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Abstract

T

We rego mperature-regulated system for the controlled release of nerve growth

factor (NGF)10 promote neurite outgrowth. The system is based upon microparticles
H

fabricated@@sing coaxial electrospray, with the outer solution containing a phase-change
material (P&M)mgnd the inner solution encompassing payload(s). When the temperature is
kept belo Iting point of the PCM, there is no release due to the extremely slow
diffusion ma solid matrix. Upon increasing the temperature to slightly pass the melting
point, the encapsulated payload(s) can be readily released from the melted PCM. By
le:verag_;in%I the re;rsibility of the phase transition, the payload(s) can be released in a
pulsatile ugh on/off heating cycles. The controlled release system is evaluated for
potential mmeural tissue engineering by sandwiching the microparticles, co-loaded with

NGF and m&ared dye, between two layers of electrospun fibers to form a tri-layer

construct. Upoffphotothermal heating with a near-infrared laser, the NGF is released with

well-pres ioactivity to promote neurite outgrowth. By choosing different combinations

of PC ogical effector, and scaffolding material, this controlled release system can be

applied to a wide variety of biomedical applications.

or

Keyword ~change material * coaxial electrospray ¢ electrospun fibers ¢ controlled

release ¢ sue engineering
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1. Introduction

Electrow are playing an increasingly important role in a diverse range of biomedical

applicatio as tissue engineering, drug delivery, and diagnostics. When integrated with

biological etfectors and cells, electrospun fibers have shown great promise in interfacing with
H

the neural@issues and promoting axon regeneration.!"! In the case of neural interface,

[3-5]

electrospu@have been loaded with drugs or neurotrophins and then applied as bioactive

coatings fo | electrodes'” ™ and as neural implants to enhance the growth of neuronal

processes [@r t re@uce the reactive tissue response and gliosis.[® In the case of nerve repair,

electrospﬁhave been collected as uniaxially aligned arrays to direct glial alignment

and prom

place terr:\g spatial controls over the delivery of biological effectors such as growth

factors d

owth of neurites and axons. Despite the progress, it remains a challenge to

fabrication of scaffolding materials.!®”) In general, it is necessary to control
and managg t ease of growth factors from the scaffolding materials under both in vitro
and in vivo conditions.”®” Such a requirement can be easily met by integrating electrospun
fibers Eolled release system based upon a stimuli-responsible material.

Stimuli- sive materials are able to change conformations and other physicochemical
propertiesgipon exposure to an external or internal stimulus.!"”’ Various types of external

[11,12]

stimuli have been explored to trigger the release, including temperature, ultrasound,!"!

magnetic *electric field,!'®'” and light.""® Among them, thermo-sensitive materials

and photo triggering have recently emerged as an attractive means for on-demand

q

release , near-infrared (NIR) light with deep penetration in soft tissues can be

remote

!

ith high spatial and temporal precision while causing essentially no

damage to cells amd tissues at the site of interest.

U

A numb ermo-sensitive materials have been developed for applications in

control se."”) Most recently, phase-change materials (PCMs) have been explored as a

A
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new class of thermo-sensitive materials by leveraging their reversible solid-liquid phase
transition in response to temperature variation.!*'***) Among the various kinds of PCMs,
natural fatty acids are particularly attractive owing to the low cost, as well as high stability,
biocompa @ and biodegradability.'”*! Considering that the triggering temperature should
have negadygisegiinpact on normal cells and tissues, it is important to use PCMs with melting
points ClOMOC, the physiological temperature of human body. To this end, the melting
points of @sed upon fatty acids can be readily tuned using mixtures with variable
compositions. ) In particular, we recently identified a eutectic mixture of lauric acid and
stearic aci@l tdfgiy€ a single melting point at 39 °C. Both lauric and stearic acids have absolute

biocompa nce they are derived from natural fats. This PCM can serve as a gating

US

material f lling the generation and release of free radicals to eradicate cancer cells.”*”!

It can alsofbe adopted to reconstitute the core of low-density lipoprotein to realize

N

(28]

metabolism-triggered drug release, " and furthermore, be constructed into smart

d

nanopartidgles tracellular drug delivery.'*” The payload can be triggered to release only
by pho or ultrasonically heating the system to a temperature slightly above 39 °C.
Duri abrication of the aforementioned systems for controlled release, elevated

temperatures or organic solvents are typically involved, greatly limiting their use towards

applicatios involving biological effectors such as growth factors and enzymes. Among

various fabgieaign methods,”*" electrospray is a versatile and cost-effective technique that

has been Gated for generating drug-loaded microparticles with a controlled

compomle size, structure, and morphology from solutions of polymers, ceramics,
e

and sm 3.2 In particular, coaxial electrospray can be applied to directly load a
biolo gicaltgector into the microparticles without compromising the bioactivity by keeping

the biological efgs:tor separated from the organic solvent.*®"!

