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ABSTRACT: Macroporous amphoteric cryogels based on N,N-dimethylaminoethylmethacrylate and methacrylic acid p(DMAEM-co-
MAA) crosslinked by N,N'-methylenebisacrylamide (MBAA) were synthesized by radical copolymerization of monomer mixtures in
cryoconditions. The structure and morphology of cryogels were evaluated by FTIR and SEM. Cryogels exhibited interconnected
porous structure with pore size ranging from 40 to 80 um, which depended on their crosslinking degree. The value of the isoelectric
point (IEP) of equimolar amphoteric cryogel determined from the water flux was equal to 4.4, while the IEP of cryogel with the
excess of DMAEM units was equal to 7.1. The mechanical strength of equimolar amphoteric cryogels increases with increasing
amount of crosslinking agent. The complexation ability of amphoteric cryogels with respect to surfactant, dyes, and protein was dem-
onstrated. The adsorption isotherms with respect to anionic surfactant—sodium dodecylbenzene sulfonate (SDBS) and protein—lyso-
zyme correspond to Langmuir equation, while adsorption isotherms of anionic and cationic dyes—methylene blue (MB) and methyl
orange (MO) are well described by Freundlich equation. It was found that the binding ability of p(DMAEM-co-MAA) with respect to
various low- and high-molecular weight compounds changes in the following order: SDBS > lysozyme > MO > MB. The preferen-
tial adsorption of MB from the mixture of protein and MB was shown. The quantitative release of protein, surfactant and dye mole-
cules from the matrix of cryogels takes place at the IEP of cryogel. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43784.
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type and the pH the electrostatic interactions, H-bonding, and
hydrophobic bonding are realized. Polyampholyte nanocompo-
site hydrogels of AA, 2-(diethylamino)ethyl methacrylate
(DEAEM) and montmorillonite were used for the removal of
indigo carmine from textile aqueous effluents."” The adsorption
of some textile dyes onto crosslinked poly(N-vinylpyrrolidone)
was studied by Sahiner et al.'* The micro- and macrogels based
on quaternized poly(4-vinylpyridine)'> as well as superporous
poly((3-acrylamidopropyl)trimethylammonium chloride) cryo-
gels'® exhibited the high effectiveness in removal of cyanide and

INTRODUCTION

Amphoteric nanogels' and microgels™® have attracted significant
attention in the last few years. The state-of the-art of ampho-
teric nanogel, microgel, and macrogel in light of their stimuli-
responsive behavior and potential applications in nanotechnol-
ogy, biotechnology, and medicine was recently reviewed." The
fundamental and applied aspects of nanogel and microgel sys-
tems together with recent developments in the synthesis, charac-
terization, and application were outlined in review article.”

Morphological, structural, and adsorption properties of cryogels arsenate ions from aquatic environments. Poly(acrylamide) cry-

ogel modified by amidoximation and in combination with
nanoparticles of Cu, Ni and Co were used as superporous cata-
lytic reactors in decontamination of toxic phenol compounds

were reviewed by authors.®

Structure, morphology, conformational, and volume-phase
behavior of amphoteric nanogels,’” and microgels®"' of

p(DMAEM-co-MAA)'? were evaluated. Uptake and release of
surfactants from polyampholyte microgel particles was studied
by authors.® It was concluded that depending on the surfactant

© 2016 Wiley Periodicals, Inc.
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and some dyes from the wastewaters.'” A macroporous ampho-
teric polymer based on N-[3-(dimethylamino)propyl]methacry-
late and MAA was tailored in the presence of a pore-forming
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agent (CaCO;) and used as a template for bovine serum albu-
min and lysozyme.'® Dual temperature/pH-sensitive polyam-
pholyte gels of N,N-dimethylaminopropylacrylamide
(DMAPAA) and AA were used as adsorbents and carriers with
respect to bovine serum albumin (BSA)."” The BSA adsorption
was investigated as a function of MBAA concentration and tem-
perature, and was discussed in terms of the difference in the
sizes of BSA molecules and gel network. Deng et al’” studied
the drug release behavior of polyampholyte nanogels using
water-soluble chitosan as a model drug. Amphoteric hydrogel
synthesized by gamma radiation-induced copolymerization of
MAA and DMAEM in aqueous solution can be utilized for oral
delivery of insulin.*

Comprehensive information on the structure, properties and
application of cryogels in biotechnology and biomedicine and
the pioneering articles devoted to cryogels can be found in a
review”' and fundamental book.”

