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Summary: Temperature-sensitive hydrogel beads were prepared by radiation
crosslinking of poly(vinyl methyl ether) PVME spheres wrapped in Ca-alginate. The
obtained gel beads have diameters in the sub-millimeter or millimeter range
(depending on the PVME concentration). They were characterized by sol-gel analysis,
swelling measurements, and differential scanning calorimetry.

The gel content g increases with increasing radiation dose D. The swelling degree Qy
decreases with increasing PVME concentration ¢, and increasing D. In comparison to
PVME bulkgels the phase-transition temperature of the synthesized PVME gel beads
is a little decreased.
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1. Introductions

‘Smart’ hydrogels are changing their volume and their mechanical properties as a result of small
changes in the properties of the surrounding medium [1-3]. Hydrogels with a lower critical
solution temperature LCST are in the swollen state below and in the shrunken state above this
temperature. A well-known polymer with LCST behavior in aqueous medium is poly(vinyl
methyl ether) PVME with 7T, = 34°C [4]. High-energy radiation induces in aqueous PVME
solutions a radical process and the polymer chains crosslink [5,6].

PVME hydrogels as bulk material were synthesized by electron beam or y-ray irradiation of its

aqueous solution to form temperature-sensitive hydrogels [7-15]. These gels were applied for
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mechanical devices [16,17], for thrombogenicity studies [18], or as fiber material [19].

The synthesis of hydrogels with reduced dimensions by using radiation techniques was reported
[20-23]. Pulsed electron beam irradiation of diluted polymer solution leads to intramolecularly
crosslinked macromolecules, the so-called nanogels [20]. Microgels can be formed by a radiation
induced polymerization and crosslinking of emulsified monomer solutions [21,22], or by the
irradiation of phase-separated structures of a temperature-sensitive polymer [23].

Another well-investigated method of the synthesis of micro-sized hydrogels is the alginate
technique [24-29]. Calcium-crosslinked alginate spheres are targets for the polymerization and
crosslinking of monomers. The dimension of the so-called gel beads is influenced by the droplet
size of the alginate beads.

The aim of the work was the synthesis of temperature-sensitive hydrogel beads in the sub-
millimeter and millimeter range. We will demonstrate, that micro-hydrogels can be formed by
irradiation of Ca-alginate stabilized PVME bead suspensions above the phase-transition
temperature of PVME. After crosslinking the alginate layer was removed by washing with EDTA
solutions. The possibilities to regulate the diameter of the beads by the polymer concentration
was investigated. The gel beads were characterized by sol-gel analysis, swelling measurements,

and DSC measurements.

2. Experimental

2.1 Materials

PVME was obtained as an aqueous solution (50 wt.%) from BASF (Lutonal M40). Its molecular
weight was measured by static light scattering in 2-butanone to M, = 57,000 g/mol. In the
experiments PVME solutions were used without further purification. Sodium alginate (Aldrich),
ethylene diamine tetraacetate EDTA (Griissing), calcium chloride CaCl, (Griissing), and acetone

(Merck) were all used as received.

2.2 Synthesis
The gel beads were prepared according to the method developed by Park and Choi [24]. An
interpenetrated network (IPN) was prepared by the gelation of Ca-alginate to form spherical bead

shapes. Temperature-sensitive gel beads were obtained by radical polymerization and
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crosslinking of poly(N-isopropyl acrylamide) PNIPAAm.

The alginate technique should be used for the synthesis of PVME gel beads, too. PVME was
incorporated into the alginate beads and subsequently irradiated with electron beam. Sodium
alginate (1-2 wt.%) and PVME (1-8 wr.%) were dissolved in bidestilled water and degassed with
nitrogen. The solutions were injected by using a syringe into 300 m/ aqueous CacCl, solution (3
wt. %) heated to T = 40°C. The Ca-ions crosslink the alginate and globular PVME/alginate beads

are formed. The scheme of the gel bead preparation is shown in fig. 1.

