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a  b  s  t  r  a  c  t

The  method  of  immobilization  of a protein  has  a great  influence  on  the  overall  conformation,  and  hence,
functioning  of  the  protein.  Thus,  a greater  understanding  of  the events  undergone  by  the  protein  during
immobilization  is  key  to manipulating  the immobilization  method  to produce  a  strategy  that  influences
the  advantages  of immobilization  while  minimizing  their disadvantages  in biosensor  design.

In this,  the  second  paper  of  a  two-part  series,  we  have  assessed  the  kinetic  parameters  of thin-film  lac-
case  monolayers,  covalently  attached  to SAMs  differing  in  spacer-arm  length  and  lateral  density  of  spacer
arms. This  was  achieved  using  chronoamperometry  and  an  electroactive  product  (p-benzoquinone),
which  was  modeled  in a non-linear  regressional  fashion  to  extract  the  relevant  parameters.  Finally,
comparisons  between  the kinetic  parameters  presented  in  this  paper  and the  rheological  parameters
of  laccase  monolayers  immobilized  in the same  manner  (Part  I  of  this  two  paper  series)  were  performed.

Improvements  in  the  maximal  enzyme-catalysed  current,  imax, the  apparent  Michaelis–Menten  con-
stant,  Km and  the  apparent  biosensor  sensitivity  were  noted  for most  of  the  surfaces  with  increasing

linker  length.  Decreasing  the  lateral  density  of  the spacer-arms  brought  about  a general  improvement
in  these  parameters,  which  is  attributed  to  the  decrease  in multiple  points  of  immobilization  undergone
by  functional  proteins.  Finally,  comparisons  between  rheological  data  and  kinetics  data  showed  that
the  degree  of viscosity  exhibited  by  protein  films  has a  negative  influence  on  attached  protein  layers,
while  enhanced  protein  hydration  levels  (assessed  piezoelectrically  from  data  obtained  in Paper  1)  has  a

urface
positive  effect  on those  s

. Introduction

The method of protein immobilization has a great impact on
onformation, and hence, the kinetic operation of the enzyme,
elative to the soluble, ‘free’, enzyme [1].  These effects can be
roadly categorized as: (1) changes occurring due to the non-
rimary interaction between support and enzyme (hydrostatic,

onic and hydrophobic interactions that occur due to the close
roximity of the support to the enzyme) [1–3], (2) changes due to
rimary interactions occurring between support and enzyme e.g.

ovalent bond formation and orientation and cross-linked reticu-
ation [2],  (3) microenvironmental factors [1,4] and (4) increased
iffusional constraints arising from the accumulation of enzyme

Abbreviations: QCM-D, crystal microbalance with dissipation; SAM, self-
ssembled monolayer; SLB, succinic-lactic acid buffer, pH 4.5; Glut, glutaraldehyde;
ys, lysin; �-ME, �-mercaptoethanol; Cys, cysteamine; CV, coefficient of variation
C.V.).
∗ Corresponding author. Tel.: +27 46 603 8441; fax: +27 46 622 3984.

E-mail address: j.limson@ru.ac.za (J.L. Limson).

141-0229/$ – see front matter ©  2011 Elsevier Inc. All rights reserved.
oi:10.1016/j.enzmictec.2011.05.004
s  comprising  rigidly  bound  protein  layers.
© 2011 Elsevier Inc. All rights reserved.

at selected regions (affecting the rate of substrate interaction
with the enzyme and the rate of product release to the trans-
ducer/bulk solvent) [1,5]. Additionally, immobilization increases
the concentration of biocatalytic protein at the area of attach-
ment, resulting in an increase of protein–protein interactions,
altering both microenvironmental and non-primary interactions
occurring at the point of immobilization. Alterations in the activ-
ity, kinetic stability and Michaelis–Menten constant (compared to
free enzyme) have been frequently reported upon immobilization
of the enzyme to the solid support, the extent of change being
uniquely dependent on the selection of support [5,6], the enzyme
in question and method of immobilization [2,3,6–8] used to con-
join the first two  elements [1].  Considerable research has been
expended into the minimization of deleterious properties while
enhancing those properties, such as improved thermostability [4]
or pH stability, deemed desirable during immobilization [2,9]. This
is often achieved by modulating certain aspects of selected immo-

bilization procedures [2], but many of these papers report only on
effects evidenced by the functioning of the protein (i.e. alterations
in enzyme kinetics), as opposed to any physical changes undergone
by them.

dx.doi.org/10.1016/j.enzmictec.2011.05.004
http://www.sciencedirect.com/science/journal/01410229
http://www.elsevier.com/locate/emt
mailto:j.limson@ru.ac.za
dx.doi.org/10.1016/j.enzmictec.2011.05.004
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Table 1
Compositions of the various surfaces investigated.

