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Glioblastoma (GBM) is the most common adult primary brain tumor, and the 5-year survival rate is
less than 5%. GBM malignancy is driven in part by a population of GBM stem-like cells (GSCs) that
exhibit indeﬁnite self-renewal capacity, multipotent differentiation, expression of neural stem cell
markers, and resistance to conventional treatments. GSCs are enriched in specialized niche microenvironments that regulate stem phenotypes and support GSC radioresistance. Therefore, identifying
GSC-niche interactions that regulate stem phenotypes may present a unique target for disrupting the
maintenance and persistence of this treatment resistant population. In this work, we engineered 3D
scaffolds from temperature responsive poly(N-isopropylacrylamide-co-Jeffamine M-1000® acrylamide), or PNJ copolymers, as a platform for enriching stem-speciﬁc phenotypes in two molecularly
distinct human patient-derived GSC cell lines. Notably, we observed that, compared to conventional
neurosphere cultures, PNJ cultured GSCs maintained multipotency and exhibited enhanced selfrenewal capacity. Concurrent increases in expression of proteins known to regulate self-renewal,
invasion, and stem maintenance in GSCs (NESTIN, EGFR, CD44) suggest that PNJ scaffolds effectively
enrich the GSC population. We further observed that PNJ cultured GSCs exhibited increased resistance
to radiation treatment compared to GSCs cultured in standard neurosphere conditions. GSC radioresistance is supported in vivo by niche microenvironments, and this remains a signiﬁcant barrier to
effectively treating these highly tumorigenic cells. Taken in sum, these data indicate that the microenvironment created by synthetic PNJ scaffolds models niche enrichment of GSCs in patient-derived
GBM cell lines, and presents tissue engineering opportunities for studying clinically important behaviors such as radioresistance in vitro.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
Glioblastoma (GBM), the most common primary brain tumor in
adults, has a devastatingly low 4.7% 5-year survival rate with a
median survival of only 15 months [1,2]. Standard treatments,
including surgical tumor resection, radiation, and chemotherapy,
provide little long-term beneﬁt, and relapse is nearly universal.
GBMs are heterogeneous tumors composed of neoplastic cells that
exhibit a hierarchy of tumorigenic potential. In accordance with the
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cancer stem cell hypothesis, this hierarchy is directed by a small
population of cells that exhibit the greatest capacity for tumor
formation [3]. These GBM stem-like cells (GSCs) display many
similarities to normal adult neural stem cells (NSCs), including a
capacity for indeﬁnite self-renewal, multipotent differentiation,
and expression of NSC marker proteins [4e7]. GSCs are also highly
tumorigenic [8], invasive [9], and resistant to both radiation [10]
and chemotherapy [11,12]. GSCs that evade and survive treatment
are hypothesized to play a prominent role in tumor recurrence [3].
In vivo, GSCs are concentrated in specialized niches that regulate stem phenotypes [13,14]. In the absence of essential niche
regulation in vitro, GSCs can be maintained and propagated in NSC
culture conditions as multicellular neurospheres [15]. However,
neurosphere cultures can hinder effective enrichment of GSCs.
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Diffusion of nutrients and signaling factors that are essential for
stem maintenance is limited by the size and number of cells
within multicellular neurospheres [16]. The resulting intra-sphere
nutrient gradients lead to growth of a poorly controlled population of stem, non-stem, apoptotic, and necrotic cells [17e19]. GSCs
are commonly enriched and puriﬁed from these cultures by
ﬂuorescence activated cell sorting (FACS) for cell-surface biomarkers (including CD133 [7,8], SSEA-1/CD15 [20], Integrin a6
[21]), which is typically paired with functional analysis of stem cell
behaviors [22]. However, the use of cell-surface markers alone
contributes to high false positive rates of GSC identiﬁcation [23].
Therefore, it is essential to analyze GSC populations at the functional level, to identify stem cell behaviors such as multipotency
and self-renewal.
Although neurosphere culture conditions provide a pseudo
three-dimensional (3D) context for cell growth, this format presents limited opportunity for controlling and studying microenvironmental inﬂuences on stem cell behavior. Microenvironmental
regulation of stem-speciﬁc behaviors has been investigated
extensively in regenerative medicine by utilizing 3D biomaterials,
but comparably few examples exist in GSC research. Acquisition of
selected stem characteristics has been reported for U87 and U251
GBM cell lines cultured in 3D scaffolds [24e27]. However, serum
cultured long-term established GBM cell lines like U87 and U251 do
not maintain the functional stem characteristics of primary GSCs,
nor do they provide an accurate representation of GBM biology
[4,5,15,28]. This severely limits the relevance of using immortalized
cells to study either GBM or GSC biology. Recently, Li et al. reported
that multipotent patient-derived GBM cells could be maintained in
Mebiol® Gel (Cosmo Bio USA), a temperature responsive poly(Nisopropylacrylamide) (PNIPAAm) based hydrogel scaffold [29]. In
addition, Hubert et al. described the development of large heterogeneous GBM organoids from patient-derived GSCs cultured in
Matrigel® [30]. These prior works emphasize the signiﬁcance of
using biomaterials to study GSCs, but 3D culture conditions that
actively enrich the full complement of GSC functional phenotypes
(e.g., multipotency, self-renewal, treatment resistance) have not
been deﬁned in vitro.
In this study, we engineered poly(N-isopropylacrylamide-coJeffamine® M - 1000 acrylamide) (PNJ) copolymers as tunable
scaffolds for 3D GSC culture. PNJ copolymers exhibit a lower
critical solution temperature (LCST) phase transition when
heated in aqueous solution [31e33]. As a result, these materials
encapsulate cells in physically crosslinked viscoelastic scaffolds
at body temperature and easily release the cells by cooling to
room temperature. We have previously reported the utility of
this platform for enabling serial expansion of immortalized GBM
cell lines in 3D [33]. Here, we describe conditions under which
two patient-derived GBM lines are cultured in PNJ scaffolds to
actively enrich GSC phenotypes, as measured by the full diversity
of stem cell behaviors expected to drive tumor malignancy; this
analysis includes multipotency, self-renewal capacity, expression
of stem cell markers, and radiation resistance. For the purpose of
these studies, we focus on self-renewal capacity, as measured by
the in vitro limiting dilution assay, as the most direct approach
for evaluation of relative GSC fractions under distinct culture
conditions. We postulate that PNJ scaffolds may function similar
to the native niche by serving as a depot for growth factors that
maintain the GSC population [14]. The broader signiﬁcance of
these ﬁndings is that radioresistance, which is hallmark feature
of GSC biology, is supported in vivo by microenvironmental factors that may be deﬁcient or completely absent from standard
cultures. Therefore, by deﬁning microenvironmental mechanisms
that drive GSC enrichment and radioresistance, 3D PNJ cultures
may improve the accuracy and understanding of GSC responses

