Lab Device (Yflow S.D., Malaga, Spain). PU for electrospinning was dissolved with 17% concentration
in dissolvent containing 60% of tetrahydrofuran
(Component-Reactiv LLC., Moscow, Russia) and
40% of dimethylformamide (DMF, Sigma-Aldrich,
St. Louis, MO, USA) by volume. The electrospinning process was conducted using the following parameters: voltage on the needle – 20 kV; distance
from needle tip to collector – 20 cm; needle diameter
0.6 mm; polymer supply rate – 1.3 ml/h [12].

2.3. Scanning electron microscopy
For SEM studies, the samples of scaffolds with adhered fibroblast spheroids (spreading period –
48 hours) were washed in PBS buffer twice for
30 minutes each, then dehydrated through an ascending series of ethanol solutions: 30% – 30 minutes,
50% – 30 minutes, 70% – 30 minutes, 80% – 30 minutes, 96% – 2 times for 30 minutes each, 100% 2 times
for 30 minutes each. The critical point drying process
was conducted according to a standard procedure
using СО2 as a working fluid and 100% ethanol as
an intermediate fluid with HCP-2 setup (Hitachi,
Tokyo, Japan). To avoid surface charge while imaging the sample, a holder with the samples was coated
by ion sputtering in an Ar atmosphere (with pressure
of ~ 0.1 mm Hg) with a ~20 nm thick Au-Pd layer.
SEM study of the samples was performed using SEM
JSM -6510LV (JEOL, Tokyo, Japan) with an accelerating voltage of 30 kV, operating distance 20 mm,
and tilt of the sample table of 30 °.

2.2. Fabrication and bioprinting of tissue
spheroids
Tissue spheroids were fabricated from primary human
fibroblasts using 96-well plates with non-adhesive
coating (Corning Corp., Corning, NY, USA, cat. №
4520). Primary human fibroblasts (Lonza GmbH,
Cologne, Germany, cat. № CC-2511) were cultivated at 37 °C in a humidified atmosphere with 5% CO2
in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, Thermo Fisher Scientific, Waltham, MA, USA,
cat. № 12491-015) containing 10% fetal bovine serum
(Gibco, Thermo Fisher Scientific, Waltham, MA,
USA cat. № 16000-044) supplemented 1 mM l-glutamine (Paneco, Moscow, Russian Federation, cat.
№ F032) and antibiotic/antimycotic mixture (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA, cat.
№ 15240–062). Cell suspension with concentration
of 5.5·104 cell/ml was produced from initial primary
human fibroblast culture. One hundred microliters
of cell suspension was placed in each well of the
plates with non-adhesive coating. Plates with forming
spheroids were incubated at 37 °C in a humidified atmosphere with 5% CO2 for 72 hours. Spheroids obtained were placed on the surface of electrospun polyurethane scaffold using the original FABION 3D multifunctional bioprinter (3D Bioprinting Solutions,
Moscow, Russia) with a conic-like pipette that enables users to place individual tissue spheroids on

2.4. Scanning probe nanotomography
For study of 3D micro- and nanostructure of cells
and scaffolds, we used NTEGRA-Tomo system (NTMDT Spectrum Instruments Co., Moscow, Russia),
which comprises a scanning probe microscope combined with Leica EM UC6 ultramicrotome (Leica
Microsystems GmbH, Vienna, Austria) [25]. The maximal scanning surface area is 95.0×95.0 µm.
For SPNT studies, the samples of scaffolds with adhered fibroblast spheroids (spreading period –
48 hours) were dehydrated similarly to the SEMpreparation procedure and embedded in epoxy embedding media (Sigma-Aldrich, St. Louis, MO,
USA, Cat. № 45345). Embedding and polymerization of epoxy embedding media was conducted for
72 hours at temperature of 50 °С.
Samples were sectioned using an Ultra sonic 35 diamond knife (Diatome AG, Nidau, Switzerland) with
3.0 mm blade width. Section thickness was 80 nm
(setting). SPM measurements were performed in the
semicontact mode at scanning rate of 1 Hz using silicon cantilever tips ETALON HA_HR (NT-MDT
Spectrum Instruments Co., Moscow, Russia) with
resonant frequency of 390 kHz and a tip radius smaller than 10 nm. Preliminary image processing was
performed with Nova ImageAnalysis 1.0.26.1443
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software (NT-MDT Spectrum Instruments Co.,
Moscow, Russia). 3D reconstruction and visualization were conducted using Image Pro AMS 6.0 software package with 3DConstructor option (MediaCybernetics Inc., Rockville, MD, USA).

