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Abstract A novel immobilized enzyme system supported by poly(acrylic acid/N,N’-
methylene-bisacryl-amide) hydrogel microspheres was prepared. This system exhibited
characteristics of reversible pH-triggered release. The morphology, size, and chemical
structure were examined through optical microscopy, particle size analyzer, and Fourier
transform infrared spectrometer. Immobilization and release features were further
investigated under different conditions, including pH, time, and microsphere quantity.
Results showed the microspheres were regularly spherical with 3.8~6.6 μm diameter.
Loading efficiencies of bovine serum albumin immobilized by gel entrapment and
adsorption methods were 93.9% and 56.2%, respectively. The pH-triggered protein release
of the system occurred when medium pH was above 6.0, while it was hardly detected when
medium pH was below 6.0. Release efficiencies of entrapped and adsorbed protein were
6.38% and 95.0%, respectively. Hence, adsorption method was used to immobilize trypsin.
Loading efficiency of 77.2% was achieved at pH 4.0 in 1 h. Release efficiency of 91.6%
was obtained under optimum pH catalysis condition set at 8.0 and trypsin was free in
solutions with retention activity of 63.3%. And 51.5% of released trypsin could be reloaded
in 10 min. The results indicate this kind of immobilized enzyme system offers a promising
alternative for enzyme recovery in biotechnology.
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p(AAc/MBA) poly(acrylic acid/N,N′-methylene-bisacryl-amide)
DpH main particle size of p(AAc/MBA) microspheres at certain pH
ηL loading efficiency
ηR release efficiency
ηU recovery efficiency
Ci initial BSA concentration introduced
Cf final BSA concentration in supernatants after immobilization
Cr BSA concentration in supernatants after release
Cu BSA concentration in supernatants after recovery
Vl loading solution volume
Vr release solution volume

Introduction

Efficient immobilized enzyme systems are important in the field of biotechnology and other
enzyme-related areas such as clinical investigations, automated analyses, and biosensor
recognition [1–3]. Compared with free enzyme systems, the immobilized ones offer the
advantages of having batch or continuous processes options, rapid termination of reactions,
controlled product formation, ease of removal from the reaction mixture, and adaptability to
various engineering designs [4]. Hence, the preparation, properties, and use of immobilized
enzyme systems have attracted considerable attention in research and industrial applications.

At present, enzyme immobilization methods may be broadly divided into two main
categories, physical and chemical methods. The former is based on molecular interactions
between the enzyme and support, such as adsorption and entrapment. The latter is based on
the formation of covalent bonds. Among these methods, adsorption appears to offer better
commercial potential because it is simpler, less expensive, and retains higher catalytic
activity [5, 6]. With this method, no coupling reagent and reactive group of any amino acid
residue of the protein are required to form specific covalent bonds with the supports.
However, several studies have found that physically adsorbed enzymes on most supports
were generally not strong enough, causing slow enzyme leakage during washing and
operation or reaction processes [7]. Moreover, enzymes immobilized on solid-supports refer
to two-phase systems with inherent mass transfer limitations. Thus, these systems are
subject to unavoidable diffusion hindrance [8, 9]. In addressing the abovementioned
problems, developing a new strategy for enzyme immobilization is urgently needed.

