Journal of

Materials Chemistry B

Accepted Manuscript

Journal of

Materials Chemistry B

d medicine

ROYAL SOCETY
U, OF CHEMISTRY

>

' ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

www.rsc.org/materialsB


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 22

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Journal of Materials Chemistry B

Electrochemical deposition to construct nature inspired multilayer chitosan/layered
double hydroxides hybrid gel for stimuli responsive release of protein

Pengkun Zhao, Youyu Liu, Ling Xiao, Hongbing Deng, Yumin Du, Xiaowen Shi*
School of Resource and Environmental Science and Hubei Biomass-Resource Chemistry and Environmental

Biotechnology Key Laboratory, Wuhan University, Wuhan 430079, China
E-mail: shixwwhu@163.com; Tel: +86-27-68778501

Abstract

In this study, we report a single electrodeposition process to fabricate multilayered
chitosan/layered double hydroxides (LDHs) hybrid hydrogel for stimuli responsive protein release.
LDHs nanoplatelets with regular hexagonal shape were synthesized by hydrothermal method and
a model protein, insulin, was adsorbed to the surface of LDHs (INS-LDHs) caused by electrostatic
interactions. The insulin loading ratio could reach 20% (w/w) and the INS-LDHs were
characterized by energy dispersive spectrometer (EDS), Fourier transform infrared spectroscopy
(FT-IR), thermogravimetric analysis (TG) and zeta potential measurements. Co-electrodeposition
of chitosan and INS-LDHs generated an inorganic and organic composite hydrogel with
multilayered structure, as revealed by scanning electron microscopy (SEM). The hybrid hydrogel
dramatically reduced the burst release of insulin from INS-LDHs. Significantly, the release of
insulin was sensitive to the presence of anions, pHs and external potentials. Our results suggest
that co-electrodeposition of stimuli-responsive polymer and nanoplatelets is an alternative and
facile method to construct hierarchically structured hybrid hydrogel and the great potential of the

multilayered structure in drug delivery.

Key words: Controlled drug release, Electrodeposition, Layered double hydroxides,

Multi-sensitive chitosan hydrogel

1. Introduction

Nature has created many intriguing structures that demonstrate exceptional biological or
mechanical properties and functionalities. Thus, people devote enormous efforts to mimicking

the structure from the nature and have produced many materials having similar or even better
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performance to natural productsl"a. The brick-and-mortar construction in nacre and bone is a
highly oriented layered structure made from organic and platelet inorganic components4’5. Until
now, there are enormous studies on mimicking this layered hybrid structure® ®. However, most of
the contributions focus on improving mechanical properties. The discovery of new applications in

diverse field is meaningful for better understanding of this nature inspired structure.

A commonly used bottom-up method to build multilayered hybrid structure is layer-by-layer (LBL),
which is efficient but time consuming’. Recent report on electrophoretic deposition (EPD)
demonstrates that the nanoplatelets can be oriented to aligned structure under electric field®.
EPD is a rapid and scalable process that can simultaneously assemble positively charged
nanoplatelets and cationic polyelectrolytes’. As far as we know, the co-deposition of
stimuli-responsive natural polymers and nanoplatelets to fabricate multilayered structure has
never been reported. In addition, the stimuli drug release behavior from the brick-and-mortar
structure is not well investigated. Thus, in this paper, we construct the layered structure by
electrodeposition method and investigate the drug release behavior responding to external

stimuli.

Chitosan is a unique cationic polysaccharide containing amino groups and having important

applications in drug delivery, biomedicine and tissue engineeringm’ u

. It shows pH responsive
sol-gel transition and can be deposited as a hydrogel on electrode when biasing a negative
potential. The in situ sol-gel transition is induced by an increased pH gradient due to the

consumption of protons at the cathode™ 2

. By co-depositing chitosan and nanocomponents,
organic and inorganic hybrid hydrogel can be facilely obtained on the surface of the cathode,
which has demonstrated important applications in electrical analysis, biosensor and protein

13, 14
assembly™

. Herein, we co-deposit chitosan and a kind of nanoplatelet, layered double
hydroxides (LDHs), to generate multilayered structure that mimics the natural brick-and-mortar

structure.

