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A B S T R A C T

Myeloperoxidase (MPO) is a promising biomarker for early warning of incidence of cardiovascular diseases
(CVDs). Among various sensing mechanisms for detection and quantification of MPO, enzymatic degradation
of carbon nanoparticles (CNPs) in presence of MPO has unique advantages such as visual change in optical
contrast of sample without requiring additional probe chemicals or reagents. While the degradation of various
forms of CNPs (including carbon nanotubes and graphene oxide) due to MPO has been reported in literature,
the degradation is typically very slow, resulting in response times on the order of multiple hours, and thus
presents a significant limitation for CVD diagnosis. Besides, the extent of degradation is highly sensitive to
substrate uniformity, necessitating complicated synthesis processes to obtain pristine CNPs. In this work,
we have characterized the enzymatic degradation of bacterial cellulose derived carbon nanofibers (BC-CNF)
due to MPO in vitro and explored the feasibility of realizing a BC-CNF colorimetric biosensor for measuring
MPO activity. The degradation of BC-CNFs is thoroughly characterized using SEM, TEM, Raman and UV–Vis
spectroscopy. We report that carboxylic group functionalized BC-CNFs demonstrate noticeable change in optical
contrast due to degradation with clinically relevant concentrations of MPO in approximately 1 h, and hold great
promise for realizing low-cost biosensors for MPO.
. Introduction

Cardiovascular diseases (CVDs) are the leading cause of deaths due
o non-communicable diseases, with an estimated 17.9 million deaths
n 2019, representing 32% of all global deaths reported that year (WHO,
022). The incidence of death due to CVDs is high in densely populated
ow & middle income countries (LMICs). Therefore it is essential to
evelop low-cost tests for better management of CVDs globally, that
an be executed seamlessly without requiring highly skilled person-
el. Various clinical biomarkers have been reported for diagnosis of
VDs, including C-reactive protein (CRP), B-type natriuretic peptides
BNP), N-terminal prohormone BNP (NT-proBNP), cardiac troponin I
cTnI), cardiac troponin T (cTnT) etc. Vasan (2006). The concentration
f these biomarkers elevates in the bloodstream at the onset of or
mmediately following myocardial infarction (MCI, commonly known
s heart attack). Therefore, they are useful for diagnosing heart attacks,
ut cannot be leveraged as early warning biomarkers for detecting
ulnerability to CVDs (Vasan, 2006; Ghantous et al., 2020).

Myeloperoxidase (MPO) is an early biomarker for CVDs, that has
eceived significant attention in recent years. MPO is stored and ex-
ressed abundantly in azurophilic granules of polymorphonuclear neu-
rophils and also to some extent in monocytes (Daugherty et al., 1994).

∗ Corresponding authors.
E-mail addresses: mudrika@msme.iith.ac.in (M. Khandelwal), stallur@ee.iitb.ac.in (S. Tallur).

Inflammation and oxidative stress contribute significantly in the patho-
genesis of destabilization of coronary artery disease which leads to
acute coronary syndrome (ACS) (Nicholls and Hazen, 2009; Hazen and
Heinecke, 1997; Davies, 2010). MPO is a proinflammatory enzyme
which acts as catalyst for oxidative modification of lipoproteins in the
artery wall and can be measured in peripheral blood. MPO is present
abundantly in ruptured plaque which is directly associated with ACS
and atherosclerosis (Ramachandra et al., 2020). The concentration of
MPO elevates in the bloodstream in advance of MCI as compared to
traditional cardiac biomarkers that elevate after the heart is damaged or
stressed. Various cohort studies have established MPO as an important
biomarker to predict heart health (Liu et al., 2012; Sawicki et al., 2011;
Kaya et al., 2012; Nicholls and Hazen, 2009). Currently all these co-
hort studies are performed using enzyme-linked immunosorbent assays
(ELISA) kit or mass spectrometry which are highly sensitive but also
expensive, require specialized reagents, skilled personnel for operating
the test and long turn-around time for diagnosis (Khalilova et al., 2018).
These constraints inhibit the applicability of ELISA for point-of-care di-
agnosis. Several sensing techniques have been reported for MPO, based
on colorimetry (Bassegoda et al., 2019), chemiluminescence (Guo et al.,
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Table 1
Summary of various studies reported in literature for enzymatic degradation of carbon nanoparticles due to MPO.

