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Abstract. The aim of the study was to develop ultrathin polyelectrolyte microreservoir (UPM) using
two combinations of synthetic/synthetic (S/s; poly(allylamine hydrochloride) (PAH)/sodium poly
(styrenesulfonate)) and synthetic/natural (S/n; PAH/sodium alginate) polyelectrolytes over spherical
porous CaCO3 core particles (CP) followed by core removal and to evaluate its biocompatibility
and integrity of loaded model protein bovine serum albumin (BSA). A novel process for synthesis
of CP was developed to obtain maximum yield of monodisperse vaterite (spherical) polymorph.
The prepared UPM was characterized for surface morphology, layer-by-layer growth, pay load
efficiency, integrity of BSA, as well as viability and cell adhesion using murine J 774 macrophages
(Φ). In vitro release profile revealed that both S/s and S/n UPM were able to provide sufficient
diffusion barrier to release protein at physiological pH. It has been observed that S/n UPM are
fully biocompatible due to obvious reason of using natural polymer. In a separate experiment, the
S/s UPM surface was modified with pluronic F-68 to tune biocompatibility which provides
evidences for safety and tolerability of the S/s UPM as well. In nutshell, the proposed system
could successfully be used for the delivery of proteins, and moreover, the system can be tailored to
impart desired properties at any stage of layering especially in terms of drug release and to retain
the integrity of proteins.

KEY WORDS: biocompatible; cell adhesion; electrostatic attraction; layer-by-layer (LBL) assembly;
natural polyelectrolyte.

INTRODUCTION

Most of the colloidal polymeric systems based on
synthetic and natural polyelectrolyte (PEs) has been inves-
tigated by layer-by-layer (LBL) self-assembly technique for
microencapsulation (1–4) and controlled release of macro-
molecules using different templates with size ranging from
nanometer to tens of microns, such as organic to colloidal
particles, protein aggregates, biological cells, and drug nano-
or microcrystal (5). A system has been prepared by the
sequential deposition of the oppositely charged PEs using
phenomenon of electrostatic interaction between each other
(6). Most of the colloidal templates can be decomposed at
conditions where polymeric matrix is stable, which leads to
the formation of hollow PE capsules with defined size, shape,
and shell thickness. Encapsulation of macromolecules, pro-
teins, and other bio-therapeutics into developed systems is of
great interest for pharmaceutics and biotechnology due to its
capability to use such systems as micro- and nanocontainers
for controlled drug delivery (7). Besides this, they behave as
good adjuvant even for mucosal immunization or for DNA

vaccination (8). The study mainly emphasized on the use of
combination of natural and synthetic polymers, and better
results have been investigated compared to synthetic combi-
nation of PEs.

It has been reported that the naturally occurring
biopolymer, alginate, has a peculiar property to form a matrix
gel, which could be exploited for encapsulation/delivery of a
biomacromolecules (9,10). In the proposed systems, we have
exploited the gel formation property of alginate and further
to enhance the surface area for electrostatic interaction within
the pores of core particles (CP) to improve the payload
efficiency and to control the size of microreservoirs. This
alginate has been well recognized for the formation of strong
complexes with polycation like proteins, polypeptides, and
synthetic polymers. Many reports have been published with
regard to encapsulation of proteins from alginate matrices to
have claimed that all loading techniques require a lot of
material and time (11–13). Dupuy and Minnot (14) have also
reported that when alginate gel was prepared using poly-L-
lysine as coating material, it form large size of beads (>1 mm
in diameter) and microbeads in the size range of 0.2 mm in
diameter (12,15).

There are several reports which reveal fabrication of
layer-by-layer self-assembly using combination of synthetic
PEs. The suitability of this synthetic PEs is still questioned
as far as compatibility to bio-environment is concerned
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(16). Therefore, there could be two-tier approaches to
mimic the system with bio-environment: (a) replacing
synthetic with natural PEs and/or (b) modifying surface
chemistry of developed system with bio-friendly agent
using covalent coupling (17), hydrophobic interaction or
adsorption by electrostatic interaction (18). It has been
understood that replacing synthetic PEs with natural will
undoubtedly lead to more biocompatible system. The
surface chemistry of developed system often leads to
valuable information to understand its behavior in phys-
iological milieu/bio-environment. Therefore, surface mod-
ification seems to be an important tool to achieve both
spatial and temporal drug delivery.

