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Alginate microparticles and nanoparticles crosslinked with Ca+2 ions are frequently employed in biomed-
ical applications. Here we use microemulsion polymerization to prepare alginate nanoparticles (nano-
gels) using different crosslinking ions (Ca+2, Sr+2, Ba+2) to encapsulate a model protein, urease enzyme
(jackbeans). With alginate concentrations of 0.2 wt% in the aqueous phase, emulsion droplets showed
good stability and narrow, monomodal distributions with radii �65 ± 10 nm. The size of the nanogel var-
ies with the crosslinking cation and its affinity for the mannuronate and guluronate units in the linear
alginate chain. The nanogels were further characterized using dynamic light scattering, scanning electron
microscopy, energy dispersive X-ray spectrometry and zeta potential. This work demonstrates the poten-
tial application of Ba-alginate as an alternative matrix for nano-encapsulation of proteins and its use for
biomedical applications.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Alginate is a linear biopolymer obtained from brown algae. It
contains b-d-mannuronate (M) and a-l-guluronate (G) residues
linearly linked by 1,4-glycosidic linkages in varying proportions,
sequences, and molecular weights [1]. The notable biomedical
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applications of natural polysaccharides in wound dressings [2], cell
encapsulation [3–5], drug delivery [6], catalyst support [7], and
biosensors [8,9] result from the ease of forming heat-stable gels
by ionic cross-linking with multivalent cations, user-friendly
preparation methods, the possibility to encapsulate various sensi-
tive molecules (synthetic or biomolecules), and the robustness of
production under ambient physiological conditions [10]. The
preparation, properties and application of calcium alginate micro-
gels are well documented [11], but stability studies on calcium
alginate microgel particles indicate a number of drawbacks, such
as instability in physiological liquids [12] and poor thermal stabil-
ity, as well as fractures and cavities (in homogeneous porous net-
works) and poor mechanical resistance due to decreasing gel
strength from the surface to the core [13,14]. These microgels can-
not be used for immobilization of biomolecules with molecular
weights less than 300 kDa due to high leakage of biomolecules
[15]. Thus, lowmechanical strength of the gel structure and serious
swelling properties greatly limit applications. Many literature
reports describe the biological application of Ba-alginate microbe-
ads, which are effective in a variety of applications [3–5]. Thus, in
addition to calcium, other divalent cations are candidates as cross-
links for the development of more suitable alginate gels for differ-
ent applications.

The use of alginate in nanoparticles (nanogels) is less common
than that of synthetic polymers like poly(lactic acid) (PLA), poly
(glycolic acid) (PGA) and poly(lactide-co-glycolide) (PLGA). Prepa-
ration of Ca-alginate nanogels for the development of nano-sized
drug delivery systems has been reported [6,11], largely based on
two methods [16]: (a) Complexation, where nanoparticles can be
prepared by self-assembly and complexing alginate with highly
charged polycations, such as chitosan or poly l-lysine [17]. The
inclusion of polycations, however, limits versatility. Yu et al. [18]
have reported nanosized aggregates with four different morpholo-
gies, nanosphere, vesicle, nanoparticle and nanorod, prepared
under very mild conditions through self-assembly of alginate poly-
mer with Ca+2 cations, a process that requires almost a week to
obtain calcium alginate nanogels. However, solid nanoparticles
could not be obtained through this method. (b) Alginate-in-oil
(W/O) emulsion systems have been used to entrap water-
insoluble drug entities in calcium alginate nanoparticles, where
development of nanoemulsions requires a large input of mechani-
cal energy. Shearing, ultrasonication and solvent exchange proce-
dures have been employed to attain a sufficient increase in the
surface-to-volume ratio [19]. However, such harsh treatment
may seriously damage sensitive biomacromolecules like enzymes
or antibodies in comparison to milder methods. The latter, how-
ever, produce particle sizes above the desired range as well as high
polydispersity [20]. Recently, Machado et al. [21] proposed a phase
inversion temperature (PIT) emulsification technique, but this is
unsuitable for encapsulation of temperature-sensitive biomole-
cules like proteins.

