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Abstract

Recently, micro/nanofibrillar materials have been widely utilized for a variety of applications in many different fields of
research due to their relatively large surface-to-volume ratios, high porosity, and three-dimensional connectivity, along with
their cost-effective fabrication processes. Herein, we present a review of recent progress in the development of micro/
nanofibrillar scaffolds with a specific focus on their biomedical applications. From the perspective of controlling
polymer—polymer and polymer—water molecular interactions, we categorized the fibrillar scaffolds into insoluble,
nanocrystalline, and hydrogel fibers. Based on our recent studies related to this research topic, we provide the significance
and essential information on four different micro/nanofibrillar scaffolds: (1) solid micro/nanofibrillar scaffolds based on
water-insoluble polymers, (2) hydrogel nanofibrillar network scaffolds based on crystalline bacterial cellulose, (3) hydrogel
micro/nanofiber scaffolds based on partially precipitated PVA, and (4) hydrogel micro/nanofiber scaffolds based on
chemically cross-linked PVA. The present discussion should provide guidance to researchers in selecting a micro/
nanofibrillar scaffold suitable for their own purposes and should help inspire them to develop more sophisticated fibrillar

scaffolds in the future.

Introduction

Over the past several decades, fibrillar materials have been
widely utilized for a variety of applications in the fields of
energy conversion/storage and environmental and biome-
dical engineering because of their unique structures, cost-
effective fabrication processes, and constituent material
properties. In particular, their relatively large surface-to-
volume ratios, high porosity, and three-dimensional (3D)
connectivity increase the effective surface areas and pro-
mote chemical diffusion through the porous structures.
Consequently, these beneficial properties of fibrillary
structures enable improved device performance and lifetime
in many energy conversion/storage devices [1-6], enhanced
removal efficiency of pollutants in both water and air fil-
tration systems [7-10], and 3D cell cultures emulated the
in vivo tissue environment [11-16].
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Several well-known methods, such as electrospinning,
melt-blowing, and self-assembly [17-19], have been suc-
cessfully employed to fabricate micro/nanofibrillar scaffolds
for various biomedical applications. Until recently, the vast
majority of previous reports have focused on the functional
and/or geometrical modifications of fibrillar scaffolds by
applying specific surface treatments, incorporating addi-
tional materials, or adjusting fibrillation processes. For
example, porous, hollow, flattened, and branched fibrillar
structures have been developed by controlling the condi-
tions for fiber formation and/or employing post-processing
on as-prepared fibrillar structures [20-22]. In particular,
porous biocompatible scaffolds, which contain a substantial
number of microscale voids (10-100 um) and permit
favorable cell migration/penetration, have been intensively
utilized in tissue engineering and related fields [23-25]. It
has been reported that 3D cell cultures constructed with
scaffold materials mimicking the porous structure of the
extracellular matrix (ECM) not only exhibit good cell via-
bility but also emulate many in vivo characteristics of the
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Scheme 1 A schematic diagram showing three different types of
micro/nanofibrillar scaffolds depending on polymer—polymer and
polymer—water molecular interactions: insoluble, nanocrystalline
(bacterial cellulose and partially precipitated), and hydrogel

biological tissue [26, 27]. It is also noteworthy that in
addition to the void fraction (i.e., porosity), topological
factors are important in determining the extracellular/cel-
lular network connectivity and the corresponding scaffold
functions [28, 29].

In parallel to micro/nanofibrillar scaffolds, several dif-
ferent types of hydrogel materials have been developed as
alternative biomedical platforms for tissue engineering and
drug delivery [30, 31]. A hydrogel is a transparent 3D
network composed of hydrophilic natural or synthetic
polymers, in which a large amount of water content is
retained, and the resultant structural and mechanical prop-
erties can be easily adjusted in a similar manner as those of
the real ECM, leading to extensive applications of hydro-
gels in the field of biomedical engineering [32, 33]. In
particular, various hydrogels have been successfully utilized
to investigate mechanotransduction in mammalian cells by
monitoring the behaviors of cells grown on them while
delicately monitoring the physical and chemical properties
of the hydrogel [34, 35]. Compared to solid fibrillar scaf-
folds, hydrogels contain relatively small pores (1-10nm)
[36, 37] due to the dense polymer network formed by cross-
linking, which sometimes limits molecular diffusion and
active transport through the hydrogel matrix despite their
much higher optical transparency [38, 39]. Although
hydrogels derived from natural materials, for instance,
collagen gel and Matrigel, have been frequently utilized for
mimicking the properties of the ECM in vivo [40, 41], the
limited diffusion of biomolecules into/out of these

