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The authors report on series of side-chain smectic liquid crystal elastomer (LCE) cell scaf-
folds based on star block-copolymers featuring 3-arm, 4-arm, and 6-arm central nodes. A par-
ticular focus of these studies is placed on the mechanical properties of these LCEs and their 
impact on cell response. The introduction of diverse central nodes allows to alter and custom-
modify the mechanical properties of LCE scaffolds to values on the same order of magnitude 
of various tissues of interest. In addition, it is continued to vary the position of the LC pen-
dant group. The central node and the position of cholesterol pendants in the backbone of ε-CL 
blocks (alpha and gamma series) affect the mechanical properties as well as cell proliferation 
and particularly cell alignment. Cell directionality tests are 
presented demonstrating that several LCE scaffolds show cell 
attachment, proliferation, narrow orientational dispersion 
of cells, and highly anisotropic cell growth on the as-synthe-
sized LCE materials.
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1. Introduction

Synthetic and bioinspired cellular scaffolds can promote 
the development of the biophysical and biochemical 
environment of seeded cells called the extra cellular 
matrix (ECM). The ECM is a complex and dynamic system 
consisting of biomacromolecules that surround the 
cells and governs the cellular behavior including cell 
differentiation, proliferation, migration, viability, and 
other specific functions.[1,2] There are numerous examples 
of both natural and synthetic polymer systems that have 
been used as cell scaffolds.[3–7] Synthetic biodegradable 
polymers based on poly(ε-caprolactone), poly(lactic acid), 
poly(glycolide), poly(p-dioxanone), poly(carbonates), and 
poly(α-amino acids) as well as copolymers made of these 
building blocks have been explored to create cell scaffolds 
for applications such as implants, stents, sutures, in drug 
delivery, wound dressings, as injectable ECMs, and in mul-
tiple other clinical applications.[8–16] Key advantages of 
these materials are the possibilities to easily tailor their 
chemical and mechanical properties as well as biodegra-
dation simply by introducing small changes in their chem-
ical compositions.[4,6,17] However, the structural space for 
these materials is massive and further modifications, for 
example by introducing entirely new physical properties, 
could result in tunable and new, unexpected cell–scaffold 
interactions. There are several examples in the literature 
that have shown that the physical properties of polymer 
scaffolds such as elasticity,[18,19] anisotropy,[20–22] geom-
etry,[23] 3D, and other physical features[10,24–28] of scaffolds 
play a crucial role in cell behavior, promotion of ECM, cell–
ECM interaction, and tissue regeneration.

Liquid crystals (LCs) have intrinsic anisotropic proper-
ties making them ideal candidates to be incorporated 
within cell scaffold systems.[29] In this respect, espe-
cially liquid crystal elastomers (LCEs) present a unique 
example of a combination between LC properties and 
elastic polymer response.[30] LCEs are a special class of 
soft materials featuring orientational order, stimuli-
responsive shape changes as well as elasticity. LCEs have 
found applications in photoresponsive devices, LC gels, 
as artificial muscles, and actuators.[31–35] Recent research 
has shown that the orientational ordering of nematic LCs 
can influence cell attachment and proliferation.[29,36] Pre-
vious work from our group has shown that both nematic 
and smectic biodegradable, biocompatible and porous 
LCEs with “Swiss-cheese” like morphology,[37] 3D channel 
or foam-like[38] as well as globular morphology[39,40] are 
viable candidates for active cell scaffolds that support the 
attachment and proliferation of cells, further expanding 
possibilities toward tissue regeneration.[37–40]

As a proof-of-concept for the suitability of LCEs as viable 
cell scaffolds, we recently introduced smectic cholesterol-
functionalized P-ε-CL/(d,l)-LA cross-linked star block-

copolymers, where the position of the cholesterol pen-
dant group was varied (α or γ  to the CL carbonyl group). 
These LCE scaffolds were intrinsically porous exhibiting 
the above-mentioned “Swiss-cheese” morphology, permit-
ting both the attachment and proliferation of various cell 
lines such as neuroblastomas and skeletal muscle cells 
(myoblasts). While the position of the LC pendant group 
(α or γ  to the carbonyl group along the polymer backbone) 
had some effects on the mechanical properties of these 
LCE cell scaffolds, a much larger effect would be expected 
from structural modification related to connectivity and 
the density of cross-linking.

