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ABSTRACT: Single walled carbon nanotubes (SWCNT) have recently
been demonstrated as modular, near-infrared (nIR) probes for reporting
hydrolase activity; however, these have been limited to naturally
amphipathic substrate targets used to noncovalently functionalize the .
hydrophobic nanoparticles. Many relevant substrate targets are hydro- = Z
phobic (such as recalcitrant biomass) and pose a challenge for modular ‘ ‘

functionalization. In this work, a facile mechanochemistry approach was f—
used to couple insoluble substrates, such as lignin, to SWCNT using L- ’ — s ‘¥] - ‘

it - LLS

lysine amino acid as a linker and tip sonication as the mechanochemical
energy source. The proposed coupling mechanism is ion pairing between
the lysine amines and lignin carboxylic acids, as evidenced by FTIR, NMR, . g __ v

SEM, and elemental analyses. The limits of detection for the lignin— Ly?:\;:ﬁ:u ‘T‘lﬁlf Zl\)icgl\lf;ls ig:;!
lysine—SWCNT (LLS) probe were established using commercial enzymes ) i ‘
and found to be 0.25 ppm (volume basis) of the formulated product. Real-world use of the LLS probes was shown by evaluating soil
hydrolase activities of soil samples gathered from different corn root proximal locations and soil types. Additionally, the probes were
used to determine the effect of storage temperature on the measured enzyme response. The modularity of this mechanochemical
functionalization approach is demonstrated with other substrates such as zein and 9-anthracenecarboxylic acid, which further
corroborate the mechanochemical mechanism.

KEYWORDS: hydrolase, soil enzymes, mechanochemistry, activity measurement, carbon nanotubes, lignin

1. INTRODUCTION monitoring, applicability for a wide range of targets, and
flexibility for integration into portable devices, their fabrication
and use can sometimes limit end use, especially when applying
them to high throughput enzyme screening campaigns in
standard micro well-plate formats or microdroplet assays. In
contrast, solution-based optical probes (absorbance or
fluorescence) can readily be manipulated by automated
pipettors and integrated into large screening campaigns.
Fluorometric and colorimetric assays are powerful tools for
measuring the activity of hydrolases due to their high
sensitivity and specificity.'® The most well-known fluorometric
methods include fluorescent substrates,'” coupled enzyme
assays,20 fluorescent probes,21 fluorescent Iabeling,22 and time-
resolved fluorescence (TRF).>> Most of these methods rely on

Hydrolases are an important class of enzymes that catalyze the
deconstruction of complex molecules such as carbohydrates
and proteins.' They are central to metabolism in all organisms,
recycling bulk materials to provide building blocks for new
growth. Moreover, they have found many practical industrial
applications as biocatalysts in detergents, foods, materials, and
environmental management”™* with a global market valued
greater than US$4 billion in 2020.>° In soil, hydrolytic
enzymes like ligninases, proteases, cellulases, etc., are
responsible for converting organic compounds into crucial
nutrients required for microbial and plant growth including
phosphorus, sulfur, and nitrogen in mineralized states.”” The
detection of these enzymes is key to evaluating soil health®™”
as well as a new technique to anticipate the available and
required nutrients in farmland soils.*~"" Received:  August 15, 2024 mAPPLi_H‘g'E;":;;‘
There are various methods using carbon nanotubes and Revised:  October 22, 2024 o3
other nanoparticle-based technologies to detect enzyme Accepted:  October 22, 2024
activity, such as electrochemical sensors,'' field-effect tran- Published: October 30, 2024
sistors (FETs),"”” and piezoelectric sensors.'> While these
approaches have demonstrated the strengths of dynamic
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smaller proxies of the target substrates, which can lead to poor
screening results when validated against actual substrates.
Fluorescent single-walled carbon nanotube (SWCNT) based
probes that are wrapped in actual enzyme substrates have been
proposed to overcome this limitation.”* The hydrolase attacks
the wrapping, exposing the SWCNT to the solvent and thereby
altering the fluorescence of the nanotube. Thus, when
observing the nIR signal from the SWCNT probe, we measure
the decrease in the signal as a measure of relative activity. For
further description of the photophysical effects of molecular
interactions with SWCNT, we suggest the following seminal
reviews.””** With many complex substrates, such as lignin,
multiple enzymes are needed to degrade the material by using
oxidative and hydrolytic mechanisms. For instance, lignin
peroxidase cleaves the aromatic rings and C—C linkages in
non-phenolic lignin units, breaking down the complex lignin
structure. Manganese peroxidase, on the other hand, generates
phenoxy radicals through Mn*" ions, leading to lignin
depolymerization. Laccase oxidizes phenolic hydroxyl groups,
producing phenoxy radicals that destabilize lignin’s structure,
facilitating its degradation. As a result, all these enzymes
function by degrading the lignin-wrapped groups on SWCNTs,
ultimately exposing the surface of the SWCNTs to the solvent
and self-aggregation, which reduce the number of exciton
pathways and decrease the observed fluorescence.

