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Abstract

Novel symmetric biodegradable dendritic tri-block copolymer, consisting of a core of hydrophobic poly(L-
lactide) (PLLA) block and 32 poly(L-lysine) (PLL) arms, was synthesized via a facile chemistry route. The as-
synthesized tri-block copolymer was characterized with *H NMR, water contact angle measurements, GPC
test, and DSC analysis. The 'H NMR and GPC tests indicated that the tri-block copolymer, PLL-PLLA-PLL,
with well-defined architecture was synthesized. The water contact angle measurements demonstrated
that the incorporation of L-lysine improved prominently the hydrophilicity, and the DSC analysis indicated
that the crystalline region of PLLA was slightly modified by the -lysine component, decreasing melting
temperature and crystallinity in the PLL-PLLA-PLL copolymer. NPCs and PC12 cells were seeded on PLLA,
dendritic PLLA with 32 L-lysine terminals (d-PLLA-d), and PLL-PLLA-PLL films to investigate cell attachment,
proliferation, and differentiation. The results strongly demonstrated that d-PLLA-d and PLL-PLLA-PLL films,
especially PLL-PLLA-PLL films, dramatically promoted cell attachment, proliferation, and, more
importantly, differentiation, particularly neurite outgrowth.
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Introduction and  mechanical properties have been
demonstrated to play important roles in
governing cell adhesion, proliferation, and
differentiation.[1-3]  Positive  charges can
participate in cellular events, such as attachment,
proliferation, differentiation, and nerve neurite
extension.[4-9] Recently, cationic poly(L-lysine)
(PLL) have been incorporated into biomaterials
covalently or non-covalently to provide cell

Even  though the end-to-end surgical
reconnection of nerve ends and autologous nerve
graft has improved the clinic treatments for
peripheral nervous system (PNS) and central
nervous system (CNS) injuries, these treatments
show some severe limitations. End-to-end
reconnection has been demonstrated to be an

effective modality for the treatment of nerve
injuries with small gaps, but not for long gaps.[1]
Autologous nerve graft has limited donor sources,
leaving dysfunction in the donor site. Moreover,
treatments for CNS are more challenging than for
PNS due to the poor regeneration of CNS axons,
glial scars, and slow macrophages infiltration.
Thus, the advanced biomaterials to support nerve
cell proliferation and neurite extension to grow
across the lesion site and bridge the nerve gap are
highly desired. Chemistry, topography, charges,

binding sites and positive charge for promoting
cell functions due to the electrostatic interactions
with  the anion sites of cytoplasmic
membranes.[7, 10-12]

Poly(L-lactide) (PLLA) as a biodegradable aliphatic
polyester and its copolymers have been
developed for applications in pharmaceutics and
tissue  engineering due to their low
immunogenicity, excellent biocompatibility, and
biodegradability.[13-17] On the other hand, they
possess some fatal drawbacks which can be
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exemplified as high hydrophobicity, poor cell
affinity, and high crystallinity.[18] Consequently,
it is important to develop approaches to modify
PLLA properties and improve tissue engineering
applications. To date, the attractive approaches
developed include incorporation of hydrophilic
components into PLLA backbone and synthesis of
branched chemical structures. [19, 20]

