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A personal glucose meter-utilized strategy for portable and label-free 
detection of hydrogen peroxide 
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Department of Chemical and Biomolecular Engineering (BK21 Four), Korea Advanced Institute of Science and Technology (KAIST), 291 Daehak-ro, Yuseong-gu, 
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A B S T R A C T   

Rapid and precise detection of hydrogen peroxide (H2O2) holds great significance since it is linked to numerous 
physiological and inorganic catalytic processes. We herein developed a label-free and washing-free strategy to 
detect H2O2 by employing a hand-held personal glucose meter (PGM) as a signal readout device. By focusing on 
the fact that the reduced redox mediator ([Fe(CN)6]4-) itself is responsible for the final PGM signal, we developed 
a new PGM-based strategy to detect H2O2 by utilizing the target H2O2-mediated oxidation of [Fe(CN)6]4- to [Fe 
(CN)6]3- in the presence of horseradish peroxidase (HRP) and monitoring the reduced PGM signal in response to 
the target amount. Based on this straightforward and facile design principle, H2O2 was successfully determined 
down to 3.63 μM with high specificity against various non-target molecules. We further demonstrated that this 
strategy could be expanded to identify another model target choline by detecting H2O2 produced through its 
oxidation promoted by choline oxidase. Moreover, we verified its practical applicability by reliably determining 
extracellular H2O2 released from the breast cancer cell line, MDA-MB-231. This work could evolve into versatile 
PGM-based platform technology to identify various non-glucose target molecules by employing their corre-
sponding oxidase enzymes, greatly advancing the portable biosensing technologies.   

1. Introduction 

Hydrogen peroxide (H2O2), a non-radical reactive oxygen species, is 
produced as a short-lived product in numerous biological processes and 
inorganic catalytic processes (Gough and Cotter, 2011; Groeger et al., 
2009; Mahdi et al., 2022; Meitzler et al., 2019; Yousefi et al. 2016, 2017, 
2019a, 2019b, 2021a, 2021b, 2021c). Particularly, it is well known that 
H2O2 plays important roles in host defense and various oxidative 
biosynthetic reactions. In recent years, it has also been of great impor-
tance due to its pivotal role in the cellular signal transductions involved 
in diverse cellular processes such as proliferation, differentiation, and 
motility (D’Autréaux and Toledano, 2007; Forman, 2007; Janssen-Hei-
ninger et al., 2008; Purohit et al., 2019; Rhee, 2006; Stone and Yang, 
2006; Tanner et al., 2011; Veal et al., 2007). For instance, H2O2 binds to 
cysteine residue within the active site of protein tyrosine phosphatase 
(PTP), a crucial regulator of cellular signal transduction, and serves as a 
critical factor for the sophisticated regulation of the signal transductions 
associated with cell growth, metabolic homeostasis, and neural trans-
mission (Andersen et al., 2004; Garcia and Carroll, 2014; Östman et al., 

2011). As a consequence, a higher H2O2 level than the normal concen-
tration might cause permanent damage to PTP, which is deeply associ-
ated with various diseases such as Alzheimer’s disease, Parkinson’s 
disease, and cancer (Brand, 2016; Machado et al., 2017; Meng and 
Zhang, 2013). It is also well established that oxidative stress induced by 
H2O2 is an important cause of cell damage linked to the initiation and 
progression of numerous human diseases (Meitzler et al., 2019; Rhee, 
2006; Stone and Yang, 2006). Moreover, H2O2 has been reported to be 
closely linked to the distinctive features of cancer cells such as their 
altered metabolism (Sullivan et al., 2016), dysfunctional mitochondria 
(Boland et al., 2013; Kim et al., 2006; Srinivasan et al., 2017), or 
increased ROS production processes (Panieri and Santoro, 2016), and 
the identification of H2O2 from cancer cells has attracted considerable 
attention (Asif et al., 2017; Mohammadniaei et al., 2018; Ren et al., 
2021). 

