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Abstract: In this study, the reusability and process stability of nano-reengi-
neered horseradish peroxidase was investigated in a fluorescence-based sensing
system for hydrogen peroxide determination as a model application. To this
end, dendron macromolecules were attached to the enzyme surface through
bio-conjugation techniques. The resulting enzyme—polymer nanoparticles, with
an average size of 14(x2) nm, showed significant life time and thermal stabi-
lity. For enzyme recovery and reusability purposes, the enzyme-polymer nano-
particles were |labelled with magnetic nanoparticles with alabelling yield of 90 %.
These labelled enzyme molecules showed significant process stability, i.e., up
to 7 recycling period in amodel sensing system. A linear calibration curve was
obtained over a hydrogen peroxide concentrations range from 5x108 to 1x105
mol L1, with a detection limit of 1.3%10° mol L1 for the sensing system under
the optimal conditions.

Keywords. horseradish peroxidase; nano-reengineered enzyme; magnetic nano-
particles; recyclable biocatalyst.

INTRODUCTION

Enzymes, nanometric biocatalysts that play a key role in biochemical reac-
tions of living cells and bio-organisms, offer various applications, including bio-
sensing, bioremediation and chemical synthesisl—3 due to their specificity.4>
Nevertheless, the relatively short lifetime of enzymes and their instability in
harsh environments (elevated temperature and organic media) limit their applica-
tions.4 Enzyme stabilization can provide several advantages including: 1) decrease
in the amount of enzyme required, 2) life time prolongation and 3) enhancement
in the potential for enzyme reuse.2:6
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922 KHOSRAVI et al.

There have been severa approaches to improve enzyme stability that are
mainly categorized into enzyme immobilization (entrapment on solid surfaces or
within porous materials,”:8 trapping in gels,® polymerslO or composite mate-
rialsll), surface modification, protein engineering and reaction medium engineer-
ing_12—14

The economics of a bio-catalytic process can be enhanced by enzyme reuse.
One of the most attractive methods of separating the enzyme molecules from the
reaction solution is utilizing magnetic nanoparticles-enzyme conjugates.1®16 The
magnetic nanoparticles can attach to the enzyme surface through conjugation
methods or they can play the role of a support for enzyme immobilization. Sus-
pended super-paramagnetic particles in solution can be removed from a reaction
mixture using an external magnet, but they do not agglomerate after removal of
the external magnetic field.1/

In the past years, magnetic nanoparticles have been widely used as biomole-
cule-carriers for the immobilization of various enzymes.18-21

However, the activity and stability of enzyme immobilized on these magne-
tic nanoparticles will greatly depend on the environmental factors, such as pH,
temperature and organic solvent.l’ To improve this limitation, Yang and co-
workers fabricated magnetic single enzyme nanoparticles through encapsulation
of each single glucose oxidase molecule in a thin composite layer of magnetic
nanoparticles and polymer.17 In a previous work, a simple method was proposed
for the fabrication of enzyme-polymer nanoparticles using dendritic polymers,
which improved the enzyme stability through bio-conjugation of polyester den-
dron macromolecules to the primary amino groups on the enzyme surface. The
approach represents a novel way of modifying and stabilizing enzymes as the
fabricated horseradish peroxidase—polymer nanoparticles exhibited significant
life-time stability up to 70 days, whereas free horseradish peroxidase (HRP) lost
its activity after several days.22 These enzyme—polymer nanoparticles could
readily be labelled with magnetic nanoparticles for further enzyme recovery and
reused by employing an external magnetic field for enzyme separation from the
reaction mixture.

The present study was aimed at evaluating the process stability and reus-
ability of magnetic-labelled dendritic modified enzymes. As a model application
of HRP, a hydrogen peroxide (H2O5) sensing system was designed based on the
generation of a fluorescent agent from the reaction of homovanillic acid (HVA)
and HyO» in the presence of the stabilized HRP.23.24 This simple and model
enzyme-based process was used to investigate the stability and reusability of the
labelled modified enzyme. In addition, the sensing conditions were optimized for
this nano-reengineered HRP and also the linear range and detection limit of the
sensing system were examined. Furthermore, as a real test, the HoO»> content of
some excipient samples was assessed. Excipients are the inactive part of drug
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formulations that have some roles, such as binder, filler or dispersing agent, for
the active drugs. Drug chemical stability could be significantly decreased by im-
purities present in formulation excipients. Hydrogen peroxide is one of the im-
purities that could oxidize drugs. For example, the presence of residual H>Oo in
poly(vinylpyrrolidone) (PVP) as a pharmaceutical excipient is reported to be the
main agent in drug oxidation and deactivation.2>26

