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Abstract

We report the design and adaptation of iron/iron oxide nanoparticle-based optical nanobiosensors
for enzymes or cytokine/chemokines that are established biomarkers of lung diseases. These
biomarkers comprise ADAM33, granzyme B, MMP-8, neutrophil elastase, arginase, chemokine
(C-C motif) ligand 20 and interleukin-6. The synthesis of nanobiosensors for these seven
biomarkers, their calibration with commercially available enzymes and cytokines/chemokines,
as well as their validation using bronchoalveolar lavage (BAL) obtained from a mouse model

of TLR3-mediated inflammation are discussed here. Exhaled Breath Condensate (EBC) is a
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minimally invasive approach for sampling airway fluid in the diagnosis and management of
various lung diseases in humans (e.g., asthma, COPD and viral infections). We report the proof-
of-concept of using human EBC in conjunction with nanobiosensors for diagnosis/monitoring
airway inflammation. These findings suggest that, with nanosensor technology, human EBC can
be utilized as a liquid biopsy to monitor inflammation/remodeling in lung disease.

Keywords

Nanomedicine; Nanodiagnostics; Iron/iron oxide core/shell nanoparticle; Optical biosensor; Lung
inflammation

Sampling airway mucosal fluids: the need for a feasible liquid biopsy

There is considerable interest in sampling the airway fluid in the diagnosis and management
of lung disease.1? Liquid biopsies have the distinct advantage that no tissue samples have

to be collected, minimizing patient discomfort and enabling repetitive studies over time to
monitor disease progression.3-5 However, for lung diseases, such as asthma, COPD (Chronic
obstructive pulmonary disease) or lung cancer, the search for the best liquid biopsy is still in
progress. Whereas blood-based liquid biopsies are rapidly becoming established in clinical
diagnostics,® other methods for directly sampling airway biomarkers are desirable. Due to
the unique physiology of the lung, disease-relevant biomarkers in the airways do not appear
in the circulation, requiring distinct collection and measurement approaches.

Currently, airway sampling methods comprise bronchoalveolar lavage (BAL),
bronchoscopic microprobes, induced sputum (IS), and exhaled breath condensates (EBCs).
Briefly summarized in Table 1, these sampling techniques vary by: 1) level of invasiveness,
2) bias for sampling distinct regions of the lung, 3) amounts recovered, and 4) types of
biomolecules sampled.2 BAL is a highly invasive investigational tool that directly samples
regions of the airway by dilution. Databases have been established that are cataloging

the proteins obtained by BAL fluid extraction.”-8 Similarly invasive, the bronchoscopic
microprobe is an adsorptive tip capable of sampling fluid and cells locally in the airway.®
IS is an alternative collection technique by inhalation of hypertonic saline that confers the
added advantage of sampling the secretory products of the proximal and distal airways
through normal mucus transport.1% Both BAL and 1S contaminate the specimen with
sodium chloride, so measurements of electrolytes are precluded. All bronchoscopy-based
methods also introduce lidocaine or other anesthetic agents into the recovered specimens.
Finally, for study of microbiota, there is the potential to contaminate bronchoscopy-derived
specimens with upper airway flora. With respect to patient comfort, it is of importance

that all methods for obtaining liquid biopsies except EBC require some level of anesthesia
(e.g., BAL or bronchoscopy), or unpleasant utilization of hypertonic saline (e.g., induction
of sputum expectoration). In contrast, enhanced breath condensate (EBC) is a method

of collection in which patients freely exhale with low effort into a cooled condensing
collection device, requiring no anesthesia or induction, and little coaching. EBCs primarily
sample epithelial-derived metabolic products and nanostructures of biological origin. They
are enriched in water, water soluble gases, hydrogen peroxide, leukotrienes, isoprostanes,
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and small proteins, which can serve as biomarkers for lung diseases.1! However, there are
challenges with the potential for salivary protein contamination, low volume of collected
material, dilution of the specimen by condensed water vapor, and limited protein sampling.2
One potential strategy to circumvent these obstacles is the search for signature enzymes

and chemokines/cytokines in EBC that can be detected in extremely small concentrations.
Although this approach potentially limits the number of potential biomarkers that can be
measured, it has the distinct advantage that point-of-care-devices can be designed without
requiring collection of patients’ blood, BAL, or sputum. (See Scheme 1.)

