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Triazine hydrolase fromArthrobacter aurescens TCI1 cl
(TrzN) was successfully immobilized on mesoporous silica nanoma- -
terials (MSNs) for the first time. For both nonfunctionalized MSNs )\ J\NA ~
and MSNs functionalized with Zn(II), three pore sizes were evaluated 1 oH i
for their ability to immobilize wild-type TrzN: Mobile composition of A
matter no. 41 (small, 3 nm pores), mesoporous silica nanoparticle ) )N|\ i
material with 10 nm pore diameter (MSN-10) (medium, 6—12 nm - N

pores), and pore-expanded MSN-10 (large, 15—30 nm pores). Of £ N
these six TrzN:MSN biomaterials, it was shown that TrzN:MSN-10 : ° . b J- = Chitosan
was the most active (3.8 + 0.4 X 107> U/mg) toward the hydrolysis of _ 3 o

a 50 uM atrazine solution at 25 °C. The TrzN:MSN-10 biomaterial - 'ig = Triazine
was then coated in chitosan (TrzN:MSN-10:Chit) as chitosan has ' EQ).- ww  Hydrolase
been shown to increase stability in extreme conditions such as low/

high pH, heat shock, and the presence of organic solvents. TrzZN:MSN-10:Chit was shown to be a superior TrzN biomaterial to
TrzN:MSN-10 as it exhibited higher activity under all storage conditions, in the presence of 20% MeOH, at low and high pH values,
and at elevated temperatures up to 80 °C. Finally, the TrzN:MSN-10:Chit biomaterial was shown to be fully active in river water,
which establishes it as a functional biomaterial under actual field conditions. A combination of these data indicate that the
TrzN:MSN-10:Chit biomaterial exhibited the best overall catalytic profile making it a promising biocatalyst for the bioremediation of
atrazine.
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atrazine in the US and its toxicity to both aquatic environ-
ments and humans, its biodegradation and environmental

Originally patented in 1958 in Switzerland, atrazine (2-chloro-
gna’y b ! ( remediation have become a topic of significant importance.®

4-ethylamino-6-isopropylamino-s-triazine) has been used o
commercially in the United States (US) since 1959, and Triazine hydrolase from Arthrobacter aurescens TC1 (TrzN,

today, it is the second most applied herbicide, with ~30,000 EC 38.1.8) is a Zn(II)-de.pendent hyc'lrolytic 'dehalogenas.e
3 that catalyzes the conversion of atrazine to its less toxic

tons annually to sorghum, sugar cane, and corn crops.'
annsaty guim, Sugat cane, and o P derivative hydroxyatrazine under physiological conditions
Atrazine is water-soluble and functions to inhibit photosyn- ’ i i .
(Scheme 1). Converting atrazine to hydroxyatrazine is

thesis in targeted plants but is an environmental contaminant ) ‘ )
considered the most efficient way to decrease atrazine

of streams, rivers, and groundwater. It is persistent and mobile
’ ’ & P contamination in the environment; therefore, TrzN is the

in aquatic environments, primarily through surface runoff,
av . ) primarty Furoug 1. ’ biocatalyst of choice for the production of biomaterials that
where it gets into groundwater via leaching. Its ability to enter ) ) B B o
. L. . can be used in the bioremediation of atrazine contamination.
and move through these environments after application is . o o
Bioremediation methods utilizing TrzN, to date, have been

troublesome due to the potential downstream effects, o ;
. . . . limited to whole cells that naturally express TrzN or in one

particularly given its half-life of 6 months to several years ] ) ; .
case, simply adding pure TrzN to a contaminated drainage

and its toxicity to many eukaryotes such as crustaceans, insects
v oy Y . 1,4—6 ’ ; ditch.*® While these were somewhat successful in atrazine
mollusks, fish, amphibians, and reptiles. The documented

effects of atrazine on lower-order eukaryotes raise concerns for

possible toxicity to humans. Links have been shown between July 7, 2023 Bynowery, B
atrazine exposure and lung and kidney diseases, cardiovascular October §, 2023

damage, retinal degeneration, and cancer, which is why in 2003 October 6, 2023

the European Union banned atrazine.” In the US, the November 1, 2023

environmental protection agency recognized atrazine as an
endocrine toxin in humans. Given the widespread use of
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Scheme 1. Hydrolysis of Atrazine to Hydroxyatrazine by
TrzN
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bioremediation, purified TrzN immobilized on a support
material is necessary as a major challenge is the recovery of
whole cells or free enzymes from the environment. In addition,
within a cell, side reactions pose challenges with competing
metabolic Opathways and the toxicity of the substrate and/or
products.'” Recently, some of us demonstrated that TrzN
could be successfully immobilized within alginate and
tetramethylorthosilicate (TMOS) sol—gels that function as
effective biocatalysts for atrazine degradation.'' Although
effective, the response of sol—gel biocatalysts tends to be
limited and slow due to diffusion limitations. In addition,
depending on the procedure used to prepare these systems,
there can be gradual leaching over time.'