EXPERIMENTAL
Materials

Horseradish peroxidase (HRP), 3,3',5,5'-tetramethylbenzidine (TMB), N-hydroxysul pho-
succinimide (Sulpho-NHS), 2-(4-morpholino)ethanesulphonic acid (MES), 1-ethyl-3-[3-(di-
methylamino)propyl]carbodiimide hydrochloride (EDC) and ethylenediamine (EDA) were
purchased from Merck (Germany). Polyester-32-hydroxyl-1-carboxyl bissMPA Dendron
(Generation 5, M,, 3617 g mol-1) and HVA were purchased from Sigma-Aldrich (USA). A
solution of Fe;0,4 nanoparticles (7 vol. %) was purchased from PlasmaChem (Germany). All
other chemicals were of analytical grade and used without further purification. De-ionised
(DI) water (resistivity of 18 MQ cm) was obtained from a Millipore Milli-Q Water System
(Millipore Inc.), and was used for rinsing and for makeup of all aqueous solutions.

Methods

Enzyme—polymer bio-conjugation. As reported in a previous work, a dendritic polymer
with a carboxylic group core was conjugated to amine group residues of HRP for stability
enhancement.?2 Briefly, the dendron was dissolved in MES buffer (pH 6.0, 0.05 M) at a con-
centration of 1 mg mL-1. EDC and Sulpho-NHS were added to reach the final concentrations
of 2 mM for EDC and 5 mM for Sulpho-NHS. They were mixed and reacted for 15 min at
room temperature. Then, an HRP solution (1 mg mL1 in 0.1 M phosphate buffer of pH 7.5)
was added and mixed for at least 2 h and subsequently the fabricated HRP-dendron nano-
particles were purified.

Labelling of HRP—dendron nanoparticles with magnetic nanoparticles. The purchased
magnetic nanoparticles (MNPs) had oleic acid molecules on their surface as the stabilizer.
Ethylenediamine was used for the conjugation of the surface acid groups of the MNPs to the
carboxy! groups on the surface of the HRP—polymer nanoparticles. At first, 200 uL of aMNPs
solution (7 vol. %) was diluted with 5 mL of PBS buffer (0.10 M). Then, it was activated with
EDC and Sulpho-NHS solutions with final concentrations of 2 mM and 5 mM, respectively.
Then, 5 mL of HRP—polymer nanoparticles solution was also activated with EDC and Sulpho-
NHS. After stirring each mixture for 15 min, 100 uL of ethylenediamine and the enzyme
nanoparticles mixture were simultaneously added to the first mixture under mechanical stir-
ring conditions and mixed for 1 h. Then, a strong magnet was used for the separation of MNPs
from the mixture. Finaly, the separated MNPs (attached to the HRP—polymer nanoparticles)
were washed 3 times with DI water to remove excess reactants and then stored in the refri-
gerator at 4 °C. The HRP concentration was evaluated using the Lowry procedure as modified
by Peterson?” for determination of the HRP labelling yield.

H,0, fluorescence-based nanobiosensor

Homovanillic acid (HVA) was used as a fluorogenic compound for H,O, sensing. HVA
itself is not a fluorescent agent but after oxidation with H,O, in the presence of HRP converts
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to a fluorescent dimer. Therefore, it could be used as a probe in the fluorescence-based H,O,
Sensors.

Reaction solution (3 mL) was obtained by mixing 2.2 mL phosphate buffer saline (PBS,
0.10 M) of pH 7.5, 0.3 mL HRP solution and 0.2 mL HVA solution. The reaction was started
by addition of 0.3 mL of H,O, solution at a pre-defined concentration (or the sample solution)
to the above mixture. Then, the assay solution was mixed for 5 min at room temperature. At
the end of reaction, the labelled enzyme molecules were removed by magnetic separation.
Then, the supernatant pH was adjusted to 10.0 by addition of 0.30 mL of glycine-NaOH buf-
fer solution, which was used for spectrofluorometric measurement at 420 nm with an exci-
tation wavelength of 312 nm.23