To do so, we here present the synthesis and characteri-
zation of new series of smectic LCE cell scaffolds based 
on cross-linked star block copolymers (SBC) with 3-arm, 
4-arm, and 6-arm central nodes, adjusting simultaneously 
the connectivity and the degree of cross-linking between 
individual polymer strands. These architectural handles 
should allow us to alter and custom-modify the mechan-
ical properties of these LCEs by one simple synthetic 
variation to values closely matching those of various tis-
sues of interest,[41] along with promoting superior and 
stimuli-responsive surface properties for cell attachment. 
Cholesterol was again selected as the LC pendant in our 
system due to both its mesogenic nature bioactive role in 
cell membranes and occurrence in biological tissues.[42,43] 
LC polymers containing cholesterol have been studied as 
biodegradable polymers to study cell interactions and 
drug delivery.[44,45] The data presented here will focus par-
ticularly on the surface and mechanical properties and 
their impact on cell response of these LCEs with 3-arm, 
4-arm, and 6-arm networks with variable elasticity. In 
addition, we continued to vary the position of the LC 
pendant group. To prepare 3-arm-LCEs-α/γ, 4-arm-LCEs-
α/γ, and 6-arm-LCEs-α/γ, glycerol (3-arm), pentaerythritol 
(4-arm), and dipentaerythritol (6-arm) were used as cen-
tral nodes, respectively (see Scheme 1 for structures and 
synthesis). The obtained elastomers (3LCE-α, 3LCE-γ, 4LCE-
α, 4LCE-γ, 6LCE-α, and 6LCE-γ) were fully characterized and 
then tested with respect to their mechanical properties, 
biocompatibility and cell viability in cell cultures using 
mouse skeletal myoblasts (C2C12) and human dermal 
fibroblast (hDF) cell lines.

2. Experimental Section

2.1. Materials

All air sensitive manipulations were carried out under nitrogen 
gas. ε-caprolactone (ε-CL, from Alpha Aesar) was dried over cal-
cium hydride and distilled under reduced pressure. Glycerol, 
cholesterol, pentaerythritol, dipentaerythritol, triethylamine, 
stannous 2-ethylhexanoate, chromium (VI) oxide, sodium sul-
fate, pyridinium chlorochromate, and sodium bicarbonate were 
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Scheme 1.  a) Chemical structure of 3-arm, 4-arm, and 6-arm initiators (central nodes) and b) synthesis pathway to star block copolymer-
cholesterol liquid crystal (SBCα-CLC) (showing a purple link) and SBCγ-CLC (showing a pink link). The ratio of all caprolactones to d,l-lactide 
is 1:1; the ratio between LC-modified and nonmodified caprolactone is 1:10. c) Crosslinking with bis-caprolactone (BCP) to obtain a 3-arm 
alpha (or gamma) positioned LCE. For abbreviations of LCEs see Table 1.
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used as received (Sigma-Aldrich). Sodium thiosulfate purchased 
from Fisher Scientific was used as received. 3-Chloroperbenzoic 
acid (m-CPBA, from Sigma-Aldrich) was dissolved in diethyl ether 
and this ether solution was washed with a buffer solution (pre-
pared from 1.28 g sodium phosphate monobasic monohydrate 
and 8.24 g sodium phosphate dibasic heptahydrate in 800 mL 
distilled water at pH = 7.4). All solvents used for the synthesis 
and purification were EMD Millipore grade purified by a Pure-
Solv solvent purification system (Innovative Technology Inc.). 
Dulbecco’s modified Eagle medium (DMEM) with 4.5 g L−1 glucose 
and sodium pyruvate without l-glutamine and Dulbecco’s phos-
phate buffered saline (PBS) without calcium and magnesium 

were purchased from Corning CellGrO. Penicillin streptomycin 
solution (Pen-Strep) was purchased from Thermo Scientific. Fetal 
bovine serum (FBS) and trypsin were purchased from HyClone. 
Formaldehyde solution for molecular biology, 36.5%–38% in H2O 
was purchased from SIGMA Life Science. CyQuant Cell Perfora-
tion Assay Kit, 4′,6-diamidino-2-phenylindole (DAPI), UltraPure 
Agarose were purchased from Invitrogen. Reagent Alcohol 200 
proof ACS Grade (Denatured Ethanol) was purchased from VWR. 
Mouse skeletal cell line (C2C12) and human primary dermal 
fibroblast normal cells (hDFs) were purchased from American 
Type Culture Collection.

2.2. Methods

2.2.1. 1H Nuclear Magnetic Resonance (NMR), 13C NMR, 
and Fourier Transform Infrared Spectroscopy (FT-IR)

Proton and carbon NMR spectra of copolymers were recorded in 
CDCl3 at room temperature on a Bruker DMX 400 MHz instrument 
and referenced internally to residual peaks at 7.26 (1H). Infrared 
spectroscopy of polymers was recorded using a Bruker Vector 33 
spectrometer equipped with attenuated total reflection (ATR) mode.

2.2.2. Thermal Properties of SBCs and Final Elastomers

Differential scanning calorimetry (DSC) was used to obtain 
glass transition temperatures of the star block-copolymers 
and LC elastomers. Thermal phase transitions were recorded with 
a Thermal Perkin Elmer Pyris1 analyzer with a scanning rate of 
10 °C min−1 from −70 to 250 °C under a nitrogen atmosphere. 
Thermal degradation studies were carried out with Hi-Res 
thermal gravimetric analysis (TGA)-2950 thermal analyzer under 
nitrogen atmosphere with ramp of 10 °C min−1.

