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ABSTRACT: A novel layer-by-layer self-assembly approach enabled by
metal—organic coordination was developed to prepare polymer-inorganic
hybrid microcapsules. Alginate was first activated via N-ethyl-N-(3-
dimethylaminopropyl) carbodiimide (EDC) and N-hydroxy succinimide
(NHS) coupling chemistry, and subsequently reacted with dopamine.
Afterward, the dopamine modified alginate (Alg-DA) and titanium(IV)
bis(ammonium lactato) dihydroxide (Ti(IV)) were alternatively
deposited onto CaCOj; templates. The coordination reaction between
the catechol groups of Alg-DA and the Ti(IV) allowed the alternative
assembly to form a series of multilayers. After removing the templates,
the alginate-titanium hybrid microcapsules were obtained. The high
mechanical stability of hybrid microcapsules was demonstrated by
osmotic pressure experiment. Furthermore, the hybrid microcapsules

displayed superior thermal stability due to Ti(IV) coordination. Catalase (CAT) was used as model enzyme, either encapsulated
inside or covalently attached on the surface of the resultant microcapsules. No CAT leakage from the microcapsules was detected
after incubation for 48 h. The encapsulated CAT, with a loading capacity of 450—500 mg g~' microcapsules, exhibited desirable
long-term storage stability, whereas the covalently attached CAT, with a loading capacity of 100—150 mg g~' microcapsules,

showed desirable operational stability.
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B INTRODUCTION

Polymer—inorganic hybrid materials aroused a lot of recent
interest from the viewpoints of both scientific research and
technological applications. Particularly, polymer—inorganic
hybrid microcapsules have been widely used in biomacromo-
lecules encapsulation for catalysis," drug or gene delivery,” cell
technology,3 etc.

At present, hybrid capsules are usually prepared by LbL
assembly processes involving two different approaches. One is
liquid-phase deposition of charged inorganic particles and
oppositely charged polymers.*"® The other involves the
infiltration of polyelectrolyte multilayers on colloid spheres
with sol—gel precursors, confining the sol—gel reaction to the
polyelectrolyte shell.”® However, the accompanying problems,
such as the preparation of inorganic nanoparticles prior to
electrostatic adsorption” and the reliance of aggressive organic
solvent to dissolve reactive alkoxide precursors'® make the
fabrication process tedious and environmentally unfriendly.

In our previous studies, hybrid microcapsules have been
prepared via a synergy between biomimetic mineralization and
layer-by-layer self-assembly strategy.'"'> The protamine layer
induced the hydrolysis and condensation of titania precursor, to
form the titania layer in situ. Additionally, by introducing an
additional bioadhesion layer, improved strength and surface
reactivity of the hybrid microcapsules were gained."* Here we
describe a strategy of incorporating metal—organic coordina-
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tion into LbL assembly to prepare hybrid microcapsules with
high strength and thermal stability.

Metal—organic coordination is ubiquitous in nature,
particularly in load-bearing exoskeletal biomaterials'*"® and
has fascinated many researchers due to the delicate structures
and superior properties.'*">° Metal—organic coordination
endows not only a peculiar combination of hardness (100—
150 MPa) and extensibility (>70% strain),*"** but also a
covalent-like stability.”* It would be highly desirable to import
these attributes into LbL self-assembly process to acquire the
hybrid microcapsules in a facile and controllable way. LbL
assembly based on metal—organic coordination has a long
research history,”* > but titanium(IV)-ligand coordination for
layer-by-layer deposition has never been studied.

In this study, a mussel adhesive protein-mimetic polyanion,
the dopamine-modified alginate (Alg-DA), was synthesized by
the conjugation of dopamine onto alginate with the assistance
of the EDC/NHS coupling chemistry. Then, alternate
deposition of Alg-DA and titanium(IV) bis(ammonium lactato)
dihydroxide on CaCOj; templates until a desired layer number
was acquired. After removal of templates, the polymer-
inorganic hybrid microcapsules were obtained. The size and
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shell thickness of the hybrid microcapsules could be easily
controlled by the size of CaCO; templates and the number of
deposited layers. The catechol groups of Alg-DA can react with
amine and thiol,>”*® which thereof endowed the microcapsules
with tunable surface reactivity. The microcapsules were then
utilized to anchor model enzyme, catalase (CAT), either
through physical encapsulation or covalent linkage.

