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Cytocompatible in situ cross-linking of degradable
LbL films based on thiol—exchange reactiony

Sung Ho Yang,*? Jinsu Choi,? L. Palanikumar,® Eun Seong Choi,® Juno Lee,©
Juan Kim,? Insung S. Choi*© and Ja-Hyoung Ryu*®

Formation of both mechanically durable and programmably degradable layer-by-layer (LbL) films in a
biocompatible fashion has potential applications in cell therapy, tissue engineering, and drug-delivery
systems, where the films are interfaced with living cells. In this work, we developed a simple but versatile

method for generating in situ cross-linked and responsively degradable LbL films, based on the thiol-
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temperature). The cytocompatibility of the processes was confirmed by coating individual yeast cells
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Introduction

The recent advancements in the layer-by-layer (LbL) technique
have paved the way for applications in the biochemical and
biomedical areas particularly dealing with living cells, such as
tissue engineering, cell therapy, and drug-delivery systems.'
Natural or synthetic polymers with biocompatibility have been
used to incorporate therapeutic proteins in LbL films under
physiologically relevant conditions to maintain the structural
and functional integrity of the proteins.” Individual mammalian
cells were also coated with an LbL pair of natural fibronectin and
gelatin, and three-dimensional tissue models were constructed
as a drug-screening platform.’ In cell therapy, the LbL coating of
microbial and mammalian cells has been attempted to protect
the encased cells from external harmful stressors including
enzymatic attack and heat.* However, most LbL films have been
generated primarily based on the electrostatic interactions
between oppositely charged polyelectrolytes; hence, their
mechanical durability is low, and the structural integrity is
perturbed with ease by changes in ionic strength and/or acidity
of the aqueous media, limiting the long-term applications of the
LbL films in the bio-related areas. The mechanical durability of
films was increased by depositing inorganic materials, such as
silica and titania, onto the LbL films,*> and very recently copper-
free triazole formation has been applied to in situ cross-linking
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addition, the processes were applied to the controlled release of an anticancer drug in the Hela cells.

of LbL films to harden the films and achieve pulsatile release of
multiple protein drugs.® However, it is still desirable but chal-
lenging to generate durable LbL films, which degrade on
demand, in a cytocompatible fashion. For example, the revers-
ible formation of mechanically durable coats on single cells is a
prerequisite for the realization of artificial spores” as well as
controlled drug delivery systems. In this paper, we demonstrate
a highly cytocompatible method for assembling and disassem-
bling cross-linked LbL films in a programmed manner, based on
the in situ thiol-exchange reaction. The disulfide-linked films
were formed spontaneously under physiologically mild condi-
tions (in an aqueous solution of pH 7.4 and at room tempera-
ture), and they degraded in response to external stimuli, such as
glutathione (GSH). The cytocompatible processes enabled
reversible surface engineering of individual living cells, in
addition to controlled drug release.

Results and discussion

It is reported by one of us that the interconversion reaction
between thiol and pyridyl disulfide occurs under mild condi-
tions, and this thiol-exchange reaction has been utilized for the
formation of degradable nanogels.® For the formation of LbL
films in this work, we designed two oppositely charged copoly-
mers, positively charged poly(2-(dimethylamino)ethyl methac-
rylate-co-2-(pyridyl disulfide)ethyl methacrylate) (PDMAEM-co-
PPDEM) and negatively charged poly(methacrylate-co-2-mer-
captoethyl methacrylate) (PMA-co-PMEM) (Fig. 1). It was envi-
sioned that the cross-linking in the polyelectrolyte films would
occur in situ via the thiol-exchange reaction between the pyridyl
disulfide in PDMAEM-co-PPDEM and the thiol in PMA-co-
PMEM. As a negative control, we also synthesized negatively
charged PMA-co-PPDEM that contained no free thiols.

