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Abstract

Aside from their superparamagnetic properties exploited in clinical magnetic resonance imaging
(MRY), it was recently discovered that magnetic, iron oxide nanoparticles could function as an
artificial, inorganic peroxidase. In this paper, we studied the impact of coating on the peroxidase
activity of these nanoparticles. Nanoparticles with six different coating structures were synthesized
and characterized by FTIR, TGA, TEM, size, zeta potential, and SQUID; and evaluated for
peroxidase activity. Catalysis was found to follow Michaelis-Menten kinetics and peroxidase
activity varied with respect to electrostatic affinity between nanoparticles and substrates,
evidenced by differences in determined kinetic parameters. Glucose detection was selected as a
model system because glucose could be indirectly measured from the release of hydrogen
peroxide after its oxidation. Nanoparticles with high peroxidase activity exhibited higher
sensitivity toward glucose, showing a larger linear slope when compared with those of low
activity. A significantly improved linear correlation and detection limit of measured glucose could
be readily obtained by manipulating the nanoparticle coating. Our findings suggest that iron oxide
nanoparticles can be tailor-made to possess improved peroxidase-like activity. Such enhancements
could further widen nanoparticle scope in glucose detection and extend its peroxidase functionality
to other biomedical applications.
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Introduction

Magnetic, iron oxide nanoparticles have found in-roads to numerous biomedical applications
including magnetic resonance imaging (MRI) [1]; magnetic targeting and drug delivery [2];
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protein isolation and purification [3]; and magnetic hyperthermia [4]. Recently, it was also
reported that iron oxide nanoparticles could function like an artificial peroxidase [5], a
finding of great significance. Compared to naturally occurring peroxidase enzymes,
nanoparticles are considerably more stable and possess an almost unchanged catalytic
activity over a wide range of temperature and pH [5]. Peroxidase enzymes, prone to
proteolytic degradation, are difficult to produce in large quantities. In contrast, iron oxide
nanoparticles can be readily synthesized in mass yield (via chemical means) and at relatively
low cost.

In light of such advantages, nanoparticles could potentially replace peroxidases in various
applications, including those dependent on the detection of hydrogen peroxide. For instance,
glucose can be monitored indirectly by of the release of hydrogen peroxide following its
oxidation by glucose oxidase (GOx) [6, 7]. Immunoenzyme assays [8, 9] are also primarily
based on the detection of hydrogen peroxide [10, 11]. Peroxidase catalyzes oxidation of
certain substrates to produce characteristic color in the presence of hydrogen peroxide. Such
chromogenic reactions have become a powerful tool in analytical detection.

The catalytic power of iron oxide nanoparticles, however, has not been thoroughly explored.
Peroxidase-like activity dictates detection sensitivity and, thus, the practical applicability of
nanoparticles to function like an enzyme. Clearly, nanoparticles would have little use if
activity were too low. When considering factors that might contribute to activity, several
questions arise: a) does the structure (e.g. coating, iron oxide content) of the nanoparticle
influence its activity? b) is activity related to the structure of substrates? and c) is activity
affected by sodium azide, an inhibitor of horseradish peroxidase (HRP) and common
preservative used in the storage of biological reagents?

It was reported that peroxidase activity stems from superficial ferrous atoms of
nanoparticles[5]. Unfortunately, little improvement in surface ferrous content can be made
once nanoparticles are synthesized. Activity, however, might be improved by optimizing
affinity toward substrate. A nanoparticle must first form an intermediate complex with its
substrate before catalysis can occur. Therefore, a higher affinity to its substrate could lead to
a higher catalytic activity.

