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ABSTRACT: Enzyme activity is the basis for many biosensors where a catalytic
event is used to detect the presence and amount of a biomolecule of interest. To
create a practical point-of-care biosensor, these enzymes need to be removed
from their native cellular environments and immobilized on an abiological
surface to rapidly transduce a biochemical signal into an interpretable readout.
This immobilization often leads to loss of activity due to unfolded, aggregated,
or improperly oriented enzymes when compared to the native state. In this
work, we characterize the formation and surface packing density of a stable
monolayer of acetylcholinesterase (AChE) immobilized on a planar gold surface
and quantify the extent of activity loss following immobilization. Using
spectroscopic ellipsometry, we determined that the surface concentration of AChE on a saturated Au surface in a buffered solution
was 2.77 ± 0.21 pmol cm−2. By calculating the molecular volume of hydrated AChE, corresponding to a sphere of 6.19 nm diameter,
divided by the total volume at the AChE−Au interface, we obtain a surface packing density of 33.4 ± 2.5% by volume. This
corresponds to 45.1 ± 3.4% of the theoretical maximum monolayer coverage, assuming hexagonal packing. The true value, however,
may be larger due to unfolding of enzymes to occupy a larger volume. The enzyme activity and kinetic measurements showed a 90.6
± 1.4% decrease in specific activity following immobilization. Finally, following storage in a buffered solution for over 100 days at
both room temperature and 4 °C, approximately 80% of this enzyme activity was retained. This contrasts with the native aqueous
enzyme, which loses approximately 75% of its activity within 1 day and becomes entirely inactive within 6 days.

■ INTRODUCTION

Enzymes offer attractive capabilities in a wide variety of
biosensing and catalysis applications. They are efficient, with
catalytic rates up to 109 M−1 s−1 when limited only by
diffusion, often exceptionally specific toward their substrates,
and operate under mild conditions in aqueous solution at
ambient temperature and pressure.1,2 However, enzymes suffer
from low stability and reusability, which often requires
separation of the enzyme from the matrix, when used as
catalysts and sensors in aqueous solution.3,4 It has been
demonstrated that these issues can possibly be overcome if the
enzyme can be immobilized on a solid surface or substrate,
which often appear to have stabilizing effects on enzymes.
There are two proposed reasons for this apparent enhance-
ment in stability. (1) Proteins at the surface/water interface
exhibit reduced motion, which leads to less inactivation
through transient unfolding and aggregation; this is a
productive effect. (2) Unstable forms of the enzyme, such as
those with intramolecular cleavages from proteolytic enzymes
during purification, become immediately inactivated on
immobilization; this is an unproductive effect that generates
a surface containing a fraction of inactive enzyme mole-
cules.5−8 However, despite apparent enhancements in stability,
it has long been known that enzymes often inactivate upon
interacting with surfaces by unfolding and orienting improp-

erly.9,10 Unfolding alters the secondary, tertiary, and
quaternary structures of enzymes that allow them to perform
their functions, resulting in decreased activity. Improper
orientation hinders access to the enzyme active site by
substrate molecules if it is blocked by the surface or by
neighboring enzymes in the densely packed layer of
immobilized biomolecules. To overcome this, our goal is to
prepare surfaces that control the interactions with enzymes in a
way that prevents unfolding and promotes optimal orientation;
activity losses can then be minimized and the benefits of
surface immobilization can be fully realized.
Common methods of enzyme immobilization include

adsorption,11−19 covalent attachment,20−24 entrapment in
porous networks,13,25−28 and affinity binding.29 Each method
has its own advantages and disadvantages at controlling
enzyme−surface interactions, preventing activity loss, and
characterization, and there have been many reports on
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successes with each.30−32 First, adsorption, where proteins
non-covalently interact with a surface, is the simplest and most
studied method. The adsorption process starts with the
hydration of the adsorbent surface with the aqueous protein
solution and the formation of an ordered water layer at the
surface−bulk solution interface. Protein molecules then rapidly
diffuse into the ordered water layer and displace an equal
volume of interfacial water. The energy associated with this
dehydration is related to the hydrophilicity of the adsorbent
surface; it requires more energy to dehydrate a more
hydrophilic surface, which leads to lower levels of protein
adsorption.33 These direct interactions between the proteins
and the adsorbent surface are difficult to predict and control.
The protein can rearrange its secondary and tertiary structure
to allow amino acid side chains to interact favorably with the
surface/solvent interface, as well as orient into an energy-
minimized configuration where one side of the molecule
interacts with the surface and one side interacts with the bulk
solution. These rearrangements often result in activity losses as
described above. Immobilization by adsorption also often
suffers from enzyme leaching, where adsorbed enzyme
molecules desorb from the surface over time, leading to
additional transient activity losses. Second, covalent attach-
ment strategies attempt to improve this situation by directly
binding the enzyme to functional groups displayed on the
adsorbent surface, usually through side chains displayed on the
enzyme surface, including carboxyl (Asp and Glu), amine
(Lys), or thiol (Cys) groups. These covalent bonds prevent
enzyme leaching for as long as the bonds remain intact.
However, this strategy suffers from lack of site specificity
similar to adsorption. Native reactive side chains are often
dispersed across the enzyme surface, leading to many possible
covalent attachment sites and difficulty in controlling protein
orientation. Modifications can be made to the enzyme to
introduce reactive groups, both native and nonnative, through
mutagenesis or synthetic labeling; however, even slight
modifications often come with structural changes that can
contribute to activity losses. Third, entrapment strategies
attempt to immobilize enzymes by confining them to pores in
a material that maintains a native solution-like environment,
such as a silica sol−gel, polysaccharide-based gels, or carbon
paste. This has the potential to overcome the disadvantages
with direct protein−surface interactions involved in adsorption
and covalent attachment. However, the confinement of
enzymes within porous materials often introduces physical
barriers limiting substrate diffusion to the enzyme, reducing
sensor activity. Additionally, the enzyme may still be able to
directly interact with the porous material leading to activity
losses, similar to adsorption and covalent attachment. This
strategy can also suffer from enzymes leaching from the porous
material, leading to a reduced activity over time. Finally,
affinity binding strategies have the potential to overcome the
lack of specificity of covalent bonding and adsorption strategies
while retaining the strong binding interactions of covalent
attachment. Common affinity strategies include biotinylated
enzymes binding to surface-bound streptavidin, histidine-
tagged enzymes binding to surface-bound nickel ion chelators,
and enzymes binding to aptamers generated through directed
evolution.30,34,35 However, these strategies suffer from many of
the same disadvantages as adsorption and covalent attachment.
Additional challenges of generating active, stable, useful

biosensors and catalysts come from the difficulty of character-
izing proteins immobilized on surfaces. The common types of

