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ABSTRACT: Stem cells have attracted significant attention
due to their regenerative capabilities and their potential for
the treatment of disease. Consequently, significant research
effort has focused on the development of protein- and
polypeptide-based materials as stem cell substrates and
scaffolds. Here, we explore the ability of reflectin, a

Culture
mNSPCs

cephalopod structural protein, to support the growth of murine neural stem/progenitor cells (mNSPCs). We observe that
the binding, growth, and differentiation of mNSPCs on reflectin films is comparable to that on more established protein-based
materials. Moreover, we find that heparin selectively inhibits the adhesion of mNSPCs on reflectin, affording spatial control of
cell growth and leading to a >30-fold change in cell density on patterned substrates. The described findings highlight the

potential utility of reflectin as a stem cell culture material.

KEYWORDS: biomaterials, cephalopods, patterning, heparin, cell adhesion

B INTRODUCTION

Stem cells have historically attracted significant attention due
to their regenerative capabilities and their potential for
therapeutic applications.'~” For example, neural stem/
progenitor cells (NSPCs), which are heterogeneous, self-
renewing, multipotent cells capable of differentiation into
neurons, astrocytes, and oligodendrocytes, have shown
promise for the treatment of stroke, Parkinson’s disease, and
spinal cord injury in humans.”~” For stem cell-based
treatments, the therapeutic efficacy has critically relied on
influencing cellular behavior, that is, adhesion, proliferation,
and differentiation, via physical and chemical cues from the
surrounding environment.'’~'® Consequently, various types of
materials, including proteins, peptides, polysaccharides, poly-
mers, and ceramics, have been investigated as substrates and
scaffolds for the growth of stem cells in vitro."”~** Among
these materials, intrinsically biocompatible proteins and
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polypeptides, such as collagen, fibrin, vitronectin, laminin
(LAM), and fibronectin (FN), have proven especially advanta-
geous because they not only feature motifs that can promote
stem cell adhesion, proliferation, and differentiation but also
can help establish environments analogous to ones found in
vivo."””?" As such, the discovery and optimization of
advantageous protein- and peptide-based substrates and
scaffolds remains important in stem cell research.

For peptide- and protein-based stem cell growth materials,
direct patterning represents a common strategy for controlling
cellular fate and function. Therefore, several different method-
ologies have been developed for modifying and patterning such
materials, including plasma etching, chemical functionalization,
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application of electric fields, scanning probe lithography, and
microcontact printing.”* > These methodologies have led to a
better fundamental understanding of stem cell behavior and
enabled applications as diverse as pharmaceutical screens,
tissue engineering, neural network formation, and radiation
toxicity assays.”> >° However, when patterning peptide- and
protein-based substrates, the reported approaches do feature
some limitations, as they can require advanced equipment,
necessitate complex multistep procedures, are often low-
throughput, or have limited resolution across multiple length
scales. Consequently, there exists an impetus for the continued
improvement of these patterning techniques.

Recently, we have explored unique proteins called reflectins,
which play a critical role in cephalopod structural colora-
tion”’ ' as stem cell growth materials."' Specifically, we
showed that intrinsically biocompatible reflectin films support
the adhesion, proliferation, and differentiation of human neural
stem/progenitor cells (hNSPCs) in a similar fashion to
common neural stem cell matrix materials."" These efforts
were motivated largely by reflectins’ favorable combination of
properties.37_51 For example, reflectins can be processed into
films via routine fabrication techniques, such as dig coating,
drop casting, spin coating, and doctor blading.””*~* In
addition, these proteins can withstand relatively harsh
conditions, including elevated temperature, direct metal
deposition, and electrical interrogation.”*”*”*! Furthermore,
reflectin films possess excellent electrical functionality, with
bulk proton conductivities of up to ~2.6 X 107> S cm™, thus
enabling reflectin-based protonic transistors, protochromic
color—changing devices, and photochemically dopable sys-
tems.*”*’ ™! However, within the context of using reflectin
films as stem cell growth substrates, we did not investigate
NSPCs from multiple species, obtain mechanistic insight into
stem cell adhesion/binding, or demonstrate direct patterning
of the films."'

Herein, we build upon the prior work and explore the
growth of murine neural stem/progenitor cells (mNSPCs) on
reflectin films. First, we compare the adhesion and proliferation
of mNSPCs on reflectin films and on more established protein
and polypeptide scaffolds, such as FN, LAM, and poly-p-lysine.
Next, we investigate and evaluate the likely mechanisms by
which mNSPCs interact with reflectin. Subsequently, we
demonstrate that the ability of mNSPCs to differentiate into
astrocytes, neurons, and oligodendrocytes on reflectin films is
comparable to that on LAM. Finally, we report the surprising
observation that heparin inhibits the adhesion of mNSPCs on
reflectin (presumably through electrostatic effects) and show
that heparin patterning affords spatial control of mNSPC
growth. Our findings underscore the potential utility of
reflectin-based substrates and scaffolds for neural stem cell
culture applications.