SAM number Cysteamine content (%) Cysteamine modificationa

1 1 None
1.1 1 Glut
1.2 1  Glut–lys–glut
1.3  1 Glut–lys–glut–lys–glut
2.1 25  Glut
2.2  25 Glut–lys–glut
2.3  25 Glut–lys–glut–lys–glut
Au  25 None
54 R. Fogel, J.L. Limson / Enzyme and M

Direct observation of conformational changes undergone by
mmobilized proteins is difficult to achieve, primarily due to the
ow concentrations of proteins found at the immobilization site
nd analytical interferences due to the support [1].  Atomic force
icroscopy has been previously used to analyse both mono-

ispersed and aggregates of proteins attached to supports and used
o document attached particles’ size and shape (for example in Ref.
10]), but this method (while very useful in assessing surface cov-
rage of a given surface) gives insufficient indication of the extent
f denaturation undergone by the protein layer. Quartz-crystal
icrobalance with dissipation (QCM-D) provides information as to

he bound mass, film thickness, viscoelasticity of thin films occur-
ing at electrode surfaces [11], providing an alternative method of
robing conformational changes occurring to biomolecules during
nd after the immobilization process [12], as well as assessing sur-
ace coverages and immobilization states of molecules of interest
ithin the biosensor-fabrication paradigm [13].

This paper thus aims to compare both data obtained from
easurement of physical parameters of monomolecular layers of

rotein via the QCM-D (as in Part I of this two paper series) and the
inetic parameters obtained by electroanalysis of products result-
ng from the activity of laccase within this film.

. Methods and materials

.1. Apparatus

Electrochemical measurements were conducted using an Autolab PGSTAT 30
Eco Chemie), coupled to a VA 336 stand (Metrohm) for stirring control. The working
lectrodes used in this study were gold-surfaced (Au) electrodes, 0.8 mm geomet-
ic  radius, sourced from Bioanalytical Systems (BAS). The reference electrode used
hroughout was an Ag/AgClsat electrode (BAS). The cell was  completed through the
se  of a platinum wire.

.2. Reagents

All reagents used were of analytical grade. No further purifications of
eagents were undertaken. All water was of milliQ quality (double-distilled). Cys-
eamine, hydroquinone (HQ), glutaraldehyde (25%, w/v) and 2-mercaptoethanol
ere sourced from Sigma–Aldrich. Laccase, purified from Trametes versicolor,

21.7 U mg−1 for catechol at pH 4.5) was  sourced from Sigma–Aldrich. All reagents
ere prepared fresh on a daily basis and stored under dark conditions until used.

.3.  Electrode cleaning

Gold electrodes were polished with alumina oxide for 4 min  before being ultra-
onicated in absolute ethanol for 2 min. Electrodes were then rinsed with water,
efore 40 �l of fresh pirhana solution (comprised of 30%, v/v H2O2 solution and 95%,
/v H2SO4 in a 1:3 proportion) solution were dropped onto the active electrode sur-
ace and the electrode surface was  chemically etched for a period of 2 min. Electrodes
ere then rinsed with water and stored in absolute ethanol prior to electrochemical

leaning [14].
Electrochemical cleaning took place by cycling the etched electrodes between

0.25  V and +1.6 V at a rate of 0.2 V s−1 in 0.1 M H2SO4 until a stable voltammogram
as  achieved (approx. 100 cycles). Electrodes were then scanned at a scan rate of

.1  V s−1 for approximately 10 scans, or until a stable scan was achieved and the final
can saved for surface area determination (see Section 2.7.1). Electrodes were then
educed in de-aerated ethanol for a period of 30 min, and stored in same until used
14].