characterization include quantifying the amount, secondary
structure, and activity of the immobilized protein. However,
studies rarely report all of these important characteristics
simultaneously or even under similar conditions, and there is a
significant inconsistency across the community about what
constitutes an active surface-associated enzyme. The common
techniques for determining the amount of immobilized protein
include quartz crystal microbalance with dissipation (QCM-
D),11,36 surface plasmon resonance,37 ellipsometry,38,39 Fourier
transform infrared (FTIR) spectroscopy,21 and solution
depletion.40 Each technique has advantages explained in the
literature, but also disadvantages that can result in erroneous or
unrepresentative conclusions when overlooked. For example,
QCM-D has frequently been used to determine the mass of
adsorbed or immobilized materials by measuring the change in
resonant frequency of an oscillating quartz crystal as mass
adsorbs, desorbs, or binds. It has also long been known that the
determined mass includes that of solvent molecules coupled to
the quartz crystal, which largely overestimates the actual mass
of adsorbed or immobilized materials. The analysis is
complicated further when measuring flexible molecules, such
as proteins; the relationship between resonant frequency and
mass becomes more difficult to model.39,41,42 Additionally, the
quartz crystal is often used as a proxy of the actual surface of
interest, even if the method of immobilization or adsorption is
drastically different between the two. Furthermore, immobili-
zation onto quartz crystals usually occurs under laminar flow
conditions, often very different from the equilibrium
conditions of kinetic measurements. Finally, oscillations of
the crystal itself can affect adsorption, making it difficult to
separate effects of the measurement itself on the system of
interest.43 QCM-D is not an anomaly in this regard. When
spectroscopic techniques such as FTIR and ellipsometry are
performed in air, the biomolecular surface is often rinsed in
pure water and then dried. This treatment rinses away the salts
and ions and dehydrates the protein, all of which can lead to
additional structural changes and activity loss. Measurements
made on protein-coated samples in air are therefore likely
unrepresentative of protein-coated samples stored in a buffered
solution, as proteins natively exist. This trend of making
measurements, such as the amount of immobilized protein, on
a proxy surface under one set of conditions and making
additional measurements, such as activity, on a different surface
under entirely different conditions, significantly complicates
building and studying reliable, robust, and reproducible sensors
and catalysts. Additionally, many enzyme-based sensors may
unintentionally use impure forms of the enzyme, purchased
commercially on a basis of total activity. The total activity
depends on the total amount of enzyme of interest present in
the sample, and it is often not specified what else is present, for
example, salts, detergents, and other proteins. A problem arises
when a large composition of the sample is composed of other
proteins. When immobilizing the enzyme of interest onto a
surface, through common non-specific techniques mentioned
above, from a solution that contains an abundance of other
proteins, the resulting surface will only contain a fraction of the
expected enzyme of interest. This results in lower surface
concentrations of the active enzyme than desired. All of these
challenges will be addressed in detail here.
In this work, we present the characterization of a stable

active monolayer of the enzyme acetylcholinesterase (AChE)
adsorbed on bare gold, a model system useful for investigating
the properties of an active enzyme immobilized on a surface
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where interactions to control folding and orientation are not
present. Additionally, for the reasons mentioned above, AChE-
coated surfaces were measured and prepared under a single set
of identical conditions, using purified forms of the enzyme, in
which all samples were kept in buffered solutions at all times
during all measurements. AChE is a serine hydrolase involved
in impulse termination in the central and peripheral nervous
systems by hydrolyzing the neurotransmitter acetylcholine at
the synapse. It is extremely efficient with a rate constant
approaching 109 M−1 s−1, near the physical catalytic limit
controlled by diffusion.2 AChE is known to be inhibited by
various organophosphates and carbamates, such as pesticides
and nerve agents; its inhibition results in an accumulation of
acetylcholine at the synapse and can be fatal.44,45 It was chosen
as the model enzyme in this study since changes in its high
activity following immobilization on Au can be easily observed
using a sensitive spectroscopic assay. Additionally, its
inhibition can be used as a detection strategy for organo-
phosphate compounds in point-of-use sensors.44 It is also a
desirable candidate for future work relating to orientational
control because of its structure-wide dipole moment of
approximately 1000 D, which projects through the middle of
the active site. The entrance to the active site is at the negative
end of the dipole, at the mouth of the so-called “active site
gorge” that channels substrates to the active site on the
opposite end of the enzyme.46 Simulations have already shown
that immobilization on charged self-assembled monolayers can
direct the orientation of AChE based on this dipole.47 In this
work, AChE immobilized on bare Au was characterized by
investigating its surface concentration, packing density,
structural changes, and activity retention following immobiliza-
tion and storage with time using spectroscopic ellipsometry
(SE) and attenuated total reflectance (ATR) FTIR spectros-
copy. We show using SE and ATR that a precise surface
concentration can be determined for AChE as it saturates the
Au surface. We also show using ATR that the secondary
structure of AChE following immobilization is significantly
altered from previous reports of aqueous AChE but is largely
independent of packing density. The activity retention of
AChE following immobilization was investigated using a
kinetic spectroscopic assay of acetylcholine hydrolysis. We
show there are diffusion limitations that lower the apparent
activity of immobilized AChE; upon overcoming these
limitations at sufficiently high substrate concentrations, the
true activity loss associated with AChE adsorption on Au from
other factors becomes apparent. Our aim is that the
experiments performed and the results obtained here will
serve as the foundation for future work involving the
preparation and characterization of enzyme-based sensors
and catalysts where the interactions between the enzyme and
surface are controlled.

■ MATERIALS AND METHODS

Gold Surface Preparation. Si(111) wafers (EL-CAT Inc.) were
coated with 10 nm of Ti and 100 nm of Au in a PVD75 (Kurt J.
Lesker Co.) electron beam deposition chamber at a pressure of less
than 5 × 10−6 Torr. Wafers were then diced into 10.5 × 10.5 mm2

sections using a DAD-321 (Disco) dicing saw. For SE measurements,
the wafers were diced into 25.5 × 10.5 mm2 sections. Immediately
prior to use, the surfaces were gently polished with an optical grade
lens tissue (Thorlabs) moistened with high-purity water to remove
debris from the dicing process, immersed in piranha solution (3:1
mixture of concentrated H2SO4 and 30% H2O2; caution: explosive in

the presence of organic contaminants) for 1 min, and then annealed
under a H2(g) flame for 5 min.

AChE Purification. AChE from electric eel (E. electricus) was
purchased from MilliporeSigma (catalog C2888, 5000 U, specific
activity approximately 600 U mg−1) and purified by size exclusion
chromatography before use.48 AChE (5000 U, approx. 6.5 mg total
solid) was dissolved in 650 μL of running buffer (100 mM sodium
phosphate, 400 mM NaCl, and pH 7) and injected into a Superdex
200 (Cytiva) size exclusion chromatography column at a flow rate of
0.5 mL min−1. AChE was separated and eluted in a single peak and
was concentrated using Amicon Ultra 0.5 mL 10K spin filters at
14,000g. AChE was exchanged into a 100 mM sodium phosphate pH
7 buffer using a PD-10 desalting column (Cytiva) and stored at −80
°C until use. The specific activity following purification was
approximately 5000 U mg−1. Purity was confirmed using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