LDHs are a class of octahedral ionic lamellar compounds, having positively charged metal

hydroxide layer and compensating anions. It has the general formula
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IM** 1M ((OH), A /u]-mH,0  (where M** and M** are divalent and trivalent metals,
respectively, and A" is the interlayer anion)ls. LDHs nanoplatelets possess excellent anion
exchange ability and a number of advantageous properties, such as good biocompatibility, low
cytotoxicity, uniform morphologies and sizes, chemical and thermal stabilities, large
surface-to-volume ratio and strong adsorption abilityls. These inherent properties enable LDHs to

1820 n addition, there are studies

carry anionic biomolecules such as DNAs"/, RNAs'® and drugs
about adsorption of proteins to LDHs’ surface owing to its inherent positive charge21. However,
most guest molecules release quickly from LDHs due to the large edge to volume ratio of the

LDHs*2.

In this work, we co-electrodeposited chitosan and LDHs to generate multilayered structure for
stimuli sensitive protein release. The layered hybrid structure would provide a long pathway for
the protein to diffuse out and thus reduce the burst release”. Insulin was selected as a model
protein. Diabetic patients usually need exogenous insulin and suffer from daily injection®. It is
necessary to develop on demand insulin delivery systems that can release insulin according to
surrounding stimuli, such as the presence of glucose“, electrical potentialszs, pH changesze’ =
light®, magnetic field?®, temperature changes®® and ultrasound™'. We demonstrate insulin release
from the hybrid chitosan and INS-LDH hydrogel can be responsive to pH, anion and electrical
signals. Scheme 1 illustrates our experimental procedure. The hexagonal shaped LDHs were
hydrothermally synthesized for insulin loading. The insulin loaded LDHs (INS-LDHs) were
dispersed in chitosan solution (pH 5) and co-deposited with chitosan hydrogel on a titanium plate
by biasing a cathodic potential. The EPD of chitosan chain and INS-LDHs generated a hybrid
hydrogel with multilayered structure, where the oriented LDHs were glued by chitosan. The
release of insulin from the hydrogel was triggered by external stimuli, i.e. anions, pH changes or
external potentials. This fast and simple EPD method to fabricate multilayered hybrid hydrogel

and stimuli controlled drug release should expand the application of multilayered structure in

drug-delivery system.

2. Experimental
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2.1. Materials

Chitosan with a deacetylation degree of 85% and a molecular weight of 200 kDa was purchased
from Sigma and provided as a coarse powder. Insulin (from bovine) was purchased from Sigma
with a molecular weight of 5733.49 Da. Titanium plates with a thickness of 100 um were
purchased from Baoji Titanium Company, Shanxi. Magnesium chloride and aluminum chloride
were purchased from Shanghai Reagent Co., Ltd (China). All reagents were of analytical grade and

were used without further purification.

2.2. Preparation of layered double hydroxides

Layered double hydroxides, Mg,Al(OH)sCl-xH,0 (CI-LDHs), were prepared by a co-precipitation
method in the presence of excess Mg”* according to previously reported work with some
modifications>~. Briefly, MgCl, (2.28 g) and AICl; (1.06 g) were dissolved in 80 ml water. Then the
mixed salt solution was added within 5s to 320 ml NaOH solution (0.15 M) under vigorous stirring,
followed by 15 min stirring isolated from air. The precursor was collected by centrifugation (9000
rpm for 5min) and washed twice. Then the precipitate was dispersed in 140 ml deionized water
and hydrothermally treated in an autoclave at 100 °C for 18 h. The LDH crystallites were obtained
via centrifugation (16000 rpm for 5min) and washed twice, then freeze-dried overnight for the
following characterizations and protein loading. LDHs with anions of NO3 and CO32" were also
synthesized by hydrothermal method (detailed procedure was provided in supporting

information).

