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Abstract

This paper reports nerve growth factor functionalized superparamagnetic iron oxide—gold core-
shell nanoparticles (NGF-SPIO-Au NPs), an engineered nanomedicine for non-invasive neuron
regeneration when irradiated by a low-intensity light-emitting diode (LED). NGF-SPIO-Au NPs of
20 pg/ml, were tested on PC-12 neuron-like cells, irradiated by LEDs (525 nm, 1.09, 1.44, and
1.90 mW/cm?). A remarkable Ca2* influx was detected in differentiated PC-12 cells treated with
NPs, irradiated by LED of 1.90 and 1.44 mW/cm? with great cell viability (>84%) and
proliferations. The strong heat generated through their plasmonic surface upon LED irradiation on
NGF-SPIO-Au NPs was observed. For cells treated with LED (1.90 mW/cm?2) and NGF-SPIO-Au
NPs, a dramatic enhancement of neuronal differentiation (83%) and neurite outgrowth (51%) was
found, and the upregulation of both the neural differentiation specific marker (B3-tubulin) and the
cell adhesive molecule (integrin 1) was observed by the reverse transcription-polymerase chain
reaction and western blot analysis.
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The light emitting diodes (LEDs) of low intensities were used to irradiate nerve growth factor
functionalized superparamagnetic iron oxide -gold nanoparticles (NGF-SP10-Au NPs) for
promoting non-invasive neuroregeneration. The LED (1.90 mW/cm?) irradiated NPs not only
induced the local calcium influx in differentiated PC-12 cells, but also upregulated the neural
specific marker (B3-tubulin) and the cell adhesive molecule (integrin f1). Morphology study
confirmed the enhancement of neuronal differentiation (83%) and neurite outgrowth (51%) with
the remarkable photothermal effect. (Graphical Abstract: Figure 4A&4C and Figure 5A)

Keywords

Light emitting diode; NGF-SPIO-Au nanoparticles; nerve regeneration; calcium influx;
photothermal effect

Background

Engineered nanoparticles (NPs) mediated by external stimuli have attracted accumulative
attentions in nanomedicine for non-invasive or less invasive therapeutics. In particular, gold
(Au) nanoparticles have been used as a mediator to induce light-based neuro-stimulation
through photothermal effect from localized surface plasmon resonance (LSPR).!
Superparamagnetic iron oxide (SP1O) NPs are also extensively studied as the nano drug
carriers of nerve growth factor (NGF) because of their strong magnetic properties that can be
used to enhance the neurite growth and direct the neurite orientation mediated by external
magnetic fields (MFs).2~* Adding a protective and functional shell of Au on SPIO core to
avoid aggregation® and enhance the biocompatibility,8 SPIO-Au core-shell NPs possess very
unique and attractive features integrating the magnetic properties of SPIO and the LSPR
properties of Au into one single nanoplatform,’2 and therefore exhibit strong potential for
many multimodal biomedical applications, such as the targeted drug delivery,1% 11 photo
induced/magnetic hyperthermial2-14 and imaging-assisted cancer treatment.1%: 16

However, among these applications, there has been no attempt to use NGF functionalized
superparamagnetic iron oxide—gold core-shell (NGF-SP10-Au) NPs to modulate neuronal
activities under photostimulation. In comparison with other traditional stimuli such as
electrical stimulation,2? photostimulation is considered non-invasive and relatively harmless.
17-19 |n comparison with other types of nanomedicine, NGF-SPIO-Au NPs have their
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unique advantages for brain therapeutics. First of all, the gold shell can help regulate
neuronal functionality since the plasmonically-induced heat activates temperature-sensitive
channels in neurons?! for excitation?2 and inhibition? of action potentials. Such a
photothermal effect is also believed to regulate Ca2* level,24 which is critical for
transmitting neuronal signals between neurons,2%: 26 and for regulating cytoskeleton growth
behaviors via phosphorylation.2” Besides, the effective loading of therapeutic molecule (like
NGF) and the magnetic property enabled the usage of magnetic force guided drug delivery.
Our team has recently synthesized NGF-SPIO-Au NPs using a facile method and proved
their stimulation impact on neuronal growth and differentiation under dynamic magnetic
fields.# 28 However, how this nanomedicine responds to photostimulation, an advantageous
non-invasive tool to regulate neuronal activities and promote nerve regeneration, is still
unknown.

