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ABSTRACT

This article investigates the main aspects of the surface chemistry properties of the lactate oxidase
(LacOx) enzyme monolayer at the air-subphase interface. Surface chemistry study determined the impor-
tant properties like the surface packing and stability of the formed layer, whereas the spectroscopic
experiments provided information regarding its secondary structure conformation of the enzyme. We
have demonstrated that the LacOx in the monolayer form remained active for extended time period. In
accordance to the data obtained from the isotherm it was also found that LacOx forms a stable monolayer
that does not aggregate at the air-subphase interface. The stability of the monolayer at the air-subphase
interface was studied by using compression-decompression cycles which revealed the stability with no
significant evidence of aggregates or irreversible domains. This was further confirmed by UV-vis absorp-
tion and fluorescence measurements. Spectra from circular dichroism (CD) showed that the LB film
retains the characteristic of an a-helix conformation.
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1. Introduction

Enzymes are proteins that act as biological catalysts [1]. They
are responsible for the metabolism of all living organisms [2]. In
the conversion of reactants to products, enzymes increase the rate
of biochemical reactions by lowering the activation energy so that
the biological processes occur at a perceptible rate [3]. Particularly,
the Lactate Oxidase (LacOx) is a Flavin mononucleotide-dependent
alpha hydroxyl acid oxidizing enzyme. It employs Flavin mononu-
cleotide as a cofactor [4]. The enzyme belongs to the family of oxi-
doreductases, specifically those acting on single donors with O, as
oxidant and incorporation of two atoms of oxygen into the sub-
strate (oxygenases) [5]. LacOx enzymes appear in viruses and cel-
lular organisms [6]. The enzyme catalyzes the oxidation of L-lactate
to pyruvate in the presence of dissolved oxygen and forms hydro-
gen peroxide [7]. They are used in biosensors and in vitro tests in
order to detect lactate in the blood [8-9]. They can also be modi-
fied to suppress the tumor [10].

As an example of an important enzyme, its structure, function,
and action mechanism of are well studied [11-12]. However, the
study of the interaction of this important enzyme with different
types of interfaces is a subject with its own importance inside
the area of surface chemistry, especially when it comes to the
development of sensing devices [13-14]. In this context, the Lang-
muir technique may be considered as an effective way for the pro-
duction of monomolecular films at the air-subphase interface with
high control over its structure and composition [15-18]. The Lang-
muir monolayer technique provides the understanding of the sur-
face chemistry behavior of this important enzyme in a model
systems representing vaguely cell membrane environments, to
prove the activity of the deposited enzyme in a form of the mono-
layer for a possible microfluidics device development, and to prove
existence of catalytic activity and stability of monolayer for
biosensing applications [19]. Moreover, important information
about the surface packing, phase transitions, dipole orientation
and stability of molecular layers can also be obtained from this
technique [20].

To the best of our knowledge the surface chemistry properties
of LacOx enzyme has never been reported. In this work, we
explored the surface chemistry properties and activity of LacOx
monolayer on NaCl subphase. Further, we exploited the Langmuir
monolayer film technique to assimilate basic interfacial properties
and to scrutinize its behavior at the air-subphase interface at dif-
ferent surface pressures that happen to different states, ranging
from the gaseous phase to the liquid compressed phase. We
employed classical surface pressure experiments in order to access
LacOx surface packing and compressibility. Investigations over the
stability and surface dipole orientation of LacOx enzyme molecules
were accessed via compression-decompression cycles, stability
curves, surface pressure and surface potential experiments. Apart
from this, we also employed in situ UV-vis, in situ fluorescence, cir-
cular dichroism (CD) to reveal the important information about the
LacOx floating monolayers, secondary structure and homogeneity.
To determine the change in the secondary structure of enzyme,
Langmuir Blodgett (LB) film was analyzed ex situ using circular
dichroism.