Herej eport a new platform for thermally triggered release of growth factors, which

is based up icroparticles fabricated using coaxial electrospray. The microparticles are
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made of a PCM, with the core region containing payload(s). The payload is only released
from the PCM matrix upon heating to a temperature above the melting point. To evaluate the
potential @pplication of this release system in neural tissue engineering, we sandwich the
micropartded with nerve growth factor (NGF) and a NIR dye between two layers
of electigppspuiaghibers to form a tri-layer construct. The outgrowth of neurites is greatly

enhanced Me controlled release of NGF. In principle, this controlled release system

based upoff PC icroparticles can also be extended to other scaffolding materials such as

hydrogels or jmer matrices towards a wide variety of tissue engineering applications.

)

2. Resultsﬂbiscussion
2.1. Characterization of the Microparticles Fabricated Using Electrospray

We recentmoped a PCM with a sharp melting point at 39 °C by mixing lauric acid and
stearic a mass ratio of 8:2.1°! Figure S1 shows a differential scanning calorimetry
(DSC) ¢ e PCM, indicating a single melting point. In the present work, we process
the PCM into microparticles loaded with a biological effector in one step through the use of
coaxial elg€trospray (Figure 1A). For the purpose of proof-of-concept, we used Rhodamine B

(RB) and in isothiocyanate labelled bovine serum albumin (FITC-BSA) as the

payloads prgSent small organic molecules and proteins, respectively. As illustrated by the

drawir:ﬁt, the outer and inner solutions, which are PCM dissolved in an ethanol
and di

ne mixture and RB dissolved in an aqueous gelatin solution, respectively,
are immlslgle. I!uring the electrospray process, the PCM precipitates out to form particles
while the payloa;'s retained in the core region as the solvents evaporate. Figure 1B shows an

optical microgtagh of the PCM microparticles loaded with RB. We analyzed the shape of the

micropamgiclesiby measuring the aspect ratio (AR, defined as the ratio of length to width for
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the particle) of these particles (n = 200). About 84% of the PCM microparticles showed a
spherical shape, with an average value of 1.09 for the AR)."**! Because of the non-uniform
evaporatioh of solvents and the difficulty in precisely controlling the temperature and
humidity & epvironment during the electrospray process, some PCM microparticles also
took irgowlaigshapes. Figure 1, C and D, shows fluorescence micrographs of the as-obtained
particles lhith RB and FITC-BSA, respectively, confirming the successful
encapsulafion of these fluorescence dyes inside the particles. As shown by the scanning
electron microScopy (SEM) image in Figure 1E, the particles encapsulated with FITC-BSA
also displwherical shape, with an average diameter of 5.6 = 1.8 pm (n = 200) (see
Figure S2 t of size distribution). We then quantified the size polydispersity of the
particles ating the coefficient of variation (CV, defined as the ratio of the standard
deviation Emeter to the mean diameter) for the sizes of the particles. The particles

lydispersity in size, with CV = 32%.5 For the application explored in this

exhibited some po

B

work, the §ize ation should not cause any negative impact in terms of performance and

outco characterized the distribution of payload in the particles using laser
scanning con microscopy (LSCM). With RB serving as the payload, as shown in Figure
S3, the eed located in the core region of the as-obtained microparticles.

Interestin%!l;, the resultant microparticles could be stably dispersed in water, phosphate

buffered s yand cell culture medium through simply sonication for several seconds,

making it ncubate them with cells, deposit them onto other substrates, or incorporate

2.2 Releajyloads from the Microparticles

The encapsulatiga efficiencies, defined as the ratio of actually encapsulated amount to

theoret! punt, of different payloads in the PCM microparticles were all greater than
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80%. The release profile of a payload from the PCM particles was studied by dispersing the
particles in deionized water to form a homogeneous dispersion and then holding the system at
a temperaftire below or above the melting point of the PCM. Figure S4A shows the

cumulati @ of RB from the particles when continuously incubated in a water bath held
at 37 °Goudlmien At 37 °C, there was only some slight release of RB from the particles.
During thw electrospray process, the minor mixing between the inner and outer
solutions @uh in the deposition of a small amount of RB on or near the outer surface
of the particlCS. In comparison, when the sample was heated to 40 °C, almost 80% of the
encapsula as released from the particles within 2 min. As shown in Figure S4B,
under a h oling cycles, the RB was released in a pulsatile mode. As indicated by the
plots in Fﬂ the release of FITC-BSA from the particles showed a similar profile, with
major relﬂ °C and minor release at 37 °C. The release rate of FITC-BSA from the

BSA and

particles was slightly slower than that of RB because of the higher molecule weight of FITC-
er interaction between FITC-BSA and fatty acids.

W sed horseradish peroxidase (HRP) as a model of biological effector to

investi clease profile and the influence of electrospray on its bioactivity. To avoid

the possible loss of bioactivity caused by long-term heating, the sample was only heated at 40