Affinity may be improved by enhancing electrostatic interaction between substrate and the
nanoparticle surface. Two substrates that would be useful to evaluate this hypothesis are
2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt (ABTS) and 3,3',5,5'-
tetramethylbenzidine (TMB). Both substrates undergo distinguishable color change when
enzymatically oxidized with hydrogen peroxide. TMB carries two amine groups, likely
yielding stronger affinity toward a negatively charged nanoparticle surface. Conversely,
ABTS possesses two sulfonic acid groups, likely exhibiting higher affinity toward a
positively charged nanoparticle surface. Therefore, modification of the nanoparticle surface
with different charge and charge intensity could enhance (or hinder) observed activity.
Modifying nanoparticles with different coatings is one way to alter surface charge.

This work evaluated the impact of surface charge, charge intensity, and coating thickness on
the ability of an iron oxide nanoparticle to function as an artificial peroxidase. Our aim was
to develop a strategy to synthesize nanoparticles with improved activity and yield higher
sensitivity in various biomedical applications. As a model, hydrogen peroxide produced
from oxidation of glucose by GOx was measured to indirectly measure glucose.
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Materials and methods

Chemicals and reagents

All materials were purchased and used as received without further treatment. Materials used
include sodium citrate dehydrate (Fisher Scientific), ferrous chloride tetrahydrate (Fluka),
iron chloride hexahydrate (Sigma-Aldrich), carboxymethyl dextran (CMD, 14,400Da,
Fluka), polylysine (PLL, 4,000-15,000Da, Sigma-Aldrich), poly(ethyleneimine) (PElI,
10,000Da, Polysciences, Inc), heparin (Sigma), 3,3',5,5'-tetramethylbenzidine, (TMB, KPL),
http://en.wikipedia.org/wiki/lUPAC_nomenclature 2,2'-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid) diammonium salt (ABTS, BioChemika), hydrogen peroxide (Sigma-Aldrich),
B-D-glucose (TCI America), glucose oxidase (GOx, from Aspergillus niger, Sigma), and
horseradish peroxidase(HRP, Sigma-Aldrich)

Preparation of iron oxide nanoparticles

Unmodified iron oxide nanoparticles (Ny4t)—Iron oxide nanoparticles were
synthesized according to a modified procedure by Kim et al[12]. Briefly, a solution
containing 0.76 mol/L of ferric chloride and 0.4 mol/L of ferrous chloride (molar ratio of
ferric to ferrous was approximately 2:1) was prepared in pH 1.7 water under nitrogen
protection. The iron solution was then added drop-wise to 1.5 mol/L NaOH under vigorous
mechanical stirring. This reaction mixture was gradually heated (1°C/min) to 78 °C and held
at this temperature for one hour under stirring and nitrogen protection. After separation of
the supernatant with a permanent magnet, the wet solid was treated with 0.01 mol/L HCI and
then sonicated for 1 hour. The acidified suspension was filtered through 0.45 um and 0.22
um membranes. Concentration was then adjusted to 0.7 mg Fe/mL.

Citrate- and glycine-modified iron oxide nanoparticles (Ngijt, Ngjy)—To 200 mL
of 1 mg/mL sodium citrate, 200 mL of 0.7 mg Fe/mL iron oxide nanoparticles were added
under stirring. The mixture was sonicated for 20 min and then further stirred for 2 hours.
After ultrafiltration to remove free sodium citrate, the concentration was adjusted to 0.35 mg
Fe/mL. An analogous procedure was used to obtain glycine-modified nanoparticles (Ngjy).

Polylysine- and poly(ethyleneimine)-coated iron oxide nanoparticles (Npp,
Npg)—To 100 mL of 1 mg/mL PLL solution, 200 mL of 0.35 mg Fe/mL N;j; were added
under stirring. The mixture was sonicated for 20 min and then further stirred for 2 hours.
The Np_ product was obtained by removing free PLL via ultrafiltration. An analogous
procedure was used to obtain PEI-modified nanoparticles (Npg).

Carboxymethyl dextran- and heparin-coated iron oxide nanoparticles (Ncyp,
Nhep): To 100 mL of 1 mg/mL CMD solution, 100 mL of 0.35 mg Fe/mL Ng, were added
under stirring. The mixture was sonicated for 20 min and then further stirred for 2 hours.
The Nemp product was obtained by removing free CMD via ultrafiltration. An analogous
procedure was used to obtain heparin-modified nanoparticles (Npep).