Recently, intelligent hydrogels have attracted substantial attention, particularly in
pharmaceutical and material fields. These hydrogels are able to alter their volume or other
properties by recognizing external chemical or physical stimuli, such as pH, temperature,
ions, and light strength [10–13]. The pH-dependent hydrogels are among the most widely
studied intelligent hydrogels and some of them have already been used as potential enzyme
supports in biotechnology. Brahim et al. immobilized glucose oxidase on p(HEMA-
DMEMA) hydrogel microspheres and investigated its reaction kinetics in a packed-bed
bioreactor. In another study, Bahar et al. synthesized poly(HPMA–co-MAA) hydrogel
beads and loaded α-chymotrypsin onto their surface through covalent cross-link method.
Adsorption method was likewise employed by Arslan et al. in immobilizing invertase on p
(AAm/MA) and the effect of gel composition on immobilization was examined. In these
studies, they made use of the special structure feature of pH-dependent hydrogels for
convenient immobilization process or catalysis reaction mechanism investigation. Few
reports involving pH-triggered release immobilized enzyme systems are available. In
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addition, it was revealed that the diffusion limitation of these systems was mitigated to
some extent due to the gel swelling. It resulted in polymer conformation changes, such as in
volume and in ionization degree. The said changes then affected enzyme activity and
substrate access to the enzyme [14–17]. However, similar limitations are present in most of
the supports mentioned above. For entrapped and covalent-linked enzymes, retention
enzyme activity on the supports remained low due to harsh immobilization process. At the
other end, gel swelling led to more frequent enzyme leakage for adsorbed enzymes.

In this study, a new strategy for designing the immobilized enzyme system was
proposed. Specifically, this system had the characteristics of reversible pH-triggered release,
established on mild non-covalent cross-linking methods. The p(AAc/MBA) microspheres,
among the most widely used and simplest polyacid hydrogels, were applied as the supports
for alkaline enzymes. Trypsin was selected as the model owing to its appropriate activity
pH range and to the considerable academic interest it has gained [18–20]. When the system
used for catalysis at pH 8.0, conjugated trypsin can be released, while at pH 4.0, the
catalysis reaction was almost impeded and trypsin was reloaded after a while. This was
realized through repeated swelling and shrinking of the system. Thus, not only unfavorable
enzyme leakage becomes controllable and desirable, but also the reaction speed can be
controlled intelligently through pH adjustment. Most importantly, active enzyme performs
in its free form ultimately without diffusion limitation and steric hindrance. Overall, the
results obtained in this paper are consistent with what were expected. In other words, this
kind of immobilized enzyme system could provide a new effective alternative for enzyme
reuse in biotechnology in the future.

Materials and Methods

Materials

The AAc was obtained from Tianjin Chemical Plant (Peoples Republic of China) while the
MBA was purchased from Red Star Chemical Factory (Peoples Republic of China). As for
BSA (MW=68,000), it was obtained from Roche (Germany), while Span-80 was purchased
from Sigma (USA). TEMED and trypsin (1:250) were both obtained from aMResco (USA).
BAEE was also purchased from the USA, specifically at Bio Basic Inc. (BBI). The medium
pH was adjusted with HCl (0.01 mol l−1) and NaOH (0.01 mol l−1) solutions.

Preparation of p(AAc/MBA) Hydrogel Microspheres

The p(AAc/MBA) hydrogel microspheres were prepared by inverse suspension polymer-
ization. Briefly, 2.0 ml of AAc, 0.05 g of MBA, and 0.1 g of KPS were added to 7.0 ml of
10% (w/v) NaOH solution to prepare the aqueous phase mixture (0~5 °C ice bath). In a
separate process, oil phase mixture was obtained by adding 17 drops of span-80 into 100 ml
dimethylbenzene, which was previously poured into a flask with three necks. After purging
the flask with N2 for 10 mins at 30 °C, the prepared aqueous phase was added dropwise to
the oil phase with a stirring rate of 300 rpm. This led to the formation of inverse
uncontinuous phase (w/o). Afterwards, the polymerization was accelerated by injecting
0.80 ml of TEMED into the reaction mixture. This process was performed at 30 °C for 2 h.
Finally, the bulk of dimethylbenzene was removed and the monodisperse hydrogel
microspheres obtained were twice rinsed with pure ethanol (20.0 ml). The final p(AAc/
MBA) hydrogel microspheres obtained were then stored at 4 °C prior to use.
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Characterization of p(AAc/MBA) Hydrogel Microspheres