In this study, we aim to develop a symmetric
amphiphilic polycationic dendritic PLL-PLLA-PLL
tri-block copolymer and investigate the functions
of pheochromocytoma cells (PC12) and neural
progenitor cells (NPCs) on this copolymer film.
Recently, the synthesis of dendritic PLLA
copolymers with the hydrophobic PLLA chain as
the core has been reported. PLLA copolymer with
two symmetric dendritic PLL was prepared to
study its DNA binding affinity as gene carrier.[21]
Amphiphilic PLLA-b-dendritic PLL was also
synthesized with a metal-free catalyst.[22]
However, the PLLA core had a low molecular
weight of ~¥3000 g/mol due to the ring-opening
polymerization (ROP) of L-lactide monomer
initiated by a free hydroxyl group in organic
solution. In addition, in both studies the PLL was
obtained through dendritic structure of lysine
instead of polymerization of L-Lysine monomers.
In the present study, we will report a facile
modality to synthesize symmetric amphiphilic
dendritic PLL-PLLA-PLL tri-block copolymer with a
high molecular weight, in which the PLL block will
be synthesized via ROP reaction of L-Lysine
monomers. The incorporation of cationic PLL into
PLLA is expected to improve hydrophilicity and
promote nerve cell functions including cell
adhesion, proliferation, and differentiation. In
addition, because of the presence of a high
molecular PLLA core with certain mechanical
properties, the copolymer might be a good
candidate biomaterial for generating nerve
conduit to guide nerve cell functions.

Experimental section

Synthesis of PLL-PLLA-PLL tri-block copolymer

PLLA with 32 amine terminal groups (d-PLLA-d, M,
= 62,533 g/mol; M,, = 80,042 g/mol) as shown in
Figure 1A was synthesized as described
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previously.[23] First, the PLLA was synthesized via
ROP reaction of L-Lactide monomer initiated by
propylene glycol to bear two hydroxyl groups.
Then the hydroxyl terminals were converted into
amine terminals by N-Boc-L-Glycine. &-
carbobenzyloxy-L-lysine (Z-L-Lys, 4 g, 14.3 mmol)
was thoroughly dissolved in anhydrous THF (100
mL) at 50°C under stirring. Then Triphosgene
(1.42 g, 4.78 mmol) dissolved in anhydrous THF
(25 mL) was added to the above Z-L-Lys/THF
solution dropwise and the reaction continued for
2 h under nitrogen gas protection.

PLL-PLLA-PLL

PLL

—— PLLA < LLysine
Figure 1. (a) Chemical structure of d-PLLA-d and

(b) schematic structure of PLL-PLLA-PLL

After two precipitations in anhydrous hexane, the
Z-L-Lys-N-carboxyanhydride (Z-L-Lys NCA) was
completely dried under reduced pressure with a
yield of ~88%. The d-PLLA-d with 32 amine
terminal groups was used to initiate the
polymerization of Z-L-Lys NCA in anhydrous DMF
at 40°C for 4 days. After the DMF was removed in
vacuum, the copolymer was deprotected with a
33 wt% hydrobromic acid solution in acetic acid
for 1 h at room temperature. Eventually, the
solution was precipitated twice in cold ethyl ether

- NHg
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and the copolymer was completely dried under
reduced pressure. 'H NMR (500 MHz, CDCl3): &
(ppm): 5.15 (g, 1H, -CH-), 4.30 (t, 1H, -CH-), 3.18
(t, 2H, -CHy-), 1.8 (t, 2H, -CH»-), 1.5 (t, 2H, -CH,-),
1.2 (t), 1.58 (q, 2H, -CHs). (Yield: 95%)

For cell studies, the polymers were hot-
compressed into films between two clean glass
slides. First, the polymer was melt at 190°C and
compressed between two glass slides. Then, the
sample was cooled down to room temperature.
The films were punched into disks with identical
dimension (~1 x ~5 mm, thickness x diameter).
Characterization