B RESULTS AND DISCUSSION

We began our studies by fabricating reflectin films on glass
substrates with the goal of using them for the growth of
mNSPCs. Here we wanted to expand upon the previous
finding that reflectin is an efficacious hNSPC growth material*'
and explore any species-specific effects that may arise for
murine cells, which are convenient models of human disease.>
Moreover, we selected mNSPCs that not only grow on faster
time scales relative to our previously investigated hNSPCs™
but also more efficiently differentiate into oligodendrocytes,
making it possible to assess multipotent differentiation.>
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Toward this end, we first expressed histidine-tagged
Doryteuthis (Loligo) pealeii reflectin Al (RfAl) variants in E.
coli according to established protocols (Figure S1).***” We
then coated glass substrates with the selected reflectins via a
modified doctor-blading protocol, producing films analogous
to the ones previously used for the growth of hNSPCs."!
Subsequently, we plated and cultured mNSPCs according to
standard protocols, as illustrated in Figure 1A. This robust and
straightforward approach facilitated the throughput of our
studies with mNSPCs and enabled direct comparisons to the
prior work with hNSPCs.
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Figure 1. (A) General illustration of the procedure for the growth of
mNSPCs on RfAl films. (B) Plot of the mNSPC density on RfAl
(black), LAM (blue), FN (red), RDM (green), and PDL (purple)
films as a function of time after initial plating. (C) Comparison of the
mNSPC density on RfAl, LAM, FN, RDM, and PDL films after 48 h
of growth. Representative phase contrast optical microscopy images of
mNSPCs obtained after 48 h of growth in proliferation medium on
(D) RfAL, (E) LAM, (F) FN, (G) RDM, and (H) PDL films. A one-
way ANOVA with Dunnett’s post hoc test was used for the statistical
analysis. *P < 0.05, ****P < 0.0001. All error bars indicate the
standard error of the mean from three independent experiments.

We initially evaluated the ability of films from RfAl variants
to support the adhesion and growth of mNSPCs relative to
other materials that are known to support stem cells. For this
purpose, we selected the commonly used extracellular matrix
glycoproteins laminin (LAM) and fibronectin (FN), a mutant
reflectin with a randomized amino acid sequence but overall
unchanged net charge (RDM)*” (Figure S1), and a synthetic
poly-D-lysine polypeptide (PDL). To compare the adhesion
and growth of mNSPCs on RfAl, LAM, EN, RDM, and PDL,
we plated the cells in proliferation medium onto these
materials and monitored their densities and sizes over a period
of 2 days with optical microscopy (Figure 1). We anticipated
that the initial observations, that is, within the first half day,
would be primarily dominated by cell adhesion and that the
later observations would represent a combination of cell
adhesion, proliferation, and death. After 12 h, we quantified the
initial adhesion and found the highest cell densities on LAM,
intermediate cell densities on RfAl, FN, and RDM, and the
lowest cell densities on PDL (Figure 1B). Over the next 36 h,
we discovered that the cell densities were higher and quite
similar to each other on RfAl and LAM, increased but to a
somewhat lesser extent on FN, changed comparatively little or
not at all on RDM, and remained relatively low on PDL
(Figure 1B). Specifically, after 48 h, RfAl, LAM, FN, RDM,
and PDL featured cell densities of 59 + 5,59 + 5,47 + 3,28 +
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4, and 13 + 1 cells/mm? respectively (Figure 1C).
Furthermore, we noted clear morphological variability for the
mNSPCs on our films, with primarily elongated morphologies
and larger average surface areas that indicated healthy cell
attachment on RfAl, LAM, and FN and a substantial fraction
of rounded morphologies that indicated relatively poor
attachment on RDM and PDL (Figure 1D—H). Indeed, after
48 h, RfA1, LAM, FN, RDM, and PDL films featured cells with
average areas of 822 + 42, 1012 + 41, 902 + 48, 550 + 28, and
520 + 22 pum?, respectively (Figure 1D—H). Interestingly, the
cell densities for RfA1 and RDM were at first comparable and
then increased dramatically for the former but not for the latter
with time, suggesting that the initial cell adhesion relied on the
proteins’ analogous net charge but that continued adhesion
and growth depended on RfA1’s specific amino acid sequence.
Taken together, the observations demonstrated that RfAl
supported mNSPC growth in a similar fashion to the more
well-established and common proteinaceous materials LAM
and FN.

Because we found similar initial adhesion but significantly
different subsequent growth for mNSPCs on RfAl and RDM,
we sought to gain insight into the cell surface receptors that
could be responsible for the stem cells’ interaction with RfAl
films. Toward this end, we assessed RNA sequencing data to
quantify the relative expression of genes often associated with
the binding of stem cells in different environments (Figure
§2).%%% Specifically, we quantified the relative expression of
selectins, which are transmembrane glycoproteins that mediate
cellular interactions for leukocytes, platelets, and endothelial
cells,”®” and integrins, which are heterodimeric trans-
membrane proteins responsible for cellular adhesion to
extracellular matrices like fibronectin and laminin.”**’ We
found low levels of gene expression for the entire selectin
family, that is, E-selectins, L-selectins, and P-selectins, with
corresponding reads per kilobase of transcript per million reads
mapped (RPKM) values of <0.1 (Figure S2). These
observations indicated that selectins could not be responsible
for the adhesion or growth of mNSPCs on RfAl films.
Furthermore, we found low levels of expression for the a9, 7,
a3, al0, 3, a8, a4, 4, aE, all, al, 2, aD, aX, aM, and 6
integrins with RPKM values of <1, moderate levels of
expression for the a5, a2, al, and alIb integrins with RPKM
values between 1 and 10; and high levels of expression for the
AL, BS, a6, 8, aV, and a7 integrins with RPKM values of >10
(Figure S2). Our observations indicated that only 8 out of the
24 known integrin pairs, that is, @11, a2f1, a5p1 a6p1, a7p1,
aVpl, aVp3s, and aV38, could contribute to the adhesion or
growth of mNSPCs on RfAl films, and from these pairs, 541,
aVp1, aVps, and aVf8 are known to recognize motifs found
in FN (e.g, RGD), and alfl, a2f1, a6fl, and a7f1 are
known to recognize motifs found in LAM.”

