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Abstract: Urease is a nickel-dependent metalloenzyme that
catalyzes the hydrolysis of urea to form ammonia and carbon
dioxide. Although the enzyme serves a significant role in sev-
eral detoxification and analytical processes, its usability is
restricted due to high cost, availability in small amounts,
instability, and a limited possibility of economic recovery
from a reaction mixture. Hence, there is a need to develop an
efficient, simple, and reliable immobilization strategy for the
enzyme. In this study, the carboxyl terminated surface of
glutathione-capped gold nanoparticles have been utilized as
a solid support for the covalent attachment of urease. The
immobilization has been carried out at different pH condi-
tions so as to elucidate its effect on the immobilization effi-
ciency and enzyme bioactivity. The binding of the enzyme
has been quantitatively and qualitatively analyzed through
techniques like ultraviolet-visible spectroscopy, intrinsic
steady state fluorescence, and circular dichorism. The bioac-

tivity of the immobilized enzyme was investigated with
respect to the native enzyme under different thermal condi-
tions. Recyclability and shelf life studies of the immobilized
enzyme have also been carried out. Results reveal that the
immobilization is most effective at pH of 7.4 followed by that
in an acidic medium and is least in alkaline environment. The
immobilized enzyme also exhibits enhance activity in com-
parison to the native form at physiological temperature. The
immobilized urease (on gold glutathione nanoconjugates sur-
face) can be effectively employed for biosensor fabrication,
immunoassays and as an in vivo diagnostic tool in the future.
© 2014 Wiley Periodicals, Inc. J Biomed Mater Res Part A: 00A:000-
000, 2014.
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INTRODUCTION
While, in general, the loss of protein secondary structure
and consequent changes in its activity upon interactions
with nanomaterials can be seen as a potential source of
nanoparticle toxicity, there exists a budding positive out-
come too. Promising applications of nanoparticle-protein
interactions include increasing protein stability toward
enzyme degradation and enhancing activity (if any) and sta-
bility of enzyme in aqueous and non-aqueous media via
immobilization at surfaces." Enzyme immobilization has spe-
cifically attracted interest due to the convenience in han-
dling, ease of separation of enzymes from the reaction
mixture and reuse, low product cost, and a possible increase
in thermal and pH stability along with an increase in the
overall bioactivity of the immobilized enzyme in a few
cases.”™

A wide variety of immobilization techniques have been
employed including adsorption on solid supports,®’ covalent
attachment,®® or entrapment in silica/polymer matrices.'®
The techniques involving physical bonding are usually very
easy to apply, but suffers from major shortcomings such as
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leaching of the enzyme with subsequent conformational
changes due to weak binding."""*? Covalent attachment, on
the other hand, can lead to improved enzyme stability, often
in lieu of the partial inactivation of enzyme due to the con-
formational changes induced by the covalent bonding of the
enzyme residues to the nanostructure.!® It has been
observed that in certain cases, the immobilization can
induce structural [three-dimensional (3D)] changes which
might affect the entire molecule. Thus, an essential require-
ment for a successful immobilization lies in the selection of
an appropriate surface/matrix that should provide a bio-
compatible/inert environment and should not interfere with
the active site of the enzyme (resulting in its compromised
biological activity).'*

Gold nanoparticles, in this context, have emerged as an
excellent immobilization surfaces owing to their inertness,
non-toxicity, and non-immunogenicity together with extreme
surface activity and modification flexibilities. Several
research groups have directly immobilized enzymes on to
bare nanogold surfaces (without any modification) through
the very well-known gold-thiol chemistry."®>~” Apart from



this, the surface of the gold nanoparticles can also be easily
and efficiently functionalized with thiolated molecules and
carboxylic groups, which in turn, can be conjugated with
amino groups of the proteins and/or enzymes.'®2*

Urease (urea amidohydrolase, EC 3.5.1.5) is a highly effi-
cient enzyme for converting urea to ammonia and carbon
dioxide.?? It plays a crucial role in the determination of
urea in blood, urine, and wastewater and can hence contrib-
ute significantly in the process of dialysis (for removal of
urea from blood in the treatment of uremia).23 Moreover,
the enzyme is found in a variety of bacteria, fungi, and
plants, thus playing an important role in the circulation of
nitrogen in nature.** However, the usability of the enzyme
suffers from some major constraints such as its post analy-
sis separation from the reaction mixture, storage, unavail-
ability, and its working efficiency at high temperature
(60°C). As a consequence, there exists an inevitable quest
for the development of an appropriate immobilization strat-
egy for this enzyme.

Many polymeric materials have been utilized as the
immobilization surface till now.?>?°~?® Materials such as cal-
cium alginate gel spheres, lac impregnated muslin cloth, and
paraffin wax impregnated muslin cloth have also been
used.?’ Immobilization on the mentioned materials, how-
ever, either involved tedious/harsh immobilization methods
or resulted in compromised enzyme activity (due to leach-
ing and inactivation of active site). Recently, phosphonated
iron oxide nanoparticles have also been employed as the
effective immobilization surface for urease.”* Although they
broadened the pH and thermal stability range of the enzyme
but again resulted in compromised enzyme activity with
57% specific bioactivity retained.