Literature survey reveals that the most studied superporous cry-
ogels for immobilization of metal nanoparticles exhibit anionic
or cationic character.”® Superporous cryogels of poly(acrylic
acid),**  poly(4-vinylpyridine),”® and poly(2-acrylamido-2-
methyl-1-propansulfonic acid and their templated metal
nanoparticle composites were used in hydrogen generation from
the hydrolysis of NaBH, and hydrogenation of 4-nitrophenol.
Recently,”” betaine type microgel based on poly2-(methacry-
loyloxy) ethyl]dimethyl(3-sulfopropyl)ammoniumhydroxide was
used as a template for the in sifu synthesis of Ni nanoparticles
and as catalysts for hydrogenation of nitrogroup containing
substrates—4-nitrophenol, 2-nitrophenol, and 4-nitroaniline.

)26

In spite of advances in studying of nonionic, anionic and cati-
onic nanogel, microgel, and macrogel to our knowledge there is
very limited information on macroporous amphoteric gels
themselves”®** and their complexation with various low- and
high-molecular weight compounds.

In the present communication, we report for the first time (i)
the preparation protocol and characterization of amphoteric
cryogels based on p(DMAEM-co-MAA); (ii) the complexation
ability of cryogels with respect to surfactant, dye molecules and
protein; (iii) the release of adsorbed substances at the IEP of
amphoteric cryogels.

EXPERIMENTAL

Materials

Monomers, catalyst and initiator—MAA(99% purity), DMAEM,
(99% purity), N,N,N,N'-tetramethylethylenediamine (TMED,
99% purity), ammonium persulfate (APS, 99% purity), and
crosslinking agent N,N'-methylenbisacrylamide (MBAA, 99%
purity) were purchased from Sigma-Aldrich Chemical, Milwau-
kee, WI, and used without further purification. Low-molecular
weight substances, such as methylene blue (MB), methyl orange
(MO), sodium dodecylbenzene sulfonate (SDBS), and lysozyme
were purchased from AppliChem GmbH, Germany, and used
without additional purification. The reason for choosing MB,
MO, SDBS, and lysozyme for adsorption experiments is that the
selected substances are easily detected spectrophotometrically in
UV-Vis spectral regions.
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Table I. Amount of DMAEM, MAA, and MBAA in the Feed Used for
Synthesis of Cryogels

Initial monomer feed

mg mol %
DMAEM MAA MBAA DMAEM MAA MBAA
626 343 31 50 50 2.5
608 333 60 50 50 5
578 314 113 50 50 10
701 256 43 63 37 2.5
Methods

Absorption spectra were recorded with UV-Vis spectrophotom-
eter (Specord 210 plus BU, Germany) at room temperature.
FTIR spectra were recorded on a Cary 660 FTIR (Agilent, USA)
in KBr pellets. Scanning electron microscopy (SEM) image was
recorded using a high-resolution SEM (Zeiss Merlin High-
Resolution SEM). The specimens were cutted, freeze-dried, and
carbon-coated using Sputter-coater. Mechanical testing of cylin-
drical cryogel samples was performed using texture analyzer
TAXT plus, Stable Micro Systems (UK) as described in Ref. 30.

