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Significance

Inspired by the widely present multienzyme complexes in nature that enable highly cooperative catalytic mechanisms,
we designed a biomimetic dual-functionalized nanoparticle-based platform for colocalizing multiple enzymes. The use of
nanoscale materials together with a novel sequential colocalization approach with two model enzymes [glucose oxidase
(GOX) and horseradish peroxidase] resulted in a 100% increase in the overall conversion rate compared to the equiva-
lent amount of free enzymes in solution and a physical mixture of individual immobilized enzymes on nanoparticles.
GOX is an important enzyme used in glucose biosensors for diagnostics. Colocalizing GOX with peroxidase allows for
colorimetric visualization of the peroxide formed that enables monitoring glucose levels in solution. This platform can
be readily applicable to other multienzyme systems as well.
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Introduction

M
ultienzyme complexes enable highly cooperative
catalytic mechanisms in nature, where the reactive
intermediates can be transported rapidly from one

active site to the next to avoid diffusion losses.1 By spatially
colocalizing multiple enzymes on nanocarriers, the inter-
mediates, especially the reactive and short-lived ones, can
rapidly find the next active site to accelerate the reaction
efficiency and to direct the overall reaction toward the desired
products, particularly in comparison with free enzymes in
solution.2 Therefore, the development of nanoscale platforms
for spatial control of multiple active enzymes has been an
area of active interest.1,3,4 Much of the previous work in this
area has focused on adsorbing multiple enzymes on surfaces,
which provides poor control of enzyme concentration and
placement.5–7 Compared to adsorption, multipoint covalent
binding is more durable, stable under harsh microenviron-
ments (i.e., extreme pH and temperature), and potentially
provides higher loading efficiencies and better enzyme
activity,8–12 Although the design and fabrication of biomole-
cule-nanoparticle conjugates have attracted much attention for
applications in biosensors, biocatalysis, and biomedicine,13–20

these approaches have not been investigated for colocalizing
multiple enzymes for biocatalytic activity.

In this study, we present a new approach based on biomi-
metic dual-functionalized, nanoparticle-based platforms for
sequential colocalization of multiple enzymes using biospe-
cific (biotin-streptavidin) and/or chemical conjugation strat-
egies (Figure 1). By using different attachment strategies for
each enzyme, it is possible to control the relative amounts of
the enzymes on the nanoparticles, in contrast to adsorption-
based methods. As proof of concept, the glucose oxidase
(GOX)-horseradish peroxidase (HRP) sequential reaction
cascade was chosen as a model system.21,22

Materials and Methods

Partial biotinylation of polystyrene nanoparticles

Polystyrene (PS) nanoparticles with carboxyl groups on
the surface (C-PS; Invitrogen, Carlsbad, CA) were covalently
modified using biotin hydrazide (Sigma-Aldridge, St. Louis,
MO.) Briefly, 1 mL of 0.025 M 2-(N-morpholino)ethanesul-
fonic acid (MES) buffer (pH 5.9) solution containing 20 mg/
mL PS nanoparticles, 250 nmol/mL biotin hydrazide, and
10 mg/mL 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide
hydrochloride (EDC) was incubated overnight at room-tem-
perature. The amine groups on the reagents reacted with the
carboxylic groups activated by EDC to form stable amide
bonds via multistep reactions.23 The unattached reagents
were subsequently separated from the functionalized particles
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using multiple microcentrifugation cycles at 20,000g for 30
min. The biotin in the collected supernatant was measured
using a biotin quantification assay kit. The amount of
attached biotin on the particles was estimated by a mass bal-
ance, and available for attachment of streptavidin-tagged
HRP (SHRP). The unmodified carboxyl groups were used to
attach GOX by chemical conjugation. The zeta potential of
the nanoparticles in phosphate buffered saline (PBS) buffer
was measured using phase analysis light scattering (Zetasizer
Nano, Malvern Instruments Ltd., Worcester, UK). The
biotin-modified C-PS nanoparticles were stored at 4�C for use.

Colocalization of multiple enzymes

SHRP and GOX were colocalized onto the B/C-PS nano-
particles sequentially. First, 15 mg of the SHRP was reacted
with 2.5-mg B/C-PS nanoparticles for 3 h at 4�C, followed
by microcentrifugation to separate the unattached enzyme.
Next, 10 mg of GOX was added to the SHRP-B/C-PS nano-
particles in the presence of 0.3 mg EDC for 3 h at 4�C. The
final product was obtained by microcentrifugation. As con-
trols, the single enzymes, GOX and SHRP, were attached to
the nanoparticles using similar linkages. Unattached enzymes
were separated using microcentrifugation and quantified.