AChE Surface Preparation. AChE-coated surfaces were prepared
through direct adsorption. For activity and ATR experiments, 50 μL
of 500 nM AChE (0.035 mg mL−1) was placed in contact with a
freshly prepared Au surface in a home-built polytetrafluoroethylene
(Teflon) liquid cell with a 0.32 cm2 exposed area for 1 h. For SE
experiments, 150 μL of 500 nM AChE was placed in contact with a
freshly prepared 25.5 × 10.5 mm2 Au surface in a home-built stainless
steel liquid cell with a 2 cm2 exposed area for 1 h. This allowed for
reproducible amounts of AChE solution contacting the Au and
reduced the amount of the sample used. After 1 h, the AChE solution
was rinsed away by 3 volumes of 100 mM sodium phosphate pH 7
buffer. The AChE-coated surface was then removed from the liquid
cell, placed in a storage vial, and rinsed further by 5 volumes each of
100 mM sodium phosphate pH 7 and pH 8 buffers. The surface was
stored overnight at room temperature or 4 °C under pH 8 buffer to
fully desorb loosely bound AChE. The purpose of the rinsing process
was to leave behind only strongly bound AChE that is directly
interacting with the gold and remove weakly bound AChE that can
desorb during future experiments. This also results in reproducible
responses of the AChE-coated surface as would be expected for a
sensor based on this system.

AChE Activity Assay. The activity of AChE in solution or
immobilized on Au was measured following a spectroscopic assay
adapted from Ellman.49 Briefly, this assay replaced the native substrate
acetylcholine with a thioester variant, acetylthiocholine (ATCh),
which was hydrolyzed by AChE into thiocholine and acetate.
Thiocholine was then labeled by Ellman’s reagent, 5,5-dithio-bis-(2-
nitrobenzoic acid) (DTNB). The reaction between DTNB and ATCh
released 1 equiv of thio-2-nitrobenzoic acid (TNB) anion, which
absorbs strongly at 412 nm (ε = 1.36 × 104 M−1 cm−1) as a measure
of the amount of ATCh hydrolyzed over the specific assay time frame.
To do this, 3 mL of 100 mM sodium phosphate pH 8 was added to a
disposable cuvette or vial. Then, either 10 μL of AChE solution (10
nM) or 1 AChE-coated Au surface was added to the cuvette or vial,
respectively, followed by 20 μL of DTNB (0.01 M in a buffer
composed of 100 mM sodium phosphate pH 7 and 0.018 M
NaHCO3) and 20 μL of 0.075 M ATCh. The reaction was initiated
by mixing the cuvette with a pipette or by swirling the vial. For AChE
in solution, the reaction was allowed to run for 2 min without stirring
and was quenched by adding 100 μL of 2% sodium dodecyl sulfate
and mixing to inactivate AChE. For surface-bound AChE, the reaction
was allowed to run for 2 min without stirring and was quenched by
removing the liquid from the vial and placing it in a cuvette. Prior to
removing the liquid, the vial was swirled to homogenize the TNB
anion in solution. Removing the liquid from the vial separates the
assay reagents from the surface-bound AChE and stops the reaction.
In cases of loosely bound AChE, there can be desorbed protein in
solution that allows the reaction to continue in the cuvette following
removal of the surface. If this occurred, the surfaces were rinsed and
stored overnight under pH 8 buffer before the measurement was
repeated. This was only observed for surfaces prepared with AChE
concentrations at or above 250 nM, where higher amounts of AChE
were present on the surface. Once the reaction was quenched, the
absorbance was measured at 412 nm to quantify the amount of ATCh
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hydrolyzed and determine the initial reaction velocity and specific
activity. The specific activity of AChE is reported as 1 U mg−1 = 1
μmol of ATCh hydrolyzed per min per milligram of AChE present.
Spectroscopic Ellipsometry. The surface concentration of

AChE immobilized on Au stored in a buffered solution was probed
using SE. SE experiments were performed using a M-2000
ellipsometer (J.A. Woollam). AChE-coated Au surfaces (25.5 ×

10.5 mm2) stored under pH 8 buffer (100 mM sodium phosphate)
were placed in a previously aligned liquid cell (J.A. Woollam)
mounted onto the ellipsometer stage without rinsing or drying. The
liquid cell was then loaded with approximately 500 μL of pH 8 buffer,
and SE data were collected from 190 to 1700 nm at an incident angle
of 70° (fixed by the windows on the liquid cell). The liquid cell
allowed the AChE-coated Au surface to remain under buffer during
measurements while ensuring the light entered the liquid ambient
above the surface at a normal incidence. The resulting SE data were
analyzed using the CompleteEASE software (J.A. Woollam). Analysis
was constrained to 400−1000 nm due to high depolarization of the
reflected beam from the liquid cell and Au surface, which resulted in
noisy data and a poor fit outside this range.
The AChE-coated gold surface was described by a model consisting

of a gold substrate, with optical functions n(λ) and k(λ) and an
infinite thickness, with a transparent protein layer on top, with optical
functions n(λ) and k(λ), and a finite thickness. The optical functions
(refractive index, n, and extinction coefficient, k, as a function of
wavelength λ) of the gold substrate were determined by measuring a
bare Au substrate in pH 8 buffer and fitting the data to a B-spline. The
optical functions of the transparent protein layer were modeled by a
Cauchy dispersion function, as shown in eq 1

λ
λ λ

= + +n A
B C

( )
2 4 (1)

where A, B, and C are the fit parameters. The Cauchy dispersion
function requires the layer to be transparent and thus k(λ) = 0. To
determine the surface concentration of AChE, both the refractive
index and the thickness of the protein layer need to be determined.
However, in layers under 10−20 nm thickness, SE is not sensitive to
the optical constants and thickness alone but is sensitive to the optical
thickness (thickness−index product). Additionally, the refractive
index and thickness are inversely correlated in layers under 10−20
nm thickness. This means that the refractive index and thickness
cannot be simultaneously determined as there is a range of solutions
that adequately fit the data and give the same optical thickness. To
overcome this, either refractive index or thickness is often fixed at an
assumed value and the other is fit, allowing a unique solution to be
obtained at the assumed value.50 In this case, the thickness of the
protein layer was assumed to be 7 nm based on the size of AChE in
the crystal structure (PDB: 1C2O),48 and the Cauchy parameter, A,
was fit to determine the refractive index. Notably, the absolute value
of the determined refractive index may be inaccurate since it relies on
the assumed thickness. Despite this, the optical thickness, to which SE
is sensitive, remains constant regardless of the assumed thickness due
to the inverse correlation between refractive index and thickness.
Conveniently, the surface concentration can then be calculated from
the optical thickness, which circumvents the insensitivity to refractive
index and thickness alone. This is shown below in eq 2

Γ =
−d n n

n c

( )

MW(d /d )
0

(2)

where Γ is the surface concentration in mol cm−2, n is the refractive
index of the protein layer at 589.3 nm, n0 is the refractive index of the
ambient buffer (n0 = 1.334 at 589.3 nm), d is the fixed thickness of the
protein layer in centimeters, dn/dc is the refractive index increment,
and MW is the molecular weight of AChE (MW = 69,139 g mol−1 for
the catalytic unit).38,39 The thickness−index product in the numerator
is the optical thickness. dn/dc describes how the refractive index of
the protein layer changes as a function of protein concentration and
was calculated for AChE from its amino acid sequence (dn/dc = 0.195
cm3 g−1) but is approximately 0.185 cm3 g−1 for most proteins.51

Using a value of 0.185 cm3 g−1 for dn/dc in place of 0.195 cm3 g−1

only resulted in a 5% difference in the calculated surface
concentration.

