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A B S T R A C T

Acromegaly is a challenging medical condition that arises from the excessive production of growth hormones and
the insulin-like growth factor 1 in the pituitary gland. While surgery is the primary treatment for acromegaly,
medication is increasingly being used in patients who are unsuitable for surgery or have experienced treatment
failure. Despite advancements in medical and surgical therapies, the treatment of acromegaly remains chal-
lenging. In this research, a three-dimensional (3D) in-vitro cell culture model for pituitary adenoma research was
developed using hydrogel fiber meshes (HFMs) and GH3 cells. Electrospun nanofibers based on polyvinyl alcohol
and polyacrylic acid were converted into HFMs by hydrogelification with the leaching of electrosprayed cellulose
acetate beads for porosity enhancement. GH3 cells grown in the 3D model exhibited increased dispersion and
upregulation of the somatostatin receptor subtypes 2 and 5 compared to those grown in traditional 2D cultures, as
well as high sensitivity to somatostatin analogs and tumor-like profiles (as indicated by functional assays and
transcriptome analysis, respectively). Therefore, the proposed 3D model accurately represents the physiological
response to pituitary-adenoma therapeutic agents. This study highlights the potential of HFMs as a versatile
platform for 3D in-vitro cell culture models that can be employed for pituitary adenoma research. Moreover, the
proposed 3D cell culture model may contribute to a deeper understanding of tumor biology and facilitate the
development of effective therapeutic strategies for acromegaly.
1. Introduction

Acromegaly is a medical condition that occurs due to the over-
production of the growth hormone (GH) and insulin-like growth factor 1
(IGF-1) by pituitary GH-secreting adenoma [1]. Excessive GH secretion
leads to a range of physical and metabolic complications including car-
diovascular disease, diabetes, and malignancies, which significantly in-
fluence the overall human health [2,3]. Untreated acromegaly can
significantly increase the risk of mortality [4]. The first-line treatment for
acromegaly involves the transsphenoidal/ethmoidal surgical resection of
the pituitary adenoma followed by adjunctive radiotherapy and/or
pharmacological intervention, to ensure the adequate control of GH and
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IGF-1 levels [4]. Despite recent advances in the medical and surgical
treatment of patients with acromegaly, their management remains
associated with significant challenges. Permanent cure or sustained
biochemical control after surgical intervention is not observed in a sub-
stantial proportion of patients (less than 65% of patients exhibit optimal
results); furthermore, the success rate decreases to ~45% in patients
treated with the first-generation somatostatin receptor ligands (SRLs)
[5].

The treatment and management of treatment-resistant acromegaly is
extremely challenging. The absence of an appropriate drug-screening
model significantly limits the treatment of patients with drug-resistant
acromegaly. The GH3 somatotropic cell line (GH3 cells) that is derived
from the pituitary tumor of a female rat has been widely used for in-vitro
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Abbreviations

PVA polyvinyl alcohol
PAA polyacrylic acid
CA cellulose acetate
OCT octreotide acetate
PAS pasireotide
SSTR somatostatin receptor
PDL: poly-D-lysine
SEM scanning electron microscopy
TEM transmission electron microscopy
GH growth hormone
NFM crosslinked electrospun fiber mesh
HFM hydrogel fiber mesh
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studies of the somatostatin system and GH secretion [6,7]. However, the
investigation of pituitary disease with this cell line is associated with
several limitations [8,9]. First, similar to the SH-SY5Y neuroblastoma cell
line, GH3 cells comprise loosely adherent cells with clusters of freely
floating cells [7,10,11]. As both the adherent and floating GH cells are
viable, it is vital to consider the characteristics and drug responses of both
cell types during in-vitro assays. Second, GH3 cells exhibit a low response
to somatostatin analogs (i.e., drugs that are widely used for acromegaly
treatment). Octreotide acetate (OCT) and pasireotide (PAS) are common
somatostatin analogs; neither OCT nor PAS significantly reduces GH
secretion in GH3 cells after 24 h of exposure. Moreover, these drugs are
ineffective in suppressing GH3 cell-induced angiogenesis as observed in
an in vitro zebrafish embryo model [7].

Recent studies indicate that three-dimensional (3D) cell culture
methods exhibit superior performance compared with traditional two-
dimensional (2D) cell culture methods [12–14]. As shown in Fig. 1a
and b, 3D cell cultures can be used to create organ-like structures with
microenvironments that accurately emulate the physiology of target or-
gans [15,16] or provide mechanical cues for cell behavior regulation
[17–20]. Moreover, this novel technique exhibits high potential for the
development of in-vitro models that closely mimic pituitary tumor
physiology for drug screening applications [21,22]. Zhang et al.
attempted to develop a pituitary tumoroid model from human pituitary
corticotroph tumor cells using a two-step culture system based on 3D
Matrigel culture and subsequent expansion in a spinner flask [21].
Although their paper reports the maintenance of adrenocorticotropic
hormone (ACTH) secretion in a corticotroph-tumor model for more than
two passages, it does not contain functional studies on growth hormone
regulation [21]. Similarly, Krokker et al. proposed a 3D cell culture
model based on RC-4B/C and GH3 cells for somatotrophic tumors.
Although they engineered a 3D culture model comprising spheroids
(cultivated using spheroid-inducing media within Matrigel), they did not
use the proposed pituitary-tumor model for hormonal studies [22].
Additionally, both the aforementioned models are based on Matrigel,
which exhibits considerable inter-batch variability and lacks physical
and biochemical controllability. These factors hinder the fine tuning of
the extracellular matrix (ECM) (which promotes specific cellular
behavior with targeted biological outcomes), making the models un-
suitable for imaging studies [23].

