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ABSTRACT: In this study, superabsorbent polyelectrolyte hydro- Non-degradable Polymer NN

gels were synthesized by cross-linking a nondegradable poly /\A/\/—\

(allylamine hydrochloride) (PAH) and a recombinant protein with v v

a specific enzymatic cleavage site. The recombinant protein was \‘/\/\A/ m Ao <
. . . . . v

produced by E. coli with the pET-32b(+) plasmid, which is /\/\/Y\Emymam Cleavage v

featured with the thioredoxin (Trx) gene containing a thrombin of Protein /\/\;\

recognition site and a T7/lac hybrid promoter for high expression

of recombinant protein. The swelling test shows that the Decomposable Hydrogel

composite hydrogel still maintained a high swelling ratio to

900% when 15% recombinant protein was cross-linked with PAH. The degradation test shows that such a PAH composite hydrogel
could be decomposed by the addition of specific enzyme thrombin, which might lead to new biomedical applications of hydrogels
needed to be decomposable by specific time not determined by the time period.

B INTRODUCTION site. and a T7/lac hybrid promoter for high expression of
recombinant protein. Therefore, the superabsorbent PAH
cross-linked with the recombinant protein with a specific
enzymatic cleavage site can be decomposed by additional
specific enzymes at the indicated time point, which might lead
to new biomedical applications of hydrogels needed to be
decomposable by specific time not determined by the time
period.

The development of biodegradable polymers has attracted
considerable interest for a variety of applications, such as
implants, drug delivery, and tissue engineering in the past
decades.'™ These biomaterials degrade with controllable
kinetics and low toxic products. The degradation type of
biomaterials can be mainly categorized into hydrolytic and
enzymatic degradation.” A hydrolytic degradation rate is
generally controll'ed by the p_rqperties of tbg @aterials, such B RESULTS
as molecular weight, crystallinity, hydrophilicity, roughness,
and so on.”* Generally, the mechanical property of hydrolyti-
cally degradable biomaterials is constantly changing with time,
so more precisely controlled degradable biomaterials need an
optimum balance between mechanical properties and degra-
dation rate. Conversely, in enzymatic degradation, materials
were developed to incorporate cleavage sites for enzymes, so
the degradation is determined by the presence of enzyme and
its activity rather than implantation time.’

Polyallylamine hydrochloride (PAH) is a nondegradable
polyelectrolyte and is widely used in biomedical research as a
positively charged and amino-rich polymer.'®~"* Thus, PAH is
extensively applied to prepare superabsorbent hydrogels, which
can absorb tremendously large amounts of water.'” The aim of
this study is to modify the PAH hydrogel structure with a
recombinant protein, which possesses a specific enzymatic Received:  September 17, 2021
cleavage site. The recombinant protein in this study was Accepted: January 12, 2022
produced by E. coli with the pET-32b(+) plasmid."* The pET Published: January 21, 2022
system plasmid has been designed for cloning and expression
of proteins in E. coli. The pET-32b(+) plasmid is featured with
the thioredoxin (Trx) gene containing a thrombin recognition

Characterization of the pET-32b(+) Plasmid. In this
study, the pET-32b(+) plasmid is designed with a T7/lac
hybrid promoter for high expression of recombinant protein
and is featured with a thrombin recognition site. The pET-
32b(+) is a 5899 bp plasmid extracted from E. coli cloning cells
(ECOS) and transferred into E. coli BL21 for protein
expression. Figure 1 shows that both plasmids extracted from
ECOS and E. coli BL21 and digested by BamHI restriction
enzymes would exhibit similar bands at about 5900 bps by
agarose gel electrophoresis analysis.

Characterization of TP. After transferring the pET32b (+)
into the E. coli BL21, the TP with a molecular weight of 20
kDa was expressed. The SDS-PAGE analyses revealed that the
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Figure 1. Agarose gel electrophoresis analysis of the pET-32b(+)
plasmid extracted from ECOS and BL21 after transforming (Bp:
bonding pair, L: DNA ladder; E: pET-32b(+) plasmid from ECOS
cleaved by BamHI; and B: pET-32b(+) plasmid from BL21 cleaved
by BamHI).

