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Abstract

This work examines the immobilization of myoglobin from horse skeletal muscle in hydrophilic
polymer networks. Due to specific changes in the spectroscopic properties of hemoproteins during
ligand binding, they could be employed in optical sensing devices. Two immobilization techniques
were considered: imbibition and entrapment. Anionic hydrogels composed of methacrylic acid
(MAA), cationic hydrogels composed of dimethylamino ethyl methacrylate (DMAEM), and neutral
hydrogels composed of poly(ethylene glycol) monomethyl ether monomethacrylate (PEGMA;
molecular weight = 200, 400, or 1000), all crosslinked with poly(ethylene glycol) dimethacrylate
(PEGDMA) (molecular weight = 200, 600, or 1000), were synthesized by free-radical solution
polymerization. By the imbibition method, MAA-based hydrogels incorporated the highest amount
of myoglobin in comparison with PEGMA or DMAEM polymers. The evaluation of the correlation
length of the networks revealed that MAA hydrogels had the highest correlation length in comparison
with PEGMA-containing matrices or DMAEM hydrogels. Release experiments from MAA
hydrogels at pHs 5.8 and 7.0 showed that the solute-transport mechanism was a combination of
Fickian and chain relaxation diffusion. Myoglobin-loaded MAA hydrogels retained their heme
reactivity after the immobilization process. The release of myoglobin incorporated by entrapment in
MAA-PEGDMA hydrogels was highly influenced by the chain relaxation process. The diffusion
coefficients of myoglobin incorporated by entrapment into anionic hydrogels were 2 orders of
magnitude smaller (~10-13) than those for myoglobin incorporated by imbibition (10-11), both
evaluated at pH 7.0. Substrate binding studies indicated that the protein biological activity was not
compromised in those hydrogels loaded by the imbibition method, whereas prepolymeric solutions
showed detrimental effects on protein stability.
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INTRODUCTION

Immobilized hemoproteins have been used in electrochemical and optical sensing devices.
They are considered redox proteins; this refers to their ability to undergo electron transfer.
Increasing interest has encouraged the study of protein electrochemistry to improve the
understanding of the mechanisms of electron exchange between proteins and electrodes.12
Therefore, hemoproteins have been investigated for the development of highly selective and
sensitive electrochemical biosensors.3 For electrochemical applications, direct electron
transfer between hemoproteins and electrodes has been accomplished by the incorporation of
proteins into films (surfactant films, polyion—surfactant or clay—surfactant composite films,
and amphiphilic polymers),* SP Sephadex,® and gold nanoparticles.6=2

Hemoproteins are also well known for their optical properties, which change during the binding
of the corresponding ligands.1? These optical characteristics have been investigated for the
development of optical biosensors to detect dissolved oxygen (DO), nitric oxide (NO), and
carbon monoxide (C0).1112 In optical applications, sol-gels have been widely investigated as
immobilization substrates.13 The entrapment of hemoproteins in sol-gel matrices has resulted
in the retention of the spectroscopic properties and chemical functions of these proteins.10
However, a slight perturbation of the protein conformation has been observed. Raman studies
on myoglobin have proved that entrapment in a sol-gel matrix hinders the conformational
fluctuations necessary to open the heme pocket.19 Sol-gel immobilization techniques have
demonstrated a high protein loading, control of the polarity and porosity of the matrix, and
decreased protein release.® Some disadvantages of the sol-gel methods are the difficulty of
predicting the properties of the resultant glass, the aging of the material, and protein
denaturation with time, which causes problems with sensor calibration.14

Hydrogels have emerged as alternatives to provide biomolecules with environments that could
protect their biological function and allow their use in biosensor technology. They are
transparent, making them appropriate to be used in optical sensing applications. Hydrogels
have been extensively employed in the delivery of drugs, peptides, and proteins.1® These
applications indicate that hydrogels could create suitable environments that offer protection
from harsh external media and improve protein stability. 16:17 These materials can display
variations in their swelling behavior, network structure, permeability, or mechanical strength
as a result of different stimuli, such as changes in the pH, ionic strength of the surrounding
media, temperature, electric or magnetic fields, and concentration.18:19

Hydrogels can be designed to possess precise features through the manipulation of specific
properties. The degree of crosslinking, which determines the molecular weight between
crosslinks, is a factor that can be used to modify mechanical strength, swelling ratio, and
diffusion characteristics of hydrogels.20

