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Shell cross-linked hollow polyelectrolyte microcapsules composed of hyaluronic acid (HA) and poly-L-lysine
(PLL) were prepared by layer-by-layer (LBL) adsorption and subsequent core removal by a reductive agent.
Disulfide cross-linked HA microgels were used as template core materials for the LBL deposition on the surface
and removed by treatment of dithiothreitol at neutral pH condition. HA/PLL polyelectrolyte multilayers on the
shell were chemically cross-linked via carbodiimide chemistry, and their physicochemical properties and drug
release behaviors were investigated. Shell cross-linked HA/PLL polyelectrolyte microcapsules exhibited far
enhanced physical stability against freeze-thaw cycles and acidic pH conditions compared to the un-cross-linked
ones. The cross-linked HA/PLL multilayer shell also demonstrated pH responsive permeability, which became
more permeable at low pH than at neutral pH. When bovine serum albumin (BSA), as a model protein drug, was
loaded inside using the pH-dependent permeability, BSA release profiles from the microcapsules could be readily
modulated by varying medium pH values or adding an HA digesting enzyme (hyaluronidase) in the incubation
medium.

Introduction

Polymeric microcapsules composed of polyelectrolyte mul-
tilayers have drawn much interest during the past few years
due to their versatile uses in drug delivery systems and
microreactors for synthesis of inorganic particles.1–6 Develop-
ment of a layer-by-layer (LBL) self-assembly technique allows
an easy and cost-effective method for preparing polyelectrolyte
multilayer capsules. Electrostatic interactions between oppositely
charged polyelectrolytes enable alternating adsorptions of
charged polymer species onto the surface of core materials.
Hollow multilayered polyelectrolyte microcapsules can be
readily obtained after removing the core materials. The phys-
icochemical properties of these LBL microcapsules are well-
characterized in many previous studies.7–9

Among these microcapsules, environmentally responsive
polyelectrolyte microcapsules can serve as ideal materials for
drug delivery applications, since smart drug delivery systems
often require a countertalk with an external stimulus.10,11

Depending on the selection of layer materials, hollow micro-
capsules could exhibit distinct and reversible changes in physical
properties such as size, shape, and permeability in response to
external stimuli such as pH, salt, light, and metabolites.9,12–14

Particularly, multilayered microcapsules exhibiting a pH-
responsive permeability change are of interest for many drug
delivery applications.15,16

However, the LBL microcapsules primarily fabricated from
relatively weak electrostatic interactions between cationic and
anionic polymers often exhibit inherent structural instability and
lack of biocompatibility, limiting their practical applicability.
It is essential to prepare robust microcapsules that show resilient
properties against various environmental stresses such as pH,
ionic strength, and freeze/thawing. One of the promising

methods to improve the stability of polyelectrolyte LBL
microcapsules is to covalently cross-link LBL multilayered
walls.17–19 For instance, LBL microcapsules composed of
poly(acrylic acid) (PAA) and poly(allylamine hydrochloride)
(PAH) were shell cross-linked before core removal by EDC to
improve capsule stability.18 Photosensitive diazoresin was
incorporated in the LBL multilayer that was cross-linked later
by UV radiation to confer better stability against solvent etching
and osmotic pressure.19 Biocompatibility of polyelectrolyte
materials is also a major concern when they are used as drug
carriers. Naturally occurring anionic polysaccharides such as
hyaluronic acid (HA) and alginate in combination with cationic
peptides and polysaccharides were used to fabricate more
biocompatible LBL multilayers.20–22 In fact, HA is a major
constituent of extracellular matrix composed of N-acetyl-D-
glucosamine and D-glucuronic acid and exhibits excellent
biocompatibility and biodegradability which can be widely used
for many drug delivery applications.23

