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Abstract: The immobilization of the enzyme tyrosinase (Tyr) in lipid matrices can be 
explored to produce biosensors for detecting polyphenols, which is relevant for the 
food industry. Herein, we shall demonstrate the importance of the lipid composition 
to immobilize the enzyme tyrosinase in Langmuir-Blodgett (LB) fi lms. Tyr could be 
incorporated into Langmuir monolayers of arachidic acid (AA), 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-glycero-3-phospho-(1’-rac-glycerol) 
(sodium salt) (DPPG), having as the main effect an expansion in the monolayers. Results 
from polarization-modulated infrared refl ection-absorption spectroscopy (PM-IRRAS) 
pointed to electrostatic interactions between the charged residues of Try and the lipid 
headgroups, in addition to changes in the order of lipid chains. The interaction between 
Tyr and DPPC in Langmuir monolayers can be correlated with the superior performance 
of DPPC/Tyr LB fi lms used as biosensors to detect catechol by cyclic voltammetry. The 
molecular-level interactions assessed via PM-IRRAS are therefore believed to drive an 
immobilization process for Tyr in the lipid LB matrix and may serve as a general criterion 
to identify matrices that preserve enzyme activity. 
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INTRODUCTION

The incorporation of enzymes in solid films 
using casting, spin-coating, electrodeposition 
and methods providing organized molecular 
architectures, e.g., Langmuir-Blodgett (LB) 
(Blodgett 1935) and layer-by-layer (LbL) (Decher 
et al. 1992), is useful for various applications, 
including biosensing (Crespilho et al. 2006, 
Leontidis 2016, Moriizumi 1988). Of particular 
relevance is the LB immobilization of proteins in 
lipid matrices (Carralero Sanz et al. 2005, Vidal et 
al. 2006), which offer a suitable environment for 
the proteins to retain their activity (Caseli 2018). 
A key advantage in this methodology is the 
control of varied parameters such as pH, lipid 
composition, subphase composition, transfer 

speed, numbers of layers, and ultimately 
control of the molecular architecture. This 
versatility comes with a price as the successful 
immobilization depends on a suitable choice 
of such parameters, especially the lipids that 
are most effective for immobilizing a given 
protein. The initial settings to be optimized 
are those related to the spreading of insoluble 
amphiphiles at the air/water interface to form 
Langmuir monolayers, which allow for protein 
incorporation. Relevant to this purpose are the 
molecular-level interactions between the protein 
and the fi lm-forming lipids, normally probed 
with a combination of thermodynamics and 
spectroscopy techniques. Protein incorporation, 
for instance, may expand the lipid monolayer 
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with shifts in the surface pressure isotherms 
(Peng et al. 2017), and affect the organization 
of the tails which is apparent in the stretching 
bands of alkylene chains (Boisselier et al. 2017) 
measured with polarization-modulated infrared 
reflection absorption spectroscopy (PM-IRRAS) 
(Blaudez et al. 1993). On the other hand, 
obtaining such molecular-level information is 
useful not only for determining conditions for 
protein immobilization but also to correlate 
the physiological action of the protein since 
the Langmuir monolayer serves as a simplified 
model of a cell membrane (Rosilio 2018). 

The enzyme tyrosinase (Tyr) has been 
incorporated in LB matrices and then used as 
phenol biosensors in standard solutions of 
the atrazine and diuron herbicides (Vedrine 
2003), bisphenol-A (Yin et al. 2010)(Wu et al. 
2012), hydrazine (Wang et al. 1995), dichlorvos 
pesticide (Vidal et al. 2006), and dopamine 
(Tembe et al. 2008). Phenols could also be 
detected in more complex samples such as wine 
samples (Carralero Sanz et al. 2005, Gomes et al. 
2004) and wastewaters (Campuzano et al. 2003). 
Polyphenols are important to their antioxidant 
capacity with the ability to interact with free 
radicals, originating from more stable species 
(Tsao 2010). Their organoleptic characteristics 
(Apetrei et al. 2011) are relevant in food 
products, beverages, salts, natural or artificial 
oils (Balasundram et al. 2006), being partially 
responsible for the quality and stability of several 
natural products (Lu et al. 2000). Polyphenols 
can also be used in the prevention of cancer 
and treatment of degenerative diseases, such 
as cardiovascular diseases, anemia, pulmonary 
diseases, cataracts, immune system decline, and 
brain dysfunctions (Apetrei et al. 2011, Manach 
et al. 2005).

