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Abstract

Combinations of different biomaterials with their own advantages as well as functio-

nalization with other components have long been implemented in tissue engineering

to improve the performance of the overall material. Biomaterials, particularly hydro-

gel platforms, have shown great potential for delivering compounds such as drugs,

growth factors, and neurotrophic factors, as well as cells, in neural tissue engineering

applications. In central the nervous system, astrocyte reactivity and glial scar forma-

tion are significant and complex challenges to tackle for neural and functional recov-

ery. GelMA hydrogel-based tissue constructs have been developed in this study and

combined with two different formulations of phosphate glass fibers (PGFs) (with

Fe3+ or Ti2+ oxide) to impose physical and mechanical cues for modulating astrocyte

cell behavior. This study was also aimed at investigating the effects of lithium-loaded

GelMA-PGFs hydrogels in alleviating astrocyte reactivity and glial scar formation

offering novel perspectives for neural tissue engineering applications. The rationale

behind introducing lithium is driven by its long-proven therapeutic benefits in mental

disorders, and neuroprotective and pronounced anti-inflammatory properties. The

optimal concentrations of lithium and LPS were determined in vitro on primary rat

astrocytes. Furthermore, qPCR was conducted for gene expression analysis of GFAP

and IL-6 markers on primary astrocytes cultured 3D into GelMA and GelMA-PGFs

hydrogels with and without lithium and in vitro stimulated with LPS for astrocyte

reactivity. The results suggest that the combination of bioactive phosphate-based

glass fibers and lithium loading into GelMA structures may impact GFAP expression

and early IL-6 expression. Furthermore, GelMA-PGFs (Fe) constructs have shown

improved performance in modulating glial scarring over GFAP regulation.
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1 | INTRODUCTION

Biomaterials have been extensively investigated for delivering com-

pounds such as active drugs, neurotrophic factors, and growth factors

in neural tissue engineering applications.1–4 In particular, hydrogel sys-

tems enable the easy incorporation of drugs and bio-compounds, and

delivery can be designed to be self-assembled or controlled.5,6 In the

central nervous system (CNS), astrocytes play a crucial role in the sur-

vival and growth, synapse formation, and maturation of neurons.7 Spi-

nal cord injuries (SCIs) often cause astrogliosis (astrocyte reactivity/

glial scars), characterized by cytokine secretion leading to inflamma-

tion, neurodegeneration, and apoptosis.7–9 Reactive astrocytes pro-

duce increased intermediate filaments like glial fibrillary acidic

proteins (GFAPs) and chondroitin sulfate proteoglycans (CSPGs).10,11

GFAP is exclusively present in astrocytes and serves as a marker for

the correct phenotype12 while, IL-6 is responding to infections and

injuries, modulating pathways could impact repair, inflammation.13

Glial scars, formed post-injury, have dual effects: positive ones such

as reconstructing the blood–brain barrier and protection against

external inflammation.10 However it also can create an inhibitory

microenvironment for neural recovery like promoting inflammation,

and apoptosis is associated with glial scars and continuing astrocyte

reactivity.14,15 Despite the absence of validated therapies for severe

neural injuries, promising research suggests potential avenues for

modulating glial scar and astrocyte reactivity to enhance neural

recovery.15–18

In this study lithium administrated via an engineered biomaterial

construct of GelMa-PGFs to assess its performance in response to

stimulated increased GFAP expression with primary astrocytes was

carried out. Lithium has been utilized as a treatment for various men-

tal disorders such as depression, bipolar disorder, and schizophrenia.

Studies also suggest that it may have a role in protecting neurons

from damage. Research has shown that therapeutic doses of lithium

have a positive effect, and it also has significant anti-inflammatory

properties by reducing the expression of pro-inflammatory cytokines

and chemokines.19–21 Lithium doping of bioactive glasses has been

previously shown to improve early-stage osseointegration and bone

remodeling in vivo.22 In parallel, Jin et al.23 have also reported that

lithium chloride enhances bone regeneration, and osseointegration

with implants in osteoporotic conditions in vivo on rats. Given the

encouraging results observed and the utilization of lithium in clinical

settings, the motivation behind incorporating lithium as a bioactive

material in this study is to explore its potential beneficial effects. The

objective is to investigate its incorporation into GelMA-PGFs, with

the aim of facilitating neural tissue engineering applications. Our pre-

vious study on phosphate glass fibers (PGFs) and GelMA has thor-

oughly characterized these two biomaterials for tissue engineering

purposes.24 The rationale for selecting GelMA as the foundational bio-

material for this construct lies in its tuneable mechanical properties as

well as biocompatibility with many types of cells. In this continuing

study, the aim was to determine GFAP and IL-6 expression in

response to lithium administration to LPS-stimulated reactive astro-

cytes cultured 3D into GelMA, GelMA-PGFs(Ti) and GelMA-PGFs

(Fe) hydrogels, as well as exploring in vivo biocompatibility of

GelMA-PGFs. The result of this work suggested that the combination

of bioactive phosphate-based glass fibers and lithium loading into

GelMA structures may help modulate GFAP expression and early IL-6

expression on primary astrocytes that have been cultured in 3D

GelMA and GelMA-PGFs hydrogels which have been exposed to LPS

to initiate their reactivity.