We use urease enzyme as a model protein to study the widely
used sol-gel emulsification polymerization method of protein
encapsulation, as it gives a highly selective response to the biolog-
ically important molecule urea, which is of great interest (i) in clin-
ical diagnosis, since it is the primary reliable index of renal
function [22]; (ii) in environmental analysis, since it is used as a
nitrogenous fertilizer that causes environmental stress [23]; and
(iii) in the detection of adulteration in dairy milk or in assessing
the nutritional program of lactating dairy cows [24]. Urease
enzyme-based analytical systems are used for the monitoring of
urea in these fields when the critical issue is maintaining the sta-
bility, activity, and function of the enzyme as close as possible to
its native state [25]. The application of immobilized enzymes is
preferred due to their ease of handling, prolonged availability,
robustness, increased resistance to environmental changes and
reusability [26]. The characteristics of immobilized enzymes are
controlled by the properties of both the enzyme and the support
matrix. The present study is designed to prepare alginate nanogels
using various divalent ions- (Ca+2, Ba+2 and Sr+2) -as crosslinks and
to compare the effects of these crosslinks on the morphology, sur-
face charge, protein encapsulation properties and stability of the
resulting nanogels. The success of urease immobilization was
determined by the study of various immobilization parameters,
i.e., enzyme loading and specific enzyme activity over a period of
four weeks. We further studied the application of encapsulated
urease for urea measurement in clinical blood serum samples
and compared the results with the those obtained from the recom-
mended clinical method of blood urea nitrogen (BUN) analysis
using an auto analyser.
2. Experimental

2.1. Materials

Sodium alginate (mol. wt. 120,000–190,000), urease and hexane
were purchased from Sigma-Aldrich. Polyoxyethylene sorbitan
mono-oleate (Tween 80), calcium chloride dihydrate (CaCl2�2H2O,
p.a.), sodium chloride, Nessler’s reagent and urea were supplied
by Fisher Scientific. Other chemicals like strontium chloride, bar-
ium chloride, Tris-acetate and sodium acetate were obtained from
Qualigens India. All chemicals were used as received. Double-
distilled water was used throughout the experiments.
2.2. Preparation of alginate nanoparticles (alginate nanogels) using
Ca+2/Sr+2/Ba+2 crosslinkers and encapsulation of urease

The sodium alginate solution (0.2%) was prepared in Tris-
acetate-saline buffer (100 mM, pH 7.2) at 4 �C. This solution was
added dropwise to a vial containing the organic phase (hex-
ane = 20.44 g) and Tween 80 under constant stirring at 500 rpm.
Various phases appeared (transparent to turbid) during the process
of adding alginate solution at different surfactant concentrations.
For each distinct phase, the mixture was further stirred for
30 min, and 10 mL of filtered solutions containing divalent cations
(CaCl2, BaCl2 or SrCl2, 100 mM) were added dropwise, which led to
crosslinking of the polymer chains. After careful washing with
deionized water to remove surfactant and hexane, the vial was
centrifuged at 3000 g for 30 min, and small white pellets of algi-
nate nanogel were obtained. The pellets were re-suspended in
Tris-acetate-saline buffer for successive studies. For the encapsula-
tion of urease into the alginate nanogels, the procedure was same
as described above except that urease was pre-mixed with the 0.2%
alginate solution.
2.3. Characterization

2.3.1. Size determination using dynamic light scattering (DLS)
A 1 mL aliquot of the sample (emulsion and/or particle suspen-

sion) was placed in a quartz cuvette and analyzed using DLS to
estimate the mean hydrodynamic diameter and the polydispersity
index (PDI). The experiments were performed on a Malvern Zeta-
sizer - Nano ZS (Malvern, UK) instrument with backscatter detec-
tion (173�), controlled by Dispersion Technology Software (DTS
5.03, Malvern, UK). Mean hydrodynamic radii and intensity-
averaged size distributions were obtained from the raw data using
the general-purpose inverse Laplace transformmethod provided in
the instrument software. The PDIs were estimated from cumulant
analysis, which is also provided with the instrument software.
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2.3.2. SEM-EDX measurement
The surface morphologies (shape and formation of aggregates)

and sizes of nanoparticle formulations of alginate nanoparticles
were studied using scanning electron microscopy (SEM). Specimen
preparation was performed as follows: the lyophilized nanogels
were first suspended in ethanol. The suspension thus obtained
was mounted on stubs and sputter-coated with gold. Micrographs
were taken on a SEM instrument (Model S-4800 microscope, Hita-
chi, Tokyo, Japan). The nanogels mounted on stubs were further
used to analyze the presence of metal cations by using an electron
probe X-ray microanalyzer in energy dispersive X-ray spectrome-
try (EDX) mode.