TP expression after culture for 10 h was higher in the IPTG-
induced group than in the control without induction (Figure
2). Additionally, the TP expression increased as the culture
time increased and reached the plateau in 8—10 h. Therefore,
further experiments to yield the TP were performed with an
IPTG induction time of 10 h.

Purification of TP. Bacterial components were separated
into the supernatant and pellet after disrupting and
centrifuging the bacteria. To choose an appropriate purification
process, the water solubility of TP was evaluated in advance.
Figure 3A shows that 20 KDa TP occurred more in the
supernatant than in the pellet, so the supernatant product was
employed in the following purification process. SDS-PAGE

analyses confirmed that TP was effectively trapped by the
HisTrap column and no expression of TP was found in binding
buffer and wash buffer (Figure 3B) since TP with a
hexahistidine tag at the N-terminal could be purified with
HisTrap columns. Furthermore, the elution buffer passed
through the purification column revealed significant expression
of TP in the first two volumes and extremely low expression in
the last two volumes. These results indicated that the TP was
successfully purified from the hybrid protein solution and
effectively collected from the HisTrap column.

Cleavage Test. The SDS-PAGE analyses shown in Figure
4 revealed that TP would not be cleaved while the
concentration of thrombin was lower than 2.5 X 107> U/mL.
In contrast, thrombin could specifically cleave the TP into two
fractions with a size of 14 and 6 kDa, respectively, with the
concentration of thrombin more than 2.5 X 107> U/mL.

Formation and FTIR Analysis of the PAH Composite
Hydrogel. To design novel enzyme-triggered degradable
biomaterials, PAH and the synthesized protein were cross-
linked by the reaction of glutaraldehyde with amino groups of
protein and PAH (Figure SA). Since the solution with 5%
PAH was unable to form gel and the 20% TP concentration
could not form homogeneous hydrogels with PAH, the
hydrogels were formed by hybridizing 10% PAH with S, 10,
and 15% protein, as shown in Figure SB by the inversion test.
All gels were characterized using FTIR, and all main peaks are
shown in Figures S-1 and 6C. Compared to PAH without
cross-linking (Figure S-1), the FTIR spectrum of PAH gel is
shifted from 1633 cm™' (—N—H scissor vibrations) to 1604
cm™' (C=N stretching), confirming that 10P was prepared by
glutaraldehyde cross-linking. On the other hand, compared to
10P-only (Figure SC), the FTIR spectrum of PAH composite
gels included a C—O stretching characteristic peak at 1053
cm™, and the peak increased with the increase in protein
content, which assured the aldehyde cross-linking reaction.

Swelling Test of the PAH Composite Hydrogel. The
swelling ratio is a significant characteristic of PAH, determining
the application of hydrogel materials. Figure 6 shows the
swelling kinetics of the composite hydrogels incubated in TBS
bufter. The PAH hydrogel without protein has the highest
swelling ratio to 30-fold within 2 h. The higher ratio of protein
contained in the PAH composite hydrogel indicated the lower
swelling ratio. The PAH composite hydrogel with 15% protein
still have the stable swelling ratio at least ninefold.

(A)
IPTG (-) IPTG (+)
L 0 10 0 2 4 6 8 10 (hn
- . goa B
oc b
50 — .- —-g
17 pa— — o -
T mmEEae
KDa

(B)

IPTG (-) IPTG (+)

600

.Illli"||
0 10 0 2 4 6 8 10

Time (hr)

o
(=3
o

»
(=3
o

Relative expression (%)
N w
[=3 o
o o

-
[=
o

Figure 2. (A) Time sequence analysis of SDS-PAGE analysis of IPTG inducing protein expression (L: protein ladder; CO and C10: protein
expression without adding IPTG after 0 and 10 h, respectively; and 10, 12, I4, 16, I8, and I10: protein expression with IPTG after 0, 2, 4, 6, 8, and 10
h). (B) Densitometric analyses. Results are the mean + SD. * indicates p < 0.05, compared to the control group (n = 4). Abbreviation: IPTG:

isopropyl-f-p-thiogalactopyranoside.
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Figure 3. (A) SDS-PAGE analysis of the protein contain in the pellet and in supernatant after bacterial disruption. (B) SDS-PAGE analysis of the
protein solution produced after column purification (n = 4). Abbreviation: L: protein ladder; BC: the protein before passing purification column;
AC: the protein after passing purification column; B and W: the protein in binding buffer and wash buffer after passing purification column,
respectively; E1, E2, E3, and E4: the first, second, third, and fourth milliliter of elute buffer passed through the purification column, respectively.
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Figure 4. SDS-PAGE analysis of the cleavage test (n 4).
Abbreviation: L: protein ladder; PC: positive control; and 0—7: the
target protein with 0, 2.5 X 1075 2.5 X 1075, 2.5 X 107, 2.5 X 1073,

2.5 x 107% 2.5 X 107", and 2.5 U/mL thrombin, respectively.

Degradation and Decomposition of the Composite
Hydrogel. Figure 7A shows the schematic diagram of PAH
composite hydrogel degradation triggered by the addition of
thrombin. Figure 7B shows the degradation ratio of the
composite hydrogels by measuring the remaining weight of the
hydrogels after incubation with or without thrombin for 72 h.
The degradation ratio of the composite hydrogels increased
with increasing thrombin-containing protein concentration.
When 10 and 15% thrombin-containing proteins were cross-
linked with 10% PAH, there was significant differences of the
remaining weight in the composite hydrogels by the effect of
thrombin-triggered degradation (p < 0.05), indicating that the
thrombin-containing protein in the composite hydrogel was
actually cloven by thrombin in the medium.

Based on the results of swelling and degradation tests, a tube
blocked test was established to evaluate the characteristic of
the composite hydrogel (Figure 9). The lyophilized composite
hydrogel (about SO mg) was put into a 0.3 cm-diameter tube
and then 0.5 cc TBS was added to the tube to swell the gel to
block the tube for 1 h. Subsequently, 0.25 unit thrombin was
added into the composite hydrogel for 72 h to trigger the gel
degradation gradually, making the hydrogel flush out easily.
For the sake of safety for future application in the body, the
pressure was recorded as >15 kPa to stop the test if the
hydrogels could tolerate 15 kPa for 30 s. Table 1 shows that all
the pressure was >15 kPa for the PAH alone and the PAH
composite hydrogel with 5% protein. One of the tubes with
10% protein composite gel could be opened with pressure 13.1
kPa. Furthermore, all composite hydrogels with 15% protein
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could be flushed out with pressure less than 15 kPa. Therefore,
we determined the mechanical property of 10P15TP to verify
suitable mechanical properties as the nasal-packing material.
Figure 8 shows that the compressive modulus and compressive
strength of 10P1STP were 0.28 + 0.02 and 15.95 + 3.11 kPa,
respectively. The experiment successfully confirmed that the
composite hydrogels with a higher thrombin-containing
protein ratio could be flushed out more easily after being
reacted with thrombin.

B DISCUSSION

From the viewpoint of material science, the genetically
encoded synthesis provides precise control of molecular
weight, sequence, and stereochemistry of repetitive polypep-
tides. In addition, the recombinant protein in the wake of
biotechnology development could be reduced costs.'>"®
Therefore, the artificial protein-based polymers could be
credited with desirable chemical, biological, and biocompatible
properties to be an alternative to synthetic polymers for
biomedical applications.'” This study combines a non-
degradable synthetic PAH polymer and a recombinant protein
with a specific enzymatic cleavage site to develop an enzyme-
triggered decomposable hydrogel (Figures 6 and 8). The
recombinant protein was produced by E. coli with the pET-
32b(+) plasmid, which is featured with the thioredoxin (Trx)
gene containing a thrombin recognition site and with a
molecular weight of 20 KDa by SDS-PAGE analysis (Figure 3).
Thrombin is a serine proteinase with specificity toward a
limited number of substrates'®'” and is widely used to cleave
the protein-purified tag off from the fusion protein.”’~** Figure
4 shows that the prepared recombinant protein was cleaved
into two fragments, 14 and 6 KDa in the presence of 2.5X X
1072 U/mL thrombin.