Previously we reported HA spherical nanogels for delivery
of siRNAs by self-cross-linking of thiolated HA using an inverse
emulsion method.24 In this study, disulfide cross-linked HA
microgels were fabricated by an inverse suspension method,
onto which HA and poly-L-lysine were alternatively adsorbed
to form an LBL multilayer shell. The HA microgel cores were
then removed by using a reducing agent, followed by chemical
cross-linking of HA/PLL multilayers. It was expected that
reducible HA microgels, compared to the conventional organic
and inorganic core materials, not only could serve for anionic
temporal templates for LBL multilayer growth but also offer
the opportunity for encapsulation of various macromolecular
drugs.24,25 The cross-linked hollow HA/PLL microcapsules were
characterized in terms of structural stability against pH alteration
and freeze/thawing. Fluorescein isothiocyanate (FITC)-labeled
bovine serum albumin (BSA) was used as a model protein drug
to encapsulate within the microcapsules by utilizing pH-
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dependent change of permeability in the cross-linked LBL wall.
FITC-BSA release patterns from the HA/PLL microcapsules
were also examined by analyzing a fluorescence increase in the
incubating medium at different pH values and in the presence
of an HA digesting enzyme, hyaluronidase.

Experimental Section

Materials. Hyaluronic acid (HA) sodium salt (MW 17 and 64 kDa)
was purchased from Lifecore Biomedical (Chaska, MN). Poly-L-lysine
hydrobromide (PLL) (MW 39 kDa), FITC-dextran (150 kDa),
FITC-BSA (66 kDa), [1-ethyl-3-(dimethylamino)propyl]carbodiimide
hydrochloride (EDC), hyaluronidase, dithiothreitol (DTT), and cysta-
mine were all obtained from Sigma-Aldrich (St. Louis, MO). Cell
counting kit-8 (CCK-8) was obtained from Dojindo Laboratories
(Kumamoto, Japan). All chemicals were used as received. Water used
in all experiments was prepared by Millipore Milli-Q Plus system with
a resistivity higher than 18.2 MΩ cm. Rhodamine conjugated HA was
prepared by conjugating amino-rhodamine to the carboxylic groups of
HA as reported previously.24 FITC was conjugated to PLL as described
elsewhere.26

Preparation of Shell Cross-Linked Microcapsules. A schematic
illustration for preparation of hollow HA/PLL LBL microcapsules is
shown in Figure 1. Thiolated HA (MW 17k Da) was prepared by
reacting HA (500 mg) with an excess amount of cystamine (844 mg)
in the presence of EDC (716 mg) in 50 ml of PBS (pH 7.4) solution.
Cystamine having two primary amines linked by a disulfide linkage
was conjugated to carboxylic acid groups in HA. The cystamine
conjugated HA was treated with DTT (693 mg) for 12 h in 50 mL of
PBS (pH 7.4) solution to cleave the disulfide linkage, dialyzed
extensively against deionized water for 2 days, and freeze-dried. HA
was then analyzed by Ellman’s assay to determine the degree of thiol
incorporation, and estimated thiol modification ranged from 30 to
40%.24 Thiolated HA was dissolved in 4 mL of PBS (pH 8.0) solution
at a concentration of 10 % (w/v). The aqueous solution was slowly
added to 100 mL of hexane under vigorous stirring condition at 2000
rpm to generate a water-in-oil inverse suspension solution. To initiate
oxidative self-cross-linking of thiolated HA via the formation of
disulfide bonds, 200 µL of 5 % (v/v) H2O2 was added to the hexane
phase and the mixture was stirred for 3 h. Cross-linked HA microgels
were collected by centrifugation and washed three times with a mixture
of water/acetone (80:20 (v/v)). For the LBL polyelectrolyte deposition,

aqueous HA (MW 64 kDa, 5 mg/mL) and PLL-FITC (2 mg/mL)
solutions containing 0.15 M NaCl were prepared at pH 6.5 by adding
0.1 M NaOH or 0.1 M HCl. Alternative LBL adsorption of HA and
PLL onto the surface was conducted by incubating the HA microgels
in each polyelectrolyte solution for 10 min followed by centrifugation
at 1000 rpm and three washing steps with 0.15 M NaCl solution. After
the desired number of HA/PLL layers was deposited, LBL-coated HA
microgels were collected by centrifugation at 1000 rpm and incubated
in 100 mM DTT solution for 12 h at pH 7.0 with continuous shaking
to remove core HA microgels. The hollow microcapsules were washed
with 0.15 M NaCl solution for several times to remove residual HA,
and incubated in 5 % (w/v) EDC solution for 6 h to obtain shell cross-
linked microcapsules. The resultant microcapsules were collected by
centrifugation at 2000 rpm for 5 min, washed gently, and resuspended
in water for further analysis.

