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Self-Assembled Complexes of Horseradish Peroxidase 
with Magnetic Nanoparticles Showing Enhanced 
Peroxidase Activity
 Bio-nanocatalysts (BNCs) consisting of horseradish peroxidase (HRP) self-
assembled with magnetic nanoparticles (MNPs) enhance enzymatic activity 
due to the faster turnover and lower inhibition of the enzyme. The size and 
magnetization of the MNPs affect the formation of the BNCs, and ulti-
mately control the activity of the bound enzymes. Smaller MNPs form small 
clusters with a low affi nity for the HRP. While the turnover for the bound 
fraction is drastically increased, there is no difference in the H 2 O 2  inhibi-
tory concentration. Larger MNPs with a higher magnetization aggregate in 
larger clusters and have a higher affi nity for the enzyme and a lower sub-
strate inhibition. All of the BNCs are more active than the free enzyme or the 
MNPs (BNCs  >  HRP  >  >  MNPs). Since the BNCs show surprising resilience 
in various reaction conditions, they may pave the way towards new hybrid 
biocatalysts with increased activities and unique catalytic properties for 
magnetosensitive enzymatic reactions. 
  1. Introduction 

 Magnetic fi elds have long been suspected of infl uencing bio-
logical reactions involving free-radicals. [  1–6  ]  However, strong 
magnetic fi elds are rare in the biological world and evidence of 
low-magnetic-fi eld effects is yet to be demonstrated unequivo-
cally. [  7–9  ]  More recently, the effect of high magnetic fi elds has 
been shown on various free-radical-producing enzymes. [  6  ,  10  ]  The 
relationship between magnetic fi elds and enzymatic activity has 
mostly been explained in the context of radical recombination 
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and the intersystem-crossing (ISC) mecha-
nism: [  11  ,  12  ]  localized and medium-to-strong 
magnetic fi elds can signifi cantly affect the 
extent of radical-pair recombination under 
specifi c ranges of intensity and reaction 
conditions. The relative reorientation of 
two spins resulting from ISC in chemical 
reactions involving superparamagnetic 
species can be theoretically accomplished 
with moderate-to-strong magnetic fi elds 
such as those generated by magnetic 
nanoparticles (MNPs). [  13  ]  Randomly dis-
tributed MNPs could therefore play a sig-
nifi cant role in chemical and biochemical 
reactions involving spin-correlated radical 
pairs [  14–16  ]  as each individual nanoparticle 
generates its own localized and intense 
magnetic fi eld. 

 Peroxidase-like activity has been 
reported in large magnetite nanoparticles 
void of any enzyme. This activity has been shown to follow 
Michaelis–Menten kinetics and to be sensitive to H 2 O 2  and 
pH. [  17  ,  18  ]  However, our own studies have shown that enzymatic 
peroxidase activities were always several orders of magnitude 
higher in comparison with MNP peroxidase-like activities, in 
the range of the hydrogen peroxide concentrations used. [  19  ]  
Horseradish peroxidase (HRP) has been widely studied because 
of its relevance and its potential applications in biomedical, 
environmental and industrial biotechnologies. [  20  ,  21  ]  Peroxi-
dases (EC 1.11.1) are widely found in biological systems and 
form a subset of oxidoreductases that reduce hydrogen per-
oxide (H 2 O 2 ) to water in order to oxidize a large variety of aro-
matic compounds ranging from phenol to aromatic amines. 
The reaction cycle of peroxidases is quite complex and begins 
with activation of the heme by H 2 O 2  to form the two-electron 
activated Compound I. [  21  ]  Compound I is then reduced by one 
electron by the oxidation of the organic substrate, leading to 
the formation of Compound II, which is one electron above the 
resting state. The second reduction brings back the enzyme to 
its resting state to start a new cycle. Overall, for each molecule 
of hydrogen peroxide consumed, two aromatic free-radicals are 
produced and they can react readily in secondary reactions. 
Peroxidases, in general, are highly sensitive to substrate inhi-
bition, [  22–26  ]  mostly by H 2 O 2 , which can lead to the formation 
of the reversible, inactivated form of the enzyme (Compound 
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III). Therefore, peroxidase-enzyme kinetics are quite complex 
and their activities are highly sensitive to the initial reaction 
conditions, which restricts their use in many bioprocesses. 
Increasing the activities of this family of enzymes and their tol-
erance to different process conditions might pave the way for 
new applications, especially when controlling and improving 
the effi ciency of free-radical-mediated reactions is involved. 