'H NMR spectra were recorded on a Bruker DRX-
500 with CDCl; containing tetramethylsilane
(TMS) as solvent. GPC measurements were
performed on a Waters HPLC system equipped
with a Model 2690D separation module, a Model
2410 refractive index detector, and Shodex
columns. The linear polystyrene (PS) was used as
standard to calculate molecular weights.
Wettability for all films was analyzed on XG-7501B
(Xuanyichuangxi Industrial Equipment, China).
Fifteen uL of distilled water were dropped onto
the film, and the photographs of water droplets
were taken when droplets were stable. The water
contact angle was measured from those images
using Imagel software (National Institutes of
Health, Bethesda, MD). Differential scanning
calorimetric (DSC) analysis was performed on a
DSC2910 thermal analysis system (TA Instruments
Inc., USA) at a heating rate of 20 °C/min under the
protection of nitrogen atmosphere. The equation
y=(4Hm-AH:)/ AH,° was used to calculate the
crystallinity, in which the heats of fusion 4H., and
AH. were obtained from the melting endothermal
and crystallization exothermal peaks of DSC
curves and the heat of fusion for 100% crystalline
PLLA; 4HmM® = 93.6 J/g was obtained from
literatures.[18]  Tensile  properties  were
determined on a dynamic mechanical analyzer
(DMTA-5, Rheometric Scientific) at 37°C. Polymer
strips (~21 x ~1.5 x ~0.5 mm, length x width x
thickness) were pulled at a strain rate of 0.0002 s
!, Five specimens were run for each polymer and
elastic (E) modulus was calculated from the initial
slope of the stress-strain curve.
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NPC cell attachment, proliferation, and
differentiation

Polymer films were sterilized according to
previous protocols,[9, 24-29] Briefly, the films
were washed with 70% ethanol solution twice to
remove dust, immersed in 70% ethanol solution
for 30 min, and then exposed to UV light for 20
min. NPCs were seeded onto the films at a density
of ~12000 cells/cm? in 24-well tissue culture
plates with serum-free growth media containing
DMEM/F12 medium (Invitrogen, Carlsbad, CA), 20
ng/mL basic fibroblastic growth factor (bFGF,
Invitrogen), 20 ng/mL recombinant human
epidermal growth factor (EGF, Invitrogen), 1%
GlutaMAX (Invitrogen), and 1%
penicillin/streptomycin (Invitrogen). The NPCs
were cultured for 4 h, 1, 4, and 7 days to
investigate cell attachment and proliferation. At
each time point, the cell numbers were quantified
with  an MTT assay according to the
manufacturer’s manual. To visualize NPCs, they
were fixed with 4% paraformaldehyde (PFA)
solution at room temperature for ~30 min,
followed by washing with PBS twice before
stained with 4’, 6’-diamidino-2-phenylindole
(DAPI). The DAPI-stained cells were photographed
with confocal laser scanning microscopy (LEICA
TCS SD2, Germany). To confirm that cells were still
undifferentiated at day 7, the fixed cells were
blocked with PBS solution containing 0.3% Triton
X-100 and 1% bovine serum albumin (BSA) for ~30
min. Further, NPCs were incubated with mouse
monoclonal anti-nestin (1:500, v/v) at 37°Cfor 1 h
and subsequently at 4°C overnight. Afterwards,
NPCs were rinsed with PBS containing 1% BSA
thoroughly prior to staining with goat anti-mouse
IgG-FITC (1:100, v/v) at 37°C for 2 h, followed by
staining with DAPI at room temperature. NPCs
were observed using confocal laser scanning
microscopy. NPCs in ~50 images were counted to
determine the percentage of nestin-positive cells
on the total cell number.

To evaluate NPC differentiation on PLLA, d-PLLA-
d, and PLL-PLLA-PLL films, NPCs were seeded on
those films at a density of ~5000 cells/cm? with
growth medium. At 12 h post-seeding, the growth
medium was substituted with a differentiation
medium containing DMEM/F12, GlutaMAX (1%),
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fetal bovine serum (1%), and
penicillin/streptomycin  (1%). The cell culture
continued for 7 days, during which the
differentiation medium was refreshed every
other day. Afterwards, the NPCs were fixed and
blocked using the same protocol for nestin
staining. Rabbit monoclonal anti-neurofilament
200 (NF), rabbit monoclonal anti-glial fibrillary
acidic protein (GFAP), mouse monoclonal anti-f3-
tubulin 11, mouse monoclonal anti-
oligodendrocyte marker 04 were employed to
stain mature neurons, astrocytes, immature
neurons, and oligodendrocytes, respectively.
Then NPCs were further labeled with goat anti-
mouse IgG-FITC for B-tubulin Il and O4 and CF647
goat anti-rabbit IgG for NF and GFAP. The
immunostained NPCs were stained with DAPI to
visualize nuclei prior to observation using the
confocal laser scanning microscopy.