.4.  Self assembled monolayer (SAM) formation

Electrodes were modified as in Part I of this two paper series (Table 1) to examine
he effect of the differing surface-dependent methods of laccase immobilization
n  the kinetic parameters of the final laccase films. Stock solutions (100 mM)  of
-mercaptoethanol (B-ME) and cysteamine (cys) were made up in milliQ water,
e-aerated under N2 flow and stored at 4 ◦C and re-made once every 2 days. At any
odification, 10 ml of 80%, v/v water: 20%, v/v ethanol (both de-aerated for 10 min)
ere prepared and degassed for a further 2 min. The two ratios of thiols were then
dded under N2 flow. For the 1:4 cys (SAMs 2.1–2.3): B-ME deposition solution,
cys] = 0.4 mM and [B-ME] = 1.6 mM.  Similarly, for the 1:99 cys: B-ME (SAMs 1, SAMs
.1–1.3), [cys] = 0.02 mM and [B-ME] = 1.98 mM.

Electrodes were then introduced to the solution and allowed to modify for at
east  8 h in the dark at 4 ◦C, under sealed conditions. After SAM formation, electrodes
a Layer-by-layer, starting at the basal SAM. “glut” designates glutaraldehyde and
“lys” indicates the addition of a lysine residue.

were rinsed with successive rinses of ethanol and water and immediately used (i.e.
at least 3 rinses per electrode).

2.5. Modification of the SAM layers

Solutions for the further modification of the SAM layers were prepared in
Eppendorf tubes to a final volume of 1 ml.  Modifications were performed at room
temperature. For glutaraldehyde modification, electrodes were dipped in 1 ml  of
1  mM glutaraldehyde solution for a period of 10 min. Thereafter, they were rinsed
thoroughly with ethanol and glutaraldehyde-activated SAM modified electrodes
were dipped in 1 mM l-lysine. These layers were then activated with glutaralde-
hyde prior to further modification. Following fabrication of the surfaces, all surfaces
were subsequently modified with laccase, as in Section 2.6. The same designations
for  fabricated biosensors were used as in Part I of this two-paper series (Table 1) and
are  schematically depicted in Fig. 1.

Briefly: Sensors produced with a basal SAM deposition solution comprised of
1:99 cys: B-ME were designated in this paper as “SAM 1”, while those prepared by
introduction to a solution of 1:4 cysteamine: �-mercaptoethanol were designated
“SAM 2”.

A  suffix of “.1” indicates activation of the cysteamine residues with glutaralde-
hyde prior to attachment of laccase. Surfaces labeled as “.2” label the formation of a
glutaraldehyde–lysine–glutaraldehyde layer before attachment of laccase. Similarly
“.3”  labels biosensors fabricated with a double lysine linker connecting the protein
to  the basal SAM on the electrode (thus, glut–lys–glut–lys–glut linker layer).

2.6. Laccase modification

20 �l of a 4 mg  ml−1 solution of laccase was  dropped onto the active surface of
the  electrode and allowed to modify for 10 min  before being rinsed with water and
stored in SLB, pH 4.5 until used (typically within 30 min of modification).

2.7.  Electrochemical analyses

2.7.1. Surface area determinations
Real electrode surface area was determined through integration of the gold oxide

reduction peak of the final cleaning voltammograms of each electrode in order to
determine the charge of that peak. Peak charge was then used to determine the real
surface area of the electrode using a value of 400 �C cm−2 [14]. From this value,
imax and biosensor sensitivity were calculated as an expression of current density
(A  cm−2), and values of these are displayed and referred to as a function of surface
area.

2.7.2. Chronoamperometry
Chronoamperometry was performed under stirred conditions (stirrer speed:

15  000 rpm) using 5 ml  of 0.1 M SLB, pH 4.5. The working electrode was poised at
−0.05 V (vs. Ag/AgCl) and the current-sampling time was 0.2 s per reading. Aliquots
of  50 mM or 100 mM hydroquinone stock solution were used in order to alter the
interior concentration of phenolic substrate, and the steady-state current change
was  recorded and then related to the concentration of phenol.