Material Reference Remarks/Study

SWCNT

Kagan et al. (2010) in vitro degradation of IgG-SWCNT with neutrophils
Ding et al. (2016) in vitro degradation of IgG-SWCNT with and without activated neutrophils
Vlasova et al. (2011) Studied importance of hypochlorite in oxidative degradation of carboxylated

SWCNT (c-SWCNT)
Lu et al. (2014) Degradation and cellular uptake of human serum albumin functionalized

SWCNT (HSA-SWCNT) in neutrophils
Bhattacharya et al. (2014) Degradation of Poly(ethylene glycol) (PEG) functionalized SWCNT in vitro

using recombinant myeloperoxidase and ex vivo using isolated primary human
neutrophils

Kotchey et al. (2013) Effect on degradation of oxidized SWCNT (o-SWCNT) due to MPO in presence
of antioxidants such as L-ascorbic acid (AA) and L-glutathione (GSH)

Graphene
oxide (GO)

Kurapati et al. (2015) Effect of dispersibility on biodegradation of GO due to human MPO (hMPO)
Mukherjee et al. (2018) Toxicity of products generated by degradation of GO due to MPO
Martin et al. (2019) Degradation of N-formyl-methionyl-leucyl-phenylalanine (fMLP) functionalized

GO for targeted cancer therapy

MWCNT Azuara-Tuexi et al. (2021) Degradation of oxidized nitrogen doped multiwall carbon nanotubes
(NMWCNT) due to hMPO

GQD Martín et al. (2019) Biodegradation and change in luminescence of GQDs synthesized by
hydrothermal process

Fullerene 𝐶60 Piotrovskiy et al. (2020) Effect of MPO on topology and degradation of fullerene

Glossary — SWCNT: single walled carbon nanotube, MWCNT: multi walled carbon nanotube, GQD: graphene quantum dot.
a
o
o
o
f
a
s

2

2

p
d
i

017; Zhang et al., 2013), electrochemical immunosensors (Wen et al.,
018; Bekhit and Gorski, 2019) etc. Such techniques typically require
pecialized processing for immobilization of antibodies on functional-
zed substrates and suffer loss of sensitivity when stored in ambient
onditions.

MPO plays an important during the phagocytosis process, as it
atalyzes chloride ions and hydrogen peroxide to form hypochlorous
cid HOCl, which is a strong bactericidal agent. The generation of HOCl
s related to the damage caused by oxidative stress and analyzing its
evels qualitatively and quantitatively will be beneficial in determining
he MPO levels. Techniques to measure HOCl mainly include use of
luorescent probes and multi-step synthesis (He et al., 2020, 2019).
roduction of HOCl/Cl- is an important part of human immune sys-
em. Apart from making sensors to detect HOCl, several studies have
eported its role in in vivo and in vitro biodegradation of nanoparticles
tilized in therapeutic, drug delivery or imaging applications (Kagan
t al., 2010; Ding et al., 2016; Vlasova et al., 2011; Lu et al., 2014;
hattacharya et al., 2014; Kotchey et al., 2013; Kurapati et al., 2015;
ukherjee et al., 2018; Martin et al., 2019; Azuara-Tuexi et al., 2021;
artín et al., 2019; Piotrovskiy et al., 2020), as summarized in Table 1.

In our previous work, we successfully demonstrated a low-cost
ptical phase sensitive detector (PSD) sensor to detect MPO concentra-
ion by detecting the extent of enzymatic degradation of single wall
arbon nanotubes (SWCNTs) (Nandeshwar and Tallur, 2020). While
his method does not utilize expensive reagents or substrates with so-
histicated functionalization processes and storage requirements, there
ere some limitations that remained unaddressed. Synthesis of SWCNT

s a complex process that adds to the manufacturing cost, and enzymatic
egradation of SWCNTs due to MPO is a slow process, resulting in
egradation (response) time on order of several hours (Kagan et al.,
010). In this work, we report in vitro biodegradation of bacterial

cellulose derived carbon nanofibers (BC-CNF) due to MPO. BC-CNFs
possess higher number of defects than carbon nanotubes, that facilitates
faster degradation, and involve an uncomplicated synthesis process (Illa
et al., 2019a). Since MPO shows higher binding affinity towards car-
boxyl groups in carbon nanoparticles (CNPs) (Kagan et al., 2010),
we evaluated the impact of acid functionalization on structure and
degradation of BC-CNFs. The key contributions of this work are as
follows:
2

• Acid functionalization of BC-CNFs aids enzymatic degradation: We
observed that acid functionalization leads to improved dispersibil-
ity of BC-CNFs in DI water and faster degradation as compared to
SWCNT, due to MPO, with noticeable change in optical contrast
observed within 1 h.

• Proof-of-concept demonstration of CNF degradation as sensing mech-
anism for MPO activity detection: We have studied the feasibility of
utilizing acid functionalized BC-CNFs for colorimetric biosensing
of MPO and observed that the sensor exhibits large difference
in voltage output due to degradation of BC-CNFs for clinically
relevant concentration of MPO (≈ 300 ngml−1).

The observations were confirmed through extensive material char-
cterization (SEM, TEM, Raman spectroscopy, FTIR), and the change in
ptical contrast was validated with UV–Vis spectroscopy. To the best
f our knowledge, this is the first report of enzymatic biodegradation
f BC-CNFs due to MPO, and bodes well for the development of label-
ree, low-cost sensors for MPO. A schematic illustration of the synthesis
nd acid functionalization of BC-CNF and MPO induced degradation as
ensing mechanism is shown in Fig. 1.

