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Abstract: Pursuing artificial enzymes through materials engineering allows mimicking
the high reactivity of natural enzymes while attaching new and desirable properties
to the final material. For this, the use of biopolymers - including from waste - as
precursors stands out due to their biocompatible features, harmlessness, easy handling,
and low cost. Herein, we repurposed Black Wattle gum, an industrial waste from the
tannin industry, into an imidazole-functionalized biocatalyst for dephosphorylation
reactions. The obtained sample, GNAIMZ, was fully characterized by colorimetric assays,
carbon-13 nuclear magnetic resonance, and potentiometric titrations, proving the
chemical modification proposed. Then, GNAIMZ was evaluated with organophosphate
simulant diethyl 24-dinitrophenylphosphate (DEDNPP) and real pesticide Paraoxon,
unveiling rate enhancements up to 10’-fold compared to the reaction in the absence of
biocatalyst. At last, GNAIMZ was applied in DNA cleavage assays, unraveling a nuclease-
like activity leading to total degradation of plasmid DNA at pH 7.5 for 12 hours. Overall,
this study showcases the successful valorization of a waste-derived gum into a dual-
function artificial enzyme for dephosphorylation reactions capable of neutralizing toxic
organophosphates and promoting DNA cleavage, reinforcing the promising features of
biopolymers as scaffolds for synthetic enzymes - even from byproducts - pursued to
chemical security and genetic engineering.

Key words: gum arabic, biocatalyst, organophosphorus compounds, neutralization,
functionalization.

through dephosphorylation reactions, e.g., DNA,
RNA and ATP (Chambers & Levi 1992, Karalliedde

The design of artificial enzymes has become of
great interest, since it makes possible mimicking
the high catalytic activity of natural enzymes
and improving the processes by adding specific
properties, and broadening application fields
through genetic engineering (Motherwell et
al. 2001, Huang et al. 2019, Lyu & Scrimin 2021,
Mathew & Sujatha 2021, Tian et al. 2022, Kumar et
al. 2023). A specific target that has been focused
on is the class of organophosphates. These
compounds are highly stable, present in several
biological functions, but can be hydrolyzed

et al. 2001, Corbridge 2013, Chen & Zhang 2021,
Gibney & Kellett 2024). However, in biological
systems, the transfer of phosphoryl moieties
is done by proficient enzymes, without which
would be infeasible (e.g., reactions would take
over millions of years). Hence, natural enzymes
have bioinspired the design of artificial enzymes
that could have, for example, nuclease-like
activity for medical purposes. These materials
can bind segments of DNA (e.g., through
phosphodiester backbone) and selectively
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hydrolyze specific regions, enabling subsequent
repair mechanisms. (Motherwell et al. 2007,
Huang et al. 2019, Chen & Zhang 2021, Mathew &
Sujatha 2021, Kumar et al. 2023, Gibney & Kellett
2024).0Onthe other hand, these artificial enzymes
targeted for DNA hydrolysis can be repurposed
for hydrolytic processes of phosphoryl moieties
aimed at the neutralization and detection of
toxic chemicals (Ferreira et al. 2015, Takarada et
al. 2022).

While some organophosphates (mono-
and diesters) are present in biological systems,
the triester family has high toxicity and can be
found in many agrochemicals and chemical
warfare (Gupta 2011, Jang et al. 2015, Silva et al.
2022, Labaska et al. 2024). There are worldwide
concerns with this class of toxic compounds
due to: (i) undesired and threatening stockpiles;
(ii) abusive use of agrochemicals; (iii) use of
these chemicals as weapons in terrorism or
other attempts, among others (Jang et al. 2015,
Kwon & Jeong 2020, Silva et al. 2022, Labaska
et al. 2024, Zhou et al. 2024). In this context,
there are numerous efforts towards promoting
fast, selective and efficient neutralization and
detection of these toxic chemicals, which can
benefit from catalysts or artificial enzymes
by-design targeted for dephosphorylation
processes (Orth et al. 2011, Ferreira et al. 2015,
Lyu & Scrimin 2021, Silva et al. 2022).