to radiation in vitro.
2. Methods
2.1. Materials
All chemicals were reagent grade and purchased from Sigma
Aldrich (St. Louis, MO, USA) unless otherwise stated. All cell culture
reagents were purchased from Thermo Fisher Scientiﬁc (Waltham,
MA, USA) unless otherwise stated. N-isopropylacrylamide
(NIPAAm) purchased from Tokyo Chemical Company (Portland, OR,
USA) was puriﬁed by recrystallization from hexane. 2,20 -Azobisisobutyronitrile (AIBN) was puriﬁed by recrystallization from
methanol. Jeffamine® M-1000 was generously donated by the
Huntsman Corporation (Salt Lake City, UT, USA). Jeffamine® M-1000
acrylamide (JAAm) was synthesized as previously reported [31,32].
2.2. Polymer synthesis
Poly(N-isopropylacrylamide-co-Jeffamine® M-1000 acrylamide)
or PNJ copolymers were synthesized as previously described
[32,33]. Brieﬂy, radical polymerization of NIPAAm and JAAm
monomers was initiated with AIBN (7 mmol AIBN/mol monomer)
in anhydrous benzene. Copolymer feed ratios of NIPAAm:JAAm by
mass were 90:10 (PNJ10), 85:15 (PNJ15), or 80:20 (PNJ20). All PNJ
copolymers were puriﬁed by dialysis (3500 MWCO) against diH2O
at 4  C and sterilized with ethylene oxide. Chemical compositions
were analyzed by 1H NMR in D2O (400 MHz Varian Inova, Agilent
Technologies, Santa Clara, CA, USA).
2.3. Rheology
The mechanical properties of PNJ scaffolds were measured at
various concentrations by rheology. PNJ solutions were prepared at
5, 7.5, and 10 wt% in PBS at room temperature and placed on a
parallel plate rheometer with a temperature controlled stage (MCR101, Anton Paar, Ashland, VA, USA). Samples were rapidly heated to
37  C and subjected to a frequency sweep (0.1e10 Hz) with 0.5%
shear strain deformation and normal force control (50 mN) to
determine the storage (G0 ) and loss (G00 ) modulus.
2.4. Patient-derived primary GSC culture
Patient tissue samples were acquired from the Biobank Core
Facility at St. Joseph's Hospital and Medical Center and Barrow
Neurological Institute (BNI) (Phoenix, AZ, USA). All samples were
collected and transmitted according to the Biobank Institutional
Review Board's approved protocol. In our previous work, two
patient-derived GSC cell lines, GB3 [35,36] and GB7 [35], were
established from primary GBM tumors surgically resected at BNI
and characterized as human GSC models. GB3, classiﬁed as a proneural GBM subtype, was characterized through in vitro testing of
stem behaviors, and in vivo via orthotopic transplantation. GB7 was
classiﬁed as a classical GBM subtype through in vitro characterization of stem behaviors. GSCs were propagated in cell culture as
non-adherent neurospheres grown in GSC media (DMEM/F12
media supplemented with B27, N2 and penicillin/streptomycin) in
low-attachment poly(hydroxyethylmethacrylate) (polyHEMA)
coated plates. Cultures were supplemented with 20 ng/mL of
epidermal growth factor (EGF) and basic ﬁbroblast growth factor
(bFGF) (Merk Millipore, Billerica, MA, USA) every 2e3 days.
2.5. GSC culture in PNJ scaffolds
PNJ copolymers were dissolved at 5 wt% in GSC media overnight
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at 4  C. GSCs were dissociated with Accutase to a single cell suspension, counted (Cellometer Mini, Nexcelom, Lawrence, MA, USA),
and resuspended in PNJ-media solution at room temperature (350k
cells/mL). Cultures were then incubated at 37  C to crosslink PNJ
scaffolds and encapsulate cells in 3D culture. After 48 h, an equal
volume of warm culture media was added above the scaffold. Every
2e3 days, scaffolds were supplemented with EGF and FGF (20 ng/
mL) after being solubilized at room temperature to allow for distribution of nutrients. Upon warming the cultures back to 37  C, the
scaffolds were reformed and encapsulated the freshly added growth
