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ABSTRACT

Study of interfacial processes between incorporated biomolecules and hydrogel matrix is of primary importance for the
application of synthetic hydrogels as biomaterials, sensors, etc. Their hydrophilic nature, however, hampers fat-soluble
biomolecule incorporation. We synthesized N-isopropylacrylamide (NIPAAm)- and Acrylamide (AA)-based hydrogels
with hydrophilic-lipophilic balance that under specific conditions permit homogeneous incorporation of provitamins Ds
(7-dehydrocholesterol) and D, (ergosterol) dissolved in ethanol. Similarity of provitamins D photoisomerization in such
hydrogel matrices with the photoreaction in ethanol shows great potential of the novel material for personal dosimetry

of biologically active ‘antirachitic’ UV radiation.
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1. Introduction

Influence of a reaction medium on the photochemistry of
biologic molecules is of great current interest. Photo-
isomerization of provitamin D, in particular, as the initial
step of natural synthesis of vitamin D upon sunlight, has
been studied in various media [1-5]. For the most part,
interaction of provitamin D molecules with microenvi-
ronment affects both the absorption spectrum and the
photoconversions. In view of great current interest to the
application of natural, synthetic, and biohybrid hydro-
philic polymers as biomaterials, we have studied photo-
isomerization of provitamin D; (7-dehydrochelosterol)
and provitamin D, (ergosterol) in a hydrogel matrix.
Hydrogels, the novel materials, insoluble crosslinked
hydrophilic polymers that swell in aqueous medium,
came in the focus of researchers’ attention lately [6].
Hydrogel water content may vary from 10% to thousands
of times of the weight of the dry polymer network [7].
Due to their high biocompatibility and the ability to in-
corporate drugs into their composition, hydrogels are
widely used in medicine [8], pharmacology and biology
to develop various biomaterials: implants, soft contact
lenses, wound coatings, cell carriers, drug delivery sys-
tems (heparin delivery, for instance) [9], etc.
Thermo-sensitive hydrogel polymeric systems are be-
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ing widely studied and appear promising for medical
application, first of all, for the design of targeted drug
delivery and their controlled release. They are character-
ized by the presence of upper and/or lower critical solu-
tion temperatures (UCST and/or LCST) at which phase
transition between swollen and collapsed state occurs in
the system. The phase transition in polymeric hydrogels
and solutions based on NIPAAm is governed by the tran-
sition between two conformation structures of the poly-
mer side groups [10]. LCST of NIPAAm-based polymer
systems is in the range of 32°C - 34°C and slightly differs
from the temperature of a human body. Nevertheless, due
to the fact that the phase transition temperature of ther-
mo-sensitive systems depends on hydrophilic-lipophilic
balance, it can be shifted to any direction by copolymeri-
zation of NIPAAm with either hydrophilic or hydro-
phobic monomers [11].

Diphilic nature of NIPAAm-based hydrogels and that
of hydrogels based on hydrophilic and hydrophobic
monomers ensures their affinity not only to water and
water solutions, but to organic solvents as well. Their
swelling degree in such solvents reaches even higher
values within certain temperature and concentration in-
tervals. The present paper deals with the synthesis of
NIPAAm- and AA-based copolymer hydrogels and their
ability to be saturated with ethanol solutions of provita-
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mins D3 and D,. Effect of the reaction media on the pho-
tochemistry of the above mentioned biomolecules is
studied versus the photoreaction in the ethanol solution.

2. Materials and Methods

N-isopropylacrylamide (NIPAAm) (Sigma-Aldrich, 97%)
was recrystallized from n-hexane and dried under vac-
uum. Acrylamide (AAm) (Merck, 99.9%), N,N’-me-
thylenebisacrylamide (MBA) (Merck, 98%), ammonium
persulfate (PSA) (Sigma, 98%) and N,N,N’,N’-tetrame-
thylendiamine (TMED) (Merck, 99%), were used as re-
ceived without preliminary purification.

Hydrogel matrices for further incorporation of provi-
tamins D were prepared as follows: for 2 minutes, argon
passed through the solution containing 1.95 g of N-iso-
propylacrylamide, 0.05 g of acrylamide, 0.01 g of N,
N-methylenebisacrylamide, 0.1 g of ammonium persul-
phate and 6.0 ml of water on ice. Then, 0.1 g of tetrame-
thylenediamine was added to the solution and stirred on a
magnet stirrer for 1 minute. The obtained solution was
poured in between two flat parallel glass or Teflon plates
separated by 1 mm-thick spacers. In one hour, when po-
lymerization was completed, the plates were separated
and the obtained hydrogel films were taken out and
washed to remove un-reacted monomer residues at 40°C
during 120 hours with daily water change.