B MATERIALS AND METHODS

Materials. Catalase (hydrogen peroxide oxidoreductase; 2000—
5000 units mg ™" protein EC.1.11.1.6) from bovine liver, titanium(IV)
bis(ammonium lactato) dihydroxide (Ti-BALDH, SO wt % aqueous
solution), poly(allylamine hydrochloride) (PAH, MW ca.70 000),
poly(sodium. 4-styrenesulfonate) (PSS, MW ca. 70000), poly-
(ethyleneimine) (PEL, MW = 750000, SO wt % aqueous solution)
and fluorescein isothiocyanate (FITC) were purchased from Sigma—
Aldrich Chemical Co.. Dopamine hydrochloride was purchased from
Yuancheng Technology Development Co. Ltd. (Wuhan, China).
Polyacrylonitrile (PAN) membrane with a molecular weight cutoff of
80,000 was gained from Shanghai MegaVision Membrane Engineering
& Technology Co. Ltd. (Shanghai, China).1-Ethyl-3-[3-dimethylami-
nopropyl] carbodiimide hydrochloride (EDC) and N-hydroxysuccini-
mide (NHS) were purchased from Shanghai Medpep Co. Ltd.
Tris(hydroxymethyl)amiomethane (Tris), ethylenediaminetetra acetic
acid (EDTA), hydrogen peroxide (H,0,, 30 wt %), sodium alginate,
sodium dihydrogen phosphate dehydrate (NaH,PO,-2H,0) and
sodium phosphate dibasic dodecahydrate (Na,HPO, 12H,0) were
purchased from Tianjin Guangfu Fine Chemical Research Institute
(Tianjin, China). The water used in all experiments was treated by the
Millipore Milli-Q_ purification system. Fluorescent-labeled enzymes
were prepared using overnight incubation at room temperature of their
mixtures with FITC (0.05 M phosphate buffer, pH 8.0, protein
concentration 1 mg mL™', [dye]/[enzyme] S) followed by
exhaustive dialysis (MW cutoff 14 000) against phosphate buffer
(0.0 M pH 7.0) for 72 h and deionized water for 24 h.

Synthesis of Dopamine-Modified Alginate (Alg-DA). 1 g of
alginate (5.05 mmol in terms of repeating unit) was dissolved in 100
mL of PBS buffer solution (50 mM, pH S.5). Equal molar amounts of
NHS and EDC (5.05 mmol) were added in the above solution. The
reaction mixture was stirred at room temperature for 45 min to fully
activate the carboxylic groups on alginate molecules. Then, prescribed
amount of dopamine was added into the above mixture and then
stirred for 12 h at room temperature under N, protection. The
product was precipitated with alcohol for three times followed by
lyophilization. Dopamine modified alginate with different graft ratio
were obtained by varying the molar ratio of alginate to dopamine
(1:0.5, 1:1.0, 1:2.0) and denoted as Alg-DAy;, Alg-DA,,, and Alg-
DA, , respectively.

Fabrication of Ti(IV)-Catecholate Hybrid Microcapsules. Four
milligrams of PAH was dissolved in 4 mL of 0.33 M CaCl, solution,
and an equal volume of 0.33 M Na,COj; solution was then rapidly
poured and stirred for 30 s at room temperature. After settling for 20
min without stirring, the PAH-doped CaCO; microparticles were
centrifuged and washed with water to remove residual PAH and salts.
The PAH-doped CaCO; microparticles were then alternately
suspended in Alg-DA solution (7 mL, 1.5 mg mL™") for 20 min and
Ti-BALDH solution (7 mL, 40 mM) for S min. LbL microcapsules
with the bilayer architecture of (Alg-DA/Ti), were prepared, where n
was the number of bilayers. One bilayer was constructed by depositing
an Alg-DA layer, followed by a Ti layer. The capsules were rinsed with
water three times after each layer deposition. The Ti(IV)-catecholate
hybrid microcapsules were obtained by removing the CaCOj; cores in
an EDTA solution (50 mM, pH 7.0).

Encapsulation of CAT inside Hybrid Microcapsules. Six
milligrans of CAT was dissolved in 1 mL of Tris-HCI buffer solution
(50 mM, pH 7.0). The enzyme solution was added into the 4 mL of
0.33 M CaCl, solution. The CAT-encapsulated hybrid microcapsules
were prepared following the same procedure as described above.
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Covalent Attachment of CAT onto the Hybrid Micro-
capsules. The as-prepared hybrid microcapsules with Alg-DA as
outermost layer were lyophilized prior to utilization. Then, 3 mg of the
microcapsules were suspended in 8 mL 0.2 mg mL™" of CAT solution
in Tris-HCl buffer solution (50 mM, pH 7.0) for 8 h at room
temperature to allow covalent attachment of the enzyme molecules
onto the microcapsule surface.