Optical nanobiosensors for the quantitative determination of proteases, enzymes capable
of posttranslational modifications, and cytokines

Accordingly, since 2007, the Sensor Team at Kansas State University has been continuously
improving their patented bionano-sensor technology for the ultra-sensitive detection

of proteases,14-16 and post-translational modifications,” in serum and milk.18 This
nanobiosensor technology is based on the optical properties of magnetic Fe/Fe3Oy4 core/shell
nanoparticles that have been linked to fluorophores and FRET-quenchers and has been
developed for invitro diagnostics.1%-23 One of the characteristics of this technology is that
numerous proteases, as well as arginase, can be detected at sub-femtomolar activities.19:20.23
Furthermore, enzymatic activity can be determined in a wide range (107> to 10716
M).19.20.22 Here, we report the expansion of our proven nanobiosensor technology to detect
and establish reliable biomarkers for mucosal inflammation in EBC. For that purpose, we
are introducing novel nanobiosensors for the detection of disintegrin and metalloproteinase
domain 33 (ADAM 33),24 granzyme B,2° chemokine (C-C motif) ligand 20 (CCL20)26

and interleukin-6 (IL-6),27 as well as improved nanobiosensors for arginase,2® which will

be used for the detection of proteases and cytokines/chemokines in EBC, together with

the established nanobiosensors for neutrophil elastase (NE) and matrix metalloproteinase-8
(MMP-8).21.23

Pro-inflammatory factors in lung disease

The basis for our interest in the pro-inflammatory factors mentioned above is their known
involvement in inflammatory lung diseases. For example, ADAM 33 has been identified as
key protease in airway hyper-responsiveness and airway wall remodeling.24 Granzyme B
is a serine protease that is delivered via perforin to target cells by cytotoxic lymphocytes,
and it plays an important role in innate and adaptive immunity. Since the latter requires pro-
inflammatory signaling, granzyme B is also involved in numerous inflammatory processes
associated with several lung diseases.2> CCL20 is a small cytokine (70 amino acids),
belonging to the CC chemokine family, which attracts lymphocytes and dendritic cells

as part of the inflammatory process, and is implicated in the formation and function

of mucosal lymphoid tissues by binding to its receptor CCR6 (C-C Motif Chemokine
Receptor 6).28 IL-6 (183 amino acids) is a multifunctional pro-inflammatory cytokine and
anti-inflammatory myokine.2” It is a key player in lung disorders involving inflammation,
remodeling and fibrosis.2® In chronic airway diseases, such as asthma and COPD,

elevated arginase activity reduces the availability of L-arginine, thus causing inflammation,
airway contractility, and remodeling.28 NE30 and MMP-83! cleave extracellular matrix
proteins, which results in the formation of matrikines (signaling oligopeptides capable
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of increasing the chemotaxis of neutrophils and other defensive cells), which are again
pro-inflammatory.3! In summary, this group of pro-inflammatory factors forms a solid basis
for investigations utilizing nanobiosensors for their detection within liquid biopsy samples of
small quantities originating from the lung.

Results and discussion

I. Nanobiosensors for protease detection

Fe/Fe30,4 nanoparticles were used for the assembly of nanobiosensors for protease detection
described in this study. These nanoparticles have a well-defined core/shell structure, with
an average diameter of 13 £+ 0.5 nm for the Fe(0) core and 2.0 = 0.5 nm for the Fe304

