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Abstract

Dha A, a biocatalyst with pronounced efficacy in the degradation of mustard gas, is con-
strained by its inherent instability, which impedes its broader application. In this study, we
encapsulated Dha A within a poloxamer-based thermosensitive hydrogel, a widely utilized
protein carrier, to assess its physicochemical characteristics, catalytic performance, and
stability enhancement. The Dha A-loaded thermosensitive gel (Dha A@TSG) exhibited
interactions between Dha A and poloxamer molecules via hydrogen bonding, with an
optimal gelation temperature of 25°C. This encapsulation strategy significantly enhanced
the solubility and catalytic efficiency of the mustard gas mimic, bis(2-chloroethyl) ether,
surpassing the performance of the free Dha A solution. At 32°C, the poloxamer molecules
within Dha A@TSG formed a tightly packed stereostucture, which substantially improved
the storage and thermal stability of Dha A. Collectively, our findings offer valuable technical
insights into the stabilization and catalytic efficiency enhancement of Dha A through the
employment of poloxamer thermosensitive gels.

1. Introduction

Mustard gas, as a potent vesicant chemical warfare agent, poses a great danger to human
skin. The mustard gas contamination of human skin causes acute and chronic skin damages,
such as erythema, blisters, ulceration, skin pigmentation, and itching. The current treatment
strategies for these skin problems are infection prevention and wound healing [1-6]. Hence, it
is important to develop a highly efficient and biocompatible skin decontaminant for mustard
gas to rapidly degrade it and protect skin wounds at the early stage of contamination.
Biological enzymes are less corrosive and environment-friendly; thus, they are desir-
able decontaminants for human skin. Dha A (obtained from Rhodococcus rhodochrous)
is a haloalkane dehalogenase known for its high catalytic efficiency [7-9]. Dha A can
catalyze hydrolytic cleavages of carbon-halogen bonds in halogenated compounds to
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produce alcohols, hydrogen ions, and halides [10,11]. Dha A is an effective and mild
catalyst for the biodegradation of halogenated compounds and the bioremediation of
contaminated environments [12-17]. Although Dha A is an excellent biological enzyme
with high catalytic degradation activity against mustard gas, poor stability limits its
applications [18].

Immobilization can enhance the structural rigidity of an enzyme by exerting forces on
it and building a supportive microenvironment. Immobilization methods include physical
adsorption, encapsulation, covalent binding, crosslink and conjugation with polymers [19,20].
For example, physical adsorption is one of the most widely used methods in enzyme immo-
bilization because of its straightforward experimental procedure and the use of nontoxic
solvents [21]. Zheng synthesized a sandwich-like structure of mesoporous foam modified
with polyethylene glycol (PEG) and amino groups to immobilize Dha A [22]. Wang covalently
combined arabinogalactan with Dha A for enzyme immobilization and noticed significant
improvements in the storage stability, high salt concentration stability, pH stability, and ther-
mal stability of the enzyme [9].

Carriers, as binding objects for biological enzymes, can influence the catalytic perfor-
mance of enzymes, substrates, and reaction mediums during catalytic reactions.
Temperature-sensitive hydrogels can exist in a liquid state at room temperature or at a spe-
cific temperature and undergo an immediate phase transition to a semi-solid gel state upon
contact with human skin or at a specific temperature [15,23-26]. Poloxamer is a nonionic
surfactant consisting of hydrophilic polypropylene oxide (PEO) and lipophilic polyethylene
oxide (PPO) groups in ABA-type terpolymers. The type of poloxamer can be changed by
altering the ratio of PPO and PEO [27-31]. Poloxamer is non-toxic, non-irritating, and
biocompatible, and it gets metabolized by the liver and kidneys; thus, it has been used as a
food additive and pharmaceutical excipient for a long time. Poloxamer can be solubilized in
different types of formulations, enabling its use in multiple applications, such as for rectal,
inhalation, ophthalmic, and topical preparations [32-34]. It is reported that
temperature-sensitive gels loaded with proteins and peptide drugs can prolong the stability
of loaded drugs [35,36].

In the present work, Dha A was immobilized by a poloxamer temperature-sensitive gel.

In addition, the physicochemical properties of the gel were characterized. Furthermore, the
effects of the temperature-sensitive gel on the catalytic performance and stabilization of Dha
A were analyzed.

2. Results
2.1. Determination of gelation temperature and gelation time

The gelation temperature and gelation time of the Dha A@TSG were 25.2°C and 125,
respectively, while the corresponding values for the blank temperature-sensitive gel were
25.4°C and 123s, respectively (Table 1). Hence, it was clear that the addition of Dha A to the
temperature-sensitive gel had no significant effect on the gelation temperature and gelation
time of the gel.

Table 1. Gelation temperature and gelation time of the Dha A@TSG and the blank temperature-sensitive gel.

Gel name Gelation temperature (°C) Gelation time (s)

1 2 3 Mean + SD 1 2 3 Mean + SD
Dha A@TSG 25.1 25.2 254 252+0.2 125 123 124 125+ 1
Blank gel 25.3 25.6 25.3 25.4+0.2 126 130 123 123+ 3

https://doi.org/10.1371/journal.pone.0319810.t001
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2.2. Fourier-transform infrared spectroscopy

In the FTIR spectrum of poloxamer, the broad peak at 3300-3500 cm™* resulted from the
stretching vibration of hydroxyl groups (O-H); the peak at 3000-2843 cm™ appeared from the
antisymmetric stretching vibration of carbon-hydrogen bonds (C-H); the peak at 1146 cm
resulted from the bending vibration of C-O, and the peak at 1300-1500 cm™ appeared from
the deformation vibration of C-H. The FTIR spectra of the Dha A@TSG and the blank gel
were similar (Fig 1), indicating that the mixing of Dha A and gel molecules does not form
covalent bonds, but that this mixing instead occurs through only intermolecular forces, such
as hydrogen bonds.

2.3. Scanning electron microscopy

Scanning electron microscopy revealed that the surfaces of the Dha A@TSG and the blank
gel consisted of rough and reticulated porous structures as shown in Fig 2. The reticulated
structure morphology and pore size of both samples were similar, suggesting that the
addition of Dha A did not significantly affect the surface morphology of the
temperature-sensitive gel.