In  th is  s tudy,  we exploi ted the 
possibility of immobilizing Tyr in LB films 
made with distinct lipids (arachidic acid, 

1,2-dipalmitoyl-sn-glycero-3-phospho-1’-
rac-glycerol, and 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine) from those tried in the 
literature (Alessio et al. 2010, Pavinatto et al. 2011) 
to assess the importance of lipid composition. 
This assessment was carried out by investigating 
the molecular-level interactions in Langmuir 
monolayers and in the performance of a 
biosensor containing Tyr in the lipid matrix in LB 
films to detect catechol by cyclic voltammetry.

MATERIALS AND METHODS
Reagents
Arachidic acid (AA, 312,53 g mol-1), 1,2-dipalmitoyl-
sn-glycero-3-phospho-(1’-rac-glycerol) (DPPG, 
744.95 g mol-1) and 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC, 734,08 g mol-1) were 
purchased from Avanti Polar Lipids, while 
tyrosinase (Tyr, from mushroom, activity of 5370 
U mg-1) was purchased from Sigma-Aldrich. 
Phosphate buffered saline (PBS) solution was 
prepared using NaH2PO4 (119.98 g mol-1) and 
Na2HPO4.2H2O (117,98 g mol-1) from Sigma-Aldrich. 
NaCl (Sigma Aldrich, 58.44 g  mol-1) was used 
as a supporting electrolyte in electrochemical 
measurements. To Langmuir films experients, 
the lipid solutions were prepared in chloroform 
(Sigma-Aldrich), and PBS prepared with ultrapure 
water (resistivity of 18.2 MΩ cm). All chemical 
reagents were used without further purification. 

Langmuir and Langmuir–Blodgett (LB) films
Monolayers of AA, DPPG, and DPPC were formed 
in a KSV 2000 Langmuir trough (KSV Instruments, 
Finland) equipped with a Wilhelmy plate to 
measure surface pressure. An aliquot of 50 µL of 
lipid solution at 0.5 mg mL-1 was spread on the 
PBS (0.1 mol L-1, pH 7.0) subphase, also containing 
NaCl (0.1 mol L-1). Tyr incorporation was carried 
out by injection of 50 µL of Tyr (1.74  mg mL-

1) solution into the PBS subphase, before the 
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barrier compression. The kinetics study was 
performed under the same conditions described 
above but without the lipid monolayer. All the π-A 
isotherms from lipids, lipids/Tyr, and containing 
Tyr in the subphase, were obtained 15 min after 
spreading (solvent evaporation) at 23ºC with 
symmetrical compression at 15 mm min-1. The 
measurements were carried out in triplicate to 
ensure reproducibility. Polarization-modulation 
infrared reflection-absorption spectroscopy 
(PM-IRRAS) measurements from the Langmuir 
films were performed using a KSV PMI 550 
instrument (KSV Instruments Ltd., Helsinki- 
Finland), with the monolayers previously 
compressed at 30 mN m-1.  The LB lipid films with 
and without Tyr incorporation were deposited 
onto transparent indium tin oxide substrates 
(ITO) at a surface pressure of 30 mN m-1, starting 
from a submerged position and moving upwards 
in alternating depositions, lifting the substrate 
through the air-water interface. They were 
then placed in a 2% glutaraldehyde solution 
for 25 min. The dipper speed was varied from 2 
mm.min-1 to 0.1 mm.min-1 to optimize monolayer 
transfer. LB lipid films were deposited from 1 to a 
maximum of 5 layers. At the 5th layer, the transfer 
ratio (RT) decreases to almost zero. Before LB 
film deposition, ITO substrates were treated in 
a 70°C solution of H2O: H2O2: NH4OH in a ratio of 
6:1:1 (v/v/v) for 15 min. Then, the substrates were 
sonicated in isopropyl alcohol and the water 
for 10 min each. The films were stored in PBS 
solution at ca. 8ºC. 