shell thickness, resulting in nanoparticles with an average size of 15 nm.1® The HRTEM
image reveals the polycrystalline nature of the nanoparticles and their distinctive core/shell
structure. Dopamine forms robust organic coatings with binding constants of the order of
1015 L/mol,32 and it also increases the water-solubility of the nanosensors from <0.1 g
L1 to >5 g« L7119, Porphyrins have been used as cleavable fluorescent dyes because their
photophysical properties are well-characterized.33 Cyanine (Cy) 5.5 has been co-attached as
FRET quencher due to its large molar extinction coefficient and suitable Forster radius.34
Therefore, both dyes have been selected as a FRET pair for the nanobiosensors. The
structure of the nanosensor composed of dopamine-coated Fe/Fe3O4, consensus sequence,
TCPP (tetrakis-carboxyphenyl-porphyrin), and Cy 5.5 is shown in Figure 1. Importantly,
Cy 5.5 is permanently linked to dopamine without using an enzyme-cleavable tether.
Consequently, Cy 5.5 remains permanently bonded to the nanoparticle during the protease
detection process. Based on mathematical modeling taking into account the surface of the
Fe/Fe30,4 nanoparticle, the tether lengths and the Férster radii of TCPP and Cy 5.5, we
have calculated that optimal quenching can be observed for 35 TCPP and 50 Cy 5.5 dyes
at the nanoparticle’s surface.3>36 Due to additional plasmonic quenching by the Fe/Fe30,
nanoparticles, the nanobiosensor shows only minimal fluorescence intensity.1® Once the
oligopeptide tether is cleaved by a protease with high selectivity for the selected consensus
sequence, the fluorescence of TCPP increases significantly (ON mode) and can be utilized
for measurements. This technology has been successfully utilized for the detection of early
breast20 and pancreatic?3 human cancers by means of liquid biopsies, using serum.

ADAM 33, granzyme B, Neutrophil elastase and MMP-8 have been selected as proteases of
interest for exhaled breath-based liquid biopsies. Their consensus sequences are summarized
in Table 2.37 The synthesis of the nanobiosensors is described in the Experimental Section.
(See Table 3.)

II. Animproved nanobiosensor for arginase detection

Two isoforms of arginase, arginase | (L-arginase ureahydrolase) and arginase |1, are found
in mammals. Both arginases metabolize L-arginine to L-ornithine and urea according to the
following equation3®:

Besides their fundamental role in the hepatic urea cycle, arginases are key players in the
immune system. It is noteworthy that arginases and nitric oxide (NO) synthases compete
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for the substrate L-arginine. Disrupted L-arginine homeostasis causes inflammation, airway
contractility, and remodeling in lung tissue.28

Utilizing these properties, we designed the first nanobiosensor for the combined detection
of arginases | and 11 activity, in 2017.22 It featured the oligopeptide GRRRRRRRG (GR;G)
(g: Glycine, R: arginine) between a central, dopamine-covered Fe/Fe304 nanoparticle (see
Figure 1, B) and a pair of energy transfer resonant fluorescein dyes (cyanines 5.5 and

7.0). Specificity for arginases vs. (inducible) NO-synthases, which both use L-arginine as
substrate was achieved taking advantage of the biochemical characteristics of both groups
of enzymes. Arginases are capable of converting arginine units within an (oligo) peptide to
ornithine, whereas inducible NO-synthases can only convert the free amino acid L-arginine
to L-citrulline.3%40 The functional principle of this first fluorescence nanobiosensor for

the detection of a posttranslational modification is that GO7G (o: ornithine) possesses

a distinctly different oligopeptide dynamic than GR7G, which translates into detectable
changes of nanoparticle-fluorophore interaction. It is noteworthy that the first generation

of nanobiosensor for L-arginine detection had a sub-picomolar limit of detection (LOD)
for arginase activity. Whereas this sensitivity appears to be suitable for studying arginase
activities in tissue and serum, it is not sufficient for studying arginase activity in EBC.
Therefore, we have redesigned the second generation of nanobiosensor for detection of low
levels of arginase activity for this specific purpose.

Inspired by the success of the nanobiosensors for protease detection (Figure 1, A), we have
exchanged the Cy 5.5 and 7.0 FRET pair against TCPP (donor) and Cy 5.5 (acceptor). This
approach takes additional advantage of the ability of the guanidino side chain of arginase to
undergo effective proton transfer quenching of photo-excited states.4! Therefore, an increase
in TCPP fluorescence is observed upon enzymatic conversion of GR;G into GO;G, which
is caused by the conversion of arginine, which is a proton-quencher of TCPP, into ornithine,
which is not a photo-quencher of TCPP.

