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Abstract

Matrix vesicles (MVs) are a special class of extracellular vesicles that drive bone and dentin 

mineralization by providing the essential enzymes and ions for the nucleation and propagation of 

mineral crystals. Tissue-nonspecific alkaline phosphatase (TNAP) is an integral protein of MV 

membrane and participates in biomineralization by hydrolyzing extracellular pyrophosphate (PPi) 

– a strong mineralization inhibitor – and forming inorganic phosphate (Pi) necessary for the 

growth of mineral crystals inside MVs and their propagation once released in the extracellular 

matrix. MV membrane is enriched in cholesterol (CHOL), which influences the incorporation and 

activity of integral proteins in biologic membranes, however how CHOL controls the 

incorporation and activity of TNAP in MV membrane has not yet been elucidated. In the present 

study, Langmuir monolayers were used as a MV membrane biomimetic model to assess how 

CHOL affects TNAP incorporation and activity. Surface pressure-area (π-A) isotherms of binary 

dipalmitoilphosphatidylcholine (DPPC)/CHOL monolayers showed that TNAP incorporation 

increases with CHOL concentration. Infrared spectroscopy showed that CHOL influences the 

conformation and orientation of the enzyme. Optical-fluorescence micrographs of the monolayers 

revealed the tendency of TNAP to incorporate into CHOL-rich microdomains. These data suggest 

that TNAP penetrates more efficiently and occupies a higher surface area into monolayers with a 

lower CHOL concentration due to the higher membrane fluidity. However, the quantity of enzyme 

transferred to solid supports as well as the enzymatic activity were higher using monolayers with a 

higher CHOL concentration due to increased rigidity that changes the enzyme orientation at the 

air-solid interface. These data provide new insights regarding the interfacial behavior of TNAP and 

CHOL in MVs and shed the light on the biochemical and biophysical processes occurring in MV 

membrane during biomineralization at the molecular level.
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1. Introduction

Matrix vesicles (MVs) are a special class of extracellular vesicles responsible for the initial 

deposition of hydroxyapatite (HA) minerals during bone and dentin biomineralization.1–4 

There is experimental evidence that release of MVs occurs at the apical side of microvilli-

like membranes of mineral-competent cells, including chondrocytes and osteoblasts since 

the lipid composition of MVs is very similar to that of apical membranes with a relatively 

high content of cholesterol (CHOL), phosphatidylserine (PS) and sphingomyelin (SM).2,4 It 

has been also shown that MV membrane has a higher concentration of tissue-nonspecific 

alkaline phosphatase (TNAP) compared to the plasma membrane of parent source cells.5 

TNAP is a phosphohydrolytic enzyme anchored to MV and cell plasma membranes through 

a glycosylphosphatidylinositol (GPI) anchor. This enzyme participates in the 

biomineralization processes by hydrolyzing extracellular pyrophosphate (PPi), a strong 

mineralization inhibitor, and forming inorganic phosphate (Pi) that enables the growth of 

mineral crystals inside MVs and their propagation once released in the extracellular matrix.
1,6

Previous studies have shown that the lipid composition and fluidity of MV membrane 

modulates the catalytic activity of TNAP and, in turn, affects the deposition of HA minerals 

during biomineralization.2,7,8 The molecular structure of the lipids, including the size of the 

acyl chains and charge of the polar head, influences their distribution on biological 

membranes due to interactions with fatty acids and/or CHOL and leads to the formation of 

microdomains with distinct biophysical properties.9 CHOL is the most abundant and 

important sterol in human cells. It regulates the organization and fluidity of biological 

membranes and influences the catalytic activity and incorporation of membrane enzymes.
10,11,12 Bolean et al. have shown that the CHOL/phospholipid molar ratio influences the 

fluidity of liposome membranes and the catalytic activity of membrane-anchored TNAP.13,14 

According to Hanada et al., the strong interactions among sphingolipids, CHOL and GPI-

anchored proteins are responsible for the difficulty in removing alkaline phosphatases from 

biological membranes.15 Due to the complexity of these structures, membrane models such 
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as liposomes, proteoliposomes, and lipid Langmuir monolayers are commonly used as 

biomimetic models for biochemical and biophysical studies of membrane-enzyme 

interactions.9,16–21 In particular, the possibility to control the lipid composition and the 

protein interfacial orientation in two-dimensional Langmuir monolayers makes these 

structures preferred over liposomes and proteoliposomes when the bilayer structure of the 

membrane is not the focus of the study.22 Thus, in the present study we evaluated how 

CHOL affects both the incorporation of TNAP into dipalmitoylphosphatidylcholine (DPPC)/

CHOL Langmuir monolayers and its catalytic activity after incorporation, contributing to the 

elucidation of the mechanisms driven by TNAP during biomineralization.

