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Abstract
In this work, lipase from Candida rugosa (CRL) was immobilized on self-assembled
monolayers (SAMs) with wettabilities varied from high hydrophilicity to high
hydrophobicity by adsorption in order to clearly elucidate the interfacial activation
character of lipases. The SAMs were made of 11-hydroxyundecane-1-thiol and
1-dodecanethiol. The adsorption behavior was monitored in situ by quartz crystal
microbalance with dissipation (QCM-D) and enzyme binding constants showed a
higher affinity between CRL and more hydrophobic surfaces. Atomic force
microscopy (AFM) and X-ray photoelectron spectroscopy (XPS) were used to
characterize the morphologies of adsorbed lipases. Amide I band attenuated total
reflection/Fourier transformed infrared (ART/FTIR) spectroscopy showed an
increasing fraction of intermolecular β-sheet content on surface with higher
hydrophilicity. Moreover, liquid chromatography (LC) verified the activity of CRL
adsorbed on hydrophobic surface was higher than that on hydrophilic surface. This
work related the enzyme activity to the substrate property, adsorption behavior,
distribution, and morphology of lipases, thus helping to achieve an external control of
both the immobilization process and enzyme utilization.

1. Introduction
Lipases (EC 3.1.3.3, according to the nomenclature of International Union of Pure and
Applied Chemistry) are important enzymes that can catalyze different alcoholysis,
hydrolysis, trans-esterifications, aminolysis and enantiomer resolution reactions under
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benign experimental and environmental conditions, therefore having been widely
applied in the food, pharmaceutical, and detergent industries.1−5 Lipases possess
chemoselectivity, regioselectivity and stereoselectivity; and compared with traditional
chemical catalysts, they are green and thus can meet the requirements of sustainable
development of environment and economy. In the last decade, there were more than
2000 publications appearing per year (data obtained from Web of Science
(SCI-E/SSCI/A&HCI)). One unique characteristic of lipases is interfacial activation,
namely they have only marginal activity toward molecularly dissolved substrates but
display high activity when come across an insoluble substrate or a hydrophobic
support, (i.e. in the presence of an interface of two distinct phases).6−8 The activity
enhancement of lipases by interfaces has greatly fascinated enzymologists and several
mechanisms were proposed to explain it, including a proposal stating a
conformational change of lipase shifting from a “closed” form to an “open” one at the
interface.9−13 Based on this exclusive character of interfacial activation, for a long
time and still up to now, various types of hydrophobic supports have been exploited to
immobilize lipases for high activity and recoverable biocatalyst simultaneously.14−16
However, in contrast to the broad spectrum of lipase immobilization using
hydrophobic supports, only a few studies have provided general conclusions in terms
of structural rearrangements, immobilization kinetics and protein aggregation.17−18
Therefore, a theoretical understanding of how a lipase interacts with a support is a
necessary prerequisite to develop rational design strategies in order to achieve an
external control of both the immobilization process and enzyme utilization, and the
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interfacial activation of lipases cannot be fully understood unless their action on
dissolved substrates is more precisely known.
In this work, we have attempted to draw a comprehensive picture on how lipase
immobilization and their activation process are affected by surface wettability.
Self-assembled monolayers (SAMs) of methyl-terminated and hydroxyl-terminated
alkanethiols were formed on gold chips for the adsorption of lipase from Candida
rugosa (CRL). The immobilization process and the immobilized lipases were
evaluated using complementary techniques – in solution by quartz crystal
microbalance with dissipation (QCM-D), in air by atomic force microscopy (AFM)
and in vacuum by X-ray photoelectron spectroscopy (XPS). Attenuated total
reflection/Fourier transformed infrared (ART/FTIR) spectroscopy was applied to
calculate the secondary structure contents of the immobilized CRL. Moreover, the
immobilization and the catalysis kinetics are clearly presented based on analytical
technologies of liquid chromatography (LC) and theoretical modeling.