Traditional photostimulation strategies rely on laser sources which could induce potential
tissue damages, often require a high-voltage power supply, and are costly.22 As an emerging
alternative to a laser,13 light emitting diode (LED) is portable, cheap, consumes little power,
and has negligible human and environmental toxicity.2%-33 It has shown potentials for
improving cognition on patients with chronic and traumatic brain injury (TBI).34 The effect
of 940 nm LED on sciatic nerve regeneration was also reported on rats,3> which showed
improved morphofunctional sciatic nerve recovery with phototherapy after nerve damage.
However, LED has not been used as a light source to irradiate and activate plasmonic NPs,
especially NGF-SPIO-Au NPs for regulating neurological functions through plasmonically-
generated heat.

To overcome the current limitations of photobiostimulation and to investigate an innovative
and non-invasive nerve regeneration therapeutic strategy, in this work, we used low-intensity
LEDs (<2 mW/cm?) to irradiate NGF-SP10-Au NPs of 20.8 diameter and 20 pg/ml, a
promising nanomedicine, and examined their molecular and cellular effect on PC-12 cells.
Temperature assessment of LED-irradiated NPs proved the strong photothermal effect of
NGF-SPIO-Au NPs and the temperature equilibrium was achieved after 25-30 minutes of
heating. Therefore, we set 30 minutes as the duration time of LED treatment that is sufficient
to stimulate neuronal activities via plasmonically-generated heat. The morphological
evaluation of LED irradiated NGF-SP10O-Au NPs at the intensity of 1.90 mW/cm? on
enhanced neuronal differentiation and neurite growth of PC-12 cells was performed through
quantitative analysis. Using calcium imaging and molecular analysis through the reverse
transcription-polymerase chain reaction (RT-PCR) and western blot assay, we further
examined how LED-irradiated NGF-SPIO-Au NPs interacted with the calcium level and
proteins/genes related to neurite outgrowth and neural differentiation, such as the neural
specific marker, B3-tubulin protein which is known as an essential element to form
microtubules,3® and the cell adhesive molecules, integrin B1, which is important to the
PC-12 cell attachment on substrate and the neurite extension.37
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Preparation of NGF-SPIO-Au NPs

Cell culture

SP1O-Au NPs were first synthesized using the seed growth method and then functionalized
with NGF at the mass ratio of 14:1 (NPs:NGF). Detailed procedures about the synthesis of
SPIO-Au NPs and the functionalization of NGF are available in our previous publication.*
The as-synthesized NGF-SPIO-Au NPs in the diameter of 20.8 nm were directly used in the
following experiments without any further purification.

PC-12 cells (from rat pheochromocytoma) obtained from American Type Culture Collection
(ATCC) were cultured in growth medium composed of ATCC modified RPMI-1640 medium
supplemented with 10% heat-inactivated horse serum (HS), 5% fetal bovine serum (FBS)
and 1% penicillin-streptomycin (medium and supplements were purchased from Gibco).
Cells were seeded and cultured in poly-L-lysine (PLL, P4707, Sigma-Aldrich) pre-coated
Petri dishes in a humidified incubator under a 5% CO, atmosphere at 37°C. To induce cell
differentiation, PC-12 cells were cultured in serum-reduced medium (1% heat-inactivated
HS and 0.5% FBS).

Cytotoxicity evaluation

To evaluate the cell viability of LED irradiation, the cell counting kit-8 (CCK-8, Sigma-
Aldrich) was used at first. PC-12 cells were seeded into PLL-coated 96-well tissue culture
plates at a density of 2*103 cells/well with growth medium. After 24 hours of incubation, the
medium was replaced by fresh medium containing NGF-SPIO-Au NPs at the concentrations
of 0, 1, 5, 10 and 20 pg/ml. On each day, cells were exposed to LED irradiation (wavelength:
525 nm, maximum intensity: 1.90 mW/cm?2 (LIU525B, Thorlabs Inc. Newton, New Jersey))
at different time periods (1 min, 10 min, 30 min and 1 h). Cells without treating with LED
irradiation or NPs were cultured as control groups. After 1, 3 and 5 days of incubation, the
media were replaced by fresh media and 10 pl of CCK-8 solution was added to each well
and followed by the incubation of the plates for 2 hours at 37 °C. The absorbance was
measured using a microplate reader (SpectraMax i3x, Molecular Devices, LLC. San Jose,
CA) at the wavelength of 450 nm.

