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Covalent Attachment of Horseradish Peroxidase to
Single-Walled Carbon Nanotubes for Hydrogen Peroxide

Detection

Francis Ledesma, Shoichi Nishitani, Francis J. Cunningham, Joshua D. Hubbard,
Dabin Yim, Alison Lui, Linda Chio, Aishwarya Murali, and Markita P. Landry*

Single-walled carbon nanotubes (SWCNTs) are desirable nanoparticles for
sensing biological analytes due to their photostability and intrinsic
near-infrared fluorescence. Previous strategies for generating SWCNT
nanosensors have leveraged nonspecific adsorption of sensing modalities to
the hydrophobic SWCNT surface that often require engineering new
molecular recognition elements. An attractive alternate strategy is to leverage
pre-existing molecular recognition of proteins for analyte specificity, yet
attaching proteins to SWCNT for nanosensor generation remains challenging.
Toward this end, a generalizable platform is introduced to generate
protein-SWCNT-based optical sensors and use this strategy to synthesize a
hydrogen peroxide (H,0,) nanosensor by covalently attaching horseradish
peroxidase (HRP) to the SWCNT surface. A concentration-dependent
response is demonstrated to H,0,, confirming the nanosensor can image
H,0, in real-time, and assess the nanosensor’s selectivity for H,0, against a
panel of biologically relevant analytes. Taken together, these results
demonstrate successful covalent attachment of enzymes to SWCNTs while
preserving both intrinsic SWCNT fluorescence and enzyme function. It is
anticipated this platform can be adapted to covalently attach other proteins of

1. Introduction

Single-walled carbon nanotubes (SWCNTs)
possess unique optical and physical prop-
erties that make them attractive materials
for biomedical applications.[!l In particu-
lar, their intrinsic photoluminescence in
the near-infrared (nIR) region and lack of
photobleaching are ideal traits for in vivo
and ex vivo sensing and imaging in bio-
logical systems.[>3] Another advantage of
SWCNTs as nanosensors is the diversity of
functionalization that add synergistic func-
tions to the SWCNT conjugates. For in-
stance, the functionalization of SWCNTs
with biomolecules, such as single-stranded
DNA (ssDNA), creates a corona phase at the
proximity of SWCNT surfaces which can in-
teract specifically with analytes of interest,
resulting in modulation of the SWCNT op-
tical signal.l*l Owing to their sequence mod-
ularity, various ssDNA sequences have been
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identified to play this corona phase molec-
ular recognition (CoPhMoRe) role through
screening for selective recognition of target
molecules.’! Furthermore, ssDNA can be
evolved to have a selective interaction with
an analyte through systematic evolution
of ssDNA ligands by exponential enrichment.l®) While these
ssDNA-SWCNT conjugates have shown promising analyte-
specific fluorescence signal modulation, the platform fails to
guarantee nanosensor generation for a specific analyte of inter-
est as the molecular recognition element of these nanosensors is
not rationally designed.

Researchers have pursued the development of semi-rationally
designed polymer-SWCNT conjugates to better develop nanosen-
sor generation for a particular analyte. For example, Bisker et
al. used a small phospholipid library screen to identify the
phospholipid-PEG polymer DPPE-PEG(5000) to selectively rec-
ognize fibrinogen proteins with an 80% decrease in SWCNT
fluorescence intensity upon addition of fibrinogen protein.l’!
Similarly, Bisker and colleagues identified another PEGylated
lipid, C,4-PEG(2000)-Ceramide, to serve as a recognition element
for SWCNT-based insulin nanosensors with a turn-off response
of ~60%.81 Though these approaches successfully demonstrate
CoPhMoRe sensing of their target analytes, they still require
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labor-intensive screens of similar polymer coating libraries to
identify the optimal candidate for use as a molecular recogni-
tion element. Another approach for polymer-SWCNT nanosen-
sors involves the use of synthetic peptide mimics named pep-
toids, which feature N-substituted side chains that confer both re-
sistance to protease degradation and sequence tunability to ratio-
nally design molecular recognition. Chio et al. demonstrated the
utility of these polymers by designing a small peptoid library and
identifying a peptoid with both hydrophobic anchor sequences
to bind to the SWCNT surface and loops of side chains designed
to selectively bind the target protein Wheat Germ Agglutinin.[®!
While this system successfully showed the ability to rationally
design polymer-SWCNT nanosensors, the need for extensive li-
brary screens to identify successful molecular recognition el-
ements remains a limitation to using pre-existing molecular
recognition elements for nanosensor development. Overall, there
are several advantages of polymer-SWCNTs for nanosensor de-
velopment, including the development of nanosensors for which
there exist no natural molecular recognition elements and the
tunability of their selectivity and sensitivity profiles often achiev-
able with more extensive screening.

Direct attachment of known molecular recognition elements
such as proteins to SWCNTSs present an orthogonal method for
nanosensor generation that can circumvent some of the draw-
backs of polymer-SWCNT screening, including time and cost of
screening for nanosensor sensitivity, limited nanosensor selec-
tivity, and less straightforward mechanistic function of the re-
sulting nanosensor. Given their natural affinity for binding a tar-
get analyte, proteins are often the most readily available molec-
ular recognition elements with which to develop nanosensors
through protein-SWCNT conjugation.l!%! While protein-SWCNT
nanosensors can be rationally designed to detect or image a va-
riety of biomarkers, the major drawback is that protein attach-
ment to SWCNTs often compromises protein stability or SWCNT
fluorescence.[11-13]

Traditionally, protein-SWCNT conjugates have been prepared
by non-covalent approaches.!'*) These methods typically rely on
physical adsorption of the hydrophobic domains of proteins to
SWCNT surfaces. For example, ultrasonication of SWCNT and
protein!®® or dialysis-based ligand exchangel'® facilitates the
non-specific adsorption of proteins to SWCNT surfaces. These
non-covalent approaches, however, are dependent on the nature
of the proteins which leads to varying levels of adsorption; thus,
they are not generalizable.['”] Moreover, non-covalent attachment
is often accompanied by conformational changes in the proteins,
leading to the loss of their biological functions.['*] For example,
Palwai et al. reported a complete loss of enzymatic activity of
horseradish peroxidase (HRP) five days after immobilization on
SWCNT."®! A random alignment of the proteins on SWCNT may
also reduce the efficiency of their biological activities, even if con-
formational stability is maintained. Therefore, non-covalent ap-
proaches are not a generalizable approach to developing protein-
SWCNT nanosensors.

In this regard, covalent functionalization of proteins to
SWCNT promises better stability and controlled alignment of the
conjugated proteins.!**2°l However, covalent functionalization of
SWCNT for sensing and imaging applications has been chal-
lenging because covalent bonds can introduce unintentional sp?
defects into the sp? SWCNT lattices. While certain engineered
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SWCNT defects are used to shift SWCNT fluorescence for defect-
based sensing, when introduced unintentionally, these defects of-
ten attenuate or fully eliminate the optical transitions in SWC-
NTs that drive SWCNT photoluminescence.[?"?2] On the other
hand, recent reports have shown successful covalent conjugation
of proteins and peptides to SWCNTs while preserving their opti-
cal properties. For example, it has been shown that minimal in-
troduction of quantum defects can preserve or even enhance the
photoluminescence of SWCNTs.[324] Following these findings,
Mann et al. developed a protocol to covalently conjugate proteins
to SWCNT by controlling the density of quantum defects.>2%] An
alternative approach is to covalently functionalize SWCN'Ts with-
out introducing sp* defects using azide-based conjugation.!?:®]
Since the azide-based covalent bonds do not introduce an sp?
defect by re-aromatizing the sp? lattice, this approach has a sig-
nificantly higher degree of freedom in the density of function-
alization compared to the approaches that use quantum defects.
Recently, we have applied this chemistry to develop a versatile
protocol to covalently functionalize SWCNTs and showed the po-
tential of this chemistry to maintain analyte-specific responses of
previously-reported nanosensors.!?’]

In this study, we expand azide-based conjugation to develop
new protein-based nanosensors by employing HRP as a model
protein for the detection of hydrogen peroxide (H,0,). H,O, is
a critical component of reactive oxygen species (ROS) that play
a pivotal role in many industrial and biological processes in-
cluding ecosystem regulation in surface water, sterilization in
food and beverage products, and cellular oxidative stress and
signaling.?®3!] Consequently, developing fluorescent nanosen-
sors for H,0, that can be used for hydrogen peroxide detection
or imaging is valuable, particularly non-photobleaching probes.
To this end, we first developed and optimized a protocol to gen-
erate covalent HRP-SWCNT conjugates using azide-based tri-
azine chemistry. We demonstrate that covalent conjugation does
not compromise the photoluminescence properties of SWCNTs
or the enzymatic activity of HRP, resulting in a robust turn-on
fluorescence modulation upon nanosensor exposure to H,0,.
Finally, we immobilized the nanosensors to show their poten-
tial applicability in bioimaging applications. Our results confirm
that azide-based triazine chemistry can be used to develop new
nanosensors via direct protein-SWCNT conjugation in a poten-
tially generalizable platform, without compromising SWCNT flu-
orescence.