2. Materials and Methods

2.1. Materials

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC; purity > 99%) and 1-

palmitoyl-2-{12-[(7-nitro-2–1,3-benzoxadiazol-4-yl)amino]dodecanoyl}-sn-glycero-3-

phosphocholine (NBD-PC; purity > 99%) were purchased from Avanti Polar Lipids, Inc. 

(Alabaster, AL, USA). Chloroform (purity > 99%), Tris (hydroxylmetthyl) aminomethane 

(Tris; purity ≥ 99.9%), cholesterol (CHOL; purity > 99%), was purchased from Sigma 

Chemical Co. (St. Louis, MO, USA). Methanol (purity > 99%) was from J.T. Baker (USA). 

Magnesium chloride and sodium chloride (purity > 99%) was obtained from Synth Co. 

(Diadema, SP, Brazil). HEPES-buffered saline solution, growth medium (10% fetal calf 

serum, Dulbecco’s modified Eagle’s medium) and Calbiosorb resin were used for TNAP 

expression and purification as described elsewhere23. Ultrapure deionized water (resistivity 

of 18.2 MΩ.cm at 25 °C) from a Milli-Q® system was used in all the experiments.

2.2. Isolation and purification of tissue-nonspecific alkaline phosphatase (TNAP)

TNAP isolation and purification was carried out as previously described by Simão et al.18 

Solubilized TNAP was incubated with 200 mg of Calbiosorb resin for 2 h at 4°C under 

constant stirring in order to remove all non-ionic surfactants and obtain a 0.03 mg.mL−1 

solution of TNAP in ultrapure deionized water.24

2.3. Surface pressure- area (π-A) isotherms

π-A isotherms were recorded at 25.0 ± 0.5°C in a 216 cm2 Langmuir trough (120 mL) 

(Insight-Brazil) using ultrapure deionized water as subphase (surface tension 72.8 mN.m−1 

and resistivity 18.2 MΩ.cm). Table 1 summarizes the features of the Langmuir troughs and 

the conditions employed for all the experiments. Stock solutions of DPPC and CHOL (1.0 

mmol.L−1) were prepared in a mixture of chloroform and methanol (3/1, v/v). Lipid 

solutions were spread at the air/water interface using a microsyringe and the compression 

was started after 10 min to enable complete solvent evaporation. For enzyme incorporation 

studies, 5.0 μg of TNAP was injected into the monolayer subphase, which contained 5 

mmol.L−1 Tris-HCl buffer with 150 mmol.L−1 NaCl and 15 mmol.L−1 MgCl2 (pH 8.5), 

leading to a final enzyme concentration of 0.04 μg.mL−1. The compression was carried out 

10 min after enzyme injection.

The compressional modulus (Cs−1) was calculated as:
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Cs−1 = − A dπ
dA T

(Eq. 1)

Surfactant-free and first-order transition monolayers displayed Cs−1 = 0. More packed states 

were reached by increasing monolayer compression, which decreased the lateral 

compressibility of the monolayer and translates into higher Cs−1 values.25

2.4. Exclusion pressure (πexc) determination

The incorporation of TNAP into pre-formed monolayers was investigated. The conditions 

for the formation of the monolayers is depicted in the Table 1. First, the lipid solution was 

spread at the interface in order to reach a specific value of surface pressure (π0). Next, 2.5 

μg of TNAP was injected in the subphase. The changes in surface pressure (Δπ) after the 

injection of the enzyme were followed and plotted against π0. The values of πexc were 

obtained by the extrapolation of the curve to a nil value of Δπ.

2.5. Polarization-modulation infrared reflection absorption spectroscopy (PM-IRRAS)

Infrared spectra were recorded at π = 30 mN.m−1 in the 800–4000 cm−1 range and with a 

resolution of 8 cm−1 by using a KSV PMI550 (KSV Instruments) spectrophotometer 

coupled to a modulation polarizer PEM100. The incident angle was 81°. The characteristics 

of the Langmuir trough are summarized in the Table 1.

2.6. Fluorescence microscopy (FM) images of the monolayers

Fluorescence micrographs of the monolayers were recorded by using a fluorescence 

microscopy Olympus BX50 (λ = 390 nm) with a magnification of 40×, coupled to a 

Langmuir trough (Table 1). Lipid solutions were prepared with 1% mol of fluorescent probe 

(NBD-PC). The micrographs of pure-lipid monolayers were obtained just before the 

injection of TNAP into the subphase in order to achieve the best comparisons between the 

micrographs of the monolayers with and without TNAP.