2.4. Rheological analysis

It can be seen from Fig 3A that the energy storage modulus and loss modulus of the Dha
A@TSG did not change significantly when the temperature ranged between 10°C and 24°C.
When the temperature was above 25°C, the energy storage modulus and loss modulus of

the Dha A-loaded temperature-sensitive gel started to increase rapidly; however, the energy
storage modulus was smaller than the loss modulus; thus, the system existed in a liquid state.
When the temperature was about 27°C, the energy storage modulus and loss modulus of the
Dha A@TSG became comparable, and the liquid gel gradually transitioned to a semi-solid
state. The temperature dependence curves of the energy storage modulus and loss modulus of
the blank temperature-sensitive gel are shown in Fig 3B. Notably, the gelation temperature of
the blank temperature-sensitive gel was about 26°C, indicating that the addition of Dha A did
not significantly change the gelation temperature.
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Fig 1. FTIR spectra of (1) the Dha A@TSG and (2) the blank temperature-sensitive gel. Abbreviations: FTIR, Fourier-
transform infrared.

https://doi.org/10.1371/journal.pone.0319810.9001
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The viscosity of the Dha A@TSG did not change significantly with the increase of tem-
perature from 10°C to 25°C (Fig 4A). However, when the temperature was raised to 28°C,
the viscosity of the Dha A@TSG increased rapidly to 107 cP. The liquid gel was gradually
transformed into a semi-solid state, and its gelation temperature was between 25°C and 28°C.
As shown in Fig 4B, the maximum viscosity of the Dha A@TSG also reached 107 cP, and its
gelation temperature was between 24°C and 28°C.

2.5. Dha A enzyme activity analysis

As shown in Fig 5A, a linear relationship was maintained between chloride ion concentration
and absorbance when the chloride ion concentration was between 0 and 0.2 ppm. This indi-
cated that the chloride ion detection method could be used to determine of trace amounts

of chloride ions produced by the Dha A enzymatic digestion of the mustard simulant
bis(2-chloroethyl) ether. It was noticeable from Fig 5B that the absorbance gradually stabi-
lized as the enzyme concentration in the reaction system increased, with the substrate con-
centration kept constant. According to the requirement of photometric errors, the measured
absorbance was in the range of 0.2-0.8. The original concentration of the Dha A solution was
0.69 mg/mL, while the enzyme concentration in both free Dha A and the Dha A@TSG was
0.086 mg/mL (Fig 5B).

Fig 2. Scanning electron micrographs of the Dha A@TSG (A1, A2) and the blank temperature-sensitive gel(B1, B2). The magnifi-
cations for A1 and A2 were 10K, while those for BI and B2 were 100K.

https://doi.org/10.1371/journal.pone.0319810.g002

PLOS ONE | https://doi.org/10.1371/journal.pone.0319810 March 21, 2025 4/15



https://doi.org/10.1371/journal.pone.0319810.g002

PLOS ONE Enhancing the stability and catalytic efficiency of alkyl halide dehalogenase

2.6. Catalytic efficiency analysis of Dha A

Fig 6 showed the chloride ion generation curves resulting from the catalytic degradation
of the mustard simulant bis(2-chloroethyl) ether by free Dha A and the Dha A@TSG at
the human body surface temperature (32°C). It was observable that at 15 min and 30 min,
the concentration of chloride ions generated from the degradation of bis(2-chloroethyl)
ether by Dha A in the gel was significantly higher than that generated by free Dha A. The
amount of chloride ions generated in the system gradually reached the equilibrium after

60 min.
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Fig 3. Temperature dependence curves of the energy storage modulus (G') and loss modulus (G”) of (a) Dha A@TSG and (b) the blank temperature-sensitive gel.

https://doi.org/10.1371/journal.pone.0319810.g003
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Fig 4. Temperature dependence of the viscosity of (a) Dha A@TSG and (b) the blank temperature-sensitive gel.

https://doi.org/10.1371/journal.pone.0319810.9004
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2.7. Dha A enzymatic kinetic assay

As poloxamer was a nonionic surfactant (Table 2), it increased the affinity of bis(2-chloroethyl)

ether to Dha A, thus improving the catalytic efficiency of the enzyme (Fig 7).
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absorbance. (b) Relationship between absorbance and Dha A enzyme concentration.

https://doi.org/10.1371/journal.pone.0319810.g005
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Fig 6. Chloride ion generation curves resulting from the catalytic degradation of bis(2-chloroethyl) ether by free

Dha A and the Dha A@TSG.

https://doi.org/10.1371/journal.pone.0319810.g006

Table 2. Enzymatic kinetic parameters.

Km (umol/L) Kcat (s™!) Kcat/Km
Free Dha A 5.43 1.14 0.21
Dha A@TSG 2.37 1.87 0.79
https://doi.org/10.1371/journal.pone.0319810.t002
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2.8. Stability test

It was noticeable from Fig 8A that the residual activity of Dha A in both the free Dha A solu-
tion and the Dha A-loaded temperature-sensitive gel was greater than 85% in the first 30 days.
However, the residual activity of Dha A in the Dha A-loaded temperature-sensitive gel was
not significantly higher than that in the free Dha A solution. It was evident from Fig 8B that
the residual activity of Dha A in the Dha A-loaded gel was higher than that in the free Dha A
solution throughout the testing phase at 32°C. The residual activity of Dha A in the free Dha
A solution was significantly low after 72h, whereas the residual activity of Dha A in the Dha
A-loaded temperature-sensitive gel was still about 38% after 96 h. Fig 8C revealed that the
residual activity of Dha A in the Dha A@TSG and the free Dha A solution decreased gradu-
ally with increasing potassium sulfate solution concentration, and no significant difference

in the residual activity of Dha A in these two systems was observed. Fig 8D showed that the
activity of Dha A in both the Dha A-loaded temperature-sensitive gel and the free Dha A
solution reached a maximum at pH = 7, and the optimal pH of Dha A did not change in the
poloxamer temperature-sensitive gel. The residual activity of Dha A in both systems decreased
gradually. It was observable from Fig 8E that the residual activities of Dha A in the two sys-
tems were comparable after incubation in the water bath at 30°C and 40°C for 1 h. However,
with increasing incubation temperature, the residual activity of Dha A in the Dha A@TSG was
significantly higher than that in the free Dha A solution after incubation in the water bath at
50°C and 60°C for 1h. In contrast, after incubation in the water bath at 70°C for 1h, Dha A in
both systems became inactive.

