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The interaction and adsorption of enzyme, glucose oxidase (GOx), on poly(methyl methacrylate)—bovine serum
albumin (PMMA —BSA) particles were studied by using a quartz crystal microbalance with dissipation (QCM-D) and
laser light scattering (LLS). The enzyme was irreversibly immobilized on the PMMA —BSA particle surface. The amount
of enzyme immobilized on PMMA—BSA particles and the enzymatic activity were determined by UV/vis measure-
ments. The influences of pH and ionic strength on the adsorption indicate that the electrostatic interaction plays a major
role on the immobilization. The adsorbed GOx can retain at least 80% of the free enzyme activity. Thermal stability
studies reveal that the adsorbed GOx only losses 28% of its activity in comparison with a 64% activity loss of free GOx

when it is incubated at 50 °C for 35 h.

Introduction

The development of biosensors, especially enzyme-based ones,
has attracted much attention, which often involves the immobi-
lization of proteins on some proper surfaces and conversion of
chemical information into an electronic signal.'”> Different
immobilization methods have been tried, including covalent
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attachment, physical entrapment or encapsulation, and
adsorption.'* ** Covalent attachment often involves some com-
plicated synthesis under some harsh experimental conditions,
leading to a significant loss of enzymatic activity. Entrapment
or encapsulation inside a solid matrix usually results in a low
enzymatic reaction rate because substrates have to diffuse into the
matrix to interact with the entrapped enzyme. In contrast,
adsorption is a much simpler way to immobilize enzymes and
maintain their activity under mild experimental conditions. How-
ever, the stability of adsorption is a problem, affected by a
combination of factors, such as pH, ionic strength, temperature,
surface tension, charges, and matrix. Therefore, a better under-
standing and control of the complicated protein adsorption on
different surfaces is always needed for further development and
improvement of various bioanalytical applications.

It is natural to use nanoparticles as a solid support to adsorb
enzymes in the development of novel electrochemical biosensors
with a fast electron transferring rate at the electrode sur-
face because of its huge interfacial area. Much effort has been
devoted to a combination of nanoparticles and protein immo-
bilization.”"*>~** Koutsopoulos et al.*’ showed that the adsorp-
tion of trypsin on hydrophobic (polystyrene) nanoparticles is
stronger than that on a hydrophilic (silica) surface, but the
amounts adsorbed on both of them at the adsorption equilibrium
are similar. Caruso et al.*® used a layer-by-layer self-assembly
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approach to deposit charged proteins onto the surface of oppo-
sitely charged polystyrene nanoparticles. Most previous studies
used particles made of synthetic polymer, inorganic, or metallic
materials as substrates to adsorb proteins, which could severely
limit their potential in vivo biomedical applications.’’

Recently, we reported a method to prepare well-controlled
poly(methyl methacrylate)—bovine serum albumin (PMMA—
BSA) nanoparticles.*> Transmission electron microscopy and
X-ray photoelectron spectroscopy analysis confirms that they
have aninert PMMA core and a biocompatible BSA protein shell.
In the current study, we further used these biocompatible nano-
particles as a potential matrix to immobilize an enzyme, glucose
oxidase (GOx), to maintain its activity. The adsorption of GOx
on individual PMMA —BSA nanoparticles was studied by using a
quartz crystal microbalance with dissipation (QCM-D), laser
light scattering (LLS), and UV/vis adsorption. The activity and
thermal stability of GOx adsorbed on PMMA—BSA surfaces
were compared with those of GOx free in solution. The effects of
pH and ionic strength on the adsorption were also studied to
reveal the main driving force for the adsorption.

Experimental Section

Materials. Bovine serum albumin (BSA), glucose oxidase
(GOx from Aspergillus niger, 100 units/mg), and horseradish
peroxidase (HRP, 250 units/mg) from Amresco were used as
received. B-p-Glucose and o-dianisidine from Shanghai Sangon
Biological Engineering Co. were used without further purifica-
tion. Methyl methacrylate (MMA, from Shanghai Chemical
Reagent) was first washed three times with a 5% sodium hydro-
xide solution to remove the inhibitor and then with deionized
water until the pH in the water layer reached 7. The resultant
MMA was further purified by distillation under vacuum before
use. Copper chloride dihydrate, sodium chloride, potassium
dihydrogen phosphate, and hydrochloric acid (also from Shang-
hai Chemical Reagent) were used as received without any puri-
fication.

