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This study investigates the main aspects of the surface behavior of the native phenylalanine dehydroge-
nase (PheDH) enzyme at the air/aqueous interface employing a saline subphase to induce the enzyme
surface activity. Surface chemistry experiments were performed in order to determine the surface pack-
ing and stability of the formed layer, while spectroscopic experiments provided information regarding its
secondary structure conformation. It was found that the PheDH enzyme forms a fluid film, which is quite
homogeneous throughout its entire compression, being stable for long periods of time with no significant
evidence of aggregates or irreversible domains during interfacial compression/decompression processes.
The main secondary structures of the interfacial PheDH film were accessed via in situ reflectance-
absorbance infrared spectroscopy, indicating a majority presence of a-helices, which were maintained
after the film transfer to solid muscovite supports. The immobilized films presented a homogeneous
and regular deposition, with controlled roughness and a mean thickness in the range of 8–10 nm.
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1. Introduction

Enzymes are biomolecules responsible for the metabolism of all
living organisms. They increase the rate of biochemical reactions
by lowering the activation energy in the conversion of reactants
to products so that most biological processes happen at a percep-
tible rate. Particularly, the phenylalanine dehydrogenase enzyme
(EC 1.4.1.20; PheDH) belongs to the oxidoreductase class of
enzymes and is responsible for the reversible oxidative deamina-
tion of L-phenylalanine (L-phe) to phenylpyruvate in the presence
of nicotinamide adenine dinucleotide in its oxidized form (NAD+)
as an electron acceptor [1]. There are different types of PheDH
within a long range of structures and molecular weights. PheDHs
from Sporosarcina [1–2], Bacillus [2] and Microbacterium [3] are
octameric enzymes, while PheDHs from Rhodococcus sp [4], R.
Maris [5] and Nocardia [6] are tetrameric, dimeric and monomeric,
respectively. The molecular weight of PheDH ranges from 42,000
(the monomeric Nocardia enzyme) to 331,480 (the octameric B.
Sphaericus enzyme) and the optimum pH of the reversible oxida-
tive deamination of L-phe ranges from 10.4 to 11.3 [2].

In addition to different structures and molecular weights, the
class of the PheDH enzymes also presents differences in terms of
substrate specificity and kinetic properties. While the PheDH
enzymes from B. badius and S. ureae show a narrow substrate
specificity for the L-phe oxidative deamination, the class of
PheDHs from B. Sphaericus presents good affinity towards the
oxidation of L-tyrosine and its keto analog. Moreover, PheDHs
from other microorganisms may even present higher specificity
for the reductive amination of phenylpyruvate [7]. For this rea-
son enzymes from B. badius, S. ureae and its mutants expressed
by E. coli are extensively studied in the micro-determination of
L-phe [8–16]. This is an important component related to
phenylketonuria disease (PKU), a genetic disorder characterized
by L-phe conversion to phenylpyruvic acid, which is an
important neurotoxic component related to impaired neurophys-
iological functioning and reduced cognitive development in
infants [17].

The interaction of biomolecules with different types of inter-
faces is a subject with its own importance inside the area of surface
chemistry, especially when it comes to the development of organo
electronic devices [18–22]. The research field of enzyme films has
grown considerably in the past few years due to the catalytical
power of this class of biocompounds, which allows the buildup
of smart surfaces capable of tracing chemical compounds at very
low limits of detection and quantification [20,23,24]. However,
the production of enzymatic molecular structures is not trivial
and requires detailed knowledge of the structure, composition
and stability of the system under study.