The morphology of p(AAc/MBA) hydrogel microspheres was observed with an optical
microscope (OLYMPUS BX40, Japan). Their sizes and size distributions were
determined using Particle Size Analyzer (Mastersizer 2000, UK). In terms of the
swelling behavior of the hydrogel microspheres, it was investigated as a function of pH
at 25±1 °C. Briefly, appropriate amounts of the hydrogel microspheres were immersed
in media with pH ranging from 2.0~10.0. Such media were prepared through the
addition of HCl (0.01 mol l−1) or NaOH (0.01 mol l−1) solutions [21]. Immediately, their
particle sizes were examined directly with the mixture. It is because that the whole
reversible swelling process of p(AAc/MBA) can be detected clearly by optical
microscope and it was found that the swelling equilibrium state was reached in no
more than 2 min. The swelling ability could be estimated using this formula:

Degree of swelling %ð Þ ¼ DpH2
� DpH1

DpH2

� 100% ð1Þ

The results calculated here are expressed in a normalized form with the smallest particle
size serving as comparison.

Using a Fourier transform infrared spectrometer (FTIR, IRPrestige-21, Japan), the
chemical structures of p(AAc/MBA) microspheres were evaluated. As the controls, the
FTIR spectra of monomer AAc and MBA were likewise presented.

Investigations of Protein Immobilization Characteristics

To explore suitable route for the preparation of immobilized enzyme system, BSA was
selected as a pre-model, instead of enzymes. Entrapment and adsorption were used as
potential methods for loading BSA molecules. For the former, certain quantity of BSA
(30~50 mg) was dissolved directly in the monomer mixture prior to polymerization.
These were then polymerized as previously described. The wash solutions were collected
and treated through dialysis. The protein content was determined using the Coomassie
Brilliant Blue method as described in a study by Bradford [22]. Alternatively, for the
latter, BSA was loaded into preformed p(AAc/MBA) microspheres through adsorption.
Varying amounts of p(AAc/MBA) microspheres (0.20 g~0.40 g) were first mixed with
standard concentrated solutions of BSA (8.0 ml, 1 mg ml−1). Afterwards, these mixtures
were adjusted to different pH ranging from 2.0 to 8.0 and incubated for hours at 4 °C.
Each mixture was centrifuged (9,000 rpm) for 10 min at hourly intervals to separate
immobilized BSA from the residual solution. The supernatants obtained were assayed for
BSA content. Finally, all experimental groups were adjusted to pH 2.0 followed by the
removal of the supernatants through centrifugation. The concentrated microspheres were
washed with pH 2.0 solutions and resuspended in buffer solutions at selected pH values
for subsequent release studies. BSA content in the medium was measured using UV
spectrophotometer (Ultrospec 2100 pro, Amersham Biosciences, Sweden) at 280 nm. The
efficiency of BSA immobilized (ηL) by the samples was calculated as follows:

hL ¼ Ci � Cf

Ci
� 100% ð2Þ

After immobilizing the BSA, the reversible pH-triggered release characteristics were
tested. Firstly, to evaluate BSA release process, the hydrogel micropsheres containing
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BSA were immersed in media (8.0 ml) with pH ranging from 4.0 to 9.0. These mixtures
were then centrifuged and the supernatants acquired were examined for BSA
concentration. The BSA release efficiency was specifically evaluated using this equation:

hR ¼ CrVr

Ci � Cf

� �
Vl

� 100% ð3Þ

Afterwards, BSA recovery from the release media was analyzed similarly with the
mixtures adjusted to pH 2.0. In evaluating the efficiency of BSA recovered from this
media, this formula was employed:

hU ¼ Cr � Cu

Cr
� 100% ð4Þ

It must be noted that all loading studies were performed in duplicate. The average of these
results was presented accordingly. To counteract absorbance value of microspheres at
280 nm, controls were set up by immersing the same quantity of microspheres in distilled
water followed by pH adjustment.