However, the main concern of this work is to prepare
perfectly spherical CaCO3 CP by using modified precipitation
technique. It has been hypothesized that spherical CaCO3 CP
will provide uniform surface area for PEs coating to achieve
monodisperse population of ultrathin polyelectrolyte micro-
reservoir (UPM). Subsequently, the proposed study relates to
development of UPM in two combinations—synthetic/syn-
thetic (S/s) and synthetic/natural (S/n) PEs templated on
decomposable, biocompatible, and bio-friendly porous tem-
plate of inorganic origin (preformed CaCO3 CP). The
developed UPM system has been loaded with bovine serum
albumin (BSA) and investigated the effect of combination of
synthetic and natural (S/s and S/n) PEs on applicability to
deliver BSA. An attempt has also been made to improve
biocompatibility by modifying the surface of UPM made
of S/s combination of PEs using pluronic F-68 (PF-68).
Any changes in cell adhesion upon surface modification
will provide valuable information with regard to suitability
of system to deliver BSA in a controlled and precise
manner in physiological milieu.

MATERIALS AND METHODS

Materials

The sources of chemicals are as follows: poly(allylamine
hydrochloride) (PAH; molecular weight (Mwt.) 70,000),
sodium poly(styrenesulfonate) (PSS; Mwt. 70,000), and
sodium alginate (SA; Sigma, USA), fluorescein isothiocya-
nate (FITC; Sigma, USA), calcium chloride dihydrates
(CaCl2·2 H2O, Ultra Sigma), sodium carbonate (Na2CO3,
proanalysis, Merck, Germany), BSA (Sigma), Bradford
reagent for protein determination, sodium lauryl sulfate,
pluronic F-68, and brilliant green (were obtained from Sigma,
St. Louis, MO, USA).

For cell culture, Dulbecco’s modified eagle medium
(DMEM) with Glutamax, fetal calf serum (FCS), and anti-
biotic solution (penicillin/streptomycin) were purchased
from Sigma (St. Louis, MO, USA). Trypan blue solution,
Giemsa stain, and 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphe-
nyltetrazolium bromide (MTT) were from Sigma (St.
Louis, MO, USA). Twenty-four- and 96-well plates, for
cell adhesion and cell viability studies, respectively, were
from Greiner Bio-One (Germany). All materials were used
without further purification. The water used in all experi-
ments was prepared in a three-stage Millipore Milli-Q plus
185 purification systems and had a resistivity higher than
18.2 mΩ cm.

Preparation of Porous CaCO3 Core Particles
and LBL Fabrication by Polyelectrolyte

Porous and spherical CaCO3 CP with a narrow size
range was prepared by colloidal crystallization from super-
saturated (relative to CaCO3) solution as reported by
Volodkin et al. (7) with slight modification. Briefly, 10 ml
volume of equimolar solution (0.33 M) of calcium chloride
dihydrate was added to equal volume of sodium carbonate
containing 0.4% (w/v) of pluronic F-68 and thoroughly stirred
for 1 min. The CP thus obtained was thoroughly washed with
triple distilled water (TDW) followed by acetone and vacuum
dried at 50°C.

Two combinations (S/s and S/n) of UPM were developed
comprising PAH/PSS (F-1) and PAH/SA (F-2), respectively,
by alternate layering on preformed spherical CaCO3 CP.
Briefly, 0.1% (w/v) solution of each PEs was prepared in
0.5 M NaCl. The pH of the solutions was adjusted to 6.5 by
adding appropriate amount of HCl or NaOH. In each
experiment, preformed CaCO3 (1%, w/v) CP were alter-
nately suspended in different PEs solutions under gentle
stirring for 15 min followed by centrifugation at 4,000 rpm.
Excess of PEs was removed by extensive washing with TDW
before initiating the next coating step. The procedure was
repeated till the five alternate layers of oppositely charged
PEs with respective surface charge (either positive or
negative) were obtained. Finally, the core was removed by
suspending in 0.1 M HCl for 30 min as reported by
Sukhorukov (5). The resultant UPM (F-1: (PAH/PSS)5; F-2:
(PAH/SA)5) were washed three times in TDW and stored at
2–8°C suspended in TDW.

In a separate experiment, an attempt was made to
modify the surface of fabricated UPM (PAH/PSS)5-PAH by
incubating with 0.1% (w/v) PF-68 for 30 min and subsequent
washing with TDW. Finally, these UPM were stored at 2–8°C
in TDW. This surface modification was carried out with a
view to assess any improvement in biocompatibility of S/s
UPM. To fabricate fluorescent-labeled UPM, the same
procedure was used with a final coating of PAH-FITC as
reported by Volodkin et al. (7).