To better understand which of the identified integrins might
facilitate the interaction of mNSPCs with reflectins, we
explored how small molecules known to block cell binding
on FN affected stem cell growth on RfAl films. For this
purpose, we used the synthetic peptide GRGDS, which is
identical to the cell-binding motif of FN,*! and the RGD-
containing snake venom disintegrin Echistatin, which can
block integrin-dependent cell adhesion on FN.°> First, we
pretreated mNSPCs with solutions containing ~2 mM (~1
mg/mL) GRGDS or with solutions lacking this peptide and
then plated these cells on both RfAl and FN. Then, we
evaluated the resulting relative global cell densities on these
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films after a period of 24 h. We found that the presence of
GRGDS had little effect on the cell density on RfAl but caused
nearly an order of magnitude decrease in the cell density on
EN (Figure S3). Next, we pretreated mNSPCs with solutions
containing ~2 uM (~10 pug/mL) Echistatin or with solutions
lacking this disintegrin and then plated these cells on both
RfA1 and FN. We, in turn, evaluated the resulting relative
global cell densities on these films after a period of 24 h. We
again found that the presence of Echistatin had little effect on
the cell density on RfAl but caused more than an order of
magnitude decrease in the cell density on FN (Figure S3).
These observations suggested that mNSPCs were likely not
interacting with RfA1l via receptors specific for RGD and that
the cells may thus use other integrins for binding to RfAl.

Having observed some similarities between mNSPC growth
on RfAl and LAM, we evaluated the differentiation potential
of adhered mNSPCs on these two materials. We plated
mNSPCs, allowed them to reach ~50% confluency on RfAl or
LAM, and induced differentiation by substituting proliferation
medium for differentiation medium, as illustrated in Figure 2A.
We then fixed the cells grown on either RfAl or LAM,
immunostained them with various markers specific for
neurons, astrocytes, or oligodendrocytes (note that the nuclei
were counterstained with Hoechst in all instances), and imaged
the cell-covered films with fluorescence microscopy according
to established protocols.s‘?”“_65 First, we visualized the
differentiated neurons on RfAl and LAM by staining them
with antibodies that recognized cytoskeletal microtubule-
associated protein 2 (MAP2) and class III S-tubulin (TuJl).
We found comparable neuron formation on both materials,
with the cells displaying centralized cell bodies and elongated
extended neurites (Figure 2B, left; Figure 2C, left). The
calculated neuron percentages of 26.6 + 2% for RfAl and 25.7
+ 3% for LAM were statistically the same (Figure 2D). Next,
we visualized the differentiated astrocytes on RfAl and LAM
by staining them with antibodies that recognized the
intermediate filament glial fibrillary acidic protein (GFAP).
We also found comparable astrocyte generation on both
materials, with the cells displaying the expected morphologies
and characteristic filament striations (Figure 2B, middle;
Figure 2C, middle). The calculated astrocyte percentages of
16.0 + 3% for RfAl and 13.8 + 2% for LAM were statistically
the same (Figure 2E). In turn, we visualized the differentiated
oligodendrocytes by staining them with antibodies that
recognized the cell surface antigen O4. We likewise found
comparable oligodendrocyte differentiation on both materials,
with the cells displaying rounded cell bodies and elaborate
ramified projections (Figure 2B, right; Figure 2C, right). The
calculated oligodendrocyte percentages of 1.2 + 0.6% on RfAl
and 1.7 = 0.7% on LAM were statistically the same (Figure
2F). Here we note that less than half of the mNSPCs would be
expected to differentiate into astrocytes, neurons, or oligoden-
drocytes under our experimental conditions, with the rest of
the populations consisting of undifferentiated cells, as
previously reported.”>***>> Altogether, our findings indicated
that the differentiation potential of mNSPCs was almost
indistinguishable on RfAl and LAM.

While evaluating the adhesion and proliferation of mNSPCs
on RfAl and LAM, we tested and considered the effects of a
variety of different media components commonly used for
stem cell culture experiments (Table S1). We were surprised to
discover that heparin, a glycosaminoglycan known to modulate
signaling pathways via protein binding and thus to affect stem
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Figure 2. (A) General illustration of the differentiation of mNSPCs
into neurons, astrocytes, and oligodendrocytes on RfAl films. (B)
Representative fluorescence microscopy images of RfAl films
featuring differentiated neurons coimmunostained for the cytoskeletal
microtubule-associated protein MAP2 and the class III f-tubulin
protein TuJl (left), differentiated astrocytes immunostained for the
intermediate filament glial fibrillary acidic protein GFAP (middle),
and differentiated oligodendrocytes immunostained for the surface
antigen O4 (right). Note that the cell nuclei were stained with
Hoechst in all instances. (C) Representative fluorescence microscopy
images of LAM films featuring differentiated neurons coimmunos-
tained for the cytoskeletal microtubule-associated protein MAP2 and
the class III f-tubulin protein TuJ1 (left), differentiated astrocytes
immunostained for the intermediate filament GFAP (middle), and
differentiated oligodendrocytes immunostained for the surface antigen
O4 (right). Note that the cell nuclei were stained with Hoechst in all
instances. The corresponding direct comparisons of the percentage of
cells that differentiated into (D) neurons, (E) astrocytes, and (F)
oligodendrocytes on RfAl (dark gray) and LAM (blue) films are
shown. The error bars for neurons and astrocytes represent the
standard error of the mean from three independent experiments. The
error bars for oligodendrocytes represent the standard error of the
mean from five independent experiments. A t test was applied for the
statistical analysis, with n.s. indicating no significance. (P < 0.05 was
considered to be statistically significant.)

