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ABSTRACT: We describe a reliable preparation of MgAl-
layered double hydroxide (MgAl-LDH) micropatterned arrays
on gold substrate by combining SO;™-terminated self-assembly
monolayer and photolithography. The synthesis route is
readily extended to prepare LDH arrays on the SO; -
terminated polymer-bonded glass substrate amenable for cell
imaging. The anion-exchangeable MgAI-LDH micropattern
can act both as bioadhesive region for selective cell adhesion
and as nanocarrier for drug molecules to regulate cell
behaviors. Quantitative analysis of cell adhesion shows that

Promotion by LDH micropatterns Suppression by MTX/LDH micropatterns
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selective HepG2 cell adhesion and spreading are promoted by the micropatterned MgAI-LDH, and also suppressed by

methotrexate drug released from the LDH interlayer galleries.
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S urface micropatterning has generated diverse scientific and
technological interests in various application fields in cell
biology.' > Cell adhesion defined on micropatterned surfaces
has been utilized in biosensors, tissue engineering, and drug
screening, as well as understanding of fundamental questions
concerning cell biology. To selectively localize cells adhesion,
various micropatterned bioadhesive surfaces have been
successfully created on the basis of soft and photolithog-
raphy-based surface micropatterning techniques.*”"" For
example, selective cell adhesion was regulated by hydrophobic
self-assembled monolayers (SAMs) of alkanethiols on gold
substrate;” however, with the limited stability under cell culture
conditions. Functionalized poly(ethylene glycol) (PEG) back-
bone polymers,® combined with photolithography, were found
to significantly improve selective cell attachment, however, the
necessity of multiple plasma processes and expensive
apparatuses, or the drawbacks of the mediocre stability under
cell-culture condition, results from the physisorbed PEG
coating. Inorganic biomimetic micropatterns, such as hydrox-
yapatite (HAp)9 and calcium carbonate (CaCO,),>' have also
been investigated as promising cell-adhesive micropatterns to
dramatically enhance cell adhesion and spreading, however, the
physisorbed molecular template to the formation of inorganic
micropatterns may not match long-term mechanical properties
and interaction with the surrounding tissue.'’ These problems
could be mitigated if facile synthetic approaches are needed in
developing biomimetic micropatterns that strongly bonded to
the underlying substrate surface.

Layered double hydroxides (LDHs), well-known as a class of
hydrotalcite-like anionic inorganic compounds,12 have been
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shown to be promising biocompatible materials in applications
such as biosensor and drug/gene delivery. LDHs are
represented typically by formula [M",_, M"™ (OH),](A™), .
mH,0, where M" and M™ are divalent and trivalent metal
cations, respectively, and A"” is an exchangeable anion between
the hydrated interlayer galleries. Distinctly different from other
inorganic biocompatible materials such as HAp and CaCOj;, a
major advantage of LDHs is the versatility in varying the metal
cations, the MY/M™ molar ratio, cation distribution, and
especially the exchangeable interlayer anions over a wide range.
Various theoretical® and experimental'*™>* studies have
demonstrated that anion-exchangeable LDHs are able to act
as potential biocompatible inorganic host, either via direct
nanocarrier for various drugs (such as methotrexate (MTX)"
and ibuprofen'®) and gene molecules (such as DNA'®'7 and
siRNA'™'), or via surface-modification of LDHs for drug
delivery by using ligand,”® siRNA,”' and inorganic gold
nanoparticle.”> However, all drug- or gene/LDH hybrids for
drug/gene delivery were involved in the form of LDH
nanoparticles. Recently, a pristine MgFe-LDH continuous
film grown directly on Mg substrate was found to facilitate
cell spreading.”® Despite their potential, cells cultured on the
MgFe-LDH continuous film, which are free to adopt any
spreading, are in marked contrast to those on micropatterning
confinement in which cells can further be forced to span across
nonadhesive regions to adhesive regions, a frequently
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Scheme 1. Schematic Illustration of MgAI-LDH Micropatterned Arrays for Regulating Cell Adhesion, Involving Surface
Modification, Selective UV Irradiation via a Photomask, and in situ Growth of LDH Micropatterns under Hydrothermal
Conditions, as well as Cell Incubation in DMEM without and with Release of MTX Drug Molecules
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Figure 1. SEM images of (a) MgAl-LDH micropatterned arrays grown on gold substrate, (b) the negative patterns upon exposure of the photoresist
on gold substrate, (c) fluorescent micrograph of BSA protein adsorbed selectively on LDH micropatterned arrays from a, and (d) gridlike LDH
micropatterns obtained fancily by altering photomask. The yellow markers are superimposed on the SEM images of LDH micropatterned arrays.