Hence, in view of the phenomenal advantages presented
by the inert, non-toxic, and chemically reactive surface of
gold nanoparticles, an attempt to covalently immobilize ure-
ase on to the surface of the glutathione-capped gold nano-
particles has been made and discussed in this article. The
immobilization has been attempted under acidic (pH 4.0),
neutral (pH 7.4), and alkaline (pH 9.2) conditions. The study
is intended toward the evaluation of benefits offered by the
gold-glutathione nanoconjugates as the promising surface
for the enzyme immobilization.

MATERIALS AND METHODS

Materials

All starting materials were purchased from commercial
sources and were used without further purification. Specifi-
cally, gold chloride (49%-50% Au; HAuCl,) was procured
from Merck (Germany). Glutathione and urease was a prod-
uct of Sigma (United States). EDC and NHS were again pur-
chased from Merck (India). Chemical used for the buffer
preparations were of analytical grade (AR) and were pro-
cured from SRL (Mumbai, India). Urea, EDTA, and sodium
tungstate were obtained from Fischer Scientifics (Mumbai,
INDIA). Double distilled water was used throughout the
experiments and was produced in the laboratory (WDU
2000). Cold temperature was maintained in an ice bath
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whereas elevated temperatures were maintained in a ther-
mostable water bath.

The Fourier transform infrared (FT-IR) data was
obtained on a Perkin-Elmer, FTIR-1710 spectrophotometer.
Ultraviolet (UV) analysis for the samples was done on Dou-
ble beam Systronics AU2700 instrument. Fluorescence stud-
ies were conducted on a CARY instrument with an
excitation value of 280 nm. The dynamic light scattering
(DLS) measurements for estimating the average mean size
and polydispersity index were carried out on a Photocor FC
instrument having Argon ion laser (633 nm) as the light
source and Dyna LS as the software for accumulating data
points and plotting a diffractogram. TEM Micrographs were
collected from TECHNAI ULTRA TWIN FEI with EDAX
instrument operating at an applied voltage of 300 kV. Circu-
lar dichorism (CD) studies were conducted in the far UV
region (from 190 to 300 nm) at room temperature on a
JASCO ]-810 spectrometer (JASCO Spectroscopic Co.,
Hachioji, Japan). Secondary structure content was calculated
using the program CONTIN. Denver analytical weighing bal-
ance was used for the gravimetric analysis.

Methods

Synthesis of gold-glutathione nanoconjugates. Gold-gluta-
thione nanoconjugate was synthesized employing the
reverse micellar template of a biocompatible non-ionic sur-
factant in a non-aqueous medium. Briefly, 54 pL of 0.05M
aqueous solution of gold chloride was added to 10 mL of
the stock surfactant solution so as to form reverse micelle A
(RM-A). Similarly, in another 10ml of the stock surfactant
solution, 54 upL of the 0.25M aqueous solution of sodium
borohydride was added to form reverse micelle-B (RM-B).
Both RM-A and RM-B were equilibrated under constant
magnetic stirring for about 20-25 minutes before RM-B was
added to RM-A dropwise to form a homogeneous mixture
(RM-C). Immediately after the addition of the content of
RM-B to RM-A, 36 pL of 5 mM glutathione was added to the
resultant RM-C. RM-C was then left on magnetic stirring for
another 3 h. Finally the micelles were disrupted using 2-
3 mL of benzene:methanol (3:1) solvent mixture. The dis-
rupted micelles were centrifuged at 3000—4000 rpm for 8-
10 minutes so as to collect the suspended particles. The
particles were washed thoroughly with absolute ethanol in
order to remove the impurities of synthetic precursors such
as surfactant residue, unreacted ions, etc. The concentrated
particle suspension was then air-dried for its further charac-
terization and derivatization.

In vitro cytotoxicity assessment of gold glutathione
nanoconjugates. The cytocompatibility studies of the gluta-
thione conjugated and bare gold nanoparticles were carried
out on A549 human cell lines via MTT cell viability assay.
Human alveolar basal epithelial (A549) cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (Invitrogen) and 1%
antibiotic (Sigma). The cells were maintained at 37°C in a
5% CO, incubator. Approximately, 1 X 10° cells were plated
in 96 well plates. Various concentrations of the bare and
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conjugated gold nanoparticles were then prepared via serial
dilution method from a stock solution of 100 pg/mL. The
concentrations of the gold samples so obtained were 100,
50, 25, 12.5, 6.25, 3.125, and 1.56 pg/mL. Each concentra-
tion was assessed in triplicates. In other words, each con-
centration of the bare and conjugated gold nanoparticles
was added in triplicates to the A549 cells. Following the
addition of gold samples, the cells were incubated at 37°C
in 5% CO, incubator for 24 h. After incubation, 20 pL of
MTT reagent (Sigma) was added to each well and was again
incubated for 3 h at 37°C. Finally, the MTT reagent was
removed and 100 pL of DMSO (solubilization solution) was
added in each well. The plate was then kept for vigorous
shaking for about 15 minutes with the subsequent measure-
ment of the optical density (of cells) at 570 nm.

