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Abstract

Aim: A significant fraction of mortalities from non-small cell lung cancer could be prevented, if the cancer would
be diagnosed earlier. Nanobiosensors for the ultrasensitive detection of active proteases in serum were designed
to detect a significant protease activity signature of non-small cell lung cancer (stage I and higher).

Methods: We determined the activity of nine protease biomarkers in the sera of non-small cell lung cancer
patients and compared them with the protease activities of a control group of healthy human subjects using
optical nanobiosensors. They consist of a central Fe/Fe;O, core/shell nanoparticle with an attached Fluorescence
resonance energy transfer-pair [tetrakis-carboxyphenyl porphyrin (TCPP) and cyanine 5.5]. TCPP is attached
to the central nanoparticle via a protease-cleavable tether, whereas cyanine 5.5 is tethered permanently to the
dopamine-layer surrounding the nanoparticle.

Results: Based on the activity pattern of urokinase plasminogen activator, matrix metalloproteinases 1, 2, 3, 7, 9,
and 13, and cathepsins B and L as well, non-small cell lung cancer could be detected at stage I by means of a liquid
biopsy.
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Conclusion: This feasibility study, comprising 33 non-small cell lung cancer patients and 20 apparently healthy
subjects, clearly demonstrated the feasibility of minimally invasive early diagnosis of non-small cell lung cancer,
starting with stage .

Keywords: Non-small cell lung cancer, lung cancer diagnosis, protease activity, liquid biopsies, iron/iron oxide
nanoparticles, significance table, multivariate model

INTRODUCTION

Lung cancer is the second most common cancer in men and women. For 2020, a total of 228,820 new
cases are estimated. For both genders, lung cancer is on top of the cancer mortality ranking in the US, and
135,720 cancer mortalities are anticipated this year'. Approximately 13% of all lung cancers are small cell
lung cancers (SCLC), and 84% are non-small cell lung cancers (NSCLC). Here, we focus on the detection
of NSCLC by means of optical nanobiosensors capable of determining the activity of signature proteases
in serum. In Figure 1, the 5-year survival of NSCLC patients as a function of cancer stage at the time of
lung cancer diagnosis is shown. The staging system used for NSCLC in this report is the American Joint
Committee on Cancer (AJCC) TNM system, which is based on the size and extent of the main tumor (T),
the spread to nearby lymph nodes (N), and the metastasis to distant sites (M)m. It is clearly discernible
that the 5-year survival rate significantly decreases if the cancer is diagnosed late. This implies that early
detection of cancer saves lives. On the basis of the 5-year survival statistics of NSCLC, we conservatively
estimate that about 30 percent of mortalities could be prevented if NSCLC were routinely detected at stage 1
(combined T1a, T1b, and T1c) instead at stages 2 or 3, when it is currently diagnosedm. The optical
nanobiosensors developed in the Bossmann group feature sub-femtomolar limits of detection, thereby
permitting the diagnosis of NSCLC by means of a liquid biopsy utilizing the serum of cancer patients™”.

Liquid biopsies

In 2000, Veridex introduced the first commercially available liquid biopsy assay, the CELLSEARCH®
CTCtest™. In 2016, the Food and Drug Administration (FDA) approved the cobas® epidermal growth
factor receptor (EGFR) Mutation Test for determination of the EGFR gene mutation in blood from lung
cancer patients[gl. Commercially available liquid biopsies consist in the detection of circulating tumor cells
(CTCs), tumor-derived exosomes, circulating cell-free DNA (cfDNA), microRNA (miRNA), signaling
proteins and metabolic enzymes (proteases and kinases)"". Virtually all companies in this field, among
them Personal Genome Diagnostics'", Genomic Health"”, Myriad Genetics*, Guardant Health"" and
Pathway Genomics'"” rely on PCR to detect genetic mutations, and various RNAs that are overexpressed
"] CancerSEEK evaluated the plasma levels of 8 cancer-indicating proteins and the presence
of mutations in 2,001 genomic positions for detecting 8 solid tumor types, among them pancreatic cancer
with an overall percentage of cancer detection of 62% at > 99% specificity”". DETECT-A (detecting cancers
earlier through elective mutation-based blood collection and testing) was able to detect 26 cancers by
means of a liquid biopsy (nine lung cancers, six ovarian cancers and two colorectal cancers). Seventeen (65%)
of the 26 cancers were localized or regional, including five patients with stage I tumors"”. The GRAIL
technology looks at differences in DNA methylation between cancerous and healthy cells. It is capable of
detecting > 50 different cancers from one liquid biopsy and has a very low false positive rate. Regardless of
the cancer detection technology used, it is of vital importance to detect cancers at AJCC stage I or earlier