Trypsin Immobilization System and its Reversible pH-Triggered Release Characteristics

The trypsin immobilized system was prepared through adsorption method and tested
precisely as detailed above. However, there was one exception. Since trypsin was not stable
at pH <2.5, the samples of the experimental groups were all adjusted to pH 4.0 for
reservation and washed with solutions of pH 4.0. Trypsin activity was monitored directly in
the cuvette of a UV spectrometer at room temperature using BAEE as the synthesized
substrate. This process was based on the standard principle [23]. Briefly, 1.5 ml Tris–HCl
(0.1 M, pH 8.0) and 1.5 ml BAEE (2 mmol l−1) were added into quartz colorimetric
cuvette, followed by appropriate volumes of trypsin solutions added to the mixture. The
absorbance of the mixture at 253 nm was measured every 30 s for six times. One unit of
trypsin activity (U) is defined as the amount of trypsin that increased absorbance of 0.001
per minute at 253 nm (ΔA253 nm/min) under the condition described above, i.e.

UBAEE ¼ ΔA253nm=min

0:001
ð5Þ

To avoid error, the activity of native and immobilized trypsin was detected simultaneously.
Retention activity represents the percentage of immobilized trypsin activity compared to
that of free trypsin with the same amount (i.e. specific activity ratio). In investigating
operational stability of the immobilized trypsin system estimated by inactivity rate, both
immobilized and native trypsin were placed in Tris–HCl (pH 8.0) medium at room
temperature. This simulates practical bioreactor environment. Given this set-up, their
activity was examined at half hour intervals.

Results and Discussion

Characteristics of p(AAc/MBA) Hydrogel Microspheres

Morphology and Particle Size The prepared p(AAc/MBA) hydrogel microspheres were
monodisperse and approximately spherical (Fig. 1). Most of the hydrogel microspheres
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have a diameter of 3.8~6.6 μm swollen in aqueous solutions at pH 6.0 (Fig. 2). This pH
value is in the suitable range for immobilized enzyme systems [24]. In addition, after being
stored under common conditions, such as in a refrigerator or at room temperature for
6 months, the hydrogel microspheres did not exhibit any significant change in morphology
and particle size. These are indicators of the stability and good fluidity of p(AAc/MBA)
microspheres.

FTIR Analysis of p(AAc/MBA) Hydrogel Microspheres Copolymers of the hydrogel
microspheres were composed of AAc and MBA units as verified by FTIR-spectroscopy.
In Fig. 3a, the peaks observed at 1,618 cm−1 and 1,637 cm−1 were associated with the C=C
bond vibration of acrylic acid. Figure 3b illustrates that the peak at 1,651 cm−1 was
assigned to the stretching vibrations of C=C bond of MBA. However, the C=C bond
vibration of synthesized p(AAc/MBA) in Fig. 3c exhibited only a weak peak, if any.
Apparently, polymerization occurred between C=C bond to a large extent. With regards to
other typical groups in the molecules which have not taken part in the chemical
polymerization, changes to their spectra occurred at an observable extent. This indicates
that certain structural changes were formed after polymerization. For example, the peaks for
AAc-OH group and MBA N–H bond were at 3,310 cm−1 and 2,936 cm−1, respectively,

Fig. 1 Optical micrograph of
p(AAc/MBA) hydrogel micro-
spheres

Fig. 2 Particle size distribution of p(AAc/MBA) hydrogel microspheres at pH ranging from 2.0 to 10.0.
Curves from left to right represent pH 2.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0, respectively. Inset Main
particle size at different pH values
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while the stretching vibrations of O–H and N–H bonds in Fig. 3c were found to overlap at
the broad band with a shift to 3,445 cm−1.

pH-responsive Characteristics of p(AAc/MBA) Hydrogel Microspheres Figure 2 presents
the size distribution of p(AAc/MBA) hydrogel microspheres over a wide pH ranging from
2.0 to 10.0. On the other hand, Fig. 4 presents the calculated swelling degree. It was shown
that the particle size of the hydrogel microspheres was pH-dependent and an abrupt phase
transition occurred around pH 5~6. This finding suggests that the pKa of p(AAc/MBA)
hydrogel microspheres was within this range, which is consistent with previous reports on
polyacids bearing carboxylic groups [25]. At pH <6.0, pendant carboxylic groups of AAC
moiety were in non-ionized states, which were less hydrophilic than their ionized
counterparts. This made them get together more readily and thus water was excluded from