EDC-NHS derivatization of gold glutathione nanocon-
jugates. Derivatization of the surface exposed carboxyl moi-
ety of the gold-glutathione nanoconjugate involved the addi-
tion of EDC.hydrochloride (20 mg; dissolved in 1 mL of the
phosphate buffer at pH 7.4) to 5 mL of the conjugated gold
colloid (at a concentration of 1000 ppm in the phosphate
buffer 7.4). The temperature during the addition was main-
tained between 0°C and 4°C. The reaction mixture was then
incubated at the same temperature for about an hour with
the magnetic stirring turned on. Following this, 20 mg of
NHS again dissolved in 1 mL of the phosphate buffer (pH
7.4) was added to the reaction mixture. The reaction mix-
ture was finally incubated for another 1 h maintaining the
same conditions of temperature. The red colored colloid
thus formed was centrifuged at 8000-10,000 rpm for about
8-10 minutes so as to separate the activated glutathione-
capped gold nanoparticles from the unreacted precursors.
The pellet was washed with double distilled water and was
air dried for the further studies. For the storage purposes,
the activated gold glutathione nanoconjugate was kept at
0°C-4°C.

Immobilization of urease on the surface of the gold
glutathione nanoconjugates at different pH values. A typ-
ical procedure employed for the immobilization of urease
on the surface of the activated gold glutathione nanoconju-
gate is discussed as follows:—Pre-weighed amount of abso-
lutely dried activated gold-glutathione nanoconjugate
(2 mg) was dispersed in 2 mL of the buffer (at pH 4.0, pH
7.4, and pH 9.2 separately) under mild sonication condi-
tions. Each of the well-dispersed gold colloid so obtained
(i.e, at pH 4.0, 7.4, and 9.2) was incubated at a temperature
of 0°C-4°C for about 10-15 minutes before 3 mL of the ure-
ase suspension (1.33 mg/mL; prepared in the respective
buffers) was added to them. The resultant suspensions con-
taining enzyme and gold colloid in the ratio of about 2:1 at
different pH values of 4.0, 7.4, and 9.2, were incubated at
the maintained temperature of 0°C-4°C for about 2 h fol-
lowed by their incubation at room temperature for 12 h.
The urease bound gold nanoparticles were then separated
from the free unbound enzyme through centrifugation at
8000-10,000 rpm for 10 minutes. The supernatant was col-
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lected separately and subsequently labeled. The pellets of
the urease bound gold nanoparticles thus obtained were
washed slightly with double distilled water and redispersed
in the 5 mL of their respective buffers. Final nanoparticulate
suspensions containing the immobilized urease were desig-
nated as IM.U4, IM.U.7, and IM.U.9 depending upon the
buffer used and were evaluated for their various physico-
chemical and binding aspects.

Bioactivity studies of the free as well as urease nano-
particulate suspensions. Bioactivity studies of the free and
urease nanoparticulate suspensions were carried out as per
the procedures given by Krishnan et al.*® with slight modifi-
cations. Briefly, 500 pL of free (40 ppm) or immobilized
(1000 ppm) urease dispersed in the assay buffers at differ-
ent pH values of pH 4.0, 7.4, and 9.2 was taken in separate
test tubes such that six test tubes (three for free urease and
three for immobilized urease at pH 4.0, 7.4, and 9.2, respec-
tively) were obtained in total. To each of the test tubes,
1.0 mL of respective assay buffer containing 150 mM urea
and 5 mM EDTA was added and incubated at 60°C for 30
minutes. After incubation, 0.3 mL of 0.3% sodium tungstate
and 0.3 mL of 0.68N sulfuric acid was added to all the test
tubes containing free enzyme. However, for the test tubes
containing urease nanoparticulate suspension, centrifugation
of the enzyme-bound gold nanoparticles was carried out
prior to the above mentioned additions. Finally the total vol-
ume in each of the test tube was made up to 5 mL using
the assay buffer. About 1 mL of the solution so obtained
was then taken out and was treated with 1 mL of the Ness-
ler’s reagent. The brown colored precipitate thus formed
was quantified gravimetrically in order to determine the
percentage bioactivity.

Effect of different thermal conditions on the activity of
the enzyme was analyzed by carrying out the same proce-
dure at incubation temperature of 0°C, 25°C, and 37°C
separately.

Recyclability studies of urease nanoparticulate suspen-
sion. The wurease nanoparticulate suspension IM.U.7
obtained after centrifugation during the bioactivity studies
was analyzed four to five times for its activity toward the
hydrolysis of urea at the incubation temperature of 37°C
and 60°C using the same procedure as mentioned above for
analyzing bioactivity.