factors. At conﬂuence (7e14 days for GB7; 14e21 days for GB3), PNJ
scaffolds were cooled to room temperature, diluted in PBS, and
centrifuged to recover live cells. In all experiments, PNJ cultures were
compared with neurosphere cultures described in section 2.4.
2.6. Analysis of neurosphere area
GSCs cultured in PNJ scaffolds and in standard neurosphere
conditions were imaged using brightﬁeld microscopy (Zeiss Axio
Observer A1) over the duration of the culture period. The area of
GSC spheres (n > 225 spheres per condition per day) was measured
using ImageJ (NIH) and compared across culture conditions.
2.7. GSC multipotent differentiation
GSC spheres were dissociated with Accutase to a single cell
suspension. Cells were differentiated by culturing GSCs in serum
supplemented media (DMEM þ 10% FBS þ 1% penicillin/streptomycin) on glass coverslips coated with poly-d-lysine. Media was
replaced every 2e3 days for 14 days, after which cells were
immunostained for markers of differentiation into astrocytes
(GFAP), oligodendrocytes (GALC), and neurons (TUBULIN bIII). Cells
were ﬁxed with 4% PFA for 10 min, permeabilized and blocked for
30e60 min in PBST þ 5% goat serum, and incubated in primary
antibodies (Table 1) diluted in blocking buffer at 4  C overnight.
Cells were stained with ﬂuorescent secondary antibodies (Table 1)
diluted in blocking buffer at 37  C for 30 min, counterstained with
DAPI (3 ng/mL) for 10 min, and mounted on slides prior to imaging
with an inverted ﬂuorescence confocal microscope (Zeiss LSM 710
Axio Observer Z1).
2.8. Limiting dilution assay
GSCs were dissociated with Accutase and cultured at low initial
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densities (1e50 cells) in polyHEMA coated 96-well plates. After 7
days, wells were imaged with brightﬁeld microscopy (Zeiss Axio
Observer A1) to determine sphere formation at each initial density.
Wells negative for sphere formation (% nonresponsive) were
counted. This experiment was replicated 4 times with at least
n ¼ 12 samples for each initial cell density.
2.9. Western blot analysis
To prepare protein lysates, GSCs were lysed in ice cold RIPA
buffer supplemented with fresh protease and phosphatase inhibitors. Protein concentration was measured using a standard
Bradford assay. Western blots were run with 40 mg samples separated by gel electrophoresis on a 10% bisacrylamide gel (Bio-Rad,
Hercules, CA, USA). Proteins were transferred to a polyvinylidene
diﬂuoride (PVDF) membrane at 4  C (Bio-Rad, USA). Membranes
were blocked in 5% milk TBST and incubated with primary antibodies (Table 1) diluted in blocking solution shaking overnight at
4  C. Membranes were then incubated with ﬂuorescent secondary
antibodies (Table 1) diluted in blocking solution at room temperature. Blots were analyzed using a ﬂuorescence reader (LiCor Odyssey CLx). Protein expression data is represented as the mean of
n ¼ 4 independent experiments.
2.10. Radiation sensitivity
GSCs were irradiated (RAD Source 2000, RAD Source) in PNJ
scaffolds or in neurosphere conditions with 2 or 10 Gy ionizing
radiation. Immediately following treatment, cells were recovered
from cultures, counted, and re-plated as single cells at equivalent
densities in neurosphere growth conditions. Cell viability was
measured with Cell Titer Glo (Promega) in comparison to a
matched non-treated control 48 h after radiation.
2.11. Statistical testing
Statistical tests for neurosphere size data (Section 2.6) were
performed in Prism 5 (GraphPad) using a one-way ANOVA test with
Bonferroni post-test. Statistical testing for limiting dilution data
(Section 2.8) was performed using a chi-squared test through the
extreme limiting dilution analysis (ELDA) software previously
published by Hu and Smyth [37]. Statistical signiﬁcance is reported
for p < 0.05.