2. Results and Discussion

2.1. Nanosensor Platform Generation and Characterization

To synthesize our nanosensors, we first covalently modified un-
functionalized (pristine) SWCNTs with the azide-based triazine
approach as previously reported (Figure 1a).?”?! Briefly, we
reacted pristine SWCNTs with cyanuric chloride and sodium
azide to produce high density triazine-labelled SWCNTs (Irz-H-
SWCNTs) with minimal quantum defects, maintaining intrin-
sic SWCNT optical properties like nIR fluorescence emission.
Trz-H-SWCNTs were further functionalized with the amino acid
cysteine in the presence of triethylamine. Nucleophilic substi-
tution of the solvent-exposed chlorines on the triazine handles
with the primary amine of cysteine produced thiol-functionalized
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Figure 1. Synthesis and characterization of HRP-(GT)5-SWCNT nanosensors. a) Synthesis scheme for nanosensor performed according to previously
established protocols. The SMCC:HRP ratio was optimized for single maleimide addition (Figure S1, Supporting Information) and reaction time and
temperature were selected according to manufacturer protocol. Excess reactants were filtered away after each step and the final product was diluted
back to the starting reaction volume. b) Corona exchange assay for HRP and control proteins shows minimal HRP adsorption to different dispersant-
SH-SWCNT samples. Fold change was calculated as the endpoint FAM fluorescence value 60 min after SWCNT addition to FAM-proteins divided by the
initial FAM fluorescence for each protein sample. Error bars represent the standard deviation of experimental replicates (n = 3). c) Absorbance spectra
of (GT),5-coated SWCNTSs along the nanosensor synthesis route show maintained characteristic peaks. d) nIR fluorescence baselines for the samples
in (c) show preservation of SWCNT intrinsic fluorescence throughout synthesis.

SWCNTs (SH-SWCNTs). These SWCNTs maintained their opti- ~ SWCNT conjugation. This cross-linker is optimal for this conju-
cal properties as shown by the preservation of characteristic ab-  gation scheme as it features two orthogonal functional groups: an
sorbance (Figure 1c) and fluorescence (Figure 1d) peaks. Notably, ~ N-hydroxysuccinimide-ester group (NHS-ester) that first reacts
the choice of cysteine for functionalization was made in partdue ~ with solvent-exposed primary amines on HRP and a maleimide
to Sulfo-SMCC being chosen as the cross-linker for this protein-  group that subsequently forms a stable covalent bond with free
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thiol groups on the SWCNT. This stepwise order of cross-linking
afforded by Sulfo-SMCC helps minimize unwanted side reac-
tions and imparts the flexibility of extending this platform to con-
jugate other proteins with exposed primary amines with the same
SH-SWCNT sample.

To solubilize SH-SWCNTSs for conjugation with HRP, we as-
sessed 3 potential amphiphilic SWCNT dispersants: (GT);s ss-
DNA, the amphiphilic lipid C,,-PEG(2000)-Ceramide (Cer), and
the surfactant sodium cholate (SC). We induced noncovalent ad-
sorption of each coating with SWCNTs through z—7 aromatic sta-
bilization and hydrophobic attraction, respectively. Each disper-
sant was added to SH-SWCNTs and subjected to probe-tip soni-
cation on ice according to previously established protocols.[?*32]
The resulting products ((GT);5-SH-SWCNT, Cer-SH-SWCNT,
and SC-SH-SWCNT) showed high yield (100-300 mg L) and
solubility in water after centrifugation to remove aggregates and
excess dispersant (Figure S2a, Supporting Information).

The solubilized SWCNT products were subsequently assessed
for the degree of nonspecific HRP adsorption to their surface
with a corona exchange dynamics assay.'”! Briefly, this assay
leverages the fluorescence quenching effect of fluorophores prox-
imal to SWCNT to measure the degree of nonspecific protein ad-
sorption to SWCNT surfaces. Compared to fluorescein (FAM)-
functionalized control proteins fibrinogen (FBG-FAM) and hu-
man serum albumin (HSA-FAM), HRP-FAM showed lower
FAM fluorescence quenching when incubated with SWCNTs,
indicated by a higher endpoint fluorescence fold change value
(Figure 1b). Since the degree of FAM quenching is proportional
to the amount of nonspecific protein adsorption to the SWCNT
surface, our results suggest that HRP shows minimal nonspe-
cific adsorption to all three dispersed SWCNTs. This result high-
lights the utility of HRP as a model protein as its low level of
adsorption helps ensure subsequent SWCNT sensor responses
can be attributed to covalently attached HRP only, rather than
a mixed population of covalently-attached and nonspecifically-
adsorbed HRP. Though all three dispersants were good candi-
dates in minimizing nonspecific HRP adsorption, we proceeded
with H,O, nanosensor development with (GT);s-SH-SWCNTs
as they showed greater colloidal stability than SC-SH-SWCNTs
through the rest of the sensor’s synthesis (Figure S3a, Support-
ing Information) and greater response to H,O, than Cer-SH-
SWCNTs (Figure S4a, Supporting Information).

The covalent cross-linker Sulfo-SMCC was chosen to function-
alize HRP with solvent-accessible maleimide groups for subse-
quent conjugation to (GT),5-SH-SWCNTs (Figure 1a). We reacted
the NHS-ester group of Sulfo-SMCC with solvent-exposed pri-
mary amines on HRP to form maleimide-functionalized HRP
(SMCC-HRP). There are 6 solvent-exposed primary amines in
the form of lysine residues on the surface of HRP, 3 of which are
the most amenable to cross-linker functionalization (K232, K241,
K174).1%3] The other 3 lysines are either involved in salt bridges
(K65 and K149) or barely exposed to solvent (K84).3*! As such, we
expected to add between 1 and 3 SMCC cross-linkers to HRP un-
der these reaction conditions. Optimizing the SMCC:HRP ratio
during the conjugation reaction via QTOF-MS shows successful
addition of 1 SMCC for a 10:1 SMCC:HRP ratio and the appear-
ance of dual functionalization at a higher ratio of 20:1 (Figure S1,
Supporting Information). As all 3 potential lysines are not located
within the binding pocket of HRP and subsequent activity assays
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show negligible loss in enzymatic activity post-SMCC function-
alization, the exact identity of which lysine is modified was left
unknown, though previous literature suggests the most reactive
lysine of the potential candidates is K232.3*] Thus, we concluded
that the optimal ratio of SMCC:HRP is 10:1 as it leads to singular
functionalization, though this ratio would need re-optimization
for any new protein to be used with this strategy depending on
its number and availability of solvent-exposed primary amines.

After de-salting excess unreacted cross-linker, we reacted
SMCC-HRP with (GT);5-SH-SWCNTs to covalently link HRP
to SWCNTs. Following centrifugal membrane filtration to re-
move excess unreacted SMCC-HRP (Figure S5, Supporting In-
formation), we characterized the final nanosensor product (HRP-
(GT),5-SWCNT). The nanosensor showed maintained character-
istic optical absorbance (Figure 1c) and fluorescence (Figure 1d)
properties of SWCNT throughout the synthesis process. The dif-
ferent peaks in Figure 1d correspond to different chiralities of
SWCNT, which emit fluorescence at different intensities in re-
sponse to our excitation laser at 721 nm. This monochromatic
laser predominantly excites the (10,2), (9,4), (8,6), (10,5), and
(8,7) chiralities more efficiently than chiralities that resonate at
lower excitation wavelengths, resulting in the largest emission
peaks at wavelengths greater than 1100 nm. The relative inten-
sities of these emission peaks were slightly altered following tri-
azine functionalization for (GT),5-SH-SWCNT compared to pris-
tine (GT);5-SWCNT, where the (9,4) and (8,6) chirality SWCNTs
showed increased emission intensity at 1135 and 1195 nm, re-
spectively, relative to the other chirality peaks at shorter wave-
lengths. This is expected from previous literature findings that
the triazine functional group modifies the SWCNT chemical po-
tential, increasing emission intensity for these chiralities at our
excitation wavelength of 721 nm.[*”) To account for these differ-
ent chirality effects, we opted to analyze the nanosensor response
by measuring the area under the fluorescence emission curve by
integrating from 850 to 1350 nm rather than measuring the in-
tensity at any single chirality peak wavelength.