Encapsulation of BSA into UPM

One-milliliter UPM suspension was centrifuged at
20,000 rpm for 10 min, and the supernatant was removed.
The UPM pellet thus obtained was re-dispersed/incubated in
1 ml of BSA solution (2.5 mg/ml) for 2 h. After incubation,
the UPM suspension was centrifuged and washed thoroughly,
and the supernatant thus obtained was used to estimate free
BSA by Bradford method as reported by Smith et al. (19).
The material balance of BSA was checked with free BSA in
the supernatant and that encapsulated in the UPM.

Physicochemical Characterization

X-ray Diffraction

Powder X-ray diffraction (XRD) pattern of CaCO3 CP,
prepared by both conventional and modified co-precipitation
technique, was recorded using a Rigaku D/max-3A instrument
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(monochromatic CuK radiation). Typically, the diffractogram
was recorded in a 2θ range of 5–25°C.

Scanning Electron Microscopy

The morphology of the prepared CaCO3 CP and UPM
was examined by scanning electron microscopy (SEM).
Samples were prepared by applying a drop of particle
suspension to glass slide and then drying overnight. Then
samples were sputtered with gold and measurements were
conducted using a Gemini Leo VP 435 instrument at an
operation voltage of 3 keV.

Electrophoretic Mobility

Electrophoretic mobility of CaCO3 CP and UPM sus-
pended in Milli-Q water was measured after every adsorption
using a Malvern Zetasizer Nano ZS (Malvern 3000HS).

Confocal Laser Scanning Fluorescence Microscopy

Confocal laser scanning fluorescence microscopy
(CLSM) was carried out using Bio-red confocal scanning
systems (Bio-red, USA) mounted to a Bio-red Aristoplan and
equipped with a ×60 objective with a numerical aperture of
1.4. The excitation wavelength was 488 nm.

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC; Diamond DSC,
Perkin-Elmer, Germany) was used to study thermal proper-
ties of the PF-68 and surface-modified UPM ((PAH/PSS)5-
PAH-PF-68). The endothermic event was monitored from
30°C to 190°C with a heating rate of 5°C/min. The transition
behavior was recorded during the first heating.

BSA Content in UPM

The BSA content of UPM was determined by the
method as described by Volodkin et al. (7) with slight
modification. Two hundred microliters of BSA-loaded UPM
was treated with 0.1 M NaOH (pH>12) by vortexing for
15 min. The sample was centrifuged at 10,000 rpm for 10 min,
and BSA concentration in the supernatant was determined by
the Bradford method as reported by Smith et al. (19). Each
sample was assayed in triplicate.

In Vitro BSA Release Study

For in vitro release study, the ultrasink condition was
used as reported by Volodkin et al. (7) with slight modifica-
tion. Briefly, BSA-loaded UPM (200 μl) was taken from stock
and dispersed using a vortex in 1 ml PBS (10 mM, pH 7.4). The
sample was maintained under horizontal agitation at 37°C. At
different time intervals, the dispersion was centrifuged at
10,000 rpm for 5 min, and the supernatant was assayed for
BSA. After each sampling, the medium was replaced with
fresh buffer. It was also ensured that no extra tiny particles
are left in the supernatant. The medium was replaced with
1 ml fresh buffer after each determination. The pH was
also monitored at each time point during release in order

to observe any release of acidic fragments due to possible
degradation of PEs. The % drug release at each sampling
point was compared by Mann–Whitney U test and analyzed
using a Kruskal–Wallis test.

Integrity of Proteins

In order to ensure any changes in integrity of BSA
during processing of formulation (UPM), gel electrophoresis
was carried out. Briefly, 100 μl of BSA-loaded UPM was
dissolved in an equal volume of 0.1 M NaOH solution and
was poured in electrophoretic sample buffer (×4) contain-
ing sodium dodecyl sulfate (SDS) and a reducing agent
(β-mercaptoethanol), loaded onto a vertical slab gel
(10%), and subjected to electrophoresis at 40 mA. The
BSA separated by this way was fixed and stained with
Coomassie brilliant blue R 250 (0.1%, w/v) in water/acetic
acid/methanol (50:10:40). The integrity of free BSA left
after encapsulation in UPM was also checked. In a
separate experiment, circular dichroic (CD) of pure BSA
and BSA in formulation was carried out in the range of
250 to 200 nm measured with a Dichrograph Mark III
Spectropolarimeter.