Characterizations. SEM images of the microcapsules were
recorded by using an environmental scanning electron microscope
(ESEM, Philips XL30) and a field-emission scanning electron
microscope (FESEM, Nanosem 430). Elemental analysis of the
microcapsules was accomplished by energy dispersive spectroscope
(EDS) attached to ESEM. TEM observation of the microcapsules was
performed on a JEM-100CX II instrument. Elemental compositions of
the Alg-DA polymers were performed by Elementar Vatio EL CUBE.
The zeta-potentials of microparticle surface were measured in water
using a Brookhaven zeta-potential analyzer. Three parallel measure-
ments were conducted for each sample, and the absolute errors were
not exceeding +4 mV. A contact angle goniometer (JC2000C Contact
Angle Meter, Powereach Co., Shanghai, China) was used to measure
the contact angle of multilayers. Fluorescence microscope images of
microcapsules were taken using an Olympus BXS1 microscope with a
100X oil immersion objective lens (Olympus, Tokyo, Japan). UV—vis
spectra of the Alg-DA polymer solutions were monitored at
wavelengths from 191 to 400 nm at a scan rate of 800 nm min~" by
UV—vis (Hitachi U-3010) spectrophotometer. The enzyme concen-
tration was measured by UV—vis (Hitachi U-3010) spectrophotom-
eter. Thermogravimetric analysis (TGA) was performed on a Perkin-
Elmer Pyris analyzer.

Loading Capacity. The amount of immobilized CAT was
determined by measuring the final concentrations of CAT with
washing solution using Coomassie Brilliant Blue reagent, following the
Bradford’s method.”

The loading capacity was determined according to eq 1

(m _WCIVI) (1)

where M (mg g™') represented the loading capacity; m (mg) was the
amount of CAT introduced into the immobilization medium; C, (mg
mL™") and V; (mL) were the enzyme concentration and volume of the
washing solution, respectively; W (g) was the weight of the
microcapsules.

Leakage Ratio and Activity Assay. The leakage ratio of CAT
was defined as the ratio of cumulative leakage amount of CAT to initial
amount of encapsulated CAT. To examine the leakage of CAT from
hybrid microcapsules, CAT-containing microcapsules were added into
7 mL buffer solution of Tris-HCI (50 mM, pH 7.0), and incubated for
48 h at room temperature under mild shaking. The mixture was then
centrifuged, and the content of CAT in the supernate was determined
by the Bradford’s method using Coomassie Brilliant Blue reagent.

The activity of immobilized enzyme or free enzyme was determined
spectrophotometrically by measuring the decrease in the absorbance of
hydrogen peroxide at 240 nm due to the enzymatic decomposition.*
Briefly, the immobilized enzyme (or free enzyme) was added to 19.58
mM H,0, in Tris-HCI (50 mM, pH 7.0) at 20 °C under stirring. After
S min, the decrease in absorbance at 240 nm was recorded and the
enzyme activity was calculated according to eq 2

f
| msofenzyme
g of support

CAT

2H,0, — 2H,0 + O, (2)
one unit of CAT will decompose 1 ymol of H,0, per min at pH 7.0
and 20 °C. The relative enzyme activity was calculated by comparing
the activity of immobilized enzyme with that of equal amount of free
enzyme.

Kinetic Parameters (K., and V,,.,). K, and V,,, for the free and
immobilized enzymes were determined using the Michaelis—Menten
model, given by eq 3
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where V (mM min™') was the initial reaction rate, [S] (mM) was the
initial substrate concentration, V,,,, (mM min™") was the maximum
reaction rate attained at infinite initial substrate concentration and K,
(mM) was the Michaelis—Menten contant.

To determine the K, and V., the activity assay was applied to
different hydrogen peroxide concentrations from 3 mM to 35 mM.
Enzyme activity was determined at 30 °C in Tris-HCI (50 mM, pH
7.0). Kinetic parameters for both the free and the immobilized CAT
were calculated accordingly.