Electrochemical measurements 
Langmuir-Blodgett films of lipids and lipids/
Tyr deposited on ITO substrates were evaluated 
using electrochemical measurements with a 
potentiostat/galvanostat µ Autolab, type III, in 
a typical three-electrode cell: ITO substrates 
covered with LB films were used as working 
electrodes, Ag/AgCl as a reference electrode, and 

Pt wire as a counter electrode. The measurements 
were carried out using 0.01 mol L-1 PBS buffer 
solution with 0.01 mol L-1 NaCl as supporting 
electrolyte in the presence or absence of 120 
μmol L-1 catechol (Sigma Aldrich, 110,11 g mol-

1). The effect of the number of LB layers was 
evaluated on Tyr/DPPC LB films containing one, 
three, and five layers. The lipid matrix effect was 
also investigated using films containing three LB 
layers of Tyr/DPPC, Tyr/DPPG, and Tyr/AA.

RESULTS AND DISCUSSION
Adsorption kinetics at the air/water interface
Adsorption of Tyr onto a PBS subphase was 
inferred by monitoring the surface pressure, as 
shown in Figure 1a. Surface pressure increased to 
ca. 7.5 mN m-1 within 15 min after injection of Tyr, 
and stabilized at ca. 6.5 mN m-1. This degree of 
adsorption is higher than observed by Pavinatto 
et al. 2011 when Tyr diluted in the subphase was 
incorporated in a matrix of AA:LuPc2 monolayer, 
where the pressure reached only 1.7 mN m-1. The 
differences can be ascribed mainly to the ionic 
force of the subphase (0.28 mol L-1 in this work vs. 
0.12 mol L-1 in Pavinatto et al. 2011). The position 
and angle of the microsyringe on the subphase 
to spread the enzyme and concentration (1.71 
mg mL-1 in this work vs. 1.68 mg mL-1 in Pavinatto 
et al. 2011) may also be a factor, but less 
significant. A Gibbs monolayer could be formed 
by compressing the PBS subphase containing 
Tyr, as shown by the increase in surface pressure 
in Figure 1b. Adsorption of Tyr at the air/water 
subphase was favored by the salting-out effect, 
as the high NaCl concentration in the subphase 
caused a decrease in Tyr solubility (Campuzano 
et al. 2003). No phase transition or collapse 
is noted upon compression, as in most Gibbs 
monolayers. The x-axis in Figure 1b is given in 
the percentage of compression area because the 
number of Tyr molecules at the interface cannot 
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be estimated owing to this partial solubility. 
Attempts to transfer the Gibbs Tyr monolayer 
onto solid substrates failed, as it happened to 
other monolayers of partially soluble proteins 
and compounds (Sołoducho et al. 2009, Vidal et 
al. 2006, Wang et al. 2009). 

The π-A isotherms for AA, DPPC, and DPPG 
monolayers on PBS subphases in Figure 2 
are similar to those on ultrapure water, with 
extrapolated areas to zero pressure being 22 
Å2, 53 Å2, and 55 Å2, respectively, close to the 
reported values in the literature (Gidalevitz et 
al. 2003, Hoenig et al. 1991, Klopfer et al. 1996). 
Upon incorporation of Tyr (1.74 mg mL-1) in the 
subphase, there was a small increase in these 
areas to 26 Å2, 60 Å2, and 64 Å2, for AA, DPPC, 
and DPPG, respectively. The most significant 
effect from Tyr was observed at larger areas 
per molecule, especially for AA. As Figure 2a 
shows, the surface pressure started to raise at 
much larger areas per molecule with Tyr in the 
subphase, which has also increased the collapse 
pressure, as a result of the distinct molecular 
structuring at the air/water interface (Scholl 
et al. 2015). Tyr is inferred to be incorporated 

