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Abstract

Hybrid systems of nanoparticles and polymers have emerged as a new material in the biomedical field. To date, various kinds
of hybrid systems have been introduced and applied to drug delivery, regenerative medicine, therapeutics, disease diagnosis,
and medical implantation. Among them, the hybridization of nanostructured porous silicon nanoparticles (pSiNPs) and bio-
compatible polymers has been highlighted due to its unique biological and physicochemical properties. This review focuses
on the recent advances in the hybrid systems of pSiNPs and biocompatible polymers from an engineering aspect and its
biomedical applications. Representative hybrid formulations, (i) Polymer-coated pSiNPs, (ii) pSiNPs-embedded polymeric
nanofibers, are outlined along with their preparation methods, biomedical applications, and future perspectives. We believe
this review provides insight into a new hybrid system of pSiNPs and biocompatible polymers as a promising nano-platform
for further biomedical applications.
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Recently developed and representative hybrid systems of porous silicon nanoparticles and biocompatible polymers and their
biomedical applications are introduced.
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include (i) overcoming the limitations of each system, (ii)
being simply designable into a diversified composite, and
(iii) being comprehensively applicable into the fields of
lab-on chips, biological/chemical sensors, drug delivery,
and therapeutic agents, by taking advantage of their multi-
functionality [1, 2].

To date, various kinds of hybrid systems have been
developed and utilized. Among them, the hybridization of
nanostructured porous silicon nanoparticles (pSiNPs) and
biocompatible polymers has been highlighted due to its
unique biological and physicochemical properties such as
(i) diminish the burst release of a loaded substance (drug,
protein, peptide, etc.) by encapsulating porous structure of
nanoparticles, (ii) enhance the biocompatibility of nano-for-
mulation by the polymer coating, (iii) double-shield protec-
tion of loaded substance from undesired environments, (iv)
controlled release of loaded substance under specific stimuli
(pH, temperature, enzyme activity, light, etc.) [3-5]. Porous
silicon (pSi) materials have been extensively studied within
biomedical fields due to their universal and tunable proper-
ties [6, 7]. According to the research over the past decade,
pSi showed several attractive properties such as (i) extensive
surface area, (ii) superior loading capacity with various sub-
stances (chemical drugs, dyes, proteins, DNA, RNA, etc.),
(iii) targeted delivery, and (iv) controlled release with tuna-
ble degradation potency [8—13]. In particular, the nano-sized
pSi, such as pSiNPs, is worth investigating and has gained
much attraction in expanding the scope of research, mostly
in drug delivery and controlled-release system, on account
of its superior properties such as a high loading yield of
drugs, facile surface engineering for targeted delivery, self-
reporting by intrinsic photoluminescence at the near-infrared
region, and high biocompatibility [14—19].

However, there are some drawbacks of pSiNPs being used
in biomedical applications, including highly fragile chemi-
cal stability in both corrosive or aqueous media, the lack
of mechanical robustness when the loaded materials are
released from silicon-based nanoparticles and films, and an
undesired structural/chemical degeneration of loaded sensi-
tive biomolecules during the deposition and patterning pro-
cess. To overcome such critical points, hybrid formulations
with biocompatible polymers have been introduced such as
polymer-coated pSiNPs and pSiNPs embedded within poly-
meric nanofibers that enable securing the loaded susceptible
biomolecules (DNA, RNA, Protein, etc.), and release them
under specific conditions while maintaining the activity of
loaded biomolecules. Biologically compatible polymer and
polymeric nanofiber are recognized as promising materials
in the field of biomedical engineering, owing to cost-effec-
tiveness and the controlled manufacturing, with similarity
to native biological structures [6, 20, 21].

In this review, we give an overview of recently devel-
oped hybrid systems of pSiNPs and polymer and highlight

@ Springer

two representative formulations; (i) pSiNPs coated within a
polymer, (ii) pSiNPs embedded within polymeric nanofiber,
with their biomedical application. The first formulation is a
representative and universal approach of the pSiNPs-poly-
mer hybrid system, and the second formulation is a recently
reported advanced hybrid system. Our systematic outlines
and fundamental information for further development of the
hybrid system will allow for more practical applications in
various fields including basic research, industrial science,
and translational medicine.