2.7. Brewster angle microscopy (BAM)

BAM micrographs were recorded using a BAM 2 Plus (Nano Film Technology) coupled to a 

Langmuir trough (Table 1). A laser with an emission wavelength of 480 nm was used at an 

angle of 53°. TNAP was injected into the subphase before compression. The monolayers 

were stable over the time range used in these experiments as observed by the π vs time 

curves (data not shown).

2.8 Transference of the monolayers to solid surfaces: formation of Langmuir-Blodgett 
(LB) films

A single monolayer containing DPPC:CHOL/TNAP was transferred to a quartz support by 

means of the LB technique. The support was immersed in the subphase containing 10 

mmol.L−1 Tris-HCl, 150 mmol.L−1 NaCl, 15 mmol.L−1 MgCl2 buffer (pH 8.5). Next, the 

lipid solution was spread at the interface and compressed until π = 30 mN.m−1. Finally, the 

carrier was moved vertically towards the liquid-air interface at a rate of 0.038 mm.s−1 to 
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obtain a monolayer film with hydrophobic end. The transference was controlled keeping the 

value of π constant at 30 mN.m−1.

The total mass of the lipids and TNAP deposited in the LB films was measured through a 

Quartz Crystal Microbalance (QCM). The vibration frequency of the piezoelectric crystal is 

related with the deposited mass by the Sauerbrey equation:

Δm = − AΔf ρqμq
2f0

2 (Eq. 2)

where A is the active piezoelectric area of the crystal, ρq is the density of the quartz, μq is the 

quartz shear modulus, f0 is the vibration frequency of the clean crystal and Δf is the 

frequency change caused by the deposited mass.26,27 The quartz crystal used in the present 

experiment had A = 0.656 cm2, ρq = 2.668 g cm−3 and μq = 2.947×1011 g.cm−1 s−2.

2.9 Enzymatic kinetics

In order to assess the enzymatic activity of TNAP immobilized in LB films, DPPC:CHOL 

LB films were transferred to solid supports as described in section 2.8 in presence of the 

enzyme at the subphase. Next, the supports containing the LB films were immersed in 1.0 

mL of a reaction medium composed of an aqueous solution of 70 mmol.L−1 of AMPOL pH 

10, 10 mmol.L−1 of pNPP and 2 mmol.L−1 of MgCl2. TNAP catalytic activity of TNAP was 

monitored by changes in the intensity of the UV-Vis absorption band at 410 nm, 

corresponding to formation of p-nitrophenolate (pNP−), a product of enzyme-catalyzed 

hydrolysis of pNPP. The concentration of pNP− (molar absorptivity 17600 mol.L−1.cm−1) 

was calculated using Beer’s law. The spectra were obtained through a Hewlett Packard 

model 8453 UV-Vis spectrophotometer. One enzyme unit (U) is defined as the amount of 

enzyme hydrolyzing 1.0 nmol of substrate per minute at 25°C. The specific catalytic activity 

of an enzyme is defined as the number of enzyme units per milligram of total protein (U/

mg).

3. Results and Discussion

3.1. π-A isotherms

The compressibility of the monolayer was tuned by changing the amount of CHOL in the 

DPPC monolayer. The π-A isotherms for the pure lipid and mixed monolayers are shown in 

the Fig. 1. The isotherm for pure DPPC (Fig. 1 – black square) is similar to those found in 

the literature for this lipid.28–30 DPPC exhibited an onset π at 95 Å2, corresponding to the 

beginning of the liquid-expanded (LE) phase, and a plateau of π ~ 10 mN.m−1 in the 70–80 

Å2 interval, corresponding to the transition from LE to liquid-condensed (LC) phases 

(coexistence region). The increase of π after this plateau is assigned to region of pure LC 

phase. The mean molecular area for this lipid was 62 Å2, calculated as the value of the 

tangent line to the LC phase curve at π=0. The collapse area for pure DPPC was close to 40 

Å2 (data not shown) as reported in previous studies.31,32 On the contrary, CHOL formed 

condensed monolayers (Fig. 1 – cyan line) and exhibited a mean molecular area close to 42 

Å2, similar to those found in the literature.10,28,30 The incorporation of CHOL into DPPC 
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monolayers led to the disappearance of the LE/LC coexistence region in the isotherms (Fig 

1. circle and triangle) and their gradual shift to lower areas respect to the curve for pure 

DPPC with increasing the CHOL:DPPC molar ratio. It is worth noting that DPPC:CHOL 

4:1 (molar ratio) monolayers showed a mean molecular area of 64 Å2, which was slightly 

higher than that of DPPC monolayers (62 Å2), suggesting a more expanded monolayer at the 

LC phase. This result suggests repulsive interactions between the lipids, which may be due 

to the buffer employed in the subphase (Tris-HCl buffer), since mixtures of DPPC and 

CHOL form condensed films in pure water33.