Our group and others have shown the potential of this
approach by screening activities of many different hydro-
lases.'**°*" One critical limitation to SWCNT based probes
for hydrolase screening to date is the use of naturally occurring
amphipathic substrates, such as soluble proteins such as bovine
serum albumin (BSA) to screen protease activity. More
hydrophobic substrates, like many relevant biomass substrates
found in soil, are capable of associating with SWCNT but are
unable to make a stable dispersion due to lack of polar side
groups; this makes the probe incompatible with the aqueous
buffer-based screening used in enzyme testing.

A few strategies can be employed to overcome the
challenges of hydrophobic substrates. In some cases, chemical
modifications to the substrate can be found commercially, such
as carboxymethyl cellulose, as a suitable substrate for cellulase
screening. However, this is not a viable option for custom
probes developed on specific field-derived substrates. Chemical
functionalization of insoluble substrates relies on organic,
solvent-based procedures, which require skill and safe handling
and often result in low yields that are difficult to purify. For
instance, although much effort has been made, the extremely
cross-linked and chemically heterogeneous structure of lignin
has remained a significant challenge for its functionalization
and solubilization.>” Furthermore, current lignin functionaliza-
tion techniques require high operating temperatures (about
160 °C)* and can also be highly affected by various
parameters such as the source and pretreatment of li§nin,
pH, lignin concentration, and the type of solvent used.”* An
alternative approach to solvent-based chemistry is the use of
mechanochemistry to associate the target hydrophobic
substrates with an appropriate hydrophilic side group. These
techniques mainly use vibration (e.g., bead mills) as the source
of energy and depend on overcoming significant lattice
energies, ensuring particle mixing, and activating the sur-
face.”® Mechanochemical techniques’”** have been used in
material synthesis®®***’ and organic chemistry""** creating
metal—organic frameworks (MOFs),*~* coordination poly-

mers,"*” and distinctive pharmaceutical cocrystals.”*™>° They

have also been employed in the covalent oxygen functionaliza-
tion of SWCNTs”' and as a grafting strategy to produce
organo-soluble SWCNTs to prepare flexible conductors.” In
addition to their facile nature, mechanochemical methods have
the benefit of an improved environmental footprint due to
elimination of organic solvent use and minimal waste
g.;eneration.sg”54

Herein we evaluate the use of sonication-based mechano-
chemistry to functionalize target hydrophobic substrates to use
in suspending SWCNT as optical probes for screening
hydrolytic enzymes. Lignin, zein, and anthracene compounds
are used as test substrates, and a mechanochemical mechanism
is proposed based on metrology and observations. The
mechanochemically modified lignin is then used to suspend
SWCNT and make probes that are applied to assessment of
lignin degrading activity of commercial and soil enzymes.

2. METHODS AND MATERIALS

2.1. Sensor Synthesis. The LLS sensor was synthesized in two
steps. As the first step, 20 mg of L-lysine (MW 164.21, Thermo Fisher
Scientific Chemicals, 39665-12-8) was added to 2 mL of water and
homogenized by applying intensive ultrasonic irradiation (2 W with
Qsonica QI25, 1/8 in. probe) for 90 min while the solution was
cooled by a cooling system. Subsequently, 20 mg of lignin (Sigma,
370959) was added to the solution, and the sonication was continued
for 90 min. Following this, the solution was centrifuged for 15 min
(11180g) to separate the unreacted substances. It is worth mentioning
that there was no observed sedimentation, showing a significant
change in the hydrophilic properties of lignin.

LLS solution was prepared by sonicating (2 W, in an S mL
centrifuge tube) the mixture of 1 mg of SWCNT (Sigma (6,5)
chirality, >95% carbon basis (>95% as carbon nanotubes), 0.78 nm
average diameter, Product #773735), 2 mL of lignin—lysine, and 2 mL
of water for 90 min to achieve a black solution. The solution was then
centrifuged for another 15 min to ensure that the LLS solution was
stable, and there was no sedimentation. Finally, the LLS probe was
diluted five times to obtain a final concentration of 0.02 wt %
SWCNT solution for enzyme activity screening experiments.