2.8. Modeling of enzyme kinetics

2.8.1. Electroanalytical modeling system
Immobilized enzyme parameters were determined through non-linear regres-

sional computer modeling. The current response was plotted alongside the substrate
concentration, and the theoretical current response was modeled using the follow-
ing adaptation of the well-known Briggs–Haldane equation [15]

I  =
(

Imax × [S]
Km + [S]

)
(1)
where I is the total current response at the given substrate concentration (anal-
ogous to the enzyme response V, as shown below), Imax is the maximal current
response (indicative of Vmax), [S] is the substrate concentration and Km is the
Michaelis–Menten constant of the immobilized enzyme, equivalent to (k−1 + kcat)/k1.
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the �M range. Hence, steady-state enzyme kinetics were assumed
to dominate and enzyme kinetics modeling proceeded as normal,
as the total change in substrate concentration throughout the anal-
ysis was  assumed to be far less than 1% of the bulk substrate
ig. 1. Schematic diagram representing surfaces used in the course of research prese
ttached and subsequently investigated for catalytic performance. SAMs 1 and SAM
utlined in-text.

or reasons outlined in Section 3, the second scheme was  neglected. Imax is hence-
orth reported normalized to electrode surface area, imax, for reasons outlined in
ection 3.

Elucidation of the results was performed using Excel Solver Add-in, where iter-
tive values of imax and Km were altered in order to provide the best “fit” when
omparing the theoretical and experimental results. imax and Km were considered to
e  accurately estimated when the sum of the square of the differences between theo-
etical and experimental results reached a minimum, as assessed via the Chi-squared
tatistic.

The linear response (detection sensitivity) of the biosensor was  calculated as
he accumulated current density of the sensor between the concentrations of 0 and
0  �M of hydroquinone exposure to the sensor, divided by the concentration of
ubstrate [16].

. Results and discussion

The selection of laccase as a model biorecognition layer was
rimarily due to the electrochemically active properties of the
roducts of enzyme reaction. The generation of p-quinone from
he enzyme-catalysed oxidation of hydroquinone allows for elec-
rochemical monitoring of product formation, in a similar manner
reviously outlined in literature [7].  This in turn, provided a highly
ensitive reporting system, allowing for sensitive characterisation
f the enzyme kinetics even at low surface coverages of func-
ional enzyme molecules, which were anticipated. A satisfactory
iorecognition signal was transduced from the surfaces investi-

ated within the nanoampere range (Fig. 2), allowing for accurate
odeling of the parameters of the immobilized biomolecule layer

o take place (Table 2). An additional criterion for the selection
f laccase is that laccases are currently the focus of a great deal

able 2
perational kinetics parameters determined for immobilized laccase films with

egard to the detection of HQ.

Surface Detection sensitivity
(nA �M−1 cm−2)

imax (nA cm−2) Km (�M)

Au 3.94 ± 0.53 429 ± 86 132 ± 19
SAM 1 2.59 ± 0.29 544 ± 44 224 ± 29
SAM 1.1 4.77 ± 0.86 1009 ± 57 205 ± 24
SAM 1.2 8.42 ± 0.49 808 ± 85 95 ± 18
SAM 1.3 11.8 ± 0.75 1404 ± 105 101 ± 3
SAM 2.1 2.32 ± 0.17 404 ± 28 196 ± 8
SAM 2.2 4.52 ± 0.40 495 ± 57 127 ± 21
SAM 2.3 5.30 ± 0.29 677 ± 41 112 ± 14

ncertainties represent standard deviations from the mean. Number of independent
easurements, n ≥ 3.
n this paper. The italicized portions denote the surfaces to which laccase films were
ffer according to their relative cysteamine: �-mercaptoethanol surface content, as

of attention for the kinetics of thin-layer enzyme–surface systems
(for e.g. inclusion as catalysts for fuel cell cathodes for implantable
bioelectrochemical system [19,20] and for biosensing applications
[21,22].

3.1. Data gathering, treatment and modeling

The SDS wash stage following protein immobilization (Part I of
this series) was used exclusively for QCM-D analysis in order to
remove loosely bound proteins from the film. It should be stressed
that this was not considered necessary for the fabrication of the
electrochemical biosensor, due to the rapid washing of the modi-
fied electrode using large volumes of water and buffer, neither of
which are readily utilizable using QCM-D without causing signal
perturbation.