Polyelectrolyte hydrogels can be designed to swell or shrink
in response to environmental conditions such as pH,
temperature, and ion strength.”” PAH, a typical polyelectrolyte,
can be chemically cross-linked with glutaraldehyde to produce
a highly swollen hydrogel called a superabsorbent.”* By
blending PAH with protein solution homogeneously, gluta-
raldehyde would cross-link rapidly the amine groups of PAH
and functional groups of proteins**”° to form a composite
hydrogel (Figure S). The recombinant protein synthesized in
this study was not a superabsorbent material, so it limited the
swelling ability of the composite hydrogel. Nevertheless, the
composite hydrogel still maintained a high swelling ratio to
ninefold when 15% protein was cross-linked with PAH (Figure
6).
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Figure S. (A) Schematic of the cross-link between the target protein and PAH. (B) Inverse test for hydrogel formation. (C) FTIR spectra of PAH

composite gel.
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Figure 6. Swelling kinetics of the composite hydrogels: (A) in the TBS and (B) in the deionized water (n = 6).

Such an enzyme-triggered degradation characteristic pos-
sesses the advantage that their structure can be controlled by
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protein degradation and then decomposition at an indicated
time point, which may be useful in biomedical applications
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Figure 7. (A) Schematic of the mechanism of enzyme-triggered degradation. (B) Degradation ratio of the composite hydrogel degraded with or
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Table 1. Result of the Blocked Tube Test in Unit kPa

condition n=1 n=2 n=3 n=4 n=35
10P X X X X X
10PSTP X X X X X
10P10TP 13.1 X X X X
10P15TP 7.9 14.5 10.3 5.9 3.6
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Figure 8. Mechanical property of 10P1STP (n = 3).

with adequate mechanical properties and controlled biode-
gradability, such as sinonasal packing materials. For instance,
clinically, endoscopic sinus surgery is the preferred treatment
for patients with chronic rhinosinusitis that is unresponsive to
maximal medical therapy.”” Biomaterials are generally applied
in the sinonasal wound after surgery to achieve hemostasis and
prevent postoperative wound synechia. Several studies, by
comparing with the degradable and nondegradable nasal
packing, indicated that the prolonged nasal packing caused
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local irritation, nasal obstruction, discomfort, and pain on
removal; nevertheless, degradable packing might improve
healing and reduce adhesions, pain, bleeding, nasal blockage,
and facial edema.”®*” Additionally, the ideal biomaterials
applied in sinonasal wounds are able to maintain good physical
properties initially and then begin to degrade several days after
surgery. A single material is difficult to achieve the desired
requirements of physical properties and controlled degrada-
tion. Figure 7 confirms the enzyme-triggered degradation
characteristic of the PAH composite hydrogels. In the absence
of thrombin, the composite hydrogel could maintain its weight
after incubation for 72 h. Conversely, when the composite
hydrogel containing 15% protein was incubated with thrombin,
the weight and structure of the PAH composite hydrogel was
weakened and unstable and was degraded into fragments. In
addition, Figure 8 shows that the mechanical property of the
composite hydrogel containing 15% protein was adequately
soft for nasal packing. As shown in Figure 9 and Table 1, the
tube blocked test revealed that the PAH composite hydrogels
were able to swell and block the tube and could be flushed out
easily after treatment with thrombin and appropriate pressure
less than 15 kPa. Therefore, the PAH composite hydrogels are
potentially beneficial to postoperative sinonasal packings since
the composite hydrogels not only have adequate physical
properties but also can be decomposable by thrombin at the
indicated time point.

Gwaltney et al. reported that the maximal pressure of nose
blow and sneeze was 8.8 + 1.9 and 0.6 + 0.5 kPa,
respectively.”” In addition, the simulation performed by
Rahiminejad et al. showed that the pressure in the nasal cavity
during normal sneezing was about 1 kPa and suppressing a
sneeze by closing nose was about 6 kPa.”" This study showed
that the swollen PAH composite hydrogel could withstand

https://doi.org/10.1021/acsomega.1c05178
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more than 15 kPa of pressure in the absence of thrombin. This
assured that the PAH composite hydrogel in nasal would not
be easily flushed out.