We found that attaching HRP to SWCNTs yielded a decrease in
fluorescence intensity proportional to the concentration of HRP
in the conjugation reaction, with minimal shifts in the SWCNT
fluorescence peak wavelengths for HRP-(GT),5-SWCNT relative
to the base (GT);5-SH-SWCNT material (Figure S6b, Supporting
Information). This uniform decrease in fluorescence intensity
is a desired and common mechanism to generate turn-on flu-
orescent nanosensors.*! Since the observed quenching is pro-
portional to the amount of HRP available for conjugation, we
hypothesize that HRP is affecting SWCNT fluorescence emis-
sion by proximity to the surface upon conjugation, leading to
greater attenuated fluorescence intensity as more HRP is con-
jugated. If this attenuation was due to unintended quantum de-
fects or other sp? lattice damage introduced by the synthesis
process, the SWCNT fluorescence intensity would not be mod-
ulated in the presence of the HRP substrate H,O, but instead
remain attenuated. Subsequent experiments show that the re-
sulting nanosensors can modulate in fluorescence and exhibit
different fluorescence responses to the addition of H,0O,, with
the highest magnitude of fluorescence increase achieved with
the nanosensor generated with 1 mg mL~! HRP in the conjuga-
tion reaction (Figure S6a, Supporting Information). Additionally,
previous studies have shown that SWCNT fluorescence intensity
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Figure 2. Validation of HRP presence and activity for HRP-(GT)5-SWCNT nanosensors. a) AFM image of HRP. Height trace analysis shows a height
increase of 0.7 nm for this protein when accounting for the surface baseline (Figure S7, Supporting Information). b) AFM image of nanosensor shows
individual SWCNTs with several height spikes along axis, visually confirming both successful (GT)5 dispersion (minimal aggregates) and HRP conju-
gation. c) Height trace analysis of the AFM image in (b) shows that the height spikes along the SWCNT axis (Trace 1) correspond to HRP height above
SWCNT baseline (Trace 2,3). d) Luminol activity assay shows nanosensor has comparable HRP activity to control and that neither SMCC functionalization
nor SWCNT presence interferes with HRP activity. Error bars represent the standard deviation between experimental replicates (n = 3).

decreases in the presence of H,O, rather than increase, provid-
ing further evidence that the catalysis of H,0, by HRP facilitates
the turn-on fluorescence response.!3¢]

Mechanistically, we hypothesize that the SWCNT quenching
upon HRP conjugation could be attributed to a proximity effect
of the charged heme center of HRP or HRP itself on SWCNT flu-
orescence emission. SWCNT fluorescence occurs by exciton re-
combination, where an electron in the valence band of SWCNT
is photo-excited by visible light, creating an excited electron-
hole pair (exciton), and subsequently decays back to its ground
state, recombining with the empty hole in the SWCNT valence
band and emitting fluorescence.”#! As such, positively charged
groups near the SWCNT surface could effectively serve as a
charge trap, locally stabilizing excitons and lowering the exciton
energy below the threshold needed for radiative recombination
and fluorescence emission.[*) At its native state, the heme iron
of HRP exists as Fe** and the proximity of this positively charged
metal ion to the SWCNT surface could lower exciton recombi-
nation energy, resulting in nonradiative electron decay and fluo-
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rescence quenching. Previous literature supports this possibility,
demonstrating that free metal ions,*"! ferricyanide,'!! and free
hemel*!l added to SWCNTs strongly quench their fluorescence by
this nonradiative mechanism. Similarly, HRP exhibits an isoelec-
tric point (pI) between pH 8.7 and 9,*?! resulting in a net positive
(+2) charge at neutral pH.**) Thus, HRP itself could also serve
as a charge trap and quench SWCNT fluorescence by the same
nonradiative decay mechanism.

After developing and optimizing the reaction conditions for
this sensor, we characterized its physical and chemical prop-
erties to confirm the successful covalent attachment of HRP
to SWCNTs while maintaining enzymatic activity. To visualize
HRP on the surface of SWCNTs, we captured atomic force mi-
croscopy (AFM) images of HRP (Figure 2a) and HRP-(GT) ;-
SWCNT (Figure 2b). Height trace analysis over 10 of the clearest
proteins and subtracting the height of the bare surface yielded
an average height of 0.66 nm for HRP under these conditions
(Figure S7, Supporting Information). Performing the same anal-
ysis along the length of the nanotube showed several peaks of
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increased height 0.7 nm greater than the height of the nanotube
as determined by tracing perpendicular to the SWCNT length
axis (Figure 2c). Combined with the corona exchange results con-
firming minimal nonspecific adsorption of HRP to SWCNTs,
these peaks can thus be attributed to covalently attached HRP
as shown schematically (Figure 2c).

To confirm that covalently attached HRP maintained enzy-
matic activity while on the surface of SWCNTs, we used a lu-
minol assay according to established protocols.[*/l Briefly, the
oxidation of luminol by the catalysis of H,0, by HRP pro-
duces luminescence proportional to protein activity when nor-
malized for protein concentration. We thus measured lumines-
cence values for all HRP conditions along the nanosensor syn-
thesis route incubated with luminol and H, O, (Figure 2d). Com-
pared to the low luminescence magnitude shown by the con-
trols of empty wells (Figure S8, Supporting Information), PBS,
and (GT),5-SH-SWCNT alone, the nanosensor showed similar
catalytic activity to the other HRP-containing samples at the
same protein concentration. This data also suggests that SMCC
functionalization does not negatively affect HRP activity under
these conditions. Similarly, the presence of SWCNT showed lit-
tle negative impact on the activity of both native and SMCC-
HRP when mixed. Furthermore, we measured the enzymatic ac-
tivity of our nanosensor over the course of 20 days, observing
no noticeable decrease in luminescence (Figure S8, Supporting
Information).

We also leveraged the luminol assay to calculate the con-
centration of HRP in each sample by using the luminescence
values of a calibration curve of known HRP concentrations to
extract a linear regression model (Figure S9b, Supporting In-
formation). Using the luminescence of the nanosensor with
this model calculated an approximate HRP concentration of
0.415 pg mL™! in the sample (Figure S9c, Supporting Infor-
mation). Since the concentration of SWCNT in the nanosen-
sor sample can be determined by the absorbance at 632 nm
(Figure S9d, Supporting Information), we converted both val-
ues to moles by the known molecular weights of HRP (44 kDa)
and SWCNT (2700 kDa) and divided the two to roughly approx-
imate the number of HRP per SWCNT in the nanosensor at
80.5 + 8.4 (Figure S9e, Supporting Information). Taken together,
these results suggest that we have synthesized a stable cova-
lent HRP-SWCNT sensor with preserved SWCNT and enzymatic
properties that can be assessed for its ability to sense hydrogen
peroxide.

2.2. Characterizing Nanosensor Response to Analyte Hydrogen
Peroxide

We characterized our HRP-(GT);5-SWCNT nanosensor’s re-
sponse to hydrogen peroxide by measuring the change in nIR
SWCNT fluorescence over time in response to varied levels of
H, 0, analyte, schematically represented in Figure 3a. The addi-
tion of 29.4 mm H, O, elicited a strong and stable turn-on fluores-
cence response over the course of 1 h (Figure 3c). This contrasts
with the minor turn-off response elicited by water (Figure 3b),
isolating the analyte as the cause of the turn-on response rather
than the addition of volume to the sample. The normalized in-
tegrated change in fluorescence (AF/F,) of the sensor peaked af-
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ter 20 min post-addition of H,O, and remained stable over the
course of 1 h (Figure 3d).

In contrast, (GT),5-SH-SWCNT alone ex-
hibits a turn-off fluorescence response to H,O,
(Figure S10a, Supporting Information), as expected from
previous literature.*®! Furthermore, HRP mixed with (GT);s-
SH-SWCNT exhibits a strong turn-off response immediately
upon H,O, addition followed by a gradual increase in fluo-
rescence to the baseline intensity (Figure S10a, Supporting
Information). This non-monotonic fluorescence modulation
could be due to the consumption of H,0, by free HRP, miti-
gating the analyte’s quenching effect as it is depleted from the
solution. To confirm this hypothesis, we probed the response
of (GT),5-SH-SWCNTs to H,0, when mixed with HRP and
Catalase, a peroxide-scavenging enzyme, as well as with both
proteins inactivated by glutathione (GSH), an inhibitor of HRP
enzymatic activity (Figure S10b, Supporting Information)./*>4¢]
Upon addition of 588 um H,O, to the Catalase sample, an
immediate strong turn-off response is observed followed by a
gradual increase in fluorescence. This response is similar to
that of HRP mixed with (GT);5s-SH-SWCNTS, though lesser in
magnitude as Catalase is known for having low affinity for H,O,
with a Ky, value between 10-30 mm which would lead to less
peroxide consumption over the same time period compared
to HRP, thus lessening the increase in fluorescence.*”] When
GSH is added to both samples to inhibit the enzymatic reaction
and 588 um H,0, is added, a strong turn-off response is again
observed and remains stable over time as the enzymes are un-
able to remove the quenching H,O, from solution. Altogether,
this confirms that the response observed by the sample with
HRP noncovalently adsorbed to (GT);s-SH-SWCNTs is due to
consumption of quenching H,O, which returns the sensor to
baseline fluorescence. Thus, these results suggest that the strong
turn-on response of our sensor must be due to the interaction
between H, O, and covalently-attached HRP on the SWCNT sur-
face rather than between H,0, or catalysis reaction byproducts
and the SWCNT itself.

Furthermore, we conducted a mock synthesis where the
cross-linker Sulfo-SMCC was omitted from the otherwise nor-
mal synthesis route and assessed the product (Figure S11,
Supporting Information). The mock SWCNT showed notably
lower HRP enzymatic activity than the nanosensor and no turn-
on response to H,0,, emphasizing the necessity of covalent
HRP conjugation to SWCNT via Sulfo-SMCC cross-linker for
the nanosensor’s function.