2 Hybrid system of pSiNPs and polymers

For the past decade, various hybrid systems of pSiNPs and
polymers have been introduced with their preparation meth-
ods and applications. The pSi-polymer and pSiNPs-polymer
hybrid system can be generated in various forms (Fig. 1a).
Amongst many, the simplest method is the formulation of
polymer-infiltrated pSi (A), where the polymer invades
the entire pore of pSi [22-25]. After the nano-sized pores
are filled with polymers, the formulations can be intensi-
fied by the covalent attachment between the pore walls and
polymers. Polymer-capped pSi (B), on the other hand, is a
more sophisticated formulation with a thin layer of polymer
covering only the top layer of porous silicon nanoparticles
[26-29]. The notable advantage of this method is a high
proportion of the remaining pSi pore volume. However,
the synthesis process is tricky because the percentage of
polymer penetrating the pores should be regulated. The
pSiNPs-embedded polymer (C) is also one of the hybrid
formulations that are embedded with different nano sizes of
particles in the polymer matrix by encapsulating the entire
porous silicon nanoparticles with a polymer [30-33]. The
polymer-coated pSi (D) formulation has a similar design to
the polymer-infiltrated pSi method [34-37]. However, in the
case of the polymer-coated pSi method, the polymer forms
a uniform monolayer on both the outer and inner walls of
pSi, building a hybrid composite in the form of an open pore
structure. The pSi film supported by polymer (E) is com-
monly prepared from the polymer and the pSi film, which is
crushed and separated from the bulk Si using the electropo-
lishing method [38, 39]. Lastly, polymer composite pSiNPs
(F) are much more challenging formulations than the encap-
sulated ones because each particle needs to be compressed
into a polymer layer [1, 2, 40—44].

The preparation methods of the pSi-polymer and pSiNPs-
polymer hybrid systems are summarized in Fig. 1b; (i)
solution casting, (ii) surface grafting, (iii) dispersion, (iv)
electrospinning, (v) microfluidic, and (vi) spray nebuliza-
tion method. The formulation of polymer-infiltrated pSi (A),
polymer-capped pSi (B), and pSi film supported by polymer
(F) is generally produced by the solution casting method [1,
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Fig. 1 a Schematic illustration of the hybrid systems of porous silicon
(pSi) and polymer (black-box: pSi-polymer, red-box: pSiNPs-poly-
mer). b Schematic illustration of the conventional fabrication meth-

45-48]. [Solution casting (or melting casting) method] This
method is based on interfacial interactions (not a chemi-
cal reaction) between pSi and polymer and has been widely
used as the facile route to design pSi-polymer formulations
[49]. In this method, a polymer solution is prepared and
poured onto pSi, and then, the excessive polymer solution
is removed and dispersed via the spin-coating step. The pen-
etration of a polymer into a porous silicon-based scaffold is
determined by several factors (molecular weight of poly-
mer, solution viscosity, surface tension, pore size and mor-
phology, surface chemistry of pSi pore walls). The positive
edge of this method relies on its relative simplicity, which

ods for the hybrid systems of pSi-polymer (black) and pSiNPs-poly-
mer (red). Gray color: pSi and pSiNPs. Green color: polymer. (Color
figure online)

does not require any complicated synthesis steps or experi-
mental equipment. [Surface grafting method] As one of the
most representative methods, the surface grafting method
builds a polymer chain, which is linked to a complementary
functional group located on the surface of pSi or pSiNPs
by chemical reactions such as a covalent bond between the
polymer and surface of pSiNPs [50]. The grafting method
allows the surface engineering of pSiNPs with a broad
range of reactive groups based on the versatile capability
of Si/Si0, in porous silicon nanoparticles. Polymer com-
posite pSiNPs (F) are generally produced with this method
which produces a well-organized layer using pre-performed
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polymer but has limitations in grafting density. [Dispersion
method] This method is the most straightforward synthetic
technique that generates hybrid pSiNPs-polymer formula-
tions such as pSiNPs-embedded polymer (C) and polymer-
coated pSi (D) by dispersion pSiNPs into the polymer solu-
tion. For this case, an additional step such as coating step,
lithograph step, or fabrication step is involved for further
applications of the hybrid formulation. [Electrospinning
method] This method is the conventional method for fabri-
cating hybrid pSiNPs-polymer formulations in the form of
fibers by adopting the diffusion or melting of the hybrid for-
mulation through the squeeze nozzle under a strong electric
field. The high voltage utilized in this synthesis changes the
shape of the hybrid formulation into a cone. The produced
nanofibers are largely regulated by electronic conductivity,
electrode separation, temperature, concentration, and other
properties of the polymer. [Microfluidic method and the
spray nebulization method] These methods also build on
the in situ hybrid polymerization developed by the disper-
sion method. In this review article, we focused on the in-
situ polymer-coated pSiNPs formulations by a microfluidic
system, which is a type of dispersion method, and recently
introduced pSiNPs-embedded polymeric nanofibers by an
airbrush spray nebulization method [1, 2].

