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ABSTRACT: Three-dimensional (3D) scaffolds with chemical
diversity are significant to direct cell adhesion onto targeted
surfaces, which provides solutions to further control over cell fates
and even tissue formation. However, the site-specific modification
of specific biomolecules to realize selective cell adhesion has been a
challenge with the current methods when building 3D scaffolds.
Conventional methods of immersing as-prepared structures in
solutions of biomolecules lead to nonselective adsorption; recent
printing methods have to address the problem of switching
multiple nozzles containing different biomolecules. The recently
developed concept of macroscopic supramolecular assembly
(MSA) based on the idea of “modular assembly” is promising to fabricate such 3D scaffolds with advantages of flexible design
and combination of diverse modules with different surface chemistry. Herein we report an MSA method to fabricate 3D ordered
structures with internal chemical diversity for site-selective cell adhesion. The 3D structure is prepared via 3D alignment of
polydimethylsiloxane (PDMS) building blocks with magnetic pick-and-place operation and subsequent interfacial bindings between
PDMS based on host/guest molecular recognition. The site-specific cell affinity is realized by distributing targeted building blocks
that are modified with polylysine molecules of opposite chiralities: PDMS modified with films containing poly-L-lysine (PLL) show
higher cell density than those with poly-D-lysine (PDL). This principle of selective cell adhesion directed simply by spatial
distribution of chiral molecules has been proven effective for five different cell lines. This facile MSA strategy holds promise to build
complex 3D microenvironment with on-demand chemical/biological diversities, which is meaningful to study cell/material
interactions and even tissue formation.

KEYWORDS: macroscopic supramolecular assembly, 3D ordered structures, host−guest molecular recognition,
chiral polyelectrolyte multilayer, selective cell adhesion

■ INTRODUCTION

Tissue engineering is a revolutionary concept used to restore
the function of damaged tissues by tuning multiple properties
of cells, scaffolds, and biomolecules.1−3 An ideal tissue scaffold
should mimic a three-dimensional (3D) intracorporal micro-
environment and exhibit controlled distribution of heteroge-
neous materials, biological moieties, or chemical species at
designated locations to support cell growth and in vitro tissue
formation.4 Such scaffolds can facilitate the site-selective
adhesion of specific cells in 3D scaffolds by design for targeted
cell differentiation/growth and formation of tissues.5−7 It is
difficult to achieve multiple purposes of facile processability,
control over 3D porous geometry, biocompatibility, and 3D
site-selective cell adhesion, making the fabrication of such
scaffolds a challenging process. To date, most researchers have
demonstrated selective cell adhesion on two-dimensional (2D)
surfaces and films8−11 by using peptides that target specific
cells or patterned surface modification with different chiral
molecules.12,13 Methods of constructing a 3D microenviron-

ment to achieve 3D site-selective cell adhesion are still rare.
However, it is important to develop facile strategies that can
provide a platform for engineering targeted cells or even tissues
in the future.
The macroscopic supramolecular assembly (MSA) is a new

concept with the focus on mild noncovalent interactions
between surfaces with a dimension larger than 10 μm,14−18

which may provide solutions to building such 3D scaffolds
based on the idea of modular assembly. With an MSA process,
multiple materials including metals, resins and hydrogels have
been built into 3D ordered structures,19−21 whose geometry
can be well adjusted. Especially, the obtained 3D structures
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have interconnected pores at the cellular level, indicating the
feasibility of forming scaffolds for cell migration and efficient
nutrition/waste exchange during metabolic processes. Now the
development of MSA is still in its early stages; advanced
functions, such as 3D site-selective cell adhesion, have not yet
been realized with 3D MSA structures. The challenge lies in
creating anisotropic chemical environment that exhibits
different cell adhesion properties in 3D structures. In other
words, the chemical or biological properties of each building
block can be efficiently tailored to induce 3D chemical
diversity after directed assembly. Meanwhile, the MSA
construction process should be biocompatible with all the
materials or chemicals used and the assembly conditions
employed low-toxic to cells.
Herein, we have developed a biocompatible MSA strategy