3. Discussion

The FTIR spectroscopy results revealed that Dha A did not chemically react with the polox-
amer temperature-sensitive gel to form covalent bonds; instead, it was physically co-bonded
with the gel through hydrogen bonding.

Poloxamer is an ABA-type terpolymer consisting of hydrophilic polyoxyethylene and
lipophilic polyoxypropylene groups [37]. Dha A was rich in amino and hydroxyl groups.
When the Dha A solution was added to a poloxamer thermosensitive gel system at 4°C, the
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Fig 7. (a) Lineweaver-Burk curves of the free Dha A-degraded substrate. (b) Lineweaver-Burk curves of the Dha A@TSG -degraded substrate.

https://doi.org/10.1371/journal.pone.0319810.9g007
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amino groups in the protein molecules formed hydrogen bonds with hydroxyl groups in the
poloxamer molecules and water molecules [38]. The rheological test results indicated that the
gelation temperature of the poloxamer temperature-sensitive gel was consistent with the value
measured by the inverted test tube method. The addition of Dha A did not affect the gelation
temperature of the poloxamer gel because the small amount of Dha A could not change the
gelling characteristics of the temperature-sensitive gel. When its temperature was lower than
25°C, the liquid poloxamer temperature-sensitive gel existed in a semi-solid state, and when
the temperature was greater than 32°C, it transformed into the liquid state [39]. The gelation
temperature of the Dha A@TSG was 25°C-28°C; thus, the poloxamer temperature-sensitive
gel remained in the liquid state at room temperature and quickly transformed into a semi-
solid state upon contact with human skin.

When a small amount of the Dha A@TSG was applied to human skin, it rapidly trans-
formed into a semi-solid state within 30s, and the viscosity reached 107 cP.The enzymatic
activity of Dha A was indirectly determined by measuring the concentration of chloride ions
produced from the catalytic degradation of bis(2-chloroethyl) ether by Dha A. The trace
amount of chloride ions was determined by a colorimetric reaction, and the colorimetric sta-
bility was not easily affected by the polarity and ionic strength of the test system. The polox-
amer thermosensitive gel system could also accurately display color, and it had a good linear
relationship between chloride ion concentration and absorbance [7].

The catalytic activity and stability of Dha A in the poloxamer gel system were investigated
by comparing the enzymatic properties of Dha A in the Dha A@TSG and the free Dha A solu-
tion. The catalytic efficiency and enzymatic kinetics of Dha A in both the Dha A@TSG and
the free Dha A solution were determined to investigate the effects of the main components
of the poloxamer gel, such as poloxamer 407, glycerol, and poloxamer 188, on the enzymatic
properties of Dha A. It was found that the components of the temperature-sensitive gel did
not affect the catalytic activity of Dha A. As poloxamer as a nonionic surfactant and glycerol
increases the solubility of bis(2-chloroethyl) ether, the affinity of Dha A with the substrate
was improved, resulting in enhanced catalytic efficiency of Dha A [40]. The temperature of
human skin is 32°C. Even areas of skin directly contaminated by mustard gas wound do not
immediately heat up, and it might take 1 to 2 days after contamination for the body tempera-
ture to rise by 1 to 2°C [41]. Thus, 32°C was selected to measure the catalytic efficiency of Dha
A in Dha A-loaded temperature-sensitive gel and the free Dha A solution. It was noticed that
although the Dha A-loaded temperature-sensitive gel already existed in a semi-solid state at
32°C, the substrate was enzymatically dissolved quickly by the gel. Furthermore, the results
revealed that, within 30 min, Dha A had higher catalytic efficiency in the temperature-
sensitive gel than in the free Dha A solution.

It has been reported that long-term storage at high temperatures or heat treatments often
lead to a significant reduction in the enzyme activity of Dha A, and this occurred because high
temperatures destroyed the hydrated layers of Dha A and exposed the enzyme’s hydrophobic
sites, causing irreversible aggregation, denaturation, and inactivation of enzymes [18,42,43].
The storage stability and thermal stability of Dha A in the poloxamer temperature-sensitive gel
were improved at 32°C. The gelation temperature of the Dha A-loaded temperature-sensitive
gel was about 25°C. When the system temperature was higher than 25°C, the poloxamer
temperature-sensitive gel turned into a semi-solid state; thus, hydrophobic polyoxypropylene
groups became dehydrated at this temperature, and then the affinity between the polyoxypro-
pylene groups increases to form microspheres with the hydrophobic polyoxypropylene groups
as the core and the hydrophilic polyoxyethylene groups as the shell; thus, the microspheres
became entangled to form a tight three-dimensional structure [33, 44]. Dha A was dissolved
in the poloxamer temperature-sensitive gel at 4°C. The poloxamer temperature-sensitive gel
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existed in a liquid state at 4°C; thus, poloxamer molecules were free, the molecular struc-

ture only contained ether bonds and a small number of hydroxyl groups, and the interaction
between poloxamer and Dha A molecules was less. As the temperature increased, Dha A mole-
cules were firmly fixed on the tight steric structure formed by poloxamer molecules; hence, the
rigidity of Dha A increased, the entropic change of the enzyme was reduced, and the mutual
aggregation of Dha A molecules was inhibited [45]. The storage stability of Dha A was not
significantly improved by the poloxamer temperature-sensitive gel at 4°C, whereas its storage
stability was partially improved at 32°C. Similarly, the thermal stability of the poloxamer
temperature-sensitive gel increased at 50°C and 60°C probably for the same reason.