Shelf-life studies of urease nanoparticulate suspension. The
urease nanoparticulate suspension IM.U.7 was stored at
cold temperature for 90 days. The percentage bioactivity
was measured at regular time intervals using the same pro-
cedure as mentioned above for the bioactivity analysis at an
incubation temperature of 37°C and 60°C individually.

RESULTS AND DISCUSSION

Gold-glutathione nanoconjugates have been employed as a
solid surface for the immobilization of enzyme urease in the
present study. Immobilization was attempted and quantified at
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FIGURE 1. Characterization data of gold-glutathione nano-conjugate (a) FT-IR spectrum (b) UV-Vis absorption spectrum (c) Size distribution data
(QELS data) (d) TEM micrograph. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

different pH values so as to elucidate the effect of pH on the
nature and conformation of the immobilized enzyme. The bio-
activity of the immobilized enzyme was then measured gravi-
metrically with respect to (w.rt) native enzyme at different pH
and temperatures through the signature reaction of urease cat-
alyzed hydrolysis of urea. Finally, the recyclability and shelf
life of the immobilized urease has also been enumerated. The
results of all the interrelated studies undertaken to accomplish
the work objective are discussed sequentially in this section.

Synthesis of gold-glutathione nanoconjugates

Gold-glutathione nanoconjugates were synthesized utilizing
the reverse micellar template of a non-ionic surfactant with
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the capping agent (glutathione) being added after the nucle-
ation of gold nanoparticles. Successful surface functionaliza-
tion of the gold nanoparticles with glutathione was
analyzed through techniques like FT-IR, UV-Vis spectros-
copy, and Zeta potential measurements. The physicochemi-
cals aspects of the nanoconjugates were also observed using
DLS and transmission electron microscopy (TEM) character-
ization techniques.

FT-IR spectrum of the nanoconjugates [Fig. 1(a)] shows
a distinct and characteristic peak for the vibrational stretch-
ing of hydroxyl (—OH) and carbonyl (>C=O0) groups at
3350 cm ! and 1650 cm %, respectively. The peak arising
due to the vibrational stretching of ether linkage (C—O)

pH-DEPENDENT IMMOBILIZATION OF UREASE
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FIGURE 2. A graphical plot of percentage cell viability of A549 cells at
different concentrations of gold-glutathione nano-conjugate. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

could also be observed at 1080 cm . In the UV-Vis spec-
trum [Fig. 1(b)], a bathochromic shift in the A, value from
516 nm (for bare gold nanoparticles) to 538 nm was
observed. Furthermore, the measurement of zeta potential
of the synthesized nanoconjugate revealed the presence of a
negative charge on the nanoconjugate surface with a magni-
tude of about —35 mV. The results obtained clearly directed
toward a successful capping of the gold nanoparticles with
glutathione, such that the carboxyl moieties of the latter are
surface exposed. The physicochemical analyses of the nano-
conjugates [Fig. 1(c,d)] indicate the formation of highly
monodispersed spheres of glutathione functionalized gold
nanoparticles with a size distribution in the range of
10 =5 nm.

In vitro cytotoxicity assessment of gold-glutathione
nanoconjugates
In vitro cytotoxicity assessment of the gold-glutathione
nanoconjugates on human cell lines (A539) depicts that the
cells were viable (showing percentage cell viability of 80%
and above) at all the concentrations ranging from 100 to
1.56 pg/mL (Fig. 2).

Hence, they can be safely employed as a solid support
for the immobilization of any biologically relevant moiety
with its subsequent administration inside the human body.

Immobilization of urease on the surface of gold-
glutathione nanoconjugates at different pH values
Urease was covalently immobilized on the surface of the
gold-glutathione nanoconjugates through carbadiimide-N-
hydroxy succinimide chemistry. The general scheme fol-
lowed for the immobilization of enzyme on the nanomate-
rial surface is shown in Scheme 1. The suspensions of the
immobilized urease (IM.U.4, IM.U.7, and IM.U.9) were then
analyzed for the nature and extent of immobilization (as a
function of pH) in a qualitative and quantitative manner
through techniques like light scattering and absorption/
emission spectroscopy. Conformational behavior of the free
and immobilized enzyme was also examined through CD
studies.

DLS studies. DLS determines small changes in the hydrody-
namic size of particles and can be used to detect the size
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distribution of nanoparticles. When proteins bind to the
nanoparticle surface, size of the latter is presumed to
increase.®!

In this case, DLS data (Fig. 3) indicates a hydrodynamic
size of about 100 = 10 nm for all the three urease nanoparti-
culate suspensions and this is way higher than the size of the
gold-glutathione nanoconjugates [Fig. 1(c)]. Thus, it can be
inferred that a successful immobilization of urease occurred
on the nanoconjugates surface at all the three pH values.
Moreover, as the pH was increased from 4.0 to 9.2, a substan-
tial decrease in the polydispersity of the nanoparticles could
be observed. This could be due to the development of nega-
tive charge on the surface of urease under basic conditions
which led to the effective repulsion amongst the nanoparticles
and relatively reduced the protein-protein interactions.