2. Experimental section
2.1. Materials

Lactate Oxidase from Aerococcus viridans (LacOXx) was obtained
from Sigma Aldrich with molecular weight 80 kDa as informed

by the fabricant. The aqueous solution utilized in all experiments
was obtained from Millipore Direct-Q 3 (type 1) purifying system
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(resistivity 18.2 MQ.cm), a surface tension of 72.1 mN m™}, at
pH = 6.0 at 20.0 £ 0.5 °C. NaCl (0.5 mol L~') subphase was prepared
using molecular biology grade > 99.5%, purchased from MP
Biomedicals, LLC.

2.2. Equipment

All experiments were performed in a class 1,000 clean room at
20.0 °C and humidity (about 50%) maintained constantly. A Kibron
p-trough (Kibron Inc.) with area of 124.5 cm? was used for the
studies of surface pressure-area (m-A) isotherms, surface
potential-area (AV-A) isotherms, compression-decompression
cycles and stability. A Kelvin probe consisting of a capacitor-like
system was used to measure the surface potential at air-
subphase interface. The vibrating plate was adjusted around
1 mm above the surface of Langmuir monolayer to measure the
surface potential. Monolayer compression was carried out at a bar-
rier speed of 10 mm min~! and the experiment was conducted
with a Wilhelmy plate method, provided by Kibron. A KSV mini-
trough (KSV Instrument Ltd., Helsinki, Finland) having an area of
225 cm? was used for the in situ experiments (UV-vis and Fluores-
cence) in the air-subphase interface. The in situ UV-vis absorption
spectra of the LacOX monolayer was taken with an equipment
model 8452 A HP spectrometer fixed on a rail closed to the KSV
mini-trough whereas in situ fluorescence spectra were obtained
using Horiba Jobin Yvon Fluorolog connected with KSV mini-
trough via optical fiber.

Circular dichroism (CD) spectra were obtained using a JASCO J-
810 spectropolarimeter. For enzyme aqueous solution, the spec-
trum was obtained at 1.0 mg mL~! using a 1 cm optical path length
quartz cell. Langmuir-Blodgett (LB) technique was used to transfer
LacOx monolayer onto quartz slide. LB film was analyzed ex-situ
using circular dichroism spectrophotometer.

LacOx aqueous solution at 4.12 x 107% mol L ~! was character-
ized by UV-vis absorption using a Cary 100 UV-vis spectropho-
tometer, Agilent Technologies. Luminescent emission spectrum of
enzyme aqueous medium at 2.10 x 10~° mol L' was measured
by a Horiba Jobin Yvon Fluorolog using an excitation and emission
bandwidth both at 5 cm.

2.3. Langmuir monolayer

The LacOx solution was prepared in ultrapure water at the con-
centration of 4.12 x 10 mol L~'. Monolayers were spread onto
NaCl 0.5 mol L' subphases. After 15 min time for equilibrium
the Langmuir monolayer was compressed at the rate of 100 A?
molecule ! min~!. These experiments were repeated at least three
times to ensure reproducibility. Stability tests were performed for
the Langmuir films at 6, 12 and 19 mN m~! while the time evolu-
tion of the area per molecule was recorded. Successive cycles of
compression-decompression (three cycles) of the Langmuir films
were carried out with reproducibility.

2.4. Langmuir Blodgett (LB) film preparation

8 -Layers LB films were produced by transferring the enzyme
monolayer at air-subphase interface onto quartz slide for CD anal-
ysis. Langmuir monolayer isotherm was compressed until the pres-
sure reached 12 mN m~! and this pressure was kept constant. The
typical dipping speed was 5 mm min~!, with 30 min elapsing time
between the first and the second layer and 5 min for the subse-
quent layers when the substrate was out of the NaCl aqueous sub-
phase. The transfer ratio (TR: area of the quartz slide to the area of
the film transferred) was about 1.0.
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3. Result and discussion
3.1. Surface pressure and surface Potential-Area isotherm