To further evaluate the cytotoxicity of LED irradiation at different intensities, PC-12 cells
were seeded into 24-well plates coated with PLL and incubated for 1 day. Then the cells
were washed with Dulbecco’s phosphate-buffered saline (DPBS) and incubated with NGF-
SP1O-Au NPs at the concentrations of 5, 10 and 20 ug/ml. On each day, cells were exposed
to LED irradiation for 30 minutes at 3 different light intensities (1.90, 1.44 and 1.09 mW/
cm?), which were regulated by using multilayers of the light diffuser films (Matte 1 sided,
Inventables Inc. Chicago, IL). Cells without NPs were cultured as control group. After 1, 3
and 5 days, cells were dislodged from the dish, centrifuged and dispersed in the growth
medium. Cells were then stained with 0.4% Trypan blue solution (Gibco, Grand Island, NY)
and examined through a hemocytometer (Bright-Line™ and Hy-Lite™ Counting Chambers,
Hausser Scientific Inc. Horsham, PA).
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Regulation of neurite growth by LED irradiation

PC-12 cells were seeded in PLL pre-coated Ibidi Petri dishes (D: 35 mm). After 24-hour
incubation in the serum-reduced medium, cells were treated with NGF-SP1O-Au NPs at the
concentration of 20 pg/ml in the serum reduced medium. Cells were incubated for another
24 hours to allow the NPs to interact with cells and to induce differentiation mediated by
NGF. Then the cells were cultured for 1 day with 30 minutes of LED irradiation at the
intensity of 1.90, 1.44 and 1.09 mW/cm? daily, respectively. Cells cultured without being
treated by LED irradiation or NPs were considered as controls. During the LED irradiation,
the temperature of the medium was recorded using the HH374 4-Channel Type K Data
Logger Thermometer (OMEGA Engineering, Inc. Norwalk, CT). Finally, the neuronal
differentiation of cells was observed and recorded using a light microscope (Axiovert 200M
Inverted Fluorescence/phase Contrast Microscope (Carl Zeiss, Inc. Jena, Germany) equipped
with an AxioCam CCD camera). For each group, at least 40 pictures were acquired, and
more than 4000 cells were quantified. The number of differentiated cells, the length and
number of neurites in each image were counted and measured using the Simple Neurite
Tracer as a plugin of Fiji.

Calcium imaging
PC-12 cells treated with NGF-SP10-Au NPs of 20 pg/ml were incubated with the Fluo-4
direct calcium assay (Life Technologies) according to the manufacturer’s protocol and with
5 mM probenecid as a stock solution. Briefly, 10 ml of calcium assay buffer and 200 pL of
the 250 mM probenecid stock solution were mixed with the calcium reagent. The calcium
reagent solution was then directly added to dishes containing cells in the growth medium in
a 1:1 ratio. The dishes were then incubated for 60 minutes before fluorescence imaging. For
the LED light stimulation, the calcium level was monitored immediately with the treatment
of LED irradiation at the intensity of 1.90, 1.44 and 1.09 mW/cm2. The group without LED
irradiation was considered as a control. The Ca%* signals of the PC-12 cells were captured
by performing the real-time confocal imaging on Zeiss LSM 510 META NLO Two-Photon
Laser Scanning Confocal Microscope System (Carl Zeiss, Inc. Jena, Germany) with 40
objectives under 488-nm laser excitation at the speed of 2 frames/second (512x512 pixel
images). The measured fluorescence signals F were normalized to the baseline fluorescence
intensity Fg (10 s).