Attenuated Total Reflectance. ATR spectra were collected to
confirm the presence of AChE adsorbed onto Au, investigate its
packing density, and investigate the changes in its structure following
adsorption. The presence of AChE was indicated by the appearance of
two absorption bands, amide I and amide II, which correspond to the
carbonyl stretching and N−H bending of the amide backbone of the
enzyme, respectively.52 ATR measurements were performed using a
Vertex 70 FTIR spectrometer (Bruker) equipped with a liquid N2-
cooled HgCdTe (MCT) detector and a single-reflection Ge ATR
accessory with a 65° angle of incidence (Harrick) continuously
purged with N2(g). Data acquisition and spectral processing were
performed using the OPUS software package (Bruker). AChE-coated
gold surfaces stored under pH 8 buffer (100 mM sodium phosphate)
were removed and then inverted onto the ATR crystal without rinsing
or drying to ensure that the buffered solution environment was
maintained. Scans were accumulated for 10 min at 4 cm−1 resolution,
20 kHz scanner velocity, and a sample signal gain of 2×. Longer scans
resulted in the gold surface drying out by evaporation of buffer.
Single-channel spectra were first background-corrected using a
reference spectrum of the blank Ge ATR crystal and then converted
to absorbance spectra. Since the bending mode of liquid water in the
buffer strongly overlaps with the amide I absorption of AChE, the
corrected spectra were background-corrected again interactively, using
a reference spectrum of a blank gold surface in buffer, until the
baseline region above 1700 cm−1 was flat, indicating adequate water
subtraction.53,54 This treatment was sufficient for most experiments.
However, for secondary structure determination, which relies heavily
on the line shape of the amide I band, the samples were stored
overnight at 4 °C in deuterated buffer (100 mM sodium phosphate,
pD = 8) to shift the bending mode away from amide I.52,55

Absorptions due to residual water vapor in the ATR accessory also
overlap with the amide I and II absorptions of AChE and were
subtracted interactively using a reference spectrum of moist air.
Baseline corrections were performed using a rubber band algorithm.

■ RESULTS AND DISCUSSION

AChE Purification. First, the purity of commercially
purchased AChE was checked by SDS-PAGE, and it was
determined to be around 10% pure (data not shown). This is
unsurprising since no claims about purity were made from the
manufacturer, and the enzyme was sold on the basis of total
activity. The initial specific activity of the enzyme, prior to
purification, was approximately 600 U mg−1. During size
exclusion chromatography, approximately 12 peaks were
observed, of which the one corresponding to AChE was the
largest. The size of the AChE peak is consistent with the purity
estimated from SDS-PAGE. Following size exclusion chroma-
tography, the specific activity was approximately 5000 U mg−1,
indicating a near 10-fold increase in purity. This becomes
important during surface immobilization when as much space
as possible needs to be occupied by active forms of the enzyme
of interest, not other enzymes, as will be discussed in detail
later. Thus, it is recommended that purity is confirmed prior to
enzyme immobilization for any system.

AChE Surface Concentration and Structure. Next, the
absolute surface concentration (Γ) and packing density of
AChE on bare Au surfaces were determined by SE. This was
done to quantify the total amount of tightly bound AChE
adsorbed and determine the specific activity of AChE per unit
mass adsorbed to understand what fraction of immobilized
AChE is functional (discussed below). Importantly, this was
done following the desorption of loosely bound AChE, as will
be discussed in detail below. As mentioned above, when fitting
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the SE data to the model described above in the
CompleteEASE software, the thickness of the AChE layer on
Au was assumed to be 7 nm based on an estimate of the largest
diameter of the AChE catalytic unit in the crystal structure
(PDB: 1C2O).48 This allowed the software to reach a unique
solution for n(λ) of the AChE layer. However, the absolute
value of n is only accurate if the true thickness of the layer is 7
nm. Since the layer thickness was approximated from the
crystal structure and assumes that AChE is perfectly spherical,
the absolute value of n was likely inaccurate. Regardless, as
described above, an absolute value for Γ can be determined
because the calculation is dependent on optical thickness and
results in similar values of Γ independent of the assumed layer
thickness. Thus, the calculated Γ of AChE adsorbed onto bare
Au from a bulk solution of 500 nM AChE was determined to
be 2.77 ± 0.21 pmol cm−2.
Next, to determine what fraction of the surface was occupied

by protein, the size of the AChE molecule and the thickness of
the protein layer must be accurately known. Notably, since the
true value of these parameters could not be determined using
the techniques in this work, they must be estimated based on
several assumptions. First, the size of AChE was estimated by
calculating the protein partial specific volume as the weighted
average of the partial specific volumes of each amino acid in its
sequence plus an assumed hydration layer of 0.35 mL g−1. This
estimate is based on an average level of hydration for proteins,
which can vary between 0.14 and 1.04 mL g−1, and is likely a
source of error for this calculation.51,56 Using these estimates,
the hydrated protein partial specific volume was calculated to
be 1.08 mL g−1, corresponding to a sphere of 6.19 nm diameter
representing the volume occupied by the hydrated protein.
This agrees approximately with the size of AChE in the crystal
structure. Excluding the 0.35 mL g−1 hydration water, we
calculate a protein partial specific volume of 0.73 mL g−1,
corresponding to a 5.43 nm diameter sphere representing the
volume occupied by the core non-hydrated protein. The
difference between the hydrated protein and core protein
represents the calculated hydration shell, which corresponds to
a 3.4 Å layer, or 2−3 hydration shells, of water. This
calculation is consistent with the results we have published
previously on the hydration of a surface-bound peptide.57

These spherical representations of hydrated and core AChE
are for convenience only since AChE adopts an ellipsoidal
shape. Modeling of an ellipsoidal shape would require AChE to
adopt a single orientation on the surface, which is likely not the
case as will be discussed below. However, the estimate of
partial specific volume is independent of shape and represents
the volume occupied by the polypeptide chain of AChE. Thus,
by treating the protein layer as a 6.19 nm thick film,
constrained by the diameter of hydrated AChE and containing
2.77 pmol cm−2 AChE, we determined that 33.4 ± 2.5% of the
film by volume is occupied by protein. Following hexagonal
packing principles, the film can at most be 74% occupied by
the protein. Thus, the measured volume occupied by the
protein corresponds to 45.1 ± 3.4% of a maximally packed
monolayer of AChE. A scale model of this dimensional analysis
is shown in Figure 1. Importantly, this calculation of protein
volume and packing density is based on the assumed volume
occupied by the amino acid chain, which is independent of the
secondary and tertiary structure of AChE. This is considered
the smallest possible volume AChE can occupy when the
amino acids are efficiently organized in the folded state.
Changes in folding may lead to less efficient organization of the

amino acids in the chain and an increase in the volume
occupied by AChE, as will be discussed in detail below.
Additionally, if a random sequential adsorption model is
adopted, then the theoretical maximum packing density would
be lower due to the surface exclusion by the existing adsorbed
protein molecules and the monolayer fraction would be
higher.58,59 Thus, this calculation of packing density and
monolayer fraction is only an estimate based on the measured
surface concentration and the several assumptions mentioned
here.
Next, to determine the maximum packing density achievable

under these conditions, AChE was adsorbed onto bare Au
from bulk concentrations ranging from 50 nM to 2 μM and
ATR spectra were collected. A representative spectrum of
AChE adsorbed from 500 nM bulk solution is shown in Figure
2a. The amide II band, corresponding largely to the N−H
bending mode of the amide backbone of the enzyme,52 was
isolated and fit to a single Gaussian. The intensity of this band
is a measure of the amount of adsorbed AChE (Figure 2b).21,60