The Langmuir monolayer behavior of the aqueous LacOx
(4.12 x 107 mol L) on the surface of 0.5 mol L~! NaCl was inves-
tigated. LacOx enzyme is water soluble, therefore, to induce its
adsorption onto the surface, subphase of salt is necessary. Fig. 1a
shows the surface pressure and surface potential-area isotherms
of pure enzyme. In this figure, the area per molecule at the con-
densed phase, extrapolated to zero surface pressure from the
high-pressure part of the curve, is approx. 650 A2 molecule™! for
the LacOx monolayer. This result was compared with X-ray diffrac-
tion study of LacOx enzyme by Umena et al [12]. The study depicts
the lattice parameters (unit cell) a=b =192.6 A and c = 200.3 A of
LacOx enzyme. Crystallography study can show the structure of
enzyme and how enzyme molecules pack together in a crystal
structure but the geometrical detail of the enzyme such as interac-
tions among the enzyme and subphase cannot be described by the
method. In the Langmuir monolayer of the enzyme, the whole
enzyme structure may not be accounted while determining its sur-
face area as some portion of the enzyme may be inside the sub-
phase (hydrophilic part) and some portion of enzyme may be
projecting above the subphase (hydrophobic part). The mean
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molecular area of LacOx (650 A2 molecule™') that we have
obtained actually accounts the area of the enzyme at the air-
subphase interface.

When compression of the Langmuir monolayer starts, the sur-
face potential-area increases due to the charges present on the
enzyme. The surface potential increases until 200 mV in the liquid
condensed phase (approx. 475 A2 molecule™') under the vibrating
electrode. After liquid condensed phase, the enzyme molecules are
packed tightly such that it behaves as a solid phase. At this value,
due to short distance between molecules some of dipole-dipole
interaction get canceled out which ultimately results in a steady
value in the surface potential. Fig. 1B shows a schematic represen-
tation of the LacOx monolayer isotherm technique and Fig. 1C
shows an image of the biologic unit of the LacOx.

Fig. 2 shows the adsorption kinetics for the LacOx. We found
that most of the enzyme adsorption occurs in the first 1300 s, with
a maximum surface pressure at 8 mN.m™ . In this figure, it is also
possible to observe that the enzyme is surface active.

3.2. Compression-Decompression cycles
Following the adsorption profile in Fig. 2, further surface chem-

istry experiments were performed within a 15 min lag time after
spreading for LacOx adsorption equilibrium. Firstly, stability tests
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Fig. 1. A) Surface pressure (black) and surface potential (blue) isotherms for the LacOx (4.12 x 10~® mol L™") Langmuir monolayer at air-subphase (NaCl 0.5 M; pH 6.0). B)
Schematic representation of the LacOx Langmuir monolayer isotherm technique. C) Image of the biologic unit of the Lactate oxidase [21]. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

175



M. Ferreira, S.K. Sharma, S. Paudyal et al.

E s

Z

E

O 61

-

-}

(7))

n

O 44

o

®

8 2-

©

>

n
O T T T T
0 1500 3000 4500 6000 7500

Time (s)

Fig. 2. Lactate Oxidase (LacOx) adsorption kinetics at air-subphase (NaCl 0.5 M; pH
6.0) for a 3000 mm? surface area.

(results not shown) were performed for the LacOx Langmuir mono-
layer films. The surface pressure was kept at 6, 12 and 19 mN m ™!
while the time evolution of the area per molecule was recorded,
respectively. In the gaseous phase, for 6 mN m~!, for a period of
80 min, the area per molecule decreased 20%. This large reduction
of the area per molecule is due to the conformation variation in the
gaseous phase. In the same time period for 12 and 19 mN m ', in
liquid and solid phase respectively, the variation is about 3%. This
shows that there is a slight conformation change of the enzyme on
the subphase at these surface pressure during 80 min.