GOX activity assay

In the GOX and HRP sequential reaction cascade, the
H2O2 formed in the first reaction catalyzed by GOX is con-
sumed by HRP in the second reaction in the presence of
Amplex Red to yield a specific fluorescent product, resoru-
fin.22 In GOX activity assay, various concentrations (1–30
mM) of glucose substrate solution with 50-mM Amplex Red
were prepared by mixing the two reagents in PBS buffer.
Then, 10 mL of 10 mg/mL SHRP and 10 mL of 2 mg/mL
GOX or immobilized GOX on C-PS was added in sequence
into each well of a 96-well plate that was preloaded with
180 mL of substrate solution. The reaction was immediately

monitored using a fluorescence plate reader (SynergyMx,
Biotek, Winooski, VT) with excitation and emission
wavelengths of 560 and 590 nm, respectively. The original
fluorescence signal was converted into the resorufin product
concentration using a calibration curve. All the enzyme
activity measurements were performed in triplicate.

SHRP activity assay

A series of hydrogen peroxide concentrations (1–80 mM)
were prepared by adding respective amounts of H2O2 into
the substrate solution containing Amplex Red. Next, 20 mL
of 100 ng/mL SHRP or SHRP-B/C-PS was added into 180
mL of substrate solution so that the final reaction solution
contained 1–80 mM H2O2 and 50-mM Amplex Red. The
reaction was monitored using a fluorescence plate reader as
described previously.

Colocalized GOX and SHRP

To 195 mL of glucose and Amplex red containing sub-
strate solution, 5 mL of the colocalized sample was added so
that the final solution contained 1-mM glucose, 200-mM
Amplex Red, and appropriate amounts of GOX and SHRP.
According to the measured quantity of each enzyme in the
colocalized sample, equivalent amounts of each single
enzyme bioconjugate were added to the same substrate solu-
tion as a control. Similarly, an equivalent free enzyme mix-
ture was added into the same substrate solution for compari-
son. The reaction was monitored by a fluorescence plate
reader as described previously.

Results and Discussion

Biotinylation of C-PS nanoparticles

Biotin hydrazide is a small molecule (254 Da, space arm
length �16 Å) with a significantly smaller dimension

Figure 1. Schematic of single enzyme immobilization and sequential colocalization strategy.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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compared to the area occupied by the carboxylic acid moi-
eties (�28.8 nmol/mg, where each group occupies ca.154
Å2). Only up to 40% of the carboxylic acid groups were
modified due to steric hindrance, thus, limiting the availabil-
ity of biotin for SHRP attachment. To provide appropriate
amount of carboxylic and biotin groups for attaching GOX
and SHRP, respectively, to the B/C-PS surface, the biotinyla-
tion on the C-PS beads was maintained at about 40% in the
single enzyme immobilization and sequential colocalization
studies. The f-potential of the C-PS nanoparticles in the PBS
buffer was 262.3 6 2.3 mV, consistent with proton dissoci-
ation from the carboxylic acid. After partial biotinylation,
that value increased to 232.9 6 4.8 mV, which is reasona-
ble, considering that more than half of the –COOH groups
are unmodified.

Single enzyme immobilization and kinetics

As controls, GOX was attached to the unmodified C-PS
nanoparticles and in a separate set of experiments, SHRP
was attached to biotinylated C-PS nanoparticles. Typical

loading quantities for the GOX and SHRP were found to be
11.0 6 0.3 mg/mg and 1.6 6 0.1 mg/mg, respectively, which
is consistent with previous work.5,24 Previous work has
shown that covalently immobilized GOX on magnetite nano-
particles showed similar enzymatic activity compared to free
GOX in solution due to favorable conformational change of
the enzyme.25 To optimize the attachment process for
maximizing the enzyme activity, the performance of the
immobilized single enzymes was compared with that of the
equivalent amount of free enzymes using a kinetic activity
assay. The GOX enzymatic activity assay was carried out by
coupling the reaction catalyzed by SHRP. By adjusting the
reaction time, reaction temperature, and centrifugation time,
optimal conditions for GOX activity were found to be: 3 h
at 4�C with 20,000g microcentrifugation for 6 min.

To evaluate the enzymatic performance of GOX before
and after immobilization, the kinetics of each reaction was
studied. The increase of the product concentration with time
is shown in Figures 2A, B. A second-order polynomial was
used to fit the reaction curve, and the derivatives of the

Figure 2. Comparison of the reaction kinetics catalyzed by equivalent free and immobilized GOX.

(A) Product formation vs. time for free GOX. (B) Product formation vs. time for GOX-B/C-PS (C) The initial reaction rate as a

function of glucose concentration.
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polynomial were used to calculate the initial reaction rate.
The initial reaction rate as a function of glucose concentra-
tion is shown in Figure 2C.