Macromol. Biosci. 2017,  ,  1600278

Table 1.  Names of elastomers samples studied.

Sample Elastomer namea)

3E

Unmodified elastomers 4E

6E

3LCE-α

α-series 4LCE-α

6LCE-α

3LCE-γ

γ-series 4LCE-γ

6LCE-γ

a)Arabic numbers in front of elastomer name (3, 4, or 6) indicate 
the number of elastomer arms of the central node (initiator). 
Alpha (α) or gamma (γ) series indicate position of the LC triazole 
moiety with respect to the caprolactone carbonyl group.

Figure 1.  SEM images showing the internal morphology of a) 3E, b) 4E, c) 6E films, d) 3LCE-α, e) 4LCE-α, f) 6LCE-α, g) 3LCE-γ, h) 4LCE-γ, and 
i) 6LCE-γ.
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2.2.3. Morphology of Elastomers

Scanning electron microscopy (SEM) was used to visualize and 
study elastomer morphology. All samples were freeze fractured 
(to study the internal morphology) and then gold coated (700 Å) 
using a sputter coater (Hummer VI-A, Anatech Ltd.) at 10 mA DC 
for 3 min and images were acquired using a Hitachi S-2600N SEM.

2.2.4. Small-Angle X-Ray Diffraction (SAXD) of Elastomers

SAXD was used to determine liquid crystalline phases of liquid 
crystal modified copolymers and elastomers (LCEs). SAXD data 
were data collected at the X-ray Operations and Research Beam-
line 12-ID-B at the Advanced Photon Source, Argonne National 
Laboratory for unmodified elastomers. For γ-LCEs, SAXD data 
were collected at beamline 7.3.3 of the Advanced Light Source 
(ALS) at Berkeley.[46] Samples at the ALS were mounted on a 
TST350 Linkam tensile stage.

2.2.5. Optical Microscopy

Polarized optical microscopy (POM) was performed using an 
Olympus BX53 polarizing microscope (20×) equipped with a 
Linkam LTS420 heating/cooling stage. All samples were initially 
heated to the isotropic liquid phase and then cooled to observe 
the temperature range at a rate of 0.1 °C. Fluorescence confocal 
microscopy was carried out using an Olympus FV1000 equipped 
with three laser lines and ImageJ was used for image analysis/
processing.[47] Fluorescence for cell proliferation was measured 
using a Molecular Devices M4 SpectroMax Multi-Mode Micro-
plate Reader.

2.2.6. Mechanical Testing of Elastomers

Uniaxial tensile testing (Zwick/Roell Z0.5, 100 N load cell) was 
performed under ambient conditions at a strain rate of 40% min−1 

Macromol. Biosci. 2017,  ,  1600278

Figure 2.  POM images of LCEs between untreated glass slides on cooling from the isotropic liquid phase (90° crossed polarizers) of a) 3LCE-α 
(at 53.4 °C), b) 4LCE-α (at 75.0 °C), c) 6LCE-α (at 31.7 °C), d) 3LCE-γ (at 30.7 °C), e) 4LCE-γ (at 49.9 °C), and f) 6LCE-γ (at 41.5 °C).
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on solvent-cast elastomeric films. A modified version of ASTM 
D1708 was utilized for testing with the dimensions scaled down 
by a factor of two due to limited sample quantity. Five tensile 
samples per elastomer were examined for mechanical response; 
each sample was held between Mylar sheets during cutting to 
relieve stress concentrations along the sample edges. The elastic 
modulus (E) was determined from the slope of the stress–strain 
curve between 0.10% and 0.35% strain.

2.2.7. Contact Angle Measurements

Static water contact angle (WCA) measurements were completed 
using a CAM 200 optical contact angle meter (KSV Instruments 
LTD). The WCA value was acquired by forming single water drop 
at the tip of the syringe, bringing the sample up to the drop, and 
pulling it away on the sample. The drop was then allowed to 
achieve equilibrium on the sample by waiting two minutes. Con-
tact angles were collected and averaged from two separate drops 
per sample using KSV CAM 2008 software.