We further measured the concentration-dependent nanosen-
sor response and determined a 31 pm limit of detection (LOD)
for hydrogen peroxide (Figure 3e). The data was fit to a co-
operative binding model and extracted parameters include an
equilibrium constant K, of 1.905 mm and Hill coefficient n
of 1.087, as expected of this noncooperative enzyme which
uses its heme cofactor to bind one peroxide molecule at a
time for catalysis.*! When compared with similar peroxide
sensors, our nanosensor LOD and linear range fall within
the range of literature values (Table 1). Though our nanosen-
sor has a higher LOD and linear range than some sys-
tems (Figure S12, Supporting Information), our system main-
tains the advantages of facile synthesis, form factor variabil-
ity, non-photobleaching nature, and an underlying platform that
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Figure 3. HRP-(GT);5-SWCNT nanosensor response to H,0, in solution-phase screen. a) Schematic depiction of response screening platform, where
addition of analyte to a 384-well plate with nanosensor induces a strong turn-on response as measured by the increase in nIR fluorescence emission.
b) Nanosensor response to water shows a strong turn-off response over 60 min. c) Nanosensor response to 29.4 mm H,0, shows a strong turn-on
response over 60 min. d) The normalized integrated change in fluorescence (AF/Fy) for (b) and (c). Fy is set to the integrated fluorescence intensity
of the “Before” baseline timepoints in (b) and (c) taken immediately prior to H,O, addition. e) Endpoint (time = 60 min) AF/F, values for varying
concentrations of analyte plotted and fit to a cooperative binding model. Fit parameters are listed with 95% confidence intervals evaluated using the
t-distribution. All fluorescence measurements were obtained with a laser excitation wavelength of 721 nm. Error bars represent the standard deviation
between experimental replicates (n = 3).

is flexible enough to accommodate other proteins and analytesto  subjected to various conditions including high and low pH, high
generate other nanosensors or multiplexed sensors. and low ionic strength, incubation with GSH, and incubation
with Catalase. We hypothesize that the nanosensor would re-
spond differently to H,0, under these conditions by affecting
2.3. Investigating the Mechanism of Nanosensor Fluorescence HRP enzymatic activity, thus confirming the reliance on HRP en-
Modulation zymatic activity for the observed fluorescence turn-on response.
Increasing or decreasing pH and ionic strength would increase
To further probe a potential mechanism for the nanosensor’s  or decrease HRP activity, respectively, the addition of GSH would
turn-on response, we investigated the response to H,0, when  inhibit enzymatic activity, and the addition of catalase would

Adv. Funct. Mater. 2024, 2316028 2316028 (7 of 16) © 2024 Wiley-VCH GmbH

85UB0| SUOLULLOD BANIER1D 3|0t [dde U Ag peusenod e 9o YO 188N J0 S3In 1o} AXe1q 17 8UIIUO 8|1 UO (SUORIPUOD-PLE-SULB}LI0D" A3 1M AReq 1 jBul|uo//Sdiy) SUORIPUOD PUe SW L 8U3 885 *[7202/50/2T] Uo Ariqiauliuo AB|IM ‘Ge FUOIEN Ao X iog soLBIMe T BILIOJIRD JO AlUN A 8209TEZ0Z WJPR/Z00T OT/I0p/wod" A3 Im A Req1jeut|uo//Sdiy woiy papeojumod ‘0 ‘8Z0£9ToT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

Table 1. Comparisons of similar H,O, nanosensors found in literature.

www.afm-journal.de

Platform Signal Type Linear Range [um] LOD [uM] Refs.
HRP/Os Polymer Amperometric 1-500 0.3 [49]
HRP/Au Amperometric 40-100 40 [50]
SWCNT/GCE Amperometric 1900-24000 1000 [57]
HRP/Luminol Chemiluminescence 100-3000 667 [52]
Fe-N-C Nanozyme Chemiluminescence 500-100000 0.5 [53]
Cobalt-CNT/GOx Fluorescence 0.2-20 0.1 [54]
ssDNA-SWCNT Fluorescence 10-1000 0.1 [36]
AgNP Absorbance 10-10000 10 [55]
HRP-SWCNT Fluorescence 150-600 31 This
work

Abbreviations: Ag, silver; Au, gold; Fe, iron; N, nitrogen; C, carbon; GCE, glassy carbon electrode; GOx, glucose oxidase, Os, Osmium.

provide an additional H,O, scavenger, reducing the amount of
H,0, available in solution for catalysis by HRP.

The nanosensor responds to H,O, similarlyin 1IXPBS and 1 m
NaCl, representing a higher ionic strength buffer than 1X PBS
at 150 mm NaCl (Figure S13a, Supporting Information). In con-
trast, the nanosensor shows no response in the low ionic strength
conditions of 10 mm NaCl and the zwitterionic buffer HEPES.
Since previous studies have reported better HRP enzymatic ac-
tivity in higher ionic strength conditions,[*”! these results point
toward the catalytic reaction as the source of the fluorescence
mechanism. Furthermore, the sensor shows no response in pH
5 PBS, a normal response at pH 7, and a fast and high magni-
tude response at pH 9. This supports previous studies that found
minimal HRP enzymatic activity at acidic pH and peak enzymatic
activity from pH 8-9, as the pK, of HRP is ~8.6.°58] Together,
these results suggest that the optimal conditions for nanosensor
response are at high pH and ionic strength, conditions that opti-
mize HRP enzymatic activity. Therefore, mechanistically, these
results support a nanosensor mechanism whereby HRP enzy-
matic consumption of H,O, drives an increase in SWCNT flu-
orescence.

To further support this mechanistic nanosensor function,
when HRP is noncovalently mixed with SWCNTs in the afore-
mentioned conditions rather than covalently attached to the
SWCNT surface as in our nanosensor, the noncovalently mixed
samples show no turn-on response (Figure S13b, Supporting
Information). Lastly, as an orthogonal method to support this
nanosensor’s mechanism, our corona exchange assay (Figure 1b)
and filtration of free HRP (Figure S5, Supporting Information)
indicate minimal/no free HRP adsorption to SWCNTs. Taken to-
gether, these results further support that the sensing mechanism
relies on the interaction between HRP and SWCNTs near the
SWCNT surface enabled by covalent conjugation of HRP to the
SWCNT surface.

This hypothesis is further supported by investigating the
nanosensor response when incubated with GSH to inhibit HRP
activity and Catalase as a separate H, O, scavenger (Figure S14a,
Supporting Information). Incubation with 1 mm GSH for 1 h
prior to testing completely negates the nanosensor’s turn-on re-
sponse to H,0,, further suggesting that HRP enzymatic activity
is necessary to modulate SWCNT fluorescence. Furthermore, ad-
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dition 0f 0.01 mg mL~! Catalase to the nanosensor shows a slower
and lower magnitude turn-on response to H,O, compared to the
nanosensor alone, likely due to Catalase catalyzing and thus re-
ducing the available H, O, in solution for consumption by HRP
on the nanosensor. The addition of free HRP to the sample at
0.01 mg mL~" does not impact the nanosensor’s response pro-
file to H,0,, as it reaches the same peak fluorescence over the
same period, highlighting the reliance of HRP proximity to the
SWCNT surface for the turn-on response rather than attributing
the nanosensor response to reaction byproducts or H,0, con-
sumption by free/adsorbed HRP.

With these results in hand, the remaining possible mecha-
nisms for the turn-on response of the nanosensor can be nar-
rowed down to: i) the redox charge state of the heme center
of HRP existing at a state that enhances SWCNT fluorescence
emission, ii) conformational change of HRP during the cat-
alytic cycle causing ssDNA to shift on the SWCNT surface lead-
ing to increased fluorescence emission, or iii) HRP destruc-
tion/denaturation causing a return to SWCNT alone baseline flu-
orescence without the quenching effect of HRP in proximity to
the SWCNT surface. To evaluate the impact of these potential
mechanistic contributions to our nanosensor response, we can,
respectively: i) pre-incubate the nanosensor with varying levels
of H,0, and test the subsequent response to varying levels of
H,0, to determine if HRP is induced to the inactive forms of
Compound III or P-670 as described in previous literature,™! ii)
compare the nanosensor’s response to H,0, when wrapped with
other polymers including ssDNA sequences of the same (C,, and
T,,) and different ((GT),) length as (GT);s, and the amphiphilic
lipid C,4-PEG(2000)-Ceramide, and iii) assess the nanosensor’s
response to a protein denaturant such as SDS which is known to
denature HRP.[®

Regarding Mechanism (i), extensive studies have been con-
ducted to understand the catalytic cycle of HRP and the result-
ing oxidation state of the heme center at each intermediate stage
in the cycle. Briefly, researchers have identified four possible
intermediate redox states for the heme center of HRP during
the catalytic cycle: Compound I, Compound II, Compound III,
and P-670.1°") The typical catalytic cycle involves fast conversion
to Compound I then Compound II, followed by decay to na-
tive enzyme. However under certain conditions, the enzyme can

© 2024 Wiley-VCH GmbH
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be converted to primarily Compound I1II, a catalytically inactive
intermediate.[°?] From this state, Compound III either slowly
decays back to the native enzyme or irreversibly inactivates to
its P-670 form. In particular, researchers have investigated vari-
ous mechanisms for inducing HRP inactivation including heme
destruction,[®®*] acid treatment,!®*] ionizing radiation,[®] and ex-
cess H,0, with no exogenous substrates, 26681 ag ig the case
with our system. We hypothesize that should Mechanism (i) be
contributing to the nanosensor response, HRP on the nanosen-
sor would be rapidly converted to Compound III or P-670 upon
the addition of high H,0, (29.4 mm) and this process would oc-
cur much slower atlow H, O, (588 um), explaining the differences
in both time and magnitude of the nanosensor’s response pro-
file in both cases. Additionally, subsequent additions of H,O, to
samples that have already been treated with high and low levels
of H,0, would induce either no response or an attenuated re-
sponse, respectively, if the enzymes were indeed inactivated.