SPRINGER NATURE

materials, the inclusion of unknown biological factors, the
gradual degradation and resultant property changes, and the
relatively high material cost prevent their widespread usage
for various biological and biomedical studies [42, 43].
Therefore, it would be desirable to prepare novel fibrillar
scaffolds that contain the characteristics of both solid micro/
nanofibers and hydrogels simultaneously in a controlled
manner for a specific application.

In this article, we present a review of recent progress in
the development of micro/nanofibrillar scaffolds with a
specific focus on their biomedical applications. Special
emphasis was placed on the classification of fibrillary
scaffolds into three categories (insoluble, nanocrystalline,
and hydrogel fibers (Scheme 1)) according to their aqueous
solubility, crystallinity, and swelling, which are caused by
specific polymer—polymer and polymer—water interactions.
More specifically, four different fibrillar scaffolds recently
studied by our research group are mainly reviewed: (1) solid
micro/nanofibrillar scaffolds based on water-insoluble
polymers, (2) hydrogel nanofibrillar network scaffolds
based on crystalline bacterial cellulose (BC), (3) hydrogel
micro/nanofiber scaffolds based on partially precipitated
poly(vinyl alcohol) (PVA), and (4) hydrogel micro/nanofi-
ber scaffolds based on chemically cross-linked PVA. The
corresponding characteristics, such as composition, con-
trollability, fiber stiffness, and transparency, are summar-
ized in Table 1. It is also important to control the surface
chemical functionality of scaffold materials according to the
cultured cell type (e.g., neuron), which has been well
described elsewhere [44], but in this article, we mainly
focus on highlighting the importance of hydrogel micro/
nanofibrillar structures and the microscale porosity within
the scaffold by showing related experimental results we
obtained recently.

Solid micro/nanofibrillar scaffolds based on
water-insoluble polymers

Typical polymeric fibers are mainly formed using water-
insoluble polymers such as polycaprolactone (PCL) [45],
polystyrene (PS) [26, 46, 47], polysulfone [8, 48], poly
(vinylidene fluoride) [49, 50], and polyacrylonitrile [51].
These fibers have been well studied for various environ-
mental and energy conversion/storage applications because
they can be easily fabricated from solution of these poly-
mers in common organic solvents and because they exhibit
high porosity and large surface-to-volume ratios [6, 52].
Furthermore, since most of these polymers also show
minimal solubility in water, van der Waals interactions
among polymeric chains inside solid fibers are marginally
perturbed by water molecules. Therefore, the stability in the
biological environment renders them suitable for a wide
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Table 1 Comparison among four types of fibrillar scaffolds: (i) insoluble micro/nanofibrillar scaffolds, (ii) hydrogel nanofibrillar scaffolds based
on crystalline cellulose (i.e., bacterial cellulose), (iii) hydrogel nanofibrillar scaffolds based on partially precipitated PVA, and (iv) hydrogel

nanofibrillar scaffolds based on chemically cross-linked PVA

Fibrillar type Composition Controllability Fiber stiffness Transparency
Water-insoluble solid PCL, PS, PSF, PAN, and so on Fiber geometry* High Low
Crystalline cellulose hydrogel Bacterial cellulose N.A. Intermediate Intermediate
Partially precipitated hydrogel PVA Fiber geometry*, swelling ratio ~ Low High
Chemically cross-linked hydrogel =~ PVA Fiber geometry*, swelling ratio ~ Low High