that combines 3D alignment and chiral molecules to fabricate
3D structures with internal chemical diversity and achieved

site-selective cell adhesion. The selectivity in cell adhesion was
realized by exploiting the opposite chiralities of poly-L-lysine
(PLL)- and poly-D-lysine (PDL)-modified polydimethylsilox-
ane (PDMS) building blocks. Spatial distribution of the two
opposing chiral materials and stabilization of the 3D structures
were achieved by (1) magnetic-field-assisted 3D alignment of
PDMS and (2) subsequent interfacial binding of host/guest
molecular recognition22,23 between surface groups of β-
cyclodextrin (CD) and adamantane (Ad) modified on
PDMS. To be specific, the layer-by-layer (LbL) assembly
technique was used to modify multiple functional groups on
PDMS building blocks:24 PLL or PDL was used as the
polycation and hyaluronic acid (HA) or carboxylated chitosan
(CCS) that were partially grafted with CD or Ad was the
polyanion. The induced chiral molecules and host/guest
molecular interactions were demonstrated to function
orthogonally for their designed purposes. The resulted 3D

Figure 1. Schematic illustrations of (a) polyelectrolytes used for (b,c) LbL surface modification, and (d) stepwise MSA to fabricate a 3D structure
via the pick-and-place manipulation assisted by magnetic-field-guidance. (e) Contacting-time dependent interactive forces between the PDMS
modified with (PLL/HA-CD)30.5 and (PLL/HA-Ad)30.5 multilayers. Fluorescence images of the assembled 3D structures when the top PDMS layer
(f) overlapped with the bottom layer and (g) was tilted at a particular angle; the upper pictures are corresponding schematic illustrations of the 3D
structures; note that the PDMS sticks premixed with green fluorescent dyes were modified with (PLL/HA-Ad)30.5 multilayers while the red ones
have (PLL/HA-CD)30.5 multilayers.
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MSA structures showed selective cell adhesion on targeted
surfaces within the structure. This principle was proven to be
effective to five different cell lines including human lung
fibroblast cells (HLFCs), human osteosarcoma cells (MG63),
human umbilical vein endothelial cells (HUVECs), rabbit
aortic smooth muscle cells (CCC-SMC-1), and PC12 cells. We
envision that this facile MSA method can be used to develop a
platform that resembles a chemically/biologically diverse 3D
microenvironment for studying cell/material interactions and
even tissue formation.

■ RESULT AND DISCUSSION
We considered several main factors, viz. cell adhesion,
biocompatibility, and interfacial binding of building blocks,
for designing and fabricating MSA building blocks. For
example, the PLL and PDL molecules are commercially
available biomolecules with opposite chiralities25 that are
known to enhance cell adhesion based on electrostatic
interactions between their positive charges with negatively
charged ions of the cell membrane. In addition, PDL and PLL,
together with the glucose-based HA and CCS molecules, are
biocompatible polycations or polyanions bearing positive or
negative charges. These molecules can be used to realize
electrostatic interaction-driven LbL modification of building
blocks, which makes integrating multiple functional groups on
PDMS building blocks possible. We further induced host/
guest molecular interactions by partially substituting carboxylic
acid groups on HA and CCS with CD or Ad groups (Figure
1a). When the grafted percentage of CD or Ad groups was low,
for example, HA-CD (7.7%), HA-Ad (3.0%), and CCS-CD
(13.7%) (Supporting Information (SI) Figure S1), the negative
charges of the carboxylic acid groups could be retained for the
LbL with PLL or PDL; meanwhile, the CD and Ad groups
could be incorporated for later interfacial binding during the
MSA process.
The above-mentioned chemical species were used to