Table 1
Primary and secondary antibodies used in this study.
Company

Product #

Host

Dilution

Application

Novus Biologicals
Abcam
Cell Signaling Technologies
Cell Signaling Technologies
[34]
Santa Cruz
Abcam
Merck Millipore
Merck Millipore
Merck Millipore

NB300-266
AB52894
3570S
3579S
DF308
SC-338
SPM227
AB9598
MAB342
MAB1637

Mouse
Rabbit
Mouse
Rabbit
Rabbit
Rabbit
Mouse
Rabbit
Mouse
Mouse

1:2000
1:10000
1:2000
1:2000
1:1000
1:1000
1:10000
1:200
1:250
1:200

WB
WB
WB
WB
WB
WB
WB
IF
IF
IF

Thermo
Thermo
Thermo
Thermo
Thermo

A21121
A21151
A11008/A11011
PI35519
PISA510036

Goat
Goat
Goat
Goat
Goat

1:1000
1:1000
1:1000
1:10000
1:10000

IF
IF
IF
WB
WB

Primary Antibodies
NESTIN
EGFR
CD44
SOX2
OLIG2
PDGFRa
VINCULIN
GFAP
GALC
TUBULIN bIII
Secondary Antibodies
Alexa Fluor 488
Alexa Fluor 488
Alexa Fluor 488 and 568
DyLight 680
DyLight 800

Fisher
Fisher
Fisher
Fisher
Fisher

anti-Mouse IgG1
anti-Mouse IgG3
anti-Rabbit IgG
anti-Mouse IgG
anti-Rabbit IgG
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3. Results
3.1. PNJ scaffolds
Three formulations of PNJ copolymers (Fig. 1A) were synthesized by varying the concentration of JAAm (10%, 15%, and 20%)
during polymerization with NIPAAm. JAAm incorporation was
measured by 1H NMR and the resulting formulations are distinguished by their JAAm content: PNJ10, PNJ15, and PNJ20 (Table 2).
Similar to our previous reports, the LCST for each copolymer was
measured by rheology between 29 and 31  C (data not shown). This
characteristic allows for PNJ copolymer solutions to remain soluble
when handled at room temperature (~25  C) and to form physically
crosslinked scaffolds when heated to body temperature (~37  C)
[31e33]. We observed that the three PNJ formulations formed
viscoelastic scaffolds with storage and loss moduli that decreased
in response to decreasing total polymer concentration (Fig. 1B).
JAAm incorporation also affected scaffold stiffness; for 7.5 wt% and
5 wt%, higher JAAm content produced less stiff gels, whereas we
observed that PNJ15 scaffolds exhibited increased stiffness
compared to PNJ10 scaffolds when formed at 10 wt%. This observation, although unexpected, was repeatable across independent
polymer batches. We also observed that the PNJ10 scaffolds were
slower to dissolve when formed at 10 wt% than the PNJ15 and
PNJ20 scaffolds; it is thus possible that, at 10 wt%, a higher concentration of polymer facilitated additional hydrophobic interactions to promote phase separation, thus generating mild
syneresis and a plateau in the PNJ10 modulus. Taken in sum, these
data demonstrate the ability to produce a library of PNJ materials
with scaffold stiffness (i.e., G0 ) tunable between 153 and 1240 Pa.
3.2. GSCs in PNJ scaffolds
Patient-derived primary GSCs (GB3 and GB7) were cultured in
soft 5 wt% PNJ scaffolds, which possess brain-mimetic stiffness
(153 Pa - 325 Pa). We compared the growth of GSCs in these conditions to standard neurosphere culture conditions as a control. In
neurosphere culture, GSCs displayed as expected, high variability in
sphere sizes. Conversely, we observed that GSCs cultured in 3D
grew as individual spheres that remained smaller and more uniform in size due to decreased cell-cell contact within the scaffold
(Fig. 2A). These qualitative observations were quantiﬁed by
measuring the area of neurospheres in both neurosphere and 3D
culture (Fig. 2B). Both GB3 and GB7 grew as signiﬁcantly smaller

Table 2
Properties of PNJ copolymers. Monomer incorporation (NIPAAm wt% (x): JAAm wt%
(y)) was measured by 1H NMR in D2O. The weight average molecular weight (Mw)
and polydispersity (PD) were determined by GPC with THF as the mobile phase.
Polymer

PNJ10
PNJ15
PNJ20

NIPAAm wt% (x):JAAm wt
% (y)

Molecular Weight

Feed

Composition

MW (106 Da)