The incorporation of drugs, peptides, or proteins inside hydrogels has been frequently
performed by two methods. One method consists of entrapping the molecule inside the
hydrogel during the polymerization. The other method is imbibition.2> Forming the hydrogel
in the presence of the molecule can be an effective encapsulation approach, but polymerization
conditions could provoke deleterious effects on molecule properties.?? Besides, removing the
impurities and byproducts produced from the gel formation may produce leaching of some of
the incorporated molecules. Moreover, side reactions between the hydrogel and the molecule
may occur.23 In the case of protein incorporation by imbibition, the interactions between the
protein and the hydrophilic polymer have the potential to produce irreversible adsorption.24
However, large proteins could be kept out from the hydrogel network by size exclusion.23

Hydrogels have been investigated for the development of long-term implantable biosensors.
25 They are considered biocompatible and have been shown to act as effective antifouling
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sensor components.28 Glucose-responsive insulin-release devices couple two applications of
hydrogels: sensing and drug delivery. These systems involve the immobilization of glucose
oxidase in a pH-responsive hydrogel enclosed in a saturated insulin solution.” For this
application, hydrogels built from polyacrylamide, poly(2-hydroxyethyl methacrylate), poly
(dimethylamino ethyl methacrylate), poly(diethylamino ethyl methacrylate), poly(ethylene
glycol), and copolymers have been investigated.2’

This project focused on the application of hydrophilic polymer networks as immobilization
supports for horse skeletal myoglobin. Horse myoglobin was studied not only because it is
commercially available but also because it shows an affinity toward interesting molecules such
asoxygen, CO, cyanide, and NO.11:12 Three different polymer morphologies were investigated
as protein supports and evaluated in their capacity for better immobilization by imbibition or
entrapment techniques. The first was methacrylic acid (MAA) crosslinked with poly(ethylene
glycol) dimethacrylate (PEGDMA). The second was poly (ethylene glycol) monomethyl ether
monomethacrylate (PEGMA\) crosslinked with PEGDMA. The third morphology was
dimethylamino ethyl methacrylate (DMAEM) crosslinked with PEGDMA. By means of these
polymer networks, it was possible to determine which kind of hydrogel—neutral, anionic, or
cationic—could provide enhanced support for myoglobin without significantly affecting the
biological activity.

The aforementioned morphologies were characterized by the evaluation of the correlation
length and the partition coefficient. After the immobilization of myoglobin was accomplished
by the two proposed techniques, release studies were performed. The capacity of the
immobilized myoglobin to change its oxidation state and to bind CO was assessed during
activity studies. Getting a better understanding of the relationships between the hydrogel
structure and exhibited properties is critical for advances in the development and rational design
of hydrogels with specific characteristics that allow permanent protein immobilization.28 The
capacity of hydrogels to maintain the activity and to provide long-term stability for proteins
will determine the feasibility of this material as biomolecule carriers in monitoring systems.

EXPERIMENTAL
Hydrogel synthesis

Two ionic monomers were considered: anionic MAA and cationic DMAEM. The neutral
polymers employed were PEGMAs with different tethered chain molecular weights: 200, 400,
and 1000 g/mol. PEGDMA was employed as the crosslinker, and the following molecular
weights were considered: 200, 600, and 1000 g/mol. The monomers and crosslinker agent were
purchased from Polyscience, Inc. (Warrington, PA), and were used as received, with the
exception of MAA, which was purified to remove the inhibitor agent hydroquinone
monomethyl ether by ion exchange (Dihibit resin, Polyscience). The photoinitiator was 1-
hydroxy cyclohexyl phenyl ketone at 99% (Sigma—Aldrich, Milwaukee, WI). A 1: 1 (w/w)
mixture of ethanol (EtOH; Fisher Scientific, Fair Lawn, NJ) and deionized (DI) water was
employed to dilute the polymerization mixture. The hydrogels were prepared with the
following monomer/cross-linker molar ratio: anionic, 97 : 3; cationic, 95 : 5; and neutral, 50 :
50. The molar ratio used to prepare the hydrogels depended on the desirable characteristics
that were expected from the hydrogels, such as transparence and mechanical resistance. The
dilution ratio for the anionic and neutral hydrogels was 1 : 1, and 3 : 2 for cationic hydrogels.
Dilution was necessary to obtain mechanically stable films. The initiator percentage was 0.1%
(w/w) of the polymer mixture.