Synthesis of Amphoteric Cryogels

Mixture of MAA (343 mg or 4 mmol), DMAEM (626 mg or
4 mmol), MBAA (31 mg or 0.2 mmol) corresponding to the
molar ratio of monomers MAA:DMAEM = 50:50 mol %/
mol % was dissolved in 9 mL of deionized water, bubbled with
nitrogen during 10 min and degassed under vacuum for about
5 min to eliminate dissolved oxygen. After addition of 10 puL of
TMED the solution was cooled in an ice bath for 5 min. Then
0.1 mL of aqueous solution of APS (10 wt %) preliminary
cooled in an ice bath for 5 min was added and the reaction
mixture was stirred for 5 min. The total volume of reaction
mixture was divided into 10 parts and each part containing
1 mL of reaction mixture was placed into the 10 glass cylinder
with diameter 5 mm with closed outlet at the bottom. The solu-
tion in glass cylinder was frozen at —12°C followed by cryopo-
lymerization on cryothermostate LaudaProline RP 845
(Germany) during 48 h. After completion of the reaction the
sample was thawed at room temperature. The prepared cryogel
sample was washed thoroughly with distilled water every 2-3 h
during several days then successively washed with 25, 50, 75,
and 96% ethanol to dehydrate then it was dried in air and
finally in vacuum oven to constant mass at room temperature.
The amount of monomers in the feed mixture (in mg and
mol %) used for the synthesis of cryogels is given in Table I.

Thus, a series of amphoteric cryogels crosslinked by 2.5, 5, and
10 mol % of MBAA were synthesized (Figure 1).

Swelling Experiments. The swelling capacity of cryogel samples
as a function of pH was evaluated from the height measure-
ments. For this dry gel sample with diameter 5 mm and height
8 mm was placed into a glass tube with diameter 7 mm. After
passing of 100 mL of aqueous solutions through a gel sample
with desired pH, that was adjusted by addition of 0.1 N HCI or
KOH to distilled water to avoid the influence of buffer on
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Figure 1. Structural units of amphoteric cryogels derived from DMAEM and MAA (left), image of dry and swollen in water cryogel samples (right).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

swelling behavior, its height was accurately measured.?"** Swel-
ling experiments were repeated three times with experimental
error not exceeded = 5%. The ratio of L/L, (where L, is the
height of swollen gel, L, is the height of dry gel) on time was
plotted. The flow rate of water passing through the cryogel sam-
ples was measured at the constant hydrostatic pressure equal to
100 cm of water column corresponding to a pressure of ca.
0.01 MPa as described previously.'®
repeated three times and the values averaged. The swelling rate
P(DMAEM-co-MAA) cryogels in water is very fast and com-
pleted during 15 s (Figure 2). As expected increasing of cross-
linking degree retards water absorption. In this connection, the
flow rate experiments and adsorption of dyes, surfactant, and
protein were carried out with cryogel samples crosslinked by
2.5 mol % MBAA.

Measurements were

Mechanical Testing of Equimolar p(DMAEM-co-MAA)
Cryogels. The cylindrical shape cryogel samples with height
9.5-10 mm and contact area 78 mm® were fixed on the test
table and compressed by the upper load cylinder-probe (P/10)
at a test speed 0.1 mm/s using compression mode at room tem-

1-0 T T T T r T T T T T T T
0 5 10 15 20 25 30

t, sec
Figure 2. Time-dependent swelling of equimolar p(DMAEM-co-MAA)
cryogels crosslinked by 2.5 (1), 5 (2), and 10 mol % (3) of MBAA.
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perature. The force target mode was set up during all experi-
ments. The Young modulus were determined from the initial
parts of the stress/strain curves. All samples were tested three
times and the results were averaged.

Adsorption Experiments. All adsorption experiments were car-
ried out with the amphoteric cryogel having the IEP of 7.1 at
room temperature. The adsorption of lysozyme and MB was
carried out in buffer solution at pH 9.5 while the SDBS and
MO were adsorbed in buffer solution at pH 5.3. At these condi-
tions, the hydrogel matrix and interacting components are
oppositely charged and provide the maximal electrostatic
interactions.

Adsorption of MB, MO, Lysozyme, and SDBS by p(DMAEM-
co-MAA) Cryogel. A 20 mL aqueous solution of MB (or MO)
containing 100, 200, 300, 400, and 500 mg L™ ' dye was passed
through 20 mg cryogel sample at pH 5.3 (for MO) and pH 9.5
(for MB) adjusted by acetate and phosphate buffers. The initial
and final concentrations of MB (or MO) were determined spec-
trophotometrically at maximum absorbance region of MB
(Amax = 668 nm) and MO (A = 505 nm). The same adsorp-
tion condition was selected also for lysozyme in buffer solution
at pH 9.5. The amount of adsorbed lysozyme was determined
at 275 nm. In case of surfactant adsorption, the concentration
of SDBS varied in the range of 2-6 mmol L™ ". The initial and
final  concentrations of SDBS determined  at
Amax = 262 nm.

