
 1 

 
A Smartphone-based Colorimetric Probe from (3-Aminopropyl)tri- 

ethoxysiloxane-glutaraldehyde Complex for Hydrogen Peroxide 

Determination in Antiseptic Commercial Product 

 

 

 

 

 

 

 

Petcharawut  Ramsiri 

 

 

 

 

 

 

 

A Thesis  Submitted in Partial Fulfillment of the Requirements for 

the Degree of Master of Science in Forensic Science 

Prince of Songkla University 

2023 

Copyright of Prince of Songkla University



 i 

 
A Smartphone-based Colorimetric Probe from (3-Aminopropyl)tri- 

ethoxysiloxane-glutaraldehyde Complex for Hydrogen Peroxide 

Determination in Antiseptic Commercial Product 

 

 

 

 

 

 

 

Petcharawut  Ramsiri 

 

 

 

 

 

 

 

A Thesis  Submitted in Partial Fulfillment of the Requirements for 

the Degree of Master of Science in Forensic Science 

Prince of Songkla University 

2023 

Copyright of Prince of Songkla University 



 ii 

Thesis Title  A Smartphone-based Colorimetric Probe from (3-Aminopropyl)- 

triethoxysiloxane-glutaraldehyde Complex for Hydrogen Peroxide 

Determination in Antiseptic Commercial Product 

Author Mr. Petcharawut Ramsiri 

Major program Forensic Science 

_____________________________________________________________________ 

Major Advisor Examining committee: 

 

…………………………………… ……………………………..Chairperson 

(Asst. Prof. Dr. Apichai Phonchai) (Dr. Nichanun Sirasunthorn) 

 

 …………………….………..Committee 

Co-advisor: (Asst. Prof. Dr. Wongkot Phuphumirat) 

 

…………………………………… …………………………….. Committee 

(Assoc. Prof. Dr. Aree Choodum) (Asst. Prof. Dr. Apichai Phonchai) 

  

 …………………………….. Committee 

 (Assoc. Prof. Dr. Aree Choodum) 

 

The Graduate School, Prince of Songkla University, has approved this 

thesis as partial fulfillment of the requirements for the Master of Science Degree in 

Forensic science. 

 

  

 ………………………………………….  

 (Asst. Prof. Dr. Thakerng Wongsirichot) 

        Acting Dean of Graduate School 

 

 

 



 iii 

This is to certify that the work here submitted is the result of the candidate’s own 

investigations. Due to acknowledgement has been made of any assistance received.  

 

  

 ……………………………….. Signature 

 (Asst. Prof. Dr. Apichai Phonchai) 

 Major advisor 

 

 

 ……………………………….. Signature 

 (Assoc. Prof. Dr. Aree Choodum) 

 Co-advisor 

 

 

 ……………………………….. Signature 

 (Mr. Petcharawut Ramsiri) 

 Candidate 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 iv 

I hereby certify that this work has not been accepted in substance for any degree and 

is not being currently submitted in candidature for any degree. 

 

 

 ……………………………….. Signature 

 (Mr. Petcharawut Ramsiri) 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 v 

Thesis Title  A Smartphone-based Colorimetric Probe from (3-Aminopropyl)- 

triethoxysiloxane-glutaraldehyde Complex for Hydrogen Peroxide 

Determination in Antiseptic Commercial Product 

Author Mr. Petcharawut Ramsiri 

Major program Forensic Science 

Academic year 2023 

 

ABSTRACT 
 

This thesis aims to develop a smartphone-based colorimetric probe for 

hydrogen peroxide determination in an antiseptic solution. The colorimetric probe 

employed (3-aminopropyl)triethoxysiloxane-glutaraldehyde complex (APTES-GA) as 

a chemical reagent that could react to hydrogen peroxide and give off a bleached 

colorimetric product. The change of the brick-red color to a pale yellow can be observed 

through the naked eye and quantified using a smartphone-based digital image analysis 

method with the assistance of a custom-built photographic box. The parameters of 

APTES-GA preparation as a colorimetric probe were optimized. The method 

development for hydrogen peroxide detection was investigated including the effects of 

the color detection mode, the volume ratio of APTES-GA and sample solution, reaction 

time, and water content on colorimetric analysis. Under the optimum conditions, a 

linear calibration curve for the hydrogen peroxide was established in the range of 0.17 

%w/v to 1.36 %w/v using green intensity (R2 = 0.9909) as an analytical signal. The 

limit of detections (LOD) and limit of quantifications (LOQ) were calculated from the 

standard error of y-intercept and slope of the calibration curve and obtained as 0.10 

%w/v and 0.32 %w/v, respectively. The intra-day and inter-day precisions were 0.074 

- 0.363 %RSD and 0.268 - 0.910 %RSD, respectively. The intra-day and inter-day 

accuracies were 82.124 - 109.017% and 85.292 - 104.131%, respectively. The APTES-

GA probe displayed an excellent shelf-life of evaluation and can be stored at 4 ºC and  

-18 ºC for up to 6 weeks without a decrease in performance. The proposed method was 

applied to detect hydrogen peroxide in antiseptic commercial products. The results 

agreed with those from TiOSO4 spectrophotometry which was used as a reference 
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method. Overall, the device is simple, rapid, cost-effective, portable, disposable, and 

suitable for onsite screening. 
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CHAPTER 1 
 

INTRODUCTION 

 
1.1 Background and rationale  

Hydrogen peroxide is a common substance that provides a wide range 

of utilities. Its usage covers several areas such as medicine, detergent, cosmetic, and 

precursor for other chemicals. The medicinal products of hydrogen peroxide are sold 

as a water solution with various concentrations depending on its purpose. Generally, a 

low-concentration hydrogen peroxide product is used as an antiseptic agent and hair-

color bleaching agent, whereas a higher one is for industries and laboratories.  

The degradation of hydrogen peroxide in a commercial product is 

inevitable because hydrogen peroxide can decompose readily when exposes to visible 

light. Hence, the container is mostly made of brown glasses or light-impermeable 

material to minimize decomposition. Nevertheless, the change of concentration of 

hydrogen peroxide occurs slowly over a period of time. Although the difference is 

negligible and can be disregarded, sometimes, it might affect the performance of the 

product greatly and the hydrogen peroxide medicine solution is one such case. 

The common antiseptic product has a concentration of hydrogen 

peroxide ranging from 3% to 6%. It is a mild antiseptic that is used for cleaning shallow 

wounds or removing dead skin. In addition, it can be used to rinse the mouth. Of note, 

the hydrogen peroxide must be diluted according to the instruction prior to actual use. 

It is because a too-high concentration of hydrogen peroxide will cause irritation on 

applying area. Hereby, an observation of hydrogen peroxide concentration in medicine 

products is quite necessary to predict the performance of medicine. The development 

of analytical methods for the quality control of hydrogen peroxide content in antiseptic 

commercial products is important to ensure that products are properly labeled and to 

assure consumer safety. In addition, hydrogen peroxide has been reported as an 

oxidizing agent in the illicit production of cocaine and has occasionally been identified 

in clandestine cocaine laboratories. Therefore, detection of hydrogen peroxide is also 
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necessary for forensic investigations in order to detecting and identifying clandestine 

drug laboratories.  