Stabilities. The immobilized CAT was collected after each reaction
batch, and washed with Tris-HCl (50 mM, pH 7.0) to remove any
residual substrate and then added to the next reaction cycle. The
reusability stability of immobilized CAT was explored by measuring
the enzyme activity in each successive reaction cycle and expressed by
recycling efliciency.

The effects of pH and temperature on the activity for free and
immobilized CAT were determined by measuring the residual activity
of enzyme at 30 °C in Tris-HCI (S0 mM, pH 7.0) after being exposed
to different temperatures (25—70 °C) and pH (4.0—9.0) in S0 mM
Tris-HCI for 3 h.

Free and immobilized CAT were stored in Tris-HCI (S0 mM, pH
7.0) at 4 °C for a certain period of time. The storage stability was
compared in terms of storage efficiency defined as the ratio of the
activity of free or immobilized enzyme after storage to their initial
activities.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Dopamine-Modi-
fied Alginate. Dopamine-modified alginate (Alg-DA) was
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Figure 1. Schematic of representation of the synthesis process of
dopamine modified alginate (Alg-DA).

synthesized using EDC/NHS chemistry as illustrated in
Figure.l. EDC reacted with the carboxylic groups on alginate
to form an O-acylisourea intermediate which was very unstable
and susceptible to hydrolysis. The addition of NHS could
stabilize the O-acylisourea intermediate by converting it to an
amine-reactive NHS ester (succinimidyl ester). Then, the
amine-reactive ester reacted with dopamine to form the Alg-DA
polymers. During the reaction, N, was used as protection gas in
order to avoid the self-polymerization of dopamine. The graft
ratio of dopamine was controlled by varying the molar ratio of
dopamine to alginate. The as-synthesized Alg-DA polymers
were gray fibrous solids and became colorless when dissolved in
water.
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UV-—vis spectra of the Alg-DA polymer solutions were
monitored, and shown in Figure.2a. After grafting with
dopamine, a new peak appeared at 280 nm and strengthened
as the dopamine content increased. The new peak was ascribed
to the stretching of the catechol groups from dopamine.®"**
This result validated the successful synthesis of alginate
conjugated with different content of dopamine.

To determine the graft ratio of the Alg-DA polymers, the C,
N, and H elements were detected by combustion analysis. The
N/C ratios were listed in Table 1. The N element was from the
amine groups of dopamine (CgH;;NO,), and the C element
was from both alginate (monomer: C4H,NaO;) and dopamine.
Therefore, the graft ratio was determined according to N/C
ratio, given by eq 4

y _ 6N/C
x+y 1-8N/C

graft ratio =

(4)

where y represented the number of modified alginate
monomers, x represented the number of unmodified alginate
monomers, 6 and 8 were the numbers of carbon atoms in
alginate monomers and dopamine, respectively. As shown in
Table 1, the higher the content of dopamine, the higher the
graft ratio formed and thus the more binding sites for Ti(IV)
ions. The graft ratio could reach 42% when the molar ratio of
dopamine to alginate was 2.0.

Upon addition of Ti-BALDH to Alg-DA polymers solution,
an immediate color change from transparent to yellow (see
Figure 2b) was observed, indicating coordination of catechol to
the Ti*" ion. Moreover, the color of the mixture deepened with
the increasing of the graft ratio of Alg-DA polymers. The higher
graft ratio the Alg-DA polymers, the more coordination
complexes generated, hence a deeper color of the mixed
solution. Wilker et al.>* mentioned that the vivid yellow species
was coordination complexes with three catecholate ligands
bound to a Ti*" ion. Actually, the charge of Ti*' resulted in high
affinity toward ligands with negatively charged and hard oxygen
donor groups. This high affinity resulted in only partial
formation of Ti(IV) bis-catecholate prior to facile generation of
Ti(IV) tris-catecholate.*®

Fabrication and Characterization of Hybrid Micro-
capsules. A viable approach to construct the hybrid
microcapsules metal-catecholate coordination-based has been
demonstrated. Iron(III)-catecholate complexes are widely
distributed in biological systems. However, the solubility of
Fe®" is very low at alkaline and neutral pH (at pH 7, only 1 X
107'® M aqueous Fe*" is present in solution,>* a slight deviation
of pH values to the alkaline side leads to the precipitation of
iron hydroxide). Ti is similar to Fe in the capability to form
high valent ions. The strong Lewis acidity of Ti* ions, in turn,
leads to greater affinities toward the highly electronegative
catecholate.®® Therefore, titanium(IV) is chosen to construct
hybrid microcapsules instead of iron(III). Simultaneously, the
catechol ligand has the optimal geometry for binding to Ti ions;
resulting in ring coordination complexes of catecholate type
(binuclear bidentate binding—bridging) thus generates the six-
coordinated octahedral geometry of Ti ions.