cell growth and differentiation,”*~"" appeared to substantially

decrease adhesion on RfAl but not on LAM. We therefore
plated mNSPCs on these two materials and directly compared
the cells’ growth after a period of 36 h, in both the presence
and absence of heparin (Figure 3 and Table S2). Notably, for
RfA1 films in proliferation medium lacking heparin, we found
that mNSPCs readily grew to high densities of 53 + 5 cells/
mm® and displayed the expected healthy elongated morphol-
ogies with surface areas of 901 + 40 um* (Figure 3A,G).
However, for RfAl films in proliferation medium supple-
mented with ~100 nM (2 pg/mL) heparin, we observed that
mNSPCs exhibited little adhesion or growth, with low
densities of 3 + 1 cells/mm? and featured rounded

1314

100 um

RfA1, RfA1, RfA1, LAM,
Proliferation 100 nM 100 nM Proliferation 100 nM 100 nM
Media Heparin Chondroitin Media Heparin Chondroitin
Sulfate A Sulfate A
G) 75
—
!‘Il dekkk
E T ] L
- 50 _
2
n
§ 2
S 25
©
o =
RfA1, RfA1, RfA1, LAM, LAM, LAM,
Proliferation 100 nM 100 nM  Proliferation 100 nM 100 nM
Media Heparin  Chondroitin Media Heparin  Chondroitin
Sulfate A Sulfate A

Media Condition

Figure 3. (A) Illustration (top) and phase contrast optical microscopy
image (bottom) of mNSPCs grown on RfAl in proliferation medium.
(B) Ilustration (top) and phase contrast optical microscopy image
(bottom) of mNSPCs grown on RfAl in proliferation medium
supplemented with ~100 nM heparin. (C) Illustration (top) and
phase contrast optical microscopy image (bottom) of mNSPCs grown
on RfAl in proliferation medium supplemented with ~100 nM
chondroitin sulfate A. (D) Illustration (top) and phase contrast
optical microscopy image (bottom) of mNSPCs grown on LAM in
proliferation medium. (E) Ilustration (top) and phase contrast
optical microscopy image (bottom) of mNSPCs grown on LAM in
proliferation medium supplemented with ~100 nM heparin. (F)
Ilustration (top) and phase contrast optical microscopy image
(bottom) of mNSPCs grown on LAM in proliferation medium
supplemented with ~100 nM chondroitin sulfate A. (G) Comparative
plot of the mNSPC densities after 36 h of growth on RfAl in
proliferation medium (dark gray), on RfAl in proliferation medium
supplemented with ~100 nM heparin (gray), on RfAl in proliferation
medium supplemented with ~100 nM chondroitin sulfate A (light
gray), on LAM in proliferation medium (blue), on LAM in
proliferation medium supplemented with ~100 nM heparin (light
blue), and on LAM in proliferation medium supplemented with ~100
nM heparin (cyan). Note that the optical microscopy images were
obtained after 36 h of mNSPC growth. A one-way ANOVA with
Dunnett’s post hoc test was used for the statistical analysis. ****P <
0.0001. All error bars indicate the standard error of the mean from
three independent experiments.

morphologies indicative of weak attachment, with surface
areas of 549 + 33 um® (Figure 3B,G). In contrast, for LAM
films in proliferation medium lacking heparin, we found that
mNSPCs grew to densities of 58 + S cells/mm? and displayed
healthy cellular morphologies with surface areas of 1012 + 46
um? (Figure 3D,G). Likewise, for LAM films in proliferation
medium supplemented with ~100 nM (2 pg/mL) heparin, we
observed that mNSPCs grew to similar densities of 50 + 4
cells/mm* and again featured healthy cellular morphologies
with surface areas of 984 + 46 um?® (Figure 3E,G).
Interestingly, we discovered that heparin dramatically
decreased the cell adhesion and growth on RDM and PDL
but not on FN (Table S2). These findings demonstrated that
heparin could serve as a potent inhibitor of mNSPC adhesion
and growth specifically on positively charged materials such as
RfAI but not on negatively charged materials such as LAM.”*
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To gain further insight into the origin of heparin’s influence
on mNSPC growth, we assessed whether other glycosamino-
glycans might likewise inhibit mNSPC adhesion on RfAl. For
this purpose, we used chondroitin sulfate A because this
macromolecule is known to affect neural stem cell proliferation
via binding to growth factors and is chemically similar to
heparin but on average has three times fewer sulfate groups per
disaccharide unit.”"”*~”> We plated mNSPCs on RfAl and
LAM and compared the cells” growth after a period of 36 h, in
both the presence and absence of chondroitin sulfate A (Figure
3 and Table S2). For RfAl films in proliferation medium
supplemented with ~100 nM (2 ug/mL) chondroitin sulfate
A, we found that the mNSPCs adhered and grew to densities
of 56 + 6 cells/mm?, displaying elongated morphologies with
surface areas of 830 + 32 um®* (Figure 3C,G). The cells were
essentially indistinguishable from ones cultured under the same
conditions on RfA1 but in the absence of chondroitin sulfate A
(Figure 3A,G). Similarly, for LAM films in proliferation
medium supplemented with ~100 nM (2 pg/mL) chondroitin
sulfate A, we found that mNSPCs adhered and grew to
densities of 61 + 4 cells/mm? displaying elongated
morphologies with areas of 1014 + 40 um® (Figure 3F,G).
The cells were again essentially indistinguishable from ones
cultured under the same conditions on LAM but in the
absence of chondroitin sulfate A (Figure 3D,G). Furthermore,
we observed that chondroitin sulfate A did not significantly
influence cell adhesion and proliferation on RDM, PDL, and
FN (Table S2). Given that some of the key differences
between heparin and chondroitin sulfate A are their relative
degree of sulfation and overall charge density, the totality of
our findings hinted that heparin inhibited mNSPC adhesion on
RfA1 (and other positively charged materials) at least in part
through electrostatic effects.