conduct a stepwise MSA procedure for fabricating a 3D
structure (Figure 1b−d). First of all, the building blocks of
PDMS sticks (2 mm × 150 μm × 60 μm) were embedded with
Fe3O4 magnetic nanoparticles (SI Scheme S1) and alternately
immersed in polycation/polyanion solutions (e.g., PLL/HA-
CD, PLL/HA-Ad, PDL/CCS-CD solutions) to conduct LbL
surface modification (Figure 1b,c), leading to polyelectrolyte
multilayers, such as a (PLL/HA-CD)30-PLL multilayer, on
PDMS. The number 30 in subscript represents the cyclic
number of alternating immersions and an extra single layer of
PLL was deposited at outmost. For simplicity, this multilayer
has been referred as (PLL/HA-CD)30.5. To create diverse
building blocks with different surface chemistry, we modified
quartz substrates and PDMS building blocks with either (PLL/
HA-CD)30.5 or (PLL/HA-Ad)30.5 or (PDL/CCS-CD)30.5
multilayers, which turned the hydrophobic PDMS into
hydrophilic and had a thickness below 150 nm with a suitable
Young’s modulus for cell adhesion (SI Figures S2 and S3;
Tables S1−S3). Second, we used the magnetic pick-and-place
manipulation in water to move the as-prepared PDMS building
blocks to designated positions (Figure 1d). Directed
manipulation was realized because PDMS building blocks
with Fe3O4 nanoparticles showed fast magnetic-responsive
properties upon being exerted with a magnetic field produced
by a permanent magnet (1.0−2.0 mT from the distance of
∼1.5 cm; SI Figures S4 and S5). Third, the PDMS building
blocks modified with (PLL/HA-Ad)30.5 were immobilized onto

the substrate modified with (PLL/HA-CD)30.5 by the
interfacial molecular interaction of CD/Ad, during which
water was drained off to reduce the water level for achieving
close interfacial contact. To quantify the interfacial interactive
forces, we determined the contacting-time-dependent binding
strength between PDMS building blocks with CD/Ad
interactions via an in situ force measurement method.16 The
measured forces increased rapidly and leveled off at around
325 N/m2 after 10 min contact (Figure 1e). It has been
previously reported that such strong forces can promote the
association of macroscopic building blocks26 owing to the
multivalent effects at the interface. Finally, the above stepwise
magnetic manipulation and interfacial molecular interactions
were applied in a cyclic fashion to stack the target PDMS
building blocks, leading to 3D ordered structures of designed
geometry and surface chemistry. For example, PDMS sticks
premixed with red or green fluorescent dyes and modified with
CD or Ad groups assembled into 3D ordered structures with
either the top layer being fully overlapped with the bottom
layer (Figure 1f) or being tilted at a particular angle (Figure
1g). The whole MSA process is mild and facile to build 3D
ordered structures on demand, indicating its potential for
biological uses. Moreover, coupling multiple groups (e.g.,
chiral molecules and host/guest groups) has enriched the
functions of MSA building blocks. This can be attributed to the
additive and synergetic features of multiple supramolecular
interactions in LbL assembled multilayers.19,27

Although we have demonstrated the construction of a 3D
ordered structure via the MSA method, the biocompatibility of
all the involved materials and the whole process is yet to be
evaluated. Therefore, we determined the cell cytotoxicity of the
synthetic polyelectrolytes, the LbL-assembled multilayers, and
the 3D MSA structure using a standard MTT assay or a live/
dead assay. The results showed that the viability of the cells in
the presence of these polyelectrolytes, such as PLL, PDL, HA-
CD, HA-Ad, and CCS-CD, was higher than or comparable to
the viability of the cells in the control groups at a concentration
lower than 0.2 mg/mL (Figure 2a−c; SI Figure S6). To
evaluate the biocompatibility of the LbL-assembled multi-
layers, we placed the substrates modified with these multilayers
at the bottom of 24-well cell culture microplates and evaluated
the cell viability with MTT assays after cell culture for 12, 24,
and 48 h (Figure 2d). The films modified with either (PLL/
HA-CD)30.5 or (PLL/HA-Ad)30.5 multilayers exhibited high
cell viability and cell proliferation properties after 48 h of
culture. To further observe the cell morphology, we have
applied the live/dead assay to dye the cells for the observation
with a fluorescence microscopy. As shown in Figure 2e,f, the
HLFCs in the presence of (PLL/HA-CD)30.5 and (PLL/HA-
Ad)30.5 multilayers exhibited high cell coverage and spindle-like
morphologies consisting of fibroblast cells, indicating good cell
compatibility. Taken together, either the above individual
chemicals or thin films fabricated via LbL assembly of these
polyelectrolytes have been proven with a low cell toxicity.
Based on the above low-toxic chemicals and multilayers, we

