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A B S T R A C T

Thin macroporous poly(vinyl alcohol) (PVA) hydrogels were produced by cross-linking of PVA in a semi-frozen
state with glutaraldehyde (GA) on glass slides or in the wells of microtiter plates. The 100-130 μm-thick gels
were mechanically transferable, squamous translucent films with a high porosity of 7.2 � 0.3 mL/g dry PVA i.e.
similar to larger cylindrical PVA monoliths of the same composition. Additional treatment of the gels with 1% GA
increased the aldehyde group content from 0.7 to 2.4 μmol/mL as estimated using dinitrophenylhydrazine
(DNPH) reagent. Translucency of the gels allowed registration of UV-visible spectra of the DNPH-stained films.
The catalytic activity of trypsin covalently immobilized on thin gels in the microtiter plates was estimated with
chromogenic substrate directly in the wells, and indicated that the amount of protein immobilized was at least
0.34 mg/mL gel. Human immunoglobulin G (IgG) immobilized on thin gels at 0.1–10 mg/mL starting concen-
trations could be detected in a concentration-dependent manner due to recognition by anti-human rabbit IgG
conjugated with peroxidase and photometric registration of the enzymatic activity. The results indicate good
permeability of the hydrogel pores for macromolecular biospecific reagents and suggest applications of thin
reactive PVA hydrogels in photometric analytical techniques.
1. Introduction

Cryogels are hydrogels produced by polymerization of water-soluble
monomers or cross-linking of water-soluble polymers under semi-frozen
states [1]. These spongy, macroporous and flow permeable materials
have gained an increasing attention as separation media, cell culture
substrates as well as medical and environmental adsorbents during the
last two decades [2]. An attractive property of cryogels, which has rarely
been studied, is their translucency allowing photometric studies.
Recently, a radiochromic dosimeter [3] has been developed by incor-
poration of xylenol orange – iron (II) complexes into a poly(vinyl alcohol)
(PVA) cryogel. Thin hydrogels of gelatin [4], polyacrylamide [5] or
poly(N,N-dimethylacrylamide) [6] produced in non-frozen solutions
were earlier studied as immobilization media for reactive dyes able to
change their spectral characteristics in response to low molecular weight
analytes such as metal ions or saccharides. Many examples of optically
responsive hydrogels can be found in the reviews [7, 8].

It is pertinent to employ thin translucent cryogels in bioanalytical
photometric techniques. Since typical internal structure of cryogels ex-
hibits a pattern of interconnected macropores with diameters up to 100
unggren).
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or 200 μm, their permeable network may facilitate immobilization and/
or molecular recognition of high molecular weight analytes. The large
pores accommodate not only biopolymers but also biological cells that
can be visualized by immunofluorescent staining and confocal laser
scanning microscopy [9, 10, 11]. Regarding manufacturing of thin, flat
translucent cryogels, the question arises if these can be made as mono-
lithic and mechanically transferable porous films, and the present work
gives a positive answer. Our aim was to prepare thin cryogel films,
characterization of their microscopic texture, porosity and functional
group content, as well as their adaptation to microtiter plate measure-
ments with optical detection. To the best of our knowledge, the above
issues taken as a whole have not been addressed up to now.

Among the variety of cryogels employed for bioapplications, PVA gels
have drawn much attention due to the ease of manufacture by means of
chemical cross-linking of PVA by glutaraldehyde (GA) in semi-frozen
aqueous medium [12, 13]. Typically, the reactive aldehyde functions
of GA remaining after the cross-linking were coupled to ethanolamine
[12], or were reduced using sodium borohydride [13] to provide gels
with non-fouling characteristics. To perform immobilization of bio-
affinity ligands (e.g. proteins), some authors preferred additional
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activation of the matrix with another reagent, for example, epichlor-
ohydrine [10], instead of further treatment by GA. The latter type of PVA
activation was shown, however, to be effective for immobilization of
staphylococcal protein A via its coupling to the surface-bound aldehydes
[14]. Similar method for coupling of laccase to PVA cryogels activated by
GA has been reported [15]. Previously, apart from macroscopic gels,
many other aldehyde-containing supports, such as polymer microspheres
[16] or chromatography matrices [17], were successfully used for
immobilization of specific antibodies and other biomolecules. The
scheme of PVA chemical cross-linking followed by further treatment of
the gel with GA is given in Figure 1.