Because heparin impeded mNSPC adhesion on RfAl (but
not on LAM), we investigated the possibility that this
glycosaminoglycan was preferentially interacting with the
surfaces of our RfAl films. Thus we incubated RfAl and
LAM films in solutions supplemented with ~100 nM
fluorescein-labeled heparin, supplemented with ~100 nM
standard unlabeled heparin, or lacking heparin entirely. We
then imaged these films, which were thoroughly washed to
remove weakly bound macromolecules, with fluorescence
microscopy (Figure S4). We observed the highest fluorescence
intensity for RfAl films incubated with fluorescein-labeled
heparin, which was approximately three to four times greater
than the background fluorescence found for RfAl films
incubated with unlabeled heparin or not incubated with
heparin at all (Figure S4). We also found a lower fluorescence
intensity for LAM films incubated with fluorescein-labeled
heparin (relative to the analogous RfAl films), which was
comparable to the background fluorescence found for LAM
films incubated with unlabeled heparin or not incubated with
heparin at all (Figure S4). Taken together, these experiments
revealed that heparin bound to positively charged RfAl but not
negatively charged LAM, lending additional support to the
notion that this glycosaminoglycan inhibited mNSPC adhesion
on some of our substrates via a charge-based mechanism.

Last, after learning that heparin was selectively binding to
RfAl, we sought to leverage our discoveries for the spatial
control of stem cell growth on this material. Toward this end,
we dip-coated RfAl films in solutions containing heparin,
thereby leaving half of the surface pristine and modifying the
other half with heparin, as illustrated in Figure 4A.
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Figure 4. (A) General illustration of the dip-coating procedure for the
patterning of RfA1 films with heparin. (B) Illustration (left) and phase
contrast optical microscopy image (right) of an RfA1 film that was dip
coated into a solution containing heparin and then used for the
growth of mNSPCs. The heparin-modified area is indicated in red.
(C) Tllustration (left) and phase contrast optical microscopy image
(right) of an RfAI film that was dip coated into a solution lacking
heparin and then used for the growth of mNSPCs. The dip-coated
area is indicated in black. Note that the optical microscopy images
were obtained after 24 h of mNSPC growth.

Subsequently, we plated mNSPCs at relatively high densities
onto the patterned films and monitored the cell growth with
optical microscopy. After a period of 24 h, we found that the
films’ pristine halves were covered by cells featuring typical
elongated morphologies but that the heparin-modified halves
featured very few adherent cells (Figure 4B). Indeed, under
identical conditions, there was a >30-fold decrease in the cell
density within the same film as a result of heparin patterning;
essentially, the cells had chosen to adhere to the film’s
unmodified side (Figure 4B). For comparative purposes, we
dip coated RfAl films in solutions lacking heparin, thereby
leaving both halves of their surfaces pristine and unmodified.
We then plated mNSPCs at relatively high densities onto the
films and again monitored the cell growth with optical
microscopy. After a period of 24 h, we found that the films
were completely covered with cells, observing no localization
preference for either side (Figure 4C). Indeed, there was no
discernible difference in the cell density or morphology on the
same RfAl film when patterning was attempted without
heparin (Figure 4C). Overall, our results showed that the
adsorption of heparin to RfAl was sufficient to inhibit mNSPC
adhesion and that heparin patterning could be used to direct
stem cell growth on RfAl-based substrates.

B CONCLUSIONS

We have comparatively investigated the growth of mNSPCs on
RfAl (relative to common protein- and peptide-based
materials) and gained an improved understanding of the
adhesion, proliferation, and differentiation of murine stem cells
on our substrates. Initially, mNSPC adhesion on reflectin films
appears to occur via electrostatic means because (1) similar or
nearly identical cell densities/average areas are found on other
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positively charged films, for example, RfAl and RDM, and (2)
biomolecules with a high negative charge density, that is,
heparin, selectively inhibit binding on these materials.
Subsequently, mNSPC growth on reflectin films is seemingly
protein-sequence-dependent because (1) the cellular growth
trends on RfAl, LAM, and EN are similar to each other but
distinct from those on RDM and PDL and (2) the selectin
family and all but four integrin pairs known to bind LAM, that
is, alpl, a2p1, a6p1, and a7p1, can be excluded as possible
receptors for RfAl. Lastly, mNSPC differentiation on reflectin
is comparable to the differentiation observed on other protein-
based substrates because (1) indistinguishable percentages of
astrocytes, neurons, and oligodendrocytes are generated on
RfAl and LAM and (2) the morphologies of the differentiated
cells are comparable on RfAl and LAM. Consequently, our
observations together establish reflectin as a viable alternative
to some of the most common state-of-the-art neural stem cell
growth substrates and scaffolds.