further clarify whether the 3D MSA structures with porous
structures built from these chemical species could facilitate cell
adhesion. Therefore, we conducted the stepwise magnetic
pick-and-place and interfacial bindings of PDMS building
blocks (2 mm × 150 μm × 60 μm) modified with either (PLL/
HA-CD)30.5 or (PLL/HA-Ad)30.5 multilayers following the
procedure in Figure 1d. We obtained a three-layer stacked
structure with a well-defined porous structure on a quartz
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substrate modified with a (PLL/HA-CD)30.5 multilayer: the
second layer is perpendicularly aligned relative with the first
layer and the third layer is tilted by 45 deg relative with the
second layer; in each layer, all PDMS building blocks were
aligned parallelly with a uniform space between each other
(Figure 3a−f). When HLFCs were seeded onto the above 3D
ordered structures of PDMS, the cells exhibited increased
coverage with the increasing cell culture time from 12 to 48 h;
the local magnification displays spindle-like morphologies of
healthy fibroblast cells (Figure 3b,d,f). Thus, the biocompatible
nature of all the synthetic chemicals used and the MSA
procedure was confirmed.
Because the above 3D MSA structures consist of similar

surface chemistry of the (PLL/HA-CD or Ad)30.5 multilayers,
we could observe high cell density throughout the 3D structure
and the substrates, namely nonselective cell adhesion (Figure
3e). Normally, this phenomenon is inevitable due to common
cell seeding techniques simply by gravity settling without any
selective adhesion mechanism. There remains a question
whether it is possible to achieve site-selective cell adhesion
within the established 3D microenvironment. Creating
chemical diversity in the structure and meanwhile ensure
biocompatibility should be a feasible solution. Hence, we
considered the most distinctive biochemical signature of
molecular chirality that is widely observed in life to influence
many biological events.28−30 Several reports state that left-
handed molecules are preferred for cell adhesion over right-
handed molecules.8,10 We have chosen commercially available
PLL and PDL molecules as chiral systems to direct cell
adhesion and build 3D MSA structures using the molecular
recognition systems consisting of HA-CD, HA-Ad, and CCS-
CD.

The chirality of the polyelectrolyte multilayers after
incorporating chiral molecules of PLL and PDL, that is,
(PLL/HA-CD)30.5 and (PDL/HA-CD)30.5 multilayers, was
determined using a probe molecule of tetrasodium-meso-
tetra(4-sulfonatophenyl)porphine dodecahydrate (TPPS) fol-
lowing a reported procedure.25 The multilayers were
characterized using circular dichroism spectroscopy (Figure
4a; SI Figure S7) and exhibited opposite signals of
complementary shapes, indicating that the opposite chiralities
of PLL or PDL were retained in the modified multilayers and
could direct different cell binding with such distinctive
chemical properties. We confirmed this hypothesis by
comparing cell adhesion on substrates that are modified with
the (PLL/HA-CD)30.5 multilayer and the (PDL/CCS-CD)30.5
multilayer. After applying live/dead assays, the cell density on
the (PLL/HA-CD)30.5 multilayer (Figure 4b) is much higher
than that on the (PDL/CCS-CD)30.5 multilayer (Figure 4c).
The experiments of this cell adhesion phenomenon have been
repeated 20 times and in 68.4% of them we observed a better
cell adhesion on multilayers containing PLL than that on the
PDL multilayers (26.3% display comparable effects and only
5.3% show the opposite). In addition to HLFCs, another four
kinds of cell lines including MG63 cells, HUVECs, CCC-
SMC-1 cells, and PC12 cells, also exhibited similar selective
adhesion properties, which can be attributed to the observed

Figure 2. Cell viability studied using (a) PLL, (b) HA-CD, (c) HA-
Ad, (d) (PLL/HA-CD)30.5, and (PLL/HA-Ad)30.5 multilayers.
Fluorescence images of HLFCs on flat PDMS sheets modified with
(e) (PLL/HA-CD)30.5 and (f) (PLL/HA-Ad)30.5 multilayers.