Many hydrogen peroxide determination methods were reported such as 

chemical titration (Kiassen et al., 1994), spectrophotometry (Cui et al., 2017; Wang et 

al., 2018; Yang et al., 2016; Zhang & Wong, 1994; Zong et al., 2018), fluorometry (Qu 

et al., 2020; Yuan et al., 2015; Zhou et al., 2020), and electrochemistry (Periasamy et 

al., 2011; Zor et al., 2014). Those mentioned methods cover a variety of samples and 

provided an efficient way for hydrogen peroxide determination, but it is unlikely an 

appropriate method for household measurement due to a complication and expensive 

equipment. Hydrogen peroxide sensors were developed into a cost-effective and 

reliable method for in situ measurements. Majority of reported sensors utilized 

colorimetry based on the oxidation of chromogen coupled with horseradish peroxidase 

(HRP) or peroxidase-mimic substances to promote the reactive oxygen species (Cui et 

al., 2017; Wang et al., 2018; Yang et al., 2016; Zhang & Wong, 1994; Zong et al., 

2018). Despite a good and reliable performance, those mentioned sensors still required 

a complicated sample preparation and resulted in a long total analysis time. The paper-

based siloxane complex sensor, however, showed a good potential for the determination 

of hydrogen peroxide in hydrogen peroxide medicine products with fewer preparation 

steps (Zhou et al., 2014). A cross-linked siloxane as probe was used for determination 

of hydrogen peroxide. The detection is based on the bleaching of the brick-red color of 

APTMS-GA, resulting a colorless product. The color change can be observed by naked 

eyes and quantified by software. The method was applied to three different kinds of 

analytes, hydrogen peroxide, glucose and protein biomarker and showed the ability for 

quantitative assessment. However, the directly coated reagent on the paper-based 

analytical device suffers from instability of the reagent.  

Henceforth, this work developed a siloxane-glutaraldehyde complex as 

a colorimetric probe with smartphone-based digital image analysis for determination of 

hydrogen peroxide. The hydrogen peroxide analysis was based on the oxidation 

reaction of colorimetric probe by hydrogen peroxide. The camera of a smartphone was 

used to image the colorimetric products for qualitative and quantitative analysis. The 

developed method is simple and rapid, cost-effective, portable, disposable, and suitable 
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for onsite screening use which has the potential to be used for the quality control of 

antiseptic commercial product and forensic application. 

 

1.2 Literature reviews 

1.2.1 General information of hydrogen peroxide 

Hydrogen peroxide was produced successfully in 1818 by Louis Jacques 

Thenard, and the production for industrial scale had been first corrected at the end of 

the 19th century. Hydrogen peroxide is the simplest molecule in organic peroxides and 

also reactive oxygen species (ROS). Its molecule comprises two hydrogen atoms and 

two oxygen atoms (the formula is H2O2) which are two oxygen atoms connected by a 

single covalent bond (O-O). The molar mass of hydrogen peroxide is 34.0147 g mol-1. 

It appears light blue in its pure form but colorless in solution form, tastes bitter, and has 

a slightly sharp odor depending on concentration. Hydrogen peroxide is highly soluble 

in water and many organic solvents especially the solvent that can perform as either 

hydrogen bond donors or hydrogen bond acceptors. The O-O bond is slightly sensitive 

and that makes hydrogen peroxide very reactive. It readily undergoes decomposition 

even under sunlight exposure. Hydrogen peroxide is a strong oxidizing agent which 

readily oxidizes various oxidizable substances upon contact. The application of this 

chemical covers many areas such as medicine, detergents, cosmetics, and the chemical 

industry. (Abdollahi & Hosseini, 2014; National Center for Biotechnology Information, 

2023) 

 

1.2.2 Medical application of hydrogen peroxide 

Hydrogen peroxide which is reactive oxygen species can damage the 

cellular biochemical molecules such as nucleic acids, proteins, and lipids via oxidation 

reaction. With how small hydrogen peroxide is, it can bypass the cell membrane and 

penetrate inside. The cellular enzymatic reaction of hydrogen peroxide takes place at 

this point and produces reactive species (e.g., hydroxyl radical (∙OH), peroxide anion 

(O2- )) which affect organic molecules in cells, leading to cell membrane breakdown and 

cell destruction eventually (Figure 1). (Murphy & Friedman, 2019)  

Several formulas of hydrogen peroxide products are present in a wide 

range of 1% to 45% of hydrogen peroxide. At low concentrations, 1% to 6% hydrogen 
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peroxide formulas are for the disinfection of open wounds and for removing dead skin. 

The efficiency of the antiseptic agent depends on the concentration level and contact 

time. The 1% formula is less effective compared to the 6% formula because the 

concentration of hydrogen peroxide is lower, so we need to prolong the contact time of 

the 1% formula treatment to achieve a similar result to the 6% formula. A diluted 

hydrogen peroxide solution is recommended for dentistry that can be used for mouth 

rinsing to remove mucus and recover from oral surgery. Apart from this, modified 

formulas of hydrogen peroxide at a low concentration that combine with necessary 

components, are able to treat venous insufficiency ulcers and acne. (Urban et al., 2019). 

 

 
Figure 1 The production of hydrogen peroxide from diverse sources and its degradation  

in cells that produces reactive oxygen species. (Murphy & Friedman, 2019) 

 

For 10% to 40% formula, the direct contact treatment must be carried 

out cautiously owing to the risk of severe skin damage. The medical step involving the 

high concentration of hydrogen peroxide is under investigation and clinical trials need 

more cases to observe. The research focus is on three skin problems: actinic keratosis 

(AK), seborrheic keratosis (SK), and common wart. The mechanism of the treatment 

for these three diseases likely relates to the Warburg effect. The excess hydrogen 

peroxide introduces oxidative stress into the irregular keratinocytes, causes cell 

transformation, hereby the change of cellular activities within affected keratinocytes 



 5 

(Figure 2). This also suggested that the cell elimination occurs in transformed cells 

more than in regular ones because irregular keratinocytes are more sensitive to 

oxidative stress. The danger of medical treatment using hydrogen peroxide is still a 

concern because it affects surrounding cells in the exposure area regardless of whether 

they are desired targets or not. There is a possibility of irritation in the exposure area as 

well. A low concentration of hydrogen peroxide is obviously much safer to use than a 

higher one. Nevertheless, we can reduce the side effect to a smaller level if it is utilized 

carefully, by proper control of an applied amount, contact time, and frequency of 

treatment.  (Liberti & Locasale, 2016; Murphy & Friedman, 2019; Urban et al., 2019). 

   

 
Figure 2 The possible effect of concentrated hydrogen peroxide in the different 

exposure skin: (A) the regular skin and (B) abnormal keratinocytes with stratum 

corneum as a barrier.   (Murphy & Friedman, 2019)   

 

In addition to skin treatment and mouth rinse, the other use of hydrogen 

peroxide includes disinfectant (on the object) and cerumenolytic. The disinfection of 

objects with hydrogen peroxide is similar to wound cleansing but with a higher 

concentration. Hydrogen peroxide can soften the ear wax resulting in removing the ear 

wax being easier with a low concentration of hydrogen peroxide (West, 2021).       
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1.2.3 Analytical method of hydrogen peroxide 

The most common method for hydrogen peroxide determination is 

titration. Potassium permanganate (KMnO4) titration methods are well-known to 

chemists because this method has been taught for years as a learning practice. In 1994, 

by the report of Kiassen et al., the potassium permanganate solution is slowly added 

into stirring acidified hydrogen peroxide solution. Permanganate anion (MnO4- ) which 

is a stronger oxidant, will oxidize hydrogen peroxide under an acidic environment and 

produce manganese(II) ion (Mn2+) and oxygen gases. 

 

2MnO4- (aq) + 5H2O2(aq) + 6H+(aq) → 2Mn2+(aq) + 8H2O(l) + 5O2(g)    Equation 1.1 

 

The redox reaction causes the deep violet color of the permanganate 

solution changes to colorless if there is hydrogen peroxide remaining in the analyte 

solution. The excess permanganate makes the solution appears pink in color, resulting 

in the endpoint of the titration, which is obvious to bare eyes and could also be observed 

through absorption spectrophotometry at 525 nm. The permanganate titration method 

is simple but also complicated as it required several steps and an extensive procedure 

(Kiassen et al., 1994).   