Therefore, it is vital to develop new 3D cell culture models as a reli-
able platform for studying pituitary somatotroph cells. This is particu-
larly pertinent in emulating the ECM of pituitary adenomas, which
predominantly comprise type I and type III collagen [24,25], character-
ized by their fibrous structure. This insight corresponds to advances in
tissue engineering, where fibrous scaffolds are increasingly recognized
owing to their ability to mimic in vivo-like environments and facilitated
interactions with cells. In contrast to flat bulk hydrogels, the diverse
impacts of fibrous scaffolds are primarily attributed to mechanosensing
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and directional guidance for cellular growth along the fibers [26].
Consequently, cells on fibrous scaffolds typically demonstrate uniaxial
growth, and their migration rate and/or spread area vary depending on
the modulus of individual fibers. Moreover, as cells can exert forces on
individual fibers, the dynamic interplay between cells and fibers gives
rise to unique behaviors, for instance, slingshot migration of cells with
stretching and recoiling of fibers or recruitment of fibers by contraction
of adherent cells, which are not typically observed in conventional bulk
hydrogels used in 3D cell cultures [27,28]. From this perspective, in
principle, it is possible to develop 3D-culture pituitary somatotroph
models using GH3 cells and electrospun nanofibrous meshes. Typical
electrospun polymer nanofibers, however, exhibit optical scattering that
impedes clear microscopic imaging, mechanical stiffness that is unfa-
vorable for cell culture, and limited cell infiltration owing to small pores
[29]. Therefore, several strategies have been proposed to overcome the
abovementioned issues related electrospun nanofiber meshes (NFMs),
particularly, to increase porosity in solid nanofiber scaffolds. According
to a report by Benjamin et al., femtosecond-laser ablation produced
uniform pores on electrospun fiber meshes by promoting cell infiltration
[30]. A paper by Mahesh et al. demonstrated the construction of mac-
roporous NFMs by a gas-foaming technique [31]. Ice-crystal templating
during the electrospinning of hydrophobic polymers, a technique labeled
cryogenic electrospinning, was also used to produce highly porous
polymer meshes [32–34]. Nonetheless, there exist very few reports on
nanofiber-based scaffolds with not only large porosity but also mechan-
ical softness and optical transparency so that they can effectively emulate
realistic biological tissue environments.

In this study, highly porous hydrogel fiber meshes (HFMs) based on
polyvinyl alcohol (PVA) and polyacrylic acid (PAA) were developed.
Subsequently, their applicability as 3D cell culture models for pituitary
adenoma research was investigated using GH3 cells. Previous studies
report the utilization of specialized equipment to enhance the porosity of
electrospun nanofiber meshes. On the contrary, in this study, cellulose
acetate (CA) microbeads were incorporated into electrospun PVA/PAA
nanofibers by the concurrent electrospraying to impede the stacking of
nanofibers. Electrospun PVA/PAA nanofibers were converted into HFMs
by PVA-PAA thermal crosslinking, followed by concentrated sulfuric acid
(c-H2SO4) treatment (hydrogelification) [35,36] followed by the selective
leaching of electrosprayed CA microbeads. This procedure generated
highly porous HFMs with a large surface area for cell adhesion and
growth in order to mimic native ECMs. Notably, PVA are partially
sulfated during the concentrated sulfuric acid treatment, which is known
as favorable for cell adhesion [37]. Therefore, the porous HFMs can also
serve as a bioactive fibrous scaffold, while the high porosity of the HFMs
can facilitate the effective mass transfer of essential nutrients, oxygen,
and other soluble biological factors that are crucial for cell survival and
function. In this study, the physiological characteristics of the proposed
3D cell culture scaffold and cellular responses to somatostatin analogs
were investigated. Furthermore, the molecular signature of the new 3D
cell culture model was analyzed by comparing the transcriptomes of GH3
cells cultured in 3D and 2D environments. Comprehensive analysis en-
ables an in-depth understanding of the cellular and molecular mecha-
nisms underlying the functions of the proposed HFM-based 3D cell
culture model.