The affecting parameters on the fluorescence intensity may be enzyme concentration and
HVA concentration. From previous investigations on the HRP—polymer nanoparticles acti-
vity,22 a pH of 7.5 and room temperature were selected for the assay because the stabilized
HRP has its maximum activity under these conditions. Response surface methodology was
used for the optimization of enzyme and HVA concentration by using Design Expert® 8.0.4
software.
Real sample analysis

As areal sample analysis, the amount of H,O, residue in PVP and poly(ethylene glycol)
(PEG) as model excipients were determined. For this purpose, 0.1 g of PVP and PEG samples
were dissolved in 3 mL of DI water under stirring. 0.3 mL of each sample was added to the
sensing reaction tube to determine the amount of H,O, in the excipient samples. The H,0,
content of samples were reported as solution concentration in umol L1 and also in ppm (ug g 1)
of the solid form of the sample.
Enzyme recovery and reusability

The stahilized HRP—polymer molecules labelled with MNPs can be separated from the
sensing mixture by applying an external magnetic field. To investigate the recovery and
reusability of the labelled HRP—polymer nanoparticles, the used bio-catalyst was recovered by
magnetic separation and washed 3 times with DI water to remove the reaction solution. The
recovered catalyst was reused in a subsequent sensing reaction under the same experimental
conditions as described before.
Characterization methods

TEM imaging of the samples were determined by means of a CM120 transmission
electron microscope, Philips, the Netherlands, using standard carbon-coated grids and 120 kV
as the applied voltage. A Cary Eclipse fluorescence spectrophotometer (Varian, Agilent Tech-
nologies, Australia) was used for the spectrofluorometric measurements. For protein concen-
tration assay and enzyme activity assessments (with TMB as the substrate??), the Lambda 950
UV—Vis spectrometer (PerkinElmer, USA) was used.

RESULTS AND DISCUSSIONS
HRP—polymer nanoparticles preparation

The HRP molecules were modified by attaching dendron macromolecules to
the enzyme surface. Based on previous studies, each fabricated nanoparticle
consisted of a single enzyme with five dendron molecules attached to its surface
amine groups.22 Based on TEM images, the average size of the nanoparticles was
14(x2) nm, as shown in Fig. 1la. The life-time and stability analysis revealed that
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the dendritic modified HRP showed a significant enhancement in its life-time
over 70 days storage at 4 °C (Fig. 2a). The thermal activity of the reengineered
enzyme at elevated temperatures up to 80 °C was considerably higher in compa-
rison to that of the free HRP, as shown in Fig. 2b. This result may be due to the
attached dendron macromolecules being able to effectively preserve the confor-
mation of the HRP biomolecules against thermal induced unfolding and denatu-
ration caused by movements of the protein moiety around haem.22 The stability
results suggest promising applications of this stabilized enzyme in some interest-
ing fields, such as biosensors.

(b)
Fig. 1. TEM images of @) the fabricated HRP—polymer nanoparticles and b) MNPs attached to
the HRP—polymer nanoparticles.
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Fig. 2. ) Storage stability and b) thermal stability of the HRP—polymer nanoparticlesin
contrast to free HRP.
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Magnetic labelling of HRP—polymer nanoparticles

The FesO4 magnetic nanoparticles (MNPs) with an average size of 8 nm
were utilized as magnetic labels for the preparation of a recyclable stabilized
biocatalyst. Enzyme activity assays revealed a dlight loss of enzymatic activity
(less than 4 %) due to the labelling process. The average yield of conjugation for
MNPs to dendritic stabilized HRP was 90(x2) %. This labelling yield was
obtained from HRP concentration assessment after separation of the enzyme
from the reaction mixture and then re-dispersing in 5 mL of PBS. A TEM image
of MNPs conjugated to HRP—polymer nanoparticlesis shownin Fig. 1b.

H»>0» sensing system and its spectral characteristics

The H,0» assay was based on the oxidation of HVA to its fluorescent biphe-
nyl dimer (Scheme 1) in the presence of hydrogen peroxide and peroxidase. As
shown in Fig. 3, the product shows the excitation and emission maximum wave-
lengths at 312 and 420 nm, respectively.23 The blank samples (HRP-HVA and
HoO>—-HVA systems) have no significant fluorescence intensity in comparison
with the HRP-HV A—H>0», samples. This means that HVA could be oxidized by
H-0, to a strongly fluorescent dimer in the presence of the HRP enzyme as
catalyst. Thus, the determination of HoO»> could be achieved by using its oxi-
dizing ability, and its concentration is directly proportional to the fluorescence
intensity of the HVA dimer. Therefore, the fluorescence intensity of HRP-HV A—
—H>0> system could be used as the basis of the proposed method for detection of
H>O5 traces.