Fig. 3 exhibits the successive cycles of compression-
decompression of the Langmuir films carried out at 6, 12 and
19 mN m~'. From this figure, it was found that change in the hys-
teresis was almost 4.5%. At lower surface pressure (6 mN m™!), the
change of conformation of the enzyme is similar to 12 and 19 mN
m~ L. After 3 cycles the film reached stability, with the pressure-
area isotherms being the same in consecutive runs. This result
demonstrates that the loss of enzyme due to solubilization in
water is negligible because we don’t have a large change in the
hysteresis after three cycles of compression-decompression.

3.3. In situ UV-VIS spectrum of Langmuir monolayer

Fig. 4A shows the UV-vis absorption spectra for LacOx in aque-
ous solution 4.12 x 107® mol L~'. The absorbance peak at 280 nm
is a characteristic band of the tryptophan group present in the
enzyme [22]. The broad peak in Fig. 4B at 230 nm is referred to
n — m* transition of the peptide bonds present in the enzyme
[23,24]. Further experiments were performed to study the in situ
UV-vis spectra of the Langmuir monolayer compressed at different
surface pressure as shown in Fig. 4B. The absorbance spectra at the
monolayer of the enzyme show two bands at 207 nm and 230 nm
which is attributed to 1 — ©* and n — ©* transitions, respectively.
The inset of the Fig. 4B, shows the absorbances values at wave-
length, A = 230 nm versus surface pressures. A linear relationship
suggests that during the compression the number of molecules
per unit area increased as the surface pressure was increased. This
observation gives a strong evidence that the Langmuir monolayer
of the LacOx enzyme presents a good homogeneity at the air-
subphase interface.

3.4. In situ fluorescence spetrum of Langmuir monolayer

From in situ UV—vis spectroscopy, we observed the homogene-
ity and the stability of the LacOx Langmuir monolayer. To confirm
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Fig. 3. Compression-decompression cycles of the Langmuir monolayer at air-
subphase (NaCl 0.5 M; pH 6.0), maintained at the surface pressure of (A) 6; (B) 12
and (C) 19 mN m™ .

this observation, we performed in situ fluorescence spectroscopy of
the Langmuir monolayer as shown in Fig. 5. Similar to the UV-vis
observation, we obtained a linear relationship by plotting intensity
at 360 nm versus surface pressure. This finding ruled out the
hypothesis of loss of the enzyme in the subphase during the forma-
tion of the Langmuir monolayer. Furthermore, this observation sig-
nifies a homogeneous increase in the surface concentration of
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tryptophan groups upon compression. Although there are low
number of tryptophan residues presented by the film, the high flu-
orescence quantum yield of the tryptophan amino acid seemed to
play a critical role in its interfacial detection. Although there was
no absorbance band for tryptophan residues in in situ UV-vis spec-
troscopy, the in situ fluorescence of the interfacial film presented
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Fig. 5. In situ fluorescence spectrum of the Lactate Oxidase (LacOx) Langmuir
monolayer at different surface pressures.
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Fig. 6. Circular dichroism spectra of the Lactate Oxidase (LacOx) in solution (black
curve) and 16 layers LB film (red curve) onto quartz substrate deposited at 12 mN
m~". (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

emission bands for the amino acid at 360 nm when excited at
280 nm. This band is due to tryptophan chromophores present in
the enzyme [25].

3.5. Circular dicroism

Since we were interested to know the change in secondary
structure of the LacOx enzyme at the air-subphase interface, we
conducted the circular dichroism (CD) experiment. As it was not
possible to directly measure the CD spectra at the air-subphase
interface with our equipment, the Langmuir monolayer of LacOx
was transferred to a solid quartz support via Langmuir-Blodgett
(LB) technique. The LB technique is crucial in the transfer of the
Langmuir monolayer film at a given surface pressure via immer-
sion and withdrawal of a solid support into or from the aqueous
subphase. Fig. 6 shows the CD spectra of LacOx solution (black
curve) and Langmuir Blodgett (LB) films (red curve) transferred
at 12 mN.m™! surface pressure. Both the spectra exhibited two
minima at around 208 and 219 nm, which is a characteristic of
an o-helix conformation. For the solution, a positive band at
190 nm is characteristic of an a-helix conformation [26]. The CD
spectrum of LB film shows that the structure of enzyme is pre-
served. The negative bands are attributed to 1 - n* and n —» ©*
transitions, respectively at 208 and 219 nm [27]. The change in
the CD spectrum of LB films compared to the solution may be asso-
ciated to the scattering of circularly polarized light due to the
refractive index of quartz slide.