In this context, the Langmuir technique may be considered an
effective way for the production of monomolecular films at the
air/aqueous interface with high control over its structure and com-
position [25]. Important information about the surface packing,
phase transitions, dipole orientation and stability of molecular lay-
ers can be obtained from classic experiments by monitoring varia-
tions in the surface pressure and surface potential isothermally.
Also, spectroscopic techniques specially designed for adsorbed
molecular films can also be employed in order to obtain detailed
information about the film structure [26,27]. The infrared reflec-
tion–absorption spectroscopy (IRRAS), for instance, might be high-
lighted as one of the most widely used techniques to access the
orientation of adsorbed surface molecules by using a p-polarized
infrared beam sensible to the orientation of dipole moments at
the interface [28]. Other important spectroscopic techniques also
include the use of in situ UV–vis absorbance and fluorescence emis-
sion in the investigation of film homogeneity and circular dichro-
ism (CD) spectra in the studies of secondary structures of
Langmuir monolayers transferred to solid supports.

To the best of our knowledge the PheDH enzyme has never had
its surface activity reported at the air-aqueous interface. Therefore,
classical surface pressure experiments were employed in order to
access PheDH surface packing and compressibility. Investigations
over the stability and surface dipole orientation of PheDH mole-
cules were accessed via compression-decompression cycles, stabil-
ity curves, surface pressure and surface potential experiments.
Finally, in situ spectroscopic techniques (IRRAS, UV–vis and Fluo-
rescence) provided important information about the PheDH float-
ing monolayers secondary structure and homogeneity. The
structure and morphology of the enzyme layers transferred to solid
supports were accompanied via circular dichroism and atomic
force microscopy.
2. Materials and methods

2.1. Chemicals

Phenylalanine dehydrogenase from Sporosarcina sp. was
obtained from Sigma-Aldrich in a high purity lyophilized powder
form (� 6 units mg�1) and dissolved in ultrapure water with a
resistivity of 18.2 MO cm, surface tension of 72.1 mNm�1 and a
pH of 6.0 ± 0.5 at 20.0� 1 �C. The NaCl subphase was prepared with
a molecular biology grade NaCl from MP Biomedicals, LLC.

2.2. Equipment

Every experiment was conducted in a clean room (class 1000) in
which the temperature (20.0 ± 1 �C) and the humidity (50% ± 1)
were maintained constant. Surface chemistry data (p-A and DV
isotherms, compression-decompression cycles, adsorption and sta-
bility curves) were obtained in a Kibron m-trough (Kibron Inc., Hel-
sinki, Finland) with a 124.5 cm2 surface area. In situ spectroscopic
experiments (UV–vis and Fluorescence) were performed in a KSV
mini-trough (KSV Instruments Ltd., Helsinki, Finland) with a
225 cm2 surface area.

2.3. Langmuir monolayer preparations

PheDH enzyme solutions were prepared in pure water (pH
6.0 ± 0.5) at a concentration of 0.42 mM (0.13 mg mL�1) and spread
uniformly at the interface of a 0.1 M sodium chloride subphase
with a 100 mL syringe (Hamilton Co., Reno, Nevada). The enzyme
volume of 30 mL was spread for the surface chemistry and spectro-
scopic experiments, with an equilibrium time of 10–20 min before
every measurement and a compression rate of 7000 A2 -
molecule�1 min�1. The experiments were repeated to assure reli-
able reproducibility.

2.4. UV–vis spectroscopy

The in-situ UV–vis absorption spectra of the PheDH monolayers
were taken with the help of an 8452A HP spectrometer fixed on a
rail close to the KSV trough (KSV Instruments Ltd., Helsinki,
Finland).

2.5. Fluorescence spectroscopy

The in-situ fluorescence spectra of the PheDH monolayers were
measured with the help of an optical fiber detector on the top of
the KSV trough, which was coupled to a Spex Fluorolog fluorespec-
trometer (Horiba, Jovin Yvon, Edison, NJ). The optical fiber used in



Fig. 1. Surface pressure-Area isotherms for different NaCl concentrations in the
subphase (pH 6.0 � 0.5; Temperature 20.0 � 1.