2. Results

2.1. Fabrication of porous HFMs for 3D cell culture

The growth pattern of GH3 cells in 2D cell cultures (in flat Petri
dishes) indicates two distinct modes of cell growth that form adherent
cells (Fig. S1a) and floating clusters (Fig. S1b) which is consistent with
the previous literature18. Fig. 1b and c shows how HFMs are prepared in
this study which was used as 3D cell cultures for GH3 cells. The HFMs
were fabricated by the thermal annealing of electrospun PVA/PAA NFMs
with electrosprayed CA microbeads (d ~11.3 μm) for crosslinking



Fig. 1. Synthesis and characterization of porous hydrogel fiber meshes (HFMs) that mimic the pituitary gland.
Schematic illustrations of (a) the pituitary gland, (b) a conventional 2D-culture model based on a flat tissue-culture plate, and (c) a 3D-culture model based on a highly
porous HFM containing GH3 cells that mimics hormone-secreting tissue. (c) Fabrication procedure for the HFM. First, PVA/PAA nanofibers are electrospun and CA
microbeads are electrosprayed. Next, thermal annealing is used for chemical crosslinking. Finally, concentrated sulfuric acid (H2SO4) is used for hydrogelification and
CA leaching. (d) Proposed mechanisms for the sulfation of cross-linked PVA/PAA and decomposition of CA on concentrated H2SO4 treatment. Plots of the (e) average
fiber diameters and (f) void fractions of the nanofiber mesh (NFM; before H2SO4 treatment) and HFM (after H2SO4 treatment). For statistical validation, a two-tailed
unpaired Student's t-test is used. *P < 0.05 and ****P < 0.0001. (g) Photographs of the electrospun PVA/PAA nanofibers and electrosprayed CA microbeads: (i) as-
prepared, (ii) after immersion in water, and (iii) after hydrogelification. The insets show (i) the SEM image of dry sample and (ii), (iii) laser scanning confocal
microscopy images of wet samples. Scale bars denote 1 cm (black) and 5 μm (white). Each error bar represents the mean standard deviation.

W. Jeong et al. Smart Materials in Medicine 5 (2024) 281–290
followed by treatment with concentrated sulfuric acid. Fig. 1c and
d shows that the cross-linked PVA/PAA nanofibers remained stable under
concentrated H2SO4 treatment, whereas, the CA microbeads were
leached out by forming highly porous and swollen HFMs with sulfate
groups [36,38]. As shown in Fig. 1e, the average fiber diameter of the
HFM (1.77 μm) was larger than that of the NFM (1.38 μm) owing to the
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water-absorption capacity of sulfate groups in the former. Furthermore,
the HFM shows a larger void fraction (i.e., higher porosity) than the NFM
which did not undergo concentrated H2SO4 treatment. This is because
the interfiber spacing in the former was enlarged by CA-microbead
leaching (Fig. 1f). Fig. 1g shows photographs of the bulk electrospun
PVA/PAA NFMs with CA microbeads before and after hydrogelification
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(HG). In these images, the NFM with CA microbeads appears white and
opaque; individual fibers and microbeads are distinguishable in the
corresponding scanning electron microscopy (SEM) image (Fig. 1g (i)
and inset). After immersion into water, the NFM with CA microbeads
appears translucent, possibly, because the CA microbeads are hydro-
phobic (Fig. 1g (ii)); additionally, individual fibers and microbeads
remain discernible, as confirmed by laser scanning confocal microscopy
(Fig. 1g (ii) inset). After dipping into concentrated H2SO4 and water
rinsing (i.e., hydrogelification), the PVA/PAA nanofibers transformed
into a hydrogel with no CA microbeads by forming a transparent and
enlarged HFM sheet (Fig. 1g (iii) and inset).

To modulate the HFM porosity, three types of HFM samples were
fabricated by varying the concentration of the PVA/PAA precursor so-
lution used for electrospinning and the inclusion of CA microbeads
(average diameter: 1.73 μm). For analysis, HFM samples with small and
large average fiber diameters (with average swollen-fiber diameters of
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1.07 and 1.77 μm, respectively) were fabricated. The three synthesized
HFM samples were labeled the following (according to the relative
concentration of PVA/PAA and presence/absence of CA): (i) V-A-8-2
(small PVA/PAA nanofibers without CA microbeads), (ii) V-A-12-3 (large
PVA/PAA nanofibers without CA microbeads), and (iii) V-A-12-3-CA
(large PVA/PAA nanofibers with CA microbeads). Figs. S2a–c show SEM
images of these samples before hydrogelification and laser confocal mi-
croscopy images after hydrogelification with diameter comparisons.
Among all the samples analyzed, V-A-12-3-CA exhibited the largest void
fraction (>60%) (Fig. S2d). Moreover, the concentration of H2SO4
significantly affects CA-microbead removal and PVA/PAA-nanofiber
hydrogelification in V-A-12-3-CA. As shown in Fig. S3a, the removal of
CA microbeads did not occur on treatment with low-concentration (0–25
v/v%) H2SO4, whereas, the treatment with high-concentration (>50 v/v
%) H2SO4 caused the efficient removal of CA microbeads. Additionally,
the average fiber diameter was increased slightly after the H2SO4 (75 v/v
Fig. 2. GH3 cell behaviors in different culture sys-
tems.
(a) Confocal microscope images of fluorescence-
stained GH3 cells under two different cell-culture
conditions: conventional 2D cell culture on PDL-
coated glass, and 3D cell culture on porous hydrogel
fiber meshes. Images i and ii represent Z-projected
and Z-stack images of the 2D culture, respectively,
while images iii and iv display Z-projected and Z-stack
images of the 3D culture, respectively. Green color
indicates phalloidin (actin) and blue color indicates
DAPI (nuclei). Scale bars correspond to 50 μm (b)
Comparison of the depth profiles (i.e., penetration
depth of cells). and (c) Relative expression of so-
matostatin receptors (SSTR 1, 2, 3, and 5) in 2D and
3D cultures. For statistical validation, a two-tailed
unpaired Student's t-test is used. *P < 0.05, **P <