Characterization of synthesized iron oxide nanoparticles

Particle size and zeta potential were measured on a NICOMP 380 ZLS dynamic light
scattering (DLS) instrument (PSS, Santa Barbara, CA, USA) equipped with a HeNe laser at
632 nm as the incident light. For size measurements, a volume-weighted distribution was
obtained. Zeta potential measurements were taken after nanoparticles were diluted and
dispersed with deionized water. High-resolution transmission electron microscopy
(HRTEM) was conducted using a JEOL 3011 high-resolution electron microscope (JEOL
Tokyo, Japan) operated at an accelerated voltage of 300 kV. Samples were prepared by
applying diluted particle suspensions to formvar film-coated copper grids (01813-F, Ted
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Pella, Inc, USA) followed by drying preparations at room temperature. A thermogravimetric
analyzer (TGA; TA Instruments Q50, New Castle, DE, USA) calibrated with nickel and
alumel standards was employed to determine coating content of nanoparticles. Samples were
analyzed in a nitrogen atmosphere with a heating rate of 20°C/min. Superparamagnetic
properties were assessed at 25 °C using a superconducting quantum interference device
(SQUID) (Quantum Design Inc., San Diego, CA, USA). Iron content of nanoparticles was
measured by inductively coupled plasma-optical emission spectroscopy (ICP-OES) on an
Optima 2000 DV instrument (Perkin-Elmer, Inc., Boston, MA, USA). Samples were spiked
with yttrium internal standard and calibrated with water dilutions of an iron standard (GFS
Chemicals, Columbus, OH). FTIR was performed on lyophilized samples after compression
into ~1 mm thick discs containing spectroscopic grade potassium bromide.

Measurement of peroxidase-like activity

In triplicate, 100 uL of 530 mmol/L hydrogen peroxide containing varied concentrations of
chromogenic substrate (TMB or ABTS) were added to 50 uL of the different prepared
nanoparticles (0.35 mg Fe/mL). The blue (TMB) or green (ABTS) color that developed as
reactions proceeded was monitored kinetically at room temperature using a PowerWave
X340 spectrophotometer (BioTek, Winooski, VT). TMB conversion was measured at 655
nm and ABTS at 415 nm. Catalytic parameters were determined by fitting the absorbance
data to the Michaelis-Menten equation. Activity was also evaluated in the presence of varied
concentrations (0-0.08 wt %) of sodium azide. HRP was also tested for comparison
purposes.

Glucose detection

Results

40 pL of 10 mg/mL GOx was added to 200 pL of glucose at varied concentrations in 10
mmol/L phosphate buffered saline (PBS, pH 7.4) and incubated at 37 °C for 30 min. 360 uL
of 4.0 mmol/L ABTS and 400 pL of 0.13 mg Fe/mL nanoparticles (both in 0.2 mol/L acetate
buffer, pH 4.0) were then added to the oxidized glucose solution above and incubated at 45
°C for 45 min. The reaction mixture was then subject to centrifugation at 15,000 rpm for 10
min to remove nanoparticulate material. 300 uL of the supernatant was analyzed at 417 nm
to determine ABTS conversion. Control experiments were conducted using blank (no
glucose) PBS.