This journal is © The Royal Society of Chemistry 2015
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We alternately deposited PDMAEM-co-PPDEM and PMA-co-
PMEM onto a silicon wafer under physiologically mild condi-
tions (phosphate-buffered solution, pH 7.4), resulting in the
formation of cross-linked multilayers (CLMs). As a compar-
ison, non-cross-linked multilayers (NCMs) were formed with
PDMAEM-co-PPDEM and PMA-co-PPDEM under the same
conditions. The ellipsometric measurements showed that the
film thickness of CLMs increased linearly with the number of
depositions from CLM** (Fig. 2a), and the CLM films were
much thicker than the NCM films (a multilayer with »n layers of
positively charged polyelectrolytes and m layers of negatively
charged polyelectrolytes is denoted by M™™). For example, the
thickness of CLM*%'° was ~160 nm, and that of NCM'**® was
only ~40 nm. It is noticeable that the efficiency of LbL
assembly, in terms of thickness, was enhanced by the cross-
linked disulfide bond. The surface of CLM'”*® exhibited
woven-fabric structures on the nanometer scale compared
with that of NCM***° (Fig. 2b and c). The degradability of the
CLMs was examined with naturally occurring GSH, which is
capable of dissociating disulfide bonds into two thiol
groups.*® The ellipsometric thickness of CLM'**® dropped
dramatically from ~160 nm to less than 10 nm after 3 h of
exposure to GSH (100 mM), whereas the NCM thickness was
not strongly affected (Fig. 2a). The scanning electron micros-
copy (SEM) analyses also revealed that the CLM thickness
decreased, and its surface became smooth because of the
degradation (Fig. 2d). The results clearly showed that the
multilayered films were formed through in situ cross-linking
and could be induced to degrade on demand under biocom-
patible conditions.

The high biocompatibility of the film-forming and
-breaking processes was confirmed with living cells as a model
substrate. Individual cells of Saccharomyces cerevisiae (baker's
yeast) were coated with CLMs (yeast@CLM). The CLM coating
was visualized by functionalizing the LbL multilayer with
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Fig. 1 Schematic procedure for cell surface engineering with cross-
linked LbL multilayers of PDMAEM-co-PPDEM and PMA-co-PMEM (x:
0.33; y: 0.67).
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Fig. 2 (a) Ellipsometric thicknesses of LbL films before and after GSH
treatment. GSH was treated to CLM®° SEM micrographs of (b)
CLM™719 (c) NCM™/%°, and (d) GSH-treated CLM®/°.

rhodamine-linked maleimide that reacted with the remaining
thiol groups in the CLMs (Fig. 3a). The observation of ring-
shaped red fluorescence signals clearly indicated that the cells
were uniformly coated with CLMs. The cell-viability results of
an assay based on fluorescein diacetate (FDA), which assesses
the activity of intracellular esterases and the membrane
integrity, were strikingly high compared with the previous
reports of single-cell coating:*>'® 94% viability for the native
yeast, 93% viability for yeast@CLM®®, and 88% viability for
yeast@CLM'”*°, Although disulfide linkages have been used
for cross-linking the LbL microcapsules, the cross-linking
reactions were not cytocompatible because they occurred at
low pH (~pH 4) or in the presence of toxic oxidants for the
oxidation of thiol to disulfide.*'* The high viability of
yeast@CLM in our system was caused by the cytocompatible
LbL processes including in situ cross-linking at pH 7.4. In
addition, the cell viability did not significantly decrease even
after shell degradation was induced by 3 h of incubation with
GSH, as confirmed by the disappearance of the ring-shaped red
fluorescence signals (Fig. 3a): 92% viability for yeast@CLM>'®
and 85% viability for yeast@CLM'*** after film degradation.
The film stability and degradability were also investigated by
the thickness-dependent protection of the cells against lyti-
case, a cell-wall-lysing enzyme complex. Yeast@CLM displayed
significant resistance to lysis compared with the native yeast
(Fig. 3b). The resistance to lyticase was also controlled by
adjusting the CLM thickness; the optical density of
yeast@CLM'”*® remained higher than that of yeast@CLM®”
for 6 h. This result implied that the CLM coating was
mechanically tough and capable of protecting living cells by
suppressing the penetration of lyticase.'*” After the degrada-
tion of the protective CLM coating, both yeast@CLM>® and
yeast@CLM'”*® exhibited decreased resistances, which were
similar to that of the native yeast.