encountered in vivo scenario. Especially, in the context of
potential application for biosensor and microfluidic devices, cell
micropatterning could be used to realize highly intensive
detection in a limited field with a great density detection unit.
Additionally, the Mg-based substrate was not ready to allow for
direct cell imaging and monitoring.>**

We have recently shown that zwitterionic poly(3-dimethyl
(methacryloyloxyethyl) ammoniumpropanesulfonate)
(PDMAPS)-functionalized LDH nanoparticles exhibited a
highly enhanced hemocompatibility.”® In this Letter, we
describe a reliable preparation of MgAI-LDH micropatterned
arrays strongly bonded to supporting gold substrate by
combining SO, -terminated self-assembly monolayer (SAM)
and photolithography. The SO;™-based synthesis route is also
readily extended to the in situ growth of MgAI-LDH
micropatterned arrays on the above SO, -terminated
PDMAPS-immobilized glass substrate, which could be
amenable for cell imaging (Scheme 1). Distinctly, the anion-
exchangeable micropatterned MgAI-LDH is expected to play a
dual role in acting both as a bioadhesive region for selective cell
adhesion and as a nanocarrier for drug molecules to control cell
behavior. Optical observation and quantitative analysis of

HepG2 cell adhesion are examined in terms of micropatterned
MgAI-LDH arrays without and with the release of MTX drug
from the LDH interlayer galleries.

MgAI-LDH micropatterned arrays were prepared under
hydrothermal conditions via combining surface modification
and photolithography (See the experimental details in the
Supporting Information). In brief, the micropatterned MgAl-
LDH arrays were prepared by surface modification of the gold
substrate with HS(CH,);SO; -terminated SAM, subsequent
photolithography, exposure of the negative micropatterned
photoresist, and in situ growth of LDHs under hydrothermal
conditions, as well as removal of the unexposed micropatterned
photoresist. The formation of the MgAl-LDH grown on the
underlying gold substrate is confirmed by the XRD patterns of
the LDHs precipitate collected from the aqueous solution (see
Figure S1 in the Supporting Information). The strong basal
reflections of (00l) were observed at low angle values, and
nonbasal (110) and (113) reflections at high angle values,
clearly confirming the highly crystalline and typical layered
feature of the LDH formed on the gold substrate. Scanning
electron microscopy (SEM) image shows that each roselike
LDH array is confined within one exposed negative pattern
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Figure 2. Optical micrographs of HepG2 cells on different glass substrates: (a, a") pure glass, (b, b’) LDH film-modified, (c, ¢’) PDMAPS-modified,
and (d, d’) pure MgAl-LDH micropatterned arrays without intercalated MTX. The different periods of incubation rang from 12 h (panels a, b, ¢, and
d) to 24 h (panels a’, b/, ¢/, and d’). The red markers in d and d’ are superimposed to the profiles of the MgAI'LDH micropatterned arrays to

confine the cells.