Synthesis and characterization of iron oxide nanoparticles

FTIR spectra of Ncjt and Ngjy show a peak at 1402cm™1, which was not found on the spectra
of Npat (Figure 1). This peak was assigned to the Fe-O-C(O) linkage [13], indicating
chemical adsorption of citrate/glycine carboxylate groups onto superficial iron atoms found
on the nanoparticle surface. Unbound carboxylate groups render Nj; negatively charged,
whereas unbound amine groups result in a positively charged Ngy. Taking advantage of
these surface charges, Npj_ | and Npg| were prepared by electrostatic coating of Ng;j; with
positively charged PLL or PEI, respectively. Analogously, Ncvp and Npep were synthesized
by coating Ngjy with negatively charged CMD or heparin. Zeta potential results shown in
Table 1 show that iron oxide nanoparticles with different coatings — three anionic (Nit,
Ncmb, Nhep) and three cationic (Ngjy, Npp, Npg) —were successfully synthesized. Npep
yielded the highest negative zeta potential of —51.2 mV whereas Npg| showed the highest
positive zeta potential of +47.1 mV.

Size measurements by DLS showed that all synthesized nanoparticles possessed similar
diameters in the range of 35-46 nm (shown in Table 1), indicating that size would not be a
confounding variable in subsequent experiments. Moreover, the relative thickness of coating
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can be determined by weight loss estimated in a TGA analysis. TGA analyses of Np (,
Ncmps Npgr, and Npep show relatively high weight losses (see Table 1 and Figure 2),
corresponding to thicker coatings. Conversely, TGA revealed a relatively low weight loss
for Ncjt and Ngjy (and thinner coating) due to the size of the small molecules, glycine and
citrate. Additionally, HRTEM images in Figure 3 provide visual confirmation that polymer
coating of the nanoparticles was successfully achieved. All tested nanoparticles were found
to exhibit superparamagnetic behavior (i.e. no hysteresis in demagnetization curves) when
examined by SQUID (Figure 4), rendering them suitable for magnetic-mediated, biomedical
applications. Coating processes did not appear to alter the magnetic properties of these
nanoparticles. Overall, findings consistently support the notion that desired nanoparticles
were obtained as designed. In addition, our surface modification procedures for
nanoparticles were much simpler than methods described in the literature [14]. Processes
were also highly consistent and reproducible. More importantly, no aggregation of
nanoparticles was observed for any of the coating processes, and the recovery yield was
almost 100%.

Surface charge dependence on peroxidase activity

The peroxidase-like behavior of the synthesized nanoparticles was examined at room
temperature using either TMB or ABTS as a chromogenic substrate. Absorbance data was
back-calculated to concentration by the Beer-Lambert Law using a molar absorption
coefficient of 39000 M~1cm~2 for TMB- [15] or 36000 M~'cm™1 for ABTS-derived [16]
oxidation products. Apparent steady-state reaction rates at different concentrations of
substrate were obtained by calculating the slopes of initial absorbance changes with time.
Data shown in Figure 5 indicate that all nanoparticles displayed hyperbolic kinetics, yet
curve characteristics varied with the type of coating. Data were fit to the Michaelis-Menten
equation (curves shown in Figure 5) and model parameters (Vimax and Ky) extracted. The
catalytic constant (Kcat; Vmax Normalized for enzyme content) was also calculated according
to Equation 1:

keat=Vmax/[ E] (1)

where [E] was taken as the nanoparticle iron concentration. Catalytic parameters for each of
the nanoparticles tested are summarized in Table 2.

Figure 6 illustrates the dependency of peroxidase activity on superficial charge. ABTS
catalysis (curve A) increased rapidly with increasing zeta potential. In a less dramatic
fashion, TMB catalysis (curve B) decreased with increasing zeta potential. Indeed, the
nanoparticle with the strongest negative surface charge (Nhep) exhibited a 5.9-fold higher
peroxidase activity than that with the most positive (Npg|) when TMB was the substrate.
Conversely, Npg) displayed an 11.5-fold increase in catalytic activity over Nep when ABTS
was the substrate.