0.01, and ***P < 0.001. (d) Transmission electron
microscopy (TEM) images of cells cultured in the 2D
environment. (e) TEM images of cells cultured in the
3D environment. Red and blue arrows indicate auto-
phagic bodies with intracellular vacuoles and
apoptotic cells with irregular plasma membranes,
respectively. Scale bars denote 10 μm.
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%) treatment, but the average fiber diameter increased remarkably after
the concentrated-H2SO4 (~100 v/v%) treatment.
2.2. Development of 3D in-vitro cell culture models for pituitary adenoma
research

For 2D cell culture, GH3 cells were seeded on adherent flat dishes. To
mitigate the formation of floating clusters, a poly-D-lysine (PDL) coating
was applied to Petri dishes, as described in the previous literature [23].
PDL coating significantly reduced the number of cells floating in Petri
dishes (Fig. S1c). For 3D culture, the cells were seeded into the fabricated
HFMs without any coating. Interestingly, the HFM system contained a
low number of floating cells, similar to the PDL-coated Petri dish.
Representative confocal microscopy images of GH3 cells grown under
both conditions are shown in Fig. 2a. GH3 cells in the HFMs exhibit more
Fig. 3. Evaluation of the hormone-secreting function of GH3 cells in different cultu
cells after live and dead staining, treated with the vehicle (0.9% of saline solution) an
AM) and dead cells are shown in red (stained by ethidium homodimer-1). Scale bars
OCT in the 2D and 3D cell-culture systems. ELISA results for the growth hormone (GH
and (e) 3 h (with the vehicle and different concentrations of OCT). Figure (d) indicat
cells. Figure (e) indicates a significant decrease in GH levels in the 3D-cultured cells
cells treated with (f) the vehicle and (g) OCT (10�6 M) for 72 h. Apoptotic and ne
unpaired Student's t-test is used for the statistical validation of B and C. *P < 0.05,
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spatially dispersed growth (Fig. 2a (iii) and (iv)) than those in the
PDL-coated Petri dishes (Fig. 2a (i) and (ii)). Notably, the cultured cells
did not develop into tumor structures in the HFMs. Fig. 2b shows the
depth profiles of the two systems, which indicates the average distance
between the top and bottom cells; the GH3 cells cultured within the
HFMs exhibit a significantly larger depth profile than those cultured on
PDL-coated Petri dishes. In addition, we cultured GH3 cells in Matrigel
which is one of the conventional 3D cell culture scaffolds for further
comparison. The GH3 cells in Matrigel tend to grow in aggregates despite
the bioactivity of Matrigel while those in HFMs exhibit evenly-dispersed
morphologies due to the high porosity of the HFM scaffold and, possibly,
the favorable cell-to-fiber (scaffold) interactions (Fig. S4).

This study indicates a significant alteration in the gene-expression
profile of the somatostatin receptors (SSTRs) in GH3 cells cultured in a
3D environment compared to those cultured in traditional 2D
re systems.
d 10�6 M of octreotide (OCT). Living cells are shown in green (stained by calcein
denote 50 μm. (c) Viability of GH3 cells treated with different concentrations of
) levels in media collected from the 2D- and 3D-cultured GH3 cells after (d) 1 h
es significantly higher GH levels in the 3D-cultured cells than in the 2D-cultured
after OCT (10�6 M) treatment. Representative TEM images of 3D-cultured GH3
crotic cells are compared with vehicle-treated cells in (f) and (g). A two-tailed
**P < 0.01, and ****P < 0.0001.
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environments. Specifically, the expression levels of SSTR2 and SSTR5,
which are the predominant SSTR subtypes in GH-secreting adenoma
[39], are significantly upregulated in GH3 cells cultured in 3D models
(Fig. 2c). These results could facilitate the clinical management of
GH-secreting tumors as SSTR2 and SSTR5 are the primary targets of so-
matostatin analogs used in the treatment of the corresponding medical
condition [40]. Transmission electron microscopy (TEM) was used to
evaluate the ultrastructure of 2D- and 3D-cultured GH3 cells. Fig. 2d and
e shows representative TEM images that were used to compare the dif-
ferences in cellular organization between the two models. Interestingly,
2D-cultured GH3 cells exhibited autophagic bodies and apoptosis,
whereas those cultured in the proposed 3D model exhibited relatively
intact intracellular structures. These observations indicate that the 3D
culture system provides a more physiologically relevant environment for
GH3 cells.