Nanobiosensors for cytokine detection

The third class of nanobiosensors features supramolecular recognition sequences for
cytokines or other biological targets. As shown in Figure 2, B, the distance between the
central Fe/Fe304 nanoparticle and oligopeptide-tethered fluorescent dye (TCPP) increases
upon cytokine binding by a supramolecular recognition sequence. The latter can bind to
either a functional or non-functional epitope of the cytokine. Binding to non-functional
epitopes has the advantage of not having to compete with cytokine receptors. However,

it has to be confirmed by means of crystal structure determination, 3D-NMR studies, or
molecular modeling that the epitope of interest is accessible and not concealed within the
cytokine’s 3D structure.

A typical procedure for finding and optimizing a supramolecular recognition sequence is
described as follows. The primary and tertiary structures of the target (e.g. interleukin-6) are
retrieved from a data bank (e.g. UniProt*3 or Protein Data Bank*4). The tertiary structure of
the target is then redefined using the software packages developed by the Protein Structure
Bioinformatics Group of the Swiss Institute of Bioinformatics Center, University of Basel,
Switzerland.*> A docking procedure between the optimized target and the antibody’s light
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or heavy chains is performed using the Mobyle platform developed by the Institut Pasteur
Biology IT Center, Paris, France.%6 This procedure reveals the real epitopes on the target. A
final “site finder” procedure is then performed on the Mobyle platform docking the epitope
of the target to the optimized structure of the antibody (Ab) fragment. This structure reveals
the peptide sequence of the Ab fragment that is actually responsible for binding to the target.
If this sequence is linear, it will be synthesized and placed between Fe/Fe304 and TCPP.

If it is not linear, or if the LOD of the resulting nanobiosensor is not at least 10714 M, the
in-silico procedure is repeated using the structural information from another MAB.

The calibrations of the nanobiosensors for detecting interleukin-6 (IL-6) and C-C motif
chemokine 20 (CCL 20) indicate that both nanobiosensors are capable of measuring their
respective cytokine over eight orders of magnitude. Furthermore, both reach femtomolar
LOD’s. The supramolecular binding sequence for recognizing IL-6 is GANRPAQAWMLG.
For supramolecular CCL 20 detection, GTQWWVVCQQFG was employed.

Generally, the length of the tether has to be optimized to ensure optimal signal-to-noise,
and a broad range of detection. In order to compete with the methods for cytokine
detection discussed above and to be able to detect cytokines in biospecimens without prior
enrichment, the LOD of this technology should be at least ten times more sensitive than
ELISA.

It is important to note that this technology can easily be extended to other enzymes,
cytokines, or toxins. In all cases where an epitope can be identified, an oligopeptide (peptide
aptamer) can be designed /n-silico that binds to the target with binding constants Kg > 1015
M, permitting the ultra-sensitive fluorescence detection of this binding event. As our initial
results demonstrate, this technology can reach sub-femtomolar LOD, and is therefore at least
ten times more sensitive than the most sensitive immunoassays and related technologies,
making it suitable for detection of targets within EBC fluid.

IV. Detection of arginase and matrix metalloproteinase activities and cytokines in mouse
bronchoalveolar lavage (BAL)

The immunostimulant polyinosinic:polycytidylic acid (poly IC), a potent agonist of Toll-
like Receptor (TLRE3), was chronically administered to eight mice to induce neutrophilic
inflammation and injury-repair.4” A second group of eight mice was treated with phosphate
buffered saline (PBS, control). ADAM33, granzyme B, MMP-8, neutrophil elastase,
arginase, CCL20 and interleukin-6 were analyzed in BAL using the nanobiosensor detection
technology described above. All selected biomarkers, with the exception of CCL20, indicate
that the mice receiving poly IC showed a clearly discernible inflammatory response,
compared to the control group treated with PBS only. Box plots of the activities of the
investigated enzymes and the concentrations of the cytokines/chemokines are shown in
Figures 3-6.