RNA extraction and reverse transcription-polymerase chain reaction (RT-PCR)

PC-12 cells were seeded in PLL pre-coated 6-well plates. After reaching confluency, cells
were incubated with fresh serum-reduced medium with and without treatment with NGF-
SPIO-Au NPs at the concentration of 20 ug/ml, respectively. Cells were then incubated for
another 24 hours to allow the NPs to sufficiently interact with cells and to induce
differentiation. Then the cells were cultured for 1 day with LED irradiation for 30 minutes at
the intensities of 1.90, 1.44, and 1.09 mW/cm?, respectively. Then, the total nNRNA was
extracted from PC-12 cells using the RNeasy@ mini kit (Qiagen Sciences), according to the
manufacturer’s protocol. mMRNA concentration of each sample was measured using a
NanoDrop 2000c Spectrophotometer (NanoDrop Technologies, LLC, Wilimington,
Delaware). All the mRNA samples were diluted to 10 ng/pl. Then the diluted mRNA
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samples were reverse-transcribed to complementary DNA by using a high capacity cDNA
reverse transcription kit (Applied Biosystems) and followed by polymerase chain reaction
(PCR) amplification using TagMan@ gene expression assays (Applied Biosystems) for
integrin beta 1 (Rn00566727_m1) and tubulin beta 3 (Rn00594933_m1). The expression
levels were recorded with respect to the control group (without LEDs) and were normalized
to GAPDH (Rn01775763_g1).

Western blot analysis

Cells were treated according to the previous RT-PCR process. Total cell lysate was collected
and prepared using Pierce@ RIPA lysis and extraction buffer (Thermo Scientific) containing
the cOmplete EDTA-free protease inhibitor (Millipore Sigma) (1 tablet for 10 ml lysis
buffer). After lysing for 30 minutes on ice and then centrifuging at 14000 g for 15 minutes at
4 °C, the supernatant was collected. 2x Laemmli sample buffer (Bio-Rad) was added to the
protein solution in a 1: 1 ratio and the protein solution was then heated to 95 °C for 5 min in
order to denature the protein, and centrifuged at 16000 g for 1 minute at 4 °C. Then the
samples were loaded onto Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-Rad). After
running the gel at 80 V for 5 minutes and 150 V for 1 hour, the proteins were transferred (90
V, 70 min) onto an Immun-Blot® PVDF Membrane (Bio-Rad). The membrane was then
blocked for 60 minutes with the blocking buffer (1:1 Odyssey@ blocking buffer in tris-
buffered saline (TBS) (LI-COR): 1x TBS). After blocking, the membrane was incubated
overnight at 4 °C with B3-tubulin (Cell Signaling, 5666) and GAPDH (Invitrogen, PA1988)
primary antibodies (at 1:1000), respectively. After washing 5 times with 0.05% Tween-20 in
TBS for 5 minutes, the membranes were incubated for 1 hour at room temperature with
StarBright™ Blue 700 Goat Anti-Rabbit 1gG (12004158, Bio-Rad) diluted to 1:2500 (v/v).
The membranes were washed 5 times again with 0.05% Tween-20 in TBS and 2 times with
TBS. Finally, the labeled proteins were visualized by using the LI-COR Odyssey CLx
Infrared Scanner (LI-COR Biosciences) and analyzed by using the ImageJ software.

Statistical analysis

Results

All results were analyzed based on at least three independent experiments and presented as
mean + standard deviation. Statistical analysis was performed by using the analysis of
variance (ANOVA) with Tukey post-hoc test to assess NGF-SP10-Au treated and untreated
cells with and without LED irradiation. A p-value less than 0.05 was considered as a
significant difference.

Our previous study has shown that our lab-synthesized SPIO-Au NPs with the diameter of
20.8 nm had quasi-spherical shape with narrow size distribution and excellent optical
property. The successful functionalization of NGF to SPIO-Au NPs was confirmed through
zeta potential measurements.* In the following experiments, we focused on exploring the
synergistic effect of LED light and NGF-SPIO-Au NPs for promoted neuronal
differentiation and neurite growth.
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Cytotoxicity evaluation

