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Abstract: Advanced technologies that can mimic hierarchical
architectures found in nature can provide pivotal clues for
elucidating numerous biological mechanisms. Herein, a novel
technology, spontaneous organization of numerous-layer gen-
eration by electrospray (SpONGE), was developed to create
self-assembled and multilayered fibrous structures. The simple
inclusion of salts in a polymer solution prior to electrospraying
was key to mediating the structural versatilities of the fibrous
structures. The SpONGE matrix demonstrated great potential
as a crucial building block capable of inducing sequential,
localized drug delivery or orchestrating cellular distribution
in vivo, thereby expanding its scope of use to cover a variety of
biomedical applications.

Layered structures are ubiquitous in nature. The macro-
scopic structure of skin, complete with the epidermis, dermis,
and subcutaneous layers, is a representative example, and
most organs such as the eye,[1] heart,[2] and blood vessels[3] in
human possess a variety of functional layered structures. As
observed in the outer membranes of microbes,[4] the cuticles
of insects,[5] and the tough skin of plants,[6] layered structures
generally exhibit multifunctionality. Layered structures are
found not only in biological structures but also in consumer
products. Examples include liquid crystal display panels[7] and
solar cells.[8] The most distinct advantage offered by layered

structures is that each layer possesses a different function that
cooperates and interacts with the functions of adjacent layers.

To date, the range of techniques developed to fabricate
multilayered structures is limited. Existing methods are able
to build each layer manually one by one. The assembly of
polyelectrolytes on solid substrates, referred to as layer-by-
layer (LbL) deposition, has been widely implemented.[9]

Multilayered microcapsules containing hydrophobic and
hydrophilic drugs for drug delivery,[10] multifunctional layers
loaded with vaccines,[11] enzymes, and catalysts[9] are examples
of multilayered structures fabricated by LbL assembly. Spin
coating is another method for producing multilayered struc-
tures. In particular, this technique has been used in semi-
conductor fabrication.[12] Recently, the preparation of hier-
archical structures mimicking biological structures has
involved the use of multilayer spin-coating methods followed
by lithography.[13] Unlike the nonspontaneous processes
developed by researchers, in nature, cells with distinct
functions are spatially distributed and secrete various extra-
cellular matrices (ECMs), which self-assemble to form multi-
layered structures spontaneously. Unlike the spontaneous
formation of layered structures found in nature, man-made
methods require the preparation of structures based on
a repetitive process for each layer.

Herein, we demonstrate that electrospraying allows for
the spontaneous formation of multilayered structures in
a single, continuous spray of a polymer solution. The
spontaneous formation of multilayers by an electrospray
technique is an unconventional result considering that con-
ventional electrospraying generates a nondiscrete, continuous
fibrous structure. Techniques such as sequential electrospray-
ing[14] or wet electrospinning followed by physical stacking[15]

have previously been implemented to prepare structures
mimicking blood vessels and other organs. However, the
spontaneous formation of multilayered structures by a single,
continuous electrospray of a polymeric solution has not been
reported. We observed that the simple addition of organic/
inorganic additives (sodium periodate, iron chloride, dopa-
mine hydrochloride, and ethylamine hydrochloride) creates
multilayered structures during the continuous electrospraying
process. Due to the volumetric space between each layer, the
thickness of the resulting sprayed structure was dramatically
increased relative to that fabricated by conventional electro-
spraying (Figure 1A). We named this technique spontaneous
organization of numerous-layer generation by electrospray
(SpONGE) because we obtained sponge-like multilayered
matrices by a single electrospray process.

The notable volume expansion in SpONGE technique
compared to that of conventional mats may be attributed to
the increase in the electrical conductivity of salt–polymer
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mixtures (Figure 1B). The inclusion of organic/inorganic salts
could result in a net increase in the electron density on
SpONGE matrices, which could be explained by the notice-
able electric currents (0.02 mA) measured between the
ground collector and the nozzle (Figure 1C). No electric
current is typically observed during conventional electro-
spraying, in which random scattering of fibers was observed.
The remnant solvent can facilitate electron transfer for a net
accumulation on the mats, ultimately producing electrostatic
repulsion with newly formulated mats. Once the solvent is
evaporated, the repulsive effects caused by electron accumu-
lation can be dissipated, possibly formulating “sheet-like”
mats at this moment. Subsequently, the continuous electro-
spray will generate another set of a net charge increase on the

upcoming jets, possibly resulting in the formation of sponta-
neous layers and thin interspaces. Importantly, inter-network-
ing adjacent layers through fiber branches in the interspaces
(Figure 1D; arrows) are key features that are observed in
SpONGE matrices, in contrast to conventional layered mats,
which are composed of physically stacked layers. These fiber
branches can play a crucial role in maintaining the structural
integrity of SpONGE systems. The iteration of these dual
effects (i.e., electrostatic repulsion and continuous electro-
spray) over several layers leads to the hallmark SpONGE
effect.