Fig. 2. PheDH adsorption kinetics at the air-NaCl subphase (0.1 M; pH 6.0 �0.5) for
a 3000 mm2 surface area. Inset presents the p-polarized Reflectance-Absorbance
Infrared spectra in different times for the PheDH monolayer at 0 mNm�1.

Fig. 3. Surface pressure and surface potential isotherms for the PheDH enzyme
(0.13 mg mL�1) the air- NaCl subphase (0.1 M; pH 6 � 0.5). Inset shows the
compressibility modulus for the enzyme throughout its compression.
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the experiments has an area of 0.25 cm2 and rested approximately
1 mm above the surface of the subphase.

2.6. Infrared spectroscopy

A Bruker Equinox 55 FTIR (Billerica, MA) equipped with the XA-
511 accessory for the air-water interface was used to obtain the
infrared spectra of the PheDH monolayer. The measurements were
carried out using a p-polarized light and a mercury-cadmium-
telluride (MCT) liquid-nitrogen-cooled detector. Each spectrum
was acquired by the coaddition of 2048 scans at a resolution of
8 cm�1 and a beam incidence angle of 60�.

2.7. Langmuir-Blodgett films preparation

The transfer of preformed PheDH monolayers to solid supports
(quartz slides and muscovite) was carried out by raising the slides
up from the NaCl aqueous subphase to the air phase at a
2 mmmin�1.

2.8. Circular dichroism

Circular Dichroism spectra were obtained for the PheDH
enzyme dissolved in water and for the Langmuir-Blodgett film of
a single layer transferred to the surface of a quartz solid support
with a JASCO J-810 spectropolarimeter.

2.9. AFM images

Images for the PheDH Langmuir-Blodgett films were obtained
in tapping mode using an Agilent Technologies microscope model
5420 using a tip with a thickness of 5.0 lm, length of 225 lm and
force constant 20 N m�1. The parameters employed were a reso-
nance frequency of 110 kHz, a scan rate of 1.0 Hz and a scan area
of 10 � 10 mm. The transferred PheDH films were rinsed with
deionized water and dried before AFM measurements.

3. Results and discussion

3.1. Surface pressure and surface potential-area isotherms

The interfacial behavior of PheDH Langmuir monolayer was
studied spreading 30 mL of a 0.42 mM PheDH solution on the sub-
phase of a 0.1 M NaCl solution. Different concentrations of NaCl
(0.05, 0.1, 0.2, 0.3 and 0.5 M) were tested for the aqueous subphase
in order to check the salting out effect on the number of PheDH
molecules adsorbed at the air-aqueous interface. As presented in
Fig. 1, the difference in the lift-off area from the 0.05 M to the
0.1 M NaCl solution (83,407 and 89,229 A2 molecule�1, respec-
tively) indicates an increasing in the number of molecules at the
air-aqueous interface when the salt concentration is doubled. No
substantial increase in the lift-off area was observed for the 0.2
and 0.3 M isotherms, which indicates no substantial changes in
PheDH adsorption. Concentrations of 0.5 M (or superior) produced
films with an increased lift-off area, however, the compression pro-
file of the film (and its compressibility) remained the same. On the
basis of salt effect on the surface-pressure area isotherms, an ionic
concentration of 0.1 M NaCl in the subphase was selected for all
further surface chemistry experiments.

It is also worth mentioning that the PheDH enzyme presented
surface activity when deionized water was used as subphase, but
the obtained surface pressure-area isotherms were not repro-
ducible, indicating instability due to dynamic processes of
desorption-adsorption or other molecular rearrangements at the
air-water interface.
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According to Fig. 2, most of the enzyme adsorption at the inter-
face occurred in the first 1200 s, with a maximum surface pressure
of 30 mNm�1. The inset graph shows the enzyme adsorption via
reflectance-absorbance infrared spectroscopy (IRRAS) by monitor-
ing the arising of Amide I and Amide II bands (1650 and 1540 cm�1,
respectively), attributed respectively to the C@O stretching vibra-
tion and to the NAH bending coupled with CAN stretching vibra-
tions of the peptide-backbone [24]. Following the adsorption
profile - further surface chemistry experiments were performed
within a 20 min lag time after spreading for PheDH adsorption
equilibrium to be attained.
Table 1
In plane elasticity values for different bidimensional phases.