The nanosensor indeed shows the described response pro-
file, exhibiting a rapid and high magnitude increase in fluores-
cence in response to 29.4 mm H,0,, reaching its peak increase
~15 min post-addition and ~450% fluorescence increase over
baseline (Figure S14b, Supporting Information). Interestingly,
when pre-treated with 29.4 mm H,0,, the nanosensor exhibits
no turn-on response to both 29.4 mm and 588 um H,0,, suggest-
ing that this high amount of H,0, inhibits subsequent HRP ac-
tivity, supported by literature findings that excess H,O, induces
HRP to the Compound III and P-670 inactive states at [H,0,]
>1 mm.>% By contrast, the nanosensor reaches a peak fluores-
cence increase of ~#100% after 60 min in response to 588 um
H,0,. When the nanosensor is pre-treated with 588 um H, O, for
1 h before screening, the nanosensor exhibits a similar response
profile to 29.4 mm H,O,, though slower and lower in magnitude
than the response without this pre-treatment, reaching a peak of
~375% increase after 30 min. This result suggests that 588 um
H,0, is not enough to fully inhibit HRP activity by converting
the redox state to Compound III or P-670 since it still responds
to 29.4 mm H,0,. On the other hand, the response to 588 um
H,O0, after pre-treatment with the same amount of H,0, shows
a decreased, but faster turn-on response of ~50% at 0 min and
remains stable for 60 min. If this response was due to cycling of
the heme redox state back to native enzyme rather than settling
at one state, this response would be expected to decrease back to
baseline fluorescence as H, O, is depleted. However, the stability
of both this response and that of 29.4 mm H, O, alone potentially
indicates a reliance on the generation of Compound III or P-670
forms of HRP for fluorescence modulation. The magnitude of
the response could thus be proportional to the fraction of HRP
on SWCNT converted to these redox states and the kinetics of
the response would depend on the concentration of H,O, as we
observe in Figure S14b (Supporting Information).

To determine if Compound III or P-670 dominates the HRP
heme redox state when our nanosensor exhibits a turn-on re-
sponse, we investigated the nanosensor response to H,0, in the
presence of salicylic acid (SA) (Figure S14c, Supporting Informa-
tion). SA is known to induce P-670 formation at high H,0,,[¢%70]
so if P-670 formation is the source of fluorescence modulation
in the nanosensor, the previously observed nanosensor response
profile would be observed for pre-treatment with 29.4 mm H, O,
for 1 h before screening to induce Compound III formation
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followed by addition of 1 mm SA. However, nanosensor pre-
treatment with 29.4 mwm and 588 um H, O, showed no response
to SA, while pre-treatment with SA only induced a response for
29.4 mm H,O,. Additionally, addition of SA alone showed no
turn-on response. Together, these results suggest that HRP on
the nanosensor is primarily induced to Compound III in the pres-
ence of high H,0, rather than irreversibly inactivated to P-670.
Several studies also suggest the decay of Compound III to P-
670 without SA present occurs on the order of hours, further
supporting Compound III as the primary state of HRP in the
nanosensor.>*7%]

We hypothesize that the proximity of the HRP heme center to
the SWCNT may be close enough to enhance fluorescence emis-
sion, though investigating the specific physical mechanism of
how this charged radical group influences SWCNT fluorescence
is beyond the scope of this manuscript. The structure of Com-
pound III is typically represented as a superoxide anion bound to
the Ferric heme center, so this negatively charged radical group
could potentially negate the charge-trapping effect of the heme
iron on SWCNT excitonic recombination, increasing SWCNT
fluorescence. Additionally, there is the possibility that superox-
ide can be released from the heme center and interact with
SWCNTs, causing fluorescence modulation. However, our previ-
ous data showing that free HRP mixed with (GT);5-SH-SWCNTs
do not exhibit the same strong turn-on response to H,O, as
the nanosensor eliminates the possibility that superoxide anion
released from Compound III induces fluorescence modulation
(Figure S10, Supporting Information). Furthermore, direct addi-
tion of superoxide to (GT);s-SH-SWCNTs alone does not induce
fluorescence modulation (Figure S15b, Supporting Information),
pointing the nanosensor’s mechanism toward Compound III on
the SWCNT surface enhancing SWCNT fluorescence emission.
Previous literature suggests that redox active compounds like
ascorbic acid induce a turn-on fluorescence response for ssDNA-
SWCNTs, supporting the proposed mechanism.2]

If Mechanism (ii) is contributing to the response of the
nanosensor, the response to H,0, would vary greatly depend-
ing on the identity of the amphiphilic polymer used to impart
colloidal stability to the SWCNTs. To investigate this, we pre-
pared covalent HRP-SWCNTs with (GT);s, Cs, T3y, Ceramide,
and (GT); as dispersants and assessed their responses to 588 um
H,0, (Figure S4a, Supporting Information. Compared to the
nanosensor, HRP-C;,-SWCN'Ts and HRP-(GT),-SWCNTs exhib-
ited the closest response profile, though HRP-C,,-SWCNTs
reached its peak fluorescence increase at #75% after 5 min, while
the nanosensor and HRP-(GT),-SWCNTs reached peaks of 90%
and 60% after 60 and 30 min, respectively. By contrast, HRP-
Cer-SWCNTs showed no fluorescence modulation in response
to H,0,, potentially validating Mechanism (ii) as at least a partial
contributor to the sensing mechanism. Interestingly, HRP-T}-
SWCNTs showed an immediate but small turn-on response to
H,0,, increasing ~18% immediately and remaining stable over
60 min. This discrepancy in response despite being a DNA se-
quence of similar length as (GT);5; could be attributed to low
colloidal stability of the final product as seen by the disappear-
ance of characteristic SWCNT absorbance peaks in the UV-Vis—
IR absorbance spectra of HRP-T,,-SWCNTs (Figure S3b, Sup-
porting Information). However, if ssDNA is indeed perturbed
by the catalysis of H,0, by HRP and thus modulating SWCNT
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fluorescence, the SWCNT local dielectric environment would
be altered and we would expect to see an accompanying solva-
tochromic shift in peak intensity wavelengths of each sample that
exhibits a turn-on response. We assessed this possibility by plot-
ting the shift in peak wavelength for the (9,4) chirality SWCNT
(Figure S4c, Supporting Information), which typically appears as
the highest fluorescence intensity peak ~1135 nm due to our
excitation laser wavelength of 721 nm as seen in the strongly
quenched baseline sensor fluorescence spectra (Figure S4b, Sup-
porting Information). Comparing the solvatochromic shifts of
nanosensor constructs that exhibited a turn-on response to H, O,
after 60 min, no clear trend or dependence is seen. HRP-(GT) ;-
SWCNTs show a red-shifted response, HRP-C,,-SWCNTs ex-
hibits almost no solvatochromic shift, and HRP-(GT),-SWCNTs
show a slight blue-shift response. By contrast, both HRP-T;-
SWCNTs and HRP-Cer-SWCN'Ts show slight blue-shifts in the
(9,4) chirality wavelength despite showing minimal or no re-
sponse to H,0,, respectively. Taken together, these results help
eliminate Mechanism (ii) as a potential contributor to the ob-
served turn-on response as the identity of the ssDNA disper-
sant does not significantly affect the turn-on response capability,
mostly serving to impart colloidal stability on the final nanosen-
sor constructs.

Notably, the lack of H, O, response by HRP-Cer-SWCNTs with-
out the possibility of Mechanism (ii) warrants further investi-
gation. This could potentially be attributed to the structure of
Ceramide when wrapped around SWCNTs, where the large hy-
drophobic lipid tails coating the nanotube surface and bulky
solvent-exposed polyethylene glycol chains could sterically in-
hibit either analyte access to HRP or HRP physical movement
needed for analyte consumption. However, despite exhibiting
no turn-on fluorescence response, HRP-Cer-SWCNTS still show
HRP enzymatic activity via the luminol activity assay (Figure S9a,
Supporting Information). As discussed earlier, we are confident
that few noncovalently adsorbed or free in solution HRP remains
on SWCNTs post-synthesis, suggesting that Ceramide minimally
interferes with HRP’s catalytic function. In the frame of Mecha-
nism (i), a possible explanation remains that HRP in Compound
II1 form upon H, 0, addition facilitates either redox charge trans-
fer to or otherwise influences nearby DNA bases, which has
been shown in previous literature identifying particularly the
guanine nucleotide as an oxidation sink, leading to fluorescence
modulation.'?”!] Ceramide is presumably less redox active in
this sense, potentially explaining the lack of fluorescence modu-
lation in response to H, O, despite demonstrated HRP enzymatic
activity.