The average intensity of each Gaussian is shown plotted
against the bulk solution concentration and fit to a Langmuir
isotherm in Figure 2c. This shows that the Au surface became
saturated with AChE following adsorption when exposed to
bulk AChE concentrations above 250 nM. The dashed line
shows the theoretical Langmuir isotherm according to eq 3

Γ =
Γ

+
−

C

C K

m

eq
1

(3)

where Γ is the equilibrium surface concentration, Γm is the
theoretical maximum surface concentration, Keq is the
Langmuir equilibrium constant, and C is the equilibrium
bulk AChE concentration. The amide II intensity was used as a
relative measure of surface concentration, and thus, Γ and Γm

have units of mAU. Γm was approximately equal to 1 mAU.
The fit was used only as a guide for the eye and no meaningful
information was extracted from the fit. This is because in all
experiments, the surfaces were rinsed to desorb loosely bound
AChE before the measurement.
Rinsing is an important point of debate in the surface

science and sensing community.33 Rinsing is controversial
because it disrupts the equilibrium of the system by replacing
the bulk enzyme-containing solution with fresh buffer. This
means that surface-bound enzymes are no longer in
equilibrium with the bulk solution, as is required to assume

Figure 1. Three-dimensional scale model showing 33.4% by volume
packing density of AChE on Au corresponding to 45.1% of a
maximally packed monolayer based on SE measurements. The green
chains show randomly oriented folded AChE enzymes and the blue
spheres show a hydrated volume of 6.19 nm diameter. The yellow slab
represents the gold surface, and the blue box represents the thickness
of the protein layer.
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a Langmuir isotherm model. For this reason, the isotherm in
Figure 2c was used solely as a guide for the eye. More extensive
characterization of the immobilization process can be
performed at equilibrium prior to removal of loosely bound
protein.33,61 However, rinsing is an important step to consider,
especially in the case of enzymes not covalently bound to
surfaces where the attachment may be weaker. In the case
presented here of AChE adsorbed on gold, rinsing was
necessary to ensure that the results were consistent and stable
across all measurements, as would be expected for a useful
sensor based on this system. For example, when measuring the
activity of immobilized AChE on a poorly rinsed surface, the
presence of loosely bound AChE was immediately apparent;
AChE loosely bound to the surface appeared to desorb when
agitated during the activity assay, which was necessary to
homogenize the solution prior to measurement. This resulted
in a spike in measured activity compared to what was expected
based on well-rinsed surfaces because of desorbed AChE
exhibiting a higher level of activity than immobilized AChE, as
will be discussed later. Additionally, desorbed AChE remained
active in solution even after the assay was quenched by
removing the AChE-coated surface. This allowed the assay to
continue and the absorbance measured at 412 nm to
continuously increase rapidly. The rate of increase of the
measured absorbance after quenching is an indication of the
amount of desorbed AChE. At most, the rate of increase
indicated an amount of desorbed AChE roughly equal to 10%
of the total amount of immobilized AChE present. This will be
discussed in more detail later. Due to the spike in activity,
these results were discarded since it was difficult to
deconvolute the activity of immobilized AChE from AChE

that desorbed during the assay. Thus, to accurately measure
the activity of immobilized AChE, the surfaces were rinsed
until only tightly bound AChE remained. This often meant
storing overnight in buffered solutions and repeating the
activity assay until consistent measurements were achieved.
These results suggest that eventually a stable tightly bound
layer of AChE remained on the surface. In the case of sensors,
responses are often based on the enzyme activity, and thus, the
removal of loosely bound enzymes may be required to ensure
consistent responses, at the expense of more extensive
characterization at equilibrium. Additionally, when performing
a measurement with a sensor, the system must be taken out of
its original environment, in which it may have established
equilibrium, and placed into a sensing environment to detect
an analyte of interest. The loosely bound protein can rapidly
desorb and interfere with the measurement. Thus, in many
cases, rinsing is recommended until consistent measurements
can be achieved.
Lastly, to investigate the secondary structure of immobilized

AChE, ATR spectra were collected under saturating conditions
from a bulk solution concentration of 500 nM. The spectra
were collected in both H2O and deuterated buffer. A
representative spectrum, collected in H2O buffer, is shown in
Figure 2a. The amide I band, corresponding largely to the
carbonyl stretching of the amide backbone, was isolated, band-
narrowed by second derivative analysis, and fit to a sum of
three Gaussian components.55,62 A representative fit is shown
in Figure 2d for immobilized AChE in deuterated buffer. The
absorption frequency of amide I has been shown to be highly
dependent on the secondary structure of enzymes, varying
between 1700 and 1600 cm−1. Fitting the band-narrowed

Figure 2. (a) Representative ATR spectrum of AChE adsorbed onto bare gold in buffer showing characteristic amide bands (I/II) centered at 1654
and 1548 cm−1, respectively. (b) Fit amide II band of AChE adsorbed onto gold from 50 nM, 100 nM, 250 nM, 500 nM, 1 μM, and 2 μM bulk
concentrations. Each curve is the average of three replicate samples. (c) Plot of average amide II band intensity from (b) as a function of bulk
AChE concentration. Error bars indicate the standard deviation of three replicate samples. The dashed line shows the Langmuir isotherm fit (eq 3).
(d) Representative band-narrowed amide I band collected in deuterated buffer showing fit to three Gaussian components.
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amide I band to a sum of Gaussian components allows the
individual contributions of each type of secondary structure to
be determined based on the frequency and area under each
component.52 This was done for AChE immobilized on bare
gold, and it was determined that AChE exhibits the
characteristics of a 60 ± 2% β-sheet, a 38 ± 2% α-helix, and
a 2 ± 4% β-turn in deuterated buffer. This differs from
previous reports of native AChE in solution and calculations
based on the crystal structure, where the characteristics of
approximately 30% less β-sheet, 15% more β-turn, and 15%
irregularity were identified. This suggests that AChE unfolds or
alters its structure upon immobilization.63 However, notably,
no disordered structure was determined as a result of the
fitting. This is due to the limitations of this technique and will
be discussed below.
AChE Activity Retention. The activity of AChE was

measured using a spectroscopic assay to compare the kinetics
of immobilized AChE to the kinetics of native aqueous AChE
and understand what fraction of immobilized AChE is
functional. Michaelis−Menten kinetics were analyzed for
AChE in aqueous solution (Figure 3a) and immobilized on
bare gold (Figure 3b) by measuring the specific activity as a
function of bulk ATCh concentration to investigate the mass
transport and kinetic effects on activity. In both cases, the
shape of the resulting curve was linear at low ATCh
concentrations, relating to the rate of mass transport to the
AChE active site, before saturating at high ATCh concen-
trations, where the rate of mass transport exceeds the catalytic

rate and the reaction becomes kinetically controlled.64 In the
case of aqueous AChE, saturation occurred around 1 mM
ATCh. Michaelis−Menten kinetics were followed below this
concentration. Above this, substrate inhibition by ATCh
occurred and activity dropped as the ATCh concentration
increased further.65,66 Data in Figure 3 were fit to the
Michaelis−Menten model, eq 4