 As reported by Tabaran et al., [  27  ]  the HRP reaction cycle 
involves the sequential formation of several paramagnetic spe-
cies, and theoretical models have been developed to predict 
either benefi cial or detrimental effects of the magnetic-fl ux 
intensity. [  4  ,  27  ]  However, the infl uence of external magnetic fi elds 
on the reaction rates and mechanisms involving peroxidase 
enzyme is still controversial. [  28  ]  Here, we investigate the peroxi-
dase activities of two magnetite nanoparticles, referred to as M25 
and M90, in combination with HRP. In addition, we elucidate 
the kinetics of these magnetic enzyme-MNPs self-assembled 
complexes. This simple approach, focusing on the tightly bound 
fraction of the enzyme, differs sharply from classical methods 
requiring protein conjugation onto surface-modifi ed particles 
by complex biochemistries, often at the expense of enzymatic 
activities and reaction effi ciencies. We demonstrate that HRP 
kinetics are modifi ed profoundly only when the enzymes are in 
close association with the MNPs and that the overall activities 
of the bio-nanocatalysts (BNCs) are then orders of magnitude 
higher than those of free enzymes or MNPs at biologically rel-
evant substrate concentrations. The insights gained regarding 
MNP-HRP complex formation and activity open new opportuni-
ties to expand the use, scale and effi ciency of free-radical-medi-
ated reactions thanks to nanoscale and self-assembled hybrid 
catalysts relying on: 1) the clustering properties of the MNPs, 
2) magnetic-fi eld effects at the nanoscale, and 3) the resulting 
enzyme kinetics, which are sensitive to magnetic fi elds.   

 2. Results  

 2.1. Magnetite MNP Characteristics 

 MNPs are easy to mass produce. The synthesis requires low-
cost reagents and can be easily tailored for size, magnetic fi eld 
and surface properties. [  29  ]  The average calculated particle sizes 
for M25 and M90 were 8 and 10 nm, respectively. The particle-
size values were obtained from transmission electron micros-
copy (TEM) images ( Figure    1  A,B) and were in good agreement 
with the average diameter calculated from the Scherrer equation 
(Table S1, Supporting Information). M90 had a more uniform 
size distribution, with an average size of 10  ±  1 nm (Figure  1 D) 
while M25 had a broader size range with an average size of 8  ±  
3 nm, with particles as small as 5 nm (Figure  1 C). The physical 
and magnetic properties of the MNPs are presented in Table S1, 
Supporting Information. Both types of MNP had, overall, neg-
ligible remanent magnetization ( M  R ) indicating superparamag-
netism (Figure  1 E). At the concentration of magnetite used 
for the assays, the M25 MNPs were mostly monodisperse with small 
clusters and free nanoparticles ( Figure    2  ), whereas M90 formed 
large clusters with a diameter of 100 nm, on average ( Figure    3  ). 
The total pore volumes were 0.39 cm 3  g  − 1  and 0.14 cm 3  g  − 1  
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 1940–1951
for M90 and M25, respectively. The average densities of 
the clusters, when corrected for the porosity, were   ρ   M25   =  
3.03 g cm  − 3  and   ρ   M90   =  1.72 g cm  − 3 .      

 2.2. BNCs: HRP and MNP Self-Assembly 

 M90 had a higher value of  K  a  than M25, indicating a higher 
affi nity for the HRP enzyme (Figure  1 F). From Equation 1, it 
was found that less than 50% of the total HRP loaded could bind 
to M25 to form the M25-BNC complex when 1  ×  10  − 9   M  HRP 
and 4  μ g mL  − 1  magnetite particles were used, while all of the 
enzyme was adsorbed in the case of M90 ( Table    1  ). The point of 
zero charge (PZC) of the magnetite was found to be at around 
pH  =  7.9,  while the isoelectric point of HRP is at around pH  =  
7.2. For this study, the BNCs were formed in ultrapure water at 
pH  =  6.5, implying the presence of Fe–OH 2 +   cationic species on 
the nanoparticle surfaces. At this pH and in the absence of any 
other compensating charges, a large surface of the HRP mol-
ecules remains negatively charged [  30  ]  allowing the formation of 
complexes with magnetite via electrostatic interactions. [  31  ]  Given 
the fact that M25 and M90 have the same surface composition 
and that their surface areas differ by about 20%, the 9.1% differ-
ence in the maximum binding capacity ( Q  m ) between the M25- 
and M90-BNCs cannot be attributed only to a surface effect.  

 Both the types of MNP clustered and formed aggregates due 
to the magnetization that each particle could experience when 
in close vicinity to each other. Nanosized particles usually gen-
erate high magnetic-fi eld gradients. The M90-cluster density 
was about 33% lower than that of M25 clusters, due to its pore 
structure. This explains why, even if single M25 nanoparticles 
induce lower magnetic fi elds than the bigger M90 ones because 
of their lower mass magnetization, the M25 clusters had a 
higher fi eld, as the aggregate density plays a signifi cant effect 
(Figure S1, Supporting Information). The M90-MNPs formed 
bigger and denser aggregates (Figure  3 ) not only because of the 
higher magnetic attraction, but also to reduce the energy asso-
ciated with their high surface-area-to-volume ratio. Adsorbed 
enzyme molecules onto the MNPs could then be further 
entrapped within these clusters, [  32  ]  as observed by the increase in 
the size of the BNC clusters (Figure  2  and  3 ) and the difference 
in the HRP-adsorption behaviors of M25 and M90 (Figure S2, 
Supporting Information). Both the BNCs were mesoporous. 
The M90-BNCs had a higher total pore volume and a higher 
average pore size than the M25-BNCs. The differences in the 
formation of the complexes were consequently attributed to the 
ultrastructure of the MNPs clusters resulting from differences 
in the magnetization of the nanoparticles and the resulting 
mesoporosity of the clusters. M90-BNC self-assembly would 
therefore result from a dual mechanism of surface adsorp-
tion and molecular entrapment in the mesoporous aggregates 
(Figure  3 D, Figure S2, Supporting Information).   

