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Abstract: Despite their efficiency and specificity, the instability of natural enzymes in harsh condi-
tions has inspired researchers to replace them with nanomaterials. In the present study, extracted
hemoglobin from blood biowastes was hydrothermally converted to catalytically active carbon
nanoparticles (BDNPs). Their application as nanozymes for the colorimetric biosensing of H2O2

and glucose and selective cancer cell-killing ability was demonstrated. Particles that were prepared
at 100 ◦C (BDNP-100) showed the highest peroxidase mimetic activity, with Michaelis–Menten con-
stants (Km) of 11.8 mM and 0.121 mM and maximum reaction rates (Vmax) of 8.56 × 10−8 mol L−1 s−1

and 0.538 × 10−8 mol L−1 s−1, for H2O2 and TMB, respectively. The cascade catalytic reactions,
catalyzed by glucose oxidase and BDNP-100, served as the basis for the sensitive and selective
colorimetric glucose determination. A linear range of 50–700 µM, a response time of 4 min, a limit of
detection (3σ/N) of 40 µM, and a limit of quantification (10σ/N) of 134 µM was achieved. In addition,
the reactive oxygen species (ROS)-generating ability of BDNP-100 was employed for evaluating
its potential in cancer therapy. Human breast cancer cells (MCF-7), in the forms of monolayer cell
cultures and 3D spheroids, were studied by MTT, apoptosis, and ROS assays. The in vitro cellular
experiments showed dose-dependent cytotoxicity of BDNP-100 toward MCF-7 cells in the presence
of 50 µM of exogenous H2O2. However, no obvious damage was induced to normal cells in the same
experimental conditions, verifying the selective cancer cell-killing ability of BDNP-100.

Keywords: reactive oxygen species; nanozyme; carbon dots; glucose; colorimetry

1. Introduction

Natural enzymes are essential assets in the catalysis of vital biological reactions.
Despite their efficiency and specificity, they are unstable under harsh physicochemical
conditions and are also expensive. With the advent of nanotechnology, several research
fields benefited from the extraordinary properties of nanosized objects [1–6]. In 2007, it was
accidentally found that magnetic nanoparticles mimic the function of horseradish peroxi-
dase (HRP), albeit showing higher robustness [7]. Further studies confirmed that, unlike
natural enzymes, nanomaterials with enzyme-like activities (nanozymes) are prepared
at low costs and large scales, their handling is more feasible, and their activity preserves
under harsh conditions [8–10]. Nanozymes have been used extensively in environmental
monitoring, sensing, in vivo imaging, and cancer therapy [2,11–13].
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There is a wide collection of nanomaterials that reproduce the functions of natural
enzymes [14–19]. The most studied aspect is the peroxidase-like activity of nanozymes,
which is the catalytic conversion of hydrogen peroxide to water [20–24]. The reactive
oxygen species (ROS) produced during such a reaction can attack redox substrates in the
colorimetric assays of important (bio)analytes [25,26] or cause the degradation of organic
pollutants [27]. In addition, peroxidase-mimicking nanozymes can kill cancer cells through
oxidative stress induction [28,29]. In this respect, iron-containing nanozymes that function
based on Fenton chemistry are one of the best peroxidase-mimicking nanozymes [30–33]. A
widely used Fe-based nanozyme is the Fe3O4 nanoparticle, which suffers from low activity
compared to natural enzymes due to an inherent tendency to aggregate [34]. To solve
this problem, they are commonly decorated on 3D porous supports [35,36]. Fe-doped
molecular organic frameworks (MOFs) possess a larger surface area than metal oxide
nanozymes. However, they feature a low density of active sites due to the existence of high
molecular weight organic ligands. Dong et al. conquered the problem by growing MIL-
101(Fe) crystals on MoS2 nanosheets [37]. Alternatively, Mu et al. prepared bimetal-organic
frameworks (FexNiy-MOF) with enhanced peroxidase-like activity by introducing two
metal ions into the synthetic precursors [38]. There are other breakthroughs made toward
the development of Fe-based nanozymes, including the preparation of single iron site
nanozymes [31,39]. The abovementioned catalysts are prepared using multiple precursors
and laborious synthesis procedures, while some require organic solvents, all of which
hinder the continuous development of Fe-based nanozymes.

The use of bioresources for the synthesis of Fe-doped nanozymes is rare in the liter-
ature. In the present study, we employed natural hemoglobin (Hb) as a single precursor
to synthesize Fe-doped nanozymes. To this end, we extracted Hb from blood biowastes
on large scales and converted them to Fe-doped nanozymes, which we call blood-derived
nanoparticles (BDNPs), using a one-step hydrothermal process. To compare the perfor-
mance of the BDNPs to Fe-doped nanozymes that are prepared via multiple precursors,
we synthesized the Fe-doped nanozymes using citric acid and FeCl2 as the precursors [40]
and demonstrated the contribution of metal ion microenvironments on nanozyme catalytic
activities. Hb-derived BDNPs were employed for the colorimetric quantification of hydro-
gen peroxide and glucose. Furthermore, the therapeutic efficacy of BDNPs in the selective
killing of cancer cells was studied.