Preparation of PMMA—BSA Particles. Spherical parti-
cles with a PMMA core and a BSA shell were prepared by using
Cu®"-mediated graft copolymerization of methyl methacrylate
directly from bovine serum albumin. First, BSA was dissolved in
deionized water at 25 °C in a water-jacketed flask equipped with a
magnetic stirrer, a thermometer, a condenser, and a nitrogen inlet.
The solution mixture was stirred for ca. 30 min before a designated
amount of copper chloride aqueous solution was added. The
solution mixture was purged with nitrogen for another 30 min
prior to the addition of MMA. The polymerization was carried
for 3 h with constant stirring under nitrogen. The resultant
dispersion was purified by several cycles of centrifugation
(11000 rpm) and redispersion until no BSA and MMA were
detectable in the supernatant. The dynamic laser ligh scattering
measurement shows that such prepared particles are narrowly
distributed with an average hydrodynamic radius ((R},)) of 69 nm
and a relative distribution width (u,/{T'%)) of 0.12.

Adsorption and Desorption of GOx. The adsorption of
GOx on PMMA—BSA particles was performed in a polypro-
pylene (PP) tube to avoid any possible adsorption of GOx on the
tube wall. Each PP tube contained an identical concentration of
PMMA —BSA particles but different amounts of GOx enzymes in
a phosphate buffer (0.05 M and pH 4.5). The dispersions were
incubated at room temperature. Our results showed that the
adsorption of GOx on PMMA—BSA particles reaches a steady
state after ca. 3 h. The particles adsorbed with GOx were
separated from nonadsorbed GOx by centrifugation. The enzyme
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concentrations before and after the adsorption were determined
using the Bradford method with a calibration curve,* leading to
the amount of GOx adsorbed onto PMMA—BSA. All the data
points in each adsorption isotherm represent an average of three
repeated measurements. The immobilization strength of GOx on
PMMA—BSA was tested by redispersing and incubating these
enzyme-covered particles in a phosphate buffer (0.05 M and pH
4.5) at room temperature for 24 h. The dispersion was centrifuged,
and the GOx concentration in the supernatant was measured by
UV adsorption at 280 nm.

Enzymatic Activity of GOX. The enzyme activity was de-
termined by using the UV/vis adsorption method developed by
Frederick et al.>* The activities of GOx adsorbed on the particle
surface and free in the dispersion were measured in a phosphate
buffer. The specific activity of GOx free in the dispersion was
taken as a reference, that is, 100%. In each measurement, 2.4 mL
of o-dianisidine solution (0.2 mM), 0.3 mL of 3-p-glucose solution
(100 mg/mL), and 0.1 mL of HRP solution (~60 purpurogallin
units/mL) were mixed in a cuvette in a phosphate buffer (0.05 M
and pH 4.5). After the absorbance at 460 nm reached a constant,
GOx was added to the solution mixture and the change of
absorbance at 460 nm was recorded, resulting in a catalytic profile
of GOx adsorbed on PMMA—BSA or free in solution mixture.

Quartz Crystal Microbalance with Dissipation (QCM-
D). The QCM-D and AT-cut crystal with a fundamental resonant
frequency of 5 MHz were from Q-sense AB. Detailed descriptions
of the technique have been well documented.*** Briefly, the
mass of a thin layer on quartz crystal relates to the decrease in the
resonant frequency of the crystal, whereas the dissipation factor is
to the viscoelastic properties of the additional layer. The changes
in the frequency and dissipation give information about the
adsorption and structure of the adsorbed GOx. All the QCM-D
experiments were conducted at 25 + 0.02 °C.

Laser Light Scattering (LLS). A commercial LLS spectro-
meter (ALV/DLS/SLS-5022F) equipped with a multi-t digital
time correlation (ALV5000) and a cylindrical 22 mW UNI-
PHASE He—Ne laser (4o = 632.8 nm) as the light source was
used. In dynamic LLS, the Laplace inversion of each measured
intensity—intensity time correlation function [G®(#,¢)] in the self-
beating mode can result in a line-width distribution G(I',q), where
q is the scattering vector. For a pure diffusive relaxation, I is
related to the translational diffusion coefficient D by I'/g*> = D at
¢— 0and C—0, or a hydrodynamic radius Ry, by R,=kgT/(61yD)
with kg, 7, and 5 being the Boltzmann constant, absolute
temperature, and solvent viscosity, respectively. Here, all the
LLS measurements were done at = 15° and 7=25.0 + 0.1 °C.
Each solution or dispersion was clarified by using a 0.45 um
Millipore PTFE filter to remove dust.