The catalytic active sites of Dha A were susceptible to protonation or were attacked by salt
ions in a strong acid or high salt solution environment and became inactive [46,47]. Theoreti-
cally, the hydration layer formed on the Dha A surface could mitigate this protonation and salt
ion attack and increase the pH and stability of Dha A in high salt solutions. However, during the
experiment, under the addition of strong acids, strong alkalis, and salt solutions, the state of the
poloxamer temperature-sensitive gel changed; thus, the stability of Dha A was not improved.

4. Materials and methods
4.1. Materials

Poloxamer 407 (P407) and poloxamer 188 (P188) were purchased from BASF, Ludwigshafen,
Germany. Glycerol (Gly) was ordered from Sinopharm Chemical Reagent Co (Beijing, Peo-
ple’s Republic of China). All other reagents used in this experiment were of analytical grade.
Dha A was synthesized and purified according to a method described in previous study [18].

4.2. Preparation of the poloxamer temperature-sensitive gel and the
immobilization of Dha A

The synthesis and preparation of the temperature-sensitive gel of poloxamer was based on two
studies [48,49]. The poloxamer temperature-sensitive gel was prepared through the following
steps: A mixed solution of P407 (concentration = 18%, wt), P188 (concentration = 1%, wt),
and glycerol (concentration = 10%, wt) was prepared and stored overnight in a refrigerator

at 4°C to obtain poloxamer temperature-sensitive gel. The gel solution was then mixed with a
Dha A protein solution (2.2 mg/mL) in an ice bath at a volume ratio of 30:1.

4.3. Determination of gelling properties

The gelling properties were determined by the inverted test tube method [50]. The blank
poloxamer temperature-sensitive gel and the Dha A-loaded temperature-sensitive gel were
removed from the refrigerator (4°C), and 3 mL of each gel was mixed in a glass test tube. The
test tube was then placed in a water bath, and the temperature was gradually increased from
20°C to 50°C. During this process, the test tube was quickly inverted to observe the flow state
of the gel. The temperature at which the temperature-sensitive gel changed from liquid to
solid was defined as the gelation temperature. At this gelation temperature, the time required
for the temperature-sensitive gel to solidify was termed the gelling time. Each experimental
procedure was repeated three times.

4.4. Fourier-transform infrared (FTIR) spectroscopy

The infrared spectra of the samples were determined based on the potassium bromide (KBr)
pressing method, with100mg of both the blank poloxamer temperature-sensitive gel lyo-
philized powder and the Dha A-loaded temperature-sensitive gel lyophilized powder.
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4.5. Scanning electron microscopy

Lyophilized powders of the blank poloxamer temperature-sensitive gel and the Dha A-loaded
temperature-sensitive gel were dried, pasted onto a double-sided conductive adhesive tape,
sprayed with gold, and characterized using a high-resolution cold field-emission scanning
electron microscope(SEM,SU8010,Hitachi,Japan).

4.6. Rheological analysis

The temperature-dependent viscoelastic properties of the Dha A-loaded temperature-sensitive
gel and the blank temperature-sensitive gel were determined using an Anton Par MCR302
rotational rheometer and based on Balakrishnan’s method [51]. A 0.5mL sample of each gel
was placed between the two plates of the rheometer, and changes in its energy storage mod-
ulus (G’), loss modulus (G”), and viscosity with temperature (10-40°C) were measured at a
frequency of 1 Hz and a strain of 0.1%. The temperature corresponding to the intersection

of the energy storage modulus (G’) and the loss modulus (G”) was recorded as the gelation
temperature of the temperature-sensitive gel.

4.7. Dha A enzyme activity analysis

The enzymatic activities of the gels were measured by a modified colorimetric assay [52].
Sodium chloride particles (100 mg) were weighed, dissolved in 1L of deionized water, and
then diluted to prepare different concentrations of sodium chloride solutions. Subse-
quently, 50 uL of mercury thiocyanate solution and 100 p L of ferric ammonium sulfate
solution were added to 200 pL sodium chloride solutions at varying concentrations,
followed by shaking. Furthermore, 200 pL of each solution was transferred into a 96-well
plate, and their absorbance at 460 nm was measured. According to Iwasaki’s study, a
range of chloride ion concentrations exhibiting a good linearity between absorbance and
chloride ion concentration was selected [52]. Moreover, 200 pL of free Dha A solutions
with different enzyme concentrations were added to aqueous bis(2-chloroethyl) ether
solution, and the reaction was carried out at 37°C for 1h. The reaction was terminated
by adding 50 puL of 30% concentrated nitric acid to the resultant solutions. The chloride
ion concentrations in the solutions were then calculated using the chloride ion detection
method, and the optimal Dha A concentration was screened for subsequent enzymatic
property analysis.

4.8. Catalytic efficiency analysis

Free Dha A solution and the Dha A@TSG, both with the same enzyme concentration were
added separately to equal volumes of aqueous bis(2-chloroethyl) ether and incubated in a
water bath at 32°C. The chloride ion concentrations in the systems were measured at 15, 30,
60, 90, and 120 min, according to the method described in the literature [52].

4.9. Dha A enzymatic kinetic assay

Equal volumes of the free Dha A solution and the Dha A-loaded temperature-sensitive

gel, both containing the same enzyme concentration, were mixed separately with different
concentrations of bis(2-chloroethyl) ether, and the chloride ion concentrations in the solu-
tions were measured at 37°C for 20 min. The change in the chloride ion concentration of the
substrate after natural hydrolysis for 20 min was used as a control, and kinetic equations were
derived by plotting double inverse curves. The kinetic constants (Km and Vm) of Dha A for
the substrate were then calculated from the plotted curves.
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4.10. Stability test

The stability tests were performed following previously published methods, with some modifi-
cations [18]. To determine the residual activity of Dha A, equal amounts of the free Dha A
solution and the Dha A-loaded temperature-sensitive gel, both with the same enzyme concen-
tration were added separately to different concentrations of potassium sulfate solutions and
incubated at room temperature for 1h. Subsequently, different pH buffers were added to the
resultant solutions, which were then kept at room temperature for another hour. Following
this, the solutions were stored at 4°C and 32°C, respectively, before being placed in a water
bath at 30°C, 40°C, 50°C, 60°C, and 70°C for 1h. The residual activity of Dha A was deter-
mined according to the method described in Section 4.7.