Chem. Sci., 2015, 6, 4698-4703 | 4699
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Fig. 3 (a) Confocal fluorescence micrographs of (left) yeast@CLM>/®
and (right) GSH-treated yeast@CLM>'>. The CLMs were visualized with
rhodamine-maleimide. (b) Survival of native yeast, yeast@CLMS/S,
GSH-treated yeast@CLM>®, yeast@CLM'%*®, and GSH-treated
yeast@CLM%%° when exposed to lyticase. The optical density was
measured at 600 nm.

After confirming the high cytocompatibility, the in situ
cross-linking and degradation were characterized further by
using spherical nanoparticles. Mesoporous silica nano-
particles (MSNPs) of 30 nm in diameter were coated with CLMs
(MSNP@CLM). The zeta-potential values of MSNP@CLM
(from 1/0 to 5/5) periodically oscillated between positive and
negative values, indicating the successful formation of multi-
layers (Fig. 4a and Table S17). The in situ cross-linking was
confirmed by analyzing the byproduct of the thiol-exchange
reaction, pyridinethione, with a UV-vis spectrophotometer
(Fig. S1 and Table S271). Dynamic light scattering (DLS) anal-
ysis indicated that the hydrodynamic diameter increased from
90 nm for the original MSNPs to 185 nm for MSNP@CLM®/®
and that GSH-induced degradation restored the original
particle size, again confirming the degradation of the CLMs
(Fig. 4b and Table S37). In addition to the characterizations,
the degradability of the CLMs was applied to a stimulus-
responsive drug-delivery platform. Doxorubicin hydrochloride
(Dox), an anticancer drug, was loaded into the MSNPs, and the
CLMs were then formed. The loading of Dox to the MSNPs was
measured to be up to 6.7% (entrapment efficiency: 7.2%;
extinction coefficient: 11500 M~' ¢m™'), based on UV-vis
spectroscopy. The in vitro release profile showed that no
release of Dox occurred without the addition of GSH and that
the rate of release increased as the concentration of GSH was
increased (Fig. 4c). A cell culture assay with HeLa cells also
confirmed the GSH-induced degradation of the CLMs and the
release of Dox into the cells. Although MSNP@CLM®”® without
Dox loading showed no death of the cancerous cells up to a
high concentration of 2 mg mL™" of MSNP@CLM (Fig. S27),
Dox-containing MSNP@CLM®® significantly caused cell death
(Fig. S31). These observations indicated that the CLMs
degraded inside the cells in response to a high intracellular
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Fig. 4 (a) Zeta-potential values measured during multilayer prepara-
tion. (b) Hydrodynamic diameters of MSNPs, MSNP@CLM>’>, and GSH-
treated MSNPt@CLM®®. (c) Stimulus-triggered drug-release profiles
with different GSH concentrations. GSH was added at 3 h.

GSH concentration in HeLa cells, in addition to the cyto-
compatibility of CLM films.

Conclusions

In summary, we developed a highly cytocompatible LbL process
for generating the multilayers that were cross-linked in situ and
degraded on demand. It has been challenging to achieve both
mechanical stability and responsive degradability of LbL films
in a cytocompatible fashion, although these features are
strongly desired for recent research activities involving the
interfacing of living cells with functional materials, in addition
to the controlled release of biogenic drugs."**”'> We believe
that the cytocompatible formation and degradation of LbL films
demonstrated herein will provide a versatile platform for
surface engineering of living cells and the control of cellular
metabolisms.