¢ dropping solution
poly(vinyl methy! ether)
nitrogen sodium alginate

receiving solution
CaCl, solution
heated to T = 40°C

Fig. 1:  Scheme of the synthesis principle of temperature-sensitive PVME gel beads. The
aqueous PVME/alginate solutions were dropped into the CaCl, solution (7 = 40°C)
and subsequently irradiated.

The gel beads suspensions were kept at this temperature (at low temperatures parts of PVME
diffuse out of the beads) and irradiated with accelerated electrons. The irradiation experiments
with an electron beam were carried out with an electron accelerator ELV-2 (Budker Institute of
Nuclear Physics Nowosibirsk, Russia). The energy of the electrons was 1.5 MeV at a beam power
of 20 kW. At constant value of beam current the absorbed dose depends on the exposure time
(typical < 1 min). The radiation dose D was varied from 60 kGy to 120 kGy. The stability of the
alginate-shell during high-energy irradiation (possible degradation processes induced by the

radiation) was proofed.
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2.3 Characterization of gel beads
Sol-gel-analysis
After radiation crosslinking the samples were dried in vacuum for several days and weighted. The
uncrosslinked polymer has to be removed. The beads were put into a Soxhlett thimble and the sol
was extracted with acetone in a Soxhlett extractor for 5 d. The crosslinked alginate was not
removed by this method. After the extraction the gel was weighted again. The gel content g of
PVME is determined as ratio of the mass of the gel after extraction (mg.;) to the mass before
removing the sol content (nge; + myoy).

Meet

g=——=—; s=l-g M

>
mgel + My

The alginate shell was removed by washing with EDTA solution, and temperature-sensitive

PVME gel beads were obtained.

Degree of swelling and differential scanning calorimetry (DSC)
The degrees of swelling (Q,,) in water were measured by weighting the swollen, extracted gel

(Mgwotten) and the non-swollen (dry) extracted sample (14y,).

mSWO en
Q, =~ )
My,
v d. Y
Q, = —ouller :[ mz/en] 3)
Vdry ddw

In order to determine the temperature dependence of the degree of swelling in water (Qy) the
change of dimension of the beads was monitored using a digital video system. A JVC (TK C
1380) camera was connected to a PC through a real time video digitalizer card. The diameter d of
the gel beads, both in the swollen (dosomes) and in the dry state (da,), was followed on the
magnified picture by an image analyser program (analysis Doku 2.11.007, Soft Imaging Systems
GmbH 1986-97, VGA Driver, Version 1.1a). This method enables us to measure of very small
changes in diameter (one pixel on the screen) on the real time video image. The ratio of the
dimension of the swollen gel (heating rate appr. 15 min / 2 K) to the dimension in the dry state is
proportional to the volume degree of swelling Oy (equ. 3). For DSC measurements the 2920
Modulated DSC (TA Instruments) was used. The heating rate was 5 K/min.
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3. Results and Discussions

3.1 Sol-gel analysis
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Fig.2:  Sol-gel analysis of the PVME gel beads after extraction with acetone (O) and
EDTA (0OJ) solution (¢, = 6 wt.%, Caginate = 2 W1.%5).

The sol contents were analyzed according to their different extraction steps. First, the
uncrosslinked PVME was removed by Soxhlett extraction with acetone. Second, the alginate
shell was removed by washing with EDTA solution.

The whole sol content (uncrosslinked PVME and alginate) is relatively high (about 50%).
However, alginate network is only the target for the crosslinking process. In the literature it is
described that alginate as bulk material or in aqueous solution mainly undergo degradation due to
the high-energy radiation [30-32]. Parts of the alginate shell can be removed during the irradiation
experiment or extraction. Analyzing the sol content of PVME with regard to the PVME gel
without alginate the sol content decreases with increasing dose. The values of the sol content are
in the same range like for bulkgels [13,14]. These sol contents were analyzed according to
CHARLESBY-PINNER [33] (equ. 4).

1
e D @
where py is the fracture density per unit dose, ¢, the density of crosslinked units per unit dose, u,

is the initial number average degree of polymerisation and D the irradiation dose. The gelation
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dose D, is determined for s = 1. The plot according equ. 4 is shown in fig. 3.
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Results (¢, = 6 Wt.%, Cajginare = 2 Wt.%) of the analysis according to CHARLESBY-
PINNER [33]. The gelation dose D, is 11.9 kGy and the value of py/gy is 0.25.