The Ti(IV)-catecholate hybrid microcapsules were obtained
by deposition from aqueous solution onto PAH-doped CaCO;,
particles as shown in Figure.3. The PAH-doped CaCOj; were
prepared via coprecipitation and ready as sacrificial templates
for the subsequent preparation of microcapsules. The obtained
microparticles were alternately suspended in Alg-DA and Ti-
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Figure 2. (a) UV—vis spectra of Alg-DA, aqueous solutions; (b) solution images of Ti-BALDH and Alg-DA, (x = 0.0,0.5, 1.0, 2.0).

Table 1. Graft Ratio of Dopamine-Modified Alginate (Alg-
DA)

molar ratio alginate to dopamine

1:0.5 1:1.0 1:2.0
N/C*100 3.84 3.93 449
graft ratio (%) 333 34.4 42.0

% Ti-BALDH
§ —>

PAH ~— Alg-DA>Gs- Ti4+ e

304

Figure 3. Schematic representation of the fabrication process of hybrid
PAH-doped
CaCO;

microcapsules.
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Figure 4. Zeta-potentials as a function of layer number during the LBL
deposition of Alg-DA,, and Ti(IV) on PAH-doped CaCO; micro-
particles in water (25 °C, pH7.0).

BALDH solution to form (Alg-DA/Ti), layers. After that, an
additional Alg-DA layer was deposited, yielding the (Alg-DA/
Ti),..05 microparticles with Alg-DA as the outermost layer. The
final hybrid microcapsules were obtained after removing the
CaCO; templates.

To confirm deposition of Alg-DA or Ti(IV) onto the
particles, zeta-potential measurements on PAH-doped CaCO;
particles prior to and after deposition of different layers were
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Figure 6. Variations in water contact angles during the construction of
the (Alg-DA,,/Ti), multilayer on the hydrolytic PAN film. Layer 0
indicates the precoated PEI film.

performed in aqueous solution as shown in Figure.4. The bare
PAH-doped CaCO; particles were positively charged (30.7
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Figure 7. SEM, TEM (inset) and EDS images of (Alg-DA,/Ti),s: (a)
x = 0.5, (b) x = 1.0, (c) x = 2.0; FESEM images of (Alg-DA,/Ti),
microcapsules, (d) n = 1.5, (e) n =25, (f) n=3.5, (g) n =45.
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Figure 9. TGA curves of (Alg-DA, /Ti), microcapsules.

Figure 10. Fluorescence microscope images of (a) FITC-labeled
CAT-encapsulated microcapsules, (b) FITC-labeled CAT-attached
microcapsules.

Table 2. Kinetic Parameters of Free, Encapsulated and
Covalently Attached CAT

K, (mM) Vipax (mM min™")
free 41.13 27.94
covalently attached 42.32 2524
encapsulated 67.52 19.12

mV) ensuring the deposition of the negatively charged Alg-
DA, o, whereas the zeta-potential of CaCOj; particles was —28
mV in the absence of PAH.*® The doping of PAH endowed the
surface of CaCO; particles with positive charge. After
deposition of the negatively charged Alg-DA,, surface charge
of the 0.5-bilayer particles inverted to slightly negative (—11.8
mV), indicating that the deposition of Alg-DA,, layer was a
result of electrostatic interactions and hydrogen bonds.
Subsequently, suspension of the particles in Ti-BALDH
solution changed the surface charge of (Alg-DA,,/Ti); from
—11.8 to —20.7 mV, inferring that the Ti*" coordinated with
Alg-DA, at the particles surface. Further suspension of the
particles in Alg-DA,,, surface charge of the (Alg-DA,,/Ti);
changed to —31.6 mV, indicating that the Alg-DA,, reacted
with Ti* again. These particles were negatively charged
indicated that LbL assembly did not depend on electrostatic
interaction. It was worth mentioning that the surface charge of
1.5-bilayer particles was much higher than that of 0.5-bilayer
particles, although their outmost layers were the same (Alg-
DA, ). The carboxyl groups were more acidic than the catechol
groups, suggesting its higher affinity toward the positive PAH-
doped CaCOj; particles. As for the 0.5-bilayer particles, the
carboxyl main chains of Alg-DA,, oriented to the PAH-doped
CaCQj; particles, and the catechol side chains oriented outward,
rendering the particles low surface charge. As for the 1.5-bilayer
particles, the catechol side chains of the outer Alg-DA, layer
oriented inward in order to bind Ti(IV) ions. Therefore, the