*Fiber diameter and density can be controlled via electrospinning

range of applications [53, 54]. Among the abovementioned
polymer fibers, the micro/nanofibers based on PCL or PCL-
mixed biopolymers are considered one of the most pro-
mising cell culture scaffolds. PCL fibers are not only
favorable for cell adhesion but also water-stable for a short
time and eventually degradable under physiological condi-
tions [13, 55-57]. Moreover, fibrillar scaffolds with
appropriate porosity and water wettability can offer a model
platform suitable for neurobiological studies. Kim et al. [26]
performed dissociated primary cultures of embryonic rat
hippocampal neurons on electrospun PS microfiber scaf-
folds with various fiber diameters and densities (Fig. 1a, b).
Furthermore, considering that conventional electrospinning
cannot generate micro/nanofibrillar scaffolds that possess
both sufficient fiber density and large porosity for cell
seeding and cell inclusion, respectively, inside the scaffold
as well as vertical neurite outgrowth, we introduced
microbead-incorporated micro/nanofibrillar scaffolds com-
posed of solid PS to achieve the two goals mentioned above
simultaneously (Fig. 1c). Indeed, the polylysine-modified
fiber surface and the large voids among microfibers per-
mitted good neuronal cell adhesion and neurite penetration
through the scaffold, respectively (Fig. 1d), while the fine
tuning of the fiber geometry permitted the delicate mod-
ulation of neurite outgrowth (Fig. le, f). In particular, the
demonstration of 3D-connected brain cell networks suc-
cessfully showed the potential of microbead-containing
micro/nanofiber scaffolds as a valuable neurobiological
culture platform (Fig. 1g—i).

Nonetheless, there still exists room for additional fiber
engineering, for example, introducing substructures onto the
surface of fibrillar scaffolds for increased effective surface
area and/or enhanced molecular diffusion. Moreover, the
very low solubility of polymers in water leads to minimal
fiber swelling in water, a mechanically stiff solid surface,
and the abrupt change in optical refractive index at the
water—fiber interface. These phenomena are closely related
to the undesirable cellular responses elicited by these scaf-
folds and their significant light scattering under illumination
with visible light (i.e., optical opacity unsuitable for optical
microscopy imaging).

Hydrogel nanofiber network scaffolds based
on crystalline bacterial cellulose

BC, which is synthesized by the respiratory process of a
microorganism (e.g., Acetobacter xylinum), is a nanocrys-
talline cellulose-based fibrillar network with higher water
retention and porosity (1-10 um) than conventional plant-
derived nanocrystalline cellulose (Fig. 2a) [58, 59]. Fur-
thermore, as shown in Fig. 2a inset and b, BC scaffolds
exhibit good optical transparency due to their hydrogel-like
properties after the bacterial bodies are removed by NaOH
treatment [27]. Therefore, it is reasonable to expect that BC
scaffolds will be suitable for various biomedical applica-
tions [60]. However, pristine BC scaffolds show uneven
surface profiles and 3D unisotropic nanofibrillar super-
structures, which could be undesirable for the purpose of
3D cell cultures (Fig. 2¢). Therefore, Kim et al. successfully
modified natural BC synthesis non-genetically by introdu-
cing exogenous carbon nanomaterials into the bacterial
culture medium with a proper choice of surfactant and
effectively modulated the interactions among the bacteria-
synthesized cellulose chains (Fig. 2d) [61].

As depicted in Fig. 2d, the cellulose synthases (i.e., BcsA
and BcsB) bound to the bacterial membrane are delicately
organized in a linear manner, which enables the alignment
for hydrogen bond formation among individual cellulose
chains in an aqueous solution [62, 63]. To modify the innate
BC structure, the in situ hybridization strategy was suc-
cessfully exploited in this research. The presence of
nanoscale carbon materials such as graphene oxide (GO)
nanoflakes disturb the in situ formation of hydrogen bonds
among BC chains, thereby weakening the crystallinity of
the chains and breaking the helical nanofibrillar orientation
(Fig. 2e, f) [27, 64]. Note that because pristine BC exhibits
very stable hydrogen bonding, which is extremely hard to
alter either chemically or physically, the disruption of BC
crystallinity is only possible before the formation of
hydrogen bonding among the as-synthesized individual
polysaccharide strands spun through the cellulose synthase
pores [65]. In comparison with pristine BC, the GO-
hybridized BC, which exhibits a well-defined surface profile
and structural anisotropy, was successfully employed for
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Fig. 1 a Optical micrographs of density-varied electrospun polystyrene
(PS) microfibers (scale bar: 500 um) and magnified images (inset, scale
bar: 100 um). b Scanning electron microscopy (SEM) images of
diameter-controlled electrospun PS fibers (scale bar: 20 um). ¢ SEM
image of microbead-incorporated PS fiber electrospun using a 20 wt%
PS precursor solution (scale bar: 20 um). d Laser-scanning confocal
fluorescence microscopy (LSCFM) images of immunostained growth
cones of 5-DIV neurons on electrospun PS fibers (left) and a PS
culture dish (right) (all scale bars: 20 um). e Statistical distributions of
neuronal directionality (i.e., straightness) at different fiber densities.