The changes in lipid packing in the monolayers were described by using the Cs−1 values 

calculated from the π-A isotherms. The values of Cs−1 reported in Table 2 were obtained at 

π = 30 mN.m−1, that is, the value where the thermodynamic parameters of monolayer and 

bilayer area equalized.34–36 These values are consistent with the LC state.25 The high Cs−1 

value for pure CHOL monolayers can be explained with a high degree of packing of the 

hydroxyl head groups at the air-water interface, which allows the formation of hydrogen 

bonds between the sterol molecules.37 The addition of CHOL to DPPC monolayers had 

different effects on the Cs−1 value in function of the DPPC:CHOL molar ratio. The Cs−1 

value for DPPC monolayers decreased when 20 mol% of CHOL was added (DPPC:CHOL 

4:1 molar ratio), whereas it increased when 50 mol% of CHOL was added (DPPC:CHOL 

1:1 molar ratio). In other words, small amounts of CHOL increased the compressional 

modulus of the DPPC monolayers, while higher amounts of it increased the rigidity, thus 

suggesting the possibility of controlling the monolayers’ rheological parameters by adding 

different amounts of CHOL. Bolean et al. have previously shown that CHOL fluidifies the 

membranes of binary DPPC:CHOL proteoliposomes.21 However, the authors observed that 

an increase in CHOL concentration hampered the incorporation of TNAP into the 

membrane.

The isotherms of monolayers made of DPPC and CHOL at different molar ratios, both in the 

presence and absence of TNAP, are depicted in the Fig. 2. The shift of the pure DPPC 

isotherm to larger areas is due to the ions present in the buffer solution used as a subphase. 

Sodium and magnesium cations interact with the negative portion of the DPPC 

phosphatidylcholine group, increasing the net charge of the lipid and leading to more 

repulsive interactions between the polar heads of the lipids.38 Slight changes in the pure 

DPPC isotherm were observed in the presence of TNAP (Fig. 2A). However, an evident area 

expansion was observed when TNAP was present at the subphase for DPPC:CHOL 

monolayers. The area expansion was higher for DPPC:CHOL 4:1 (molar ratio) (Fig. 2B) 

than for DPPC:CHOL 1:1 (molar ratio) monolayer (Fig. 2C). The Fig. 2D compares the 

values of the area expansion due to TNAP incorporation into the monolayers. This result can 

be related to the compressibility of the binary DPPC:CHOL monolayers revealed by the Cs
−1 values described in the Table 2. At lower CHOL molar ratios, the monolayers are more 

compressible and allow greater enzyme penetration, which translates in a higher area 

expansion, whereas at a high CHOL molar ratios, the monolayers are less compressible 

which hampers enzyme penetration. Cs−1 values for DPPC, DPPC:CHOL 4:1 and 1:1 

(molar ratios) monolayers in the presence of TNAP were 154 ± 7, 140 ± 9 and 171 ± 15 

mN.m−1, respectively, which follows the same trend observed in the absence of TNAP 

(Table 2). However, higher compressional modulus (lower Cs−1) was observed in the 
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presence of the enzyme, revealing an organizational rearrangement of the monolayer. 

Similar behavior was also observed in proteoliposomes containing TNAP, DPPC and CHOL.
9

3.2. Exclusion pressure (πexc)

The value of πexc was measured for single component and binary DPPC:CHOL monolayers 

in order to study the ability of TNAP to penetrate preformed monolayers. The πexc is the 

surface pressure from which an increase in π is not observed after the addition of the 

protein, that is, no protein is able to adsorb at the interface.39,40 In other words, it means that 

from a lipid packing corresponding to πexc values, TNAP is not able to penetrate the 

monolayers anymore. Fig. 3 shows the linear dependency between π0 and Δπ for DPPC, 

DPPC:CHOL 4:1 and DPPC:CHOL 1:1 (molar ratios) monolayers after the addition of 

TNAP. The abscissa intercept corresponds to πexc. It was observed that monolayers 

containing CHOL presented higher Δπ values compared to pure DPPC monolayer. This 

suggests that, although DPPC:CHOL 1:1 (molar ratio) monolayers exhibited a higher Cs−1 

value calculated at π=πexc (Table 3) than pure DPPC monolayers, TNAP penetration was 

favored by the presence of CHOL, which corroborates the area expansion shown in Fig 2D. 