Mesoporous silica nanomaterials (MSNs) provide a
promising platform for the entrapment of enzymes, offering
enhanced stability, improved catalytic activity, and protection
against harsh environmental conditions."” These unique
materials possess an ordered pore structure with well-defined
pore sizes and high surface areas, which is ideal for
immobilizing enzymes. Not only does the porous nature of
mesoporous silica facilitate the diffusion of substrates and
products, allowing efficient enzyme—substrate interactions, but
also these materials are highly tunable, so they can
accommodate various enzymes as well as substrates.'”"
Moreover, the surface chemistry of these nanomaterials can
be easily modified, enabling tailored immobilization strategies
and enhanced enzyme loading. For example, various metal ions
are commonly incorporated within MSNs which promote a
covalent interaction to occur between the metal ion and a
protein tag. Although metal ions such as Cu**, Ni**, and Co**
can be utilized, there is a trade-off between the specificity and
affinity of the interaction between the metal ion selected and
the protein tag.'® For this work, we functionalized our
material(s) with Zn** ions to covalently tether TrzN through
its N-terminus histidine (His) tag allowing for increased
stability in comparison to the noncovalent protein-loaded
materials. The Zn?"/His-tag chelation is a highly used
bioconjugation as there is a strong affinity for the imidazole
group within the His—tag.17 Therefore, TrzN was immobilized
within MSNs (noncovalently and covalently), providing a
novel biocatalytic nanomaterial that is capable of the hydrolytic
degradation of atrazine under mild conditions.

Chitosan, atrazine, type I trypsin from the bovine pancreas, and
chymotrypsin were purchased from Sigma-Aldrich. Triblock copoly-
mer Pluronic P104 (PEO,,PPO¢,PEO,;) was received as a gift from
BASEF. Millipore nanopure water was filtered at 18.2 MQ. All reagents
were of the highest purity available and were obtained without further
purification.
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The commonly reported procedure was followed to synthesize MCM-
41." Briefly, 1.0 g of cetyltrimethylammonium bromide was added to
480 mL of nanopure water followed by the addition of 3 mL of
NaOH (2.0 M). The mixture was stirred for 30 min at 80 °C and 4.6
g of tetraethylorthosilicate was then added dropwise, and the mixture
was allowed to stir for an additional 2 h. The opaque solution was
then filtered and washed with nanopure water and ethanol three
times, each with the final wash being ethanol. The white material was
dried overnight in air. The crude product was then dispersed in
methanol (25 mL), and a small volume of concentrated HCI was
added (250 pL). This was stirred for 6 h at 64 °C, which promoted
the removal of the surfactant. The material was again filtered, washed
with ethanol, and dried overnight.

A 3.5 g portion of a nonionic surfactant, Pluronic P104, was dissolved
in .6 M HCl at 55 °C for 1 h. 5.1 g of TMOS was then added
dropwise, and the mixture was further stirred for 24 h at 55 °C.
During this time, the solution changed from a clear, colorless solution
to a white mixture. This mixture was transferred to a Teflon-lined
autoclave and was hydrothermally treated at 150 °C for 24 h. Next,
the mixture was cooled, filtered, and washed three times with both
water and methanol, with the final wash being methanol, leaving a
white solid. Finally, the powder was dried overnight and then calcined
at 550 °C for 6 h to remove the surfactant.'”

The same procedure used to synthesize the MSN-10 material was
followed except that 8.4 g of 1,2,4,5-tetramethylbenzene was added
dropwise to the solution to swell the pores after P104 had dissolved.
This mixture was then stirred for an additional 1 h at 55 °C before
TMOS was added. After hydrothermal treatment, washing, and drying
the material, an acid extraction was performed to remove the
surfactant. Here, the crude pore-expanded material was added to a
solution consisting mainly of methanol (115 mL) and a small volume
of concentrated HCI (2.3 mL), which was then refluxed for 6 h. The
product was filtered and washed with water and methanol two times
each and dried overnight in air.

Zinc was incorporated within the MSN by following the published
procedure.”® A solution of the previously synthesized MSN-10 (1.0 g)
dispersed in nanopure water (8.0 mL) was prepared, along with a
second solution consisting of Zn(NO;), (0.2 g) dissolved in nanopure
water (2.0 mL). Initially, while raising the pH of the Zn solution to
11, the addition of NH,OH caused a precipitate to form; however,
after further addition of NH,OH, the solution returned to a clear,
colorless solution. Once the pH of both solutions had been adjusted
to 11, the Zn solution was quickly added with stirring to the MSN-10
mixture. After stirring for 10 min, the solid material was separated via
centrifugation (10 min). Nanopure water (8 mL) was added to the
solid material which was then allowed to stir for an additional 10 min.
The material was then filtered and washed with water three times and
dried overnight. Lastly, the material was calcined at 300 °C for 3 h.

All MSN materials were characterized by the following techniques:
nitrogen physisorption analysis at 77 K using a Micromeritics TriStar
3000. A 20 s equilibration time was used to obtain the isotherms of
each material. From these isotherms, the specific surface area and pore
distribution of the samples were extracted through the Brunauer—
Emmett—Teller (BET) equation and the Barrett—Joyner—Halenda
(BJH) method; scanning transmission electron microscopy (STEM)
images and the corresponding energy-dispersive X-ray spectroscopy
(EDS) hypermaps were collected on a FEI Talos F200X operated at
200 kV. The samples were suspended in methanol and dropped onto
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a 300-mesh copper grid with lacey Formvar/carbon (Ted Pella,
01883-F). Elemental EDS maps were both collected (acquisition time
S min) and processed by standard methods using Bruker ESPRIT
software; powder X-ray diffraction (pXRD) was performed on a
Bruker D2 Phaser diffractometer with Cu Ka (4 = 1.54 A) with a
current of 10 mA and a voltage of 30 kV; inductively coupled plasma
atomic emission spectroscopy (ICP—AES) analysis was performed on
a PerkinElmer Optima 8300; thermogravimetric analysis (TGA) was
performed using a TA Instruments TGA QS00 with the internal high-
resolution programming ramping to 800 °C at a ramp rate of 10 °C
min~! in air; scanning electron microscopy (SEM) images were
collected on a SEMTech Solutions Refurbished Amray 3300 field
emission scanning electron microscope with an accelerating voltage of
15 kV and a working distance between 10 and 15 mm.

