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ABSTRACT

Oriented c ife nanofibers consisting of porous silicon nanoparticles (pSiNPs) embedded in a

polycaprolagto (PCL) or poly(lactide-co-glycolide) (PLGA) matrix are prepared by spray
nebulizati mpBchloroform solutions using an airbrush. The nanofibers can be oriented by
appropriate positioning of the airbrush nozzle, and they can direct growth of neurites from rat dorsal
root ganglion ne@ons. When loaded with the model protein lysozyme, the pSiNPs allow the

Ui

generation
(PBS, 37°C)
mass loadifig of protein in the pSiNPs is 36%, and in the resulting polymer/pSiNP scaffolds it is 2.5%.

fiber scaffolds that carry and deliver the protein under physiologic conditions
o 60 days, retaining 75% of the enzymatic activity over this time period. The

The use

i

s that display intrinsic photoluminescence (from the quantum-confined Si
nanostruct allows the polymer/pSiNP composites to be definitively identified and tracked by
time-gated ~«Q inescence imaging. The remarkable ability of the pSiNPs to protect the protein

d from denaturation

d

payloa , both during processing and for the duration of the long-term aqueous

release establishes a model for the generation of biodegradable nanofiber scaffolds that can

load and deliv sitive biologics.

Polgmer nanofibers have been developed as scaffolds for numerous tissue engineering and

£

nervous sy air applications due to their ability to mimic the topographical features of the

0

extracellul nment and release a therapeutic payload at the target site.!*® However, they still

remain lar@ely irrelevant in the clinic.®® This is in part due to the difficulty of readily fabricating

[

nanofibWthat can deliver proteins or other biologics capable of stimulating tissue repair
and regen he vast majority of nanofibers are created using an electrospinning method,

where an electric_force is used to draw a polymer solution to a charged collector.*” While this

techniq own utility in fabricating both randomly oriented and aligned nanofibers, there are

This article is protected by copyright. All rights reserved.
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two key drawbacks with this approach: (1) the fibers can only be fabricated on a surface in contact
with the charged collector; and (2) polymer nanofibers are generally fabricated by dissolving the

extended r f12]

polymer i!a rganic solvent, making it difficult to load and retain the activity of biologics for
adelivery applications.
T E™Moet Common method used to include sensitive biologics in polymer nanofibers is

coaxial electgospinning, where a spinneret composed of two coaxial capillaries is used instead of a
13]

single noz o solutions are fed through the inner/outer capillaries forming a compound

droplet at the @xitJof the spinneret. When loading sensitive biologics, the inner core is commonly an
aqueous s ntaining proteins, DNA or oligonucleotides of interest. The outer shell is then
formed fr:;rophobic polymer solution.™ While coaxial electrospinning has substantial
advantage! the process still has several drawbacks. These include: (i) instability of sensitive

biological ue to the high voltage, shearing forces at the core/shell interface, and rapid

protein dehyd n, (ii) increased difficulty in obtaining consistent nanofibers due to multiple

phases, andWiii)_inability to deposit nanofibers directly onto a surface of interest. However,
fibers have led to improved outcomes in the development of tissue engineering
scaffolds, stem cell differentiation, and in vitro cell culture environments that more closely resemble
the in vivo milieus they are modeling. **?? Therefore, creating more versatile and readily fabricated

polymer na @ that can elute biologic therapeutics and stimulate cellular growth is a key need

for the sﬁanslation of nanofiber tissue scaffolds to the clinic.
iioporo's silicon is a biodegradable inorganic material that has been extensively

investigate hotoluminescence-based imaging and drug delivery applications.>®! The

biocompat d degradability of mesoporous silicon nanoparticles (pSiNPs) has been

demon n vivo.”*?”! The mechanism of dissolution of porous silicon (pSi) under in vivo

This article is protected by copyright. All rights reserved.
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conditions involves oxidation of silicon to form silicon oxide, followed by hydrolysis of the resulting
oxide phase into water-soluble orthosilicic acid (Si(OH)4).*®! The high porosity of pSiNPs inherently

provides !I ge pore volume to load therapeutics, which are delivered as the pSi skeleton

degrades.[ degradation leads to changes in the intrinsic photoluminescent properties of pSi,