The mixture of the monomer, crosslinker, solvent, and initiator was prepared in an amber bottle
(Sigma—Aldrich) placed in an inert chamber and purged for 20 min with nitrogen to remove
the excess of oxygen, which could interfere with the free-radical polymerization reaction. The
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polymerization solution was introduced by capillarity between two precleaned microscope
slides (Fisher Scientific) separated by Teflon spacers of 0.030 in. (Small Parts, Inc., Miami
Lakes, FI) and located under ultraviolet light (UV; the light intensity fluctuated from 30 to 40
mW/cm?2) for approximately 10 min. The resulting polymer was washed, depending on the
ionic nature of the hydrogel. Anionic polymers were washed for 2 days with DI water followed
by a wash with a 0.1M sodium phosphate buffer solution (pH 7.0) for 2 more days to promote
swelling and completely eliminate any prepolymeric residue. Finally, the polymer was washed
with DI water for 2 more days. The buffer and the DI water were changed every 24 h. For
cationic hydrogels, the buffer was a 0.1M sodium phosphate (pH 5.8). Neutral hydrogels were
washed with DI water. After washing, all hydrogels were cut into 1 in. diameter disks.

Protein immobilization by imbibition

Myoglobin was dissolved in DI water. The concentration of the resulting solution was estimated
by measuring the UV absorbance at the characteristic peak in the Soret band (408 nm) that
these proteins exhibit (Powerwave X-1 microplate reader, Bio-Tek Instruments, Inc., Winooski,
V/T). The concentration of myoglobin ranged from approximately 0.25 to 0.5 mM. The
extinction coefficient for myoglobin from horse at 408 nm is 188 mM 1 ¢cm~1.29:30 The volume
of the membrane was measured with a density kit coupled to an analytical balance (Voyager
balance, Ohaus Corp., Pine Brook, NJ) before it was placed in the protein solution. A previously
swollen polymer membrane was placed into a 120-mL amber bottle (Fisher Scientific)
containing 10 mL of protein solution and kept at 5°C. After the equilibrium was achieved, the
concentration and volume of the remaining solution were measured. The concentration of the
remaining solution was assayed in triplicate. After the partition, the membranes were allowed
to dry in a desiccator containing anhydrous calcium sulfate (Fisher Scientific). They were
further dried in a vacuum oven at 35°C and 20 mmHg (VWR International, West Chester, PA).
This drying process minimized membrane fracture. Through these experiments, it was possible
to determine the partition coefficient of myoglobin from horse toward the various polymer
morphologies.

Protein immobilization by entrapment

To perform the protein entrapment, the solvent fraction of the polymerization solution
corresponding to DI water was replaced by aqueous myoglobin solution. Approximately 0.25
mg of myoglobin was added to the polymerization solution. After the addition of myoglobin
to the polymerization solution, the hydrogel polymerization procedure was followed without
any other variation.

Determination of the correlation length

Evaluation of the correlation length required the measurement of the membrane volume in the
relaxed state after crosslinking, after drying, and in the swollen state. To determine these
parameters, it was necessary to measure the hydrogel weight for each specific state (after
crosslinking, drying, and swelling) in air and in a nonsolvent. The application of the
Archimedes buoyancy principle allows the determination of the volume of a hydrogel by its
immersion in a fluid with a known density. According to this principle, the difference between
the weight in air and the weight in a nonsolvent over the density of the nonsolvent used is equal
to the hydrogel volume. A density kit coupled to a balance was used to perform these
measurements. Heptane was used as a nonsolvent to avoid swelling.

Release studies

A dried hydrogel with incorporated myoglobin was placed in a bottle containing 10 mL of a
buffer solution. The buffer solution was continually agitated and maintained at 30°C. The
buffer was changed at certain time intervals and replaced by fresh buffer. The myoglobin
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concentration in the buffer solutions was determined in triplicate from spectroscopic
measurements at characteristic wavelengths. The test lasted until no more protein was released
from the hydrogel. For the protein incorporated into MAA-PEGDMA hydrogels, the buffer
was 0.1M sodium phosphate at pH 7.0 (PEGDMA200, PEGDMAG00, and PEGDMA1000)
and at pH 5.8 (PEGDMAG00 and PEGDMA1000). With the desorption data obtained from the
release experiments, it was possible to evaluate solute-transport mechanisms and diffusion
coefficient (D). These experiments were performed for all the morphologies with at least three
membranes.