Absorption spectroscopy. Changes in the absorption spectra
of the nanoparticle and/or enzyme such as shift in the
absorption maxima or broadening of peak can be used to
evaluate the binding qualitatively.!

In the present study, UV-Vis analysis (Fig. 4) indicates
that free urease in the blank reference solution, (irrespec-
tive of the pH) shows an absorption maximum at 280 nm.**
However, upon immobilization, a slight blue shift in the val-
ues of Apa (in the range of 268—274 nm) could be
observed. In addition, a noticeable blue shift in the /.«
value for the gold nanoparticles from 537 nm (for gold-
glutathione nanoconjugates) to 532-526 nm (for urease
nanoparticulate suspensions: IM.U.4, IM.U.7, and IM.U.9)
together with a broadening of peak could be observed. The
shift in the /. value of both the enzyme and the nanopar-
ticles directed toward an affirmative change on the surface
of the nanoconjugates in the presence of urease. However,
no quantitative information regarding the extent of immobi-
lization and binding affinity at different pH values could be
obtained from the UV-Vis absorption studies.

Emission spectroscopy. The alterations in the emission spec-
tra of urease can be used in a more quantitative manner to
monitor the changes in the microenvironment of the enzyme
upon binding with the nanoconjugates, together with deter-
mining the extent of immobilization and efficiency.>*

Emission spectra of blank reference solutions (Fig. 5)
indicate that the fluorescence of the free enzyme (in the
absence of gold nanoparticles) is significantly affected by
the pH of the dispersing media. Free urease at its optimum
working pH (i.e, 7.4) shows a peak at I,, 330 nm with
emission intensity of 220 units. However, under slightly
acidic or alkaline conditions, a noticeable quenching of the
intrinsic fluorescence of urease could be observed. The
extent of quenching is found to be relatively more promi-
nent in acidic medium than the alkaline one. This could be
ascribed to the unfolding of the enzyme under different pH
conditions other than the optimum range,* thereby expos-
ing the tryptophan and tyrosine residues.**

In the presence of the gold nanoparticles, however, a
further decrease in the fluorescence intensity to values
nearly close to zero for all the three urease nanoparticulate
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suspensions (IM.U.4, IM.U.7, and IM.U.9) is observed. This
inferred that a positive conjugation of urease to the surface
of gold-glutathione nanoconjugates must have occurred at
all the three pH values. Yet again, the quenching could be
explained on the basis of the unfolding of urease upon
immobilization which exposed the Tyr and Trp residues.
Exposed amino acid residues can then transfer their reso-
nance energy to the surface of nanoparticles resulting in
subsequent quenching of their fluorescence.®®

The emission curves of the supernatant (left after the
separation of the immobilized enzyme pellet) at different
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pH values against the appropriate blank reference solutions
[Fig. 6(a-c)] were also analyzed in order to quantify the
immobilization extent.

The emission spectra of the blank solution as well as of
the supernatant at pH 4.0 [Fig. 6(a)] showed complete pH
induced fluorescence quenching and hence no conclusive
data could be obtained from the results. On the other hand,
supernatant at pH 7.4 [Fig. 6(b)] and pH 9.2 [Fig. 6(c)] gave
a characteristic emission peak at /.« value of 330 nm, (cor-
responding to the Ay of free urease) with signal intensity
quite lower than the intensity of their respective blanks.

pH-DEPENDENT IMMOBILIZATION OF UREASE
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FIGURE 3. Size distribution plots (QELS data) of (a) IM.U.4 (b) IM.U.7 (c) IM.U.9. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Values of the emission intensities hence obtained (both for
the free urease in blank reference solution as well as in the
supernatant) were fitted in their respective standard cali-
bration curves so as to determine the corresponding
amount of urease (in milligrams) and consequently the per-
centage of immobilization (Table I).

Results indicate that maximum immobilization of urease
on the surface of gold-glutathione nanoconjugates occurred
at pH 7.4 with 98% percentage immobilization. A trivial
decrease in the immobilization efficiency (to a value equiva-
lent to 92%) is observed under slight alkaline conditions.
However, no conclusive data could be obtained for the
extent of immobilization at pH 4.0.

Thus spectroscopically, it could be established that an
affirmative immobilization of urease on the surface of gold-
glutathione nanoconjugates could occur at all the three pH
values (4.0, 7.4, and 9.2) with variable extent of immobiliza-
tion in each case. Simultaneously, it was also apparent that
immobilization under any pH conditions led to significant
changes in the microenvironment of enzyme. In order to
substantiate these changes CD studies of the enzyme (before
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FIGURE 4. UV-Vis spectra of urease nano-particulate suspensions
IM.U.4, IM.U.7 and IM.U.9 against respective standard blank reference
solutions. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

and after immobilization) at different pH values were car-
ried out.