(Figure 1a). The mean center-to-center distance between two
roselike LDH arrays was measured to be 5.4 um, quantitatively
fitting that (5.5 pum) of the circlelike negative micropatterns
after exposure of the photoresist (Figure 1b). Few MgAl-LDH
platelets were also observed to scatter between the roselike
LDH arrays, possibly because of the loosely adsorbed
aggregates. No formation of the roselike LDH on the
unexposed PMMA photoresist region can be ascribed to that
PMMA, with —CHj terminal group, could neither adsorb the
cations of Mg?* and AI**, nor further facilitate the nucleation or
growth of MgAI-LDH nanoplatelets under hydrothermal
conditions. The resistance of —CH; terminal group is
confirmed experimentally by the fact that no LDH platelet
was observed to grow on the HS(CH,);CH; SAM-modified
gold surface (Figure S2 in the Supporting Information). The
selective growth of the LDH arrays can thus be attributed to the
templating role of the —SO; -terminated SAM within the
negative micropatterned circles upon exposure. The morphol-
ogy of the LDH micropattern is supported by confocal laser
scanning microscopy image of fluorescein isothiocyannate-
labeled bovine serum albumin (BSA) protein upon physical
adsorption. A uniform distribution of green-labeled BSA was
clearly observed (Figure 1c) selectively onto the MgAl-LDH
patterned arrays with hydroxyl-rich terminal groups.

This —SO;™-SAM-based synthesis route was readily extended
to prepare different LDH micropatterned arrays. By varying the
predesigned photomask pattern, a gridlike LDH micropattern
was easily obtained (Figure 1d) with a dimensional size of 3.3
um. The gridlike micropatterns show a flexibility in designing
various LDH-based arrays toward desired morphological
micropatterns, which are facilely achieved by using photomasks
with tunable dimensional sizes and geometries.

Furthermore, the versatile synthesis route was employed to
prepare MgAI-LDH micropatterned arrays on glass substrate,
which is amenable to be in vitro observed and also to improve
cell imaging.24 In this case, surface modification of the
precleaned glass substrate was altered by using PDMAPS
with —SO;~ end groups reported in our early study.”> XRD
patterns (Figure S3a in the Supporting Information) show the
characteristic (003) and (006) reflections of the resultant LDH
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grown on the glass substrate (JCPDS File No. 38—0487),
consistent with a previous study of the LDH films grown on the
poly(vinyl alcohol)-modified glass substrate.”® Also, this LDH
formation is evidenced by the hydrotalcite-like XRD patterns of
the LDHs powder scraped from the glass substrate, as shown in
Figure S3b in the Supporting Information. SEM observations
show that squarelike micropatterned LDH arrays were grown
on the PDMAPS-functionalized region, with a mean dimen-
sional size of 100 um and a space interval of 20 ym (Figure S4
in the Supporting Information). This selective growth confirms
again the role of —SO;~ end groups in guiding the selective
growth of LDH on the glass substrate. Note that small defects
of LDH micropatterns were observed, possibly because of the
decreased surface density of the DMAPS grafted on the glass
substrate when compared with the SAM on the gold substrate.