Activity studies

Activity tests of hydrogels containing myoglobin consisted of changing the myoglobin
oxidation state and evaluating its capacity to bind CO. The polymer network containing ferric
myoglobin was placed in a quartz screw cap cell (Starna Cells, Inc., Atascadero CA), and an
ultraviolet-visible (UV-vis) spectrum was taken (Powerwave X-I microplate reader, Bio-Tek
Instruments). Then, a buffer solution with a small amount of sodium dithionate was added with
a syringe through the septum cell. Sodium dithionate is known for its capacity to reduce
hemoproteins from the metaquo state (Fe!!'; 408 nm) to the deoxy state (Fe''; 435 nm).2°
Spectra of the hydrogel in contact with sodium dithionate were collected over time to confirm
the reduction of the protein to the ferrous state. Afterward, the buffer solution was removed
from the cell with a syringe. Small quantities of CO (0.5-1.5 cm3) were transferred from a
cylinder to the cell with a syringe. UV-vis spectra of the hydrogel after the addition of CO
were taken over the course of time to verify the binding between myoglobin and CO.

RESULTS AND DISCUSSION

Protein immobilization by imbibition

The first method investigated for the immobilization of myoglobin was imbibition. Partition
coefficients were determined to quantify the amount of protein incorporated inside the
hydrogels after the imbibition process. The partition coefficient also allows us to determine
the protein's affinity toward the polymer membrane or ability to remain in solution. The
partition coefficient (Kg) was calculated with the following equation:31:32

d:&: Vi(Ci — Co)
Cs VinCo (1)

where Cy, and Cg are the concentrations of the solute in the membrane and in the solution,
respectively; C; is the initial concentration of solute in the solution; Cq is the concentration of
solute in the solution after equilibrium; and Vg and V,, are the volumes of the solution and the
membrane, respectively.

The values of the partition coefficient for MAA-PEGDMA and DMAEM-PEGDMA
hydrogels are shown in Figure 1. An inverse relationship between the crosslinker length and
amount of myoglobin incorporated was noticed for both polymer morphologies. Hydrogels
synthesized with a larger cross-linker length incorporated a smaller protein amount than
hydrogels with a shorter crosslinker length. The highest myoglobin incorporation degree
through the imbibition immobilization technique was achieved in MAA-based hydrogels.
Cationic hydrogels also allowed myoglobin incorporation by imbibition. However, the degree
of incorporation of myoglobin in DMAEM-based hydrogels was approximately 10% of the
one observed in MAA-based hydrogels. Neutral hydrogels did not adsorb any measurable
amount of myoglobin.
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To understand the effects and restrictions that the hydrogel structure imposed on the polymer
behavior during protein loading, we investigated the structure of the networks used. A
parameter known as the correlation length or mesh size was evaluated to characterize the
structure of hydrogels. The correlation length is a measure of the space available for diffusion
between two macromolecular chains. Because of the extent of randomization produced during
the polymerization, this parameter can be evaluated only as an average value.18 The correlation
length was evaluated with the equilibrium swelling theory applying the Peppas and Merril
modification to the Flory—Rehner theory:33:34

@/V1) [In(1 = vy )+va s bx123 |

2
M, v [(22) "~ ()] @

1
M,

where y1 is the Flory—Huggins polymer—water inter-action parameter, V is the molar volume
of water, © is the specific volume of the polymer, v, s is the volume fraction of the swollen
gel, vy  is the polymer volume fraction in the relaxed state, Mc is the number-average
molecular weight between the crosslinks, and My, is the molecular weight of the linear polymer
chains prepared under the same conditions without crosslinking.

Polymer volume fractions of the hydrogels in both relaxed and swollen states, v, r, and vy s,
can be evaluated from swelling studies with the following relationships: 3°
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where Vp is the volume of the dry polymer, Vg  is the volume of the hydrogel after crosslinking
but before swelling, and V¢ is the volume of the hydrogel after equilibrium swelling.

Evaluation of the networks correlation length revealed that MAA hydrogels possessed the
highest correlation length [15.611-26.988 nm with a pH 7.4 phosphate-buffered solution
(PBS)] in comparison with poly(ethylene glycol) (0.252-0.342 nm at pH 7.0 PBS) and
DMAEM (1.461-0.645 nm at pH 5.8 PBS) hydrogels (see Fig. 2). The correlation length values
of the neutral hydrogels did not show any statistical difference for the monomers or crosslinker
lengths employed. The same trend was observed in the cationic hydrogels.