2 | EXPERIMENTAL

2.1 | Development of PGFs incorporated GelMA
Hydrogel (GelMA-PGFs)

GelMA was synthesized, in-house, as described in our previous work.24

A GelMA solution was prepared using 10 wt % in PBS and supplemen-

ted with 0.1% (w/v) lithium phenyl-2,4,6-trimethylbenzoylphosphinate

(LAP) photo-initiator and subsequently the pH of the polymer solution

was adjusted to 7.3 by using 1 M of HCl and/or NaOH. For the prepa-

ration of PGFs, the method was used as previously described in the

study by Ahmed et al. (2004)24,25 with two different formulations of

phosphate-based glasses as *50 P2O5–40 CaO–5 Na2O–5 Fe2O and

50 P2O5–35 CaO–10 Na2O–5 TiO2 (*number prefix of the oxides rep-

resent mol percentages) were designated as PGFs(Fe) and PGFs(Ti),

respectively. As previously described; the casting of PGFs structured

hydrogels was performed by placing a sterile fiber bundle into the bot-

tom of a low adherence 96-well cell culture plate (CellStar, Greiner Bio-

One, UK) and parallel aligned by using fine-tip tweezers. Thereafter,

100 μL of 10 wt % GelMA (including 0.1%[w/v] LAP) solution was

pipetted on top of PGFs (PGFs–GelMA ratio kept at 2% w/v

[mg/μL]).24 Following trypsinization pertinent cells (C6 or primary

astrocytes—R-HiAst-521) suspended in culture media (106 cells/mL),

10 μL of cell solution was subsequently mixed into the gels resulting in

a final cell concentration of 1000 cells per sample. The plate then was

gently shaken in a flat platform laboratory shaker for 5 min. Lastly, the

plate was taken to a UV chamber (XYZ Printing Model 3UD10, Taiwan,

UV LED λ 375–405 nm, 16 W) and photo crosslinked for 60 s. Then

the appropriate cell culture medium was supplemented, and in vitro 3D

cell culture was started at 37�C, 5% CO2, and humidified conditions.

The Molecular Probes® Neurite Outgrowth Staining Kit (A15001,

Invitrogen™, ThermoFisher Scientific, UK) kit was utilized to visualize

neurite outgrowth on unfixed live C6 cells that were 3D cultured into

GelMA and GelMA-PGFs hydrogels. Based on the supplier's instruc-

tions, the staining protocol was applied to unfixed live cells into

hydrogels and was imaged on a fluorescence microscope (Leica, DM

IRB, UK).

2.2 | In vivo biocompatibility of GelMA and
GelMA-PGFs Constructs

The in vivo biocompatibility was investigated by implanting the scaf-

folds subcutaneously under the skin tissue of Sprague–Dawley,
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healthy, male 5-week-old rats, the number of constructs implanted

per rat per time point was 4, and at 2 and 4 weeks of post-operation

samples, were harvested for immunohistology examination. The ani-

mals were cared for in separated cages under a controlled environ-

ment with food and water provided ad libitum following guidelines

approved by the Animal Care and Use Committee at Dankook Univer-

sity, Republic of Korea (DKU-21-031). Four replicates for each experi-

mental group of GelMA, GelMA-PGFS(Fe), and GelMA-PGFs(Ti) were

used for this study. The surgery was performed under general anes-

thesia using air inspiration with Isoflurane (Ifran solution,

South Korea). The dorsal area of skin hair was trimmed and disin-

fected with iodine and 70% ethanol solution. The samples were then

implanted in the subcutaneous pocket separately. The skin was

sutured with non-absorbable suture material (4–0 Prolene, Ethicon,

Germany). At predetermined time points of 2 and 4 weeks, animals

were euthanased by CO2 inhalation. The implants and surrounding tis-

sue with scaffolds were harvested and fixed in 10% neutral buffered

formalin for 24 h at room temperature (�19�C) and then wax embed-

ded. Histological sections were cut by a semi-automated rotary micro-

tome (Leica RM2245, Leica Biosystems, Germany), and 5 μm coronal

sections of the central area at the samples were prepared to coated

glass slides. The slides with tissue sections were deparaffinized and

hydrated through a series of xylene and graded ethanol solutions.

Stained with hematoxylin and eosin (H&E) was performed and images

were captured under a light microscope (IX71, Olympus, Japan).

