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ABSTRACT: Nanocoating of a single-cell with biocompatible
materials creates a defined microenvironment for cell differ-
entiation and proliferation, as well as a model for studies in cell
biology. In addition, the acidic environment in the tissue of
stroke victims necessitates drug release upon pH stimuli. Here,
we report the encapsulation of single neural stem cells (NSCs)
using a layer-by-layer (LbL) self-assembly technique with poly-
electrolytes gelatin and alginate. Analysis of the NSCs showed
that the LbL encapsulation would not affect the viability,
proliferation, or differentiation of the cells. When insulin-like
growth factor-1 (IGF-1) was loaded on the coating material alginate, its release from alginate into the medium presented in a
time-dependent and pH-dependent way. IGF-1 significantly enhanced the proliferation of the encapsulated NSCs, demonstrating
a drug-carrier function of the LbL single-cell nanocoating. It provided a potential treatment strategy for nervous system disorders
such as stroke.
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■ INTRODUCTION
Layer-by-layer (LbL) self-assembly is a thin film fabrication
technique with physiological versatility that works by depositing
alternating layers of oppositely charged biocompatible materi-
alspolycation and polyanion. This technique was first intro-
duced by Decher in 1992.1 Its applications have been extended
from chemistry to biomaterials and biology for use in drug
delivery,2 biosensors,3 bioreactors,4 and even extracellular matrix
(ECM) engineering for cell culture, where cells could grow well
and be functionalized within the LbL ultrathin film.5

LbL self-assembly has been used for a cellular sheet and bio-
engineered graft.6 More recently, it has been used for the en-
capsulation of fungi7 and bacteria8 to maintain their metabolic
activities9 and endow protection.10 The encapsulation of single
functional mammalian cell, however, has rarely been reported,
particularly in neural stem cells (NSCs).11

Nonetheless, it is important to study the effects or impacts of
LbL on single NSC.12 In one aspect, although the physical and
chemical attributes can regulate stem cells differentiation and
decide their fate, the underling mechanism is still illusive.13 LbL
single-cell encapsulation on single stem cells will provide a

defined microenvironment which can be manipulated to in-
vestigate properties such as the proliferation and differentiation
of stem cells. LbL films can be assembled with bioactive mole-
cules and deassembled to modulate the complex of physical-
chemical microenvironment at single-cell level.14 In other
aspects, NSCs are regarded to be promising with respect to
the transplantation therapy for nervous system diseases like
Parkinson’s disease,15 Alzheimer’s disease,16 and stroke17 due to
their multipotency to differentiate into neurons, astrocytes and
oligodendrocytes. However, the poor survival rate and uncon-
trollable differentiation are still the limitations for the use of
NSCs transplantation in neurologic diseases.18 By engineering
the NSCs through LbL nanocoating, a single-cell model that
allows further modification will be established. The model may
serve as a novel strategy for the obstacles met in the trans-
plantation therapy due to its probable capacity of delivering
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functional regulators similar to how the traditional LbL
assembly exhibited in the drug delivery.19,20

Studies into the biological effects of LbL encapsulation on
mammalian cells are rarely reported. Here, we used the gelatin
(type A) and alginate as polycation and polyanion for encap-
sulation because they both are biodegradable and displayed
opposite charge under neutral pH as the isoelectric point (IEP)
of gelatin is 7−9 (according to the manufacturer), while the
IEP of alginate is 5.4.21 Both gelatin and alginate are widely
used in tissue engineering of NSCs, and they have been found
to promote functions of NSCs, such as proliferation or differ-
entiation.22−25 The LbL sheets and microspheres, which consist
of gelatin or alginate, are based on their positive or negative
charges under certain conditions of pH.26−28 In this research,
we included insulin-like growth factor-1 (IGF-1) in the nano-
membrane that functioned as a regulator reservoir. IGF-1 is one
of the members of the family of insulin-like growth factors and
is proved to be able to maintain the survival and enhance the
proliferation of NSCs in the presence of b-fibroblast growth
factor (bFGF) because of their synergistic effect.29−31 This neu-
rotrophin has been extensively applied in bioengineering as the
target molecule being loaded and released.32 However, when
introduced in the LbL single-cell encapsulation model, whether
the IGF-1 still takes effect is unknown.
To this end, we employed the LbL self-assembly technique

to encapsulate single neural stem cells. We first addressed the
concern of whether single NSC-based LbL encapsulation with
gelatin and alginate would influence NSCs’ properties. We ex-
amined viability, morphology, proliferation, and differentiation.
The persistence time of the materials after encapsulation was
also demonstrated. For the application of molecule delivery, we
investigated that the release of IGF-1 was in a time-dependent
and pH-dependent way from LbL membranes. The IGF-
1-laden LbL nanocoating was shown to be able to enhance the
proliferation of NSCs. In addition, the survival rate of NSCs
maintained for a long period of time. To the best of our
knowledge, this was the first time that a bioactive agent was
applied to NSC single-cell encapsulation in order to test if this
model could be used as an agent reservoir to deliver regulatory
molecules to control NSCs’ function. In doing so, this dem-
onstrated that the single-cell LbL encapsulation was not only a
physical shell, but also a functional device for regulating the
properties of cells. This study also implied a novel way to
resolve the poor survival following NSC transplantation under
harsh conditions.33