2. Experimental
2.1 Materials
Lipase

(from

Candida

rugosa)

powder

(1150

units/mg

solid)

and

11-Hydroxyundecane-1-thiol (HUT) were obtained from Sigma-Aldrich Chemical Co.
(St. Louis, MO, USA) and used as received. 1-dodecanethiol (DDT) was purchased
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China) and used without
further purification. A 50.0 mM phosphate buffer solution with a pH value of 7.0
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(PBS 7.0) was prepared by dissolving 123.7 mg potassium phosphate and 193.7 mg
sodium phosphate dibasic in 100 mL water. The water used was purified by filtration
through an ELGA Lab Water system (France) and showed a resistivity of 18.2
MΩ⋅cm. Lipase solution was prepared by dissolving lipase powder in PBS 7.0. All
other chemicals were of analytical grade and used without further purification.
QCM-D gold sensor chips were commercially available from Q-SENSE (Sweden).
The chips were first cleaned by Pirranha solution (98% H2SO4/30% H2O2 = 7/3, v/v)
at ambient temperature for 5-10 min to remove all dust particles and organic
contaminants and then thoroughly rinsed with ultra-pure water. Finally, the chips
were dried under a steady stream of ultra-pure N2 gas before use.
2.2 Preparation of self-assembled monolayers (SAMs) on QCM-D chips
SAMs with varied wettabilities were fabricated on the surfaces of clean QCM gold
sensor chips. Series of mixed-thiols solutions were blended with different solution
ratio of HUT / tetrahydrofuran (THF, 1 mM) and DDT / THF (1 mM). QCM gold
sensor chips were immersed into them for ~ 20 h at room temperature for SAMs
formation. After that, the chips with different surface composition should be rinsed
for three times with THF solution followed by water to remove any unbound thiol
molecules. Finally, the chips were dried under N2.
2.3 Water contact angle (WCA) measurement
The hydrophilicities of different QCM-D chip surfaces were characterized by WCA
measurement. WCA was determined using a CTS-200 system (Cellcons Controls,
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China) fitted with a drop shape analyzer at room temperature by sessile drop method,
as follows. A water droplet (2.0 µL) was placed on a chip surface from a needle tip,
and images of the droplet were shot. WCAs were calculated from these images with
software. Each reported value was the average of at least five independent
measurements.
2.4 X-ray photoelectron spectroscopy (XPS) measurement
XPS was used to detect elemental composition of the SAM. This experiment was
carried out on a RBD upgraded PHI-5000C ESCA system (Perkin Elmer) with Al Kα
radiation (hν = 1486.6 eV). The base pressure of the analyzer chamber was about
5×10-8 Pa. Both the whole spectra and the narrow spectra of all the elements were
recorded by using RBD 147 interface (RBD Enterprises, USA) through the
AugerScan 3.21 software. Binding energies were calibrated by using the bulk Au 4f7/2
peak at 84.00 eV.
In order to character the CRL immobilized on SAMs, XPS measurements were
performed on an Axis Ultra spectrometer (Kratos Analytical, UK) employing a
hemispherical analyzer for spectroscopy and a spherical mirror analyzer for imaging.
Images were acquired with a monochromated Al Kα source at pass energies of 160
eV for survey spectra and 80 eV for core level spectra. The binding energy was
corrected for static charging of C1s peak at 284.6 eV. The XPS images were acquired
for 200 µm × 200 µm area at a pass energy of 80 eV. The background-corrected
image was obtained by subtraction of the background region image from the image at
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the peak of interest. The data processing was done using Casa XPS (Casa Software
LTD.).
2.5 CRL adsorption behavior on SAMs by quartz crystal microbalance with
dissipation (QCM-D)
CRL immobilization experiments were conducted in real time and in situ using a
Q-SENSE E1 system (Q-SENSE, Sweden). The quartz crystal (AT-cut) with a
fundamental resonance frequency of 5 MHz and a diameter of ~14 mm was mounted
in a fluid cell with one side exposed to the solution. A peristaltic pump was used to
deliver liquids to the channel of the flow cell. First, a stable baseline signal was
established by flowing a 50.0 mM phosphate buffer solution at pH 7.0 (PBS 7.0) at a
rate of 25 µL/min through the sensor. Then, lipase solution was injected into the
channel at the same flow rate. After immobilization process, PBS 7.0 was used to
remove loosely bound enzymes from the chip surface.
The resonator had a mass sensitivity constant (C) of 17.7 ng cm-2 Hz-1. The
addition of a small layer to the electrodes would induce a decrease in resonance
frequency (∆f) which is proportional to the mass change (∆m) of the layer. In vacuum
or air, for a rigidly adsorbed layer which is evenly distributed and much thinner than
the crystal, ∆f is related to ∆m and the overtone number (n = 1, 3, 5…) by the
Sauerbrey equation of ∆m = − C

