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ABSTRACT: Sandwich culture systems are techniques that cultivate cells by sandwiching them
between the top and bottom substrates. Since the substrates can be separated, the system is
expected to be applied to the construct layering of patterned cells and to the isolation of stacked
cells. In this study, we prepared hydrogels composed of zwitterionic sulfabetaine polymers,
poly[2-(2-(methacryloyloxyethyl)dimethylammonio)ethyl-1-sulfate] (PZBMA). The ZBMA
homopolymers have been shown to form aggregates in aqueous solutions due to their
intermolecular interactions. The water content of the PZBMA hydrogels in water was ∼70%
regardless of N,N′-methylenebis(acrylamide), BIS, content as the cross-linker. The results indicated that the intermolecular
interaction contributed more to the swelling behaviors than the chemical cross-linker. However, PZBMA hydrogels with 0.1 mol %
BIS showed not only high elongation (∼850%) properties but also high adhesiveness and self-healing properties. When this PZBMA
hydrogel was impregnated with collagen and subjected to sandwich culture using Madin−Darby canine kidney (MDCK) cells, a
three-dimensional morphology of MDCK cell aggregates was constructed. Such a sulfabetaine hydrogel is expected to be developed
for regenerative medicine.

1. INTRODUCTION
Two-dimensional (2D) monolayer cell culture is a conven-
tional system to evaluate cell functions though the 2D cell
culture conditions are insufficient to mimic in vivo conditions.1

As a substitute, three-dimensional (3D) cell culture systems
have been developed to construct biological functions similar
to those of tissues and organs. Such 3D cell culture systems
have been developed in the past decade to form 3D cell
aggregates, spheroids, and other structures using noncell-
adhesive hydrogels, pendant drops, etc.2,3 3D cell culture
systems are proven to be superior to 2D cell culture systems as
they resemble the in vivo conditions in terms of cell−cell
interactions, cell differentiation ability, toxicity, and metabo-
lism of drugs.4 However, further developments of these
techniques are required for the construction of complex 3D
morphologies. Generally, scaffolds are required to place cells in
a 3D matrix for the design and fabrication of complex tissues
and organs.5,6 Such matrices are available; however, the
systems are complicated for drug screening or isolation of
3D morphologies for further applications. Simple and utilizing
novel techniques are expected using the features of 2D and 3D
cell culture systems. Sandwich culture is one of the interesting
culture systems that cultivate cells on the top and bottom
substrates.7−10 The substrates are available as temporal
packings and are easy to isolate. Additionally, a variety of 2D
substrates with different stiffnesses or alignments can be
selected and utilized for precise control. Hydrogels have high
water content, similar to our body environment; hence, they
can be successfully applied as biomaterials.11,12 Generally,
hydrogels are fragile with low mechanical properties; therefore,
tough hydrogels have been developed since the early

2000s.13−15 More recently, various multifunctional hydrogels
having superior mechanical properties have been designed.
The major additional function is adhesiveness to various
substrates. The adhesive behavior can be induced by the
substitution of 3,4-dihydroxy-L-phenylalanine (DOPA). Due to
the ability of DOPA to undergo multiple molecular
interactions, DOPA-containing hydrogels can adhere to
various material surfaces.16 Zwitterionic polymers possessing
oppositely charged ion pairs in a monomer unit exhibit high
water solubility with low protein adsorption and cell
adhesion.17,18 Among such zwitterionic polymers, our focus
is on sulfobetaine polymers because the representative
sulfobetaine polymer, poly 3-((2-(methacryloyloxy)ethyl)-
dimethylammonio)propane-1-sulfonate, (PSBMA, Figure 1),
is known not only for upper critical solution temperature
(UCST)-type thermoresponsive behavior but also for its
interaction with charged polymers, such as DNA, in addition
to its bioinert properties.19−21 However, the presence of salts
in low concentrations hampers their properties and func-
tions.22−24 Therefore, various sulfobetaine polymers with
enhanced intra- and interpolymer interactions in the presence
of salts have been developed for applications under
physiological conditions utilizing their thermoresponsive
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behavior or aggregated states.25−27 Among such polymers,
poly[2-(2-(methacryloyloxyethyl)dimethylammonio)ethyl-1-
sulfate] sulfabetaine (PZBMA) exhibited thermoresponsive
behavior in the presence of salt. In our previous paper, we
prepared PZBMA copolymers with PEG methacrylate (molar
ratio <5 mol %) to reduce interactions between the polymer
chains. The P(ZBMA-co-PEG methacrylate) showed multiple
thermoresponsiveness under physiological conditions and
thermal stabilization of a protein.28 From these results, cross-
linking of PZBMA might enhance the interpolymer interaction
and obtain a novel type of hydrogel with superior mechanical
properties and adhesiveness under physiological conditions. In
this study, we prepared PZBMA hydrogels with different cross-
linking densities and evaluated the mechanical properties, and
finally, the hydrogels were applied to the sandwich cell culture
system.