■ EXPERIMENTAL SECTION
Materials. bFGF (catalog no. 100−18B), epidermal growth factor

(EGF; catalog no. AF-100−15), Neurocult proliferation medium
(catalog no. 05771), neurobasal medium (catalog no. 21103049), and
B27 supplement (catalog no. 17504-044) were obtained from Cedarlane.
Gelatin (catalog no. G2625), alginate (catalog no. A2158), poly-D-
lysine (PDL; catalog no. P6407), polyethylenimine (PEI; catalog no.
P3143), chitosan (catalog no. 50494), fluorescein 5(6)-isothiocyanate
(FITC; catalog no. F3651), rhodamine B (catalog no. 283924), eth-
anediamine (catalog no. 00589), 1-ethyl-3-(3-(dimethylamino)propyl)
carbodiimide (EDC; catalog no. E6383), bovine serum albumin (BSA;
catalog no. A2153), Hoechst 33258 (catalog no. 94403), propidium
iodide (PI; catalog no. P4170), bromodeoxyuridine (BrdU; catalog no.
B5002), and anti-BrdU (catalog no. B2531) were obtained from
Sigma-Aldrich. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT; catalog no. 30006) and Phallodin CF488A (catalog
no. 00042) were obtained from Biotium. Bicinchoninic acid (BCA) kit
(catalog no. 23225), cDNA synthesis kit (catalog no. K1641) and

SYBR Green quantitative real-time polymerase chain reaction (qPCR)
kit (catalog no. F-415) were obtained from Thermo Scientific.
Antimicrotubule-associated protein-2 (anti-MAP-2; catalog no. sc-
20172), anti-β-tubulin III (catalog no. sc-51670), antiglial fibrillary
acidic protein (anti-GFAP; catalog no. sc-6170), antinestin (catalog
no. sc-33677), and anti-β-actin (catalog no. sc-69879) were obtained
from Santa Cruz. Secondary antibodies for immunofluorescence
staining and TRIzol reagent (catalog no. 15596−026) were obtained
from Invitrogen. Secondary antibodies for Western blot and IGF-1
enzyme-linked immunosorbent assay (ELISA) kit (catalog no.
MG100) were obtained from R&D Systems. IGF-1 protein (catalog
no. 01-208) and IGF-1 antibody (catalog no. 05−172) were obtained
from Millipore. Oligonucleotides for real-time polymerase chain
reaction (PCR) were synthesized by Invitrogen.

Isolation and Culture of NSCs. As described by Hisami,34 the
embryonic NSCs were obtained from a Sprague−Dawley rat (E16,
obtained from Animal Center, University of Manitoba). After anes-
thetizing the rat with 5% isoflurane and sterilizing the skin surface, we
spread apart the skin and muscle layers of the abdominal region. We
removed the embryos from the sac, and then took brain out of each
embryo. We discarded the midbrain, hindbrain, and meninges and
then moved the cleaned cortices into a dish filled with ice-cold Hank’s
balanced salt solution (HBSS; placed on an ice pack). We replaced the
HBSS with accutase solution and put the contents into a tube in a
water bath at 37 °C for 5 min. Fetal bovine serum (FBS) was added to
terminate the digestion, and the contents were centrifuged to remove
the FBS. After the cortices underwent three repetitions of FBS
digestion, we added 20 mL of warm Neurocult proliferation medium
(the proliferation medium was added with 10 ng/mL bFGF and
10 ng/mL EGF). We triturated the clumps with a pipet and cen-
trifuged them at 1200 rpm for 7 min. We washed the pellets twice with
medium and passed the cells through a 70 μm cell strainer. Finally, the
filtered cells were cultured in 6-well low-attachment plate, which
would be maintained in a 5% CO2/95% air incubator with 100%
humidity. The medium was replaced every 3 days.

LbL Single-Cell Encapsulation. First, 2 × 106 NSCs were
centrifuged to remove the medium within a 15 mL centrifuge tube.
Next, 1 mL of 0.1% gelatin solution was added to the tube, and the
tube was gently shaken for 10 min. Then, the tube was centrifuged at
2000 rpm for 5 min, after which, the supernatant was discarded. Cells
were washed by adding 5 mL Dulbecco’s phosphate-buffered saline
(DPBS), then the tube was centrifuged again, and the supernatant was
discarded. After the cells were washed for a second time, 1 mL of 0.1%
alginate was incubated with the cells for 10 min. The process was
repeated several times to coat another layer of gelatin, and thus, the
three-layered LbL encapsulation model of NSCs was accomplished.