∆f
. The change in dissipation factor (∆D) is
n

determined based on the fact that the voltage over the crystal decays exponentially as
a damped sinusoidal when the driving power of a piezoelectric oscillator is switched
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off.
In this study, the values reported throughout for ∆f and ∆D were measured at the
third overtone, with the working temperature maintained at 25 °C. Raw data were
analyzed with Origin 7.0 (Origin-Lab, USA) and Q-Tools software (Q-SENSE).
2.6 Atomic force microscopy (AFM) measurements
AFM (Nano IV, Veeco, USA) was used to study the surface morphology of different
CRL-immobilized QCM-D chip surfaces. The AFM observation was performed under
nitrogen protection at room temperature using a TM Lumina atomic force microscope
operated in tapping mode. Oxide sharpened SiN3 cantilevers were used with a quoted
spring constant of 0.04 N m-1. Data were captured at a rate of 10 m s-1 in the z
direction and a scan rate of 4 Hz. All images are shown in the height mode.
2.7 Attenuated total reflection/Fourier transformed infrared (ART/FTIR)
spectral analysis of the immobilized CRL
ART/FTIR spectroscopy was used to quantify the secondary structure content of CRL
adsorbed on SAMs with varied wettabilities. The spectra were collected in the
1000−4000 cm-1 range with a Necolet Nexus470 (Madison, WI). After each
experiment, the exposed surface of the germanium surface with cleaned successively
with deionized water, 1% (w/w) sodium dodecyl sulfate solution, deionized water,
50% (w/w) aqueous ethanol solution and finally dried with air.19
2.8 Evaluating the CRL activity by liquid chromatography (LC)
After CRL immobilization on SAM-modified QCM-D chips, enzyme−catalyzed
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hydrolysis reactions were studied using triacetine (TA) as the model substrate. TA
solution was injected into the channel at a flow rate of 25 µL/min at 25 °C. After
hydrolysis reaction, ultra pure water was used to remove both the hydrolysis product
and the un-reacted TA from the chip surface. Moreover, a blank control was
conducted on SAM-modified QCM-D chips without CRL immobilization.
The hydrolysis reaction was run for 20 min, and the effluent liquid was collected
and analyzed on a ZORBAX SB_C18 (3.5 µm，2.1 × 100 mm) column (the injection
volume was 20 µL for each sample). A V(ultra pure water) : V(acetonitrile) = 70 : 30
mixed solvent was used as the mobile phase at a flow rate of 0.15 mL/min. The
mobile phase was delivered by the Agilent 1100 LC system at 25 °C and monitored at
210 nm using a diode-array detector. The data was acquired by HP ChemStation
software system using an HP KAYAK XA PC computer.
One CRL unit corresponded to the hydrolysis of 1 µmol TA per minute under the
assay conditions. Standard concentration of TA was used to construct a calibration
curve. The specific activity for CRL was defined as the number of CRL units per
milligram of protein. Activity retention value was the ratio of specific activity of
immobilized CRL to that of free one. Each data was the average of at least three
parallel experiments, and the standard deviation was within ca.±5%.