2. MATERIALS AND METHODS
2.1. Materials. 1,3,2-Dioxathiolane 2,2-dioxide, 2-dimethy-

laminoethyl methacrylate (DMAEMA), and N ,N′-
methylenebis(acrylamide) (BIS) were purchased from Tokyo
Chemical Industry (Tokyo, Japan). 2,2-Azobis[2-(2-imidazo-
line-2-yl)propane]dihydrochloride (VA-044) was purchased
from FUJIFILM Wako Pure Chemical Co. (Osaka, Japan).
Hoechst 33342 and cell counting kit-8 were purchased from
DOJIN Laboratories (Kumamoto, Japan). Collagen type-I
solution was purchased from Nitta Gelatin, Inc. (Cellmatrix
Type I-A, Osaka, Japan).

2.2. Synthesis of ZBMA Monomer. ZBMA monomer
was synthesized according to the previous report.14 In short,
1,3,2-dioxathiolane 2,2-dioxide (15.0 g, 121 mmol, 1.1 equiv)
was dissolved in dry acetonitrile. Then, DMAEMA (17.3 g, 110
mmol, 1.0 equiv) was added dropwise in dry acetonitrile and
stirred overnight at room temperature. The precipitate was
separated, washed with acetonitrile, and dried in vacuo. Yield:
85.9%

1H NMR (ECA-600, JEOL Ltd. Tokyo, Japan) in D2O
containing 1 M NaCl: δ (ppm) = 6.12 (s: 1H, cis methacrylate
CH2�C(CH3)CO−), δ = 5.73 (s: 1H, trans methacrylate
CH2�C(CH3)CO−), δ = 4.62 (s: 2H, −COO−CH2−), δ =
4.48 (s: 2H, −N+(CH3)2−CH2CH2−O−), δ = 3.87−3.85 (m:,
2H, −COO−CH2CH2−N+−), δ = 3.84−3.82 (m:, 2H, −N+−
CH2−CH2−O−SO3

−−), δ = 3.25 (s, 6H, −N+(CH3)2−
CH2−), δ = 1.89 (s, 3H, δ-methyl CH2�C(CH3)CO−).

2.3. Preparation of PZBMA Hydrogels. ZBMA mono-
mer (3.80 g, 13.5 mmol, 100 equiv), cross-linker (BIS: 0.1−1.0
equiv), and the radical initiator (VA-044, 43.7 mg, 0.14 mmol,
1.0 equiv) were dissolved in a mixed solvent of ethanol and
acetic acid buffer (0.1 M and pH 4.5) containing 1.0 M NaCl
(13.5 mL, 2:8 V/V). Oxygen in the mixture was removed by
bubbling nitrogen gas for 15 min. The mixture was poured into
a glass mold with a silicone spacer (2 mm thick) and
polymerized at 30 °C for 15 h. The residual monomers in the
obtained hydrogels were removed against excess water for 7
days.

FT-IR (IRPrestige-21 Shimadzu, Kyoto, Japan) (KBr cm−1):
1719, 1638 (νC�O), 1472, 1213 (νO−SO2−O), 1142(νC�O),
1044 (νS�O).

2.4. Water Content of PZBMA Hydrogels. The obtained
hydrogels were punched at sizes of 14 φ and equilibrated in
Milli-Q water or phosphate-buffered saline (PBS: pH 7.4).
Equilibrated hydrogel and the freeze-dried specimens were
weighed, and the water content was calculated by using the
following equation:

W

W

W

water content(%) (equilibrated)

(freeze dried)

/ (equilibrated) 100

= [

] ×

2.5. FE-SEM Observation of PZBMA Hydrogels. Cross
sections of PZBMA hydrogels were prepared through freeze
fracturing of water-equilibrated hydrogels in liquid nitrogen.
The morphology of PZBMA hydrogels with gold-sputtered top
surfaces was observed using a field emission scanning electron
microscope (FE-SEM, SU-70, Hitachi High-Tech Corporation,
Tokyo, Japan).