�-Potential Measurement. HA/PLL multilayer growth on the
surface of HA microgels was analyzed by measuring the �-potential
value of the LBL-coated microgels using a zeta potential measuring
instrument (Zeta-Plus, Brookhaven, NY). After each adsorption step,
LBL microgels were resuspended in 3 mL of deionized water and the
surface �-potential value was recorded (n ) 5). All measurements were
performed at pH 6.5.

Confocal Laser Scanning Microscopy (CLSM). Confocal images
of HA microgels and HA/PLL LBL polyelectrolyte microcapsules were
obtained using a confocal laser scanning microscope (LSM 510, Carl-
Zeiss Inc., USA) at an excitation wavelength of 488 nm for green
fluorescence and at an excitation wavelength of 543 nm for red
fluorescence, respectively. Cross-linked HA microgel cores were
visualized by using rhodamine-labeled HA (17 kDa), while LBL
polyelectrolyte multilayers formed on the surface were observed by
using FITC-labeled PLL. The structural integrity of the microcapsules
with and without shell cross-linking was examined under a confocal
microscope. Both cross-linked and un-cross-linked microcapsules were
treated with three cycles of freezing/thawing for verifying the enhanced
mechanical and thermal stability of cross-linked capsule walls, while
the capsule stability upon pH changes were also tested under a confocal
microscope as a function of incubation time in acidic pH condition
(pH 2.0). For determination of pH-dependent permeability, shell cross-
linked polyelectrolyte capsules were incubated with 2 mg/mL of
FITC-dextran (MW 150 kDa) for 15 min at two different pH
conditions. The images were taken under acidic (pH 2.0) and neutral
(pH 7.0) conditions.

BSA Release from Hollow HA/PLL Microcapsules. To determine
pH-dependent and enzyme-mediated sustained release patterns of
FITC-BSA (MW 66 kDa), HA/PLL microcapsules were incubated
with FITC-BSA (2 mg/mL) solution at pH 5.0 for 2 h. After
FITC-BSA was encapsulated, the microcapsules were washed gently
with PBS (pH 7.0) solution and re-collected by centrifugation at 2000
rpm for 3 min. Collected microcapsules were resuspended with 10 mL
of PBS (pH 7.0) solution, then 200 µL of the microcapsule suspension
was distributed into the Transwell (6.5 mm diameter, 0.4 µm pore size,
polycarbonate membrane, Corning Inc., Corning, NY). Each Transwell
was placed in 24-well plates with 1 mL of buffer solution added in
each well. Cumulative BSA release at two different pH conditions was
evaluated at varied time points using a fluorophotometer. After the
microcapsules were incubated at desired time periods, the Transwell
was removed from the 24-well plates and the supernatant was collected
for fluorescence measurement. The standard curve was generated using
a stock of solution of 2 mg/mL of FITC-BSA and three repeated
experiments were performed to generate mean and standard deviations
of cumulative BSA release from the microcapsules. The enzyme-
dependent release of BSA from the microcapsules was similarly
obtained except for adding different amounts of hyaluronidase (10 or
50 U/mL) in buffer solution at pH 7.0.

Cytotoxicity Test. To evaluate cytotoxicity of HA/PLL microcap-
sules, NIH3T3 and C2C12 cells were used. The cells were cultured in
DMEM supplemented with 10% fetal bovine serum and plated in a

Figure 1. Schematic illustration for fabrication of cross-linked hollow
LBL HA/PLL microcapsules.
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96-well flat-bottomed plate with a density of 5000 cells per well. After
24 h incubation, 50 µL of microcapsules suspension with various
concentrations was added into each well. After the microcapsules were
incubated for 3 days, a number of viable cells were counted using the
CCK-8 cell viability assay kit.26

Results and Discussion

Preparation of Shell Cross-Linked Hollow Microcap-
sules. Thiol-conjugated HA (MW 17k Da) was used to fabricate
core templates for the LBL adsorption. Oxidative self-cross-
linking between the HA chains readily occurred via the
formation of disulfide linkages within the aqueous droplets
dispersed in the continuous hexane phase. The resulting HA
microgel beads had an average diameter of 16.2 ( 8.3 µm (n )
30) and the self-cross-linked microgels were easily disintegrated
by addition of DTT (100 mM) within a few hours at neutral
pH condition. The reducible hydrogel cores as LBL template
materials have several distinctive advantages over conventional
organic and inorganic core materials such as polystyrene,
melamine formaldehyde (MF), and MnCO3 particles. The
reducible HA microgels, after the LBL deposition on the surface,
can be easily removed under mild reductive aqueous conditions.
For the organic and inorganic particles, more harsh processing
conditions were employed to completely dissolve out the core
materials. For example, polystyrene cores were often removed
by an exposure to organic solvents, and inorganic cores were
removed under highly acidic conditions such as 0.1 M HCl.7–9,27