COOH CODH COOH

CH, CH, CH,
—22 5
MeO HRP MeO OMe
OH OH OH

Homovanillic acid

(Nonfluorescent) Fluorescent dimer

Scheme 1. Oxidation of HVA to afluorescent dimer by H,O, in the presence of HRP.

Experimental design and optimum conditions

The concentrations of enzyme (labelled HRP—polymer nanoparticles) and
HVA were chosen as independent variables and the fluorescence intensity as a
dependent output response variable. The composite system was applied for the
response surface methodology and optimization of the parameters.
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Fig. 3. Excitation and emission spectra of solutions from the systems of HV A/H,O,/HRP—
—polymer nanoparticles (labelled). Experimental conditions: H,0,, 2.0x106 mol L-1; HVA,
100x10°6 moal L-1; labelled HRP—polymer nanoparticles, 0.4 mg mL"1; pH of the reaction
solution, 7.5; reaction temperature, 25 °C; reaction time, 5 min; pH of detection solution, 10.0.

The response surface plot resulted from a fitted cubic model (with R2 =
= 0.9955) is shown in Fig. 4. This fitted model showed that the fluorescence
intensity of this probing system was increased with an increasing enzyme (label-
led HRP—polymer nanoparticles) and HVA concentrations. It is revealed that the
rate of increase in the intensity was very low for specific levels of HRP and HVA
concentrations. This design suggests optimum concentrations of 0.3 mg mL—1
and 70 uM for the enzyme and HV A, respectively. These results are based on the
minimum enzyme and HVA concentrations consistent with a sufficiently high
fluorescence intensity.

H»O- calibration curve

Under the optimized conditions, this sensing system gave linear responses to
HoO5 in the range 5x108-1x10-° mol L-1. The calibration curves of H,0,
detection for different HV A concentrations were obtained by correlating the fluo-
rescence intensity with the H>O» concentration. Figure 5 indicates that the fluo-
rescence of the reaction system responded linearly with H>O» concentration (c,
umol L—1) with an HVA concentration of 70 uM and more. The linear regression
equation for H,O» concentration vs. the fluorescence intensity under the optimal
conditions was F = 67.97c + 4.24 with a correlation coefficient (R2) of 0.997.
The detection limit for this probing system was 1.3x10-° mol L.

Determination of H,Oo in real samples

The application of the prepared sensing system was assessed by the deter-
mination of hydrogen peroxide content of 4 excipient samples using the standard
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addition method for sample analysis. As shown in Table I, when H20O> at three
different concentrations was added to the excipient samples, the recoveries of
H20> ranged from 96 to 104 % for all samples and the relative standard deviation
(RSD) was less than 3.5 %. These results showed that this sensing system had
sufficient accuracy and reliability and could also be an effective tool for moni-
toring the hydrogen peroxide in drug excipients and thus useful in the selection
of an appropriate one with a smaller amount of H>O5 impurity.

Design-Expert® Softvware

a0
0
] 40 R
i S
[} R ot
e ;
2 2 b
K] 0 s "\"‘t“z‘“‘;“:ﬁ.“:‘:“:‘&\\‘\“\\‘ k““s‘\“-f\‘\“t\““
= e
= T R e
= 0 S 2 s
[ < A g
2 TR
ol A
A &
e 0
SR 040
ot )
Y
B
100.00 SR
91.00 e 033
gz2.00
A: Enz, mg/mL
B: HVA, pM

Fig. 4. Surface response plot of the combined effect of concentrations of enzyme and HVA on
the fluorescence intensity of the system (enzyme: labelled HRP—polymer nanoparticles).
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Fig. 5. Calibration curves of HVA-related H,O, detection. (labelled HRP—polymer
nanoparticles, 0.3 mg mi-1 and reaction time, 5min).
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Table |. Determination of the H,O, content in pharmaceutical excipient samples (n = 5)

Sample Added, pmol L' Found, umol L1 Found, ppm RSD, % Recovery, %
PVP-A 0 6.170 62.934 31 -
2 8.191 2.6 101
5 10.970 3.0 96
PVP-B 0 2.642 26.948 24 -
2 4.683 19 102
5 7.795 3.2 103
PEG-A 0 0.094 0.958 15 -
0.1 0.198 1.7 104
0.5 0.588 21 98
PEG-B 0 0.236 2.407 2.0 -
0.5 0.716 35 96
1 1.203 2.7 98
Enzyme recovery