2.6. Tensile Testing of PZBMA Hydrogels. A tensile test
was performed on a Milli-Q-/PBS-equilibrated PZBMA
hydrogel specimen using a universal testing machine
(Autograph AG-X plus, Shimadzu, Kyoto, Japan) at room
temperature. A strip shape specimen (20 × 50 × 2.0 mm) was
uniaxially stretched at a strain rate of 100 mm/min. Young’s
modulus and fracture toughness were evaluated from the
stress−strain curve. Four specimens were conducted for each
condition.

2.7. Peeling Test of Adhered PZBMA Hydrogels. The
adhesion strength of the PZBMA hydrogels was evaluated.
Two equilibrated strip-shaped hydrogels (cross-sectional area
of 20 × 15 mm) were loaded with a 1.0 kg weight for 1 min in
MQ water or PBS. After the weight was removed, the pair of
adhered, pile-up hydrogels were tested for a 180° peeling test
using the universal tensile testing machine. The fixed the pile-
up hydrogels were uniaxially stretched at a strain rate of 100
mm/min.

2.8. Protein Adsorption to PZBMA Hydrogels.
Equilibrated swollen PZBMA hydrogels (∼φ10 and 0.2 mm
thickness) in PBS were immersed in DMEM containing 10%
fetal bovine serum (FBS) for 1 h at room temperature. The
hydrogels were rinsed with PBS three times, the adsorbed
serum proteins were eluted with 1.0 wt % Triton X-100
solution using an ultrasonic water bath for 30 min, and the
quantity of adsorbed protein was determined using the Micro
BCA Protein Assay Reagent Kit (Thermo Fisher Scientific,
Rockford, IL, USA).

2.9. Cytotoxicity of PZBMA Hydrogels. A silicone tube
(OD = 16 mm, ID = 12 mm) was cut into 3 mm lengths and
inserted into the bottom of a 24-well plate. Madin−Darby
canine kidney (MDCK) cells (5.0 × 105 cells/mL) were
preincubated in the well for 24 h. PZBMA hydrogels (∼ϕ14
and 0.2 mm thickness) were sterilized in ethanol overnight,

Figure 1. Chemical structures of monomers used in this study.
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and then the solution was replaced by PBS for 5 days. The
PZBMA hydrogels were placed over the silicone tube and
incubated with the MDCK cells for another 24 h. The
cytotoxicity was evaluated by a cell counting kit-8. The
procedure was performed based on the manufacturer, and the
viability of MDCK cells was estimated by comparison with the
absence of hydrogels.

2.10. Preparation of MDCK Cell Aggregates. MDCK
cells were dispersed on a 96-well plate at a U-shaped low
protein adhesion surface (Prime Surface, Sumitomo Bakelite
Co. Ltd., Tokyo, Japan) at a concentration of 3000 cells/well
and cultured for 4 days in DMEM containing 10% FBS at 37
°C under 5% CO2 conditions.

2.11. Preparation of PZBMA Hydrogels for Sandwich
Cell Culture. Water-equilibrated PZBMA hydrogels were
immersed in ethanol overnight to sterilize the hydrogels.
PZBMA hydrogels were equilibrated in PBS, followed by
immersion in a collagen type-I solution overnight. The
hydrogels were washed with PBS three times, transferred to
a 24-well plate, and secured with a glass ring to fix the
hydrogels.

2.12. Sandwich Cell Culture. Five wells of MDCK cell
aggregates in a 96-well plate were transferred to PZBMA
hydrogels and preincubated for 1 day at 37 °C under 5% CO2
conditions. Then, the MDCK aggregate-plated hydrogels were
covered with PZBMA hydrogels equilibrated in DMEM

containing 10% FBS. The effects of collagen coating and
sandwich coverage on the growth of MDCK cell aggregates
were observed after incubation of 1 and 5 days. Sandwich
cultured hydrogels were peeled off, and the MDCK cells on the
bottom side of MDCK hydrogels were washed with PBS, fixed
in 4% paraformaldehyde for 30 min at 4 °C, and
permeabilization was performed with 0.5% Triton X-100 for
10 min. After fixing the cells, they were treated with 1% bovine
serum albumin (BSA) as a blocking agent and then stained
with Hoechst 33342 (nucleus) and phalloidin-rhodamine for 1
h at room temperature in the dark. The obtained specimens
were observed through confocal laser scanning microscopy
(CLSM, FV-1000, Olympus, Tokyo, Japan).