The data shown in Figures 3-6 clearly indicate that statistically significant differences in
the activity of signature enzymes and the concentration of cytokines/chemokines in mice
treated with poly-IC vs. PBS can be observed in BAL. It should be noted that there

are significant homologies between mice, since the protein-coding regions of the mouse
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and human genomes are 85% identical.37 However, we cannot calculate exact enzymatic
activities and chemokine/cytokine concentrations for the performed mouse experiments,
because our validation and calibration experiments were carried out with recombinant
human proteins (see below). BAL is principally suited for liquid biopsies utilizing the
nanobiosensor technology. However, as discussed above, the collection of BAL from human
patients is problematic due to the requirement of anesthesia. Therefore, we have expanded
this study by including exhaled breath condensate from a total of six patients. We are aware
that these results are only preliminary. However, they permit the evaluation of the suitability
of EBC for Liquid Biopsies.

V. Measurements of protease activities and cytokine/chemokine concentrations in
exhaled breath condensate

In Figure 7 and Table 4, the activities of four protease biomarkers for pulmonary
dysfunction, ADAM 33,24 granzyme B,2> matrix-metalloproteinase-831 and neutrophil
elastase,30 a cytokine (interleukin-6)27 and C-C motif chemokine 20,26 as well as arginase2?,
are shown. These results clearly indicate that measurements of the activity of signature
proteases of lung diseases are possible using EBC for liquid biopsies. Because of the

lack of other measurements in EBC, conclusive comparisons with the results of other
research endeavors cannot (yet) be drawn. While the sample number was small (three
non-asthmatic healthy human subjects and three patients diagnosed with mild asthma), clear
numerical trends were visibly discerned, and a ¢test with equal variance indicated significant
differences in EBC biomarker levels that were associated with the diagnosis of asthma.
Whereas the healthy human subjects did not show any measurable activity for ADAM 33,
granzyme B and neutrophil elastase (< 10716 mol per liter), all three biomarkers were clearly
detectable in the group of asthmatic persons. Enzymatic activities were ranging from 2.6

x 10715 t0 2.0 x 10712 mol L™ for ADAM 33, from 4.6 x 10714 t0 4.0 x 10712 mol L1

for granzyme B and from 9.0 x 10716 to 6.2 x 10714 mol L1 for neutrophil elastase. It

is noteworthy that the MMP-8 activities for healthy volunteers ranged from 2.8 x 10713

to 7.6 x 10711 mol L=, whereas significantly lower activities were obtained for the group

of asthma patients (2.6 x 10716 to 1.2 x 10714 mol L~1). The number of investigated

human subjects in this study too small to formulate a conclusive general paradigm here,

but our results indicated that future studies should likely revisit MMP-8 and several other
biomarkers in healthy vs. asthmatic human subjects.

The detection of the chemokine CCL2026 and the cytokine interleukin-627 has been
achieved, to the best of our knowledge, for the first time employing a Fe/Fe304 core/shell
nanoparticle-based nanobiosensor. Collecting EBC proved to be a viable method for liquid
biopsies for cytokine/chemokine detection in patients with lung disease. The detectable
concentration ranges in healthy volunteers and asthma patients were 2.8 x 10714-2.4 x
10712 mol L1 and 8.0 x 10712-1.3 x 10711 mol L1, respectively (Figure 8). Whereas
interleukin-6 concentrations were not detectable in healthy volunteers, they ranged from
1.5 x 10710 t0 5.0 x 1079 mol L1 is asthma patients, indicating that interleukin-6 is an
important biomarker for lung injury, as has been established before by using a tailored
immunoassay.*8 These initial data points suggest that the Fe/Fe30,4 core/shell nanoparticle-
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based nanobiosensors should have the sensitivity to be useful in measuring chemokines and
cytokines in EBC.

VI. Measurements of arginase activities in exhaled breath condensate

Arginase converts L-arginine into L-ornithine, which is further metabolized to L-proline,
L-hydroxyproline, and then collagen, potentially leading to fibrosis.28:4% As shown in Figure
8 and Table 4, arginase activity could be detected in EBC of the healthy control group (3.6 x
10715-5.0 x 10715 mol L1) and the group of mild asthma patients (1.2 x 10712-6.0 x 10712
mol L™1). Note that the average arginase activity increased by three orders of magnitude in
asthma patients, compared to healthy human subjects.