The fact that heparin selectively prevents mNSPC binding
on reflectin underscores our findings’ potential utility within
the context of neural stem cell growth. Indeed, heparin is
already used both in stem cell media and in scaffolds to
influence stem cell fate,’*™"' so the combination of this
glycosaminoglycan and reflectin could find applications in stem
cell culture protocols. For instance, given that heparin’s
inhibitory effect appears to be primarily electrostatic in nature
(that is, due to charge neutralization), it may be possible to
develop heparin-derivative-based techniques for the spatially
resolved detachment of differentiated neural lineages from
reflectin-based substrates. Furthermore, because patterning of
RfA1 films with heparin is straightforward, robust, inexpensive,
and nondestructive, our surprising findings portend favorably
for the ultimate preparation of sophisticated 3D reflectin-based
stem cell scaffolds. However, such future efforts will certainly
necessitate a better fundamental understanding of reflectin’s
secondary and tertiary structures, which have not been
reported to date, as well as a continued detailed exploration
of the mechanisms by which stem cells interact with various
reflectin isoforms.

Finally, our observations may ultimately facilitate the
development of bioelectronic devices wherein reflectin serves
as an active material. Previously, we have postulated that
reflectin’s combination of excellent biocompatibility, process-
ability, robustness, and conductivity could enable platforms
that are well suited for electrically interfacing with single neural
cells.**”® However, the engineering and fabrication of the
required device architectures would prove challenging in the
absence of effective strategies for controlling cellular adhesion
and localization. Thus, the findings reported herein represent
another step toward cephalopod-inspired, protein-based bio-
logical electronics capable of monitoring and controlling
cellular activity.

B EXPERIMENTAL SECTION

Expression, Purification, and Characterization of Reflectin
Variants. Histidine-tagged Doryteuthis (Loligo) pealeii reflectin Al
(RfA1) and randomized mutant reflectin Al (RDM) proteins were
prepared by following previously reported protocols.***”*° In brief,
the pJExpress414 expression vectors containing genes corresponding
to histidine-tagged RfA1 or RDM (Figure S1) were transformed into
BL21(DE3) cells (Novagen). The proteins were expressed at 37 °C
using lysogeny broth (LB) (Novagen) supplemented with 100 yg/mL
carbenicillin. The proteins were insoluble when expressed at 37 °C
and were thus sequestered in inclusion bodies. The cells were lysed
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using BugBuster (Novagen) according to manufacturer protocols, and
the inclusion bodies were extracted by filtration and centrifugation.
The inclusion bodies were solubilized in denaturing buffer (6 M
guanidine hydrochloride) and then further purified with high-
performance liquid chromatography (HPLC) on an Agilent 1260
Infinity system using a reverse-phase CI18 column. For HPLC
purification, the gradient was evolved from 95% Buffer A/5% Buffer B
to 5% Buffer A/95% Buffer B at a flow rate of 4 mL/min over 35 min
(Buffer A: 99.9% water, 0.1% trifluoroacetic acid; Buffer B: 95%
acetonitrile, 4.9% water, 0.1% trifluoroacetic acid). The identities of
the proteins were routinely confirmed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and tryptic diges-
tion, followed by mass spectrometry.

Fabrication of Protein and Polypeptide Films. Films from the
reflectin variants were fabricated on glass coverslips according to
established protocols.41 In brief, the uncoated 12 mm diameter round
glass coverslips (Carolina) were first cleaned sequentially with Milli-Q
water, acetone, and isopropanol as well as sterilized with a bunsen
burner flame. Subsequently, Teflon tape (McMaster-Carr) was
applied to the edges of the coverslips to act as spacers during
coating. A fresh 20 mg/mL RfAl or RDM solution in Milli-Q water
was then prepared and cast onto the coverslips in front of a plastic
blade, which was translated at a constant speed across the surface at
an elevated temperature to promote water evaporation and film
formation. Films from the other proteins and polypeptides, that is,
LAM (ThermoFisher Scientific), FN (ThermoFisher Scientific), and
PDL (VWR), were prepared according to reported proce-
dures.>>®™% In brief, 12 mm diameter round glass coverslips
(Carolina) were incubated overnight in Minimum Essential Medium
(ThermoFisher Scientific) supplemented with 20 ug/mL LAM, 10
ug/mL FN, or 40 ug/mL PDL and then thoroughly rinsed to remove
any excess proteins or polypeptides. The resulting coated glass
coverslips were used for cell culture and microscopy experiments as
necessary.