 2.3. The Magnetic Field Effect Acts Only on the Bound Fraction 
of the Enzymes 

 Temporal free-radical concentrations were measured using the 
phenol/4-aminoantipyrine (AAP) [  19  ]  assay in malonate buffer, 
1941wileyonlinelibrary.combH & Co. KGaA, Weinheim
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    Figure  1 .     A–G) MNP and BNC characterization: TEM pictures of M25 and M90 magnetite nanoparticles (A–B); particle-size distribution (C–D); 
magnetization hysteresis curves (E); HRP adsorption isotherms onto M25 and M90 in water, with estimated  K  a  and  Q  m  (F); normalized activity of 
M25-BNCs (1  ×  10  − 9   M , 46% bound, 5%  Q  m ) and M90-BNCs (1  ×  10  − 9   M , 100% bound, 30.3%  Q  m ) at their respective H 2 O 2  optimal concentration as 
a function of BNC incubation time (pH  =  3, 2.9  ×  10  − 3   M  malonate buffer, 25  ° C) (G).  
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    Figure  2 .     A–D) Representative TEM images of M25-MNPs (A–B) and M25-BNCs clusters (C–D) (1  ×  10  − 9  M  HRP) at 4  μ g mL  − 1  of MNPs. E) Size 
distributions of M25 and M25-BNCs (perimeter of the clusters, 2500 clusters).   
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    Figure  3 .     A–D) Representative TEM images of M90-MNPs (A–B) and M90-BNC clusters (C–D) (1  ×  10  − 9   M  HRP) at 4  μ g mL  − 1  of MNPs. Transects 
(background-corrected pixel intensity) are presented for the higher magnifi cation TEM images for M90 (C) and the M90-BNCs (D). E) Size distributions 
of M90 and M90-BNCs (perimeter of the clusters, 1000 clusters from TEM images of 40  μ g mL  − 1  of MNPs).  
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   Table  1.     The percentage of bound HRP (from initial concentrations of 0.5  ×  10  − 9 , 1  ×  10  − 9  and 2  ×  10  − 9   M ), the quantity of HRP per MNP surface 
area, the percentage of surface saturation and the maximal normalized activity for M25-BNCs and M90-BNCs at 4  μ g MNP mL  − 1  and at 0.75  ×  10  − 3  
and 2.5  ×  10  − 3   M  H 2 O 2  respectively. 

Concentration of 
bound HRP [ ×  10  − 9   M ]

Percentage of bound enzyme 
[%]

Amount of bound enzyme 
[nmol m  − 2 ]

Percentage of surface saturation 
[%]

Maximal normalized activity

M25-BNC 0.23 43.75 0.4 2.54 2.5  ±  0.5

M25-BNC 0.46 45.6 0.79 4.95 3.6  ±  0.1

M25-BNC 0.9 46.75 1.5 9.43 2.2  ±  0.1

M90-BNC 0.5 100 2.2 17.86 6.9  ±  0.6

M90-BNC 1 100 4.3 30.3 13.2  ±  0.8

M90-BNC 2 100 8.7 46.51 14.1  ±  1.3
and these measurements were used to calculate the normalized 
activities of the BNCs (Figure  1 G). The normalized activities 
were calculated as the ratio of the BNC activity and the free-
    Figure  4 .     A–B) The effect of the H 2 O 2  concentration on the initial reaction rates of the free 
HRP, and the M25- and M90-BNCs at 4  μ g mL  − 1  of the bound fraction of enzyme (2.9  ×  10  − 3   M  
malonate buffer, pH 3 at 25  ° C): M25-BNC: 0.23  ×  10  − 9   M  HRP(•), 0.47  ×  10  − 9   M  HRP ( � ) and 
0.87  ×  10  − 9   M  HRP ( ♦ ) (A); M90-BNC: 0.5  ×  10  − 9   M  HRP (•), 1  ×  10  − 9   M  HRP ( � ) and 2  ×  10  − 9   M  
HRP M90-BNC( ♦ ) (B). Free enzymes at corresponding concentrations: (  �  ), ( � ), and ( ◊ ). The 
peroxidase-like activities of the magnetite MNPs at 4  μ g mL  − 1  for the M25 and M90 (  ×  ) are 
shown for comparison.  
enzyme activity at the same concentration. 
For the M90-BNC, the maximum activity, 
compared with that of the free enzyme, 
was reached after 1 h of preincubation. The 
increase of the normalized activity was shown 
to be stable over 24 h. The M25-BNC reached 
maximum increased activity after incubation 
for 10 min. A zero, or limited, increase in 
the rate of the reaction was observed when 
the nanoparticles, enzyme and substrates 
were added simultaneously, regardless of the 
buffer, nanoparticles, substrates or enzyme 
concentration (data not shown). 