3. RESULTS AND DISCUSSION
3.1. Preparation of PZBMA Hydrogels. The PZBMA

hydrogels were prepared at molar ratios of 0.1%, 0.3%, and
1.0% of N,N′-methylenebis(acrylamide) (BIS) as the cross-
linker (Table 1). The 1.0 mol % BIS containing PZBMA
hydrogels are represented as PZBMA1.0. For comparison,
PSBMA1.0 and poly(2-hydroxyethyl methacrylate)
(PHEMA)1.0 were also prepared. The hydrogels of
PSBMA0.1 and PSBMA0.3 were quite difficult to handle
because of their highly swollen and fragile properties. After
removing salt and nonreacted monomers, the obtained
PZBMA hydrogels were turbid in Milli-Q water (Figure 2).

Table 1. Characterization of Hydrogels

water content Young’s modulus (kpa)

mol % of BIS Milli-Q PBS Milli-Q PBS adhesiveness

PZBMA0.1 0.1 67.1 ± 0.6 62.0 ± 0.7 3.0 ± 0.9 2.5 ± 0.5 +++
PZBMA.03 0.03 73.6 ± 1.1 68.9 ± 0.8 4.9 ± 1.0 7.7 ± 0.1 +
PZBMA1.0 1.0 70.9 ± 0.3 69.8 ± 0.7 7.8 ± 1.0 7.0 ± 1.4 +
PHEMA1.0 1.0 80.6 ± 0.1 76.8 ± 0.1 2.3 ± 0.3 2.6 ± 0.2 +
PSBMA1.0 1.0 62.9 ± 0.6 86.3 ± 1.0 N.D. N.D. -

Figure 2. Photo and SEM images of PZBMA hydrogels
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The water contents of PZBMA hydrogels were evaluated in
Milli-Q water and phosphate-buffered saline (PBS). Interest-
ingly, the water content of PZBMA0.1, which has the lowest
quantity of the cross-linker, was marginally lower than
PZBMA0.3 and PZBMA1.0. The water content was lower in
PBS than in Milli-Q water. Though the physiological salt
concentration affected the UCST behavior of the semidiluted
ZBMA polymer solution, it was insufficient to increase the
water content of the PZBMA hydrogels. The plausible
explanation is that the ion−dipole interaction has a dynamic
equilibration and stabilizes the interactions among polymer
chains in the hydrogel network.

In construct, PSBMA1.0 was slightly unclear in Milli-Q
water (Figure S2) and increased the transparency and the
water content in PBS from 62.9% to 86.3%. PSBMA1.0
indicated that the interaction among polymer chains was
reduced by the substitution of dipole−dipole interaction for
ion−dipole interaction and increased water content. The result
is an effect called the antipolyelectrolyte effect, which enhances
the solubility of zwitterionic polymers by the addition of
salts.29 Then PZBMA0.1 was immersed in NaCl solution with
various concentrations to confirm the effects of salts on the
water content in the PZBMA0.1. The relative water contents
against Milli-Q water are shown in Figure S3. The water
contents were almost comparable or rather lower to that of
Milli-Q water below 1.0 M and increased ∼135% at 1.5 M of
NaCl solution. These results indicated that PZBMA0.1 also
exhibited the antipolyelectrolyte effect. Here, the difference in
monomer structures between PZBMA and PSBMA hydrogels
is only the sulfate group or sulfonate group as the anionic units.
These findings indicated that the sulfate group in PZBMA
hydrogels might have enhanced electrostatic interaction for
both dipole−dipole and monopole−dipole interactions.30

Freeze-dried PZBMA hydrogel specimens were observed by
using a scanning electron microscope (SEM). As shown in
Figure 2, noticeable structural differences were found in the
hydrogels with a degree of BIS concentration. In the case of
PZBMA1.0, a fiber-like network structure was observed as
usually found in chemically cross-linked hydrogels. On the
contrary, a typical structure of randomly linked microspheres
and a void among microspheres was observed in the case of
PZBMA0.1. The microspheres were solid with ∼3 μm
diameter. These results indicated that the mechanism of the
hydrogel formation was different depending on the cross-
linking density. The competing chemical cross-linking and
other molecular interactions among generated polymer chains
during polymerization might be the cause of this difference.
The PZMBA0.1 might first form microspheres, which
subsequently undergo reaction among themselves. In the
case of PZBMA0.3, the structural features of both PZBMA0.1
and PZBMA1.0 were observed. The structure of PZBMA0.3
consisted of a thick network structure with smaller micro-
spheres (∼1 μm) in the network fibers.