Finally, since the thrombin could decompose the PAH
composite hydrogel, the thrombin activity in plasma and
hemostasis should be considered. Under normal conditions,
the activity of circulation thrombin in plasma is approximately
5.5 mIU/mL.> In the process of hemostasis, the activation of
thrombin can be regulated by several cytokines, which can not
only cause the rising of thrombin concentration but also be
rapidly inactive by antithrombin.*> Therefore, thrombin
concentration in plasma is much lower than 2.5X X 107> U/
mL needed to cleave the prepared recombinant protein
(Figure 4). This suggests that the PAH composite hydrogel
applied to nasal would not be decomposed by plasma
infiltration.

B CONCLUSIONS

In conclusion, using thrombin-containing protein as an
example, this study demonstrated that the synthetic super-
absorbent polymer, PAH, cross-linked with the recombinant
protein with a specific enzymatic cleavage site can be managed
by additional thrombin at the indicated time point as a smart
biomaterial.

B MATERIALS AND METHODS

Materials. All chemicals were purchased from Sigma-
Aldrich (St. Louis, MO, USA). The competent cells of E. coli
ECOS and BL21 (DE3) were purchased from Yeastern
Biotech (Taipei, Taiwan) and Agilent Technologies (Santa
Clara, CA, USA), respectively. LB broth (Miller) and lysozyme
were purchased from BioLink Biotechnology (Taipei, Taiwan).
Ampicillin was purchased from MDbio (Taipei, Taiwan).
HisTrap used for protein purification was purchased from GE
Healthcare (Chicago, IL, USA).

Plasmids and Bacterial Strains. The pET-32b(+) vectors
(Merck Millipore, USA) carrying a thrombin recognition
sequence and T7 promoter system were employed for
recombinant protein expression. The ECOS competent E.
coli cells were transformed with the pET-32b(+) by the heat
shock method and stored at —80 °C. The DNA plasmids were
extracted using a Presto Mini Plasmid kit (Geneaid, Taiwan)
and transformed into the E. coli strains BL21 (DE3). E. coli
cells were cultured in LB broth with 100 pg/mL ampicillin at
37 °C and shaken at 180 rpm for 16 h.
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Production of TP. The transformed E. coli strains BL21
(DE3) were incubated in LB broth with 100 yg/mL ampicillin
at 37 °C and supplemented with 1 mM isopropyl B-p-1-
thiogalactopyranoside (IPTG) after the OD600 was within
0.4—0.6 to induce protein production. The optimization of the
induction conditions was carried out by measuring the protein
content with SDS-PAGE after inducing various lengths of time.
After protein induction, the bacterial cultured solution was
centrifuged, digested, and ultrasonicated for prepurification.
The bacterial cultured solution was centrifuged at 12,000g for 5
min at 4 °C to collect the bacterial pellet. With IB wash buffer
(20 mM Tris-HCI pH 7.9, 10 mM EDTA, and 1% Triton X-
100) of a one-tenth ratio of the volume of original bacterial
suspensions and lysozyme of 100 ug per milliliter, the bacterial
pellet was suspended and digested in a water bath at 37 °C for
15 min. The ultrasonic disruption of bacterial pellet was carried
out with a Cell Disruptor (BRANSON, USA). After
centrifugation at 12,000¢ for 5 min at 4 °C, the supernatant
was collected to dialyze in 20 mM Tris-HCI solution and then
to filter with 0.45 um filters.

A HisTrap FF column was used for TP purification. In brief,
using a syringe pump with a flow rate of 1 mL per minute to
load protein solution onto a column which had been washed
by distilled water and equilibrated by binding buffer, the
column was washed again and eluted with the Tris-HCI buffer
supplemented with 20 and 500 mM imidazole, respectively.
The eluted protein was collected and changed into 20 mM
Tris-HCI bufter through ultrafiltration with an Amicon Ultra-4
Centrifugal Filter (Merck Millipore, USA). The purified TP
was directly freeze-dried for further use.