For immunohistochemical staining (IHC), the tissue sections were

rehydrated and then heated with an antigen-retrieval solution of

0.01 M citrate buffer (pH 6) for 15 min at 95�C, followed by treating

DAKO blocking solution (Agilent, Dako) for 30 min, then incubated

with primary antibodies (CD3, Rabbit, ab16669, Monoclonal, Abcam;

and F4/80, Rat monoclonal, ab16911, Abcam) at 4�C overnight for

staining. For the secondary antibody binding, the slides were

incubated with secondary antibodies, including Rhodamine (TRITC)-

conjugated donkey Anti-Rabbit (Jackson, Lab. Inc., USA) and FITC-

conjugated goat Anti-Rat (NOVUS), for 1 h at room temperature

(�19�C), finally DAPI (Invitrogen) was used for counterstaining. The

images were taken under a confocal laser scanning microscope

(CLSM; Zeiss LSM 700, Germany) and analyzed with Image J.

2.3 | Growing primary astrocytes

Primary rat astrocytes named R-HiAst-521 were purchased from

Lonza (Catalog #: R-HiAs-521, Lonza, USA). To grow the primary

astrocytes the recommended media (Astrocyte Growth Medium Bul-

letkit® which contains 500 mL ABM™ (Astrocyte Basal Medium)

(CC-3187)) and AGM™ Singlequots® Supplement pack (CC-4123)

containing 15.0 mL FBS, 5.00 mL L-glutamine, 0.50 mL gentamicin,

0.50 mL ascorbic acid, 0.50 mL HEGF, and 1.25 mL insulin by the pro-

vider was used. Then cells were incubated for 4 h initially at 37�C, 5%

CO2 incubator to condition cells followed by changing media to fresh

pre-warmed medium. Every 4–5 days, 50% of the media was changed

with a fresh growth medium, and when cells were confluent, they

were subcultured and replated at a subculture ratio of 1:3.

2.4 | Determination of optimal concentration of
lithium and LPS in vitro—metabolic activity and LDH
assays

Prior to treating cells with lithium chloride and LPS, to determine the

safe concentration of lithium and the effect of LPS on cells, a range of

different concentrations of each were applied to R-HiAs-521 cells cul-

tured on 3D GelMA hydrogels. Both LPS and lithium were applied via

addition to culture medium with no serum supplementation. Different

lithium concentrations in the culture were adjusted by using 1 M LiCl2

stock solution that was premade in PBS (without Ca, Mg). Likewise, to

determine the noncytotoxic dose of LPS used in vitro, final concentra-

tions from 50 to 5000 ng/mL in the culture medium were tested. To

assess cell viability and cytotoxicity levels, metabolic activity analyses

with AlamarBlue and LDH assays (The CytoTox 96® Non-Radioactive

Cytotoxicity Assay, PromegaG1780) were used. These assays were

used according to the manufacturer's directions and the readout of

absorbance was recorded at 490 nm within an hour after adding the

stop solution using the Tecan Infinite M200 Plate reader. All test and

control groups were performed in triplicate.

2.5 | Lithium loading into GelMA hydrogels

LiCl2 (1 M) working stock solution of LiCl2 in PBS was filter sterilized

by using a 0.22 μm sterile syringe filter. Then, the calculated volume

to make the final lithium concentration of 1 mM LiCl2 in the gel solu-

tion was added and mixed into the desired amount of GelMA solution

(10 wt %) that was subsequently mixed with 0.1% w/v LAP. Since lith-

ium chloride makes the pH of the solution acidic, it was adjusted back

to pH 7.4. Finally, this solution (called GelMA/Li) was cast into

96-well plates with 100 μL of volume and photo-crosslinked for 60s

under UV (XYZ Printing Model 3UD10, Taiwan, UV LED λ 375–

405 nm, 16 W). Determining the release profile of lithium loaded into

the GelMA hydrogel structure, GelMA samples were soaked in deio-

nized water (DI) (GelMA/DI ratio was kept at 1:50 v/v) for 14 days

and for the time points of 1, 3, 5, 6, 7, and 14 days, the water was col-

lected for testing and replaced with fresh DI. For released lithium-ion

detection, ICP-OES (Agilent Technologies-Varian 720-ES, Santa Clara,

CA 95051, USA) was used and cumulative lithium release was plotted

with OriginPro.

2.6 | Immunofluorescence analysis

Briefly, primary R-hiAs-521 cells were cultured for 3D, in GelMA and

GelMA-PGFs hydrogels in the presence and absence of Li. Seventy-

two hours after cells were left to recover from LPS treatment, prior to

KESKIN-ERDOGAN ET AL. 3
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fixation samples were washed three times with ice-cold PBS and fixed

with 4% paraformaldehyde in PBS (pH 7.4) for 10 min at room tem-

perature (�19�C). Since the target protein of GFAP is intracellular, cell

permeabilization was done by incubating samples in 0.1% Triton

X-100 containing PBS for 10 min, then samples were washed with

fresh PBS three times for 5 min. Then, for blocking the unspecific

binding of the antibody, samples were incubated with 1% BSA,

22.52 mg/mL glycine in PBST (PBS containing 0.1% Tween 20) for

30 min. Then for primary antibody staining GFAP Astro (0.2 mg/mL)

(Mouse, IgG, Monoclonal antibody) diluted in 1% BSA in PBST in the

ratio of 1:100 to 1 μL/mL and applied to samples at a volume of

�250 μL, making sure to submerge the entire gels and incubated for

1 h at room temperature (�19�C) or overnight at 4�C. Afterward, the

solution was decanted, and samples were washed three times in PBS,

for a minimum of 5 min.