Many scaffolds have been explored for this
such as carbon nanomaterials (Bailey et al. 2014,
Santos et al. 2022, Ma et al. 2023), metal-organic
frameworks (Hassan et al. 2020, Ma et al. 2023,
Biswas et al. 2024), oxidizing agents (Cassagne
et al. 2001, Chen et al. 2024, Zhou et al. 2024),
macromolecules (Brandhuber et al. 2013, Orth
& Campos 2016, Wong et al. 2020, Dastmard et
al. 2023), and biopolymers (Ferreira et al. 2015,
Ferreira & Orth 2017, Thorat et al. 2018, Kwon
& Jeong 2020, Takarada et al. 2022, Takarada et
al. 2025). Biopolymers of particular interest are
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gum arabic derivatives, which are exudates from
Acacia trees release. Gums are biocompatible
and present a complex polymeric structure
containing proteins and polysaccharides (Grein
et al. 2013, da Silva et al. 2015, Grein-lankovski
et al. 2018, Sanchez et al. 2018). They can have
a broad application in the food, medicinal and
pharmaceutical fields, especially when they are
chemically modified (da Silva et al. 2015, Ferreira
et al. 2015, Ribeiro et al. 2015, Sanchez et al. 2018).
In Brazil, the gum from Acacia mearnsii
De Wild (Black Wattle) trees is considered an
industrial waste, since the trees are mainly
exploited for their tannin (Grein et al. 2013, da
Silva et al. 2015, Takarada et al. 2022). Chemically,
gum arabic comprises a protein fraction and
a complex mixture of polysaccharides, which
include uronic acid moieties (Grein et al. 2013,
Grein-lankovski et al. 2018, Sanchez et al.
2018). These uronic acid sites can be targeted
for chemical functionalization, adding new
functionalities to the biopolymer. Indeed, we
have carried out the functionalization of gum
arabic - commercial and a residue from Acacia
mearnsii gum - with imidazole and hydroxamic
acid groups, which lead to biocatalysts extremely
efficientinthe degradation of organophosphates
(Ferreira et al. 2015, Takarada et al. 2022).
Herein, we are interested in benefiting from
another residue of Brazilian Black Wattle gum
(i.e., extracted using another route) (da Silva et al.
2015, Grein-lankovski et al. 2018) to functionalize
and obtain a biocatalyst. This residue, GNA, has
not been exploited for functionalization (da
Silva et al. 2015). The functionalized material
unveils a dual function: efficient neutralization
of toxic organophosphates and nuclease-like
activity for cleaving plasmid DNA, comprising a
promising artificial enzyme. Figure 1 summarizes
the main outcomes of this work: chemical
functionalization of a biopolymeric industrial
waste and its use for organophosphate
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Figure 1. Schematization of the main features of this study comprising the functionalization of industrial waste

from Acacia trees into a dual function artificial enzyme.

neutralization and DNA cleavage, achieving a
potential dual functional artificial enzyme.

MATERIALS AND METHODS
Materials

Black Wattle gum (GNA) was extracted from
an alkaline route according to the literature
method (Grein et al. 2013, da Silva et al. 2015,
Grein-lankovski et al. 2018), from industrial
waste provided by company SETA (Rio Grande do
Sul, Brazil). 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC),
N-hydroxysuccinimide(NHS),N-(3-Aminopropyl)-
imidazole (API), 3-(Trimethylsilyl)propionic acid
sodium salt (TMSP), tetramethylsilane (TMS),
pesticide Paraoxon and other chemicals were
commercially obtained and used without further
purification. The model organophosphate
diethyl 2,4-dinitrophenylphosphate (DEDNPP)

was synthesized as described in literature (Orth
et al. 2011).