Determination of Cell Adhesion or Phagocytosis

Murine J774 macrophages (MΦ) were used to study cell
adhesion/phagocytosis of various UPM formulations. Cells
were cultured in DMEM–L-glutamine supplemented with
10% heat-inactivated FCS containing 0.1% antibiotic solution
(penicillin/streptomycin) at 37°C and 5% CO2. MΦ cells were
washed, collected by centrifugation, and counted by Trypan
blue exclusion. About 400 μl (2×105 cells) of suspension was
added per well into 24-well plates and further incubated at
37°C, 5% CO2 for 2 h, and washed with DMEM to remove
non-adherent cells. Then, 500 μl DMEM medium containing
approximately 20–30 μg UPM was added to each well and
incubated for 2 h to allow cell adhesion. After incubation,
medium was aspirated and the cells were washed with
DMEM, fixed with methanol for 5 min, and stained with
Giemsa (10%, v/v) for 20 min. Excess of dye was washed with
water; slides were dried and observed by light microscopy.
The number of UPM adhered over macrophages was
visualized by light microscopy, counting approximately 200
macrophages per well. The results were expressed as the
percentage of the macrophages taking up either one or more
than one UPM. To differentiate uptake of UPM by cell
adhesion or phagocytosis, similar experiments were carried
out at 4°C (data not shown).

Cytotoxicity by MTT Assay

A colorimetric assay based on the use of the tetrazolium
salt, MTT, was used to assess cytotoxicity of different UPM
formulations on murine J 774 MΦ. Viable cells are able to
reduce MTT to colored formazan serving as indirect measure-
ment of cell viability (20). Macrophages (4×104 cells) were
incubated in 96-well plates (Greiner Bio-One, Germany) for
2 to 3 h in completemedium, washed withDMEM–L-glutamine,
and further incubated for 1 h with 10 and 100 μg/ml UPM
(the concentration employed is based on equivalent amount of
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1% (w/v) CaCO3 CP used for fabrication of UPM) in triplicate.
Incubation medium was withdrawn, cells were washed, and the
MTT (0.5 mg/ml) solution in DMEM complete medium was
added to each well and incubated for 4 h. The supernatant was
discarded and formazan crystals were dissolved in an
extraction solution (isopropyl alcohol/dimethyl sulfoxide
3:1) overnight at 37°C. Finally, the plates were read at
550–570 nm (L1) and 620–650 nm (L2) as reference on
scanning multiwell spectrophotometer. The formazan
solution absorbs light at 550–570 nm, and absorbance at
630–650 nm usually results from cell debris and well
imperfections. Final optical density (OD) obtained from
formazan formation can be calculated OD=L1−L2.

Percentage cell survival is expressed as:

Absorbance of treated wells=Absorbance of control wellsð Þ
� 100%

RESULTS

The BSA-loaded LBL assembly of two oppositely
charged PEs at solid surfaces of inorganic origin was
developed by alternate adsorption of the PEs on a charged
substrate due to their electrostatic attraction and the complex
formation, resulting in the defined macromolecular layers on
the surfaces (21) and well illustrated as in Fig. 1 reported by
Volodkin et al. (7). In a separate experiment, an attempt was
made to modify the surface of fabricated UPM, (PAH/PSS)5-
PAH by incubating with 0.1% (w/v) PF-68. This surface
modification was carried out with a view to assess any
improvement in biocompatibility of S/s UPM.

Physicochemical Characterization

The powder XRD data reveal (Fig. 2a) that all poly-
morphic forms of the CaCO3 have been obtained during
fabrication of porous particles such as calcite (rhombohedral),
aragonite (hexagonal), and vaterite (spherical) due to mutual
transformation between them (7) using conventional method
of co-precipitation of calcium chloride dihydrate and sodium
carbonate. However, to our interest, vaterite polymorph
having uniform and spherical morphology was desirable as
it is anticipated to provide uniform and amplified surface area
so as to obtain uniform coating of PEs and high payload of
BSA.