Modification of Protein and Polypeptide Films with
Glycosaminoglycans. Films from reflectin variants (that is, RfAl
and RDM) on 12 mm diameter round glass coverslips (Carolina)
were modified with heparin or chondroitin sulfate A via
straightforward procedures. To modify the films’ entire surfaces
during cell culture studies, the coated glass coverslips were cultured
with mNSPCs in proliferation medium lacking glycosaminoglycans,
supplemented with ~100 nM (2 pg/mL) heparin (Sigma-Aldrich), or
supplemented with ~100 nM (2.8 pg/mL) chondroitin sulfate A
(Sigma-Aldrich). When necessary, LAM, FN, or PDL films were
immersed in solutions lacking the glycosaminoglycans, containing
heparin, or containing chondroitin sulfate A under identical
conditions. To modify the RfAl or LAM films’ entire surfaces for
fluorescence imaging, the coated glass coverslips were incubated in
differentiation medium (which did not contain growth factors that
might complicate imaging) lacking any heparin, supplemented with
~100 nM (2 pg/mL) unlabeled heparin (Sigma-Aldrich), or
supplemented with ~100 nM (2 ug/mL) fluorescein-labeled heparin
(ThermoFisher Scientific). The substrates were subsequently
thoroughly rinsed to remove any residual heparin derivatives. To
modify half of the RfAl films™ surfaces, the coated glass coverslips
were dipped into Dulbecco’s modified Eagle’s medium/Nutrient
Mixture F-12 (DMEM:F12) (ThermoFisher Scientific) either lacking
heparin or supplemented with ~10 gM unlabeled heparin. The
substrates were subsequently gently rinsed to remove any excess
heparin, taking care to avoid cross-contamination between the two
sides. The resulting unmodified and heparin-modified protein films
were used for cell culture and microscopy experiments as necessary.

Growth and Differentiation of Murine Neural Stem
Progenitor Cells. The mNSPCs were isolated from the cerebral
cortices of embryonic day 12.5 mice and passaged as nonadherent
spheres at least once prior to experiments according to previously
described protocols.”® To limit the sample variability, the cortical
tissue obtained from all embryos within a litter was pooled, and the
isolated cells from a single litter were considered to be an independent
biological replicate. For comparative adhesion and proliferation
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experiments on RfAl, LAM, EN, RDM, or PDL, the mNSPCs were
plated at densities of ~15000 cells per 12 mm diameter coated
coverslip. The cells were grown as adherent cultures on these
substrates at 37 °C and under 5% CO, in proliferation medium, which
consisted of DMEM:F12 (ThermoFisher Scientific), 20% (v/v) BIT
9500 (STEMCELL Technologies), 20 ng/mL epidermal growth
factor (EGF) (PeproTech), and 20 ng/mL basic fibroblast growth
factor (bFGF) (PeproTech) for 12 to 48 h. For some comparative
adhesion and proliferation experiments on RfAl and LAM, the
proliferation medium was also supplemented with ~100 nM (2 ug/
mL) heparin. For integrin inhibition experiments on RfAl and FN,
the cells were incubated in proliferation medium supplemented with
~2 mM (1 mg/mL) GRGDS (Sigma-Aldrich) or ~2 yM (10 pg/mL)
Echistatin (Sigma-Aldrich) for 1 h prior to plating on the appropriate
substrates. For adhesion and proliferation experiments on RfAl films
patterned with heparin via dip coating, the mNSPCs were plated at
higher densities of ~100000 cells per 12 mm diameter coated
coverslip but still grown in proliferation medium lacking heparin. For
differentiation experiments on RfAl or LAM, the mNSPCs were
initially plated at densities of ~40000 cells per 12 mm diameter
coated coverslip and allowed to reach ~50% confluency over ~24 h.
To induce differentiation, the proliferation medium was exchanged for
differentiation medium, which consisted of DMEM:F12 (Thermo-
Fisher Scientific) and 20% (v/v) BIT 9500 (STEMCELL
Technologies). The cells were maintained in differentiation medium
for 3 days to assess neuron differentiation and for 7 days to assess
astrocyte and oligodendrocyte differentiation.

Immunostaining of Murine Neural Stem Progenitor Cells
Grown on Protein Films. The mNSPCs were immunostained on
proteins films according to previously described protocols.”>**°
Initially, the differentiated mNSPCs were fixed by treatment with 4%
paraformaldehyde for 10 min. The fixed cells were then treated with
0.3% Triton X-100 in PBS for 5 min and blocked with 5% bovine
serum albumin (BSA) in PBS for 1 h. The cells were incubated with
the following primary antibodies in PBS containing 1% BSA at 4 °C
overnight: mouse anti-MAP2 IgG (1:200, 10 ug/mL, Sigma-Aldrich),
rabbit anti-TuJ1 IgG (1:200, 4 ug/mL, Sigma-Aldrich), mouse anti-
GFAP IgG (1:200, 134 pug/mL, Sigma-Aldrich), and mouse anti-O4
IgM (1:100, S ug/mL, R&D Systems). After washing, the cells were
stained with the following secondary antibodies in PBS containing 1%
BSA in the dark at room temperature for 2 h: donkey antimouse IgG
Alexa-Fluor 488 (1:200, 10 ug/mL, ThermoFisher Scientific), donkey
antirabbit IgG Alexa-Fluor 594 (1:200, 7.5 pg/mL, Jackson
ImmunoResearch), and donkey antimouse IgM Alexa-Fluor 594
(1:200, 7.5 pg/mL, Jackson ImmunoResearch). Typically, the cell
nuclei were also counterstained with Hoechst 33342 (ThermoFisher
Scientific H3570) at a dilution of 1:1000 (2 y#g/mL) in PBS at room
temperature for 1 min. The resulting stained mNSPCs bound to
protein films were used for all fluorescence microscopy experiments.