5. Conclusions

This study explored the use of a poloxamer-based temperature-sensitive gel to immobilize
Dha A, an enzyme that degrades mustard gas simulant. The gel improves Dha A stability and
catalytic efficiency without altering its gelation properties. FTIR and SEM analyses confirmed
the physical bonding of Dha A with the gel. Rheological tests showed that the gel remained
liquid below 25°C and transitioned to a semi-solid state above 32°C, making it suitable for
human skin application. Enzymatic assays revealed that Dha A exhibited higher catalytic
efficiency in the gel, especially at 32°C, along with improved stability, retaining significant
activity after 96h. These findings suggest that Dha A-loaded poloxamer gel holds promise as
an effective skin decontaminant for mustard gas.

Author contributions
Conceptualization: Jianjun Zhu.

Formal analysis: Jun Zhang.

Investigation: Jianjun Zhu.

Methodology: Yu Wang.

Resources: Yu Wang.

Software: Qiong Yu.

Supervision: Feng Gong, yu wang.

Validation: Qiong Yu.

Writing - original draft: Jianjun Zhu, Jun Zhang.
Writing - review & editing: Xuan Guo, Yu Wang.

References

1. Ghabili K, Agutter PS, Ghanei M, Ansarin K, Panahi Y, Shoja MM. Sulfur mustard toxicity: history,
chemistry, pharmacokinetics, and pharmacodynamics. Crit Rev Toxicol. 2011;41(5):384-403. Epub
2011/02/19. https://doi.org/10.3109/10408444.2010.541224 PMID: 21329486

2. Momeni AZ, Enshaeih S, Meghdadi M, Amindjavaheri M. Skin manifestations of mustard gas. A clinical
study of 535 patients exposed to mustard gas. Arch Dermatol. 1992;128(6):775-80. Epub 1992/06/01.
PMID: 1599263

3. Picard B, Chataigner I, Maddaluno J, Legros J. Introduction to chemical warfare agents, relevant
simulants and modern neutralisation methods. Org Biomol Chem. 2019;17(27):6528-37. https://doi.
0rg/10.1039/c90b00802k PMID: 31215586

4. Zheng P, Cao W, Zhang, Li F, Zhang M. Ultrafast sulfur mustard simulant gas fluorescent chemosen-
sors based on triazole AIEE material with high selectivity and sensitivity at room temperature. ACS
Sens. 2022;7(7):1946-57. https://doi.org/10.1021/acssensors.2c00708 PMID: 35819023

PLOS ONE | https://doi.org/10.1371/journal.pone.0319810 March 21, 2025 12/15



https://doi.org/10.3109/10408444.2010.541224
http://www.ncbi.nlm.nih.gov/pubmed/21329486
http://www.ncbi.nlm.nih.gov/pubmed/1599263
https://doi.org/10.1039/c9ob00802k
https://doi.org/10.1039/c9ob00802k
http://www.ncbi.nlm.nih.gov/pubmed/31215586
https://doi.org/10.1021/acssensors.2c00708
http://www.ncbi.nlm.nih.gov/pubmed/35819023

PLOS ONE

Enhancing the stability and catalytic efficiency of alkyl halide dehalogenase

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Wang Q-Y, Sun Z-B, Zhang M, Zhao S-N, Luo P, Gong C-H, et al. Cooperative catalysis between
dual copper centers in a metal-organic framework for efficient detoxification of chemical warfare agent
simulants. J Am Chem Soc. 2022;144(46):21046-55. https://doi.org/10.1021/jacs.2c05176 PMID:
36316180

Slanska M, Stackova L, Marques SM, Stacko P, Martinek M, Jilek L, et al. Azobenzene-based
photoswitchable substrates for advanced mechanistic studies of model haloalkane dehalogenase
enzyme family. ACS Catal. 2024;14(15):11635—45. https://doi.org/10.1021/acscatal.4c03503 PMID:
39114093

Bosma T, Pikkemaat MG, Kingma J, Dijk J, Janssen DB. Steady-state and pre-steady-state kinetic
analysis of halopropane conversion by a rhodococcus haloalkane dehalogenase. Biochemistry.
2003;42(26):8047-53. Epub 2003/07/02. https://doi.org/10.1021/bi026907m PMID: 12834356

Kaushik S, Marques SM, Khirsariya P, Paruch K, Libichova L, Brezovsky J, et al. Impact of the access
tunnel engineering on catalysis is strictly ligand-specific. FEBS J. 2018;285(8):1456—76. https://doi.
org/10.1111/febs.14418 PMID: 29478278

Wang M, Yu W, Shen L, Zheng H, Guo X, Zhong J, et al. Conjugation of haloalkane dehalogenase
DhaA with arabinogalactan to increase its stability. J Biotechnol. 2021;33547-54. Epub 2021/06/13.
https://doi.org/10.1016/j.jbiotec.2021.06.002 PMID: 34118331

Janssen DB. Evolving haloalkane dehalogenases. Curr Opin Chem Biol. 2004;8(2):150-9. Epub
2004/04/06. https://doi.org/10.1016/j.cbpa.2004.02.012 PMID: 15062775

Zhang W, Lin Z, Pang S, Bhatt P, Chen S. Insights Into the Biodegradation of Lindane (y-
Hexachlorocyclohexane) Using a Microbial System. Front Microbiol. 2020;11:522. Epub 2020/04/16.
https://doi.org/10.3389/fmicb.2020.00522 PMID: 32292398; PMCID: PMCPmc7119470

Koudelakova T, Bidmanova S, Dvorak P, Pavelka A, Chaloupkova R, Prokop Z, et al. Haloalkane
dehalogenases: biotechnological applications. Biotechnol J. 2013;8(1):32—-45. Epub 2012/09/12.
https://doi.org/10.1002/biot.201100486 PMID: 22965918

Sharma B, Dangi AK, Shukla P. Contemporary enzyme based technologies for bioremediation:
a review. J Environ Manage. 2018;210:10-22. Epub 2018/01/13. hitps://doi.org/10.1016/j.jen-
vman.2017.12.075 PMID: 29329004

