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Abstract

Nerve damageis a prevalent and debilitating condition with limited treatment options.
Recent years have seen an increased incidence of neural damage due to factors such
as aging populations and traumatic brain injuries. Addressing the urgent need for
effective therapies, this study explores the controlled delivery of mesenchymal stem
cells (MSCs) secretome, a complex mixture of bioactive factors, which is currently being
investigated for its potential in nerve regeneration. The secretome offers significant
advantages over stem cells themselves, as it can be more easily characterized and
controlled, enabling precise regulation of therapeutic interventions. However, the
challenge lies in delivering the secretome specifically to the target anatomical region.
To overcome this limitation, we propose a novel approach utilizing near-infrared
(NIR) radiation-responsive bioprinted alginate-graphene oxide (AGO) microbeads.
Graphene oxide (GO) is a highly biocompatible material with unique properties,
including NIR responsiveness, enabling controlled release of therapeutic agents
upon NIR exposure. We hypothesized that AGO microbeads could encapsulate MSCs
secretome and release it in a controlled manner using NIR radiation. To investigate
our hypothesis, controlled damage was induced to hippocampal neurons, and
MSCs secretome was encapsulated within AGO microbeads. Subsequently, NIR
radiation was applied to trigger the release of the secretome. We compared the
efficacy of MSCs secretome with that of astrocytes, which also possess nerve growth
and proliferation-promoting capabilities. Our findings demonstrated that the
controlled release of MSCs secretome from AGO microbeads through non-invasive
NIR radiation significantly promoted the proliferation and regeneration of neurons
following nerve injury. AGO microbeads offer multiple advantages over conventional
delivery methods, including precise control over the timing, location, and dosage
of therapeutic agents. Furthermore, the potential for reduced immunogenicity and
tumorigenicity enhances the safety profile of the therapy. Consequently, this study
presents a promising avenue for the development of MSC-based therapies for nerve
regeneration, with implications for the treatment of various neuropathies and injuries.

Volume X Issue X (2023)

1 https://doi.org/10.36922/ijb.1045


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

International Journal of Bioprinting

NIR-secretome release for nerve regeneration

Keywords: 3D Bioprinting; Near-Infrared Radiation;
Graphene Oxide; Alginate Microbeads; Neural
Regeneration

1. Introduction

Nerve damage is a major cause of disability worldwide,
with limited treatment options available!!. Neural damage
refers to any injury or trauma to the cells, fibers, or
pathways of the nervous system*. It can occur in the
brain, spinal cord, or peripheral nerves, and can result
from a variety of causes, including physical trauma,
infection, toxicity, or degenerative diseases such as
Alzheimer’s or Parkinsons?.. Neural damage can have
severe and often irreversible consequences, including loss
of function, memory, and cognition!*'l, In recent years,
the incidence of neural damage has increased due to
factors such as aging populations and the rise in traumatic
brain injuries>"*l. As a result, there is a growing need for
a better understanding of the mechanisms underlying
neural damage and the development of new therapeutic
strategies to mitigate its effects!"*'°l. Symptoms of nerve
damage can include numbness, tingling, pain, weakness,
and loss of coordination, which can significantly impact
an individual’s quality of life!"”"\. Despite its prevalence,
current treatments for neural damage are limited, and often
involve management of symptoms rather than addressing
the underlying causes*-4.

Mesenchymal stem cells (MSCs) have shown promise
in the treatment of neural damage due to their ability to
differentiate into neuronal cells and modulate the immune
response*28. However, recent studies have suggested that
the secretome of MSCs—the complex mixture of growth
factors, cytokines, and extracellular vesicles they secrete—
may play a key role in promoting neural regeneration®-,
The secretome has been shown to have immunomodulatory,
anti-inflammatory, and neuroprotective effects, and
can promote the survival, growth, and differentiation
of neurons®**l. Notably, the secretome offers distinct
advantages over stem cells themselves for stem therapies,
as it can be characterized and controlled more easily,
allowing for precise regulation and optimization of
therapeutic interventions®**. This enhanced suitability
of the secretome holds the potential for more predictable
and targeted outcomes in neural regeneration therapies.
However, a critical challenge associated with the use of
the secretome lies in its controlled administration to the
specific anatomical district where it is needed®**’l. Unlike
the stem cells, which can be directly transplanted into the
target area, the secretome requires careful delivery methods
to ensure its localized and targeted action®®*. Strategies

such as encapsulation within biomaterials or the use of
specialized delivery systems are being explored to address
this concern, which is crucial to harness the full potential
of the secretome in neural regeneration therapies!***!l,