1", GRAIL is promising early detection capability, because changes in DNA
[1

in tumors

to maximize cancer surviva
methylation occur early in cancer *l " As for all approaches, including the optical nanobiosensors for
protease activity profiling discussed here, future comparative clinical trials will permit a true comparison of

genomic vs. other methods of early cancer detection.
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Figure 1. Patient 5-year survival (in percent) as a function of cancer stage at the time of cancer diagnosis. Data from references"

Optical nanobiosensors for protease detection

It is established that virtually all solid tumors are characterized by dysfunctional protease expression
patterns****. These deviations from the proteasome of healthy cells have been successfully used by the
authors for the early detection of breast”™ and pancreatic” cancer. In cancer, numerous proteases, such as
matrix metalloproteinases (MMPs)"**, cathepsins”***, and urokinase plasminogen activator (uPA)****" ar
either over- or underexpressed, when compared to healthy cells. This enables the detection of solid tumors

[5,7]

in liquid biopsies through the simultaneous detection of several proteases in serum

The Bossmann group has continuously developed their patented technology for ultra-sensitive protease
detection since 2007""*". These fluorescence-based optical nanobiosensors are composed of water-
dispersible dopamine-coated Fe/Fe,O, core/shell nanoparticles and an attached Fluorescence resonance
energy transfer pair™” [tetrakis (4-carboxyphenyl) porphyrin (TCPP) and cyanine 5.5]. Both the central
nanoparticle and cyanine 5.5 are able to quench photoexcited TCPP, which is attached via a protease-
cleavable consensus sequencem. The consensus sequences have been optimized to show only minimal

cross-sensitivity between the proteases used” [Figure 2].

Selection of protease biomarkers

About two percent of the human genome encodes proteases, 553 in total*". For detecting NSCLC, we
selected the following proteases: MMPs 1, 2, 3, 7, 9 and 13, uPA and cathepsins B and L. This selection
is identical to that in a previous study, in which breast cancer at stage 1 could be detected”. Evidently,
we have ascertained that this selected group of proteases is indeed implicated in NSCLC™******** The
advantage of using the same panel of proteases for detecting breast cancer and non-small cell lung cancer
is that we can compare the resulting “significance tables” and begin to find answers to the question whether
protease expression pattern of different types of solid tumors are similar or significantly different. In Table 1,
the consensus sequences for the nine proteases used are summarized. Note that the cross-reactivity of these
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Figure 2. Fe/Fe;0,-based nanobiosensor for matrix metalloproteinase 1 detection. Consensus sequence GAGVPMS-MRGGAG. TCPP:
tetrakis-carboxyphenyl-porphyrin. Scheme 1. A: Design principles of a nanobiosensor for protease detection. Consensus sequence:
GAGVPMS-MRGGAG (MMP1); The average distance between fluorophore TCPP (tetrakis-carboxyphenyl-porphyrin) and Fe/Fe;O,
nanoparticle and FRET-acceptor cyanine 5.5 increases upon cleavage of the oligopeptide tether by a suitable protease, leading to an
increase in fluorescence; B: TEM and HRTEM of dopamine-coated Fe/Fe;O, core/shell nanoparticles; C: Typical emission spectra
occurring from the nanosensor for MMP 13 after 1 h of incubation at 37 °C (A, = 421 nm). low: buffer; middle:nanosensor; high:
nanosensor after incubation with MMP13™.
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Table 1. Consensus sequences in single-letter code for nine proteases that have been identified as cancer biomarkers.

Essential amino acids of the consensus sequences are in bold™?
Protease Consensus Sequence Number of Reported Cleavages in MEROPS"™?!
MMP1 GAGVPMS-MRGGAG 83
MMP2 GAGIPVS-LRSGAG 3,417
MMP3 GAGRPFS-MIMGAG 2,465
MMP7 GAGVPLS-LTMGAG 196
MMP9 GAGVPLS-LYSGAG 370
MMP13 GAGPQGLA-GQRGIVAG 147
uPA GAGSGR-SAG 19
Cathepsin B GAGSLLKSR-MVPNFNAG 632
Cathepsin L GAGSGVVIA-TVIVITAG 2,938

MMP: matrix metalloproteinase; uPA: urokinase plasminogen activator

consensus sequences is reported in reference™. With the exception of MMP9 and MMP2, which show
about 20%, only minor cross reactivities (< 5 rel. %) were observed.