The viability and proliferation evaluation of NGF-SPIO-Au NP-treated PC-12 cells
irradiated by LED light was examined by measuring the absorbance of the formazan dye
generated by the reduction of water-soluble tetrazolium salt (WST-8) through
dehydrogenases activities in cells, which was proportional to the number of living cells.28
Our results show that without NGF-SP10-Au NPs, the stand-alone LED exposure did not
induce significant WST-8 reduction for up to 5 days of incubation, revealing the unaffected
cellular proliferation by LED illumination alone (Figure 1). After 1 day of incubation with
20 pg/ml of NGF-SPIO-Au NPs, the LED exposure of 1 minute, 10 minutes, and 1 hour
resulted in a slight decrease of WST-8 reduction (Figure 1, A). After 3 days of incubation,
this decrease by LED effect was noticed at the NP concentration of 1, 5, 10, and 20 pg/ml
(Figure 1, B). After 5 days of incubation, the decrease of WST-8 reduction was noticed at
the concentrations of 5 and 10 pg/ml (Figure 1, C), indicating that the LED irradiation
suppressed the promotional effect of NPs on cell proliferation. However, the synergistic
effect of LEDs and NPs still resulted in a higher proliferation rates compared with the
control groups without LEDs and NPs. Figure 1, D showed the time and concentration
dependence of the WST-8 reduction with 30 minutes of LED exposure each day. Without
NP-treatment, the PC-12 cells gained the highest WST-8 reduction rate after 5 days.
However, the highest WST-8 reduction rate with NP-treatment was observed after 3 days,
which might be explained by the fact that the existence of NPs largely promoted the WST-8
reduction and therefore cells reached confluency after 3 days of incubation.

To further explore the cytotoxic effect of LEDs at different light intensities with NGF-SP10-
Au NPs, the Trypan blue exclusion assay was performed. The results of the living cells to
total cells ratio showed that after 1 day of incubation, the LED intensity increased from 1.09
to 1.90 mW/cm? induced a slight reduction of cell viability from 0.97 to 0.95 at the NP
concentration of 5 ug/ml, while the cell viability of all LED intensities at NP concentrations
from 0-20 pg/ml was still above 0.95, indicating no obvious cytotoxic effect of LEDs on
PC-12 cells at this time point (Figure 2, A). After 3 days of incubation, only a slight
reduction of cell viability was observed for the LED illumination of 1.90 mW/cm? at all NP
concentrations (0-20 pg/ml, viablity >89%) (Figure 2, B). After 5 days of incubation, the
slight reduction of cell viability by using LED with stronger intensities was only observed at
NP concentrations <10 pg/ml (Figure 2, C). At this point, the viability is recovered at NP
concentrations of 20 pg/ml, confirming that LEDs had little long-term effect on viability at
this concentration of NPs (Figure 2, D). To minimize the viability effect and maximize the
stimulation effect of the LED light, it is recommended to use LEDs at higher intensity (i.e.,
1.90 mW/cm?) for a shorter time of incubation (i.e., 1 day) with higher concentrations of
NPs (i.e., 20 pg/ml).

Thermal effect of LED light

The temperature measurements in the cell culture medium under the LED light exposure
from 0 to 1800 seconds showed that the LED irradiation elevated the local medium
temperature after 30 minutes of LED exposure (Figure 3), while without LED light, this
temperature elevation was not observed for both cases with and without NP treatment. The
NPs treated medium temperature under the LED irradiation of 1.90 mW/cm? increased by
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4.6 °C, while this value was 3.3 °C and 2.4 °C under the LED irradiation of 1.44 and 1.09
mW/cm?, respectively. It is noticed that the temperature of the medium reached equilibrium
after the LED irradiation of 1100 seconds. By comparing the temperature rise of LED
irradiation at 1.90 mW/cm?, it is found that the temperature rise of the NPs treated group
(marked as “00” in Figure 3, total temperature increase is 4.6 °C) is higher than that of the
group without NPs (marked as”x” in Figure 3, temperature increase is 3.5 °C), at the same
LED irradiation intensity. This higher temperature increase is mainly due to the enhanced
localized surface plasmon resonance (LSPR) effect of NGF-SPIO-Au NPs, as reported from
our previous work38: a strong light absorbance peak was observed at the wavelength of 525
nm, leading to the conversion of the photon energy to heat.

Morphology analysis

To examine the synergistic effect of LED light and NGF-SPIO-Au NPs on neuronal
differentiation, PC-12 cells treated with NPs were exposed to LED light of different
intensities for 30 minutes. PC-12 cells derived from rat pheochromocytoma respond to NGF
by induction of the neuronal phenotype. Thus they have been widely used as a useful model
to examine the neuronal differentiation.3® The morphological differentiation of PC-12 cells
in 5 different groups were recorded: LED-NP- (control group: no LED exposure, no NP
treatment), LED-NP+ (no LED exposure, with NP treatment), LED1.90 (LED: 1.90 mW/
cm?, with NP treatment), LED1.44 (LED:1.44 mW/cm?2, with NP treatment) and LED1.09
(LED:1.09 mW/cm?2 LED exposure, with NP treatment).