2.2.8. Cell Cultures

Elastomers were seeded with mouse skeletal C2C12 myoblast 
cells or hDFs cells and cultured using standard sterile techniques. 
Growth medium for C2C12 contained 90% DMEM, supplemented 
with 10% FBS and 1% Pen-Strep. The elastomers were cut by 
using 8 mm diameter tissue punch and separated into four pieces 
with equal size. Prior to cell seeding, the elastomers were washed 
with 70% ethanol, UV irradiated for 10 min, and then washed 
by 70% ethanol again, rinsed twice with sterile water and PBS. 
Elastomers were pinned onto a 2% agarose with DMEM sub-
strate to prevent cell adhesion to the petri dish culture surface 
in 24-well culture plates. Approximately 1.5 × 104 C2C12 cells 
(passages 8–12) suspended in growth 100 mL media were seeded 
onto each of the elastomers. The elastomers along with the cells 
were incubated at 37 °C with 5% CO2, in a humidified chamber, 
for about 2 h to promote cell adhesion followed by addition of 
0.5 mL growth media. Media was changed every other day after 
washing by 0.5 mL PBS. After 3, 5, 8, and 15 d, cells were fixed 
with 4% paraformaldehyde in PBS for 15 min, rinsed twice with 
PBS for 5 min. The fixed samples were stained with 0.1% DAPI 
with PBS for 10 min and rinsed twice with PBS for 5 min for fluo-
rescence confocal microscopy analysis. Several images from the 
fluorescence confocal microscopy were sequentially taken and 
stacked into a 3D composite image using ImageJ. Image stacks 
were sequentially acquired using a fluorescence confocal micro-
scope and spanned the sample thickness. 3D composite images 
were generated from the data and data analyzed using ImageJ. 
Similar protocols were followed for the hDF cultures.

2.2.9. Cell Proliferation and Cytotoxicity Assays

Viability and proliferation of C2C12 skeletal myoblasts of the 
elastomer scaffolding were assessed in a complimentary fashion 
using the CyQuant cell proliferation assay. For the CyQuant cell 
proliferation assay the elastomers were cut into equivalent size 
square pieces of 5 mm × 5 mm × 1 mm and quart circle pieces of 
8 mm diameter, respectively. The elastomer pieces were sterilized 

and seeded with 1.5 × 104 C2C12 or hDF cells, cultured for 15 d 
by the same method as described in the previous section (2.2.8).  
For the CyQuant cell proliferation assay, individual samples were 
removed at five time points (days 3, 5, and 8 for C2C12 as well 
as 6, 8, and 12 for hDF) and immediately frozen at −80 °C. At the 
completion of the culture period, the frozen elastomer/cell con-
structs were thawed and the cellular content was assessed using 
the CyQuant reagent according to the manufacturers recom-
mended instructions, and fluorescence intensity was measured 
with excitation at 480 nm and emission at 520 nm.

2.2.10. Cell Imaging and Orientation Analysis

Confocal data were analyzed using ImageJ including the align-
ment and orientation of hDF cell nuclei where raw data were 
converted to grayscale, and the hDF nuclei were traced by stylus 
pen on Power Point. Next, the images were binarized and skel-
etonized for directionally analysis on ImageJ. In this calculation, 
the order parameter becomes better with increasing number of 
elongated cells, but the parameter is not dependent on the width 
of the cells. Specifications of the Directionality (Fiji) plug-in were 
followed as described by the method developed by Jean-Yves 
Tinevez.[47]

Macromol. Biosci. 2017,  ,  1600278

Figure 3.  Azimuthally averaged intensity data of the scattering 
vector (q in Å−1) versus intensity of 2D SAXD pattern with corre-
sponding X-ray diffraction pattern of a) 3E, b) 4E, and c) 6E.
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2.3. Synthesis

For detailed synthesis and characterization data of reaction inter-
mediates, monomers, copolymers, see the Supporting Information.

2.3.1. Liquid Crystal Elastomer Synthesis

Elastomers were prepared using a modified, previously reported 
method.[37,48] For the synthesis of 3LCE-α, LC-modified polymer 
(3-SBC1-CLC), ε-caprolactone (ε-CL), and cross-linker 2,2-bis(1-
caprolactone-4-yl) propane (BCP) at a ratio of 3:1:1 were used. In 
a clean dried flask 3-SBC1-CLC (10%) (3 g), ε-CL (0.99 g, 8.7 mmol), 
BCP (0.99 g, 3.68 mmol), and 3 mL of dichloromethane were added, 
vortexed, and then heated in oven at 140 °C until the BCP was dis-
solved. Then, tin(II) 2-ethylhexanoate (90 μL, 0.28 mmol) as catalyst 
was added and contents were again mixed using vortex to obtain 
a homogeneous solution. Thus obtained mixture was poured over 
silanized glass substrates and kept at 140 °C for 24 h in a vacuum 
oven for cross-linking. The resulting elastomer was then removed 
and was washed with 70% ethanol solution and dried at 45 °C.

All other elastomer films (3LCE-γ, 4LCE-α, 4LCE-γ, 6LCE-α, and 
6LCE-γ) were prepared following the exact same procedure, but 
replacing glycerol for pentaerythritol and dipentaerythritol to 
prepare the 4- and 6-arm LCEs, respectively. For comparison 
the authors also synthesized unmodified elastomers (using 
only ε-CL, eliminating the use of LC-modified CL). These are 
henceforth referred to as 3E (three-unmodified elastomer), 4E 
(four-unmodified elastomer) and 6E (six-unmodified elastomer). 
Table 1 shows a listing of all elastomers investigated in this study.