This journal is © The Royal Society of Chemistry 2015
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Experimental procedures

Materials

2-(Dimethylamino)ethyl — methacrylate (DMAEM, Sigma-
Aldrich), methacrylic acid (MA, Sigma-Aldrich), sodium chlo-
ride (NaCl, =99.5%, Jin Chemical Pharmaceutical), sodium
phosphate dibasic (=99%, Sigma-Aldrich), sodium phosphate
monobasic (=99%, Sigma-Aldrich), 2-cyano-2-propyl benzodi-
thioate (Aldrich), azobisisobutyronitrile (AIBN, Aldrich), diethyl
ether (Sigma-Aldrich), N,N-dimethylformamide (DMF, Aldrich),
dithiothreitol (DTT, Sigma-Aldrich), fluorescein diacetate (FDA,
Sigma), acetone (=99.8%, Merck), L-glutathione reduced (GSH,
Sigma-Aldrich), rhodamine red® C, maleimide (rhodamine-
maleimide, Life Technology), doxorubicin hydrochloride (Dox,
Ontario Chemical Inc.), cetyltrimethylammonium bromide
(CTAB, Aldrich), triethanolamine (Sigma), tetraethyl orthosili-
cate (TEOS, Aldrich), glycerol (Sigma), Dulbecco's modified
Eagle's medium (DMEM, Welgene), penicillin-streptomycin
(Welgene), 0.25% trypsin-EDTA (Welgene), fetal bovine serum
(FBS, Welgene), yeast extract-peptone-dextrose (YPD, Duchefa-
Biochemie), lyticase from Arthrobacter luteus (lyticase, = 2000
units per mg protein, Sigma), and Tris-EDTA (TE) buffer solu-
tion (pH 7.5, Intron Biotechnology) were used as received. 2-
(Pyridyl disulfide)ethyl methacrylate (PDEM) was synthesized by
following a previously reported procedure.”* Deionized water
(DI water, 18.3 MQ cm) from the Human Ultrapure System
(Human Corp.) was used.

Polymer synthesis

(a) Poly(2-(dimethylamino)ethyl methacrylate-co-2-(pyridyl
disulfide)ethyl methacrylate) (PDMAEM-co-PPDEM). DMAEM
(1.44 g, 9.15 mmol), PDEM (1 g, 3.92 mmol), 2-cyano-2-propyl
benzodithioate (15 mg, 0.068 mmol), and AIBN (3.22 mg, 0.020
mmol) were dissolved in DMF (10 mL), and the resulting
mixture solution was degassed by performing three freeze—
pump-thaw cycles. The reaction vessel was sealed and then
placed in a pre-heated oil bath at 95 °C. After 20 h, the resulting
mixture was precipitated by adding cold diethyl ether (200 mL).
To remove unreacted monomers, the precipitate was further
dissolved in DMF (5 mL) and re-precipitated in cold diethyl
ether (100 mL) to yield purified PDMAEM-co-PPDEM as a waxy
liquid. GPC (PS standard): M,, = 26.8 kDa, PDI = 1.08, "H NMR
(600 MHz, DMSO) 6 = 8.46, 7.84-7.75, 7.27, 4.34, 3.01-2.71,
2.04-1.65, 1.24-0.87. The molar ratio between DMAEM and
PDEM was determined by integrating the methyl proton in
DMAEM and the aromatic proton in the pyridine moiety and
was found to be 0.67 : 0.33 (DMAEM : PDEM).