PD

90:10
85:15
80:20

92.4:7.6
89.3:10.7
85.2:14.8

1.671
1.649
1.182

1.047
1.133
1.076

spheres with a higher degree of uniformity in 3D compared to
controls. These data indicate that PNJ scaffolds segregate cells to
prevent sphere aggregation, a key drawback of neurosphere
culture.
3.3. GSC multipotency and self-renewal
Live GSCs were recovered from PNJ scaffolds by cooling the
cultures to room temperature to induce scaffold phase transition
[33]. The multipotency of the recovered cells was determined by
differentiating GSCs in serum supplemented media. After two
weeks, the differentiated cells were stained for markers of neuronal
lineage (bIII-tubulin), oligodendrocyte lineage (GalC), and astrocytic lineage (GFAP). GB3 and GB7 cells grown in all PNJ and control
cultures were observed to differentiate into each of the assayed
neural subtypes (Fig. 3) indicating that multipotency was maintained in control and PNJ culture conditions.
We also measured the self-renewal capacity of the recovered
cells in an in vitro limiting dilution assay (Fig. 4). Given the initial
cell density and resulting probability of neurosphere formation, we
determined the concentration of clonal cells in populations taken
from each culture condition using extreme limiting dilution analysis [37]. The stem cell frequency of GB3 cells cultured in neurosphere conditions was 1 in 6.7 (95% CI: [5.68, 7.97]) compared to 1
in 4.3 (95% CI: [3.68, 7.97]), 4.0 (95% CI: [3.39, 4.63]), and 3.8 (95%
CI: [2.05, 4.03]) for PNJ10, PNJ15, and PNJ20 respectively. For GB7
cells, the stem cell frequency in neurosphere conditions was 1 in
14.0 (95% CI: [11.41, 17.22]) compared to 1 in 6.9 (95% CI: [5.72,
8.45]), 8.0 (95% CI: [6.57, 9.75]), and 6.4 (95% CI: [5.29, 7.80]) for
PNJ10, PNJ15, and PNJ20 respectively. For both GB3 and GB7, all
three PNJ scaffold formulations resulted in a signiﬁcant (p < 0.01)

Fig. 1. (A) Chemical structure of PNJ copolymers. (B) Complex modulus of PNJ scaffolds formed at 10 wt%, 7.5 wt% and 5 wt% measured by rheology. Rheological measurements
(n ¼ 2) were made with samples heated to 37  C.
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Fig. 2. (A) Brightﬁeld images of GB7 spheres in neurosphere conditions and PNJ20 scaffolds after 7 days of culture. (B) Quantiﬁcation of 2D GSC sphere area during culture in
neurosphere or PNJ scaffold conditions. Spheres were signiﬁcantly smaller in all PNJ scaffolds at all time points compared to neurosphere cultures (*p < 0.05 and **p < 0.01; 1-way
ANOVA with Tukey post-test; n > 225 for each data set).

Fig. 3. Multipotency of GB7 and GB3 GSCs measured by immunoﬂuorescence staining for differentiation markers (green) along with DAPI nuclei counterstaining (blue). Cells
cultured in both neurosphere and PNJ scaffold conditions were capable of differentiating into neuronal (Tubulin), oligodendrocyte (GalC), and astrocytic (GFAP) lineages (nonlinear
adjustments were made to some images for visual clarity). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

Fig. 4. Self-renewal and stem cell frequency of GB7 and GB3 cells measured in a limiting dilution assay. Stem cell frequency was signiﬁcantly increased in all PNJ cultures compared
to control (**p < 0.01; chi-squared test for pairwise differences).
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increase in stem cell frequency compared to neurosphere culture;
GSC enrichment in scaffolds was highest for the GB7 cell line.
3.4. Stem marker expression in PNJ scaffolds
For comprehensive characterization of the GSC phenotype, we
measured the expression of proteins important to both GBM and
GSC biology in PNJ cultured cells. In these assays, we measured
expression of NESTIN along with the transcription factors SOX2 and
OLIG2 as markers of GBM stemness [23]. We also measured
expression of the receptor tyrosine kinases (RTKs) for epidermal
growth factor (EGFR) and platelet derived growth factor alpha
(PDGFRa) along with the hyaluronic acid receptor CD44, all of
which are associated with malignant GBM phenotypes, GSC
maintenance, and interactions with the GSC niche [23,38,39]. In
both cell lines, we observed an increase in NESTIN and EGFR
expression in all scaffold conditions compared to neurosphere
controls (Fig. 5). CD44 expression was also increased in PNJ
cultured GB3 cells compared to neurosphere controls. In GB7, CD44
was increased in PNJ10 and PNJ20 scaffolds but not in PNJ15. All
other proteins tested did not display notable differences between
scaffold and control cultures. The increases in expression of these
proteins provides further evidence of GSC maintenance and
enrichment in PNJ scaffolds.
3.5. Radiation sensitivity in PNJ scaffolds
Radiation resistance is a hallmark feature of GSCs in vivo and is
actively supported by the GSC niche microenvironment. Here, we