Lack of knowledge on the quantity of reactive aldehyde groups, their
accessibility for coupling to proteins, and the protein immobilization
capacity, are possible limiting factors for a wider use of GA-activated PVA
cryogels. In the present study, we show that the aldehyde groups can be
estimated using conventional assay with dinitrophenylhydrazine
(DNPH), moreover, the direct spectrophotometry of flat 100 μm-thick
PVA cryogels stained with this reagent can be performed. In solution,
DNPH reacts with aldehydes yielding hydrazones, which precipitate from
acidic ethanolic media, and the assay has long been used for identifica-
tion and estimation of aldehydes [18, 19]. Recent studies reported
Figure 1. Scheme of PVA chemical cross-
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estimation of aldehyde groups in insoluble powders [20], where the
quantity of aldehydes was calculated from the depletion of DNPH from
the solution. Colorimetric monitoring of aldehydes in solid beads has also
been described [21], though their coloration was detected visually
without being quantified. This study is not aimed at the development of
particular sensing technique but tends to demonstrate the opportunities
suggested by thin PVA cryogels. To the best of our knowledge, this is the
first report on photometric measurements where a thin PVA cryogel layer
acts as a translucent support in a microtiter plate format.

2. Experimental

2.1. Materials

Poly(vinyl alcohol) (PVA), Mowiol 18–88, Mw ¼ 130000 g/mol,
saponification degree 88%, was a product of Clariant GmbH (Frankfurt,
Germany). Glutaraldehyde solution (25%, for electron microscopy) (GA)
and 2,4-dinitrophenylhydrazine (DNPH) were purchased from Merck
(Darmstadt, Germany). N-benzoyl-DL-arginine 4-nitroanilide hydro-
chloride (BAPNA), trypsin from bovine pancreas and immunoglobulin G
from human serum were products of Sigma-Aldrich. Rabbit anti-human
linking and further activation by GA.
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IgG/HRP conjugate solution was a product of DAKO, Denmark. Dimethyl
sulfoxide (DMSO) extra pure was from Scharlab S.L. (Sentmenat, Spain).
Pellets used to make phosphate buffer saline (PBS) and PBS with 20 mM
Tween were from Amresco, Solon, USA, andMedicago, Uppsala, Sweden,
respectively. 3,30,5,50-tetramethylbenzidine (TMB) Liquid Substrate,
Super Slow for ELISA was from Sigma-Aldrich. Polystyrene Microtest
Plates 96 Well F were from Sarstedt (Nümbrecht, Germany). Plastic
Becton-Dickinson syringes (2 mL) were used as containers for synthesis of
cryogels in shape of cylinders.

2.2. Synthesis and protein immobilization

2.2.1. Cryogel synthesis
Poly(vinyl alcohol) (PVA) cryogels were prepared following the pre-

viously described methods [12, 22]. Briefly, 5% w/v PVA solution in
water (3.8 mL) was combined with 0.2 mL 2M HCl and cooled down to
0 �C in an ice bath. Aqueous glutaraldehyde (25%, 80 μL) was added to
the polymer solution and the reaction mixture (50 μL) was applied to and
spread on the surface of glass slides (9.5 � 40 mm), which were then
horizontally placed in a freezer at -18 �C. To prepare cylindrical cryogels
or cryogels in the wells of 96-well plates, the above mixture was added to
plastic syringes or to wells, and cooled in a freezer down to -18 �C in air.
The cross-linking reactionwas allowed to proceed overnight, the cryogels
were defrosted and rinsed by flow through of deionized water until zero
absorbance (λ ¼ 280 nm) of the washings. For further chemical activa-
tion with glutaraldehyde (GA), the cryogels were brought into contact
with 1%, 2.5% or 10%GA in 0.1MHCl; kept at room temperature (21 �C)
on a minirotator for 2 h and rinsed as above. For reduction of aldehyde
groups, the cryogels were treated with cold, freshly made 50 mM sodium
borohydride solution, 3–4 times with fresh volumes, kept in the same
solution for 3 h at 4 �C and rinsed by water. The gels made on glass slides
were 100–130 μm-thick films as calculated from their dimensions and
wet weights.