To quantitatively investigate the level of neuronal differentiation, the number of
differentiated cells and total cells were counted for each group. After 1 day of incubation,
cells treated with NGF-SPI1O-Au NPs and exposed to LED light showed a significant
increase of the ratio of differentiated cells: for LED intensity at 1.90 mW/cm?, this value
reached 0.13, whereas for the control groups without LEDs or NP treatment, this value was
only 0.07. LED light at lower intensities also led to an increase in differentiated cells (0.11
for LED at 1.44 and 1.09 mW/cm?2) in comparison with the control groups (Figure 4, A).

A similar trend was observed in examining the number of neurites per cells, as another
parameter characterizing the level of neuronal differentiation: cells treated with NGF-SPI10O-
Au NPs and LED light developed more neurites per cell compared with the control groups
without NPs or LED light. For the LED light intensities at 1.90, 1.44 and 1.09 mW/cm?, the
average number of neurites per cell is 1.58, 1.45 and 1.47, respectively, while it is 1.43 for
the groups with only NPs and 1.21 for the control groups (Figure 4, B).

The neurites’ length was also measured and quantified for examining the morphological
changes of PC-12 cells. The groups treated with NPs and LED of 1.90 mW/cm? had the
longest average neurite length of 12.24 um, with an increase of about 51% ( of control
group). However, the groups with only NPs had an average neurite length of 11 um (an
increase of 35% of control group), indicating the synergistic effect of LED of 1.90 mW/cm?
and NPs on promoting neurite growth, which was not observed at lower LED intensities
(1.44 and 1.09 mW/cm?) (Figure 4, C).

Nanomedicine. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Page 9

Localized Ca?* signaling

To demonstrate whether the LED light could induce Ca?* influx in differentiated PC-12 cells
treated with NGF-SPIO-Au NPs, the localized Ca2* signal was visualized using confocal
fluorescence microscopy. Results showed no fluorescence intensity change for PC-12 cells
without LED irradiation for both NPs treated and untreated cases, indicating no change of
intracellular Ca 2* level (1%, 29, and 4™ row) without the LED treatment, while an
enhancement of the fluorescence intensities (red circle area) was observed for LED
intensities at 1.90 and 1.44 mW/cm?, indicating an increase of Ca2* level stimulated by LED
light (3 and 5t row) (Figure 5, A). The F/FO (normalized fluorescence by background
fluorescence) in the red circle area was plotted in Figure 5, B (15t row), C (24 and 3™ row),
D (4™ and 5% row), and E (6! row). During the exposure of LED light at the intensities of
1.90 and 1.44 mW/cm?, the fluorescence intensity was elevated from the base line,
indicating the localized Ca2* influx stimulated by LED light. On the other hand, neurons
without LEDs exposure did not exhibit any elevation of the Ca?* level from the base line for
both the NP-treated and untreated cases.

Molecular effects

The RT-PCR and western blot assay were used to quantify the effect of LED light and NGF-
SPIO-Au NPs on the expression level of the adhesive molecule, integrin B1, and the neural
specific marker, B3-tubulin in PC-12 cells. The upregulation of the mRNA level of integrin
Bl in PC-12 cells was observed in groups treated with LED light and NGF-SPIO-Au NPs as
compared with the control groups (with NPs only). While without NPs, there was no
significant change of mRNA level of integrin B1 in LED light irradiated PC-12 cells as
compared with the control groups (no NPs and no LED irradiation) (Figure 6, A). These
findings revealed that the synergistic effect of LED and NGF-SPIO-Au NPs enhanced the
expression of integrin p1, which may be beneficial to the cell attachment and thus the
induction of neurite growth.40

To account for the stimulation effect of LED and NGF-SPIO-Au NPs on neural
differentiation, the mRNA levels of neural-specific marker, p3-tubulin were assayed. The
results showed the upregulated expression of B3-tubulin in groups treated with LED and NPs
at the intensities of 1.90 and 1.44 mW/cm? as compared with the control groups (with NPs
only). However, without NPs, the groups exposed to LED light exhibited a slightly reduced
expression level of B3-tubulin as compared with the control groups (no LED irradiation)
(Figure 6, B).