3.2. Mechanical Properties of Swollen PZBMA Hydro-
gels. Mechanical properties of the hydrogels at equilibrium
swelling in water and PBS were evaluated through universal
tensile testing. The head speed was set at 100 mm/min to
avoid drying of the hydrogels. Figure 3 shows the stress−strain
curve of the PZMBA hydrogels swollen in PBS. The curves
were mostly linear up to the breaking of the hydrogels. Tensile
stress at the break ranged from 10 to 20 kPa. The elastic
modulus and elongation at their breaking points corresponded
to the concentration of the cross-linker.

At a lower concentration (0.1 mol %) of BIS, the elongation
at break was 748.9 ± 85.7% with a tensile strength of 12.2 ±
0.6 kPa. Compared to PZBMA1.0, the strain of PZBMA0.1

Figure 3. Tensile test profiles of swollen PZBMA hydrogels in PBS. The specimens were (a) single hydrogels with a rectangular shape and (b)
adhesive strength between the same hydrogels with 15 mm of the overlapped area. (c) Self-healing behavior of PZBMA0.1. (i) Swollen hydrogel in
PBS, (ii) cutting the hydrogel by scissors, (iii) contacting the cutting cross sections using a tweezer and allowing to stand in PBS for 10 min (iv),
and (v) pulling with tweezers from both sides.
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was ∼6.3 times greater. In the case of PSBMA1.0, the tensile
strength could not be evaluated, because of its fragile nature.
PHEMA1.0 showed behavior similar to that of PZBMA1.0
during the tensile test.

On the contrary, different tensile behaviors were found in
Milli-Q water-swollen hydrogels except for PHEMA1.0. In
PZBMA1.0, elastic modulus and stress at break were lower
than 30% of their values when swollen in PBS (Table S1).
However, the values were higher in the cases of PZBMA0.1
and PZBMA0.3. The tensile stress profiles of the PZBMA
hydrogels were different during Milli-Q hydration and PBS
hydration. Specifically, in the case of PZBMA0.1, a natural
rubber-like deformation profile was found when hydrated by
Milli-Q water and exhibited higher values of tensile strength
and elongation at break than when hydrated by PBS. The
addition of salt indicated the reduction in dipole−dipole
interactions among the polymer side chains induced by
zwitterionic units. In PZBMA1.0, which has a higher degree
of chemical cross-linking, PBS increased elastic modulus and
maximum stress. Whereas, the lower degree of chemical cross-
linking in PZBMA0.1 and PZBMA0.3 decreased the elongation
modulus and stress at the break by swelling in PBS. Norioka et
al. reported that poly(acrylamide) hydrogels, prepared with a
conventional method at a high monomer concentration and a
low cross-linker density, showed a large elongation by inducing
the formation of polymer entanglements that resulted in the
energy dissipation.31 In this study, the preparation concen-
tration was a standard condition ([ZBMA] = 1.0 M); however,
low cross-linking density and the dipole−dipole interaction
between ZBMA polymer chains could enhance the polymer
chain entanglements and function the energy dissipation as a
mobile cross-linker.

3.3. Adhesive Properties of PZBMA Hydrogels. During
the purification of the hydrogels, PZBMA0.1 exhibited an
adhesive property when in contact with another PZBMA0.1.
Although PZBMA0.1 did not adhere to glassware in an
aqueous media. To evaluate the adhesive property, a 1 kg
weight was put on the partly pile-up (overlap margin: 15 mm)
hydrogels for 1 min in the aqueous media to obtain the
specimen, and tensile testing was conducted on the specimen.
The results of the PBS-equilibrated PZBMA hydrogels are
shown in Figure 3 and Table 2. The elastic moduli of the

hydrogels were comparable to those of the results of the tensile
test for the corresponding single hydrogels. Interestingly, only
PZBMA0.1 exhibited preferable adhesive properties. Initially,
up to 200% of the strain, the loading stress of pile-up
PZBMA0.1 was approximately 2-fold higher than that of single
PZBMA0.1 without adhesion. The profile of pile-up
PZBMA0.1 indicated that the thickness at the overlap area
was doubled due to the effect of adhesiveness. The loading