Atomic Force Microscopy (AFM). The AFM images were
acquired on a multimode Digital Instruments apparatus with a
tapping mode. The image of height was obtained by oscillating
and scanning the cantilever horizontally on the plate at a given
frequency, in which the oscillation amplitude or the height
remains a constant but the substrate plate vertically moves. The
vertical movement of the plate is converted to the asperity image
of the substrate surface. The spring constant of the cantilever is in
the range 20—100 N/m. The nominal radius of a new curvature tip
is 5—10 nm. The cantilever length is 125 um with resonance
frequency of 200—400 kHz. After each QCM study of the
adsorption, the quartz crystal was taken out and dried in air
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before the AFM measurements. In the current study, all the
measurements were carried out at 25 °C. The data were analyzed
with Nanoscope I1I software.

Results and Discussion

Figure 1 shows the pH-dependence of the changes in the
frequency and dissipation of the gold-coated quartz resonator
after different PMMA—BSA dispersions are introduced. It is
known that the frequency shift (Af) is attributed to the additional
mass on the sensor surface, whereas the dissipation factor (AD) is
related to the thickness and viscoelasticity of the adsorbed layer.
Both Af'and AD significantly change except at pH 3.6, indicating
that PMMA —BSA particles are strongly adsorbed on the gold-
coated quartz resonator. The repeated buffer washing has nearly
no effect on either Af or AD, revealing that the adsorption is fairly
strong and irreversible under these experimental conditions. The
maximum adsorption occurs at pH 4.5, very close to the iso-
electric point of PMMA—BSA (pH 5.1). Note that the a-helix
content of BSA changes more pronouncedly at pH 3.6 than at
higher pH values,*” presumably due to the entrapment of the only
free cysteine on BSA inside so that it is not able to conjugate with
the Au surface.*** The strong electrostatic repulsion should also
be responsible for the weak adsorption at pH 3.6.

Figure 2 shows AFM images of the gold crystal surface before
and after the adsorption of PMMA—BSA particles. As expected,
the surface is fairly smooth with a root-mean-square (rms)
roughness of ~1.8 nm before the adsorption. The rms roughness
increases to ~20.6 nm after the adsorption, corresponding to
Af = 694 Hzin QCM measurement. A combination of QCM and
AFM studies shows that the gold crystal surface is fully covered
by PMMA —BSA particles when Af > 600 Hz, which paved the
way for our further study.

Figure 3 shows the adsorption of GOx on the PMMA—BSA-
coated quartz crystal at different pH values, where the GOx
concentration is maintained at 0.5 mg/mL. The frequency change
(Af) is fairly small at pH 3.6, 5.5, and 7.4 after the buffer rinsing,
indicating no adsorption of GOx on PMMA—BSA particles at
these pH values. The GOx adsorption reaches a maximum at pH
4.5, where Af = 124 Hz after the buffer rinsing. It has been known
that the protein adsorption is complicated, depending on many
factors, such as the nature of substrate, protein, and solution
composition. For the physical adsorption, the driving forces can
include the van der Waals force, hydrogen bonding, and hydro-
phobic and electrostatic interaction.**

In the current study, the main driving force for the adsorption
of GOx onto the BSA shell is a combination of electrostatic and
hydrophobic interaction. Muguruma et al.® reported that GOx
has a volume of 6.0 x 5.2 x 7.7 nm® and an isoelectric point (pI) of
42. We found that the pI of PMMA—BSA is ~5.1. Both
PMMA—-BSA and GOx are positively or negatively charged
when the pH is <4.2 or > 5.1 so that the electrostatic repulsion
leads to no adsorption of GOx on PMMA—BSA. This explains
why the maximum adsorption occurs at pH 4.5 just between the
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Figure 1. pH-dependence of changes of frequency (Af) and dis-
sipation (A D) after gold-coated quartz resonator is immersed in a
PMMA—BSA dispersion (2.4 x 10~* g/mL), where the overtone
number (7) is 3.