2.2.2. Cryogel films made in a 96-well plate: immobilization of trypsin
To ensure adhesion of the cryogels to the plate wells, these were first

filled by 20 μL 2.5% w/v PVA solution in 50% aqueous acetone, which
evaporated under gentle heating on an electric plate, forming a thin
transparent PVA coating; PVA is known to adhere well to polystyrene
[23]. Then 40 μL of the PVA-GA reaction mixture made as described in
Section 2.2.1 was added to the wells, frozen at -18 �C and kept overnight.
After defrosting in contact with deionized water, the spongy gels were
rinsed by suction/injection of water using a 1 mL-plastic dropper. Good
physical adhesion of gels to the PVA-precoated plate allowed shaking of
the plates without detachment. The wells were filled with 1% GA in 0.1
M HCl for chemical activation of the gels at room temperature for 2h. The
thus activated gels were rinsed with water as described above, and then
by 1M NaHCO3, pH 8.4, to reach this pH value in the gel pores. To
remove excessive liquid, the plate was shaken and the gels slightly
compressed by dry cotton wool sticks. The gels were combined either
with 150 μL of 10 mg/mL trypsin solution in 1M NaHCO3 (4 gels) or with
water to get reference gel samples (4 gels). After keeping the gels at room
temperature for 2 h, these were washed 10–12 times by deionized water
using a plastic dropper until no enzyme activity could be found in the
supernatants. The gels were then kept under cold 50 mM NaBH4 in a
fridge for 3 h and washed by deionized water to neutral pH.

2.2.3. Cryogel films made in a 96-well plate: immobilization of human
immunoglobulin G (IgG) and its detection with anti-human peroxidase
conjugated rabbit IgG

Immobilization of IgG was done similar to that of trypsin, using 1 M
NaHCO3 as a coupling solution, see Section 2.2.2, where IgG was dis-
solved at concentrations of 0.1, 1 and 10 mg/mL. Each of the solutions
was added to four thin cryogels attached to the wells of a 96-well plate
and kept at room temperature for 2h. The gels were washed by deionized
water, treated by freshly made cold 50 mM NaBH4 at 4 �C for 3h to
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reduce the non-reacted aldehyde groups, and thoroughly (10–12 times)
washed by phosphate buffered saline, pH 7.4 (PBS) containing 20 mM
Tween, using a plastic dropper. Anti-human peroxidase conjugated rab-
bit IgG solution was diluted by the above buffer solution 5000 times,
added (200 μL) to the wells with immobilized γ-globulin and allowed to
bind to the protein for 1h. The gels were washed several times by the
same buffer solution using a plastic dropper, then by 10% ethanol in
0.1M NaHCO3 (pH 8.4), deionized water, 10 mM acetic acid (pH 3.4) and
again with the buffer solution to neutral pH. TMB-ELISA substrate solu-
tion (100 μL) was added to the gels where human γ-globulin was
immobilized as well as to the gels without γ-globulin. After 10 min the
reaction was quenched with 0.3 M H2SO4 and the absorbance of the
colored product was read at 450 nm using a PowerWave XS ELISA reader
(BIO-TEK Instruments, USA).

2.3. Physico-chemical characterization and analytical techniques

UV-VIS spectra of thin gels were recorded on a Shimadzu UV-1700
PharmaSpec spectrophotometer and processed using UV-Probr 2.31
software, Shimadzu Corporation. The spectrophotometer was also used
for estimation of solute absorbances at particular wavelengths. Absor-
bances in the wells of microtiter plates were measured using a Power
Wave XS ELISA reader (BIO-TEK Instruments, USA). An Olympus CX31
microscope equipped with an Infinity 3 Luminera digital CCD camera
was used to take micrographs of wet cryogels made on the surface of glass
slides. FTIR spectra were recorded on a Nicolet 6700 instrument with a
Smart ITR accessory using 16 scans, a standard KBr beam splitter, the
spectral range of 5000–400 cm�1, and resolution of 4 cm�1. All spectra
were processed and analyzed using the OMNIC™ 8 Spectra Software.
Cryogel sample preparation for FTIR-spectroscopy was the same as for
electron microscopy, see Section 2.3.6.