The results show that the secondary structure has been con-
served in the Langmuir- Blodgett (LB) films. This confirms the sta-
bility of the LB films to be used in the biosensing devices.

4. Conclusion

We demonstrated the use of Langmuir monolayer technique to
form stable monolayer of the LacOx at air-aqueous salt subphase.
Since the enzyme is soluble in water, and salting out effect plays
a major role, the presence of NaCl in the subphase is essential to
form stable monolayer. This was confirmed by the compression-
decompression cycles when observed mainly in the condensed liq-
uid phase at 19 mN m™!. The in situ UV-vis and fluorescence spec-
tra of the monolayer compressed at different surface pressure
showed a linear relationship during the compression suggesting
that the Langmuir monolayer presented a good homogeneity.
Spectra from CD showed that the LB film keep the characteristic
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of an a-helix conformation. In general, we believe that the present
work may support the understanding on the generation and char-
acterization of enzymes forming Langmuir monolayers and
Langmuir-Blodgett films in biosensing. For example, this work
may be important in the development of LacOx immobilized elec-
trodes for the detection of Lactic acid as nanostructured biosensors.

5. Author contribution statement

The conceptulization of the work was brought by M. Ferreira, S.
K. Sharma. and R. M. Leblanc. Data curation was performed by M.
Ferreira, S. K. Sharma and S. Paudyal. Formal analysis and funding
acquisition was done by R. M. Leblanc. Investigation and method-
ology development was accomplished by R. M. Leblanc, M. Ferreira
and S. K. Sharma. R. M. Leblanc executed the project administra-
tion, provided resources and supervised the work. Data validation
and visualization was carried out by S. K. Sharma and R. M. Leblanc.
M. Ferreira, S. K. Sharma, and S. Paudyal used the software for data
anaylsis. M. Ferreira and S. K. Sharma wrote the original draft. Revi-
sion and editing was perfomed by R. M. Leblanc. All authors dis-
cussed the results and contributed to the final manuscript.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

This work was supported by NSF grant # GR-1809060 as well as
CBET 2041413 EAGER (Dr. Leblanc’s Lab) and the Federal Univer-
sity of Sdo Paulo for Dr. Ferreira’s accommodation at University
of Miami.

References

[1] L. Kucherenko, O. Soldatkin, D.Y. Kucherenko, O. Soldatkina, S.V. Dzyadevych,
Advances in nanomaterial application in enzyme-based electrochemical
biosensors: a review, Nanoscale Adv. 1 (2019) 4560-4577.

[2] ASS. Krall, HR. Christofk, Cell cycle: division enzyme regulates metabolism,
Nature 546 (2017) 357-358.

[3] F. Mashhadi, A. Habibi, K. Varmira, Determination of activation energy and

ping-pong kinetic model constants of enzyme-catalyzed self-epoxidation of

free fatty acids using micro-reactor, Catalysis Lett. 148 (2018) 3236-3247.

K. Dagar, C. Pundir, An improved amperometric L-lactate biosensor based on

covalent immobilization of microbial lactate oxidase onto carboxylated

multiwalled carbon nanotubes/copper nanoparticles/polyaniline modified

pencil graphite electrode, Enzyme Microb. Technol. 96 (2017) 177-186.

D.P. Hickey, R.C. Reid, R.D. Milton, S.D. Minteer, A self-powered amperometric

lactate biosensor based on lactate oxidase immobilized in dimethylferrocene-

modified LPEI, Biosensors Bioelectron. 77 (2016) 26-31.