Due to these clinical significances, several assay kits have been 
developed and successfully commercialized to determine H2O2 in bio-
logical samples such as serum, plasma, and urine (Mohanty et al., 1997; 
Summers et al., 2013; Wang et al., 2017). They mainly rely on the 
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horseradish peroxidase (HRP)-promoted oxidation of the signaling 
molecules, which would result in the oxidized products generating 
either fluorescent, luminescent, or colorimetric signals in response to 
H2O2. They are capable of reliably quantifying the H2O2 level but nor-
mally require bulky and costly instruments for signal acquisition and 
interpretation, significantly limiting their wide-spread applications in 
facility-limited environments. 

Meanwhile, a personal glucose meter (PGM) has emerged as a 
compelling alternative signal readout device for the realization of point- 
of-care (POC) testing for non-glucose analytes, and during the past 
decade, it has been extensively utilized to construct various biosensing 
systems by transducing the concentrations of target analytes of interest 
into the PGM signals (Ahn et al. 2018, 2019; Fang et al., 2018; Kim et al. 
2020a, 2020b, 2020c, 2020d; Lan et al., 2016; Wu et al., 2018; Xiang 
and Lu, 2011, 2012a, 2012b; Zhang et al., 2020; Zhu et al., 2019). Most 
representatively, Xiang and Lu, 2011 developed PGM-based strategies to 
identify various non-glucose targets such as cocaine, adenosine, 
interferon-gamma of tuberculosis, and uranium by employing an 
invertase-labeled DNA probe. Our group also successfully developed 
several novel PGM-based strategies to detect ATP (Ahn et al., 2018), 
alkaline phosphatase (Ahn et al., 2019), target DNA (Kim et al. 2020a, 
2020c), telomerase (Kim et al., 2020b), and terminal transferase (Kim 
et al., 2020d) by utilizing hexokinase-mediated cascade enzymatic re-
actions or glucose oxidase-mimicking activity of cerium oxide nano-
particle. The conventional approaches to detect non-glucose analytes on 
a PGM, yet, mainly relied on specially designed and complicated 
mechanisms correlating the target analyte with the glucose concentra-
tion, which would significantly hinder their expansion as a versatile 
biomolecule detection platform for various non-glucose target 
substances. 

Afterward, it was focused that the PGM signal is produced exclu-
sively by the final amount of redox mediators, and Zhang et al. (2016) 
developed a new strategy to detect several non-glucose analytes on a 
PGM by correlating them directly with the redox mediators without 
involving glucose. Specifically, they utilized the reduced form of nico-
tinamide adenine dinucleotide (NADH) capable of reducing the redox 
mediator to identify the NADH-dependent enzyme and substrate on a 
PGM. The technique relies on the fact that NADH is either produced or 
consumed by the target-induced enzymatic reactions, which would 
accordingly enhance or decrease the reduction of the redox mediator, 
consequently leading to a change in the final PGM signal according to 
the concentrations of target analytes. Based on this principle, they suc-
cessfully identified L-lactate and glucose-6-phosphate dehydrogenase on 
a PGM. Recently, another research group reported the PGM-based H2O2 
detection method utilizing acetylthiocholine iodide (Zhang et al., 2022) 
or ascorbic acid oxidase (AAO) (Tian et al., 2022) to correlate redox 
mediators with target H2O2. They successfully identified H2O2 on a 
PGM, however, those strategies relied on intricate mechanisms which 
resulted in non-specific response to NaClO or inherent instability arising 
from short-lived AAO-H2O2 intermediate. 

Upon this background, we herein developed a simple and label-free 
method to quantify H2O2 on a hand-held PGM without the involvement 
of glucose molecules. This strategy relies on the target H2O2-induced 
catalysis of HRP to directly oxidize ferrocyanide ([Fe(CN)6]4-) to ferri-
cyanide ([Fe(CN)6]3-), which would decrease the concentration of [Fe 
(CN)6]4- in the analyte solution and accordingly decrease the PGM 
signal. Based on this simple and straightforward design principle, we 
successfully identified H2O2 very rapidly and conveniently, yielding 
high sensitivity and specificity. 