2.3.1. Estimation of aldehyde groups in cylindrical cryogels
50 μMDNPH stock solution in 90% ethanol containing 2MH2SO4 was

made according to the method [20] and diluted 50-fold by 90% ethanol
to obtain 1 mM DNPH, as needed for analyses. A cylindrical PVA cryogel
(7 � 14 mm, VCR ¼ 0.54 mL) was cut into ca. 2 mm-pieces and the pieces
were added to 2 mL of 1 mM DNPH solution in 90% ethanol, containing
40 mM H2SO4 and agitated by orbital rotation. Aliquots of the superna-
tant were taken from the reaction mixture at various times and centri-
fuged at 18800 rcf for 3 min. The centrifugate was further diluted 25
times and its absorbance at 360 nm (A360) was registered. The DNPH
molar concentration in the solution contacting the PVA cryogel was
calculated as:

[DNPH] ¼ 25 � A 360/ε 360 using ε 360 ¼ 15900 M �1cm�1 (1)

found from the linear calibration graph.
The experiments were made using PVA cryogels produced with and

without GA activation, as well as with cryogels with reduced aldehyde
groups. The aldehyde group concentration in the cryogels (CALD) was
calculated from the difference between DNPH concentrations from the
reduced and aldehyde-containing samples: CALD ¼ ([DNPH]ALD –

[DNPH]RED) � VAM/VCR, where the volume of the adsorption mixture
VAM ¼ 2.5 � 10 �3 L. The calculations were made for several contact
times and averaged, see Results and Discussion.

2.3.2. Estimation of cryogels pore volume
Cylindrical or thin cryogels with aldehyde functions reduced ac-

cording to Section 2.2.1 were transferred to 30% ethanol and then,
sequentially, to 50, 75 and 99% ethanol and, finally, to cyclohexane and
kept at room temperature overnight. The cryogels immersed in cyclo-
hexane were taken out to air and weighed at times to register the weight
loss due to evaporation of the solvent. The dried cryogels were kept for 2
days more at 37 �C to reach the constant weight m dry. The obtained data
were used to estimate the pore volumes of the gels according to the
method [24] and using the equation:
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V pore [mL/g] ¼ (m CH – m dry)/ d CH � m dry (2)
where m CH is the weight of the gel immersed in cyclohexane and d CH is
the density of cyclohexane.

2.3.3. Spectrophotometry of thin PVA gel films
The cryogel-coated glass slides produced according to Section 2.2.1

were defrosted in contact with deionized water and rinsed with water.
Some of the gels were treated by GA and washed as described in Section
2.2.1. To stain the gels with DNPH, these were treated with 1 mM DNPH
solution in 90% ethanol, containing 40 mM H2SO4 at room temperature
for 24 h, and non-reacted DNPH was removed by rinsing with several
fresh portions of the same solvent (5 mL) at slow small-angle rocking,
until the washings became colorless. The cryogel-coated slides were
vertically positioned in a 1 cm-cuvette in 90% ethanol containing 40 mM
H2SO4 and UV-VIS spectra were recorded in the 325–600 nm range for
DNPH-treated and pristine gels with a wavelength step of 0.5 nm. The
spectra of the immobilized DNPH were obtained by digital subtraction of
the pristine gel spectrum from those of the stained gels. The pristine gel
spectrum was an average of three independently made gels.

2.3.4. Estimation of trypsin activity in solution
BAPNA trypsin substrate (3.2 mg) was dissolved in 0.3 mL DMSO. The

solution (176 μL) was further diluted by 3.75 mL PBS to produce 1 mM
BAPNA solution. The trypsin solution (10 mg/mL) used for the immo-
bilization (Section 2.2.2) was diluted 10-fold by PBS, and 10 μL of the
diluted solution (0.01 mg trypsin) was added to 1 mL of 1 mM BAPNA
placed into a 1 cm-cuvette. The increasing absorbance of p-nitroaniline
(p-NA) released due to the enzymatic hydrolysis was measured at λ max ¼
410 nm, the slope of the linear time dependence gave A410/min. The
activity of trypsin, A0, was calculated as

A0 (nmol p-NA/min � mg trypsin) ¼ A 410/min � 109 � 10 �3 L / 8800 M�1

cm�1 � 1 cm � enzyme amount (0.01 mg) (3)

where 8800M�1 cm�1 is the p-NAmolar extinction coefficient at 410 nm,
1 cm is the optical path and 10 �3 L - solution volume in the cuvette.