. Materials and methods

.1. Materials

Yeast extract, peptone, and citric acid (bacteriological grade) were
rocured from HiMedia Laboratories Pvt. Ltd., India. Glucose AR,
i-sodium hydrogen orthophosphate dihydrate AR, sodium hydrox-
de (NaOH) pellets (98%) were procured from Sisco Research Lab-

oratories Pvt. Ltd., India. Cellulose-producing bacteria ATCC 23769
(Komagataeibacter Hansenii) was procured from the American Type
Cell Culture society. 65–70% nitric acid (HNO3), 95–98% sulfuric
acid (H2SO4), 98% ethanol, IPA and phosphate buffer saline tablets
(P4417), human serum (H4522) were procured from Sigma Aldrich.
Hydrophilized polytetrafluoroethylene (PTFE) filter membranes (0.2 μm
pore size and 47mm diameter) were procured from Axiva Sichem
Pvt. Ltd. Lyophilized human myeloperoxidase was procured from MPO
Planta Natural Products, CAS No. 9003-99-0. 30% H2O2 was procured
from EMPARTA®. All dilutions were prepared in DI water, unless
otherwise specified.



Biosensors and Bioelectronics: X 12 (2022) 100252R. Nandeshwar et al.
Fig. 1. (a) Schematic representation of synthesis and functionalization of BC-CNF. (b) Illustration of MPO interaction with BC-CNF and optical sensing assembly.
2.2. BC-CNF synthesis process

Bacterial cellulose (BC) synthesis process was adapted from previous
work by Illa et al. (2019b). It involves inoculation and incubation of
cellulose-producing bacteria in fermentation media. Hestrin Schramm
(HS) media consisting of 20 g l−1 glucose, 5 g l−1 peptone, 5 g l−1 yeast
extract, 3.4 g l−1 disodium orthophosphate dihydrate, and 1.15 g l−1 cit-
ric acid dissolved in DI water was used as fermentation media for
bacterial culture. After autoclaving, 100ml of media with 3% inoculum
of cellulose-producing bacteria (ATCC 23769) was added to 15 cm
diameter petri-dishes. These inoculated petri-dishes were sealed with
parafilm and incubated at 26 °C for 14 days. On the 15th day, the BC
pellicles formed at the air-media interface were harvested and treated
with 0.5M NaOH solution for 12 h to remove entrapped bacteria and
media components. After NaOH treatment, the treated BC pellicles were
washed with DI water several times till neutral pH was achieved. The
purified BC pellicles were freeze-dried at −84 °C for 24 h. The dried
BC pellicles were pyrolyzed in a high-temperature tubular furnace
under nitrogen atmosphere to convert them into carbon nanofibers
(CNFs) (Zhang et al., 2017; Liu et al., 2015). The dried BC pellicles
were first heated to 250 °C with ramp rate 3 °Cmin−1 followed by
30min dwell time for stabilization, and then pyrolyzed at 900 °C with
ramp rate 5 °Cmin−1. The pyrolysis temperature was maintained for 1 h,
before cooling down the furnace to room temperature. The synthesized
BC-CNFs were stored at room temperature.

2.3. Acid functionalization of BC-CNF

To functionalize the BC-CNFs with carboxyl group, we adapted a
method developed by Jun et al. for MWCNTs (Jun et al., 2018). 15mg of
raw BC-CNF (CNF-R) were dispersed in 20ml of 15.8M HNO3 and 60ml
of 18.4M H2SO4. This suspension was sonicated in bath ultrasonicator
at 53 kHz and 40 °C for 2.5 h. The suspension was then diluted in DI
water and filtered in a vacuum filter with PTFE filter membrane. The
3

filter cake samples were washed till neutral pH was achieved. Then
the sample was dried for 12 h in an oven at 60 °C to obtain carboxylic
acid-functionalized BC-CNFs (CNF-F).

2.4. Sample preparation and characterization

2.4.1. Raman spectroscopy and Fourier transform infrared spectroscopy
(FTIR)

CNF-R, CNF-F, and SWCNT powders were pelletized between two
glass slides. Raman spectrum of pellets thus prepared was recorded us-
ing HR800-UV confocal micro-Raman spectrometer (excitation source
532 nm, 50mW) (Horiba Jobin Yvon, France). FTIR spectrum was
recorded with 3000 Hyperion Microscope with Vertex 80 FTIR System
(Bruker, Germany).

2.4.2. Scanning electron microscopy (SEM) and transmission electron mi-
croscopy (TEM)

For obtaining SEM micrographs, CNF samples were sprinkled on
carbon tape, and the imaging was performed using field emission scan-
ning electron microscope JOEL JSM-7600F (Jeol, Ltd., Japan). For TEM
micrographs, the samples were drop casted onto lacey carbon grids and
allowed to dry at room temperature. TEM imaging was performed with
HRTEM: JEOL JEM-2100F (Jeol, Ltd., Japan) at 200 kV.