3. Results and Discussions

3.1. Synthesis and Chemical Characterization 
of Polymers and LCEs

The synthetic pathway pursued for the LC modified polymers 
is shown in Scheme 1. In a random ring opening poly
merization ε-caprolactone (ε-CL), α-bromo-ε-caprolactone 

Macromol. Biosci. 2017,  ,  1600278

Figure 4.  Azimuthally averaged intensity data of the scattering vector (q in Å−1) versus intensity of 2D SAXD pattern with corresponding 
X-ray diffraction pattern of a) 3LCE-γ, b) 4LCE-γ, and c) 6LCE-γ.
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(α-Br-ε-CL), (d,l)-lactide (d,l-LA), and glycerol as 3-arm 
central node were polymerized using tin(II) 2-ethylhex-
anoate as a catalyst to obtain 3-arm star block-copolymer 
(3-SBCα-Br). Then, in subsequent steps the bromo (Br) 
group was substituted with azide (N3) to obtain 3-SBCα-
N3. Displacement of the bromo (Br) by the azide (N3) 
was confirmed by the appearance of the 2099 cm−1 band 
in the ATR FT-IR spectrum (Figure S1, Supporting Infor-
mation) and higher chemical shifts of specific protons in 
the 1H NMR spectra. The chosen LC pendant, cholester-
ylhexynoate, was covalently attached to the star block-
copolymer using alkyne-azide Huisgen’s cycloadditon 
reaction (“click” reaction)[37,49] obtaining 3SBCα-CLC. The 
disappearance of the 2100 cm−1 band and the appearance 
of a new band at 3263 cm−1 in the FT-IR spectra confirmed 
success of reaction (Figure S1, Supporting Information). 
The formation of the triazole ring was also confirmed by 
the presence of a singlet observed at 7.30 ppm in 1H NMR 
spectra (NMR data, see the Supporting Information). We 
also studied effect of placement of halogen group either 
at alpha (α-Br) or gamma (γ-Cl) position to the carbonyl on 
the functionalized ε-CL (3SBCα-CLC or 3SBCγ-CLC). Then, 
we studied the effect of replacing the central node in the 
copolymers with 4-arm (4SBC-α/γ) and 6-arm (6SBC-α/γ) 
central cores. All central nodes serve as both initiators and 
intrinsic cross-linkers. At each step, the modification of 
functional groups was carefully monitored using 1H NMR 
and FT-IR spectroscopy. 1H NMR, FT-IR (Figures  S1–S6, 
Supporting Information), TGA (Figures S7–S10, Supporting 
Information), and DSC (Table S1, Supporting Informa-
tion) were used to characterize all star-block-copolymers 
before crosslinking (3-SBC-α/γ, 4-SBC-α/γ, and 6-SBC-
α/γ, 3-SBC-α/γ, 4-SBC-α/γ, and 6-SBC-α/γ). Thereafter, 
all SBCs (3-SBC-αCLC, 3-SBC2-γCLC, 4-SBC1-αCLC, 4-SBC2-
γCLC, 6-SBC1-αCLC, and 6-SBC2-γCLC) were cross-linked 
using BCP to obtained 3LCE-α, 3LCE-γ, 4LCE-α, 4LCE-γ,  
6LCE-α, and 6LCE-γ, respectively. DSC data confirmed that 
all modified SBCs were semicrystalline in nature while 
LCEs were amorphous and exhibited glass transition  

temperatures well below physiological temperature 
(see Table S2, Supporting Information). The glass transi-
tion temperatures and decomposition temperatures for 
all 3/4/6-SBC-α/γ and 3/4/6-LCE-α/γ are summarized in 
Tables S1 and S2 (Supporting Information), respectively.

SEM images (Figure 1) were taken to determine the sur-
face and internal morphology of the obtained final LCEs 
of the α-series, γ-series as well as the unmodified elasto-
mers (3E, 4E, and 6E). All α-LCEs show a porous “Swiss-
cheese” type morphology (Figure 1d,e), whereas the γ-
LCEs display a more flaky-type morphology (Figure 1g–i). 
The unmodified elastomers in contrast showed a much 
smoother surface as well as bulk when compared to the 
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Table 2.  Measured scattering vectors (q in Å−1) with respective 
Miller indices and calculated d spacing in nm.