(A) before adsorption

nm
- (B)after adsorption

175 nm

3um 0 3um

Figure 2. AFM images of bare gold-coated crystal surface and
PMMA—BSA particles adsorbed on gold-coated crystal surface at
pH 4.5, where the quartz crystal was taken out after the QCM study
and dried in air before AFM measurements.

pl values of PMMA—BSA and GOx, at which they are oppositely
charged, as schematically shown in Figure 4.

On the other hand, the dynamic LLS study of the pH-
dependent adsorption of GOx on PMMA—BSA shows that the
average hydrodynamic radius ((Ry,)) remains when GOx is added
into the PMMA —BSA aqueous dispersion at either pH < 4.2 or
pH > 5.1 but increases from ~69 to ~85 nm at pH 4.5, as shown
in Figure 5. This agrees well with the QCM-D results. Further,
Figure 6 shows how the ionic strength influences the adsorption of
GOx on PMMA— BSA, where the GOx concentration is main-
tained at 0.5 mg/mL. As expected, the adsorption of GOx
decreases as the ionic strength increases because Na™ and Cl~
ions screen out the electrostatic attraction between oppositely
charged GOx and PMMA—BSA. Therefore, we are able to
conclude that the electrostatic attraction between positively
charged PMMA—BSA and negatively charged GOx is the pri-
mary driving force for the adsorption.

Figure 7 shows the adsorption isotherm of GOx onto PMMA—
BSA at 25 °C, where GOX,gs0rped and Cgox are, respectively, the
maximum amount of enzyme adsorbed per unit mass and the final
enzyme concentration. Each data point in Figure 7 represents an
average of three repeated measurements. The adsorption iso-
therm displays two regions. In the low enzyme concentration
range (0.05—0.18 mg/mL), the adsorption increases rapidly with
the increase of GOx concentration because of the strong electro-
static attraction between the negatively charged GOx and the

Langmuir 2009, 25(23), 1345613460
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Figure 3. Time-dependence of GOx adsorbed on PMMA—BSA
at different pH values, where Cgox = 0.5 mg/mL.
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Figure 4. Schematic of GOx adsorbed on spherical PMMA—BSA
particles in aqueous solutions with different pH values.
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Figure 5. Hydrodynamic radius distributions f{Ry) of PMMA—
BSA particles before and after they are mixed with GOxina 0.05M
phosphate buffer (pH 4.5), where Cpsapmma = 3.1 x 107> g/mL
and Cgox = 1.7 x 1077 g/mL.

positively charged PMMA—BSA particles at pH 4.5. Further
increasing the GOx concentration leads the charges on the
nanoparticle surface to be screened out, so that the adsorption
reaches a plateau at higher GOx concentration.

For the physical adsorption, it is always a challenge to prevent
or reduce the desorption of enzyme in applications, especially for
useful biosensors. In the current study, the desorption of enzyme
was tested by redispersing the GOx-covered particles in the
original buffer. We found no detectable GOx enzyme in the
supernatant after incubating the dispersion overnight. Further-
more, we found that heating the dispersion to 50 °C for 6 h also
induces no desorption of GOx from PMMA—BSA. Such thermal
stability is important for the enzymatic activity test. Presumably,
each enzyme molecule is anchored on the PMMA—BSA surface
via multiple adsorption points besides hydrogen bonding between

Langmuir 2009, 25(23), 1345613460
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Figure 6. NaClconcentration dependence of changes in frequency
(Af) and dissipation (AD) after GOx enzymes are adsorbed on
PMMA-—BSA at pH 4.5, where Cgox = 0.5 mg/mL.
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Figure 7. Adsorption isotherm of GOx enzyme on PMMA—BSA
particles in a phosphate buffer (0.05 M and pH 4.5), where
GOX,gsorbed 18 the maximum adsorption at 25 °C.

GOx and BSA, resulting in the observed irreversible adsorption.
The clustering of those adsorbed GOx molecules on PMMA —
BSA might also be responsible for the low desorption because it is
more difficult to detach a cluster of many protein chains than
individual GOx molecules.