Conventional procedure was modified by incorporating
appropriate concentration of PF-68 during controlled co-
precipitation that lead to the formation of vaterite (spherical)
polymorph in abundance as shown in Fig. 2b. These
polymorph was spherical, non-aggregated, and monodisperse
as demonstrated by SEM (Fig. 3a). The striated surface of the
fabricated UPM clearly indicates that the coating of PEs has
occurred over the smoother porous CP as shown in Fig. 3b.
The size distribution of CaCO3 CP was found to be 3240 d.nm
as determined by Malvern Zetasizer Nano ZS (Malvern
3000HS).

The electrostatic attraction is the driving force for the
LBL assembly of oppositely charged PEs onto the CaCO3 CP
for encapsulation of BSA. Positively charged PAH was
deposited as the first layer on the CaCO3 particles because
of the intrinsic negative ζ-potential on the CaCO3 particle
(>−20 mV) surface at a given pH. The next layer is negatively
charged PSS, and the process is repeated until desired
number of layers of PAH/PSS was obtained and the same
was repeated with (PAH/SA) combination. Subsequent
adsorption of polycation and polyanion leads to reversal of
ζ-potential in accordance with the charge of the PEs as

Fig. 1. Scheme of capsule fabrication and encapsulation of macro-
molecules into capsules (reported by Volodkin et al. (7))

Fig. 2. XRD pattern of different polymorphs of porous CaCO3 CP. a
Core particle prepared by conventional method (co-precipitation of
calcium chloride dihydrate and sodium carbonate); b core particle
prepared by modified method (co-precipitation in presence of PF-68).
Black club suit aragonite (hexagonal), black heart suit calcite
(rhombohedral), black diamond suit vaterite (spherical)
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illustrated in Fig. 4. The confocal laser scanning picture has
been represented in Fig. 5, which depicts such an increase in
fluorescence after adsorption of layers of fluorescently
labeled PAH, and moreover, it confirms the multilayer
growth.

The surface modification of UPM was carried out with
adsorption of PF-68 at the fabricated surface. Electrophoretic
examination of the capsules showed a marked decrease in the
surface charge (from 20.6±3.2 to 6.8±2.1 mV). This clearly
indicates that surface modification of the shells has occurred
and existence of a small overall positive charge even after
adsorption of neutral PF-68, which contributes to the
measured surface charge. Additionally, the surface-modified
UPM showed two marked endothermic peaks at 100°C and
180°C by differential scanning calorimeter (Fig. 6), when
endothermic event was monitored from 30°C to 190°C with a
heating rate of 5°C/min. A sharp endothermic peak of pure
PF-68 was obtained at 58.6°C, corresponding to its melting
temperature. The entrapment efficiency was found to be
approximately 78±4.6% and 74±2.1% for (PAH/PSS)5 and
(PAH/SA)5, respectively. The in vitro release profile of
BSA-loaded capsules prepared by LBL technique using
(PAH/PSS)5-PAH and (PAH/SA)5 was investigated in PBS
(pH=7.4). The release from formulation (PAH/SA)5 was

43.63±4.8% whereas from formulation (PAH/PSS)5 the
amount of BSA released was 44±5.76% after 24 h.
However, after 24 h, the release from both formulations
has steadily slowed down (shown in Fig. 7). There was no
significant difference (p<0.05) in the release profile of
both the formulations.

Integrity of Proteins

SDS–polyacrylamide gel electrophoresis (PAGE) analy-
sis of pure BSA, free, and entrapped BSA in the formulations
was undertaken using the method described by Laemmli (22)
with slight modifications. PAGE followed by Coomassie blue
staining revealed identical bands for the released BSA from
formulation after treatment with 0.1 M NaOH to pure BSA
(Fig. 8a). The circular dichroic of pure BSA and BSA in
formulation showed similarity as negative bands for both
were in the range of 225–248 nm which indicates that the
secondary structure is maintained.

Determination of Cell Adhesion

The UPM comprised of synthetic PE having positive
charge ((PAH/PSS)5-PAH) as outermost layer adhered

Fig. 3. a Scanning electron microscopy of bare CaCO3 CP. The surface of CaCO3 CP as
observed is porous in texture. b Coated UPM capsule. The slight rough surface is due to
coating of PEs. Scale bar, 1 μm

Fig. 5. Confocal laser scanning microphotograph of PAH-FITC-
tagged UPM (magnification, ×60). The fluorescence on the surface
indicates uniform coating of PEs as well as multilayer growth. The
appearance of fluorescence at the interior reveals that PAH-FITC
extends itself into the pores of CaCO3 core and participates in matrix
formation