dx.doi.org/10.1021/am300559j | ACS Appl. Mater. Interfaces 2012, 4, 3476—3483
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Figure 11. (a) Relative activity (%) represented the ratio of residual activity to initial activity of each sample; (b) Activity at pH 7.0 was normalized
to 100%; (c) relative activity (%) represented the ratio of residual activity to highest activity of each sample; (d) activity of the first day was

normalized to 100%.

main chains-containing the more negative carboxyl groups
endowed the 1.5-bilayer particles higher surface charge. The
phenomenon was attributed to the coordination geometry that
metal ion could orient the organic ligands in space.*®

To further investigate the layer build-up procedure, multi-
layer film based on LbL assembly and metal—organic
coordination was prepared. A quartz plate (size 25 mm X12
mm X1 mm) was cleaned with the RCA cleaning solution
(5:1:1 H,0:H,0, (30%):NH; (25%)) at 60 °C for 30 min,
rinsed with deionized water and dried under a stream of
nitrogen gas. The clean slides were first immersed in PEI
solution (5 mg mL™") for 30 min to form the self-assembled
monolayer terminated with —NH, functional groups at the
exposed surface. The precoated PEI slides were then alternately
immersed in Alg-DA, , solution (1.5 mg mL™", 20 mL) and Ti-
BALDH (40 mM, 20 mL) solution for 5 min. The substrates
were washed with water and dried with a nitrogen stream after
each immersion. By repeating the above procedure, PEI—(Alg-
DA, /Ti),, multilayer films were prepared. The assembly
procedure was characterized by UV—vis spectra. Figure.5a
showed the UV—vis spectra of the (Alg-DA,,/Ti), films (n =
0.5—5.5). The absorbance at 206.5 nm vs the number of bilayer
was plotted in Figure.Sb. The growth of the film exhibited a
good linear correlation with correlation coefficients of R* =
0.9997 and R* = 0.9984 for assembly of Ti layer and Alg-DA
layer, respectively, suggesting the formation of a micro-
structurally regular multilayer structure. The metal—organic
coordination interactions were responsible for the LbL
deposition between the Ti ions and the Alg-DA polymer.

Wettability of the multilayer film after each assembly was
investigated by measuring the water contact angles as shown in
Figure 6. Five measurements at different spots were carried out
for each specimen and the accuracy of the measurement was =+
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2°. Before the construction of the (Alg-DA,/Ti), multilayer,
PAN films (size 25 mm X60 mm) were first hydrolyzed with 1
M NaOH solution at 60 °C for 2 h. The contact angles
alternated between Alg-DA-terminated and Ti*'-terminated
layers, indicating regular formation of a multilayer. The contact
angle of the Alg-DA-terminated layer was lower than that of
Ti*"-terminated layer due to the higher hydrophilicity of the
Alg-DA than the coordination complexes.

Figure 7a-c showed SEM and TEM images of (Alg-DA,/
Ti), s with x = 0.5, 1.0, and 2.0. SEM images showed the hybrid
microcapsules with a diameter of ca. S ym. The microcapsules
were flattened and collapsed but not ruptured during drying
due to interior water evaporation. TEM images further
confirmed the hollow and unbroken structure. The graft ratio
of dopamine modified alginate had a significant effect on the
capsule shell thickness. Figure 7d—g showed the FESEM
images of (Alg-DA,,/Ti), with n = LS5, 2.5, 3.5, 4.5. After
drying, microcapsules with n = 1.5, 2.5 exhibited the
morphology of folds and creases but not ruptured, suggesting
the hollow structure. Microcapsules with n = 3.5, 4.5 kept a
regular spherical shape, indicating that the shell of hybrid
microcapsules had strong mechanical strength. The coordina-
tion of titanium ion between layers rendered the hybrid
microcapsules with appropriate structural flexibility and
mechanical strength.