Chemical functionalization

GNA was functionalized with imidazoles, via
uronic acids, based on methods previously
reported (Ferreira et al. 2015, Takarada et al.
2022): in a bottom round flask, 0.25 g of GNA
was dissolved in 50 mL of deionized water
and the system was stirred overnight at room
temperature. Then, 4.4 mmol of EDC and 4.4
mmol of NHS were added to the mixture and the
system was left stirring for 2 h (1h in an ice bath
and then 1 h at room temperature). After this, 4.4
mmol of APl was added, the final mixture was
adjusted to pH 7.0, and then it was left stirring
for 24 h. Later, the sample was dialyzed against
deionized water for 3 days. The resulting sample
GNAIMZ was then stored under refrigeration.
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Characterization

The carboxylic acids content of the samples
was determined by quantifying the uronic acids
content in GNA and GNAIMZ, according to the
colorimetric assays described in the literature
(Filisetti-Cozzi & Carpita 1991).

“C NMR analyses were carried out to
verify the chemical modification. GNA (i.e.,
non-modified sample) spectrum was obtained
using a 400 MHz Bruker model DRZ Advance
spectrometer and GNAIMZ (i.e., functionalized
sample) spectrum was obtained using a 200 MHz
Bruker DPX200® equipment accoupled with a 5
mm inverse probe. Analyses were performed at
30 °Cin D,0 and chemical shifts are expressed
in ppm () related to acetone external standard
(6 30.2).

Potentiometric titrations were accomplished
according to the literature using a double-wall
thermostatic cell at 25 °C and a PHS-3B Phtek®
pHmeter. First, the samples were acidified by
CO,-free HCL (0.4 mol L") to protonate all the ionic
species. Then, aliquots of CO_-free KOH solution
(0.009953 mol L, previously standardized) were
added with pH monitoring to proceed with the
experiment. Later, the titrations were adjusted
using BEST7® software (Martell & Hancock 2013)
to identify and estimate equilibrium constants
value related to ionic groups in the samples (i.e,
carboxylic acids, amines and imidazoles).

Kinetics studies with organophosphates

Thereactionswere carried outon a UV-Vis Agilent
Cary 60 spectrophotometer at 25 °C. The reaction
started by adding 10.0 pL of a stock solution of
DEDNPP (6.07x10° mol L' in acetonitrile) into a
quartz cuvette containing 3.0 mL of the sample
(5 mg). The solutions were buffered with 0.01
mol L' of K,HPO, (pH 6.0-7.0) or KHCO, (7.5-10.5).
The kinetics were followed by the appearance of
the product 2,4-dinitrophenolate (DNP), under
pseudo-first order conditions.

WASTE-DERIVED ENZYME FOR ORGANOPHOSPHATES AND DNA

Catalytic activity against organophosphates
was also evaluated in the reaction of GNAIMZ with
the real pesticide Paraoxon. The reaction was
carried out under pseudo-first order conditions
at30°Cin asealed eppendorf containing 2 mL of
the sample (5.0 mg) previously prepared in 0.0
mol L' KHCO, buffer and pH 8.0. The reactions
started by adding 10.0 uL of Paraoxon stock
solution (1.0x10° mol L" in acetonitrile), and then
following the appearance of 4-nitrophenolate
product, which presents a band at 400 nm.

Later, for all the reactions, the rate constants
were obtained from non-linear plots against
time using pseudo-first order equation, and
the algorithm of Levenberg-Marquardt in the
software Origin 9.0 was used with correlation
coefficients >0.98 and for at least 90% of the
reaction (Takarada et al. 2025).