2.3. Improved somatostatin-analog responses of 3D-cultured GH3 cells

Subsequently, the effects of somatostatin analogs on the viability and
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GH secretion of GH3 cells were investigated. GH3 cells were treated with
OCT (i.e., a somatostatin analog) in both 2D and 3D cell culture models.
As shown in Fig. 3a and b, after six days of OCT exposure, a greater
reduction in viability is observed in GH3 cells in HFMs than those in the
control Petri dish; these findings are corroborated by statistical analyses
(Fig. 3c and S6). Furthermore, the similar result was confirmed in com-
parison with GH3 cells in Matrigel (Fig. S7). Additionally, the PAS
treatment caused a greater reduction in viability in GH3 cells in HFMs
than those in the control Petri dish (Fig. S8).

GH concentrations in the culture media were evaluated to analyze the
GH secretion of the GH3 cells. As shown in Fig. 3d and e, the GH levels in
GH3 cells grown under 3D culture conditions were significantly greater
than those grown under 2D culture conditions. Furthermore, the admin-
istration of OCT reduced the GH secretion of GH3 cells grown under 3D
culture conditions to a greater extent than that of cells grown under 2D
culture conditions. Additionally, TEM analysis indicates a greater increase
in autophagic bodies, apoptotic cells, and necrotic cells in OCT-treated
GH3 cells grown under 3D culture conditions compared to vehicle-
treated GH3 cells grown under similar conditions (Fig. 3f and g).
Fig. 4. Analysis of differentially expressed genes in
GH3 cells cultured in 2D and 3D using bulk RNA
sequencing data.
(a) A volcano plot showing the differentially
expressed genes in the 2D and 3D cell cultures. The
threshold of the y-axis is the cutoff of the overall P
value (0.05), while that of the x-axis is the cutoff of
the log2 fold change (�0.5) (b) A heatmap showing
the critical genes for pituitary adenoma development
in GH3 cells grown in the 3D and 2D cultures. Color
bars indicate the gradients of the log2 fold change. (c)
A heatmap showing the DEGs related endoplasmic
reticulum (ER), Golgi apparatus (Golgi), and mito-
chondria. Color bars indicate the gradients of the log2
fold change. (d) A heatmap showing the functional
enrichment analysis of 2D- and 3D-cultured GH3 cells.
Color bars indicate the Z-score gradients.
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2.4. Transcriptomic analysis of 2D and 3D in-vitro pituitary adenoma
models

An RNA-seq analysis was used to gain the insight into the effects of
growth dimensions on GH3 cells at the transcriptome level. A compara-
tive analysis of RNA-seq data generated from the 3D and 2D culture
models indicated a significant transcriptional response associated with
the 3D culture environment. As shown in Fig. 4a, a significant upregu-
lation of 424 genes and concomitant downregulation of 415 genes
resulted in 839 differentially expressed genes (DEGs) which were
observed in the 3D culture system. Notably, critical genes associated with
pituitary adenoma development including the markers of proliferation,
i.e., Ki-67 (Mki67), DNA topoisomerase II alpha (Top2a), proopiomela-
nocortin (Pomc), and POU class 1 homeobox 1 (Pou1f1) genes [41–43]
were more significantly upregulated in the 3D culture model than in the
2D culture model (Fig. 4b).

DEG analysis also indicates a differential expression of gene sets
related to the function of cellular organelles such as endoplasmic retic-
ulum (ER), Golgi apparatus (Golgi), and mitochondria (Fig. 4c). Notably,
the most highly upregulated genes including solute carrier family 16
member 14 (Slc16a14) [44] in the ER, family with sequence similarity
205 member A (Fam205a) [45] in the Golgi, and absent in melanoma 2
(Aim2) [46] in the mitochondria, significantly influenced tumor devel-
opment and metabolism. Fig. 4d shows the DEG pathway analysis, which
indicates a significant enrichment of several metabolic processes in the
pituitary gland. Notably, as expected, a relatively greater positive
enrichment of pathways related to GH secretion (including “GH syn-
thesis, secretion and action” and “hormone biosynthetic process”) was
observed in the 3D culture model compared to the 2D culture model.
Conversely, the pathways related to the sterol/cholesterol metabolism
such as sterol biosynthetic, cholesterol biosynthetic, and cholesterol
metabolic processes, were negatively enriched in the 3D culture model.
Furthermore, DEGs associated with cell adhesion and cytoskeleton or-
ganization exhibited upregulation in the 3D culture model when
compared to the 2D culture model. These observations indicate that the
3D culture environment significantly influenced the metabolic processes
underlying GH secretion and sterol/cholesterol metabolism in the pitu-
itary gland.