Coating thickness dependence on peroxidase activity

The effect of coating thickness on peroxidase activity was also studied. The pairs N¢i/Ncmp
and Ngiy/Npy__ served to meet this purpose. The pair N¢jt/Ncmp had similar negative surface
charge (shown in Table 1), allowing for controlled comparison of the effect of coating
thickness on activity. N exhibited a higher kqat than Neyp with both TMB and ABTS
substrates (Table 2). Because Ncpp has a thicker coating than Ng;t, steric effects might
account for its lower activity for both substrates. As expected, Ngy displayed a higher kcqt
than that of the similarly charged Np,_ | with TMB as the substrate. Interestingly, the kgyt OF
Ngiy was lower than that of Np_ | with ABTS as the substrate. Although this finding appears
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contradictory to the observed trends for thickness, competition between thickness and
charge effects might explain this discrepancy. Np__ did have a slightly higher positive zeta
potential than Ngy. ABTS catalysis was favored by a higher positive surface charge (Figure
6). Hence, a slightly higher positive charge would have greater effect on activity than a
thicker coating, as suggested by the steep curve (A) observed for ABTS in Figure 6. It
should be noted that neither Npg| nor Nyep was included in the above comparison because
both nanoparticles exhibited distinct zeta potentials from other samples tested.

Effect of sodium azide on peroxidase activity

Experimental results with sodium azide are shown in Figure 7. The presence of sodium
azide resulted in significantly greater loss of activity with HRP when compared to any of the
evaluated nanoparticles. For instance, when sodium azide concentration increased to 0.02%
(typical for bacteriostatic storage), HRP lost over 99% of its activity. In sharp contrast,
tested nanoparticles retained at least 93% activity at the same concentration of sodium azide.
In fact, nanoparticles remained relatively active even with a four-fold increase in sodium
azide concentration (0.08%). As shown in Figure 7, between 54-82% of activity remained
depending on the coating. Retained activity, even in the presence of high sodium azide
concentration, further suggests that iron oxide nanoparticles are durable and might be useful
in environments where peroxidases (like HRP) can significantly lose function.

Glucose detection by iron oxide nanoparticles

Glucose content could be readily detected by utilizing the same chromogenic substrates
studied above. In principle, hydrogen peroxide evolved from GOXx oxidation of glucose can
oxidize ABTS in the presence of a peroxidase. The color change from converted ABTS can
be used to indirectly measure glucose. Based on the findings above, it was thought that Npg,
would yield the highest sensitivity among the tested nanoparticles, since it yielded the
highest activity toward ABTS. Unfortunately, intense precipitation occurred when Npg| was
exposed to glucose/GOx. To this regard, Ngjy, which also possessed favorable activity
toward ABTS (Table 2), was used as a substitute. For comparison, the least active
nanoparticle, Npep, Was also examined.

Sensitivity results are presented in Figure 8. As shown, absorbance linearly correlated to
glucose concentration for both Ngjy and Npep. The absorbance, though, gradually leveled off
and even decreased after glucose concentration exceeded 500 pmol/L (data not shown).
Nevertheless, linear ranges of these two types of nanoparticles varied in their slopes, a prime
indicator of sensitivity toward glucose. A higher slope would represent a higher sensitivity
to glucose. The higher slope for Ny, predicts the same absorbance value at a lower glucose
concentration when compared to the shallower curve for Npep. Indeed, Ngy displayed a
slope of 1.251 as opposed to 0.910 from Npep, (Figure 8A).

At very low concentrations, Ngjy still demonstrated good linearity toward glucose (R2=
0.993), as shown in Figure 8B. Npep, however, lost some of its linearity as evidenced by a
much lower correlation (R? = 0.771). This result shows that Nhep is unable to provide a
linear response to glucose in such a low range of concentrations. The detection limits for
Ngly and Npep, calculated as three times background absorbance divided by the
corresponding line slopes, were estimated to be 8.5 umol/L and 15.8 umol/L, respectively.
Our data indicate that Ngyy is more sensitive than Npep when ABTS is chosen as a substrate
to detect glucose.
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Discussion

Functionalizing iron oxide nanoparticles usually involves a complicated, multistep process
that often results in precipitation. In this study, a facile and efficient methodology was
established. Iron oxide nanoparticles with six different coatings—three anionic (Ngjt, Ncmp,
Nhep) and three cationic (Ngjy, NpL, Npgj)—were synthesized and evaluated to determine
the effect of surface charge on peroxidase-like activity. In addition, nanoparticle pairs—
having similar charge but different coating thickness— were assessed to understand the
effect of coating thickness on peroxidase activity. Of important note, we planned to use Npat
as a control in experiments. Ny, though, were unstable at the experimental conditions
utilized, quickly precipitating when tested. Therefore, they were not included in analyses.