3 Polymer-coated pSiNPs

The fabrication of polymer-coated pSiNPs can be catego-
rized into two methods. The first method integrates the pre-
formed polymer with the pSiNPs scaffold, and the second
one uses an in situ polymerization using various polymers
from inside or outside of pSiNPs. Recently reported hybrid
polymer-coated pSiNPs formulations are incorporated via
(i) microfluidic system (polymer emulsion) using two or
three different features of polymers and (ii) entire coating
of the nanoparticle by employing commercially available
polymers. Microfluidic technology enables the fabrication
and engineering of nanomaterials for drug delivery utiliz-
ing accurate fluid control and rapid large-scale combining.
Hybrid nanomaterials produced by the microfluidic method
typically display distinctive properties, such as enhanced
mono-dispersity, a highly efficient drug encapsulation, and
an increased blood circulation time compared to the con-
ventional bench-scale synthetic methods. Polymer-coated
pSiNPs produced by microfluidic technology contain all
the advantages of the microfluidic technique to maximize
the synergistic effects between polymer and pSiNPs. The
high drug loading efficiency, sustained-release profile of the
encapsulated drug, and controlled-release of drug within
the specific environment are the representative synergetic
effect of this formulation, and it can induce maximization
of therapeutic effects and minimization of any side effects
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[51]. Also, it is possible to load a multifarious type of drug
by applying a divergent phase of polymer (hydrophobic or
hydrophilic) under this system [52-57].

In 2014, Santos and co-workers reported that microfluidic
assembly between pSiNPs and polymer could be useful for
payloads, targeted drug delivery, and controlled drug release
at a certain pH condition. They demonstrated two advanced
drug delivery platforms by adopting a similar fabrication
concept of microfluidics [58]. In their first study, a combina-
tion of pSiNPs with pH-responsive polymer, hypromellose
acetate succinate (M and F grade fine powders; MF and HF),
was applied to synergistic colon cancer therapy. Two differ-
ent model drugs, atorvastatin (AVA) and celecoxib (CEL),
were loaded into pSiNPs using the immersion method, and
then fabricated with a polymer (inner oil fluid: MF, HF or
their mixtures in ethyl acetate, outer fluid: Poloxamer 407
in aqueous media) (Fig. 2a). In their follow-up study, the
same microfluidic template was used with a slightly different
component for the orally administrated drug delivery system
[59]. As model drugs, fluorouracil (5-FU; hydrophilic) and
celecoxib (CEL; hydrophobic) were chosen for potential
multifunctional colon cancer therapy. 5-FU was loaded into
the pSiNPs-polymer composite, which was (i) fabricated
with mucoadhesive poly(methyl vinyl ether-co-maleic acid,
PMVEMA) with a polyethyleneimine (PEI) liker; (ii) encap-
sulated with pH-responsive hydroxypropyl-methylcellulose
acetate succinate (ASHF) including CEL (inner fluid), and
then fabricated with Poloxamer 407 (outer fluid) (Fig. 2b).
The major advantages of this fabrication method using the
microfluidic instrument are (i) the potential to produce a
monodisperse structure, (ii) high flexibility for material
combination, (iii) high encapsulation efficiency, and (iv)
targeted delivery/controlled release for precision medicine.