Figure 3. Fluorescence images of HLFCs on 3D ordered structures
made of PDMS modified with (PLL/HA-CD)30.5 or (PLL/HA-
Ad)30.5 multilayers after cell culture for (a,b) 12, (c,d) 24, and (e,f) 48
h. (b,d,f) are corresponding magnified images of (a,c,e). The quartz
substrates supporting the 3D structures were modified with (PLL/
HA-CD)30.5 multilayers.
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chirality difference (SI Figures S8−S11). The different cell
adhesion on 2D films means the possibility to induce 3D
selective adhesion.
To verify whether the differentiating mechanism of 2D films

based on molecular chirality could direct 3D site-selective
adhesion. We started with selective cell adhesion between the
3D scaffold and the substrate, that is, the cells should
preferably adhere onto the 3D structure rather than the
substrate, which is a challenge in the conventional gravity-
dominant cell seeding technique. As illustrated in Figure 4d,
the substrate was modified using a low-cell-adhesive (PDL/
CCS-CD)30.5 multilayer and PDMS building blocks with high-
cell-adhesive multilayers of (PLL/HA-CD)30.5 or (PLL/HA-
Ad)30.5. The obtained 3D MSA structure with differentiating
chemistry after cell culture (HLFCs) for 48 h and live/dead
staining (Figure 4e,f) shows totally different results when
comparing with the 3D structure of identical chemistry (Figure
3e,f): most cells attached well onto the 3D scaffold and did not
adhere well onto the quartz substrate. While the cells did not
adhere well to the substrate, the cell density on the 3D scaffold
remained high, indicating that the (PDL/CCS-CD)30.5 multi-
layer modified on the substrate does not damage the
biocompatibility of the system or inhibit cell growth on the
upper scaffold. The next challenge is to create different surface
chemistry within the 3D MSA structures and realize site-
selective cell adhesion. As designed in Figure 4g, the internal
chemical diversity was realized by modifying the substrate and

the second PDMS layer using the low-cell-affinitive (PDL/
CCS-CD)30.5 multilayer while other PDMS layers were
modified using multilayers containing (PLL/HA-Ad)30.5 multi-
layers. Under identical conditions of cell culture of HLFCs for
48 h and applying live/dead assays, we observed a much lower
cell density on the second layer and the substrate compared to
the cell density on the other layers (Figure 4h,i), leading to the
cell preference of surfaces with PLL over those with PDL.
Thus, by simply using the opposite chirality without changing
the main components in the polyelectrolyte multilayers, we
achieved site-selective cell adhesion on demand in 3D
structures based on the fabrication method of MSA.

■ CONCLUSION
We have developed a biocompatible MSA method to fabricate
3D ordered structures exhibiting the property of 3D site-
selective cell adhesion at designated positions. A biocompatible
microenvironment and internal chemical diversity are the
prerequisites. We address the issue of improving the
biocompatibility by using the homopolypeptides of PLL and
PDL that are widely applied in cell culture, polysaccharides
(CCS and HA), a cyclic oligosaccharide (CD), and a molecule
for common biomedical uses (Ad derivatives). The surface
chemistry difference in 3D structures were realized based on
the facile assembly of PDMS building blocks modified with
different LbL polyelectrolyte multilayers. Further selective cell
affinity was achieved in 3D structures using polyelectrolyte