To prepare nanoparticles with different coatings, Ncj: and Ngiy were used as parent
materials. Citrate was chemically linked to superficial iron atoms on Np4 Via its carboxylate
groups. The remaining residual carboxylate groups render Nj; hegatively charged [17, 18].
The aminated nanoparticle, Ngjy, Was synthesized analogously. Since the carboxylate group
of glycine bound to nanoparticles as those from citrate, free glycine amino group rendered a
net positive surface charge for Ngy. To our knowledge, this strategy has not yet been
applied to synthesize an aminated nanoparticle. Based on our observations, our methodology
is far simpler, more reproducible, and most importantly, without nanoparticle aggregation.

Highly branched PEI consists of primary, secondary, and tertiary amine groups in an
approximate 25/50/25 ratio according to information from the manufacturer. PLL has an
abundance of lysine groups that contain amine moieties. PEI and PLL can both be anchored
to the surface of Ng;; via electrostatic interactions between amine groups on the polymer and
free carboxylate groups of Ngjt. In a similar fashion, Ncvp and Npep were prepared by
electrostatically coating Ngj, with CMD or heparin, respectively. CMD provides free
carboxylate and heparin provides both free carboxylate and sulfate groups that can bind free
amine groups on Ngjy. Characterization of these nanoparticles confirmed that coatings were
successfully achieved as designed.

Previous results [5] indicate that superficial ferrous atoms are a contributing factor to
observed peroxidase activity. Structure-wise, a large area-to-volume ratio (characteristic of a
small particle size) would favor an enhanced catalytic activity. In this work, a group of iron
oxide nanoparticles was prepared, all with similar size. Size was carefully controlled in
order to keep it from confounding experiments. It is also important to mention that catalytic
constants were expressed in terms of iron atom instead of particle number. If constants were
calculated in terms of particle number, a large particle would yield a larger catalytic constant
because of its larger surface area — the source of catalytic activity. Catalytic constants based
on mass or atom number, though, provide a more normalized basis by which to evaluate
activity.

Michaelis-Menten kinetics can be described by Equation 2:

E+S ES 2 Exp
ko (2)

According to Equation 2, increasing k; and decreasing k_; could improve enzyme activity.
One route to do so would be to enhance affinity between enzyme and substrate. To achieve
this purpose, electrostatic interaction appeared to be the simplest and most efficient strategy,
as our results support. ABTS and TMB were chosen because they possess opposite charge
characteristics. ABTS contains negatively charged sulfonic groups, giving it a strong
electrostatic affinity toward a positively charged nanoparticle. As our results demonstrate,

Biomaterials. Author manuscript; available in PMC 2012 January 6.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yuetal.

Page 8

such an enhanced affinity results in a significantly improved peroxidase activity.
Conversely, TMB contains two amine groups, yielding a strong affinity toward a negatively
charged nanoparticle. Analogous to the reaction between ABTS and a positively charged
nanoparticle, an anionic nanoparticle will exhibit a strong affinity and high activity with
TMB as the reaction substrate. Experimental data were in strong support of these claims, as
demonstrated by the calculated catalytic parameters shown in Table 2.