Conclusions

Exhaled breath condensate (EBC) is a minimally invasive liquid biopsy approach that
directly samples airway epithelial-derived metabolic products. Here, we have extended

the optical nanobiosensor technology that was originally developed for the quantification

of cancer-related proteases in serum3:19-23 for the measurement of biomarkers of lung
diseases in murine BAL and human EBC samples. The data obtained clearly indicate that
the nanobiosensor technology can be used to determine proteolytic activities and chemokine/
cytokine concentrations. Apparent differences in enzymatic activities or cytokine/chemokine
concentrations were detected for asthma patients vs. healthy volunteers for ADAM33,
granzyme B, MMP-8, neutrophil elastase, arginase, chemokine (C-C motif) ligand 20 and
interleukin-6. This initial study has indicated that nanobiosensors can be utilized to collect
potentially useful data on factors associated with lung pathology from within BAL and EBC
samples from patients with lung disease. It should be emphasized that EBC is much easier
to obtain than BAL from human patients and enables serial measurements to monitor disease
progression over time or in response to therapeutic interventions. Our results indicate that
collection and measurement of Liquid Biopsies utilizing EBC from lung disease patients
could possibly become a standardized approach, leading to an improved standard of care.

Experimental Section

Procedure for BAL collection from mice

Bronchoalveolar lavage fluid (BALF) was collected from C57BI6 mice that were
administered polyinosinic:polycytidylic acid (poly I:C), a viral RNA pattern mimic

that induces TLR3-associated airway inflammation, as previously described.59 These
experiments were performed according to the NIH Guide for Care and Use of Experimental
Animals and approved by the University of Texas Medical Branch (UTMB) Animal Care
and Use Committee (approval no. 1312058A). Briefly, either PBS (50 pL) or poly I:C
(Sigma-Aldrich, 500 pg/dose in 50 uL PBS) was administered intranasally every other day
over a period of 30 days, followed by an inflammation resolution phase of 12 days, at which
time the mice were humanely terminated and BALF was collected using small sequential
aliquots of PBS (0.5 ml). After separation from BAL leukocytes, the resultant BALF
supernatant was frozen at —80 °C for subsequent cytokine and biomarker measurements.

Nanomedicine. Author manuscript; available in PMC 2022 May 24.
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Procedure for EBC collection and storage

EBC samples were collected from human subjects as previously described®?, using
commercial R-tube equipment. Samples were frozen immediately at =80 °C until analyzed.

Statistical analysis

An Ftest was used to determine if data had equal or unequal variance. After determining
the variance for each dataset, a ftest with equal variance or a #test with unequal variance
(Welch’s ttest) was used to perform the statistical analysis to compare both the mouse BAL
data (PBS vs. PolylC) and the human EBC data (healthy vs. mild asthma) groups, for each
biomarker. The null hypothesis was rejected when the Pvalue was <0.05, determining that
a statistically significant difference was present between the groups being compared. In the
case of the mouse BAL data, the differences were found to be highly significant at the P

< 0.01 level, as reported within the mouse BAL figures. These significant differences were
annotated on each bar graph by marking with asterisks.

Synthesis of nanobiosensors

Detailed descriptions of the syntheses of nanobiosensors and the required components
(dopamine Fe/Fe304 nanoparticles, oligopeptides, TCPP, and cyanine 5.5) have been
reported in our previous studies.19:20.22.23 There, all required steps are discussed in

detail. Briefly, the nanobiosensors that are utilized?1:23 and reported here for the first