2.4.3. Study of CNF samples degraded due to MPO
Control and test samples were prepared separately to study the

degradation of CNF-R and CNF-F due to MPO. Control sample for CNF-
R with 310 μl volume comprised of 25 μg∕ml CNF-R, 300 μM H2O2 and
9.7mM PBS (containing 0.133M NaCl). Test sample for CNF-R contained
310 μl total volume with final concentrations of reagents as 25 μg∕ml
CNF-R, 300 μM H2O2, 9.7mM PBS and 9.67 μg∕ml MPO. Note that H2O2
was added only once to the control and test samples during preparation,
and not periodically thereafter unlike the method reported by Kagan
et al. (2010). The test and control samples are kept under observation
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for 4 h at room temperature. Similarly, test and control samples for
NF-F were prepared, keeping all parameters and concentrations same
s used for CNF-R. For SEM and TEM analysis 30 μl of the sample

was taken out from each test and control sample every hour and
stored at −20 °C to stop any further degradation in the sample. The
0 h sample was collected before adding MPO in the test sample. At the
time of sample preparation for SEM/TEM imaging, these frozen samples
were first thawed and then diluted with 20 μl of DI water. The diluted
samples were ultrasonicated for 5min to disperse the sample uniformly
and dropcasted on to Si wafer for SEM imaging. The wafer was cleaned
using IPA, acetone and DI water. For TEM micrographs, the diluted
samples were drop casted onto lacey carbon grids which were allowed
to dry at room temperature. UV–Vis spectroscopy on control and test
samples was performed with Lambda 25 spectrometer (PerkinElmer.,
USA), using 310 μl of sample in the test cuvette (polystyrene cuvette;
Bio-Rad Laboratories Inc., USA), and a mixture of 300 μM H2O2 and
9.7mM PBS as background.

2.4.4. Sample preparation for characterization with optical PSD sensor
For the characterizing enzymatic degradation of CNF-F with optical

PSD sensor, test and control samples were prepared. Test sample T1
with 320 μl volume contained 50 μg∕ml CNF-F, 300 μM H2O2, 9.7mM
PBS (containing 0.133M NaCl) and 9.4 μg∕ml MPO. Test sample T2
contained 306.4 ngml−1 MPO, while keeping concentrations of other
chemicals the same as in test sample T1. The control sample con-
tained all chemicals except MPO. To study the sensor response for
clinically relevant MPO concentrations, samples were prepared with
320 μl volume containing 30 μg∕ml CNF-F, 300 μM H2O2 and 9.7mM
BS and MPO, where the MPO concentration was varied. Lower CNF-F
oncentration was used as compared to samples T1 and T2, to get better
esolution with lower concentrations of MPO. Sample1 S1 contained
00 ngml−1 MPO, sample S2 contained 200 ngml−1 MPO, sample S3
ontained 100 ngml−1 MPO and sample S4 contained 50 ngml−1 MPO.
hree test samples of each concentration were prepared to perform the
xperiment in triplicates. For experiments with MPO spiked in human
erum, two samples with different MPO concentrations were prepared.
est serum sample TS1 with 320 μl volume contained 30 μg∕ml CNF-
, 300 μM H2O2, 9.7mM PBS (containing 0.133M NaCl) and 1 μg∕ml
PO and test sample TS2 contained 300 ngml−1 MPO while keeping

oncentrations of other chemicals the same as in test sample TS1.
he control sample contained all chemicals except MPO. Note that
2O2 was added only once to the control and test samples during
reparation, and not periodically thereafter unlike the method reported
y Kagan et al. (2010), Huang et al. (2021). Control and test samples
ere prepared in Eppendorf tubes. To record sensor response, each
ppendorf tube containing the sample was inserted in the 3D printed
ample holder and the optical PSD sensor output was recorded. The
ppendorf tube was removed from the holder and inserted again to
ecord the data, to study variability in sensor output due to manual
nsertion of the tube in the sample holder. Data was collected for 5
uch manual re-insertions, at duration of every 30min. Each data set
omprises of 120 samples recorded over a duration of 1min. The average
f these 120 samples was calculated and considered as one data point.
herefore, 5 data points were recorded for each sample every 30min.
his experiment was performed for a total duration of 3 h.