compared the viability of neurosphere and PNJ cultured GSCs
following radiation treatment at a clinically relevant dose (2 Gy)
and a high dose (10 Gy). Both GB3 and GB7 cells displayed a dose
response to treatment in neurosphere conditions with GB3 cells
exhibiting a more resistant baseline phenotype. Interestingly, 3D
culture in PNJ scaffolds, regardless of composition, signiﬁcantly
increased resistant behavior in both GB3 and GB7 cells at both
levels of treatment (Fig. 6). This provides further evidence for the
positive regulatory effect that the 3D PNJ microenvironment exerts
on GSCs in culture.

4. Discussion
GSCs are distinguished within the broader population of GBM
tumor cells by their multipotency, self-renewal capacity, NSC
marker expression, and radioresistance [4e7]. Together, these
phenotypic features lead GSCs to be highly tumorigenic and likely
drivers of tumor recurrence following conventional treatments
such as radiation therapy. GSCs, similar to NSCs, are enriched in
distinct niche microenvironments comprised of both cellular (e.g.
immune cells) and non-cellular (e.g. extracellular matrix) components that provide critical regulatory signaling cues. In addition,
niche inputs are also implicated in actively supporting treatment
resistance in these cells [13,14,40e42]. Therefore, identifying
mechanisms of GSC regulation contributed by the physical microenvironment may lead to options for targeting the niche with
therapeutics that disrupt their regulatory capacity and sensitize
otherwise resistant cells to treatment.
The complexity and anisotropy of the GSC microenvironments

Fig. 5. Expression of GSC marker proteins in PNJ scaffolds compared to neurosphere control cultures measured by western blot. In GB3 (n ¼ 4), NESTIN, EGFR, and CD44 expression
were increased in PNJ scaffolds compared to controls. In GB7 (n ¼ 4), expression of NESTIN and EGFR were again increased in all scaffold conditions, while CD44 was increased in
PNJ10 and PNJ20 scaffolds. Nonlinear adjustments were made to some images for visual clarity.
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Fig. 6. Viability of PNJ cultured GSCs following low dose (2 Gy) and high dose (10 Gy) radiation is signiﬁcantly higher compared to neurosphere cultures (fold change calculated in
comparison to neurosphere controls; mean values are reported with SD; n ¼ 12 replicates; *p < 0.05 and **p < 0.01; 2-way ANOVA with Bonferonni post-test).

complicates analyzing speciﬁc regulatory contributions in vivo. As a
result, three-dimensional scaffolds have been routinely used to
measure various interactions between GBM cell lines or GSCs and
their local microenvironment by us [33,43] and others
[24,29,30,44e52]. Although immortalized cell lines are proven
tools in GBM research, they are poor biological models of the
clinical condition and do not maintain functional GSCs [4,5,15,28].
In addition, 3D culture conditions that enrich GSCs, as measured by
their functional phenotype, and concurrently support radioresistance have not been reported. Thus, there remains a signiﬁcant
need to engineer physical microenvironments to study GSC-niche
interactions and their contribution to therapeutic response. Here,
we designed a synthetic polymeric biomaterial platform composed
of poly(N-isopropylacrylamide-co-Jeffamine® M-1000 acrylamide)
(PNJ copolymers [31e33]) as a scaffold for expanding and enriching
GSCs in 3D culture. To identify conditions under which the GSC
phenotype was enriched, we performed a complete functional
characterization (multipotency, self-renewal capacity, and radioresistance) of GSC behaviors alongside analysis of relevant GSC
markers. In this study, we utilized two molecularly distinct GSC
lines, GB3 (proneural) and GB7 (classical), primarily to illustrate the
robustness of effects from the PNJ culture system. Evaluation of
subtype-speciﬁc responses would be an interesting avenue for
future work. In all, we utilized this approach to identify conditions
within an engineered in vitro 3D microenvironment that positively
regulate the GSC phenotype and contribute to radioresistant
behaviors.
PNIPAAm is a temperature responsive polymer that exhibits a
lower critical solution temperature (LCST) phase transition near
30  C in aqueous solution [53]. The LCST enables reversible physical
crosslinking where the polymer is soluble at room temperature and
precipitates to form a non-water soluble scaffold at 37  C. In the gel
state, PNIPAAm scaffolds experience signiﬁcant phase separation
due to hydrophobic chain interactions which limits their utility in
3D culture. The phase separation of PNIPAAm is reduced considerably by copolymerization with Jeffamine M-1000® acrylamide
(JAAm) [32], which generates PNJ copolymers that exhibit fast
dissolution to enable transient 3D cell culture [33]. In this study, the
biochemical properties of PNJ scaffolds were tuned by modulating
JAAm incorporation to form the three different PNJ formulations
(PNJ10, PNJ15, PNJ20). Increasing JAAm concentration effects a
corresponding increase in equilibrium water content in the scaffold
[32]. The physical properties of PNJ scaffolds can also be easily
tuned by altering the dissolved copolymer concentration. At the
concentrations tested, PNJ copolymers formed viscoelastic (G0 > G00 )
scaffolds with stiffness (G0 ) ranging from 153 to 1240 Pa (Fig. 1)
which directly coincides with the stiffness of healthy brain tissue
[54]. We also observed that JAAm content affected PNJ scaffold