METHODS

Serum samples

We obtained 53 de-identified human serum samples (at -80 °C) from Dr. Tracy Chapman, Southeastern
Nebraska Cancer Center (SNCC). All subjects involved in this study were Caucasian. Twenty were
apparently healthy volunteers (ages 26 to 68), and 33 were NSCLC patients {9 patients were diagnosed with
stage 1 [T1a (3), T1b (2) and T1c (4)], 12 patients were stage 2 [T2a (5) and T3a (7)], and 12 patients were
stage 3 (T3)}. The NSCLC patients ranged from 35 to 70 in age. In a previous study, we established that the
protease expression pattern of healthy and (breast) cancer patients was not significantly affected by gender.
The underlying paradigm of this study was that also in lung cancer, there are no gender differences in
protease expression patterns of cancer and healthy human subjects.

Statistical analysis

Bar graphs and box plots to illustrate data ranges and P-values'

environment for statistical computing[34’35]. To determine possible differences between cancer patients and

were created using the R software

healthy control groups for each protease nanobiosensor, P-values were derived by using an unpaired and
two-sided Student ¢-test with Welch modification. P-value (calculated probability) is the probability of
finding the observed results if the null hypothesis of a study question is true. The null hypothesis assumes
that there is no difference between a selected property of a group of study subjects vs. a control group[“].

Nanobiosensor synthesis

Detailed descriptions of the syntheses of nanobiosensors and the required components (dopamine Fe/Fe,O,
nanoparticles, oligopeptides, TCPP, and cyanine 5.5) have been reported in our previous studies"*"****,
Briefly, the nanobiosensors were assembled from dopamine coated Fe/Fe,O, nanoparticles, cyanine 5.5, and
peptide sequences that were linked to TCPP on resin'”. Thirty-five TCPP and 50 cyanine 5.5 dye molecules
were attached on average to each Fe/Fe O, core/shell nanoparticle, on the basis of statistical modelling”"*".
To achieve this synthesis, a solution was prepared by completely dissolving 64 mg of TCPP-linked peptide
sequence, 37 mg cyanine 5.5, 45 mg EDC and 45 mg DMAP in 30 mL of anhydrous DME In a separate
vial, 450 mg of dopamine-coated Fe/Fe,O, nanoparticles were dispersed in 10 mL of anhydrous DMF by
sonicating for 20 min. Both solutions were then mixed, sonicated for 10 min, and incubated overnight on
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 remove excess dye and unbound components,
followed by five washes with cold ether (-10 °C). After each washing step, the nanobiosensor was collected
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Figure 3. Box plots (indicating the observed data range) for cathepsins B and L. The groups are apparently healthy control group (7 = 20),
non-small cell lung cancer stage 1 (7 = 9), non-small cell lung cancer stage 2 (7 = 12), and non-small cell lung cancer stage 3 (7 =12). *P
< 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s.: not significant. All biospecimens were obtained from the South Eastern Nebraska
Cancer Center. Non-small cell lung cancers had been staged according to the American Joint Committee on Cancer TNM staging
system'?’

via centrifugation. The nanobiosensors were then collected and dried with argon. The nanobiosensors
could be stored for more than 1 year at -20 °C under argon.

Standard procedure of preparing protease assays

For each protease, 3.0 mg of nanoplatform were dispersed in 3.0 mL of PBS (phosphate-buffered saline,
Aldrich). The suspension was sonicated for 10 min, and 3.0 mL of PBS-dextran (10 mg dextran in 1.0 mL
of PBS) were mixed with 75 uL of the nanoplatform suspension (3.0 mg in 3.0 mL of PBS, see above)
and 30 uL of serum. The suspensions were incubated at 37 "C for 60 min, followed by the recording of a
fluorescence spectrum at 25 "C using a Fluoromax2 spectrometer (A, = 421 nm, A, = 620-680 nm).

RESULTS

The major advantages of the fluorescent Fe/Fe O, core/shell nanoparticle-based nanobiosensors are their
sub-femtomolar limits of detection, their large ranges extending over at least eight orders of magnitude, and
their reliably small experimental errors of + 3 percent. The calibration of the optical nanobiosensors with
commercially available proteases, as well as a modest serum effect on their calibration curves are discussed
in detail in an earlier study[sl. We also established that the statistical analysis of the protease activity in the
serum of cancer patients vs. a healthy control group of volunteers can be performed by using the integrated
fluorescence signal of the nanobiosensors””. Our cancer detection method by means of liquid biopsies
relies on the paradigm that the extensive protease network of human cells is dysfunctional in cancer””
Therefore, unique protease signatures can be established for virtually any solid tumor. We furthermore
hypothesized that tumors derived from different cell types should exhibit different protease activity patterns
and, therefore, unique protease signatures.