Energy dispersive spectroscopy (EDS) analysis of the (Alg-
DA,/Ti), 5 with x = 0.5, 1.0, and 2.0 indicated the presence of
C, O, and Ti elements (see Figure 7a—c). The peak intensity of
Ti element increased with gradually increasing graft ratio of
Alg-DA polymers. Because a higher graft ratio of Alg-DA
polymer would afford more catechol moieties to combine more
Ti(IV) ions, the Ti/C atom ratio of Alg-DA,s microcapsules
(0.082) was less than that of Alg-DA, , microcapsules (0.109).
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The mechanical stability of microcapsules was assessed by
the method of penetrated pressure in different concentration of
PSS aqueous solution. About 200 microcapsules were inspected
at each PSS concentration. Microcapsules kept their initial
shape at low PSS concentrations, and microcapsules broke or
shrunk at high PSS concentrations. The large PSS molecules
(MW ca.70 000) could not pass through the microcapsule shell.
The shrinking/buckling of hollow capsules was caused by
excess osmotic pressure of the outer PSS solution. The
percentage of deformed microcapsule was an indication of the
mechanical stability of microcapsules. As shown in Figure 8,
90% and 60% of (Alg-DA,,) and (Alg-DA,,/Ti); micro-
capsules were deformed in 20 w/v% PSS solution. In 40 w/v%
PSS solution, (Alg-DA,,) microcapsules were totally broken,
whereas only ~30% and ~20% of (Alg-DA,,/Ti),s and (Alg-
DA, /Ti), s microcapsules were shrunk but not broken. The
mechanical stability of the microcapsules was significantly
improved by Ti(IV)-catecholate coordination between layers.
Moreover, the mechanical stability of microcapsules increased
with the increase of layers. Besides, the mechanical stability of
hybrid microcapsules was higher than that of capsules prepared
with only polyelectrolytes.

To further testify the coordination effect of Ti(IV) ions,
TGA curves(see Figure 9) of microcapsules coated with
different layers were compared. In the present investigation,
heating rates were suitably controlled at 10 °C min~"' under
nitrogen atmosphere with flow rate 20 mL min~' and the
weight loss is measured from the ambient temperature up to
800 °C. Because organic material cannot be completely
combusted under N, atmosphere, the residue mass of Alg-
DA, , microcapsules without Ti was 26.79wt.-% and the residue
of (Alg-DA,,/Ti), (n > 0.5) was composed of both carbon
(ash) and TiO,. TGA showed that the residue weights of (Alg-
DA, /Ti), and (Alg-DA, ,/Ti), s were 60.14 wt % and 62.15 wt
% much higher than 26.79 wt % of (Alg-DA, ) microcapsules.
According to the thermal decomposition of (Alg-DA,,)
microcapsules, the drastic weight loss temperature at 221.5
°C corresponded to the stripping of the aromatic ring of the
side chain. The TGA curve for (Alg-DA,(/Ti); microcapsules
did not show the drastic weight loss at 221.5 °C while showed a
slight weight loss peak at 560 °C. Besides, the thermal
degradation for (Alg-DA,(/Ti),s, (Alg-DA,/Ti),, and (Alg-
DA, /Ti),s microcapsules did not show any drastic weight
loss. The above results confirmed that the thermal properties
were reinforced by the coordination effect of Ti(IV) ions.
Moreover, the thermal stability of microcapsules increased with
the increase of layer number. Especially, thermal stability was
improved greatly after assembling a titanium layer.

Activities and Stabilities of Immobilized Enzymes. To
demonstrate the feasibility of LbL assembled hybrid micro-
capsules as enzyme immobilization supports, CAT-encapsu-
lated and CAT-attached microcapsules were individually
prepared. The CAT was encapsulated inside microcapsules
via coprecipitation of CaCO;. The outmost layer of the as-
prepared hybrid microcapsules was Alg-DA polymer on which
the catechol groups provided a convenient route to immobilize
enzyme through amine-catechol adduct formation. Conse-
quently, CAT was covalently attached onto the microcapsules
via coupling between catechol and enzyme amine.””*” The
activity and stability of the CAT encapsulated in or covalently
attached to the (Alg-DA,,/Ti),s microcapsules were inves-
tigated in the subsequent experiments.

3482

Images a and b in Figure 10 showed the fluorescence
microscope images of FITC-labeled CAT-encapsulated and
FITC-labeled CAT-attached microcapsules. The fluorescence
signals revealed the successful encapsulation of CAT inside
microcapsules (see Figure 10a) and covalent attachment of
CAT onto the surface of the microcapsules (see Figure 10b).