2.2. NIR Experiment. As stated, the LLS solution was initially
diluted five times and then dispensed into a 96-well black-walled plate
with a volume of 80 yL. The well plate was immediately placed on an
nIR well-plate scanner (custom build, described in REF'*%) to
conduct the enzyme activity screening. Scanning began and continued
until a relatively constant signal was observed for the LLS solution.
Next, a volume of 20 yL of water containing enzyme and/or
deactivated enzyme and/or pure water was added to the sensors, and
screening continued until a discernible difference in the trend of the
line graphs was detected. Details about the scanning procedure, which
was carried out using Python scripts, and the subseguent data analysis
in MATLAB can be found in our previous work."

2.3. Enzyme Extraction from Soil Samples. After the soil
samples were collected, they were individually mixed with deionized
(DI) water in a mass ratio of 1:2 and stirred for 30 min. Subsequently,
a specific amount of liquid was separated and centrifuged (11180g)
for 10 min, and the water containing the enzymes was collected from
the clear supernatant at the upper part of the liquid phase. Controls
were also prepared by heating the water—enzyme solution to 90 °C
for 45 min.

3. RESULTS AND DISCUSSION

3.1. Chemistry and Material Preparation. Sonication of
the SWCNT with either lysine or lignin alone led to unstable
dispersions with pronounced sedimentation, as the lignin is too
hydrophobic alone to stay in suspension and the lysine is not
hydrophobic enough to electrostatically associate with the
SWCNT. Sonication of lignin and lysine together prior to

https://doi.org/10.1021/acsami.4c13800
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Figure 1. Images of (A) 9A-COOH, (B) 9A-OH-lysine, (C) 9A-COOH-lysine, (D) 9A-COOH:-lysine-SWCNT, (E) 9A-COOH chemical
structure, and (F) 9A-OH chemical structure.

Scheme 1. Proposed Mechanism of Mechanochemical Functionalization of Lignin with Lysine to Create an Amphipathic
Substrate Capable of Dispersing SWCNT in Water”
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“The mechanical energy exfoliates the lignin and largely induces ion pairing as well as some transient imine formation between lysine and the
carbonyl functional groups in lignin. More information about the elemental analysis and FT-IR spectra of lignin—lysine and SEM images is available
in the Supporting Information, Sections S3, S4, and SS, respectively.

sonication with the SWCNT, however, led to a stable solution dispersing the SWCNT surface but remaining charged enough
even after prolonged centrifugation. This result indicated to stay in suspension. Indeed, after extensive dialysis of the
mechanochemical conjugation between the lignin and lysine in lignin—lysine material to remove free lysine, elemental analysis
the first sonication step, creating a wrapping capable of revealed a 10-fold increase in the weight percentage of nitrogen
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Figure 2. Images of (A) bare lignin after sonication and before centrifugation, (B) lignin after sonication and centrifugation, (C) lignin—lysine after
sonication and centrifugation, (D) LLS before sonication, (E) lignin—SWCNT after sonication and centrifugation, (F) lysine—SWCNT after
sonication and centrifugation, and (G) LLS after sonication and centrifugation.

in the material (Table S3). We hypothesized that some kind of
interaction was formed between the lignin and lysine under the
conditions of sonication.”> >’

Lignin is known to possess carboxylic acid (1—8%, w/w)
functional groups.”®*” To further test our hypothesis, lysine
was sonicated with either 9-anthracenecarboxylic acid or 9-
anthracenemethanol to test for the feasibility of amide- or
ester-bond formation under the sonication conditions (Figure
1; the details of solution preparation are available in Section S1
of the Supporting Information). Anthracene was selected as a
proxy for lignin because it is a water-insoluble substrate.
Accordingly, 9-anthracenemethanol (9A-OH) and 9-
anthracenecarboxylic acid (9A-COOH) alone formed hetero-
geneous mixtures after sonication. After tip sonication with
lysine, however, 9A-OH remained heterogeneous but 9A-
COOH formed a stable and homogenized solution. Analysis by
LC-MS revealed only the starting components and no evidence
of a covalent bond between lysine and 9A-COOH (Section S2,
Figure S1, and Table S1). The lysine-9A-COOH conjugate was
still able to create a water-dispersible 9A-lysine-SWCNT
(Figure 1D). When comparing the solubility of bare 9A-
COOH and 9A-COOH-lysine in water, as can be seen, 9A-
COOH-lysine is significantly more water-soluble compared to
9A-COOH alone (Figure 1). Thus, while no evidence supports
an ester or amide covalent linkage between lignin and lysine,
an jonic pairing between the carboxylic groups in the lignin
and the ammonium groups of the lysine may contribute to the
formation of stable SWCNT dispersions (vide infra). In
contrast, there is no chemical rationale for an ionic linkage
between lysine and 9A-OH, and there is no evidence of
possible ester formation.