3. Discussion

In this study, highly porous HFM-based scaffolds were developed for
3D cell cultures and used to construct a 3D in-vitro cell-culture model for
pituitary adenoma research. Highly-porous fibrillar hydrogel structures
enable attachment/migration/development of various types of cells such
as NIH3T3, PC12, SH-SY5Y, and even primarily cultured neurons [27]
and facilitate nutrient exchange [47] (see also Fig. S9). A comparison of
molecular characteristics of GH3 growth patterns under 2D- and 3D-cul-
ture conditions confirmed that GH3 cells seeded onto highly-porous HFM
scaffolds showed more dispersed growth and higher depth profiles than
those grown on flat Petri dishes. When 3D GH3 cell cultures were
compared, cells tend to aggregate into spherical clusters due to the spatial
constraint, whereas, the majority of cells are spatially distributed due to
large voids created by leaching CA microbeads. Moreover, the typical
Young's moduli of self-assembled fibrils of collagen type 1 range from
several MPa to GPa, which is much higher than reconstructed matrices
based on collagen which exhibits Young's moduli below kPa ranges, thus,
mimic the soft tissue environment [48]. Although Young's modulus of an
individual fiber in HFM (~700 kPa, Fig. S10) is higher than those of
typical soft tissues such as brain, the collective behavior of fibers in HFM
may result in actually lower stiffness, which is suitable for emulating soft
tissues such as pituitary adenoma. Furthermore, the fabricated HFMs
showed mechanical flexibility and permitted 3D microscopy imaging
(e.g., laser scanning confocal microscopy) owing to their high optical
transparency and minimal refraction/scattering. In addition to enhanced
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GH3 cell adhesion and viability, the gene expressions of SSTR2 and
SSTR5 were significantly upregulated in GH3 cells cultured in the 3D
model based on highly-porous HFMs; this may facilitate the clinical
management of GH-secreting tumors [49,50].

TEM analysis indicates that GH3 cells cultured in the HFM-based 3D
model comprised intact intracellular structures, whereas those cultured
in the conventional 2D environment contained autophagic and apoptotic
bodies. This indicates that a 3D culture system based on highly-porous
HFMs may provide a more physiologically relevant environment for
GH3 cell growth and function than a 2D culture system based on Petri
dishes. The poor SSTR gene expression and the damaged status of GH3
cells in 2D-culture systems significantly limit the applicability of such
systems in pituitary adenoma research [51]. The results of functional
assays confirmed the greater applicability of the 3D culture system in
pituitary adenoma research. GH3 cells in the HFM-based 3D-culture
model showed improved somatostatin-analog responses (i.e., decreased
cell viability and suppressed GH secretion) compared to those in the 2D
culture model. Moreover, in bulk RNA-seq analysis (which was used to
assess the transcriptomic profiles of GH3 cells), 3D cultured GH3 cells
showed the significant upregulation of genes related to pituitary ade-
noma and a positive enrichment of pathways related to GH secretion,
indicating the high potential applicability of GH3 cells cultured on highly
porous HFMs as drug-screening platforms for pituitary-tumor treatment.

However, this study is associated with several limitations. First, a
single cell line (GH3) derived from the pituitary adenoma of a female rat
was used, which may not be representative of GH-secreting human pi-
tuitary adenomas [7]. Thus, further studies are required to develop
in-vitro 3D cell culture models based on human pituitary tumor cells or
induced pluripotent stem cells [52]. Additionally, this study examined
the effects of only two somatostatin analogs (OCT and PAS) on GH
secretion. The effects of other somatostatin analogs and
acromegaly-therapy drugs [53] on the cell viability and GH secretion of
the proposed 3D cell culture model should also be investigated.

4. Conclusions

In summary, a 3D in-vitro cell culture model for pituitary adenoma
research was developed using HFMs and GH3 cells. GH3 cells grown in
the proposed 3D model exhibited the increased cell dispersion and the
up-regulation of specific somatostatin-receptor subtypes compared to
those grown in traditional 2D cultures with high sensitivity to somato-
statin analogs as indicated by functional assays and tumor-like profiles as
indicated by transcriptome analysis. Therefore, the proposed 3D model
provides a relatively more accurate representation of the physiological
response to therapeutic agents of pituitary adenoma than traditional 2D
cell culture models. The results of this study indicate that the newly
developed 3D cell culture system may be utilized as an effective in-vitro
model for studying GH-secreting tumors, facilitating the development of
effective therapeutics for acromegaly and other related diseases.

5. Experimental section

5.1. Materials for fabricating HFMs

Partially hydrolyzed PVA with a hydrolysis degree of 87–89% and a
molecular weight (MW) in the range of 85,000–124,000, a PAA solution
(35 wt%) with an average MW of 100,000, CA with an average MW of
30,000, and PDL hydrobromide with a MW in the range of
70,000–150,000 were purchased from Sigma Aldrich Korea. Concen-
trated H2SO4 and N, N-dimethylformamide (DMF; 99.5% pure) were
purchased from Duksan Chemical, Korea. Phosphate-buffered saline (1X)
(PBS) was purchased from Thermo Fisher Scientific (Waltham, MA,
USA). EP-grade acetone with a purity of 99.5% was purchased from OCI
Chemicals (Korea). All the chemicals were used without further
purification.
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5.2. Fabrication of porous HFMs