3D neuronal culture and optically imaged up to the
millimeter-depth scale with conventional laser-scanning
confocal fluorescence microscopy (LSCFM, Fig. 2g, h).

Hydrogel micro/nanofiber scaffolds based
on partially precipitated PVA

As discussed in the previous section, typical water-insoluble
polymer-based fibers show a clear solid—water interface and
generally have a hydrophobic surface, leading to optical
opacity due to the significant light scattering. In contrast,
plant cellulose with hydrophilic functionalities exhibits high
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The schematic describes the definition of neuronal directionality (*p <
0.05). f Statistical distributions of fluorescence intensity of immu-
nostained vinculin from 7-DIV neurons cultured on electrospun PS
fibers with different fiber diameters (*p <0.01). 3D-reconstructred
LSCFM images of 5-DIV neurons cultured on electrospun g PS fibers
only and on h bead-incorporated fibers (all scale bars: 10 um). i Sta-
tistical distributions of vertical neurite growth length on electrospun
PS fibers only and on bead-incorporated fibers (*p < 0.05). This figure
was reproduced from ref. [26]

crystallinity and water insolubility due to the strong
hydrogen bonding. However, BC, which has specifically
arranged cellulose nanofibrillar structures, exhibits both
crystallinity and hydrogel-like properties, resulting in opti-
cal transparency [58]. Among the various water-soluble
polymers, PVA is a simple linear polymer with hydroxyl
functionalities. The —-OH functional groups can be
employed for “insoluble” precipitation by thermal
annealing-induced hydrogen bonding or “transparent”
hydrogel formation by either repeated freeze-thaw cycles or
chemical cross-linking with other water-soluble polymers
(e.g., alginate) [66]. However, there exist few reports
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Fig. 2 a SEM (scale bar: 5 pm) and optical microscopy images (inset,
scale bar: 2 cm) of pristine BC. b Intensity profiles of fluorescence
beads embedded at different depths in pristine BC. ¢ SEM and LSCFM
(inset) images of 5-DIV neurons cultured on BC (scale bar: 10 and 20
um for the main and inset images, respectively). d Schematic of the
non-genetic modulation of bacterial cellulose synthesis without and
with exogenous nanomaterials included in the bacterial culture

addressing a method to mimic the crystalline and hydrogel-

like properties of BC while using PVA homopolymers.
Kim et al. [67] developed a new method to construct a

PVA nanofiber-based hydrogel. Conventionally, PVA
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medium. e Transmission electron microscopy (TEM) images of pris-
tine and GO-hybridized BC (all scale bars: 5 nm). f Plots of the color-
coded frequency of overall nanofibril orientation angle vs. depth in
pristine and GO-hybridized BC. g, h 3D-reconstructed LSCFM images
of tujl-labeled 20-DIV neurons cultured on pristine and GO-
hybridized BC (all scale bars: 500 um). This figure was reproduced
from ref. [27]

precipitates can be easily formed via liquid anti-solvent
(LAS) precipitation: once PVA is precipitated by adding a
poor solvent to the solution of PVA in a good solvent, the
precipitated PVA is no longer dissolved by the good solvent
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Fig. 3 a SEM image of electrospun polyvinyl alcohol (ePVA) fiber
(upper) and schematic of the partial precipitation of ePVA scaffolds
via liquid anti-solvent (LAS) precipitation (scale bar: 5 um). b Optical
photographs (upper) and corresponding LSCFM images (below) of
wet ePVA prepared with various ethanol concentrations. For fluores-
cence imaging, wet ePVAs were labeled with calcofluor white (all