2.3. Insulin loading on layered double hydroxides

In order to load insulin on LDHs, 0.25 g as-prepared LDHs were added to 50ml glycine-NaOH
buffer solution (pH 8.6) containing 1.25 mg/ml insulin and stirred for 5h at room temperature
until the absorption reached equilibrium. Then the INS-LDHs were obtained by centrifugation
(16000 rpm for 5 min) and washed with glycine-NaOH buffer twice and freeze-dried overnight.
The concentration of insulin in the supernatant was determined via UV absorption at 280nm,
followed by calibration with an insulin standard curve. The difference between the amount of
insulin initially introduced and the protein content in the supernatant is taken as an indication of

the amount of insulin entrapped.
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The insulin loading capacity (LC) of INS-LDHs was defined as follows:

M1 - M2

=M+ M3

X 100%

where M1 is the mass of insulin initially introduced, M2 is the mass of insulin in the supernatant,

M3 is the mass of LDHs initially introduced.

2.4. Electrodeposition of multilayered chitosan/INS-LDHs hydrogel

Briefly, chitosan solution was prepared by dissolving chitosan flakes in HCl solution (pH 3) under
vigorous stirring and the undissolved flakes were removed by filtration. Before electrodeposition,
the pH of the chitosan solution was adjusted to 5 by adding 1mol/L NaOH and NaCl was added to
a final concentration of 0.25% (w/v). Then a certain amount of INS-LDHs was dispersed in 15 ml
chitosan solution (1%, w/w) based on the mass ratio of chitosan to LDHs (3:1 to 1:2) and stirred
for 30 min to get a homogeneous mixture. A titanium plate with a dimension of 4 cm x 2 cm x
100 um was selected as the cathode for co-electrodeposition and cleaned by acetone, alcohol
and water consecutively under sonication for 5 min each before deposition. The
electrodeposition was carried out as follows: the titanium plate and a platinum wire were
partially dipped into chitosan solution (1%, w/v) and the distance between the two electrodes
was kept at 1 cm. A constant current (-0.75 mA/cmz) was applied to the two electrodes for 30
min. The typical voltage for deposition was 3—4 V and the deposited hydrogel had a thickness of 2
mm. Then the white hydrogel on the titanium plate was rinsed briefly with distilled water. The
amount of INS-LDHs entrapped in chitosan hydrogel was determined by dissolving hydrogel in pH
1.2 HCI solution, followed by centrifugation. The concentration of insulin in HCl solution was

measured by its absorbance at 280nm as described above.

2.5. Anion responsive release of insulin from INS-LDHs and chitosan/INS-LDHs hydrogel

The release of insulin from INS-LDHs was performed in pH 9.0 solution containing 100 mM HPO,%,
5042', CO32', Cl or NO3 respectively. The release was also carried out in 1 mM, 5 mM or 10 mM
phosphate buffer at pH 7.4. Typically, 0.15 g INS-LDHs were added in 50 ml colorimetric tube
which contained above solutions at 37°C. At predetermined time intervals, 5 ml of the release

medium was withdrawn and centrifuged at 16000 rpm for 5 min. The insulin concentration in the
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supernatant was analyzed by UV—vis spectroscopy. Each assay was carried out in triplicate.

The release of insulin from INS-LDHs hydrogel was carried out in a similar way. The
electrodeposited hydrogel was immersed in 20 ml solution and the released insulin was
measured by UV-vis. In some cases, the release buffer contained 0.1 M NOs, Cl, or 5042' and the

pH of the solution varied at 4.0, 7.0 or 9.0. Each assay was also carried out in triplicate.

2.6. Electrochemically controlled insulin release from chitosan/INS-LDHs hydrogel

A titanium plate with deposited chitosan/INS-LDHs hydrogel was partially immersed in 0.9% NaCl
solution and a platinum wire worked as counter electrode. The release of insulin was activated by
applying a voltage of 0 V, 5 V or -5 V respectively. In the case of 0 V, 0.9% NaCl solutions with
different pHs (4.0, 7.0, 9.0) were used as the release medium. In the on-off mode, the time
sequence of the voltage was “on” for 30 min and “off” for 30 min, and the voltage was set as +5V
or -5V. The release of insulin was monitored by UV-vis method described above. Each assay was

also carried out in triplicate.