3. Results and discussion
3.1 Surface wettability of SAMs
The self-assembly method presents exciting possibilities for engineering surfaces with
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controllable physicochemical properties. According to Figure 1, a gradual variation of
surface wettability from hydrophilic to hydrophobic character was shown by
modifying the gold surface using the mixtures of methyl- and hydroxyl-terminated
alkanethiols with different relative concentrations in THF. 20−23 The WCA of bare Au
surface was 47.3 ± 0.8°. The homo HUT SAM showed a WCA of lower than 20.0°;
incorporated DDT brought about an increase in WCAs and the sample with the
highest WCA of 105.9 ± 2.7° referred to the homo DDT SAM. These differences in
wettability reflected the success of mixed-thiols SAM processes to the formation of
mixed functional groups modified model surfaces. Subsequently, XPS was applied to
accurately detect the surface composition. Figure S1 was the narrow spectra of
elements O1s and C1s with high resolution for the five differently composited SAMs.
The O1s peak decreased with the increasing molar fraction of DDT (χDDT) in THF
solution, indicating the χDDT of the mixed monolayer on the surface increased with the
increment of χDDT in the solution. For a smooth surface consisting of two components,
its WCA can be calculated according to Cassiee equation (cos θC = f1cos θ1 + f1cos θ2,
where fi is the fraction area of the surface with a contact angle of θi). The calculated
WCAs, as shown in Figure S2, were very close to those measured ones, meaning the
ratio of methyl-terminated group on the surface is nearly same as the DDT ratio in the
mixed-thiols solution. All these results verified that the hydrophobic or hydrophilic
constituent density can be easily controlled by adjusting the corresponding methyl- or
hydroxyl-terminated alkanethiol ratio in the solution.
-- Figure 1 --
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3.2 CRL adsorption behavior
It has been known that protein adsorption usually involves multipoint electrostatic,
hydrophobic, and hydrogen-bonding interactions between protein molecules and
surface. In this work, all the protein adsorption were performed under pH 7.0, thus the
hydroxyl group at the end of HUT will maintain an uncharged state during the protein
adsorption because its pKa is about 13. Moreover, at this pH, CRL becomes negatively
charged due to the deprotonation of carboxylic acid groups, which would weaken
hydrogen-bonding interaction between the protein and the surface. Based on these
facts, the electrostatic and hydrogen-bonding interactions would be largely screened,
and the self-assembling surfaces should be applicable to the study of surface
wettability effect on CRL adsorption in this work. QCM-D was used as a label-free
read-out method to evaluate the adsorption process of CRL (ESI, Figure S3). ∆D is
related to the structure of protein layer on the surface: a rigid and dense protein layer
gives rise to a small dissipation factor, whereas a soft and swollen protein layer leads
to a larger one. Besides, for the protein molecules with a similar structure on the
surface, the larger the amount of adsorbed protein is, the higher the value of ∆D can
be. For each sample in this work, ∆f on all overtones (n = 3, 5, 7, 9) were similar with
small dissipation values less than 6×10-6, so the adsorbed protein mass can be
calculated according to the Sauerbrey equation. ∆f reflected the absorbed lipase mass
and were dependent on the enzyme concentration (ESI, Figure S4). The enzyme
binding (kon) and dissociation (koff) constants can be calculated Equation S1-S3, and
the results are shown in Figure 2. For each SAM on which CRL adsorbed, kon value
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was bigger than koff. Moreover, the ratio of kon to koff reflected the binding constant of
CRL, and this value increased with an increase in SAM hydrophobicity, indicating
CRL is more prone to adsorb on a hydrophobic surface.
-- Figure 2 -Two models were employed to analyze the CRL adsorption dynamics, viz. the
pseudo-first order model in which a protein reversibly interacts with the surface and
binding sites possess homogenous affinities, and the biphasic model which considers
both a stable, tight protein−surface complex and a loose one (ESI, Figure S5,
Equation S4-S11).24−26 The adsorption profile obtained from QCM-D measurements
can be fitted to these two theoretical models. Since it is difficult to detect
experimentally the presence of tightly and loosely bound surface populations in a
biphasic model, a nonlinear regression analysis was undertaken. The protein
concentration was maintained at 0.05 mg/mL during the adsorption process, at this
concentration, the loadings of CRL adsorbed on the SAMs were less than the
maximum loading when CRL array in monolayer. Table 1 summarizes the fitting
parameters. When the support was solely composed of HUT, the CRL adsorption
profile was in closer agreement with the biphasic model (Figure 3(a)), and displayed a
much lower forward rate constant value for tightly bound proteins (k1, 8.80 × 10-3 s-1)
than that for loosely bound protein (k2, 0.181 s-1), revealing the dominance of loosely
bound CRL on this support. In this case, the heterogeneity of the binding points on the
CRL molecule surface to the support causes the deviation from the pseudo-first order
model. Increasing the hydrophobicity of the support caused the k1 value to increase,
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thereby suggesting a stronger interaction between the CRL and the support and also
an increasing amount of tightly bound CRL. On a homo DDT support, the CRL
adsorption profile fitted well with both the pseudo-first order model and the biphasic
model (Figure 3(e)). Moreover, the data analysis for k2 yielded a negative value which
finally reached 0, indicating almost no loosely bound CRL.
We theorize that the primary driving force for CRL adsorption on this support
came from the hydrophobic interactions between the hydrophobic domain of CRL
(the catalytic site) and the support, which formed the tight protein−surface complexes.
-- Figure 3 –
-- Table 1 -Two distinct kinetic processes usually operate during protein adsorption – the
fast binding of the protein molecules onto the support and the subsequent structural
rearrangements or conformational changes within the adsorbed layer.27−29 In the
∆D ― -∆f plot, they were reflected by two different slopes of k4 and k5, respectively