 These results clearly demonstrate that the 
increased activity was only due to the immobi-
lized enzyme and not just the presence of the 
MNPs in solution. This constitutes the fi rst 
experimental evidence of a need for a close 
association between enzymes and MNPs as 
a requirement to increase enzymatic activity. 
Moreover, the results also demonstrate that 
the association of HRP with magnetite nano-
particles of different sizes and magnetism 
yields different complexes with different spe-
cifi c activities. The importance of complex 
formation on the peroxidase reaction veloci-
ties becomes evident when comparing the 
velocities of bound enzymes ( Figure    4  ) with 
the activities of the M25- and M90-BNCs at 
different HRP-to-MNP ratios (Figure S3, 
Supporting Information). The reaction veloci-
ties were comparable for all of the M90-
BNCs, while the activities of the M25-BNCs 
were correlated with the enzyme-to-MNP 
ratio. The difference in activity response to 
the enzyme-to-MNP ratios between the BNCs 
can be attributed to the complete binding of 
the loaded enzymes for the M90-BNCs, and 
a partial binding in the case of the M25-
BNCs. These results also confi rmed the 
Fourier transform IR (FTIR)-spectroscopy 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 1940–1951
measurements, indicating that all the enzyme molecules were 
associated with the M90-MNPs. For both the BNCs, the con-
centration of the MNPs did not matter in terms of the overall 
1945wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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increased velocity. Since the amount of bound enzyme differed 
between the M25- and M90-BNCs, Langmuir binding iso-
therms were used to calculate the fraction of HRP in solution 
and extract the kinetic parameters for the bound fraction of the 
enzyme only.    

 2.4. Velocities and Kinetic Parameters of the BNCs, 
HRP and the MNPs 

 In the following analysis, only the activity and kinetic parame-
ters of the bound enzyme were used to assess the performance 
of the BNCs. For the M90-BNC, an enzyme-to-surface area ratio 
of 2.2–0.16 nmol m  − 2  resulted in total binding of the HRP. In 
contrast, for the M25-BNC, only 45% of the enzyme molecules 
were bound in the range of 40.0–1.5 nmol m  − 2  (Table  1 ). The 
initial reaction velocities for different H 2 O 2  and HRP concen-
trations are presented in Figure  4 . Peak velocities for the MNPs 
required molar concentrations of H 2 O 2 , whereas the HRP and 
BNC peak velocities were observed in the millimolar range for 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm

    Figure  5 .     A) Normalized activities of the M25- and M90-BNCs. B–E),  V  max  (B
at 4  μ g mL  − 1  magnetite and 0.5  ×  10  − 9 , 1  ×  10  − 9  and 2  ×  10  − 9   M  total HRP, c
and 46.51%  Q  m  for M90-BNC. The values on the  x  -axis show the concentra
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the peroxide. However, the M90-BNC peak velocities occurred 
at higher H 2 O 2  concentrations than for both the M25-BNC and 
the free HRP (Figure  4 B). The increased activity in comparison 
with the free enzyme was a function of H 2 O 2  concentration 
(Figure S3, Supporting Information). This increased activity 
can be due to a higher BNC activity, a lower activity of the free 
enzymes due to higher substrate inhibition at the H 2 O 2  concen-
trations used for comparison, or both (Figure  3 A). 

 The initial reaction velocities and  Equation 2  were used to 
estimate  V  max ,  k  cat ,  K  i  and  K  m  ( Figure    5  B–E). The  V  max  of the 
M25 or M90 MNPs was several orders of magnitude lower 
than those of the free HRP and the BNCs. The turnover rates, 
 k  cat , were very consistent within the free-HRP and the M25- 
and M90-BNC datasets (Table S2, Supporting Information). 
The  K  m  values for the MNPs confi rmed that a relatively high 
H 2 O 2  concentration was required for the MNPs to exhibit any 
peroxidase-like activity, and their peroxidase-like activities were 
not substrate-inhibited, as shown by their high  K  i  values. The 
range of H 2 O 2  concentrations required for the MNPs to show 
signifi cant peroxidase-like activity was at least two orders of 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1940–1951
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    Figure  6 .     Detailed diagram of the HRP cycle and reactions in the H 2 O 2 /phenol/AAP assay used in this study. Grey arrows: non-inhibited cycle; hollow 
arrows: reversible inhibition via Compound III formation in excess H 2 O 2 ; light-grey arrow: irreversible inhibition at high concentration of free radicals; 
dashed circles: reaction steps potentially susceptible to magnetic-fi eld effects. Rate constants from the literature are provided (Table S3, Supporting 
Information).  
magnitude higher than those typical in HRP-mediated reac-
tions. The effi ciencies of the M25 and M90 MNPs, as estimated 
by  k  cat [MNP]/ K  m  were 56 and 1130 s  − 1   M   − 1 , respectively. In com-
parison, the effi ciency of the free HRP was 3.9  ×  10  6  s  − 1   M   − 1 .  
The normalized comparison of the turnover of the reaction per 
accessible Fe atom ( k  cat[Fe]  (Table S2, Supporting Information)) 
showed that the coordinated Fe atom in HRP was at least seven 
orders of magnitude more effective than any atom of Fe at the 
surface of an MNP. Although the nanoparticles did exhibit per-
oxidase-like activities at high H 2 O 2  concentrations, the increase 
in overall peroxidase activity was, therefore, not due to any 
intrinsic peroxidase-like activity from the MNPs alone in the 
range of H 2 O 2  concentrations that is compatible with optimal 
HRP activities.    