2.3.5. Estimation of immobilized trypsin activity
1 mM BAPNA solution (140 μL) was added to the wells containing

trypsin immobilized on thin cryogels as well as to the wells with cryogels
without enzyme, see Supporting Materials. Absorbance in the wells with
cryogel films was registered at 410 nm using a Power Wave XS ELISA
reader both before adding the BAPNA solution and during the enzymatic
hydrolysis. To calculate the absorbance of the released p-NA, the back-
ground absorbance of the cryogel films as well as the inherent absorbance
of 1 mM NAPBA were subtracted from the A410 values in the corre-
sponding wells. The p-NA absorbances from four independent wells were
averaged. Activity of trypsin immobilized in the cryogels (Aimm) was
calculated as
Figure 2. (a) SEM image of a cylindrical PVA cryogel cross-section. (b) Light microsc
in 99% ethanol. Scale bars are 500 μm.
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Aimm (nmol p-NA/min)¼ A410/min�109� 0.18� 10 �3 L / 8800M�1 cm�1�
0.6 cm (4)
where 8800M�1 cm�1 is the p-NAmolar extinction coefficient at 410 nm,
0.18 � 10 �3 L is the solution volume in the well and 0.6 cm – the optical
path.

2.3.6. Scaning electron microscopy
Samples for electron microscopy and IR spectroscopy were obtained

from the wet monoliths synthesized as described in Section 2.2.1 and cut
into round (∅ 8 mm), ca. 2 mm-thick pieces. The pieces were transferred
into 30 % ethanol, then, sequentially, into 50, 75 and 99% ethanol and
dried in air to constant weight. SEM micrographs were obtained as
described in [22] directly from uncoated samples (i.e. no sputtering)
using a Zeiss EVO LS10 scanning electron microscope equipped with a
LaB6 filament. Imaging was done in variable pressure mode at 10 Pa
using a backscatter detector, at 20kV accelerating voltage, 250 pA probe
current and 6–7 mm working distance.

3. Results and Discussion

3.1. Pore volume and microscopic appearance of cylindrical and thin PVA
cryogels

The PVA cryogel monoliths produced in this study were flow
permeable sponges with interconnected macropores typical of similar
PVA materials reported earlier [12, 22, 25], see Figure 2a. Thin PVA
cryogels were opal translucent films exhibiting a squamous pattern in
wet state, visible under microscope, see Figure 2b, with the squama
plates arranged at a low angle to the surface and sized from ca. 50 � 50
μm to 100 � 300 μm. Apparently, the pattern is an impression of the ice
crystals formed as a result of the PVA-GA reaction mixture freezing on
the cold glass, see Section 2.2.1. The films could be separated from the
glass supports, mechanically transferred with forceps, replaced from one
solvent to another, see Figure 2c, dried and weighed. For pore volume
estimation, see Section 2.3.2 and Eq. (2), the cryogels were step-wise
immersed in ethanol of increasing concentrations and further into
cyclohexane. The latter is a non-solvent for PVA, causes no swelling of
the gel but instead fills its pores by the volume, which can be calculated
from the weight loss during solvent evaporation. Table 1 lists the values
of pore volumes obtained for thin and cylindrical cryogels, either
additionally treated by GA or not. Kinetic curves of cyclohexane evap-
oration can be found in Supporting Materials. As follows from the table,
the shape and material of the reaction vessel (a syringe or a glass plate)
had almost no effect on the pore volume of prepared cryogels. The
porosity of thin cryogels was still high and similar to that of cylindrical
ones. On the other hand, additional treatment by GA slightly increased
the pore volume of cryogels, perhaps by making the pore walls more
compact, and this effect was noticeable with both thin and cylindrical
samples.
opy image of a thin PVA cryogel film on glass surface. (c) Thin PVA cryogel film



Table 1. Pore volumes (V pore) of film and cylindrical cryogels additionally
treated or non-treated by glutaraldehyde.