Fig. 3 FTIR spectra of a AAc (supported by database), b MBA, and c p(AAc/MBA) hydrogel microspheres
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the hydrogel network. As the medium pH increased to values above the pKa of p(AAc/
MBA) microspheres, deprotonation occurred. As a result, negatively charged carboxylic
groups were formed. The repulsion force between these groups drove the hydrogel
microsphere chains to move apart spatially. Furthermore, countercations around the
solutions were pulled into their structure to maintain electroneutrality (Donnan equilibrium)
within the hydrogel microspheres. This eventually led to the swelling and the occurrence
of discontinuous phase transition [26, 27]. Results also indicate that when pH was above
6.0, the polyacid hydrogels microspheres underwent an increase in the particle size as
well as in the swelling degree upon further increasing pH. This finding is actually
expected owing to the larger increase in ionization degree of p(AAc/MBA). The diameter
of certain hydrogel microspheres at pH 10.0 was almost 40 times as large as those at
pH 2.0 (Fig. 2, inset). The particle size was examined immediately after reaching
appropriate pH, which revealed that the hydrogel microspheres had appropriate pH-
sensitivity and rapid phase transition.

Investigations of Protein Immobilization Characteristics

Through adsorption and gel entrapment, BSA was loaded into p(AAc/MBA) hydrogel
microspheres. Both are physical methods with relatively weak bond strength. Given this,
possibilities for subsequent reversible release of the immobilized protein are opened up.

Adsorption Method To improve combination stability of adsorbed protein, the adsorption
process was modified here. Previously, adsorption mainly occurred directly on the surface
of the supports through ion or hydrogen bond, among others [28]. However, in this
research, the protein was wrapped within p(AAc/MBA) through a two-step process
achieved by swelling and deswelling the p(AAc/MBA) microsphere supports. The media
with different pH values for adsorption were then compared. Specially, after the hydrogel
microspheres were soaked in standard BSA solutions, pH was adjusted to form four groups.
Table 1 presents details on this. Results shows that much greater BSA quantity was loaded
in low pH solutions of 4.0 (56.2%) and 2.0 (34.5%) than in high pH solutions of 6.0
(6.91%) and 8.0 (7.59%). As soon as the pH of those two media (pH 6.0, 8.0) was
decreased to pH 2.0 or 4.0, more BSA was loaded within the hydrogel microspheres (data
not shown). In other words, loading efficiency on p(AAc/MBA) was quite different
between media with pH values below and above the pKa. This was attributed to the sudden

Fig. 4 Swelling degree of
p(AAc/MBA) hydrogel micro-
spheres and release efficiency of
loaded protein in media with
different pH values
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volume transition of p(AAc/MBA) triggered by pH. The p(AAc/MBA) hydrogel
microspheres soaked in standard BSA solutions were in their swollen states with
increased particle and mesh sizes. When the pH was adjusted to 4.0 or 2.0, values below
pKa, p(AAc/MBA) de-swelled rapidly to their collapsed states. In these states, they
showed decreased particle and mesh sizes. Hence, both BSA molecules around and
already adsorbed on p(AAc/MBA) could be tightly wrapped within the complex network
of p(AAc/MBA). However, when the solution pH was adjusted to 6.0 or 8.0, which was
also above pKa, p(AAc/MBA) still maintained the swollen state. Adsorption equilibrium
could not be reached in a short span of time. More importantly, BSA adsorbed on
swollen p(AAc/MBA) through equilibrium partition without the wrapping process was
probably unable to resist high speed centrifugation (9,000 rpm). BSA concentration in
swollen p(AAc/MBA) prior to centrifugation may be higher but this system was not
stable. High speed centrifugation probably contributed to rule out certain BSA from the
system. In other words, centrifugation during the immobilization process guaranteed
combination stability of adsorbed protein. Therefore, it would reduce the possibility of
further uncontrolled leakage of loaded protein.