The activities of nine selected proteases (cathepsins B and L, uPA, and MMP1, 2, 3, 7, 9, and 13) in the
serum of 33 NSCLC patients and 20 healthy volunteers were determined following the procedure described
in the experimental section. In short, each nanobiosenor designed for measuring the activity of one
protease and a small serum sample (30 pL) were incubated in dextran-containing PBS buffer for 1 h at 37 °C.
The dextran was added to prevent the coagulation of the nanobiosensor suspension during the time
required for protease sensing. After 1 h, the resulting fluorescence of the suspension was measured, which
indicates the protease activity in serum. A series of boxplots and bar graphs [Figures 3-7] show the data



Udukala et al. J Cancer Metastasis Treat 2020;6:25 | http://dx.doi.org/10.20517/2394-4722.2020.45 Page 7 of 13

8 PA MMP1 Fok kK * Kk K EET T
— : u e ! : —
| a7 — —
= i n.s. :
E ; o |
— o~ H
i%’ 8 ' * kK e
g 31 | .
S : 3
31 i ok ok ;
3 g : e = i
S o
[
wn T H '
3 | —E —
(=] T T T T T T T T
healthy Stage 1 Stage2  Stage 3 healthy Stage 1 Stage2  Stage 3

Figure 4. Box plots (indicating the observed data range) for urokinase plasminogen activator and matrix metalloproteinase 1. The groups
are apparently healthy control group (7 = 20), non-small cell lung cancer stage 1 (7 = 9), non-small cell lung cancer stage 2 (7 =12), and
non-small cell lung cancer stage 3 (7 =12). *P < 0.05; **P < 0.07; ***P < 0.007; ****P < 0.0007; n.s.: not significant. All biospecimens were
obtained from the South Eastern Nebraska Cancer Center. Non-small cell lung cancers had been staged according to the American Joint
Committee on Cancer TNM staging system™
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Figure 5. Box plots (indicating the observed data range) for matrix metalloproteinase MMP2 and MMP3. The groups are apparently
healthy control group (7 = 20), non-small cell lung cancer stage 1 (7 = 9), non-small cell lung cancer stage 2 (7 = 12), and non-small cell
lung cancer stage 3 (7 = 12). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. All biospecimens were obtained from the South Eastern
Nebraska Cancer Center. Non-small cell lung cancers had been staged according to the American Joint Committee on Cancer TNM
staging system'”

range for each protease that correlates to each cancer stage, as well as the protease activity range of healthy
patients.

As shown in Figure 3, cathepsin B was expressed equally by the control group and the group of stage 1
NSCLC patients, whereas the distinct upregulation of cathepsin B activity was observed for stage 2 and 3
patients. Although cathepsin B was unsuited for detecting (sub)stage 1 NSCLC, it provides data for cancer
staging via liquid biopsy. In opposite to cathepsin B, cathepsin L showed a steady increase in activity with
increasing stage of NSCLC. This behavior is well suited for staging and also permits the detection of stage 1.

The activity of uPA [Figure 4], which is an originally misnamed protease, depended on the NSCLC staging
in a very similar manner as cathepsin B. It is noteworthy that the optical nanobiosensors for uPA and
MMP9 decreased with increasing protease activities, whereas all other protease nanobiosensors increased
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Figure 6. Box plots (indicating the observed data range) for matrix metalloproteinase MMP7 and MMP9. The groups are apparently
healthy control group (7 = 20), non-small cell lung cancer stage 1 (7 = 9), non-small cell lung cancer stage 2 (7 = 12), and non-small cell
lung cancer stage 3 (7 =12). *£ < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. All biospecimens were obtained from the South Eastern
Nebraska Cancer Center. Non-small cell lung cancers had been staged according to the American Joint Committee on Cancer TNM
staging system'”
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Figure 7. Box plots (indicating the observed data range) for matrix metalloproteinase 13. The groups are apparently healthy control group
(n = 20), non-small cell lung cancer stage 1 (7 = 9), non-small cell lung cancer stage 2 (» = 12), and non-small cell lung cancer stage 3
(n =12). *P < 0.05; **P < 0.01; ***P < 0.007; ****P < 0.0007; n.s.: not significant. All biospecimens were obtained from the South Eastern
Nebraska Cancer Center. Non-small cell lung cancers had been staged according to the American Joint Committee on Cancer TNM
staging system™”