Table 3 exhibits the values of πexc. The πexc value for pure DPPC monolayers (12 ± 1 

mN.m−1) is in agreement with Kouzayha et al. (13 mN.m−1),39 which used an alkaline 

phosphatase isoform from bovine intestine. Higher πexc values were found for DPPC:CHOL 

4:1 (molar ratio) monolayers, which suggests a favorable TNAP incorporation compared to 

the other two types of monolayers.

3.3. Polarization-modulation infrared reflection absorption spectroscopy (PM-IRRAS)

PM-IRRAS spectra of the monolayers were recorded in the 2800–3000 cm−1 (Fig. 4A) and 

1500–1800 cm−1 (Fig. 4B) range of wavelengths, corresponding to C-H stretching mode and 

amide vibration regions, respectively. The spectra of DPPC monolayers (Fig. 4A and 4B – 

black lines) are similar to those found in the literature.41–46 They exhibited the bands 

corresponding to CH2 asymmetric stretches at 2920 cm−1, CH3 stretches at 2880 cm−1, CH2 

symmetric stretches at 2849 cm−1, and C=O ester group stretches at 1728 cm−1. Table 4 

describes the assignment of the PM-IRRAS bands. The spectrum of DPPC monolayers 

containing CHOL (Fig. 4B – blue line) exhibited the band corresponding to R2C=CHR 

stretches at 1673 cm−1. The increase in CHOL concentration leads to the shift to lower 

frequencies of the band assigned to CH2 asymmetric stretches, which corresponds to the 

increase of gauche conformers.47 Additionally, we observe a shift to higher frequencies for 

the CH2 symmetric stretch band (Table 4) and the suppression of the CH3 stretch band in the 

presence of CHOL. The band corresponding to the carbonyl stretching mode was also 

shifted in the presence of the sterol. These results suggested that CHOL interacts with both 

the hydrophobic chains and the polar head group of DPPC. The effects of CHOL on DPPC 

monolayers have been also investigated by means of vibrational sum frequency generation, 

which revealed that the condensing effect of CHOL affects the CH2 stretching region of the 

spectra48. These data are therefore consistent with ours.

Proteins show characteristic PM-IRRAS bands in the 1500–1700 cm−1 range of 

wavelengths, assigned to C=O stretching mode in amides (Amide I) between 1610–1690 cm
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−1, and to C-N stretching vibrations in combination with N-H bending (Amide II) between 

1520–1560 cm−1. Amide I band is more closely related to the protein secondary structure. 

Antiparallel β-sheets appears at 1630–1640 cm−1, whereas α-helix occurs at 1648–1658 cm
−1.43,49 The TNAP-loaded monolayers exhibited the Amide I band at 1645 cm−1, whereas 

the Amide II band was observed at 1562 cm−1, thus validating the incorporation of TNAP in 

the monolayer (Table 4). No β-sheet band was observed, possibly due to the higher amount 

of α-helix structure in the enzyme (26% of α-helix and 15% of β-sheet).50 Ronzon et al.
40,41,51 studied the incorporation of alkaline phosphatase from bovine intestine in DPPC 

monolayers using PM-IRRAS. The authors observed the Amide I band at 1646 and 1633 cm
−1 (α-helix and β-sheet, respectively), and the Amide II at 1540 cm−1. However, the 

intestinal isoform is only 50% similar to TNAP, which gives rise to the observed difference 

between these results and ours.50,52 The band at 1678 cm−1 (Fig. 5B – red line) can be 

assigned to turns in the protein structure.49 Caseli et al.53 solubilized rat osseous plate 

alkaline phosphatase with polidocanol and found that the bands assigned to the amide 

groups were centered at approximately 1653, 1620 and 1539 cm−1 when the enzyme was 

spread purely both on the buffer-air interface and in presence of a negatively charged 

phospholipid. The presence of β-sheet bands, and the fact of the amide II had higher 

intensity than the amide I bands, differently from what was presented in our case, overall 

suggests that the enzyme secondary structure, as well as the orientation of the enzyme at the 

interface, is driven by the microenvironment available for the alkaline phosphatase at the air-

water interface. The conservation of the secondary structure of the enzyme was expected 

since the GPI anchor can drive the incorporation of the enzyme in the monolayer, with the 

hydrophilic moieties turned towards the aqueous phase.

The incorporation of TNAP led to a shift of both CH2 asymmetric and carbonyl bands (Table 

4), suggesting interactions between the enzyme and both the hydrophobic chains and the 

polar head group of DPPC. For the DPPC:CHOL 4:1 mixture, both CH2 and carbonyl bands 

were shifted, whereas no CH2 band shift was observed for the 1:1 ratio mixed monolayer. 