The magnetic labelled stabilized enzyme could be easily separated and assessed
for its remained catalytic activity (Fig. 6a). To demonstrate the reusability of the
stabilized enzyme, the used biocatalyst was recovered by magnetic separation
and rinsed thoroughly with distilled water to remove the remaining reaction solu-
tion. The recovered enzyme was reused in subsequent sensing reactions under
optimal conditions. The relative activity of the reused stabilized HRP for seven
first cycles is shown in Fig. 6b, which indicates that the nano reengineered HRP
(with dendron macromolecules) exhibited a remarkable stability and could be
recovered and reused as the decrease in activity after seven sensing cycles was
minimal.

100

Relative activity, %o
E [=)] o]
[=] = (=]

=]
[=]

[=]

(b)
Fig. 6. @) Magnetic separation of magnetically labelled HRP-polymer nanoparticles and b)
relative activity of the reused labelled HRP-polymer nanoparticles.
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CONCLUSIONS

The present study introduced a recyclable biocatalyst consisting of nano-
reengineered horseradish peroxidase (by means of dendron macromolecule attach-
ment to the enzyme surface) and attached magnetic nanoparticles, as labelling
agents providing recyclability. After stabilization, the HRP showed a remarkable
life-time and stability. A simple fluorescence based sensing system for HoOo was
designed and optimized as a model application for stability and reusability eva
luation of fabricated reusable stabilized HRP. The sensing system showed a rela-
tively wide linear response over HoO, concentrations from 5x10-8 to 1x10-> mol
L-1 and was successfully applied to monitoring trace levels of HoO, residues in
PVP and PEG excipients, to ensure their safety and efficacy. The significant
stability of HRP-dendron nanoparticles was further displayed in the H>O» prob-
ing system after 7 recycling times.

H3BOI

MATHETHE HAHOYECTHLE CA UMOBUJIIM30BAHOM INEPOKCHUIA30M U3 PEHA —
HAHOBHUOKATAJIM3ATOP 3A BULLIECTPYKY YIIOTPEBY

AREZ0O KHOSRAVI', MANOUCHEHR VOSSOUGHI"? SAEED SHAHROKHIAN"? i IRAN ALEMZADEH?

! Institute for Nanoscience and Nanotechnology, Sharif University of Technology, Tehran, Iran,
2Chemical and Petroleum En gineering Department, Sharif University of Technology, Tehran, Iran u
3Department of Chemistry, Sharif University of Technology, Tehran, Iran

Y pany je OmMCaHO UCIUTHBAKkE MOTYhHOCTH BHUILECTPYKOT KOpHUInherma HaHOHOCaya ca
UMOOMIM30BAHOM NEPOKCUIA30M M3 PeHa Y by onpehHBama BOSOHUK-TIEPOKCHIA METOLOM
¢nyopecuentHe petexkudje. JJeHOIPOHCKH MaKpPOMOJIEKY/IHM Cy Be3aHH 3a MOBPIIWHY €H3UMa
TEXHUKOM OHOKOHjyroBama. Hacrase eH3UM—IIONMMEp HAaHOYECTHIle, ITPOCEYHE BeIUYHHEe
14(£2) nm, uMase cy 3HauajaH MOITYKUBOT U TEPMHUUKY cTaduinHocT. [la du ce eH3uM morao
BHLIECTPYKO KOPHUCTUTH, EH3UM—TIONMMeEp HaHOUecTHlle Cy odeexeHe MarHeTHHM HaHOuecC-
THIaMa, y3 npuHoc of 90 %. OBaxo odesnexeHe eH3MMCKe YeCTHIle Cy HCIOJbUIe 3HadajHy
NpOLIeCHYy CTaDUIIHOCT U MOTIJIE Cy Ce KOPUCTHTH A0 7 MyTa Y CEH30PCKOM MOJEN CHUCTEMY.
Jobujena je muHeapHa kanudpanKroHa IpaBa 3a KOHLEHTpalKje BOLOHUK-TIEPOKCUIA Y OTICETry
51078 mo 1x10° mol L1, y3 merexumonu mumut ox 1,3x10~9 mol L1 3a censopcku cuctem
07, ONITUMATHUM YCITOBUMA.

(ITpumsbeHo 30. centemdpa, peBugrpaHo 26. HoBemdpa 2012)
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