=
[ ]

+ [ ]
v

V

K

S

S
Max

M (4)

where v is the initial rate of reaction, [S] is the substrate
concentration, VMax is the maximum achievable rate at
saturation, and KM is the Michaelis constant, equal to [S] at
1/2VMax.

67 Here, VMax is reported in units of specific activity, U
mg−1. The fit was only determined at ATCh concentrations
below 1 mM due to substrate inhibition. As a result of this,
AChE never reached the theoretical VMax. The determined
value of KM for aqueous AChE hydrolysis of ATCh was 0.116
± 0.026 mM, which agrees with previous reports.65,68 The
determined value of VMax for aqueous AChE hydrolysis of
ATCh was 5702 ± 349 U mg−1, which is about half the value
obtained in previous reports, likely due to the differences in
preparation, purification, and assay conditions.69,70 In the case
of immobilized AChE, saturation was never experimentally
achieved, and the reaction was largely mass transport
controlled, even at ATCh concentrations of 5 mM. Addition-
ally, VMax was lower by 90.6 ± 1.4%. We believe that this was

Figure 3. (a) Michaelis−Menten kinetics of AChE in solution and (b) adsorbed on bare gold. Substrate inhibition occurs in solution at ATCh
concentrations above 1 mM. Error bars indicate a standard deviation of at least three measurements. Dashed lines show fits to the Michaelis−
Menten equation (eq 4).

Figure 4. (a) Activity of AChE adsorbed onto gold from 50 nM, 100 nM, 250 nM, 500 nM, 1 μM, and 2 μM bulk concentrations. The dashed line
shows a fit to a Langmuir isotherm (eq 3). (b) Activity from (a) vs corresponding absorbance from Figure 2b. Horizontal and vertical error bars
indicate a standard deviation of three replicate samples. The dashed line shows a linear fit to guide the eye.
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due to the effects relating to the immobilization process, such
as unfolded or improperly oriented AChE molecules, and
explain this below. KM was higher by a factor of 30 due to the
differences between substrate mass transport in bulk and to the
planar gold surface, and possibly also owing to a decrease in
affinity toward ATCh.7,64,71

The activity of AChE adsorbed on bare gold was also
investigated as a function of bulk AChE concentration and fit
to a Langmuir isotherm, as described above in eq 3 (Figure
4a). This was done to understand if the activity of immobilized
AChE is affected by packing density. As shown already in
Figure 2b, the average intensity of the amide II band in the
ATR spectra, used as a measure of AChE surface
concentration, was a function of bulk AChE concentration
up to 250 nM. Above this value, the surface saturated and no
additional density was observed. In Figure 4, the activity
followed the same trend as the amide II intensity: increasing
and then saturating at or above a bulk concentration of 250
nM. The measured activity was then related to the surface
concentration by plotting against the average amide II intensity
from Figure 2; this is shown in Figure 4b. The linear
relationship between these two parameters indicates that the
activity of immobilized AChE is not affected by packing
density and instead increases linearly with the amount of
AChE present, as will be discussed below.
Last, the retention of AChE activity immobilized on bare Au

(Figure 5a) and in solution (Figure 5b) was investigated by
measuring the specific activity over time during storage at
room temperature and 4 °C in buffered solution at pH 8. This
was done to determine the stability of the response of the
AChE-coated surface compared to aqueous AChE with respect
to time and repeated use under common storage conditions,
important considerations for biological sensors and catalysts.
In dilute concentrations under 0.5 μM AChE, regardless of
storage conditions, AChE in solution was observed to lose
activity at higher rates than immobilized AChE. Figure 5b
shows the complete inactivation of AChE stored at 10 nM in
pH 8 buffer at room temperature and 4 °C following 6 days of
storage. In contrast, as shown in Figure 5a, immobilized AChE
lost only approximately 20% of its activity after over 110 days
of storage, the longest we have measured (data only shown for
the first 50 days). This stability with respect to time and
repeated use appeared to be a function of AChE concentration.
When stored in solution at concentrations above 0.5 μM,
AChE exhibited levels of stability similar to immobilized
AChE. This is likely due to stabilizing protein−protein

interactions present at higher concentrations. The local
concentration of AChE on the surface was 4.5 mM (1 pmol
confined to a 6.19 nm-thick volume), which may contribute to
the observed stability. Additionally, this is only an upper bound
on the loss of activity. For reasons described above, the actual
activity decrease may have been lower since the first few data
points decreased sharply, likely due to desorption of residual
loosely bound protein. The response of the AChE-coated
surface stabilized after the first few data points were collected,
around day 5.

Discussion. In this work, our aim was to develop and
characterize a model enzyme-based system to learn funda-
mental principles about making and measuring protein−
surface interactions that are relevant to the biosensor and
biocatalyst communities. To do this, we prepared and
characterized this AChE model system under a single set of
conditions that maintained the buffered solution environment
around the enzyme at all times. This allowed us to compare all
the results obtained through a variety of different measure-
ments directly without making assumptions or approximations
that are required when different aspects of structure and
function are measured under vastly different conditions. We
have shown that the structure, surface concentration, and
activity of a model enzyme, AChE, immobilized on gold can be
precisely measured under identical conditions in buffered
solutions. We have used these results to investigate and
understand the differences in performance between immobi-
lized and aqueous enzymes in a system relevant to sensing and
catalysis. These differences highlight reasons why sensors and
catalysts involving immobilized enzymes often exhibit lower
levels of activity and poorer performance than their aqueous
counterparts. Yet, we have shown that despite decreased
activity, the system continues to perform for months beyond
the same enzyme in aqueous solution, highlighting a major
benefit of enzyme immobilization. If the initial loss of activity
associated with immobilization can be overcome, then this can
truly be appreciated. We will discuss our findings further as it
relates to this idea.
First, AChE was found to saturate a bare Au surface at bulk

solution concentrations of 250 nM AChE or higher; after
removal of loosely bound protein molecules, the resulting
surface concentration was 2.77 ± 0.21 pmol cm−2. By taking
the molecular size of AChE as a 6.19 nm diameter sphere, the
packing density of AChE was found to be 33.4 ± 2.5% by
volume. This corresponds to 45.1% of a maximally packed
monolayer, determined by dividing the packing density by a