2. Materials and Methods
2.1. Synthesis of BDNPs

The synthesis of BDNPs was accomplished according to the following procedure.
An amount of 23 mL of the blood-derived Hb was mixed with 12 mL of deionized water
in a 50 mL Teflon-lined stainless steel autoclave. The mixture was subjected to thermal
treatment at 100 ◦C (BDNP-100), 125 ◦C (BDNP-125), 150 ◦C (BDNP-150), and 180 ◦C
(BDNP-180) for 3 h. The mixture was allowed to cool down to room temperature. The raw
product was washed with deionized water to remove unreacted Hb. To the solid mass,
5 mL of concentrated NaOH (5M) was added, followed by probe sonication for 10 min
(with an amplitude of 8, pulse-on time of 1 s, and a pulse-off time of 1 s). The mixture was
centrifuged at 12,000 rpm for 10 min. The supernatant was carefully collected and dialyzed
using deionized water (48 h), followed by lyophilization.

2.2. Peroxidase Mimetic Property of BDNPs

A colorimetric approach was adopted to investigate the catalytic property of BDNPs.
A solution of tetramethyl benzidine (TMB, 200 µM) and H2O2 (2 mM) in acetate buffer
solution (50 mM, pH 5.1) was freshly prepared as the working solution before use. A total
of 100 µL of the working solution was added to each well of the ELISA plate. The reaction
was started by adding BDNPs to the final concentration of 27 ppb. An ELISA plate reader
monitored the absorbance change in the wells at 630 nm for 30 min.
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Glucose assay. Glucose oxidase and various concentrations of glucose were diluted
with an acetate buffer solution (pH 5.0, 50 mM). A total of 44 µL of the mixture was added
to each well of the ELISA plate reader, and the plate was incubated at 37 ◦C. After 30 min
of incubation, a fixed volume of the colorimetric reagent comprising TMB and BDNP-100,
which were premixed with acetate buffer, was added to each well, and the absorbance
signal at 630 nm was recorded for 30 min. The final volume of the reaction mixture at each
well was 200 µL, and the final concentrations of TMB and BDNP-100 were 200 µM and
0.262 mg/L, respectively. The absorbance value at t = 30 min was used for the analysis of
the calibration and selectivity data.

Human serum and plasma were used as the real samples for the analysis of the
glucose concentration through the standard addition method. Intravenous human blood
was freshly collected, and the plasma was isolated by gradient centrifugation using Ficoll-
Hypaque-1077 (GE health care-Sweden). The plasma sample was diluted with acetate
buffer solution (50 mM, pH 5) by a 1:7 volume ratio, followed by the addition of glucose
oxidase. Various concentrations of glucose were then added to equal volumes (44 µL) of
diluted plasma and glucose oxidase, and the mixtures were incubated at 37 ◦C for 30 min.
The addition of the colorimetric reagent and absorbance reading was conducted in the
same way as mentioned above.

3. Results and Discussions

A hydrothermal procedure was adapted for the synthesis of the BDNPs [41,42]. The
thermal treatment was conducted at four temperatures: 100 ◦C, 125 ◦C, 150 ◦C, and 180 ◦C.
The precursor was the Hb biomolecules extracted from the blood biowastes. Hb was se-
lected as the iron- and carbon-containing precursor for the synthesis of carbon nanoparticles.
Based on the treatment temperature, the synthesized BDNPs were called BDNP-100, BDNP-
125, BDNP-150, and BDNP-180. Based on the previous reports, we propose that in the
hydrothermal reaction condition, high pressure and temperature denaturized the protein,
followed by dehydration, pyrolysis, double bond formation, the emergence of aromatic
centers, and nucleation, which finally resulted in the formation of fluorescent particles [43].
The temperature range in the present study covers all these steps. We aimed to investigate
the physicochemical properties of the particles that were formed in this pathway. The
particles with the highest catalytic activity and zero fluorescence (BDNP-100) to particles
with zero catalytic activity and reasonable fluorescence (BDNP-180) were synthesized in
the temperature range of 100–180 ◦C.

In the following sections, the physicochemical, spectral, and catalytic properties of the
BDNP samples were studied, and their applications in sensor design and ROS-mediated
cytotoxicity induction were elaborated.