3. Results and discussion
Tissue spheroids were deposited to the surface of
electrospun PU dual-scale scaffold by a FABION 3D
multifunctional bioprinter (3D Bioprinting Solutions,
Moscow, Russia) and fixed 48 hours after the deposition. After fixation and sample processing, these
samples were investigated using SEM and SPNT. An
illustrative schema of the sample fabrication steps is
shown in Figure 1.
Figure 2a shows the SEM image of a single tissue
spheroid on the electrospun PU scaffold surface
48 hours after bioprinting. The SEM image demonstrates that some individual fibroblasts had migrated
a significant distance from the spheroid (up to several hundred microns) but the spheroid retained its
shape. This is consistent with results of other studies,
reporting that tissue spheroids on electrospun scaffolds may exhibit significant flattening only after
4 days and total spreading after 7 days after seeding,
depending on the substrate and cell characteristics
[9, 10, 15].
Figure 2b shows SEM image of individual migrating
fibroblast outside of the spheroid adhered to electrospun PU microfibers of the scaffold. Obtained SEM
data enabled us also to analyze some parameters of
PU fiber scaffold itself. We have determined that the
mean diameter of microfibers is 1.64±0.43 µm (n =
70), with dimensions of pores between microfibers
ranging from 5 to 15 µm. However, analysis of 3D
data is necessary to determine volume porosity and

Figure 2. (a) SEM image of a tissue spheroid bioprinted on
the surface of PU scaffold. Time after bioprinting
– 48 h, magnification – ×100, scale bar 100 µm;
(b) SEM image of individual migrated fibroblast
cell outside of the spheroid, adhered to PU fibers.
Time after bioprinting – 48 h, magnification –
×1000, scale bar 10 µm.

surface area to volume ratio of the scaffold, which
cannot be derived from 2D SEM images.

Figure 1. Scheme of the sample fabrication. (a) 3D-printing of PU scaffold in a fused deposition modelling 3D printer;
(b) Electrospinning of PU microfibers on the scaffold; (c) Deposition of cellular spheroids on the surface of electrospun microfibrous PU scaffold using bioprinter.
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Figure 3 shows phase SPM image (32.0×32.0 µm2)
of the ultramicrotomed sample surface in the area outside of the spheroid. The sample was sectioned perpendicularly to the plane of 3D printed scaffold. Here
we can see cross-sections of the electrospun scaffold
fibers in the right part of the image, having circular
or elongated shapes, and individual migrating cell
adhered in some points to the fibers with formation

of typical membrane protrusions. Due to sufficiently
different viscoelastic properties, PU fibers demonstrate high phase contrast on SPM images compared
with the surrounding epoxy and cell material and
may be clearly distinguished.
Figure 4 shows another image of smaller migrating
cell contacting the fibers via elongated thinner membrane protrusions with thickness of 100–200 nm.
This cell is located approximately at 160 µm distance
from the spheroid border along the scaffold. The
arrow indicates the direction of cell migration along
the scaffold surface (if we are assuming that the cells
migrate in the plane of the scaffold away from the
spheroid); the image shows that the imaged cell-fiber
contacts in the inset correspond to the rear part of
the cell, which is about to detach from the fiber.
Nanoscale organization of the plasma membrane
protrusions underlies cell progression and thus distribution of cells in the scaffold and tissue ingrowth
[28, 29]. Therefore, 3D analysis of their nanomorphology is indispensable to understand cell-scaffold
dynamic interactions.
We performed SPNT 3D reconstruction of a cell on
the fibers depicted in Figure 3, collecting the series
of 23 consequent SPM image sets. Each SPM image
set was acquired after the previous 150 nm ultramicrotome section of the sample surface and comprised
a 512×512 pixel topography and phase images obtained simultaneously from the same 32.0×32.0 µm2
area. Binarization and segmentation of PU fiber images by thresholding was straightforward due to their
high contrast on SPM phase images. Segmentation
of cell images was performed manually. In this dataset,
topography SPM images offered a more comprehensive contrast in the cell ultrastructure, so they were
segmented and used for 3D reconstruction stitched
with corresponding phase images of PU fibers.
Three-dimensional reconstruction of segmented and
stitched images was conducted using Image Pro
AMS 6.0 with 3DConstructor option (Media Cybernetics Inc., Rockville, MD, USA). The resulting 3D
reconstruction visualizations viewed from two different angles are presented in Figure 5. In these images, we can directly detect coherent interfaces between fibroblast and electrospun PU fibers, marked
in Figure 5b.
Obtained 3D data enabled us to calculate quantitative morphological characteristics of the cell and
cell-fiber interfaces. The measured average thickness
of the cell perpendicular to the scaffold plane is

Figure 3. SPM image of the ultramicrotomed sample surface
in the area outside of the spheroid containing individual migrating cell (1) adhered to the PU
fibers (2). Phase imaging mode, scan size 32.0×
32.0 µm2.