Due to the higher compressional modulus of DPPC:CHOL 4:1 (molar ratio) monolayers, a 

higher and deeper penetration is probable, leading to interactions between DPPC acyl chains 

and the enzyme. Instead, the rigid monolayer formed by DPPC and CHOL at a molar ratio 

of 1:1 restricts the TNAP penetration, enabling the interactions with only DPPC head group. 

By using computational chemistry, Cornut et al.54 observed a negative orientation with 

respect to the baseline for α-helix Amide I bands oriented at angles lower than 45° to the 

surface. Additionally, they observed that the angle of helix inclination increases with the 

ratio between the Amide I and Amide II intensities. The spectrum in Fig. 4B (red line) 

suggests that the ellipsoidal polypeptide structure of the enzyme presented an orientation 

between 45° and 90° when anchored to the DPPC monolayer. Small differences between 

Amide I and Amide II bands were observed, indicating that CHOL influences the 

conformation and orientation of TNAP on DPPC monolayers. This translates in changes in 

the catalytic activity of TNAP in presence of CHOL. Recently, Favarin et al.7 observed that 

the presence of sterols in DPPC proteoliposomes influences the kinetic parameters of TNAP 

due to changes in the organization of the membrane. Our PM-IRRAS results showed that the 

compressibility of the membrane leads to bending of the GPI acyl chains of the enzyme, 

which translated into different orientation of the globular portion of the protein with respect 
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to the lipid interface compared to rigid DPPC membranes. Such greater freedom degree of 

the anchor protein causes conformational changes in the globular structure of the TNAP, 

thus leading to significant changes in the catalytic properties of the enzyme as described in 

previous studies.7,18,26,55–57

3.4. Fluorescence microscopy (FM)

FM micrographs of DPPC and DPPC:CHOL monolayers in the presence and absence of 

TNAP are shown in Fig. 5. Light regions are assigned to DPPC-rich domains, while dark 

regions are consistent with the absence of the lipid. The dark regions at π = 15 mN.m−1 are 

defects in the DPPC monolayer (Fig. 5A), which were not observed at π = 30 mN.m−1, 

indicating a homogeneous LC phase. The dark regions in Fig. 5B indicate phase segregation 

between DPPC and CHOL due to their electrostatic interactions. Stottrup et al.11 described 

that two different regions occurs in DPPC:CHOL mixed monolayers, depending on the 

composition of the monolayers. Alpha-regions occurs at CHOL concentrations lower than 

40 mol% and are characterized by dark domains on a light background, whereas β-regions 

occur at higher CHOL concentrations and are characterized by light domains on a dark 

background. These behaviors were observed in the micrographs presented in the Fig. 5.

The injection of TNAP into the subphase resulted in morphological changes in the 

monolayers, evidencing the incorporation of the enzyme (Figs. 5D, 5E and 5F). Enzyme 

incorporation even at π values greater than the πexc (Table 3) indicates that the protein 

penetrates entirely in the monolayer at π values smaller than πexc, whereas only the GPI 

acyl chains inserted in the monolayer at π values greater than πexc as suggested by Caseli et 
al.58 for the incorporation of detergent-solubilized alkaline phosphatase into negatively 

charged phospholipids monolayers. The similarity between the double-carbonic chain of 

DPPC and TNAP GPI acyl chains, as well as the low amount of TNAP molecules compared 

to DPPC, are responsible for the discrete π changes. The presence of TNAP led to a more 

uniform distribution and an increase in the size of CHOL-rich domains, indicating the 

preferential incorporation of the enzyme in these monolayer regions. This fact is evidenced 

by Figs. 5D and 5E at π = 30 mN.m−1, where elongated and amorphous 5 μm-in-size 

domains were observed for DPPC monolayers, while well-defined 20 μm-in-size domains 

were observed for DPPC:CHOL 4:1 (molar ratio) monolayers. These results corroborate the 

previous hypothesis about the favorable interactions between the GPI-anchor and CHOL 

molecules.

3.5. Brewster angle microscopy (BAM)

BAM micrographs of the monolayers for several π values are shown in Fig. 6. Light regions 

correspond to LC phase domains, while dark regions correspond to LE phase or absence of 

amphiphilic molecules. The existence of LC phase at low π can be assigned to elevated 

compression rates.59 For DPPC, the initial compression led to domain nucleation, thus 

resulting in a homogeneous LC phase at π = 30 mN.m−1. The presence of TNAP increased 

the size of the LE domains, validating its incorporation. The existence of LE phase explains 

the increase in compressibility due to the presence of TNAP. Kouzayha and Besson39 

obtained similar results for alkaline phosphatase from bovine intestine on DPPC 
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monolayers. The increased compressibility resulted in reduction of the phase transition 

enthalpy, but does not alter the transition temperature as reported by Bolean et al.13

Differences in the BAM images assigned to the presence of TNAP in the CHOL-containing 

monolayers were evident only at π=1 mN.m−1. Homogeneously distributed LE domains 

were observed in the presence of TNAP, validating the incorporation of the enzyme even at 

low π values. Guzmán et al.28 described that CHOL disperses between DPPC molecules to 

avoid the contact of its hydrophobic rings with water, leading to monolayer reorganization 

and preventing the nucleation of DPPC domains. This behavior makes difficult to observe 

any difference between the monolayers at higher values of π.