3.1. Characterization

TEM images of BDNP-100 and BDNP-150 are displayed in Figure 1. The samples’
size, morphology, and crystallinity are different. BDNP-100 comprises several small
nanosheets overlaid on a few large carbon sheets. HRTEM data reveal the crystalline
nature of BDNP-100. As the inverse FFT image shows, the interlayer spacing across the
orange line was calculated as 0.3367 nm, close to the 002 planes of graphitic carbon. In
addition, other interlayer distances of 0.21 nm and 0.26 nm were also found in the HRTEM
images of BDNP-100, which is attributed to the 100 planes of graphite. In contrast, no
crystallinity was observed for the BDNP-150 sample, possibly due to the destruction of the
crystalline texture at higher hydrothermal temperatures [44]. The particles in BDNP-150
are semispherical, with an average diameter of 19.7 nm.
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denaturation, as reported in previous studies [47]. BDNP-150 exhibited a substantial in-

crease in the intensity of C-H bending (υ⁓1450 cm−1) compared to the Hb and BDNP-100. 

According to previous reports, the reason for such an intensity change is inconclusive. 

What is mutual, however, is that in different studies, the change in the intensity of C-H 

bending is assigned to the change in the interior hydrophobic interactions and the extent 

of the hydrophobic groups’ exposure to the polar environment [48]. The intensity of C-N 

(1543 cm−1) and C-O (1100 cm−1) decreased upon the temperature increase in the hydro-

thermal process, and double bonds started to form, as designated by the emergence of a 

Figure 1. Morphological characterization of (a–f) BDNP-100 and (g,h) BDNP-150. Panels a–c show
the sheet-like morphology of BDNP-100 with increasing magnification. Panels d and e are HRTEM
images of the BDNP-100 particles before and after applying inverse FFT, respectively. (f) shows the
height profile of the orange line shown in panel e. Panel g shows the semispherical morphology of
BDNP-150 particles, and panel h is the SAED pattern of the BDNP-150 sample, signifying its lack
of crystallinity.

FTIR spectroscopy was employed for the evaluation of the structural change in Hb
during the thermal treatment (Figure 2a). The peak position of the amide I band of Hb,
originally located at 1659 cm−1, shifted to 1651.40 cm−1 and 1652.49 cm−1 for BDNP-100
and BDNP-150, respectively. The frequency shift implies that hydrothermal treatment
induces protein conformational change [45,46]. Furthermore, the intensity of amide II was
reduced in BDNP-150 compared to BDNP-100, which contributed to protein structural
denaturation, as reported in previous studies [47]. BDNP-150 exhibited a substantial
increase in the intensity of C-H bending (υ~1450 cm−1) compared to the Hb and BDNP-100.
According to previous reports, the reason for such an intensity change is inconclusive.
What is mutual, however, is that in different studies, the change in the intensity of C-H
bending is assigned to the change in the interior hydrophobic interactions and the extent
of the hydrophobic groups’ exposure to the polar environment [48]. The intensity of
C-N (1543 cm−1) and C-O (1100 cm−1) decreased upon the temperature increase in the
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hydrothermal process, and double bonds started to form, as designated by the emergence
of a sharp peak at 2035 cm−1. FTIR spectra reveal a more intense structural change in
BDNP-150 than in BDNP-100.
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Figure 2. (a) FTIR, (b) Raman and (c) XRD patterns of BDNP samples. In panel a, the FTIR spectrum
of hemoglobin is presented for comparison.

XRD and Raman spectroscopy were employed for the crystallinity evaluation of the
samples. The Raman spectrum of BDNP-100 in Figure 2b exhibits the characteristic D- and
G-bands at 1372 and 1594 cm−1 and are associated with sp3 and sp2 carbons, respectively.
Carbon materials, in which the intensity ratio of the D-to-G band is less than one, are
identified to be less defective materials with a high degree of graphitization [49]. Our
Raman results confirmed the presence of graphitized and defective sites in the sample.
However, the ID/IG ratio of less than unity confirms the high degree of graphitization of
BDNP-100. The existence of ordered and disordered carbon in the Raman spectrum was
reflected in the XRD pattern of the sample (Figure 2c). We presume that a broad peak,
located at 2θ~20◦, may have arisen from the fact that the XRD collected information on the
graphitized and disordered particles at the same time. Compared to BDNP-100, BDNP-150
does not show any pattern in its XRD spectrum, demonstrating zero crystallinity, which is
in accordance with the HRTEM data. It is noteworthy that HRTEM evaluates a local region
of the sample, while XRD spectroscopy screens a larger portion of the sample.

The elemental composition of BDNP-100 and BDNP-150 was obtained from EDS,
ICP-MS, and XPS analyses. According to the XPS results, there are plenty of hydrophilic
functional groups in the samples, demonstrating a high solubility of nanoparticles in water.
Figures S1 and S2 show that the chemical composition of both samples was almost similar,
with no signal associated with the iron atoms observed, which was a result of iron scarcity
in native and denatured hemoglobin biomolecules, compared with C, N, and O. Likewise,
the amount of iron detected by EDS mapping was very low (Figure S3). Similar to our study,
the XPS peak of Fe in hemoglobin was not detected in previous reports [50,51] because
of the low concentration of Fe in hemoglobin. However, we detected iron atoms in the
ICP-MS analysis of the samples (Table 1).
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Table 1. Elemental compositions of BDNP samples by XPS, EDS, and ICP-MS analyses.