CD studies. CD spectra of the urease nanoparticulate sus-
pensions (IM.U4, IM.U.7, and IM.U9) were analyzed and
examined for the secondary structure content using the pro-
gram CONTIN. However, in order to understand and recog-
nize the conformational changes induced by immobilization,
a prior knowledge regarding the pH induced conformational
behavior was necessary.

CD spectra of the free urease at different pH values
(Fig. 7) indicate that urease in its native form (at pH 7.4)
exhibits two negative absorption bands at 208 and 220 nm,
corresponding to a-helical and (-sheet content, respec-
tively.*® Under alkaline conditions (i.e, at pH 9.2) the inten-
sity of the negative bands decreases slightly pointing
toward a parallel decrease in a-helical and -sheet content,
however, at pH 4.0 a completely distorted CD spectrum with
no distinct bands at 208 and 220 nm could be observed.
Percentage secondary structure analysis authenticates the
visual observations (Table II) by presenting similar results.

Blank reference at pH 4.0
—IM.U.4
—— Blank reference at pH 7.4
—IM.U7
——— Blank reference at pH 9.2
—IM.U.9

Emission Intensity
]

350 400

Wavelength

500

FIGURE 5. Emission curves of urease nano-particulate suspension
IM.U.4, IM.U.7 and IM.U.9 against the blank reference solutions.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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pH 9. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

It is assumed that while slight reduction in the secondary
structure could be attributed to an insignificant unfolding of
the enzyme at pH 9.2, the drastic change, however, directs
toward the possible dissociation of the hexameric urease
into some active dissociation units in acidic environment.>*

Keeping in mind the pH induced conformational effects,
changes induced by immobilization of urease onto the sur-
face of the gold-glutathione nanoconjugates at different pH
values were also analyzed.

In general, CD spectra of the immobilized urease [Fig.
8(a-c)] against their respective blanks indicate that the sec-
ondary structure of the enzyme experienced drastic confor-
mational changes (regardless of the pH induced changes)
upon immobilization. In the acidic environment [Fig. 8(a)],
not much visual changes in the CD spectra in comparison to

its respective blank are observed (as pH induced changes
itself were very significant). However, for IM.U.7 [Fig. 8(b)]
and IM.U.9 [Fig. 8(c)], distinct and visible changes in the CD
spectra of the immobilized enzyme with respect to their
blank reference solution could be seen. Typically, the nega-
tive absorption bands at 208 and 220 nm (corresponding to
the «-helical structure and B-sheet content, respectively)
completely disappeared directing toward possible unfolding-
refolding or dissociation-association phenomenon in the
enzyme nanoparticulate suspensions at the pH values under
consideration.*?

Percentage secondary structure analysis (Table III), how-
ever, displayed slightly different scenario. It revealed that the
immobilized enzyme retained most of its conformational
integrity at pH 7.4 but exhibits drastic conformation changes

TABLE I. Tabulated View to Represent the Immobilization Percentage of Urease on the Surface of Gold-Glutathione

Nano-Conjugates at Different pH Values

pH of the Concentration of Concentration of Net Concentration of

Dispersing the Urease in the Free Urease in Enzyme Immobilized Binding Efficiency
Media Blank (mg) G Supernatant (mg)Cs (mg)C, = G — Cs (Co/C; X 100) (%)
7.4 4.18 0.06 4.12 98.6

9.2 3.97 0.31 3.66 92.2
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FIGURE 7. CD spectra of free urease in the blank reference solution at
pH 4.0, 7.4 and 9.2. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

under acidic and alkaline conditions. Hence it could be
inferred that after immobilization where IM.U.7 resembled
the native free urease conformation closely, IM.U4 and
IM.U.9 neither resembled their respective free counterparts,
nor did they resemble the native enzyme at pH 7.4.

Bioactivity studies of urease nanoparticulate
suspensions at different pH and thermal conditions

The conformational changes induced by the immobilization
might affect the entire molecule or can only lead to the
partial inactivation of the enzyme with its active site
remaining intact. In order to evaluate these effects, bioas-
say of the urease nanoparticulate suspensions (IM.U.4,
IM.U.7, and IM.U.9) against their respective blanks and
with respect to the native enzyme (at is optimum condi-
tions) was carried out. Bioactivity of urease (free as well
as immobilized form) was investigated through the signa-
ture reaction of urease catalyzed hydrolysis of urea under
different thermal conditions.