Cleavage DNA assays

The catalytic activity of GNAIMZ against plasmid
DNA was tested according to adapted method
previously described’. The plasmid pBlueScriptKS
Il + (Genbank: X523271)" was replicated in vivo
using Escherichia coli Top10 (Invitrogen) as
host, and purified from 3 mL of bacterial culture
using the QlAprep® Spin Miniprep Kit (QIAGEN
#27104) following manufacturer instructions. The
purified DNA was quantified as a function of the
absorbance at 260 nm using the NanoDrop 2000
spectrophotometer (Thermo Scientific) and
subsequently used for the assays. The catalytic
assay was performed incubating 120 ng of
purified plasmid DNA with varying amounts (1, 3,
5and 7 puL) of GNAIMZ prepared in two different
pHs (6.5 or 7.5). Reactions were made up to 10
uL with the same buffer of the gum sample
preparation. The reactions were incubated at 37
°Cfor6,8and 12 hours in a Veritti thermal cycler
(Applied Biosystems). After the incubation time,
the entire reaction was mixed to 1x GelPilot®
DNA Loading Dye (part of QIAGEN #27104) and
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immediately loaded into 1% agarose gel prepared
in 1X Tris-Acetate-EDTA buffer and run at 60 mA
for 90 minutes’. The DNA was stained in 10 mg
mL" ethidium bromide solution for 10 minutes
and visualized under UV-light (312 nm) using an
EC3 transilluminator system (UVP Biolmaging
Systems) coupled to a CCD camera.

RESULTS AND DISCUSSION
Characterization

The determined uronic acids content of
GNAIMZ was 8.4% in contrast to 14.5% reported
for the unmodified gum GNA (da Silva et al.
2015) following the same methodology. The
decrease in uronic acids content suggests a
conversion of 42% of carboxylic acids into
imidazole groups after chemical modification.
This result is in agreement with the literature
(Ferreira et al. 2015), in which conversion rate
of 42% was also achieved for commercial gum
arabic with imidazoles. The moderate degree
of functionalization (in contrast to a complete
functionalization) is also desirable for the
application of GNAIMZ as a biocatalyst. Recent
trends have shown that neighboring effects of
nucleophilic groups (imidazoles, in this case)
with others ionic groups in the biopolymer (such
as carboxylic acids and hydroxyls) can help to
promote a more efficient catalysis, instead of
the nucleophilic groups alone - mimicking a
real enzyme system (Santos et al. 2022, Takarada
et al. 2022).

“CNMR was performed to verify the chemical
modification of the gum. The "C NMR spectra for
non-modified GNA and GNAIMZ (Figure 1) show
signals at 6 173.9 and & 175.6 ascribed to carboxyl
groups of glucuronic acids moieties of the gumin
different chemical environments: since GNA is a
complex hyperbranched biopolymer, monomers
can be positioned with different neighboring
groups, which can affect the chemical shifts.

WASTE-DERIVED ENZYME FOR ORGANOPHOSPHATES AND DNA

This behavior was previously reported in the
literature (Grein et al. 2013, Ferreira et al. 2015,
Daoub et al. 2018, Sabet et al. 2021, Takarada
et al. 2022). Also, exclusively for GNAIMZ, there
is a signal at & 1601 related to the amide
bond formed after chemical functionalization,
indicating the successful covalent anchoring
of the proposed imidazole-derivative in the
polymeric backbone (Ferreira et al. 2015, Ferreira
& Orth 2017). Other signals from the imidazole-
derivative (i.e., API) in the gum can be assigned
and indicate the functionalization: at & 135.3
and 6 121.3 (related to the imidazol ring) and
at § 46.3, 6 42.7 and & 34.6/6 35.7/8 36.7 (related
to secondary carbons in the API chain: CH,(c),
CH,(a) and CH,(b), respectively) (Grein et al.
2013, Ferreira et al. 2015, Ferreira & Orth 2017,
Zakharova et al. 2024). Multiple and very similar
signals are assigned for CH,(b) due to imidazole-
functionalization at uronic groups in different
chemical environments. Furthermore, compared
to the literature (da Silva et al. 2015, Sabet et al.
2021, Takarada et al. 2022), it can be noticed that
the polymeric backbone is maintained after the
functionalization reaction, since there was no
modification in other “C assignments.
Potentiometric titrations were carried out
to determine and to understand the acid-base
equilibria of ionic groups in GNA and GNAIMZ.
The titrations profiles, as well as the proposed
equilibria for the samples are represented
in Figure 2 and the main information from
titrations is described in Based on data from
potentiometric titrations, both samples present
two expected and typical pK s values related to
the deprotonation of uronic acids (pK, = 2.76
and 4.54 for GNA and GNAIMZ, respectively) and
to deprotonation of amino acids residues from
the protein fraction (pK_, = 5.69 and 6.55 for GNA
and GNAIMZ, respectively). These pK s values
are in accordance with the literature for these
species and were observed in other gum arabic
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Figure 2. °C NMR spectra
for GNA and GNAIMZ