Since the transduced current of the biosensor is in the sub- to
low-�A range, the substrate turnover is estimated to be in the
pmol min−1 range) when using substrate concentrations starting at
Time (s)
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Fig. 2. Chronoamperogram (current values adjusted to account for surface area)
generated through the use of laccase immobilized to a gold electrode through the
use  of SAM 1.1. Scales of the current-time values for this biosensor are represented in
the  bottom-left corner. Grey single-headed arrows indicate the time of the addition
of 2.5 �l of 80 mM HQ (an increase in concentration of approximately 50 �M) and
the  double-headed arrows indicate the addition of 5 �l of the same concentration
of  HQ. Inset diagram: The current-concentration curve drawn from these data, and
the Km, biosensor sensitivity and imax (Vmax) values determined from same from use
of  the modeling software.
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oncentration (in fact, a factor of at least 104 separated the bulk
olution from the velocity of enzyme reaction). This, coupled with
he fact that the reduction of p-benzoquinone regenerated hydro-
uinone at the electrode surface, indicated that no significant
lteration in the composition of the bulk substrate occurred over
he time-period in which analysis occurred.

Although laccase makes use of dioxygen as the final electron
cceptor (transferring electrons gained from the oxidation of phe-
olic substrates to produce water), it was not considered to be
ecessary for inclusion within the modeling process. Two  interre-

ated reasons are proffered for this: firstly, that the stoichiometry
f reaction is 4 phenolic substrates for a single oxygen turnover
nd hence that for the reduction of dioxygen to water to be signif-
cantly affected, the entire reaction undergone should be greater
han 4 times that of the rate of the equilibrium-kinetics of the first
hase of the enzymatic reaction. Secondly, and more importantly,
he low current response of the biosensor indicated that the deple-
ion of oxygen at the enzyme-layer was not significant enough to
arrant inclusion within the model.

Fig. 1 shows a typical chronoamperogram (and associated
urrent-concentration profile) produced by the reduction of
accase-catalysed 1,4-benzoquinone reduction at the electrode sur-
ace.

As Fig. 1 demonstrates, a rapid current response (>10 s) to
hanges in substrate concentration is noted (from stable current-
aseline to stable baseline) when using this electrode. However,

t provides a very low sensor response, and suffers from a par-
icularly high noise-to-signal ratio for that reason. This becomes

ore pronounced as the substrate concentration increases, mak-
ng it difficult to detect changes in the current at high substrate
oncentrations.

.2. Overview of data obtained from modeling procedures

The use of computer-driven non-linear regression has been pre-
iously postulated [23,24] and subsequently used in a number
f biochemical studies [25] including enzyme kinetics [26–30]. It
as the distinct advantage of objectively weighting errors in the
ata over the whole dataset, rather than exaggerating errors at

ow substrate concentrations (as occurs when data is normalized
o the Lineweaver–Burke and Eadie–Hofstee plots [24] providing

ore robust overall estimations [23]. The use of iterative seeking-
lgorithms, such as those found in Microsoft Office’s “Solver” add-in
or non-linear regression curve-fitting has been previously per-
ormed [31,32] and the various adjustable parameters explained
31].

Table 2 displays the extracted values comparing the Km, imax, and
ensitivity determined from chronoamperometric data obtained
or all the laccase-modified surfaces investigated, when calibrated
sing hydroquinone. The imax determinations and linear-range sen-
itivities were related to the electrode surface area, as both I (used
n the calculation of the linear range sensitivities) and the Imax (Eq.
1)) are inherently related to the concentration of enzyme immo-
ilized onto the electrode surface [18] which is, in turn, related to
he real (microscopic) surface area of the electrode. Km, as a ratio of
ombined enzyme-substrate association/dissociation rates, has no
ependence on either concentration of enzyme or rate of diffusive
esponse.

Laccases isolated from T. versicolor have previously been shown
o have optimum Km values ranging from between 37 and 155 �M,
hen soluble. Other Trametes species have optimum Km values
anging from the low (<4) to high (>200) �M range. This is depen-
ent on the selection of phenolic substrate and pH [33], but is
ithin the range of the Km values provided by the models for all

urfaces investigated (see Fig. 2). While an increase in the apparent
ial Technology 49 (2011) 153– 159

Km of an enzyme is noted upon immobilization [2,3], an increase in
the linker length between the support and the enzyme decreases
the apparent Km of the immobilized enzyme approximately half of
the original value (∼200 �M for both SAM 1.1 and SAM 2.1, com-
pared to ∼100 �M for SAM 1.3 and SAM 2.3). Similar results have
been noted in literature when applying linkers connecting immo-
bilized enzymes to solid supports [2,4]. This alteration is attributed
to the adoption of a more solvated (i.e. optimal) conformation of
the protein when the attached biomolecule is lifted from the sup-
port structure, [4],  or increased accessibility of substrates to the
catalytic sites in the immobilized film structure [34].