stiffness, and that this effect was ampliﬁed in the higher concentration constructs. Overall, the tunable nature of the PNJ platform
enables analysis of cell responses to variations in both microenvironmental chemistry and stiffness. For these studies, we chose to
utilize soft scaffolds (153 e 325 Pa) to model the microenvironment. Stable cell culture scaffolds in this stiffness range are
currently underreported as they may be difﬁcult to create with
chemical crosslinking strategies due to a low incipient density of
crosslinks.
One initial observation of PNJ cultured GSCs was that cells did
not cluster into large aggregates that are common in standard
neurosphere cultures. During gelation, the physically crosslinked
scaffolds form a polymeric network that segregates and suspends
the cells in their location. Over the course of the culture, the cells
grow as individual spheres that do not contact neighboring spheres
as they inevitably do during free ﬂotation in culture media. This
caused GSCs to grow in signiﬁcantly smaller and more uniform
spheres in PNJ scaffolds compared to neurosphere conditions
(Fig. 2). This phenomenon has also been reported in other 3D
scaffold systems [29,55]. One of the primary drawbacks of neurosphere culture is that nutrient gradients develop quickly in relation
to sphere size and have an adverse effect on stem enrichment
[17,18]. To this end, viscoelastic PNJ scaffolds prevent sphere aggregation and thus provide microenvironmental conditions that
are fundamentally distinct from neurosphere or large organoid
cultures. These conditions may positively contribute to enrichment
of the GSC phenotype; it would be interesting, in future work, to
consider hanging drop culture or culture within micro-patterned
wells as methods to further deﬁne and control neurosphere size
[56].
We measured functional GSC characteristics of GB3 and GB7
cells cultured in PNJ scaffolds to determine how stem phenotypes
may be altered in comparison to neurosphere conditions. GSCs
cannot be identiﬁed by a single feature but instead require multifaceted characterization. Multipotency, is a direct driver of GBM
tumor heterogeneity as GSCs are capable of generating a diverse
hierarchy of neoplastic cells that work to support tumor maintenance and growth [4,5,15]. Here, we observed that cells propagated
in neurosphere culture as well in PNJ scaffold cultures were capable
of multipotent differentiation (Fig. 3) as measured by expression of
proteins associated with three neural subtypes (neurons, oligodendrocytes, astrocytes). Importantly, differentiating GSCs will
often promiscuously express differentiation markers of multiple
neuronal lineages in ways that are not observed in healthy neural
stem cells [5,6,15]. Thus, positive staining indicating overlapping
expression of these antigens is possible under the described conditions. This phenomenon is generally ascribed to aberrant activation of differentiation machinery as a result of the malignant
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transformation that affects these tumor cells.
Self-renewal is another essential GSC characteristic that is a
primary driver of tumorigenicity and recurrence in vivo [5,7,8]. We
assayed the self-renewal capacity of GB3 and GB7 cells using an
in vitro limiting dilution assay. In vivo limiting dilution is one of the
gold standard methods for GSC identiﬁcation but it is not directly
quantitative. Given that the control (neurosphere) cultures were
previously characterized as containing GSCs [35,36], the in vitro
limiting dilution and subsequent ELDA analysis were employed to
measure quantitative differences in stem cell frequency [8,37].
Using this method, the stem cell frequency of PNJ cultured GB3 and
GB7 cells was measured to be signiﬁcantly increased (p < 0.01) for
all scaffold formulations compared to neurosphere cultured controls (Fig. 4). To our knowledge, this is the ﬁrst report of a 3D
biomaterial that increases self-renewal capacity in patient-derived
GSC cultures. Mebiol® gel scaffolds have been shown to be useful
for maintaining multipotent patient-derived GBM cells, but functional stem enrichment was not directly measured [29]. While
Mebiol® gel and PNJ are chemically similar, the reported scaffold
stiffness (1000 Pa) is more than three times greater than the stiffest
PNJ scaffold (325 Pa) and may play a role in this dichotomy. Alternatively, Matrigel® cultured GSCs reportedly develop GBM tumor
organoids that reduce self-renewal capacity of the original stem
population [30]. In contrast to Matrigel®, which contains both
serum and extracellular matrix proteins, synthetic PNJ scaffolds do
not provide any bioactive or native niche cues. Yet, the biochemical
and biophysical properties of these scaffolds provide permissive
conditions for non-adherent neurosphere growth that maintain
GSCs in an undifferentiated state and increase self-renewal capacity. The interplay of effects imparted by the biochemical and biophysical properties of the scaffold is an important and likely
complex relationship that warrants future study.
PNJ cultures also altered the expression of proteins that are
attributed to the GSC phenotype. Speciﬁcally, NESTIN and EGFR
expression were increased in both cell lines across all scaffold
conditions (Fig. 5). NESTIN is an established NSC marker and has
been shown to regulate self-renewal capacity [57,58]. The EGFR
pathway is one of the most studied in GBM biology as it is
frequently ampliﬁed and/or mutated in the disease state [59].
Moreover, EGFR signaling in GSCs has been shown to help maintain
the molecular characteristics of the original tumor sample [15], and
also regulate their self-renewal capacity in vitro [60]. Thus, increases in NESTIN and EGFR expression are consistent with the
measured increase in GB3 and GB7 self-renewal. Additionally,
expression of the hyaluronic acid receptor CD44 was also increased
in PNJ cultured GB3 cells as well as PNJ10 and PNJ20 cultured GB7
cells. CD44 expression has been proposed as a GSC marker and is
commonly associated with an invasive phenotype [35,39]. Taken
together, these data suggest that PNJ scaffolds promote expression
of proteins that are known to regulate key GSC phenotypes such as
self-renewal and invasion.
In vivo, GSCs are concentrated in speciﬁc niches (hypoxic,
invasive, and perivascular), each of which may regulate cellular
phenotype via distinct mechanisms [13]. Culturing GSCs as neurospheres or organoids is expected to drive cellular evolution primarily as a result of the gradients of oxygen and nutrient
deprivation, which develop as cells proliferate [17,18]. In contrast,
the PNJ microenvironment is expected to be relatively nutrient and
oxygen rich. This expectation is based on the relatively small size of
neurospheres grown within the gel (which prevents formation of a
necrotic core), as well as our previous work showing that PNJ
scaffolds retain encapsulated protein [32]. It is possible that proteins secreted by GSCs in PNJ scaffolds are effectively sequestered
near cells, leading to increased autocrine signaling. The increased
expression of EGFR we observed in these studies supports this