Finally, if Mechanism (iii) was significantly contributing to the
observed nanosensor fluorescence response, we expect that the
addition of a protein denaturant such as SDS would exhibit a re-
sponse profile like that of H,O,, identifying the destruction of
HRP quenching SWCNT fluorescence as the mechanistic source.
Compared to the nanosensor’s fast response to 29 mm H,O,, the
addition of 35 mm SDS to the nanosensor exhibited a linear in-
crease in fluorescence over 60 min toward a similar magnitude
endpoint (Figure S16a, Supporting Information). This response
was mirrored by HRP-C;,-SWCNT showing a similar linearity
in fluorescence increase and HRP-(GT),-SWCNT exhibiting a
lower magnitude but faster turn-on response, reaching peak flu-
orescence after 30 min. Notably, these three HRP-SWCNT con-
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structs were also the only ones responsive to H,O,, while HRP-
T;,-SWCNTs and HRP-Cer-SWCNTs again showed no turn-on
response. Assessing the solvatochromic shift of the nanosensors
in response to 35 mwm SDS reveals a consistent blue-shift for
all constructs except HRP-Cer-SWCNTs (Figure S16b, Support-
ing Information). Interestingly, the solvatochromic shift of HRP-
(GT);5-SWCNT nanosensors differs depending on the amount of
H,0, added, lending more support to Mechanism (i) where vary-
ing levels of H,0, added induce different redox states at the heme
center of HRP, affecting the local SWCNT dielectric environ-
ment and in turn increasing fluorescence. It is important to note
that again, HRP-T,,-SWCNTs show no response to SDS in flu-
orescence intensity but do exhibit a strong blue solvatochromic
shift, clouding the role of SDS in modulating SWCNT fluores-
cence and local environment. The addition of SDS to (GT)s-
SH-SWCNTs alone and when mixed non-covalently with HRP
both show a strong turn-off response (Figure S16¢, Supporting
Information) and slight blue-shifting (Figure S16d, Supporting
Information) in accordance with previous literature.*®! These re-
sults suggest that the observed response of the nanosensor to
SDS cannot be attributed to SDS interacting with the SWCNT
itself. Previous studies have investigated the binding and kinet-
ics of HRP denaturation by SDS and found that at an SDS con-
centration of 0.60 mm, 21 moles of SDS bind to one mole of
HRP.I072] 1t is thus conceivable that the observed nanosensor
response to SDS can be attributed to the slow and constant bind-
ing of SDS to HRP on SWCNT5, unfolding HRP by denaturation
and thereby inhibiting its ability to quench SWCNT fluorescence.
However, the apparent kinetic profile of the SDS response being
linear suggests that this mechanism holds true specifically for ex-
ceedingly large amounts of surfactant interacting with proteins
on SWCNT rather than the general mechanism for this specific
enzyme-SWCNT nanosensor.

Based on our data, we hypothesize that the leading mecha-
nism for nanosensor function is Mechanism (i) whereby H,O,
modulates native HRP into different redox states that influence
SWCNT fluorescence emission, namely Compound II and the
Compound III inactive intermediate as has been demonstrated
when H,0, is the only substrate present in the reaction.[>66¢7]
At high concentrations of H,0,, this reaction is fast and the re-
dox active heme center of Compound III would facilitate a very
strong turn-on fluorescence response accompanied by a blue-
shifted fluorescence spectra by ~5 nm. At low concentrations of
H,0,, below the threshold required to induce Compound II1 for-
mation, HRP primarily avoids Compound III formation and un-
dergoes its regular catalytic cycle to consume added H,0O,, cy-
cling from native HRP to Compound I to mostly Compound II
at any given time as found in previous studies.’®! With Com-
pound II being the oxidized form of native HRP, it is possi-
ble that this redox state also enhances SWCNT fluorescence to
a lesser degree than Compound III, explaining the lesser mag-
nitude response and simultaneous red-shift in the fluorescence
spectra. Since Compound II can be reduced to Compound III
upon subsequent H,0, addition while Compound III cannot
consume H,0, as it is catalytically inactive, this mechanism is
compatible with our findings that the nanosensor can still in-
crease in fluorescence after incubation with a low amount of
H,0, yet fails to do so after incubation with a high amount
of H,0,.
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Figure 4. Immobilized nanosensor response to H,0,. a) Schematic depiction of immobilized sensing platform, where the nanosensor is incubated in
a glass microwell dish for 20 min, washed, and rehydrated with 1X PBS before analyte addition and imaging. Addition of analyte induces an increase
in fluorescence intensity of the sensor. b) Analysis of fluorescence microscopy images of immobilized nanosensor over 5 min shows ~15% increase in
fluorescence intensity corresponding to H,0O, addition at 120 s. c) Fluorescence microscopy image of immobilized nanosensor at 9 s post-hydration
with PBS. d) Fluorescence microscopy image of immobilized nanosensor at 4 s post-addition of H,O, shows increased fluorescence intensity com-
pared to (c). e) Analysis of fluorescence microscopy images of immobilized nanosensor over 10 min shows repeatable fluorescence intensity increase
upon subsequent additions of H,0,. f) Fluorescence microscopy image of immobilized nanosensor at 9 s post-hydration with PBS. g) Fluorescence
microscopy image of immobilized nanosensor at 4 s post the third addition of H,0, shows increased fluorescence intensity compared to (f). Gray
shaded areas represent the standard deviation from the mean value in black (n = 20). Average fluorescence change values in (b) and (e) are calculated
using ROIs from the entire image field of view. Images in (c), (d), (), and (g) are representative images highlighting the center of the field of view and

capture fluorescence intensity emitted by the SWCNTs from 900-1700 nm through a 900 nm long-pass filter.

2.4. Immobilized Nanosensor Response to Analyte

After characterizing the solution-phase nanosensor response, we
investigated the nanosensor response when surface-immobilized
on a glass microwell dish (Figure 4a). HRP-(GT),5-SWCNTs were
immobilized on a glass microwell dish and imaged after rehy-
dration with PBS over the course of 5 min. Isolating the image
analysis to fluorescent HRP-(GT),s-SWCNT regions of interest
with high fluorescence and averaging their values over time, we
demonstrate the nanosensor’s ability to sense hydrogen perox-
ide when immobilized through an imaging format (Figure 4b).
The addition of water at 60 s shows no measurable fluorescence
change, while the addition of 588 um H,0, at 120 s shows a
signal increase of ~15%, with representative images at Frame
9 (Figure 4c) and 124 (Figure 4d). This response can thus still
Dbe attributed to the analyte’s presence upon addition rather than
volume increases.
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Further, the repeatability of this response can be seen by the
similar sharp increases in fluorescence upon subsequent addi-
tions of H,0, every 120 s (Figure 4e). The fluorescence intensity
increases for each addition by a similar magnitude, suggesting
that the consumption of analyte by HRP is modulating SWCNT
fluorescence intensity rather than an interaction between the an-
alyte or reaction byproducts and the SWCNT itself. In the con-
text of the mechanism proposed in Section 2.3, the low concen-
tration of H,0, added would rapidly induce the heme center of
HRP to its Compound I or Compound III form before its decay
to native enzyme, causing the observed immediate fluorescence
increase followed by a gradual decay. The signal fails to fully re-
turn to baseline between analyte additions likely due to imaging
drift, where the addition of buffer and analyte to the microwell
dish adds weight that shifts the imaging plane downwards from
its original location, causing a drift in the measured baseline in-
tensity. The visual presence of SWCNTs in the image after H,O,
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Figure 5. Nanosensor selectivity against relevant analytes. Normalized
change in fluorescence values of nanosensor immobilized on glass upon
addition of analytes shows minimal response for analytes other than the
target. Fluorescence change for each ROI (n = 20) 10 s after analyte addi-
tion is plotted as purple circles for each condition. **¥*P = 3.35 x 10~°
(PBS), 1.64 x 10~13 (Glutathione), 2.26 x 10~ (NaOCl), and 2.26 x 10~
(TBHP), and P = 0.89 (Superoxide) in independent two-sample t tests for
each analyte AF/F, in comparison to H,0,.

addition (Figure 4g) confirms that the immobilized nanosensors
are not degrading over the course of the experiment, as does
the persistence of stable spectroscopy nanosensor fluorescence
(Figure 3d). The difference in magnitude of fluorescence modu-
lation between the solution phase HRP-(GT),5-SWCNT nanosen-
sor response to hydrogen peroxide and this immobilized form
factor can be attributed to the difference in analysis between the
two. In solution, the fluorescence is measured for each wave-
length in the nIR region, whereas the immobilized form factor
captures fluorescence images of the sample, aggregating the total
emission over the nIR region into an image. The solution-phase
response is stronger at certain nIR wavelengths (Figure 3c), cor-
responding to different chirality SWCNTs. This sensitivity is lost
in the images as they only capture overall emission, limiting the
magnitude of the response to the same concentration of H,0O,.

2.5. Nanosensor Analyte Selectivity

Following successful demonstration of the surface-immobilized
nanosensor, we next characterized the HRP-(GT);5-SWCNT
nanosensor’s selectivity for H,0, against a panel of relevant an-
alytes (Figure 5). These analytes were chosen to both ensure
that the catalysis of H,0, was the sole signal source rather than
similar structural analogues (TBHP) or downstream reaction in-
termediates (superoxide), and to evaluate the potential interfer-
ence of biomolecules that would be present during in vitro sens-
ing applications (GSH and sodium hypochlorite). Compared to
buffer and H,0, control, the addition of 50 pm of GSH, NaOCl,
and TBHP produced either no response or a turn-off response.
The addition of 50 um of superoxide did produce a turn-on re-
sponse similar to H,0,, though this result is expected as su-
peroxide bound to the heme core of HRP is an intermediate of
the enzyme’s catalytic cycle (Compound III), further supporting

Adv. Funct. Mater. 2024, 2316028

2316028 (12 of 16)

www.afm-journal.de

our proposed mechanism for the nanosensor.”>7# Altogether,
our nanosensor appears to be selective for ROS over other po-
tential interfering species, further confirming the necessity of
HRP-analyte interaction for the observed fluorescence turn-on
response. Further relevant analytes can be quickly assayed using
the immobilized form factor depending on the intended applica-
tion.