Benedetti I, de Lorenzo V, Nikel PIl. Genetic programming of catalytic Pseudomonas putida biofilms
for boosting biodegradation of haloalkanes. Metab Eng. 2016;33:109—18. hitps://doi.org/10.1016/].
ymben.2015.11.004 PMID: 26620533

Tang L, Wang L, Yang X, Feng, LiY, Feng W. Poly(N-isopropylacrylamide)-based smart hydrogels:
design, properties and applications. Prog Mater Sci. 2021;115:100702. https://doi.org/10.1016/].
pmatsci.2020.100702

Zu S, Wang Z, Zhang S, GuoY, Chen C, Zhang Q, et al. A bioinspired 4D printed hydrogel capsule
for smart controlled drug release. Mater Today Chem. 2022;24:100789. https://doi.org/10.1016/.
mtchem.2022.100789

Wen J, Jia Z, Zhang X, Pan M, Yuan J, Zhu L. Tough, thermo-Responsive, biodegradable and fast
self-healing polyurethane hydrogel based on microdomain-closed dynamic bonds design. Mater
Today Commun. 2020;25:101569. https://doi.org/10.1016/j.mtcomm.2020.101569

Zhao Y-Z, Yu W-L, Zheng H, Guo X, Guo N, Hu T, et al. PEGylation with the thiosuccinimido butyl-
amine linker significantly increases the stability of haloalkane dehalogenase DhaA. J Biotechnol.
2017;254:25-33. https://doi.org/10.1016/j.jbiotec.2017.05.022 PMID: 28587829

Vobérkova S, Sol¢any V, Vr§anska M, Adam V. Immobilization of ligninolytic enzymes from white-rot
fungi in cross-linked aggregates. Chemosphere. 2018;202:694—707. https://doi.org/10.1016/j.chemo-
sphere.2018.03.088 PMID: 29602102

Bilal M, Igbal HMN, Guo S, Hu H, Wang W, Zhang X. State-of-the-art protein engineering approaches
using biological macromolecules: a review from immobilization to implementation view point. Int J Biol
Macromol. 2018;108:893-901. hitps://doi.org/10.1016/j.ijbiomac.2017.10.182 PMID: 29102791

Fried DI, Brieler RJ, Fréba M. Designing inorganic porous materials for enzyme adsorption and appli-
cations in biocatalysis. ChemCatChem. 2013;5(4):862—84. https://doi.org/10.1002/cctc.201200640

Zheng H, Yu W-L, Guo X, Zhao Y-Z, Cui Y, Hu T, et al. An effective immobilized haloalkane dehaloge-
nase DhaA from Rhodococcus rhodochrous by adsorption, crosslink and PEGylation on meso-
cellular foam. Int J Biol Macromol. 2019;125:1016—23. Epub 2018/12/24. https://doi.org/10.1016/j.
ijpiomac.2018.12.127 PMID: 30576728

Huffman AS, Afrassiabi A, Dong LC. Thermally reversible hydrogels: II. Delivery and selective
removal of substances from aqueous solutions. J Control Rel. 1986;4(3):213-22. hitps://doi.
0rg/10.1016/0168-3659(86)90005-2

PLOS ONE | https://doi.org/10.1371/journal.pone.0319810 March 21, 2025 13/15



https://doi.org/10.1021/jacs.2c05176
http://www.ncbi.nlm.nih.gov/pubmed/36316180
https://doi.org/10.1021/acscatal.4c03503
http://www.ncbi.nlm.nih.gov/pubmed/39114093
https://doi.org/10.1021/bi026907m
http://www.ncbi.nlm.nih.gov/pubmed/12834356
https://doi.org/10.1111/febs.14418
https://doi.org/10.1111/febs.14418
http://www.ncbi.nlm.nih.gov/pubmed/29478278
https://doi.org/10.1016/j.jbiotec.2021.06.002
http://www.ncbi.nlm.nih.gov/pubmed/34118331
https://doi.org/10.1016/j.cbpa.2004.02.012
http://www.ncbi.nlm.nih.gov/pubmed/15062775
https://doi.org/10.3389/fmicb.2020.00522
http://www.ncbi.nlm.nih.gov/pubmed/32292398
https://doi.org/10.1002/biot.201100486
http://www.ncbi.nlm.nih.gov/pubmed/22965918
https://doi.org/10.1016/j.jenvman.2017.12.075
https://doi.org/10.1016/j.jenvman.2017.12.075
http://www.ncbi.nlm.nih.gov/pubmed/29329004
https://doi.org/10.1016/j.ymben.2015.11.004
https://doi.org/10.1016/j.ymben.2015.11.004
http://www.ncbi.nlm.nih.gov/pubmed/26620533
https://doi.org/10.1016/j.pmatsci.2020.100702
https://doi.org/10.1016/j.pmatsci.2020.100702
https://doi.org/10.1016/j.mtchem.2022.100789
https://doi.org/10.1016/j.mtchem.2022.100789
https://doi.org/10.1016/j.mtcomm.2020.101569
https://doi.org/10.1016/j.jbiotec.2017.05.022
http://www.ncbi.nlm.nih.gov/pubmed/28587829
https://doi.org/10.1016/j.chemosphere.2018.03.088
https://doi.org/10.1016/j.chemosphere.2018.03.088
http://www.ncbi.nlm.nih.gov/pubmed/29602102
https://doi.org/10.1016/j.ijbiomac.2017.10.182
http://www.ncbi.nlm.nih.gov/pubmed/29102791
https://doi.org/10.1002/cctc.201200640
https://doi.org/10.1016/j.ijbiomac.2018.12.127
https://doi.org/10.1016/j.ijbiomac.2018.12.127
http://www.ncbi.nlm.nih.gov/pubmed/30576728
https://doi.org/10.1016/0168-3659(86)90005-2
https://doi.org/10.1016/0168-3659(86)90005-2

PLOS ONE

Enhancing the stability and catalytic efficiency of alkyl halide dehalogenase

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37

38.

39.

40.

41.

42,

43.