Cryogel shape GA-treated, mL/g dry PVA Non-treated, mL/g PVA

Film 9.5 � 0.3 7.2 � 0.3

Cylindrical 8.5 7.5
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Films of PVA cross-linked by GA were earlier proposed [26] and
studied [27] as matrices for immobilization of biopolymers. However,
pore volume, reactive group content and optical characteristics of these
films have not been reported in the cited studies. Transparent PVA films
were also used as matrices for embedment of semiconductor nanocrystals
[28] and enabled studies of the nanocrystal's absorption spectra. Large
pores of thin PVA hydrogels synthesized under semi-frozen state create
opportunities for biomolecule immobilization by covalent attachment to
the pore walls instead of entrapment in the gel matrix [27]. Significant
exposure of the biomolecules to the constituents of the permeant liquid
may facilitate biorecognition phenomena such as immune complex for-
mation described in Section 3.4.
3.2. Estimation of aldehyde groups in cryogels and spectrophotometry of
cryogel films

For estimation of the aldehyde group content, the extensively washed
wet monoliths were cut into ca. 2 mm-pieces and combined with etha-
nolic DNPH solution, see Section 2.3.1. Molarity of DNPH in the reaction
mixture was calculated using Eq. (1). Reaction of the surface-bound
aldehyde groups with DNPH resulted in decreasing concentration of
the reagent in the contacting solution, see Figure 3. The largest uptake of
DNPH took place during its contact with PVA-cryogels additionally
activated with glutaraldehyde (GA), while the GA concentration chosen
for the activation (1%, 2.5% or 10%) did not exert any significant effect
on the aldehyde content in the gels (data not shown). Some DNPH
binding was also observed with non-activated PVA-cryogels and even
with PVA-cryogels treated with sodium borohydride for the reduction of
aldehyde groups. In the last case, the quick decrease of the DNPH con-
centration from 1 mM to ca. 0.8 mM was due to the dilution by water
contained in the pores of aldehyde-free cryogel (ca. 0.5 mL gel added to 2
Figure 3. DNPH concentration in the solution contacting 2 mm-pieces of PVA-
cryogels (total gel volume 0.54 mL) activated with 1% glutaraldehyde (1), non-
activated (2), treated with 50 mM NaBH4 (3), as a function of time.
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mL of the DNPH solution, see Section 2.2.2). Further slow decrease in
DNPH concentration indicated weak adsorptive interaction between the
reagent and the polymer. This apparently non-covalent binding of DNPH
to polymer gels has not been reported in the literature and needs to be
considered when analytical techniques for estimation of aldehydes in
powders or porous polymer beads are developed. The content of alde-
hydes in the activated and non-activated cryogels could, therefore, be
calculated as the difference between the total amount of adsorbed DNPH
and the amount of DNPH absorbed by the aldehyde-free cryogel. This
difference seems to be almost constant at contact times longer than 24 h
and thus the contents of aldehydes were calculated using four later pairs
of experimental points, see Figure 3, and averaged. The contents of al-
dehydes were 0.71 � 0.07 μmol/mL gel and 2.4 � 0.3 μmol/mL gel for
the non-activated and GA-activated cryogels, respectively.

The relatively low aldehyde group content may be the result of the
mostly bifunctional character of GA cross-linking leaving little free active
groups. Nevertheless, the flat 100-130 μm-thick cryogels produced on
glass slides were brightly colored by the covalently attached DNPH, see
Figure 4, and might be read off spectrophotometrically. It is important to
note that cryogels in the reduced form did not show any coloration by
DNPH after the washing (Figure 4, line 3). This indicated effective
reduction of the aldehydes by sodium borohydride under the chosen
conditions. The same figure illustrates the spectra of 50 μM DNPH re-
agent (line 5) and the reagent combined with 25-molar excess of GA (10
μL 25% GA per 1 mL 1mM DNPH, the mixture diluted 20-fold, line 6). As
follows from Figure 4, formation of hydrazone via the reaction of DNPH
with GA results in relatively small spectral changes, the wavelength of
maximum absorbance shifts from 353 nm to 350 nm while the extinction
coefficient slightly increases. A similar shift of UV-spectrum to lower
wavelengths resulted from hydrazone formation between DNPH and
formaldehyde as reported in [29]. In contrast, the UV-spectra of
PVA-bound hydrazones showed a red shift and exhibited their maxima at
higher wavelengths. This effect seems to be similar to solvatochromism
recently reported for various 2,4-dinitrophenylhydrazones in organic
solvents and can be ascribed to intramolecular interactions between the
Figure 4. UV-VIS spectra of thin PVA cryogels: (1) activated by 1% GA and
stained with 50 μM DNPH; (2) average spectrum of three non-activated gels; (3)
non-activated gel, reduced by NaBH4; (4) difference spectrum: (1)–(2); (5) 50
μM DNPH; (6) 50 μM DNPH þ1.25 mM GA. Solvent: 90% ethanol, containing 40
mM H2SO4.
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PVA segments and the immobilized DNPH as its nitro groups are strong
acceptors of hydrogen bond [30].