(ESI, Figure S6). The values of k4 and k5 are recorded in Figure 4. The value of k5 was
an indicator of the deformation degree of the immobilized CRL. It decreased with an
increase in χDDT on the surface, indicating an interesting phenomenon that a more
hydrophobic surface helped to maintain the structure of adsorbed CRL. It was also
noted that when the support was composed of 100% DDT, the CRL formed a
monolayer and almost no protein deformation was observed.
-- Figure 4 --

Physical Chemistry Chemical Physics

3.3 Morphology and distribution of immobilized CRL
AFM was used as a complement to the dynamic information of QCM-D to
obtain protein distribution and morphology information. In AFM measurements, the
morphology of the adsorbed protein can be viewed, and the protein layer height can
be got by cross-sectional survey, as was presented in Figure S7. The SAM surfaces
were incompletely covered by CRL clusters, and the surface domain with no
adsorption was the pristine SAM because its roughness value was similar to that of
the pristine SAM. The dimensions of a CRL molecule are 6.5 nm × 9.8 nm × 17.6 nm
from the crystal structure data.30 On a homo DDT surface, the adsorbed CRL form in
clusters of several CRL molecules and the maximum step height between the clusters
and SAM was 8.33 nm (Figure 5). This value was close to the two shorter axes of
CRL, suggesting that the protein cluster did not grow vertical to the substrate but
rather grew along the in-plane direction. The above results can be explained
considering the CRL structural changes as follows. In solution, generally the outer
surface of CRL is hydrophilic to make it dissolve well and the relatively hydrophobic
catalytic site is usually buried inside.31 In the present work, the hydrophobic surface
induces the exposure of the hydrophobic domain of CRL to interact with the support,
which plays an important role as the driving force for CRL adsorption and thus
resulting the regular array of adsorbed CRL. Moreover, the affinity between the
hydrophobic domain of CRL and the hydrophobic surface is larger than the
aggregation forces among the CRL molecules. The decrease in the surface
hydrophobicity led to the formation of larger size of CRL clusters and an increase in
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the step heights, indicating a vertical growth of the adsorbed CRL on the surfaces. In
such cases, the hydrophobic interaction between the surface and CRL was abated and
the van der Waals force of the CRL clusters made the CRL aggregation and piling
possible. Significantly, the AFM results in this work verified the conformational
changes of CRL suggested by immobilization kinetics.
-- Figure 5 -XPS imaging was further applied to observe the adsorbed CRL, and the results
were shown in Figure 7. The scale bar is 50 µm so that we cannot get the distribution
of proteins as clearly as AFM, but it gives some information in a larger dimension.
From this figure we can know that more CRL were adsorbed on surfaces with higher
hydrophobicity. And for the relatively hydrophilic surfaces bearing 0% ~ 50% DDT,
we can clearly see the difference between CRL and the surface, and the brightness of
the N1s signal varied much on one surface, meaning there existed uneven protein
aggregations; while for the hydrophobic surfaces bearing 75% and 100% DDT, the
adsorbed CRL and the N1s signal array relatively regularly.
-- Figure 6 -In order to verify the protein aggregation and corresponding structural
perturbation on surface, ATR/FTIR spectroscopy was used to quantify the secondary
structure content of CRL adsorbed on the five different SAMs. It is known that the
protein structure reference spectra are generated in the amide I (1600−1700 cm-1) and
amide III (1200−1300 cm-1) bands. Amide I band estimates are usually better than
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amide III band estimates, hence, amide I band is used here. A second derivative
analysis to locate peaks due to secondary structural components was adopted.32 Figure
S8 presented the raw spectra for the amide I region, and second derivative of the