. Results and discussion

.1. Effect of acid functionalization on BC-CNF dispersibility and surface
roperties

To check the dispersibility of acid functionalized CNF, prepared as
escribed in Section 2.3, 2mg of CNF-R and CNF-F were dispersed in
ml of DI water and ultrasonicated for 10min and kept undisturbed

or 2 h. The superior dispersibility of CNF-F as compared to CNF-R
s visually noticeable, as seen in Fig. 2(a), thus indicating successful
4

unctionalization of the CNFs. The change in sample morphology was
bserved through SEM imaging (Figs. 2(b) and (c)). It was observed
hat some fibers in CNF-F were broken and appeared shorter, while the
iameter of some CNF-F had increased, resulting from the introduction
f defects in the CNF-F during functionalization. Similar change in
iameter is reported by Park et al. during acid treatment of MWC-
Ts (Park et al., 2008). In comparison, the CNF-R fibers were longer
nd exhibited uniform diameter. We further observed that the CNF-F
ispersion in water remained stable for more than 30 days, and there
as no sign of CNF-F settling. The surface potential of the sample
as characterized using the zeta potential (ZS XPLORER, Malvern
analytical Ltd.). To measure zeta potential, 100 μl of 1mgml−1 of CNF-

F and CNF-R samples were separately diluted in 1ml DI water and
ultrasonicated for 10min. The zeta potential for CNF-R and CNF-F were
measured to be −5.02mV and −26.72mV respectively. These findings
confirm that CNF-F has higher magnitude of zeta potential than CNF-R,
and therefore superior dispersibility.

Due to the presence of more oxygen-containing groups such as
carboxyl/hydroxyl/carbonyl groups, CNF-F has higher negative charge
than CNF-R. The presence of higher number of carboxyl/hydroxyl
groups were further verified through FTIR spectra (Fig. 2(d)). Both
CNF-R and CNF-F show a characteristic broad signature of O-H bond
stretching around 3200-3700 cm−1, C-H bond stretching around 2850-
920 cm−1 and C=C bond signature around 1650-1600 cm−1, confirm-
ng that the structure of CNF is retained after functionalization (Illa
t al., 2019b). The signatures around 1350 cm−1 and 1460 cm−1 are
ue to asymmetrical bending vibrations of CH3 and CH2 alkane bend-
ng, respectively (Cui et al., 2017). CNF-F shows additional signa-
ures due to C=O and C-O bonds around 1665-1760 cm−1 and 1019-
308 cm−1 (Zhang et al., 2003), respectively due to the oxidation of
ome carbon nanofibers. This indicates successful functionalization of
NF-F. Some of these signatures were also observed for CNF-R, albeit
ith very low intensity.

The increase in number of defect sites in CNF-F was verified with
aman spectroscopy. Raman spectra recorded on CNF-F and CNF-R
re shown in Fig. 2(e). The characteristic peaks of CNF for the 𝐷
nd 𝐺 bands are around 1340 cm−1 and 1590 cm−1, respectively. The 𝐷
and is related to structural disorder and defects, whereas the 𝐺 band

corresponds to the C=C bond in the graphitic plane. An increase in
𝐼𝐷∕𝐼𝐺 ratio indicates the presence of more structural defects and higher
proportion of 𝑠𝑝3 carbon (Ngo et al., 2013). Due to the oxidation of
CNF-F and the presence of carboxylic group in CNF-F, the 𝐼𝐷∕𝐼𝐺 ratio
is higher than 𝐼𝐷∕𝐼𝐺 ratio of CNF-R (Janudin et al., 2017). The average
𝐼𝐷∕𝐼𝐺 ratio based on spectra collected at three different positions for
CNF-F and CNF-R were calculated to be 0.87 and 0.74, respectively.

3.2. Enzymatic degradation of BC-CNF

The degradation of several forms of CNPs in the presence of MPO
summarized in Table 1 is typically a slow process that requires several
hours (Kagan et al., 2010; Azuara-Tuexi et al., 2021). We have pre-
viously observed that carboxylic acid functionalized SWCNTs showed
measurable degradation due to MPO over the course of 4 h (Nandesh-
war and Tallur, 2020). Molecular modeling simulations reported by
Kagan et al. indicate strong interaction between MPO and carboxyl
groups on SWCNT surface (Kagan et al., 2010). BC-CNFs have higher
defects when compared to SWCNTs (Illa et al., 2018; Zhang et al.,
2003), and are expected to degrade faster. Fig. 3 shows SEM micro-
graphs of CNF-R and CNF-F control and test samples obtained before
interaction with MPO (0 h) and 2 h after interaction with MPO (for
test sample). MPO was not added to the control sample. The CNF-R
test sample shows fibers broken into smaller fragments after 2 h with
less agglomeration. However no noticeable change in diameter was
observed. The CNF-R control sample imaged after 2 h does not show
any change in diameter as compared to 0 h sample. The agglomeration