(at D,0 and 30 °C)
highlighting the signals
related to the chemical
modification.
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derivatives (da Silva et al. 2015, Ferreira et al. 2015,
Takarada et al. 2022, Tan et al. 2023). Exclusively
for GNAIMZ, an additional pK_ = 8.58 was
determined and assigned to the deprotonation
of imidazole to its neutral form, indicating the
successful chemical functionalization proposed.

Itis noticed that after chemical modification,
there is an increase in all pK s values: pK_,
increase when comparing GNAIMZ to GNA, and
pK_, for imidazole is higher than usually found
in the literature for the free molecule (which
pK_ = 7). This behavior is also expected due to
the additional ionic species (such as imidazole):
it promotes neighboring effects that help

An Acad Bras Cienc (2025) 97(Suppl. 2)
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to stabilize the acidic (or protonated) form,
increasing the pK_ for all the species involved
(Santos et al. 2022, Takarada et al. 2025).
Higher pK_ value for imidazole-functionalized
polymers compared to free imidazole was
also stated in the literature, e.g., rice husk-
imidazole (pK (imidazole) = 7.44) (Ferreira &
Orth 2017), commercial arabic gum-imidazole
(pK (imidazole) = 7.48) (Ferreira et al. 2015),
polyvinyl-imidazole (pK (imidazole) = 8.25) (Orth
& Campos 2016) and carboxymethyl cellulose-
imidazole (pK (imidazole) = 8.63) (Takarada et
al. 2025).
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Kinetics studies with organophosphates

Catalytic activity against organophosphates
was evaluated by reactions of the samples
GNA and GNAIMZ with the model diethyl
2,4-dinitrophenylphosphate (DEDNPP). Figure 3
shows a pH rate profile for the functionalized
GNAIMZ, compared to the non-functionalized
GNA, and to spontaneous hydrolysis (i.e., the
aqueous reaction in absence of sample).

The sample GNAIMZ presents activity
towards organophosphate degradation in
all pH range studied. The catalytic activity
increases with the pH increase, which suits with
the deprotonation of imidazole to its neutral
form-the most reactive. Also, it is noticed that
unmodified GNA has insignificant activity in the

KOH volume (mL)

WASTE-DERIVED ENZYME FOR ORGANOPHOSPHATES AND DNA

reaction, once k__ values are close to those of
spontaneous hydrolysis.

The pH rate profile for the reaction with
GNAIMZ was adequately fitted considering three
parallel reactions (Orth et al. 2011, Ferreira et
al. 2015, Ferreira & Orth 2017): i) spontaneous
hydrolysis in H,0 (k,); ii) alkaline hydrolysis
from OH" ions (k,,) and iii) nucleophilic attack
promoted by imidazole (k). The fitting reveals
a catalytic rate k,,, = 140 x10° L g"'s ™ (considering
the concentration of GNAIMZ 2.5 mg mL". Since
the concentration in mol L"is difficult to access
for this complex material). Further parameters
for the hydrolysis are coherent to the literature
(k, = 1x10” s™ and k, =018 M" s”) (Orth et al.
2011). For better comparison to other studies, the
rate constant for GNAIMZ regarding imidazole