 2.5. M25-BNC versus M90-BNC: Fastest Turnover 
versus Lower Inhibition 

 The BNCs formed with M25 had the highest  K  m  (Figure  5 C).  
The M25-BNC had  V  max  and  k  cat  two to three times greater than 
the free enzyme at the same concentration. Also, the  k  cat  of the 
M25-BNCs increased with the fraction of bound enzyme, 
while the  K  i  was in the same range as that of the free HRP. At 
0.5  ×  10  − 9   M  of bound enzyme, the effi ciencies of the MNPs 
as estimated by  k  cat / K  m  were 6.75  ×  10  6  and 5.5  ×  10  6  s  − 1   M   − 1  
for the M25-BNCs and the M90-BNCs, respectively. These 
kinetics results are consistent with the trends observed with 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 1940–1951
the reaction velocities (Figure  4 ). The M90-BNC had a  K  i  about 
10 times greater than that of the free HRP, while its  V  max  was 
similar (Figure  5 B). The higher  K  i  for M90 (Figure  5 D) indi-
cates a lower extent of substrate inhibition from H 2 O 2  com-
pared with the free enzyme and the M25-BNCs. The increase of 
the normalized activity in the case of the M90-BNC was more 
likely to be the result of lower substrate inhibition. A rather 
simple explanation is that the M90 aggregates limited the rate 
of diffusion of H 2 O 2  to the enzymes trapped in the mesoporous 
MNP clusters. The apparent concentration of substrate in the 
bulk solution would be higher than its real concentration in the 
immediate vicinity of the enzymes, protecting them, de facto, 
from substrate-inhibition by limiting the accumulation of the 
poorly reactive Compound III ( Figure    6  ). Excess H 2 O 2  prima-
rily inhibits the HRP reaction cycle by favoring the formation 
of Compound III, for which the rates of formation are faster 
than the reverse reaction rates by one to two order of magni-
tude (Table S3, Supporting Information). Other mechanisms 
can irreversibly inactivate the HRP, including high concentra-
tions of free-radicals that can react with each other or with the 
enzyme itself. However, in the present system, the free-radicals 
readily reacted with the dye precursor (AAP) limiting the accu-
mulation of free-radicals to irreversible inhibitory levels; thus, 
HRP inhibition was mostly H 2 O 2 -driven and, overall, reversible 
within the duration of the experiments. Lower inhibition would 
then be a direct effect of the local H 2 O 2  concentration at the 
nanoscale. Although a diffusion-limited mechanism appeared 
to control the activity of the M90-BNC, the increased activity 
1947wileyonlinelibrary.combH & Co. KGaA, Weinheim
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    Figure  7 .     A,B) Effects of pH at  T   =  25  ° C (A) and temperature at pH  =  3 (B) on the activity of 
HRP in phosphate buffered saline (PBS), sodium malonate (SMB) and sodium tartrate (STB) 
buffers at 1  ×  10  − 9   M  and M90-BNCs (1  ×  10  − 9   M  HRP, 5  ×  10  − 3   M  H 2 O 2 , 4  μ g mL  − 1  M90, 100% 
HRP adsorbed, 30.3%  Q  m ).  
of the enzymes at the local scale by an ISC 
mechanism is also probable. Finally, a mag-
netic-fi eld effect on Compound III reversion 
rates [  25  ,  33  ,  34  ]  cannot be ruled out either, as 
both reactions involve radical pairs either by 
returning Compound III to the resting state 
via the superoxide ion or to Compound I via 
free-radical production (Figure  6 ).  

 The M90-BNC activities were further 
investigated with different buffers, pH and 
temperature ( Figure    7  ). A similar increase 
of the M90-BNC activity was observed in 
inorganic and organic buffers and across the 
range of temperature tested. The BNCs were 
more effi cient at lower temperatures than the 
HRP alone, as the free enzyme had higher 
velocities at higher temperatures. The M90-
BNCs were pH sensitive, with the velocities 
increasing with pH, while the normalized 
activity was pH dependent in inorganic 
buffers. No effect due to pH was observed 
with organic acid buffers.     