Figure 5. (a) Activity retention of AChE immobilized on bare gold and (b) in solution and stored at either 20 °C (red) or 4 °C (blue). ATCh
concentrations were 0.5 mM in both cases. The AChE solution concentration was 10 nM. Error bars indicate a standard deviation of three
measurements. The same set of samples was measured at each subsequent time point.
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theoretical maximum packing density of 74% based on
hexagonal packing principles of spheres. Proteins have
previously been shown to pack into well-ordered arrays
consistent with hexagonal packing models.40 This surface
concentration is consistent with a previous study that
covalently immobilized AChE onto a Pt foil.22 This packing
density obtained here, however, appears to be undersaturated
at only half the theoretical maximum. Another previous study
was able to achieve near-maximum packing densities by
covalently immobilizing AChE to Si.21 There are two possible
reasons for this observation: (1) the surface is simply
saturating at less than the theoretical maximum and (2) the
calculated packing density is underestimating the true packing
density of the surface by underestimating the molecular size of
AChE. We will consider each of these possibilities individually.
First, previous measurements of proteins packing into well-

ordered arrays based on hexagonal or square packing principles
were performed at equilibrium without the removal of the
loosely bound protein. The experiments presented here are
focused on the properties of the stable and tightly bound
fraction of immobilized AChE in the context of sensors
following the removal of loosely bound AChE. It is possible
that the surface was originally saturated at a theoretical
maximum of 74% density prior to removal of the loosely
bound fraction through rinsing. As described earlier, it was
estimated that the packing density decreased by approximately
10% following rinsing. However, in situ SE data collected
during AChE adsorption under saturating conditions (data not
shown) indicate that the packing density is around 35% prior
to rinsing, clearly well below the theoretical maximum of 74%.
This is also consistent with the estimation that the surface
concentration decreases by approximately 10% following
rinsing, giving rise to the final packing density of 33.4 ±

2.5% calculated earlier. Since proteins have previously been
shown to pack into well-ordered arrays consistent with
hexagonal packing models prior to rising, it is likely that the
surface is indeed saturating at the theoretical maximum. The
obtained 35% density at saturation prior to rinsing is likely an
indication that the calculation of packing density is under-
estimating the true packing density. This brings us to the
second possibility.
The calculated packing density could underestimate the true

packing density if the molecular size of AChE was inaccurate.
Underestimating the molecular size would lead to an
underestimation of the packing density. This would be the
case if AChE partially unfolded on the surface and occupies a
larger volume than calculated. Additionally, at lower packing
densities, AChE may flatten and spread out on the surface,
again occupying a larger volume and area on the surface than
calculated. With the techniques used here, we cannot directly
measure the molecular size of immobilized AChE to determine
the volume it is occupying. However, we first can look at the
changes in its secondary structure following immobilization
that may be indicative of unfolding to occupy a larger volume.
As shown in Figure 2d, the ATR spectra collected of AChE
immobilized on gold can be used to investigate its secondary
structure on the surface. It was found that AChE exhibits the
characteristics of a 60 ± 2% β-sheet, a 38 ± 2% α-helix, and a 2
± 4% β-turn, which differ compared to the previous reports of
native AChE in aqueous solution.63 This is unsurprising for the
adsorption of AChE on a bare gold surface, where the
protein−surface interactions are uncontrolled and has been
shown to be the case for similar systems.9,72,73 The secondary

structure of enzymes is largely stabilized by the tertiary
structure, so significant changes in the secondary structure seen
here may be indicative of changes in the overall folding of the
protein that allow it to occupy a larger volume on the surface
and lead to reduced activity, as will be discussed. However, this
technique is limited by the poor resolution of broad amide
bands arising from the different types of secondary structure.
The amide I band in Figure 2d was fit to 3 Gaussian bands to
prevent over fitting and bias, despite the existence of more than
three types of secondary structures. Twelve unique bands have
been reported previously corresponding to β-sheet, β-turn, α-
helix, 310-helix, and disordered structure, though it is
impractical to fit all of these.52 In this case, amide I bands
were fit to the fewest number of Gaussians that qualitatively
matched the spectrum, and the position of each Gaussian was
used to identify the associated secondary structure. Due to the
broad nature of the Gaussians, it is likely that they encompass
more types of secondary structure than the one associated with
their position. Thus, especially when a signal is limited by the
amount of protein present on the surface, direct quantification
is difficult, and this technique is best used to estimate the
relative changes in structure following immobilization.
Next, we can look at the changes in the structure of AChE

over a range of packing densities to determine if it is spreading
to occupy a larger volume at lower packing densities. Proteins
have been shown to flatten and spread on sub-saturated
surfaces in order to increase protein−surface interactions; this
can lead to additional unfolding and activity loss.7,74 We
demonstrated that activity was a linear function of AChE
surface concentration, shown in Figure 4b. This indicates that
the specific activity of AChE (activity per unit mass of AChE)
is constant and not affected by packing density. This suggests
that either AChE is not spreading and unfolding to a large
extent on sub-saturated surfaces or that these effects are not
major contributors to activity loss. The active site is buried
within the core of the catalytic unit, so it is possible that these
effects are not disruptive to its structure. Additionally, this also
suggests that denaturing protein−protein interactions on the
surface are not present at higher packing densities, and
crowding is not limiting substrate diffusion to the active site.
To determine whether additional spreading or unfolding is
occurring at lower packing densities, ATR spectra were
collected for AChE immobilized on bare gold from bulk
concentrations ranging from 50 nM to 2 μM. As shown in
Figure 2, AChE adsorbed from bulk concentrations below 250
nM forms a sub-saturated monolayer. In these same spectra,
the amide I band was isolated, normalized, and fit to two
Gaussian components (Figure 6), as discussed above. Here,
only two Gaussian components were used due to the lower
signal achieved at lower packing densities. In Figure 6, it can be
seen qualitatively that the overall absorption amide I band did
not change significantly as a function of AChE surface
concentration. However, the two fit peaks, at 1670 and 1638
cm−1, did change systematically. The peak centered at 1670
cm−1 is indicative of the β-turn characteristic and increased in
relative amount as the AChE surface concentration decreased.
The fit component centered at 1638 cm−1 is indicative of the
β-sheet characteristic and decreases in relative amount as the
AChE surface concentration decreases. This indicates that
there are minor, but systematic, losses of ordered structure
with decreasing AChE packing density. Additionally, these
minor structural changes did not affect the specific activity and
thus likely do not disrupt the active site buried in the enzyme.
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Since there are only minor structural changes, the molecular
size of AChE is likely not changing much due to spreading over
the range of packing densities investigated here. Despite this,
because AChE has significantly altered the secondary structure
when immobilized on gold, it is likely that it is unfolding to
occupy a larger volume than previously calculated. To saturate
at a theoretical maximum of 74%, AChE would need to unfold
to occupy a volume 2.2 times larger. This corresponds to an
approximate 30% increase in diameter. This degree of
unfolding is consistent with the high degree of activity loss
observed, as will be discussed later. Thus, the most likely
possibility is that the surface saturates around the theoretical
maximum, with approximately 10% density lost to desorption,
but is occupied by AChE that has at least partially unfolded to
occupy a larger volume than initially calculated.
These findings highlight the importance of controlling