2.7. Characterization of LDHs, INS-LDHs and chitosan/INS-LDHs

Transmission electron microscopy (TEM) was performed using a JEM-100CXIl. The field emission
scanning electron microscopy (FE-SEM, ZEISS, Germany) was applied to observe the morphology
of the LDHs and chitosan/INS-LDHs hydrogel. The size distribution and zeta potential of LDHs and
INS-LDHs were determined by zetasizer 3690 (Malvern, UK). LDHs were dispersed in water and
sonicated for 5 min before measurement. The distribution of ions at the surface of INS-LDHs was
measured by Energy Dispersive Spectrometer (EDS, XSAM800). X-ray diffraction (XRD) tests were
carried out on a XRD diffractometer (D8-Advance, Bruker). The XRD patterns with Cu K, radiation
( 0.154 nm) at 40 kV and 40 mA were recorded in 20 range of 7-80°. Samples for Fourier
transform infrared spectra (FT-IR) were vacuum dried overnight at 60°C and recorded using KBr
pellet method on a Nicolet 5700 Fourier transform infrared spectrometer. Thermal behaviors of
samples were examined by thermogravimetric analysis (TGA, Shimadzu DTG-60) at room
temperature up to 600°C at a heating ramp of 5°C min~". The absorbance at 280 nm for released

insulin was measured by UV spectrophotometer (UV-1780, Shimadzu).
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3. Results and discussion

CI-LDHs were prepared by a co-precipitation method in the presence of excess Mg>* 2. The
precursors (Mg-OH and Al-OH) for LDH synthesis were hydrothermally treated for 18 h at 100 °C.
The SEM and TEM images of CI-LDHs were shown in Fig.1. CI-LDHs have well defined hexagonal
shape and the lateral size is in the range of 60-150 nm. From TEM images, some single LDH plates
can be found, which can enlarge the surface area and facilitate further protein loading. The SEM
images of LDHs with anions of NO; and COs;* (NOs-LDHs and CO;-LDHs) exhibit aggregated
sheets and particles (Fig.S1). Further, the insulin loading amount of CO3-LDHs and NOs-LDHs is
lower than that of CI-LDHs. Therefore, we use CI-LDHs for insulin loading and hydrogel formation

in the following study.

Next insulin was loaded on LDH plates by incubating LDHs in glycine-NaOH buffer (pH 8.6)
containing insulin for 5 h. The residue of insulin was removed by washing with glycine-NaOH
buffer solution twice. The Energy Dispersive Spectrometer (EDS) gives the evidence for insulin
loading on LDHs (Fig.2). There are mainly four elements (Mg, Al, O, Cl) on the surface of pristine

LDHs (Fig.2A). Elemental analysis gives the atomic ratio [Mg]/[Al]=1.7-1.8, slightly less than the

|3+ 33,34

designed value (2.0), which is due to more Mg2+ leaching than AlI”™ from the hydroxide layers
After the insulin loading (Fig.2B), the appearance of C, N and S peaks give the evidence that
insulin was loaded on the surface of LDHs. The change of size distribution of LDHs before and
after insulin loading was measured by Malvern laser particle size analyzer. The average
hydrodynamic diameter of pristine LDHs dispersed in water is 68 nm, as shown in Fig.2C, which is
in accordance with the SEM and TEM analysis. The insulin loaded LDHs (Fig.2D) show similar size

distribution curves compared to pristine LDHs, indicating that insulin loading did not change the

diameter of LDHs.

However, the loading of insulin remarkably affected the surface charge of LDHs. The LDHs had a
zeta-potential of 8.62 mV at pH 7, which changed to -4.2 mV after the adsorption of insulin
(Table.1). The insulin molecule (pl 5.3-5.4) contains negative charge residues, for instance,

aspartic acid and glutamic acid, showing a net charge of -19mV at neutral pH. These residues
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would be attracted by the LDHs surface, resulting in INS-LDHs with more negative charge because
of charge compensation. This suggests that the insulin molecules exhibit electrostatic affinity for
the LDHs surface and thus change the potential of the electrical double layer of the LDH

nanoplatelets”‘ 35,36

The X-ray diffraction patterns of the pristine LDHs and INS-LDHs were shown in Fig.3A. LDHs
exhibited series of 00/ Bragg reflections which are the characteristic reflections of the LDHs
layered structure. In the XRD pattern of INS-LDHs, the (003), (006) and (009) peaks didn’t show
noticeable shift. Further, the basal spacing (dy3) of the pristine LDHs is 0.77 nm which is identical
with the INS-LDHs®’. Considering the size of insulin molecule is in the range of several
nanometers, it is reasonable to conclude that no intercalation of LDHs by insulin has occurred,

and insulin was mainly adsorbed on the surface of LDHs.