Amount

XPS

Element ppm At% (BDNP-100) At% (BDNP-150)

O - 12.44 15.83

C=O - 74.37 77.04
C-O - 25.63 22.96

C - 79.13 71.72

C-C - 57.95 54.53
N-C=O - 14.70 15.70

C=C - 27.35 29.77

N - 7.00 7.91

C-N - 100 94.95
Graphitic N, N-H - 0 5.05

Na - 1.44 4.54

EDS

C - 74.55 71.61

O - 25.41 28.31

Fe - 0.05 0.07

ICP-MS

Fe (BDNP-100) 3.1 - -

Fe (BDNP-125) 3.3 - -

Fe (BDNP-150) 0.30 - -

Fe (BDNP-180) 0.37 - -

Deconvolution of the high-resolution XPS of C1s and O1s revealed a decrease in the
amount of C-O bonds and an increase in the amount of C=O bonds in BDNP-150 compared
to BDNP-100. The elemental analysis also revealed a higher O/C ratio in BDNP-150 (0.22)
than in BDNP-100 (0.16), indicating higher oxygenated edge groups due to the scissoring
and delamination of large graphitic sheets. The same trend was observed in the EDS results.
The contribution of C=C in the C1s spectrum of BDNP-150 (29.77%) was higher than that of
BDNP-100 (27.35%). Furthermore, a peak associated with graphitic nitrogen appears in the
N1s spectrum of BDNP-150, unlike BDNP-100, signifying nitrogen doping in the former
particles [52,53]. The sulfur signal in BDNP-100 was barely visible, and no detectable sulfur
signal was observed in BDNP-150. The reason for such an observation is possibly due to a
significant change in the chemical status of sulfur upon protein denaturation, as reported
previously [54].

According to the characterization data of native hemoglobin and the hydrothermally
treated samples, it is deduced that the molecular precursor carbonizes after hydrothermal
treatment at 100 ◦C. The product (BDNP-100) comprises carbon sheets with a wide range
of lateral sizes. The sheets are highly crystalline, similar to graphite. Further, an increase
in the temperature results in the scissoring of larger sheets and thus transforms them into
smaller semispherical particles. The size difference between BDNP-100 and BDNP-150
explains their distinct optical properties, which are elaborately presented in the supporting
information (Figure S4).

3.2. Catalytic Properties of BDNP Samples

The catalytic activity of BDNP-100, BDNP-125, BDNP-150, and BDNP-180 toward the
H2O2 reduction was evaluated by a TMB-based colorimetric assay. The catalyst concentra-
tion was adjusted in such a way that the amount of iron in all BDNP samples was identical.
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Figure 3a shows the absorbance change at 630 nm versus time. The colorimetric signal in
the presence of BDNP-100 raised rapidly and reached a maximum value within 8 min. With
the same amount of iron, the rate of signal change decreased for BDNP-125 and BDNP-150
and reached almost zero for BDNP-180.
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Figure 3. (a) The UV-Vis spectral change in oxidized TMB over time in the presence of BDNP samples.
The reaction proceeded in 1 mL of acetate buffer (50 mM, pH 5) containing 200 µM TMB, 2 mM H2O2

and 27 ppb BDNP. (b) Stability of the catalytic activity after heating the catalyst suspension to 70 ◦C
and 100 ◦C.

As BDNP-180 did not show any colorimetric signal, they were excluded from the
catalytic activity evaluation. The catalytic stability of the BDNP samples in harsh thermal
conditions was studied. To this end, the samples were subjected to heating at 70 ◦C and
100 ◦C (Figure 3b). After cooling them down to room temperature, the catalytic activity was
compared to the untreated samples (control). We observed that BDNP-100 and BDNP-125
retained their activity to almost 100% after heating to 70 ◦C and lost only 3–4% of their
activity after heating to 100 ◦C. On the other hand, BDNP-150 lost its catalytic activity by
8% and 17% after treatment at 70 ◦C and 100 ◦C, respectively.

Therefore, among the synthesized samples, BDNP-100 was the best for catalyzing the
H2O2 reduction and being used in sensing applications (H2O2 and H2O2-related targets).
However, it had no fluorescence signal observed under the UV light. BDNP-150 exhibits
lower catalytic activity and stability compared to BDNP-100; however, it was fluorescent.
Hence, BDNP-150 can be used both as a peroxidase mimetic and a fluorescent probe.
BDNP-180 was fluorescent and did not show any peroxidase-like properties; thus, it can be
used only as a fluorescent probe.

