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Aim. To compare effects of vitamin D (VitD), provitamin D (ProD) and its photo- and thermoisomerization
products on thermodynamical pa- rameters of hydrated dipalmitoylphoshpatidylcholine (DPPC) multi- layers.
Methods. Differential scanning calorimetry, UV spectroscopy. Results. A regular decrease was established in
the melting temperatu- re accompanied with the pronounced broadening of the appropriate pe- aks for DPPC
multilayers doped with the sterols in the order  ProD

3
 < < ProD

3
 + UV < ProD

3
 + UV + dark storage < VitD

3
.

Conclusions.  The destabilizing effect of VitD
3
 on the membrane appeared to be stron- ger than that of ProD

3
 and

its photoisomerization products. This can fa- cilitate VitD
3
 withdrawal from the membrane into intercellular

space under its biosinthesis in vivo. A possible molecular mechanism of the phenomena observed is related to the 
higher conformational flexibility and anisometry of V   itD

3
 as compared to ProD

3

Keywords: phospholipid membranes, vitamin D, provitamin D, photoisomerization, differential scanning
calorimetry.

Introduction. The biosynthesis of vitamin D (VitD)
from provitamin D (ProD) in humans and animals is
known to occur in the epidermal cell membranes under
the effect of UV-radiation [1]. This reaction, currently
considered to be well-studied, includes both light and
dark stages [2–4]. At the first stage of the isomerization 
an intermediate product – previtamin D – is formed
from ProD with subsequent transformation into more
stable photoisomers (tachysterol and lumisterol) or
back into ProD. The formation of VitD from
previtamin D is performed at the dark stage due to the
intramolecular transfer of hydrogen (Fig. 1) [2–4]. The
dependence of photochemistry of this process on the
spectral characteristics of UV radiation is well-known
[4–8], however, the reaction medium is also of
significant impact.

As stated above, the synthesis of VitD in vivo
occurs in the cellular membrane, the structural and

functional basis of which is the lipid layer, thus, a
number of works [9–13] present  a comparative study
on this process in skin, model lipid membranes and
isotropic solvents. Similarities of photoisomerization in 
skin and liposomes were demonstrated, as well as
significant differences compared to isotropic organic
solvents [9, 10]. Thus, it was observed that at the light
stage the isotropic solvent promotes the accumulation
of tachysterol (trans-conformation of C5–C6 bond)
while liposomes promote the same for ProD,
previtamin D and lumisterol (cis-conformation of
C5–C6 bond) [10, 11]. The rate of dark "previtamin D
→VitD" transformation in liposomes and in skin is
10–15 times higher than that in isotropic solvents,
while the activation energy is decreased [9–13].

Besides, in other anisotropic media – cholesteric
[14] and nematic [15] liquid crystals, heterogeneous
systems [16, 17] – differences were also observed be-
tween the processes of photo- and thermoisomerization
of ProD compared to isotropic solvents.
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In some works these effects are related to spatial
constraints of anisotropic environment on confor-
mationally flexible previtamin D which stabilizes the
latter in the form with cis-conformation of C5–C6 bond
– the only bond, the participation of which enables the
formation of VitD [9–13]. It is confirmed by the pre-
sence of positive correlation between the forces of
anisotropic amphiphilic interaction between lipids and
previtamin D (defined by the length and saturation
degree of carbohydrate chains of phospholipids) and
the rate of isomerization of "previtamin D → VitD" [9].
Besides, high yield of VitD in vivo may also be
explained by the release of already formed VitD from
the cellular membrane that shifts the reaction
"previtamin D → VitD" balance towards VitD (i.e. the
thermoisomerization reaction becomes irreversible and
the true thermodynamic equilibrium is never reached in 
this reaction) [1, 11]. Therefore, the lipid bilayer,
serving as a reaction medium, presupposes high
efficiency of VitD synthesis in vivo, due to which the
works [9, 10] suggest using it as a model medium for
the study of VitD synthesis.

The authors [9, 10, 18] suggested a model of ProD
localization in the phospholipid membrane: the
non-polar part of the sterol molecule is located in the
hydrophobic area of the membrane; it interacts with

carbohydrate lipid tails, the hydroxyl group is directed
towards the carbonyl group of one of the lipid chains
with possible formation of H-bond [19]. From the
extracellular space VitD penetrates into  the
bloodstream, where it is transported via the special
vitamin D-binding protein [1]; however, the
mechanism of VitD desorption from the lipid
membrane is yet to be established.