In this study, we propose a novel approach for
the controlled delivery of MSCs secretome for nerve
regeneration using near-infrared (NIR) radiation-
responsive bioprinted alginate-graphene oxide (AGO)
microbeads*#!. Graphene oxide (GO) is a highly
biocompatible material that has shown to possess unique
properties, including NIR responsiveness, which allows
for the controlled release of therapeutic agents upon
exposure to NIR radiation**l. We hypothesized that
AGO microbeads could be used to encapsulate and release
in a controlled manner through NIR the secretome of
MSCs. To test our hypothesis, we first induced controlled
damage to hippocampal neurons. We then encapsulated
MSCs secretome in AGO microbeads and exposed them
to NIR radiation. We then compared the effectiveness
of the secretome of MSCs with the secretome from
astrocytes, which is also known to promote nerve growth
and proliferation*?. Our results demonstrated that
the controlled release of MSCs secretome through non-
invasive NIR from AGO microbeads promoted significant
proliferation and regeneration of hippocampal neurons
following nerve injury. The use of AGO microbeads
offers several advantages over conventional delivery
approaches, including the ability to control the timing,
location, and dose of therapeutic agents, as well as the
potential for reduced immunogenicity and tumorigenicity.
Opverall, our approach provides a promising new avenue
for the development of MSC-based therapies for nerve
regeneration, with implications for the treatment of various
neuropathies and injuries.

2. Materials and methods

2.1. Cell culture

Primary cultures of hippocampal neurons were obtained
from EI15-18 C57BL/6 mice embryos as described
previously and in accordance with the Ethics Committee of
the Universita Cattolica del Sacro Cuore and in compliance
with Italian Ministry of Health guidelines, with national
laws (Legislative Decree 116/1992), and European Union
guidelines on animal research (No. 86/609/EEC) >4,

Briefly, the mouse cortex was dissected in cold CMF-
HBSS (Ca?* and Mg* free Hank’s balanced salt solution
containing 1 mM pyruvate, 15 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid, HEPES, and 10 mM
NaHCO,). Tissues were then incubated for 10 min at 37°C
in phosphate-buffered saline (PBS) containing trypsin-
ethylenediaminetetraacetic acid (0.025%/0.01%  w/v;
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Biochrom), and the tissue was mechanically dissociated at
room temperature with a fire-polished Pasteur pipette. The
cell suspension was harvested and centrifuged at 235 x g
for 8 min. The pellet was suspended in 88.8% Minimum
Essential Medium (Biochrom), 5% fetal bovine serum (FBS),
5% horse serum, 1% glutamine (2 mM), 1% penicillin—
streptomycin-neomycin antibiotic mixture (Invitrogen),
and glucose (25 mM). Cells were plated at a density of 105
cellsyrmL on a 24-well plate precoated with poly-L-lysine
(0.1 mg/mL; Sigma). Twenty-four hours later, the culture
medium was replaced with a mixture of 96.5% neurobasal
medium (Invitrogen), 2% B-27 (Invitrogen), 0.5% glutamine
(2 mM), and 1% penicillin-streptomycin-neomycin
antibiotic mixture. After 72 h, this medium was replaced
with a glutamine-free version of the same medium, and the
cells were grown for 10 more days before experiments. All
cell lines were cultivated in T75 flasks and kept at 37°C in
5% CO, humidity. Mesenchymal stem cells were purchased
from the American Type Culture Collection (ATCC). Cells
were maintained in Dulbeccos modified Eagle’s medium
(Sigma-Aldrich) supplemented with 10% FBS (EuroClone),
2% penicillin-streptomycin  (Sigma-Aldrich), and 2%
L-glutamine (Sigma-Aldrich) on T25 flasks. After three
passages, supernatant was gathered at 24 h from the change
of culture medium and centrifuged at 1000 rpm for 10 min.
Supernatant was then stored at -80°C for further use.