into the lipid monolayer, with penetration in the 
hydrophobic tail region, as will be confirmed 
with PM-IRRAS results later on. At pH 7.0, the 
AA molecules are mostly deprotonated (Pezron 
et al. 1990), and Tyr is above its isoelectronic 
point (4.8), and therefore the negative charges 
can increase repulsion between AA and Tyr. 
The main effect from Tyr on DPPC and DPPG 
isotherms is seen in the liquid-expanded to 
liquid-condensed (LE/LC) phase transition, with 
a shift to larger areas that may indicate Tyr 
penetration (Hendrickson et al. 1983). Also worth 
noting is that the Tyr effect is almost the same 
for DPPC and DPPG, despite the latter being 
negatively charged. It seems that electrostatic 
interaction between the charged groups in Tyr 
and the phosphate or the choline in DPPC is 
sufficient for generating an effect that does not 
differ much from that on DPPG. At pressures 
above 30 mN m-1, the isotherms in Figures 2b and 
2c coincide with those for neat DPPC and DPPG 
monolayers on PBS subphases, thus pointing to 
Tyr molecules being expelled from the region 
of lipids head, possibly forming a sub-surface 
(Caseli et al. 2012). At 30 mN m-1, corresponding 

Figure 1. The kinetics of adsorption of 1.74 mg mL-1 Tyr injected into the PBS subphase (a). π-A isotherms recorded 
for pure Tyr at 1.74 mg mL-1 on the PBS subphase (b). The x-axis is given in percentage of compression since the 
amount of Tyr at the interface is unknown.
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to the lipid packing of a biomembrane (Marsh 
1996), some Tyr molecules remain in all the lipid 
matrices. Thus, this pressure was used in further 
experiments. Medina-Plaza et al. 2014 studied 
the incorporation of Tyr in mixed monolayers 
of DPPC:LuPc2 transferred to solid films and 
verified with AFM measurements that adsorption 
of Ty occurs between the monolayers, similarly 
to the location of transmembrane proteins in 
the cell membrane (Medina-Plaza et al. 2014). 
One may hypothesize that a similar structuring 
takes place for Tyr adsorbed on the monolayers 
studied here. 

The PM-IRRAS bands expected for the AA 
headgroups are seen in Figure 3a at 1253 cm-1 (O-H 
bending, δOH), 1469 cm-1 (CH2, δCH2), and at 1726 
and 1753 cm-1 assigned to the hydrated and non-
hydrated carbonyl bands (νC=O), respectively 
(Calvez et al. 2001). The incorporation of Tyr did 
not shift these bands to any significant extent, 
but other important changes were observed. 
The downward, broadband assigned to water 
between ~1550 and 1700 cm-1 is considerably 
decreased, indicating fewer water molecules 
around AA owing to Tyr molecules in the 
headgroup region. The well-known bands for 

Figure 2. π-A isotherms for Langmuir monolayers of AA (a), DPPG (b), and DPPC (c) at the air/water interface for 
PBS subphase in absence and presence of Tyr (1.74 mg mL-1). 
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DPPG and DPPC monolayers are observed in 
Figures 3b and 3c, respectively (Ceridório et al. 
2016, Geraldo et al. 2013, Maximino et al. 2019). 
These include the phosphate bands (νC-O-PO2, 
νsPO2, νasPO2, and monohydrated PO2), bending 
of CH2 (δCH2), and non-hydrated carbonyl 
stretching (νC=O), which are present in both 
lipids. For DPPC, there are also the symmetric 
and antisymmetric stretching vibrations of 
choline group (νs(CN+(CH3)3)) at 935 cm-1 and νas 

((CN+(CH3)3)) at 972 cm-1, and the stretching of C-N 
bonds (νC-N) at 1178 cm-1. Upon incorporating 

Tyr, the spectrum for DPPG was modified, 
particularly in the phosphate bands. The νC-O-
PO2 band at 1062 cm-1 shifted to 1057 cm-1, the 
symmetric and antisymmetric stretching bands 
shifted from 1107 and 1210 cm-1 to 1091 and 1231 
cm-1, respectively. The monohydrated PO2 band 
at 1248 cm-1 shifted to 1253 cm-1 (Pavinatto et al. 
2016). Therefore, Tyr interacted mostly with the 
negatively charged phosphate group from DPPG, 
probably via one of its positively charged lateral 
groups. In DPPC, the phosphate bands were not 
as affected by Tyr like in the case of DPPG, which 