We also compared the peroxidase mimetic activity of BDNP-100 to the Fe-doped
nanozymes prepared by citric acid as the carbon source and FeCl2.4H2O as the dopant
(Fe-CDs) [40]. Over the same concentration of catalysts, we found that BDNPs exhibit
higher peroxidase mimetic activity, as shown in Figure 4. We measured the concentration
of the iron atoms in the samples using ICP and achieved a Fe(BDNPs)/Fe(Fe-CD) ratio of 0.148.
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Despite the low amount of iron in BDNP-100 compared to the Fe-CDs, the catalytic activity
of the former was considerably higher. We propose that the chemical microenvironment
around the metal ion in BDNP-100 is structurally closer to the microenvironment of Hb
(as the precursor) than that of Fe-CD, which is synthesized using citric acid and FeCl2 as
precursors. The inferior catalytic activity of Fe-CD than BDNP-100 is demonstrated by
comparing their kinetic parameters, as will be discussed in Section 3.3. The Vmax toward
H2O2 reduction was lower in Fe-CD compared to the BDNP or Hb samples, which agrees
well with the lower catalytic activity of Fe-CDs in Figure 4. The Km value of Fe-CD for
H2O2 was lower than BDNP-100 and BDNP-150, demonstrating a higher affinity of Fe-CD
than BDNPs toward H2O2.
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Figure 4. Comparison of the catalytic activity of BDNP-100 and Fe-CDs toward TMB oxidation in the
presence of H2O2. The reaction buffer was acetate buffer (50 mM, pH 5) containing 200 µM TMB and
2 mM H2O2. The final concentration of catalysts was the same as 47 ppb.

3.3. Kinetic Study

The effect of the synthesized temperature on the catalytic efficiency of the BDNP
samples was evaluated using Michaelis–Menten kinetics. Nonlinear regression was em-
ployed for the calculation of Km and Vmax, and was directly based on the Michaelis–Menten
kinetic model. The respected values are presented in Table 2. The kinetic parameters of
lyophilized commercial Hb (Sigma), dated Hb extracted from blood, and freshly extracted
Hb from blood were also calculated as the reference, and the results were compared to
those obtained for BDNP-100 and BDNP-150. Interestingly, regardless of the liquid or
solid states of the initial Hb sample, the affinity toward a certain substrate is identical.
For example, the Km value of the Hb samples for H2O2 is over the range of 1.54–2 mM,
while the Km value for TMB is in the concentration range of 0.142–0.291 mM. The results
reveal that the affinity of the Hb samples toward TMB is higher than that of H2O2. The
difference between Hb samples is reflected in the Vmax values. The maximum reaction rate
between TMB and H2O2 is achieved in the presence of the Hb extracted from fresh blood.
The Hb sample kept at 4 ◦C for a month displayed a lower reaction rate than the fresh Hb,
possibly due to the partial deformation of the protein structure. The Vmax value for the
lyophilized Hb was considerably lower than the liquid states of Hb. Analyses of the UV-Vis
spectra of the Hb samples showed that the iron oxidation state in the blood-extracted Hb in
the liquid state is ferrous, while the iron oxidation state in the lyophilized Hb (Sigma) is
ferric (Figure S5) [55]. It is well-accepted that ferrous iron is more active than ferric iron in
catalytic H2O2 reductions [56].
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Table 2. Michaelis–Menten kinetic parameters of different Hb and BDNP samples.

Sample Substrate Km (mM) Vmax (×10−8, mol L−1 s−1)

Hb (blood, fresh)
H2O2 1.79 69.7

TMB 0.18 7.1

Hb (blood, dated)
H2O2 1.54 35.5

TMB 0.142 0.819

Hb (Sigma)
H2O2 2.00 3.64

TMB 0.291 1.57

BDNP-100
H2O2 11.84 8.56

TMB 0.121 0.538

BDNP-150
H2O2 11.32 3.18

TMB 0.137 0.254

Fe-CD
H2O2 2.31 2.87

TMB 0.134 0.789

The Km value of the BDNPs toward TMB is very close to the values obtained for the
Hb samples. In contrast, the affinity of the BDNPs toward H2O2 was less than the Hb
samples. It is proposed that the active site of the Hb that is responsible for the attachment
of H2O2 is altered considerably during the hydrothermal treatment, while the structural
change in the TMB-attached site may not change significantly. In addition, the maximum
reaction rate of the H2O2 reduction and TMB oxidation in the presence of BDNP-100 was
2.7 and 2.1 times higher than that of BDNP-150. Although the kinetic study reveals that
the enzymatic activity of Hb is superior to the BDNP samples, thermal instability and
the loss of catalytic activity at higher temperatures (Section 3.4) make Hb unfavored in
practical applications.