Following the wash, a secondary antibody Goat Anti-Mouse IgG-

H&L AlexaFlour (Green color, 2 μg/mL) in 1% BSA was applied to

samples and incubated for 1 h at room temperature (�19�C) in the

dark. Then, the solution was decanted, and samples were washed

three times with PBS for 5 min each in the dark. Finally, gels were

incubated for counterstaining in 300 nM DAPI (blue color, DNA stain)

and for 1–3 min, and Propidium Iodide (red color, 1 mg/mL) was

added and then rinsed with PBS. For confocal microscopy imaging

(Aurox, UK) with Visionary Software (Aurox, UK) was used and to pro-

vide prolonged and strong fluorescence, ProLong™ Gold Antifade

Mountant was applied to the gel sample prior to imaging. All images

were processed via ImageJ/FiJi software for color merging, scale bar

setting, and brightness adjustments.

2.7 | qPCR analysis

R-hiAs-521 primary astrocytes at passage 4 were seeded at a concen-

tration of 105 cells/scaffold into GelMA only as a control, and GelMA-

PGFs (Ti), GelMA-PGFs (Fe) with and without lithium loading (sample

coding details for this experiment were as presented in Table 1).

Following 36 h of initiation of 3D cell culturing apart from one

GelMA-only control group, each group was treated with 1 μg/mL LPS

for 24 h to stimulate in vitro LPS-mediated astrocyte reactivity and

elevation of inflammatory response. qPCR was run to verify the

upregulation of GFAP and IL-6 gene expression in 24 h with just

GelMA and GelMA/Li constructs. All groups were then further left to

recover in culture with replaced fresh media for a further 72 h to eval-

uate the effect of the presence of PGFs and Li on the downregulation

of GFAP expression. For the qPCR assay, a Cells to Ct kit (Ambion,

AM1728) was used per the manufacturer's protocol. This kit does not

require steps for RNA isolation for cDNA acquisition as it provides

the appropriate reagents for direct cDNA extraction from cells. As

cells were 3D cultured in a hydrogel to release the cells from the

hydrogel network, prior to using this kit, standard trypsinization was

applied with the modifications of extended time and use of collage-

nase and mechanical disruption of the scaffold. Briefly, following

media removal, samples were robustly washed with PBS (without Ca,

Mg) five times, until the pink media color staining in the gels had

faded significantly. Then the gel samples were cut into small pieces

with the tip of a sterile spatula to increase the surface area for the

enzyme mix. Then, 0.25% Trypsin/EDTA solution mixed with 0.5 mg/

mL collagenase (>125 CDU, from Clostridium histolyticum, Sigma)

was applied 200–250 μL to each group and incubated over 15 min in

a 37�C incubator. The population of detached cells was observed

under an inverted light microscope (Olympus CK2, UK) the complete

degradation of gels was not completed since this would take longer

which then may cause other changes in the cells. Cells were counted

using a hemacytometer and 1000 cells from each sample and to

remove genomic DNA during cell lysis, prior to starting the lysis,

DNase I was diluted in the lysis solution (1:100) and 50 μL of lysis

solution was used. All samples were taken to further steps for RT-

PCR, and a thermal cycler (PTC-100219 Programmable Thermal Con-

troller MJ Research, Inc., Canada) was used to obtain cDNA.

cDNA was prepared for qPCR with Gene expression assays tar-

geting each candidate gene for GFAP and IL-6 and were purchased

from ThermoFisher Scientific TaqMan. A real-time PCR instrument

(Applied Biosystems 7300 Real-Time PCR System) was programmed

to (2 min at 50�C, 10 min at 95�C, and 40 PCR cycles for 15 s at

95�C). The primer markers used were all from TaqMan® Gene Expres-

sion Assays (ThermoFisher, Scientific, UK) for this experiment were

GFAP (Build 6.0 Rat Chr.10: Rn00566603_m1, Rattus norvegicus glial

fibrillary acidic protein (GFAP), mRNA, NCBI Reference Sequence:

NM_017009.2), and IL-6 (Build 6.0 Rat Chr.4: 221 Rn01410330_m1,

Rattus norvegicus interleukin 6 (IL-6), mRNA, NCBI Reference

Sequence: NM_012589.2). The housekeeping gene was GAPDH

(Build 6.0 Rat Chr.4: Rn01775763_g1, R. norvegicus glyceraldehyde-

3-phosphate dehydrogenase (GAPDH), mRNA, NCBI Reference

Sequence: NM_017008.4). The analysis involved viewing the amplifi-

cation plots for the entire plate, setting the baseline and threshold

values, and using comparative cycle threshold (Ct) values. In order to

compare multiple samples, one of the samples, which was GelMA only

with no LPS treatment, was chosen as the calibrator, and the expres-

sion of the target genes (GFAP and IL-6) in all other samples is

expressed as an increase (up-regulated) or decrease (down-regulated)

relative to the calibrator. To determine relative quantification, all Ct

values of targeted genes of the samples were normalized to a refer-

ence gene (GAPDH in this work). For determining the expression level

TABLE 1 Samples details have been used in qPCR and IF
analyses.