During the harsh core removal process, LBL capsule wall
properties including permeability were drastically changed due
to their instability in extreme conditions.9,28 In conjunction with
the mild core removal condition, reducible hydrogel cores offer
another merit for the encapsulation of bioactive molecules before
the LBL adsorption. Bioactive macromolecular drugs such as
proteins, peptides, and genes can be co-dissolved in the thiolated
HA solution and encapsulated into the hollow LBL microcap-
sules after the core removal.24 Hollow LBL microcapsules
containing the drug molecules inside can be also utilized as a
reservoir-type controlled-release system.29 This type of drug
release system can offer sustained release of various drugs in a
prolonged period.

Previously, various cross-linked hydrogel cores, such as
Ca-alginate and dextran-HEMA hydrogels were used to grow
LBL polyelectrolyte multilayers on the surface to modulate drug
release rates from the core.22,30 The core hydrogel beads were
removed by using calcium chelating agents or chemical
degradation under acidic conditions to fabricate hollow LBL
microcapsules. Alternatively LBL multilayer coated alginate
hydrogel beads were used without removing the core as a
monolithic matrix-type delivery system.31 Those systems could
attain more sustained drug release profiles by coating a LBL
multilayer on the surface, which functioned as an additional
diffusion barrier with fine tunability. Although the removable
hydrogel cores were already used for the fabrication of hollow
capsules as sacrificial templates, the reducible HA microgel
beads used in this study are more biocompatible materials for
drug delivery applications and completely dissolved out using
reducing agents, compared to the previously reported hydrogel
core materials.

At physiological pH, the oppositely charged two polymers
(HA and PLL) are known to form a LBL multilayer film as
reported ealier.32–34 It was reported that serial deposition of HA/
PLL allowed an exponential layer growth in an early stage,
followed by a linear growth phase after a certain number of
depositions. In this study, serial deposition of HA/PLL

polyelectrolyte layers on the HA microgels was obtained and
evaluated by measuring the �-potential values after each
adsorption cycle (Figure 2A). Surface �-potential value of
anionic HA microgels was -7.8 ( 2.6 mV at pH 6.5 (n )
5). The �-potential value increased to 36.8 ( 3.1 mV after
one cycle of PLL adsorption but decreased to -18.2 ( 5.4
mV, a more negative value than the bare HA microgels, after
depositing HA onto the PLL adsorbed HA microgels.
Alternative assembly of oppositely charged polymers onto
the HA microgels exhibited a cyclic change in �-potential
values after each adsorption, revealing that HA and PLL were
successively adsorbed to form an LBL multilayer shell onto
the surface of HA microgels. After constructing 10 HA/PLL
bilayers on the surface, inner HA microgel cores were
removed via reductive cleavages of the disulfide linkages by
treatment of DTT at neutral pH. The core removal process
was preformed before the shell cross-linking to avoid any
undesirable cross-linking reactions between the HA core
templates and HA/PLL multilayers. Hollow HA/PLL micro-
capsules were then collected by centrifugation and dispersed
in 5 % (w/v) EDC solution for 6 h to cross-link the capsule
walls by generating stable amide bonds between primary
amine groups of PLL and carboxylic groups of HA.17,18,28