Colorimetric detections based on adsorption spectrophotometry are 

under focus in recent years. Several chromogenic substances and organic dyes are 

oxidizable and produce a product(s) whose color differs from the precursor. So, the 

change of color can serve as a response signal. 

In 1994, Zhang and Wong reported the determination of hydrogen 

peroxide in marine water by leuco crystal violet and horseradish peroxidase system 

(LCV-HRP). The presence of horseradish peroxidase induced the production of 

reactive oxygen species from the hydrogen peroxide which is more reactive than 

hydrogen peroxide. Consequently, the leuco crystal violet that was originally colorless 

was oxidized by producing reactive oxygen, and the purple form, that is crystal violet 

was produced, resulting in the bleaching of the chemical reagent. The absorbance of 

the resulting solution was measured at 592 nm, at pH 4 by spectrophotometer. The 

LCV-HRP system displayed a good linear relationship between absorbance at 592 nm 

and hydrogen peroxide concentration at a range of 1 - 20 µmol L-1 with a detection limit 
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of 0.02 µmol L-1. The LCV-HRP system provided good precision for hydrogen 

peroxide detection in marine water. water (Zhang & Wong, 1994).     

Apart from crystal violet and its derivatives, 3,3,5,5-

tetramethylbenzidine (TMB) and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic 

acid) (ABTS) are very popular for colorimetric reagent in hydrogen peroxide 

determination. Lots of research utilized its advantages to develop a colorimetric 

detection method based on the oxidation strategy. In case of TMB, the colorless TMB 

undergoes oxidation in the presence of oxidizing agent and produces radical cations 

that readily form a blue complex, resulting in a blue solution. Additional oxidation of 

radical cation gives diamine as a colorimetric product, so the color changes from blue 

to yellow. Both oxidation steps involve a one-electron transfer mechanism between the 

oxidizing agent and TMB  (Harpaz et al., 2020).       

The presence of the enzyme horseradish peroxidase is necessary for the 

hydrogen peroxide detection method to enhance the production of reactive oxygen 

species that will accelerate the oxidation reaction by far. However, the detection method 

becomes complicated since the enzyme is very sensible and required careful handling. 

In this case, many works utilized peroxidase mimics to imitate the activity of 

horseradish peroxidase, instead. Several substances exhibit a peroxidase-like activity 

including metal composites and metal nanoparticles that are very popular in this regard 

(Yang et al., 2016). Those peroxidase mimics can promote hydrogen peroxide to 

reactive species like horseradish peroxidase but be easier to handle and display many 

advantages over horseradish peroxidase.  

In 2016, Yang et al. reported a detection method for hydrogen peroxide 

using CoS nanostructure as a peroxidase mimic, and TMB as a peroxidase substrate. 

The principal of this method is the color change from colorless to blue which is a result 

of the oxidation of TMB. The absorption of hydrogen peroxide solution was analyzed 

with a spectrophotometer at 652 nm. The absorbance of the analyte solution was 

subtracted by the absorbance of the blank and reported as ∆A. The method displayed 

linearity ranged from 0.05 - 0.8 mmol L-1 with a detection limit of 0.02 mmol L-1 (Yang 

et al., 2016). 

In 2017, Cui et al. reported a detection method for hydrogen peroxide 

and xanthine utilizing iridium nanoparticles. Iridium nanoparticle prepared by Ir(III) 
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compound and tannin acid as a stabilizing agent. TMB was selected as a peroxidase 

substrate. It was mentioned that iridium nanoparticles perform a superior peroxidase-

like activity that is better than horseradish peroxidase in certain situations. With the 

IrNPs-tannin-TMB system, the method achieves good linearity ranging from 1 - 100 

µmol L-1 with a detection limit of 0.53 µmol L-1 (Cui et al., 2017).  

 In 2018, Wang et al. reported a colorimetric method for hydrogen 

peroxide determination with 𝛼-AgVO3 microrods as peroxidase mimics. The 

chromogen used as reagent was TMB. The response of the method was observed 

through the greenish-blue product that exerts s strong adsorption at 652 nm. The linear 

calibration of hydrogen peroxide detection for the method ranged from 60 - 200 µmol 

L-1 with a detection limit of 2 µmol L-1. The commercial antiseptic liquid sample was 

tested, and the result was in good agreement with the reference method (Wang et al., 

2018). 

In 2018, Zong et al. reported a visual colorimetric measurement of 

hydrogen peroxide and glucose with a citrated cap silver nanoparticle. The principal of 

the method lies in the edging of silver nanoparticles. Silver nanoparticles were prepared 

in round shape and according to their surface plasmon resonance, the dispersion of 

round shape silver nanoparticles gives a brown solution. The originally round shape 

silver nanoparticle will lose the matter on the surface causing the change of its shape 

and thus resulting in the shift of maximum absorption wavelength, so the color of the 

solution is changed and can be observed through a spectrophotometer. The reported 

method showed a linear relationship between ranged from 0.2 - 32 µmol L-1 with a 

detection limit of 90 nmol L-1 (Zong et al., 2018). 

Another approach for hydrogen peroxide detection is fluorometry or 

fluorescence sensor. This method allows a particular molecule emits strong light upon 

being excited under irradiation by an electromagnetic wave at a certain wavelength. 

The emittance of fluorescence light is normally measured by a fluorometer.  

In 2015, Yuan et al. reported a MnO2-nanosheet nanosystem for 

fluorescence sensors for the detection of hydrogen peroxide and indirect detection of 

glucose in serum and blood. The upconversion nanoparticles which could be excited by 

near-infrared electromagnetic waves, and gave a visible light emission, were modified 

by MnO2 nanosheet and resulted in MnO2 nanosheet coated on the surface of 
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upconversion nanoparticles. The MnO2 nanosheet induced fluorescence quenching at 

450 nm of upconversion nanoparticles. The addition of hydrogen peroxide in the 

system, will etch the MnO2 nanosheet layer and released Mn(II) ion (Mn2+), hereby the 

restoration of fluorescence emission at 450 nm. The MnO2 nanosheet-modified nano 

system provided a linear correlation between fluorescence emission at 450 nm and 

hydrogen peroxide concentration at a range of 0 - 150 µmol L-1 and  180 - 350 µmol L-

1 with a detection limit of 0.9 µmol L-1 (Yuan et al., 2015).    

In 2020., Qu et al. reported a fluorescence sensor using glutathione-

capped copper nanocluster along with lead(II) and zirconium(IV) in one system (GSH-

CuNCs-Pb2+-Zr4+) for hydrogen peroxide detection and applied to the determination of 

glucose and cholesterol in serum sample via hydrogen peroxide detection. The presence 

of Pb2+ ion and Zr4+ ion triggered aggregation of glutathione-capped copper nanocluster 

resulting in the fluorescence emission at 585 nm. The Cu2+ cation was produced after 

the introduction of hydrogen peroxide hence the quenching of fluorescence of 

glutathione-capped copper nanocluster. The reduction of fluorescence was reported as 

a fluorescence ratio of (F1-F2)/F1. GSH-CuNCs-Pb2+-Zr4+ system exhibited linearity 

ranging from 1 - 60 µmol L-1 with a detection limit of 0.6 µmol L-1 (Qu et al., 2020). In 

the same year, Zhou et al. reported a fluorescence sensor using a hybrid system of 

CdSe@ZnS quantum dots and Ag nanocluster (CdSe@ZnS QDs/AgNCs) for hydrogen 

peroxide detection in the milk sample. The CdSe@ZnS QDs emitted fluorescence at 

510 nm which will be quenched by silver ion (Ag+) released from the oxidation of 

AgNCs by hydrogen peroxide, through cation exchange between Ag+ and Zn2+. The 

calibration model of this method was constructed using the fluorescence intensity at 

510 nm that provided a linear relationship at a range of 0.5 - 60 µmol L-1 with a 

detection limit of 0.3 µmol L-1. The detection of hydrogen peroxide in milk samples by 

CdSe@ZnS QDs/AgNCs showed recovery of 95.8 - 112.0 % for three fortified 

concentrations (Zhou et al., 2020). 