3.4. Optimization and Robustness Evaluation

In light of the higher efficiency of BDNP-100 than BDNP-150 toward H2O2 reduction,
optimization experiments proceeded using the former catalyst. The effect of BDNP’s con-
centration and pH on the progression of the catalytic reduction of H2O2 was investigated.
In each case, relative activity was measured, which is defined as the ratio of the oxidized
TMB absorbance in the presence of H2O2+BDNP to the absorbance in the presence of H2O2
alone. Figure 5A shows that a higher amount of BDNP in the reaction mixture resulted
in higher relative activity until a plateau was reached over the concentration range of
0.3–0.4 mg mL−1. Figure 5B illustrates that the highest relative activity of BDNP-100 was
observed at pH 5. A decrease in the activity at alkaline pHs is possibly due to the instability
of H2O2 at high pH values.

One advantage of using nanozymes instead of enzymes in catalytic assays is the
higher stability of the former against harsh conditions. The peroxidase-like activity of
BDNP-100 was investigated at different storage conditions, including the pH, temperature,
and ionic strength. As shown in Figure 6, ionic strength does not considerably affect
the catalytic activity. The effect of a wide range of storage temperatures on the relative
activity was explored. BDNPs’ activity was intact at low temperatures down to −20 ◦C
and retained 86% of its initial activity at 110 ◦C. Contrarily, the Hb lost 77% of its activity
at high temperatures, which is expected and thus considered a drawback of the natural
proteins. The effect of the solution pH on the activity of BDNPs was also investigated.
At low pH values, the activity was lower than that of higher pH values and water. We
expect that the BDNPs become protonated at low pHs, making them more susceptible to
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aggregation. As a result, their activity decreases. Changes in the catalytic activity over time
showed that, over 33 days, the catalytic activity fluctuated by 24%. Altogether, the results
in Figure 6 demonstrate the robustness of BDNP-100 as a catalytic nanomaterial.
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3.5. H2O2 Assay

We further evaluated the sensitivity of BDNP-100 and BDNP-150 against different
concentrations of H2O2 (Figure 7). As expected, the slope of the calibration plot when
using BDNP-100 as the catalyst was higher than that of BDNP-150. All absorbance data
were recorded at 630 nm using an ELISA plate reader 10 min after the reaction commenced.
At H2O2 concentrations higher than 1 mM, the second step of catalytic TMB oxidation is
triggered. Thus, the absorbance value at 630 nm decreased, and the solution’s blue color
changed to green [26].
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Figure 7. (a) Dynamic and (b) linear colorimetric response of BDNP-100 and BDNP-150 to H2O2.
TMB = 200 µM, BDNPs = 0.262 mg/L, acetate buffer (pH 5, 50 mM). The digital picture of the ELISA
plate was taken 30 min after the reaction started.

In contrast, the blue color slowly evolved during the TMB oxidation by BDNP-150,
i.e., the first oxidation step prevails during the test period. The observation coincides
with the kinetic studies, in which BDNP-100 was found to be more reactive toward both
substrates than BDNP-150. The linear range for the H2O2 assay was 0–0.19 mM and
0–0.82 mM for BDNP-100 and BDNP-150, respectively. The limit of detection (LOD) for the
colorimetric determination of H2O2 by BDNP-100 and BDNP-150 was calculated as 6 µM
and 49 µM, respectively.

The selectivity of the present colorimetric assay for the quantification of H2O2 was
studied. The colorimetric signal in the presence of the interference alone (Figure 8a)
showed that none of the species increased the absorbance value except H2O2. A further
evaluation of the TMB oxidation by H2O2 that was coexistent with interfering ions and
molecules (Figure 8b) revealed that cysteine, ascorbic acid, glutathione, and partially, uric
acid, prevented color generation. In our previous reports, we demonstrated that cysteine
and glutathione are radical scavengers via their sulfhydryl groups [25,26]. Ascorbic acid,
however, may either induce ROS generation or act as an antioxidant, depending on its
concentration [57]. In the present study, the ascorbic acid concentration was 1.17 mM,
which is high enough for the antioxidant role to prevail.
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Figure 8. Selectivity of the colorimetric assay (a) in the absence and (b) in the presence of H2O2.
A: cysteine, B: ascorbic acid, C: serine, D: asparagine, E: NaCl, F: MgCl2, G: tryptophan, H: KCl,
I: arginine, J: methionine, K: leucine, L: glutathione, M: glucose, N: uric acid; TMB = 200 µM,
H2O2 = 0.5 mM and other species were 1.17 mM, pH 5; BDNP-100 = 0.262 mg/L.