[33]

which Rave Been harnessed to provide a self-reporting drug delivery feature. Of particular

relevance tothegpresent work, pSi has been shown to be capable of loading and protecting various

C

[34-36]

sensitive bi rom proteolytic or nucleolytic degradation, and it has been incorporated into

[37-42]

a wide ran bigmedically relevant polymer systems, and larger, micron-scale particles of pSi

$

have previ n incorporated into PCL-based scaffolds.”**® Most recently, a pSi host has been

shown to

U

otection to the protein lysozyme against degradation by non-aqueous solvents,

[36]

providing @ means to protect proteins from non-agqueous media. Here we report a facile

[}

nebulizatio s that combines protein-loaded pSiNPs into polymer nanofibers and coats them

d

onto unchafge rfaces. We find these hybrid nanofibers can guide cellular growth, exhibit

photolumi e, and release bioactive proteins (Scheme 1).

\Y{

Author
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Schem ray nebulization is used to produce nanofibers of polycaprolactone embedded with
porous silicon particles (pSiNPs). The polymer fibers can direct cell growth, and the entrapped
pSiNPs

composite polymer/pSiNP scaffold. Although proteins are generally not soluble in or compatible

with chlorqform, the pSiNPs can sequester and protect a protein payload, allowing active protein to
be co—formh

intrinsic photoluminescence that can be used to track degradation of the

ith the biodegradable polymer.

Spra\gﬁzation of chloroform solutions 4% (w/w) of polycaprolactone (PCL) or 10 %
(w/w) ide-co-glycolide) (PLGA) by means of an airbrush® generated polymer nanofibers
[Figure Mng Information]. The deposition distance and spraying angle were optimized to
control fiber mor;ology, diameter, and alignment. We found that a distance of 20 cm from the
airbrush nozz e collector reproducibly produced well-defined PCL nanofibers [Figure S2, Movie

S1, Supp Information].  Similar nanofibers (average diameter: 580-590 nm) could be

This article is protected by copyright. All rights reserved.
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generated using PLGA as the polymer source [Table S1, Supporting Information]. In order to prepare
aligned fibers, the stream of material ejected from the airbrush nozzle was adjusted to strike the
plane of t* ector (typically, a glass microscope slide) at a 20° angle. Adjustment of this angle

and the d een the nozzle and the collector allowed optimization of the nanofiber

morpho’og!Mgree of alignment [Figure S2, S3, Movie S2, Supporting Information].

4
= ) [ Aligned
33-20_- o— AE-pSiNP 2 80 o
& [->—LpsinpP Lo
§15_ v Lyso-pSiNP o o
2 £ 40
01 [
a0 O 20 L
2 5l [
g 5 o C H_I ﬂ H ﬂ m |
FS SOR——" RREDSPRES
£ o 100 1000 Yo UQU‘LU &

Size (nm) Degrees from Median Angle of Alignment

Figure 1. Thion electron microscope (TEM) image of (a) as-etched pSiNP (Scale = 200 nm,

m) and (b) hybrid nanofiber showing embedded as-etched-pSiNPs (scale = 400
on microscope images of (c) non-aligned (scale = 10 um), and (d) aligned hybrid
nanofibers (s€afe = 5 um). (e) Size distribution of different pSiNP formulations measured by DLS. AE-
pSiNP ﬂd porous silicon nanoparticles; LpSiNP is photoluminescent porous silicon
nanopagii ared by borate oxidation); Lyso-pSiNP is porous silicon nanoparticles loaded with
lysozym ification of angular orientation of fibers comparing non-aligned (Random) with
umamal%mgned ) hybrid nanofibers, created by spray nebulization. These PCL fibers

contained as- etc51 pSiNPs as described in the text.