The membranotropic activity of VitD was
investigated in a number of works [19–26], but the
current data on its impact on the temperature of the
main phase transition of Tm bilayer (membrane
melting) are contradictory. It was observed that VitD2
in the concentration of 1 mol% increases Tm [22, 23]
while other works demonstrate that in small
concentrations (1 ÷ 6 mol %) VitD2 does not have any
effect [19, 24], and in large concentrations (9 ÷ 12 mol
%) it lowers Tm by several degrees and decreases the
transition enthalpy [19, 21, 24–26]. The analysis of the
characteristic bands of IR-vibrations of different
groups of phospholipid allowed determining that in
small concentrations VitD causes the  ordering of alkyl
lipid tails ( a decrease in mobility and number of gauche 
conformers), while in large concentrations it induces 
the disordering of hydrophobic area of the membrane
[19, 22]. There was a notable decrease in the order
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Fig. 1. The scheme of photo- and
thermoisomerization of sterols of vitamin D
group. Figures indicate the enumeration of
carbon atoms in sterol molecules.



parameter [20] and an increase in the fluidity of VitD
enriched membranes.

The membranotropic impact was not studied for
ProD  contrary to VitD. Besides, there are no studies on
the impact of the ProD isomerization process on the
structure of lipid membranes. At the same time the
determination of membranotropic constituent of the
VitD biosynthesis process may deepen understanding
the mechanism of its biological impact at the molecular
level. Therefore, the aim of this work is the comparison
of the impact of ProD, the products of its
photoisomerization and VitD on the thermodynamic
parameters of the model lipid membrane on the basis of
bilayer structures of the hydrated dipalmitoylpho-
sphatidylcholine (DPPC).

Materials and Methods. Water dispersions of
DPPC (Alexis Biochemicals, Switzerland) were used
as model lipids of the membranes. As additives, we
used sterols present in the human organism: 7-de-
hydrocholesterol (ProD3) and cholecalciferol (VitD3)
(Sigma-Aldrich, USA).

The selection of the concentration of sterols is
conditioned by the requirement of system homogeneity
(the absence of phase separation [19]), on the one hand,
and the necessity of obtaining clearly registered and
reproducible changes, on the other. The experimentally
selected optimal concentration of the additive, meeting
these two conditions, is 7 % wt relative to dry DPPC,
which corresponds to the DPPC:sterol ratio of 7:1.

The method of preparing DPPC water dispersions
with additives is as follows. Phospholipid and sterol in
the required mass ratio are located into the round-
bottom flask and dissolved in chloroform, with the sol-
vent subsequently pumped off using a rotary evapo-
rator. As a result, a thin homogeneous precipitated layer 
of the multicomponent mixture is deposited on the
walls of the flask lower part. Distilled water is added in
the ratio of ~75 % wt. This amount of water secures the
system existence in the lamellar phase upon changes in
humidity ± 20 %. The system is kept at room tem-
perature for 2–3 days with periodic heating on the water 
bath to the temperature of ~ 50°C (i.e. to T>Tm) with
intense stirring.

The systems were studied by the differential scan-
ning calorimetry (DSC) using a Mettler TA 3000 ther-
moanalytical system (Switzerland). The phase tran-

sitions from the low temperature (gel) phase Lβ' into the
intermediary Pβ'  phase (pre-transition) and then to the
high temperature (liquid crystal) Lα phase (the main
transition or membrane melting) were studied [27, 28].
The investigated samples of 20–30 mg were placed into 
aluminum crucibles and sealed. The programmed
scheme of the temperature scanning consisted of
consecutive cycles of heating and cooling with the rate
of 2 K/min. The parameters of the phase transitions
were determined on the basis of the obtained ther-
mograms using the corresponding software. The size of
the cooperative N domain was calculated according to
[29] using the formula

N H H T T Hm m m= ≈ ⋅∆ ∆ ∆ ∆
ВГ

/ / ,
/

7 2

1 2

where ∆HVH -Vant Hoff enthalpy; Tm, ∆Hm and
∆T1/2 - temperature, enthalpy and half-width of the
main transition peak, respectively.

UV absorption spectra of the investigated systems
were obtained using a Hitachi 330 spectrophotometer
(Japan) at room temperature. The sample was placed
between quartz glasses, the sample thickness was 3–5
µm.