In MAA-PEGDMA hydrogels, it was observed that the correlation length had an inverse
relationship with the crosslinker length: the larger the crosslinker length, the smaller the
correlation length. The calculation of the correlation length is based on the determination of
the molecular weight between two adjacent crosslinkers. The results for this parameter (not
shown) obtained for MAA-based hydrogels indicated that the molecular weight between cross-
links increased when the crosslinker lengths decreased. Anionic hydrogels with shorter
crosslinker lengths enclosed a higher number of monomer units between two adjacent
crosslinkers. Therefore, the higher molecular weight between crosslinkers produced an
increment in the mesh size. The increase in the crosslinker length was not able to
counterbalance this effect. In addition, the reduction in the mesh size at larger crosslinker
lengths may be related to the formation of loops and heterogeneous regions in the network.
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The higher myoglobin incorporation reached in anionic hydrogels could be caused not only by
the larger correlation length but also by the interactions between the protein and the carboxyl
moieties in the MAA carrier. Globular proteins such as myoglobin are characterized by
arranging their hydrophilic groups outside the molecule. Horse myoglobin has 11 residues of
histidine, a hydrophilic group, in its bone chain. The pKj of histidine residues is 6.00, and they
are positively charged over this value.36 The pK, of MAA is 4.66 at 20°C, and it becomes
negatively charged over this value.3” As a result, it is possible that at a pH higher than 6.00,
ionic interactions between MAA and histidine took place, increasing the affinity of myoglobin
toward this specific polymer.

Moreover, anionic hydrogels are known to exhibit an increase in the swelling capacity at a pH
higher than the pK, due to ionization.32 The former could have enhanced the incorporation of
myoglobin in MAA-based hydrogels. In contrast, cationic hydrogels are un-ionized in a high
pH environment and consequently do not swell to a large extent under these conditions.16 That
could explain why DMAEM hydrogels adsorbed lower quantities of myoglobin than MAA
hydrogels.

The difficulty in incorporating myoglobin inside a PEGMA-based hydrogel could be caused
by the small correlation length displayed for these polymers. The hydrodynamic radius for
denatured horse myoglobin has been reported to be 2.04 nm.38 The smaller correlation length
of neutral hydrogels in comparison with the protein size could have provoked a size exclusion
effect that hindered the incorporation of myoglobin inside PEGMA-based hydrogels. The
preparation of PEGMA-based hydrogels has some restrictions related to the monomer/
crosslinker ratio that can be used. To obtain stable membranes, the tethered chain length must
be equal to or smaller than the crosslinker length, except for the monomer/crosslinker
combination of PEGMA1000 and PEGDMAG600 (unpublished data). The latter is still easily
breakable. This constraint made it unfeasible to prepare structures with a considerably higher
correlation length.

Considering that hydrogels have been extensively used as drug delivery systems, we expected
that some of the protein incorporated would be released in the presence of a buffer solution.
To evaluate the effect of the pH on the rate of myoglobin release from anionic hydrogels,
release experiments were conducted in a sodium phosphate buffer (PBS) at pHs 7.0 and 5.8
(see Fig. 3 and Fig.4). The amount of protein released decreased significantly as a function of
the pH. At pH 7.0, the total release fraction for MAA-PEGDMA200 and MAA-PEGDMAG00
hydrogels was approximately 90%, whereas for MAA-PEGDMAZ1000 hydrogels, it was
approximately 85%. In contrast, at pH 5.8, the amount of protein released was approximately
10% for MAA-PEGDMAG00 and 1% for MAA-PEGDMAZ1000 polymer networks. At pH
5.8, the polymer was still collapsed because of the closeness of the pH buffer to the MAA
pK, value, and it did not allow a substantial protonation of the polymer network. The collapsed
polymer state hindered myoglobin diffusion from the anionic hydrogels. In contrast, MAA
hydrogels at pH 7.0 were highly swollen. Highly swollen hydrogels allow greater solute
transport because of the larger amounts of unbound water.32

The solute-transport mechanism was evaluated through the application of the following
equation:34

M, M,
—=kt" for 0 <——<0.60
M, M, (5)

where M is the accumulative mass of solute released at time t, M, is the amount of solute
released at infinite time, k is the characteristic constant of the polymer/solute system, and n is
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the diffusional exponent. The value of n allows the determination of the type of predominating
diffusion mechanism in the system. Generally, for n = 0.5, transport follows Fickian behavior,
and for n = 1, transport is relaxation-controlled. A value of n between 0.5 and 1 indicates
anomalous transport. In this case, there are contributions from Fickian diffusion and relaxation
processes.34:39,40

The values of n for MAA-PEGDMA hydrogels at pHs 5.8 and 7.0 were found to be in the
range of 0.5-1.0 (see Table I). According to these results, it can be concluded that anomalous
transport occurred during the release of myoglobin from anionic hydrogels. Therefore, the
transport mechanism is a combination of Fickian diffusion and chain relaxation processes. The
Fickian diffusion was promoted by the existent concentration gradient between the hydrogel
containing protein and the buffer solution that was free of protein. The chain relaxation process
was caused by the hydrogel swelling.