The anticipated close proximity of the enzyme layer to
the electrode surface (less than 30 nm)  relative to the rapid
diffusional coefficients of hydroquinone in aqueous solutions
(8.5 × 10−6 cm2 s−1) [17] resulted in a rapid response time. This,
coupled to the close proximity of the enzyme to the transducer,
relative to the thickness of the diffusional layer, ı, ensured that the
current was fairly representative of the formation of product within
the enzyme layer [27]. Increases in the distance between the elec-
trode and enzyme layer (as a function of increasing linker length)
may have resulted in the diffusion of some p-benzoquinone into
the bulk solution, but such calculations are outside the scope of this
research paper, and are probably insignificant due to the fact that
the anticipated increase of distance from the electrode surface is in
the nanometer range, and imax was determined to be comparable
to Vmax for the purposes of this paper [27].

The findings reported in Table 2 show that both imax and biosen-
sor sensitivity were highest for SAM 1 films, relative to any other
surface. The addition of linkers in both SAMs 1 and SAMs 2 increased
both values, relative to SAMs 1.1 and SAMs 2.1, respectively. The
sole exception was imax values of SAM 1.2. Interestingly, while there
is a decrease in the imax for SAM 1.2 (relative to SAM 1.1), sensitivity
is, in fact, enhanced with an increase in linker length, from an aver-
age of 4.8–8.4 nA �M−1 cm−2 between these surfaces. A strongly
linear behaviour (R2 > 0.99) was  noted when comparing detection
sensitivity of a given surface with the ratio of imax/Km values, equiv-
alent to catalytic rate constant, Vmax/Km (data not shown). Thus,
an improvement in biosensor sensitivity can be attributed to the
decrease in the apparent Km values of the laccase-modified sur-
faces, as opposed to only an improvement in the apparent imax.

3.3. Integration of QCM-D data analysis with electrochemical
kinetic parameters

Of great interest to this research was examining whether the
rheological data provided through the QCM-D data (Paper 1 of this
series) could be reconciled with the kinetic parameters elucidated
through electroanalysis of the fabricated biosensors (Section 3.3 of
this paper). Due to the differences inherent in both the immobiliza-
tion method (with SAM 1 and Au electrodes making use of physical
adsorption as the attachment parameter) and the film properties,
trends in this section were only tracked between 3 categories: (1)
differences between physically adsorbed and covalently attached
protein films (2) between SAM surface of with differing linker
lengths i.e. SAMs 1.1–1.3 and SAMs 2.1–2.3, respectively and (3)
differences occurring between SAM 1 surfaces and SAM 2 surfaces.

Of the two  rheological parameters (film shear and film viscosity)
extracted from QCM-D measurement, viscosity was selected for the
comparison between physical film parameters and immobilized
enzyme kinetics. Increases in solution viscosity have been linked
to the denaturation of dissolved proteins in previous research, for
cited reasons of protein aggregation and conformational changes

between the native and denatured state [35,36]. Secondly, liter-
ature has cited concerns regarding the accurate determination of
film shear modulus through the Voigt-model [37] using QCM-D
technology. Shear modulus values are therefore used as general
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Fig. 3. Comparison between the Km values (extracted from immobilized enzyme
kinetics) determination to the logarithm of the average viscosity per unit mass of
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Fig. 4. Relative values of the immobilized film parameters shear modulus as a func-
tion of bound mass (Shear/MV), ratio of Voigt mass to Sauebrey Mass (MV/MS)
and  average detection sensitivities (i/K) of the films with regard to HQ detection
(Sensitivity). Data plotted in black indicates values drawn from QCM-D  analysis of
immobilized enzyme films (Paper 1). Data plotted in grey indicates values drawn
from kinetic estimation of immobilized films’ catalytic oxidation of HQ,  as reported

mined by modeling of QCM-D results. Fig. 4 depicts the relational
trends occurring between film shear (normalized to mass gain, as

Fig. 5. Comparisons between i/K and relative film hydration values (MV/MS)
urfaces (extracted from QCM-D studies). Y-intercepts forced through the origin for
inear regression of the data. Error bars represent standard deviation from the mean,

 ≥ 3.

ndicators of film rigidity, rather than absolute numerical values
enceforth.