Further evidence of insulin loading on LDHs was provided by FT-IR spectroscopy (Fig.3B). In the
FT-IR curve of pure insulin, absorption bands were detected at wavelengths 1652 cm™ and 1544
cm™. These bands were related to the functional groups found in insulin: amide | (protein C=0
stretching) and amide Il (protein N-H bend, C—N stretch), respectively®®. In the spectrum of LDHs,
a broad absorption band at around 3500cm™ was attributed to OH stretching due to the presence
of hydroxyl groups on LDHs. The absorbance at 1627cm™ was assigned to the bending vibrations
of the interlayer water molecules®. Although the reactions were performed under N,
atmosphere, the strong absorbance at 1360cm™ indicated the existence of small amount of C032",
which was due to unavoidable absorption of CO, by the basic solution®. In the FT-IR spectrum of
INS-LDHs, the retention of the peaks at 1652 cm™ and 1544 cm™ which were the characteristic
peaks of insulin (amide | and amide II) and the peaks at 3500 ecm™and 1360 cm™ which were

originated from LDHs gives further evidence that insulin was loaded on LDHs.

Fig.3C displayed the TG curves of insulin, LDHs and INS-LDHs. For insulin, the initial weight loss at
100 °C was caused by water evaporation and the loss at 225 °C was associated with insulin
decomposition. LDHs showed a weight loss started at 60 °C owing to the loss of adsorbed and

interlayer water. From 370 °C to 600 °C, the weight loss was mainly due to the dehydroxylation of

Page 8 of 22



Page 9 of 22

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

Journal of Materials Chemistry B

the LDH sheets®. The onset of degradation temperature (235 °C) of INS-LDHs is obviously lower
than that of LDHs (370 °C), due to the presence of insulin in INS-LDHs. Because insulin is
physically adsorbed to LDHs, the degradation temperature of INS-LDHs is close to that of insulin.
The degree of weight loss during thermal analysis correlated closely with the amount of insulin
loaded in LDHs. Based on the weight loss ratios of insulin, LDHs and INS-LDHs, it can be estimated
that the weight percentage of insulin in INS-LDHs is about 21%. By analyzing the difference
between the amount of insulin initially introduced and the protein content in the supernatant,
the insulin loading capacity (LC) was calculated to be 20.3%, which is comparable to the TG

analysis.

Since the electrostatic interaction plays an important role for insulin loading, the anions may have
a profound effect on insulin release. We monitored the release of insulin by incubating INS-LDHs
in pH 9 buffer containing 0.1 M HPO42', SO42', Cng', Cl" or NO3 respectively. From Fig.4A, burst
release of insulin was observed in buffers containing 5042', C0o5%, HPO42' and a relatively slow
release in CI"and NO;". This phenomenon can be explained by the different binding competence
between divalent and monovalent anions*’. The release rate was also related to the
concentration of anions. As shown in Fig.4B, the release rate increased dramatically as the
phosphate concentration increased, which is expected since high concentration phosphate ions

have more opportunities to compete with Mg-sites and Al-sites.