[68, 69]. Instead, the authors first prepared solid PVA
micro/nanofibers and immersed them in a mixture of good
(i.e., water) and poor (i.e., ethanol) solvents for hydrogel-
like nanofiber formation (Fig. 3a), during which the dis-
solution (by water) and precipitation (by ethanol) of PVA
occur simultaneously at the interface of PVA and the sol-
vent mixture. After dynamic LAS, the optical transparency
of the electrospun PVA (ePVA) fibers in the solvent mix-
ture can be enhanced dramatically while still preserving the
fibrillar structure by increasing the volume fraction of water
in a given water—ethanol mixture. More specifically, Fig. 3b
indicates that the greater the fraction of water used in
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scale bars: 5 pm). ¢ Plots of the lateral intensity profiles of fluorescence
beads located at the top of various ePVA scaffolds as shown in the
schematic (inset). d The proposed mechanism of the dynamic LAS
process using the ethanol/water mixture. This figure was reproduced
from ref. [67]

dynamic LAS, the higher the optical transparency of ePVA.
This result suggests that the optical transparency of ePVA
in the solvent mixture can be efficiently modulated by the
composition of the LAS mixture. To numerically analyze
the effect of water content on the optical transparency of the
resultant ePVA, fluorescence beads located on top of the
solvent mixture-treated ePVA were imaged with an inverted
fluorescence microscope. Figure 3¢ shows the radial inten-
sity profiles of these fluorescent beads in dynamic LAS
mixtures at various water contents, indicating that not only
enhanced fluorescence intensity (up to ~10 times) but also
reduced radial broadening that can be observed in ePVA
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Fig. 4 a A schematic of “hydrogelification” using solid-phase elec-
trospun PVA and crosslinkers. b Optical images of food-color-stained
cross-linked PVA films before (left) and after hydrogelification (right)
(scale bar: 1cm). ¢ SEM image of electrospun PVA nanofibrillar
scaffolds (left) and LSCFM image of PVA nanofibrillar scaffolds after
hydrogelification (right) (all scale bars: 5um). d, e, f Plots of the
swelling ratio of PVA films with (gray columns) and without (white
columns) hydrogelification ~versus the polymer cross-linker

I I
N7

concentration (wt%), the pH of the precursor solution, and the thermal
cross-linking reaction time with 10 wt% (left) and 31 wt% (right)
cross-linker concentrations. All data are presented with the mean + SD,
*P<0.05 and **P<0.001. g Optical micrographs of wet PVA
hydrogel micro/nanofibrillar scaffolds prepared with different cross-
linking times at 120 °C (all scale bars: 5 um). This figure was repro-
duced from refs. [70] and [71]
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scaffolds treated with dynamic LAS mixtures containing a
large amount of water (or a small amount of ethanol). The
proposed mechanism is that the water—ethanol mixture can
induce the partially swollen PVA to dissolve and subse-
quently precipitate the amorphous solid as-spun PVA fiber
on the surface (Fig. 3d). Furthermore, the relative content of
water in the dynamic LAS mixture can determine the extent
of swelling and thus the refractive index of the PVA
hydrogel-like shell, which is related to the consequent
degree of light scattering and the overall optical transpar-
ency of the ePVA scaffolds treated with the LAS mixture.
We argue that this dynamic process of PVA dissolution and
precipitation, which are related to the molecular interactions
with good and poor solvents, respectively, continuously
occurs at the surface of solid ePVA and that the increase in
ethanol content increases the degree of partial precipitation,
during which the individual PVA chains are partly con-
nected via hydrogen bonding.