3. Conclusion

The generation of SWCNT-based nanosensors has been impor-
tant to enable the visualization of biological analytes through the
unique near-infrared fluorescence of SWCNTs. One outstanding
challenge in the development of SWCNT-based nanosensors lies
in identifying suitable molecular recognition elements to provide
analyte-selective modulation of SWCNT fluorescence. Direct at-
tachment of protein-based molecular recognition agents would
enable a design-based approach to nanosensor development so
long as protein function and SWCNT intrinsic fluorescence can
both be preserved. In this work, we show that triazine-based
SWCNT functionalization can be used to attach HRP enzymes to
SWCNTs and demonstrate H,O, sensing as a proof-of-principle
demonstration of nanosensor functionality. To generate these
sensors, we leveraged triazine-based SWCNT functionalization
to attach free thiol groups to pristine SWCNTs while maintaining
the SWCNT optical properties. We determined that the result-
ing HRP-(GT),5-SWCNT nanosensor showed a concentration-
dependent turn-on fluorescence response to H,0O, in solution,
partly due to the quenched SWCNT fluorescence baseline inten-
sity after HRP conjugation. Fitting this response to a cooperative
binding model produced estimated kinetic parameters includ-
ing a solution-phase LOD of 31 um. Though this value is above
typical cellular ROS levels (100 nmM—10 um),”! the nanosensor
showed the ability to sense H,0, when surface-immobilized on
glass, presenting an alternate viable sensing form factor for effec-
tive H, O, sensing in other systems with higher H, O, levels such
as contaminated water samples and food production.’!l In this
imaging form factor, the nanosensor showed robust analyte selec-
tivity against similar analytes. Taken together, this study demon-
strates the potential of covalent protein-SWCNT nanosensors for
sensitive, specific, and stable analyte sensing and imaging.

The nanosensor synthesis platform developed here can also
be extended to conjugate other proteins and enzymes of inter-
est and generate robust nanosensors for biologically relevant
analytes. The use of Sulfo-SMCC as the cross-linking agent al-
lows any protein with exposed primary amines to be a candi-
date for conjugation to SH-SWCNTs. Additionally, the use of
Triazine-SWCNT chemistry provides a wide library of available
SWCNT surface functional groups like carboxylic acids (-COOH),
primary amines (-NH,), and biotin. These functionalized SWC-
NTs could thus be used with other cross-linker systems to con-
jugate proteins that are not amenable to maleimide functional-
ization via Sulfo-SMCC. While our approach for using covalent
conjugation of enzymes to SWCNT could be generalizable for
other enzymes and possibly also antibodies, we note that ensur-
ing proper quality control of the nanosensor product is imper-
ative for downstream use. For instance, commercially-procured
enzymes and antibodies have been reported to have variable
levels of activity, which could compromise the reproducibility
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of the nanosensor product.l’®%"l Furthermore, proteins are also
known to have variable levels of intrinsic affinity for the SWCNT
surface.l8182] Therefore, it is important to assess both the level of
enzyme non-specific binding to the SWCNT surface and the level
of enzymatic or binding activity of the final nanosensor prod-
uct to ensure the response originates from covalently-attached
proteins.I'’] Orthogonally, SWCNTs are also confirmed to be
valuable as biomolecule delivery agents,[®>%¢ and our conjuga-
tion work herein could enable protein conjugation to SWCNTs
for protein delivery applications. Ultimately, these nanosensors
could help advance the use of SWCNTs as nanomaterials for ther-
anostics, delivery, and cellular fluorescence imaging purposes.

4. Experimental Section

Materials:  All  chemicals unless otherwise stated were pur-
chased from Sigma-Aldrich. Raw high pressure carbon monoxide
(HiPco) synthesized SWCNTs were purchased from Nanolntegris
(SKU# 1601). C,-PEG(2000)-Ceramide  (N-palmitoyl-sphingosine-
1-{succinyl[methoxy(polyethyleneglycol)2000]}) was purchased from
Avanti Polar Lipids (SKU# 880180P). (GT);5 ssDNA was purchased
from Integrated DNA Technologies. Sulfo-SMCC (sulfosuccinimidyl
4-(N-maleimidomethyl)cyclohexane-1-carboxylate) was purchased from
ThermoFisher Scientific (Catalog# A39268). Luminol (Pierce ECL
Western Blotting Substrate) was purchased from ThermoFisher Sci-
entific (Catalog# 32 209). Glass-bottom microwell dishes (35 mm
petri dish with 10 mm microwell) were purchased from MatTek (Cata-
log# NC9341562). Hydrogen Peroxide (3% w/w) was purchased from
Labchem (Catalog# LC154501). Sodium hypochlorite was purchased
from Avantor Performance Materials (Catalog# 9416-01). Tert-butyl
hydroperoxide (TBHP) was purchased from EMD Millipore (Catalog#
8.14006.0250). Xanthine was purchased from Sigma-Aldrich (Catalog#
X7375-25G). Xanthine Oxidase (from buttermilk) was purchased from
Millipore Sigma (Catalog# 682151-10U). 2-(2-methoxy-4-nitrophenyl)—3-
(4-nitrophenyl)—5-(2,4-disulfophenyl)—2H-tetrazolium  (WST-8)  was
purchased from MedChemExpress (Catalog# HY-D0831-25MG).

Synthesis  of  SH-Functionalized ~SWCNTs: Synthesis of SH-
functionalized SWCNTs was adapted from previous literature.[27:2°]
Briefly, pristine HiPco SWCNTs (1 g) were dispersed in N-methyl-2-
pyrrolidone (NMP) (150 mL) in a round bottom flask with a stir bar. The
mixture was bath sonicated (Branson Ultrasonic 1800) for 1 h at 25 °C
followed by gentle stirring for 1h at 25 °C. The mixture was then cooled to
0°Conice. 2,4,6-1,3,5-trichloro-triazine (10 g, 54 mmol) was dissolved in
NMP (50 mL) and slowly added to the SWCNT dispersion. The resulting
mixture was stirred for 20 min at 0 °C. Sodium azide (1.76 g, 27 mmol)
was gradually added to the mixture and stirred for 2 h at 0 °C. The mixture
was then stirred at 25 °C for 1 h followed by stirring at 70 °C for 12 h to
yield Trz-H-SWCNTs. This product was purified by repeated centrifugation
and washing steps with 10 mL each of acetone, water, toluene, then
chloroform. The purified product was then lyophilized for storage and
characterization.

Trz-H-SWCNTs (10 mg) were dispersed in dimethylformamide (DMF)
(5 mL) and bath sonicated for 15 min at 25 °C. Cysteine (1 mg) and a
1.5 M excess of triethylamine were added to the mixture and stirred for
48 h at 65 °C. The product (SH-SWCNTs) was purified by centrifugation,
supernatant removal, and re-dispersion in washes of DMF (4 mL, 2X) then
water (4 mL, 2X). The product was then dialyzed against water using a
Slide-A-Lyzer G2 10 kDa MWCO dialysis cassette (Thermo Scientific) for 1
week with daily water changes (2 L). The purified product was pelleted by
centrifugation and lyophilized for storage, characterization, and covalent
HRP functionalization.

Noncovalent Adsorption of ssDNA to SH-SWCNTs by Probe-Tip Sonica-
tion: SH-SWCNTs (1 mg) and (GT) 5 single-stranded DNA (1 mg) were
dispersed in 1X phosphate buffered saline (PBS) (500 pL, pH 7.4) and
bath sonicated for 10 min at 25 °C. The solution was then probe-tip son-
icated with an ultrasonic processor (Cole Parmer) and a 3 mm stepped
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microtip probe with pulses of 3-7 W for 1s followed by 2 s of rest for a to-
tal sonication time of 15 min. The solution was equilibrated for Th at 25 °C
then subsequently centrifuged at 16100 relative centrifugal force (RCF) for
30 min to remove unsuspended SWCNT aggregates. Suspended SWCNTs
formed a homogeneous dark gray solution and were measured for concen-
tration by UV-Vis—IR absorbance (Shimadzu UV-3600 Plus) with samples
in a 100 uL volume, black-sided quartz cuvette (Thorlabs, Inc.). SWCNT
concentration was calculated from absorbance at 632 nm using the Beer-
Lambert law with extinction coefficient eg3, = 0.036 L mg™" cm™1.[87]

Corona Exchange Dynamics Assay for HRP-SWCNT Adsorption:  Corona
exchange dynamics studies were conducted as described previously.!"’]
Briefly, HRP, fibrinogen, and human serum albumin were labeled with
a fluorophore (FAM) via N-hydroxysuccinimide ester conjugation (Lu-
miprobe). Protein (10 mg) in 1X PBS (900 pL) and an eight-fold molar
excess of FAM-NHS in dimethyl sulfoxide (DMSO) (100 uL) were gently
mixed via end-over-end rotation in a foil-covered tube for 4 h. FAM-protein
conjugates were then purified with Zeba 2 mL spin desalting columns
with 40 kDa MWCO (Thermo Scientific) to remove excess unreacted FAM-
NHS according to manufacturer’s instructions. The purified FAM-proteins
were measured for concentration and degree of labeling via UV-Vis—IR
absorbance at 280 nm for protein and 495 nm for FAM. The degree of
labeling was calculated as the molar ratio of FAM to protein in the sam-
ples. 200 mg L™' FAM fluorophore-labeled protein (25 uL) was added
to 10 mg L=' SH-SWCNTs dispersed with (GT);5 ssDNA, Cq¢-PEG2k-
Ceramide, and SC (25 ul) in triplicate. The solutions were combined via
microchannel pipette in a 96-well PCR plate (Bio-Rad) and mixed by pipet-
ting. The plate was sealed with an optically transparent adhesive seal and
gently spun down in a benchtop centrifuge. Fluorescence time series mea-
surements were obtained with a Bio-Rad CFX96 Real Time qPCR System
by scanning the FAM channel every 30 s at 25 °C.