Elastomer q(hkl)  
[Å−1]

d  
[nm]

3LCE-γ q(001) = 0.155 4.04

q(002) = 0.31 2.03

4LCE-γ q(001) = 0.16 3.94

q(002) = 0.32 1.98

6LCE-γ q(001) = 0.153 3.98

q(002) = 0.316 1.98

Figure 5.  a) Stress–strain curve (representative curves deter-
mined by closest value to the average σM and εB) and b) elastic 
modulus data for γ-series LCEs and unmodified elastomers 
(3E, 4E, and 6E).
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two LC-modified series (see Figure 2a–c). The difference 
in porosity and overall morphology could be explained 
by the presence and steric demand of the pendant cho-
lesterol groups. With the LC pendants in the sterically 
more demanding α-position to the ε-CL carbonyl groups, 
less elastic but more porous structures are expected con-
sidering thermal expansion and contraction during cross-
linking. The absence of LC pendant units leads to smooth 
materials for the nonmodified elastomers, and steri-
cally more flexible LC pendants in the γ-position elasto-
mers should lead to elastomers with lower porosity but 
higher elasticity.[37] We will see later that the mechanical 
properties of the α- and γ-series corroborate this to some 
extent.

3.2. Liquid Crystalline Properties and  
Morphological Characterization

The liquid crystalline properties of the LCEs were character-
ized using POM and SAXD. All the LCEs films (α and γ) were 

observed under temperature-controlled POM between 
plain, untreated glass slides (Figure 2). The textures were 
fairly nonspecific, and as frequently observed for LCEs, do 
not show characteristic textural patterns that would give 
any first insights into the possible LC phase formed. How-
ever, by gentle pressing, birefringent patterns (somewhat 
resembling the SEM morphological features) can clearly be 
seen in all images. The 2D SAXD patterns for the unmodi-
fied elastomers and the γ-LCEs are shown in Figures 3 and 4, 
respectively. Table 2 summarizes the X-ray diffraction data 
for the γ-LCEs. For the α-series, SAXD pattern for 3-LCE-α 
were reported earlier and provided clear evidence for the 
formation of a smectic-A phase with interdigitated choles-
terol moieties.[37] 4-LCE-α and 6-LCE-α were too weak (less 
elastic, explained later in section 3.4) and the films broke 
during stretching to prepare thin films for SAXD meas-
urement. However, they show similar textural features 
in POM and do likely form the same LC phase as all other 
LCEs reported here. The SAXD patterns for the γ-series each 
show two sharp scattering peaks in the mid-angle region 
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Figure 6.  C2C12 skeletal myoblasts grown on the elastomers films for 8 d and nuclei stained with DAPI and data acquired using confocal 
microscopy a) 3E, b) 4E, c) 6E, d) 3LCE-α, e) 4LCE-α, f) 6LCE-α, g) 3LCE-γ, h) 4LCE-γ, and i) 6LCE-γ.
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(q1 ≈ 0.15–0.16 Å−1 and q2 ≈ 0.32 Å−1) indicating ordered 
layer (i.e., smectic) structures (Figure 4). In addition, the 
q-values are rather similar to data previously reported by 
our group for the 3-arm α- and γ-position LCE materials.[37] 
In analogy, we assume that the values for 3-, 4-, and 6LCE-γ 
correspond to a nearly fully interdigitated smectic-A (SmA) 
phase type ordering. As shown in Figure 4 the SAXD pat-
terns for the three unmodified elastomers show no sharps 
peaks in the same q-range (i.e., no peak with a maximum 
above 0.05 Å−1), but broad scattering maxima at lower 
q-values (between 0.03 and 0.04 Å−1) hinting at the amor-
phous nature of these elastomers.

3.3. Thermal Characterization of LCEs

TGA of all unmodified, α- and γ-elastomer series have 
higher decomposition temperatures (Figures S11–S15, 

Supporting Information) and are more stable that the 
more-volatile counterpart copolymers (Figure S7–S10, 
Supporting Information) which follows the pattern that 
we previously reported.[37] DSC data also corroborated our 
previous report[37] confirming all glass transition tem-
peratures (Tg) values significantly below physiological 
temperatures. Tgs values increased after crosslinking and 
all elastomers appeared amorphous showing no presence 
of endothermic melting peaks (see Tables S1 and S2, Sup-
porting Information, for a summary of all TGA and DSC 
values obtained).

3.4. Mechanical Behavior of LCEs

Uniaxial tensile testing was used to analyze the mechan-
ical properties of the unmodified elastomers (E3, E4, 
and E6) and liquid crystal elastomers at the γ-position 

Figure 7.  Cell viability assay using CyQuant for a) 1.5 × 104 C2C12 cells growing on (10 mm2, rectangle 5 mm by 2 mm): unmodified, α-series 
LCEs and γ-series LCEs and b) 1.5 × 104 hDF cells growing on (10 mm2, rectangle 5 mm by 2 mm): unmodified, α-series LCEs and γ-series LCEs.
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(3LCE-γ, 4LCE-γ, and 6LCE-γ). Based on the representative 
stress–strain curves (Figure 5a) and calculated E values 
(Figure  5b), no clear correlations or trends were observed 
between the number of arms or the presence of LC pen-
dant groups in the LCE films. Mechanical evaluation of 
the 4LCE-γ shows that modulus can potentially be affected 
due to the number of arms, which may correlate well 
with observations made during the cell culture experi-
ments.[50,51] Previous theoretical and experimental studies 
have shown that tetra-arm polymer hydrogel systems have 
extremely high homogeneous packing and suppressed 
heterogeneity, which may explain the higher stiffness in 
4LCE-γ and serving as a subject of future investigation.[52] 
We previously reported 3LCE-α and 3LCE-γ;[37] however, due 
to the new film preparation method the obtained 4LCE-α 
and 6LCE-α were weaker and broke more easily than their 
γ-counterparts (similar mechanical weakness was also 
observed during SAXD measurements). It is important to 