The Michaelis constant (Ky,) is an indicator of enzyme affinity for its substrate. A high Ky
represents a weak affinity whereas a low value suggests a high affinity [19]. In Table 2, this
relationship is clearly illustrated. Cationic nanoparticles yielded lower Ky, values toward
negatively charged ABTS, and the opposite occurred for TMB as the substrate. Therefore,
the rationale for varied activity was that affinity was altered by changes in electrostatic
interaction between particle and substrate. Moreover, the intensity of superficial charge on
nanoparticles appeared to also influence the degree to which catalytic activity was altered, as
peroxidase activity varied with varied zeta potential (Figure 6). Among the nanoparticles
studied, Npep had the highest negative charge and Npg the highest positive charge. In
support of our claim, Npep showed the highest activity with TMB and the lowest with ABTS
as the substrate. Conversely, Npg| showed the highest activity with ABTS and the lowest
with TMB as the substrate (see Figure 6).

Although electrostatic affinity exerted by superficial charge could enhance catalytic activity,
the physical presence of a coating could also shield active iron domains on the surface of
particles. This effect was observed when comparing particles of similar charge, but different
coating thickness. As noted, however, steric effects on affinity were relatively weak
compared with the dramatic changes seen with varied zeta potentials.

A common challenge to the application of peroxidases (such as HRP) lies in their easy
inactivation by standard antibacterial preservatives, such as sodium azide [20]. The catalytic
turnover of sodium azide by peroxidase into azidyl radical results in peroxidase inactivation
[20]. Inactivation cripples the applicability of peroxidases in applications. Nanoparticles,
regardless of superficial charge or the coating, however, exhibited robust resistance against
sodium azide. Activity of nanoparticles was virtually unaffected by the presence of sodium
azide, especially at commonly utilized concentrations. To this regard, iron oxide
nanoparticles offer a durable alternative to peroxidases by their ability to function even in
harsh environments detrimental to protein enzymes.

The utility and applicability of the synthesized nanoparticles was further demonstrated
through their sensitivity and detection limit in glucose measurements. Compared with Npep,
Ngly displayed a larger linear slope of ABTS absorbance with glucose concentrations,
suggesting better sensitivity for glucose detection. In addition, a better linear correlation was
observed in the low concentration range, suggesting an improved detection limit. The low
detection limit observed for Ny, could be useful to applications that measure low levels of
glucose. For example, it was reported that the glucose concentration in tear fluid is
correlated to that in the blood [21, 22]. An accurate analysis of glucose in tear fluid could be
a viable, noninvasive alternative for diabetes mellitus patients. The glucose concentration in
tear fluid is relatively low (~28umol/L) [22] and more than 100-fold less than in blood. Our
data suggest that an iron oxide nanoparticle might be a good candidate to assay glucose in
tears, or in other applications that require analysis of trace levels of glucose. Excellent
sensitivity, detection limit, and linearity in our model glucose assay support the use of iron
oxide nanoparticles in other quantitative assays dependent on peroxidase activity.

Biomaterials. Author manuscript; available in PMC 2012 January 6.
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Conclusion

The peroxidase-like activity of iron oxide nanoparticles was explored and found dependent
on the surface attributes of nanoparticles. Six nanoparticles were synthesized with distinct
surface charge, charge intensity, and coating thickness. With TMB as a substrate, anionic
nanoparticles had a high affinity and exhibited a high catalytic activity. The activity
gradually decreased when varying the zeta potential from negative to positive. Nhep
exhibited a 5.9-fold higher catalytic activity than Npg|. With ABTS as the substrate, cationic
nanoparticles displayed a high affinity and subsequently a high peroxidase activity. The
activity increased dramatically in varying the zeta potential from negative to positive. Npg
displayed an 11.5-fold higher activity than Npep. The intrinsic peroxidase activity of these
nanoparticles was virtually unaffected by the presence of standard antibacterial preservative
of sodium azide. Particles yielding a high activity toward an ABTS as a substrate, such as
Ngly, exhibited a much higher sensitivity and a much lower limit in glucose detection than
Nhep, @ particle of low catalytic activity.
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Figure 1.