(b) Poly(methacrylate-co-mercaptoethyl methacrylate)
(PMA-co-PMEM). MA (1.575 g, 18.30 mmol), PDEM (2 g, 7.84
mmol), 2-cyano-2-propyl benzodithioate (29 mg, 0.13 mmol),
and AIBN (6.45 mg, 0.040 mmol) were dissolved in DMF (10
mL), and the resulting mixture solution was degassed by per-
forming three freeze-pump-thaw cycles. The reaction vessel
was sealed and then placed in a pre-heated oil bath at 95 °C for
24 h. The mixture was precipitated in cold diethyl ether (200
mL). To remove unreacted monomers, the precipitate was
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further dissolved in DMF (5 mL) and re-precipitated in cold
diethyl ether (100 mL) to yield purified PMA-co-PPDEM as a
waxy liquid. GPC (PS standard): M,, = 229 kDa, PDI = 3.64, 'H
NMR (600 MHz, DMSO) & = 8.47, 7.82-7.77, 7.25, 4.15, 3.08,
2.04-1.65, 1.24-0.87. The molar ratio between MA and PDEM
was determined by integrating the methyl proton in MA and the
aromatic proton in the pyridine moiety and was found to be
0.67 : 0.33 (MA : PDEM). To prepare PMA-co-PMEM, PMA-co-
PPDEM was added to a DMF solution of excess DTT (4 equiv. to
the pyridyl disulfide group), and after 12 h diethyl ether was
added to precipitate PMA-co-PMEM. To prevent the oxidation of
thiol to disulfide, freshly prepared polymer solutions were used
for LbL.

Preparation of CLM and NCM films on silicon wafers

After cleaning a silicon wafer (1 cm x 0.8 cm) with O, plasma
for 10 min, the wafer was immersed in the phosphate-buffered
(PB) solution (pH 7.4) of PDMAEM-co-PPDEM (1 mg mL ') for 5
min. After rinsing with 0.15 M NaCl aqueous solution for 1 min,
the rinsed wafer was immersed in the PB solution (50 mM, pH
7.4) of PMA-co-PMEM (1 mg mL™") for 5 min, resulting in the
formation of CLM"". The substrate was rinsed with the PB
solution after each LbL step. The LbL processes were repeated
to generate CLM™™ (a multilayer with n layers of positively
charged PDMAEM-co-PPDEM and m layers of negatively charged
PMA-co-PMEM is denoted by M"™). On the other hand, the
NCMs were formed by alternately immersing a silicon wafer in
the solution of PDMAEM-co-PPDEM and in that of PMA-co-
PPDEM. The formed CLM and NCM films were characterized
with a spectroscopic ellipsometer (Elli-SE, Ellipso Technology)
and Sirion FEI XL FEG/SFEG microscope (FEI).

Encapsulation of yeast cells and characterizations

(a) Encapsulation. A single colony of yeast cells was picked
from a YPD broth agar plate, and suspended in the YPD broth
and cultured in a shaking incubator at 30 °C for 30 h. After
washing with 0.15 M aqueous NaCl solution, the cells were
alternately immersed in the PB solution (pH 7.4) of PDMAEM-
co-PPDEM (1 mg mL ™) and that of PMA-co-PMEM (1 mg mL )
for 5 min for each step. The cells were washed with the 0.15 M
NaCl solution after each LbL step.

(b) Functionalization. The CLM layer was functionalized
with a rhodamine group by placing yeast@CLM in the rhoda-
mine-maleimide solution, which had been prepared by filtering
an aqueous solution of rhodamine-maleimide (1 mg mL™") and
then adding the resulting solution to the PB solution (100 mM,
pH 7.4) in a 1:1 (v/v) ratio. Rhodamine-functionalized
yeast@CLM was characterized with LSM 700 META microscope
(Carl Zeiss).

(c) Viability test. The viability of yeast cells was measured
by examining the activity of intracellular esterase and the
membrane integrity with FDA. The FDA stock solution (10 mg
mL ") was first prepared by dissolving FDA in acetone, because
FDA was poorly soluble in water. 2 uL of the stock solution was
mixed with 1 mL of yeast cell suspension (10 mM PB solution,
pH 6.5). The suspension was incubated for 30 min at room

Chem. Sci., 2015, 6, 4698-4703 | 4701
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temperature while shaking, and then the cells were collected by
centrifugation, washed with 0.15 M NaCl aqueous solution, and
characterized with a confocal laser-scanning microscope (LSM
700 META, Carl Zeiss).