2. Materials and methods 

2.1. Materials 

Sodium phosphate, tris(hydroxymethyl)aminomethane (Tris), eth-
ylenediaminetetraacetic acid (EDTA), potassium chloride (KCl), 

potassium ferrocyanide (K4 [Fe(CN)6]⋅3H2O), choline chloride, sodium 
chloride (NaCl), magnesium chloride (MgCl2), ammonium chloride 
(NH4Cl), phenylalanine, cysteine, tryptophan, horseradish peroxidase 
(HRP), choline oxidase, human serum, phorbol 12-myristate 13-acetate 
(PMA), and Peroxide Assay Kit (MAK311) were purchased from Sigma 
Aldrich (St. Louis, MO, USA). Hydrogen peroxide (H2O2) was purchased 
from Junsei Chemical Co., Ltd. (Chuo-ku, Tokyo, Japan). A personal 
glucose meter (PGM) was purchased from Green Cross Medical Science 
Corp. (Yongin-si, Gyeonggi-do, Korea). MDA-MB-231 was obtained from 
the Korean Cell Line BANK (KCLB). Ultrapure DNase/RNase-free 
distilled water (DW) purchased from Bioneer® (Daejeon, Korea) was 
used in all experiments. 

2.2. Experimental procedures for H2O2 detection 

The H2O2 detection was conducted in a 20 μL reaction solution 
containing 9.1 μL DW, 4 μL sodium phosphate buffer (pH 6, 500 mM), 6 
μL K4 [Fe(CN)6]⋅3H2O (10 mM), 0.5 μL HRP (6 U/mL), and a 0.4 μL 
analyte solution containing H2O2 at varying concentrations. The reac-
tion solution was incubated at room temperature for 2 min, which was 
then applied on a PGM. 

2.3. Experimental procedures for choline detection 

For the detection of choline, the choline oxidation reaction was 
conducted in a 5 μL reaction solution containing 3.5 μL DW, 0.5 μL 
choline oxidase reaction buffer (10X consisting of 1 M Tris-HCl (pH 8), 
0.3 mM EDTA, and 20 mM KCl), 0.5 μL choline oxidase (10 U/mL), and 
0.5 μL choline chloride at varying concentrations. The reaction solution 
was incubated at 40 ◦C for 60 min. Then, 4.5 μL DW, 4 μL sodium 
phosphate buffer (pH 6, 500 mM), 6 μL K4 [Fe(CN)6]⋅3H2O (10 mM), 
and 0.5 μL HRP (6 U/mL) were added into the reaction solution, which 
was then incubated at room temperature for 2 min and applied on a 
PGM. 

2.4. Spike-and-recovery test 

2 μL human serum (100%) and 0.4 μL H2O2 at varying concentra-
tions were introduced into the premixed reaction solution containing 
7.1 μL DW, 4 μL sodium phosphate buffer (pH 6, 500 mM), 6 μL K4 [Fe 
(CN)6]⋅3H2O (10 mM), and 0.5 μL HRP (6 U/mL). The reaction solution 
was incubated at room temperature for 2 min, which was applied on a 
PGM. The calibration curve was first constructed from the standard 
samples containing H2O2 at known concentrations and used to deter-
mine the H2O2 concentrations spiked into the human serum solution. 

2.5. Detection of extracellular H2O2 released from MDA-MB-231 

For the experiments to determine extracellular H2O2 released from 
the cancer cell line, MDA-MB-231 was cultured in DMEM supplemented 
with 10% FBS under humidified atmosphere containing 5% CO2 at 
37 ◦C. The cells were then collected during the exponential growth 
phase in 200 μL of DW at the final concentration of 1 × 107 cell/mL 
based on cell counting using LUNA-II™ (Logos Biosystems Inc., 
Gyeonggi-do, Korea). Next, 1 μg/mL PMA was added into the cell sus-
pension and incubated for 5 min, followed by centrifugation at 6000 
rpm for 2 min. The supernatant was analyzed by the developed method 
and the commercial Peroxide Assay Kit (Sigma Aldrich, USA) following 
the same procedure in section 2.2 and the manufacturer’s protocol, 
respectively. 