FTIR spectra of the synthesized nanoparticles. FTIR spectra of both Nj; and Ngy showed a
new peak at 1402cm™1, which corresponds to symmetric stretching of Fe-O-C(O) bonds.
This band confirms successful coating. As a comparison, Ny, (no coating) showed no such
peak.

Biomaterials. Author manuscript; available in PMC 2012 January 6.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Yuetal.

100

901

80 1

Weight rernaining (%)

50 150 250 350 450
Temperature (°C )

Figure 2.

550

N gly
cit

NpLL
Nhep
Nemo

Npgi

Page 12

TGA analyses of the synthesized nanoparticles. TGA of polymer-coated particles (Np |,
Ncmp Nhep and Npgy) displayed a higher weight loss than small-molecule-coated particles
(Ngit and Ngjy). Heating rate was controlled at 20°C/min in a nitrogen atmosphere. Higher

weight losses suggest relatively thicker coatings.
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Figure 3.

TEM images of (a) Np_ on a copper grid coated with a continuous formvar film at lower
magnification. Nanoparticles are clearly well dispersed. (b) Np on a copper grid coated
with a continuous formvar film at higher magnification. A shell-type coating can be
observed on nanoparticles. The coating, however, is hard to see due to interference from the
carbon film background; (c) Np,_ on a copper grid coated with a lacey network support film
to minimize background interference, yielding higher resolution. The image better
demonstrates the core/shell structure of Np [ .
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Figure 4.

SQUID magnetization/demagnetization curves of the six different nanoparticle products.
The lack of hysteresis in demagnetization curves demonstrates superparamagnetic behavior
of the nanoparticle products.
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Figure 5.

Kinetic analyses of () Npep, (b) Neit, (€) Ncmp, (d) Ngiy, (€) Npt, and (f) Npgy. Steady-
state catalysis rates were calculated from the initial slopes of absorbance versus time curves.
Experiments were conducted by adding 50 uL of nanoparticle suspensions (0.35 mg Fe/mL)
into solutions containing 100 pL of 530 mmol/L H,0, and different concentrations of (A)
TMB; and (B) ABTS substrate at room temperature. Points represent experimental data and
color curves correspond to calculated fits using the Michaelis-Menten model.
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Figure 6.

Plots of catalytic constant (k.t) versus zeta potential for the different nanoparticle products,
with ABTS (Curve A) or TMB (Curve B) as the substrate. Zeta potentials were derived from
Table 1. For an ABTS substrate, k.t increases rapidly with increasing zeta potential. In a
much less pronounced manner, kg5t decreases with increasing zeta potential fora TMB
substrate.
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Figure 7.

Inhibition of peroxidase activity by azide for the different nanoparticle products. For
comparison, horseradish peroxidase (HRP) was tested. As shown, all products tested
retained relatively high activity even at high azide concentrations. Conversely, almost all
peroxidase activity was lost when HRP was exposed to even small levels of azide.
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Glucose detection using Ngiy and Npep (ABTS substrate). Response curves for Ngiy and Npep
at (A) high; and (B) low (i.e. <31.2 pmol/L) glucose concentrations are shown. Ng, showed
higher sensitivity when compared to Nyep as evidenced by a higher slope. Where Npgp, lost
its linearity in the low glucose concentration range shown (B), Ng)y retained it across both
ranges tested suggesting a better detection limit.
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Table 1

Properties of iron oxide nanoparticles with different coatings

Nanoparticle  Coating material ~ Size by DLS, (nm)  Weight % of coating shell by TGA  Zeta potential, (mV)

Neit citrate 34.4 2.0 —22.7
Nemp CMD 421 12.1 -23.8
Npep heparin 40.6 135 -51.2
Ngiy glycine 40.1 1.6 +25.0
NpLL PLL 46.2 10.5 +28.9
Npe| PEI 43.7 18.7 +47.1

CMD: carboxymethyl dextran, PLL: polylysine, PEI: poly(ethyleneimine)
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