 3. Discussion  

 3.1. Mesoporosity and Magnetic Field Effects 
at the Nanoscale (nano-MFE) 

 The potential of exploiting the magnetic fi eld 
effect of magnetite MNPs in combination 
with a peroxidase enzyme is demonstrated 
and it was shown to modify the kinetics of the 
peroxidase activity of enzyme-nanoparticles 
complexes. An enhanced activity, compared 
with the free enzyme, was observed at dif-
ferent pHs, temperatures and buffers for all 
of the BNCs tested. In all of the cases, the 
observed properties were the result of the 
HRP-MNP complex (Figure S7, Supporting 
Information) and were not due to the MNPs 
themselves. The increased turnover of free-
radical production is evidence of a magnetic 
fi eld effect (MFE) arising from the MNPs at 
the nanoscale. The M90-BNC also exhibited 
lower sensitivity towards H 2 O 2  inhibition, 
which could be related to the mesoporous 
ultrastructure of the aggregates and the dis-
tribution of the enzyme within the clusters. 

 The MFE-related enhanced activity of the 
peroxidase could arise from a diversity of fun-
damental mechanisms controlling the interac-

tions between the enzyme and MNPs and, particularly, the rates 
of free-radical-pair recombination via intersystem crossing. ISC 
can be affected by magnetic fi elds in chemical reactions involving 
radical pairs via different mechanisms, depending upon the 
intensity of the magnetic fl uxes. ISC appears to play a major role 
in the case of the M25-BNC, as shown by the large increase in 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
velocity and the turnover of the reaction, as represented by the 
value of  V  max  being three times higher for the M25-BNC. The sur-
face magnetic fl uxes induced by both the primary M25 and M90 
MNPs, and clusters thereof, were far stronger than the reported 
effective fi eld necessary for ISC-mediated MFEs. For comparison, 
the effective hyperfi ne interaction fi eld was reported to be 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1940–1951
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around 20 G in external-fi eld experiments for similar free-radical 
species. [  3  ,  35  ]  However, a striking difference with external fi eld 
studies is that the heterogeneity and distribution of the nano-
particles also translate in the heterogeneity of the magnetic fi elds 
at the nanoscale. These results are consistent with the magnetic 
fi eld effect theory, although the heterogeneous effects of local 
dynamic fi elds might play a major role in the overall ISC rate. The 
intensity of the magnetic fi eld is a function of the size and dis-
tance to the surface of the nanoparticles or clusters. It has been 
hypothesized that even small variations of the magnetic fi eld will 
result in drastic changes in enzyme activity. [  35  ]  The heterogeneity 
in the MNP size, although limited, might actually mask several 
local effective magnetic fi elds because of large variations in the 
magnetic-fl ux density. The ISC mechanism was calculated to be 
signifi cant for superparamagnetic nanoparticles up to 30 nm in 
diameter and extend for several hundreds of nanometers from the 
MNP surface. [  13  ]  Considering the MNPs as magnetic elementary 
units, the range of magnetic-fi eld intensity varied from about 700 G 
to 10 G within 100 nm from the nanoparticle surface (Figure S1, 
Supporting Information). Entrapped HRP molecules would not 
be further than 1.75 nm from the surface of the MNPs in the case 
of the M25-BNC (average pore size of 3.5 nm), and no less than 
7.8 nm for the M90-BNC (average pore size of 15.6 nm), resulting in 
actual effective magnetic fl ux intensities ranging from 700 to 100 G 
for both the M25- and M90-BNCs. However, pinpointing the spe-
cifi c steps of the HRP catalytic cycle that are infl uenced by MNP-
generated MFEs is made challenging by local magnetic fl ux effects.   

 3.2. Increasing the Potential and Application of Free Radical 
Producing Enzymes 

 Often, enzyme immobilization results in the alteration of native 
structures. [  36  ,  37  ]  Thus, immobilization by adsorption, complexa-
tion or covalent linking is often accompanied with a loss of cat-
alytic activity. In contrast, the BNCs showed increased activities 
(Video 1, Supporting Information) and, in addition, they can be 
readily recovered and reused [  38  ,  39  ]  as catalysts (Figure S7, Video 
2, Supporting Information). Entrapped peroxidase enzymes 
within mesoporous clusters of MNPs presenting MFE-doping 
of activity offer powerful alternatives to exploit enzymatic free 
radical driven biochemical reactions, including biosensors with 
increased sensitivity and resilience, [  20  ,  40  ]  bleaching bioproc-
esses [  41  ]  and industrial catalysts for polymerizations reactions 
and decontamination of aromatic contaminants in water. [  42  ,  43  ]  
The aggregate morphology, the local fi eld’s intensity within the 
clusters, the pore structure and the diffusion properties con-
tribute to a complex heterogeneous reaction; further studies to 
elucidate the infl uence of these various parameters on peroxi-
dase reaction schemes are likely to benefi t the development of 
BNCs. BNCs formed with peroxidases, or potentially other mag-
netosensitive enzymes, would broadly benefi t a range of new 
and effi cient bioprocesses for green chemistry applications. [  44  ]     