Recently, a case of applying pSiNPs-polymer hybrid
using a simpler method (dispersion method), which called
the entire coating of nanoparticles, has been reported. This
method of loading protein or peptide onto porous silicon
nanoparticles and then coating the outside of the particle
with a commercialized polymer has the certain advantage
of being easier to prepare a hybrid formulation or to deliver
a drug. In the following study, this entire coating method
was also applied for oral delivery, and the polymer coating
of pSiNPs prevents denaturation or inactivation of proteins
or peptides through low loading efficiency and controlled
release characteristics, and by protecting the loaded mate-
rial. Above all, commercialized polymers have been verified
a lot, and pH is the main stimulus for oral delivery, and the
following paper also introduces a system in which drugs
are released at a specific pH, enabling site-selective release.

In 2020, Sailor and co-workers introduced the polymer-
coated pSiNPs system for distinct oral delivery of IgA
antibodies. In this study, two approaches were described
(Fig. 2¢); (i) model protein Immunoglobulin A-2 (IgA2)
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Fig.2 Schematic illustration of the pSiNPs encapsulation within pol-
ymer shells. a Preparation steps for the biocompatible pH-responsive
polymer-coated pSiNPs shell containing multiple drugs (pSi-AVA@
MFHF-CEL) [58], and b PEI-PMVEMA-coated pSiNPs shell con-
taining multiple drugs (pSi-PEI-PMVEMA @ASHF) based on the
microfluidic assembly technique [59]. ¢ Preparation steps for A:

antibodies were loaded into pSiNPs, and then each pSiNPs
was coated with pH-responsive polymers (Eudragit L100,
S100, and L30-D55), (ii) IgA2 antibodies-loaded pSiNPs
were encapsulated into a gelatin capsule and then coated
with pH-responsive polymer for latent cancer therapy [37].
They showed the possibility of delivering biologically
unstable proteins to the specific organs (small intestine or
colon) by oral uptake through the hybridization of FDA-
approved Eudragit polymer and pSiNPs. The polymer-
coated pSiNPs system and its application for the targeted
delivery need to be further scaled up in the future.
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By combining two different materials, which named
polymer-coated pSiNPs, it can be overcome the conven-
tional limitation of each material and conclude the syn-
ergistic effects such as (i) minimizing the expected side
effect by reducing burst release of drugs, (ii) maximiz-
ing the blood circulation time with solid secure of loaded
cargo (drugs, RNA, DNA, peptide, etc.), (iii) preventing
aggregation of pSiNPs, (iv) high stability in biological
condition, (v) more sophisticated control-release via two
different stimuli such as pH, temperature, and light.

@ Springer



176

Biomedical Engineering Letters (2021) 11:171-181

Among the benefits of these pSiNPs-polymer hybrid for-
mulations, the most effective one is their high biocompat-
ibility and the ability of control-release by different stimuli
such as pH or temperature. As an additional research case,
there are pSiNPs-hybrid formulations that release substances
in response to various stimuli such as temperature and pH,
respectively. In 2016, Lehto and co-workers developed a pol-
ymer that can only be decomposed vaguely above 37 °C or
higher to pSiNPs and loaded DOX (33 wt.%) as an externally
triggered hybrid formulation by infrared or radiofrequency
radiation and applied to cancer therapy. The designed hybrid
formulation is named TR-NDA pSiNPs by enclosing various
polymers such as NIPAm, DMA, and AEM to pSiNPs and
proposed its property only works at specific temperatures
(Fig. 2d) [36].

In 2018, Santos and co-workers reported pH-respon-
sive polymer-based pSiNPs hybrid formulations named
BUDAP@PSi-HA and BUDAP@PSi-HA@LF, which can
orally deliver Budesonide (BUD), a glucocorticoid, for the
treatment of inflammatory bowel disease (IBD). Hyaluronic
acid (HA) was functionalized onto pSiNPs, and using the
different solubility of ascorbyl palmitate (AP) and hydroxy-
propyl methylcellulose acetate succinate (HPMCAS), the
drug was released only at a specific pH in the local spot.
The loading efficiency was improved. 24.5+0.1% and
3.8+ 0.3%, respectively (Fig. 2e). The response-based
release of pSiNPs-polymer hybrid formulations with stimuli
(temperatures, pHs) have been proposed, and many of these
systems need to keep evolving for improvement of the field
of biomedical engineering [60].