In addition to spectrophotometry, the electrochemical sensor is an 

another approach for the detection of hydrogen peroxide by using modified electrodes. 

In 2011, Periasamy et al. reported an electrochemical sensor using a modified glassy 

carbon electrode that was functionalized by a multi-walled carbon nanotube and 

carminic acid. It was shown that carminic acid caused multiwalled carbon nanotubes to 
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disperse well in an aqueous solution and carminic acid was readily absorbed into the 

wall of carbon nanotubes. Under optimized conditions, the method provided linearity 

of hydrogen peroxide determination at a range of 10 - 32 mmol L-1 with a good 

selectivity and storage ability (Periasamy et al., 2011). 

In 2014, Zor et al. reported an electrochemical biosensor prepared by 

reduced graphene oxide/nanopyrrole composite for hydrogen peroxide determination. 

The biosensor was developed on a glassy carbon electrode and investigated through 

cyclic voltammetry, differential pulse voltammetry, and chronoamperometry 

techniques to obtain the optimized condition for hydrogen peroxide detection. The 

reduced graphene oxide/nanopyrrole-modified electrode displays a linear relationship 

between analytical response and hydrogen peroxide concentration ranging from 0.1 - 

4.0 µmol L-1 with a  detection limit of 32 nmol L-1 (Zor et al., 2014). 

 

Table 1 The analytical method for hydrogen peroxide determination. 

Literatures Techniques Linear range Limit of detection 

Zang and Wong spectrophotometry 1 - 20 µM 0.02 µM 

Yang et al. Spectrophotometry 0.05 - 0.8 mM 0.02 mM 

Cui et al. Spectrophotometry 1 - 100 µM 0.53 µM 

Wang et al. Spectrophotometry 60 - 200 µM 2 µM 

Zong et al. Spectrophotometry 0.2 - 32 µM 90 nM 

Yuan et al. Fluorometry 
0 - 150 µM 

180 - 350 µM 
0.9 µM 

Qu et al. Fluorometry 1 - 60 µM 0.6 µM 

Zhou et al. Fluorometry 1 - 60 µM 0.6 µM 

Periasamy et al. Electrochemistry 10 - 30 mM 10 mM 

Zor et al. Electrochemistry 0.1 - 4 µM 32 nM 

 

1.2.4 Smartphone-assisted digital image analysis 

Digital colorimetric determination using a smartphone has recently 

become widely used in analytical applications, such as in environmental analysis, in 
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food analysis, in pharmaceutical analysis and in forensics. Smartphone based 

colorimetric detection is based on digital color images of the colorimetric products from 

a specific reagent reaction. The digital images contain image layers of primary colors 

(red, green, and blue; RGB) in the digital photo of the colorimetric product and can 

give precise and accurate results. The RGB digital images is captured with a 

smartphone. RGB data have been used in the quantification of target analytes, by 

converting RGB intensities to absorbance estimates with an external calibration 

technique (Lantam et al., 2020). The main attractions of smartphone based colorimetric 

detection in analytical applications include easy-to-operate, portable and rapid devices. 

Using a smartphone as a processor and detector have the potential to enable the 

execution of lengthy and complicated analytical chemistry protocols in the field, 

without the need for expensive equipment or high levels of expertise. 

In 2013, Choodum et al. reported a method using a smartphone as a 

device for Trinitrotoluene (TNT) detection in soil sample. The TNT detection is based 

on a charge-transfer mechanism in which the dicyclohexylamine (DCHA) as the 

electron donating reagent and TNT acts as an electron acceptor, resulting red–violet 

products. The colored products were quantified by an application of smartphone. The 

calibration curve was plotted between RGB absorbance and TNT concentrations in the 

range of 1 - 500 mg L-1. The inter-day precision of the method was in the range of 2.09 

- 7.43 %RSD. The author found that smartphone gave the potential to be employed as 

a rapid on-site method for semi-quantification of TNT (Choodum et al., 2013).  

In 2014, Zhou et al. proposed a paper-based biosensor for hydrogen 

peroxide and glucose using (3-aminopropyl)trimethoxysiloxane-glutaraldehyde 

complex (APTMS-GA). APTMS-glutaraldehyde was grafted on filter paper which 

resulted to the brick-red of APTMS-GA on filter paper. APTMS-GA could be oxidized 

by hydrogen peroxide that led to the color of reagent was bleached. The digital image 

of resulting probe was captured by camara and analyzed by ImageJ software to obtain 

mean grey value. The linear range of hydrogen peroxide determination by this paper-

based probe was obtained at 2.5 - 500 mmol L-1 with detection limit of 2.5 mmol L-1 

(Zhou et al., 2014).   

In 2019, Hosu et al. developed enzymatic biosensor for hydrogen 

peroxide and glucose detection which utilized  horseradish peroxidase, glucose oxidase, 
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horseradish peroxidase-glucose oxidase and tyrosinase enzymes on poly(aniline-co-

anthranilic acid) composite film. aniline-co-anthranilic acid polymer will 

spontaneously undergo redox reaction upon contact with hydrogen peroxide which also 

was amplified by enzyme immobilized on the polymer. The  color was change from 

green to blue. The response can be observed through digital images captured by 

smartphone and analyzed by ColorLab android application. The linear relationship of 

hue signal difference (∆Hue) and hydrogen peroxide concentration was obtained at 25 

to 200 µmol L-1 with a detection limit of 51.2 µmol L-1 (Hosu et al., 2019). 

In 2020, Khachornsakkul and Dungchai reported a colorimetric sensor 

for hydrogen peroxide detection using TMB as substate coupled to silver nanoparticles. 

The developed method utilized oxidation etching of silver nanoparticle that was 

enhanced by ultrasound. The oxidized TMB was produced by oxidation etching of 

silver nanoparticles without peroxidase which will be observed through  Herpes 

Simplex Virus (HSV) method via application on smartphone. This method showed a 

linear range of hydrogen peroxide detection at a range of 25 to 1000 nmol L-1 with a 

detection limit of 2 nmol L-1 (Khachornsakkul & Dungchai, 2020).        

 

1.3 Objectives 

The aim of this research is to develop a colorimetric probe for hydrogen 

peroxide determination using (3-aminopropyl)triethoxysiloxane-glutaraldehyde 

complex with smartphone-based digital image analysis. The detail are as follows.  

(1) To study the parameters for (3-aminopropyl)triethoxysiloxane-

glutaraldehyde complex preparation as a colorimetric probe. 

(2) To investigate the method development of hydrogen peroxide 

determination using (3-aminopropyl)triethoxysiloxane-

glutaraldehyde complex and smartphone-based digital image 

analysis.  

(3) To perform the method validation of (3-

aminopropyl)triethoxysiloxane-glutaraldehyde complex with 

smartphone-based digital image method for hydrogen peroxide 

detection.  
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(4) To utilize the prepared colorimetric probe for determination of 

hydrogen peroxide in commercial antiseptic solution and compare 

to spectrophotometry as a reference method.  