Adsorption of the Mixture of Lysozyme, SDBS, MB, and MO
by p(DMAEM-co-MAA) Cryogel. To study the adsorption abil-
ity of p(DMAEM-co-MAA) with respect to the mixture of lyso-
zyme and MB, the following experiments were carried out. At
first, the cryogel specimen (m = 20 mg) was immersed into
buffer solution with pH 9.5 overnight. After 20 mL aqueous
solution containing 500 mg L™ of lysozyme and 500 mg L'
of MB at pH 9.5 was passed through cryogel. Adsorption spec-
tra of solution passed through cryogel sample were measured
continuously at the interval of wavelengths from 200 to
700 nm. Similar experiment was carried out for the mixture of
MO and SDBS in buffer solution with pH 5.3. The initial

were
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Figure 3. FTIR spectrum of p(DMAEM-co-MAA) cryogel. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

concentrations of MO and SDBS passed through the cryogel
specimen were equal to 500 mg L™" and 5 X 107> mol L™,
respectively. The initial and final concentrations of SDBS and
MO were determined at A,,, = 262 and 668 nm.

Experiments on Release of SDBS, MO, MB, and Lysozyme
from the Matrix of p(DMAEM-co-MAA)

Amphoteric cryogel samples (m = 20 mg) preliminary loaded
separately with SDBS, MO, MB, and lysozyme was washed with
20 mL of buffer solutions at the same values of pH that were
selected for adsorption (pH 5.3 or 9.5). In another series of
experiments the cryogel samples were washed with buffer solu-
tion corresponding to the IEP of amphoteric cryogel
(pHigp = 7.1). The concentrations of substances were measured
as described above. The amount of released protein (surfactant
and dyes) from cryogel matrix was calculated using the formu-
lae: W= % X 100% (where #4501, is the amount of
adsorbed protein (surfactant and dyes), Mgesorp 1S the amount
of desorbed protein (surfactant and dyes).

RESULTS AND DISCUSSION

Characterization of p(DMAEM-co-MAA) Cryogels
FTIR spectrum of amphoteric cryogel shows the characteristic
bands of S8OH (3423 cm™ '), vCH (2954 cm™ '), vC=0

(1729 em™"), Vgm COO™ (1663 cm™'), Viym COO~

SEM Y S0V
View fiaid: 7.7
SEM MAG: 581 kn  Dsteiw

WO 155 me

Pericrmance in Rarospce

(1570 ecm™ 1), 83CH (1471, 1391 cm™!), vCOC (1155 cm™})
groups (Figure 3).

Coexistence of —COO~ and —N(CH;),H" is due to partial
transfer of protons from carboxylic groups to tertiary amine
moieties. According to SEM images the pore sizes of cryogels
decreasewith increasing of the crosslinking degree (Figure 4).
The average pore size of p(DMAEM-co-MAA) samples is varied
from 40 to 80 pm.

Mechanical Characteristics of p(DMAEM-co-MAA) Cryogels
As seen from Figure 5, the Young modulus of p(DMAEM-co-
MAA) cryogels linearly increases with increasing the concentra-
tion of MBAA. It means that increasing the concentration of
crosslinker strengthens the mechanical properties of cryogels.

Determination of the Composition of Amphoteric Cryogels
by Adsorption of Dye Molecules

The composition of p(DMAEM-co-MAA) cryogel synthesized at
equimolar ratio of acidic and basic monomers was determined
by the procedure described in Ref. 31. Taking into account that
the tertiary amine groups of cryogel will bind the sulfonate
groups of MO while the carboxylic groups of cryogel will inter-
act with tertiary amine groups of MB the residual amounts of
dye molecules in eluate were determined. To achieve the com-
plete binding of dyes to cryogels, pH of the solution was kept at

Figure 4. High-resolution SEM images of equimolar p(DMAEM-co-MAA) cryogel. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 5. Stress—strain curves of p(DMAEM-co-MAA) cryogels at the con-
centration of MBAA 2.5 (1), 5 (2), and 10 mol % (3). Inset is the
dependence of Young modulus on the content of MBAA. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.|