The quantity of hydrogel microspheres was varied and its effect on loading efficiency
was investigated. As can be gleaned from Table 2, loading efficiency (ηL) increased
correspondingly as the mass of hydrogel microspheres increased, whereas the loading
capacity of per mg gel was in a depressed trend. This suggests that the increase was not
linear in proportion in relation with the hydrogel microsphere mass. Hence, the conclusion
that higher hydrogel microsphere density leads to higher loading amount can be drawn.
Taking this into account, the rest of the experiments would be conducted with higher
density of hydrogel microspheres.

Table 1 Loading and release characteristics of BSA immobilized into p(AAc/MBA) by the adsorption and
entrapment methods.

Amount of BSA loaded Amount of BSA released

Loading Per gel % of total Per gel % of total
Method Medium (mg g−1) Offered (ηL) (mg g−1) Offered (ηR)

Adsorption pH 8.0 3.04 7.59 2.60 85.6
pH 6.0 2.76 6.91 2.48 89.7
pH 4.0 22.5 56.2 21.4 95.0
pH 2.0 13.8 34.5 13.1 94.7

Entrapment – 45.6 93.9 4.49 6.38

Table 2 Characteristics of BSA immobilized system with different hydrogel microsphere concentrations at
pH 2.0.

Amount of hydrogel
offered

Amount of BSA
loaded

Amount of BSA
released

Amount of BSA
recovered

Before cen-
trifuged (μl)

After cen-
trifuged (g)

per gel
(mg g−1)

% of total
offered (ηL)

% of total
loaded (ηR)

% of total
released (ηU)

1,600 0.20 13.8 34.5 94.7 33.1
2,400 0.30 11.5 43.2 99.0 38.2
3,200 0.40 11.8 59.0 87.7 42.2
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Due to the pH-dependent size change of p(AAc/MBA), loaded protein can be released
out of the immobilized system into the bulk solution. Figure 4 shows the release efficiency
of loaded protein under different test conditions with pH ranging from 4.0 to 9.0. It was
determined that more than 90% of BSA was released out of the media with pH above pKa.
However, the same is hardly detectable at pH below pKa. In addition, there was no
significant change in release efficiency as pH varied above the pKa, which had a similar
trend with that of the swelling degree (Fig. 4). Since trypsin has an optimum catalysis pH
range of 7.6~8.0, the subsequent release studies would be carried out in media with pH 8.0.
These studies include p(AAc/MBA) loaded with BSA and trypsin. Besides, the released
BSA can be recovered from the release media by adsorption again. The recovery efficiency
was about 40% as can be seen in Table 2.

Gel Entrapment Method With respect to the entrapped protein, high loading efficiency of
93.9% was achieved, while the quantity of BSA released in bathing media at pH 8.0 was no
more than 10% (Table 1). These findings were quite different from the adsorbed protein. In
order to explain the discrepancy, methods used to immobilize BSA have to be examined.
During entrapment, when p(AAc/MBA) polymerized in the presence of BSA, the
byproducts and impurities from the hydrogel’s formation were removed. These were
generally mixed with some BSA simultaneously, thus giving rise to a much higher loading
efficiency than the actual one, which cannot be exactly evaluated. In addition, actual cross-
links may form within the random entanglements between proteins and complex hydrogel
networks [28]. Hence, only those loosely entrapped BSA contributed to the release
efficiency on swollen p(AAc/MBA) at pH 8.0. In contrast, the BSA loaded by adsorption
was much more loosely wrapped within the swollen p(AAc/MBA), due to the poor bond
strength between them. As a result, they were more easily released. In this study, adsorption
was the preferred method for immobilizing enzyme as compared with gel entrapment. This
approach corresponds to the intention of the research which is designing novel immobilized
enzyme systems for reversible controlled release.