Sample code LPS Lithium

1. GelMA (only) control � �
2. GelMA (only) + �
3. GelMA-PGFS(Ti) + �
4. GelMA-PGFs(Fe) + �
5. GelMA/Li + +

6. GelMA/Li-PGFs(Ti) + +

7. GelMA/Li-PGFs(Fe) + +

4 KESKIN-ERDOGAN ET AL.
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of the gene of interest in the test sample relative to the calibrator

sample, as a widely chosen method, Livak's method (2�ΔΔCt)

was used.

2.8 | Statistical analyses

The data are “mean” ± SD and all the graphs were produced on Origi-

nPro 2021. For statistics, normality was checked first by using the

Kolmogorov–Smirnov test, and when only the data cannot reject nor-

mality parametric ANOVA with post hoc tests of Tukey's and Bonfer-

roni's, were used. All the error bars represent ± standard deviation.

The p values were taken as an indicator of significant difference as fol-

lows *(p < .05) and **(p < .01) ***(p < .001).

3 | RESULTS

Enzymatic accelerated degradation tests for biomaterials are often

carried out in vitro to evaluate the stability and enzymatic degradabil-

ity performance of biomaterials by using MMP enzymes. An acceler-

ated degradation run with collagenase showed that the half-life of

GelMA only was 1.8 h, and for GelMA-PGFs hydrogels it was 1.2 h

(Figure S1). Optical images were added to the accelerated degradation

plot from gels to show the physical appearance of gels over the

course of the degradation experiment. After 2.5 h, all gels were

degraded, and for GelMA-PGFs samples, only PGF bundles remained.

As biomaterials, both GelMA and PGFs have been proven to be biode-

gradable in vivo.26–28 It was determined that due to the presence of

PGF bundles in GelMA that interrupt the physical integrity of the

hydrogel and increase the surface area of the substrate for

the enzyme, a decreased half-life for GelMA-PGFs (Fe and Ti) has

been recorded.

To explore the in vitro biocompatibility of the PGF constructs, the

astrocytes were cultured in the scaffolds for up to 14 days through

viability and cell membrane integrity, a fluorescence staining kit

(Neurite Outgrowth Staining Kit, Invitrogen, A15001) has been used.

In Figure 1, fluorescence images were taken from GelMA, GelMA-

PGFs(Fe), and GelMA-PGFs(Ti) hydrogels at day 14, cells were cul-

tured in 3D; hence they are in different layers within the hydrogel

network. Cell viability indicated by the green color and membrane

integrity and extension with red color have been observed. The red

color represents membrane integrity and stains the whole membrane

of neural cells while green and blue are live cell indicators. Cells that

were cultured in GelMA-PGFs(Ti) have shown a relatively stronger

intensity of cell membrane stain of neurite outgrowth red fluores-

cence (Figure 2).

Histological examination of H&E stained samples after 2 and

4 weeks of implantation showed that all the implanted samples gave

rise to some inflammatory cells and infiltrated blood cells. At 2 weeks,

the thickness of the fibrous capsule was observed to be in the order

GelMA < GelMA-PGFs(Fe) < GelMA-PGFs(Ti), but it became less thick

and denser around the gel scaffolds overtime at 4 weeks. Immunohis-

tochemistry staining using F4/80 and CD3 markers showed that

F IGURE 1 Visual summary of the experimental procedures in the study.

KESKIN-ERDOGAN ET AL. 5
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GelMA and GelMA-PGFs(Fe) groups expressed higher levels of F4/80

and CD3, but the fibrous capsule was thinner than that of GelMA-

PGFs(Ti). On the other hand, the GelMA-PGFs(Ti) group showed

lower levels of F4/80 and CD3 expression, but the fibrous capsule

was thicker. After 4 weeks, the expression of F4/80 and CD3

decreased in the GelMA and GelMA-PGFs(Fe) groups, but it increased

in the GelMA-PGFs(Ti) group. Overall, GelMA appeared to be more

compatible than the other groups, showing a thinner layer of fibrous

tissue and a decrease in macrophage and foreign body reaction

over time.

Different concentrations of lithium, ranging from 1 mM to

10 mM, were tested to observe their impact on 3D cultured astro-

cytes within GelMA hydrogels. The metabolic activity and cytotoxicity

results were recorded for up to 7 days using the Alamar Blue meta-

bolic activity and LDH methods, respectively. The findings have

shown that the introduction of lithium via GelMA hydrogels was less

harmful than direct application via culture media. This was inferred

from the insignificant difference in metabolic activity results of all

lithium concentrations with the control, even at 10 mM (Figure 3). In

contrast, the levels of LDH release were found to be associated with

higher concentrations of lithium, as shown in Figure 4. LiCl2 tends to

lower the pH to below neutral levels, but when combined with GelMA

solution, the pH was adjusted to 7.4.