°C for 3 ns After heating in a centrifuge tube, the particles were cooled down in an ice bath

and centri nd the supernatant was collected for measurement. The heating/cooling
cycles we ed five rounds. Figure 2B shows the release content of HRP from the
particles round. During the first cycle of heating, PCM particles melted into liquid,
resulthﬂease of payload into water. In the cooling process, PCM solidified quickly

and a smal portion of the released payload would be re-encapsulated and centrifuged down
with the PCM so il, leading to the pulsatile release mode. It should be pointed out that after

the ﬁrs‘gaﬁng the PCM was no longer presented in a particulate morphology.
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After the particles had been heated at 40 °C for 3 min, we evaluated the enzymatic
activity of the released HRP by tetramethylbenzidine (TMB) colorimetric assay. After
reacting B for 20 min, aqueous HCI was added to terminate the reaction, and the
absorban @ eaction product at 450 nm was measured to determine the enzymatic
activityg Thesddddyis absorption spectra of the blue-colored product derived from the reaction
between 'IM the released HRP were monitored continuously every 30 s for 10 min
(Figure warease in peak absorbance with time suggested the well-preserved activity
of the released HRP. Figure 2D shows a comparison with native HRP at the same enzyme
concentra £ 025 nM. The slight reduction in slop in the initial linear region indicated a
somewhat enzymatic activity for the HRP released from the particles. Compared
with nativzhe enzymatic activity of the released HRP was 76.5 + 6.1% of the native
enzyme. We can conclude that the payloads could be released from the particles by heating to

40 °C without significantly reducing the activity.

To demanStmdte the ability of releasing payloads from PCM particles by photothermal
heating; 0-loaded indocyanine green (ICG) into the particles as a NIR absorber. Upon
irradiati a CW diode laser (808 nm) at different power densities, there was a quick
temperature rise with time in the dry particles, as illustrated by the plots in Figure S5. When
the particl@s deposited on glass slide and then rinsed with water, the temperature could rise to

slightly pa elting point of the PCM as demonstrated by the infrared images in Figure
3A. At po

irradiamperature rise rate could also be adjusted by varying the amount of ICG
encaps particles. It is important to avoid excessive rise in temperature for the

purpose olpreserving the bioactivity of the encapsulated biological effector. Figure 3B shows

ities of 1.0 W/cm?, the temperature could reach 40 °C within only 6 s of

the release proﬁlSof FITC-BSA from the particles supported on a glass coverslip, which was

immersed in ized water to receive five rounds of on and off cycles of laser irradiation.

Atap sity of 1.0 W/ecm?, almost all FITC-BSA was released within five rounds of
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irradiation. In contrast, only minor release was detected in the absence of laser irradiation.
Compared to direct heating, the same level of cumulative release could be reached for FITC-
BSA withth a shorter period of time for laser irradiation. This acceleration can be ascribed to
the differd @ aximum temperature the particles could experience during the two heating
process@s.ghilgtheggase of direct heating, the particles were suspended in water in a centrifuge
tube and twed in a water bath. The maximum temperature was set by the temperature
of the wal@ or laser-based heating, the particles were deposited on a glass coverslip
and then immcrsed in deionized water, followed by irradiation of the entire surface with the
diode lase pefiding on how quickly the heat could be dissipated from the PCM

micropart - instant temperature experienced by the microparticles could be higher than
what was 3 using IR camera, which is based on the average readings over a certain

period of fe. In addition, even after the laser was turned off, the PCM could still stay in the

melted state during the cooling process, allowing the payload to be continuously released.

Upon [a8e diation, HRP was also released from the particles in a pulsatile profile
(Figur er five rounds of laser irradiation, no enzymatic activity was detected any
more. W, ed the absorbance at 650 nm for the product derived from TMB and the

released HRP upon 6 s of laser irradiation at a power density of 1.0 W/cm®. As shown in

Figure 3[)She absorbance increased with time, suggesting well-preserved enzymatic activity

for the rele RP, which was 94.7% =+ 4.2% of the native HRP. Meanwhile, only a small
amount o s released in the absence of laser irradiation. Thus, it can be concluded
that pam be triggered to release from the PCM particles under the photothermal
effect ctivity of the biological effector was largely preserved.

We thjned the cytotoxicity of the PCM particles at different concentrations
ranging fr 00 pg/mL using NIH-3T3 cells and cell counting-kit 8 (CCK-8) assay. As

shown in kg S6, the particles showed no obvious cytotoxicity until reaching a high
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concentration of 500 pg/mL. This result confirms that the PCM particles can be used as a safe

carrier for drug delivery.

2.3 Faln’iw the Tri-layer Construct

The bioloﬁctor-loaded PCM particles can be readily incorporated into a scaffolding
material f@r tissuglengineering application. Here we integrated the PCM particles containing
NGF with zma electrospun fibers for promoting neurites outgrowth. Combing electrospray
with electmng, we directly fabricated a tri-layer construct by sandwiching the NGF-
loaded P parficles between two layers of electrospun fibers. One layer was comprised of
random fibers to provide mechanical strength, while the other layer was made of uniaxially
aligned ﬁSrs to provide physical guidance for neurite outgrowth. The different morphologies
of the elec fibers in the random and aligned layers were confirmed by SEM. As shown

in Figure erage diameters of the random fibers and aligned fibers were 1021 + 46

nm an m (n = 200), respectively. To derive the highest content of PCM particles

that could wiched between two layers of electrospun fibers without causing any
cytotoxicity, we examined the effect of PCM content on the biocompatibility of the tri-layer
construct.ge fabricated tri-layer constructs with different PCM contents by setting the

duration of glectrospray to 5, 10, and 20 min, respectively. We then tested the viabilities of

NIH-3T3 @ ured on the different tri-layer constructs. From Figure S8, the tri-layer
construct 0 obvious cytotoxicity when the particles were collected for 5 min.
Theref:‘ an electrospray time of 5 min to collect the NGF-loaded PCM particles
betweeMs of electrospun fibers to fabricate the tri-layer construct for studying
neurite outgrE As shown in Figure S9, the thickness of the layer consisting of random

fibers was 217 £49 um while that of aligned fibers was 196 £+ 25 pm. When electrospraying

for 5 (i@ umber of microparticles was not even enough to completely cover the surface

This article is protected by copyright. All rights reserved.
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of the underlying mat of fibers, indicating that the layer of PCM particles should have a

thickness essentially the same as the diameter of the particles.