B. Sheng, ]. Xu, Y. Ge, S. Zhang, D. Wang, C. Gao, C. Ma, P. Xu, Enzymatic

resolution by ad-Lactate oxidase catalyzed reaction for (S)-2-

hydroxycarboxylic acids, ChemCatChem. 8 (2016) 2630-2633.

[4

[5

6

178

Journal of Colloid and Interface Science 589 (2021) 173-178

[7] LJ. Currano, F.C. Sage, M. Hagedon, L. Hamilton, J. Patrone, K. Gerasopoulos,
Wearable sensor system for detection of lactate in sweat, Sci. Rep. 8 (2018) 1-
11.

[8] I. Kucherenko, Y.V. Topolnikova, O. Soldatkin, Advances in the biosensors for
lactate and pyruvate detection for medical applications: A review, TrAC Trends
Anal. Chem. 110 (2019) 160-172.

[9] K. Rathee, V. Dhull, R. Dhull, S. Singh, Biosensors based on electrochemical

lactate detection: a comprehensive review, Biochem. Biophys. Rep. 5 (2016)

35-54.

X. Zhou, W. Zhao, M. Wang, S. Zhang, Y. Li, W. Hu, L. Ren, S. Luo, Z. Chen, Dual-

modal therapeutic role of the lactate oxidase-embedded hierarchical porous

zeolitic imidazolate framework as a nanocatalyst for effective tumor

suppression, ACS Appl. Mater. Interfaces 12 (2020) 32278-32288.

T. Stoisser, M. Brunsteiner, D.K. Wilson, B. Nidetzky, Conformational flexibility

related to enzyme activity: evidence for a dynamic active-site gatekeeper

function of Tyr 215 in Aerococcus viridans lactate oxidase, Sci. Rep. 6 (2016)

27892-27897.

Y. Umena, K. Yorita, T. Matsuoka, A. Kita, K. Fukui, Y. Morimoto, The crystal

structure of L-lactate oxidase from Aerococcus viridans at 2.1 A resolution

reveals the mechanism of strict substrate recognition, Biochem. Biophys. Res.

Commun. 350 (2006) 249-256.

D.P. Myers, LK. Jackson, V.G. Ipe, G.E. Murphy, M.A. Phillips, Long-range

interactions in the dimer interface of ornithine decarboxylase are important

for enzyme function, Biochem. 40 (2001) 13230-13236.

[14] E.T. Araujo, L.O. Peres, LJ.L. Caseli, Conjugated polymers blended with lipids
and galactosidase as Langmuir-Blodgett films to control the biosensing
properties of nanostructured surfaces, Langmuir 35 (2019) 7294-7303.

[15] S.K. Sharma, S. Li, M. Micic, ]. Orbulescu, D. Weissbart, H. Nakahara, O. Shibata,
R.M. Leblanc, B-Galactosidase Langmuir monolayer at air/x-gal subphase
interface, J. Phys. Chem. B 120 (2016) 12279-12286.

[16] S.K. Sharma, S. Poudel Sharma, D. Miller, J.-M.A. Parel, R.M. Leblanc, Interfacial
behavior of fumonisin B1 toxin and its degradation on the membrane,
Langmuir 35 (2019) 2814-2820.

[17] K. Ariga, T. Mori, ]. Li, Langmuir nanoarchitectonics from basic to frontier,
Langmuir 35 (2018) 3585-3599.

[18] KJ.L. Ariga, Don't forget Langmuir-Blodgett films 2020: Interfacial
nanoarchitectonics with molecules, materials, and living objects, Langmuir
26 (2020) 7158-7180.

[19] R.L.C.G. da Silva, S.K. Sharma, S. Paudyal, KJ. Mintz, L. Caseli, R.M. Leblanc,
Surface chemistry and spectroscopic studies of the native phenylalanine
dehydrogenase Langmuir monolayer at the air/aqueous NaCl interface, ].
Colloid Interface Sci. 560 (2020) 458-466.

[20] J.J. Giner-Casares, G. Brezesinski, H. Méhwald, Langmuir monolayers as unique
physical models, Curr. Opin. Colloid Interface Sci. 19 (2014) 176-182.