in the CNF-R control sample after 2 h might due to the cleavage of -OH
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Fig. 2. (a) Photographs of raw CNF (CNF-R) and functionalized CNFs (CNF-F) dispersed in DI water and kept undisturbed for 2 h. CNF-F shows better dispersibility. (b) & (c)
SEM micrographs of (b) CNF-R and (c) CNF-F, show changes in surface morphology of CNF after functionalization. (d) FTIR spectra and (e) Raman spectra of CNFs before (green,
CNF-R) and after (red, CNF-F) functionalization. The Raman spectra curves are normalized to show same intensity for 𝐺 band, to better visualize the increase in 𝐼𝐷∕𝐼𝐺 ratio after
functionalization. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. SEM micrographs of CNF-R and CNF-F control and test samples taken at 0 h and 2 h after adding MPO. CNF-F shows more signs of degradation than CNF-R at 2 h. The
distribution of diameter of nanofibers in CNF-F test samples shows significant change from 0 h to 2 h, while no noticeable change is noticed for CNF-R samples.
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Fig. 4. TEM micrographs of CNF-R and CNF-F test samples taken at 0 h and 3 h after adding MPO. Arrows are provided as visual aids and representative diameters (nM) are
indicated for CNF-F samples.
groups present on CNF-R surface by H2O2 leading to less electrostatic
repulsion and more aggregation (Czech et al., 2015). In the case of the
CNF-F control sample, there was no noticeable change in structure at
0 h and 2 h. However, in the CNF-F test sample imaged at 2 h, most of
the smaller fragments of CNF-F were completely degraded, and only
a few longer fragments remained. The average diameter of CNF-F test
sample at 0 h and 2 h was measured using ImageJ software (Schneider
et al., 2012) to be approximately 70.45 nm and 29.89 nm, respectively.
There was no significant difference in diameter of the 0 h and 2 h
test samples of CNF-R (64.46 nm and 63.29 nm, respectively). Therefore,
it can be concluded that MPO plays an important role in the faster
degradation of CNFs. Additional SEM images recorded every hour for
CNF-F and CNF-R samples are provided in supplementary information
(Figures S1 and S2, respectively). TEM results presented in Fig. 4 also
support the observations made from SEM micrographs. TEM analysis
was performed only for test samples of CNF-R and CNF-F, and the
samples were collected for TEM imaging only at 0 h and 3 h upon adding
MPO. Lesser agglomeration was observed in the CNF-F 3 h samples as
compared to 0 h. The CNF-R samples show similar features at 0 h and
3 h. Compared to the 3 h image of CNF-R, the CNF-F image displays less
aggregation and more degradation.

Fig. 5(a) shows photographs with visibly distinct change in test
(T) CNF-F sample as compared to control (C) CNF-F sample, with
increasing time. The CNF concentration used in each Eppendorf tube
was 14 μg∕ml. After 2 h the test sample was observed to be almost
transparent while the color of the control sample had barely changed
as compared to 0 h. The H2O2 and NaCl in control sample also produce
hypochlorous acid that degrades the CNF, albeit far more slowly. Due
to this, some settling of the partially degraded CNF-F control sample
was observed after 24 h. UV–Vis spectroscopy measurements were per-
formed with CNF-F to investigate the change in optical contrast of the
functionalized CNF in presence of MPO. The samples were kept undis-
turbed in a polystyrene cuvette for 2 h, and the absorbance spectrum
was recorded every 10min. In Fig. 5(b), UV–Vis spectrum for CNF-F
test and control samples at 0min and 120min are compared. While there
are no characteristic peaks in the UV–Vis spectra, the absorbance curve
shows drastic reduction with enzymatic degradation of CNF-F in the
test sample. The UV–Vis absorbance spectrum obtained at various inter-
mediate times are presented in supplementary information (Figure S3).
Change in extent of degradation of CNF-F was studied by calculating
6

the area under the curve (AUC) in OriginLab®, and the normalized AUC
trends for control and test samples for wavelength range 800 nm-900 nm
are shown in Fig. 5(c). The AUC trend in wavelength range 800 nm-
900 nm is of interest for the optical PSD sensor described in the next
sub-section. Change in AUC for control sample was significantly lesser
as compared to test sample. The change in AUC for test sample is more
pronounced after 30min. Based on XRD analysis reported in previous
work, BC-CNFs are known to possess ordered crystalline regions sur-
rounded by amorphous carbon (Illa et al., 2019a). Reduced crystallinity
as compared to SWCNTs could also explain the significantly faster
degradation of CNFs observed in this work, as compared to SWCNT
degradation due to MPO reported in our previous work (Nandeshwar
and Tallur, 2020).