<

inset scale

nm). Scan
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We next tested the spray nebulization method to assess if it would allow the incorporation

of pSiNPs into the fibers. To prepare composites of the nanofibers with pSiNPs, as-etched

t

P

nanoparticles prepared with a mean diameter of 210 nm [Table S2, Supporting Information] and
nominal p 12% were suspended in a chloroform solution containing 4% PCL and 0.2%
pSiNPs Ey ass and the solution was nebulized as above to form nanofibers [Figure 1]. The hybrid
pSiNP/PCL nanofibers displayed average diameters ranging from 500-600 nm [Table S1, Supporting
Informatio the presence of pSiNPs was confirmed by transmission electron microscopy
[Figure 1],finffdred spectroscopy [Figure S4, Supporting Information] and energy dispersive x-ray

elemental [Figure S5, Supporting Information]. The PCL fiber mats were quite hydrophobic,

USCI]

displaying ntact angles of 125°, and this value did not differ significantly between either the

pure PCL Wiber scaffolds or those composed of pSiNP/PCL [Figure S6, Table S3, Supporting

)

Informatio inclusion of pSiNPs in the PCL matrix also did not alter the general fiber

d

morphology“or degree of alighment of the oriented fibers [Figure S3, Supporting Information].

Similar co fibers could be prepared using the common biodegradable polymer PLGA in place

Vi

of PCL [ pporting Information].

Controlling cellular growth and the direction of elongation is critical in regenerating injured

{

tissues, especially in the nervous system where extending neurites must precisely connect across an

area of inj er to return functional use to the impacted tissues.!””***% pCL is one of a wide

9

variety of and natural materials used in constructing polymer fiber scaffolds that show

efficacy In controlling and directing tissue growth.'>**® |n the present case, we aimed to test the

th

capability iaxially-aligned PCL hybrid nanofibers to direct cellular extension in an in vitro

U

nerve reg model. Whole dorsal root ganglia (DRG) were used to demonstrate the

capabili e fibers to direct extending neurites. DRG were cultured on the aligned hybrid

A

This article is protected by copyright. All rights reserved.
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nanofibers for 72 hours and imaged using fluorescence microscopy [Figure 2]. Neurons of the DRG
extended neurites along the fibers, and a polar histogram of neurite growth [Figure 2e]
demonsMong preference for bipolar neurite extension. Control DRG cultured on flat (non-
fibrous) PC ed no preferential directional growth of neurites.

™ mgudy the directed growth of single cells on the fibers, astrocytes were cultured
on the aligned PEL nanofibers. Astrocytes are central nervous system (CNS) glia that are involved in

synaptic m ce, nutrient supply to neurons, neurotransmitter regulation, and several other

functions mﬁhhy CNS.®! They help form the glial scar following CNS injury,® so directing

these ceIIs;artificial tissue scaffold holds the potential to improve neuronal regeneration by
reducing s ation at the injury borders. Astrocytes cultured on the hybrid nanofibers for 96 h

exhibited g!od adhesion to the fibers, and they displayed a preferred orientation along the direction

of fiber ali [Figure 2]. The average angle of deviation from the median angle of cellular
alignment was 6% 8°, whereas astrocytes cultured on control samples composed of flat PCL films
showed n istically significant preferred orientation [Figure 2e,]. These experiments
demon e aligned hybrid nanofibers created by the simple nebulization process behave

similar to griented, electrospun PCL fibers in their ability to direct the growth of single cells and the

Ol

extension of growing neurites.”"*?

Auth

This article is protected by copyright. All rights reserved.
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Figure 2. F%nce microscope image of whole rat dorsal root ganglion (DRG) stained against
neurofilanmom on (a) flat PCL film and (b) aligned hybrid PCL nanofibers (scale bar = 500
um). (c) Fluage e image of astrocytes cultured on PCL films (left image; scale bar =50 um, red =
GFAP, ). Image on the right shows Orientation)'®® analysis of astrocyte alignment
superimpo the astrocyte image, demonstrating no preferential alignment. (d) Fluorescence
image of es cultured on aligned hybrid PCL nanofibers (left image; scale bar = 50 um, red =
GFAP,

superimposed on the astrocyte image, demonstrating growth along the direction of the oriented

hybrid nan@fibers. (e) Polar histogram of neurite extension from cultured DRG (n=3) demonstrating
pronounce%

c
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[). Image on the right shows Orientation) analysis of astrocyte alignment

ent of neurite growth along the fiber direction with the uniaxial hybrid
and no preferential alignment of neurites cultured on PCL films (gray). (f)

significantly greater alignment, with an average angle from the median angle of

alignmew

ne important property of pSi is its photoluminescence (PL

0 ), which derives from quantum
confine fects in the silicon nanocrystallites that comprise the pSi skeleton.®™ Most