5.3 in case of MO and pH = 9.5 in case of MB. However, in
these experiments additional physical adsorption of dyes or
retaining of dye molecules within cryogel pores was not taken
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into account. As seen from Figure 6 the cryogel samples have
intensive color in solutions of MB and MO due to uptake of
dye molecules via electrostatic attractions between functional
groups of interacting components, while poly(acrylamide) cryo-
gel not containing the charged groups is not able to absorb
both MB and MO. The electrostatic nature of binding is con-
firmed by the fact that dye molecules are fully desorbed from
the amphoteric cryogel volume into outer solution at the ionic
strength of the solution p = 0.1 M KCl. Shielding of the posi-
tive or negative charges of amphoteric macromolecules by low-
molecular weight anions or cations is responsible for detach-
ment of ionic dyes. The composition of amphoteric cryogel
found from the optical differences of dyes before and after
immersion of cryogel samples to MB and MO solutions was
equimolar and equal to 49.84 mol % of COOH groups and to
50.16 mol % of —N(CH3), groups. The composition of another
sample synthesized at the excess of DMAEM in the monomer
feed was equal to 37 mol % of —COOH and 63 mol % of —
N(CHj;), groups. It should be mentioned that this specific cryo-
gel sample was used for adsorption experiments.

Determination of the IEP of Amphoteric Cryogel by Flow-
Rate Experiments

One of the specific features of linear and crosslinked polyam-
pholytes is the existence of so-called isoelectric points (IEPs)

Figure 6. p(DMAEM-co-MAA) (left) and PAAm (right) cryogel samples immersed into aqueous solutions of MB (a) and MO (b). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. The pH dependent changes in the flow rate of water through p(DMAEM-co-MAA) cryogels. The compositions of amphoteric cryogels
[DMAEM]:[MAA] are equal to 50.16:49.84 mol % (a) and 63:37 mol % (b). The dotted lines show the position of the IEP.
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Figure 8. Langmuir isotherms of adsorption of SDBS (1) and lysozyme

(2).

where intra- and intermolecular attractions of opposite fixed
charges lead to pseudoneutral behavior and compact structure
of amphoteric macromolecules.*”** The IEPs of p(DMAEM-co-
MAA) cryogel was determined by the measurement of the rate
of water flow through the sample as a function of pH. As seen
from Figure 7, the maximal values of water flow rate corre-
spond to 4.4 and 7.1 that are accepted as IEPs because any devi-
ation from the IEPs due to excess of the positive or negative
charges leads to swelling and accumulating of water molecules
around the charged groups. At the IEP the positive and negative
charges are mutually compensated, macromolecular chains
become more hydrophobic repelling water molecules from the
inner, surface and outer parts of cryogel.

Adsorption Isotherms. The adsorption isotherms of surfactant
(SDBS), dyes (MB and MO), and protein (lysozyme) were plot-
ted using Langmuir and Freundlich equations as described in
Ref. 16. Langmuir monomolecular adsorption model is based
on equation:

Ce/9:=Ce/qmt+ 1/qmX Ky (1)

where C, concentration of substance at equilibrium mg L™, g,
equilibrium adsorption capacity mg g~ ', g,, maximal adsorp-
tion capacity, K; Langmuir adsorption equilibrium constant,
L mg "

Langmuir model provides the determination of the maximal
adsorption capacity. As seen from Figure 8 and Table II the
Langmuir model gives the R* = 0.943 and 0.989 for adsorption
of lysozyme and SDBS, respectively. The experimental value of
g for lysozyme (123.04 mg g~ ") coincides well with theoretical,
while the g,, for SDBS (1313 mg g~ ') is higher than the theo-
retical value. The latter is probably due to hydrophobic interac-

Table II. Langmuir Isotherm Constants

Figure 9. Freundlich isotherms of adsorption for MO (1) and MB (2).

tions between adsorbed and nonadsorbed SDBS within
macropores of cryogel.