The insulin release behavior can be adjusted by forming multilayered structure with chitosan
hydrogel. Our previous work suggested that mesoporous silica nanoparticles can be co-deposited

I**, When chitosan and LDHs were co-deposited, the electric field could

with chitosan hydroge
align the LDHs with positive surfaces paralleling to the electrode. This favorable parallel
orientation was also observed for gibbsite nanoplatelets deposition under direct-current electric
field®. During the deposition, the localized sol-gel transition of chitosan and the electrophoretic
deposition of nanoplatelets built the multilayered structure. The optical and SEM images of the
deposited hydrogel (chitosan to LDHs ratio 1:1) were shown in Fig.5. The pure chitosan hydrogel

on titanium plate was transparent (Fig.5A) after deposition at —0.75 mA/cm? for 30 min, while

the co-deposition of chitosan and INS-LDHs resulted in an opaque hydrogel (Fig.5D). The
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cross-section of dried hydrogel was observed by using scanning electron microscopy (SEM).
Compared to pure chitosan hydrogel (Fig.5B and 5C), the chitosan/INS-LDHs hydrogel (Fig.5E and
5F) revealed a multilayered structure. The enlarged image in Fig.5F clearly showed the aligned
LDHs in chitosan hydrogel. Besides, SEM images of the hydrogels with other chitosan to INS-LDHs
ratio (3:1 to 1:2) were provided in Fig.52. The chitosan/LDHs films became more compact and
less transparent with the increasing ratio of LDHs. In the case of chitosan to LDHs ratio of 1:1, the
amount of INS-LDHs deposited per cm?in hydrogel could reach 2.5 mg/cmz, however, for insulin

that was 0.5 mg/cmz.

The formation of multilayered chitosan/INS-LDHs hydrogel dramatically altered the release
behavior of insulin. Firstly, the burst release of insulin, as demonstrated previously in Fig.4A, was
obviously reduced. Chitosan/INS-LDHs hydrogel was immersed in 0.1 M NO; solution with
different pHs (4.0, 7.0 9.0). At pH 9.0, the release of insulin from INS-LDHs reached 10% at first 15
min and it was only 4% at 2 h for chitosan/INS-LDHs (Fig. 6A), indicating the multilayered
structure retarded the protein release. Secondly, the release of insulin from chitosan/INS-LDHs
was affected by surrounding pHs. The release at pH 4.0 and 9.0 was faster than that at pH 7.0. At
pH 4.0, the electrostatic interactions between LDHs and insulin were reduced as well as the
swelling of chitosan facilitated the release of insulin. The different release behavior between pH
7.0 and 9.0 could be explained by the low solubility of insulin in neutral pH. Thirdly, the release
can be adjusted by the presence of various anions. At pH 9.0, the release of insulin in 0.1 M NO3’
is 10%, while sequentially changing the release medium with CO32" and 5042" didn’t reduce the
release rate, due to the different abilities of anions to interact with Mg-sites and Al-sites. By
comparison, the chitosan/INS-LDHs hydrogel was incubated in sole NO;3 solution (0.1 M) at
different pHs for 8 h. It was observed that the release rate of insulin decreased gradually and

reached equilibrium after 4 h (the release curves were plotted by dotted lines).

Inspired by the stimuli responsive release of insulin from the chitosan/INS-LDHs hybrid hydrogel,
electrical signals were used to regulate insulin release. The titanium plate with chitosan/INS-LDHs
hydrogel was immersed in 0.9% NaCl solution and activated by applying a positive or negative

potential. We first investigated the release behavior of insulin from INS-LDHs hydrogel in 0.9%

Page 10 of 22



Page 11 of 22

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

Journal of Materials Chemistry B

NaCl solution without applying a voltage but changing the pH as pH 4.0, pH 7.0 and pH 9.0. As
indicated in Fig.S3, faster insulin release could be observed under pH 4.0 and pH 9.0. This
observation is consistent with the results in Fig.6A, in which slow release was found at neutral pH.
However, the electrical stimulus tremendously accelerated the release of insulin when compared
to the release under unbiased potential (Fig.6B). During 12 h, the cumulative release increased
from 4.9% to 36.5% under -5.0V and to 58.5% under +5.0 V. It was observed that the pH
condition in chitosan/LDHs hydrogel shifted under the potential. The pH of the hydrogel could
rise from 7 to 8~9 under -5.0V and decline to 4~5 under +5.0V. As discussed above, the change of
pH environment in the hydrogel induced by applied potential adjusted the release behavior of
insulin, leading to faster release than 0 V (pH 7.0). Therefore, electrical signals can be used to

induce different release rate of insulin from the LDHs/chitosan hydrogel.