PC12 cell attachment, proliferation, and
differentiation

Prior to cell culture, PLLA, d-PLLA-d, and PLL-PLLA-
PLL films were sterilized as described
previously.[25, 26, 30] Rat PC12 cells (CRL-1721,
ATCC, Manassas, VA) were seeded on films at a
density of ~13000 cells/cm? in 24-well tissue
culture plates with a growth medium containing
F-12K medium (Gibco, Grand Island, NY), 15%
horse serum, 5% fetal bovine serum (FBS, Gibco),
and 1% penicillin/streptomycin (Gibco) in a cell
incubator. The PC12 cells were cultured for4 h, 1,
4, and 7 days and the cell numbers were
quantified with a MTT assay to evaluate cell
attachment and proliferation.

To study PC12 cell differentiation on those films,
cells were cultured with a growth medium
containing 50 ng/mL NGF for 7 days. Afterwards,
the culture medium was discarded, and PC12 cells
were rinsed twice with PBS. Cells were fixed with
4% PFA solution for ~15 min, rinsed with PBS
solution twice, and permeabilized with 0.2%
Triton X-100 solution. Subsequently, the cells
were stained with rhodamine-phalloidin (RP) for 1
h at 37°C and with DAPI at room temperature.
Confocal laser scanning microscopy was
employed to photograph the stained PC12 cells.
Statistical analysis
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All studies were performed in quadruplicates for
each group. Each value was written as mean *
standard deviation. The data were analyzed with
the Student’s t-test, assuming statistical
significance at p < 0.05 or p < 0.01 between two
groups.

Results and discussion

Synthesis of PLL-PLLA-PLL

A dendritic d-PLLA-d with 32 amine groups as
shown in Figure 1A was used to initiate the ROP
reaction of Z-L-Lys NCA and the as-synthesized
PLL-PLLA-PLL amphiphilic tri-block copolymer had
32 PLL blocks as shown in schematic Figure 1B. To
confirm the chemical structure, *H NMR spectra
of PLL-PLLA-PLL copolymer was recorded with
CDCls as solvent (Figure 2). The chemical shifts of
the PLLA block came up at 1.58 ppm and 5.15
ppm, which were assigned to -CH3; and -CH-,
respectively. The chemical shifts of PLL blocks at a
and b were assigned to -CH- and -CH,- near to the
-NH, end group (Figure 2), respectively. The other
chemical shifts (c, d, and e) of the PLL block partly
overlapped with the peak of PLLA block at 1.58
ppm. These H NMR results are in accordance
with previous findings. [21, 22, 31]

NHy
b e
d PLLA
co
NH.
aHH‘HM/ 2
(¢} NH,

PLLA

6 5 4 3 2
Chemical shift (ppm)

-

Figure 2. 'H NMR spectra of PLL-PLLA-PLL tri-
block copolymer

Characterization
GPC measurements were employed to determine
the molecular weights of PLLA, d-PLLA-d, and PLL-
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PLLA-PLL polymers as shown in Table 1. The
number-averaged molecular weight increased
from 62,533 g/mol for PLLA to 66,192 g/mol for d-
PLLA-d, which was close to the Mnnwr (66,211
g/mol) and Mheoretic (66,381 g/mol). The
deviation of the GPC molecular weight from the
molecular weights calculated from *H NMR and
feed ratio should be attributed to the fact that the
GPC molecular weights were calibrated and
calculated from linear PS standard, whereas d-
PLLA-d possessed a dendritic structure. In
addition, the PDI also increased from 1.28 for
PLLA to 1.32 for d-PLLA-d, due to the architecture
change from a linear chain to a dendritic chain.
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Similarly, the occurrence of polymerization of L-
Lysine monomer initiated by d-PLLA-d caused the
increase of number-averaged molecular weight
from 66,192 g/mol for d-PLLA-d to 90,213 g/mol
for PLL-PLLA-PLL, whwreas the PDI increased to
1.45 and the M, gpc Was significantly lower than
the M theoretic Of 93,127 g/mol. On the other hand,
the Mnnwvr of PLL-PLLA-PLL was calculated from *H
NMR spectra to be 92,879 g/mol, which was
nearly identical to the My theoretic Of 93,127 g/mol.
These results indicated that the L-Lysine monomer
was completely consumed during polymerization
of L-Lysine monomer, and the architecture of tri-
block copolymer was confirmed.