Lignin is also known to possess ketone and aldehyde
carbonyl (1-2%, w/w) functional groups,”®*’ providing an
avenue to form covalent imine bonds with the amino groups of
lysine. Sonication of anthracene-9-carbaldehyde (A-9-CHO)
with lysine produced detectable quantities of the imine product
via LCMS analysis. However, the reversibility of imine
formation in aqueous media meant that the imine product
diminished over time (Section S2, Scheme S1, Figures S2 and
S3, and Table S2), indicating that covalent bond formation
between lignin and lysine is an unlikely contributor to
SWCNT dispersion.

Finally, characterization of the lignin—lysine conjugate via
NMR was not possible because the size of the lignin particles
led to slow tumbling on the NMR time scale and loss of signal.

Collectively, these results led us to conclude that the primary
interaction between lignin and lysine is ionic. The presence of
hydroxyl groups in lignin (2—8%, w/w) is broadly taken for
granted, but carboxylic acid groups (1—8%, w/w) are present
in comparable amounts.”**” We propose that the sonication of
lignin and lysine leads to ion pairing mediated by acid—base
interactions. We further propose that this process exfoliates the
lignin material, exposing hydrophobic sites for binding to the
SWCNT while also increasing the solubility (Scheme 1).

3.2. Observations after Mechanochemical Coupling.
To visualize probe stability after mechanochemical coupling,
the three aqueous solutions of lysine—SWCNT (without
lignin), lignin—SWCNT (without lysine), and LLS after 30
min of centrifugation at 10000 rpm (11180g) were visualized
(Figure 2). As can be seen, lysine—SWCNT and lignin—
SWCNT dispersions are unstable and crash out of solution,
whereas no sedimentation is observed at the bottom of the
tube for the LLS solution after prolonged centrifugation,
indicating the success of the coupling and solubilization
process. To ensure the stability of the prepared solution, we
also increased the centrifugation speed to 12000 rpm
(16087g), but we still did not observe much difference, and
the LLS solution remained stable. It is also worth mentioning
that storing the LLS solution under atmospheric conditions for
30 days did not lead to any sedimentation or aggregation of the
suspended nanoprobes.

Moreover, as shown in Figure 2E, centrifugation of the
lignin—SWCNT solution (without lysine) resulted in the
sedimentation of 70—78% (mass basis) of the lignin and
SWCNT. However, the remaining lignin—SWCNT in the
solution made it too dark to visually distinguish from the LLS
solution (Figure 2G), which had relatively no sedimentation
after centrifugation. We observed that Iysine alone does not
stabilize SWCNTSs; instead, lignin is largely responsible for
their stabilization. In other words, the presence of lysine
provided highly stable lignin, which consequently stabilizes the
conjugated SWCNTs. It is also worth mentioning that we
observed significant lignin sedimentation when using an
equimolar ratio of lysine to lignin or even a mass ratio of
less than 1:1. This can be attributed to the much smaller size
and fewer amine groups (two amines per lysine molecule) of
lysine compared with the large lignin molecules, which contain
many ketone and aldehyde carbonyl groups. Therefore, we
concluded that to facilitate sufficient ion pairing between
amines and carboxylic acids and covalent imine bonds between
the ketone/aldehyde carbonyl functional groups in a single

https://doi.org/10.1021/acsami.4c13800
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Figure 3. Response of LLS to two commercial ligninases: (A) LacAS and (B) LacTV at 40 ppm (volume basis of formulated product) with controls
of heat denatured enzymes. Also, the enzyme concentration dependence of signal change for LLS to LacAS (C) exhibited detection down to 0.25

ppm (volume basis of formulated product).

Figure 4. Showing the three soil zones sampled for method application: (A) rhizosphere, (B) row, and (C) inter-row. The “shovel-and-shake”
method was used in a maize row crop system typical of Iowa, USA, to isolate soil from each of these three zones.

lignin molecule, an excess of lysine molecules is necessary. This
excess provides enough pairing, resulting in a stable, water-
soluble lignin.