Figure 4. (a) Circular dichroism (CD) spectra of (PLL/HA-CD)30.5 and (PDL/HA-CD)30.5 multilayers. Fluorescence images after applying live/
dead assays to PDMS modified with (b) (PLL/HA-CD)30.5 and (c) (PDL/CCS-CD)30.5 multilayers (cell culture time: 48 h). Schematic
illustrations and fluorescence images for 3D MSA structures subjected to live/dead assays (full image and local magnification): (d−f) The scaffold
is modified with (PLL/HA-CD or Ad)30.5 multilayers while the substrate is modified with (PDL/CCS-CD)30.5 multilayer; (g−i) the first and third
layer of PDMS are modified with the (PLL/HA-Ad)30.5 multilayer while the second layer (highlighted in the red dashed boxes) and the substrate
are modified with the (PDL/CCS-CD)30.5 multilayer.
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multilayers of opposite chiralities: the PDMS modified with
(PLL/HA-CD)30.5 or (PLL/HA-Ad)30.5 multilayers exhibited
significantly higher cell density than the area modified with a
(PDL/CCS-CD)30.5 multilayer. This strategy has been proven
effective to five different cell lines including HLFCs, MG63
cells, HUVECs, CCC-SMC-1 cells, and PC12 cells. We
envision that this MSA method can present a build-on-demand
concept to fabricate a complex 3D scaffold with chemical and
biological diversity, such as controlled 3D distribution of
specific biomolecules, different cell lines etc.

■ EXPERIMENTAL SECTION
Materials. The following chemicals were used as purchased.

Hyaluronic acid sodium salt from Streptococcus equi was from Sigma-
Aldrich. N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide hydro-
chloride (EDC) and N-hydroxysuccinimide (NHS) were from J&K.
1-Adamantanamine (Ad) was from Alfa Aesar. 6-Amino-β-cyclo-
dextrin was from Shandong Binzhou Zhiyuan Biotechnology. Calcein-
AM, propidium iodide, and carboxylated chitosan were from Aladdin.
PDMS (Sylgand 184) was from Dow Corning. Fe3O4 magnetic
nanoparticles (MNPs) in the form of dry powder was from Beijing
DK Nanotechnology. TPPS was from Strem Chemicals. PLL and
PDL were from Shanghai Yuanye Biotechnology. Other normal
reagents such as anhydrous dimethyl sulfoxide, citrate-phosphate
buffer, and 75% ethanol (ethanol: water = 75 vt%) were from
Sinopharm Chemical Reagent Beijing. Consumables for cell culture
such as 96-well and 24-well cell culture microplates, cell culture flasks
(T-25 polystyrene flasks), and pipet tips were from Corning
Incorporated.
HLFCs and L929 cells were generously provided by Institute of

Basic Medicine Science, College of Life Science, Chinese PLA
General Hospital. HUVECs, CCC-SMC-1, MG63 cells, and PC12
cells were purchased from Procell Biotechnology. Cell culture
materials: minimum Eagle’s medium (MEM), high-glucose Dulbec-
co’s modified Eagle’s medium (DMEM), Roswell Park Memorial
Institute medium (RPMI-1640), penicillin-streptomycin solutions,
and trypsin 0.25% solutions from Hyclone; fetal bovine serum (FBS,
10 wt %) from BBI Life Sciences; thiazolyl blue tetrazolium bromide
(MTT) from Solaribio Life Sciences; recombinant human insulin and
nonessential amino acids from Procell Biotechnology.
Instruments. The 1H NMR spectra of the products were obtained

with a Bruker AV400 NMR spectrometer at 400 MHz. The PDMS
building blocks were cut with a freezing microtome (CM1950, Leica).
The interfacial binding forces were measured with a Dynamic Contact
Angle Measuring Device and Tensionmeter (DCAT21, Dataphysics,
Germany). The circular dichroism spectra were measured with a
circular dichroism spectrometer (J-810, Jasco). MTT assay was
evaluated with a microplate reader (Multiskan FC, Thermo Fisher
Scientific) at 570 nm. The fluorescence images of cells were taken
with a fluorescence microscopy (XSP-63B, Shanghai Optical Instru-
ment Factory). We used a permanent magnet (5 cm × 1 cm × 1 cm)
for the magnetic manipulation of pick-and-place; the distance
between the magnet and building blocks were kept at about 1.5 cm,
which led to a magnetic field strength of 1−2 mT.
Synthesis of HA-CD. Hyaluronic acid sodium salt (2.17 mmol, 100