enzyme−surface interactions to prevent unfolding. If AChE
could retain its native structure following immobilization, then
it would occupy a smaller volume than if it is unfolded, leaving
more room for additional enzymes to immobilize. Additionally,
retention of the native structure would prevent the high degree
of activity loss observed here associated with unfolding, as will
be discussed later. The effect of this retention of native
structure is a surface containing a greater number of more
highly active enzymes. This is especially important in the
context of sensors where the loosely bound enzymes must be
removed to generate a reproducible sensor response, leaving
behind fewer enzymes. In this case, approximately 10% of
adsorbed AChE appeared to be loosely bound and readily
desorbed during future experiments and rinsing steps. This
suggests that there may be preferential adsorption sites on the
surface or orientations of AChE that favor tighter surface
binding interactions. This will vary depending on surface
chemistry and morphology but can further reduce enzyme
loading. Thus, clearly, retaining enzyme activity following
immobilization is essential.
Next, it was found that AChE lost 90.6 ± 1.4% of its specific

activity following adsorption on bare gold but retained over
80% of this remaining activity following storage at room
temperature and 4 °C under buffered solutions for over 100
days. In contrast, AChE stored in solution at concentrations
under 0.5 μM lost activity rapidly and became completely
inactive within 6 days, as shown in Figure 5. This immediate

loss followed by long-term retention of activity of the
immobilized enzyme is consistent with the observation that
immobilization stabilizes enzymes.7 This long-term stability
may be in part due to surface cysteine residues on AChE that
could form gold−sulfur bonds and anchor it to the surface and
prevent desorption. The activity of immobilized AChE is lower
than the previous reports of AChE covalently bound to
modified Pt foil, glass, and Si, likely owing to the direct
interactions with a bare and unmodified gold surface.21,22 This
immediate and greater loss of activity of immobilized AChE
compared to previous reports is likely due to a combination of
surface-induced unfolding, as mentioned earlier, and improp-
erly oriented AChE molecules inhibiting substrate access to the
active site. First, for surface-induced folding to result in activity
loss, the structure of the active site, and gorge leading to it,
may be disrupted. The active site gorge contributes to the high
catalytic efficiency of AChE by channeling the substrate and
product molecules to and from the surface of the enzyme and
the buried active site. Additionally, a breathing motion of the
gorge has been shown to be important to this high efficiency.75

Disruption to the structure of the gorge and hindrance of gorge
motion following surface immobilization may contribute to
surface-induced activity losses by reducing the substrate and
product channeling to and from the active site and making it
less available. It is possible that these dynamics may be
hindered in the case of tightly bound AChE on the surface,
where mobility may be limited. Second, improperly oriented
AChE molecules likely account for approximately 10−20% of
the observed activity loss. This is based on the relative portion
of the surface of the AChE catalytic unit that makes up the
entrance to the active site gorge. Assuming a random
distribution of orientations on the surface, the entrance to
the active site would only be blocked in 10−20% of molecules.
Thus, the activity loss observed here is likely dominated by the
initial surface-induced unfolding on immobilization. This again
highlights the need to control the surface chemistry and
protein−surface interactions in a way that prevents surface-
induced unfolding and resulting activity losses. As mentioned
above, previous reports using modified surfaces observed
greater levels of activity following immobilization.
Diffusion limitations can also cause an apparent decrease in

specific activity. This is due to the difference in the mass
transport rates of substrates and products in bulk versus on a
surface. This makes the rate of reaction appear slower when it
may simply be limited by a slower rate of mass transport.
Michaelis−Menten kinetics highlights these diffusion limita-
tions, with a measured KM on the surface that was larger than
that of solution by a factor of 30. This is due to an effective
lower substrate concentration at the surface−solution interface
as AChE hydrolyzes substrate faster than it can diffuse to the
active site. This requires a higher bulk substrate concentration
to achieve the same level of activity as in solution. Interestingly,
the KM obtained here is 1−2 orders of magnitude higher than
previous reports of immobilized AChE, which reported KM

values similar to that of aqueous AChE despite being
immobilized on a surface.13,76 It is possible that the additional
increase in KM observed here compared to previous reports is
due to a decrease in affinity for ATCh caused by structural
changes on the surface, such as disruption to the active site
gorge that channels ATCh to the active site or improper
orientation of the active site away from bulk solution.
Regardless of KM, in the absence of any other effects
contributing to activity loss, eventually at high enough

Figure 6. Normalized average amide I bands of AChE adsorbed on
bare gold from 50 nM, 100 nM, 250 nM, 1 μM, and 2 μM bulk
concentrations. Each curve represents the average of three measure-
ments. Dashed lines show individual fit components. Solid lines show
a sum of fit components to raw data. Arrows show direction of
decreasing surface concentration.
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substrate concentrations, AChE will achieve the same rate as in
bulk solution, free of diffusion limitations.64,71 However, the
observed VMax of AChE immobilized on bare gold is 90.6 ±

1.4% lower than in bulk solution, indicating that there are
other effects contributing to activity loss such as surface-
induced unfolding and improperly oriented AChE molecules.
The level of activity loss is lower than previous reports and
suggests a higher degree of unfolding, likely owing to the direct
interactions with unmodified gold. There is thus a great
motivation to prevent these effects by controlling surface
chemistry and protein−surface interactions through chemical
modifications of the substrate surface in order to achieve
higher levels of packing and activity. Additionally, higher levels
of activity bring lower limits of detection for sensors and
require lower substrate concentrations. We are currently
investigating these possibilities through the techniques
employed here.

■ CONCLUSIONS

In this work, we have thoroughly characterized the packing
density and activity of the enzyme AChE immobilized on bare
gold as a model system. We have determined a precise surface
concentration for AChE immobilized on gold at saturation
using SE and used this value to determine the extent of activity
loss following immobilization. The surface concentration and
packing density were calculated to be 2.77 ± 0.21 pmol cm−2

and 33.4 ± 2.5%, respectively, which corresponds to 45.1 ±

3.4% of a maximally packed monolayer. Accounting for
diffusion limitations, we determined a 90.6 ± 1.4% reduction
in activity, that is, only ∼10% of surface-bound AChE is
operating at the same level as in bulk solution. Based on the
packing density and structure of AChE, we estimate that 10−
20% of this loss of activity is due to the improperly oriented
AChE molecules and the remainder is due to surface-induced
unfolding and hindrance of AChE dynamics, highlighting the
importance of controlling surface chemistry and protein−
surface interactions. This loss of activity was also independent
of packing density and only minor, but systematic, structural
changes were observed between saturated and sub-saturated
packing densities, indicating no additional major unfolding
occurred below saturation. This indicates that to achieve a
maximum output from a surface-bound enzyme, maximizing
enzyme loading, in this case, is preferred since there are no
detrimental effects. Additionally, maintaining the native
structure can prevent the enzymes from occupying larger
volumes and further improve enzyme loading. This work will
guide future experiments in our laboratory in the development
and characterization of biosensors and biocatalysts based on
modified surfaces where protein−surface interactions are
controlled.
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