 

1.4 Expected benefits 

The APTES-GA colorimetric probe is successfully prepared with simple 

and affordable procedure. The APTES-GA colorimetric probe can efficiently determine 

hydrogen peroxide in antiseptic solution leading to monitor the concentration of 

hydrogen peroxide in antiseptic product. The APTES-GA probe can be use indirectly 

determine other substances relating to hydrogen peroxide such as triacetone triperoxide.    
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CHAPTER 2 

 

METHODOLOGY 

 
2.1 Chemicals 

(3-aminopropyl)triethoxysiloxane (APTES) was purchased from Tokyo 

Chemistry Industry Co. Ltd., Japan. Glutaraldehyde solution (25% in water), Hydrogen 

peroxide solution (30 % in water), ammonium sulfate ((NH4)2SO4), ammonium nitrate 

(NH4NO3), magnesium nitrate (Mg(NO3)2), sodium nitrate (NaNO3), sodium chloride 

(NaCl), potassium chloride (KCl), calcium chloride (CaCl2), sodium bicarbonate 

(Na2CO3), and potassium carbonate (K2CO3) were purchased from Sigma-aldrich., 

Germany. Titanium(IV) oxysulfate solution (1.9 - 2.1 %) for determination of hydrogen 

peroxide (H 15, DIN 38 409) and absolute ethanol were purchased from Sulpelco., 

Germany. Acetonitrile was purchased from Macron Fine Chemicals., United states. 

Ultrapure water was obtained from Simplicity UV system, 18.2 MΩ.cm, Millipore. 

    

2.2 Hydrogen peroxide standard solution preparation 

For hydrogen peroxide standard solution, 30 % hydrogen peroxide 

solution was pipetted, and then diluted with acetonitrile to obtain a 1000 mmol L-1 (3.40 

%w/v) stock solution. The standard solution was prepared freshly for each experiment 

to minimize the influence of hydrogen peroxide degradation.  

 

2.3 Digital image processing system and digital image analysis 

Black color acrylic box with the size of 20 × 20 × 20 cm (width × length 

× height) was built according to the design (Figure 3) to assist in digital images 

processing. A LED lightbulb (3 Watts, Philips, Hong Kong) was planted inside on a 

wall of the box as a light source. The inner layer of the wall was covered with a white 

foam sheet to eliminate the dark background. The front side of the box was punctured 

to create a hole for image capturing by smartphone (Vivo Y50). The top acrylic plate 

was also punctured to create holes for positioning of 200-µL micro-PCR tubes 10 cm 

away from the front-side wall which is a suitable distance according to the focus 
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distance of the smartphone. The captured digital image was analyzed by Image J 

software (online version) to collect color intensity values with the R-G-B color system. 

 

 
Figure 3 The picture illustrated the custom-build photographic box and digital image 

processing with a smartphone as an image capturing device.  
 

2.4 UV-Visible absorption spectrophotometry 

A spectrophotometer (GenesysTM 10S, Thermo Fisher Scientific, 

Madison, USA) with 1.0 cm path length polystyrene cuvette was used to collect the 

UV-Vis absorption spectra. Absorbance spectra were generated by scanning between 

380 nm to 780 nm with a spectral bandwidth of 1.8 nm and interval of 1 nm. 

 

2.5 Fourier-transform infrared spectroscopic apparatus 

Fourier transform infrared spectrometer, VERTEX 70, Bruker, 

Germany coupled with KBr pellet method was utilized in this work. A 1.8 mg of 

samples was glided and mixed together with 98.2 mg of KBr powder. The mixture 

powder was compressed to a pellet. The measurement was taken in a solid phase and 

the scanning wavenumber range started from 400 cm-1 to 4000 cm-1.     

 

2.6 Optimal conditions of APTES-GA reagent preparation  

The optimal condition of (3-aminopropyl)triethoxysiloxane-

glutaraldehyde complex (APTES-GA) preparation as a colorimetric prob was studied. 
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UV-Visible absorption spectrophotometry and smartphone-based digital image 

analysis were employed to collect absorbance value and color intensity, respectively. 

Two parameters of APTES-GA preparation were investigated; the volume ratio of 

APTES : 25% GA and incubation time. 

 

2.6.1. The volume ratio of (3-aminopropyl)triethoxysiloxane to 25% 

glutaraldehyde solution  

The volume ratio of (3-aminopropyl)triethoxysiloxane to 25% 

glutaraldehyde solution (APTES : 25% GA) was investigated from 0.5:1 to 5:1 v/v. A 

volume of 80 µL of 25% GA solution was set constant, while the volume of APTES 

was varied from 40 µL to 400 µL. The solution of APTES in absolute ethanol was first 

prepared, followed by the addition of 25% GA solution. The mixture solution was then 

allowed to stand at room temperature for 1 day before taken to measurement. For digital 

image analysis, three replicates of 200 µL of the resulting solution were transferred into 

a 200-µL PCR tube and followed by the digital image processing with the designed 

system. For UV-visible absorption spectrophotometry, three replicates of 200 µL of the 

resulting solution were diluted with 800 µL of absolute ethanol (five-fold dilution) prior 

to UV-visible absorption measurement in a range of 380 - 780 nm. The reagent blank 

was prepared in the same manner using ethanol instead of hydrogen peroxide solution. 

 

2.6.2 The incubation time  

The incubation time was investigated from 3 hours to 7 days. An optimal 

volume of APTES and 25% GA solution was mixed evenly in ethanol. For digital image 

analysis, three replicates of 200 µL of the resulting solution were transferred into 200-

µL PCR tubes and allowed it to stand at room temperature. The resulting PCR tube was 

taken to the digital image processing with the designed system at designed interval time 

started from 3 hours to 7 days. For UV-visible absorption spectrophotometry, three 

replicates of 200 µL of the resulting solution were diluted with 800 µL of absolute 

ethanol (five-fold dilution) prior to UV-visible absorption measurement, at designed 

interval time started from 3 hours to 7 days. 
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2.7 Colorimetric determination of hydrogen peroxide  

Colorimetric determination was based on the reaction of hydrogen 

peroxide with APTES-GA reagent, which forms brick-red color changed into colorless. 

The feasibility of hydrogen peroxide detection by APTES-GA colorimetric probe was 

observed through UV-Visible absorption spectrophotometry and Fourier-transform 

infrared spectrometry. APTES-GA solution was prepared with an optimized condition 

before treatment with hydrogen peroxide working solution.  

 

2.7.1 UV-Visible absorption spectrophotometry measurement  

The positive control was prepared by adding 700 µL of 300 mmol L-1 

(1.02 %w/v) hydrogen peroxide solution (in acetonitrile) to 300 µL of APTES-GA 

solution. The mixture solution was transferred to a polystyrene cuvette and allowed to 

stand at room temperature for 5 minutes before measurement. Similarly, the negative 

control was prepared by adding 300 µL of APTES-GA solution to 700 µL of 

acetonitrile. 

   

2.7.2 Fourier-transform infrared spectrometry measurement  

1 mL of 1000 mmol L-1 (3.40 %w/v) hydrogen peroxide solution was 

added to 1 mL of APTES-GA solution. The mixture solution was allowed to stand at 

room temperature for 30 minutes. The resulting mixture and APTES-GA solution were 

heated separately in a ventilated oven at 40 ºC for 2 hours to assure that the solvent was 

entirely evaporated. Consequently, solid samples of colorimetric product and APTES-

GA were obtained. The solidified APTES-GA was then taken to FT-IR spectroscopy 

measurement. 