4 pSiNPs-embedded polymeric nanofibers

Nanofibers are the fiber that has a nanometer diameter with
a fibrous structure. For decades, the importance of nanofib-
ers has been discussed due to their interesting features in
biomedical science. In particular, nanofibers have exhibited
high potential across the fields for the miniaturization of
electronic devices, elevation of device functions, and appli-
cation in tissue engineering, and have been widely adopted
for the technology of the normal devices and equipment as
well as chemical engineering. Generally, polymeric nanofib-
ers, which are produced by the electrospinning method, have
several features; (i) a large surface area per unit mass with
high flexibility, (ii) a large number of micro-cavities between
fibers, allowing fusion with other materials, and (iii) a high
degree of dispersion against external stress. Furthermore,
these advantages can be applied in the biomedical field as a
carrier for drug delivery and controlled-release, a platform
for cell culture, a blocking agent for adhesion prevention, a
wound treatment agent, and sensors [61-63]. The polymeric
nanofiber scaffolds have also been used as a valuable tool for
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tissue engineering, regenerative medical engineering, and
various in vitro applications because of their remarkable
properties, such as an ability to imitate the topographical
characteristics in specific biological environments (mostly
cellular system), facile fabrication, payloads of therapeutic
components and targeted release [64—66]. However, they are
inevitably limited in clinical applications as it is difficult
to fabricate them solely with biomolecules (proteins, DNA,
RNA, etc.). Other crucial drawbacks of nanofibers include
(i) complicated preparation (electrospinning formation using
a high voltage for sufficient electric force generation) and (ii)
use of organic solvents for loading various cargos, which
could reduce the biocompatibility of materials and stabil-
ity of the payload. The hybridization of nanofibers with
pSiNPs (pSiNPs-embedded polymeric nanofibers) ushered
in a new era in the biomedical application of nanofibers,
and the development of noble preparation methods which
are simple, efficient, biocompatible, broadly applicable, and
capable of securing the activity of a payload has been highly
noted [67-70].

Recently, a new preparation method of pSiNPs-embedded
polymeric nanofibers based on the airbrushing spray nebu-
lization was introduced with its biomedical applications.
The airbrush spray nebulization method is a solution blow
spinning (SBS) technique to generate nanofiber composites
with in-situ synthesis and stable loading of sensitive bio-
molecules. The advantages of this technology include the
potential to utilize nanofiber mat and to fabricate scaffold
in-situ, as mentioned above. Also, only three components are
needed for synthesis: (i) commercially available airbrushes,
(ii) concentrated polymer solutions, and (iii) compressed gas
sources (N,, CO,, and Ar). To be specific, the small diam-
eter of the polymer-based nanofibers, which almost match
extracellular matrix (ECM) properties, made the hybrid for-
mulation of the pSiNPs-embedded nanofiber feasible to be
used as a biomimetic scaffold with useful multi-functions:
a higher surface area to volume ratios is ideal for the adher-
ing of the cells (tissue engineering and regeneration medi-
cine) and drug loading. Hybrid nanofiber formulations of
pSiNPs and biocompatible polymers have been proposed
in the biomedical field for tissue engineering, bio-imaging,
and drug delivery applications. The pSiNPs-embedded poly-
meric nanofibers have complemented the drawbacks of each
material, demonstrating higher drug loading efficiency than
a single system, reliable biomolecule securing, and sustained
drug release, as well as proving the potential of in vivo and
clinical trials [62, 63, 71].

Sailor and co-workers prepared the hybrid spray-
nebulized nanofibers based on a polycaprolactone (PCL)
or poly(lactide-co-glycolide) matrix including pSiNPs
for the stable protein delivery and release [30]. The
hybrid pSiNPs/PCL nanofiber was produced by spray
nebulization of chloroform solution containing PCL or
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the whole dorsal root ganglia (DRG) incubated with aligned PCL