To fabricate porous HFMs for a 3D cell culture scaffold, a PVA/PAA
blend was electrospuned (to form nanofibers) and electrosprayed with a
CA solution (to form sacrificial microbeads). To prepare the electrospun
solution (comprising 12 wt% of PVA and 3 wt% of PAA), PVA powder
was dissolved in distilled water at 90 �C, followed by the addition of a
PAA solution. CA powder (1.7 g) was dissolved in a mixture of DMF and
acetone (8.3 g; 3:2 vol ratio) and used as the electrospraying solution
(containing 17 wt% of CA), as described in a previous publication [54]. A
commercial electrospinning setup with a drum-type collector
(ESR200RD, NanoNC) was used for simultaneous electrospinning and
electrospraying; a 23 G blunt metal nozzle was used as the syringe. A
constant flow rate of 0.4 mL/h was used, with a voltage of 20 kV and
tip-to-collector distance of 13 cm. For crosslinking, the NFM with CA
microbeads was annealed at 120 �C for 4 h. Subsequently, the mesh was
sliced using a round-metal punch with a diameter of 28 mm and soaked
in excess concentrated H2SO4 for 15 min (for hydrogelification and
complete CA-microbead leaching) to increase its porosity. The mesh was
then rinsed with distilled water for H2SO4 removal and CA degradation.
The porous HFM formed was immersed in PBS, and its morphology was
analyzed by laser scanning confocal microscopy with methylene blue
staining.

5.3. Analysis of the HFM porosity

Z-stack images of the NFM with CA microbeads (before H2SO4
treatment) and porous HFM (after H2SO4 treatment) were recorded by
laser scanning confocal microscopy after methylene blue staining (0.1
mg/mL). An excitation wavelength of 635 nm and an emission channel of
650–750 nm were used. Porosity was considered to be the void between
the fibers, and the void fraction was calculated from Z-stack images using
the ImageJ software. The ImageJ macro code for porosity analysis is
provided in the Supporting Information. To confirm that CA-microbead
leaching from the NFM increased its porosity, three types of HFM were
fabricated. The compositions of these HFMs and the precursor solutions
used for electrospinning and electrospraying are summarized in Table S1.

5.4. Cell cultures and drug preparation

GH3, a female-rat pituitary tumor cell line, was procured from a
Korean cell line repository and maintained in Ham's F-12 medium
(WELGENE, #LM 010-03), supplemented with 15% (v/v) of horse serum
(Thermo Scientific, # 6050122), 2.5% (v/v) of fetal bovine serum
(Gibco, #12483020), and 1% (v/v) of penicillin/streptomycin (WEL-
GENE, #LS202-02) at 37 �C under CO2 (5%). For 3D cell culture, the
synthesized hydrogel fibers were washed with PBS (thrice) and subjected
to UV-light irradiation for a minimum of 15 min before cell seeding. The
GH3 cells were then dispersed onto the HFM. We added a small amount
of culture medium, enough to cover the fibers. The cells were incubated
at 37 �C for 1 h to allow for initial cell adhesion and facilitate attachment.
To support subsequent cell growth and maintenance, fresh culture me-
dium was added to each well (2 ml in single well of 6 well plate). All
experiments were carried out with a cell confluence in the range of
75–80%. For subculturing, the cells were detached using 0.25% of
trypsin-EDTA (Hyclone, #SH30042.02) for a maximum of 10 min.

OCT acetate and PAS were purchased from Novartis Pharmaceuticals
for scientific investigation and diluted with 0.9% saline to specific con-
centrations. A live/dead assay with calcein AM (Invitrogen, #C1430) and
ethidium homodimer-1 (Invitrogen, #E1169) was used to assess cell
viability.

5.5. Cell viability assay

A total of 3.5� 105 GH3 cells were seeded into hydrogel fibers (for 3D
cell culture) and PDL-coated confocal dishes with a surface area of 3.5
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cm2 (for 2D cell culture), according to the manufacturer's protocol. After
24 h, the wells were individually treated with the vehicle (0.9% saline) or
different concentrations of OCT (10�5, 10�6, or 10�7 M) for six days.
Every 72 h, the medium containing OCT was replaced with a fresh me-
dium. After six days, the cells were washed with Hanks' Balanced Salt
Solution (HBSS, Gibco, #14025-092) and incubated with calcein AM and
ethidium homodimer-1 (1:500 diluted solutions in HBSS) for 15 min at
37 �C under CO2 (5%). Subsequently, the dye solution was removed, and
the cells were washed with HBSS. The cells were then fixed in 4%
glutaraldehyde (Sigma-Aldrich, #340855) in HBSS for 15 min at room
temperature, before being examined by an upright confocal microscope
(BX61WI body, FV1000 model system, Olympus Co. Ltd. Tokyo, Japan)
at 20x with the excitation and emission wavelengths of calcein AM (494
and 517 nm, respectively) and ethidium homodimer-1 (528 and 617 nm,
respectively). Images were recorded in the region of interest (ROI, 350 �
350) using the ImageJ software.
5.6. Immunofluorescence staining