hypothesis, and the small size of clonogenic spheres produced by
PNJ cultures draws further parallel to the in vivo circumstance,
where GSCs are found in small clusters near blood vessels. We thus
propose that the PNJ microenvironment may be a relevant model
for GSC interactions with the perivascular niche [14,40].
From a clinical perspective, total surgical resection of GBM tumors is often impossible due to tumor location and the potential for
damage to healthy brain tissue. As a result, radiation offers the best
treatment modality for remaining tumorigenic cells due to its
ability to directly penetrate the target tissue. However, radiotherapy is resisted by GSCs that respond with increased activation
of DNA damage repair pathways [10]. This behavior, similar to selfrenewal capacity, enables GSCs to mediate tumor recurrence and
disease progression. Moreover, support from the GSC niche is
believed to be signiﬁcant driver of radioresistance [13,14,40e42].
Hubert et al. investigated this by irradiating GSC derived 3D GBM
organoids and found that GSC marker expression was inversely
correlated with apoptotic marker expression [30]. In our work,
populations of PNJ cultured GSCs displayed signiﬁcantly increased
radioresistance in an experimental model that directly assayed cell
viability in response to treatment (Fig. 6). Additionally, EGFR activity has been studied as a driver of GBM radioresistance [61,62]
and may in this context be a contributing factor to the behavior
we observed. These data suggest that 3D cultures, and speciﬁcally
PNJ scaffolds, are valuable tools for studying microenvironmental
support of radioresistance in vitro; we propose that these microenvironments are an effective model for GSC niches that are
implicated in driving treatment resistance and tumor recurrence
in vivo [40].
5. Conclusion
This work describes 3D culture conditions that were implemented using fully synthetic PNJ scaffolds to expand and enrich
GSCs in culture. Using these scaffolds, we measured enrichment of
functional GSC characteristics, including radioresistance, as well as
corresponding protein expression in two molecularly distinct
patient-derived models of GBM. The tunable nature of the PNJ
platform is a substantial advantage as it enables control over the
chemical and physical properties of the scaffold to study niche
regulation of GSCs in a variety of conditions. PNJ chemistry also
presents the opportunity for additional engineering; for example,
by inclusion of bioactive peptides such as RGD to study cell adhesion related GSC-niche interactions [33]. In conclusion, we propose
that the PNJ platform offers signiﬁcant opportunities for studying
microenvironmental regulation of clinically relevant models of
GBM in vitro. Although current methods of GBM treatment have
proven minimally effective, future therapeutic strategies may
achieve a higher degree of success by focusing on disruption of GSC
regulatory mechanisms within the microenvironment.
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