profile was similar to linearly increasing stress over a strain
range of 250%−900%. The pile-up PZBMA0.1 peeled off from
the maximum stress of ∼1050% of the strain. This
phenomenon also indicated how strong the adhesive force
was. Actually, some of the specimens were broken from the
nonpile-up area of the hydrogels. On the contrary, pile-up
PZBMA0.3 and pile-up PZBMA1.0 were easily peeled off at
lower stress and strain than those of the single hydrogel
breaking points. The results clearly indicate that the highly
mobile polymer chain with the low cross-linking degree played
a key role in adhesiveness, as found in the standard tensile test
for single hydrogels. PHEMA1.0 also exhibited adhesiveness;
the adhesive force might be mainly derived from the hydrogen
bond between the hydroxy groups in the side chain; however,
the adhesive property was not so strong, at least under the
pretreatment condition. Interestingly, the PZBMA hydrogels
showed minor adhesiveness in the Milli-Q and PBS solutions
toward various substrates, including stainless steel, PP and
other plastics, silicone, and skin. The adhesive characteristic of
PZBMA0.1 was completely different from DOPA-modified
hydrogels.16 Adhesion behavior toward only the same
hydrogels is an important property for encapsulation, avoiding
nonspecific adhesion. Such a self-adhesive behavior of
PZBMA0.1 is necessary for its self-healing function. Therefore,
PZBMA0.1 was cut into two and then contacted face to face
with the cross-section. The demonstration is shown in Figure
3c. As found in the case of the adhesion test, self-healing
behavior was observed just after the contact. After immersion
of PZBMA0.1 in PBS solution for ∼10 min, the adhesive
behavior was stabilized. There are some previous reports
regarding PSBMA hydrogels with self-healing properties.32−34

These hydrogels are reinforced using comonomers and cross-
linkers to enhance their intermolecular interactions. As a result,
the PSBMA-based hydrogels adhered to various materials such
as glass.

3.4. Sandwich Cell Culture Using PZBMA Hydrogels.
Finally, we intended to apply the PZBMA hydrogels as a
sandwich cell culture substrate using their self-adhesive
property. Generally, sulfobetaine polymers are known for
their antifouling properties such as reduced nonspecific protein
adsorption and cell adhesion.17,18 However, the PZBMA
hydrogels have interesting microstructures, as shown in Figure
2. Hence, we performed the adsorption of bovine serum
proteins in/on the PZBMA hydrogels. After immersion for 1 h
in a 10% serum-containing medium, the adsorbed total
proteins in/on the PZBMA hydrogels were evaluated.
PZBMA hydrogels exhibited much reduced protein adsorption
than the other hydrogels (Figure 4a; <20% vs PHEMA and
<35% vs PSBMA). These results indicated that the PZBMA
hydrogels possessed superior bioinert properties. Followed by
evaluation of the protein adsorption, the cytotoxicity of
PZBMA hydrogels was evaluated. Here, Madin−Darby canine
kidney (MDCK) cells were selected for the sandwich culture.
The MDCK cell was derived from a normal dog kidney and is
known to exhibit various 3D morphologies of dome and
lumen.35−38 The morphologies are controlled by physical and
chemical stimuli against MDCK cells. MDCK cells were
cultured in a monolayer in a 24-well inserted with a silicone
tube, and then the PZBMA hydrogel was put on the silicone
tube in the culture medium. The cytotoxicity was evaluated
after 24 h of coincubation. As shown in Figure 4b, no
significant cell viability was found in the presence of PZBMA
hydrogels. Based on these results, we performed the sandwich

Table 2. Mechanical Properties of Pile-Up PZBMA
Hydrogels Determined by Tensile Tests

Young’s
modulus
(kpa)

tensile strength at
detach (kpa)

strain at
detach (%)