Adhesion of HepG2 cells was examined to evaluate the
biocompatibility of the LDH micropatterned arrays without
MTX intercalated between the LDH interlayer galleries.
HepG2 cell was chosen for this study because of the general
utilization in pharmaceutical studies.”” Basically, this spindlelike
shape of the cell spreading indicates the viability originated
from a proper adhesion between cell and the surface.”®
Different substrates were dipped into Dulbecco’s modified
eagle medium (DMEM) with HepG2 cells for different periods
of incubation, and the cell shape was observed by using optical
microscopy, as reported previously.” We first evaluated
adhesion of HepG2 cells on the pure glass, PDMAPS-modified
and LDH film-modified glass substrates. Upon 12 h of
incubation, the cells are distributed randomly, with a spindle-
like shape on the LDH film-coated, and pristine glass substrates
(Figure 2a and 2b), but with a spherical shape on the
PDMAPS-functionalized glass substrate (Figure 2c). On the
basis of this significant difference in cell shape, we believe that
the PDMAPS-functionalized surface is resistant to cell
adhesion, whereas LDH continuous film is amenable to
HepG2 cell adhesion. The role of MgAI-LDH film is indeed
consistent with previous study of the MgFe-LDH continuous
film capable of facilitating cell spreading.”> When the
incubation time was increased to 24 h, the cells were found
to increase on the pure and LDH film-modified glass substrates,
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Figure 3. Relative density of cell adhesion (cells/per sqg mm) of (a) different substrate: pure glass, LDH film-modified, and PDMAPS-modified glass
substrates, and pure LDH micropatterned array glass substrate, after incubation of 12 and 24 h, and (b) the MTX/LDH micropatterned arrays with
intercalated MTX, after incubation of 6, 24, and 48 h (mean + SD, n = 3, *p < 0.05). And optical micrographs of HepG2 cell adhesion on MTX/
LDH micropatterned arrays with intercalated MTX, after incubation for (c) 6, (d) 24, and (e) 48 h. The red markers are superimposed to the

profiles of the LDH micropatterns to confine the cells.

both with a spindle-like shape (Figure 2a’, b’). However, the
cells on the PDMAPS-functionalized glass substrate still
preserve a spherical shape (Figure 2¢’), similar to the above
result upon 12 h of incubation (Figure 2c).

Quantitative analysis of cell adhesion was performed by
determining the relative cell-adhesion density (cell/per sq mm)
on the different glass substrates using a hemocytometer. In the
case of the pure glass and LDH film-modified glass substrates,
the values of the relative cell adhesion density are increased
remarkably from 407 to 615 cells/per sq mm, and from 359 to
598 cells/per sq mm, respectively (Figure 3a). However, no
change in number of the cells on the DMAPS-modified glass
substrate was found, ie, from 155 to 163 cells/per sq mm
through an incubation interval of 12 h (Figure 3a). We
therefore suggest that the LDH film-modified glass substrate is
able to act as a bioadhesive region and nonselectively promote
the adhesion and growth of HepG2 cells.

To mimic confined environment to cell adhesion and thereby
to selectively localize cells adhesion, we further designed and
prepared MgAIl-LDH micropatterned arrays as a bioadhesive
region on the PDMAPS-functionalized glass substrate. On the
basis of the different roles in cell adhesion between the LDH
film- and PDMAPS-functionalized glass substrates, the —SO;™-
terminated PDMAPS polymer brushes is designed to play a
dual role in acting both as template to guide selective growth of
LDH micropatterned arrays chemically bonded to the glass
substrate, and as a nonadhesive region for effective resistance to
cell adhesion. We then examined HepG2 cell adhesion on the
pristine LDH array-micropatterned glass substrate without
intercalated MTX. HepG2 cells were found to regularly
disperse onto the LDH micropatterned arrays after the first
12 h of incubation, as shown by the superimposed markers in
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Figure 2d. Especially, after 24 h of incubation, HepG2 cells are
still confined regularly within the LDH micropatterns (Figure
2d’), considering that effect of small defects of LDH
micropatterns on cell adhesion could be neglected when
compared with the large dimensional size of cells. Quantita-
tively, the spreading cell adhesion density is increased from 479
to 718 cells/per sq mm after the incubation periods from 12 to
24 h (Figure 3a). We therefore conclude that the MgAl-LDH
micropatterned array is capable of selectively confining cell
spreading, and also favoring the cell adhesion and growth. The
possibilities of the improvement could be assigned to the
biocompatibility of the hydroxyl-rich LDH layer, and also
mainly to the roughness of the micropatterned arrays. This
benefit is indeed consistent with a similar improvement on cell
spreading onto the rough MgAI-LDH film** and Hap
micropattern arrays’ reported previously. We also checked
the cell shapes and LDH micropatterns after 48 h of incubation.
No significant changes in cell shape and number were found, or
no LDH dissolution/recrystallization was observed on the glass
substrate in DMEM environment. Also, no delamination or
peeling of LDH nanoplatelets was observed to occur upon
cross-cutting the LDH micropattern surface. The results reveal
the chemical and mechanical stability of LDH micropatterned
arrays used for cell culture.