Cell Viability Test with Hoechst/PI Staining. First, 0.1%
alginate, gelatin, chitosan, PEI, and PDL were prepared. When LbL
assembly was accomplished with alginate and different polycations,
these groups of NSCs were fixed in a solution of 4% paraformaldehyde
(PFA) in DPBS at 4 °C for 15 min. Enough solution was used to cover
dish thoroughly. The fixing solution was aspirated, and cold DPBS was
added to thoroughly rinse the solution three times. A 1:1000 dilution
of Hoechst 33258 stock (Sigma) in DPBS (dilute fresh each time; final
concentration was 0.12 μg/mL) was added. The solution was
incubated in the dark for 15 min at room temperature. Then, it was
rinsed about five times with DPBS. Then, a 1:1000 dilution of PI (final
concentration was 0.3ug/mL) was added. The solution was again incu-
bated in the dark for 3 min at room temperature. Finally, the samples
were observed with a fluorescent microscope (TE2000-E, Nikon),
from which, images of ten random fields were taken for counting.

MTT Test. NSCs and LbL-NSCs were grafted at the density of 1 ×
104 per well in a 96-well plate which was coated with 0.01% PDL.
Medium was changed every 3 days. At time points 0, 1, 3, and 6 days,
10 μL of MTT was added to wells and incubated in an incubator for
4 h. Then, the solution was removed, followed by the addition of
200 μL of dimethyl sulfoxide (DMSO) to the wells. The absorbance
was examined at 570 nm with a multilabel counter (1420, Wallac).

Preparation of Fluorescent Reagents in Labeled Gelatin and
Alginate. To prepare the gelatin-FITC, we dissolved 20 mg of gelatin
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Scheme 1. LbL Encapsulationa

aThe objective of the LbL encapsulation was to build a single-cell encapsulation model by coating nano materials on the cell surface. Specifically, a
natural cell (a) was converted to a surface-modified cell (b), which was endowed with potential for further applications. The illustration of the major
steps involved in the LbL encapsulation is shown in (c). NSCs were first suspended in the polycation solution and then centrifuged and washed. The
polycation layer was supposed to be on the cell surface. Next, the polycation-coated NSCs were put in the polyanion solution to add a second layer.
The LbL encapsulation would be completed after several repetitions of this process.

Figure 1. Characterization of LbL encapsulation with fluorescent reagents labeling. (a−c) Gelatin was conjugated with FITC, while the alginate was
conjugated with rhodamine B. NSCs were LbL coated with these materials so (a) gelatin-FITC and (b) alginate-rhodamine B could be detected. (c)
Merged image of images a and b. (d) Lower magnification image of FITC-gelatin and alginate encapsulated NSCs. Scale bar in images a−d: 10 μm.
(e) The fluorescence intensity of different layers of gelatin-FITC was measured. Untreated NSCs, NSCs encapsulated with gelatin-FITC, gelatin-
FITC/alginate, and (gelatin-FITC)2/alginate were taken to measure the fluorescence intensity, which acted as an alternative way of characterization;
*, p < 0.05; **, p < 0.01.
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in 2 mL of 0.1 M sodium bicarbonate buffer. The, we dissolved 10 mg
of FITC in 1 mL DMSO. While magnetically stirring the gelatin
solution, we slowly added FITC solution. The reaction was incubated
overnight at room temperature with continuous stirring. Then, the
solution was dialyzed for 3 days and lyophilized. For the alginate-
rhodamine B, ethanediamine was used as a bridge. Ten milligrams
(10 mg) of alginate in 1 mL DPBS was activated by 10 mg of EDC for
30 min. Then, 3 mg of ethanediamine was added, and the mixture
stirred overnight at room temperature. After the solution underwent
dialysis and lyophilization, alginate-ethanediamine powder was ob-
tained. Then, the powder was put into 2 mL of rhodamine B solution
(2.5 mg/mL in DPBS). The resultant solution was stirred overnight at

room temperature. The alginate-rhodamine B was obtained after
dialysis and lyophilization.

Fluorescence Intensity of LbL Encapsulation. First, we
encapsulated 2 × 106 NSCs with gelatin-FITC, as described above,
and ordinary alginate. Then, we moved 1 × 104 LbL-NSCs to a 96-well
plate, and the solutions were diluted to 100 μL with DPBS. Next, we
examined the fluorescence intensity using a multilabel counter (1420,
Wallac) at an excitation wavelength of 490 nm.