24 ReISaWF from the Tri-layer Construct

We separahsured the release profiles of NGF from the tri-layer constructs upon direct
heating and photgthermal heating. In this case, the payload would be released from the
melted PC hen diffused through the electrospun fiber layers to the surrounding
medium. mess would take some time to complete, so we used longer exposure
durations to ensue the complete diffusion of the payloads from the tri-layer construct. As
shown in Figure 4A, when directly heating the construct for 3 min and repeated six rounds,
about 52. of NGF was cumulatively released at 40 °C while only 9.7 ng was released at

37°C. In ‘m, the encapsulated content of NGF in the tri-layer construct was about 32.1
2

+ 2.3 ng/chy. encapsulation content could be easily adjusted by varying the
concen GF in the inner solution for electrospraying, the area of the collector, and
the electro me. When ICG was co-loaded with NGF in the PCM particles, we

evaluated the release of NGF from the tri-layer construct upon laser irradiation. Figure 4B

shows thesumulative release of NGF from the tri-layer construct upon 6 s of laser irradiation

at a power dea of 1.0 W/cm®. The diameter of laser spot at a power density of 1.0 W/cm®

the const as irradiated by the laser. Upon photothermal heating, the PCM melted
and th ed NGF diffused out into the surrounding medium through the layers of

electros

was abou so the amount of the released NGF we detected was only from the area of

Ui

2.5 Ne tgrowth under the Controlled Release of NGF

A
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We examined the activity of the released NGF by investigating the neurite outgrowth from
PC12 cells under the stimulation of the NGF released from the tri-layer construct upon direct
heating or®photothermal heating. For direct heating, the construct was placed in the apical
chamber O @ ell insert and then placed in a well of a 24-well plate in which PC12 cells
were cyltuigdatgthc bottom. Afterwards, the well plate was heated at 40 °C for 3 min at day
0,2,4, anhectively. At day 7, the neurite outgrowth from the PC12 cells was
examined@n in Figure S10. Upon direct heating, the neurites extruded from the PC12
cells under the stimulation of the NGF released from the tri-layer construct, and no
significan@differghce in neurite length was observed when compared with the group of free
NGF. In't ce of direct heating, much shorter neurites extruded from the PC12 cells,
which canl:nuted to the negligible release of NGF from the tri-layer construct at 37 °C.
Therefore@F released from the tri-layer construct upon direct heating had well

preserved bioactivity and could diffuse into the culture medium to stimulate the neurite

outgrowt
Fo thermal heating, we firstly measured the amount of NGF cumulatively released
from the ta 1 construct into the culture medium. The construct was placed in the apical

chamber of a 24-well insert and then placed in a well of a 24-well plate, followed by the

addition o!culture medium. Afterwards, the tri-layer construct was irradiated with the diode

laser at a I@nsity of 1.0 W/em? for 6 s at day 0, 2, 4, and 6, respectively. At day 7, a

cumulativ of 12.7 £ 1.6 ng NGF was detected in the medium relative to 1.9 £ 0.5 ng
of NGF ﬁnce of laser irradiation. These media were then collected for the incubation
of PC1 amine the activity of the released NGF. Figure S11 indicates that longer

neurites were extended from the PC12 cells when incubated in the medium collected from the

group with laser fradiation in comparison with the group without laser irradiation.
We t estigated the outgrowth of neurites from PC12 cells under the controlled

release o m the tri-layer construct upon photothermal heating. The PC12 cells were

This article is protected by copyright. All rights reserved.
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cultured at the bottom of a well in a 24-well plate. The construct was placed in the apical
chamber of a 24-well insert and then placed in the well. Afterwards, the tri-layer construct
was irradifted with the diode laser at a power density of 1.0 W/cm® for 6 s at day 0, 2, 4, and
6, respect @ day 7, the neurite outgrowth from PC12 cells was examined. From Figure
5A, when gebiglagier construct, with one layer made of random fibers and the other layer made
of alignedhvas placed in the insert, no neurites was extended from the PC12 cells. A
similar re@obsewed from Figure 5B when a tri-layer construct sandwiched with ICG-
loaded PC rticles was placed in the insert. However, when free NGF were supplemented
n the cultwa, as shown in Figure 5, C and D, neurites were extended from PC12 cells
in both gr Mifidlicating that only in the presence of NGF, PC12 cells could be stimulated to
project ne oreover, in the group of tri-layer construct sandwiched with ICG-loaded
PCM paﬂﬁte average length of the neurites was 18% longer than the group of bi-layer

construct. This result indicates that the PCM could promote the NGF-induced neurite