Table 1. Molecular weights, water contact angles, and thermal properties of PLLA, d-PLLA-d, and PLL-

PLLA-PLL
Polymers Mhgec®  Muwerc® Mw/ Mn®  Monvr®  Miatheoreti© Water contact T, 2 (%)
angle (°) (°C)
PLLA 62,533 80,042 1.28 76 £ 4 158 22
d-PLLA-d 66,192 87,373 1.32 66,211 66,381 65+6 152 17
PLL-PLLA-PLL 90,213 130,809 1.45 92,879 93,127 515 141 9

20btained from GPC test
b Calculated from *H NMR spectrum.
¢Calculated from the feed ratio.

The wettability can be influenced by
chemistry.[25, 26] As shown in Table 1, the
incorporation of L-Lysine improved the
hydrophilicity. The water contact angles
decreased from 76 + 4 ° on PLLA films to 65 + 6 °
and 51 = 5 ° on d-PLLA-d and PLL-PLLA-PLL films,
respectively. The thermal properties were
determined by DSC test as shown in Table 1. The
melting temperature decreased increasing the
composition of L-Lysine in the polymer, and the
crystallinity also decreased dramatically from 22%
in PLLA films to 17% and 9% in d-PLLA-d and PLL-
PLLA-PLL films, respectively. The incorporation of
L-Lysine into PLLA might have altered the PLLA
crystalline region, lowering the melting point and
crystallinity.

Cell attachment and proliferation

After generating disks of these polymers, NPCs
and PC12 cells were seeded on these disks to
investigate cell functions. Cell attachment and

proliferation of NPCs and PC12 cells are shown in
Figure 3. NPCs were cultured in serum-free
medium to exclude the effect of serum protein on
cell functions. Figure 3A shows the fluorescent
images of NPC proliferation at day 1, 4, and 7.
Clearly, the number of NPCs increased with the
time of culture. In addition, NPCs presented the
highest density on PLL-PLLA-PLL films, whereas
the lowest proliferation was observed on PLLA
films. On the other hand, more neurospheres
were found on d-PLLA-d and PLL-PLLA-PLL films,
especially PLL-PLLA-PLL films, indicating that PLL-
PLLA-PLL were optimal for NPC proliferation. NPC
attachment and proliferation, represented by cell
numbers, were also quantified with a MTT assay
(Figure 3C). At 4 h, PLL-PLLA-PLL films showed
significantly better cell attachment than PLLA.
From day 1, the proliferation on d-PLLA-d films
started to be significantly faster than on PLLA
ones and, however, remarkably slower than on



29

PLL-PLLA-PLL, which agreed with the observation
in Figure 3A. Similarly, PC12 cells showed the
highest density on PLL-PLLA-PLL films and the
lowest density on PLLA films at day 1, 4, and 7, as
indicated in Figure 3B. Again, the PLL-PLLA-PLL

(A)

PLLA

d-PLLA-d

PLL-PLLA-PLL

Culture time (days)

120,
10s] [JPLLA
[0 d-PLLA-d

I PLL-PLLA-PLL #

Cell number (IOA')

4h

1d 4d 7d

Cell number (1 0;)
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films showed significantly higher cell attachment
than PLLA ones at 4 h. From day 1, the

proliferation on d-PLLA-d films started to be faster
than on PLLA ones, but remarkably slower than on
PLL-PLLA-PLL ones.