poly(lactide-co-glycolide), using an airbrush (Fig. 3a). The
hybrid pSiNPs/PCL nanofibers showed an average diam-
eter of approximately 500-600 nm, and the containment of
pSiNPs in hybrid nanofiber was verified by transmission/
scanning electron microscope (TEM/SEM). Compared with
the non-aligned fiber, the angles of uniaxially aligned spray-
nebulized hybrid nanofibers were quantified (Fig. 3b). For
the directed growth study of a single astrocyte cell, which is
a central nervous system glial cell, the cells were cultured on
the hybrid pSiNPs-PCL nanofibers and followed fluorescent
staining signals from rat dorsal root ganglion. As a result,
the astrocytes well adhered to the hybrid nanofiber for 96 h
with an average angle of 6 +8° (Fig. 3c). As a model pro-
tein, lysozyme was loaded into pSiNPs, and then lysozyme-
loaded hybrid pSiNPs-embedded nanofibers (3.6% by mass
lysozyme) were tested by releasing the protein within pH
7.4 buffer at 37 °C. The release of lysozyme was quantified
for 60 days, which is longer compared with free pSiNPs
(Fig. 3d). In this study, the spray nebulization method of
hybrid nanofiber was introduced as an alternative to the
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nanofibers containing neurofilament (NF200)-loaded pSiNPs (incuba-
tion time: 72 h, scale bar=500 pm). B: Normalized polar histogram
of neurite growth with the aligned hybrid nanofibers (blue) and con-
trol PCL films (gray). C: the average angle of deviation of astrocyte
from the median alignment angle of aligned hybrid nanofibers (blue)
and control PCL films (gray). d The cumulative analysis of lysozyme
amount (gray) and activity (blue) released from the nanofibers con-
taining lysozyme-loaded pSiNPs. A: lysozyme-loaded pSiNPs with-
out polymer hybrid, B: PCL nanofibers containing lysozyme-loaded
pSiNPs. The Copyright (2018) Wiley—-VCH [30]. (Color figure
online)

conventional method to facilitate simple and diverse material
fusion in biomedical applications. The combined pSiNPs/
PCL polymer exhibited an enhanced tuning ability of load-
ing/release, long-stable photoluminescence signals in vitro.

Sailor’s group demonstrated that RNA aptamer and DNA-
based oligonucleotides could also be another excellent deliv-
ery candidate using the same hybrid nanofiber technique.
Three different types of therapeutic substances were loaded
into hybrid nanofibers such as (i) bpV(HOpic): a drug which
inhibits phosphatase (loading method: electrostatic adsorp-
tion), (ii) tensin homolog (PTEN, TrkB aptamer): an RNA
aptamer for tropomyosin-related kinase receptor type B
(loading method: calcium silicate condensation), (iii) pro-
tein (NGF): a nerve growth factor (loading method: oxida-
tive trapping) (Fig. 4a; [top] The inner pore walls of pSi
were modified to a positive charge by amine functionaliza-
tion for the loading bpV(Hopic), which is a negative charge
drug, using electrostatic interactions, [middle] Negatively
charged TrkB aptamer was loaded by calcium trapping
method, [bottom] NGF protein was loaded into oxidized
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Fig.4 Polymer (PLGA) scaffold containing protein-/peptide-loaded
pSiNPs. a Schematic illustration of the preparation of PLGA scaf-
fold containing amine-functionalized (top)/aptamer-loaded (middle)/
protein-loaded (bottom) pSiNPs. b Scanning electron microscope
(SEM) images of nanofibers (A: PLGA nanofibers, B: bpV(Hopic)-
hybrid nanofibers, C: TrkB aptamer-hybrid nanofibers, D: NGF-
hybrid nanofibers), (E) Deviation from the median alignment angle
from the nanofibers, and (F) diameters calculated from each image. ¢
Release profiles of the three neurotrophic agents from hybrid nanofib-
ers. A: Schematic illustration of the three different agents releasing