Theoretically, if one interprets viscosity as consisting of contri-
utions arising from both the method of attachment and the extent
f protein unfolding following immobilization, then the relation-
hip between the viscosity (normalized relative to the bound mass)
ill provide an indication of the degree of denaturation undergone

y attaching proteins, when categorised by the different surface
ypes (i.e. adsorbed vs. covalent attachment, SAM type 1 vs. SAM
ype 2). The degree of denaturation undergone would also be rep-
esented as differences between Km. Fig. 3 displays a comparison of
he Km values to the [mass-normalized] viscosity values obtained
uring QCM-D analysis for these three categories (Part 1).

Fig. 3 displays that strongly linear behaviour is noted between
he surface types when comparing the Km to the mass-normalized
lm viscosities. Linear correlations for 4-point trends for enzyme
lms immobilized onto SAM types 1.1–1.3 and 2.1–3.3 have R2 val-
es >0.94, and the 3-point correlation for the physically adsorbed
nzyme films have R2 > 0.8. The findings of Fig. 3 indicate that the
ecreases in attached laccase film viscosities through the use of

inkers are linked to the decreases of Km values observed at the
ame SAM amendments (Table 2), although the trends observed
re restricted between the basal surfaces as outlined above. This
trongly indicates that the anticipated decrease in enzyme denat-
ration due to linker inclusion is represented, in part, by the
ecreases in film rigidity/viscosity noted for during rheological
omparison of the films immobilized onto the different surfaces.

While the Sauerbrey Mass (MS) (Paper 1 of this series) con-
ains a contribution from trapped/coupled water within the protein
lm, the Voigt Mass (MV) is considered to be a more accurate esti-
ation as it corrects for the viscoelasticity of the film. Increasing

lm softness results in an underestimation of MS; in addition to
hich is acknowledged that the MS imperfectly accounts for film

welling in the solvent [37]. Thus, to a very limited extent, the ratio
f MV compared to MS provides some index of the relative softness
nd degree of film swelling exhibited by the immobilized enzyme
lms. Since both of these factors have contributions arising from
rotein–solvent interaction, MV/MS could therefore be taken as a
rude estimation of the relative degree of solvation of the immobi-
ized proteins, at least, when considering surfaces differing by the
umber of linkers connecting proteins to the gold electrode. Sim-

lar data treatments for estimating the level of film hydration via

he differences occuring between MV and MS have been advanced
n the literature [38].

When comparing the ratio of (MV/MS) to the i/K (sensitivity
eing considered analogous to i/K) values for immobilized laccase
in  this Paper. Cut-off values distinguishing high shear from low shear films was set
>2.5 × 103 N cm2 ng−1 m−3.

films, two  opposing trends are evident – an inverse trend between
(MV/MS) and HQ detection sensitivity for immobilized films
exhibiting low shear modulus (i.e. low rigidity) properties and a
positive trend for those possessing higher shear values, as deter-
obtained from combined kinetic and rheological analysis of the investigated sur-
faces. (A) i/K vs. (MV/MS) Lines drawn here are intended to show the asymptotic
behaviour of the two  separate film structures (rigid and non-rigid protein layers)
to  guide the user. (B) Reciprocal of (i/K) plotted against the reciprocal of (MV/MS).
Arrows depict trends in values which are discussed further in-text.
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as performed for viscosity, Fig. 3), the (MV/MS) ratio and the detec-
ion sensitivities for the surfaces examined.

Fig. 5A displays compasrisons between i/K values and the ratio of
V/MS (here putatively termed “relative film hydration”) obtained

or the surfaces studies, while Fig. 5B displays the reciprocal of i/K
i/K)−1 against the reciprocal of MV/MS i.e. the relative protein levels
resent in films.

Due to the exponential dependence of i/K against the relative
ydration levels (Fig. 5A), the reciprocal of both values were plot-
ed against each other in order to linearise the noted dependences
Fig. 5B). Strongly linear, but opposing trends were noted when
omparing the reciprocal of the i/K value to the relative protein
ontent of the film (Fig. 5B). These two separate trends result from
he two separate behaviours categorised in Figs. 5B and 4. Firstly,

 decrease in relative hydration levels within non-rigidly attached
lms (i.e. an increase in relative protein mass of highly solvated
lms) increases the detection sensitivity, most likely through the

nclusion of more catalytic protein within the film. This correla-
ion occurs for both laccases attached to the electrode surfaces via
hysical adsorption, and for SAMs 1.1–1.3. However, in the case of
igidly attached (i.e. distorted/partially denatured) protein films,
n increase in relative hydration levels also increases the i/K val-
es, through a decrease in the degree of denaturation undergone
y catalytic proteins during the attachment process. In addition
o conformational alterations, increased hydration levels may  also
ndicate the increased degree of accessibility of the substrate to the
mmobilized enzyme film [34].