2.3.3. FT-IR spectral study
Samples of sodium alginate, urease and encapsulated urease in

various alginate nanogels cross-linked with Ca+2, Sr+2 and Ba+2

were lyophilized before performing FT-IR analysis. The FT-IR spec-
tra were recorded on a Perkin-Elmer spectrometer. The spectra
were collected from 4000 to 400 cm�1 in the transmission mode.

2.3.4. Surface charge characteristics using zeta potential
measurements

The DLS instrument Malvern Zetasizer Nano ZS (Malvern, UK)
was used to measure the zeta potential in the electrophoretic light
scattering (ELS) mode. The alginate nanogels containing different
crosslink ions (Ca+2, Sr+2 and Ba+2) with 0.5 w/v particle concentra-
tion were suspended in water (Milli-Q) and slowly placed in a stan-
dard cell to avoid air bubbles. When the cell was inserted into the
Zetasizer, electrodes positioned on either side of the cell holder
supplied the voltage necessary to perform electrophoresis. The zeta
potentials were calculated automatically at 25 �C by the instru-
ment, determining the electrophoretic mobility using the Henry
equation [27]. Each sample was run in triplicate, and the average
of the three readings was reported.

2.4. Enzyme assay

Lyophilized urease enzyme (2 mg/mL) was premixed with
sodium alginate sol (0.2%) for the encapsulation of urease protein
in the nanogels using different crosslinking ions. The nanogels so
obtained were washed, lyophilized and resuspended in buffer.
The specific enzyme activity of immobilized enzyme and residual
enzyme in the wash solution were separately determined as fol-
lows: The appropriate amount of soluble enzyme in stock solution
or wash solution (0.1 mL) or immobilized urease nanogel (0.001 g)
was incubated in 0.1 M urea with intermittent shaking. The
amount of NH3 liberated after incubation for a fixed time interval
was determined using Nessler’s reagent [28]. The absorbance was
measured spectrophotometrically at 405 nm (Shimadzu UV–vis
spectrophotometer, Japan). One unit of urease activity liberates
1 lmol of NH3 from 0.1 M urea per min under standard assay con-
ditions (100 mM Tris-acetate-saline buffer, pH 7.2 and 25 �C).

The protein content in the alginate nanogel was determined by
the method of decrosslinking of alginate nanogels in brine solution
given by Pignolet et al. [29]. In this method the breaking of cation-
alginate crosslinks releases urease protein, which was estimated
by Bradford’s method [30]. The residual protein content of the
wash solution was also determined by the Bradford method of pro-
tein estimation [30].

The enzyme loading efficiency and loading capacity of the nano-
gels were calculated as follows:

A: Enzyme loading efficiency

¼ Wt: of urease in alginate sol�Wt: of residual urease
Wt: of urease in alginate sol

� 100
B: Loading Capacity

¼ Wt: of urease in alginate sol�Wt: of residual urease
Polymer weight

The percent immobilization (percent enzyme activity retention
in the alginate nanogel) was calculated as follows:

C: Percent immobilization ð%Þ

¼ Specific activity of immobilized urease
Specific activity of soluble urease

� 100

The specific activity of immobilized urease was determined as
detailed above. The specific activity of soluble urease was calcu-
lated by subtracting the specific activity of urease during washing
(unbound urease) from the specific activity of total soluble
enzyme.

2.5. Steady-state kinetics

The effect of substrate concentration on urease activity was
investigated at 25 �C by varying the urea concentration from
1 mM to 30 mM at optimum pH 7.2 for soluble and immobilized
enzyme. The activity assay was performed as described earlier.
Km and Vmax were determined from a Lineweaver–Burk plot and
turnover number (Kcat) was calculated as shown in Table 3.