Optical Microscopy of Murine Neural Stem Progenitor Cells
Grown on Protein and Polypeptide Films. Phase contrast optical
microscopy images of mNSPCs on protein and polypeptide films were
obtained by using an Advanced Microscopy Group EVOS XL
microscope. As a reference, mNSPCs in suspension (rounded cells)
were considered to have a ~12 um diameter, with a ~450 ym?
projection area.”” Note that imaging was typically performed for three
independent biological replicates, with one to three different
substrates used per replicate and three to five randomly selected
fields taken per substrate. The variance between the technical
replicates was similar to or smaller than the variance between the
biological replicates. To quantify the cell densities and cell areas, the
images were analyzed with FIJI software.”®

Fluorescence Microscopy of Immunostained Murine Neural
Stem Progenitor Cells Grown on Protein Films. Fluorescence
microscopy images of immunostained mNSPCs on protein films were
obtained with a Nikon Eclipse Ti microscope and acquired with NIS
element AR3.10 software. Prior to imaging, the immunolabeled
mNSPCs on protein films were treated with ProLong Diamond
antifade mountant (ThermoFisher Scientific). The Hoechst-stained
nuclei were used to determine the total number of cells in each image.
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Differentiated mNSPCs that possessed neurites with lengths at least
twice those of the cell bodies and stained positive for the expression of
both MAP2 and TuJl were classified as neurons. Differentiated
mNSPCs that demonstrated the filamentous, cytoskeletal staining
pattern indicative of GFAP expression were classified as astrocytes.
Differentiated mNSPCs that stained positive for the surface antigen
04 were classified as oligodendrocytes. Note that imaging was
typically performed for three independent biological replicates, with
one to three different substrates used per replicate and three to five
randomly selected fields taken per substrate. The variance between
the technical replicates was similar to or smaller than the variance
between the biological replicates. To quantify the cell densities and
morphologies, the images were analyzed with FIJI software.”®

RNA Sequencing of Murine Neural Stem Progenitor Cells.
RNA library preparation and sequencing was performed at the UCI
Genomics High Throughput Facility according to established
procedures.”’ First, mNSPC RNA was isolated from suspended
embryonic day 12.5 mouse cultures using a Bio-Rad RNA isolation kit
(Genicity). To assess the potential genomic DNA contamination, the
total RNA was reverse transcribed by using M-MLV reverse
transcriptase (Promega) to generate cDNA. qRT-PCR was then
performed for mouse genes 18S and Gapdh, comparing samples with
and without reverse transcriptase. Genomic DNA contamination was
found to be insignificant. For quality control, the total RNA was
further monitored by using the Agilent Bioanalyzer Nano RNA chip
and Nanodrop absorbance ratios for 260/280 and 260/230 nm. The
RNA libraries were constructed according to the Illumina TruSeq
stranded mRNA protocol. In brief, 250 ng of total RNA was used per
sample. The mRNA in the sample was enriched using oligo dT
magnetic beads and chemically fragmented for S min. To make
cDNA, the first-strand synthesis used random primers and reverse
transcriptase. After the second-strand synthesis, the double-stranded
cDNA was cleaned using AMPure XP beads, the cDNA was end
repaired, and the 3’ ends were adenylated. Illumina barcoded adapters
were ligated on the ends, and the adapter ligated fragments were
enriched by nine cycles of polymerase chain reaction (PCR). The
resulting library was validated by gqPCR and sized by Agilent
Bioanalyzer DNA high-sensitivity chips. Separate libraries were
constructed for three independent biological samples. The concen-
trations for the libraries were then normalized and multiplexed
together. The concentration for clustering on the flowcell was 12.5
pM. The multiplexed libraries were sequenced on one lane using
single-read 100-cycle chemistry for the HiSeq 2500 apparatus (version
HCS 2.2.58 with real-time analysis software, RTA 1.18.64). For
sequence mapping and bioinformatic analysis, the RNA-Seq data were
processed as previously reported,® and all bioinformatics analyses
were conducted by using the Galaxy platform.”’ The reads were
aligned to the mouse NCBI37/mm9 reference genome with the
TopHat program using primarily default parameters.*> The align-
ments were restricted to unique mapping reads with two possible
mismatches permitted. RPKM was calculated as described for mm9
RefSeq genes by using the SeqMonk program,®* with mRNA RPKMs
derived by counting exonic reads and dividing by the mRNA length.

Statistical Analysis. Statistical analyses were performed using
Prism v.6 software (GraphPad). Data sets with two samples were
compared by applying a Student’s ¢ test, and data sets containing
more than two samples were analyzed by the one-way ANOVA test. A
Dunnett’s post hoc correction was typically applied for experiments in
which multiple measurements were compared to a single control
measurement.

Fluorescence Microscopy of Protein Films. Fluorescence
microscopy images of RfAl and LAM films were obtained with a
Nikon Eclipse Ti microscope and acquired with NIS element AR3.10
software. Prior to imaging, the films were treated with ProLong
Diamond antifade mountant (ThermoFisher Scientific). To calculate
and quantify the fluorescence intensity, at least three randomly
selected fields were taken per film, with the images analyzed via FIJI
software.”®
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