Transmission Electron Microscopy (TEM). NSCs for TEM were
processed as described previously.35 NSCs and NSCs encapsulated
with gelatin, gelatin/alginate, and (gelatin)2/alginate were directly
fixed in a solution of 2.5% glutaraldehyde that was diluted with 0.1 M

Figure 2. Characterization of LbL encapsulation with TEM. Different magnifications of TEM images of (a) (gelatin)2/alginate encapsulated NSCs
and (b) untreated NSCs. Arrows indicate the materials on the cell surface.
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Sorensen’s buffer for 1 h. Then, the samples were washed with 5%
sucrose solution, which was made in 0.1 M Sorensen’s buffer, for 5 min
three times and put into a refrigerator at 4 °C overnight. Postfixation
was processed by adding 1% OsO4 to the cell samples for 2 h. After
being dehydrated with graded alcohols and methanol, samples were
embedded in epoxy resin, followed by drying in an oven at 60 °C for
24 h. A microtome (318423, Reichert Nr.) was used to obtain the thin
sections, which were further mounted on copper grids. Finally, 2%
uranyl acetate and 1% lead citrate were used to stain the samples.
These prepared grids were analyzed with a TEM (CM-10, Philips) at
25 °C.
Zeta-Potential Assessment. NSCs at the density of 2 × 106 were

nanocoated with gelatin and alginate, as described above. The same
amount of untreated NSCs, NSCs encapsulated with gelatin, gelatin/
alginate, and (gelatin)2/alginate was taken, respectively. Then, the
zeta-potential was determined by the instrument (Brookhaven).
Scanning Electron Microscopy (SEM). NSCs and LbL-NSCs at

time points 1, 3, 5, and 7 days were fixed in 0.1 M Sorensen’s buffer

containing 2.5% glutaraldehyde for 2 h. Then, the samples were rinsed
with 0.1 M Sorensen’s buffer, which contained 5% sucrose, three times
(5 min each). Next, 1% OsO4 was added to the cell samples for 2 h at
4 °C, followed by three cycles of washing. After being dehydrated with
graded alcohols and drying, the samples were sprayed with gold prior
to observation with SEM (JEOL 5900).

Immunofluorescence. Cells grafted on the coverglasses in the
plate were taken and fixed in 4% PFA for 15 min at 4 °C. Then, they
were rinsed three times (5 min each) with DPBS, and 0.25% Triton
X-100 in DPBS (TBST) was added to permeabilize cells for 10 min.
The cells were incubated with 1% BSA in TBST for 30 min to block
unspecific binding. Next, the cells were incubated with primary anti-
bodies in DPBS containing 1% BSA overnight at 4 °C. On the
following day, after being rinsed three times with DPBS (5 min each),
the cells were incubated with secondary antibodies for 1 h in the dark
at room temperature. The mixture of the secondary antibody solution
was decanted, and the cells were rinsed with DPBS for three times
(5 min each) in the dark. The cells were stained with 0.12 μg/mL
Hoechst 33258 in DPBS for 1 min in the dark and rinsed with DPBS.
Finally, the cells were mounted to coverslips with a drop of mounting
medium. The primary antibodies used were as follows: BrdU (mouse,
1:500), MAP-2 (rabbit, 1:1000), β-tubulin III (mouse, 1:500), GFAP
(goat, 1:2000), and nestin (mouse, 1:1000). Secondary antibodies
were as follows: Alexa-488 conjugated chicken antimouse (catalog no.
A21200, 1:1000), Alexa-488 conjugated rabbit antigoat (catalog no.
A11028, 1:1000), Alexa-594 conjugated rabbit antimouse (catalog no.
A11062, 1:1000), Alexa-594 conjugated chicken antimouse (catalog
no. A21201, 1:1000), and Alexa-488 conjugated goat antirabbit
(catalog no. A11034, 1:1000). Images of 10 random fields were
taken with a fluorescent microscope (TE2000-E, Nikon), and positive
cells were quantified systematically.

Real-Time PCR. The total RNA of NSCs and LbL-NSCs was ex-
tracted with a TRIzol kit. Then, the reverse transcription was operated

Figure 3. Zeta-potential assessment of NSCs nanocoated with dif-
ferent layers of materials: (0) untreated NSCs, (1) NSCs nanocoated
with gelatin, (2) gelatin/alginate, and (3) (gelatin)2/alginate.

Figure 4. Morphological changes of NSCs and LbL-NSCs. (a) Characterization of LbL encapsulation with SEM. Untreated NSCs and (gelatin)2/
alginate coated NSCs were grafted on a 24-well plate. They were processed for SEM microscopy on days 1, 3, 5, and 7. The processes of untreated
NSCs stretched broadly. The spheroid-like LbL encapsulated NSCs at different time points were shown in the lower part. (b) Cytoskeleton change
of NSCs and LbL-NSCs. Encapsulated with (gelatin)2/alginate, LbL-NSCs and untreated NSCs were cultured and stained with (green) phalloidin to
show the F-actin of cells on days 1, 3, and 7. The F-actin reflected the cytoskeleton. (Green) F-actin; (blue) Hoechst. Like in SEM images, the
coated NSCs were more spheroid-like than the untreated ones. Scale bar: 10 μm. (c) The spreading area of each cell was quantified by ImageJ based
on the cytoskeleton staining results; **: p < 0.01.
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to synthesize cDNA. Quantitative real-time PCR was processed for the
amplification of cDNA target with the ABI 7500 qPCR system
(Applied Biosystems, Foster City, CA) following the manufacturer’s
recommendations. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) mRNA was used for normalization. Sequences of primers
are included in Table S1, Supporting Information.
Western Blot Analysis. NSCs and LbL-NSCs were grafted on