Figure 4. SPM image of the ultramicrotomed sample surface
in the area outside of the spheroid containing individual migrating cell (1) adhered to the
fibers (2). The arrow indicates the direction of the
cell migration along the scaffold plane. Phase imaging mode, scan size 10.0×10.0 µm2. Scale bar in
the inset: 500 nm.
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Mathematical analysis of the reconstructed cell surfaces allowed calculation of the 3D morphological
parameters of these surfaces on the nanoscale. We
analyzed such parameters of cell surfaces as average
roughness (Ra) and effective surface area (σ) [31]. It
is worth noting, that these 3D morphological parameters could not be directly assessed from 2D microscopy techniques data (SEM and AFM of ultramicrotomed surface) which were used in [16].
The obtained average roughness Ra of the reconstructed cell membrane surface was 24.4±2.2 nm. The
roughness of the cell membrane surface is an important cytological parameter involved in several cellular mechanisms including motility, adhesion, and intracellular contact [32–34]. It may serve as a sensitive indicator of the cell's health [35–37].
In addition to roughness, the effective surface area of
the membrane is also important in determining the
condition and biological activity of the cell [38]. This
parameter determines the degree of surface development. Here, we calculate σ as the unitless ratio of reconstructed surface area to the area of its two-dimensional projection on the plane. Area of reconstructed
3D surface is calculated using a triangulation method,
as a sum of elementary cell areas among adjacent
surface points of the surface. Details of the methods
used to calculate σ and Ra parameters are given in
[31]. The calculated effective area for reconstructed
cell surface was 1.153±0.01.
Similarly, analysis of PU fibers images allowed us
to determine three-dimensional parameters of the
electrospun scaffold. We determined that the fibers
occupy 23.5% of the total scaffold volume, so the
volume porosity of the scaffold may be estimated to
be 76.5%. The mean surface area to volume ratio was
estimated to be 4.18±0.54 µm–1. Obtained quantitative morphological parameters of adhered cells and
the PU fiber scaffold are presented in Table 1.

4.5 µm. The average area of the cell cross-section perpendicular to the scaffold plane is 116.4±22.4 µm2,
while that of the perimeter of the cell cross-section is
90.6±11.6 µm, calculated as average ratio of reconstructed cell surface area to the depth. These parameters significantly influence diffusion properties of cellular cytoplasm, which determines the cell’s biological
activity [30]. The average perimeter length of cell
contact with the scaffold fibers in the same plane is
9.9±2.2 µm, so we may conclude that only approximately 11% of cell surface by area is in contact with
the fibers and forming coherent cell-fiber interfaces.

Table 1. Quantitative morphological parameters of cells and
scaffold obtained from SPNT 3D data.
Cell morphological parameters

Figure 5. (a) SPNT 3D reconstruction of the fibroblast (1)
imaged in Figure 3 and surrounding electrospun
PU fibers (2). Twenty-three 150 nm-thick sections,
reconstructed volume 32.0×32.0×3.3 µm; (b) Another foreshortening of the same 3D reconstruction
showing coherent interfaces (3) formed between
fibroblast and fibers.

Cross-section area

[µm2]

Cross-section perimeter

[µm]

90.6±11.6

Surface roughness (Ra)

[nm]

24.4±2.2

Effective surface area (σ)

116.4±22.4

1.153±0.01

Scaffold morphological parameters
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Microfiber diameter

[µm]

Volume porosity

[%]

surface area-to-volume ratio

[µm–1]