This article is protected by copyright. All rights reserved.
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biodegradable polymers lack the ability to be imaged and tracked in vivo following implantation, and
we reasoned that photoluminescent pSi embedded in the PCL nanofibers that have near-infrared
(NIR) PL#’and long-lived emissive excited state could be used to confirm proper implantation
and monit egradation in vivo. We prepared two types of photoluminescent pSiNPs from
as-etch&d Eme that was loaded with the test protein lysozyme and one that was empty. The

[65]

empty particles, were prepared following a borate oxidation procedure that activates
,~ and the lysozyme-loaded pSiNPs were prepared and the luminescence

photolumi
activated cussed below. Both of these preparations generated photoluminescent pSiNPs by

adding a p;g silicon oxide shell to the surface of the silicon skeleton.®®®! we found that
s

both type escent nanoparticles could be incorporated into PCL nanofibers similar to the as-

etched (no!—luminescent) pSiNPs. The hybrid nanofibers exhibited broad PL emission (Aem = 600—

1000 nm) mistic of pSiNPs, while no PL was observed for PCL control fibers [Figure 3, Figure
pport

S8, S9, Su nformation]. Incorporation of either the empty or the lysozyme-loaded pSiNPs
into PCL nan&fi did not result in a significant change in the peak emission wavelength from the
nanopa igure S8, S9, Supporting Information]. As is typical of photoluminescence from

quantum-confined silicon,'®*7% the hybrid nanofibers exhibited emission lifetimes of hundreds of

microseconds [Figure S8, S9, Supporting Information], and the emission half life (T;/,) increased with

increasing @ wavelength [Figure 3c].
Th ission lifetime of pSiNPs is a convenient feature for imaging of the material in

vitro an vivo, because it allows the suppression of the shorter-lived autofluorescence from

endogeno: fluorophores ubiquitous in cells, tissues, and many polymers. The time-gated
s

method, Gated Luminescence Imaging of Silicon Nanoparticles (GLISiN), involves

acquisiti e emission image at a time sufficiently delayed (>100 ns) from the pulsed excitation

This article is protected by copyright. All rights reserved.
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such that the prompt fluorescence from the organic fluorophores has decayed to baseline and is not
detected.” In the current experiments, a pulsed ultraviolet light emitting diode (UV LED, A = 365
nm) and a elay of 5 us yielded microscopic GLISIN images of the pSiNP/PCL fibers with high
signal-to-n SNR) for either the empty [Figure S10, Supporting Information] or the
Iysozymg-lgmgure 3d,e] pSiNP/PCL fibers. Without time-gating, the regular fluorescence
images co net distinguish autofluorescence of the PCL nanofiber controls from the pSiNP-
containing igure 3d,e, Figure S10 and Table S4, Supporting Information]. However, GLISIN
images of wP/PCL fibers displayed SNR of between 20 and 80, whereas the SNR in GLISiN
images of L fibers (containing no pSiNPs) was < 2. Thus the GLISiN images afforded up to a

40-fold im ent in image contrast, and definitively established the presence of luminescent

qv
=
-
O
L
e
-
<
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(b) (c)
w 200,
PCL ® Lyso-pSiNP/PCL NF f=.
(3]
< % 1.00 PCL NF 8 150
e @ 7V
@ T 075 0 v
£2 o 100 e v
E 9 050 o v
° 3 = 504 7
Lysozyme/ E £ 025 — \ sl
PSINP NF & 0.00+ ———— 1" 0 N —
500 600 700 800 900 1000 650 700 750 800 850 900
Wavelength (nm) Wavelength (nm)
Lysozyme-pSINP NF PCL Lysozyme-pSiNP NF
SNR: 84 (5)) SNR:321 SNR: 452
Continuous
Wave
GLISIN
[ S eeee—
2000 6000 0.5 2x10°
Figure -state and time-gated photoluminescence images of lysozyme-loaded pSiNP/PCL

affolds. (a) Image of PCL control (top) and hybrid nanofiber (bottom) when
tinuous Ae = 365 nm light emitting diode (LED) (scale bar = 5mm), and (b)
corresponding emission spectra for each scaffold. (c) Photoluminescence emission half-life of the
hybrid napefiber sample (lysozyme-loaded pSiNP/PCL), measured as a function of emission
waveIengtL