The values of D were determined with the Berens and Hopfenbers model. For this model, the
sorption process is considered to be a linear superposition of independent contributions from
Fickian diffusion and polymer relaxation.! The sorption process for a disk of thickness (L) is
described by the following equation:24:40:41

[S)

8 DQ2n+1) 1%t
M,

L = 1 —_— —— — ——
o =P Z(2n+1)27r2 =P ( L?

n=1

+¢,.(1 — exp(—k?)) (6)

where ¢ is the fraction of sorption contributed by Fickian diffusion, ¢g is the fraction of
sorption contributed by chain relaxation, and k is the first-order relaxation constant.

At later times, the sorption process is dominated by the relaxation of polymer chains, and the
Fickian contribution can be neglected. For these conditions, a semilog plot of 1 — M{/M,, versus
time can be used to evaluate k, ¢r, and ¢r. At short times, the relaxation process can be
neglected. For 60% of the sorption process, a plot of In(1 — M{/M,.) versus time could be used
to determine D.40

At pH 7.0, the results obtained for the Fickian (¢g) and chain relaxation (¢g) contributions
indicate that the solute transport is the result of a coupling between the two contributions, and
this confirms the previous analysis from the n values (see Table I). According to the results,
Fickian diffusion contributed in a higher proportion to the solute transport in anionic
morphologies. However, the chain relaxation contribution increased in hydrogels with larger
crosslinker lengths. At pH 5.8, MAA-PEGDMAG600 and MAA-PEGDMAZ1000 morphologies
were markedly influenced by the chain relaxation mechanism. It could be observed that the
chain relaxation contribution (¢R) increased for larger crosslinker lengths. The value of the
contribution parameter was 0.891 for MAA-PEGDMA®G00 and 0.994 for MAA-
PEGDMAZ1000. These results indicate that for MAA-PEGDMAZ1000 hydrogels, the
myoglobin transport followed mainly a chain relaxation mechanism.

The values obtained for D confirmed the behavior observed for myoglobin release from anionic
hydrogels (see Table I). The myoglobin D values for MAA-based hydrogels at a PBS buffer
with pH 7.0 were 7.7647 x 10~ cm/s for MAA-PEGDMA200, 3.4037 x 109 cm/s for MAA-
PEGDMAG00, and 1.6818 x 1079 cm/s for MAA-PEGDMAZ1000. D increased for hydrogels
with shorter crosslinker lengths. These results are in agreement with release experiments in
which the amount of myoglobin released was higher for MAA-based hydrogels having shorter
crosslinker lengths. Two reasons could explain the results obtained through the application of
the Berens and Hopfenbers model: the correlation length and the amount of incorporated
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myoglobin were higher at shorter crosslinker lengths. A larger correlation length could provide
a larger space for diffusion, facilitating the myoglobin transport from the hydrogel to the buffer
solution. As the amount of protein incorporated inside the polymer networks became higher,
the concentration gradient increased, and this could induce Fickian diffusion.

The D values of myoglobin released at pH 5.8 were smaller than the values obtained for
myoglobin released at pH 7.0. At the lower pH, the MAA-PEGDMAG600 value was 1.0995 x
1079 cm/s, and for MAA-PEGDMA1000, it was 7.06023 x 10711 cm/s. The difference between
D at pH 7.0 and D at pH 5.8 could lie in the degree of swelling of the networks at different
pHs. In anionic structures such as MAA-based hydrogels, the swelling response is improved
at higher pHs. Larger solute transport is usually observed in highly swollen hydrogels.32 In
addition, the mechanical strength of anionic hydrogels decreased substantially at pH 5.8, and
this prevented the performance of release experiments for MAA-PEGDMAZ200 hydrogels at
this pH.