Experiments with varying concentrations of LPS between 5 μg/

mL and 50 ng/mL (5000, 1000, 500, 100, and 50 ng/mL) to investi-

gate their effects on the metabolic activity and cell death of primary

astrocytes have shown that on the first and third day of the experi-

ments, a moderate increase in metabolic activity with increasing LPS

concentrations compared to the control group (no LPS applied astro-

cytes cultured into GelMA) was seen as shown in Figure 4. This may

be associated with the triggered activity of astrocytes since there was

no significant increase in LDH release (Figure 3), thus, there was no

significant cell death initiated with LPS treatment. Based on the 3D

network structure of hydrogels and their ability to act as a barrier

membrane to slow down release29 may create a supportive encapsu-

lating environment for 3D cultured cells, it is believed that a higher

F IGURE 2 Fluorescent images taken at D14 belong to GelMA, GelMA-PGFs(Fe), and GelMA-PGFs(Ti) hydrogels, respectively, in row order.
The red stain is for cell membrane, and the green indicates cell viability since the green color was not stable. Supplementary Hoechst
counterstaining applied as the live-cell indicator. Scale bars 200 nm.
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concentration of LPS may be required to trigger astrocyte reactivity

in vitro.

Maximum cell death was observed via LDH results after 48 h,

with 10 mM of lithium loaded into GelMA which has been found to

be significantly lower than the negative control which represents LDH

number of lysed cells (p < .001) but was not significantly different

from control group which did not have lithium added (p < .05). The

lowest LDH amount was obtained with the 1 mM of lithium loaded

group and this group has shown improved metabolic activity results

on cells in vitro (Figure 4) in early culture periods (D1 and D2) so that

for the future experiment this lithium concentration of 1 mM was

chosen and which has also been found to parallel related works in the

field.20,30,31

The release of lithium from GelMA hydrogels was analyzed by

immersing them in ultrapure water for 2 weeks, after being loaded

with a 1 mM solution of LiCl2. The cumulative release of lithium was

monitored by using fresh UPW at every time point, and the results

were plotted and shown in Figure 4. It was observed within the first

3 days lithium was released, with a maximum concentration of

0.80 ppm. Subsequently, there was only a small amount of lithium

released over the next 2 weeks, indicating that the GelMA hydrogels

could maintain lithium within its structure in cells cultured 3D within

the gels.

The effects of lithium and PGFs(Fe) on GFAP and IL-6 expression

in astrocytes were investigated. The results showed that the presence

of lithium increased GFAP expression more than LPS alone in the first

24 h. However, IL-6 expression was moderately downregulated in the

presence of lithium, but this was not statistically significant (p > .05).

The potential anti-inflammatory effect of continuous release of lith-

ium might be investigated further. From the results, it can also be

speculated that when different concentrations of PGFs(Fe) and lith-

ium in the GelMA structure are optimized, modulation of increasing

GFAP levels is plausible for future studies.

GelMA-PGFs(Ti) has shown significantly increased IL-6 expres-

sion at 24 h (Figure 4) considering this lithium by itself may have

helped to modulate this response with decreased values seen for

GelMA+PGFs(Ti) (“+” represents lithium presence).

After 72 h of recovery incubation with fresh growth media, a sec-

ond qPCR run was performed to assess the recovery from LPS-

induced increased GFAP expression. The results suggested that GFAP

levels were more moderate than the initial 24 h results with groups

that included lithium, the fold change in GFAP expression for the

GelMA-PGFs(Fe) group was shown to not have a statistically signifi-

cant decrease compared to other experimental groups (p = .07)

(Figure 5). Unfortunately, the expression level of IL-6 at 72 h was

undetermined, as the Ct values were too high, and the raw data

exported showed “undetermined.” Therefore, IL-6 expression at 72 h

was not presented in the results.

In order to visualize primary astrocytes cultured in 3D in GelMA,

GelMA-PGF samples GFAP unconjugated mouse IgG (0.2 mg/mL),

F IGURE 3 H&E and IF images of tissue sections for GelMA and GelMA-PGFs samples harvested 2 and 4 weeks after transplantation (Scale
bars 100 μm and applies IF images and 300 μm for all H&E images seen) (“G” is for where GelMA and GelMA-PGFs samples implanted and “M”
is for muscle tissue) F4/80-Green (macrophage marker) and CD3-Red (T-cell co-receptor) DAPI- Blue (Counter-stain for nuclear double-
strained DNA).
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monoclonal primer antibodies have been utilized. Secondary antibody

of Alexafluor-488 conjugated goat anti-mouse IgG, H&C has been

used along with DAPI and PI counterstains. The resulting fluorescent

images can be seen in Figure 6.