Culture time (days)

1PLLA
[_1d-PLLA-d
B PLL-PLLA-PLL

#a

#@

It

4h 1d

4d

7d

Figure 3. (A) Fluorescent images of NPC neurospheres stained with DAPI (blue) at day 1, 4, and 7 on PLLA,
d-PLLA-d, and PLL-PLLA-PLL films. Scale bar of 50 um. (B) Fluorescent images of PC12 cells stained with RP
(red) and DAPI (blue) at day 1, 4, and 7 on PLLA, d-PLLA-d, and PLL-PLLA-PLL films. Scale bar of 50 um. (C)
NPC cell proliferation represented by cell numbers determined by MTT assay at 4 h, day 1, 2, and 4. (D)
PC12 cell proliferation represented by cell numbers determined by MTT assay at4 h, day 1, 2, and 4. *: p
< 0.05 and #: p < 0.01 relative to PLLA films; A: p < 0.05 and @: p < 0.01 relative to d-PLLA-d films.

The main factors, in this study, involved in cell
response included hydrophilicity, charges, and
mechanical properties. The introduction of (-
Lysine monomers influenced the hydrophilicity of
PLLA polymer due to the hydrophilic nature of -
Lysine. The water contact angles on PLLA, d-PLLA-
d, and PLL-PLLA-PLL films decreased from 68.2 +
1.6° on PLLA films t0 59.7 £ 2.7°and 45.1 £ 5.9° on
d-PLLA-d and PLL-PLLA-PLL films, respectively.
Due to the fact that hydrophobic surfaces induce
adsorption of nonadhesive proteins and
denaturation of adhesive proteins, whereas
hydrophilic surfaces have low protein binding, the
substrate surfaces with an intermediate energy
and a water contact angle of ~50° have been

demonstrated to support better cell attachment
and proliferation than those hydrophobic or
hydrophilic.[32] The charges provided by L-Lysine
monomers played a critical role in early cellular
events including attachment and proliferation
through the strong electrostatic interactions with
the anion sites of cytoplasmic membrane.[7, 10,
21] Even though the charge density was not
determined, it is reasonable to consider the
charge density in the order of PLL-PLLA-PLL > d-
PLLA-d > PLLA according to the composition of -
Lysine in PLLA polymer. Hence, cell attachment
and proliferation were promoted in the same
order. Earlier findings suggested that the 2~3 wt%
PLL in PEG hydrogel induced optimal NPC
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functions, such as attachment, proliferation, and
neurite extension. [33]However, the mass
compositions of -Lysine in d-PLLA-d and PLL-
PLLA-PLL in our study were calculated according
to the molecular weights determined by GPC test
to be ~5 wt% and ~30 wt%, respectively. Clearly,
the PLL composition in PLL-PLLA-PLL films was
higher than 2~3 wt% and induced the best NPC
attachment and proliferation. Note that the d-
PLLA-d and PLL-PLLA-PLL films in our study were
hard substrata instead of soft hydrogesl.
Consequently, the real charge distribution on the
d-PLLA-d and PLL-PLLA-PLL film surfaces might be
different from that in hydrogels, which caused
different response for NPCs. The mechanical
properties might also influence attachment and
differentiation of NPCs and PC12 cells. It has been
demonstrated that neural stem cells (NSCs)
proliferated well on substrata with a brain-tissue-
like elastic modulus (E) of ~3.5 kPa and PC12 cells
on softer materials.[31, 34, 35] The E values of
PLLA, d-PLLA-d, and PLL-PLLA-PLL films were
measured to be 479 + 58, 386 + 35, and 179 + 41
MPa, respectively. With the increase of L-Lysine
composition, the polymer tended to be softer,
which might partly explain the better PC12 cell
attachment and proliferation on d-PLLA-d films
and especially PLL-PLLA-PLL films compared with
harder PLLA films. In addition, the NPCs
responded to higher E values of 179-479 MPa,
which is a range comparable to nerve conduit
materials. The role of mechanical properties in
cell-material interactions functioned through
pathways involving mechanotransduction and
integrin-mediated focal adhesion.[2, 6, 34, 35] As
aresult, the integration of hydrophilicity, charges,
and mechanical properties supported better cell
attachment and proliferation on d-PLLA-d and
PLL-PLLA-PLLA films than on PLLA ones.