NHz—CO—NHz +H20 — 2NH3 +C02

The ammonium ions thus liberated were treated with
Nessler’s reagent that formed a brown colored precipitate.
The amount of the brown precipitate (produced by the free
as well as the immobilized urease under similar conditions
of pH and temperature) was then determined gravimetri-
cally so as to evaluate the percentage bioactivity. Since the
maximum activity for the free enzyme is expected at pH 7.4
and temperature 60°C (optimum working conditions of ure-
ase) the activity of the enzyme at these conditions has been

TABLE Il. Secondary Structure Content of Free Urease in
Blank Reference Solution at Different pH Values

a-Helical B-Sheet
Sample Content (%) Content (%)
Blank reference 28.7 33.1
solution at pH 7.4
Blank reference 25.4 29.0

solution at pH 9.2
Blank reference 35.1
solution at pH 4.0

54.9

ORIGINAL ARTICLE

taken as reference (showing 100% results) and rest of the
results are analyzed with respect to it.

In order to substantiate the effect of immobilization on
the bioactivity of urease, the effect of pH on its bioactivity
under similar thermal conditions was investigated.

The bioactivity of free urease at different pH values
(Fig. 9) clearly indicates that the enzyme exhibited maxi-
mum activity at pH 7.4 followed by the alkaline conditions
(with 5%-8% loss in activity) and lastly the acidic medium
(with 30%-40% loss in activity) at all the incubating tem-
peratures. Such behavior can be easily explained on the
basis of the pH induced conformational changes in free ure-
ase (Fig. 7 and Table II). The free enzyme maintained most
of its conformation under alkaline conditions with respect
to the native form, but encountered noteworthy conforma-
tional changes in the acidic medium.>® Besides, it has also
been observed that with the gradual increase in the incuba-
tion temperature from 0°C to 60°C, an equivalent increase
in the activity of the free enzyme occurred under all pH
conditions.

Keeping in view the above observations, a comparative
analysis of the activity of the urease nanoparticulate suspen-
sions (IM.U.4, IM.U.7, and IM.U.9) against their respective
blanks and with respect to the native urease [Fig. 10(a-d)]
was also carried out.

Percentage bioactivity studies reveal that immobilization
under different pH conditions lead to differential activity of
the immobilized urease. IM.U.4 [Fig. 10(a)] and IM.U.9 [Fig.
10(c)] indicates reduction in the enzyme activity whereas
IM.U.7 [Fig. 10(b)] shows enhanced or equivalent bioactivity
with respect to their respective blanks at all the tempera-
tures. For IM.U4, loss in the activity was not very promi-
nent as merely a percentage decrease of 10%-15% was
observed at different temperatures (with relatively
improved activity at higher incubation temperatures viz.
37°C and 60°C). However, IM.U.9 displayed a percentage
reduction of more than 70% in its activity. At pH 7.4 on the
contrary, a percentage increase of about 10%-12% in the
enzyme activity at 37°C and 60°C was observed pointing
toward the synergistic effect of the immobilization on
bioactivity.

The difference in the activity of the urease nanoparticu-
late suspension IM.U.4, IM.U.7, and IM.U.9 with respect to
each other and against their respective blanks can be
explained on the basis of changes in the conformation of
the enzyme upon immobilization at different pH values. It
has been observed that nanoparticulate suspension IM.U.7
did not show any significant changes in its conformation
whereas IM.U.4 and IM.U.9 displayed noticeable conforma-
tional changes in comparison to their respective blanks after
immobilization (Fig. 8 and Table III). As a consequence,
IM.U.7 with negligible inactivation of the enzyme structure
upon immobilization shows activity even greater than its
free counterpart under certain thermal conditions. IM.U.4
on the other hand, though exhibits a secondary structure
different from its native counterpart but since the loss in
the activity of the urease after immobilization is not very
significant, it can be easily postulated that immobilization
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FIGURE 8. CD spectra of urease nano-particulate suspensions against the appropriate blank (a) IM.U.4 (b) IM.U.7 (c) IM.U.9. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

resulted in partial inactivation of the enzyme with its active
site remaining intact. In the case of IM.U.9, however, enzyme
lost majority of its secondary structure after immobilization
and also show highly diminished activity with respect to its
blank. Hence it could be postulated that at pH 9.2, a com-
pletely denatured enzyme with inactivation of its entire
structure was obtained after immobilization.

Furthermore, on comparing the bioactivity of enzyme
nanoparticulate suspensions with that of the native
enzyme [Fig. 10(d)] it was found that IM.U.7 showed an
activity more than (or almost equivalent) the activity of
reference (i.e., free enzyme at its optimum working condi-
tion). In contrast, IM.U.4 and IM.U.9 displayed signifi-

TABLE lll. Secondary Structure Content Analysis of the
Urease Nanoparticulate Suspensions (IM.U.4, IM.U.7, and
IM.U.9) Against the Appropriate Blanks

cantly reduced activity with the percentage activity loss
of 40%-60% and 80%-85%, respectively. While the
reduction in the activity of IM.U.4 can be attributed to pH
induced conformational changes, immobilization on the
surface of gold nanoconjugates account for the reduced
activity of IM.U.9.