3.6. Langmuir-Blodgett films: transfer of TNAP to solid supports

The amount of lipids and protein transferred to solid supports was determined by QCM 

(Table 5). The results reveal that a greater amount of protein was observed for the monolayer 

with increased CHOL content although the DPPC:CHOL 4:1 (molar ratio) mixture favors 

the penetration of TNAP into DPPC monolayers as evidenced by higher area expansion (Fig. 

2D). This result can be related to the higher compressibility of the DPPC:CHOL (4:1) 

compared to DPPC:CHOL (1:1), which hampers the transfer from the liquid-air to the solid-

air interface.

The specific catalytic activity of TNAP immobilized in Langmuir-Blodgett films was also 

assessed (Table 5). Once more, increased enzymatic activity was observed for the more rigid 

monolayers made of pure DPPC and DPPC:CHOL 1:1 although greater enzyme penetration 

was favored into more compressible monolayers, that is, DPPC:CHOL 4:1 mixtures 

exhibiting a more favorable TNAP incorporation compared to the other two types of 

monolayers studied (Fig. 3 and Table 3). Since the values of Cs−1 for these monolayers are 

comparable (154 ± 7 and 171 ± 15 mN.m−1, respectively), the increased amount of TNAP 

transferred to DPCC:CHOL 1:1 can be assigned to the higher affinity of the enzyme to 

CHOL. This result is also corroborated by the PM-IRRAS data: the enzyme penetrates the 

monolayer by its GPI-anchor at higher amounts of CHOL thus exposing better the catalytic 

site to the media, as depicted in the schematic representation shown in Fig. 7.

4. Conclusion

In this study, the effect of CHOL on the incorporation of TNAP into DPPC monolayers was 

investigated by using Langmuir monolayers as membrane biomimetic systems. Data on π-A 

isotherms and Cs−1 for binary DPPC:CHOL monolayers revealed that CHOL plays a role in 

the compressibility of the membrane and affects TNAP incorporation. TNAP incorporation 

was favored at lower CHOL concentrations due to the fluidized monolayer. Instead, higher 

CHOL concentrations decreased TNAP incorporation due to the formation of a more rigid 

monolayer. This behavior was reflected in the πexc data: greater values of πexc were found 

for DPPC:CHOL (4:1) molar ratio, the most compressible monolayer, and assigned to a 

higher enzyme penetration. PM-IRRAS spectra not only validated TNAP incorporation in all 

the monolayers studied, but confirmed the partial maintenance of its secondary structure and 

revealed that the packing and compressibility of the monolayer are disturbed upon enzyme 

incorporation. It was also shown that the conformation and/or orientation of the enzyme are 
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modulated by the presence and concentration of CHOL. FM and BAM micrographs revealed 

that the composition of the monolayer influences LC/LE domains formation. The 

incorporation of TNAP was confirmed by the appearance of circular and homogeneously 

distributed domains. CHOL concentration influenced the dimension of TNAP-rich domains: 

higher CHOL concentrations led to bigger domains, indicating the preferential incorporation 

of the enzyme. Taken together, these results showed that both TNAP incorporation and 

catalytic activity are modulated by membrane fluidity, driven by the presence of CHOL, 

providing support to better understand the interfacial behavior between CHOL and TNAP in 

MV membrane and helping to clarify complex biochemical and biophysical processes that 

occur in MV membrane during biomineralization.
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Fig. 1. 
π–A isotherms of the single component DPPC and binary DPPC:CHOL (molar ratios) 

monolayers, at the air-water interface. Pure DPPC (■), DPPC:CHOL 4:1 (●), DPPC:CHOL 

1:1 (▲), and pure CHOL (♦).
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Fig. 2. 
π–A isotherms of the monolayers containing DPPC (A), DPPC:CHOL 4:1 (B), and 

DPPC:CHOL 1:1 (C) (molar ratios) with (grey lines) and without (black lines) TNAP on 

subphase of 5 mmol.L−1 Tris-HCl buffer with 150 mmol.L−1 NaCl and 15 mmol.L−1 MgCl2 

(pH 8.5), and the comparison between the area expansion at π = 30 mN.m−1 due to TNAP 

penetration (D).
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Fig. 3. 
Changes in the surface pressure (Δπ) vs the initial surface pressure (π0) for DPPC (■), 

DPPC:CHOL 4:1 (●) and DPPC:CHOL 1:1 (▲) monolayers due to injection of TNAP at 

subphase. The intercept with abscissa indicated by the arrows is the πexc.
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Fig. 4. 
PM-IRRAS spectra of mixed monolayers at π = 30 mN.m−1, obtained from 2800–3000 cm
−1 (A) and 1500–1800 cm−1 (B), corresponding to C-H and amide stretches, respectively. 