outgrowt 12 cells. Figure SE shows the neurites outgrowing from PC12 cells when
the tri- ct containing NGF was placed in the insert. Upon laser irradiation,
neurites extru om PC12 cells under the stimulation of the NGF released from the tri-
layer ¢ d no significant difference in neurite length was observed when compared

with the group of free NGF. Therefore, upon laser irradiation, NGF could be released from
the tri-lay&uct with well-preserved bioactivity. In the absence of laser irradiation, as

shown in @ , much shorter neurites extruded from the PC12 cells because essentially

no NGF was released from the tri-layer construct. We can conclude that under the

synergistidal promotion of the released NGF and the PCM, the neurite extension from PC12

cells WMnhanced. Under pulsed laser irradiation, we were able to obtain freshly

released ]\3 the tri-layer construct.

Furtherm e investigated the outgrowth of neurites from PC12 cells directly cultured
on the construct under pulsed laser irradiation, as illustrated in Figure 6A. To better
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identify and analyze the neurite extension, the PC12 cells were firstly assembled into
spheroids with a diameter in the range of 200400 pm. We then seeded the spheroids on top
of the aligfied fibers in the tri-layer construct and used the diode laser to irradiate the
construct @ er density of 1.0 W/em? for 6 s and repeated six times at an interval of 2
hours. Aftgigiagiation for 7 days, the cells were stained with Tujl marker. Figure 6, B and
C, shows Mnce micrographs of the neurites extending from the spheroids in the
absence a@mce of laser irradiation, respectively. In both groups, the neurites tended to
extend along the alignment of the fibers, indicating the contact guidance of the aligned fibers
underneat onJFigure 7, the neurites were much greater in terms of both average and the
longest le lative to the control group, when they extended from the spheroids in the
presence adiation. This observation indicates that the NGF released upon
phototheﬂing significantly improved neurite extension. When the spheroids were
cultured on the tri-layer construct with no NGF loaded in the PCM particles, no neurite

extension rved even under the same pattern of laser irradiation (Figure S12).

Ta ether, we have successfully demonstrated the integration of NGF-loaded PCM

particles ectrospun fibers for potential application in controlled release and neural
tissue engineering. Upon increasing the local temperature to slightly pass the melting point of
the PCM fflicroparticles in the scaffold through photothermal heating, biological effectors can
be releasedgd Isatile mode with well-preserved bioactivity. Besides, the pulsatile release
mode is im‘[al in supplying fresh biological effectors to the tissue regeneration
microenvi . For potential in vivo nerve regeneration, by moving the laser spot on the
nerve ggnduit along the neurite outgrowth direction, it will be feasible to
continuouSly trigger the release of neurotrophins into the nerve regeneration space. This

method offers a ;w way for the on-demand release of growth factors towards tissue

engineering.
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3. Conclusion

using caax1a electrospray to directly encapsulate the payload(s) inside a PCM matrix.
Various t)!es of payloads could be readily encapsulated in the PCM microparticles. Owing to
the reversigle pRase change associate with PCM, the payload could be released in a pulsatile
mode thromtiple on/off heating cycles. By sandwiching the PCM microparticles (co-
loaded wimmd a NIR dye) between two layers of electrospun fibers, the NGF could be
released opa d by triggering with photothermal heating to stimulate the extension of
neurites ff; roids of PC12 cells. This simple and versatile system can be readily

applied tog of biomedical applications by switching to different combinations of

PCM, bio ffector, and scaffolding material.

4. EXIEI Section

Chemicals and materials: Dulbecco's Modified Eagle’s medium (DMEM), fetal bovine serum (FBS),
new born GSf serum, horse serum, phosphate buffered saline (PBS), and Neurite Outgrowth Kit were

all purchase Thermo Fisher Scientific. All other chemicals and materials were ordered from

Sigma-Ald

Fabricgion of the microparticles: The coaxial electrospray setup is shown in Figure 1A. Ina

typical pI‘OFSSi th”CM (a mixture of lauric acid and stearic acid at a mass ratio of 8:2) was

dissolved i mpure of ethanol and dichloromethane (20:80 by vol.) at a concentration of 20% and
supplied a solution. The payload was dissolved in 0.5 wt.% aqueous gelatin solution and
used as thed olution. After loading these two immiscible solutions into two syringes, we set the

feeding rate outer and inner solutions to 3.0 mL/h and 1.0 mL/h, respectively. We examined
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three different types of payloads: Rhodamine B (RB), fluorescein isothiocyanate labelled bovine
serum albumin (FITC-BSA), and horseradish peroxidase (HRP). The high voltage applied to the
coaxial MS set to 25 kV. A piece of aluminum foil or glass slide was used as the collector.
The as-obt3 @ icles were characterized using both optical microscopy and fluorescence
microscgp yamdaegaerphology of the particles loaded with FITC-BSA was further analyzed using
scanning e“icroscopy (SEM). The distribution of the payload in the particles was
characteriz€d usin@laser scanning confocal microscopy. We used the PCM solution as the outer
solution and n 0.5 wt.% aqueous gelatin as the inner solution for electrospray. The as-obtained
particles efimaged using a laser scanning confocal microscope (Zeiss 700). The encapsulation
contents o ads were determined by measuring the UV/vis spectra of the PCM particles
—

dissolved , followed by quantification using the corresponding calibration curves.