In contrast to lysozyme and SDBS that are correctly described
by Langmuir model, the adsorption of dye molecules corre-
sponds to the empirical Freundlich equations (2)(3):

9.=KpXC} (2)
log g.=log Kr+ 1/nXlog C, (3)

where n and Ky is constants of Freundlich isotherm, C, concen-
tration of substance at equilibrium state, mg L™, g, equilibrium

adsorption capacity, mg g~ .

The values of Freundlich isotherms together with Ky and n are
shown in Figure 9 and summarized in Table III.

As follows from the Freundlich equation (2) the adsorption
capacity increases with increasing of Ky and n. The values of g,,
at different pH are summarized in Table IV.

Selectivity of Amphoteric Cryogel with Respect to the
Mixture of Protein, Surfactant and Dye

As described above the adsorption of the mixture of MO and
SDBS by p(DMAEM-co-MAA) was carried out at pH 5.3, while
the mixture of lysozyme and MB was adsorbed at pH 9.5.

As seen from Figure 10(a), at pH 9.5 the p(DMAEM-co-MAA)
adsorbs MB more effectively rather than lysozyme. Preferential
adsorption of MB may be accounted for stronger electrostatic
binding of the quaternary ammonium groups of MB (=N"<)
by carboxylate anions of cryogel than that of NHJ groups of
lysozyme. Also the greater hydrodynamic size of lysozyme can
restrict the effective binding of protein molecules inside cryogel
pores. At the same time, there is no substantial difference
between the adsorption capacity of SDBS or MO with respect
to p(DMAEM-co-MAA) [Figure 10(b)]. Probably the positively

Table III. Freundlich Isotherm Constants

Substance K., Lmg™t gm Mg gt R? Substance Kr, Lmg™? n R?
Lysozyme 111 123.15 0.943 MO 7.6 x 107° 0.092 0.964
SDBS 1.56 1282.05 0.989 MB 47 x107° 0.094 0.960
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Table V. Adsorbed Amount of MB, MO, SDBS, and Lysozyme by

Cryogel p(DMAEM-co-MAA) at Different pH
Substances Gm, Mg gt pH of adsorption Initial
i H of
L 123 95 concentration, q, p
ysozyme Substance  mg L™t mg gt adsorption

MB 8.3 9.5
SDBS 1313 53 MO 500 0.14 5.3
MO 571 53 SDBS 1700 19.2

_ __ o - Lysozyme 500 1.75 9.5
According to adsorption isotherms the binding ability of p(DMAEM-co- MB 500 0043

MAA) changes in the following order: SDBS > lysozyme > MO > MB.

charged amine groups of DMAEM do not discriminate the neg-
atively charged sulfonate groups of SDBS and MO.

Release of Adsorbed Lysozyme, SDBS, MB, and MO at the
IET of Cryogel

Earlier™ the so-called “isoelectric effect” was established for lin-
ear polyampholytes, where the preliminary adsorbed at appro-
priate pH the low- and high molecular compounds such as
proteins, metal ions, ionic dyes, and surfactants are released
strictly at the IEP of amphoteric macromolecules. In this con-
nection it was interesting to test the feasibility of such phenom-
enon for crosslinked amphoteric macroporous cryogels. Table V
shows the maximal amount of adsorbed substances at pH 5.3
and 9.5.

The amount of MO and SDBS washed out at pH 5.3 is 5.5 and
6.7%, respectively. The amount of lysozyme and MB washed
out at pH 9.5 is equal to 2 and 6%. The release of dye mole-
cules, surfactant and protein at the IEP of amphoteric cryogel
(pHigp = 7.1) reaches up to 98%. The profound release effect is
realized for MB as visualized in Figure 11. Washing out of pre-
liminary adsorbed MB by buffer solution at pH 9.5 leads to
retaining of intensive color in cryogel sample while the pale
color of supernatant confirms the minimal release of MB. Sub-
stantial discoloration of cryogel sample and high color of super-
natant at pH 7.1 evidences the effective release of MB at the
IEP of cryogel.

g =
MB

Adsorption (%)
8

0 2 4 6 8 10 12 14 16 18 20
Mixture volume (mL)

The amount of MB, MO, lysozyme, and SDBS released at the IEP is given
in Table VI.