 

2.8 Method development for hydrogen peroxide detection 

The colorimetric determination of hydrogen peroxide with the APTES-

GA probe using a smartphone-based digital image analysis was developed for the 

detection of the target analyte in antiseptic commercial product. The effects of the color 

detection mode, the volume ratio of APTES-GA and analyte solution, reaction time and 

effect of water content on the color intensity signal were studied to achieve the 

maximum intensity which was chosen as the optimum condition. 
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2.8.1 The effect of the color detection mode  

The effect of the color detection mode was evaluated in order to 

maximize sensitivity of the APTES-GA for hydrogen peroxide detection. Three 

solutions of hydrogen peroxide were prepared in concentrations of 250 mmol L-1 (0.85 

%w/v), 750 mmol L-1 (2.55 %w/v), and 1250 mmol L-1 (4.25 %w/v). A 100 µL of 

APTES-GA solution and 100 µL of the analyte solution was mixed evenly in a 200-µL 

PCR tube. Three replicates for each analyte solution were investigated. The reaction 

was allowed to complete before image processing and digital image analysis. Digital 

images were then captured with built-in camera of the smartphone and an in-house light 

control box. The JPEG format image was transferred to Image J software for 

measurement of the RGB color intensity. The color intensity of each picture was 

measured as the red, green, and blue intensity.  

 

2.8.2 The volume ratio of APTES-GA and analyte solution  

The volume ratio of APTES-GA and analyte solution was investigated 

in a range of 3:7 to 7:3 v/v. APTES-GA solution and 750 mmol L-1 (2.55 %w/v) 

hydrogen peroxide solution was mixed evenly in a 200-µL PCR tube to obtain a final 

volume of 200 µL. Three replicates for each volume ratio were investigated. The 

reaction was allowed to complete before image processing and digital image analysis. 

Digital images were then captured with built-in camera of the smartphone and an in-

house light control box. The JPEG format image was transferred to Image J software 

for measurement of the RGB color intensity. The color intensity of each picture was 

measured as the green intensity. 

 

2.8.3 The effect of water content on colorimetric analysis 

The water content in analyte solution was investigated in term of volume 

percentages of water. 750 mmol L-1 (2.55 %w/v) hydrogen peroxide solution was 

prepared in mixture of acetonitrile and ultrapure water to obtain the working solution 

with different water content, starting from 0% increase to 50%. APTES-GA solution 

and 750 mmol L-1 (2.55 %w/v) hydrogen peroxide solution was mixed evenly in 

optimal volume ratio in a 200-µL PCR tube to obtain a final volume of 200 µL. Three 

replicates for each water content were investigated. The reaction was allowed to 
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complete before image processing and digital image analysis. Digital images were then 

captured with built-in camera of the smartphone and an in-house light control box. The 

JPEG format image was transferred to Image J software for measurement of the RGB 

color intensity. The color intensity of each picture was measured as the green intensity. 

 

2.8.4 Reaction time  

The reaction time were observed from 1 minute to 25 minutes. APTES-

GA solution and 750 mmol L-1 (2.55 %w/v) hydrogen peroxide solution was mixed 

evenly in optimal volume ratio in a 200-µL PCR tube to obtain a final volume of 200 

µL. Three replicates for each time interval were investigated. The reaction was allowed 

to complete before image processing and digital image analysis. Digital images were 

then captured with built-in camera of the smartphone and an in-house light control box. 

The JPEG format image was transferred to Image J software for measurement of the 

RGB color intensity. The color intensity of each picture was measured as the green 

intensity. 

 

2.9 Method validation 

The validation of APTES-GA probe with smartphone-based digital 

image method for hydrogen peroxide detection in commercial antiseptic solution, was 

conducted under the optimized conditions selected previously. The linearity and range, 

limit of detection (LOD), limit of quantification (LOQ), intra-day and inter-day 

precision and accuracy, interference study, and shelf-life of evaluation were evaluated 

following the International Conference on Harmonization (ICH) tripartite guideline 

validation of analytical procedures: text and methodology Q2(R1) (Tietje & Brouder, 

2010, Technical Note 17 - Guidelines for the validation and verification of quantitative 

and qualitative test methods (NATA, 2012), and the AOAC official methods of 

analysis, guidelines for standard method performance requirements, appendix F 

(AOAC international, 2016). 

 

2.9.1 Linearity and range 

A linearity of calibration of this work can be obtained from a 

relationship of concentration of an analyte and corresponding response of the color 
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green intensity of the digital image. A range of  1 - 1,500 mmol L-1 (0.003% w/v - 5.10 

%w/v) of hydrogen peroxide solution was investigated. APTES-GA solution and 

hydrogen peroxide solution was mixed evenly in optimal volume ratio in a 200-µL PCR 

tube to obtain a final volume of 200 µL. The reaction was allowed to complete before 

image processing and digital image analysis. Seven replicates for each concentration 

were investigated. The color intensity of the analyte (y axis) were plotted against their 

concentration (x axis). The linear relationship was observed using regression analysis 

by Microsoft Excel.  

 

2.9.2 Limit of detection (LOD)  

A detection limit of this work is investigated to obtain the lowest 

concentration of hydrogen peroxide that can be detected by the developed method. The 

limit of detection was calculated using three different equations and compared.  

 

LOD =
3 × Standard deviation of y-intercept value

Slope of calibration 																																									Equation 2.1 

 

LOD =
3 × Standard deviation of regression line

Slope of calibration 																																													Equation 2.2 

 

2.9.3 Limit of quantification (LOQ) 

The limit of quantification is the lowest concentration of the analyte in 

the sample that can be determined with acceptable performance. The limit of 

quantification was calculated using three different equations and compared.  

 

LOQ =
10 ×	Standard deviation of y-intercept value

Slope of calibration 																																							Equation 2.3 

 

LOQ =
10 × Standard deviation of regression line

Slope of calibration 																																											Equation 2.4 
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2.9.4 Precision  

Precision can be defined as the closeness of agreement between a series 

of measurements obtained from multiple sampling of the same homogenous sample. 

The precision of this work is investigated via relative standard deviation (%RSD) from 

several series of measurement. The intra-day precision can be achieved with three 

repeats a day and inter-day precision can be achieved with three repeats in three 

different days to obtain the most representative value. An aliquot of 50 µL of 1000 

mmol L-1 (3.40 %w/v) hydrogen peroxide standard solution was spiked in sample 

solution to obtain three different concentration levels (low, medium and high levels) of 

fortified sample. APTES-GA solution and sample solution was mixed evenly in optimal 

volume ratio in a 200-µL PCR tube to obtain a final volume of 200 µL. The reaction 

was allowed to complete before image processing and digital image analysis. Three 

replicates for each sample solution were investigated.  The acceptable relative standard 

deviation for precision is within ± 15%. 

 

%RSD = 
Standard Deviation

Mean Value ×100 																																																																					Equation 2.5 

 

2.9.5 Accuracy  

Accuracy is the difference between the expectation of the test results and 

an accepted reference value. The acceptable accuracy data is within ± 15% of actual 

value. Unless the accuracy is accepted, recovery is needed to show performance of the 

detection method. The recovery can be calculated as the percentage of the analyte 

response after sample workup compared to that of a solution containing the analyte at 

a concentration corresponding to recovery of 100%. The acceptable percentage of 

recovery is within 80 -115%. The intra-day accuracy can be achieved with three repeats 

a day and inter-day accuracy can be achieved with three repeats in three different days 

to obtain the most representative value. An aliquot of 50 µL of 1000 mmol L-1 (3.40 

%w/v) hydrogen peroxide standard solution was spiked in sample solution to obtain 

three different concentration levels (low, medium and high levels) of fortified sample. 