The gene from A. aurescens TC1 that encodes for TrzN with the
D38N, L131P, and A159V mutations was expressed and purified as
previously reported.'” Briefly, a 100 mL Luria—Bertani (LB)—Miller
starter culture was inoculated from a single colony with 50 pg/mL of
kanamycin. A 9 L culture was inoculated from this starter culture
using 10 mL/liter supplemented with S uM isolpropyl p-p-1-
thiogalactopyranoside and grown at 37 °C for 48 h.'"** Cells were
harvested by centrifugation at 7000 rpm at 4 °C for 15 min. The cells
were resuspended at 2 mL per gram of buffer A (50 mM NaH,PO,,
500 mM NaCl, 10 mM imidazole, 1.5 mM tris(2-carboxyethyl)-
phosphine, 10% glycerol, pH 8.0) and then lysed by sonication on ice
in three 10 min (30 s on, 45 s off) intervals using a 21 W Misonex
sonicator 3000. Cell debris was removed by centrifugation at 17,500
rpm, 4 °C, for 40 min. The protein was purified by immobilized metal
affinity chromatography (IMAC) using Ni-NTA (nickel-nitrilotri-
acetic acid) Superflow Cartridges (Qiagen). The column was
equilibrated with buffer A, and the crude protein extract was loaded
onto the IMAC column. Unbound protein was eluted with 15 column
volumes (CV) of buffer A at a flow rate of 2 mL/min. Elution of TrzN
was initiated with 15 CV of 3% buffer B (buffer A with 500 mM
imidazole). The elution finished with a linear gradient (3—100%) of
buffer B over 20 CVs at a flow rate of 2 mL/min. Peak fractions were
pooled and resuspended in SO mM [4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid] HEPES at pH 7.5 and concentrated with an
Amicon Ultra-15 centrifugal filter device with a molecular weight
cutoff (MWCO) of 30,000 (Millipore). Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis reveals a single polypeptide band
at ~S1 kDa, consistent with previous studies (Figure S13, Supporting
Information).'””"** The protein concentration was determined by
ultraviolet (UV)—vis absorbance at 280 nm (g&,4 = 61,670 M~! cm™)
and with a Coomassie (Bradford) Protein Assay Kit (Thermo
Scientific). Expression of TrzN and purification using IMAC resulted
in ~10 mg/L of soluble TrzN enzyme.'"*"**

Hydrolysis of atrazine by TrzN was quantified spectrophotometrically
by continuously monitoring the decrease in absorbance at 264 nm
(£264 = 3.5 mM™! cm™) that accompanies atrazine dechlorination, as
previously reported.** Briefly, the hydrolysis of a 150 uM atrazine
solution in 0.1 M sodium phosphate buffer, pH 7.0, was monitored at
264 nm.”®> Assays were performed in a 1 mL quartz cuvette in
triplicate on an Agilent 8453 UV—vis spectrophotometer. One unit of
enzyme activity was defined as the amount of enzyme that catalyzed
the hydrolysis of 1 umol of atrazine per minute at 25 °C.>* Plots of
the initial rate of hydrolysis of various concentrations of atrazine were
fit to the Michaelis—Menten equation, which provided a catalytic
constant (k) of 4.0 + 0.1 s™' and a Michaelis constant (K, value of
43 + 3 uM, similar to those previously reported.' ">

TrzN was adhered to MSNs (S mg) in SO mM HEPES buffer, pH 7.0
(1.0 mL), followed by the addition of 2.5 mg of TrzN in 250 uL of SO
mM HEPES buffer, pH 7.0. The TrzN:MSN mixture was placed on a
shaker plate for 20 h at room temperature (160 rpm). The
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TrzN:MSN biomaterial was then centrifuged (10 min), and the
supernatant was separated from the solid material and the amount of
protein loaded was quantified using a Coomassie (Bradford) Protein
Assay Kit (Thermo Scientific).”® TrzN:MSN was also coated in
chitosan by modifying and combining two previously published
procedures.'*® A 0.5% w/v chitosan solution was used and prepared
in a 2% acetic acid solution at pH 6.0. The TrzN:MSN material (§
mg) was placed in S mL of the chitosan solution and stirred at 25 °C
at 200 rpm for 24 h. After the coating process, the TrzN:MSN:chi-
tosan biomaterial was separated by centrifugation at 4000 rpm at 20
°C for 10 min. The samples were washed with 50 mM HEPES bufter,
pH 7.0, and allowed to air-dry for 30 min prior to being used.