note that the moduli of all elastomers examined here are 
lower (≈2.0–4.0 MPa) than those of the tissues formed by 
the cells investigated (30 MPa for skin and 350 MPa for 
muscle) as well as lower than for other widely used biode-
gradable polymers, likely due to the low molecular weight 
and nonlinear star-block structure.[41,51,53] The mechanical 
properties obtained from the tensile stress–strain curves 
are summarized in Table S3 (Supporting Information). 
These preliminary mechanical results show a promising 
future for the use of LCEs in designing biomaterials for 
extracellular matrices. Cells are not only able to expand 
and proliferate, but tend to align on and within such LCE 
scaffolds without the use of any external stimuli.

3.5. Cell Studies

To determine the viability of cells on and within the LCEs 
we first tested murine myoblasts C2C12 cells on the α- and 
γ-series LCEs and for comparison also on the unmodified 
elastomers 3E to 6E. Figure 6 shows the fluorescence con-
focal images of cells cultured for 8 d on 3LCE-α, 4LCE-α, 
and 6LCE-α as well as on the unmodified elastomers. From 
these images, it can be seen that the α-series LCEs provide 
a better platform for the attachment and proliferation 
of C2C12 and hDF cells than the unmodified elastomers 
(indicated by a much higher number of much more evenly 
and closely spaced cell nuclei). This is further confirmed 
by the CyQuant cell viability assay. Figure 7a,b shows 
the CyQuant cell viability assays for both C2C12 and hDF 
growing on unmodified as well as the α- and γ-series LCEs. 
Both α- and γ-LCEs in general outperform their respective 
unmodified elastomer counterparts with the same cen-
tral node by showing an overall increase in cell prolifera-
tion. We also observed that among all LCE-αs 3-arm LCEα 
showed a higher proliferation of both C2C12s and hDF 
cells. However, among the LCE-γ’s, the 4LCE-γ showed the 
best proliferation rate for C2C12 cells while the 6LCE-γ 
was optimal for hDF cell proliferation. Since different cell 
types prefer an elasticity regime of the supporting scaffold 
matching native tissue,[41] we assume that the elastic prop-
erties, depending on the type and density of cross-linking 

Figure 8.  Primary human dermal fibroblast (hDF) cultures grown 
for 5 d on a) 3LCE-α, b) 4LCE-α, and c) 6LCE-α elastomer films.

Figure 9.  Directionality analysis of primary human dermal fibro-
blast (hDF) cells grown on petri dishes.
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imparted by the various central nodes, are responsible 
for this observation (especially considering that most 
other parameters are constant among each series). This 
highlights the fact that modified LCE’s for cellular growth 
should be carefully selected based on the intended cell 
types to be grown to provide the most optimal prolifera-
tion rates. We also performed confocal microscopy studies 
of the α-series LCEs with primary hDF cells. Figure 8 shows 
the confocal fluorescence microscopy images of hDF cells 
cultured on the α-series LCEs for 5 d. Cell attachment, and 
by virtue of the cell number seeded on day 1, also prolifera-
tion, is seen on all three LCE scaffolds (3LCE-α, 4LCE-α, and 
6LCE-α). Remarkable, however, is the fact that the images 
show anisotropic cell growth, especially for 4LCE-α and 
6LCE-α. No external stimulus (i.e., stretching) was applied 
to the elastomer samples, indicating that directional cell 
growth might be a response to the lamellar (layer-like) 
molecular structure of the LC components (pendants) 
embedded within the scaffold network. However, addi-
tional and more detailed experiments on cell prolifera-
tion in the presence and absence of external stresses are 
required to gain further insight into this behavior. These 
studies are underway and will be reported at a later 
stage.

3.6. Cell Alignment Studies

The fluorescence confocal images and the directional 
growth analysis histograms of the hDF nuclei are shown 
and summarized in Figures 9–12 and Table S4 (Sup-
porting Information). The directional analysis histograms 
of the hDF nuclei growing on commercially available petri 

dishes are summarized in Figure 8. Figure 8 suggests that 
elongated hDFs are aligned naturally in dense conditions 
such as almost 100% confluency. All petri dishes showed 
similar confluence. The dispersion ranges in petri dishes 
were between 7° and 24°. As seen in Figure 9 cells on petri 
dishes, however, show multi maxima in the directionality 
histograms (multimodal directional distribution), but 
overall the histograms suggest that cells could potentially 
grow with a common orientation in some locations of a 
petri dish.