After release experiments were completed, the biological activity of myoglobin permanently
encapsulated inside the hydrogel was assessed. The peaks displayed in the Soret band were
used to monitor the changes in the spectral properties for myoglobin-loaded anionic hydrogels
at pH 7.0. Usually, peaks at the Soret band for myoglobin in metaquo and deoxy states are
located at 408 and 435 nm, respectively. The carboxy—myoglobin complex shows a peak in
the Soret band at 425 nm.2%:30 The presence or development of these peaks was used to
corroborate the occurrence of the reactions.

The effect of sodium dithionite and CO on the spectroscopic properties of myoglobin
incorporated into MAA-PEGDMA200 hydrogels after release is shown in Figure 5. The
spectra taken after the end of the release experiment showed a peak at 409 nm. The interaction
with sodium dithionate produced the disappearance of the peak at 409.2 nm and the appearance
of a new peak near to 431 nm. The observed change in the spectroscopic properties indicated
that permanently immobilized protein inside MAA hydrogels changed its oxidation state from
metaquo to deoxy. Hydrogels containing reduced myoglobin were placed in contact with CO,
and the formation of a new peak at approximately 423 nm was observed. This peak indicated
the binding of myoglobin and CO. The capacity of the remaining myoglobin after release
experiments to be reduced by sodium dithionate and to bind CO is a clear indication of the
activity retention.

Myoglobin spectroscopic properties did not change in the presence of sodium dithionite during
the activity test for myoglobin remaining inside anionic hydrogels at pH 5.8 after release
experiments. From this result, it could not be categorically concluded that the protein contained
inside the hydrogels was not biologically active. It is probable that MAA-based hydrogels at
pH 5.8 were still collapsed, hindering the diffusion of sodium dithionite inside the hydrogel
and preventing the protein reduction.

Protein immobilization by entrapment

Myoglobin incorporation through entrapment was not possible in PEGMA-PEGDMA and
DMAEM-PEGDMA hydrogels under the studied conditions. The contact between myoglobin
and polymerization solutions of neutral and cationic polymers produced protein precipitation.
The formation of protein aggregates was more notorious when the polymerization solutions
contained EtOH in comparison with the effect produced by monomer and crosslinker mixtures.

The protein precipitation could be caused by the influence of poly(ethylene glycol) and EtOH.
42—44

The contact of myoglobin with the polymerization solutions of MAA-based hydrogels did not
produce protein precipitation. However, a displacement in the myoglobin characteristic peak
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at the Soret band from 408 to 400 nm was observed immediately after the protein was in contact
with the polymerization solution. After the polymerization of the network, the peak was
observed to appear at 395 nm (see Fig. 6). The low pH of the anionic polymerization solutions
could be adversely affecting the protein structure. However, changes in the monomer,
crosslinker, and solvent ratios have demonstrated an improvement in the proteins’ biological
activity (unpublished data).

The three anionic morphologies employed behaved in a similar manner during myoglobin
release. No statistical differences were observed. The evaluation of n revealed that the release
of myoglobin incorporated by entrapment in MAA-PEGDMA hydrogels was highly
influenced by the chain relaxation process (see Table Il). The D values of myoglobin
incorporated by entrapment were of the order of magnitude of 10711 cm?/s. A reduction of 2
orders of magnitude was observed in comparison with the D values of myoglobin incorporated
by imbibition in the same hydrogel morphologies, both evaluated in PBS at pH 7.0. The
incorporation through entrapment could hinder the diffusion of the protein from the polymer
structure because the network was built around the protein during the polymerization process.

CONCLUSIONS

Two different techniques were studied to immobilize myoglobin from horse skeletal muscle
in hydrophilic polymer networks: imbibition and entrapment. The best results for myoglobin
immobilization were achieved by the imbibition technique inside MAA-PEGDMA hydrogels.
Imbibition allowed the incorporation of greater amounts of myoglobin in anionic
morphologies. Release experiments performed with a PBS buffer at pH 7.0 showed that these
hydrogels allowed the desorption of approximately 90% of the protein previously loaded.
Nonetheless, the myoglobin remaining inside the hydrogels maintained the heme reactivity.
These results indicated that myoglobin incorporated by imbibition inside MAA-PEGDMA
hydrogels was able to successfully overcome the adsorption process into the polymer, the
polymer drying, and the release process without undergoing significant unfavorable effects on
its heme reactivity. On the basis of the results, the use of hydrogels as matrices in which proteins
such as myoglobin can be permanently contained without the alteration of their biological
properties seems promising. These networks could find applications in the development of
optical biosensors with hemo-proteins as recognition elements.
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Figure 1.