Immunofluorescence with Alexa Fluor™ 546 phalloidin (F-actin,
Invitrogen, #A22283), following the manufacturer's protocol, was used
to investigate the cell morphology. A total of 3.5 � 107 GH3 cells were
seeded onto hydrogel fibers (for 3D cell culture) and confocal dishes with
a surface area of 3.5 cm2 (for 2D cell culture). After a day, the cells were
fixed with 4% paraformaldehyde (#HP2031, Biosesang, Seongnam,
Korea) and permeabilized in 0.1% Triton X-100 in PBS for 15 min at
room temperature. Subsequently, the cells were blocked with 1% of BSA
and 1% of gelatin for 30 min, incubated in a 40x phalloidin blocking
solution for 1 h, and examined using an upright confocal microscope
(BX61WI body, FV1000 model system, Olympus Co. Ltd. Tokyo, Japan)
at 20x with an excitation wavelength of 556 nm and emission wavelength
of 570 nm.
5.7. TEM and SEM analysis

The specimens were first fixed for 12 h in a solution containing 2%
glutaraldehyde and 2% paraformaldehyde in PBS (0.1 M) with a pH of
7.4. They were then washed with PBS (0.1 M) and post-fixed with 1% of
OsO4 in PBS (0.1 M) for 2 h. Subsequently, the specimens were dehy-
drated with an ascending series of ethanol concentrations (50%, 60%,
70%, 80%, 90%, 95%, 100%, and 100%) for 10 min each and infiltrated
with propylene oxide for 10 min. They were then embedded using a
Poly/Bed 812 kit (Polysciences, USA) and polymerized in an electron-
microscope oven (TD-700, DOSAKA, Japan) at 65 �C for 12 h. Next,
the specimen block was cut into 200-nm sections using a diamond knife
on an ultramicrotome; the region of interest was cut into 80-nm-thin
sections using an ultramicrotome. These sections were placed on cop-
per grids, double-stained with 3% of uranyl acetate for 30 min and 3% of
lead citrate for 7 min, and analyzed by a TEM instrument (JEM-1011;
JEOL, Tokyo, Japan) equipped with a MegaView III CCD camera (Soft
Imaging Systems, Germany) at an acceleration voltage of 80 kV. SEM and
field emission (FE)-SEM (Jeol, JSM-7500F) images, recorded at 15 keV
with Pt coatings for 180 s, were also analyzed.

5.8. ELISA assay

A total of 0.35 � 106 GH3 cells were seeded onto hydrogel fibers (for
3D cell culture) and 12 PDL-coated well plates (for 2D cell culture). After
24 h, the medium was replaced with a serum-free medium for 3 h to
evaluate the GH baseline. Media with the vehicle or OCT (10�5, 10�6, or
10�7 M) in serum-free media were collected at the baseline, after 24 h,
and after 48 h. The collecting medium was frozen (at �80 �C) immedi-
ately before analysis. The concentration of GH in the supernatant was
determined using a rat Growth Hormone ELISA kit (Merck Millipore,
#EZRMGH-45K), according to the manufacturer's instructions.
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5.9. Quantitative reverse transcriptase-PCR (qRT-PCR) analysis

GH3 cells were harvested using 0.25% trypsin-
ethylenediaminetetraacetic acid and washed thrice with PBS. The total
RNA was extracted using a Total RNA extraction kit (Clear-STM, In Virus
Tech, #IVT3001) according to the manufacturer's protocol. Subse-
quently, the total RNA (1 μg) was reverse-transcribed using a high-
capacity cDNA Reverse Transcription kit (Applied Biosystems, Wal-
tham, MA, USA; Thermo Fisher Scientific). To analyze gene expression,
the CFX384 Touch Real-Time PCR detection system (Bio-Rad) and
AmfiSure qGreen Q-PCR master mix (#Q5602; GenDEPOT, Katy, TX,
USA) were used for qRT-PCR. The primer sequences are provided in
Table S2.
5.10. RNA sequencing

The RNA quality in GH3 cells was assessed using an Agilent 2100
bioanalyzer. RNA sequencing data were analyzed and visualized using R
(version 4.1.0); STAR (version 2.7.9) was used for trimming and align-
ment in the preprocessing pipeline. Kallisto (version 0.45.0) was used to
automatically quantify transcript amounts from RNA FASTQ files. The
DESeq2 package (version 1.32.0) was used for differential gene expres-
sion analysis; volcano plots were used to compare results without any
interaction terms. The clusterProfiler package (version 4.0.5), as well as
the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) databases were used for pathway enrichment analysis. The
pathway-analysis input list comprised significant values with an adjusted
P-value of 0.05 or lower from the DEseq2 results. Input data were labeled
using the Entrez ID; non-available gene names were automatically
removed.
5.11. Statistical analysis

GraphPad Prism 9.0.0 (GraphPad Software Inc. San Diego, CA, USA)
was used for all statistical analyses. Differences between groups were
evaluated for statistical significance using the Student's t-test or one-way
analysis of variance (ANOVA) followed by Tukey's post hoc test and
Sidak's multiple comparison test. A statistical significance of P < 0.05
was used.
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