0.01% PDL coated 6-well plate at the density of 3 × 105 per well. The
cells were cultured in proliferation medium for 1 day, and the medium
was replaced with neurobasal medium containing B27 supplement for
3 and 6 days. The cells were treated with radio immunoprecipitation
assay (RIPA) lysis buffer containing protease inhibitor cocktail to
extract protein. Protein concentrations were determined with a BCA
kit. Then, the samples (20 μg of each) were loaded per lane on sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel
(10% acrylamide) and subjected to immunoblotting. The primary
antibodies were as follows: MAP-2 (rabbit, 1:1000), nestin (mouse,
1:2000), β-actin (mouse, 1:3000). Secondary antibodies used
included: horseradish peroxidase (HRP)-conjugated goat antirabbit
(catalog no. HAF008, 1:3000), and HRP-conjugated donkey anti-
mouse (catalog no. HAF018, 1:3000). The results were quantified
using QuantityOne software (Bio-Rad).
ELISA Assay. First, 50 μL of samples was added into the IGF-1

microplate, which was coated with anti-IGF-1, for 2 h. After being
washed with washing buffer five times, the conjugation solution was
added to each well for 2 h. After the washing step, substrate solution
was pipetted into the plate for 30 min in the dark. Finally, immediately
after adding the stop solution, a multilabel counter (1420, Wallac) was
used to determine the optical density at 450 nm.
Statistical Analysis.Means plus or minus the standard error of the

mean was used to express the values. The expression of the error bars
was the standard error of the mean. One-way analysis of variance

(ANOVA) in the study was used to compare different groups. The
difference was considered to be significant when the P value was less
than 0.05.

■ RESULTS AND DISCUSSIONS

NSCs were encapsulated, as shown in Scheme 1. The poly-
cation and polyanion would attach to each other in a layer-by-
layer way due to the interaction of the opposite charges. In the
end, the NSCs were supposed to have multiple layers on the
cell. The polyelectrolytes we used in this research were gelatin
and alginate. Gelatin, derived from collagen, was a cell-
compatible protein similar to native ECM and presented poly-
cation properties under appropriate conditions.28 The poly-
anion alginate was also biocompatible and widely used in tissue
engineering, especially in the central nervous system.25 As such,
gelatin and alginate are both biocompatible natural polymers
and ideal polyelectrolytes for LbL encapsulation. NSCs were
encapsulated in a polycation−polyanion−polycation way, marked
as (polycation)2/polyanion. In the viability test (Figure S1,
Supporting Information), Hoechst/PI staining was applied to
show the viability of cells in different groups because the
Hoechst could permeate cell membrane to bind minor groove
of DNA; PI, as an impermeable fluorescent reagent, only bound
DNA in dead cells. It showed a viability of 10.4, 7.5, 13.7, 92.3,
and 96.5%, respectively, in PEI, PDL, chitosan, gelatin, and un-
treated group after counting the percentage of live cells in 10
random fields of each group, indicating that gelatin was an
amicable polycation to NSCs, unlike other synthetic poly-
cations which would be detrimental to the cell membrane.36,37

Figure 5. Proliferation assay of NSCs and LbL-NSCs. Untreated NSCs and NSCs coated with (gelatin)2/alginate were cultured in a 24-well plate for
a week. BrdU was added on days 1 and 6, and then the cells were taken for anti-BrdU staining on days 2 and 7 to show the newly generated cells
during 24 h. (a and b) Proliferation of NSCs detected by BrdU assay at different time points. (c and d) Proliferation of LbL-NSCs detected by BrdU
assay at different time points. (Green) BrdU; (blue) Hoechst. Scale bar in images (a−d): 100 μm. (e) Quantification of BrdU-positive cells in
different groups on days 2 and 7. The percentage of new cells was counted in 10 random fields of each group to quantify the proliferation rate;
(n = 3).
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In Figure S2 (Supporting Information), the cytotoxicity of LbL
encapsulation with (gelatin)2/alginate was further confirmed by
the MTT assay. LbL-NSCs and NSCs showed similar MTT
absorbance on days 0, 3, and 6, revealing that the LbL encap-
sulation would not influence the NSCs viability significantly in
a dynamic period. In short, gelatin and alginate are suitable for
LbL encapsulation of NSCs.
Gelatin-FITC and alginate-rhodamine B were employed to