Hydrolysis of atrazine by each TrzN:MSN biomaterial was
determined using a 50 yM atrazine solution in S0 mM HEPES pH
7.0 at 25 °C with constant stirring (200 rpm).""*” Aliquots of the
reaction mixture (0.3 mL) were taken at fixed time intervals, and the
hydrolysis of atrazine was analyzed via the UV—vis assay previously
described for wild-type (WT) TrzN. The specific activity (U/mg) of
each biomaterial was calculated from the reaction rate (pmol/L/min),
the amount of TrzN immobilized, and the volume of the reaction.'"**
Reaction buffer (1 mL) was collected at the end of each reaction for
protein loss analysis using a Coomassie Protein Assay Kit (Thermo
Scientific). The concentration of atrazine produced was determined
using standard curves of absorbance versus known atrazine
concentrations.

A S mL solution of S0 M atrazine in S0 mM HEPES, pH 7.0, at 25
°C was reacted with each TrzN:MSN biomaterial for 1 h, after which
an aliquot (1 mL) was removed and the amount of atrazine
dechlorination determined via the UV—vis assay previously described
for WT TrzN. The product mixture was then decanted, and the
TrzN:MSN samples were stored in three post-reaction storage
conditions: no buffer stored at —80 °C, no buffer stored at 4 °C,
and 1 mL of HEPES buffer, pH 7.0, at 4 °C and reused on a weekly
basis for 6 weeks. The reaction buffer was tested for protein loss from
the MSN using a Coomassie (Bradford) Protein Assay Kit (Thermo
Scientific). The reaction was also repeated on a different TrzN:MSN
sample group over 6 cycles with each cycle using standard reaction
times and the conditions described above. Samples of TrzN:MSN
biomaterials were used for each cycle with no wash step in between
cycles, and an aliquot (1 mL) of reaction buffer was taken after each
cycle to evaluate protein loss using the Coomassie (Bradford) Protein
Assay Kit (Thermo Scientific).

The activity of soluble TrzN with S, 10, and 20% (v/v) methanol as
the organic cosolvent toward atrazine was measured spectrophoto-
metrically at 25 °C as described above. Each measurement was
performed in triplicate. The degradation of atrazine using each
TrzN:MSN biomaterial with organic cosolvents at concentrations
ranging from S to 100% (v/v) was carried out in their respective
reaction conditions described previously. Aliquots (1 mL) were taken
at the start and end of the reaction and analyzed spectrophotometri-
cally as described above. After reacting with the cosolvent, samples
were washed with 5 mL of 50 mM HEPES buffer pH 7.0, and the
same sample was reacted again at the standard reaction time and
conditions described previously.

The activity of soluble and immobilized TrzN in 50 mM citric acid,
pH 4.0 and S0 mM glycine buffer, pH 9.0, toward atrazine was
measured spectrophotometrically as described above. Each measure-
ment was taken in triplicate. Aliquots (1 mL) were taken at the end of
the reactions and tested for protein loss using the Coomassie
(Bradford) Protein Assay Kit (Thermo Scientific).
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The thermostability of soluble and immobilized TrzN was determined
by incubating each for 30 min at 50, 60, 70, and 80 °C. Soluble TrzN
was in 1 mL aliquots in 50 mM HEPES buffer, pH 7.0, while
TrzN:MSN biomaterials were not suspended in buffer. The residual
activity of the free enzyme and encapsulated TrzN was determined
spectrophotometrically.

Water samples were collected on April 14th, 2023, from Clear Creek
in Golden, Colorado. Temperature, pH, and metal analysis (using
ICP—AES) were collected the same day. Aliquots (100, 200, and 300
uL) were plated on agar plates and incubated for 48 h to detect
general bacterial growth. Two sets of sample groups were tested from
the Clear Creek samples; one group used autoclaved water samples
and the other did not. Autoclaved samples were done prior to the
addition of biocatalyst to ensure that there was no inactivation due to
the autoclave process. The activity of the TrzN:MSN biomaterials was
tested spectroscopically as described above. Aliquots (1 mL) were
taken at the end of the reactions and tested for protein loss using the
Coomassie (Bradford) Protein Assay Kit (Thermo Scientific).

The physical properties of the MSNs were examined by a series
of characterization techniques. The calculated BET surface
areas and BJH pore diameters from nitrogen sorption analysis,
are shown in Table 1. These data demonstrate the successful

Table 1. Properties of Synthesized MSNs

BET surface area  pore diameter pore volume

sample (m*/g) (nm) (em®/g)
MCM-41 968 3 1.26
MSN-10 397 9 1.14
PEMSN-10 321 21 2.46
Zn@MCM-41 736 2.5 0.857
Zn@MSN-10 358 9 1.14
Zn@PEMSN-10 293 15 1.52
chitosan MSN-10 225 9 0.685

synthesis of three different pore-sized MSN materials. The
physical properties of the nonfunctionalized MSN materials are
characteristic of these types of MSNs and are consistent with
previous reports.'” After functionalization with Zn(II), a
decrease in surface area was observed, indicating the
incorporation of Zn(II). A decrease in surface area and pore
volume was also observed for MSN-10 coated with chitosan,
suggesting that the coating procedure was successful. Type IV
isotherms, which are characteristic of mesoporous materials,
were maintained after Zn(II) functionalization and chitosan
coating (Figures S1—S4, Supporting Information). The steep
slope at low P/P, observed with the MCM-41 sample is
indicative of micropore filling caused by the presence of
enhanced adsorbent—adsorptive interactions.”’