Figure 3. PM-IRRAS spectra at room temperature (~23 °C) and 30 mN/m for neat monolayers and Tyr-containing 
monolayers on the buffer subphase (1.74 mg mL-1) of AA (a), DPPG (b) and DPPC (c).
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should be expected owing to the zwitterionic 
group in DPPC headgroups. In contrast, there 
were significant changes in other headgroup 
bands: the choline symmetric band shifted 
from 935 cm-1 to 924 cm-1, and the non-hydrated 
carbonyl band shifted from 1732 cm-1 to 1744 cm-1. 

Figure 4a shows the PM-IRRAS spectra 
in 2800 to 3000 cm-1 region, corresponding 
to the alkyl chains. The CH2 symmetric and 
antisymmetric stretching bands were observed 
for all monolayers. There was no significant shift 
in these bands when Tyr was incorporated into 
the subphase, but the ratio between intensities 
of the symmetric and antisymmetric stretching 
bands was altered, which may be taken as a 
change in the ordering of the alkyl changes 
(Goto et al. 2014). Indeed, an increase in this ratio 
points to disordering in the chains (Ceridório et 

al. 2016, Levin et al. 1985), while more ordered 
chains are expected from a decrease in the ratio 
(Geraldo et al. 2013). As indicated in Figure 4b, Tyr 
induced disordering in AA chains but ordering 
in DPPG and DPPC chains. This disordering on 
AA may be the reason why the band at ca. 2950 
cm-1 assigned to CH3 antisymmetric stretching 
had its intensity decreased considerably with 
Tyr incorporation.

Overall, Tyr appears to interact more strongly 
with the headgroups of the lipid monolayers, 
with considerable effects on the phosphate 
groups of DPPG. For DPPC there was a smaller 
effect on the phosphate, but choline and C=O 
groups were also affected. We may assume 
that such interactions involved electrostatic 
attraction between the charged residues of Tyr 
and the charged moieties in the headgroups. 

Figure 4. (a) PM-IRRAS spectra for AA, DPPG, and DPPC in the absence and presence of Tyr in buffer subphase at 
room temperature (23 °C) and the surface pressure of 30 mN/m. (b) Bar graph of the ratio between the relative 
intensities of the symmetric and antisymmetric stretching bands from CH2 for each subphase.
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Still, we were not able to determine which groups 
in Tyr took part. In subsidiary experiments, we 
measured the PM-IRRAS spectrum of a Tyr Gibbs 
monolayer (Figure S1 - Supplementary Material), 
which featured several bands that did not 
appear in the spectra of the Tyr-containing lipid 
monolayers. To transfer Tyr onto LB films, the 
results from the surface pressure isotherms and 
PM-IRRAS spectra indicate increasing suitability 
according to the order AA < DPPG < DPPC. This 
inference is based on the stronger ordering 
effect for the DPPC chains and the possible 
anchoring onto phosphate, choline, and C=O 
groups, while for DPPG, such anchoring would 
be limited to the phosphate groups. 

Electrochemical properties towards catechol 
reduction
Lipids and phospholipids are suitable matrices 
for enzyme immobilization as they form 
structures with a high degree of packing, which 
may preserve the enzyme activity (Apetrei 
et al. 2012).  LB films from lipid matrices are 
therefore used to achieve organized layers with 
oriented biological recognition sites. Langmuir 
films of lipids and lipids/Tyr were deposited 
as LB films on the ITO surface at 30 mN/m for 
electrochemical evaluation. Several parameters 
can be adjusted to optimize performance, the 
most important of which is the number of layers 
and the LB film composition. As for the number 
of layers, we used the most promising lipid 