enable us to visualize the LbL encapsulation on NSCs,
(Figure 1a−c). A lower magnification of the general view of
NSCs encapsulated with (gelatin-FITC)2/alginate was also
exhibited (Figure 1d). Fluorescence intensity of varied layers of
gelatin-FITC was measured as an alternative characterization
(Figure 1e). The fluorescence intensity of one layer of gelatin-
FITC was much higher than that of untreated NSCs. When the
original alginate was coated on gelatin-FITC, the intensity
showed a decline, which may be due to the alginate layer slightly
blocking the fluorescence. When another layer of gelatin-FITC
was added, the intensity increased distinctly. The 3D scanning
of a NSC encapsulated with (gelatin-FITC)2/alginate also
confirmed the feasibility of encapsulation (Figure S3, Supporting
Information). TEM further demonstrated LbL coating on NSCs
(Figure 2a) and the untreated NSCs (Figure 2b). The material
layers around cells were around 6 ± 2.3 nm as calculated by
ImageJ, which agreed with other reports.14,38

Zeta-potential test, a common measurement of LbL self-
assembly, was performed to obtain the change of the potential
of cells with varied layers of materials (Figure 3). When the
negatively charged NSCs were encapsulated with gelatin and
alginate subsequently, the zeta-potential changed accordingly

since the oppositely charged polyelectrolytes were able to bind
together and overcompensate for each other.39

The persistence of the materials on the surface of NSCs was
observed by encapsulating NSCs with gelatin-FITC and
alginate (Figure S4, Supporting Information). The persistence
time should be noted since any application of LbL nanocoating
required the persistence of materials for a period of time.
Figure S4 (Supporting Information) shows the decrease of the
fluorescence, which marked gelatin on the cell surface with time
going on from 1 to 10 days. As a result of this observation, it
would appear that the encapsulation would be able to persist
about 10 days, providing sufficient time for most applications of
this technique. The encapsulated cells could still contact each
other as observed. The reason might be that the materials are
biocompatible and biodegradable, and only three layers of
materials with low concentration were used.
For morphology evaluation, SEM was performed to observe

the NSCs and LbL coated NSCs on days 1, 3, 5, and 7 (Figure 4a).
LbL coated NSCs showed spheroid-like morphology while the
untreated NSCs stretched broadly. F-actin staining by phal-
loidin showed the effect of encapsulation on NSCs cytoskeleton
compared with that of untreated NSCs (Figure 4b). At 1, 3, and
7 days, the cytoskeleton of encapsulated NSCs was much more
restrained than that of untreated NSCs. Spreading area of each
cell stained with phalloidin was calculated with the help of
ImageJ. In Figure 4c, the area of NSCs at any time point was
distinctly larger than that of LbL-NSCs. The versatile methods
of characterization of LbL encapsulation above proved the LbL
coating on NSCs was indeed present and demonstrated the
morphologic change of coated NSCs compared with untreated
ones.

Figure 6. Differentiation of NSCs and LbL-NSCs after cytokines withdrawal. (a) The stemness of cells was detected by immunofluorescence staining
after days 6 of cytokines withdrawal. Markers of MAP-2, GFAP, and nestin were used to detect neurons, astrocytes, and NSCs. Scale bar: 100 μm.
(b) Quantification of the rate of cells with different markers in both groups after cytokines withdrawal. The percentage of cells was counted in 10
random fields of each group to quantify the differentiation; (n = 3). (c) Real-time PCR of related genes at days 2 and 6 after cytokine withdrawal was
shown. Fold increase of each gene has been normalized against GAPDH; (n = 3); *, p < 0.05; **, p < 0.01.
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To test whether the change in cellular morphology would
lead to the difference in NSCs functions, we first observed the
proliferation of encapsulated NSCs by BrdU assay (Figure 5a−
d). Because BrdU could incorporate with the newly synthesized
DNA as a substitute of thymidine during DNA replication, it
was commonly used to detect the proliferation.40 Images of 10
random fields of each group were taken to count the BrdU
positive cells that were considered to be new cells, per se. As

Figure 7. Neurogenesis inducing of NSCs and LbL-NSCs. Untreated NSCs and (gelatin)2/alginate coated NSCs were seeded for day 1 and then
induced with neurobasal medium containing B27 supplement for days 3 and 6 for neurogenesis. (a) β-tubulin III (red) was used as the neuronal
marker to demonstrate the neurogenesis of untreated NSCs and LbL-NSCs at different time points. (Blue) Hoechst. Scale bar: 100 μm. (b)
Quantification of the rate of neurons in both groups after neurogenesis inducing. The percentage of β-tubulin III positive cells was counted in ten
random fields of each group to quantify; (n = 3). (c) Quantification of induced neurogenesis by Western blot. Untreated NSCs and (gelatin)2/
alginate coated NSCs were induced for neurogenesis for days 3 and 6. Expressions of MAP-2 (a neuronal marker) and nestin (a marker for NSC)
were shown by Western blot assay. Expression levels of each marker have been normalized against β-actin; (n = 3).