3.3. Enzymatic activity of trypsin immobilized on thin cryogels made in the
wells of 96-well plates

To quantify the amount of protein immobilized on GA-activated PVA-
cryogels, we have chosen trypsin, a very well-studied enzyme, in com-
bination with its substrate BAPNA that hydrolyses to form the colored
product p-nitroaniline (p-NA). The catalytic activity of free trypsin
measured and calculated as described in Section 2.3.4 and Eq. (3) was
found to be A0 ¼ 80 nmol p-NA/min � mg enzyme. The average activity
of immobilized trypsin in cryogels (Aimm ¼ 1.1 nmol p-NA/min) was
calculated as described in Section 2.3.5, using Eq. (4), from the slopes of
A410 – A410cr time dependences (1) and (2) illustrated in Figure 5. Two
independently synthesized cryogel series, each containing eight 40 μL-gel
samples were studied. Four of eight gels were used to immobilize the
enzyme and to run the catalytic reaction, and the other four were used to
evaluate the involvement of non-enzymatic hydrolysis, see Supporting
Materials. The standard deviations from the average values of p-NA
release were moderate, see Figure 4, the enzymatic hydrolysis exhibited
similar rates in four independent wells. The background absorbance of
PVA cryogels at 410 nm was in the range of 1.8–2.0, which still allowed
measurements of the absorbance increasing due to the released p-NA
because the instrument (see Section 2.3) could measure absorbances up
to 4 optical units. The non-enzymatic hydrolysis of BAPNA was negli-
gible, see line 3 in Figure 5. No BAPNA hydrolysis was seen in the empty
wells, see Figure 4 of Supporting Materials, indicating no noticeable
trypsin adsorption on polystyrene. On the assumption that the enzyme
retained its activity after immobilization, one may calculate that 13.7 �
1.3 μg enzyme was immobilized per 40 μL-cryogel, which corresponds to
0.34 mg trypsin/mL cryogel. Trypsin typically retains 60–80% of its
initial activity after being immobilized on solid supports [31], so the
amount of immobilized protein could be somewhat higher than the
above given value. The chemical attachment of trypsin was indepen-
dently confirmed by FTIR-spectroscopy, see Supporting Materials.
Figure 5. p-Nitroaniline accumulation in the wells of 96-well plate due to
enzymatic hydrolysis of BAPNA. Lines (1) and (2) were obtained with two
different preparations of GA-activated thin PVA cryogels. Line (3) corresponds
to spontaneous hydrolysis of BAPNA in contact with PVA cryogels without
trypsin. Experimental points are averages of 4 independent measurements. The
vertical error bars are standard deviations.
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Similar amounts of the enzyme laccase (0.57 mg/g wet carrier) were
obtained by its immobilization on GA-activated PVA cryogel [15].
Relatively low immobilized amounts of the enzymes are probably a
consequence of the low specific surface area of macropores most acces-
sible for the enzymes in PVA cryogels produced via cross-linking by GA.
While their S BET was estimated as 78 m2/g, the S macro calculated using
the modified Nguyen-Do method [32] was only 2 m2/g [33].
3.4. Immobilization of human immunoglobulin G (IgG) and its detection
with anti-human peroxidase conjugated rabbit IgG