The samples were irradiated by the illuminator on
the basis of mercury quartz lamp DRT-240 with the
known distribution of spectral irradiance [30] at the dis- 
tance of 25 cm. The exposure time was 10 min, which
corresponds to the dose of UV-radiation of 1.4
Joule/sq.cm. (UV-B and UV-C are 0.9 Joule/sq.cm in
total).

Results and Discussion. The multilayer structures
of hydrated DPPC were used to compare the effect of
sterols ProD3 and VitD3, as well as the products of
photo- and thermoisomerization of ProD3, on the fea-
tures of the lipid component of biomembranes. At the
selected level of hydration (75 % wt) these structures
are practically independent bilayers divided by inter-
layers of free water, which allows direct application of
the obtained results to the bilayer. Here the variance of
water content in the range of ± 10 ÷ 20 % does not have
any effect on the phase state of water dispersion of
DPPC and the temperature of phase transitions [27, 29].

For all the investigated systems DSC-thermograms
were obtained in the coordinates of "heat flow −
temperature" in the modes of heating (Fig. 2, a) and
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cooling (Fig. 2, b),  with subsequent calculation of the
temperature dependencies of specific heat (Fig. 2, c).
The Table presents thermodynamic parameters of the
main phase transition of the model lipid membranes
with different additives: temperature (Tm), enthalpy
(∆Hm), half-width of the melting peak (∆T1/2),
hysteresis, the size of cooperative domain (N) as well as 
the shift of melting temperature at the introduction of
additive (in the heating mode) ∆Tm = Tm (DPPC +
additive) – Tm (DPPC). The Student's method was used
to determine the confidence interval for the reliability p
= 0.95 for direct measurements with the number of
degrees of freedom f = 5.

Two phase transitions − pretransition (Tp = 35.5 °C) 
and a more intense main phase transition (Tm = 41.4
°C), reproducible in the consecutive cycles of heating
and cooling, are evident on the DSC-thermograms of
pure DPPC during heating. The phase transition
temperatures are in good agreement with the literature
data [27, 28]. The pretransition becomes obscure up to
disappearing in the cooling mode, the hysteresis of 0.6
°C is observed for the main phase transition. The
pretransition peak vanishes in the presence of additives, 
while the main transition shifts towards lower
temperatures and is blurred, which indicates the
disorder of the lipid bilayer. There are no significant
changes in the hysteresis.

Let us consider in more detail the differences in the
effect of the additives. The introduction of ProD3 leads
to the decrease in Tm by 1.5°C relative to the initial
system of pure DPPC in the heating mode and by 1.9°C
– in the cooling mode. The UV-irradiation of this
system results in further decrease in the membrane
melting temperature (by 0.5°C more). The change in
the temperature of the membrane main phase transition
Tm during UV-radiation is likely to be related to the
occurrence of ProD3 photoisomers in the system (Fig.
1). This is confirmed by the changes in the
UV-spectrum of the system absorption (Fig. 3) with the
observed increase in the optical density, which is
characteristic for the occurrence of tachysterol
photoisomer [3, 4]. The dark storage of the irradiated
sample for 24 hours resulted in further decrease in Tm
(by 0.4°C in the heating mode), accompanied by the
increase in optical density at the wavelength of 265 nm
(Fig. 3, curve 5), indicating the formation of VitD3 [4].
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Fig. 2. The thermograms of water dispersions of
dipalmitoylphosphatidylcholinе, obtained by the method of
differential scanning calorimetry: a – in the heating mode; b – in the
cooling mode (1 – without additives; 2 – ProD

3
; 3 – ProD

3
 + UV; 4 –

ProD
3
 + UV + dark storage; 5 – VitD

3
); c – temperature dependence of

the specific heat capacity of these systems (1 – without additives; 2 –
ProD

3
; 3 – ProD

3
 + UV; 4 – VitD
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It was established that among all the investigated
samples VitD3 causes the lowest decrease in the
temperature of the phase transition, equal to 2.6 and
2.8°C in the modes of heating and cooling,
respectively, as well as the most expressed blurring of
the peak on the DSC-thermogram.

Along with the observed "step-like" decrease in the
temperature of the main phase transition of DPPC-
membrane (upon introduction of ProD3, UV-irradiation 
and subsequent dark storage of the sample) there is a
remarkable increase in the half-width of the peak of the
phase transition and a reduction in size of the coo-
perative domain. The most significant changes in these
parameters were also observed upon the introduction of 
VitD3, for which the minimal value of the cooperative
domain and the maximal value of the hysteresis were
determined. There was no considerable difference in
the effect of the additives in question on the enthalpy of
melting the model membrane: all the additives in
question reduces the enthalpy by approximately 30 %
(Table) within the experimental accuracy.