Tian H, Zhang T, Qin S, Huang Z, Zhou L, Shi J, et al. Enhancing the therapeutic efficacy of nanopar-
ticles for cancer treatment using versatile targeted strategies. J Hematol Oncol. 2022;15(1):132.
https://doi.org/10.1186/s13045-022-01320-5 PMID: 36096856; PMCID: PMC9469622

Apsite |, Salehi S, lonov L. Materials for smart soft actuator systems. Chem Rev. 2022;122(1):1349—
415. hitps://doi.org/10.1021/acs.chemrev.1c00453 PMID: 34958196

Xue P, Valenzuela C, Ma S, Zhang X, Ma J, ChenYY, et al. Highly conductive MXene/PEDOT:PSS-
integrated poly(N-Isopropylacrylamide) hydrogels for bioinspired somatosensory soft actuators. Adv
Funct Materials. 2023;33(24):. hitps://doi.org/10.1002/adfm.202214867

Chiappetta DA, Sosnik A. Poly(ethylene oxide)-poly(propylene oxide) block copolymer micelles as
drug delivery agents: improved hydrosolubility, stability and bioavailability of drugs. Eur J Pharm
Biopharm. 2007;66(3):303-17. Epub 2007/05/08. https://doi.org/10.1016/j.ejpb.2007.03.022 PMID:
17481869

Salehi B, Calina D, Docea AO, Koirala N, Aryal S, Lombardo D, et al. Curcumin’s nanomedicine
formulations for therapeutic application in neurological diseases. J Clin Med. 2020;9(2):430. Epub
2020/02/09. https://doi.org/10.3390/}cm9020430 PMID: 32033365; PMCID: PMCPmc7074182

Herzberger J, Niederer K, Pohlit H, Seiwert J, Worm M, Wurm FR, et al. Polymerization of ethylene
oxide, propylene oxide, and other alkylene oxides: synthesis, novel polymer architectures, and bio-

conjugation. Chem Rev. 2016;116(4):2170—243. https://doi.org/10.1021/acs.chemrev.5000441 PMID:
26713458

Giuliano E, Paolino D, Fresta M, Cosco D. Mucosal applications of poloxamer 407-based hydrogels:
an overview. Pharmaceutics. 2018;10(3):159. https://doi.org/10.3390/pharmaceutics 10030159 PMID:
30213143; PMCID: PMC6161217

Williams HD, Trevaskis NL, Charman SA, Shanker RM, Charman WN, Pouton CW, et al. Strategies
to address low drug solubility in discovery and development. Pharmacol Rev. 2013;65(1):315-499.
https://doi.org/10.1124/pr.112.005660 PMID: 23383426

Dumortier G, El Kateb N, Sahli M, Kedjar S, Boulliat A, Chaumeil JC. Development of a thermogelling
ophthalmic formulation of cysteine. Drug Dev Ind Pharm. 2006;32(1):63—72. Epub 2006/02/04. hitps://
doi.org/10.1080/03639040500390934 PMID: 16455605

Dumortier G, Grossiord JL, Agnely F, Chaumeil JC. A review of poloxamer 407 pharmaceutical and
pharmacological characteristics. Pharm Res. 2006;23(12):2709-28. https://doi.org/10.1007/s11095-
006-9104-4 PMID: 17096184

ChenY, Lee J-H, Meng M, Cui N, Dai C-Y, Jia Q, et al. An overview on thermosensitive oral gel based
on poloxamer 407. Materials (Basel). 2021;14(16):4522. https://doi.org/10.3390/ma14164522 PMID:
34443046; PMCID: PMC8399853

Stratton LP, Dong A, Manning MC, Carpenter JF. Drug delivery matrix containing native protein pre-
cipitates suspended in a poloxamer gel. J Pharm Sci. 1997;86(9):1006—10. Epub 1997/09/19. https:/
doi.org/10.1021/js970034d PMID: 9294813

Dumortier G, Zuber M, Barges N, Chast F, Dutertre H, Chaumeil J. Lacrimal and plasmatic kinetics of
morphine after an ophthalmic delivery of three different formulations. Drug Dev Ind Pharm. 1994.

Mark JE, Flory PJ. The configuration of the polyoxyethylene chain. J Am Chem Soc. 1965;87(7):1415—
23. https://doi.org/10.1021/ja01085a001

Gao J, Li X, Xu L, Yan M, Bi H, Wang Q. Transparent multifunctional cellulose-based conductive
hydrogel for wearable strain sensors and arrays. Carbohydr Polym. 2024;329:121784. https://doi.
org/10.1016/j.carbpol.2024.121784 PMID: 38286530

Dumortier G, Grossiord JL, Zuber M, Couarraze G, Chaumeil JC. Rheological study of
a thermoreversible morphine gel. Drug Dev Ind Pharm. 1991;17(9):1255-65. https://doi.
0rg/10.3109/0363904910904 3858

Shubhra QTH, Téth J, Gyenis J, Feczké T. Surface modification of HSA containing magnetic PLGA
nanoparticles by poloxamer to decrease plasma protein adsorption. Colloids Surf B Biointerfaces.
2014;122:529-36. https://doi.org/10.1016/j.colsurfb.2014.07.025 PMID: 25092588

SINCLAIR DC. The clinical features of mustard-gas poisoning in man. Br Med J. 1948;2(4570):290—4.
https://doi.org/10.1136/bmj.2.4570.290 PMID: 18877332

Pavlova M, Klvana M, Prokop Z, Chaloupkova R, Banas P, Otyepka M, et al. Redesigning dehaloge-
nase access tunnels as a strategy for degrading an anthropogenic substrate. Nat Chem Biol. Epub
2009/08/25. 2009;5(10):727-33. https://doi.org/10.1038/nchembio.205 PMID: 19701186

Gray KA, Richardson TH, Kretz K, Short JM, Bartnek F, Knowles R, et al. Rapid evolution of revers-
ible denaturation and elevated melting temperature in a microbial haloalkane dehalogenase. Adv
Synthesis Catal. 2001.