mg) was dissolved in 20 mL PBS buffer solution (0.2 M, pH 7.2).
EDC (0.87 mmol, 168 mg) and NHS (0.87 mmol, 100 mg) were
dissolved in 5 mL PBS buffer solution and then dropped into the HA
solution. The mixture was stirred for 30 min at room temperature.
Subsequently, 6-amino-β-cyclodextrin (0.44 mmol, 500 mg) dissolved
in 20 mL PBS solution was dropped into the above mixture, followed
by stirring for 24 h at room temperature. Finally, the reacted mixture
was dialyzed for 5 days in a dialytic bag (molecular weight cut off
(MWCO) = 3500) and frozen dried. The 1H NMR spectrum of the
HA-CD in D2O is shown in SI Figure S1a.
Synthesis of HA-Ad. Hyaluronic acid sodium salt (2.17 mmol, 100

mg) was dissolved in 20 mL PBS buffer solution (0.2 M, pH 7.2).
EDC (0.87 mmol, 168 mg) and NHS (0.87 mmol, 100 mg) were

dissolved in 5 mL PBS buffer solution and then dropped into the HA
solution. The mixture was stirred for 30 min at room temperature.
Then 1-adamantanamine (0.33 mmol, 50 mg) dissolved in 20 mL
PBS solution was dropped into the above mixture, followed by stirring
for 24 h at room temperature. The reacted mixture was dialyzed for 5
days in a dialytic bag (MWCO = 3500) and frozen dried. The 1H
NMR spectrum of HA-Ad in D2O is displayed in SI Figure S1b.

Synthesis of CCS-CD. Carboxylated chitosan (179 mg), EDC (1.00
mmol, 192 mg), and NHS (1.00 mmol, 115 mg) were dissolved in 40
mL PBS (0.2 M, pH 7.4) and stirred for 30 min at room temperature.
Then 6-amino-β-cyclodextrin (1.00 mmol, 1135 mg) dissolved in 20
mL PBS solution was dropped into the above mixture, followed by
stirring for 8 h at room temperature. The reacted mixture was dialyzed
for 5 days (MWCO = 3500) and freeze-dried. The 1H NMR
spectrum of CCS-CD in D2O is shown in SI Figure S1c.

Fabrication of PDMS Building Blocks. As schematically illustrated
in SI Scheme S1, PDMS prepolymer (10 g), its curing agent (1 g) and
Fe3O4 magnetic nanoparticles (100 mg) were mixed, degassed and
sandwiched between two glass slides spaced by one or two 150-μm-
thick cover glasses at two ends. After heating at 65 °C for 4 h, the
cured PDMS thin films were further manufactured according to
different purposes: (1) For MTT evaluation, 2D PDMS films (300-
μm-thick) with a size fitting the wells of the cell culture microplates
were cut with a hole puncher; (2) for PDMS stick building blocks, the
thin PDMS films (150-μm-thick) were cut with a knife into a
dimension of 2 mm × 2 mm × 150 μm, embedded in a resin (Tissue-
Tek O.C.T. Compound) to be frozen, and cut into the final
dimension of 2 mm × 150 μm × 60 μm with a freezing microtome.

Surface Modification of PDMS Building Blocks or Quartz
Substrates. All surface modification was conducted with a layer-by-
layer assembled technique. Taking the modification of the (PLL/HA-
CD)30.5 multilayer on PDMS sticks as an example, the cleaned PDMS
was treated by plasma to result in a hydrophilic surface and then
immersed in PLL (aq, 0.5 mg/mL) for 12 h as the first layer. Later,
the PDMS was alternately immersed in HA-CD (aq, 1 mg/mL) for 5
min and PLL (aq, 0.5 mg/mL) for 5 min; between each immersion
step, the PDMS was cleaned with deionized water to remove excessive
physical adsorption. The above alternate immersion was repeated
until the wanted number of layers was reached, for example, (PLL/
HA-CD)30.5, (PLL/HA-Ad)30.5, and (PDL/CCS-CD)30.5.