in fluorescence. Similar to cathepsin B, uPA was well suited for NSCLC staging but not for early cancer
detection. A very different type of dependence of nanobiosensor fluorescence on NSCLC staging was
observed for MMP1 activity, which was significantly increased starting at stage 1! However, it did not
change significantly when progressing to stages 2 and 3. This finding makes MMP1 our best biomarker for
very early diagnosis of NSCLC.

In contrast to MMP1 and very similar to cathepsin L, the protease activities of MMP2, MMP3, MMP7, and
MMP9 in the serum of NSCLC patients increased steadily with escalating cancer stage [Figures 5 and 6].
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However, it should be noted that for all three MMPs, their expression levels in the sera of NSCLC patients
at stage 1 and the healthy control group were statistically different.

In opposite to all other protease activities studied here in the serum of NSCLC patients, MMP13 was found
to be unsuited for both early cancer diagnosis and NSCLC staging. As shown in Figure 7, MMP13 activity
was basically the same for healthy subjects and NSCLC patients of all three investigated stages. This finding
was unexpected, because MMP13 is known to be involved in endothelial-mesenchymal transition”™

DISCUSSION

The sensitivity of the Fe/Fe,O, nanoparticle-based fluorescence nanobiosensors permits the accurate
measurement'” of the activities of nine signature proteases in serum samples (30 uL) obtained from
NSCLC patients. This technology permits the rapid and inexpensive detection of NSCLC at stage 1 by
means of a simple liquid biopsy. We estimate costs of approx. $20 for measuring the activity of the 8
required proteases in serum. Six proteases permit the detection of NSCLC at stage 1. MMP1 is the best
candidate for the detection of NSCLC, due to the large increase in activity of 3.16 x 10” mol/L of stage 1
patients compared to 1.35 x 10~ mol/L the control group. Principally, a protease-based liquid biopsy for
NCSLS has the potential of significantly reducing lung cancer mortality, because lung cancer treatment
would be more successful when the cancer would be detected at stage 1 instead of stages 2 and 3, which is
usually the case at present day. It should be noted that this technology works for the detection of virtually
all solid tumors, of which many feature distinct protease signatures. When comparing the protease
signatures of breast cancer”” and NSCLC, there are similarities and differences: (1) for all investigated
proteases, increased activities are detected for consecutively higher cancer stages, compared to the control
group of healthy subjects; (2) Cathepsin B is more significant for breast cancer than for NSCLC; (3) on
the other hand, MMP7 is far more sensitive in detecting NSCLC than breast cancer; and (4) MMP13 is an
unsuitable biomarker for cancer detection in either case. Based on this comparison, it is our conclusion
that the similarities between the protease expression pattern of NSCLS and breast cancer far outweigh the
differences. Therefore, the panel of proteases should be expanded to detect characteristic differences, which
could be used for the identification of the type (and the stage) of solid tumor by means of a liquid biopsy.
The latter should be offered in regular intervals to all members of cancer risk groups.

The “Significance Table 2” summarizes our findings. It shows 95% confidence intervals and P-values'”’
calculated for the comparison of the members of individual NSCLC stages with the group of healthy
volunteers. P-values < 0.05 are considered significant and shown in green. Cathepsin L, and MMP1, 2, 3,
7, and 9 permit the detection of NSCLC at stage 1. The statistically non-significant P-values are marked in
red.