The preparation of hollow-shell cross-linked microcapsules
has been visualized under a confocal microscope (Figure
2B-D). In panels B and C of Figure 2, HA microgels
conjugated with rhodamine dye and those coated with an FITC-
labeled PLL/HA LBL shell layer are presented, respectively. It
can be seen that LBL multilayer-coated HA microgels have a
green corona layer (about 2 µm) surrounding a red HA microgel
inner core. A rather thick shell layer observed can be attributed
to the exponential growth of HA/PLL multilayer mainly caused
by dynamic diffusion process of adsorbed polyelectrolytes in
the early LBL cycles, along with penetration of the polyelec-
trolyte layers in the HA microgel core and sticking of HA
remnants to the capsules wall during the core dissolution
process.30,32 After DTT treatment, only a green shell layer can
be seen, confirming the complete removal of the HA core
materials (Figure 2D). The slightly enlarged size of the hollow
capsules after the hydrogel core removal might be caused by
increased osmotic pressure within the inner void spaces that
were filled with many ionic species.35 From the confocal images,
it can be concluded that the disulfide linkages between HA
chains are readily cleaved in the reductive mild condition. It
should be noted that the molecular weight of HA was an
important factor for the production of removable HA core
microgels, since high molecular weight HA could not be easily
leached out through the LBL multilayer shell. When thiolated
HA with high molecular weight (1.79 × 107 Da) was used to
fabricate the core materials, HA could not be removed after
the DTT treatment (data not shown). The result suggests that
the molecular weight of HA as a template material must be
taken into account when considering the fabricating hollow
microcapsules.

Stability and pH-Responsive Permeability of Cross-

Linked Hollow Microcapsules. The freeze/thaw and pH
stability of shell cross-linked LBL microcapsules were examined
by CLSM (Figure 3). After three consecutive cycles of freezing
and thawing, structural integrities of HA/PLL microcapsules
with/without cross-linking were comparatively observed under
a confocal microscope (Figure 3A). In the case of un-cross-
linked microcapsules, a repeated freezing and thawing process
completely disrupted the microcapsule walls with the production
of aggregated debris. On the other hand, cross-linked micro-
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capsules maintained their hollow structures after three cycles
of freezing/thawing, showing far enhanced stability against the
freezing/thawing stress. It is conceivable that during the freezing
process, water-filled hollow interiors encased by the weakly
charge-interacted LBL walls burst out by the volume expansion
induced by the formation of ice crystals. In contrast, the cross-
linked microcapsules seemed to have sufficient elastic strength
to withstand the volume expansion, resulting in intact hollow
morphological characteristics despite repeated freezing/
thawing cycles. The structural stability of microcapsules with
and without shell cross-linking was also examined under very
acidic condition as shown in Figure 4B. The hollow micro-
capsules were exposed to pH 2.0, and their structural
stabilities were visualized as a function of time. The confocal
images show that un-cross-linked microcapsules disappear
completely within 150 s due to the disintegration of capsule
wall and expansion of capsule lumen, while cross-linked
microcapsules still maintain hollow structures up to 900 s.
The structural stability of the hollow LBL microcapsules
tolerable at cyclic freezing/thawing and acidic conditions is
a very critical factor when considering their applications as
drug delivery carriers. To this end, shell cross-linked HA/
PLL microcapsules with hollow interiors might have good
opportunities for encapsulating a wide range of drug mol-
ecules under severe formulation conditions.

The permeability of cross-linked HA/PLL microcapsules at
different pH values was evaluated by CLSM using FITC-dextran
(150 kDa) as a fluorescent marker. Blank microcapsule suspen-
sion in water was incubated in the FITC-dextran solution at
pH 5.0 and 7.0, and their confocal images after 30 min
equilibrium were taken as shown in Figure 4. It can be seen
that FITC-BSA is fully permeable to the LBL wall and filled
in the hollow interior at pH 5.0, whereas it cannot readily

permeate through the wall at pH 7.0. The result reveals the
difference in permeability of the capsule wall at different pH
values. This is due to the fact that the extent of ionic interactions
between carboxylic acid groups of HA (pKa 2.9) and primary
ε-amine groups of PLL (pKa 9) is highly dependent on the pH
value of incubation medium. The degree of charge interactions
in the cross-linked LBL shell was more reduced at pH 5.0 than
at pH 7.0, resulting in a more swollen and permeable micro-
capsule wall structure. This finding is consistent with the
previous results reporting similar pH-dependent permeability
change for LBL polyelectrolyte networks.7,9,16,36