spectra was shown in Figure 7(a). The mean peak positions were α-helix (1656 cm-1),
intramolecular β-sheet (1693 and 1633cm-1), unordered and ordered helix (1672, 1648
and 1620 cm-1) and turn structures (1720, 1668, 1630 and 1617 cm-1).33 Notably, the
peaks at 1627 cm-1 and 1622 cm-1 indicated the formation of intermolecular contacts.
According to Figure 7(a), the peak for α-helix (which belonged to the native CRL)
decreased, meanwhile that for intermolecular β-sheet increased when the surface got
more hydrophilic. The calculated intermolecular β-sheet fraction on different surfaces,
obtained from the area under the second derivative peak (~1627−1622 cm-1) was
shown in Figure 7(b). As expected, the extent of protein aggregation increased with
increasing hydrophilicity, also the ATR/FTIR analysis indicated that surfaces that
strongly perturbed the native protein structure also aid in aggregation.
-- Figure 7 -For the first time, to the best of our knowledge, the current research provided a
direct and detailed evaluation of the lipase activation and deformation character
through enzyme immobilization kinetics and structural analysis.
3.4 Activity of immobilized CRL
Subsequently, TA was used as the substrate for analyzing the catalytic kinetics of the
immobilized CRL. Aqueous solutions of TA with concentrations less than 0.3 M were
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prepared so that the TA dissolves completely to form a homogeneous solution and
hydrolysis reaction was studied by both QCM-D and liquid chromatography (LC)
(ESI, Figure S9). According to Figure 8(a), the typical peak for TA was at 13.7 min.
After the CRL-catalytic reaction, the peak area for TA decreased and three new peaks
appeared at 3.5 min, 4.3 min and 5.6 min, which were ascribed to the hydrolytic
products of TA. CRL activity was obtained based from the rate of hydrolysis of TA
(ESI, Figure S10). The liquid chromatograms of TA before and after hydrolysis
reaction showed that more TA was hydrolyzed when CRL was immobilized on
hydrophobic surfaces (ESI, Figure S11). To be more precise, the catalytic kinetics can
be expressed by the Michealis−Menten model and the Michaelis constant (Km) and
the maximum hydrolysis reaction rate (Vmax) were calculated (ESI, Equation
S12),34−35 and the results are presented in Figure 9. Km values for the immobilized
CRL were higher than that for the free one, which was reasonable since the support
increased the mass transfer resistance of the substrate and products.36 Importantly, the
values for Vmax increased significantly with the increment of SAM hydrophobicity.
For example, when CRL was immobilized on 100% DDT support, the Vmax value was
45.14 U/mg, which was 6.5 times higher than that for the 0% DDT support. Moreover,
the specific activities (shown in Figure S12) and activity retention of the immobilized
CRL can be calculated based on the hydrolysis reaction rates. According to Figure
8(b), the activity of CRL immobilized on 0% DDT surface was only 9.8% compared
with the free CRL; whereas, when the DDT percentage was 50%, it increased 5.6
times, and on 100% DDT support, the value was as high as 116.3%. The catalytic
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efficiency concurred with the aforementioned kinetics and morphology measurements
and verified the activation of CRL immobilized on a hydrophobic support.
-- Figure 8 and 9 -One pioneering work done by Reis et al. used three different SAM surfaces for
lipase-catalyzed reactions.37 Surface plasmon resonance was used for the first time to
monitor the enzyme immobilization as well as catalyzing process in situ. They
showed that the hydrophobic surface bound more lipases. Moreover, both the surface
wettablity and the mode of enzyme attachment strongly influence the product
composition. While in our work, the emphasis was put on the aggregation and
structural deformation when lipase were immobilized onto surface, showing that CRL
is more prone to adsorb on a hydrophobic support. And the CRL adsorbed on the
100% DDT surface underwent least structural deformation, and the hydrophobic
surface can induce the activation of CRL.