Transmission electron microscopy (TEM) analysis of MSN-
10 shows the hexagonal particle morphology and ordered pore
distribution of the unmodified material (Figure 1A). Elemental
mapping reveals the presence and uniform dispersion of Zn(II)
throughout the nanoparticle after functionalization (Figure
1B—D). STEM images of MCM-41 show that the particles are
uniform in shape and size (Figure SS, Supporting Informa-
tion), while STEM images of PEMSN-10 show porous,
nonuniform particles. This material was deemed acceptable
for this study as the desired pore properties were achieved
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Figure 1. STEM images of nonfunctionalized (A) and Zn(II)-
functionalized MSN-10 (B—D). Zn(II) is represented as blue, and Si
is represented as yellow. The scale bar is 200 nm.

(Figure S6, Supporting Information). Elemental mapping of
MCM-41 and PEMSN-10 materials also shows the dispersion
and presence of Zn(Il) (Figures SS and S6, Supporting
Information). These findings suggest that TrzN could be
covalently tethered throughout the material (surface and pores,
size permitting). The amount of Zn(II) incorporated into the
materials was quantified by ICP—AES after digesting the solid
materials in HF and aqua regia and diluting with 5 wt % HCI
(Table S1, Supporting Information), further confirming the
successful addition of Zn(II). The 100-peak observed at 26 of
0.7° for the unfunctionalized MSN-10 in the low-angle pXRD
analysis indicates ordered pores, which can also be observed in
the STEM images (Figure S7, Supporting Information). After
the addition of the chitosan coating, SEM images show that
there are no changes to the particle morphology (Figure S8,
Supporting Information). TGA was also performed, which
revealed a mass loss at 180 °C in the presence of chitosan
(Figure S9, Supporting Information).*® The mass loss from the
chitosan coating is low, which is expected, as we expect the
coating to be thin.

Purified WT TrzN catalyzed the hydrolysis of atrazine and
exhibited a k_, value of 4.0 + 0.1 s™' and a K, value of 43 + 3
#M at 25 °C in SO0 mM HEPES buffer, pH 7.0, consistent with
those previously reported.”> TrzN was incorporated onto
nonfunctionalized MSNs, which lack direct, controlled
chemical interactions for immobilizing enzymes within the
pore framework as only silica surface interactions with amino
acids of TrzN exist. To provide further stability of TrzN, the
bare MSNs were functionalized with Zn(II) to encourage a
covalent bond between the N-terminal Hiss affinity tag on
TrzN and the Zn(II)-coated MSN surface. TEM images
(Figure 1B) in addition to ICP analysis (see Supporting
Information) demonstrate the successful incorporation of
Zn(II) on the MSN surface.

For both functionalized and nonfunctionalized MSNs, three
pore sizes were evaluated for their ability to immobilize S mg
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of catalytically active, pure TrzN: MCM-41 (small, 3 nm),
MSN-10 (medium, 6—12 nm), and PEMSN-10 (large, 15—30
nm) (Table 1, see Supporting Information for N, sorption
isotherms, XRD, and ICP). For the small pore size, the
nonfunctionalized MSN immobilized 37.1 + 0.4% of the TrzN,
while the Zn(Il)-functionalized MSN immobilized 99.6 +
0.2%. For the medium pore size, 24.2 + 0.3% of the protein
was immobilized, while 98 + 0.1% of protein was immobilized
for the Zn(Il)-functionalized MSN. Lastly, the nonfunctional-
ized PEMSN-10 immobilized 36.7 & 0.0% of the protein, and
the Zn(II)-functionalized form immobilized 99.2 + 0.1%. The
protein loading was determined by calculating the change
between the amount of protein in the loading buffer and the
amount remaining after the immobilization step with a
Coomassie (Bradford) Protein Assay Kit (Thermo Scientific).

Both the functionalized and nonfunctionalized Trzn:MSNs
readily reacted with S0 yM atrazine at 25 °C in S0 mM HEPES
buffer, pH 7.0, over a 1 h reaction period. The observed
activities were evaluated over S cycles (Figure 2). Activity
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Figure 2. Five-cycle analysis, using specific activity U/mg, for the
hydrolysis of S0 uM atrazine at 25 °C in 50 mM HEPES buffer, pH
7.0, for 1 h. Using TrzN-loaded functionalized and nonfunctionalized
MSNs: MCM-41 (small, 3—3.5 nm, black), MSN-10 (medium, 6—12
nm, red), and pore-expanded MSN-10 (large, ~15—30 nm, blue).
The Zn(II)-functionalized TrzN:MSNss are denoted as circles, and the
nonfunctionalized TrzN:MSNs are denoted as squares.