Immobilization of Trypsin on p(AAc/MBA) Hydrogel Microspheres

As previously established, it is possible to prepare trypsin immobilization system on p(AAc/
MBA) through adsorption. Different solvent conditions were also investigated to serve as the
basis for comparison with BSA immobilization process. In addition, change of loading
capacity with time was further investigated and the results were summarized in Table 3. The
trend of pH effect on trypsin immobilization was found to be similar with that on BSA
immobilization. However, it is worth noting that higher loading efficiency was obtained,
especially in loading media with pH 4.0 (76.7%). Higher density of hydrogel
microspheres used here and lower molecular weight of trypsin (MW=23,000) may
contribute to this. Apart from this, immobilization time was determined to have slight
effect on loading efficiency of trypsin (Table 3). In terms of the loading capacity at
pH 4.0, it reached 61.8 protein per hydrogel microsphere (mg g−1) in an hour and almost
kept constant with time. This indicates that adsorption equilibrium was reached in a short
span of time. Previously, Brahim et al. [28] got 34.8% of total offered protamine adsorbed
after 24-h incubation by swollen p(HEMA-DMAEMA) hydrogel slabs. On the other
hand, Hu et al. [24] obtained a loading capacity of 82 mg g−1 on PMMA microspheres.
However, the calculated loading efficiency was lower than 40% of the total available
pepsin. And enzyme leakage was not taken into consideration here. In comparison, better
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adsorption efficiency on p(AAc/MBA) hydrogel microspheres was achieved through the
two-step adsorption method in a short period.

Reversible pH-Triggered Release Characteristics of Immobilized Trypsin System

The prepared immobilized trypsin system was repeatedly adjusted from pH 8.0 to 4.0, to
detect the reversible release performance triggered by pH. As evident in Table 3, the
amount of trypsin released at equilibrium swelling on the average was more than 94% of
the total amount loaded. In the bulk solution, immobilized trypsin was free. After the pH of
the catalysis system reached 4.0, about 50% of the released trypsin was recovered. The
swollen state of the polymeric network at pH 8.0 translates to an increase in the network
mesh size or pore size. As a result, pores within the network that are larger than trypsin
molecules were created; thus allowing the loaded trypsin to diffuse out of the microspheres.
Contrarily, p(AAc/MBA) hydrogel microspheres de-swelled and re-adsorbed trypsin at
pH 4.0 due to the decreasing mesh or pore size. This is in line with the loading process
discussed above. Meanwhile, the catalysis reaction was slowed down until it stopped. It is
worth mentioning that the reaction speed can be controlled through the swelling rate of the
hydrogels. This area of study can be further investigated in the future.

Activity retention on the support is one of the most significant aspects during enzyme
immobilization. Any chemical modification or physical adsorption during immobilization
will pose an effect on enzyme activity to some extent. Adsorption with the use of p(AAc/
MBA) might relatively be a mild protein immobilization method. Figure 5 presents the

Table 3 Characterization of trypsin immobilization system.

Amount of trypsin loaded into gel Amount of trypsin
released

Amount of trypsin
recovered

Per gel (mg g−1) % of total offered

Loading Time/h Time/h Per gel
(mg g−1)

ηL
(%)

Per gel
(mg g−1)

ηR
(%)

Medium 1 3 5 1 3 5

pH 8.0 6.22 6.67 7.45 7.78 8.34 9.30 7.17 96.2 3.06 42.7
pH 6.0 5.75 6.12 6.61 7.18 7.65 8.26 5.29 97.0 2.38 45.0
pH 4.0 61.8 62.0 61.4 77.2 77.5 76.7 56.2 91.6 28.9 51.5

Fig. 5 Activity comparisons of
trypsin with different immobili-
zation solvents
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retention activity of trypsin after being loaded within p(AAc/MBA) in three different
immobilization solvents. Results indicate that the trypsin activity all decreased as
compared with the calculated total adsorbed activity regardless of the immobilization
solvent. However, the extent of the decline varied largely among the three immobilization
solvents. Trypsin immobilized at pH 4.0 retained the highest activity percentage and its
retention activity accounted for 63.3% of the total adsorbed activity. For those at pH 6.0
and 8.0, the retention activity reached only 36.2% and 10.3%, respectively. The activity
loss here is mainly caused by structural changes in trypsin that may have been introduced
during the loading process [29]. Possible factors may be the different microenvironments
within p(AAc/MBA) and the long period of incubation. These can cause changes in the
affinity of the enzyme to its substrate. Different inactivity extent among the three solvents
may be attributed to the structures and properties of trypsin itself. Trypsin becomes less
stable because of autolysis when media pH >5.0, and the optimum catalysis pH is within
the 7.6~8.0 range. As a result, the long incubation period of trypsin in media with pH 8.0
caused more severe activity loss.