3.3. Detection of degradation of BC-CNF with optical phase sensitive detec-
tion based sensor

To explore the feasibility of utilizing enzymatic degradation of
CNF-F for biosensing of MPO, we characterized the change in optical
contrast due to degradation with optical PSD sensor (Nandeshwar and
Tallur, 2020; Nandeshwar et al., 2018). Fig. 6(a) shows a photograph
of the 3D printed package of the PSD optical sensor. Printed circuit
boards (PCBs) containing the photodiode (BPW46) and infrared (IR)
LED (GaAs) were inserted in the 3D printed setup as seen in the figure.
The PCBs were arranged in such a way that the optical path of the
LED-photodiode pair was aligned with the center of the sample holder
that houses the Eppendorf tube containing the sample. The schematic
of the PSD circuit is shown in Fig. 6(b). The principle of operation of
this circuit is explained in detail in our previous work (Nandeshwar
et al., 2018), although in this work the sample holder is redesigned for
optimizing sensor performance for MPO. The circuit utilizes two arms
gated by complementary control signals (labeled Cntrl and ∼Cntrl),
such that only one of the arms offers a connection to the difference
amplifier at any time. The Cntrl arm is in-phase with the trigger applied
to the LED, and thus the capacitor connected in the Cntrl arm samples
the voltage generated due to light transmitted through the sample as
well as ambient light. On the other hand, the capacitor connected
to the ∼ Cntrl arm samples only voltage generated due to ambient
light. The difference amplifier helps in removing the contribution from
the ambient light and thus improves the signal to noise ratio and
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Fig. 5. (a) Change in optical contrast of CNF-F test sample (T) as compared to control
sample (C) is visibly apparent, due to degradation of CNF-F after adding MPO. (b)
UV–Vis spectroscopy for CNF-F test and control samples obtained at 0min and 120min.
(c) Normalized (i.e. shift from t = 0) area under curve obtained at intervals of 10min
from UV–Vis absorbance curve for wavelength range: 800 nm-900 nm. The experiments
were performed in triplicates. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

therefore, the sensitivity of the sensor. The output of the difference
amplifier is recorded with a digital multimeter (Keithley DMM7510).
The response curve of the sensor for various values of CNF-F concen-
tration in DI water is shown in Fig. 6(c). Through linear regression,
the sensitivity was found out to be −8.9mV∕μg∕ml, with 𝑅2 value of
0.96. The resolution (bias stability) of the sensor was determined from
Allan deviation measurement to be 70.33 μV ≡ 7.9 ngml−1 change in
CNF-F concentration. We chose 50 μg∕ml as target concentration of
CNF-F for subsequent characterization, since this concentration showed
significant difference in the voltage output as compared to DI water
(0 μg∕ml).
7

The variation in sensor output for test and control samples over
the course of 3 h is shown in Fig. 6(d), with each box comprising
of 5 measurements. The readings are normalized to show deviation
from mean of the control sample at 0 h. The sensor output for the test
sample increases due to MPO induced degradation, and resultant drop
in contrast of the CNF-F sample. As a result, as the concentration of
CNF-F drops, the voltage output rises gradually. Note that the sensor
output corresponds to a weighted averaged response of the spectral
sensitivity of the photodiode (relative spectral sensitivity > 0.4 in wave-
length range 550-1000 nm) and peak emission wavelength range of the
LED (approximately 750-900 nm). We observed a significant difference
in the sensor output at 1 h for test and control samples, consistent
with the UV–Vis spectroscopy results shown in Fig. 5(c). Note that a
significant difference from control sample is observed for test sample T2
containing ≈ 300 ngml−1 MPO, which corresponds to clinically relevant
concentration of MPO (≥300 ngml−1) for individuals at risk of acute
coronary syndrome and stroke Kimak et al. (2018), Baldus et al. (2003).
We further characterized the sensor response with lower concentrations
of MPO with samples S1, S2, S3 and S4 (prepared as described in
Section 2.4.4). The variation in sensor output measured 1 h after adding
MPO for these samples is shown in Fig. 7. The sensor is clearly able
to distinguish between abnormal (S1: 300 ngml−1) and healthy (S2:
200 ngml−1, S3: 100 ngml−1 and S4: 50 ngml−1) concentrations of MPO.
This experiment was performed in triplicates. The difference in sensor
output for 300 ngml−1 sample in Fig. 6(d) and Fig. 7 is because lower
concentration of CNF was used to determine the resolution of PSD
sensor for clinically relevant concentration of MPO. The resolution for
lower concentrations of MPO could be further optimized by making
design improvements to increase the optical path length through the
sample, and optimizing the CNF-F concentration. We observed that
the sensor output for lower concentrations of MPO decreased after 0 h.
This could be because of agglomeration of few CNF-Fs and settling of
bigger particles at the bottom of the Eppendorf tube, where the LED
and photodiode are placed. This trend is under further investigation
and will be addressed in future work.

We also studied the sensor response to samples comprising of MPO
spiked in human serum (samples TS1 and TS2, prepared as described
in Section 2.4.4). The results of the experiment performed with these
samples are presented in Figure S4 in supplementary information. No
significant change in sensor response (as compared to control sam-
ple) was detected in serum samples containing MPO, and there was
no visible change in contrast, even for sample TS1 containing large
concentration of MPO (1 μg∕ml). Human serum consists of various
other constituents that can have higher affinity towards oxide/hydroxyl
groups present on CNF-F surface, leading competitive inhibition with
MPO. This problem could be potentially addressed by integrating the
optical PSD sensor presented in this work with microfluidic chips for
in situ separation of MPO from serum samples (Jebrail and Wheeler,
2009; Han et al., 2021).