time (ADAM33, granzyme B, (improved) arginase, CCL20, IL-6) were assembled from
dopamine coated Fe/Fe3O4 nanoparticles, cyanine 5.5, and peptide sequences that were
linked to TCPP on resin.1® In order to achieve this synthesis, a solution was prepared by
completely dissolving 64 mg of TCPP linked peptide sequence, 37 mg of Cy 5.5, 45 mg
of EDC and 45 mg of DMAP in 30 mL of anhydrous DMF. In a separate vial, 450 mg of
dopamine coated Fe/Fe3O,4 nanoparticles was dispersed in 10 mL of anhydrous DMF by
sonicating for 20 min. Both solutions were then mixed, sonicated for 10 min, and incubated
overnight in a shaker at room temperature. After overnight incubation, the resulting
nanobiosensor was collected via centrifugation (5 min at 10,000 RPM), washed with DMF
to removed excess dye and unbound components, follwed by five washes with cold ether
(263 K). After each washing step, the nanobiosensor was collected via centrifugation.
Nanobiosensor was then collected and dried with argon gas. The nanobiosensors can be
stored for more than 1 year at 253 K under argon.

The calibration procedures and curves are shown in the Sl section.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

ADAM 33 disintegrin and metalloproteinase domain
BAL bronchoalveolar lavage

CCL20 chemokine (C-C motif) ligand 20

COPD chronic obstructive pulmonary disease
EBC exhaled breath condensate

FRET Forster Resonance Energy Transfer
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
IL-6 interleukin-6

IS induced sputum

MMP-8 matrix metalloproteinase-8

NE neutrophil elastase
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Figure 1.
(A) Design principles of a nanobiosensor for protease detection. The OFF mode (left

side schematic) occurs when distance between fluorophore TCPP (tetrakis-carboxyphenyl-
porphyrin), Fe/Fe304 nanoparticle, and FRET-acceptor cyanine (Cy) 5.5C is reduced; upon
cleavage of the oligopeptide tether by a suitable protease present, this distance increases

and leads to an increase in fluorescence intensity, which is called the ON mode (right side
schematic). Blue and red colored circles indicate consensus sequences, as explained in Table
2. (B) TEM and HRTEM of dopamine-coated Fe/Fe3Oy4 core/shell nanoparticles showing
basic core (darker areas) and shell (lighter areas) structure. (C) Typical emission spectra
occurring from the nanosensor for MMP-13 after 1 h of incubation at 37 °C (Agyc = 421
nm). Lower light blue line: buffer; middle black line: nanosensor; higher dark blue line:
nanosensor after incubation with MMP-13.19
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Figure 2.
(A) Design principles of the improved nanobiosensor for arginase detection. Due to

the presence of seven L-arginine residues in G(R;7) TCPP is quenched by means of

three quenching mechanisms: 1) plasmonic quenching, 2) FRET, and 3) proton transfer
guenching. When L-arginase is modified by arginase (I + I1) to L-ornithine, the dynamics
of the tether changes, thus reducing plasmonic quenching and FRET. Due to the hydrolytic
release of urea from L-arginine, proton transfer quenching is no longer possible, and the
reaction ceases. The overall effect is switching on TCPP fluorescence, in response to
arginase activity, which can then be quantified. (B) Design principles of nanobiosensors
for cytokine/chemokine detection. Instead of a consensus sequence, the tether features

a peptide-binding site for an epitope on the cytokine/chemokine of interest. Cytokine/
chemokine binding triggers a conformational change of the tether, resulting in a statistical
increase of TCPP and Fe/Fe304/Cyanine (Cy) 5.5, which decreases both plasmonic
quenching and FRET. Consequently, fluorescence increase of TCPP is observed. Whereas
the distance dependence of FRET processes decreases with r=8, surface energy transfer, also
known as plasmonic quenching,2 drops off according to r# characteristics.

Nanomedicine. Author manuscript; available in PMC 2022 May 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Covarrubias-Zambrano et al. Page 15

A B

35 20
ADAM 33 - 18 | GranzymeB *x

me 1 16
25 14
= =

10

PBS

3
=

Integrated Fluorescence
S
©
=X
<
L
3}

Intensity

2l
°
w
w

0

Figure 3.
Box plots (indicating the observed data range of integrated fluorescence intensity (BioTek

Synergy H1) after 60 min of incubation at 300 K) for (A) ADAM 33 (left) and (B)
Granzyme B (right) activities in mouse bronchoalveolar lavage for PBS (white; 7= 8)

vs. poly-1C in PBS (gray; /7= 8). For both enzymes, ADAM 33 and Granzyme B, the
differences in nanobiosensor fluorescence observed in the group of mice treated with poly-
IC vs. the group treated with PBS were statistically significant (**/~ < 0.01). The LODs (0.1
femtomoles) for ADAM 33 and Granzyme B are 4.1 and 3.1 integrated fluorescence units,
respectively.
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Figure 4.