pores by physical trapping) [32]. The average diameter and
charge of the final individual hybrid nanofiber were iden-
tified using dynamic light scattering (DLS), zeta potential
(PLGA only: 209 +60 nm, bpV(HOpic) loaded nanofiber:
211+ 78 nm, TrkB loaded nanofiber: 213 + 60 nm, NGF
loaded nanofiber: 250 +79 nm). Each of uniaxially aligned
nanofibers was analyzed by scanning electron microscopy,
and average angles were collected for PLGA(12.3 +17.6°),
bpV(HOpic)(9.6 +11.3°), TrkB aptamer (12.6 +15.6°),
NGF(15.3 +16.7°) nanofibers (Fig. 4b). To demonstrate
the wide delivery ability of the hybrid nanofibers, in vitro
release profile test was conducted in PBS buffer at 37 °C on
a time-dependent basis. The most effective release among
the combined pSiNPs/PLGA nanofibers was from NGF-
loaded hybrid nanofibers (over 6 weeks). A common factor
from all the formulations was a burst release within the first
2 days, and the release was continued for a long period as an
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mechanism. B-D: Release plot of the three types of hybrid nanofibers
in PBS buffer solution at 37 °C (B: bpV, C: TrkB aptamer, D: NGF).
d Increment of neurite extension induced by therapeutics release from
DRG explant on hybrid nanofibers. A: PLGA film, B: PLGA nanofib-
ers, C: bpV(Hopic)-pSiNPs hybrid nanofibers, D: TrkB aptamer-
pSiNPs hybrid nanofibers, E: NGF-pSiNPs hybrid nanofibers. F-H:
The range of neurite extensions and the average length of the ten
longest neurites on the hybrid nanofibers. The Copyright (2020)
Wiley—VCH [32]

advantage of hybrid nanofiber (Fig. 4c). Lastly, the ability of
the neurotrophic APIs was evaluated to confirm the neurite
extension on hybrid nanofibers. The result showed that DRG
explants on any nanofibers induced neurite extension com-
pared with the pure PLGA films. Also, the statistical results
showed that neurite extension on each nanofiber exhibited
longer than the previously reported study (Fig. 4d).
Similarly, Ricci and co-workers developed hybrid porous
silicon-PLGA/PLA/PCL nanofiber for the sustained release
of synthetic DNA-based oligonucleotides [33]. The nanofib-
ers were generated with the specific ratios of polymer mixed
with DNA-loaded pSiNPs (loading method: calcium silicate
condensation/trapping) using an airbrush hopper (Fig. 5a).
The morphological change of DNA-loaded pSiNPS before
and after the blending with PLGA polymer was observed
by transmission electron microscopy (Fig. 5b). For a clear
comparison of three polymers, time-gated imaging was
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Fig.5 Polymer (PLGA/PLA/PCL) scaffold containing DNA- of BF, Si, and DNA. Scale bar: 10 pm. B-E: Release profile of hybrid

loaded pSiNPs. a Schematic illustration of the preparation of hybrid
nanofiber containing DNA-loaded pSiNPs. b TEM images of A:
DNA-loaded pSiNPs, B: PLGA hybrid nanofiber containing DNA-
loaded pSiNPs (Scale bar — A: 200 nm, B: 2 pm). ¢ Bright-field (BF)
image and fluorescence images of PCL nanofibers. A: Si—pSiNPs
image, DNA—FAM signal within DNA, Merge—the merged image

measured, and pSiNPs/PLGA hybrid nanofibers(16-fold
than PLA, 120-fold than PCL) displayed the highest signal
increase. This study suggests that DNA-based molecules can
also be utilized using hybrid nanofiber systems fabricated
using a straightforward and cost-effective airbrush. In addi-
tion, the experiment results of various hybrid nanofibers pro-
duced from easily available polymers indicate that airbrush-
based hybrid nanofibers can be a prospective approach for
nanotechnology, tissue engineering, including regenerative
medical applications.

5 Summary and perspectives

In this focused review, we have introduced the recent devel-
opment of a hybrid system of pSiNPs and biocompatible
polymers with their biomedical applications. We outlined
the preparation methods and analyzed their pros and cons
from an engineering viewpoint. Encapsulation or embedding
of pSiNPs within a polymer shell or nanofiber could allow to
enhance and amplify the innate properties of each material,
such as simply tunable morphology, extended multi-func-
tions, stable loading and maintaining with susceptible mol-
ecules, and varying response-based release within stimuli in

nanofiber elution in PBS at 37 °C. The supernatant was collected
and changed every 48 h. B: PLGA-based nanofibers, C: PLA-based
nanofibers, D: PCL-based nanofibers. Inset percent: DNA-concen-
tration within pSiNPs. E: The comparison of the DNA release rate
from the three types of nanofibers containing DNA-containing (9.1%)
pSiNPs. The Copyright (2020) The Royal Society of Chemistry [33]

various pH, temperatures, etc. We believed that the hybrid
pSiNPs-polymer materials and their preparation methods
hold great potential for practical applications and can open
a new chapter within a wide variety of industrial fields, as
well as in basic research.
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