Figure 3. Potentiometric
titrations profiles and

. : 0 : 6 ’ the proposed acid-base
I I I ' equilibria for the ionic
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moieties (k) was normalized by the total mass,
giving the catalytic rate constant k_, = 4.6x10”s”
g’ which means a rate enhancement of 2x10°-
fold compared to the spontaneous hydrolysis
of DEDNPP (i.e., the reaction in the absence of
catalyst). It is also possible to compare the rate
enhancement of GNAIMZ to other imidazole-
derived biocatalysts also evaluated with DEDNPP,
e.qg., rice husk-imidazole (3x10°-fold) (Ferreira &
Orth 2017) and commercial gum arabic-imidazole
(6x10°-fold) (Ferreira et al. 2015). It reveals
catalytic increment within the same order of
magnitude for GNAIMZ compared to rice-husk-
derived biocatalyst and to commercial gum
arabic-imidazole, indicating a successful reuse
of the byproduct-gum with analogous features
to a commercial one.

Given the catalytic activity of GNAIMZ
achieved with DEDNPP, the biocatalyst was
also evaluated in neutralization reactions of
the real-life pesticide Paraoxon. Reactions
were accomplished at 30 °C and pH 8.0. High
reactivity of GNAIMZ was also disclosed with

WASTE-DERIVED ENZYME FOR ORGANOPHOSPHATES AND DNA

Table I. pK s values determined from potentiometric
titrations at 25 °C.

GNA GNAIMZ
pK_, (CO0) 2.76x0.02 4.54x0.05
pK_, (NH,) 5.69+0.02 6.55+0.05
pK_, (IM2) 8.58+0.05

Paraoxon, leading to 88.4% degradation after
21 days. It means a normalized rate constant
by total mass of k_, = 2.0x10* s" g" and a rate
enhancement of 6x10’-fold compared to the
reaction in absence of biocatalyst, results
among the best in the literature, similar to
rice husk-imidazole (10’-fold) (Ferreira & Orth
2017) and even higher than free-molecule of
imidazole (3x10°-fold) (Orth et al. 2011). These
results confirm the great catalytic activity of
GNAIMZ for neutralizing pesticide Paraoxon and
the potential of engineering biocatalysts, once a
functionalized imidazole-material (i.e, GNAIMZ)
showed higher reactivity than the imidazole
molecule. This behavior is ascribed to steric
and synergic effects promoted by neighboring

Figure 4. pH rate profiles

10* ,
1 m Spontaneous Hydrolysis
® GNAIMZ

1 ® GNA

L

for GNA and GNAIMZ (2,5
mg mL-1) with DEDNPP (at
25 °C); The solid line was
obtained from the fitting
discussed above; DEDNPP
spontaneous hydrolysis
reaction are shown for
comparison (Orth et al.
2011).

10
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groups of the biopolymers (e.g., carboxylates
and hydroxyls), which affect the reactivity of
imidazole, improving its activity (Takarada et al.
2025). The results are outstanding for a waste-
derived material and unveil the potential of
reusing waste to design biocatalysts, since GNA
is an industrial byproduct without commercial
interest.

After the studies with organophosphates
DEDNPP and Paraoxon, and based on previous
works comprisingimidazole-derived biocatalysts
(Orth et al. 2011, Ferreira et al. 2015, Takarada
et al. 2025), it was also possible to propose
a reaction path for the dephosphorylation
(i.e., neutralization) reaction, as schematized
in Figure 5. Herein, the imidazole moiety act
as a nucleophile, attacking the phosphorus
center of the organophosphate, leading to
a nitrophenolate (2,4-dinitrophenolate (2,4-
DNP) for DEDNPP and 4-nitrophenolate (4-NP)
for Paraoxon) and to an unstable phosphoryl-
imidazole intermediate that easily hydrolyzes
into a less toxic phosphate diester and
recovering the imidazole group.