3.3. Selectivity and Sensitivity. The sensitivity of LLS to
hydrolytic degradation was checked with two well-known

62551

ligninase:60 Laccase from Aspergillus species (LacAS,

SAE0050, Sigma) and Laccase from Trametes versicolor
(LacTV, 38429, Sigma). In prior nanoprobe work with
16,27

amphiphilic wrappings,

upon enzyme addition there was
a strong decrease in signal attributed to hydrolases attacking
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Figure S. Response of LLS to available enzymes in (A) rhizosphere, (B) row, and (C) inter-row soil samples and the response of LLS to enzymes in

rhizosphere soil samples after 2 weeks under preservation temperatures of (D) —20, (E) 4, and (F) 25 °C and after 4 weeks under preservation
temperatures of (G) —20, (H) 4, and (I) 25 °C. Control samples are heat-denatured. Each condition was tested with n = 3 technical replicates, with

one standard deviation shown in the shaded regions.

the substrate coating, increasing solvent access, and thereby
quenching signal response. A similar response is observed for
LLS to both types of ligninases (Figure 3A,B). However, its
sensitivity was greater for LacAS, and the lignin element on
SWCNT was degraded in a shorter time period (900 s after
adding the ligninase solution, the signal line for LLS became
relatively constant), compared to LacTV, where degradation
continued even after 3500 s. Figure 3C also illustrates the
response of LLS to LacAS within the concentration range of
0—10 ppm, showcasing not only the sensitivity of LLS but also
its capability to quantify the proportion of ligninase
compounds at low concentrations (less than 0.5 ppm on a
volume basis of formulated commercial product).

3.4. Application of Probes: Measuring Soil Hydrolase
Activity. Assessment of potential soil enzymatic activity was
chosen as an application of this new method to demonstrate

62552

the sensitivity and utility of these probes. Soil samples were
collected using the “shovel-and-shake” method®" from three
zones (Supporting Information, Section S6): (A) the rhizo-
sphere (soil closely adhering to the plant’s roots), (B) the row
(under the plant roots but not directly attached), and (C) the
inter-row (furthest distance from the plant’s roots) (Figure 4).
We sampled soil in these three zones from a research field of
Zea mays (maize) that has been under consistent management
practices for nearly 15 years, ensuring more stable soil enzyme
profiles. According to the literature on potential enzyme
activity in soil, hydrolytic enzyme activity is expected to
increase the closer to the plant root, from (C) to (A) because
of greater microbial biomass and greater influence of maize
roots.*>% Consequently, it is anticipated that higher enzyme
activity would be observed in the rhizosphere and lower
enzyme activity would be observed in the inter-row areas. It is
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Figure 6. Response of LLS to the enzymes available in (A) Sparta, (B) Coland, and (C) Nicollet soil types. Percent decrease was displayed 3000 s
after adding soil samples. Control samples are heat-denatured. Each condition was run with n = 3 technical replicates, and one standard deviation is

shown in the shaded regions.

important to note that these sensors provide a relative measure
of enzyme activity on the same soil mass basis, not a traditional
enzyme turnover rate (k) or activity of a specific enzyme
type. To determine a turnover rate, one would need detailed
assessment of enzyme concentration and confidence that only
a single enzyme type was active (rather than a consortium of
different enzymes and/or same enzymes immobilized on soil
particles vs free in solution). Such assessment is beyond the
reach of these sensors; however, they are capable of giving
careful spatial mapping of activity across different soil regions.

The results of enzyme activity screening for inter-row, row,
and rhizosphere soil samples are shown in Figure 5. To
compare the enzyme activity of the soil samples, we labeled the
difference between active enzymes and denatured controls as
the difference index (D-index) at a set time point (3000 s). As
can be seen, among the studied soil samples, the rhizosphere
zone with a D-index of approximately 40% exhibited the
highest level of activity compared to the row zone with 15%
and the inter-row zone with 7%, thereby confirming our
expected activity differences based on soil zone and literature
on potential enzyme activity in relation to plant roots.”>~**