hybrid nanofj
excited i

mission half-life increases with increasing A.m. (d) Luminescence microscope
images of g PCL fibers and lyso-pSiNP/PCL hybrid nanofibers (10x objective, Aex = 365 nm
excitation, @ = 200 um) obtained under steady state (continuous excitation, no time-gating)
imaging conditions (top) and with time-gating (bottom). Time-gated ("GLISiN", for Gated
Luminescefice Imaging of Silicon Nanoparticles) images were captured using a 5 ps excitation-

acquisit te. Time gating removes the prompt emission and scattered light from the
image. e PCL has no long-lived luminescence, the GLISiN image is black. Signal-to-noise
ratios (SN iven for the regions of interest (ROIs) indicated with the white box in each of the

images (B denotesfthe background ROI). (e) Low magnification photoluminescence images (Aex = 365
nm, scale m) captured using a camera macro lens in order to survey large fields of PCL
nanofibers (| hybrid nanofibers (right). Top two images were acquired under continuous wave
bottom two images were acquired under GLISIN conditions. The GLISIN imaging

and ROIs are defined as in (d).

excitatigh”a
parameters,
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Next we evaluated the ability of the pSiNPs to protect a sensitive protein payload and enable
slow relwactive protein in vitro. Controlled release of a biomolecule payload is of interest
for induci ing, or selectively inhibiting cell growth along tissue scaffolds, and this is of
particula-r H!eresm neuronal regeneration.”’? Protein-based therapeutics have posed one of the

Iongstandintch:!enges in the area of drug eluting polymers, because the processing conditions

used to p any bioresorbable polymer systems are incompatible with proteins, and the

protein is Wnsively denatured or hydrolyzed during formulation or during release.”*”* For

these exp we used lysozyme as a test protein because there is a standard and sensitive
assay for e activity that allows convenient quantification of denaturation or other

degradativ! Erocesses that the protein might undergo.”>7® The loading procedure used for these

experimen d a previously published phosphate buffer that oxidizes the pSiNPs,
simultaneouSly ping lysozyme in the pores and activating photoluminescence.®® A bicinchoninic
acid (B§tein assay on the particles revealed a mass loading of lysozyme of 34 £ 1.8 %. As
expect -filling process, the surface area and total pore volume of the pSiNPs decreased

upon Iysozime loading [Figure S11, Table S5, Supporting Information]. The loaded protein imparted

a positive overall surface charge to the pSiNPs—the zeta potential in neutral buffer increased from —

223 + 5.@r the empty, borate-oxidized pSiNPs) to +35 + 2.5mV [Table S2, Supporting

Informatiofy. increase in zeta potential upon protein loading is consistent with the pl of

lysozyme il = 11.i5),[77] indicating that the positive charge that the protein exhibits at neutral pH is
imparted t tein-loaded nanoparticles and consistent with the relatively high mass loading of
protein. |/ periments indicated that the lysozyme payload was released into 37 °C, pH 7.4
buffer mespan of 8 days, with 55% of the protein released within the first 24 h. The

This article is protected by copyright. All rights reserved.
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lysozyme enzymatic activity assay showed that the protein released into solution retained 100% of
its activity throughout the period of release [Figure 4, Figure S12, Supporting Information]. Thus the
protein mcess does not interfere with or degrade the function of the lysozyme payload.

Ly iNPs were then loaded into hybrid nanofibers by spray nebulization (3.6% by
mass Iys-oz!qﬁe,oby mass pSiNPs; the effective concentration of protein in polymer was 36 pg/mg)

and release :f tf protein into 37 °C, pH 7.4 buffer was quantified for a period of 60 days [Figure 4,

Figure S12, ing Information]. Silicon content determined by ICP-AES was 7.9 +0.45% (Table
S6, Supporingdinf@rmation). Chlorine content determined by suppressed ion chromatography was
26 £8.49 p CL control nanofibers and 101 +13.44 ppm for lyso-pSiNP nanofibers, showing a

minimal a chloroform retention in the nanofiber scaffolds. The buffer eluent was sampled

every 3 dajs, and both the total mass of lysozyme (BCA assay) and the mass of active lysozyme

(lysozyme mc activity assay) were determined at each time point. Burst release of the drug

payload, a C6m and generally undesired characteristic of polymeric drug delivery systems!’®*

including e§un fibers,®Y was not observed in the present case. Only 5% of the loaded
lysozy sed in the first 9 days, and the temporal release profile was relatively constant
during the first 30 days of release (corresponding to ~15% of the total protein payload released).