3.6. Glucose Assay

BDNP-100, as a peroxidase mimetic nanozyme, was combined with glucose oxidase
and employed for glucose detection through a cascade catalytic reaction. In the presence of
molecular oxygen, glucose oxidase converts glucose to gluconic acid and H2O2 at 37 ◦C.
BDNP-100 catalyzes the TMB oxidation via H2O2 and produces a blue color. Higher
levels of glucose generate more colored oxidation products and higher absorbance values
(Figure 9a). The relation of the signal to the concentration was linear over the range of
0–0.7 mM. The LOD (3σ/N) and LOQ (10σ/N) were calculated as 40 µM and 134 µM,
respectively (Figure 9a, inset). The response time of the proposed colorimetric assay was
4 min, and it was selective toward glucose. Other sugars, including fructose or lactose,
did not react with glucose oxidase to generate H2O2 (Figure 9b). The co-existence of the
possible interfering species with glucose was also studied. Statistical t-tests showed that
the activity difference in the presence of glucose and glucose co-existed with fructose
and was not significant at a 2% confidence level (t = 2.92, degrees of freedom = 4). The
responses to glucose and glucose co-existed with sucrose, lactose, and maltose and were
not significantly different at a 5% level (t = 2.48, degrees of freedom = 4). The linear range
of our probe is wider than most of the reported assays, and the response time is shorter
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(Table S1). Although the LOD value is comparable to or higher than the reported assays,
the sensitivity of our assay is good enough for the determination of fasting blood sugar in
the serum samples of healthy (3.9–5.6 mM) and diabetic (7.0 mM or above) people. The
obtained results show that a quantitative and selective detection of glucose with the present
colorimetric assay is feasible.
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sugars presented in the sample individually (red bars) and co-existed with glucose (gray bars).
G: glucose, F: fructose, S: sucrose, L: lactose, M: maltose.

3.7. Real Sample Analysis

The glucose levels of fresh human serum and plasma, used as the real samples, were
measured by the proposed assay, and the results were compared to those measured by
a clinical laboratory. The results presenting the accuracy and precision of the assay are
shown in Table 3. Various glucose concentrations were spiked to the real sample, and the
recovery values were calculated over the range of 95–110%. Additionally, the glucose level
in the unspiked sample was close to that measured by the gold standard approach. The
amount of relative error spanned over the range of 1.46–8.71%, showing the acceptable
accuracy of the present system.



Biosensors 2023, 13, 583 14 of 21

Table 3. Determination of glucose in human serum and plasma samples.

Sample Spiked (µM) Found (µM) Standard
Method (µM) Recovery (%) Relative Error (%) RSD

(%, n = 3)

Sample 1
Human serum

0 76.02 77.15 - 1.46 6.60

95 175.91 - 105.14 - 11.53

285 385.59 - 108.62 - 1.72

475 529.12 - 95.40 - 10.63

Spiked (µM) Found (µM) Standard
method (µM) Recovery (%) Relative error (%) RSD (%, n = 3)

Sample 2
Human plasma

0 87.38 80.38 - 8.71 14.8

95 192.65 - 110.81 - 1.53

285 378.16 - 102.03 - 5.34

475 549.20 - 97.22 - 7.60

Spiked (µM) Found (µM) Standard
method (µM) Recovery (%) Relative error (%) RSD (%, n = 3)

Sample 3
Human serum

0 102.69 109.00 - 5.78 2.80

285 392.44 - 101.67 - 5.96

475 571.59 - 98.72 - 4.13

Spiked (µM) Found (µM) Standard
method (µM) Recovery (%) Relative error (%) RSD (%, n = 3)

Sample 4
Human serum

0 93.12 86.81 - 7.27 1.76

285 373.82 - 98.49 - 8.94

475 555.93 - 97.43 - 13.44

3.8. Biological Characterization of BDNP-100
3.8.1. MTT

Peroxidase activity of the Hb-derived BDNPs may be an effective tool for cancer
therapy. The cytotoxicity of BDNP-100 was investigated on MCF-7 as a cancer cell line, and
HUVEC was investigated as a normal cell line using an MTT assay. MCF-7 cells treated
with BDNP-100 demonstrated dose-dependent toxicity, and the lowest viability of around
72% was induced by 200 µg/mL of BDNP-100 (Figure 10).

We also used a three-dimensional (3D) spheroid model of MCF-7 cells for evaluating
the toxicity of BDNP-100 in an in vivo-like condition. We observed dose dependency in
the 3D model as well. Cell viabilities, however, were higher than the MCF-7 cells cultured
in the monolayer condition (same concentration), possibly due to the higher resistance
of 3D tumor models than the 2D monolayer cells to tumor treatment [58,59]. We also
evaluated the cytotoxicity effect of BDNP-100 on the HUVEC cell line (Figure 10). In the
same experimental conditions used for MCF-7 cells, i.e., treatment by H2O2 and BDNP-100,
the viability of the HUVEC cells did not change after 24 h of incubation, indicating the ROS
scavenging characteristics of the normal cells [60].
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experiments were run in triplicate.