Hydrogel micro/nanofiber scaffolds based
on chemically cross-linked PVA

Typical hydrogels are prepared in the bulk form by carrying
out thermal or photocross-linking reactions in a solution of
one or two polymer(s). Therefore, it is not straightforward
to fabricate hydrogel micro/nanofibers in this manner, as it
is difficult to control the reaction sites for chemical cross-
linking in the solution phase. Recently, Kang et al. [70]
developed a unique method for forming PVA hydrogels by
chemical cross-linking in the solid state followed by swel-
ling in water (hydrogelification). As shown in Fig. 4a, the
hydrogelification of electrospun micro/nanofibers requires
three separate steps: (i) thermal cross-linking in the solid
state, (ii) cleavage of hydrogen bonds, and (iii) swelling in
water [71] (hydration). This method enables the fabrication
of geometry-controlled hydrogels, i.e., film and micro/
nanofiber hydrogels with defined shapes and geometric
parameters (Fig. 4b, c). Thus far, we have introduced two
different types of hydrogel micro/nanofibers in this review.
The hydrogel micro/nanofiber scaffolds based on chemi-
cally cross-linked polymer are composed of only a hydrogel
and a void (i.e., water), while the hydrogel micro/nanofibers
based on BC or partially precipitated ePVA contain the
crystallized/precipitated solid core of the given polymer
fiber other than voids (water). This means that unlike the
hydrogels consisting of BC and partially precipitated PVA,
hydrogel micro/nanofibers prepared via chemical cross-
linking can be formed without hydrogen bond formation.
According to the Flory—Rehner theory, low cross-linking
means high swelling, implying that the resultant swelling
ratio can be controlled by adjusting the density and degree
of chemical cross-linking [33]. Indeed, as shown in
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Fig. 4d-f, the apparent swelling ratio of PVA hydrogel
micro/nanofiber scaffolds can be easily modulated by con-
trolling the pH, the amount of cross-linking reagent, and the
cross-linking reaction time. Furthermore, a series of optical
and LSCFM images verify the optical transparency and the
geometrical information of hydrogel micro/nanofibers in the
aqueous environment (Fig. 4g). It is noteworthy that the
fibrillar structures of the hydrogel were well maintained
regardless of the specific conditions of hydrogelification,
whereas the diameters of the hydrogel micro/nanofibers
could be varied by altering the duration of the thermal
cross-linking reaction and therefore the cross-linking
degree. Furthermore, atomic force microscopy measure-
ments in a liquid cell confirmed that the Young’s modulus
of a single hydrogel fiber increases with the degree of
chemical cross-linking (data not shown). Although the
whole mechanical properties of the hydrogel micro/nanofi-
ber cannot be fully represented by the Young’s modulus
measured from a single fiber, this result suggests that it is
possible to perform fundamental studies on the role of
mechanical stiffness of hydrogel micro/nanofibers in the
behaviors of cells cultured on them because the average
modulus and diameter of hydrogel micro/nanofibers based
on chemically cross-linked polymers can be fine-tuned by
controlling the hydrogelification conditions as described
above.

Conclusions

In this article, we reviewed the recent development in
micro/nanofibrillar scaffolds with a specific focus on their
biomedical applications. From the perspective of controlling
polymer—polymer and polymer—water molecular interac-
tions, we categorized the fibrillar scaffolds intro insoluble,
nanocrystalline, and hydrogel fibers. Based on our recent
research related to this topic, we provide the significance
and essential information on four different micro/nanofi-
brillar scaffolds: (1) solid micro/nanofibrillar scaffolds
based on water-insoluble polymers, (2) hydrogel nanofi-
brillar network scaffolds based on crystalline BC, (3)
hydrogel micro/nanofiber scaffolds based on partially pre-
cipitated PVA, and (4) hydrogel micro/nanofiber scaffolds
based on chemically cross-linked PVA. Solid fiber scaf-
folds, which are typically composed of water-insoluble
synthetic polymers, have been frequently used for many
different biomedical applications owing to their large-area
porous network structure and aqueous stability. Although
PS and PCL micro/nanofibrillar scaffolds have shown
potential as versatile biological platforms, their poor optical
accessibility and mechanical rigidity have led many
researchers to explore hydrogel-like fibrillar scaffolds.
Recently, BC, which exhibits high water swelling compared
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to plant-derived cellulose, has been recognized as a model
nanofibrillar scaffold with hydrogel characteristics. To take
advantage of both solid fibers and hydrogel-like BC, micro/
nanofibrillar scaffolds based on PVA were proposed as a
promising candidate. Since PVA is water-soluble, pre-
cipitable, and cross-linkable, leading to the fine control over
polymer-to-polymer and polymer-to-water molecular inter-
actions, essential hydrogel characteristics can be realized
using PVA by either partial precipitation or solid-state
cross-linking in combination with hydration (hydro-
gelification). We demonstrated that both partial precipita-
tion conducted by dynamic LAS and hydrogelification by
chemical cross-linking enable the fabrication of hydrogel
micro/nanofibers in the solid state. These methods provide
optical transparency, geometric/shape control, and subtle
modulation of swelling; thus, mechanical properties that
would open new opportunities for various high-impact
applications in the field of biomedical engineering can be
realized.
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