1.64±0.43
76.5
4.18±0.54
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modalities of cell-fiber interaction. For example, a
recent 3D microscopy study that used SPNT showed
that neonatal rat cardiomyocytes tend to totally envelop the nanofibers, forming a sheath-like structure
[41]. However, no SPNT 3D-reconstruction of fibroblasts interacting with electrospun microfibers
has been carried out before.
Observed cell-scaffold interaction features show that
the PU electrospun scaffold studied may be suitable
for both adhesion and migration of fibroblast cells
[42–44]. The presented technique of 3D micro- and
nanostructural investigation of cell-scaffold interaction with SPNT allows for adequate qualitative and
quantitative analysis of morphological interaction parameters and overcomes the drawbacks of FIB/SEM
and X-ray nanotomography methods such as radiation damage, low contrast, and resolution issues.
Applying the SPNT technique for in vitro studies of
bio-artificial constructs may help to make comprehensive prognosis of in vivo behavior of the tissueengineered scaffold implant. High-resolution SPM
imaging readily enables users to study morphological features of the cells, such as filopodia and lamellipodia with resolution of several tens of nanometers,
limited by the pixel physical dimensions and SPM
tip sharpness. Depth resolution of the technique is
determined by minimal reproducible ultramicrotome
section thickness, with the achievable level of 20 nm
[25, 26]. The most limiting factor for acquisition of
sufficient area high-resolution images, which require
increasing number of pixels, and for increasing the
number of thinner sections for tomographic reconstruction is therefore the speed of SPM measurements. However, it is not a principal limitation because high-speed SPM technical approaches are
extensively developing now [45] and may also be
implemented for SPNT measurements, which will
improve the technology’s usefulness for high resolution analysis of 3D structures of tissue-engineered
constructs in larger volumes. Another direction of
further development of SPNT technology is integration with high-resolution correlative optical microscopy and spectroscopy [46, 47], which will enable users to conduct correlative studies of nanoscale
morphology and distribution of specific fluorescent
markers by labeling dynamic focal adhesion sites associated with migrating cells. Considering further
developments of the technique, it may become a
method of choice for nanostructural analysis of 3D
bioengineered systems.

Another examples of a blockface SPM phase image
(25.0×25.0 µm2) containing several cells and PU
fibers and corresponding 3D SPNT reconstruction
(twelve 150 nm-thick sections) are presented in Figure 6. Here, we can also see elongations of the cell
membrane connecting with the fibers, with coherent
interfaces forming.
Previous studies demonstrated that fibroblasts adhered to electrospun scaffolds form focal adhesion
clusters (FAC) where the cell interacts with the fibers
[39, 40]. In Figures 3 and 5, we can see the cell
membrane protrusions that semi-envelope the fibers,
so we can suppose formation of FACs there. Such
behavior is considered typical for fibroblasts, although cells of other types may demonstrate different

Figure 6. SPM phase image, scan size 25.0×25.0 µm2 (a)
and corresponding SPNT 3D reconstruction (b) of
reconstructed volume 25.0×25.0×1.8 µm (twelve
sections 150 nm-thick sections), showing cells (1)
connecting with the PU fibers (2) by elongations (3) of the cell membrane, with coherent interfaces forming.
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[3] Costantini M., Colosi C., Mozetic P., Jaroszewicz J.,
Tosato A., Rainer A., Trombetta M., Święszkowski W.,
Dentini M., Barbetta A.: Correlation between porous
texture and cell seeding efficiency of gas foaming and
microfluidic foaming scaffolds. Materials Science and
Engineering: C, 62, 668–677 (2016).

4. Conclusions
In this paper, we present the 3D SPNT study of primary human fibroblast from bioprinted tissue spheroids interacting with polyurethane dual-scale biocompatible scaffold manufactured by three-dimensional printing and electrospinning. We have demonstrated that application of SPNT technique allows
for direct visualization of the 3D structures of cells,
fibrous scaffolds, and features of cell-scaffold contacts with resolution of at least 60 nm in sectioning
planes and 150 nm in depth. Our study has proved
the formation of coherent interfaces between fibroblasts and electrospun PU fibers. Analysis of obtained
3D data allows for quantitative calculation of important morphological parameters of adhered cells, scaffolds, and cell-scaffold interfaces such as mean diameter of microfibers, effective volume scaffold
porosity and pore dimensions, mean scaffold surface
area to volume ratio, cell dimensions, volume and
surface area of cells, roughness of cell surface, and
surface areas of cell-fiber coherent interfaces.
Considering these results, we may conclude that the
use of dual-scale bioprinted tissue-engineered construct fabricated by bioprinted tissue spheroids on
the developed scaffold might significantly improve
the efficacy of tissue regeneration upon its implantation. The demonstrated method of studying 3D cellscaffold interfaces can provide new insights into interactions between cells or tissues and cell scaffolds
or biopolymer implants.
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