Cs
�1 values (mNm�1) Monolayer Phase

0–12.5 Gaseous
12.5–50 Liquid-expanded
50–100 Liquid
100–250 Liquid-condensed
> 250 Condensed (solid)
0 or < 1 Collapse

Fig. 4. Compression-decompression cycles for PheDH monolayer at different surface
Temperature 20.0 � 1).
The surface pressure and surface potential isotherms obtained
for the PheDH monolayer are shown in Fig. 3. From the surface
pressure-Area profile (black curve), one can say that for surface
areas superior than 90,000 A2 molecule�1, the monolayer is in its
gaseous phase and the interaction between neighbor PheDH mole-
cules might be considered negligible. As the area available per
molecule is decreased (by the compression of the surface film) a
progressive increase in the surface pressure could be observed,
meaning that PheDH molecules start to interact and new bidimen-
sional phases can be accessed by the surface film. The system
reaches surface pressures as high as 40 mNm�1 with a minimum
cross-sectional area of 86,500 � 1402 A2 molecule�1.

The inset graph in Fig. 3 shows the compressibility modulus
(Cs

�1 = -Að@p
@AÞT) of the PheDH monolayer obtained from its surface

pressure-area (p-A) isotherm along its compression. The com-
pressibility modulus – also called in-plane elasticity, or bidimen-
sional elasticity – is a rheological parameter related to the
resistance of certain material to be compressed in the static regime,
and it is directly proportional to the compaction of a Langmuir
monolayer. From the value of Cs

�1, the phase transitions encoun-
tered for a given state of the monolayer [29] can be identified, as
shown in Table 1.
pressures: (a) 13 mNm�1; (b) 20 mNm�1 and (c) 40 mNm�1 (pH 6.0 � 0.5;



Fig. 6. P-polarized IRRAS spectra for the PheDH monolayer at the surface pressures
of 0 mNm�1 (black curve), 10 mNm�1 (red curce) and 20 mNm�1 (blue curve) at
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Once the observed Cs
�1 values for the surface film were never

higher than 50 mNm�1 one can say that, right after its gaseous
phase, the PheDH monolayer reaches its liquid-expanded phase,
which lasts throughout the entire compress process. Low Cs

�1 val-
ues are generally associated to low surface compaction and low
rigidity, meaning that the PheDH enzyme forms a fluid interfacial
film with low viscoelasticity.

Changes in the dipole moments of the PheDH monolayer were
accessed simultaneously with the surface pressure measurement
using the surface potential-area technique (blue curve Fig. 3). As
observed, the initial surface potential measured at the air/0.1 M
NaCl interface is negative (�24 mV) and is related to the presence
of the Stern layer [30,31] promptly formed by the adsorption of Na+

ions from the bulk to the slightly negative charged PheDH film.
As the film is compressed and new bidimensional phases

become available the dipole moments associated to the PheDH
molecules start to reorient at the interface, overcoming the nega-
tive contribution of the Stern layer and leading to an overall
increase in the surface potential. The PheDH surface film reaches
a maximum surface potential of 88 mV when the film reaches its
higher compressibility and the dipole moments are close packed
aligned at the interface.
pH 6.0 � 0.5; Temperature 20.0 � 1. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
3.2. Compression-decompression cycles and stability