In Table 3, the average activities for all nine investigated proteases are summarized. The calibration curves
in the presence of human serum that are discussed in reference’” were run again in parallel to the protease
measurements described here. They were used to calculate the protease activities for NSCLC patients and
the control group of healthy volunteers. To date, most of the protease measurements in cancer research
and clinical diagnosis are performed by means of immunoassays'*. Whereas the latter measure the total
concentration of protease, our optical nanobiosensors determine only the fraction of active proteases.
As discussed earlier, a complex protease network exists in human biology that has the ability to form
activation cascades™". Furthermore, protease zymogens can act as signaling peptides, depending on
their glycosylation pattern*”’. Comparing the concentrations of active and inactive proteases in cancer and
numerous other diseases may offer an unprecedented insight into the human proteasome and also provide
diagnostic opportunities.
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Table 2. Significance table: protease expression pattern of non-small cell lung cancer at stages 1, 2, and 3
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Healthy' Stage 1 Stage 2° Stage 3°
Cathepsin B Signal 1.36 1367 231 242
95%Cl 0.03 0.03? 0.10 0.12
P-value 4.32E-07° 1.37E-09 9.09E-11
Cathepsin L Signal 192 253 2.87 3.05
95%Cl 018 0.05° 0.16 0.20
P-value 1.08E-06’ 6.17E-09 5.85E-09
uPA Signal 0.99 0.99? 0.89 0.89
95%Cl 0.01 0.01 0.02 0.01
P-value 210E-071° 3.81E-08 3.95E-13
MMP1 Signal 1.31 245’ 2.34 2.38
95%Cl| 0.10 0.09° 0.13 0.07
P-value 715E-15° 3.00E-12 2.20E-16
MMP2 Signal 1.55 1.74° 2.00 2.36
95%Cl 0.10 0.09° 0.17 0.22
P-value 5.91E-03° 1.23E-04 3.51E-06
MMP3 Signal 1.28 1.39° 1.67 1.79
95%Cl 0.05 0.03? 0.08 0
P-value 3.80E-04° 3.71E-08 2.61E-07
MMP7 Signal 1 1.35° 1.35 1.37
95%Cl 0.04 0.03? 0.06 0.06
P-value 740E-04° 1.59E-02 4.20E-03
MMP9 Signal 0.96 0.94° 0.94 0.94
95%Cl 0.01 0.07 0.01 0.01
P-value 1.50E-04° 8.93E-06 4.43E-06
MMP13 Signal 240 2437 2447 2.69°
95%Cl 0.30 0.34? 0.33° 0.64°
P-value 4.59E-071° 4.30E-01° 219E-01°

'Healthy control group; “differences in integrated fluorescence signals between cancer and control groups were not significant;
*integrated fluorescence signal of cancer patients is significantly larger than of control group. Confidence intervals were calculated for
each sample using alpha (0.05), the standard deviation and the sample count (n). MMP: matrix metalloproteinase; uPA: urokinase

plasminogen activator

Table 3. Activities of cathepsins, MMPs and uPA in serum as a function of stage

Protease H' S1 s2° s3®
Cathepsin B 3.32E-16 3.26E-16° 4.91E-14 9.29E-14
Cathepsin L 3.22E-15 2.74E14° 6.82E-14 1.39E-13
uPA 112E-15 717E-16° 2.36E-12 4.25E-12
MMP1 1.35E-15 3.16E-09° 7.89E-10 1.37E-09
MMP2 7.04E-15 1.08E-13° 1.27E-13 3.70E-13
MMP3 3.56E-14 8.43E-14° 214E13 7.65E-13
MMP7 2.98E-15 6.82E-15° 6.75E-15 812E-15
MMP9 4.39E-13 1.93E-11° 3.70E-11 2.38E-11
MMP13 3.01E-15 3.22E-15° 3.37E-15° 6.75E-15°

'average protease activities in the serum of the group of healthy volunteers; “differences in integrated fluorescence signals between
cancer and control groups were not significant; *integrated fluorescence signal of cancer patients is significantly higher compared to

control group. MMP: matrix metalloproteinase; uPA: urokinase plasminogen activator

A combination of MMP1 and cathepsin B was chosen for a multivariate model. MMP1 achieved a good
separation between the healthy group and stage 1, while cathepsin B increased the separation between
the later stages, a quality that MMP1 lacked. The parameter’s values were linearized (log) and this model’s
coefficients were highly significant. The R’-value improved to 0.91. The graph shows how the data

groupings shift upward (MMP1 influence) and to the right (cathepsin B influence) with increasing cancer
stages [Figure 8]. This would allow for a precise detection of stage 1 NSCLC.
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Figure 8. Multivariate model: statistical analysis: P-value of matrix metalloproteinase (MMP)1 slope: 4.34e-13 MMP1 slope: 0.90623;
P-value of cathepsin B slope: 9.11e-15] and cathepsin B slope: 1.13514; R” value: 0.9181

DECLARATIONS
Acknowledgments

The authors thank Dr. Tracy Chapman, Southeastern Nebraska Cancer Center (SNCC) for the
biospecimens used in this study.