Using a Michaelis–Menten model, the kinetic parameters
Km and kcat were calculated using the data in Figure 2C with
a linear least-squares regression method and are shown in
Table 1. The Km of the immobilized and free GOX were
both 7.9 mM, which indicated that the affinity between the
enzyme and the substrate did not change after the immobili-
zation. The kcat of the immobilized GOX decreased slightly
(194.3 s21) in comparison to that of the free GOX (160.1
s21), indicating that the enzyme turnover number was not as
efficient. However, the activity of the immobilized GOX was
comparable to that of the free enzyme in solution, indicating
nearly no deleterious effects of covalent immobilization on
GOX affinity to the substrates.

The kinetics of the reaction catalyzed by SHRP was studied
similarly. Figures 3A, B show the variation of the product
concentration with time. Figure 3C shows the initial reaction
rate as a function of the substrate concentration. As shown in
Table 1, the Km value of the immobilized SHRP (20.9 mM)
was slightly lower than that of the free enzyme (23.2 mM)
and the kcat of the immobilized SHRP (3.6 3 104 s21) was
slightly higher than that of free SHRP (4.0 3 104 s21).
Similar to the GOX results, the immobilized SHRP retained
its activity.

Colocalization of GOX and SHRP on B/C-PS
nanoparticles

In this work, we designed and developed a novel colocali-
zation strategy by use of a multifunctional nanoparticle-
based platform. The SHRP was attached first because it was

Table 1. Kinetic Parameters for Free and Immobilized Enzymes

GOX GOX-B-PS SHRP SHRP-PS

kcat (s21) 194.3 6 9.6 160.1 6 11.0 3.6 6 0.09 3 104 4.0 6 0.1 3 104

Km (mM) 7.9 6 1.2 3 103 7.9 6 0.9 3 103 23.2 6 1.2 20.9 6 0.8

Figure 3. Comparison of the reaction kinetics catalyzed by equivalent free and immobilized SHRP.

(A) Product formation vs. time for free SHRP. (B) Product formation vs. time for SHRP-B/C-PS (C) The initial reaction rate as a

function of glucose concentration.
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found that if the GOX was attached first, it lost significant
activity mainly due to the high-spin microcentrifugation in
the second reaction step. As mentioned previously, in a typi-
cal reaction, about 40% of carboxylic acid groups were
modified by biotin. In the GOX adsorption control experi-
ment where all the experimental conditions were the same
except no EDC was added in the GOX attachment step, the
loading efficiency of GOX was very low (data not shown).
Almost none of the GOX was adsorbed on the remaining
areas, likely due to the negatively charged COO2 motifs pre-
venting nonspecific adsorption of the negatively charged
GOX enzyme in MES buffer.

The catalytic performance of the colocalized GOX and
SHRP system was compared with that of equivalent amounts
of the free enzymes in solution and a mixture of nanopar-
ticles with immobilized GOX and SHRP alone. The results
are shown in Figure 4, which indicate that colocalizing the
two enzymes on the same nanoparticles enhanced the overall
product conversion two-fold compared to the controls. The
performance of the immobilized GOX and SHRP mixture
was comparable to that of the free enzyme combination,
which is consistent with our previous studies using single
enzyme immobilization, indicating that each enzyme retained
its activity after immobilization.

These studies support our hypothesis that colocalizing
multiple enzymes on multifunctional nanoparticles mimics
multienzyme complexes. In many enzymatic systems, it is
critical to molecularly localize these enzymes so that the
intermediates can rapidly find the next active site for the
reaction to proceed. This rigid synthetic C-PS platform
provides nanoscale spatial control of multiple active
enzymes. By appropriately modifying the surface of the
C-PS nanoparticles, multiple enzymes were colocalized
on these nanocarriers and the relative amounts of the
attached enzymes were controlled. In situations where the
intermediate product is particularly reactive, such a strategy

may pay even more dividends. In comparison to the
adsorption coupling strategy used in previous studies,5–7 the
sequential covalent binding/streptavidin-biotin approach
outlined herein is more stable and suitable for long-term
use.26–28 The step-by-step sequential colocalization strategy
was also facile in terms of controlling the amount of each
enzyme and quantifying each localized enzyme on the
nanoscale platform. Additionally, unlike other studies,5,6

labeling enzymes with dyes for quantification is not needed
in this approach. This strategy is broadly applicable to other
sequentially coupled multienzyme reactions by appropriately
tailoring the chemistry of the platform and the conjugation
strategy.

Conclusions

In summary, a multifunctional nanoparticle-based platform
was developed to colocalize multiple enzymes by using dif-
ferent attachment strategies for the enzymes to control the
relative amounts of the enzymes on the nanoparticles. It was
demonstrated that sequential colocalization of GOX and
SHRP enhanced the overall product conversion rate by
approximately two-fold compared to the equivalent amount
of free enzymes in solution and a mixture of individual im-
mobilized enzymes on nanoparticles. These studies demon-
strate the clear benefits of sequentially colocalizing multiple
enzymes on multifunctional nanoparticles, leading to a con-
trollable platform for multienzyme colocalization to mimic
the efficient multienzyme complex structure and function
observed in Nature.
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