Cell differentiation

The incorporation of L-Lysine into PLLA influenced
the differentiation of NPCs and PC12 cells as
depicted in Figure 4. Primary CNS lineages,
neurons, astrocytes, and oligodendrocytes,
differentiated from NPCs on PLLA, d-PLLA-d, and
PLL-PLLA-PLL films were immunostained as shown
in Figure 4A. NPCs displayed best neurite
outgrowth, stained with mature neural marker
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NF, on PLL-PLLA-PLL films; however, the lowest
neurite outgrowth on PLLA ones. Likewise, the
immature neurons stained with anti-B-tubulin IlI
and astrocytes stained with anti-GFAP grew
dramatically better on PLL-PLLA-PLL films than on
the others. On the other hand, NPCs stained with
oligodendrocyte marker 04 did not show
significant difference between d-PLLA-d and PLL-
PLLA-PLL films, even though better than PLLA
ones. The d-PLLA-d and PLL-PLLA-PLL films,
especially PLL-PLLA-PLL ones, also promoted
neurite outgrowth of PC12 cells, as indicated in
Figure 4B. PC12 cells on d-PLLA-d films projected
more neurites from cell bodies than on PLLA ones,
and the neurite outgrowth was even better on
PLL-PLLA-PLL films than on d-PLLA-d ones.

To further analyze NPC differentiation on PLLA, d-
PLLA-d, and PLL-PLLA-PLL films, the total
percentage of differentiated NPCs, total
differentiated NPCs divided by the total cell
number, and the percentages of NPCs
differentiated into neurons, astrocytes, and
oligodendrocytes, defined as antibody-positive
NPCs divided by the total cell number, were
qguantified from ~70 fluorescent images using
Imagel software, as shown in Figure 5. The NPC
differentiation percentage on PLLA films was 26 +
5%, whereas it increased to 59 * 17% and 98 +
10% on d-PLLA-d and PLL-PLLA-PLL films,
respectively. Similarly, the percentages of neuron
differentiation on PLLA, d-PLLA-d, and PLL-PLLA-
PLL films were calculated to be 14 + 4%, 31 + 8%,
and 45 + 11%, respectively. The same trend was
observed for astrocytes and oligodendrocytes as
demonstrated in Figure 5C and Figure 5D,
respectively. Moreover, the neurite was also
quantified from ~60 NF-immunostained images in
terms of the percentage of cells bearing neurites,
the number of neurites per cell, and the average
neurite length using Imagel software, as shown in
Figure 5E-G. The percentages of NPCs bearing
neurites on PLLA, d-PLLA-d, and PLL-PLLA-PLL
films were calculated to be 15 + 6%, 35 + 6%, and
47 + 8%, respectively. Consistently, the number of
neurites per cell on PLL-PLLA-PLL was higher than
on PLLA and d-PLLA-d films, especially PLLA films.
The further measurement of average neurite
length also demonstrated the same trend; NPCs
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on PLL-PLLA-PLL films had the longest neurite
outgrowth, whereas PLLA films supported the
shortest neurite outgrowth (Figure 5G). These

(A)

PLLA

d-PLLA-d

PLL-PLLA-PLL

NF/O4/DAPI

B-tubulin/GFAP/DAPI
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analyses strongly demonstrated that d-PLLA-d
and especially PLL-PLLA-PLL films effectively
strengthened NPC differentiation into neurons.