Authors’ contributions

Synthesis and characterization of the optical nanobiosensors: Udukala DN, Wendel SO, Wang H, Yapa AS
Calibration of the optical nanobiosensors: Udukala DN

Liquid biopsies: Udukala DN, Covarrubias-Zambrano O

Data analysis: Udukala DN, Janik K

Statistical data analysis: Wendel SO, Covarrubias-Zambrano O, Gadbury G

Design of the study reported here: Troyer DL, Bossmann SH

Writing of the manuscript: Covarrubias-Zambrano O, Janik K, Bossmann SH

Availability of data and materials

The raw data will be made available upon request; please contact Dr. Stefan H. Bossmann.

Financial support and sponsorship
National Science Foundation, USA, grant (CBET 1804416).

Conflicts of interest

All authors declared that there are no conflicts of interest

Ethical approval and consent to participate

The biospecimens were collected by Dr. Tracy Chapman, Southeastern Nebraska Cancer Center (SNCC).
We received de-identified patient information.

Consent for publication

The deidentified serum samples were purchased from the South Eastern Nebraska Cancer. The activities at
Kansas State were classified as “non research” with respect to the biospecimens used.



Page 12 of 13 Udukala et al. J Cancer Metastasis Treat 2020;6:25 | http://dx.doi.org/10.20517/2394-4722.2020.45

Copyright
© The Author(s) 2020.

REFERENCES

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer J Clin 2020;70:7-30.

2. Kay FU, Kandathil A, Batra K, Saboo SS, Abbara S, et al. Revisions to the Tumor, Node, Metastasis staging of lung cancer (8(th)
edition): Rationale, radiologic findings and clinical implications. World J Radiol 2017;9:269-79.

3. American Cancer Society. Be Inspired by the Words and Music of Hope. Available from: https://www.cancer.org/cancer/lung-cancer/
detection-diagnosis-staging/staging-nsclc.html. [Last accessed on 20 Jul 2020]

4. Wang H, Udukala DN, Samarakoon TN, Basel MT, Kalita M, et al. Nanoplatforms for highly sensitive fluorescence detection of cancer-
related proteases. Photochem Photobiol Sci 2014;13:231-40.

5. Udukala DN, Wang H, Wendel SO, Malalasekera AP, Samarakoon TN, et al. Early breast cancer screening using iron/iron oxide-based
nanoplatforms with sub-femtomolar limits of detection. Beilstein J Nanotechnol 2016;7:364-73.

6. Voelz BE, Kalubowilage M, Bossmann SH, Troyer DL, Chebel RC, et al. Associations between activity of arginase or matrix
metalloproteinase-8 (MMP-8) and metritis in periparturient dairy cattle. Theriogenology 2017;97:83-8.

7. Kalubowilage M, Covarrubias-Zambrano O, Malalasekera AP, Wendel SO, Wang H, et al. Early detection of pancreatic cancers in liquid
biopsies by ultrasensitive fluorescence nanobiosensors. Nanomedicine 2018;14:1823-32.

8. Callsearch. Homepage. Available from: https://www.cellsearchctc.com/. [Last accessed on 20 Jul 2020]

9.  The cobas® EGFR Mutation Test v.2. Available from: http://www.cobasegfitest.com/. [Last accessed on 20 Jul 2020]

10. Bossmann SH. Liquid Biopsies for Early Cancer Detection. In: Park K, editor. Biomaterials for Cancer Therapeutics, 2nd Edition,
Evolution and innovation. Amsterdam: Elsevier; 2020. pp. 233-59.

11. Available from: http://www.personalgenome.com/. [Last accessed on 24 Jul 2020]

12.  Available from: http://www.genomichealth.com/. [Last accessed on 24 Jul 2020]

13.  Available from: https://www.myriad.com/. [Last accessed on 24 Jul 2020]

14.  Available from: https://www.guardanthealth.com/. [Last accessed on 24 Jul 2020]

15.  Available from: https://www.pathway.com/. [Last accessed on 24 Jul 2020]

16. Cohen JD, Li L, Wang Y, Thoburn C, Afsari B, et al. Detection and localization of surgically resectable cancers with a multi-analyte blood
test. Science 2018;359:926-30.

17. Lennon AM, Buchanan AH, Kinde I, Warren A, Honushefsky A. Feasibility of blood testing combined with PET-CT to screen for cancer
and guide intervention. Science 2020;369;eabb9601.

18. Locke WJ, Guanzon D, Ma C, Liew YJ, Duesing KR, et al. DNA methylation cancer biomarkers: translation to the clinic. Front Genet
2019;10:1150.