2.6. Storage and stability studies of urease in nanogels

The soluble and immobilized urease were stored in 100 mM
Tris-acetate-saline buffer at pH 7.2 and 4 �C. The activity was
determined and recorded for four weeks at regular intervals for
stored urease (immobilized and soluble) using assay procedures
described in Section 2.4 on enzyme assay under similar conditions.
The percent residual activity was plotted against the number of
days, as shown in Fig. 7. The stability of immobilized urease
enzyme in different nanogels with 90% residual enzyme activity
was calculated from such a plot.
3. Results and discussion

3.1. Alginate nanogels by emulsification method

The use of self-assembled surfactant as a template is one of the
most promising approaches for the synthesis of nanomaterials. The
central idea of using surfactant templates is to turn the dynamic
molecular aggregates into a chemically and mechanically stable
supramolecular material through templating reactions. Therefore,
we chose the commonly employed water-in-oil (W/O) emulsion
of a nonionic surfactant for the preparation of alginate nanogels
in a water-hexane biphasic system. The preparation of emulsions
with droplet sizes in the 200 nm range may be performed by high
energy input techniques like high-shear stirring, high-pressure
homogenizers, or ultrasound generators in the presence of surfac-
tant. In addition, the smaller the droplet size, the more energy and/
or surfactant is required, making these preparation routes unfa-
vourable for industrial applications [31]. Therefore, we chose
micellar structures, which form spontaneously in organic solvents
through thermodynamic self-assembly, to use as templates for
alginate nanogel preparation by the sol-gel method.

Tween 80 is a nonionic surfactant selected for the present work
because of its expected advantage over anionic and cationic surfac-
tants, such as AOT (sodium bis[2-ethylhexyl] sulfosuccinate) or
CTAB (cetyltrimethylammonium bromide). The behavior of anionic
or cationic surfactants is strongly affected by the presence of diva-
lent ions (Ca+2, Sr+2, Ba+2), whereas nonionic surfactants show less
pronounced interactions with these ions. Also, the presence of a



Fig. 2. Intensity based size distribution (PDI = 0.371) of micelles formed at 7 mM
Tween 80 in hexane measured by DLS.

Fig. 3A. Phase diagram for a hexane/alginate solution/Tween 80 (micro)emulsion.
Squares (j), circles ( ) and triangles ( ) correspond to the microemulsion regions
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hydrophilic nonionic surfactant with a high hydrophilic-lipophilic
balance (HLB) stabilizes the aqueous phase, which promotes W/O
microemulsion formation. The microemulsion droplets act as
nanoreactors, where the high HLB value of the nonionic surfactant
promotes smaller droplet size formation, resulting in particles of
smaller size due to a decrease in the sol-solvent interfacial tension
[32,33].

It is also desirable to form emulsions/microemulsions with a
minimum amount of surfactant. The critical micelle concentration
(CMC) of surfactants for aqueous-surfactant systems has been
well-studied, but few data are available for organic-surfactant sys-
tems. Hence, we applied DLS to study the emulsion in the organic
phase, which allows measurement of the micelles’ hydrodynamic
size and provides information on the surfactant’s CMC [34,35].
The results for Tween-80 in hexane are shown in Fig. 1. Each data
point is averaged from three independent measurements, and the
standard deviation is calculated.

The hydrodynamic diameter of Tween 80 aggregates in hexane
initially increases with surfactant concentration and PDI value
(0.3–0.8), then remains roughly constant at around 65 nm over a
wide range of concentration. The DLS result at [Tween 80]
= 7 mM is shown in Fig. 2. It confirms that Tween 80 forms stable
micellar-type aggregates at concentrations of 7 mM or higher; the
size is consistent with published results [36,37].