It is necessary to examine whether the enzyme reaction activity was disturbed by the
presence of hydrogel microspheres. Hence, trypsin activity was measured congested both
with and without hydrogel microspheres, i.e. before and after centrifugation of the released
solutions. Prior to centrifugation, enzyme activity was measured directly with the mixture
solutions. On the other hand, after centrifugation, most of the hydrogel microshperes
precipitated at the bottom. The supernatants were then collected to measure the enzyme
activity. No substantial difference was determined between their retention activity (63.3%
prior to centrifugation and 58.9% after centrifugation). In conclusion, the catalysis reaction
occurred in the bulk solution. Furthermore, the existence of hydrogel microspheres did not
cause any disturbance on the enzyme reaction activity.

Several publications have appeared presenting investigations of new supports for trypsin
immobilization. For example, trypsin covalently immobilized on porous glycidyl
methacrylate was found to acquire retention activity of 29.2% and loading capacity of
23.8 trypsin per bead (mg g−1) [29]. In another study, Migneault et al. immobilized trypsin
on controlled pore glass by glutaraldehyde (CPG-GA). The retention activity was 13.1%
and Vmax/Km was decreased to 52.7% [19]. Wu et al. employed functional PMMA
microspheres to load trypsin and this resulted in a decrease of Vmax/Km to 12.5% [30].
Dudra et al. immobilized trypsin on thermosensitive p(NIPAM-HEMA) copolymers
forming an interpenetrated polymer network. The immobilization yield was 23.4% with
retained activity lower than 35% [31]. Bryjak et al. also compared different activation

Fig. 6 Operational stability com-
parisons of immobilized and na-
tive trypsin systems
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methods for trypsin covalent immobilization on acrylic series carriers, and immobilization
efficiencies of the protein and the activity could reach 65.0% and 26.5%, respectively [20].
In this particular study, however, trypsin was immobilized on pH-dependent p(AAc/
MBA) hydrogel microspheres through modified adsorption method. Loading capacity of
61.8 mg g−1, loading efficiency of 76.7%, and retention activity of 63.3% were obtained.
And according to Michaelis–Meten equation [32], the Vmax/Km value of immobilized
trypsin retained more than 60% at maximum compared with that of native trypsin.
Overall, trypsin immobilization on p(AAc/MBA) offers greater promise than those
established by other strategies.

Stability of Immobilized Trypsin System

Figure 6 illustrates the operational stability of immobilized and native trypsin. When placed
in unfavorable environment, the inactivity rate of trypsin showed similarity for both
immobilized and native trypsin. Such result was expected because p(AAc/MBA) hydrogel
microspheres swelled at pH 8.0 and most of the trypsin was released out of the system.
Hence, it exhibited similar properties with native trypsin. Afterwards, both were placed in a
4 °C refrigerator to detect storage stability. After a long storage period (73 days),
immobilized trypsin still retained 48.1% of the specific activity, while free trypsin retained
only about 15.0%. This suggests that immobilized trypsin had relatively better storage
stability than free trypsin.

Conclusion

The novel strategy of pH-triggered reversible release was introduced to enzyme
immobilization. Enzymes conjugated to this kind of system can be released for reaction
and then recovered intelligently. In this study, relatively high immobilization efficiency and
trypsin retention activity were obtained on p(AAc/MBA) hydrogel microspheres supports.
This new system may be an effective alternative for enzyme reuse in biotechnology.
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