DPPC (black line); DPPC + TNAP (red line); DPPC:CHOL 4:1 (blue line); DPPC:CHOL 

4:1 + TNAP (green line); DPPC:CHOL 1:1 (pink line); DPPC:CHOL 1:1 + TNAP (dark 

yellow line).
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Fig. 5. 
FM micrographs at π = 15 mN.m−1 and π = 30 mN.m−1. (A) DPPC; (B) DPPC:CHOL 4:1; 

(C) DPPC:CHOL 1:1; (D) DPPC + TNAP; (E) DPPC:CHOL 4:1 + TNAP; (F) 
DPPC:CHOL 1:1 + TNAP.
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Fig. 6. 
BAM micrographs of pure DPPC and DPPC:CHOL (molar ratio) mixed monolayers in 

absence (left column) and presence (right column) of TNAP for different π values.
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Figure 7: 
Schematic representation of TNAP incorporation and orientation into DPPC:CHOL 

monolayers. The higher “fluidity” (compressibility) of DPPC:CHOL (4:1) compared to 

DPPC:CHOL (1:1) monolayer favors TNAP penetration but it hampers TNAP transfer to 

solid supports and decreases the catalytic activity of incorporated enzymes.
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Table 1:

Characteristics of the Langmuir troughs. The compression rate was kept constant at 0.44 mm.s−1 for all the 

experiments. All the TNAP-containing monolayers were obtained on 5 mmol.L−1 Tris-HCl buffer with 150 

mmol.L−1 NaCl and 15 mmol.L−1 MgCl2 (pH 8.5) subphase, at a final enzyme concentration of 0.04 μg.mL−1.

Manufacturer Experiment Area (cm2) Volume (mL)

Insight π-A isotherms 216 120

PMI550 PM-IRRAS and BAM 225 120

Insight Fluorescence microscopy 14.5 60
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Table 2.

Cs−1 at π = 30 mN.m−1 of the single-components and mixed monolayers (molar ratio)

Monolayer Cs−1 (mN.m−1)

DPPC 223 ± 23

DPPC:CHOL 4:1 175 ± 9

DPPC: CHOL 1:1 333 ± 26

CHOL 304 ± 20
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Table 3.

The πexc and Cs−1 calculated at π=πexc for the pure DPPC and mixed DPPC:CHOL monolayers

Monolayer πexc (mN.m−1) Cs−1 (mN.m−1)

DPPC 12 ± 1 47± 4

DPPC:CHOL (4:1) 16 ± 2 47± 4

DPPC:CHOL (1:1) 12 ± 1 117± 8
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Table 4.

Assignment of PM-IRRAS bands

Monolayer lipid 
composition (molar ratio)

TNAP Presence CH2 asym. (cm
−1)

CH2 sym. (cm
−1)

C=O ester 
(cm−1)

Amide I (cm−1) Amide II (cm
−1)

DPPC − 2920 2849 1728 - -

DPPC + 2915 2849 1731 1645 1562

DPPC:CHOL 4:1 − 2919 2851 1731 - -

DPPC:CHOL 4:1 + 2913 2855 1732 1649 1534

DPPC:CHOL 1:1 − 2916 2852 1738 - -

DPPC:CHOL 1:1 + 2916 2852 1743 * 1557

*
Not observed
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Table 5.

Amount of lipids deposited per layer determined using QCM and estimation of TNAP content from de 

difference in the area at π= 30 mN.m−1 of the DPPC:CHOL and DPPC:CHOL/TNAP isotherms

Monolayer lipid composition TNAP Total mass (ng) TNAP mass (ng) TNAP specific activity (U/mg)

DPPC − 177 ± 24 -

DPPC + 135 ± 20 21 221

DPPC:CHOL (4:1) − 232 ± 23 -

DPPC:CHOL (4:1) + 98 ± 21 8 129

DPPC:CHOL (1:1) − 119 ± 24 -

DPPC:CHOL (1:1) + 188 ± 22 59 203
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