assays for the nonfunctionalized Trzn:MSNs revealed that the
TrzN:MSN-10 biomaterial exhibited the highest specific
activity at 3.8 X 107 + 04 X 107> U/mg after 5 cycles,
while the TrzN:MCM-41 biomaterial exhibited a specific
activity of 3.0 X 1075 + 09 x 107° U/mg which was similar to
the TrzN:PEMSN-10 biomaterials 3.1 X 107> + 0.6 X 107> U/
mg. The higher observed activity for the TrzN:MSN-10
biomaterial suggests that 6—12 nm is the optimal pore size for
TrzN immobilization. On the other hand, a clear trend
emerged for the Zn(II)-functionalized MSNs, regardless of
pore size, as every TrzN:MSN biomaterial exhibited
significantly lower activity than the corresponding non-
functionalized TrzN:MSN biomaterial (Figure 2). These data
are at first surprising considering that increased activity is
typically observed when enzymes are covalently attached;
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however, after evaluating the electrostatic surface map of TrzN,
a highly negative area was observed around the active site
pocket (Figure S10, Supporting Information), suggesting that
the active site is blocked due to binding to the Zn(II)-
functionalized silica surface. Such a binding mode would be
expected to inhibit substrate access to the TrzN active site.”"*>

Chitosan is a derivative of chitin, the second most abundant
cationic polymer in the world, and has a repeating structure of
(1,4)-linked ﬁ—D—qucosamine.33 When paired with biomate-
rials, chitosan has shown to increase stability in extreme
conditions such as low/high pH, heat shock, and the presence
of organic solvents.'"**** Specifically, with MSN, chitosan has
been used to enhance the efficacy of other catalysts used as
delivery systems for drugs and therapeutics.’**” There is no or
limited information available about studies using chitosan-
coated MSN for purposes beyond delivery, such as environ-
mental remediation. As chitosan is permeable to the substrate,
coating TrzN:MSN biomaterials with chitosan was hypothe-
sized to provide additional protection for TrzN without
inhibiting catalytic activity. Therefore, the TrzN:MSN-10
biomaterial was coated with chitosan (TrzN:MSN-10:Chit)
and was shown to readily react with 50 uM atrazine at 25 °C in
50 mM HEPES buffer, pH 7.0, over a 1 h reaction period with
no detectable protein loss after the reaction (Figure 3).
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Figure 3. Cyclical reusability of TrzN:MSN-10 (black squares) and
TrzN:MSN-10:Chit (light blue circles) evaluated over five cycles by
monitoring the hydrolysis of S0 uM atrazine at 25 °C in 50 mM
HEPES buffer, pH 7.0, for 1 h. Each point represents five 1 h cycles
with no wash step between cycles.

Compared to the TrzN:MSN-10 biomaterial, the TrzN:MSN-
10:Chit biomaterial exhibited 94 + 4% of the activity,
suggesting that the added coating had little to no effect on
TrzN’s ability to hydrolyze atrazine. These data indicate that
both the TrzN:MSN-10 and TrzN:MSN-10:Chit biomaterials
display the expected enzymatic properties, including substrate

recognition, as WT TrzN in solution.
For commercial applications, a biocatalyst must be reusable
and have long-term stability. With this in mind, TrzN:MSN-10
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and TrzN:MSN-10:Chit biomaterials were investigated under
numerous reusability conditions. First, the biocatalysts were
recycled multiple times in subsequent reactions (Figure 3).
The materials were tested over five 1 h cycles with no wash
step in-between cycles. Both materials retained full activity
over five consecutive reactions with no quantifiable protein
loss. Next, both biocatalysts were tested over a six-week period
with three different storage conditions: dry (no buffer) at 4 °C,
wet in 1 mL of S0 mM HEPES bufter, pH 7.0, at 4 °C, and dry
at —80 °C. A wash step with 50 mM HEPES buffer, pH 7.0,
was essential after every reaction to remove residual atrazine
and hydroxyatrazine. Over the six-week period, the
TrzN:MSN-10:Chit biomaterial outperformed the
TrzN:MSN-10 biomaterial in all three storage methods. In
the dry storage method at 4 °C (S11A, Supporting
Information), TrzN:MSN-10 and TrzN:MSN-10:Chit retained
15 + 11 and 59 = 2% of their initial activity, respectively. In
the —80 °C storage method (S11B, Supporting Information),
TrzN:MSN-10 retained 39 + 7%, while TrzN:MSN-10:Chit
retained 73 + 10% of their initial activity. Lastly, in the
aqueous storage method (Figure 4), the TrzN:MSN-10
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Figure 4. Long-term stability of TrzN:MSN-10 (black squares) and
TrzN:MSN-10:Chit (light blue circles) measured over a six-week
period. The hydrolysis of 50 uM atrazine at 25 °C in 50 mM HEPES
buffer, pH 7.0, for 1 h. Each biocatalyst was washed and stored at 4 °C
in 1 mL of 50 mM HEPES buffer, pH 7.0, and was removed weekly
from the storage buffer, decanted, and analyzed.
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biomaterial retained 24 + 7%, while the TrzN:MSN-10:Chit
biomaterial retained 78 + 4% of their initial activity. During
these experiments, there was no detectable protein loss. The
chitosan coating increases the stability of the biocatalyst most
likely by preventin§ he denaturation of amino acids during the
storage processes. >° Remarkably, WT TrzN can also be
stored at 4 °C in buffer over a six-week period without
significant loss of activity.'' However, comparison in activity
between soluble and immobilized enzymes can be flawed due
to the potential distortion of the enzyme from multi-
interactions between the enzyme and support.’’ Overall,
both biocatalysts showed strong retention of activity during
cyclical use over a six-week period with the chitosan coating
significantly improving the activity retention of TrzN.
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Understanding the ability of the TrzN:MSN-10 biomaterial to
function in organic solvents is important in exploring the
nanoparticle’s overall potential as a bioremediation catalyst.
Although atrazine presents itself typically in environments with
little to no detectable organic solvents, at higher concen-
trations atrazine’s solubility becomes 9problematic and requires
the addition of organic solvents.” Additionally, enzymes
typically denature when exposed to organic cosolvents.”®
Therefore, exploring the activity of the TrzN:MSN-10 and
TrzN:MSN-10:Chit biomaterials in organic cosolvents is
crucial for establishing them as potential bioremediation
catalysts. The activity of TrzN:MSN-10 and TrzN:MSN-
10:Chit was examined in MeOH/HEPES buffer, pH 7.0, in
ratios of 5:95, 10:90, 20:80, 50:50, 75:25, and 100:0 at 25 °C
for 1 h (Figure S). In 5% MeOH, TrzN:MSN-10 exhibited no