Figure 5. Cyclic 
voltammograms of 
AA, DPPG, and DPPC 
LB films (a); AA/Tyr, 
DPPG/Tyr, and DPPC/
Tyr LB films (b), in the 
presence of 1.00x10-4 
mol L-1 of catechol. 
v = 25 mV s-1. The 
analytical curve for 
the sensor made with 
DPPC/Tyr LB film to 
detect catechol from 
10-5 mol L-1 to 4x10-4 
mol L-1. Inset: Cyclic 
voltammograms with 
successive additions 
of catechol (c).
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(DPPC) and varied the number from 1 to 5. We 
found the strongest electroactive response with 
3 layers. The voltammograms for these DPPC 
and Tyr/DPPC LB films are shown in Figure S2 
in the Supplementary Material. Hence, 3-layer 
LB films made with Tyr/DPPG and Tyr/AA were 
also exposed to a catechol solution. Cyclic 
voltammograms of AA, DPPG, and DPPC with 
and without Tyr are shown in Figure 5. Higher 
currents were measured for DPPC and DPPC/
Tyr LB films than for the other lipids under 
similar conditions. The latter confirms DPPC as 
the most suitable lipid matrix to produce LB 
films to exploit Tyr activity. Besides being able 
to immobilize Tyr, the LB film containing DPPC 
also exhibited lower electrical resistivity. Thus, 
the subsequent studies were performed using 
DPPC/Tyr LB films. Table I lists the potentials 
and currents in the CVs.DPPC/Tyr films were 
used for obtaining the analytical curve, which 
provides quantitative information such as the 
limit of detection, the limit of quantification, 
and the range of detection. Figure 5c shows 
the analytical curve for the film in a buffer for 
catechol concentrations between 10-5 mol L-1 and 
4x10-4 mol L-1. From the linear increase in cathodic 
and anode peak current with concentration, a 
calibration curve was obtained for the cathodic 
peak with Ipa -Ipc = 3.2134x10-7 + 0.01789 [catechol]. 
A limit of detection (LOD) of 7.59x10-6 mol L-1 and 
limit of quantification (LOQ) of 2.56x10-5 mol L-1 
were calculated according to the criterion 3xSD 

/ slope of the straight line, where SD is the 
standard deviation of the measurements in the 
supporting electrolyte without catechol (blank). 
This LOD value is higher than those reported in 
the literature (see Table II). However, the sensor 
is still useful for cases of high concentration of 
polyphenols, especially in food samples where 
concentrations may be in the range of mg kg-1 

(Manach et al. 2004). The reason why the sensing 
performance towards catechol for the DPPC/
Tyr LB film is inferior to previous similar works 
in the literature may be related to the electron 
mediator employed in ref (Apetrei et al. 2011, 
Medina-Plaza et al. 2014, Pavinatto et al. 2011). 

CONCLUSIONS

The enzyme Tyr can be incorporated into 
Langmuir monolayers of the three lipids used, 
namely AA, DPPG, and DPPC, with the main effect 
of expanding the surface pressure isotherms. 
From the PM-IRRAS data, we could infer that Tyr 
interaction is stronger with DPPC, especially via 
the positively charged group in the zwitterionic 
headgroup (choline). Also, changes were also 
noted in the phosphate groups, C=O vibrations, 
and in the order of hydrophobic chains. This 
stronger interaction made the DPPC LB film 
a more suitable matrix to immobilize Tyr and 
produce a sensor to detect catechol. Indeed, 
cyclic voltammetry results pointed to higher 
currents for DPPC/Tyr LB films than for those 

Table I. Potentials of oxidation and reduction of catechol.

Modified Electrode Epa / V Epc / V

ITO bare Na. -0.21

DPPC 0.51 -0.22

DPPC/Tyr 0.51 -0.20

AA/Tyr 0.51 -0.29

DPPG/Tyr 0.51 -0.24
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with the other lipids. Our results demonstrate 
the importance of the lipid composition in the 
immobilization of enzymes, which is driven by 
molecular-level interactions with the lipid matrix. 
The combination of surface pressure isotherms 
and PM-IRRAS provides precise information of 
these interactions, and this may be extended 
to other biomolecules to be immobilized in LB 
matrices. 
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