 4. Conclusions 

 Our results demonstrate the potential of increasing the versa-
tility of free radical producing enzymes using MNP-generated 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 1940–1951
MFEs at the nanoscale, while exploiting the cluster properties 
of these self-assembled nanostructures. A magnetic-fi eld effect 
at the nanoscale (nano-MFE) is responsible for an increased 
turnover of the enzymes associated with the MNPs, or in close 
vicinity of their surface. In addition, the mesoporous structure 
of the clusters can be responsible for the lower inhibition of 
the peroxidase due to diffusion limitations of the substrates at 
inhibitory levels. This work illustrates the importance of simul-
taneously exploring, and precisely understanding, the biochem-
istry of relevant biomolecules, while controlling key parameters 
of their local environment at the nanoscale. In the case of HRP, 
the local nano-MFE and the mesoporous nature of the MNP 
clusters appear to both act in concert to tune the biochem-
istry, and thus the overall kinetics and activities of the enzyme. 
Because of their magnetic nature, the resulting hybrids can be 
readily recovered and reused, and because of the low concen-
tration of peroxide requirements, functionalized assemblies of 
MNPs with peroxidases are more interesting materials as bio-
compatible catalysts than MNPs alone. A precise understanding 
of the fi nely regulated reaction schemes of peroxidase enzymes 
is necessary to elucidate the observed increased activities of 
enzyme-MNPs associations compared with the free enzyme 
and to tailor and engineer new families of biocatalysts with 
improved effi ciencies for new bioprocesses. Self-assembled 
MNP structures with embedded biocatalysts should be explored 
for other biological systems, in which reducing the energy levels 
of biochemical reactions by magnetic fi eld effects at the nano-
scale would be advantageous and/or for which the entrapped 
biomolecules would benefi t from physical shielding and chem-
ical protection against diffusible inhibitors.   

 5. Experimental Section 
  Materials and Reagents : Horseradish peroxidase (HRP) (E.C. 1.11.1.7, 

type VI-A) was purchased from Sigma –Aldrich. Its Reinheitszahl index 
(OD  A  403 / A  280 ) was found to be around 2.9. Phenol and AAP were 
obtained from Sigma–Aldrich (98% purity). Phosphate buffered saline 
(PBS) (pH  =  7.4 and 67  ×  10  − 3   M ) was purchased from Invitrogen. 
Hydrogen peroxide, FeCl 3 ⋅6H 2 O, and FeCl 2 ⋅4H 2 O were obtained from 
Sigma –Aldrich and used without further purifi cation. The malonate and 
tartrate disodium salts were obtained from Fluka. 

  Magnetite-Particle Synthesis and Characterization : The magnetite 
nanoparticles were synthesized by coprecipitation of Fe 2 +   and Fe 3 +   
under alkaline conditions in a bubbling nitrogen atmosphere at 25  ° C 
(M25) or 90  ° C (M90). An acidic solution (25 mL) of the iron salts (2 g 
of FeCl 2 ?4H 2 O and 5.2 g of FeCl 3  · 6H 2 O) was added dropwise to NaOH 
(250 mL, 1.5  M ) under constant stirring. Non-oxidizing conditions were 
achieved by bubbling all of the solutions with nitrogen for 15 min prior 
to reaction. The instantaneous black precipitation of Fe 3 O 4  was captured 
with a neodymium magnet, washed and neutralized, and kept in distilled 
water until further use. 

 X-ray-diffraction (XRD) patterns were acquired using a Scintag Inc. 
  θ  –  θ   diffractometer equipped with a germanium detector, using Cu K  α   
radiation. The lattice constants and crystallite sizes were evaluated using 
Jade software (Materials Data Incorporated, MDI, USA). The lattice 
constants were calculated from the fi rst four peaks at low angles. The 
full width half-maximum (FWHM) values were used in the Scherrer 
equation [  45  ]  to calculate the crystallite sizes. The magnetic properties 
were measured using an MPMS XL (Quantum Design) magnetometer, 
utilizing superconducting quantum interference device (SQUID) 
technology. The magnetization hysteresis curves were determined 
at 300 K for external magnetic fi elds ranging from 40 Oe to 50 kOe. 
1949wileyonlinelibrary.combH & Co. KGaA, Weinheim
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TEM-image processing was used to measure the average particle size, 
size distribution and cluster sizes. TEM measurements were performed 
using an ultrahigh vacuum scanning TEM (UHV-STEM) instrument 
(VG, UK). The images were processed using Image Analysis Image 
J software (NIH, Washington DC) and JMicroVision (V1.27). Nanoparticle 
and cluster size distributions were calculated from a minimum of 1000 
particles. Nitrogen adsorption-desorption isotherms were obtained 
using a Micrometrics ASAP 2020 physisorption instrument. Pore size 
distributions were calculated from the N 2  adsorption isotherm using the 
Barrett–Joyner–Halenda (BJH) method. 