Swelling degree Q in grams of a solvent per gram of a
dry polymer was determined by the weight method by

m .
—t 0 where my is a mass a dry xe-
0

rogel, m; - mass of a hydrogel at the time moment t.

The hydrogel saturation with provitamin D was ac-
complished as follows. Synthesized hydrogel matrices
were dried at 30°C - 40°C, then during 24 hours they
were saturated with provitamin D solution at about 5°C.
Ethanol solutions of provitamins D with the concentra-
tion of 0.01 mass % were prepared in advance by
weighting the components. To prevent ethanol evapora-
tion, the hydrogel matrices saturated with provitamin D
were hermetically sealed within propylene envelopes.

UV irradiation of the samples was performed using
low-pressure mercury lamp TUV-300 (254 nm) and lu-
minescent lamp EL-30 (280 - 330 nm). Spectral irradi-
ance of the UV lamps at the sample distance 7 cm was
measured with calibrated spectrometer EPP2000C-UV +
VIS (StellarNet, Inc). The photoreaction course was fol-
lowed by UV absorption spectroscopy, i.e. absorption
spectra of the samples were recorded by PerkinElmer
Lambda 25 UV/VIS spectrophotometer within 250 - 330
nm before and after fixed UV exposures. Then, for the
concentration analysis the spectra were processed using
specially developed computer software [12]. Simultane-
ously, solutions of provitamins D in ethanol were irradi-

the formula: Q = il
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ated under the same conditions.

3. Results and Discussion

In order to find optimal conditions of incorporating fat-
soluble provitamin D in synthetic hydrogels of high bio-
compability caused mainly by their high water content,
we carried out their synthesis using monomers of various
natures. The hydrogels were obtained basing on hydro-
philic acrylamide, hydrophobic acrylonitrile and acrylic
acid useful in medicine for endoprosthetics, anti-burn
coatings, targeted medication delivery and their pro-
longed release.

The traditional technique described, for instance in
[11], was used in the hydrogel synthesis. The hydrogels
obtained had satisfactory mechanical characteristics, but
they did not swell, rather collapse, in ethanol and hexane,
traditionally good solvents for provitamin D. Therefore,
the hydrogel matrices mentioned above can not be used
to incorporate provitamins.

It appeared that co-polymer hydrogels containing
NIPA diphile chains are compatible with ethanol. Syn-
thesis and properties of the above-mentioned hydrogel
systems, as well as those of ferrogels based on them, are
described in detail in [13], while the present work deals
with the development of the techniques of optimizing
provitamin D incorporation in the hydrogels .

In order to find optimal conditions of provitamin D
incorporation in the synthesized hydrogels their swelling
has been studied in distilled water and ethanol. The cor-
responding kinetic curves of swelling in distilled water
and in ethanol at 6°C and at 40°C are given in Figure 1.

On swelling in water, thermo-sensitive NIPA and AA
copolymer-based hydrogels behave traditionally, and
sharp decrease of their highest swelling degree (appro-
ximately 8 times) is observed with temperature growth
due to NIPA transition to hydrophobic modification. At
the same time, swelling in ethanol obeys the opposite
dependence, i.e. swelling degree increases slightly with
temperature growth and achieves the maximum value
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Figure 1. Kinetics of synthesized hydrogel swelling in water
and in ethanol at 6°C and 40°C.
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~8 g/g in 3 hours. Contrary to conventional hydrogels,
homopolyacrylamide gel in particular, the synthesized
hydrogels remain optically transparent and thus can be
used as matrices for water-insoluble provitamins D.

The described behavior of NIPA-based hydrogels can
be explained by some peculiarities of their chemical
structure, i.e. by simultaneous presence of hydrophilic
amide group (CONH) well water-solvated and hydro-
phobic isopropyl group CH (CH3), solvated by ethanol
(Figure 2).

Photochemical characteristics of the behavior of provi-
tamins D in the described hydrogel matrix based on
NIPA are discussed below.