From numerous previous studies, it is well-known that
the unique anion-exchangeable LDHs nanoparticles are capable
of acting as nanocarriers for drug molecules and controlled
delivery of drug molecules. We then evaluated cell suppression
of the MTX-intercalated MgAI'LDH (MTX/LDH) micro-
patterned arrays cultured in DMEM. MTX was chosen as a
model drug due to high suppression effect of the proliferation
of cells and relatively low toxicity.'”**#* MTX-intercalated
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LDH (MTX/LDH) micropatterned arrays were first prepared
(See the Experimental section in the Supporting Information).
On the basis of the XRD patterns of the powder scraped from
MTX/LDH micropatterned arrays on the glass substrate, the
basal peaks of (00]) were observed to shift to lower angles (less
than 10°) after MTX intercalation (Figure SSa in the
Supporting Information), when compared with those centered
typically at 26 > 11.6° which correspond to the intercalation of
CO,*" anions of the pristine MgAl-LDH micropatterned arrays
(shown in Figure S3 in the Supporting Information). This
remarkable shift clearly reveals the intercalation® of MTX
between the LDH interlayer galleries of the MgAl-LDH
micropatterned array. After different periods of incubation in
in DMEM, the cells were also found to be confined onto the
MTX/LDH micropatterned arrays, with both spindle- and
roundlike shapes for 6 and 24 h (Figures 3c, d), however, with
increasing roundlike shapes for 48 h (Figure 3e).

Quantitatively, Figure 3b shows that the relative cell-
adhesion density of the spindlelike spreading cells are first
increased and then decreased with increasing incubation
periods, ie., ranging from 526 cells/per sq mm for the initial
6 h, 557 cells/per sq mm for 24 h; however, the density is
eventually down to 215 cells/per sq mm for 48 h. The decrease
can be due to the increasing release of MTX molecules from
the LDH interlayer galleries."**® To support this hypothesis,
we examined the release of MTX from the MTX/LDH
micropatterned arrays. Release behavior of MTX was found to
be very rapid within first 6 h in DMEM, followed by a very slow
release of MTX up to a subsequent period of 14 h (Figure S6 in
the Supporting Information), in good agreement with a
previous study of a two-step release behavior of MTX.** The
release of MTX can be evidenced by the XRD result of the
powder scraped from MTX/LDH micropatterned arrays after
48 h of incubation in DMEM. In this case, the basal reflection
peaks of (00) was observed to shift to higher angles centered at
20 > 11.6° (Figure SSb in the Supporting Information), when
compared with those (26 < 10°) of the MTX-intercalated LDH
micropatterned arrays (as shown in Figure SSa in the
Supporting Information). The remarkable shift strongly reveals
the anion exchange of MTX with CO,>” anions in DMEM.
Upon approaching completion of MTX release to DMEM, the
concentration of MTX reaches increasing levels in DMEM, and
the growth of cells is inhibited significantly.

In summary, we have explored a reliable synthesis route of
LDH micropatterned arrays on gold substrate by combining
surface modification and photolithography, and further
extended the micropatterned preparation on glass substrates
to mimic the confined environment of cell adhesion. By virtue
of the unique dual roles in biocompatibility and nanocarrier of
anion-exchangeable MgAl-LDH, HepG2 cell adhesion is able to
be steered in a controlled manner: promoted by the pristine
LDH micropatterned arrays, and further suppressed by MTX
drug released from the MTX/LDH micropatterned arrays. This
LDH micropatterned arrays enable the regulation of cell
adhesion and may be a potentially powerful tool for regulating
cells inside microfluidic devices for biological applications.
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Experimental section, XRD patterns, and SEM images. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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