Plot of the partition coefficients for anionic and cationic hydrogels: (%) MAA-PEGDMA200
PEGDMAG00 (n = 3), () MAA-PEGDMA1000 (n = 6), and (ll) DMAEM-PEGDMA1000

(n=23). The incorporation was performed in DI water at 5.0°C. Each bar represents an average
plus or minus 1 standard deviation.
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Figure 2.

Correlation length (nm) for various hydrogels morphologies: (o) PEGMA200-PEGDMAG00
(n=7), (#Z) PEGMA200-PEGDMA1000 (n = 9), (&) PEGMA400- PEGDMAG00 (n = 8), (m)
PEGMA400-PEGDMA1000 (n = 8), (i) PEGMA1000-PEGDMA1000 (n = 9), (#Z) MAA-
PEGDMAZ200 (n = 7), (YY) MAA-PEGDMAG00 (n = 6), (£) MAA-PEGDMA1000 (n = 7),
(Il DMAEM-PEGDMA200 (n = 7), (1) DMAEM-PEGDMAG00 (n = 6), and (ll) DMAEM-
PEGDMAZ1000 (n = 6). Each bar represents an average plus or minus 1 standard deviation.

J Appl Polym Sci Symp. Author manuscript; available in PMC 2009 September 22.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Castro-Forero et al. Page 14

]

M/M

Fractional Mass Release,

-

1.2 4
1.0
I I I
1 . 1 PO I * + +
- . ‘*i ' |
.
$ -
+

DR T AN S OV S (N s Gt N RN O Al SR ICEN RGN (I
0 10 20 30 40 50 60 70 &0 90 100 110 12

Time (h)

Figure 3.

Fractional release of myoglobin incorporated through imbibition in MAA-PEGDMA
hydrogels for various crosslinker lengths in PBS at pH 5.8 and 30°C: (A) MAA-PEGDMA200
(n=4), (¥) MAA-PEGDMAG00 (n =5), and () MAA-PEGDMA1000 (n = 3). Each point
represents an average plus or minus 1 standard deviation.
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Figure 4.

Fractional release of myoglobin incorporated through imbibition in MAA-PEGDMA
hydrogels for various crosslinker lengths in PBS at pH 5.8 and 30°C: (¥ ) MAA-PEGDMAG00
(n=3)and (¢) MAA-PEGDMA1000 (n = 3). Each point represents an average plus or minus
1 standard deviation.
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Figure 5.

Effect of sodium dithionite and CO on the spectroscopic properties of myoglobin incorporated
into MAA-PEGDMAZ200 hydrogels after their release. The solid, black line shows the
spectrum before dithionate and CO; the spectra after the addition of sodium dithionate are
shown by the dashed, black line (t = 0 min) and the solid, gray line (t = 5 min); and the spectra
after the addition of CO are shown by the dashed, gray line (0.5 cm3 CO, t = 0 min) and the
black, dashed line (0.5 cm3 CO, t = 0 min).
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Figure 6.

Effect of the MAA-PEGDMAZ200 polymerization solution on the Soret characteristic peak of
horse myoglobin. The dashed, gray line shows the spectrum of the MAA-PEGDMA200
polymerization solution without myoglobin; the solid, gray line shows the spectrum of free
myoglobin in the metaquo state; the dashed, black line shows the spectrum of the MAA—
PEGDMAZ200 polymerization solution immediately after the addition of myoglobin; and the
black, solid line shows the spectrum of MAA-PEGDMAZ200 containing myoglobin after
polymerization
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Values of Parameters n, k, ¢r, ¢g, and D for Myoglobin Incorporated Through Entrapment in MAA-PEGDMA

Hydrogels with Various Crosslinker Lengths

MAA-PEGDMA200

MAA-PEGDMAG00

MAA-PEGDMA1000

k 0.00155 + 0.00071

n 0.94164 + 0.09514

e 0.2010 + 4.2789 x 107

', 0.7990 + 4.2789 x 10

D (cm?s) 2.2245 x 1071 + 11,5101 x 10722

0.00137 + 0.00049
0.99578 + 0.078
0.1736 +5.9042 x 103

0.8264 + 5.9042 x 107
3.4343 x 1071 +9.3681 x 1072

0.0020 + 0.00086
0.94153 + 0.09495
0.1861 + 3.8082 x 10°°
0.8139 +3.8082 x 10°°
3.2871x 10711 +6.3542 x 10°%°

The experiments were performed in PBS at pH 7.0 at 30°C.
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