100 100
%‘ 75
275 2
= R 50
=]
Q
< 2
R 50¢ \
é\ \ % 20 40 60 80 100
\ % Methanol
25
2
0 . "
0 60 80 100

% Methanol

Figure S. Activity of TrzN:MSN-10 (black squares) and TrzN:MSN-
10:Chit (light blue circles) by monitoring the hydrolysis of SO uM
atrazine at 25 °C in S0 mM HEPES buffer, pH 7.0, for 1 h at varying
MeOH concentrations (0—100%). Inset: After reacting with the
respective MeOH concentration, TrzN:MSN-10 (red squares) and
TrzN:MSN-10:Chit (red-lined circles) were washed and reacted at
standard conditions, i.e., 25 °C with 50 yM atrazine in 50 mM
HEPES buffer, pH 7.0, for 1 h.

loss in activity (110 + 12%), while the TrzN:MSN-10:Chit
biomaterial lost ~10% of its activity (89 + 5%). Increasing the
MeOH concentration to 10% resulted in a loss of ~25% of the
observed activity for the TrzN:MSN-10 biomaterial, while the
TrzN:MSN-10:Chit biomaterial lost ~60% (39 + 2%) of its
initial activity. However, in 20% MeOH, the TrzN:MSN-10
biomaterial retained only 3 + 2% of its initial activity, while the
TrzN:MSN-10:Chit biomaterial retained 27 + 3% of its initial
activity. For comparison purposes, WT TrzN exhibits ~75% of
its native activity in 20% MeOH."" It should be noted that
enzyme immobilization typically involves new interactions
between the enzyme and support, which may alter enzyme
conformation, which likely explains the greater loss in activity
for immobilized TrzN compared to WT TrzN.* This new
conformation could help explain the higher inhibition of
immobilized TrzN compared to soluble TrzN.'' These data
indicate that the TrzN:MSN-10:Chit biomaterial performs best
in the presence of MeOH.

Both the TrzN:MSN-10 and TrzN:MSN-10:Chit biomate-
rials could be partially reactivated after reaction in MeOH/
HEPES cosolvent solutions by washing the biomaterials with
50 mM HEPES, pH 7.0 (Figure S, inset). The washed
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biomaterials were reacted with 50 yM atrazine at 25 °C in 50
mM HEPES buffer, pH 7.0, for 1 h revealing that up to 30%
MeOH, both biomaterials could be almost fully reactivated.
Even at 50:50 MeOH/HEPES, both biomaterials could be
reactivated to 47 + 6% of their original activity. At higher
MeOH concentrations, TrzN:MSN-10:Chit could still be
reactivated, but the uncoated TrzN:MSN-10 biomaterial
could not. These results suggest that TrzN is not being fully
denatured by MeOH, likely due to the stabilization of the
protein structure by the biomaterial. Coating the TrzN:MSN-
10 biomaterial with chitosan further stabilizes the enzyme
structure by “locking” it in place and providing an extra barrier
of protection from MeOH. Overall, the TrzN:MSN-10 and
TrzN:MSN-10:Chit biomaterials are both active in organic
cosolvents, an important finding for bioremediation processes
that involve solvent extraction of atrazine from organic soil
samples.

When utilizing biocatalysts for water bioremediation purposes,
the catalyst is expected to be used at the watershed pH, which
is typically around pH 7. However, outside influences such as
polluted runoff can cause the pH to fluctuate outside of the
neutral range.** With this in mind, it is important to investigate
the activity of TrzN:MSN-10 and TrzN:MSN-10:Chit
biomaterials at lower (pH 4.0) and higher (pH 9.0) pH
values (Figure 6). At a pH value of 4.0 (50 mM citric acid
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Figure 6. Hydrolysis of 50 uM atrazine by WT TrzN, TrzN:MSN-10,
and TrzN:MSN-10:Chit at 25 °C in 50 mM citric acid buffer, pH 4.0
or 50 mM glycine buffer, pH 9.0 for 1 h. An asterisk indicates that
there was no detectable activity.

buffer), the TrzN:MSN-10 biomaterial had no detectable
activity, while the TrzN:MSN-10:Chit biomaterial exhibited 15
+ 1% of its activity at pH 7.0. For comparison purposes, WT
TrzN exhibited 27 + 3% activity at pH 4.0, a value that is quite
similar to that of the TrzN:MSN-10:Chit biomaterial. At a pH
value of 9.0 (S50 mM glycine buffer), the TrzN:MSN-10
biomaterial exhibited 89 + 10% of its activity at pH 7.0, while
the TrzN:MSN-10:Chit biomaterial was fully active at 111 +
9%. At pH 9.0, both biomaterials outperformed WT TrzN
which only exhibited 46 & 2% of its activity at pH 7.0. Due to
the higher maintained activity at both pH 4.0 and pH 9.0, it
can be concluded that coating the TrzN:MSN-10 biomaterial
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with chitosan enhances the stability of TrzN at pH values
outside of the neutral range.