2.2, Bioprinting of alginate-graphene oxide
microbeads

To bioprint AGO microbeads, a biocompatible bioink
composed of the mixture of the two materials was first
prepared. Alginate was kept at a concentration of 1.5% w/v,
while GO was added at different final concentrations for
further tests: 0.5, 0.2, and 0.1 mg/mL. Control microbeads
were prepared without GO. Culture medium, astrocyte-
conditioned medium (ACM; ScienCell), and MSCs
secretome were added at a ratio 1:1 with respect to AGO.
The mixture was then loaded into a bioprinting cartridge
and transferred on an electromagnetic droplet printhead of
BIO X bioprinter (Cellink, BICO Company). Bioprinting
was performed at room temperature, extruding microbeads
with a speed of 50 mm/s and a pressure of 120 kPa. An
open time of 100 miliseconds (ms) and a cycle time of
1000 ms were applied to set the number of extruded
beads. The droplets were extruded on a 6-well (Corning)
filled with a 2% w/v CaCl, solution. The microbeads were
left crosslinking for 10 min, and then they were carefully
gathered and observed under the optical microscope of
Cytation 3 Cell Imaging Multi-Mode Reader (Biotek).

2.3. Characterization of microbeads
Scanning electron microscopy (SEM) images were acquired
to investigate the surface composition of the microbeads.

Samples were dehydrated and sputter-coated with gold.
They were then imaged with SEM Supra 25 (Zeiss). Images
were acquired at several magnifications. The chemical
analysis of microbeads was carried out using attenuated
total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR) by Spectrum One spectrometer (Perkin
Elmer). The material under investigation was directly laid
upon the ATR crystal, and the spectra were recorded in the
wave number range of 4000-550 cm™.

2.4. Near-infrared radiation and release rate of the
microbeads

Microbeads were transferred on a 96-well plate (Corning)
with 100 pL of culture medium. The plate was placed
under an 808 nm laser (Laser Ever) equipped with a
thermal imaging camera (Optris). Different power
densities were adjusted for all the tested concentrations
of GO to induce the same thermal effect, increasing from
room temperature to 39°C: 0.91, 2.40, and 3.30 W/cm? for
bioinks having 0.5, 0.2, and 0.1 mg/mL of GO, respectively.
Thermal increase was recorded in a time span of 60 s. To
measure the release rate of the secretome, fluorescein-5-
isothiocyanate (FITC)-Dextran macromolecules having
a molecular weight of 10,000 kDa were embedded in the
bioink. After irradiation, fluorescence of the supernatant
was observed by removing the microbeads at different
timepoints. Fluorescence intensity of the supernatant of
non-irradiated beads was subtracted for each sample,
to consider the natural swelling of the bioprinted beads.
Cumulative release was then plotted over time.

2.5. Cell viability and production of reactive

oxygen species

Cells were first treated with hydrogen peroxide (H,0O,) at
250 uM for 30 min or with 1x PBS (control group). After
incubation, to measure viability, cells were put in contact
with bioprinted microbeads having concentrations of GO
ranging from 0.5 to 0.1 mg/mL. After NIR irradiation,
cells were incubated for 72 h at 37°C and 5% CO,. Then,
viability was measured using CellTiter-Glo® (Promega).
Briefly, an amount of CellTiter-Glo® reagent equal to the
volume of culture medium was added to each well. Then,
the plate was orbitally shaken for 2 m to ensure complete
cell lysis and incubated in the dark at room temperature
for 10 min. After incubation, luminescence was recorded
using Cytation 3 cell imaging multi-mode reader. Results
were reported as % of control (untreated) cells. To observe
viable cells through fluorescence microscopy, cells were
stained with calcein AM (Invitrogen). Culture medium
was removed, and calcein at a final concentration of 10 uM
in PBS was added for 20 min at 37°C and 5% CO,. Then,
calcein was removed and replaced with culture medium.
Fluorescence was observed under the fluorescence
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microscope of Cytation 3. The number of viable cells was
quantified using ImageJ software. For the detection of
reactive oxygen species (ROS), the fluorinated derivative
of 2',7-di-chlorofluorescein (H,DCFDA; Sigma-Aldrich)
was employed. This probe is non-fluorescent until the
acetate groups are removed by intracellular esterases
and oxidation occurs within cells. Thus, oxidation can
be detected by monitoring the increase in fluorescence
intensity. Cells were first treated with H O, at 250 uM for
30 min or with 1x PBS (control group). Microbeads were
then irradiated with an 808 nm laser for 1 min. After a
recovery time of 30 min, the medium was carefully washed
and replaced with 1x PBS containing 10 uM H,DCFDA.
Cells were incubated for an additional hour at 37°C and
5% CO,. PBS containing H DCFDA was then removed,
and spheroids were resuspended in complete medium.
Fluorescence intensity of H, DCFDA was recorded by
using a Cytation 3 by exciting at 495 nm and recording
emission at 528 nm. Results were expressed as % of control
(untreated) cells.