Fig. 4. Demonstration of layer-by-layer growth of UPM as a function
of ζ-potential. The ζ-potential was measured in Milli-Q water at each
adsorption step. Layer 0 indicates ζ-potential of bare CaCO3

particles. The data represented as average value of three separate
experiments
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immediately, and more than 90% of particles were adhered
after 2 h of incubation. Each cell was found to have around
15–20 particles adhered to them. In contrast, when PSS was
replaced by SA as in case of (PAH/SA)5 PAH, the non-
specific adherence was reduced to 63%. The % cell adhesion
by different formulations has been shown in Fig. 9, and a
typical photomicrograph is given in Fig. 10. Our data
suggest that the physiologic distribution of UPM could be
modified substantially by simply replacing the synthetic
PEs with a natural one. Surface modification of UPM with
PF-68 ((PAH/PSS)5-PAH-PF68) efficiently reduced cell
adhesion by MΦ, and there was no immediate adhesion,
and after 2 h of incubation, about 50–55% of the cells
were found to have 3–4 particles adhered to them. It is
interesting to note that degree of cell adhesion of (PAH/PSS)5-
PAH-PF68 was not increased even when incubated for up to
3 days (data not shown) at either 4°C or 37°C.

Cytotoxicity by MTT Assay

MTT tetrazolium salt assay revealed dose-dependent
cytotoxicity of (S/s) and (S/n) UPM on cell viability using
macrophage cell line (J 774 MΦ) considering a 100% viability
in plain cells without UPM. In our studies, a composition
comprising synthetic and natural polyelectrolyte (i.e., S/n)
was found to be less toxic as the viability was 76.1±12.2% and
43.4±2.3% at two dose levels, i.e., 10 and 100 μg/ml (with
respect to CaCO3 as core), respectively, while the cell
viability of S/s was reduced to 39.3±8.3% at 10 μg/ml of
UPM concentration. However, there was no significant
difference in surface ζ-potential between two formulations
as S/s and S/n showed +19.2±1.7 and +20.6±1.2 mV. Upon
surface modification of S/s UPM with PF-68 ((PAH/PSS)5-
PAH-PF68), the cell viability was dramatically improved to

Fig. 6. Differential scanning thermogram of PF 68 and PF 68-coated
UPM. Endothermic event of a PF-68 and b PF-68 coated UPM,
respectively. The endothermic event was monitored from 30°C to
190°C with a heating rate of 5°C/min. The transition behavior was
recorded during the first heating

Fig. 7. Cumulative release profile of BSA from different UPN
formulations in PBS pH 7.4. The error bars indicates ± SD of three
set of experiments (n=3). The release experiment was performed
maintaining ultrasink condition by replacing complete buffer at each
time point. It is noted that the pH at each time point was not altered
indicating stability of PEs employed

Fig. 8. a Coomassie R-250 stained electrophoretic gel picture of BSA
released from different UPM formulations (PAH/SA)5 and (PAH/PSS)5
containing equimolar concentration of pure BSA. A, B Entrapped and
free BSA for S/n(PAH/SA)5, respectively;C,D entrapped and free BSA
for S/s (PAH/PSS)5, respectively; E pure BSA. One hundred microliters
of UPM suspension dissolved in 0.1 M NaOH poured in electrophoretic
sample buffer (×4) containing SDS loaded onto a vertical slab and
subjected to electrophoresis at 40 mA. b Circular dichroism spectra of
BSA released from UPM formulation. Pure BSA (black line) and BSA
in microreservoir (PAH/PSS)5 (red dotted line)
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76.1±5.0% with positive ζ-potential (+6.2±1.2 mV) as
illustrated in Fig. 11.

DISCUSSION

The encapsulation technique usually involves solubiliza-
tion of polymers in organic solvent, which leads to high
encapsulation efficiency but low drug loading capacity. To
overcome the above impediment, UPM was developed
through LBL adsorption of PEs, although most of the used
PEs may or may not be bio-absorbable, biocompatible, and
biodegradable in the physiological environment (16). In the
present study, the multilayer films were comprised of five
pairs of PEs either in synthetic or natural in origin. The
technique was usually performed in the aqueous solution at
room temperature, and thus, it was suitable for encapsulating
therapeutic proteins or other bio-therapeutics with poor
stability. Among the decomposable cores porous CaCO3

drives interest due to its wide industrial, technological, and
drug delivery applications (23–26). The controlled crystalliza-