The thermostability of the TrzN:MSN-10 and TrzN:MSN-
10:Chit biomaterials was evaluated over a temperature range of
50—80 °C using a 30 min heat shock (Figure 7). After heat
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Figure 7. Thermostability of WT TrzN, TrzN:MSN-10, and
TrzN:MSN-10:Chit. The specific activity, U/mg, for the hydrolysis
of 50 uM atrazine at 25 °C in 50 mM HEPES buffer, pH 7.0, for 1 h
was recorded after a 30 min heat shock at 50, 60, 70, and 80 °C. An
asterisk indicates that there was no detectable activity.

shock treatment, the biocatalysts were tested using the
standard assay procedure, that is, 50 M atrazine at 25 °C in
50 mM HEPES buffer, pH 7.0. After the 50 °C heat shock, the
TrzN:MSN-10 biomaterial retained 50 + 1% and the
TrzN:MSN-10:Chit biomaterial retained 60 + 5% of its
original activity. As the temperature was increased, the
activities of both biomaterials continued to drop with
TrzN:MSN-10 exhibiting 21 + 6, 7 + 1, and 0% of its original
activity at 60, 70, and 80 °C, respectively. The chitosan coating
provided additional thermal protection for TrzN with the
TrzN:MSN-10:Chit biomaterial exhibiting 43 + 2, 32 + 3, and
34 + 6% of its original activity at 60, 70, and 80 °C. For
comparison purposes, WT TrzN retains >80% of its original
activity after a 50, 60, 70, and 80 °C heat shock. The decrease
in activity in the biocatalysts compared to the soluble enzyme
is likely due to the interactions that immobilize TrzN to the
material, which restricts the essential motion of the folded state
that is required for catalytic turnover.*' This has been observed
before in multipoint covalent immobilization methods. The
chitosan coating stabilizes TrzN bound to MSN-10 at higher
temperatures, which is consistent with previous studies where
chitosan coatings have been shown to increase the thermo-
stability of immobilized enzymes.' ">

The commercial bioremediation application of any biomaterial
requires that it retains its desired catalytic activity in river or
lake water. To replicate these conditions, water samples were
collected from Clear Creek in Golden, Colorado. There was no
reported atrazine contamination in Clear Creek according to
the most recent water quality report published by the City of
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Golden in 2022."* The sample had an initial temperature of 3
°C and a pH of 7.25. Two sample sets were prepared; the first
(group 1) was unmodified, while the second (group 2) was
autoclaved. Aliquots from group 1 were plated on agar plates
and incubated at 37 °C. Bacterial growth was observed after 48
h (S12, Supporting Information). Because atrazine is not
present in Clear Creek, all samples were supplemented with 15
mM atrazine in 100% MeOH providing an atrazine
concentration of 50 M and final MeOH concentrations of
<1%. All samples were run at 25 °C with 200 rpm stirring for 1
h. These data indicated that both the TrzN:MSN-10 and
TrzN:MSN-10:Chit biomaterials retain full activity under field
conditions. In addition to being fully functional, MSN-10 is a
biocompatible material that is suitable for commercial
bioremediation purposes.

In summary, TrzN was immobilized on nonfunctionalized and
Zn(II)-functionalized MSNs with different pore sizes: MCM-
41 (small, 3 nm), MSN-10 (medium, 6—12 nm), and PEMSN-
10 (large, 15—30 nm). Each of these MSNs bound TrzN and
was capable of catalytically hydrolyzing atrazine at pH 7 and 25
°C. The MSN support system with the highest TrzN activity
was MSN-10 (TrzN:MSN-10), which became the focus of this
study with and without a protective chitosan coating
(TrzN:MSN-10:Chit). Coating the TrzN:MSN-10 biomaterial
with chitosan did not reduce the observed activity but was
shown to provide enhanced stability of TrzN improving
reusability, organic solvent, thermal, and pH stability. Both
TrzN:MSN-10 and TrzN:MSN-10:Chit could be cyclically
reused over five consecutive cycles in several storage
conditions, remaining active for at least 6 weeks.
TrzN:MSN-10:Chit was superior to TrzN:MSN-10 as it
exhibited higher activity under all storage conditions with
>60% activity retained. TrzN:MSN-10:Chit was superior to
TrzN:MSN-10 in the presence of 20% MeOH, low (pH 4) and
high (pH 9) values, and high temperatures up to 80 °C.
Therefore, the TrzN:MSN-10:Chit biomaterial exhibited the
best overall profile making this TrzN biomaterial a promising
biocatalyst for the bioremediation of atrazine by dechlorina-
tion. The fact that TrzZN:MSN-10:Chit was fully active in river
water establishes it as a functional biomaterial under actual
field conditions.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsenvironau.3c00036.

Additional material characterization, N, sorption, TEM,
ICP, TGA, and SEM; 3D PyMOL image of TrzN;
additional long-term stability data; and images of
bacterial growth on the unmodified Clear Creek samples
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