Regardless of the types of polymers (polycaprolactone
(PCL), poly(lactide-co-glycolide) (PLG), poly(vinylpyrroli-
done) (PVP), and gelatin), SpONGE matrices were consis-
tently observed to have formed once organic or inorganic salts
were added to the polymer solutions prior to electrospraying
(Figures S1 and S2). Thus, further studies were performed to
fabricate multilayered PCL mats with dopamine hydrochlo-
ride, which were denoted SpONGE matrices. The thickness of
the SpONGE matrices ranged from 502� 87.8 mm to 1695.3�
7.5 mm; thus, the matrices were approximately three- to six-
fold thicker than conventional sheet-like PCL mats (sPCL),
with the other processing parameters held constant (Fig-
ure S3). The differences observed during the electrospraying
between SpONGE and the conventional process are visual-
ized in Movies 1 and 2, respectively.

The SpONGE matrices could be split into multiple
individual layers like a sheet of paper in a book by manually
tearing them off (Figure 1E, see also Movie 3). The proce-
dure used to prepare an individual layer is highly analogous to
the manner in which strips of Scotch tape are pulled apart.
The SpONGE matrices that were collected over 2 h gener-
ated over 15 thin fibrous mats by manual operation (Fig-
ure 1E). The ability to pull apart the fibrous layers manually
was observed regardless of the polymer type used in any case
in which organic or inorganic salts were incorporated (Fig-
ure S2).

The detailed characteristics of the SpONGE matrices and
five split layers were compared with those of sPCL mats. No
substantial alterations in the exterior fibrous morphologies
were observed for any of the structures (Figure S4A). The
presence of dopamine in the SpONGE matrices was con-
firmed by FTIR analysis, which detected characteristic peaks
(815 cm¢1, 1504 cm¢1) corresponding to the phenyl ring in the
catechol and amine groups (792 cm¢1; Figure S4B). Impor-
tantly, the inclusion of salts significantly modified both the
surface and mechanical properties of the SpONGE matrices.
Whereas the sPCL mats demonstrated typical hydrophobic
properties (125.6� 488), the SpONGE matrices exhibited
nearly zero hydrophobicity, as determined by static contact
angle measurements, thereby potentially facilitating the rapid
absorption of water-soluble biomolecules (Figure S4C). Both
the SpONGE matrices and each individual layer demon-
strated higher ultimate tensile strengths and shorter elonga-
tions at break than did the sPCL mats (Figure S4D).
Interestingly, the SpONGE matrices exhibited stepwise
fracture, which can be attributed to their multilayered
structure. No significant differences in the YoungÏs modulus
among all conditions applied were observed. The enhanced

Figure 1. The generation of the SpONGE matrix. A) Digital and cross-
sectional SEM images of sPCL and SpONGE, B) electrical conductivity
of polymer solutions, C) schemes describing the proposed operational
process for generating SpONGE matrices, D) the interspaces between
each layer, and E) capability of the SpONGE to produce multiple
uniform fibrous mats by manual manipulation. For detailed proce-
dures, see the Movie 3. The scale bars represent 10 mm (digital image)
and 100 mm (SEM).
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tensile strength of the SpONGE matrices may have resulted
from the two-fold reduction in the fiber diameter (0.43 mm)
relative to the fiber diameter of the sPCL mats (0.86 mm;
Figure S4E).[15] This effect can be rationalized by the fact that
more ordered crystal structures, which can reinforce the
tensile strength, are normally observed in fibrous structures
composed of thin fibers.[17] Notably, the separated individual
layers exhibited nearly identical characteristics, indicating the
homogeneity of each separated layer.

The SpONGE matrices demonstrated versatile capabil-
ities to serve as controlled drug delivery vehicles. The
hydrophilicity of the SpONGE matrices triggered the rapid
absorption of immunoglobulin G and bovine serum albumin
conjugated with a fluorescein isothiocyanate (IgG-FITC,
BSA-FITC) throughout the entire multilayered structures
(Figure 2A). However, complete wetting of the sPCL mats by
the drug-containing solutions could not be achieved on the
conventional sPCL mats due to its intrinsic hydrophobicity
(Figure 2B). The drug-incorporation efficiency of the
SpONGE matrices (97.59� 0.07 %) was significantly higher
than that of the sPCL mats (20.56� 8.39 %). IgG-/BSA-FITC

molecules were released from the SpONGE mats in a sus-
tained manner without demonstrating any initial burst (Fig-
ure 2C). However, the majority of the IgG- or BSA-FITC
molecules, which may have been mostly adsorbed onto the
exterior of the sPCL mats, were released within one hour,
after which no molecules were detected, presumably due to
the shortage of drugs loaded into the sPCL mats. The
sustained release of IgG- or BSA-FITC from the SpONGE
matrices may have resulted from the existence of many
interspaces, which could extend the drug path length or create
reservoirs that could potentially delay the release of mole-
cules from the matrices.