TP characterization was carried out with 12%
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). The sample protein was mixed with 2X Laemmli
sample buffer (Bio-Rad, Hercules, CA, USA) and heated at 90
°C for S min before loading. The gel was stained by coomassie
brilliant blue solution (40% methanol, 10% acetic acid, and
0.1% coomassie brilliant blue R-250) for 2 h and destained in
50% methanol solution. The gel was scanned and imaged using
a BioSpectrum 810 Imaging System (UVP, Upland, CA, USA).

Thrombin Cleavage Test. The thrombin cleavage test was
conducted according to the procedure of the thrombin kit. TP
was dissolved in the thrombin cleavage buffer containing 20
mM Tris-HCl, 150 mM NaCl, and 2.5 mM CaCl, to prepare
20 mg/mL solution. A series of thrombin concentration was
added into TP solution and incubated at room temperature for
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16 h. The SDS-PAGE analysis was carried out to find out the
optimal thrombin cleavage concentration.

Synthesis of Target Protein—Poly(allylamine hydro-
chloride) Composite Hydrogels. A series of composite
hydrogels were synthesized from cross-linking target protein
and PAH with 1% glutaraldehyde. Glutaraldehyde could fastly
and efficiently cross-link poly(allylamine hydrochloride) into
hydrogels by the reaction between amines and aldehyde group.
In addition, glutaraldehyde could react with the amino groups
of amino acids and partially react with the phenolic and the
imidazole rings of tyrosine and histidine derivatives in proteins.

The stock solutions were prepared by dissolving 0.3 g of
target protein in 0.7 mL of deionized water and 0.4 g of PAH
in 0.6 mL of deionized water, respectively. The resulting
solution was prepared by blending a consistent amount of
PAH stock solution with various amounts of target protein
stock solution. Cross-linked with 1% glutaraldehyde and mixed
homogeneously with the vortex immediately, the composite
hydrogels were prepared after being reacted at room
temperature for 24 h.

Degradation Test. The remaining percentage is expressed
as the weight ratio of hydrogels reacted with thrombin for 72 h
to the one before being reacted. The freeze-dried composite
hydrogels were weighed and immersed in thrombin cleavage
buffer which is mentioned in the thrombin cleavage test. To
make sure that the thrombin reacted completely, 2.5 units of
thrombin per milliliter which is overdose thrombin concen-
tration was added to the hydrogel contained solution. After
being incubated at room temperature for 72 h, hydrogels were
taken out from solutions, freeze-dried, and weighted to
calculate the remaining percentage.

Swelling Test. The swelling ratio is expressed as the weight
ratio of swollen hydrogels to the initial freeze-dried hydrogels,
swelling ratio = W,/ Wy,. Hydrogels were weighted, put in
vials, and weighted again as the initial condition. TBS buffer
and deionized water were added into the vials, respectively. At
the scheduled time points, the solution was removed from the
vials and weighted to calculate the swelling ratio. After being
weighted, TBS buffer and deionized water were added back
into the vials.

Blocked Tube Test. Figure 9 shows the procedure for a
blocked tube test. First of all, freeze-dried composite hydrogels
were placed inside tubes. Flowed with TBS buffer in tubes for
1 h, the composite hydrogels would swell and block the tubes.
The thrombin cleavage buffer mentioned in the thrombin
cleavage test with 2.5 units of thrombin per milliliter was
prepared and it replaced the TBS buffer solution in tubes. After
being incubated at room temperature for 72 h, the max
pressure the hydrogel could resist is measured with the
equipment, as shown in Figure 9.

Mechanical Property Test. The composite hydrogels
were prepared in regular shapes with a diameter of 3.35 mm,
and the height of each composite hydrogel was measured
directly with an MTS Landmark dynamic test system. The
composite hydrogels were compressed with a rate of 0.01 mm/
s unit mechanical failure. The compressive modulus of the
composite hydrogel was calculated by fitting the initial slope of
the stress—strain curves.

Statistical Analysis. Each experiment was performed in
triplicate to sextuplicate, and all data examined were expressed
as the mean + standard deviation. Comparative analysis of two
groups was conducted using the Student’s t-test. Differences
between multiple groups were compared using one-way
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analysis of variance (ANOVA) followed by the Bonferroni
test. A p value <0.05 indicated a significant difference.
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