Finally, the release profile of insulin can be manipulated by switching the voltage as on-off mode.
The applied voltage was programmed as “on” for 30 min and then “off” for 30 min. A pulsed
release pattern can be realized responding to the imposed electrical signals, although the
step-wised release is more obvious in the first 4 h (Fig.6C). It was worth to note that positive
potential (+5.0V) has more profound influence than negative potential (-5.0V), which was in
agreement with the result in Fig.6B. When comparing the on-off release with the continuous
release, the on-step contributed significantly to the release of insulin, while the release in
off-step is quite slow. The results suggest the release of insulin from chitosan/INS-LDHs hydrogel

could be tuned by applying different voltages.

4. Conclusions

By simultaneously eletrodepositing chitosan and LDHs nanopletelets, a multilayered
chitosan/LDHs hybrid hydrogel was facilely fabricated, mimicking the brick-and-mortar structure
in nature. The pH responsive and film forming property of chitosan and positive change surface
and nanoscale of LDHs allow the gradual layer structure construction under electric field. We
explored the ability of the nature inspired multilayered hydrogel as an insulin controlled release

platform. External stimulus, such as pH, anion, and electrical potential has a profound influence
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on the release of insulin. Significantly, on demand insulin release can be realized by
programming the exerting electrical potentials. The present results suggest the advantage of
electrodeposition in the build of multilayered structure using stimuli-responsive natural polymers
and nanocomponents as well as great potentials of the brick-and-mortar structure in controlled

drug release.
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SCHEMES AND FIGURES:

Schemel. Illustration of the procedure for electrodeposition of multilayered

chitosan/INS-LDHs hydrogel and stimuli-responsive insulin release
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Table 1. The zeta potential of LDHs, insulin and INS-LDHs.

Sample

Zeta potential(mV)

LDHs

8.62

insulin

-19.43

INS-LDHs

-4.2
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483
484  Figure 1. The SEM images (A) (B) and TEM images (C) (D) of Cl-LDHs.
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511  Figure 2. The EDS analysis of (A) LDHs, (B) INS-LDHs and the size distribution of
512  (C) LDHs, (D) INS-LDHs.
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538  Figure 3. X-ray diffraction pattern (A), FT-IR spectra (B) and TG curves (C) of LDHs,

539  INS-LDHs and insulin.

540

541

A (003)

Transmittance(%)

i
1652 15441360

Weight(%)

8. 5.8 8

g

2

Insulin

542

543

544

545

546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm')

Temperature(°C)

100 200 300 400 500 600 700

Page 18 of 22



Page 19 of 22

567
568
569
570

571

572

573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597

Journal of Materials Chemistry B

Figure 4. Cumulative release profiles of insulin from (A)INS-LDHs in 100 mM
HPO4*,100 mM SO4*, 100 mM COs>, 100 mM CI” or 100 mM NO;™ at pH9 and (B)
INS-LDHs in 10 mM, 5 mM or 1 mM phosphate buffer at pH7.4.
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Figure 5. The optical and SEM images of pure chitosan gel (A, B, C) and
chitosan/INS-LDHs gel (chitosan to LDHs mass ratio 1:1) (D, E, F). The optical
images show the hydrogel on titanium plate after deposition. The SEM images show
the cross-section of the hydrogel.
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629  Figure 6. Cumulative release profiles of insulin from chitosan/INS-LDHs. (A) The
630 release was performed by sequentially changing anions under different pHs (the
631  dotted lines show the continuous release in 0.1 M NOj3); (B) The insulin release by
632  biasing different voltages; (C) Step-wised release of insulin by adjusting the imposed
633  on-off mode.
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Graphical Abstract

Biomimetic brick-and-mortar structure was facilely constructed by co-deposition
of chitosan and layered double hydroxides (LDHs). The release of entrapped insulin
from the multilayered hydrogel could be tuned by the presence of pH, anion and
electrical potential. (a single electrodeposition process to fabricate multilayered
chitosan/layered double hydroxides (LDHs) hybrid hydrogel for stimuli responsive
protein release.)
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