In W/O-type emulsions, at the CMC and above, the spherical
micelles enclose the sol (alginate aqueous phase) in so-called
water pools [38,39]. For the present sol-gel process based on emul-
sion polymerization, these can be called ‘‘sol pools.” The size of the
pool depends on the relative quantity of the aqueous phase as well
as the number of surfactant molecules forming the micelles. Gela-
tion of these sol pools in general produces spherical gel particles.
Nevertheless, reasonably satisfactory alginate aqueous phase/hex-
ane emulsions over a wide range of alginate sol volume fractions
could be prepared with Tween 80 dissolved in the hexane phase.
Since sodium alginate sol is insoluble in oil (hexane), the alginate
polymer is confined within the aqueous nanophase. The phase sta-
bility of the resulting microemulsion is significantly affected by the
amount of added alginate solution. The trial compositions were
plotted on a ternary phase diagram as shown in Fig. 3A. At constant
surfactant:hexane ratio for low alginate sol concentration, a trans-
parent microemulsion region appeared. The area bounded by the
square points in the phase diagram (Fig. 3A) corresponds to the
Fig. 1. Apparent hydrodynamic diameter of aggregates formed by Tween 80 in
hexane measured by DLS. Error bars are standard deviations.

where the micelle size varies from 70 nm to 110 nm, 110 nm to 150 nm, and
160 nm to 300 nm, respectively, all with PDI less than 0.5.

Fig. 3B. W/O microemulsion representing points A (clear solution-microemulsion),
B (slightly turbid solution) and C (milky appearance-emulsion) in Fig. 3A.
concentration range of component mixtures that produced visually
clear and transparent microemulsions.

The droplet size was 70 ± 3.43 (std) nm at point A in the ternary
phase diagram; the corresponding microemulsion is shown in
Fig. 3B. As the alginate aqueous phase concentration increases,
the system becomes slightly turbid/translucent, e.g., the circles in
Fig. 3A, where point B represents a microemulsion with droplet



Fig. 4. Hydrodynamic diameter of alginate nanogels measured in water. (a) Ca-
alginate nanogel; (b) Sr-alginate nanogel; (c) Ba-alginate nanogel.
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size 130 ± 10 nm. At still higher alginate, microemulsions with a
milky appearance were obtained, as shown by the triangles in
Fig. 3A, where at point C the droplet size is 240 ± 5.25 nm. The cor-
responding microemulsions at points B and C are shown in Fig. 3B.

Subsequent addition of divalent cation solutions (CaCl2, SrCl2,
BaCl2) induces gelation and leads to phase separation, which typi-
cally yields an alginate nanogel containing Ca+2/Sr+2/Ba+2 as cross-
linker, with a hydrodynamic diameter slightly larger than the
original microemulsion droplets, as shown in Table 1. We used
an alginate polymer with high mannuronate content, because this
composition is more stable to NaCl treatment [10]. As a conse-
quence of their different affinities for divalent cations, the high
M-alginate nanogels obtained in the presence of Ca+2, Sr+2 and
Ba+2 show gradations in hydrodynamic diameter as illustrated in
Table 1. The Ca-alginate nanogels are smallest and the Ba-
alginate nanogels are largest, while Sr-alginate nanogels are inter-
mediate in size. These results correlate well with earlier observa-
tions of high M-alginate capsule preparation, where a similar
variation of alginate bead size was observed in microcapsule devel-
opment. [12,40]. The nanophase confinement of sodium alginate
polymers during emulsion polymerization does not control the
gel size. The interaction of ionic polysaccharide with gelling solu-
tion leads to the formation of junction zones that may affect the
hydrodynamic size of the nanogels (see Fig. 4).
Fig. 5A. EDX spectrum of Ca-alginate nanogels showing the presence of Ca in the
nanogel. Inset (a) SEM image of Ca-alginate nanogel.

Fig. 5B. EDX spectrum of Sr-alginante nanogels showing the presence of Sr in the
nanogel. Inset (b) SEM image of Sr-alginate nanogel.
3.2. SEM-EDX studies

DLS experiments provide ensemble averages of apparent parti-
cle radii. In order to get further insight into the character of our
nanogels with respect to morphology and dimensions, we exam-
ined smears or films of lyophilized nanogels in ethanol by SEM.
We used 0.1 M gelling solution, which is sufficient to replace all
the sodium ions from the linear polymeric chain of sodium algi-
nate. To confirm the replacement of sodium ions by divalent gel-
ling ions, EDX spectra were recorded as shown in Figs. 5A–5C.
The spectra show the relative proportion of elements present in
the different nanogels and contain cation peaks for the replace-
ment divalent cations (Ca+2, Sr+2, Ba+2).