Releas@ads from the microparticles upon heating: The particles containing a payload

were dispmo mL of deionized water (Milli-Q, 18.2 MQ cm) in a 1.5 mL centrifuge tube. The
e

tube was 1 in a water bath set to the designated temperature (37 or 40 °C) and heated for
differe s of time. For continuously heating, at intervals, 100 uL of the solution was collected
to measu eased content. For the heating/cooling cycle measurement, at intervals, the tube was

taken out and immediately cooled with an ice bath, followed by centrifugation at 12,000 rpm for 5
min. The siernatant was taken out to determine the released content, and then the precipitates were
re-suspendedgmitih deionized water for further heating in the water bath. The absorbance at 560 nm of
the release@ measured using a microplate reader. The fluorescence intensity of the released
FITC—Bmsured using a microplate reader (4., =490 nm, 4., =525 nm). For the

measur P released from the particles, long term heating at 40 °C would affect the
enzymatic &ctivity, so the samples were only heated at 40 °C for 3 min and then immersed in an ice

bath. The heating ald cooling cycles were repeated several times. The sample heated at 37 °C served
as a control. T ease content of HRP was determined by measuring the absorbance at 403 nm,
followe tification using the calibration curve. To measure the enzymatic activity, 100 uL of
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TMB substrate solution was added into the dilution of the released HRP at a concentration of 0.25
nM. Subsequently, the absorbance of the blue-colored product (peaked at 650 nm) was monitored
continuous!y with 30 s intervals for 10 min. After adding aqueous HCI to stop the reaction after 20
min, we ob @ e absorbance of the yellow-colored product at 450 nm, and the enzymatic activity

was calgilateddbdgeomparing with the absorbance obtained from the reaction with native HRP.

Triplicate h} each group were used for the release study.

Releas ayloads from the microparticles upon photothermal heating: To demonstrate the

C

ability of r ayloads from PCM particles by photothermal heating, we co-loaded indocyanine

S

green (ICG)"to ®ie particles as a near-infrared (NIR) absorber. The light-responsive release of

payloads from the Particles was evaluated by exposing the particles to a CW diode laser at 808 nm.

U

Prior to the ¢ ino test, the photothermal effect of the ICG-loaded PCM particles was evaluated. In

this case, g rslips were employed as collectors for the electrosprayed particles. Under the

i

irradiation t different power densities, the rise in temperature of the dry particles was

d

recorded as n of the irradiation time using an infrared camera. The coverslips were also

rinsed onized water, and the irradiation time that is needed to increase the temperature of the

PCM parti 1ts melting point was obtained. For light-responsive releasing of the encapsulated

Y

payloads, the particles deposited on a glass coverslip was immersed in 1.0 mL of deionized water and

then expos@d to the diode laser for five rounds of on/off cycles. After laser irradiation in each round,

r

the well pla ooled with an ice bath, and 100 pL of the solution was collected to measure the

released co

O

he payload. All the experiments with laser irradiation were performed at room

temperatur, ease of payloads from the particles in the absence of laser irradiation served as a

I

control. tic activity of the released HRP was measured with the same method as described

t

above. Triphicate samples in each group were used for the release study.

U

In vitr city of the microparticles: The cytotoxicity of the microparticles was evaluated

using cel g kit-8 (CCK-8) assay and NIH-3T3 cells. NIH-3T3 cells were seeded in the wells

of a 24 wel a density of 2.0 x 10* cells per well and cultured in DMEM supplemented with

A
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10% FBS in a cell culture chamber held at 37 °C. After 24 h, the cells were co-incubated with the
particles at concentrations ranging from 2—1000 pg/mL. After incubation for another 24 h, the cells
were washed with PBS, and CCK-8 reagent (10%) in culture medium was added into each well. After
4 h of incu @ e 24-well plate was shaken for 15 min, and then the absorbance of the supernatant
at 450 ni wasgiaeasured using a microplate reader. The cells incubated in the pristine culture medium

served as a,

Fabricagion ofifhe tri-layer construct: The tri-layer construct was fabricated through an

CF

integration gf t ctrospinning and electrospray processes. For electrospinning, the polymer

S

solution (1 .98 was prepared by dissolving poly(e-caprolactone) (PCL) in a mixture of

dichloromethane afid dimethylformaldehyde at a volume ratio of 80:20. Meanwhile, PCM (a mixture

U

of lauric aci aric acid at a mass ratio of 8:2) was dissolved in a mixture of ethanol and

dichlorom :80 by vol.) at a concentration of 20%. The PCL solution was electrospun at a

1

feeding rat /h through a blunt needle using a traditional electrospinning setup with a

d

rotating ma the collector. The voltage was set to 15 kV. Aligned PCL fibers were collected on
the ma a rotating speed of 1000 rpm for 2 h. The rotating speed of the mandrel was then

reduced t m. The PCL solution was replaced with the PCM solution, and microparticles were

Y

electrosprayed from a blunt needle under a voltage of 25 kV. Afterwards, the electrospinning setup

was used agéin to deposit a layer of PCL random fibers onto the mandrel for 2 h. Constructs