(B)

.

RP/DAPI

Figure 4. (A) Fluorescent images of differentiated NPCs on PLLA, d-PLLA-d, and PLL-PLLA-PLL films. The
differentiated cells were immunostained with anti-NF (red, mature neurons), anti-O4 (green,
oligodendrocytes), anti-B-tubulin Ill (green, immature neurons), anti-GFAP (red, astrocytes), and DAPI
(blue, nuclei). Scale bar of 50 um. (B) Fluorescent images of PC12 cells stained with RP (red) and DAPI
(blue) after exposure to NGF for 7 days on PLLA, d-PLLA-d, and PLL-PLLA-PLL films. Scale bar of 100 um.

The neurite outgrowth of PC12 cells in terms of
the percentage of differentiated PC12 cells,
number of neurites per cell, and neurite length on
PLLA, d-PLLA-d, and PLL-PLLA-PLL films, when the
PC12 cells were cultured in the presence of NGF
at day 7, was also analyzed from ~70 RP-stained
fluorescent images (Figure 5H-J) using Image)
software. Similar to the results for NPC
differentiation, the neurite outgrowth of PC12
cells was significantly stimulated on d-PLLA-d and
PLL-PLLA-PLL films, and the PLL-PLLA-PLL films
induced the best neurite outgrowth compared
with PLLA and d-PLLA-d films.

Those results demonstrated the integrative roles
of positive charges and mechanical properties in
fostering NPC and PC12 cell differentiation. The

promoted neurite extension by positive charges
may associate with protein conformation
changes, protein synthesis, redistribution of cell-
membrane growth factors and adhesion
ligands.[36] The dorsal root ganglion (DRG)
neurites showed enhanced outgrowth on
positively charged hydrogels.[6] The potential for
PLL to induce efficient neural tissue
differentiation of embryonic brain cells through
interactions between PLL polycations and cell
surfaces was also reported earlier.[37] Similarly,
in this study the positive charges provided by -
Lysine monomers played an important role in
stimulating neurite outgrowth in both NPCs and
PC12 cells. Moreover, cell differentiation might be
also affected by mechanical properties. NSCs
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were found to have a higher number of neurons
on softer gels, whereas have a lower number of
glial cultures on harder gels.[34] The softer PLL-
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PLLA-PLL films might favor neurite outgrowth
compared with harder PLLA and PLLA-d films.
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Figure 5. Percentage of (A) differentiated NPCs, (B) neurons (NF-positive), (C) astrocytes (GFAP-positive),
and (D) oligodendrocytes (O4-positive) on PLLA, d-PLLA-d, and PLL-PLLA-PLL films. (E) Percentage of NPCs
bearing neurites. (F) Number of neurites per cell. (G) Average neurite length. Quantification of
differentiated PC12 cells. (H) Percentage of differentiated PC12 cells. (I) Average neurites per cell. (J)
Neurite length. (A-D): *: p < 0.01 and #: p < 0.01 relative to PLLA and d-PLLA-d films, respectively. (D-G):
*: p <0.05 and #: p < 0.01 relative to d-PLLA-d and PLLA films, respectively. (H-J): #: p < 0.01 relative to
PLLA films; *: p < 0.05 and ”: p < 0.01 relative to d-PLLA-d films.

Conclusion

A simple modality was utilized to synthesize
symmetric biodegradable dendritic PLL-PLLA-PLL
tri-block copolymer with a core of hydrophobic
PLLA and dendritic PLL arms. NPCs and PC12 cells
were seeded on PLLA, d-PLLA-d, and PLL-PLLA-PLL
films. The results consistently demonstrated that
d-PLLA-d and PLL-PLLA-PLL films, especially PLL-
PLLA-PLL ones, dramatically promoted the
differentiation nerve cells, particularly neurite
outgrowth. Undoubtedly, PLL-PLLA-PLL tri-block
copolymer might be used as a nerve conduit
material.
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