The enzymatic activity difference between GOx free in the
dispersion and absorbed on PMMA—BSA was measured in a
phosphate buffer, where the Brandford method was used to
determine the protein content®® and the specific activity of GOx
free in the dispersion was used as a reference point (100%).
Figure 8 shows a comparison of catalytic activities of free and
adsorbed GOx molecules. The absorbance at 460 nm linearly
increases with time before reaching a plateau. The slope of the
linear increment part of each curve is used to compare the relative
activity of free and adsorbed GOx molecules. The calculation
shows that adsorbed GOx preserves ~84% of the total activity
per unit mass in comparison with free GOx. The slight decrease of
the total enzyme activity might be attributed to the conformation
change of some GOx molecules after the adsorption.** Our results
also reveal that the adsorbed GOx has a higher catalytic activity at
pH 7.4, close to the physiological environment, in comparison
with that at pH 4.5. The apparent Michaelis—Menten constant,*’
a characteristic of the enzyme reaction kinetics, was estimated to
be ~20 mM, close to that of free GOx in solution (18 mM).
Therefore, the adsorption of GOx on PMMA—BSA particles can
retain its activity and lead to a higher affinity to glucose because of

(47) Blandino, A.; Macias, M.; Cantero, D. s 2001, 36, 601-606.

DOI: 10.1021/1a9019124 13459


http://pubs.acs.org/action/showImage?doi=10.1021/la9019124&iName=master.img-003.png&w=168&h=115
http://pubs.acs.org/action/showImage?doi=10.1021/la9019124&iName=master.img-004.jpg&w=228&h=154
http://pubs.acs.org/action/showImage?doi=10.1021/la9019124&iName=master.img-005.png&w=162&h=118
http://pubs.acs.org/action/showImage?doi=10.1021/la9019124&iName=master.img-006.png&w=147&h=167
http://pubs.acs.org/action/showImage?doi=10.1021/la9019124&iName=master.img-007.png&w=172&h=125

Article
1.6
E
a
> 1.2}
NO
<+
—'
Q
8 0.8} O free in solution
8 A adsorbed on PMMA-BSA
o a
% 0.4 ’/”'. T= 25 C
= A
<
0.0 . ' y >
0 80 160 240 320
time /sec

Figure 8. Time-dependence of enzyme activity of GOx before and
after it is adsorbed on PMMA—BSA in a 0.05 M phosphate buffer
(pH 4.5).
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Figure 9. Time-dependent thermal stability of GOx before and
after it is adsorbed on PMMA—BSA in a 0.05 M phosphate buffer
(pH 4.5).

amild immobilization condition and the biocompatible surface of
PMMA—BSA particles. We will further use these particles as a
matrix to immobilize GOx to develop high performance glucose
biosensors in the future.

The stability of GOx depends on both temperature and
standing time. It has been reported that GOx free in a solution
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incubated at room temperature started to lose its activity only
after ~4 days, but loses 90% of its activity if the solution was
heated at 60 °C for ~3 h.>'! We studied the effect of heating on
the stability of GOx at 50 °C. Figure 9 shows that the thermal
stability of GOx adsorbed on PMMA—BSA is much better than
that of GOx free in the dispersion. The adsorbed and free GOx
lost 28% and 64% of its activity, respectively, when they were
incubated at 50 °C for 35 h. The adsorbed GOx still retains 84%
of its activity even at 50 °C for 10 h, indicating that the substrate
accessibility is slightly affected when the solution is heated up to
50 °C. The better thermal stability is presumably attributed to the
fact that the immobilization of GOx on PMMA—BSA stabilizes
the protein structure.

Conclusion

Glucose oxidase (GOx) strongly adsorbs on spherical
PMMA —BSA core—shell nanoparticles at pH ~ 4.5, just between
the pI values of GOx and PMMA—BSA particles, revealing that
the main driving force is the electrostatic attraction between
oppositely charged GOx and PMMA—BSA at this pH. The
adsorption of GOx under a mild experimental condition can
minimize a possible change of the enzyme conformation and
preserve at least 80% of its activity in comparison with GOx free
in the dispersion. The immobilization of GOx on biocompatible
PMMA —BSA particles can also significantly improve its thermal
stability. Our current results demonstrate that PMMA—BSA
particles with a biocompatible BSA shell as a promising substrate
provide a platform to immobilize other enzymes or proteins, for
different potential applications, especially for the development of
novel biosensors.
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