The immobilization of adeno-associated viral (AAV)
vectors onto the SpONGE followed by its subcutaneous
implantation onto the back of mice resulted in highly
localized green fluorescent protein (GFP) expression at the
implant site (Figure 2D). However, the bare adsorption of the
majority of AAV vectors on the exterior surfaces of sPCL
mats generated strong GFP signals in the distal region of the
implanted sites. The many interspaces within the SpONGE
matrices may have functioned as a reservoir block that could
store gene vectors stably and possibly retard vector release
toward the outer region. These structural effects of the
SpONGE matrices may have allowed for the sustained
release of gene vectors in vivo as well as localized gene
expression adjacent to the implant site. Bolus AAV injection
was accompanied by widespread GFP expression followed by
its rapid termination, confirming the advantageous aspects of
polymeric gene delivery for localized and extended gene
expression.[18]

The SpONGE matrices demonstrated the ability to
sequentially deliver dual drugs. The SpONGE matrices
were partially separated into two parts, and two soluble
model drugs, BSA-FITC and BSA-rhodamine (BSA-Rho),
were dropped onto each partially peeled-off layer (Fig-
ure 3A). To characterize the release kinetics of two mole-
cules, the SpONGE matrices containing two molecules in
different layers were installed in a piston container, which
could induce the unidirectional drug release (Figure 3B).
Differences in drug path lengths as well as deviations in water
penetration rates were key factors in modulating the sequen-
tial release of the two drugs (Figure 3 C). Consequently, prior
exposure of the BSA-FITC molecules in the upper part to an
aqueous solution resulted in a faster release than that
observed for BSA-Rho in the lower layer, possibly due to
the shorter path length of BSA-FITC (Figure 3D). Due to
their simplicity and capability of well separating multiple
drugs, the SpONGE systems would be readily applied as
platform vehicles for the spatiotemporal delivery of multiple
biomolecules.

The subcutaneous implantation of the SpONGE matrices
resulted in cellular alignment along the texture of the
interspaces between fibrous layers, whereas infiltrating cells
were randomly distributed across the sPCL mats (Figure 4).
No toxicity of the SpONGE matrix to cells in vitro was
confirmed prior to its implantation (Figure S5). Organizing
cell populations is one of the critical issues in regenerative
medicine because precisely mimicking cellular orientations
and structural patterns can be highly pivotal in recovering the

Figure 2. The ability of the SpONGE matrices to serve as drug carriers.
A) Rapid wetting of the SpONGE matrices with water-soluble biomol-
ecules, B) visualization of rapid and complete absorption of IgG-FITC
molecules onto the SpONGE matrices, C) the relative released
amounts of IgG-FITC (red dots) or BSA-FITC (black squares) released
from sPCL (empty dots/squares) and SpONGE system (filled dots/
squares) at different time points. D) Localized GFP expression at the
implant site. Each matrix containing AAV-GFP vectors was subcuta-
neously implanted, and GFP-expressing cells were visualized using the
Xenogen imaging system.
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functionality of damaged organs.[19] Various approaches, such
as bioprinting,[20] the use of patterned scaffolds,[21] and cell
sheet technologies,[22] which typically require both complex
equipment and specialized skills, have been employed to
organize cellular distribution. Notably, the SpONGE system

can induce cellular alignment in vivo without requiring
additional sophisticated steps, indicating its great potential
as an advanced platform capable of manipulating cellular
orientations as well as patterns.

In conclusion, a novel SpONGE technology was devel-
oped for generating hierarchical multilayered fibrous systems
by a single continuous electrospray. The incorporation of
organic or inorganic salts in an electrospray solution is
suitable for spontaneously forming multilayered fibrous
structures. This process results in the volumetric expansion
of the jetted materials, giving rise to a sponge-like structure.
The SpONGE matrices demonstrated great potential as
systems that can mediate the sequential delivery of multiple
drugs, localized delivery, and the organization of cellular
distribution. The application scope of the SpONGE system
can be further extended to numerous fields that require
control over biological events in a spatiotemporal manner,
such as angiogenesis, cytokine signaling, and inflammation.

Keywords: electrospray · inorganic salts ·
multilayered nanofibers · organic salts · SpONGE
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structures were stained using DAPI and H&E. “S” denotes the
matrices implanted within mice. The scale bar represents 100 mm.
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