Overall, kinetics studies have proved that
GNAIMZ actas abiocatalystindephosphorylation
reactions. The sample revealed high catalytic
activity in these neutralization reactions, with
rate enhancements up to 10° and 10’-fold for

Organophosphate

R
1 DEDNPP: R = NO,,

I Paraoxon: R=H 1
3

Phenolate

2,4-DNP: R = NO,
4-NP:R=H
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simulant DEDNPP and real pesticide Paraoxon,
respectively, results among the best in literature.
Furthermore, a reaction path was proposed,
comprising the imidazole attack on phosphorus
center of organophosphate, leading to less toxic
products. Moreover, the results so far validated
a successful - and efficient - waste-derived
biocatalyst benefited from tannin industry.

Cleavage DNA assays

Imidazole is a versatile and well-known group
present in several enzymes. To verify the
potential of GNAIMZ as an artificial enzyme, DNA
cleavage assays were performed as described in
the methods.

Briefly, purified plasmid DNA was incubated
with the GNAIMZ as indicated and subsequently
analysed in an agarose gel for verification of
the nuclease activity. Each panel (A-E) shows
the image of the agarose gel electrophoresis
performed to evaluate the extent of the plasmid
degradation by the gum nuclease activity in
different pHs. The reactions carried out under
pH 6.5 are presented on the left-hand side
(panels A, B, and C), whilst reactions carried out
under pH 7.5 are presented on the right-hand
side (panels D, E, and F). The reactions were
incubated for 6 hours (panels A and D), 8 hours
(panels B and E), and 12 hours (panels C and F).

(o]
. EtO 3 OEt (0]
(@) N
R a Hydrolysis @
NN EtO”™4 OEt
(o]
Less toxic

diester

Imidazol

Phosphoryl-
imidazole
intermediate

Figure 5. Proposed reaction path for dephosphorylation reactions of DEDNPP and Paraoxon into less toxic
products, evidencing the imidazole recovery after the process.
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The numbers above the gel lanes in each panel,
refers to the amount of the gum used (1,3,50r7
uL) in each cleavage assay. Zero (0) denotes the
negative control, where no gum was added to
the assay tubes.

Analysis of the electrophoresis pattern upon
incubation with GNAIMZ, clearly demonstrates its
catalytic activity (Figure 5). In the absence of the
gum (lane 0 in panels A to E), the characteristic
pattern of intact plasmid migration is observed.
The electrophoresis bands are representative of
the different plasmid conformations of intact
plasmid DNA. After the incubation with the gum

pH 6.5

pH7.5

WASTE-DERIVED ENZYME FOR ORGANOPHOSPHATES AND DNA

(lanes 1,3, 5 and 7 in panels A to E) the pattern
of plasmid migration completely changes. As
the volume of gum and the time of incubation
increases, we clearly see that the number of
intact plasmid bands (compared to lane 0) starts
to decrease while a smearing (representative
of plasmid degradation) starts to appear. In
addition to that, we also observed that the
activity of the GNAIMZ against the plasmid DNA
is higher under pH 7.5. Strikingly, we observed
that the plasmid was completely degraded when
incubated with 7 uL of gum under pH 7.5 for 12
hours (lane 7, panel E).

Figure 6. Cleavage
of plasmid DNA with

6 hours

8 hours

12 hours

GNAIMZ at varying
relative amounts (0, 1,
3,5and 7 pL), incubated
for 6h, 8h and 12h, at 37
°Cand pHs 6.5 and 7.5.
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CONCLUSIONS

In summary, we showcase the great potential
of functionalized biopolymers, benefiting
an unexploited industrial waste — GNA. The
imidazole-derived GNAIMZ from the gum
proved to have good reactivity for toxic
organophosphates degradation and an excellent
nuclease-like activity, comprising a real dual-
function artificial enzyme. Mild conditions of
synthesis and analysis were applied to green up
the approach and improve performance without
affecting the material. GNAIMZ was characterized
confirming moderate chemical modification
via amidic bonds and the maintenance of the
polymeric backbone. The approach herein can
be used to explore other waste-derived and
commercial biopolymers with other functional
groups, aiming neutralization of toxic pesticides
- and even chemical warfare, and development
of (bio)sensors and artificial enzymes.
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