19. Liu MC, Oxnard GR, Klein EA, Swanton C, Seiden MV, et al. Sensitive and specific multi-cancer detection and localization using
methylation signatures in cell-free DNA. Ann Oncol 2020;31:745-59.

20. aufdem Keller U, Doucet A, Overall CM. Protease research in the era of systems biology. Biol Chem 2007;388:1159-62.

21. Langer F, Bokemeyer C. Crosstalk between cancer and haemostasis. Implications for cancer biology and cancer-associated thrombosis
with focus on tissue factor. Hamostaseologie 2012;32:95-104.

22. Mason SD, Joyce JA. Proteolytic networks in cancer. Trends Cell Biol 2011;21:228-37.

23. Merchant N, Nagaraju GP, Rajitha B, Lammata S, Jella KK, et al. Matrix metalloproteinases: their functional role in lung cancer.
Carcinogenesis 2017;38:766-80.

24. Kayser K, Richter N, Hufnagl P, Kayser G, Kos J, et al. Expression, proliferation activity and clinical significance of cathepsin B and
cathepsin L in operated lung cancer. Anticancer Res 2003;23:2767-72.

25. Werle B, Kotzsch M, Lah TT, Kos J, Gabrijelcic-Geiger D, et al. Cathepsin B, plasminogenactivator-inhibitor (PAI-1) and
plasminogenactivator-receptor (WPAR) are prognostic factors for patients with non-small cell lung cancer. Anticancer Res 2004;24:4147-61.

26. Terasawa Y, Hotani T, Katayama Y, Tachibana M, Mizuguchi H, et al. Activity levels of cathepsins B and L in tumor cells are a biomarker
for efficacy of reovirus-mediated tumor cell killing. Cancer Gene Ther 2015;22:188-97.

27. Basel MT, Bosssmann SH, Troyer DL, inventors; Kansas State Research Foundation, assignee. Protease Assay. USA patent 8969027
9682155;9731034. 2015 Mar 15; 2017 Jun 20; 2017 Aug 15.

28. Basel MT, Bosssmann SH, Troyer DL, inventors; Kansas State Research Foundation, assignee. Protease Assay. Canada patent 8969027;
9682155; 9731034. 2017 Feb 28.

29. Basel MT, Bosssmann SH, Troyer DL, inventors; Kansas State Research Foundation, assignee. Protease Assay. United Kingdom patent
8969027; 9682155; 9731034. 2014 Sep 17.

30. Das P, Sedighi A, Krull UJ. Cancer biomarker determination by resonance energy transfer using functional fluorescent nanoprobes. Anal
Chim Acta 2018;1041:1-24.

31. Craik CS, Page MJ, Madison EL. Proteases as therapeutics. Biochem J 2011;435:1-16.

32. MEROPS release 12.2. Available from: https://www.ebi.ac.uk/merops/. [Last accessed on 20 Jul 2020]

33. Welch BL. The generalization of student’s problem when several different population variances are involved. Biometrika 1947;34:28-35.

34. Coffey CS, Cofield SS. Parametric linear models. Biostatistics 2006;15:223-43.

35. Page RB, Stromberg AJ. Linear methods for analysis and quality control of relative expression ratios from quantitative real-time



Udukala et al. J Cancer Metastasis Treat 2020;6:25 | http://dx.doi.org/10.20517/2394-4722.2020.45 Page 13 of 13

36.
37.
38.
39.

40.

polymerase chain reaction experiments. Sci. World J 2011;11:1383-93.

P value. Available from: https://www.statsdirect.com/help/basics/p_values.htm. [Last accessed on 20 Jul 2020]

Bossmann SH, Schulman LS, editors. Luminescence quenching as a probe of particle distribution. 1997.

Ben-Avraham D, Schulman LS, Bossmann SH, Turro C, Turro NJ. Luminescence quenching of Ruthenium(II)-Tris(phenanthroline) by
Cobalt(III)-Tris(phenanthroline) bound to the surface of starburst dendrimers. J Phys Chem B 1998;102:5088-93.

Aruna, Li LM. Overexpression of golgi membrane protein 1 promotes non-small-cell carcinoma aggressiveness by regulating the matrix
metallopeptidase 13. Am J Cancer Res 2018;8:551-67.

Boon L, Ugarte-Berzal E, Vandooren J, Opdenakker G. Glycosylation of matrix metalloproteases and tissue inhibitors: present state,
challenges and opportunities. Biochem J 2016;473:1471-82.