2.6. Statistical analysis

All measurements were performed in triplicate, and data
are reported as mean * standard deviation. Statistical
analysis was performed using one-way analysis of variance
(ANOVA), followed by Tukey’s post-hoc test. Differences
were considered significant when p <0.05.

3. Results and discussion

3.1. Characterization of alginate-graphene oxide
microbeads

In this study, we aimed to stimulate regeneration of neural
cells through the controlled release of the secretome of
MSCs using bioprinted AGO microbeads. To achieve
this goal, we first bioprinted AGO microbeads with a
homogeneous size distribution, with a peak at 200 um
(Figure 1A and B). To explore the surface structure of
AGO microbeads, we acquired SEM images at different
magnifications: 3000x and 10,000x (Figure 1C, top and
bottom, respectively). We highlighted alginate polymers
having a fiber-like shape all over the surface of the sample
(green square), along with GO sheets having different lateral
size, as expected (red square). Different concentrations of
GO, ranging from 0.1 to 0.5 mg/mL, were used to observe
any potential differences in biocompatibility and the release
of MSC secretome. Neural cells were then incubated with
AGO microbeads for 24 h, and viability was evaluated as
a percentage of control (untreated) cells (Figure 1D). We
found that even the highest tested concentration of GO
did not cause any significant loss in viability, indicating the
great biocompatibility of AGO microbeads. To evaluate
the surface chemical composition of AGO microbeads,
we performed FTIR analysis (Figure 1E). We depicted the

typical O-H stretching peak of GO in the broad band from
3600 to 2400 cm™'**), We also observed two peaks in the
fingerprint region, at 1600 and 1422 cm™!, which are present
both in GO and, particularly, in alginate®!. The presence of
different absorption peaks in the spectroscopy of Figure 1F
confirmed the successful loading of AGO microbeads with
secretome. We then investigated the thermal responsiveness
of bioprinted AGO microbeads by setting our experiment
to reach a mild increase in temperature, up to 39°C from
room temperature (Figure 1G). We used different power
densities of the infrared laser to achieve the same thermal
increase after NIR irradiation. To evaluate the cumulative
release of the MSCs secretome over time, we embedded a
fluorescent probe, FITC-Dextran, into the bioprinted AGO
microbeads. We irradiated the microbeads and monitored
the rate of increase in fluorescence over time (Figure 1H).
We observed that the release of MSC secretome from AGO
microbeads was dependent on the concentration of GO.
Interestingly, the highest cumulative release was achieved
with AGO microbeads having a GO concentration of
0.5 mg/mL. Taken together, our results suggest that AGO
microbeads have great biocompatibility and can be used
for various biological applications. Additionally, the
release of molecules from AGO microbeads can be finely
controlled using NIR irradiation. This characteristic makes
AGO microbeads an excellent candidate for controlled
drug delivery applications, where precise dosing is critical.