This synergistic effect was also confirmed by the western blot analysis. The expression level
of B3-tubulin protein was significantly upregulated by the LED (1.90 and 1.44 mW/cm?) and
NPs in comparison with the groups without LED and NPs, while the treatment of NPs alone
or LED alone did not affect the expression level of f3-tubulin (Figure 6, C and D).

Discussion

There are plenty of previous works focused on using iron oxide NPs as the nano carrier of
NGF to stimulate neurite outgrowth under the direction of external magnetic fields.2: 40-42
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However, the high dose of iron oxide NPs was reported to cause cell dysfunction.#3-4> Too
strong magnetic fields with long-time exposure have also been proven to be toxic to
cells#6-48 and may suppress the reproductive process,*% 59 not to mention the other
challenges of using bare iron oxide NPs like the aggregations.® In this work, we presented
the exploration of using our lab-synthesized NGF-SP1O-Au NPs as a nanomedicine to
regenerate neurons non-invasively through low-intensity LED illumination. We
demonstrated that low-intensity LEDs (up to 1.90 mW/cm?) can trigger the neurite growth
and neuronal differentiation remarkably with a stimulation time up to 30 minutes for 1 day
of incubation. Within this time period, LED light did not induce severe toxicity on PC-12
cells at the measured intensities (up to 1.90 mW/cm?) and exposure time (up to 1 hour).

From the morphology evaluation, we demonstrated the intensity-dependence of neurite
growth and neuronal differentiation of PC-12 cells treated by LED irradiated NPs. And the
comparison between the group treated by NPs alone, and by LED-illuminated NPs showed
that the synergistic effect of LED irradiation and NGF-SPIO-Au NPs is more effective than
using NPs alone, which could be due to the remarkable photothermal effect of NPs from
LED irradiation.

It is known that microtubules are essential cytoskeletal elements within the growth cones
that affect the axon regeneration and outgrowth under the stimulation.5! The associated
microtubule proteins can be regulated by Ca2* and/or Ca?* sensitive kinases.52 Filamentous
actin (F-actin), as the other major cytoskeletal element within the growth cones, is also
regulated by Ca?* through affecting the binding affinity of various actin-binding proteins
(ABP) to F-actin.53 Therefore the concentration of cytoplasmic and intracellular Ca2* has
been treated as an essential regulator of neurite outgrowth, and the optimal range of Ca2*
can promote the neurite steering and extension.>* Our results showed that the LED light-
irradiated NPs induced a local CaZ* influx in neurites, which implied the formation of the
local calcium gradients that could interact with the growth cone cytoskeleton.2’

In addition, we found from the molecular analysis that the stimulation by LED and NPs
upregulated the neuronal specific marker as well as the cell adhesive molecules, which were
associated with the cell attachment and neurite growth. And this stimulation effect was not
found by LED or NPs alone. Additionally, the heat generation was observed during the LED
irradiation of the NPs-treated medium which was the result of the LSPR effect of NGF-
SPI1O-Au NPs.

These results suggest that the photostimulation of LED light might promote the neuronal
differentiation and the neurite outgrowth via the photothermal effect of LED irradiated NGF-
SP10-Au NPs by modulating the local Ca?* level and enhancing the cell attachment.
However, it is still unclear that whether any other factors triggered by LED illumination on
NGF-SPIO-Au NPs could affect the neuronal differentiation pathway. Therefore a more
detailed investigation on exploring other neural-related factors is needed to further explore
the mechanism of nerve regeneration, which will be the focus of our future study. Another
limitation towards /n vivo validation is the tissue penetration depth of 525 nm LED light. To
overcome this, micro or nano-LED fibers can be used in future studies, which would allow
the wireless optogenetic manipulation of neuronal activities in animals. 55 56
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In summary, this study reported a novel non-invasive neuroregeneration approach of using
low-intensity LED light to irradiate NGF-SP10O-Au NPs, a promising nanomedicine, for
promoting remarkable neuronal differentiation and neurite outgrowth in an intensity-
dependent manner. And LEDs of higher intensities were favored to produce more
differentiated cells, more branching points and longer neurite length. No severe toxicity was
observed upon LED light irradiation at our measured intensities. In particular, NGF-SPIO-
Au NPs irradiated by LED light of 1.90 mW/cm? were found to induce the calcium influx in
the neurites, and upregulate a neural differentiation specific marker, B3-tubulin, and an
adhesive molecule integrin p1. The results demonstrated a promising non-invasive
nanomedicine-based neurogenesis induction scheme using low-intensity LED irradiated
NGF-SPIO-Au NPs for nerve regeneration.
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Figure 1.
Cell viability evaluation by using a CCK-8 kit. PC-12 cells treated and untreated by NGF-