Important information about the reversibility and stability of a
Langmuir monolayer can be accessed via compression and decom-
Fig. 5. Stability measurements of the PheDH Langmuir Monolayer at the surface-Pressur
6.0 � 0.5; Temperature 20.0 � 1).
pression experiments. If the compression profile observed for a
certain monolayer is in close coincidence with the one observed
during the decompression, it is said that the monolayer has a good
es of (a) 10 mNm�1; (b) 20 mNm�1 and (c) 30 mNm�1 in 0, 1 M NaCl subphase (pH
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reversibility with little material loss to the subphase or formation
of kinetic irreversible domains. Three compression-decompression
cycles were examined for the stability of the PheDH monolayer at
the surface pressures of 13, 20 and 40 mNm�1, as presented in
Fig. 4a–c, respectively. For the compression-decompression cycle
performed at a low surface pressure (Fig. 4a) it is noted that the
PheDH monolayer presents a good reversibility from cycle to cycle
with a minimal loss of enzyme molecules to the subphase. The loss
of material to the subphase was shortly higher for the intermediary
pressure of 20 mNm�1. When the cycles are performed at higher
surface pressures the hysteresis increases, which means that the
material loss to the subphase becomes apparent.

The stability of PheDH monolayer was also accessed monitoring
its mean molecular area variation over a certain period of time for
different surface pressures, as presented in Fig. 5. Over 15 h, the
approximate mean molecular area change was about 5.12% for
the 10 mNm�1 monolayer, 22.1% for the 20 mNm�1 and 28.7%
for the 30 mNm�1 indicating a decrease in film stability with the
increase in pressure which might be mostly related to dissolution
of PheDH molecules into the subphase or conformational changes.

3.3. Infrared reflectance-absorbance spectroscopy

Since its development in the mid-19800s [26,32] the infrared
reflectance-absorbance spectroscopy (IRRAS) has been widely used
Fig. 7. In situ UV–vis absorption spectra for the PheDH monolayer (a). Absorbance
signal versus Surface Pressure plot (b) for the PheDH monolayer between 0 and
35 mNm�1 (pH 6.0 � 0.5; Temperature 20.0 � 1). The inset in Fig. 7a shows the UV–
vis spectra for a 0.13 mg mL�1 PheDH solution.
in the study of the conformation and orientation of lipids and bio-
molecules at the air-aqueous interface [33–35]. In this technique, a
p-polarized infrared beam (perpendicular to the interface)
impinges onto the surface at a well-defined and controlled angle
of incidence interacting with oriented dipoles present on the water
surface. The reflected light is detected at an angle equal to the
angle of incidence and converted to a reflection-absorption signal
(RA). The RA signal is defined as -log10 (R/R0) where R is the reflec-
tivity of the surface covered by an interfacial layer and R0 is the
reflectivity of the pure aqueous subphase.

The plot of RA versus wavenumber is called IRRAS spectra and
contains important information about the conformation and struc-
ture of adsorbed layers. Conformational changes and the secondary
structure of adsorbed biomolecules, like proteins and enzymes, can
be accessed by the analysis of the amide bands (Amides I and II).
Fig. 6 shows the IRRAS spectra for the PheDH monolayer at a 60-
degree angle of incidence. Generally, a-helix structures exhibit
amide I (C@O stretching of the peptide bond) and Amide II (NAH
bending and CAN stretching of the peptide bond) absorptions in
the range of 1650 to 1660 cm�1 and 1540 to 1550 cm�1,
respectively while b-sheet structures exhibit similar absorption
bands at the regions of 1620 to 1630 cm�1 and 1520 to
1535 cm�1 [36–37].
Fig. 8. In-situ Fluorescence spectra for the PheDH monolayer (a). Normalized
emission signal versus Surface Pressure plot (b) for the PheDHmonolayer between 5
and 35 mNm�1 (pH 6.0 � 0.5; Temperature 20.0 � 1).



Fig. 9. Circular dichroism spectra in the far UV region for transferred PheDH
monolayer at 35 mNm�1 (blue curve) and for the enzyme dissolved in deionized
water at two different concentrations (black and red curves). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 2
Calculated transfer ratios for PheDH monolayers transferred at different surface
pressures.