Box plots (indicating the observed data range of integrated fluorescence intensity (BioTek
Synergy H1) after 60 min of incubation at 300 K) for (A) MMP-8 (left) and (B) NE (right)
activities in mouse bronchoalveolar lavage for PBS (white; /7= 8) vs. poly-IC in PBS (gray;
n=8). For both enzymes, MMP-8 and NE, the differences in nanobiosensor fluorescence
observed in the group of mice treated with poly-IC vs. the group treated with PBS were
statistically significant (**/£< 0.01). The LODs (0.1 femtomoles) for MMP-8 and NE are
7.3 and 5.2 integrated fluorescence units, respectively.
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Arginase

Page 17

* %k

PBS

poly-IC

Box plot (indicating the observed data range of integrated fluorescence intensity (BioTek
Synergy H1) after 60 min of incubation at 300 K) for arginase activity in mouse
bronchoalveolar lavage for PBS (white; n= 8) vs. poly-IC in PBS (gray; n = 8). For arginase
the difference in nanobiosensor fluorescence observed in the group of mice treated with
poly-IC vs. the group treated with PBS was statistically significant (**~ < 0.01). The LODs
(0.1 femtomoles) for arginase is 5.5 integrated fluorescence units.
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Box plots (indicating the observed data range of integrated fluorescence intensity (BioTek
Synergy H1) after 60 min of incubation at 300 K) for (A) CCL20 (left) and (B) IL-6 (right)
concentrations in mouse bronchoalveolar lavage for PBS (white; /7= 8) vs. poly-IC in PBS
(gray; n=8). For IL-6 the difference in nanobiosensor fluorescence observed in the group
of mice treated with poly-IC vs. the group treated with PBS was statistically significant
(**P<0.01), whereas it was not significant (n.s.) for CCL20 (P=10.14).The LODs (0.1
femtomoles) for CCL20 and IL-6 are 3.5 and 2.8 integrated fluorescence units, respectively.
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Figure 7.
Detection of the activity of four proteases (ADAM 33, Granzyme B, MMP-8, and neutrophil

elastase) in exhaled breath condensate in three patients with mild asthma (no corticosteroids)
vs. three patients without asthma as control group. The analytic procedure is described in
detail in the Experimental Section. Significant differences (P < 0.05) are annotated on each
bar graph by marking with an asterisk; all other comparisons between control (healthy) and
mild asthma demonstrated numerically higher means but were not statistically significant.
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Figure 8.
Detection of the activity of arginase in exhaled breath condensate in three patients with mild

asthma (no corticosteroids) vs. three patients without asthma as control group. The analytic
procedure is described in detail in the Experimental Section. The differences in arginase
activity between healthy and patient groups were found to be significant (P < 0.05).
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Scheme 1.

L-arginine is hydrolyzed by arginases | and Il to L-ornithine and urea.
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Table 2

Consensus sequences of proteolytic enzymes for clinical BAL and EBC analyses.

Enzyme Consensus sequence  Reference
ADAM 33 GAGSQH-IRAEAG this work
Granzyme B GAGVEPN-SLEEAG this work
Neutrophil elastase = GAGGEPV-SGLPAG 21
MMP-8 GAGPSG-LRGAG 23

Cleavable consensus sequences are shown in blue and red, and peptide sequences used as spacers (G, GA, GAG, AG) in nanobiosensors are in
black. The consensus cleavage sites are marked with hyphens.
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Table 3

Consensus sequences of proteolytic enzymes for clinical BAL and EBC analyses.

Enzyme Consensus sequence  Reference
Arginase | + 11 GRRRRRRR 22

C-C motif chemokine 20 (CCL20) GTQWWVVCQQFG  This work
Interleukin-6 GANRPAQAWMLG  This work

Nanomedicine. Author manuscript; available in PMC 2022 May 24.
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