(d) Lysis test. Before the lysis test, the optical density of
native yeasts, yeast@CLM®, or yeast@CLM'**°, was adjusted
to ~1.0 at 600 nm by dilution with 0.85% aqueous NaCl solu-
tion. The lyticase stock solution was first prepared by dissolving
lyticase (~3.8 mg) in a mixture of glycerol (500 pL) and TE buffer
solution (500 pL). 10 uL of the stock solution was added to the
yeast suspension (TE buffer solution), and the suspension was
incubated while shaking at 37 °C. A small amount of the
mixture was picked at the predetermined time, and the optical
density was measured at 600 nm with a UV-visible spectroscope
(UV-2550, Shimadzu).

Synthesis and functionalizations of MSNPs

(a) Synthesis. MSNPs were synthesized using the soft-tem-
plating method.* A mixture of 1.54 g of CTAB, 0.347 g of trie-
thanolamine and 100 mL of DI water was stirred at 80 °C for 1 h,
and then 14.58 g of TEOS was quickly added into the surfactant
solution. The mixture was stirred at 80 °C with a stirring speed
of 1200 rpm for another 2 h. The resulting precipitates were
filtered and washed twice with DI water, and then dried at 100
°C overnight. Finally, the dried sample was calcinated at 550 °C
for 5 h in air.

(b) Dox loading. About 5 mg of MSNPs were dispersed in 1
mL of aqueous solution containing 5 mg of Dox, and the
mixture was gently stirred for 3 h at room temperature. The
samples were centrifuged, and the precipitate was washed by a
re-dispersion cycle to remove unloaded Dox and collected for
further use. The UV-vis spectrum was used to determine the
doxorubicin loading using the following equations.*

Entrapment efficiency (%) = (mass of drug in MSNPs)/
(initial mass of drug)

Drug loading (%) = (mass of drug in MSNPs)/(mass of drug
loaded MSNPs)

(¢) LbL. A suspension of the Dox-loaded MSNPs (10 wt%) in
the PB solution (50 mM, pH 7.4) was washed with the PB
solution via several centrifugation/re-dispersion cycles. The
resulting suspension was re-dispersed in 1 mL of the PB solu-
tion and combined with 1 mL of PDMAEM-co-PPDEM (2 mg
mL ') in the PB solution (50 mM, pH 7.4), and the adsorption of
PDMAEM-co-PPDEM was allowed to proceed for 15 min with
constant stirring in a magnetic stirrer. After centrifugation, the
particles were washed with the PB solution (two times) and with
distilled water, and re-dispersed in 1 mL of the PB solution, to
which was added 1 mL of PMA-co-PMEM (2 mg mL ") in the PB
solution. The mixture was allowed to form the cross-linked
disulfide bonds between PDMAEM-co-PPDEM and PMA-co-
PMEM for 15 min with constant stirring. The same processes
were repeated to generate CLM™™ with PDMAEM-co-PPDEM
and PMA-co-PMEM. The exchange reaction between thiol and
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pyridyl disulfide was analyzed with the left-out polymer solution
from the supernatant by using UV-vis absorbance.*

(d) Dox release profile. The in vitro release of Dox from
MSNP@CLM"” was investigated with different GSH concen-
trations: 0, 1, 5, and 10 mM. The release of Dox from
MSNP@CLM"®"® was measured using fluorescence with excita-
tion at 480 nm and emission at 580 nm.

(e) Cell viability. The cell viability was tested with MSNP,
MSNP@CLM"®” and Dox-loaded MSNP-@CLM*” using the Ala-
mar blue assay. The HeLa cell lines were grown in the DMEM
medium containing 10% FBS and 1% penicillin-streptomycin at
37 °C in a 5% CO, humidified atmosphere. The cells were
seeded onto a 96-well plate at a density of 5 x 10> cells per well
in 100 uL of DMEM containing 10% FBS, incubated for 24 h
(37 °C, 5% CO,), and analyzed after 24 h.
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