3. Results and discussion 

3.1. The overall principle of the PGM-utilized H2O2 detection 

In this study, we particularly focused on the fact that [Fe(CN)6]4- 
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could be directly consumed as a substrate of HRP-promoted oxidation in 
the presence of H2O2 and developed a new facile PGM strategy to detect 
H2O2. As illustrated in Fig. 1, HRP employed in this strategy promote the 
oxidation reaction of [Fe(CN)6]4- to [Fe(CN)6]3- by consuming H2O2 as 
an oxidizing agent. Therefore, the extent of the oxidation reaction in-
creases in proportion to the amount of H2O2 in a sample, consequently 
reducing the amount of [Fe(CN)6]4- and accordingly decreasing the final 
PGM signal, while the initial amount of [Fe(CN)6]4- is just kept un-
changed in the negative sample without H2O2, maintaining the initial 
high PGM signal. The reduced amount of the final PGM signal is finally 
used to quantify H2O2. 

3.2. Feasibility of the developed strategy 

First, we verified the feasibility of the designed principle by inves-
tigating the PGM signals obtained from the reaction samples under 
various combinations of the reaction components. As shown in Fig. 2, 
the PGM signal was significantly reduced from the original high PGM 
signal produced by the initial [Fe(CN)6]4- only when all the reaction 
components including [Fe(CN)6]4-, HRP, and target H2O2 were applied. 
In the absence of target H2O2, on the other hand, the initial PGM signal 
was almost retained. When HRP was omitted from the reaction, there 
was no significant change in the PGM signal observed, indicating that 
the HRP activity was responsible for the promotion of the H2O2-induced 
oxidation of [Fe(CN)6]4-. All these results clearly confirmed that target 
H2O2 would reduce the PGM signal proportionally to its amount and 
could be quantified according to the mechanism envisioned in the pro-
posed strategy. 

3.3. Analytical performance of the developed strategy 

To maximize the sensing performance of the developed strategy, we 
optimized the reaction conditions by examining the degree of PGM 
signal decrease (D value, defined as (P0–P)/P0, where P0 and P are PGM 
signals obtained from the samples in the absence and presence of H2O2, 
respectively) from the reactions under various conditions. As presented 
in Fig. S1 and S2, 3 mM [Fe(CN)6]4- and 150 mU/mL HRP were selected 
as the optimal conditions and used for further experiments. 

We then determined the sensitivity of the developed H2O2 detection 
method by measuring the PGM signals from the reaction samples con-
taining H2O2 at varying concentrations. As shown in Fig. 3, the PGM 
signal properly decreased as the H2O2 concentration increased, and the 
PGM signal showed an excellent linear relationship with the H2O2 
concentration in the range from 0 to 40 μM ((PGM signal, mg/dL) = - 
0.3187 (H2O2 concentration, μM) + 31.093, R2 = 0.9919), verifying that 
the developed strategy is capable of reliably quantifying H2O2. The limit 
of detection (LOD) was determined to be 3.63 μM based on the equation, 
LOD = 3σ/S, where σ is the standard deviation of the PGM signals from 
the negative control samples without H2O2 and S is the slope of the 
calibration line. The sensitivity of the proposed strategy was quite 
comparable to or even better than those of previously reported 

Fig. 1. Schematic illustration of the PGM-utilized strategy to detect H2O2 based on the target-induced oxidation of [Fe(CN)6]4- to [Fe(CN)6]3-.  

Fig. 2. Feasibility of the PGM-utilized H2O2 detection strategy. PGM signals 
obtained from the samples containing various combinations of the reaction 
components (a: [Fe(CN)6]4-; b: [Fe(CN)6]4- + H2O2; c: [Fe(CN)6]4- + H2O2 +

HRP; d: [Fe(CN)6]4- + HRP; and e: H2O2). The concentrations of [Fe(CN)6]4-, 
H2O2, and HRP were 3 mM, 200 μM, and 150 mU/mL, respectively. Error bars 
were estimated from triplicate tests. 