The directional analysis histograms for the all elasto-
mers are shown in Figure S16 (for 4LCE-γ at 8 d) and S17 
(Supporting Information) (Summary of all directionality 
histograms of hDF cells grown on elastomers). The hDF 
cells grew randomly on 3E and 4E. On the other hand, 
the histogram of 6E shows a somewhat narrower distri-
bution. It suggests that 6E can potentially allow cells to 
orient within a few locations on the elastomer. Overall, 
however, there little difference between cells growing on 
petri dishes and the unmodified elastomers.

Analyzing the cells growth on 3LCE-α (Figure 11a) also 
shows that cell orientation is virtually random, similar to 
the histograms obtained from analyzing images for cell 
attachment on petri dishes and the unmodified elasto-
mers. In contrast, and highly noteworthy, the histograms 
of 4LCE-α and 6LCE-α show that cell attachment and 
growth are highly anisotropic, with 4LCE-α permitting the 
highest unimodal cell orientation of hDFs (Figure  10b,c). 
hDF cells on the 3LCE-γ, 4LCE-γ, and 6LCE-γ also show a 
narrow orientational dispersion of cells (Figure 12). In 
comparison, cell orientation on the γ-series LCEs was less 
uniform in comparison to the α-series LCEs. We assume 

Figure 11.  Directionality analysis of primary human dermal fibroblast (hDF) cells grown on a) 3LCE-α, b) 4LCE-α, and c) 6LCE-α elastomer 
films. The insets in each of the images show a photoimage and value from contact angle measurements.

Figure 10.  Directionality analysis of primary human dermal fibroblast (hDF) cells grown on: a) 3E, b) 4E, and c) 6E unmodified elastomers. 
The insets in each of the images show a photoimage and value from contact angle measurements.
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that the mechanical properties and the elevated hydro-
phobicity due to the more flexible LC pendants may 
contribute to a higher number of cholesterol pendants 
exposed on the surface of the synthesized γ-series LCEs. 
Particularly, 4LCE-γ and 6LCE-γ show higher contact angle 
values than the corresponding 4LCE-α and 6LCE-α, which 
could potentially inhibit cell growth at the same rate 
as on the α-series LCEs. Eventually, cells will continue 
to grow and proliferate but at a lower pace as shown in 
Figure S16 (Supporting Information) for hDF cells growing 
on 4LCE-γ  imaged after 8 d.

4. Conclusions

We here presented the synthesis, characterization, 
mechanical, as well as, cell viability studies on smectic-A 
biocompatible, biodegradable, and porous cholesterol-
based LCEs. In particular, 3-, 4-, and 6-arm (using glycerol, 
pentaerythritol, or dipentaerythritol) central nodes were 
investigated as initiators for obtaining star block-copoly
mers with cholesterol LC molecules as pendant groups 
within the polymer network. These polymers were fur-
ther cross-linked to obtain elastomers with cholesterol LC 
pendants in α- or γ-position to the ε-CL carbonyl group. 
The type of central node and the position of cholesterol 
pendants in the backbone of the random ε-CL blocks both 
affect the overall morphology, the mechanical properties 
as well as cell proliferation and particularly cell alignment. 
Mechanical tests showed the highest stiffness for 4LCE-γ, 
but otherwise no notable difference between the 3- and 
6-arm LCEs. These finding support the cell studies, where 
particularly 4LCE-γ  showed the least tendency of cell align-
ment when compared to both 3LCE-γ and 6LCE-γ, which are 
both softer. Overall, our data clearly demonstrate that fur-
ther studies are needed to gain a deeper understanding of 
the interplay between morphological as well as mechan-
ical properties of elastomer-based scaffolds and cell attach-
ment/alignment. Our preliminary mechanical studies 
indicate that 4LCE-γ shows an E tensile value of 4.0 MPa, 

which is reasonably close to the value reported by McKee 
et al.[41] for skin tissue (30 MPa), but much lower, however, 
than the value for muscle tissue (≈350 MPa), which perhaps 
explains why hDF cell cultures showed more pronounced 
alignment than the C2C12 cells on our LCE scaffolds. Future 
studies will now focus on modifying the elastomer struc-
ture to adjust the mechanical properties (both indentation 
and tensile) closer to particular tissues. Particularly prom-
ising could perhaps be large-scale modeling studies of such 
complex systems. Current, ongoing experiments in our 
laboratories are focusing on studying changes in ordering 
of the reported LCE scaffolds by applying mechanical stress 
with the aid of combined tensile-SAXD experiments and 
the cellular response to mechanical stress when embedded 
in the LCE scaffold.

Supporting Information

Supporting Information is available from the Wiley Online 
Library or from the author.
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