UV irradiation of initial provitamin D at room tem-
perature is known to give rise to multicomponent pho-
toisomer mixture due to the side photoconversions of
formed previtamin D whose absorption band lies in the
same spectral range as that of provitamin D [14]. In due
course, dynamic equilibrium between the photoisomers,
the so-called photostationary state (PS), is established.
Previtamin D (Pre) and its trans-isomer tachysterol (T)
usually dominate in the photostationary state, and the
Pre/T ratio is strongly dependent on the irradiation
wavelength. Irradiation at 254 nm ensures high yield of
tachysterol, and its amount decreases as the initiation
radiation wavelength becomes longer [14]. Such differ-
ence in the photoreaction kinetics is reflected by different
transformation of the initial spectrum in the process of
UV irradiation. Upon irradiation at 254 nm the initial
insignificant decrease of absorbance caused by the for-
mation of previtamin D, is replaced by its appreciable
increase caused by tachysterol accumulation (Figure 3).
During further UV irradiation, the absorbance is gradu-
ally reduced due to irreversible photodegradation (not
shown).

Different picture is observed under long-wave UV ir-
radiation by EL-30 lamp (Figure 4): the absorbance
gradually decreases around maximum, at 280 nm, be-
cause absorption coefficient of provitamin D is higher
than that of previtamin D in this spectral range. However,
the absorbance increase is observed at 260 nm (maxi-
mum absorption of previtamin D).

Similar transformations were detected upon UV irra-
diation with both lamps for the hydrogel films with in-
corporated 7-DHC (provitamin D3). It is significant that
unlike previous data on provitamin D doped polymer and
porous silica films [5], the absorption spectra of both
provitamins in hydrogel matrices were almost identical to
the spectra in ethanol solution. With the help of specifi-
cally developed software [12], the above-mentioned fact

ad
O
Figure 2. Structural formula of NIPA.
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Figure 3. Transformation of ergosterol absorption spectrum
in hydrogel matrix (a) and in ethanol (b) at the initial stage
of UV irradiation with the TUV-300 lamp.
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Figure 4. Transformation of ergosterol absorption spectrum
in hydrogel matrix (a) and in ethanol (b) upon UV irradia-
tion with the EL-30 lamp.
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allowed processing the spectra for concentration analysis
based on the known photoisomer individual spectra in
the solution [15].

Comparison of concentration kinetics of provitamin D
photoisomerization in hydrogel matrix and in ethanol
demonstrates their close similarity upon irradiation with
both UV lamps (Figure 5). By this is meant that the in-
teraction between incorporated molecules of provitamin
D and the hydrogel matrix appears weak enabling us to
suggest that the molecules are not adsorbed but stay
“swimming” in ethanol inside the hydrogel micro-cavi-
ties.

This situation differs from the other heterogeneous
media where restrictions of molecular geometry caused
by interfacial interactions significantly affect the con-
formational and dynamic behavior of electronically ex-
cited molecules, and, as a result, change the photoreac-
tion pathways and product distribution. This is especially
true in regard to the flexible molecule of previtamin D
whose multiple photoconversions are best rationalized on
the base of the principle of ground state conformational
control [16]. Pronounced changes revealed in the kinetics
of provitamin D photoisomerization in some heteroge-
neous media [17-19] were attributed to the displacement
of previtamin D conformational equilibrium by the re-
striction of its intramolecular rotation around C5-C6 sin-
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Figure 5. Concentration kinetics of ergosterol photoiso-
merization in hydrogel matrix (solid symbols) and in etha-
nol (open symbols) upon irradiation with TUV-300 (a) and
EL-30 (b) lamps: Pro—provitamin D, Pre—previtamin D,
T—tachysterol, L—lumisterol, Sum—their summary con-
centration.
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Figure 6. Two planar conformations of previtamin D mole-
cule.

gle bond. As it was shown earlier [1], cis-trans isomeri-
zation of previtamin D is especially sensitive to the ratio
between its planar cZc-Pre and tZc-Pre conformers (Fig-
ure 6), and shift of conformation equilibrium in favor of
the cZc-Pre due to adsorption of previtamin D at the sil-
ica gel surface significantly inhibited its cis-trans isom-
erization [1].

4. Conclusions

Close resemblance of provitamin D photoisomerization
in hydrogel matrices to the photoreaction in ethanol gives
grounds to assume that the molecules of provitamin D
inside hydrogel matrix are not distorted by interfacial
interactions. This offers a clue for personal dosimetry of
“antirachitic” UV radiation [20] similar to an original
method based on an in vitro model of vitamin D synthe-
sis (the so-called “D-dosimeter”) that was introduced for
the UV dosimetry in situ [21].

Great potential of the new material for personal moni-
toring of the vitamin-D-synthetic capacity of sunlight is
motivated by the crucial importance of vitamin D for
human health [22].
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