  Quantifi cation of Adsorbed HRP onto Nanoparticles by Quantitative 
High-Throughput Fourier Transform IR (QHT-FTIR) Spectroscopy : 
The adsorption of HRP onto magnetite nanoparticles in water was 
investigated by QHT-FTIR spectroscopy. [  46  ,  47  ]  The concentration of the 
stock solutions was determined from the absorbance of the Soret heme 
signal at 403 nm (  ε    =  1.02  ×  10 5   M   − 1  cm  − 1 ). Magnetite suspensions (250, 
500, and 750  μ g mL  − 1 ) were sonicated for 10 min and mixed with HRP 
solutions ranging from 0.25–7.5  ×  10  − 6   M . The mixtures were incubated 
on a shaker at 4  ° C overnight to reach equilibrium. Free enzyme 
molecules were removed using ultracentrifugation columns (molecular 
weight cut-off (MWCO)  =  100 000 Da, Sartorius, Germany). The BNCs 
were recovered, sequentially boiled, disrupted and fi nally sonicated for 
5 min to denature the proteins. 

 Quantifi cation of the denatured HRP with magnetite nanoparticles 
was carried out using a high-throughput FTIR spectrometer (HTS-XT-
Vertex70, Bruker, Germany). 50  μ l of BNC slurry was dried out on a 
transmittance silicon 96-well plate at 60  ° C under vacuum for 1 h and 
left to dry under vacuum at room temperature overnight. Spectra were 
recorded between 4000 and 400 cm  − 1 , with 32 scans, and the background 
was recorded before each sample. The samples were analyzed in 
triplicate; on-plate standards of magnetite and magnetite plus HRP were 
used to measure the concentrations of the proteins and nanoparticles in 
each sample (Figure S4, Supporting Information). Adsorption isotherm 
parameters were extracted by fi tting the quadratic form of the Langmuir 
equation using a least-squares fi tting method, using Matlab (Natick, 
MA, USA):

 
Q =

Qm Ka C∗

1 + Ka C∗
 
 (1)   

where  Q  is the adsorbed enzyme on the surface (nmol m  − 2 ),  C  *  is the 
initial enzyme concentration (nmol m  − 2 ),  Q  m  is the maximum amount 
of bound enzyme (nmol m  − 2 ), and  K  a  is the adsorption constant 
(m 2  mol  − 1 ). These parameters were applied in the kinetic experiments 
to calculate the bound fraction of HRP at equilibrium directly from the 
initial concentration of HRP. 

  HRP Kinetics and Parameter Estimation : The peroxidase activities of 
the native HRP and the BNCs were monitored using the chromogenic 
phenol/AAP assay, which generates phenoxy radicals that readily react 
with aminopyrene to form the pink-colored quinoneimine dye. An 
automated plate-reader (Synergy 4, Biotek) with injection capabilities and 
a temperature-controlled chamber was used to record the absorbance 
of the solution at 510 nm in 96-well plates (4 replicates) for 30 min. 
The standard reagent concentrations of the assay (200  μ l) were 80  ×  
10  − 3   M  and 13  ×  10  − 3   M  for the phenol and AAP respectively. Hydrogen 
peroxide was injected to initiate the reaction, with concentrations 
ranging between 10  − 7   M  and 1  M . The background contribution due to 
the nanoparticles and substrates was subtracted. The quantity of free 
enzyme was calculated from the difference with the bound amount of 
enzyme estimated from the Langmuir adsorption model, as the quantity 
of free enzyme could not be estimated directly because of the low HRP 
concentrations and the high background from the MNPs.  For each run, 
a velocity standard curve was established for the free enzyme (Figure S4, 
Supporting Information) and used to correct for the contribution of the 
free enzyme to the total activity when not all enzyme molecules were 
bound. The velocities ( V ) were calculated based on the initial rates of 
the reaction (Figure S5, Supporting Information). The specifi c activity, 
 A  (mmol product  s  − 1  mmol HRP   − 1 ), was calculated as the ratio  V /mmol HRP  
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
using an extinction coeffi cient of 6.58  ×  10 3   M   − 1  cm  − 1  at 510 nm for the 
formation of quinoneimine dye. 

 A H 2 O 2  substrate-inhibition model derived from the ping-pong bi-bi 
2 substrate-inhibition model was used to extract the kinetic parameter of 
the reaction [  48  ]  by a least-squares fi tting method using GraphPad Prism 
(La Jolla, CA, USA). The modifi ed equation from the model is:

 

V =
Vmax [H 2O2]

Km + [H 2O2]
(

1 + [H2O2 ]
Ki

)
  

(2)

   

where  V  max  is the maximum enzyme velocity (mmol s  − 1 ), the maximum 
rate the enzyme reaction can achieve, expressed in the same units as  V , 
 K  m  is the Michaelis–Menten constant ( ×  10  − 3   M ), and  K  i  is the inhibition 
constant for H 2 O 2  ( ×  10  − 3   M ).   k  cat  (s  − 1 ) was calculated from  V  max  and 
the total quantity of bound HRP,  Q  ( Equation 1 ), as a measure of the 
substrate turnover for the bound fraction of the enzyme for the estimated 
quantity of MNPs and for the Fe atoms in the heme or at the surface of 
the MNPs, assuming a density of 9.8  ×  10 18  Fe atoms per m 2 . [  49  ]    

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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