PLOS ONE | https://doi.org/10.1371/journal.pone.0319810 March 21, 2025 14/15



https://doi.org/10.1186/s13045-022-01320-5
http://www.ncbi.nlm.nih.gov/pubmed/36096856
https://doi.org/10.1021/acs.chemrev.1c00453
http://www.ncbi.nlm.nih.gov/pubmed/34958196
https://doi.org/10.1002/adfm.202214867
https://doi.org/10.1016/j.ejpb.2007.03.022
http://www.ncbi.nlm.nih.gov/pubmed/17481869
https://doi.org/10.3390/jcm9020430
http://www.ncbi.nlm.nih.gov/pubmed/32033365
https://doi.org/10.1021/acs.chemrev.5b00441
http://www.ncbi.nlm.nih.gov/pubmed/26713458
https://doi.org/10.3390/pharmaceutics10030159
http://www.ncbi.nlm.nih.gov/pubmed/30213143
https://doi.org/10.1124/pr.112.005660
http://www.ncbi.nlm.nih.gov/pubmed/23383426
https://doi.org/10.1080/03639040500390934
https://doi.org/10.1080/03639040500390934
http://www.ncbi.nlm.nih.gov/pubmed/16455605
https://doi.org/10.1007/s11095-006-9104-4
https://doi.org/10.1007/s11095-006-9104-4
http://www.ncbi.nlm.nih.gov/pubmed/17096184
https://doi.org/10.3390/ma14164522
http://www.ncbi.nlm.nih.gov/pubmed/34443046
https://doi.org/10.1021/js970034d
https://doi.org/10.1021/js970034d
http://www.ncbi.nlm.nih.gov/pubmed/9294813
https://doi.org/10.1021/ja01085a001
https://doi.org/10.1016/j.carbpol.2024.121784
https://doi.org/10.1016/j.carbpol.2024.121784
http://www.ncbi.nlm.nih.gov/pubmed/38286530
https://doi.org/10.3109/03639049109043858
https://doi.org/10.3109/03639049109043858
https://doi.org/10.1016/j.colsurfb.2014.07.025
http://www.ncbi.nlm.nih.gov/pubmed/25092588
https://doi.org/10.1136/bmj.2.4570.290
http://www.ncbi.nlm.nih.gov/pubmed/18877332
https://doi.org/10.1038/nchembio.205
http://www.ncbi.nlm.nih.gov/pubmed/19701186

PLOS ONE

Enhancing the stability and catalytic efficiency of alkyl halide dehalogenase

44.

45.

46.

47.

48.

49.

50.

51.

52.

Juhasz J, Lenaerts V, Raymond P, Ong H. Diffusion of rat atrial natriuretic factor in thermoreversible
poloxamer gels. Biomaterials. 1989;10(4):265-8. https://doi.org/10.1016/0142-9612(89)90103-8 PMID:
2525935

Kim EY, Gao ZG, Park JS, Li H, Han K. rhEGF/HP-beta-CD complex in poloxamer gel for ophthalmic
delivery. Int J Pharm. 2002;233(1-2):159-67. https://doi.org/10.1016/s0378-5173(01)00933-4 PMID:
11897420

Chaloupkova R, Prudnikova T, Rezacova P, Prokop Z, Koudelakova T, Daniel L, et al. Structural and
functional analysis of a novel haloalkane dehalogenase with two halide-binding sites. Acta Crystal-
logr D Biol Crystallogr. 2014;70(Pt 7):1884—97. https://doi.org/10.1107/S1399004714009018 PMID:
25004965

Krooshof GH, Ridder IS, Tepper AW, Vos GJ, Rozeboom HJ, Kalk KH, et al. Kinetic analysis and

X-ray structure of haloalkane dehalogenase with a modified halide-binding site. Biochemistry.
1998;37(43):15013-23. https://doi.org/10.1021/bi9815187 PMID: 9790663

Liu X, Gan H, Hu C, Sun W, Zhu X, Meng Z, et al. Silver sulfadiazine nanosuspension-loaded ther-
mosensitive hydrogel as a topical antibacterial agent. Int J Nanomedicine. 2018;14289-300. Epub
2019/01/16. https://doi.org/10.2147/IUN.S187918 PMID: 30643407; PMCID: PMCPmc6314312

Schmolka IR. A comparison of block copolymer surfactant gels. J Americ Oil Chem Soc.
1991;68(3):206-9. https://doi.org/10.1007/bf02657771

Eldridge JE, Ferry JD. Studies of the cross-linking process in gelatin gels. Ill. Dependence of melting
point on concentration and molecular weight. J Phys Chem. 1954;58(11):992-5.

Balakrishnan B, Soman D, Payanam U, Laurent A, Labarre D, Jayakrishnan A. A novel injectable
tissue adhesive based on oxidized dextran and chitosan. Acta Biomater. 2017;53:343-54. Epub
2017/01/31. https://doi.org/10.1016/j.actbio.2017.01.065 PMID: 28131944

Ilwasaki I, Utsumi S, Hagino K, Ozawa T. A New Spectrophotometric Method for the Determina-

tion of Small Amounts of Chloride Using the Mercuric Thiocyanate Method. Bull Chem Soc Japan.
1956;29(8):860—4. https://doi.org/10.1246/bcs].29.860

PLOS ONE | https://doi.org/10.1371/journal.pone.0319810 March 21, 2025 15/15



https://doi.org/10.1016/0142-9612(89)90103-8
http://www.ncbi.nlm.nih.gov/pubmed/2525935
https://doi.org/10.1016/s0378-5173(01)00933-4
http://www.ncbi.nlm.nih.gov/pubmed/11897420
https://doi.org/10.1107/S1399004714009018
http://www.ncbi.nlm.nih.gov/pubmed/25004965
https://doi.org/10.1021/bi9815187
http://www.ncbi.nlm.nih.gov/pubmed/9790663
https://doi.org/10.2147/IJN.S187918
http://www.ncbi.nlm.nih.gov/pubmed/30643407
https://doi.org/10.1007/bf02657771
https://doi.org/10.1016/j.actbio.2017.01.065
http://www.ncbi.nlm.nih.gov/pubmed/28131944
https://doi.org/10.1246/bcsj.29.860