Transfer Ratio (TR) Surface-Pressure of transference (mNm�1)

0.52 15
0.68 25
0.89 35
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At the surface pressure of 0 mNm�1 (black curve Fig. 6) three
main absorption bands can be highlighted: one for the Amide II
at 1550 cm�1 and two for the Amide I at 1630 and 1650 cm�1.
The broad (and more intense) bands assigned at 1550 and
1650 cm�1 indicate the majority of a-helix structures for the
enzyme in its gaseous phase with a discrete presence of b-turns
assigned for the small intensity band at 1630 cm�1.

As the enzyme is compressed towards its liquid-expanded
phase, conformational changes may take place leading to differ-
ences in the structure of the interfacial PheDH. The spectra for
the surface pressures of 10 and 20 mNm�1 (red and blue curves,
respectively) presented close coincidence for the same set of
absorption bands. The 1550 cm�1 band related to the a-helix struc-
ture (before observed in the gaseous phase) is still present in the
liquid-expanded phases, indicating the maintenance of these struc-
tures in the monomolecular film. The main structural difference
observed for the liquid-expanded PheDH film is highlighted as a
broad band at 1635 cm�1 which might indicate the presence of
unordered structures (random coil structure) exposed to the inter-
face. The shoulder bands highlighted in 1535 and 1660 cm�1 are
related to b-sheet and a-helix structures, respectively.

It has to be noted that the IRRAS spectra has been taken at sur-
face pressures in which the PheDH monolayer shows an excellent
stability (see Fig. 5) during the time of the experiments.

3.4. UV–vis absorption spectroscopy

Important information about the homogeneity of the PheDH
monolayer was accessed by UV–vis spectroscopy, as shown in
Fig. 7. As the monolayer was compressed and the surface pressure
increased, the absorbance for the peak observed at 203 nm
increased gradually in a linear fashion. The absorbance peak at
203 nm is related to the n – p* transition for peptide bonds, and
the linear increasing with surface pressure is a strong evidence that
the monolayer of the PheDH enzyme presents a good homogeneity
at the air-subphase interface. The inset graph on Fig. 7a shows the
absorbance spectra obtained for a 0.13 mg mL�1 solution of PheDH
in water. The band observed at 280 nm is related to the tryptophan
group present in the 375th position of the primary structure of the
PheDH [38]. The absence of the 280 nm band for the PheDH mono-
layer can be explained by the fact that the amount of tryptophan
residue per unit area was too low to be detected.

3.5. Fluorescence spectroscopy

Although no absorbance band for tryptophan residues could be
measured using UV–vis spectroscopy (Fig. 7), the in-situ fluores-
cence of the interfacial film presented emission bands for the
amino acid at 350 nm when excited at 280 nm, according to
Fig. 8. Just like observed for the UV–vis absorption, the fluores-
cence emission for the PheDH monolayer also increased in a linear
fashion with surface pressure (Fig. 8b). This indicates a homoge-
neous increasing in the surface concentration of tryptophan groups
upon compression. Despite the low number of tryptophan residues
presented by the film, the high fluorescence quantum yield of the
amino acid seemed to play an important role in its interfacial
detection.

3.6. Circular dichroism

The far ultraviolet region of the circular dichroism spectra
(ranging from 250 to 190 nm) is normally used to analyze the con-
formation of proteins, providing access to main secondary struc-
tures, i.e., a-helix, b-sheet and random coil [39–40]. According to
the black and red curves on Fig. 9, two main bands could be
attributed to the PheDH enzyme in solution which are related to
the p – p* and n – p* transitions for the a-helix structures of the
enzyme. Since it is not possible to directly measure the circular
dichroism spectra at the air/subphase interface, a singular layer
of the interfacial PheDH film was transferred to a solid quartz sup-
port via Langmuir-Blodgett (LB) technique.