Figure 8. Characterization of LbL (IGF-1)-NSCs. IGF-1 was mixed
with alginate to make them adsorbed. NSCs were encapsulated with
(gelatin)2/alginate and (gelatin)2/alginate-IGF-1. (a) NSCs, (b) LbL-
NSCs, and (c) LbL (IGF-1)-NSCs were stained with anti-IGF-1 to
illustrate the presence of IGF-1 (green) on the cell surface. Scale bar:
10 μm.

Figure 9. Cumulative IGF-1 release curve. IGF-1 was mixed with
alginate to let it physically adsorb to alginate. NSCs were coated with
(gelatin)2/alginate-IGF-1 and cultured under different pH in 24-well
plates. The medium was taken to test the IGF-1 concentration with
the ELISA kit at time points from 0 to 240 h (n = 3), and the
cumulative release curve of IGF-1 was obtained; *: p < 0.05; **:
p < 0.01.
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shown in Figure 5e, the proliferation of LbL encapsulated
NSCs showed no significant change (p > 0.05), though it did
decrease a small amount,7,41 compared with untreated NSCs.
Therefore, it is suggested that LbL encapsulation with gelatin
and alginate would not greatly impact the proliferation of
NSCs.
In Figure 6a, the ratio of neurons and astrocytes in both

groups of NSCs and LbL-NSCs was quite similar. Among them,
15% differentiated into neurons and 22% into astrocytes
(Figure 6b). Real-time PCR also showed that the transcription
of related genes in LbL-NSCs was not influenced compared
to that in NSCs groups at different time points (Figure 6c),
though there were morphologic changes found on coated cells.
As a promising cell therapy for nervous system disorders, NSCs
have the ability to generate different types of neural cells. Dur-
ing the NSCs culture, EGF and bFGF were two most important

cytokines to maintain NSCs stemness;29 however, once these
were withdrawn, NSCs would differentiate quickly.42 To
demonstrate whether LbL encapsulation would impact NSCs
stemness, we performed withdrawal of two cytokines after they
were seeded. The results suggested that the LbL encapsulation
would not impact the differentiation of NSCs. On the other
hand, NSCs could be induced to a specific type of cells when
cultured in a specific inducing medium. Neurogenesis of NSCs
in LbL group and control group was induced by B27 sup-
plement for 3 and 6 days, and then all NSCs were detected with
the antibody of β-tubulin III (Figure 7a). Similarly, Western
blot also confirmed that the expression of nestin, a marker of
NSCs, decreased day 3 to day 6, while the expression of MAP-2
increased (Figure 7b). From immunofluorescence staining and
Western blots, even after encapsulation, NSCs were still able
to differentiate into specific cell types such as neurons. It is

Figure 10. Proliferation assay of untreated NSCs, NSCs treated with IGF-1, LbL-NSCs, and LbL (IGF-1)-NSCs. NSCs were coated with (gelatin)2/
alginate and (gelatin)2/alginate-IGF-1. Untreated NSCs, LbL-NSCs, and LbL (IGF-1)-NSCs (100 ng IGF-1 mixed with 1 mL 0.1% alginate) were
cultured without adding extrinsic IGF-1. NSCs in another group would be added IGF-1 protein (20 ng/mL every 3 days). On days 1, 4 and 6, BrdU
was added to these four groups. On days 2, 5, and 7, cells were taken for anti-BrdU staining to show the newly generated cells. (a−c) Proliferation of
untreated NSCs detected by BrdU assay at different time points. (d−f) Proliferation of NSCs treated with IGF-1 protein. (g−i) Proliferation of LbL-
NSCs. (j−l) Proliferation of LbL (IGF-1)-NSCs. (Green) BrdU; (blue) Hoechst. Scale bar: 50 μm. (m) Quantification of BrdU-positive cells in
different groups on days 2, 5, and 7. The percentage of new cells was counted in 10 random fields of each group to quantify the proliferation rate;
(n = 3). **, p < 0.01.
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suggested that LbL coating should not lead to the loss of the
stemness by presenting the differentiation into multiple cell
types after cytokines withdrawal and the neurogenesis induced
by B27 supplement.
Whether the LbL encapsulation structure could be employed

as a drug carrier to regulate NSCs functions by loading
bioactive molecules would be crucial for extensive applications
of LbL nanocoating. LbL self-assembly technique has been
applied on controlled drug delivery in previous studies.19,20 For
examples, insulin,43 doxorubicin,44 bone morphogenetic
protein-2 (BMP-2)45 were reported to be loaded on the LbL
structure, demonstrating distinct effect of sustained release. In
Figure 8, anti-IGF-1 was incubated with NSCs in different
groups to show the presence of IGF-1 on the surface of cells
which were encapsulated with gelatin and IGF-1 loaded alginate
(100 ng IGF-1 with 1 mL 0.1% alginate; loading efficiency is
shown in Figure S5, Supporting Information), which, at the
same time, indicated the success of encapsulation. Its release

profiles at pH 7.4 and 6.5 are shown in Figure 9, exhibiting a
prolonged release at pH 6.5. IGF-1 was proven to be effective
to enhance the proliferation of NSCs so that it was regarded as
the target molecule of drug delivery of LbL nanocoating.31