The first and second images of Figure 6 show that treatment with

LPS has led to increased expression of GFAP, which is consistent

with the results of qPCR. Among groups without lithium, GelMA-

PGFs(Ti) showed the highest level of GFAP expression, while GelMA-

F IGURE 4 Alamar Blue-Metabolic activity results; five different concentrations of LPS treated via addition into growth media after cell-
seeded into GelMA (n = 3, One Way ANOVA p < .05) LDH release to media over time from cells cultured into GelMA hydrogels and treated with

LPS in growth media with increasing concentrations, positive control was GelMA only (no LPS), and negative control (lysed cells) was cells lysed
45 min prior to LDH assay (n = 3, One way ANOVA, ***p < .001) ICP-OES results cumulative profile of detected lithium release to water from
GelMA hydrogels over time (n = 5, error bars: SD).
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PGFs(Fe) showed the lowest. The presence of lithium in combination

with PGFs, and possibly due to the release of (Fe) and (Ti) ions during

the degradation of phosphate glass fibers, has resulted in a decrease

in the expression of GFAP, as evidenced by reduced green fluores-

cence in GelMA/Li-PGFs(Fe) and GelMA/Li-PGFs(Ti) compared to

those without lithium (Figure 6).

F IGURE 5 Relative expression of GFAP and IL-6 in 24 and 72 h for primary astrocytes cultured into GelMA, GelMA-PGFs, and GelMA/Li-
PGFs hydrogels at 24 and 72 h under the stimulation of LPS. (Control: GelMA only no LPS stimulation, see in Table 1, n = 3, error bars: SD,
OneWay ANOVA, ns, p < .05).

KESKIN-ERDOGAN ET AL. 9
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4 | DISCUSSION

SCIs have complex pathophysiology following primary injury, so pro-

moting regeneration cannot be achieved through a single drug or

recovery procedure. Rather, multiple approaches may be necessary

for an achievable repair.32 Engineered biomaterials for functional

recovery in the CNS can play a vital role in treatment designs and

developing tissue constructs that provide the capability to promote

directionality within the neural site for aligned axonal regeneration as

well as leading to manageable inflammatory response and modulated

glial scarring is desired.

As previously shown by our previous work,24 developed GelMA-

PGF constructs that can provide directionality growth for glial cells. In

the work presented here, the same constructs have been investigated

for in vivo biocompatibility and show manageable immune responses

in a rat subcutaneous implant model.

Though the in vivo results are limited in the presented work in

terms of the ultimate target tissue that the construct is designed for,

as shown with the subcutaneous rat model which has obviously envi-

ronmental and vascular differences compared to the spinal cord

milieu, it is believed that results give a broad understanding of feasibil-

ity of the materials and host response to the GelMA-PGFs constructs

for future translational for CNS applications.

Titanium dioxide containing PGFs has shown intensified neural

growth (red channel) in Figure 2 in this study that may merit further

attention for future studies in neural tissue regeneration studies as

previously reported33 their work demonstrated titanium dioxide

when used as a substrate for neural cells showed increased the neu-

ral growth. Additionally, recent research34 revealed a significant

improvement in neurite outgrowth when TiO2 was employed in

nanoparticle form with PC12 cells in vitro. The results from our study

can be correlated with these existing findings offering insights for

F IGURE 6 Immunofluorescence images were taken on confocal on 72 h of recovery after 24 h of LPS treatment (green: GFAP, blue: DAPI,
red: PI) for the samples of a) GelMA only (no LPS), b) GelMA(+LPS), c) GelMA-PGFs(Fe) (+LPS), d) GelMA-PGFs(Ti) (+LPS), and lithium-loaded

samples of e) GelMA only/Li (+LPS), f) GelMA-PGFs(Fe)/Li (+LPS) and g) GelMA-PGFs(Ti)/Li (+LPS). Scale bars:100 μm.
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potential future applications of titanium dioxide-containing bioactive

materials.

Furthermore, in this work, to evaluate and improve bioactivity in

terms of modulating inflammation and glial scar formation in SCIs the

preliminary basis of introducing lithium to GelMA hydrogel constructs

via lithium chloride loading has been explored by aiming to show its

potential to mitigate inflammatory response and astrocyte reactivity

on in vitro LPS stimulated primary astrocytes.