SP1O-Au NPs for (A): 1 day, (B): 3 days and (C): 5 days of incubation with 0 minutes, 1
minute, 10 minutes, 30 minutes and 1 hour of LED exposure (1.90 mW/cm?) daily; (D) the
time and concentration dependency of absorbance value for cells exposed to 30 minutes of
LED light (1.90 mW/cm?) daily. *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001.
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Figure 2.
Cell viability evaluation by Trypan Blue staining. PC-12 cells treated and untreated by NGF-

SP1O-Au NPs were irradiated with 30-minutes of LED light at 3 different intensities: 1.90,
1.44 and 1.09 mW/cm? daily for the (A): 1 day, (B): 3 days and (C): 5 days of incubation,
(D) the time and concentration dependency of cell viablity for cells exposed to 30 minutes of
LED light (1.90 mW/cm?) each day. *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001.

Nanomedicine. Author manuscript; available in PMC 2020 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Yuan et al.

Page 17

79 | —LED-NP- ~—LED-NP+
62 | —LEDILO9NP+ ——LEDI 444
—LED1.90+NP+  —a—LEDL.904

¥
FJ

&
b

Temperature increase (°C)
g
b

NP4

NP-

0 2500 500

Figure 3.

750 10Q0 1250
Time { Second)

1500 17500 2000

Temperature increase of cell culture media with and without plasmonic NGF-SPIO-Au NPs
under the irradiation of LEDs or not. The temperature increase is higher at stronger LED
intensity. The temperature rise of the NP-treated group is higher than that of the group
without NPs at the LED irradiation of 1.90 mW/cm?, confirming the photothermal effect of

NGF-SP10-Au NPs.
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Figure 4.
Morphology analysis for NGF-SPIO-Au NPs treated and untreated PC-12 cells exposed with

and without LEDs. (A) Percentage of differentiated neuronal phenotype cells (B) Number of
neurites per cell (C) Average neurite length. Group without LED or NPs were treated as
control group. *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001.
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Figure 5.
Calcium influx induced by LEDs at the neurites. (A). The 15t row shows control group of

cells without LEDs and NPs; the 2"d and 4t row shows groups of cells with NPs and
without LED treatment. For the 379, 5t and 6% row, cells with NPs were irradiated by LED
light at the intensity of 1.44, 1.09 and 1.90 mW/cm? starting from t=60s to t=120s. (B). The
normalized fluorescence intensity of circled area in the 15t row of (A) for the control group.
(C) The normalized fluorescence intensity of circled area in the 2"d and 3" row of (A) for
the NP treated group without LED and LED intensity=1.44 mW/cm?, respectively. (D). The
normalized fluorescence intensity of circled area in the 4! and 5t row of (A) for the NP
treated group without LED and LED intensity=1.90 mW/cm?, respectively. (E). The
normalized fluorescence intensity of circled area i and ii in the 6™ row of (A) for LED
intensity=1.90 mW/cm2.
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Figure 6.
Results of RT-PCR and western blots for PC-12 cells treated with/without NGF-SP10O-Au

NPs (20 ug/ml) and exposed to different intensity of LED light. (A) RT-PCR results for the
mRNA level of integrin 1 of differentiated PC-12 cells. (B) RT-PCR for the mRNA level of
B3-tubulin of differentiated PC-12 cells. The gene expression level was normalized to
GAPDH as housekeeping gene. (C) Western blot analysis of p3-tubulin of differentiated
PC-12 cells. (D) The average level of p3-tubulin protein normalized by GAPDH from
triplicated experiments. *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001.
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