Therefore, the introduction of the additives allows
registering a regular decrease in the melting
temperature for the model lipid membrane in the
sequence of ProD3 < ProD3 + UV < ProD3 +UV + dark
storage < VitD3 (Table).  Thus, during irradiation of the
system containing ProD3 and its further dark storage the 
tendency is observed of shifting the melting peak to the
values obtained for the systems containing  VitD3.

A possible explanation of the observed regularity is
presented below. The works [9, 18–19, 27, 29] allow us
to assume that ProD3 and cholesterol have similar
localization in the lipid membrane. ProD3 is
predominantly located in the hydrophobic area of the

lipid bilayer; its non-polar part interacts with the alkyl
tails while  OH-group – with the carbonyl group of the
lipid. By analogy with the structurally close chole-
sterol, ProD3 fills up the free space in the hydrophobic
area of the bilayer, thus promoting the ordering of car-
bohydrate tails in the high temperature phase and its
disordering in the low temperature phase, leading to the 
decrease in temperature and enthalpy of melting
compared to the pure phospholipid matrix.

The observed tendency of further decrease in the
melting temperature of the membrane containing
ProD3 under UV-irradiation is related to the formation
of the multicomponent mixture of photoisomers − pre-
vitamin, tachysterol, lumisterol and the primary ProD3. 
Their instability makes it impossible to determine the
individual effect of each of them [3, 4]. The isomers
with the broken ring B (Fig. 1), so called secosteroids –
previtamin D3, tachysterol, VitD3 − have additional
conformational flexibility. In particular, VitD3 may
have "steroid" (cis-C6-C7) or "non-steroid", more pro-
truded (trans-C6-C7) conformation [31]. Therefore,
UV-radiation in the system results in the formation of a
set of isomers of different degrees of conformational
flexibility and anisometry instead of one "rigid" ProD3.
It leads to additional blurring of the transition peak and
more notable decrease in Tm compared to the effect of
ProD3.

Generally, it may be noted that the destabilizing
impact of VitD3 on the membrane is considerably more
expressed than that of ProD3 and the products of its
photoisomerization. This is evident in larger decrease
in the membrane melting temperature for VitD3 as
compared to ProD3 (by – 2.6 and –1.5 °C, respectively)
which is in good agreement with [the] current literature
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Additive
Heating Cooling

Hysteresis, oC N ∆Tm

Tm, oC ∆Hm, joule/g ∆T1/2, 
oC Tm, oC ∆Hm, joule/g

Without additives 41,4 ± 0,1 25,0 ± 1,8 1,1 ± 0,2 40,8 ± 0,1 12,8 ± 1,7 0,6 ± 0,2 151 ± 39 –

ProD3 39,9 ± 0,1 15,4 ± 1,3 2,5 ± 0,2 39,2 ± 0,1 6,9 ± 1,2 0,7 ± 0,2 103 ± 17 –1,5 ± 0,2

ProD3 + UV 39,4 ± 0,1 16,2 ± 1,5 3,4 ± 0,2 38,8 ± 0,1 8,2 ± 1,0 0,6 ± 0,2 71 ± 11 –2,0 ± 0,2

ProD3 + UV+

+ dark storage
39,0 ± 0,1 16 ± 1,5 3,7 ± 0,2 38,5 ± 0,1 7,8 ± 1,4 0,5 ± 0,2 67 ± 10 –2,4 ± 0,2

VitD3 38,8 ± 0,1 18,4 ± 1,6 5,5 ± 0,2 38,0 ± 0,1 8,4 ± 1,2 0,8 ± 0,2 38 ± 5 –2,6 ± 0,2

The impact of sterol additives on the thermodynamic characteristics of the main phase transition of the model lipid membrane on the basis of
water dispersions of dipalmitoylphosphatidylcholinе



data on the lowering of the order parameter [20] and the
increase in fluidity [21] of the membranes with VitD.
From the standpoint of biochemistry it means that
during the biosynthesis of VitD3 in vivo the local lipid
medium of the sterol molecule is disordered (thinned)
which facilitates the withdrawal of the formed VitD3

out of the membrane into the intracellular space.
Conclusions. The work demonstrates the regular

decrease in the melting temperature of model lipid
membranes on the basis of the hydrated DPPC doped
with sterols in the sequence of ProD3 <ProD3 + UV <
ProD3 + UV + dark storage < VitD3. The probable
molecular mechanism of a more expressed
destabilizing impact of VitD3 on the membrane,
compared to ProD3, is related to different degrees of
conformational flexibility and anisometry of these
molecules. The observed decrease in the membrane
melting temperature during VitD3 biosynthesis may be
one of the factors that ensure the withdrawal of VitD3

formed in vivo out of the membrane into the
intracellular space.
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Вли я ние про дук тов фо то син те за ви та ми на D на 