[

integrated erent amounts of PCM particles were fabricated by changing the electrospray

durations nd 20 min, respectively, to evaluate the cytotoxicity of the tri-layer construct

9

towards N lls. We also integrated the PCM particles containing nerve growth factor (NGF)

§

betwee ers of fibers. In the electrospray process, the blunt needle was replaced with a

t

dual-capi needle, and the PCM solution was used as the outer fluid while NGF and ICG dissolved
ina 0.5 wt.% aque@us gelatin solution at a concentration of 50 pg/mL and 1 mg/mL, respectively, was
used as the inn id. The feeding speeds of the outer and inner fluids were set to 3.0 mL/h and 1.0

mL/h, 1 ly. The tri-layer construct containing NGF was broken in liquid nitrogen along the
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direction of alignment for the aligned fibers, and the cross-section was imaged using a scanning
electron microscope. The tri-layer construct was also frozen-embedded in the optimal cutting

temperatur€ compound, sectioned using a cryostat (CryoStar NX70), and then analyzed using an
-

] . . . .
Trigge 5 re’ease of NGF from tri-layer construct: The tri-layer construct was cut into disc with a
j I g C

optical mid

b of medical adhesive. Afterwards, 1.0 mL of deionized water was added into

diameter o , fixed on a glass coverslip, and then affixed to the bottom of a well in a 24 well
plate with @

each well. s were sealed and placed at room temperature. To trigger the release of the NGF,
all the well pfate®vere either put in a chamber held at 40 °C for 3 min or exposed to the diode laser at

a power density oEi.O W/em?® for 6 s, and this procedure was repeated once every day for 7 days. The

content of N ased from the tri-layer construct was measured using NGF Elisa following the
manufacturég col.

Neuritmth under the release of NGF: We investigated the neurite outgrowth from PC12

cells u imuli-release of NGF from the tri-layer construct upon direct heating or photothermal

heating. For eating, PC12 cells were seeded at the bottom of a well in a 24-well plate and
culture f DMEM containing 10% horse serum and 5% new born calf serum. After
incubation for 24 h, the culture medium was replaced with 600 uL. of DMEM containing 1% horse

serum. Th& construct was cut into a disc with a diameter of 0.65 cm and placed in the apical

chamber offa ng HTS Transwell™ 24-well insert. Then, the system was placed in the well of the

24-well plate,"and 100 pL of DMEM containing 1% horse serum was added into the chamber of the
insert. Aft&ards, the well plate was heated in a chamber at 40 °C for 3 min and then incubated in the
cell cultw held at 37 °C. For the control group, PC12 cells were incubated in 700 pL of
culture menlemented with 20 ng/mL of NGF. During the incubation, at day 2, 4, and 6, the

well plate eated in the chamber at 40 °C for 3 min, respectively.
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For photothermal heating, we firstly measured the amount of NGF cumulatively released from the
tri-layer construct. A tri-layer construct containing NGF was cut into a disc with a diameter of 0.65
cm and pla€ed 1n the apical chamber of a 24-well insert. The system was then placed in a well of a 24-
well plate. @ ds, 700 uL. of DMEM containing 1% horse serum was added into each well. The
tri-layerggopsiilgimias then exposed to the diode laser at a power density of 1.0 W/cm? for 6 s, and
this irradiahdure was repeated at day 2, 4, and 6, respectively. At day 7, the cumulatively
released aniount ofINGF was measured using NGF Elisa. The well plate in the absence of laser
irradiation served as a control. The medium containing the released NGF was then collected for

incubation 12¥cells for 7 days to examine the activity of the released NGF.

We then inves;ated the neurite outgrowth from PC12 cells under stimuli-release of NGF from

cts were exposed to the diode laser at a power density of 1.0 W/cm? for 6 s, and

the tri-layer t upon photothermal heating using the same method as described for direct
heating. Tlﬁ

the well plmen incubated in the cell culture chamber held at 37 °C. During the incubation, at
Nexo,

day 2,4, a rradiation procedure was repeated, respectively.
At day bation, the PC12 cells were stained with the Neurite Outgrowth Kit following the
manufa : col and then analyzed under a fluorescence microscope. The average and the

longest neurite lengths were quantitatively analyzed from the fluorescence micrographs. The percent

of cells behites—the neurites length is greater than or equal to the diameter of the cell

Triplicate saniplCs in each group were used for the study.

Fu\'; investigated the neurite outgrowth from the PC12 cells directly cultured on the

tri-layer nder the effect of the NGF released upon photothermal heating. A tri-layer

body—wag ed by counting 150 cells in randomly selected fields of the micrographs.

construct with a dlsneter of 1.2 cm was fixed onto a glass coverslip with the aligned fiber on the top,
and then affixed togdhe bottom of a well in a 24 well plate. PC12 multicellular spheroids with a
diamet{a;ge of 200—400 pm were formed by culturing the cells in laminin-coated flask for
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8—10 days and then seeded on the tri-layer construct. After incubation for 24 h, the culture medium
was replaced with DMEM containing 1% horse serum, and then the tri-layer construct was exposed to
the diodMower density of 1.0 W/cm® for 6 s and repeated 6 times at an interval of 2 hours.
The tri-lay¢ @ ict with no laser irradiation served as a control. After 7 days, the neurites
extruding fgiagthed’ C12 spheroids were immunostained with anti-BIII tubulin antibody, and the
spheroids Med under a fluorescence microscope. The average and the longest neurite lengths
were quantifatively@analyzed from the fluorescence micrographs using Imagel software. Triplicate

samples in each group were used for the study.