3.2. Biological effect of near-infrared irradiation of
microbeads on damaged neural cells

We conducted an evaluation on the impact of NIR
irradiation on damaged neural cells to assess the potential
of AGO microbeads in stimulating cell proliferation and
reducing the production of ROS. To accomplish this, we
initially subjected neural cells to H,O, incubation at a
concentration of 250 uM. Subsequently, we introduced
AGO microbeads to the cells and administered NIR
irradiation at previously characterized power densities.
The outcomes of our investigation are presented in
Figure 2. Upon NIR irradiation, the neural cells exhibited
sustained high cell viability compared to control cells
(Figure 2B). Nevertheless, following the induction of
toxicity through H,O,, no notable increase in cell viability
was observed across all tested concentrations of GO,
demonstrating similar outcomes to the treatment with
H,O, alone (Figure 2C). Notably, a slight enhancement
in cell viability was observed at a GO concentration of
0.5 mg/mL. The application of NIR irradiation at all
tested GO concentrations resulted in ROS levels within
physiological ranges (Figure 2D). Conversely, after H,0,
treatment, ROS levels significantly increased for all
samples (Figure 2E). Interestingly, AGO at a concentration
of 0.5 mg/mL exhibited a strong reduction in ROS
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Figure 1. Bioprinting and characterization of alginate-graphene oxide microbeads. (A) Schematic illustration of the experimental setup, from bioprinting
of microbeads to NIR. (B) Bright-field image of the microbeads. (C) SEM images at different magnifications of microbeads, highlighting alginate polymers
(green) and GO sheets (red). (D) Biocompatibility of microbeads having different concentrations of GO. (E) FTIR analysis of microbeads, showing typical
peaks of alginate and GO. (F) FTIR analysis of microbeads loaded with the secretome of mesenchymal stem cells. (G) Thermal responsiveness of the
microbeads with different concentrations of GO. (H) Cumulative release over time of FITC-Dextran from microbeads after infrared radiation. ***p < 0.01,
one-way ANOVA and Tukey’s post-hoc test.
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Figure 2. Biological effect of near-infrared radiation on neural cells after induced damage. (A) Schematic representation of the experimental setup. (B, C)
Cell viability without or with the induction of damage with H,O,. (D, E) ROS production without or with the induction of damage with H,O,. Results are
reported as % mean + standard deviation. **p < 0.05 and ***p < 0.01, one-way ANOVA and Tukey’s post-hoc test.

production compared to both the H,O, treatment and the
positive control (p < 0.05, one-way ANOVA and Tukey’s
post-hoc test). The other GO concentrations did not appear
to affect ROS levels.

Additionally, cell imaging through calcein staining
following induced damage and NIR irradiation further
emphasized a slight increase in cell number after NIR
irradiation of AGO at a concentration of 0.5 mg/mL, in line
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Figure 3. Staining of viable cells with calcein AM. (A) Representative images with calcein AM staining of cells and relative quantification of the number
of viable cells after near-infrared radiation of alginate microbeads having graphene oxide at 0.5 mg/mL. (B) Quantification of viable cells based on calcein
images. Results are reported as % of control cells. ***p < 0.01, one-way ANOVA and Tukey’s post-hoc test.
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Figure 4. Biological effect on neural cells of the release of secretome through near-infrared radiation after induced damage. (A) Schematic representation
of the experimental setup. (B-D) Cell viability after the induction of damage with H,0, and controlled release of culture medium, astrocyte-conditioned
medium, and secretome of mesenchymal stem cells, respectively. (E-G) ROS production after the induction of damage with H,O, and controlled release
of culture medium, astrocyte-conditioned medium, and secretome of mesenchymal stem cells, respectively. Results are reported as % mean + standard
deviation. **p < 0.05 and ***p < 0.01, one-way ANOVA and Tukey’s post-hoc test.

with the cell viability data (Figure 3A and B). Our findings
indicate that for evaluating the effectiveness and potential
of MSCs secretome in regenerating neural cells, bioprinted
AGO microbeads at a GO concentration of 0.5 mg/mL
offer the most suitable configuration due to their elevated
release of FITC-Dextran and their ability to downregulate
ROS levels. As a result, we selected this GO concentration
for our subsequent experiments.