тер мо ди на ми чес кие па ра мет ры мо дель ных липидных мем бран

 Инсти тут сцин тил ля ци он ных ма те ри а лов НТК «Инсти тут мо нок -

рис тал лов» НАН Укра и ны  

Пр. Ле ни на, 60, Харь ков, Укра и на, 61001

1Харь ков ский на ци о наль ный уни вер си тет им. В. Н. Ка ра зи на  

Пл. Сво бо ды, 4, Харь ков, Укра и на, 61077

Summary

Цель. Срав нить вли я ние про ви та ми на D (ProD) и про дук тов его
фото- и тер мо и зо ме ри за ции, а так же ви та ми на D (VitD) на тер -
мо ди на ми чес кие па ра мет ры муль тис ло ев гид ра ти ро ван но го ди -
паль ми то ил фос фа ти дил хо ли на (ДПФХ). Ме то ды.
Диф фе рен ци аль ная ска ни ру ю щая ка ло ри мет рия, УФ-спек тро-
ско пия. Ре зуль та ты. Уста нов ле но за ко но мер ное сни же ние тем -
пе ра ту ры и раз мы ва ние пика плав ле ния муль тис ло ев ДПФХ, до -
пи ро ван ных сте ри на ми, в по сле до ва тель нос ти ProD3 <
ProD3+УФ < ProD3 + + УФ + тем но вое хра не ние < VitD3. Вы во -
ды. Дес та би ли зи ру ю щее де йствие VitD3 на мем бра ну яв ля ет ся
бо лее вы ра жен ным, чем де йствие ProD3 и про дук тов его фо то и -
зо ме ри за ции, что мо жет об лег чать вы ход VitD3 из мем бра ны в
меж кле точ ное про стра нство при его би о син те зе in vivo. Воз -
мож ный мо ле ку ляр ный ме ха низм на блю да е мо го яв ле ния свя зан с
боль шей кон фор ма ци он ной под виж нос тью и ани зо- мет ри ей
VitD3 по срав не нию с ProD3.

Клю че вые сло ва: фос фо ли пид ные мем бра ны, ви та мин D, про -
ви та мин D, фо то и зо ме ри за ция, диф фе рен ци аль ная ска ни ру ю -
щая ка ло ри мет ри яН. О. Ка сян, О. В. Ва щен ко, Я. Е. Глу хо ва, Л. М. 
Ли сець кий

Вплив про дуктів фо то син те зу вітаміну D на тер мо ди намічні 

па ра мет ри мо дель них ліпідних мем бран

Ре зю ме

Мета. Порівня ти вплив провітаміну D (ProD) та про дуктів його
фото- і тер моізо ме ри зації, а та кож вітаміну D (VitD) на тер мо -
ди намічні па ра мет ри муль ти шарів гідра то ва но го ди пальмітоїл-
фос фа ти дил холіну (ДПФХ). Ме то ди. Ди фе ренційна ска ну валь на
ка ло ри метрія, УФ-спек трос копія. Ре зуль та ти. Вста нов ле но за -
ко номірне зни жен ня тем пе ра ту ри та роз ми ван ня піка плав лен ня
мульти шарів ДПФХ, до по ва них сте ри на ми, у послідов ності
ProD3 < ProD3 + УФ < ProD3 + УФ + тем но ве зберіган ня < VitD3.
Вис нов ки. Дес табілізу валь ний вплив VitD3 на мем бра ну є більш
ви ра же ним, ніж ProD3 та про дуктів його фотоізо ме ри зації, що
по лег шує вихід VitD3 із мем бра ни у міжклітин ний про стір за його
біосин те зу in vivo. Мож ли вий мо ле ку ляр ний ме ханізм спос те ре-
же но го яви ща по в’я за ний з більш високою кон фор маційною рух -
ливістю та анізо метрією VitD3 порівня но з ProD3.

Клю чові сло ва: фос фоліпідні мем бра ни, вітамін D, провітамін 
D, фотоізо ме ри зація, ди фе ренційна ска ну валь на ка ло ри метрія.
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