SEM images of the nanogels are shown as insets in Figs. 5A–5C.
The spherical nanoalginate particles containing the divalent
cations (Ca+2, Sr+2, Ba+2) have much smaller diameters than the
hydrodynamic diameters measured by DLS and are relatively
monodisperse. The lyophilized calcium-alginate, strontium-
alginate and barium-alginate nanogels had average diameters of
45.3 ± 2.4 nm, 51.4 ± 8.2 and 86.8 ± 10.6 nm, respectively, increas-
ing with the ionic radii of the divalent cations, as was the case
for the hydrodynamic diameters. Enzyme encapsulation had very
little effect on the particle sizes.
3.3. FTIR spectral study

Sodium alginate (powder), lyophilized alginate nanogels con-
taining different cations and urease-encapsulated nanogels were
Table 1
DLS data obtained from microemulsions with different divalent cation solutions
collected before and 1 h after addition of divalent cation solutions.

Gelling solution
(0.1 M–2 mL)

Droplet size of
emulsion without
aqueous phase

Recovered
nanogels
with cations

Shape

(nm) before
gelation

(nm) after
gelation

CaCl2 70 ± 1.42 (std) 80 ± 2 Spherical
SrCl2 70 ± 1.42 90 ± 5 Spherical
BaCl2 70 ± 1.42 110 ± 1.4 Spherical

Fig. 5C. EDX spectrum of Ba-alginante nanogels showing the presence of Ba in the
nanogel. Inset (c) SEM image of Ba-alginate nanogel.
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analyzed using an FT-IR spectrophotometer to study cation-
alginate interaction before and after gelation. The spectra of the
three crosslinked alginates are quite similar. The corresponding
FTIR spectra are given in the supplementary data file as Fig. 1A–
1D. There are four particularly relevant spectral bands in these
nanogels prepared and tested under the same conditions. The m
(OAH) (1) bands are broadened and shifted to lower wave numbers
compared to linear polymeric Na-alginates, indicating that the
OAH bond is weakened due to hydrogen bonding in the gel struc-
ture [41]. The ratio of intensities of m(C@O) (2) and m(CAOH) (3)
suggests the presence of a protonated carboxylic group in the
nanogels. Band (4) indicates the presence of an O-glycosidic bond
between b-d-mannuronic and a-l-guluronic acid residues in the
linear alginate chain. The bands in these regions are broadened
and smoothed with a shift to lower wave number relative to
sodium alginate.

The FTIR spectra of nanogels containing urease are shown in
Figs. 6A–6D. Three absorption bands are of particular importance.
The amide A Band at 3300 cm–1 characterizes the NAH stretch
vibration; the amide I band at 1650 cm–1 corresponds to the C@O
stretch vibration; the amide II band at 1550 cm–1 arises from the
NAH bending vibration. CAN stretching vibrations at 1250 cm–1

are also prominent. We note that these infrared bands are broad
and often overlap with neighboring bands to produce a complex
absorption profile as shown in Figs. 6A–6D [42].
Fig. 6A. FT-IR spectrum of free u

Fig. 6B. FT-IR spectrum of urease-enca
The spectra of all the crosslinked alginates are quite similar, but
in the spectra of the urease-bound metal alginates, a significant
new peak (5) appears at 1250 cm�1, due to CAN stretching vibra-
tions, which suggests proper encapsulation of urease in the algi-
nate matrix.

3.4. Surface charge and physical stability (zeta potential)

The interaction of a protein with polymers and other biomate-
rials used in medical devices has characteristic electrical proper-
ties, such as the local electrostatic charge distribution and the
electrical double layer potential, which play a significant role in
defining the biological interactions, aggregation behavior and sta-
bility [43]. The zeta potential (ZP) is an indicator of the surface
charge properties of a colloid or a particle in solution and depends
on the surface potential and the thickness of the electric double
layer. The zeta potentials of nanoparticles with charged functional
groups at the surface are measured to determine their colloidal sta-
bility by coulombic repulsion [44]. The alginate nanogels were
formed by electrostatic interaction between the negatively charged
carboxylic groups of alginate and the positively charged divalent
cations (Ca+2/Sr+2/Ba+2) that form a crosslinked network containing
a large fraction of water. The negative zeta potential values shown
in Table 2 indicate an open and porous gel network with free car-
boxylic groups at the surfaces of the alginate nanogels, which
rease (lyophilized powder).

psulated calcium alginate nanogel.