The LB technique consists in the transfer of an interfacial Lang-
muir film at a given surface pressure via immersion or withdrawal
of a solid support into or from the aqueous subphase. Repeated
passages of the solid support can result in the deposition of multi-
layered structures which gives the LB technique a high control of
the architecture over the film immobilization process [41]. Film
depositions can be quantified by the calculation of the transfer
ratio (TR) which is defined as the ratio between the decrease in
the monolayer area during a deposition stroke and the area of
the solid support. An ideal deposition has a TR that is equal to 1,
meaning that the entire area along the solid support was covered
by the Langmuir film. Table 2 presents the results for different val-
ues of TR of the PheDH monolayer in different stages of its com-
paction at the interface. It seems that higher values of surface
pressure give TR values close to the unity, indicating a better
uniformity.

The blue curve for the circular dichroism spectra on Fig. 8 was
obtained for the PheDH monolayer transferred at a surface pres-
sure of 35 mNm�1 (highest TR value). As observed the same bands
present in the PheDH solutions of 0.02 and 0.04 mg mL�1 are pre-
sent in the LB film spectra indicating that the enzyme is transferred
to the solid support without significant changes in its secondary
structure, with a predominance of a-helix structures.

The small shift in wavelength for the solution spectra and the
one obtained for the transferred film might be related to the scat-
tering of light due to the refractive index of the slide medium.



Fig. 10. AFM image of the PheDH layer transferred to a muscovite mica substrate (a) and the extracted height profile (b). The solid support was rinsed and dried several times
to remove crystalized NaCl particles.
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3.7. AFM images

Atomic force microscopy is a versatile technique to determine
the structure and morphology of films adsorbed onto solid sup-
ports, especially for compounds with biological relevance such as
lipids, proteins, enzymes, etc [42]. Since muscovite mica presents
a flat surface it produces a smooth surface for AFM imaging which
allows the identification of deposited molecules by contrast. Due to
the subphase content of sodium chloride, the muscovite supports
were rinsed with water and dried, after the enzyme deposition,
in order to assure that salt crystals do not interfere in the measure-
ments. Fig. 10a presents the image for the adsorbed layer of PheDH
at 35 mNm�1 to a muscovite solid support, employing the tapping
mode. As one can see, the brighter regions of the image indicate the
presence of the enzyme with a quite homogeneous and regular
deposition. The lower left corner appears to be the edge of the layer
which allows some comparison of height. According to Fig. 10b the
PheDH film appears to have a mean thickness in the range of 8–
10 nm.

4. Conclusions

Significant aspects about the formation of PheDHmonolayers at
the air/aqueous NaCl subphase and its transferred films to solid
supports were reported in the present work. It was found that (i)
the salting out effect exerts a major role in the production of stable
and reproducible Langmuir monolayers of the enzyme PheDH; (ii)
Tensiometric data showed that PheDH adsorbed molecules form a
fluid interfacial film with a low surface density of 86,500 A2 -
molecule�1; (iii) PheDH monolayer presented a good homogeneity
throughout its compression as confirmed by the linear increase in
the UV–vis absorption of peptide bonds and in the fluorescence
emission of tryptophan residues; (iv) The trends observed in the
compression-decompression cycles and stability studies indicated
that the interfacial layer presents a decrease in reversibility and
stability as it is compressed towards high surface pressures; (v)
IRRAS data indicated a predominance of a-helix structures in the
floating monolayer along its compression, which was also observed
for the immobilized layer, indicating maintenance of the enzyme
secondary structures upon its transfer; (vi) AFM images showed
that the immobilized film presents a homogeneous and regular
deposition, with controlled roughness and a mean thickness in
the range of 8–10 nm. In general, we believe that the present work
may enrich the understanding on the formation and characteriza-
tion of enzymes forming Langmuir monolayers and Langmuir-
Blodgett films. Also, this work may be particularly important in
the design of PheDH covered electrodes for the detection of L-phe
as nanostructured biosensors.
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