3.8.2. Apoptosis

The ability of BDNP-100 to induce apoptosis was determined by the Annexin IV-PI
assay (Figure 11). The effect of low (12.5 µg/mL) and high (100 µg/mL) concentrations of
BDNP-100 on the apoptosis of MCF-7 cells in the forms of monolayer and 3D spheroids was
studied. The results showed that the population of cells in their early or late apoptotic stages
was higher in spheroids than in monolayer cells due to the hypoxic condition of tumor-
like spheroids and a lack of nutrition compounds in the spheroids’ cores. Furthermore,
regardless of the culture type, the percentages of the early apoptotic cells associated with
the control and the samples treated with a low concentration of BDNP-100 were very close,
showing that 12.5 µg/mL of BDNP-100 induced a negligible toxic effect. In contrast, the
number of early and late apoptotic cells was enhanced by increasing the concentration of
BDNP-100 to 100 µg/mL. However, the rate of change in early apoptosis was much higher
than the one observed for late apoptosis.

3.8.3. ROS and Cell Cycle Arrest

ROS plays an important role in redox signaling and oxidative stress [61]. Nanoparticles
that are capable of ROS generation can elevate ROS beyond a certain value and harm cancer
cells. In the present study, intracellular ROS levels were analyzed by flow cytometry using
DCFH-DA as an oxidative probe. The fluorescence signal of the probe was measured after
treatment of the MCF-7 cells with low (12.5 µg/mL) and high (100 µg/mL) concentrations
of BDNP-100. Oxidative stress was measured in monolayer and 3D spheroid models.
Figure 12 (upper panels) shows that ROS production at a low concentration of BDNP-100
slightly increased in the monolayer condition, indicating a low concentration of hydroxyl
radicals in the cells treated with 12.5 µg/mL of BDNP-100. At 100 µg/mL, the fluorescence
signal of the monolayer cells increased by around four times compared with the control.
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In the 3D cellular platform (Figure 12, lower panels), a high percentage of ROS was
observed in the control sample due to the inherent oxidative environment of tumor-like
spheroids. A low concentration of BDNP-100 almost failed to alter the ROS level of the
spheroids. The ROS level increased by around 1.1 times at a higher concentration of BDNPs
(100 µg/mL). The rate of ROS production was slower in the 3D spheroids than in the
monolayer condition (Figure 12). Previous reports have shown that the therapeutic efficacy
of chemotherapy drugs or other modes of therapies in spheroids is lower than in monolayer
cells [62]. The same trend was observed in the present study.
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Flow cytometric analysis was used to look at the cell cycle profile of the MCF-7
population after different treatments (Figure S6).

The cell cycle distribution was tested to determine BDNP-triggered cell cycle arrest
in MCF-7 cells grown in monolayer or spheroid cell conditions. Data for the monolayer
condition showed that a low dose (12.5 µg/mL) of BDNP-100 reduced the number of
cells in the G0/G1 phase from 61.7 to 56.5, and cells in their G2/M phase were enhanced
from 15.2 to 21.4, indicating that the G2/M phase arrests in the cell cycle. By increasing
the concentration of BDNP-100 to 100 µg/mL, the cell cycle distribution did not change
compared to the control sample. Unlike the exposure in the monolayer condition, a low
dose (12.5 µg/mL) of BDNP-100 in the 3D condition resulted in a marked S-phase arrest,
evidenced by the high number of cells remaining in the S phase (from 17.5 to 21.9) and
a reducing G2/M phase entry (from 15.5 to 7.05). These data suggest that BDNP-100 in
the 3D condition, with high similarities to the in vivo tissues, triggered stronger growth
inhibition of the MCF-7 cells than in the monolayer condition.

4. Conclusions

In the present study, BDNPs were synthesized from Hb molecules in biowastes. Char-
acterization, through various techniques, demonstrated a gradual structural change in
the Hb accompanied by carbonization at high treatment temperatures. Accordingly, the
optical properties and peroxidase-like activity of BDNPs are strongly related to the syn-
thesis condition. At the highest (180 ◦C) and lowest (100 ◦C) treatment temperatures, the
obtained products were only fluorescent and catalytically active, respectively. Contrarily,
the hydrothermal treatment of Hb at 150 ◦C resulted in the formation of fluorescent parti-
cles showing peroxidase-like activity. The thermal denaturation of Hb adversely affected
the Km value toward H2O2. However, the catalytic stability of BDNP-100 was more than
that of Hb. In the optimized experimental conditions, BDNP-100 was successfully ap-
plied to obtain the quantitative measurement of H2O2. Some antioxidants interfered with
H2O2-induced signal development. In combination with glucose oxidase, BDNP-100 also
detected glucose with high sensitivity and selectivity. Alongside the biosensing application,
BDNP-100 showed therapeutic efficacy toward cancer cells in monolayer and 3D spheroids.
Flow cytometry analysis revealed that the elevated intracellular ROS in the presence of
exogenous H2O2 and BDNP-100 induced cell apoptosis. The therapeutic efficacy in the
3D cellular model was less than what occurred in the monolayer conditions. The results
demonstrate that catalytic particles can be prepared from biowastes through a simple
hydrothermal route, showing great potential in biosensing and cancer therapy. However, a
better therapeutic outcome relies on the preparation of particles with higher activity, ideally
through the proposed modification of the synthesis route.
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