The loading capacity of CAT encapsulated inside micro-
capsules achieved 450—500 mg g~' dry microcapsules, and that
of the covalently attached CAT onto the microcapsules
achieved 100—150 mg g™" dry microcapsules.

The relative enzyme activity of encapsulated and covalently
attached CAT retained 34 and 65% of free enzyme activity,
respectively. The decrease of enzyme activity could be a result
of some denaturation and increased diffusion resistance of
substrate to immobilized enzyme. The relative activity of
covalently attached CAT was higher than that of encapsulated
CAT because of the reduced inner diffusion limitation. Besides,
the high loading inside the hybrid microcapsules might also
prevent the use of all CAT present. Furthermore, no leakage of
CAT encapsulated inside microcapsules was detected, validat-
ing the Ti(IV) ions coordination effectively avoided the leakage
of enzyme.

Kinetic parameters were measured for free, encapsulated and
covalently attached CAT at 25 °C, pH 7.0. The Michaelis
constant (K,,) and the maximum reaction rate (V) were
calculated from Lineweaver—Burk plots (the data was not
shown here). The values of K, and V,,,, were listed in Table 2.
The lower value of K., indicated the higher affinity of enzyme
toward substrate.®® The comparable K, values for free and
covalently attached CAT (41.13 mM vs 42.32 mM) indicated
almost the identical affinity toward the H,O, molecules. It can
be derived that the three-dimensional conformation and active
sites of the enzyme were well-preserved. In contrast to free
CAT, the low K, values indicated that the affinity of
encapsulated CAT toward substrate was slightly influenced
because of additional diffusion resistance occurring in the
encapsulation method. The V. value reflected the intrinsic
characteristic of the immobilized enzyme but may be affected
by diffusion constrains.”* The covalently attached CAT
molecules were located on the outer surface of supports,
therefore, achieved almost the identical V, ,, values compared
to that of free CAT. In contrast, the V, value for encapsulated
CAT was lower than that of free CAT, indicated that the inner
diffusion lowered the accessibility of substrates to the active
sites on enzyme molecules.

Figure 11a. showed the stability that was very important for
immobilized enzymes in view of their potential industrial
applications. The recycling stability was investigated by
conducting successive batches of H,0, decomposition. The
encapsulated and covalently attached CAT retained about 60%
of its initial activity after 8 and 13 batches, respectively. The
decrease in activity was due to the mass loss of microcapsules
during the centrifugation.

The stabilities of free, encapsulated, and covalently attached
CAT against extreme pHs (4—9), heat (25—70 °C) and storage
time were probed. The encapsulated and covalently attached
CAT both showed higher activities over a wider pH range than
free CAT counterpart (see Figure 11b). As for thermal stability,
free CAT lost about 70% of its activity whereas the
encapsulated and covalently attached CAT separately lost
about 50 and 30% of their activities after 3 h preincubation time
at 50 °C (see Figure 11c). The results suggested the enhanced
thermal stability after immobilization. At last, the storage
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stabilities for both the encapsulated and covalently attached
CAT were significantly higher than that for free CAT (see
Figure 11d). And this result indicated that both immobilization
methods could effectively maintain enzyme activity. Specifically,
the encapsulated CAT retained 82% of its initial activity after
storing for 40 days, indicating that the microcapsules provided
an appropriate environment for enzyme molecules. Moreover,
the stabilities of CAT immobilized in the hybrid microcapsules
were higher than the microcapsules prepared with only
polyelectrolytes, which usually swell severely and even partly
or totally dissolve responding to a change of pH, salt
concentration, and temperature.

B CONCLUSIONS

A novel approach to polymer-inorganic hybrid microcapsules
was developed by incorporating metal—organic coordination
into LbL assembly. The dopamine-modified alginate and
titanium(IV) bis(ammonium lactato) dihydroxide were alter-
natively deposited on CaCOj; templates. The Ti(IV)-
catecholate coordination enabled the robust and controllable
self-assembly. Accordingly, the shell thickness and the
consequent physical/chemical properties of the hybrid micro-
capsules could be tuned by the number of deposited layers. The
hybrid microcapsules have been demonstrated as the efficient
and stable carriers for enzyme immobilization, the encapsulated
enzyme acquired high catalytic activity while the covalently
attached enzyme exhibited significantly improved recycling
stability. Because of the ubiquity of metal—organic coordination
and the wide applicability of LbL self-assembly, this approach
may be useful for preparing a variety of polymer—inorganic
hybrid materials with tailored structures and different proper-
ties.
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