Evaluating the data of the sol contents in dependence on the radiation dose leads to a linear

behavior. The values of D, = 11.9 £Gy and py/qy = 0.25 were calculated and are typical for PVME
3.2 Swelling measurements

(PVME solutions (20 wt.%) y-ray irradiated Dy = 10.9 kGy and py/ge = 0.25 [14]).

Fig. 4:

Photograph of the PVME gel beads in dependence on PVME concentration ¢, (from
the left to the right side: 1 wr.%, 2 wt.%, 4 wt.%, 6 wt.%, 8 wt.% in the dry state,
and 8 wz.% in the swollen state, constant alginate concentration cgimare = 2 W.%).
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The degrees of swelling were obtained, both by measuring the mass and the volume of the gel
beads, in dependence on the temperature 7.

Fig. 4 shows a photograph of the gel beads in dependence on the concentration of PVME
(constant alginate concentration). The diameters (in the range of mm) of the dry gel beads
increase with increasing PVME concentration. In the swollen state the dimensions of the beads
strongly increase compared to the dry gel beads, but the same tendency was observed.

The degrees of swelling have been analyzed in dependence on the radiation dose, too. Fig. 5
shows the dose dependence of the degree of swelling (both Q, and @y, independently
determined). As expected, the degrees of swelling decrease (Qy from 20 to 9) with increasing
radiation dose. At higher doses more radicals are formed and the crosslinking density increases.
The volume degree of swelling is almost higher than the mass degree of swelling. The same
tendency was obtained as in the case of PVME bulkgels in the same range of dose, but at a higher

polymer concentrations (20 wt.%).
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Fig. 5:  Swelling degrees Qy ((0) and Oy, (O) of PVME gel beads (¢, = 6 w1.%, caginae = 2
wt.%) in dependence on the radiation dose D at T = 20°C (Q,, of PVME bulkgels
(<) synthesized with 80 £Gy electron beam were added for comparison).
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3.3 Temperature-sensitivity

The temperature dependent properties of the PVME gel beads were determined by swelling
measurements and by DSC measurements.

Swelling measurements (Qy) in dependence on the temperature show a decreasing Oy with
increasing 7 (fig. 6). The same dose dependence is shown like in fig. 5. The phase-transitions are

not sharp and can not clearly be determined by swelling measurements.
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Fig. 6:  Swelling degree Qy of the PVME gel beads (¢, = 6 wt.%, Caiginae = 2 Wi.%) in
dependence on the temperature 7 and the radiation dose D (O - 60 £Gy, O - 80 Gy,
A - 100 kGy, Y7 - 120 kGy).

For a correct analysis the phase-transition temperature DSC measurements were performed. Fig.
7 shows the results of the DSC measurements of the PVME beads in dependence on the ratio
PVME to alginate. PVME bulkgels were used to compare these results.

The DSC graphs show a small decrease of phase-transition temperature of the gel beads in
comparison to the bulkgels (Te = 37°C). This effect can be caused by the crosslinking of small
fragments of degradation products of the alginate. The ratio PVME to alginate does not influence

the phase-transition temperature.
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Fig.7:  DSC traces of PVME gel beads in dependence on the ratio PVME to alginate (solid
— PVME bulkgel, dash — 1 wt.% : 1 wt.%, dot 2 wt.% : 2 wt.%, dash dot — 2 wt.% : 4
wt. %, dash dot dot —2 wt.% : 6 wt.%) .

4. Conclusions

Temperature-sensitive PVME hydrogel beads were synthesized by electron beam irradiation of
Ca-alginate PVME networks. The obtained diameters of the beads were varied by the PVME
concentration in the range of mm (increasing 4 with increasing c,). The crosslinking reaction in
the beads was not influenced by the alginate shell. The parameters of the CHARLESBY-PINNER
equation (by analyzing the PVME content) have nearly the same values like were obtained for

PVME bulkgels. The gel beads show a temperature-sensitive behavior.
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