Fig. 3. Sensitivity of the PGM biosensor to identify H2O2. PGM signals from the 
target H2O2 at varying concentrations. The inset shows the linear relationship 
of PGM signals with H2O2 concentrations in the range from 0 to 40 μM. The 
concentrations of [Fe(CN)6]4- and HRP were 3 mM and 150 mU/mL, respec-
tively. Error bars were estimated from triplicate tests. 
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alternative H2O2 detection methods (Table S1). Remarkably, the total 
assay was very rapidly completed within 3 min and the LOD value was 
much lower than the typical H2O2 concentration in the blood or urine 
samples obtained from patients with diabetes, coronary artery disease, 
or chronic renal failure, demonstrating that the designed strategy could 
be practically applied to the on-site monitoring of the H2O2 level in the 
body fluids (Forman et al., 2016; Kazmierczak et al., 1995; Roberts et al., 
2005; Wierusz-Wysocka et al., 1995). 

The specificity of this method was next assessed by employing 
various non-target molecules such as Na+, Mg2+, NH4

+, phenylalanine, 
cysteine, and tryptophan, which are present in human blood and may 
interfere with the selective detection of H2O2 (Tripathi and Chung, 
2020). As shown in Fig. 4, the significantly high D value was obtained 
only from the reaction sample containing H2O2, while the other six 
non-target molecules showed very negligible D values even though they 
were applied at a 10-fold higher concentration than that of target H2O2. 
These results verified that the developed strategy can specifically iden-
tify H2O2 against the abundant interfering substances included in the 
complex biological sample, which is attributed to the well-established 
design principle utilizing peroxidation reaction of HRP induced by 
target H2O2, directly oxidizing [Fe(CN)6]4- as a substrate to induce the 
final signal change. 

3.4. Capability of the developed strategy to be expanded to detect various 
non-glucose target analytes 

A wide range of clinically significant biomolecules such as alcohol, 
galactose, cholesterol, pyruvate, diamine, polyamine, lactate, and 
choline have the corresponding oxidase enzymes which could promote 
their oxidations by concomitantly producing H2O2 as a byproduct. 
Therefore, we envisioned that our strategy could be expanded to achieve 
a new PGM-based platform technology by employing their corre-
sponding oxidase enzymes and monitoring H2O2 produced from their 
oxidations. We selected choline as a model target, which has been re-
ported as a relevant biomarker for several neurodegenerative disorders 
such as Alzheimer’s and Parkinson’s diseases (He et al., 2014; Holm 
et al., 2003; Rahman et al., 2019). 

As presented in Fig. 5, the PGM signal gradually decreased with 

increasing choline concentration in the range from 0 to 10 μM with a 
perfect linear relationship ((PGM signal, mg/dL) = - 1.3129 (choline 
concentration, μM) + 59.593, R2 = 0.9983). Notably, the data patterns 
were almost the same as those from the H2O2 target (Fig. 3). The LOD for 
choline detection was determined to be 1.26 μM, which is quite sensitive 
enough for the reliable determination of choline included in human 
blood (Holm et al., 2003). This result demonstrated that the designed 
strategy could be extensively applied to the detection of various bio-
molecules by employing their corresponding oxidase enzymes and 
detecting H2O2 produced through the oxidation of the target analytes. 

3.5. Practical applicability of the developed strategy 

To assess the practical diagnostic capability, we applied this strategy 
to determine H2O2 included in a 10% human serum sample. Since the 
glucose originally present in human serum might contribute to the PGM 
signal, we constructed a new calibration curve from the human serum 
samples spiked with H2O2 at varying concentrations. The results in 
Fig. S3 show that the PGM signal properly decreased as the spiked H2O2 
concentration increased in the range from 0 to 40 μM ((PGM signal, mg/ 
dL) = - 0.3381 (H2O2 concentration, μM) + 39.667, R2 = 0.9841), and 
the slope of this calibration curve was almost the same as that from the 
samples without human serum (Fig. 3), indicating that the efficacy of the 
target-induced HRP catalysis was rarely influenced by the interfering 
substances present in human serum. Next, we conducted the spike-and- 
recovery test based on the obtained calibration curve. As shown in 
Table S2, this strategy also successfully identified H2O2 in the serum 
samples with great reproducibility and accuracy, as evidenced by the 
coefficient of variation (CV) less than 10% and the recovery rate be-
tween 91 and 106%, respectively. 