At high dosages, lithium can cause severe and debilitating side

effects, but it can also function as a nutrient, transporting and absorb-

ing vitamins B12 and folate, modulating neurotransmission, and acting

on a variety of biochemical processes. There are numerous studies

that show lithium can stimulate the proliferation of neural and stem

cells.35–37 There has been a substantial body of research to suggest

that lithium therapy has the potential as a treatment for a variety of

neurological disorders, including traumatic brain injury (TBI), Alzhei-

mer's disease, Parkinson's disease, amyotrophic lateral sclerosis (ALS),

chronic pain, mercury toxicity, depression/anxiety, alcoholism, and

drug addiction.38–40 In other respects, toxicity from lithium is likely to

be observed when the serum concentrations reach above 1.5 mM and

above values since the safe and therapeutic dosage interval of lithium

levels have reported as 0.6–1.2 mM.37 Thus, regarding the utilization

of lithium, its release profile, method of application, and concentration

to use as a compound for regenerative medicine applications should

be well defined prior to use. Estrado et al. (2013) have reported lith-

ium has shown significant amelioration in the disease pathology and

rescued memory impairments in a mouse Alzheimer's model.41 Li

et al.19 have reported that lithium exerts potent anti-inflammatory

effects in vivo by reducing the expression of pro-inflammatory cyto-

kines and chemokines.19 Additionally, lithium stimulates T cells

(Ohteki et al., 2000) and enhances the survival of neural stem

cells.42,43 Thus, lithium has many advantageous effects that make it

potentially a good candidate for neuro-regeneration for spinal cord

injury applications. When taken orally (0.6–1.2 mmol/L for 6 weeks)

in patients with chronic SCIs, lithium has been found effective in deal-

ing with neuropathic pain even though it has not shown any signifi-

cant changes in functional outcome and neurological classifications.44

In addition, though it was not significant with the performed set

of experiments, it has shown relatively decreased GFAP expression in

primary astrocyte cultures in vitro with GelMA-PGFs(Fe) constructs.

In the long term, when optimized thoroughly, lithium loading in the

GelMA structure may help with axonal regeneration by modulating

glial scar tissue formation.

Furthermore, Li et al.20 have also worked on the effect of lithium

on LPS-induced astrocyte reactivity specifically on the inhibition of

Toll-Like Receptor 4 (TLR4) which is attributed to inflammatory

responses, and they have found that application of 1 mM LiCl2 to

in vitro LPS stimulated astrocytes, have ameliorated TLR4 expression

and downregulated IL-6 and TNF-a production.20 The results from

this work also support their results in terms of decreased gene expres-

sion levels of IL-6 with lithium-loaded hydrogels (Figure 4) which has

shown a 2.5-fold change of relative expression. However mechanistic

details have not been determined. Acaz-Fonseca et al. (2019) have

also established a model of reactive astrogliosis by exposing primary

cortical astrocytes to 500 ng/mL LPS for 24 h and found that this

stimulation has also shown enhanced expression of two of the main

pro-inflammatory factors released by reactive astrocytes which are

cytokine IL-6 and chemokine IL-10.45 On the contrary in this work

due to the polymeric network structure of 3D hydrogels compared to

direct exposure of LPS to monolayer cultures, 500 ng/mL LPS applica-

tion for 24 h has not resulted in significantly increased reactivity with

primary astrocytes so that higher concentration of LPS of 1 μg/mL

were examined and resulted in higher stimulation and overexpression

levels of GFAP.

Morphological and physiological changes in astrocytes are often

described as ‘astrogliosis’ or ‘reactivity of astrocytes’, which are usu-

ally associated with an increase in the GFAP protein and cellular

hypertrophy, which may or may not be associated with cell prolifera-

tion.21,46,47 The confocal images obtained in this study have revealed

morphological changes in primary astrocytes grown on GelMA/Li with

LPS-positive samples, as demonstrated in Figure 5. Specifically, these

cells exhibited an elongated morphology with cell bodies and tendrils

(pointed with arrows in Figure 5). However, it is important to note

that reactive astrogliosis can have both deleterious and beneficial

effects, depending on the context.7 Previous research by Seidlits et al.

(2010)48 showed that astrocytes grown on hydrogels expressed lower

levels of GFAP compared to those grown on glass coverslips, which

exhibit a reactive phenotype. This suggests that astrocytes cultured in

a 3D environment may be in a more quiescent state.48

5 | CONCLUSION

This work contributes to neural tissue engineering applications, with

the successful development and in vitro and in vivo characterization

and performance of two different inorganic and organic biomaterial-

based constructs. The presence of PGFs aligned in GelMA structure

has significantly improved the directional growth with glial cells previ-

ously, besides increasing the total stiffness of the constructs in com-

parison with the very soft GelMA-only scaffolds. Following this,

in vivo biocompatibility results have shown that GelMA-PGFs

(Fe) construct shows better performance as well as an ability to modu-

late glial scarring over GFAP regulation and in vivo biocompatibility via

histological analyses. The study also sought to assess the effect of

lithium on reactive astrocytes presented via loading within GelMA-

PGFs constructs. The safe dose of 1 mM lithium as determined from

experiments was used and the results showed a relatively reduced

fold change in the expression of IL-6 but were unable to prove the

hypothesized amelioration in LPS-induced in vitro astrocyte reactivity

over GFAP expression level. However, it can be speculated that when

further investigations on presentation, concentration, and release of

lithium are done this may help with axonal regeneration by reducing

glial scar tissue formation. Moreover, it is also worth investigating for

future studies that the feasibility of introducing lithium via glass fibers

as in incorporating lithium directly into phosphate glass formulation

which could provide delivery of lithium in a more controlled manner
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and construct development will be simplified for further translational

studies.
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