tion of CaCO3 resulting in the formation of uniform,
homogenous, and non-aggregated CP. This effect could be
ascribed to adsorption of PF-68 on the surface and thus
preventing aggregation and crystallization. It has also been
observed that the shape and morphology of CaCO3 CP were
remained unaltered during storage period of at least 3 months
(data not shown). The electrostatic attraction is the driving
force for the LBL assembly of oppositely charged PEs onto
the CaCO3 CP. Usually this alternation indicated multilayer
growth; however, few cases are reported (27,28), where
desorption of the PEs layer by the oppositely charged PEs
lead to switch off ζ-potential. The proof of layers deposition
can be given only by studies of the growth of the adsorbed
material amount. The multilayer growth can also be adjudged
by using the FITC-tagged polymer to be coated as last
layering. It has been reported by Antipov et al. (29) that, if
a PEs labeled with a fluorescence moiety are used as the layer
constituent, its adsorption can easily be detected by fluo-
rescence, which will also indicate multilayer growth. More-
over, it exhibits some fluorescence at the interior when
observed by CLSM, which could be due to the fact that some
of FITC-PAH might have penetrated into CaCO3 core
matrix. This study also suggests that the prepared CaCO3

core is porous in nature and the UPM has acquired matrix
type structure without precipitation of PEs on the surface (7).
The step of surface modification of the PAH/PSS-PAH-
multilayered shells with PF-68 involves adsorption or inter-
layer hydrophobic interaction between them which imparts
additional stability and biocompatibility. It is well-known that
assembling layer by layer along with closely packed hydro-
philic, hydrophobic chains followed by exposure to aqueous
solution provides hydrophilic brushes on the surface (30). The
higher transition temperatures as observed in DSC thermo-
grams obtained for cross-linked UPM might be attributed to
increased inter- and intramolecular interaction between the
hydrophilic–hydrophobic chains in presence of water (31).

The high surface area and the pores in CP have opened
the perspective for encapsulation and spontaneous accumu-
lation of biomacromolecules such as BSA via physical
adsorption and/or pore diffusion. It is well-known that the
encapsulation could be achieved after the UPM are obtained
and the material of interest could be driven into or generated
in situ within the capsules using physiochemical forces like
pH/concentration/ionic/polarity gradient, or complexation,

Fig. 9. Cell adhesion study of various UPM formulations on J 774
MΦ. The data represents total number of cells having one or more
than one adhered UPM particles after incubation for 2 h at 37°C (left
axis in bars). Effect of surface ζ-potential on adhesion of different
UPM formulations has been shown in (right axis in line). F-1 (PAH/
PSS)5-PAH, F-2 (PAH/PSS)5-PAH-PF68, F-3 (PAH/PSS)5, F-4 (PAH/
SA)5 PAH, F-5 (PAH/SA)5. The error bars indicate ± SD of three set
of experiments (n=3)

Fig. 10. Normal phase contrast microscopy of a plain J 774 MΦ and b adhered S/n
(PAH/SA)5 UPM (×100). The culture medium used was DMEM medium, and the
study was conducted for 2 h. It has been observed that not more than 50% of J 774
MΦ were found adhered with UPM in case of (PAH/SA)5 while more than 10 UPM
per cell were found adhered in case of S/s (PAH/PSS)5-PAH (figure not shown). The
arrow indicates adhesion/phagocytosis of UPM capsules
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etc. This phenomenon is due to strong electrostatic inter-
actions between free surface charge of polyelectrolyte matrix
inside the capsules and the surface charge of amino acids of
proteins BSA. The release profile of formulations exhibited
sustained release over a period of 24 h. To rule out the
possibility of any kind of polymeric degradation, the pH of
the medium was checked at every time point along with
released sample. It was interesting to note that the pH of the
release media was not altered as in the case of other polymeric
excipients such as PLL, PLA, PLGA, etc. (32–34). It suggests
that the employed PEs could be used for delivering proteins and
acid labile compounds and able to maintain the structural
integrity of the macromolecules in the release media while the
conventional polymers like PLA or PLGA are not suitable for
delivering therapeutic proteins.

Structural integrity of released BSAwas confirmed using
Coomassie blue staining as demonstrated in Fig. 8a. More-
over, the secondary structure of BSAwas confirmed using CD
spectra (Fig. 8b). These data revealed patterned and identical
bands for the released BSA from different formulations when
compared to standard BSA. There were no additional bands
which are nullifying the presence of any (molecular weight
66 kDa) fragments produced by proteolysis. However, the
data suggested that the structural integrity of BSA is thoroughly
maintained throughout the processing of formulation.