To observe the impact of storage conditions and time on
enzyme degradation, we extended the enzyme screening in the
rhizosphere zone to monitor the gradual decline of the D-
index. This was necessary because, in other areas, the enzyme
activity was significantly lower, causing them to be degraded
more rapidly and rendering conclusive observations impos-
sible. Previous studies have shown some artifacts of soil storage
on potential enzyme activity measured with the traditional
fluoro-linked substrates and some decline with storage65’66 and
even some confounding artifacts that interact with treatments,
making comparisons of stored samples somewhat challeng-
ing.”” The rhizosphere soil samples were kept under three
storage temperatures —20, 4, and 25 °C, and the enzyme
activity screening analysis was performed after 2 and 4 weeks.
Storing at 4 °C resulted in the least negative effect on the
activity of enzymes available in soil samples compared to the
storage at —20 and 25 °C; however, all stored samples showed
an attenuated signal to that measured from fresh soil,
indicating the importance of fast screening or field side
methods, as we have attempted with these nanoprobes.'®
Degradation in storage has been attributed to instability of
enzymes and aggregation as is common with other protein
products.®>°

To assess the performance of LLS with a variety of soil
textures, enzyme activity screening was conducted on fresh

Nicollet soil and two soil types, Coland and Sparta, which had
been stored for over four years at 25 °C and then had their
enzyme activities reactivated. As illustrated in Figure 6, LLS
successfully detected active enzymes in all soil samples, with
the largest change observed in the fresh Nicollet samples. This
indicates one potential use of spatial mapping of enzyme
activity caused by varied soils that differ largely in texture, soil
organic matter, water holding capacity, and cation exchange
capacity,”® not to mention their soil biological potential when
substrates are added.”” Relative to fresh soil (Figure SA—C)
and refrigerated and frozen soil (Figure SD—I), the air-dried
soil potential enzyme activity was much lower (36% signal
reduction).

3.5. Modularity of Mechanochemical Approach. As
another test of modularity of this method, we prepared a zein—
lysine—SWCNT sensor using the same procedure as for the
LLS. Zein is a water-insoluble protein derived from corn
composed of many nonpolar (proline, leucine, and alanine)
amino acids but also polar groups, namely, glutamic acid, that
also present a carboxylic acid for ion pairing. As illustrated in
Figure 7A, the coupling process was successful in producing a
stable probe after centrifugation and long-term (>1 month)
storage. This probe was employed to evaluate the enzyme
activity of bacterial protease. In this experiment, commercial
bacterial protease pellets (Carolina 202390) were dissolved in

B - (B) Bacterial protease
b 2 A G Control

?—,, “ 07 Water
(A)
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-20 1

225 t t ! i ;
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Figure 7. (A) Zein—lysine—SWCNT and (B) the response of zein—
lysine—=SWCNT to the bacterial protease. Control samples are heat-
denatured. Each condition was run with n = 3 technical replicates, and
one standard deviation is shown in the shaded regions.
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DI water (25 g/L). The resulting solution was then used along
with zein—lysine—SWCNT sensor in a ratio of 20 uL of zein—
lysine—SWCNT to 80 uL of bacterial protease solution, as
detailed in the NIR Experiment section. The zein—lysine—
SWCNT sensor effectively detected the enzyme activity in the
bacterial protease solution vs a heat-denatured control (Figure
7B).

4. CONCLUSIONS

In this study, we proposed a facile, mechanochemical strategy
to render hydrophobic substrates suitable for noncovalent
association to SWCNT for screening hydrolase activity in
aqueous buffers. This was performed by tip sonication of the
target insoluble substrate in the presence of lysine, forming ion
pairs between the lysine and carboxylic acid groups present on
the substrate. The coupled substrates are then used to suspend
the SWCNT and form a probe for hydrolase activity
measurements. As a focusing application, coupled lignin—
lysine-suspended SWCNT probes (LLS) measured relative
enzyme activity in varied root zones and storage conditions.
LLS corroborated literature precedence, such as the maximum
activity in fresh samples close to the root. Another hydro-
phobic substrate, zein, was coupled with the same approach
and made the sensor sensitive to bacterial protease.
Furthermore, we verified the chemistry of the coupling process
by designing a similar coupling reaction between lysine and
anthracenes with a single carboxylic acid group, supporting our
hypotheses regarding the N—COOH coupling to form ion
pairs. The result of this work enables a large library of natural
hydrophobic substrates to be rendered into soluble activity
probes for high throughput screening applications such as the
discovery and optimization of enzymes for valorization of
biomass. In addition, applying such coupling processes, such as
synthesizing LLS, could potentially benefit various fields,
including water purification, heavy metal removal from water
resources, energy storage, and photocatalytic manufacturing,
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