Covalent Conjugation of HRP to SH-SWCNT via Sulfo-SMCC Cross-Linker:
(GT);5-SH-SWCNTs were diluted to 20 mg L= in PBS and 5% v/v TCEP
to reduce disulfide bonds between SWCNTs. HRP was similarly diluted to
2 mg mL~" in PBS and Sulfo-SMCC dissolved in Milli-Q H,O was added
at 10:1 molar ratio Sulfo-SMCC:HRP. Both mixtures were incubated sepa-
rately for 1 h at 25 °C. Each solution was then de-salted to remove excess
TCEP and Sulfo-SMCC, respectively, with 7 K MWCO Zeba Spin Desalt-
ing Columns (2 mL) according to manufacturer’s instructions. Purified
(GT)15-SH-SWCNTs and maleimide-functionalized HRP were then mixed
at a final concentration of 10 and 1 mg mL™", respectively, and incubated
1 h at 25 °C. The finished reaction mixture was purified to remove un-
conjugated maleimide-HRP with 100 K MWCO Amicon Ultra Centrifugal
Filters (0.5 mL). The membrane was rinsed with PBS and centrifuged at
5000 rcf for 5 min. The raw reaction mixture was then added and spun at
the same conditions. PBS (450 uL) was added to the membrane to wash
away excess protein and spun at the same conditions and repeated once.
Finally, the membrane was cleaned with PBS (200 uL) to remove adsorbed
SWCNTs and the membrane was inverted and spun at 1000 rcf for 2 min to
collect the purified sample. The recovered HRP-(GT) 5-SWCNTs were then
diluted to their original reaction volume and characterized by UV-Vis—IR
absorbance and nIR fluorescence measurements.

Atomic Force Microscopy of SWCNT Nanosensors:  SWCNT nanosen-
sors were analyzed for the presence of HRP with atomic force microscopy
(AFM). A small square (1 cm x 1. cm) of mica substrate was adhered to a
glass slide and the top surface was freshly cleaved with tape immediately
prior to sample preparation. HRP-(GT);5-SWCNT (100 uL) at 5 mg L™" in
1X PBS was statically dispensed onto the mica surface and spin-coated at
2000 rpm for 1 min. Static dispense and spin coating was then repeated
with an additional 100 uL of 5 mg L=! HRP-(GT);5-SWCNT to increase
the coverage of functionalized SWCNT on the mica surface. Once doubly
coated, deionized water (100 L) was slowly dynamically dispensed onto
the coated surface while spinning to rinse off excess salts. The sample was
then stored at room temperature overnight and imaged using a TAP150AL-
G (Ted Pella) Aluminum Reflex coated tip coupled to an MFP-3D-BIO AFM
(Asylum Research) in soft tapping mode.

Luminol Assay for HRP Activity: HRP activity was assessed using the
Pierce ECL Western Blotting Substrate kit. Briefly, the samples were all
diluted to the same HRP concentration as the lowest concentration to
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be measured for activity, typically the nanosensor. Each sample was con-
firmed to be at the correct [HRP] via Qubit assay according to manufac-
turer’s instructions. The peroxide and luminol stocks from the kit were
mixed at 1:1 by volume and added to each sample to dilute the [HRP] to
the working concentration of 0.5 mg L™ according to the manufacturer’s
instructions. Each sample (50 uL) was added to a 96-well plate in tripli-
cate and the luminescence of each well was measured over 60 min on a
luminescence plate reader (Tecan M1000).

Near-Infrared Spectroscopy of SWCNT Nanosensors:  Fluorescence
spectra were obtained with an in-house nIR microscope setup. Briefly, an
inverted Zeiss microscope (Axio Observer.D1, 10X objective) coupled to a
Princeton Instruments spectrometer (SCT 320) and liquid nitrogen-cooled
Princeton Instruments InGaAs detector (PyLoN-IR) was used. SWCNT
samples were excited with a 721 nm laser (OptoEngine LLC) and emis-
sion was collected in the 850 — 1350 nm wavelength range. The samples
were measured in a 384 well-plate (Greiner Bio-One microplate) with a to-
tal volume of 30 uL per well. For solution-phase sensor response screens,
nanosensor at 2.5 mg L™! [SWCNT] in 1X PBS (27 L) was added per well
and 10X H,0, (3 pL) was injected per well with a microchannel pipette
in triplicate. After analyte addition, each well was briefly mixed by pipet-
ting, sealed with an adhesive seal (Bio-Rad), and spun down for 10 s with
a benchtop well plate centrifuge to remove bubbles. Fluorescence spectra
were measured at time points of 0 min after analyte addition, 5, 10, 15,
20 min, and every 10 min after until 1 h post-addition.

Near-Infrared Microscopy of SWCNT Nanosensors:  Fluorescence im-
ages were captured with the same epifluorescence microscope setup as
described previously with a 100X oil immersion objective and a Ninox
VIS-SWIR 640 camera (Raptor). Nanosensors were immobilized on glass-
bottom microwell dishes (35 mm petri dish with 10 mm microwell, Mat-
Tek) as follows: each dish was washed twice with PBS (150 pL), incubated
with nanosensorat 2.5 mg L™! (100 uL) for 20 min, and washed twice again
with PBS (150 pL). For each image, PBS (160 pL) was added to the dish
and the z-plane was refocused to maximize SWCNT fluorescence inten-
sity. Images were then recorded over 5 min with an exposure time of 950
and 1000 ms repeat cycle. Water (20 uL) was added at Frame 60 and ana-
lyte (20 uL) was added at Frame 120. Images were processed with Image|
as follows: a median filter (0.5-pixel radius) and rolling ball background
subtraction (300-pixel radius) were applied, the image was cropped to
eliminate gaussian blur and highlight the center of the image with the
brightest nanosensors (width = 375, height = 375, x-coordinate = 110,
y-coordinate = 36), the image was then analyzed using the ROl analyzer
tool (Multi Measure) highlighting the clearest 20 ROls of nanosensor bun-
dles.

Superoxide Generation: Superoxide was generated enzymatically with
the Xanthine/Xanthine Oxidase system according to previously estab-
lished protocols.[7#! Briefly, Xanthine was dissolved at 10 mm in 0.1 m
NaOH and the pH was adjusted to 7 with 0.1 m HCl and a pH probe.
Xanthine Oxidase was diluted to 0.1 U mL~" in 1X PBS. Xanthine and Xan-
thine Oxidase (50 uL each) were added to 1X PBS (140 uL) in an Eppendorf
tube and incubated 2 h at 25 °C. Separately, the generation of superoxide
was validated by incubating 20 mg mL~" WST-8 with the reaction mixture.
The absorbance at 460 nm of the resulting solution was measured to de-
termine the presence of the WST-8 formazan product, which was propor-
tional to the generation of superoxide. Using the Beer-Lambert law with
extinction coefficient e,50 = 30700 M~! cm~" for the formazan product
and knowing 2 superoxide radicals were required to generate 1 formazan,
the superoxide concentration in this system was calculated (Figure S15,
Supporting Information).[88]

SDS-PAGE of Nanosensors and Filtration Flowthroughs:  SDS-PAGE was
performed according to previously established protocols. Briefly, sample
buffer was prepared by combining glycerol (2.5 mL), water (3.75 mL),
0.5 M Tris-HCl buffer pH 6.8 (1.25 mL), and 10% w/v SDS (2 mL). Gel
running buffer was prepared with 10X Tris/Glycine/SDS Buffer (50 mL,
Bio-Rad) and deionized water (450 mL). Sample (5 pL) was added to sam-
ple buffer (7.5 pL) and 6X loading dye (2.5 pL, New England Biosciences)
and boiled at 95 °C for 5 min. Samples were then loaded onto a 4-20%
Mini-PROTEAN TGX Precast Protein Gel (Bio-Rad) in a Mini-PROTEAN
Tetra Vertical Electrophoresis Cell (Bio-Rad) with running buffer according
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to manufacturer’s instructions. Gel electrophoresis was run with a Mini-
PROTEAN PowerPac Basic Power Supply (Bio-Rad) at 200 V for 30 min.
The finished gel was then stained with Coomassie Brilliant Blue (Thermo
Scientific) for 1 h, shaking gently. The gel was then de-stained overnight
with 50% water, 40% methanol, 10% acetic acid (v/v/v) solution. The fi-
nal gel was rehydrated in water and imaged according to manufacturer’s
instructions on a Typhoon FLA 9500 laser scanner (Cytiva) in digitization
mode with a 532 nm excitation laser and a long-pass green filter. Gel im-
ages were processed with image] to adjust color contrast and image field
of view.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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