Fig. 6C. FT-IR spectrum of urease-encapsulated strontium alginate nanogel.

Fig. 6D. FT-IR spectrum of urease-encapsulated barium alginate nanogel.

Table 2
Zeta potentials of alginate nanogels crosslinked with divalent cations.

No. Type of nanoparticle Zeta potential (mV)

1. Ca-alginate �11.6 ± 0.2
2. Sr-alginate �14.8 ± 0.2
3. Ba-alginate �17.8 ± 0.4
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causes electrostatic repulsion among the gel strands [45,46]. The
high value for the Ba-alginate nanogel suggests that it has a more
open gel network than the highly crosslinked Ca-alginate and Sr-
alginate nanogels.

3.5. Enzyme assay

3.5.1. Steady-state kinetics
The enzymatic hydrolysis of urea can be represented by the fol-

lowing overall reaction [47]:

ðNH2Þ2COþ 2H2O ! 2NHþ
4 þ CO2�

3 ð1Þ
Assuming a noncompetitive mechanism for ammonium detec-

tion using Nessler’s reagent [48] leads to the following rate
expression:

r ¼ Vmax � ½S�=ðKM þ ½S�Þð1þ ½P�=KPÞ ð2Þ
where [S] and [P] are the substrate and ammonium ion concentra-
tions, respectively; Vmax is the maximum reaction rate; Km is the
Michaelis-Menten constant; and KP is the dissociation constant for
the enzyme-product complex.

Kinetic data were analyzed by the initial rate method, and Km

and Vmax values were obtained from Lineweaver-Burk plots for
the three nanogels shown in Table 3. The range of concentration
of urea studied was 1 mM–30 mM (�6 mg/dL to 180 mg/dL), which
can be applied for measurement of blood serum urea in normal as
well as kidney patients. The calibration curves were obtained for
alginate gels synthesized with BaCl2, SrCl2 and CaCl2 gelling
solutions.
3.6. Storage stability of urease in nanogel

All forms of urease were stored at 4 ºC in 100 mM Tris-acetate-
saline buffer, pH 7.2. The storage and stability of immobilized
urease in alginate nanogel crosslinked with different cations were
determined by measuring the specific enzyme activity of immobi-
lized urease and soluble urease in Tris-saline buffer at 25 �C over a
period of four weeks as described in Section 2.4. The % residual
activity of immobilized enzyme was compared with that of soluble
enzyme, as shown in Fig. 7. Urease encapsulated in Ba-alginate
nanogel was found to be active for 20 days with retention of 90%
activity.



Table 3
Kinetic and stability parameters of urease enzyme.

No. Type of alginate
nano-particles

Enzyme
loading
efficiency (%)

Enzyme
loading
capacity

% immobilization Substrate concentration
effect ðVmaxÞ at 0.01 mg/mL
urease concentration
(mM/min)

Km

(mM)
Turnover
no.

Linear range
of calibration
curve (mM)

Storage and
stability with
90% activity
(days)

1 Urease in Tris acetate – – 100 – 1.4 – – 2
2. Calcium alginate 64.0 0.064 83.5 1.069 0.408 59.424 2.0–24.0 10
3. Strontium alginate 87.5 0.087 73.2 1.275 0.692 70.82 5.0–19 6
4. Barium alginate 90.0 0.089 76.41 1.355 1.176 75.3 0.8–30 20

Fig. 7. Storage stability of soluble and immobilized urease at 4 �C. (a) Soluble
urease in buffer; (b) encapsulated urease in Ca-alginate; (c) encapsulated urease in
Sr-alginate; (d) encapsulated urease in Ba-alginate. Each experimental point
represents the mean of three determinations.
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3.7. Estimation of serum urea with immobilized urease