Human IgG was immobilized at various concentrations on the GA-
activated gels situated in the wells of a 96-well plate and combined
with anti-human peroxidase conjugated rabbit IgG solution as described
in Section 2.2.3. Enzymatic activity of the bound conjugate was esti-
mated with TMB-ELISA substrate solution, by registration of the colored
product at 450 nm directly in the wells of the plate. After the background
absorbances of the cryogels were subtracted from the registered values,
the average differential absorbances (A450 – A450cr) were calculated as
0.31 � 0.10, 0.126 � 0.075, 0.086 � 0.020 and 0.02 � 0.04 corre-
sponding to γ-globulin concentrations of 10, 1, 0.1 and 0 mg/mL con-
centrations, respectively, see Figure 6. Catalytic activity of the bound
peroxidase conjugate increased with IgG concentration taken for
coupling to the PVA-gels, exhibiting the pattern typical of conventional
enzyme-linked immunosorbent assay (ELISA). No human IgG adsorption
could be registered on the cryogel-free surface of Polystyrene Microtest
plates under similar binding (1 M NaHCO3, pH 8.4) and washing con-
ditions. On the other hand, the protein-free cryogels in the neutral
reduced form still exhibited non-specific binding of the IgG-peroxidase
conjugate. To decrease these effects one needed extensive washing of
the gels before adding TMB substrate, see Section 2.2.3. Some of com-
mercial PVA-based porous beads are also known to adsorb immuno-
globulins non-specifically, while covalent attachment of hydrophilic
amino acids (serine, asparagine) to the beads was shown to diminish the
adsorption [34]. In spite of the above limitations, the
cryogel-immobilized IgG could certainly be recognized by the
anti-human rabbit antibodies in a concentration-dependent manner. This
confirmed good permeability of cryogel pores and accessibility of the
Figure 6. Formation of TMB colored product in the wells with specifically
adsorbed anti-human peroxidase conjugated rabbit IgG. Concentrations of
human IgG taken for immobilization were (1) 10 mg/mL, (2) 1 mg/mL, (3) 0.1
mg/mL, (4) no IgG.
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surface-immobilized immunoglobulins for the high-molecular weight
(200–240 kDa) protein conjugate.
3.5. Related achievements and prospects

The multiwell plate format was earlier employed for accommodating
metal-chelating cryogel monoliths aimed at screening of peptide affinity
tag libraries. Fluorescence intensity of variously tagged green fluores-
cence proteins bound to the cryogels via the tags was quantified and the
choice of most appropriate tags was made [35]. This approach to design
high-throughput biospecific adsorption techniques has got a number of
followers [36] including the authors of the present study. Immobilization
of specific ligands on the surfaces of flow-permeable translucent cryogels
may create opportunities for development of a wide range of analyses, for
example, for capture, concentrating and subsequent detection of heavy
metal ions and dyes [4, 37, 38] from natural sources. Recently, chitosan
hydrogels loaded with the chromogenic substrate of β-glucuronidase, the
enzyme secreted by E.coli strains, were employed to detect the enzyme in
bacterial supernatants [39]. Lateral migration of IgG-conjugated mag-
netic nanoparticles through porous membranes accompanied by their
specific, localized binding to the membrane-coupled antigens could be
easily visualized and allowed for antigen identification [40]. The above
and many similar applications might be realized using thin macroporous
cryogel films described in the present study. Combination of their
inherent porosity and translucency with specific binding capacity is a
challenging feature calling for development of new environmental and
biochemical photometric analytical techniques.

4. Conclusions

We have prepared thin, highly porous cryogels of poly(vinyl alcohol)
by covalent cross-linking with glutaraldehyde under semi-frozen condi-
tions, carried out on glass slides or in the wells of microtiter plates. The
gels were mechanically transferable translucent films with micro squama
texture allowing for covalent immobilization of proteins and further re-
actions with low and highmolecular weight biomolecules. The content of
reactive aldehyde groups and amounts of protein immobilized in the gels
were quantified. Formation of colored substances either bound to or
released from the gels could be registered by direct spectrophotometry of
the gel films due to their translucency. The results suggest applications of
thin reactive PVA hydrogels in photometric analytical techniques using
both conventional or microtiter plate formats.
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