Statisticat’ Arelysis. All the results are presented in the form of mean + standard deviation, with

“n” indicating the Smeer of samples per group. Statistical analysis was performed using the

Student’s t EPSS. Differences were considered statistically significant when P < 0.05.

Supportimmation

Supportin ation is available from the Wiley Online Library or from the author.
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Figure 1. matic illustration of the coaxial electrospray setup used for the fabrication

of PCM cles containing a payload in the core region. (B, C) Optical and

ant -

fluores graphs, respectively, of the microparticles loaded with Rhodamine B. (D,
E) Fluore icrograph and SEM image, respectively, of the microparticles loaded with

FITC-
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Figure 2. @of various types of payloads from the PCM microparticles. (A) Cumulative

release SA from the particles upon continuously heating at 37 °C and 40 °C,
respectively ). (B) Amounts of HRP released from the particles after heating at 37 °C
and 40 in, respectively, and repeated for five rounds (n = 3). (C) UV/vis absorption

spectra of the blue-colored product derived from the reaction between TMB and the HRP

released articles by heating at 40 °C for 3 min. The spectra were recorded for 10

min at an ot 30 s. (D) Typical plot of the time-dependent absorbance changes of the
blue-colored product at 650 nm derived from the reaction between TMB and the native or
thermallx gleased HRP, respectively. At the same concentration of HRP, the slower initial

reactimMant, which is the slope of the initial linear region, suggests a lower

enzymaticﬂ.

This article is protected by copyright. All rights reserved.

27



m - g 1004 g
< © Py
o o T i
E E 2 1
2 2 [S
E =
* = 2 % 601
o i3 S —a— (+) Irradiation
E 40 —e— () Irradiation
» 0 %
= 3 2
o ! T 204
E E 3
g S £ —
N = s 3 o
% e T T T T T
S & 1 2 3 4 5
Round of release
§s{C _ 104D Native HRP,
2 3
o < 08
g o :
2 o Released HRP
[ - w 0.6
= —a— (+) Irradiation ©
4 - -
o —— (-) Irradiation ©
= 8 0.4-
2 &
=y I
m3 5 0.2- A
E 28 4
= <
©o0 0.0

o
N
S
o
]
s

1 2 3 4 5

Round of release Time (min)

[ |
Figure 3. rmal effect and the release of payloads from the PCM microparticles.

Indocyaai (ICG) was co-loaded into the particles as a NIR absorber. (A) Infrared
images show1;e rise of temperature to slightly pass the melting point of the PCM upon
irradia i diode laser at different power densities for different periods of time.
Cumulative release of (B) FITC-BSA and (C) HRP from the particles upon laser irradiation at
a power d 1.0 W/em?, respectively (n = 3). (D) Typical plot of the time-dependent
absorban @ ps of the blue-colored product at 650 nm derived from the reaction between

TMB and the native or photothermally released HRP, respectively.
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Figure 5. Fluorescence images of the PC12 cells after incubation for 7 days under the effect
of differe cts upon laser irradiation: (A) bi-layer construct with one layer consisting

of rando d the other layer consisting of random fibers, (B) tri-layer construct
sandwiched P CM microparticles containing ICG only (PCM-ICG), (C) bi-layer
constru ee NGF supplemented in the culture medium, (D) tri-layer construct (PCM-

This article is protected by copyright. All rights reserved.

30



ICG) with free NGF supplemented in the culture medium, and (E) tri-layer construct
sandwiched with PCM microparticles containing both ICG and NGF (PCM-ICG/NGF). (F)
FluoresMe of the PC12 cells after incubation for 7 days under the effect of tri-layer
construct §g ghed with PCM microparticles containing both ICG and NGF (PCM-

ICG/N@F )giiagthggabsence of laser irradiation. The plasma membrane was stained in red while
the cell bohstained in green using a Neurite Outgrowth Kit. Scale bar = 50 um. (G) The
average a@ges‘[ lengths of neurites extending from the PC12 cells, and (H) the
percent of cellS bearing neurites. Measurements were taken from 3 sets of 150 cells for each
group. Thetlfee Sets were from three representative experiments. “P < 0.05 significantly
higher thaﬂup of bi-layer construct; by Student's t test. **P<0.01 compared with the

group wit r irradiation, by Student's t test.
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Figure 6.

all

matic showing the neurite outgrowth from spheroids of PC12 cells

incuba i-layer construct under the effect of NGF released from the sandwiched

PCM particles @p@n photothermal heating with the diode laser. Fluorescence micrographs of

Vi

the typ fields extending from the spheroids when directly cultured on the tri-layer

construct in the (B) absence and (C) presence of laser irradiation, respectively. The neurites

[

were stain ujl marker (green). The arrows indicate the alignment directions of the

fibers.
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