Table VI. Release of MB, MO, Lysozyme, and SDBS from p(DMAEM-co-
MAA) Cryogel at Different pH

Release, mg/%

pH
Substance 7.1 9.5 53
MB 0.04/94 0.003/6 —
MO 0.13/94.5 — 0.0076/5.5
Lysozyme 1.72/98 0.035/2 —
SDBS 17.9/93.2 — 1.3/6.7

Release mechanism of low- and high molecular compounds at
the IEP of amphoteric cryogel is explained by Figure 12. The
p(DMAEM-co-MAA) is positively charged at pH 5.3 due to ion-
ization of tertiary amine groups and negatively charged at pH
9.5 due to ionization of carboxylic groups while is electroneutral
at the IEP (pH 7.1). At pH 9.5 the MO has the fixed positive
charge (=N" <), the lysozyme is also charged positively because
its isoionic point (IIP) is equal to pHyp 10.7. Thus at pH 9.5
the negatively charged cryogel matrix binds both MB and lyso-
zyme electrostatically. Whereas at pH 5.3 the positively charged
cryogel matrix captures the negatively charged SDBS and MO

[b]
100, 8 Soes

75+

50 4

Adsorption (%)

25

0 f
0 2 4 6 8 10 12 14 16

Mixture volume (mL)

18 20

Figure 10. Adsorption of the mixture of lysozyme and MB (a) and the mixture of SDBS and MO (b).
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Figure 11. Cryogel samples washed with buffer solution at pH 9.5 (a) and
pH 7.1 (b). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

through electrostatic interaction between the SO; groups of
MO and SDBS and —N(CH3),H™ moieties of cryogel.

At the IEP of amphoteric cryogel the cooperativity of intrachain
interactions between the acidic and basic groups (formation of
inner salt) within a cryogel matrix predominates those of inter-
chain interactions between cryogel and protein, surfactant and
dye molecules. In other words at the IEP of amphoteric cryogel
the mutual electrostatic attraction between the positive and neg-
ative charges overcomes the electrostatic interaction between
negatively charged cryogel and positively charged protein (or
MB) resulting in a release of positively charged protein (or MB)
from the cryogel matrix to the outer solution. The same mecha-
nism is realized for positively charged cryogel and negatively
charged SDBS and MO molecules at the IEP of amphoteric cry-
ogel. Since the opposite charges of amphoteric cryogel neutral-

pH 5.3 pH 9.5
_ ﬁ
1 £e

653 PH7.1 pPHT7.1

= o —ts h

o e ee o
- -0
1l

—© N(CH) H —@ C00" —e N(CH,) or COOH

© Lysozyme © SDBS

Figure 12. Schematic representation of adsorption of SDBS at pH 5.3
(route 1), lysozyme at pH 9.5 (route 2), and their release at pH 7.1 (IEP)
(route 3). [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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ize each other more cooperatively and effectively at the IEP, a
negligible amount of protein, surfactant and dye molecules
retains within the pores of cryogel.

CONCLUSIONS

Amphoteric cryogels of p(DMAEM-co-MAA) were synthesized
by cryopolymerization technique. SEM images of cryogels show
sponge-like porous structure composed of interconnected chan-
nels. Both pore size and water flux decreases with increasing
crosslinking degree. The isoelectric points of p(DMAEM-co-
MAA) cryogels found from the swelling measurements are equal
to 4.4 and 7.1. The binding ability of p(DMAEM-co-MAA) cry-
ogel with respect to protein, surfactant and dyes changes in the
following order: SDBS > lysozyme > MO > MB. The electro-
static forces are responsible for the complexation of abovemen-
tioned substances with amphoteric cryogels. The adsorption
isotherms of SDBS and lysozyme correspond to Langmuir type
while the adsorption of dyes is better described by Freundlich
type. Preferential adsorption of MB from the mixture of lyso-
zyme and MB is shown. Simultaneous adsorption of anionic
surfactant and anionic dye by cryogel sample is observed for
both SDBS and MO from their mixture. The isoelectric effect is
realized at the IEP of amphoteric cryogel and the release of
adsorbed substances falls within the range of 93-98%.
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