APTES-GA solution and sample solution was mixed evenly in optimal volume ratio in 

a 200-µL PCR tube to obtain a final volume of 200 µL. The reaction was allowed to 
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complete before image processing and digital image analysis. Three replicates for each 

sample solution were investigated. 

 

Recovery (%) = 
(Cf	- Cu)

Ca
 ×100 																																																																										Equation 2.6 

where:  Cf is the concentration of analyte measured in spiked sample 

 Cu is the concentration of analyte in real sample  

 Ca id the concentration of analyte (standard) added into the sample 

 

2.9.6 Interference study 

To assess specificity of the proposed method towards hydrogen 

peroxide, various ingredients that are potentially found in commercial antiseptic 

solution, including sodium chloride (NaCl), potassium chloride (KCl) and calcium 

chloride (CaCl2) were used to investigate potential interferences. In addition, other 

substances which represented common ion were also investigated including ammonium 

sulfate ((NH4)2SO4), ammonium nitrate (NH4NO3), magnesium nitrate (Mg(NO3)2), 

sodium nitrate (NaNO3), bicarbonate (Na2CO3), and potassium carbonate (K2CO3). The 

tolerance limit for these potentially interfering chemical species was verified by spiking 

various concentrations of these species into a 300 mmol L-1 (1.02 %w/v) solution of 

hydrogen peroxide solution as a sample solution. APTES-GA solution and sample 

solution was mixed evenly in optimal volume ratio in a 200-µL PCR tube to obtain a 

final volume of 200 µL. The reaction was allowed to complete before image processing 

and digital image analysis. Three replicates for each sample solution were investigated. 

The green intensity obtained from each experiment would be compared to the green 

intensity of colorimetric product without interferences by the term of relative error. 

Tolerance limit refers to the highest concentration that did not alter, by a variation of 

more than ± 5%, the analytical signal of hydrogen peroxide at a concentration of 300 

mmol L-1 (1.02 %w/v). 
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Relative error (RE)	=	
Gexp -	Gref

Gref
 × 100																																																														Equation 2.7 

where:  Gexp referred to green intensity of colorimetric product with interferences. 

  Gref referred to green intensity of colorimetric product without 

interferences. 

 

2.9.7 Shelf-life evaluation of colorimetric probe 

Shelf-life of evaluation is studied to assure reliability of colorimetric 

sensing when keep in freeze storage for a long period. Therefore, it is defined as the 

chemical stability of an analyte in a given matrix under specific conditions for given 

time intervals. A 100 µL of APTES-GA solution was transferred into 200-µL PCR 

tubes. Three batches of APTES-GA probes were stored at three different conditions: 

room temperature (25 ºC), in refrigerator (4 ºC), and freeze refrigerator (-18 ºC). Three 

replicates of stored APTES-GA probes were treated with 100 µL of 300 mmol L-1 (1.02 

%w/v) hydrogen peroxide standard solution at time intervals started from 1 day to 6 

weeks. The reaction was allowed to complete before image processing and digital 

image analysis. Digital images were then captured with built-in camera of the 

smartphone and an in-house light control box. The JPEG format image was transferred 

to Image J software for measurement of the RGB color intensity. The color intensity of 

each picture was measured as the green intensity. The green intensity obtained from 

each experiment would be compared to the green intensity of colorimetric product 

obtained at the first day of measurement, by the term of relative error.  

 

Relative error (%RE)	=	
Gexp -	Gref

Gref
 × 100																																																										Equation 2.8 

where:  Gexp referred to green intensity of colorimetric product. 

  Gref referred to green intensity of colorimetric product obtained at the first 

day of measurement. 

 

2.10 Determination of hydrogen peroxide in real samples  

Three commercial brands of hydrogen peroxide medicine were 

purchased from pharmacy stores in the Songkhla province of Southern Thailand. The 
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samples were labeled as Brand A, Brand B and Brand C which contained hydrogen 

peroxide at concentration of 3 %w/v , 6 %w/v, and 3 %w/v, respectively. Each sample 

was diluted with acetonitrile at a dilution factor of 1/5 and 1/10 to obtain a final volume 

of 1 mL and mixed thoroughly using a vortex mixer before analysis. APTES-GA 

solution and sample solution was mixed evenly in optimal volume ratio in a 200-µL 

PCR tube to obtain a final volume of 200 µL. The reaction was allowed to complete 

before image processing and digital image analysis. 

The accuracy of the proposed method for sample analysis was evaluated 

by determining concentration of hydrogen peroxide in the three antiseptic commercial 

product spiked with hydrogen peroxide standards at 50 mmol L-1 (0.17 %w/v), 100 

mmol L-1 (0.34 %w/v), and 200 mmol L-1 (0.68 %w/v) (low, medium and high levels). 

The fortified sample solutions were analyzed using the developed method.  

 

2.11 Validation of the proposed method using TiOSO4 method 

The conventional method for hydrogen peroxide detection which was 

selected to be reference method of this work was TiOSO4 method. This method was 

based on complex ion formation of Titanium complex and peroxo ligand which exhibits 

a strong absorption at 408 nm. The instrument used for UV-visible absorption 

spectrophotometry was Thermo-Scientific, GENESYSTM 10S model.  

For sample analysis by TiOSO4 method, medicine samples were diluted 

to obtain an estimated concentration in calibration range. Accorded to Üzer et al. 

(2017), the linear calibration of hydrogen peroxide detection with TiOSO4 method was 

established in range of 0.1 mmol L-1 to 2 mmol L-1. Therefore, Brand A and Brand C 

samples were diluted 1000-fold while Brand B sample was diluted 2000-fold to obtain 

the initial concentration in range of calibration. The  hydrogen peroxide working 

solution was prepared in ultrapure water. A 0.4 mL of TiOSO4 solution was added to 1 

mL of hydrogen peroxide working solution, resulting volume ratio of TiOSO4 solution 

to hydrogen peroxide working solution as 2 : 5 v/v. The yellow complex formed 

immediately after and resulted to yellow solution. The absorbance at 408 nm was used 

for analytical quantitation. The amounts of hydrogen peroxide in antiseptic samples, as 

obtained from smartphone-based colorimetric probe and TiOSO4 method, were 

compared by percentage of relative error (RE). The accuracy of the TiOSO4 method for 
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sample analysis was evaluated by determining concentration of hydrogen peroxide in 

the three antiseptic commercial product spiked with hydrogen peroxide standards at 

0.196 mmol L-1, 0.490 mmol L-1, and 0.980 mmol L-1 (low, medium and high levels). 

The fortified sample solutions were analyzed using the reference method. 
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CHAPTER 3 
 

RESULTS AND DISCUSSIONS 
 

3.1 Optimal conditions of APTES-GA reagent preparation 

3.1.1 Volume ratio of (3-aminopropyl)triethoxysiloxane to 25% glutaraldehyde 

solution  

Our idea in this work suggested that the APTES-GA solution and 

analyte solution were mixed into a homogenous solution. The color would be 

distributed evenly and suitable for digital image analysis. To our knowledge, the high 

concentration of glutaraldehyde would risk the resulting mixture underwent gelation 

and lost the solution phase property. It was difficult to make APTES-GA gel and analyte 

solution mixed evenly due to two different phases. Therefore, the amount of 

glutaraldehyde in mixture solution at 0.5% v/v was fixed and the amount of APTES 

was varied from 1% to 10% v/v. We decided to report as APTES : 25% GA volume 

ratio which corresponded to the volume ratio of APTES and 25% glutaraldehyde 

solution used for synthesis. So, a range of 1%:0.5% v/v to 10%:0.5% v/v was converted 

to a range of volume ratio of 0.5:1 to 5.0:1 v/v.      