PZBMA0.1 MQ 3.0 ± 0.9 16.3 ± 8.8 609 ± 175
PBS 2.5 ± 0.5 13.1 ± 2.8 988 ± 23

PZBMA0.3 MQ 4.9 ± 1.0 5.6 ± 1.0 171 ± 20
PBS 7.7 ± 0.1 6.7 ± 1.2 114 ± 5

PZBMA1.0 MQ 7.8 ± 1.0 4.2 ± 0.5 63 ± 20
PBS 7.0 ± 1.4 8.0 ± 2.0 61 ± 19
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cell culture using PZBMA hydrogels. Even with the low
cytotoxicity of PZBMA hydrogels, the lower cell adhesive
property was of concern. Therefore, collagen type-I was
impregnated onto PZBMA hydrogels before performing the
sandwich cell culture to avoid the detachment of the cells. The
MDCK cell culture was initially prepared through 3D cell
aggregation in a low-protein-adsorbed 96-well plate and
transferred to the hydrogels after 4 days of incubation. Four
series of hydrogel−cell interfaces were prepared to elucidate
the effects of sandwich culture: (i) nontreated hydrogel, (ii)
collagen-coated hydrogel, (iii) sandwich culture of nontreated
hydrogel (top) and collagen-coated hydrogel (bottom), and
(iv) sandwich culture between collagen-coated hydrogels (top
and bottom). When the hydrogels were sandwiched between

the cell aggregates, only the edges of the hydrogels were
pressed using a cylindrical-shaped jig to avoid crushing the
cells to death. After 1 day of incubation on the hydrogels, only
some spheroids and dissociated cells were found on the
nontreated samples. The spheroids could not adhere or adhere
to weak interactions and were washed out from the surface.
Through collagen type-I coating, as shown in series II−IV, the
number of adherent cells in the case of PZBMA hydrogels
increased (Figure S4). A small number of aggregated cells was
adhered on the PZBMA0.1 surface. On the contrary, different
cell morphologies on PZBMA0.3 and PZBMA1.0 were
observed. The adhered cells on these surfaces were elongated
and formed a large aggregation due to MDCK cells. The cell
adhesion in the case of PZBMA hydrogels was better as

Figure 4. (a) Total amount of adsorbed protein to hydrogels after 60 min contact with 10% FBS. (b) MDCK cell viability in the presence of
hydrogels after 24 h incubation at 37 °C, 5% CO2.

Figure 5. Sandwich cell culture of MDCK cells on PZBMA hydrogels after incubation of the spheroids for 5 days. (i) Nontreated, (ii) collagen
coated, (iii) sandwich of collagen coated (bottom) and nontreated (top), and (iv) sandwich of collagen coated (bottom and top) PZBMA
hydrogels.
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compared with the PSBMA and PHEMA hydrogels (Figure
S5). The difference might be due to the maintained collagen
coating on the hydrogels. Collagen, a basic protein, could
strongly interact with PZBMA hydrogels, showcasing its ability
to interact under physiological conditions. CLSM images after
5 days of sandwich incubation are shown in Figure 5, where
the apparent elongation and proliferation of adherent cells
were observed through collagen impregnated on PZBMA
hydrogels. In particular, millimeter-sized and three-dimen-
sional (∼120 μm in height) structures were observed in the
sandwich type-II culture with PZBMA0.1. In the case of
sandwich, type-I, the cells were spread over 2D with several
dome structures. The results suggested that in the case of
PZBMA0.1, the collagen-coated layers on both sides of the
sandwich culture made contact and adhered to each other, and
both sides were well-adhered as cell substrates, leading to the
formation of structures in the 3D direction. As there was less
protein adsorption in PZBMA0.3 and PZBMA1.0, it was
considered that the hydrogels could only expand in two
dimensions, as in the case of collagen coating, due to weak self-
adhesion between the hydrogels during sandwich culture. In
addition, it has been reported that the softness and fluidity of
the hydrogel surface affected the formation of 3D structures,
suggesting that the collagen coating on PZBMA0.1 exhibited
excellent functionality as a 3D substrate.

4. CONCLUSIONS
In this study, we prepared PZBMA hydrogels from a
zwitterionic monomer with a sulfate group in the anionic
unit. PZBMA0.1, the lowest composition of chemical cross-
linker, the swollen hydrogel exhibited high elongation
properties. In addition, PZBMA0.1 showed self-adhesiveness
and healing properties in aqueous solution. Using self-adhesive
properties, the hydrogels were applied to a sandwich cell
culture system with MDCK cells. By impregnation of collagen
type-I to PZBMA0.1, thickening of the cell layer and formation
of 3D structures were observed. In conclusion, using the self-
adhesive hydrogel as a substrate for a simple sandwich culture
method is expected to develop as a general semi-3D culture
technique for organoid formation.
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