During this period of time, activity of released lysozyme was maintained at a high level (> 90%). For

the latter e study (days 30-60), lysozyme release slowed, and the activity of the protein

reIeaseEed significantly. By day 60, the activity of the total lysozyme released displayed
75% of Its |i|t|a aivity. Approximately 1/3 of the total loaded protein had been released by day 60,

and at thatgii polymer fibers were still observed in the release medium.
Th y of lysozyme in these experiments did not substantially differ from what has
been s the enzyme when stored in buffer.®? Lysozyme showed greater stability in the

This article is protected by copyright. All rights reserved.
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[10, 14]

pSiNP/PCL nanofibers compared with many polymer and polymer fiber formulations, although
the protein has been formulated into biodegradable polymers from water emulsion systems[83] and
from wa#lsion electrospinning systems[S” that displayed release and activity characteristics
comparabl ent system. However, to our knowledge there are no non-aqueous routes to

load acﬂlerro ein into polymers or polymer fibers, and the data here show that pSiNPs provide a

unique meags tgincorporate a sensitive protein into a polymer fiber and to then deliver the active

protein wit ~order release profile for >60 days that does not display an early phase burst.

a

(a) . (b)
° Free pSiNPs g pSiNP/PCL Nanofibers
£ > 30, ;
= 100 4 ® E)I < Active -
P T e ¢ ¢ Q 257 v Total =T
0 e & = T 0800
S el & w — 20‘ I:
= 601 &7 o B 15- Ts®"
(] i 2 © T
S8 a0l o opdve B o
= : v Total K1 i
= 20 S 5 3¢
5 X £ %
£ 0 . . . . 3 0 +=F
5 0 50 100 150 200 O 0 10 20 30 40 50 60
© Time (Hours) Time (Days)

Figure 4. Cumulative percent of lysozyme released from: (a) free pSiNPs and (b) pSiNPs incorporated
in PCL fibei (pSiNP/PCL nanofibers). Experiment performed in PBS buffer at 37 °C and quantified in

terms of t in (from BCA assay) and active protein (from lysozyme enzymatic activity assay).
Most of the 2in is released from free pSiNPs within 8 days, and nearly 100% activity is retained
(a). The in st release of protein is suppressed, and the release of protein is substantially
extended w e pSiNPs are incorporated into a PCL nanofiber scaffold (b). For the pSiNP/PCL
nanofibers n 5% of the lysozyme payload is released in the first 9 days. The activity of
release is >90% for the first 30 days, but at later times during the release process the
activity of ie pro!in released becomes lower; by day 60 released lysozyme exhibits 75% activity (n
=3, error bars £3S.D.).

The ation approach described here provides a simple alternative to electrospinning
that can b o fabricate aligned polymeric nanofibers capable of directing cellular growth on a

This article is protected by copyright. All rights reserved.
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wide variety of surfaces, including electrical insulators. We demonstrated the incorporation of a
protein delivery system based on a porous silicon host that showed superior compatibility with
sensitivebdﬁThe ability of this system to provide sustained release of an active protein from a
polymeric uld be relevant to many advanced tissue engineering applications. The long-
lived inﬂirgﬁpooluminescence originating from the silicon constituent provided an imaging
feature thatallows excellent rejection of signals from endogenous tissue fluorophores, providing a

path for in nitoring. We expect that the system will allow tuning of release rates and total

doses of t}weutic by adjustment of the chemistry and morphology of the pSi nanomaterial

carrier an;entration in the nanofiber matrix. Although this work only investigated a single

protein, th ch is amenable to multiple drug formulations by adding different pSiNPs into the
synthesis, gch containing a different drug or drug combination. Due to the non-aqueous nature of

the solven fiber formation, the possibility of leaching or cross-contamination of water-

soluble drugs dU¥iFig fabrication is minimized.
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