4. Conclusion and future work

In summary, we have presented BC-CNF as a promising substrate
for realizing MPO biosensor by leveraging change in optical contrast
of BC-CNF due to MPO induced enzymatic degradation as the sensing
mechanism. Preliminary results obtained with the optical PSD sensor
indicate that this scheme is capable of detecting MPO activity for
clinically relevant concentration of MPO (300 ngml−1). As compared
to other forms of CNPs, BC-CNFs are easier and inexpensive to syn-
thesize and functionalize, and also offer faster response time due to
presence of higher number of surface defects. Evidence of functionaliza-
tion was presented through Raman spectroscopy, FTIR, zeta potential
and dispersibility measurements. The observations were benchmarked
against SEM and TEM imaging to inspect the morphology and degraded
nanostructure of the CNFs, respectively, and the change in optical
properties was validated against UV–Vis spectroscopy measurements.
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Fig. 6. (a) 3D printed setup of optical PSD sensor, showing various components. (b) Schematic diagram of the optical PSD circuit. (c) Optical PSD dose response curve for CNF-F
dispersed in DI water. Inset: Allan deviation measurement for the sensor system, with measured resolution (bias stability) of 70.33 μV ≡ 7.9 ng ml−1 change in CNF-F concentration.
(d) Normalized sensor output (i.e. shift from mean of control sample at 𝑡 = 0 h) recorded every 30 min up to 3 h for CNF-F control and test samples containing two different
concentrations of MPO: 9.4 μg ml−1 and 306.4 ng ml−1. Inset: Photographs of Eppendorf tubes containing samples used for these measurements, at end of 3 h: (i) Control, (ii)
9.4 μg ml−1 MPO, (iii) 306.4 ng ml−1 MPO.
Table 2
Comparison of the BC-CNF degradation based MPO sensing technique with literature.

Reference Substrate (sample holder) Reagents and other materials Auxiliary equipment

Electrochemical sensors

Hajnsek et al. (2015) Screen printed electrode functionalized
with glucose oxidase

Glucose oxidase, PBS, glucose Potentiostat, microfluidic pump

Bekhit and Gorski (2019) Glassy carbon electrode, functionalized
with SWCNT

SWCNT, Chitosan, antibody
dipstick, NH4SCN, PBS, H2O2, Pt
counter wire

Electrochemistry workstation

Mondal et al. (2017) Whatman filter paper coated with
conductive polymer

Anti-MPO monoclonal antibodies,
sodium phosphate buffer,
glutaraldehyde, PBS

Impedance analyzer

Ruiz-Vega et al. (2017) Lateral flow assay with paper based
screen printed electrodes

streptavidin coated Magnetic
beads, anti-MPO, HRP, TMB

Potentiostat

Colorimetric activity assay

Santopolo et al. (2021) 96 well plate Magnetic beads, Gold
nanoparticles, DMSO

Plate reader, vis-NIR spectrophotometer

Abcam ab105136 96 well plate MPO assay buffer, DNTB probe,
TCEP

Microcentrifuge, colorimetric microplate
reader, orbital shaker, Dounce
homogenizer

Optical sensors

Khatri et al. (2016) Polymer waveguides with immobilized
gold nanoparticles

Gold nanoparticles, anti-MPO,
APTES

Spectrophotometer, LED, collimating
lens, objective lens, 600 μm core optical
fiber

This work Microtubes (no functionalization) BC-CNF, H2O2, PBS None

Glossary — SWCNT: single walled carbon nanotube, PBS: phosphate buffer saline, HRP: horseradish peroxidase, DMSO: dimethyl sulfoxide.
A comparison of the resource requirements of the biosensor presented
in this work with literature is presented in Table 2, to highlight the
low-cost nature of our technology.

In future work, we will undertake further characterization to ob-
tain a quantitative estimate of the MPO concentration based on the
8

sensor output, and study methods to improve the in vivo degradation
of BC-CNFs, while minimizing inference due to the presence of other
peroxidases such as eosinophil peroxidase (EPO) and lactoperoxidase
(LPO) in serum samples. Additionally, we aim to develop methods to
improve the robustness and sensitivity of the optical biosensor and
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Fig. 7. Normalized sensor output (i.e. shift from mean of corresponding sample at
𝑡 = 0 h) measured 1 h after introducing MPO, for samples prepared with various
concentrations of MPO. The experiments were performed in triplicates.

study the impact of environmental conditions, such as temperature, pH,
and ionic strength on the sensor performance. We also seek to explore
the utility of other cost effective cellulose CNF for such biosensors,
such as plant based nano-cellulose CNF. We also aim to improve the
packaging of the optical sensor through microfluidics based designs for
introducing the sample into the optical path, to avoid risk of infection
and variability in sensor output due to manual handling of samples.
With further development, the platform presented in this work could
be utilized for low-cost point-of-use biosensor for better management
of CVDs in LMICs.
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