In order to determine the best matrix for urease immobilization
and urea detection for clinical applications, the nanogels cross-
linked with Ca+2, Sr+2 and Ba+2 were tested for clinical analysis of
urea in blood serum samples as reported earlier [49,50]. The clin-
ical blood serum samples were obtained from the laboratory med-
icine department, All India Institute of Medical Sciences. The
conditions for obtaining a constant and stable reading (amount
of particle, total test volume and incubation time) were developed
for a urea concentration of 180 mg/dl (�30 mM) as test analyte,
which can be applied for the measurement of blood serum urea
in normal humans as well as kidney patients. It is much higher
than the normal physiological range (20–40 mg/dl).
Fig. 8. Column chart showing comparison of blood urea concentration analyzed in indivi
(shown on y-axis) by: (A) clinical method; (B) urease encapsulated in Ca-alginate; (C) ur
are relative standard deviations.
The results shown in Fig. 8 indicate that urease encapsulated in
Ba-alginate nanogels is most suitable for serum urea measurement,
as these gels show the most reproducible response, with less than
5% relative standard deviation (RSD) within the normal physiolog-
ical range of urea concentration and the high urea concentrations
found in kidney patients. Ca-alginate nanogels are comparable in
performance to Ba-alginate gels only at low urea. Urea detection
using Sr-alginate nanogels has a very high RSD, which could be
due to a low stability and detection range.
4. Conclusion

Alginate nanogels of different sizes were successfully prepared
using a mild method that exploits surfactant self-assembly for
templating. We have compared the effects of various gelling ions
on the size and morphology of nanogels. The immobilization prop-
erties of enzyme encapsulation techniques of different nanogels
were compared with respect to enzyme loading efficiency, loading
capacity and turnover number. The key findings of the study are:
(1) Tween 80 forms stable microemulsion droplets at 7 mM or
above with hydrodynamic diameter �65 ± 10 nm and a monomo-
dal size distribution using a low energy emulsion technique; (2)
Nanophase confinement of alginate sol by the surfactant aggregate
has no controlling effect on the gel size. The size of nanogels varies
with the crosslinking cation and its affinity for the mannuronate
and guluronate units in the linear alginate chain; (3) The negative
zeta potential indicates the presence of free carboxylic acid groups
at the surface of the nanogels, leading to a negative charge at pH
7.2 and preventing aggregation of nanogels. Ba-alginate has a
higher surface charge and hence better stability compared to the
other nanogels; (4) In the present study, we have used sodium algi-
nate gel of high M/G ratio, which is more stable in the presence of
duals (S1-S8; shown on x-axis) and concentration of blood urea measured in mg/dL
ease encapsulated in Sr-alginate; (D) urease encapsulated in Ba-alginate. Error bars
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NaCl. Thus use of saline buffer not only prevented the aggregation
of the nanogel during nanoparticle preparation but also allowed for
long term stability over a four week period; (5) A comparative
assay of urease shown in Table 3 demonstrates that Ba-alginate
has 90% urease encapsulation efficiency with the highest turnover
number and linear range of urea detection. Thus bioactivity was
best retained in the protein-loaded Ba-alginate nanogel, which
was able to protect and preserve protein stability during particle
formulation, recovery and storage in Tris-acetate buffer.

Several kinds of nanoparticle immobilization matrices have
been reported for urea detection by optical methods. Zhu et al.
[51] have used a Ca-alginate matrix to develop an implantable glu-
cose biosensor, but in order to avoid leaching of protein (glucose
oxidase) and to increase shelf life, they coated the microgel with
a polyelectrolyte nanofilm. Similarly, Swati, et al. [8] studied the
use of a biocompatible Ca-alginate matrix for continuous measure-
ment of urea in spent dialysates, which are unstable due to disso-
lution of Ca-alginate in phosphate saline solution and hence
require coating with polyelectrolyte nanofilm and cresol dye. This
is the first time that a Ba-alginate nanogel, which performs better
than the other nanogels we synthesized, has been utilized for urea
detection. Ba-alginate can encapsulate the protein/enzyme for
20 days with 90% activity, a performance far superior to that of
the Ca-alginate and Sr-alginate nanogels. Due to their high surface
charge, Ba-alginate colloids do not aggregate, and they have a max-
imum linear range of urea detection. The ease of enzyme immobi-
lization in Ba-alginate nanogels and their storage stability makes
them suitable candidates for applications in diagnostics, for BUN
(blood urea nitrogen) kit development and for therapeutics.
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