. Conclusions

It must be noted at this juncture that the scope of this research
as not to design a satisfactory biosensor for its functionality – this

orm of biosensor is primarily fabricated in order to contrast the
perating parameters of the functional biosensor with the salient
heological parameters and the other film properties determined
rom the QCM-D (as displayed in Part I of this two  paper series).
ence, the use of this laccase fulfills the function of a “model”
rotein–film system.

Analysis of the biochemical kinetics of laccase attached to the
arious surfaces investigated indicated that, for both SAM 1-type
nd SAM 2-type surfaces, an increase in linker length lead to a sig-
ificant decrease in the apparent Km values of the enzyme film,
ccompanied by a significant increase of the detection sensitivity
or the detection of HQ substrate. Additionally, a general increase in
max was noted with an increase in linker length (SAMs 2.1–2.3, SAM
.3 compared to SAM 1.1). Values for imax and detection sensitivities
ere found to increase with a decrease in the lateral density of link-

rs (SAMs 1 compared to SAMs 2). Biosensor sensitivities increase
ignificantly with the addition of linkers for all surfaces investi-
ated, most likely due to the significant decreases in Km values
oted with increasing spacer-arm length. Linker-modified vari-
nts of SAM 2 surfaces (i.e. SAMs 2.2, 2.3) shows overall decreased
ensitivities compared to SAM 1 surfaces, probably due to the afore-
entioned multiple attachments occurring between surface and

nzymes [39]. Indeed, HQ detection sensitivity for laccase immo-
ilized onto SAM 1.3 surfaces is nearly 6 times that of SAM 2.1 and
ore than three times that of the physically adsorbed surfaces (Au

nd SAM 1).
Analyses of the combined data extracted from QCM-D and the

mmobilized enzyme kinetics indicate considerations of bound
rotein mass alone are insufficient to predict the final param-

ters of the bound macromolecules and that inclusion of the
heological parameters obtained from QCM-D are necessary in
rder to correlate the enzyme kinetics of laccase films with the
hysical film parameters. Trends observed between QCM-D and

[
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immobilized enzyme kinetic studies indicate that biosensor per-
formance (imax and biosensor sensitivity) is enhanced with those
surfaces that exhibit decreased shear/viscosity (e.g. SAMs 1.1–1.3),
and that increasing rigidity tends to decrease biosensor perfor-
mance, independently of bound Voigt mass.

Protein film viscosity was found to negatively influence the Km

of the resultant laccase-bound surfaces. When viscosity (in the
form of the average viscosity per unit bound mass) was  related
to the Km, a positive correlation was observed between the Km and
mass-normalized viscosity was  found to occur, although this trend
was restricted between surface types and the method of protein
attachment used. Nevertheless, this is an indication that film viscos-
ity, when assessed carefully, can predict the level of denaturation
undergone by the proteins during the attachment phase. The degree
of protein hydration (indicated by the ratio of Voigt-modeled mass
to Sauerbrey mass) was found to correlate to the detection sensi-
tivity. For non-rigid protein films, a decrease in this value (i.e. an
increase in film protein content) trended with an increase in detec-
tion sensitivity, while an increase in the hydration level at very
rigid protein films (SAMs 2.1–2.3) resulted in an increase in detec-
tion sensitivity. The addition of rheological parameters appears to
better nuance the differences arising in bound enzyme kinetics due
to the differences between immobilization strategies and allow for
more in-depth comparisons that determinations of the bound mass
alone cannot show.

While other studies have also linked the film structure of a
monolayer of immobilized protein to its function, QCM-D offers
the opportunity to assess the physical characteristics of that film
in a more direct fashion than some of the other methods (AFM,
STM, Raman–UV–vis-spec, etc.). Integrating both the inferred rhe-
ological properties of the film derived from QCM-D and comparing
them with those determined by electrochemical monitoring of
the immobilized laccase monolayer is a potentially viable tool in
biosensor design.
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