Afterward, the practical applicability of the developed method was 
further validated by detecting extracellular H2O2 released from the 
cancer cell line. In this work, we employed MDA-MB-231 as a model 
which is one of the most representative human breast cancer cell lines 
and applied phorbol 12-myristate 13-acetate (PMA) to induce the 
release of H2O2 out of the cells (Damianaki et al., 2000; Mohammadniaei 
et al., 2018; Wu et al., 2011). By following the proposed detection 
procedures, we determined extracellular H2O2 from MDA-MB-231 and 
compared the result with that from the commercial H2O2 assay kit. As 
shown in Table 1, the concentration of extracellular H2O2 released from 
MDA-MB-231 was determined to be 8.31 μM with excellent 

Fig. 4. Specificity of the PGM-utilized H2O2 detection strategy. D values in the 
presence of target and non-target molecules (a: H2O2; b: Na+; c: Mg2+; d: NH4

+; 
e: phenylalanine; f: cysteine; and g: tryptophan). The D value is defined as 
(P0–P)/P0, where P0 and P are PGM signals obtained from the samples in the 
absence and presence of the target or non-target molecule, respectively. The 
concentrations of [Fe(CN)6]4-, H2O2, and HRP were 3 mM, 200 μM, and 150 
mU/mL, respectively. The concentrations of non-target molecules were 2 mM 
(ten-fold higher than that of H2O2). Error bars were estimated from tripli-
cate tests. 

Fig. 5. Sensitivity of the PGM biosensor to identify choline. PGM signals from 
the target choline at varying concentrations. The inset shows the linear rela-
tionship of PGM signals with choline concentrations in the range from 0 to 10 
μM. The concentrations of [Fe(CN)6]4- and choline oxidase were 3 mM and 1 U/ 
mL, respectively. Error bars were estimated from triplicate tests. 
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reproducibility with CV less than 10%, and the percent agreement be-
tween the two results was 106.4%. All these results confirmed that this 
strategy could be practically and robustly applied to the detection of 
target molecules, even in complex and heterogeneous biological 
samples. 

4. Conclusions 

We herein developed a facile strategy to conveniently determine 
H2O2 on a hand-held PGM, which relies on the target-induced and HRP- 
promoted oxidation of [Fe(CN)6]4- to [Fe(CN)6]3- followed by the 
monitoring of the reduced PGM signal due to the consumed [Fe(CN)6]4-. 
Based on this simple yet compelling detection principle, we successfully 
determined H2O2 down to 3.63 μM and very rapidly within 3 min 
yielding an excellent discriminating capability against non-target mol-
ecules and expanded the strategy to detect the target choline by deter-
mining H2O2 produced through its oxidation promoted by choline 
oxidase. Furthermore, we reliably identified extracellular H2O2 released 
from the breast cancer cell line, MDA-MB 231, verifying the practical 
applicability of the developed strategy. Beyond the conventional 
approach relying on the correlation of target molecules with glucose in 
complicated cascade reactions, this work would open a new approach to 
utilize a more straightforward connection of target analytes with [Fe 
(CN)6]4- responsible for the final PGM signal and could evolve into a new 
PGM-based platform technology to detect diverse biomolecules by 
employing their corresponding oxidase enzymes. 
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Table 1 
Determination of H2O2 released from the human breast cancer cell line (MDA- 
MB-231) using the commercial peroxide assay kit and the proposed PGM-based 
strategy.   

The commercial peroxide assay kit s This method 

Determined H2O2 
b (μM) 7.81 ± 0.34 8.31 ± 0.60 

CV c (%) 4.35 7.27 
Percent agreement d (%) 106.40  

a The Peroxide Assay Kit (MAK311, Sigma Aldrich, USA) was employed. 
b Mean ± standard deviation (SD) of triplicate measurements. 
c Coefficient of variation = SD/Mean × 100. 
d Percent agreement = H2O2 measured using the proposed method/H2O2 

measured using the commercial Peroxide Assay Kit × 100. 
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