pH-Dependent and Enzyme-Mediated Sustained Release
of FITC-BSA from Cross-Linked Hollow Microcapsules. After
FITC-BSA was loaded within the cross-linked hollow micro-
capsules at pH 5.0, release profiles of FITC-BSA were
evaluated at pH 5.0 and 7.0 using a fluorophotometer (Figure
5). The confocal images of microcapsules encapsulating
FITC-BSA are also shown in Figure 5 inset. As expected from
the pH-responsive permeation results, FITC-BSA was released
out faster at pH 5.0 than at pH 7.0. It is likely that the more
swollen and permeable structure of capsule walls at lower pH
allowed rapid release of encapsulated FITC-BSA from the
microcapsules. At neutral pH, a sustained release pattern of
FITC-BSA without an initial burst was observed over 5 h. The
sustained release behavior of FITC-BSA might be dependent
on the molecular weight of encapsulated macromolecules as well
as the microstructure of cross-linked polyelectrolyte multilayer.8,36

In addition to pH-dependent sustained release, enzyme-mediated
release of FITC-BSA from the microcapsules was investigated.
Enzymatic degradation of the capsule wall is particularly
interesting since the wall properties of the drug carrier can be
readily changed upon varying enzyme concentrations.37,38 HA
is a natural polymer which can be readily degraded by

Figure 2. (A) �-Potential as a function of layer number during the LBL multilayer formation onto the surface of HA microgels. All measurements
were carried out in deionized water at pH 6.5 (n ) 5). Confocal laser scanning microscopy (CLSM) images of (B) rhodamine conjugated HA
microgels, (C) FITC-labeled HA/PLL shell LBL multilayer encasing rhodamine conjugated HA microgels, and (D) FITC-labeled HA/PLL
microcapsules after removing the HA microgel cores.
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hyaluronidase. Since the structural integrity of a HA/PLL
multilayer shell is crucial to the permeability, an exposure of
the microcapsules to hyaluronidase was expected to facilitate
the release of FITC-BSA by increasing the capsule permeability
due to the cleavage of HA chains. As shown in Figure 5B, the
HA/PLL microcapsules, upon the addition of 50 units/mL
hyaluronidase in the buffer solution, exhibited more accelerated
release of FITC-BSA than those treated with 10 units/mL
hyaluronidase, suggesting that the FITC-BSA release profiles

could be readily modulated by the amount of enzyme in the
incubating medium.

Cytotoxicity of Cross-Linked Hollow Microcapsules. Cross-
linked HA/PLL microcapsules should demonstrate low cyto-
toxicity for clinical applications. NIH3T3 and C2C12 cells were
cultivated in the presence of microcapsules to test cell cyto-
toxicity. As shown in Figure 6, there was no apparent cytotoxic
effect of cross-linked HA/PLL microcapsules up to a concentra-
tion of 1 mg/mL (cell viability up to 90%). The result is in

Figure 3. CLSM images of hollow microcapsules treated with various external stresses: (A) freeze/thawing and (B) pH alteration to pH 2.0. Note
that the effect of EDC cross-linking was compared to un-cross-linked microcapsules. Scale bar ) 20 µm.

Figure 4. CLSM images of hollow microcapsules incubated with FITC-dextran (150k Da) at (A) pH 5.0 and (B) pH 7.0. Scale bar )
20 µm.
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accordance with a previous study of culturing cells on cross-
linked HA/PLL polyelectrolyte multilayer films.34 Thus, the
cross-linked HA/PLL microcapsules can be safely used for
delivering bioactive macromolecular drugs as biocompatible
reservoir-type carriers.

Conclusions

Novel shell cross-linked LBL polyelectrolyte microcapsules
could be prepared by alternative adsorption of HA and PLL
onto the surface of HA core microgels cross-linked with
disulfide linkages, removal of core HA microgels by reductive
digestion, and covalent cross-linking of the remnant HA/PLL
shell LBL layer. The cross-linked hollow HA/PLL microcap-
sules showed far enhanced stability under harsh formulation
conditions while maintaining a pH responsive permeability
change. With the pH-responsive permeability of the microcap-
sule wall, FITC-BSA was encapsulated within the HA/PLL
microcapsules at acidic pH and could be released out in a
controlled manner at neutral pH. The enzyme-sensitive capsule
wall exhibited accelerated release of encapsulated protein drugs
in the presence of hyaluronidase. The cross-linked HA/PLL
microcapsules could be utilized as noncytotoxic carriers for
various macromolecular drugs.
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Figure 6. Cytotoxicity of cross-linked HA/PLL microcapsules using
NIH3T3 and C2C12 cells.
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