[21] L. Leiros, E. Wang, T. Rasmussen, E. Oksanen, H. Repo, S.B. Petersen, P.
Heikinheimo, E. Hough, The 2.1 A structure of Aerococcus viridans L-lactate
oxidase (LOX), Struc. Biol. Crystal. Commun. 62 (2006) 1185-1190.

[22] M. Herger, P. van Roye, D.K. Romney, S. Brinkmann-Chen, A.R. Buller, F.H.
Arnold, Synthesis of B-branched tryptophan analogues using an engineered
subunit of tryptophan synthase, J. Am. Chem. Soc. 138 (2016) 8388-8391.

[23] S. Paudyal, S.K. Sharma, R.L. da Silva, KJ. Mintz, P.Y. Liyanage, A.O. Al-Youbi, A.
S. Bashammakh, M.S. El-Shahawi, R.M. Leblanc, Tyrosinase enzyme langmuir
monolayer: surface chemistry and spectroscopic study, J. Colloid Interface Sci.
564 (2020) 254-263.

[24] K. Maeda-Yorita, K. Aki, H. Sagai, H. Misaki, V. Massey, I-Lactate oxidase and 1-
lactate monooxygenase: mechanistic variations on a common structural
theme, Biochimie 77 (1995) 631-642.

[25] H. Cunha-Silva, F. Pires, A. Dias-Cabral, M.. Arcos-Martinez, Inhibited
enzymatic reaction of crosslinked lactate oxidase through a pH-dependent
mechanism, Colloids Surfaces B: Biointerfaces 184 (2019) 110490-110496.

[26] V.F. Curto, S. Scheuermann, R.M. Owens, V. Ranganathan, D.R. MacFarlane, F.

Benito-Lopez, D. Diamond, Probing the specific ion effects of biocompatible

hydrated choline ionic liquids on lactate oxidase biofunctionality in sensor

applications, Phys. Chem. Chem. Phys. 16 (2014) 1841-1849.

S. Anwar, M. Ovais, N. Hassan, S. Aslam, Detection of enzyme-triggered peptide

self-assembly via laser confocal Raman microscopy and circular dichroism

spectroscopy in cellular environment, J. Raman Spectr. 51 (2020) 941-951.

[10]

[11]

[12]

[13]

[27]


http://refhub.elsevier.com/S0021-9797(20)31797-5/h0005
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0005
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0005
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0010
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0010
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0015
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0015
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0015
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0020
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0020
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0020
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0020
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0025
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0025
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0025
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0030
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0030
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0030
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0035
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0035
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0035
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0040
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0040
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0040
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0045
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0045
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0045
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0050
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0050
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0050
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0050
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0055
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0055
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0055
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0055
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0060
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0060
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0060
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0060
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0065
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0065
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0065
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0070
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0070
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0070
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0075
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0075
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0075
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0080
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0080
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0080
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0085
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0085
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0090
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0090
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0090
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0095
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0095
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0095
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0095
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0100
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0100
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0105
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0105
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0105
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0110
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0110
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0110
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0115
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0115
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0115
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0115
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0120
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0120
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0120
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0125
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0125
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0125
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0130
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0130
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0130
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0130
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0135
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0135
http://refhub.elsevier.com/S0021-9797(20)31797-5/h0135

	Interfacial behavior of Lactate Oxidase at Air-Subphase interface
	1 Introduction
	2 Experimental section
	2.1 Materials
	2.2 Equipment
	2.3 Langmuir monolayer
	2.4 Langmuir Blodgett (LB) film preparation

	3 Result and discussion
	3.1 Surface pressure and surface Potential-Area isotherm
	3.2 Compression-Decompression cycles
	3.3 In situ UV–VIS spectrum of Langmuir monolayer
	3.4 In situ fluorescence spetrum of Langmuir monolayer
	3.5 Circular dicroism

	4 Conclusion
	5 Author contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