Cell adhesion of (S/s) and (S/n) UPM was investigated
using macrophage cell line J 774 MΦ. It has been observed
that the degree of cell adhesion is affected by both surface
charge and type of PE (synthetic or natural) disguised as
outermost layer. However, the role of surface charge is
controversial (35,36) as there are other particle characteristics
such as particles hydrophobicity and size influencing the cell
adhesion (37). The % cell adhesion by different formulations
has been shown in Fig. 9, and a typical photomicrograph is
given in Fig. 10. The data also suggest that the UPM
comprised of natural PE (SA) have capacity to inhibit cell
adhesion compared to synthetic ones. Moreover, surface
modification of UPM with PF-68 can reduce non-specific

uptake by J774 MΦ even if UPM comprised of synthetic PEs
having outermost positive charge. Thus, inhibition of phag-
ocytosis by (PAH/PSS)5-PAH-PF68 could be attributed to
hydrophilicity imparted by PF-68. This observation is sup-
ported by the fact that bacteria being more hydrophobic than
phagocytes are readily engulfed (38).

The cellular biocompatibility of developed formulations
was assessed using MTT tetrazolium salt assay. Metabolic
active cells have the capacity to transform tetrazolium salt
into formazan (20), providing evidence of the integrity and
activity of the mitochondrial enzymes and cell viability (38). It
has been known through literature that toxicity at cellular
level could be derived either from type of polyelectrolyte or
surface charge. Our data suggest that S/s UPM is more toxic
than S/n combination. This is in conformity with the previous
observation that natural polyelectrolytes are more biocom-
patible than synthetic one. However, it is interesting to note
that the surface ζ-potential of both the formulations is nearly
same which is in contrary to previous observations. This
result provides evidences that the biocompatibility is being
affected irrespective of ζ-potential. In our study, it is only the
type of polyelectrolyte which is playing a pivotal role in
affecting cellular biocompatibility. However, upon surface
modification of S/s UPM with PF-68, the cell viability was
significantly improved and was equivalent to S/n UPM
formulation which could be attributed to surface hydro-
philicity imparted by PF-68. These data suggest that the
properties of S/s formulation could also be enjoyed subse-
quent to surface modification. We are of the opinion that this
value will exceed during in vivo intervention, since live cells
has clearance mechanisms that withdraw potentially toxic
degradation products from PEs. However, these values do not
indicate cell mortality but mitochondrial damage that may be
due to the interaction between capsules and the cells. In
addition, the population of microcapsules placed in contact
with cells was really high enough to observe the maximum
toxic effect. Impetus to these data, it is obvious that the
proposed system can potentially be used for controlled
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Fig. 11. Cell viability study of various UPM formulations on J 774 MΦ at two different
concentrations (A=10 μg/ml; B=100 μg/ml) by MTT assay (left axis in bars). The
concentration employed is based on equivalent amount of 1% (w/v) CaCO3 used for
fabrication of UPM. Effect of surface ζ-potential on cell viability of different UPM
formulations has been shown in (right axis in line). F-1 (PAH/PSS)5-PAH, F-2 (PAH/PSS) 5,
F-3 (PAH/PSS)5-PAH-PF68, F-4 (PAH/SA)5-PAH, F-5 (PAH/SA)5,CTL J 774MΦ. The error
bars indicate ± SD of three set of experiments (n=3)



delivery of therapeutic proteins with high payload. However,
the system is suitable for both small and macromolecules and
therefore could be applied in variety of pathological conditions.
Interestingly, the system may be administered through invasive
and non-invasive routes, e.g., oral, pulmonary, nasal, ocular, and
as injectables.

CONCLUSION

The fabrication of microreservoir using combination of
synthetic and natural PEs seems to be promising carrier for
controlled delivery of therapeutic proteins without affecting
its integrity. The surface modification of S/s UPM with PF-68
has demonstrated that biocompatibility could be successfully
achieved even with synthetic PEs. Our data suggest that the
repellant behavior of (PAH/PSS)5-PAH-PF68 may be main-
tained for time period that might be sufficient to significantly
alter the biodistribution and enhance their circulation time
in vivo. Further studies are still underway to obtain
suitable combination of natural PEs to get better targeting
efficacy of the system.
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