Thus, the bioactivity analysis of the urease nanoparticu-
late suspensions indicate that immobilization of urease on
the surface of the gold-glutathione nanoconjugates led to an
enhanced overall activity of the enzyme when immobilized
at the pH of 7.4. Immobilization under acidic medium also

a-Helical B-Sheet

Sample Code Content (%) Content (%)
Blank reference at pH 4.0 35.1 54.9
IM.U.4 61.9 38.1
Blank reference at pH 7.4 28.7 33.1
IM.U.7 27.8 34.3
Blank reference at pH 9.2 25.4 29.0
IM.U.9 0.0 39.02
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FIGURE 9. Graphical illustration of the relative bio-activity of the free
urease under different pH and thermal conditions. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 11. Graphical illustration of recyclability studies of IM.U.7.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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resulted in the retained activity of the enzyme with respect
to its free counterpart. However, immobilization of urease in
alkaline conditions brought about almost complete loss of
its activity at all the thermal conditions. As a consequence,
IM.U.9 can be completely discarded as far as its application
in the biomedical field is concerned.

Recyclability studies of urease nanoparticulate
suspension

Based upon the promising results obtained from the bioac-
tivity studies of urease nanoparticulate suspension IM.U.7,
the recyclability studies of the same in terms of its per-
centage bioactivity (after repeated cycles of hydrolysis of
urea) at temperatures of 37°C and 60°C, respectively, were
carried out.

It was found that IM.U.7 worked efficiently up till four
cycles of its use with the percentage activity of more than
50% (Fig. 11). However, at the fifth cycle, a significant loss
in its activity with a percentage reduction of around 80%
could be observed. The noticeable reduction in the enzyme
activity can be attributed to the possible saturation of the
active site of the enzyme with every passing cycle resulting
in the corresponding decrease in the rate of hydrolysis of
urea and hence the reduced percentage bioactivity.

Shelf-life studies of urease nanoparticulate suspension
Shelf life of the urease nanoparticulate suspension IM.U.7
was also studied in order to further explore the advantages
offered by the immobilization approach. Shelf-life studies
were carried out in terms of percentage bioactivity of the
enzyme (stored at cold temperatures) at different time
intervals at the temperatures of 37°C and 60°C.

Results revealed that the nanoparticulate suspension
IM.U.7 (Fig. 12) could be stored effectively in its immobi-
lized form for a time period of about 3 months with more
than 85% and 80% of its bioactivity retained at tempera-
ture of 37°C and 60°C, respectively.

CONCLUSION

Our group has reported the use of nanoparticles in biomedi-
cal applications®”® and catalysis®** 2 in the past. Here we
have demonstrated the use of gold nanoparticles for immo-
bilization of urease, a technique that could potentially be
used to immobilize other relevant proteins and bioactive
peptides.”>™>° The surface of the gold-glutathione nanocon-
jugates designed with the aim of easy and efficient interac-
tion with a range of biologically relevant molecules has
been employed for the covalent immobilization of the
enzyme urease. Immobilization has been attempted at dif-
ferent pH conditions so as to elucidate the effect of both pH
and immobilization on the conformation and subsequent
bioactivity of the enzyme. Spectroscopic studies (absorption
and emission spectroscopy) established that successful
immobilization of urease on the solid nanosupport could
occur at all the chosen pH values with an immobilization
efficiency of around 98% at pH 7.4 and 92% at pH 9.2,
respectively. CD studies have been employed to gain a
deeper insight into the conformational behavior of the
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enzyme before and after immobilization at different pH val-
ues. Results revealed that immobilization at the pH value of
7.4 led to minimum conformational changes in the structure
of the enzyme. The bioactivity of the urease nanoparticulate
suspensions has been found to be in close correlation with
the conformational changes in the structure of the enzyme.
As a consequence, IM.U.7 gave the most promising results
in terms of its percentage bioactivity in comparison to
IM.U.4 and IM.U.9. It has also been realized that the reduc-
tion in the bioactivity of IM.U.4 was mainly because of the
pH induced conformational changes whereas the lower bio-
activity of IM.U9 was largely due to the conformational
changes induced by the immobilization. Thermal stability of
the immobilized enzyme suspensions has also been eval-
uated which showed an extended stability of the immobi-
lized enzyme at temperatures of 37°C-60°C in comparison
to only 60°C for the free native part. Possible recyclability
and extended shelf life of the urease nanoparticulate sus-
pensions against its native counterpart further added to the
advantages offered by the immobilization approach.

Therefore, immobilized urease showed better results
than the native enzyme (in terms of activity, pH, and ther-
mal stability or recyclability) and it could be concluded that
they can be safely developed as biosensors, for immunoas-
says and as in vivo diagnostic tools in the future. Moreover,
the gold-based nanovehicle could be seen as an effective
immobilization surface for a large number of enzymes and
other biologically important moieties (as it could broaden
the application of the enzyme by either improving its activ-
ity and stability or by enhancing its shelf life and recyclabil-
ity) in the future.
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