3.3. Biological effect of the secretome of
mesenchymal stem cells through near-infrared
controlled release on damaged neural cells

We then bioprinted AGO microbeads having GO at 0.5 mg/
mL, in which we embedded the secretome of MSCs. It has
widely been reported in the literature that not only the

secretome, but also the set of factors and vesicles released
by astrocytes (namely astrocyte-conditioned medium,
ACM) displays a strong potential for the regeneration
and proliferation of neural cells. For this purpose, we
bioprinted AGO microbeads having embedded ACM to
compare their effectiveness with the secretome of MSCs
and with standard culture medium as a negative control.
Results are reported in Figure 4. After NIR irradiation, the
release of culture medium caused a mild increase in cell
viability, similar to the previous finding (Figure 4B). The
release of ACM, importantly, caused a strong increase in
cell viability, which resulted to be 67% + 11.1% with respect
to cells having induced neural damage with H,O,, which
resulted to be 47% + 9.3% (Figure 4C, p < 0.05, one-way
ANOVA and Tukey’s post-hoc test). After controlled release
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Figure 5. Staining of viable cells with calcein AM. (A) Representative images with calcein AM staining of damaged cells after controlled release of the
culture medium, astrocyte-conditioned medium, and secretome. (B) Quantification of viable cells based on calcein images. Results are reported as % of

control cells. **p < 0.05 and ***p < 0.01, one-way ANOVA and Tukey’s post-hoc test.
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of MSCs secretome, importantly, a significantly strong
recover of cell viability was observed in neural cells, which
reached 76% + 1.8% (Figure 4D, p < 0.05, one-way ANOVA
and Tukey’s post-hoc test). The production of ROS was also
monitored after neural damage and NIR irradiation. The
release of culture medium mildly affected the production
of free radicals, reducing the levels from 206% =+ 28.4% of
the positive control down to 180% =+ 23.6% (Figure 4E,
p < 0.05, one-way ANOVA and Tukey’s post-hoc test). The
release of ACM after NIR had an even stronger effect on
ROS of neural cells, reducing their production to 160% =+
29.5% (Figure 4F, p < 0.05, one-way ANOVA and Tukey’s
post-hoc test). Finally, the release of MSCs secretome had
the strongest effect even on the production of ROS, which
was significantly reduced to 126% +* 3.4% (Figure 4G,
P <0.01, one-way ANOVA and Tukey’s post-hoc test).

Calcein staining furtherly confirmed viability and
ROS production data, indicating a significantly higher
cell proliferation in neural cells after recovery with MSCs
secretome with respect to the other treatments (Figure 5A
and B). Our findings demonstrate that the secretome of
MSCs holds immense regenerative potential for nerve
repair. Its controlled release from AGO microbeads
showcases superior efficacy in enhancing cell viability
and reducing ROS production in damaged neural cells,
surpassing the effects observed with ACM and standard
culture medium. These findings offer promising insights
into the therapeutic applications of MSC secretome in
nerve regeneration, highlighting its significance in future
research and clinical interventions.

4, Conclusion

Our study presents a novel approach for the controlled
delivery of MSCs secretome for neuronal regeneration
using NIR-responsive bioprinted AGO microbeads. By
encapsulating the MSCs’ secretome in AGO microbeads
and utilizing NIR radiation, we successfully achieved the
controlled release of therapeutic factors for promoting
neuronal proliferation, survival, and viability. Our findings
highlight the efficacy of the MSCs secretome in promoting
neural proliferation compared to the secretome derived
from astrocytes, a known promoter of nerve regeneration.
The controlled release of the MSCs secretome through
non-invasive NIR radiation from AGO microbeads
demonstrated significant benefits in terms of neuronal
proliferation and regeneration following induced toxicity.
This approach offers advantages over conventional
delivery methods, such as precise control over the timing,
location, and dosage of therapeutic agents. The use of AGO
microbeads not only allows for controlled release but also
provides additional benefits, including potential reductions
in immunogenicity and tumorigenicity. Furthermore, due

to the easy and repeatable production of alginate and GO,
along with the easy storage and stability, future large-scale
production of these AGO particles will be achievable. These
advantages make AGO microbeads a promising platform
for the development of MSC-based therapies for neuronal
recovery after injury. This innovative approach holds
great potential for the treatment of various neuropathies
and injuries, offering new possibilities for enhancing
patient outcomes and quality of life. Further research is
warranted to explore the underlying mechanisms of action
and optimize the parameters of NIR-responsive delivery
systems. Future studies regarding the biodistribution of
microbeads after local injection will have to be performed.
The development of robust and safe MSC-based therapies
utilizing the controlled delivery of the secretome holds
promise for addressing the unmet clinical needs in
neuronal regeneration and providing effective treatments
for patients with neurological disorders and injuries.
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