Circular Dichroism of Chiral Species. We checked the chirality of
PLL and PDL solutions with a commonly used probe molecule of
TPPS. The TPPS solution (20 μM in a pH 3.0 citrate-phosphate
buffer) was mixed with a PLL or a PDL solution (100 μM in a pH 3.0
citrate−phosphate buffer) at an equal volume by stirring at room
temperature for 2 h to induce the aggregation of TPPS.25 The quartz
substrates modified with (PLL/HA-CD)30.5, (PDL/HA-CD)30.5, and
(PDL/CCS-CD)30.5 multilayers were immersed in a TPPS solution
(10 μM in a pH 3.0 citrate−phosphate buffer) for 30 min. After
rinsing with deionized water, circular dichroism spectra of the quartz
substrates modified with (PLL/HA-CD)30.5, or (PDL/HA-CD)30.5
multilayers were measured and shown in Figure 4a. The circular
dichroism spectrum of the (PLL/CCS-CD)30.5 or (PDL/CCS-CD)30.5
multilayer was obtained by measuring the TPPS solutions after
immersing the quartz substrate modified with the (PLL/CCS-CD)30.5
or (PDL/CCS-CD)30.5 multilayer into the TPPS solutions for 30 min
(SI Figure S7).

Preparation of the Medium for Cell Culture. The medium for the
culture of HLFCs consists of DMEM, FBS, and penicillin/
streptomycin (P/S) with a volume ratio of 100:10:1. The medium
for the culture of HUVECs contains the mixture of DMEM, FBS and
P/S (volume ratio = 100:10:1), recombinant human insulin (0.01
mg/mL) and nonessential amino acids (1 vt %). The medium for the
culture of CCC-SMC-1 has the mixture of DMEM, FBS and P/S with
a volume ratio of 100:15:1. The medium for the culture of PC12 and
L929 cells contains the mixture of RPMI-1640, FBS and P/S (volume
ratio = 100:10:1). The special medium of MG63 cells consists of the
mixture of MEM, FBS and P/S (volume ratio = 100:10:1). The cell
culture condition was set as 5% CO2 at 37 °C.
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MTT of Chemicals. The cell viability was evaluated with a standard
MTT assay. Cells (e.g., HLFCs) were seeded into a 96-well
microplate with a density of 1 × 104 cells per well and cultured for
24 h. Then, we added a solution of one certain chemical, e.g. PLL,
PDL, HA-Ad, HA-CD or CCS-CD with varied concentrations of
0.025, 0.05, 0.1, and 0.2 mg/mL. After culture for another 24 h in 5%
CO2 at 37 °C for 24 h, we added MTT (5 mg/mL, in PBS) solutions
to each well and kept for 4 h. The 96-well microplates were then
measured via a microplate reader at 570 nm. The cell viability was
calculated based on the absorbance ratio of the wells added with
chemicals and the wells as controls (Figure 2a−c and Figure S6).
MTT of Multilayers. Flat PDMS substrates modified with (PLL/

HA-CD)30.5 or (PLL/HA-Ad)30.5 multilayers were placed at the
bottom of 24-well microplates and sterilized by immersing in 75%
ethanol under UV light for 30 min, followed by cleaning with PBS
buffer (pH 7.4) for three times. L929 cells were seeded with a density
of 1 × 105 cells per well and cultured for 12, 24, and 48 h. We added
MTT solutions (5 mg/mL, in PBS) to each well and kept for 4 h. The
solutions were then measured via a microplate reader at 570 nm. The
cell viability was calculated based on the absorbance ratio of the wells
with and without PDMS films.
Selective Cell Adhesion Directed by Chiral Multilayers. The

observation of cell adhesion on 2D multilayers or 3D ordered
structures in Figures 2−4 and SI Figures S8−11 include the following
primary steps. For example, (1) a quartz substrate modified with the
(PLL/HA-CD)30.5 multilayer was placed in a 24-well microplates and
sterilized in 75% ethanol under UV light for 30 min, followed by
cleaning with a PBS buffer (pH 7.4) for three times. (2) After
immersing in the culture medium for 12 h, cells were seeded and
cultured in corresponding mediums in 5% CO2 at 37 °C for 12 h, 24
h, and 48 h. (3) At each time interval, live/dead assays were used to
dye the cells for the observation of the cell adhesion with a
fluorescence microscopy; we used the excitation wavelengths of 494
and 528 nm.
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