A pH value of 6.5 was used to mimic the ischemic environment
in the study to investigate the influence of pH on the molecule
release because the low pH is common46 in central nervous dis-
orders such as stroke. Taken together, the potential applications
of this technique to deliver functional regulators together with
NSCs in diseases such as stroke were implied. The reason the
IGF-1 could be released for a longer period of time at lower pH
might be that the pH 6.5 was closer to the middle between the
IEP of gelatin and alginate than pH 7.4, making the LbL shells
more stable, or the permeability of LbL materials changed due
to different pH.47 It needed to be clarified in the future.
At 2, 5, and 7 days, the proliferation of NSCs in different

groups were tested with BrdU assay (Figure 10). The groups
were defined as the NSCs group (Figure 10a−c), in which

Figure 11. Survival rate of untreated NSCs, NSCs treated with IGF-1, LbL-NSCs, and LbL (IGF-1)-NSCs at pH 6.5. NSCs were coated with
(gelatin)2/alginate and (gelatin)2/alginate-IGF-1. Untreated NSCs, LbL-NSCs, and LbL (IGF-1)-NSCs were cultured without adding extrinsic
IGF-1. To NSCs in another group would be added IGF-1 protein (20 ng/mL every 3 days). The pH of the medium was adjusted to 6.5. On days 1,
3, 7, and 10, Hoechst/PI staining was performed to examine the viability of the cells. (a−l) Results of days 3, 7, and 10. (Blue) Hoechst; (red) PI.
Scale bar: 20 μm. (m) Survival rate of NSCs in different groups on days 1, 3, 7, and 10. The percentage was counted in ten random fields of each
group to quantify; (n = 3). *, p < 0.05; **, p < 0.01.
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there were only untreated NSCs; the NSCs+IGF-1 group
(Figure 10d−f), in which 20 ng/mL IGF-1 was added to the
normal NSCs; the LbL-NSCs group (Figure 10g−i), in which
there were NSCs encapsulated with (gelatin)2/alginate; and the
LbL (IGF-1)-NSCs group (Figure 10j−l), in which the NSCs
were encapsulated with (gelatin)2/alginate-IGF-1 (100 ng IGF-1
with 1 mL 0.1% alginate). The proliferation rate of cells in NSCs
+IGF-1 group and LbL (IGF-1)-NSCs group was similar, yet
much higher than the rate in the other two groups at 5 and 7
days (Figure 10m). In addition, because the effect of IGF-1 for
proliferation is dose-dependent,48 when a higher amount of
IGF-1 was loaded onto alginate, the proliferation rate of en-
capsulated NSCs on day 7 increased (Figure S6, Supporting
Information). Therefore, it provided evidence that the coating
materials could function as a carrier for IGF-1 and was able to
promote the proliferation of NSCs successfully.
Finally, because the IGF-1 could still effect after being loaded

on the materials and had a more sustained release profile at pH
6.5, survival rate of LbL (IGF-1)-NSCs (100 ng IGF-1 with
1 mL 0.1% alginate) was examined with other groups under this
condition (Figure 11). The survival rate of NSCs+IGF-1 group
(20 ng/mL) was higher than that of untreated NSCs. However,
it began to decrease after about 3 days. On the contrary, the
viability of LbL (IGF-1)-NSCs was maintained at 90%, indi-
cating the effect of the sustained release of IGF-1 at pH 6.5.
This NSCs-regulator model was able to reduce the burst
release, which was disadvantageous for drug delivery,49 and
prolong the effect of functional regulators at the same time,
and thus, it could be applied as a novel treatment strategy for
nervous system diseases in the future.

■ CONCLUSION

In conclusion, we have for the first time developed the single-
cell encapsulation model on NSCs by LbL self-assembly and
proved that the model could be functional in regulating the
cellular function. The viability, proliferation, and differentiation
of NSCs were not significantly influenced by the LbL coating,
indicating the biocompatibility of the technique. Furthermore,
the enhancement of proliferation was found in NSCs encap-
sulated with IGF-1 loaded materials, demonstrating the suc-
cessful application of the encapsulation model in improving the
properties of NSCs. Additionally, this novel method of mole-
cule delivery showed a pH-dependent profile that was proved
to be advantageous for the cell survival due to the sustained
release under acidic conditions, indicating the possible appli-
cation in some nervous system disorders. This study demon-
strated the potential by using the single-cell encapsulation
model on NSCs for the treatment of nervous system diseases
and the study on stem cell microenvironment. The LbL encap-
sulation model will be functional for versatile applications in the
future.
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