4. Conclusions
This work systematically studied the effect of surface wettabilities on CRL
immobilization behavior and exhibited the morphology of immobilized CRL in detail.
By tailoring the relative concentrations of methyl- and hydroxyl-terminated
alkanethiols in solution, SAMs with contacting angles gradually varied from 20° to
105.9° was constructed and used for CRL adsorption. CRL is prone to adsorb on a
hydrophobic support with a higher enzyme binding constant / dissociation constant
ratio, and the hydrophobic interaction can induce the exposure of hydrophobic
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catalytic site and lay the protein evenly and regularly, which activate the CRL; while
lipases exist in aggregation and undergo deformation on a hydrophilic support, which
is unfavorable for their activity. On the most hydrophobic surface constructed by pure
DDT, the activity retention of the immobilized CRL was 116.3%, which was higher
than that of the free CRL and was 10.9 time higher than that of the CRL immobilized
on the 0% DDT surface.
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Table 1. Kinetic parameters estimated from non-linear regression fitting.
SAM sample
Pseudo-first order

Biphasic

0% DDT
-3

25% DDT

50% DDT

75% DDT

100% DDT

-2

-2

-2

4.36 × 10-2

k1

8.33 × 10

k-1

R2

2.16 × 10-3
0.981

1.58 × 10-3
0.985

1.56 × 10-3
0.988

9.67 × 10-4
0.991

3.18 × 10-4
0.997

SS

32.4

20.8

18.7

16.8

4.33

8.80 × 10

-3

k2

6.33 × 10
0.181

-3

k-2
k3

k1

1.12× 10

8.75 × 10

-2

1.71 × 10

-3

1.47 × 10

0.257

3.18 × 10

0.316

0.674

2.75 × 10-3

8.73 × 10-2
0

7.84 × 10-2
1.70 × 10-3

1.90 × 10-3
0

4.38 × 10-3
0
0

9.47 × 10-3
0.997

2.56 × 10-3
0.999

0

0

R

5.92 × 10-3
0.998

0.999

0.998

SS

2.11

4.70

3.03

1.51

1.50

k-1

2

1.68 × 10

-3

2.03 × 10

-3
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Figure Captions
Figure 1. Relationship between the water contact angle on the surface and the molar
fraction of 1-dodecanethiol (χDDT) in the THF solution. The inserted images were the
photographs of the water droplets.
Figure 2. The values of enzyme binding constant (kon) and enzyme dissociation
constant (koff) as a function of χDDT on the surface.
Figure 3. Curve-fit of the adsorption profile obtained from QCM-D measurements to
the theoretical models.
Figure 4. Changes of the slopes of the ∆D ― -∆f plots for the first (k4) and second (k5)
kinetic processes as a function of χDDT on the surface (∆D is change in dissipation
factor and ∆f is change in resonance frequency).
Figure 5. Step height and maximum step height between the adsorbed CRL and
original surface of SAM-modified QCM chips.
Figure 6. N1s elemental images (200 µm × 200 µm) of lipase immobilized on surfaces
with increasing χDDT. (a) χDDT: 0%; (b) χDDT: 25%; (c) χDDT: 50%; (d) χDDT: 75%; (e)
χDDT: 100%. The scale bar presents 50 µm.
Figure 7. (a) Superimposed second derivative of ATR/FTIR spectra (all spectra were
normalized from 1700−1600 cm-1) of CRL immobilized on surfaces with varied χDDT
(1~5: χDDT from 0% to 100%); (b) fraction of intermolecular β-sheet of immobilized
CRL obtained form the second derivative peak area (1627−1622 cm-1) versus the
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surface wettability (1~5: χDDT from 0% to 100%).
Figure 8. (a) Typical liquid chromatograms of HAc, TA and TA after lipase−catalytic
reaction; (b) activity retention of CRL immobilized on SAMs with different
wettabilities, the orange dash line refers to the value for free CRL (TA solution
concentration: 0.2 M).
Figure 9. Lineweaver-Burk plots for CRL immobilized on SAMs with different
wettabilities.
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