The reaction of (3-aminopropyl)triethoxysiloxane and glutaraldehyde in 

ethanol provided brick-red APTES-GA complex (Figure 4). The color intensity of 

APTES-GA complex was significantly influenced by the amount of (3-

aminopropyl)triethoxysiloxane and glutaraldehyde used in preparation. At the 

incubation time of 24 hours, the volume ratio of 0.5:1 v/v and 1.0:1 v/v gave dark 

yellow color and orange color, respectively (Figure 5). The volume ratio of 1.5:1 v/v 

provided the most intense red color and turned paler with the increase of APTES, from 

the volume ratio of 2.0:1 to 5.0:1 v/v.  

 

 
Figure 4 Proposed mechanism of APTES-GA complex formation. 

(EtO)3Si NH2 +
H H

O O
(EtO)3Si N N Si(OEt)3
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Figure 5 Digital images of APTES-GA probes that were prepared from APTES and 

25% GA solution at volume ratio ranged from 0.5:1 to 5.0:1 v/v. The image was 

captured after the incubation time of 24 hours. 

 

The plot of color intensities (R-G-B) against the volume ratio of APTES 

: 25% GA showed that red intensity of all ten volume ratios was the same and almost 

constant (Figure 6). The blue intensity was the lowest at 0.5:1 v/v and much lower than 

its respective green intensity so the probe appeared as dark yellow color. The blue 

intensity increased as the fraction of APTES increased so the yellow color was less 

intense as the fraction of APTES increased. The green intensity, in another hand, 

decreased from 0.5:1 volume ratio till 1.5:1 volume ratio, and increased afterward. 

Hence, the green intensity obtained from 1.5:1 volume ratio was the lowest. In addition, 

1.5:1 v/v provided similar values of green intensity and blue intensity, and both were 

far lower than red intensity. This contributed to the intense red color of the probe that 

prepared by using 1.5:1 volume ratio.  
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Figure 6 The plot of color intensity against the volume fraction of APTES per 1 fraction 

of 25% GA solution. The APTES-GA solution was incubated for 24 hours before 

measurement. (n=3) 

 

The data from absorption spectrophotometry corresponded to the data 

obtained from digital image analysis. The APTES-GA from 0.5:1 v/v exhibited strong 

absorption and weak absorption at 440 nm and 540 nm, respectively (Figure 7, bright 

blue line). As a result, the intense yellow color was observed because the absorbance at 

440 nm overwhelmed the absorbance at 540 nm. The absorbance at 440 nm is the 

highest at 0.5:1 v/v and decreased till it reached the lowest at 5.0:1 v/v so the yellow 

color became lighter as the fraction of APTES increase. The absorbance at 540 nm was 

further plotted against the volume ratio and the highest value was spotted on the 1.5:1 

v/v (Figure 8). The most suitable volume ratio of APTES : 25% GA was, therefore, 

1.5:1 v/v as it provided the deepest red color.   
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Figure 7 The absorption spectra of five-fold diluted APTES-GA complex solutions that 

were prepared with APTES : 25% GA volume ratios varying from 0.5:1 to 5.0:1 v/v. 

 
Figure 8 The absorbance at 540 nm of each APTES : 25% GA volume ratio. (n=3) 
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3.1.2 Incubation time  

To our knowledge, the siloxane-glutaraldehyde complex that prepared 

from (3-aminopropyl)trimethoxysiloxane (APTMS) was brick-red color (Zhou et al., 

2014). However, our observation showed that the red color APTES-GA complex did 

not appear instantly, but it was slowly developed overtime instead. The complex 

initially appeared as pale-yellow solution and it was gradually changed to red color in 

twelve hours. Afterward, the red color become tenser until the change was negligible 

to naked eyes (Figure 9). 

  

 
Figure 9 Digital images of APTES-GA probes at different incubation time. 

 

The color intensity plot showed the red intensity was constant which 

was within our expectation, whereas both green intensity and blue intensity were 

decreasing until two days of incubation that it did not change significantly (Figure 10). 

The trend of absorbance at 540 nm corresponded to the green intensity. The probe 

showed low absorption at initial time of incubation as it was pale yellow, and the 

absorption increased higher until three days of incubation that it did not change 

significantly (Figure 11). Both results agreed that the suitable incubation time for 

APTES-GA preparation was three days. The color development of the APTES-GA 

complex was slow which might be attribute to large ethoxy groups on siloxane that 

hindered the complex formation.    
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Figure 10 The plot of color intensity of APTES-GA probe against incubation time. 

(n=3)  

 

 
Figure 11 The plot of absorbance at 540 nm of APTES-GA complex against incubation 

time. (n=3) 
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3.2 Colorimetric determination of hydrogen peroxide 

3.2.1 UV-visible absorption spectrophotometry measurement 

The prepared APTES-GA probe, which was originally red color, would 

have the color bleached by the treatment with hydrogen peroxide solution. The color of 

probe and the color of resulting mixture could be distinguished by naked eyes (Figure 

12).  

 

 
Figure 12 (A) The pictures of APTES-GA complex solution treated ethanol blank at a 

volume ratio of 3:7 v/v. (B) The picture of APTES-GA complex solution treated with 

300 mmol L-1 (1.02 %w/v) hydrogen peroxide solution at a volume ratio of 3:7 v/v and 

the reaction time was 5 minutes.  

  

UV-visible absorption spectra of APTES-GA and resulting mixture 

displayed a disparity of absorbance at wavelength 380 nm to 780 nm which indicated 

the weaken color in resulting mixture. The difference of absorbance at 540 nm was 

significant as it was in visible region and affected the degree of red color (Figure 13). 

Henceforth, the colorimetric strategy of hydrogen peroxide detection by color 

bleaching of APTES-GA complex was feasible.   

B A 
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Figure 13 The UV-visible absorption spectra of APTES-GA solution after treatments 

with reagent blank (acetonitrile) and 300 mmol L-1 (1.02 %w/v) hydrogen peroxide 

solution for 5 minutes. The volume ratio of APTES-GA to treating solution was 3:7 

v/v. 

 

3.2.2 Fourier transform infrared spectroscopy measurement 

To understand the reaction further, the Fourier transform infrared 

spectroscopy was utilized to observe the chemical interaction in both APTES-GA 

complex and colorimetric product. The FT-IR measurement was carried on KBr pellet 

which required the sample to be solid phase and it was expected that the chemical 

interaction in solid phase and solution phase were similar and not largely different.  

The FT-IR spectra of solidified APTES-GA complex displayed  medium 

absorption band around 3429 cm-1 (amine, N-H stretching) and 1650 cm-1 (imine, C=N 

stretching and amine, N-H bending) (Figure 14). A strong peak between 1000 - 1200 

cm-1 in both compounds presented the Si-O-Si absorption band. A sharp and strong 

peak at 1700 cm-1 which represented carbonyl of aldehyde was not observed which 

clearly indicated that the APTES-GA formation was completed and there was no free 

aldehyde (-CHO) left. The FT-IR spectra of colorimetric product significantly showed 

higher absorption than APTES-GA at wavenumber of 1663 cm-1 and 1566 cm-1 (N-H 
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bending). This might attribute to the destruction of imine bond upon reacting with 

hydrogen peroxide and then increased the free -NH- in the mixture. As the result, this 

absorption band was stronger and sharper in colorimetric product than APTES-GA. 

According to literatures, a strong and sharp absorption at 1385 cm-1 belong to C-O 

stretching that indicated the C-O bond was formed after the reaction. Besides, the strong 

and broad band between 3200 - 3400 cm-1 clearly belong to the O-H bond which meant 

the addition of hydrogen peroxide to APTES-GA (Culler et al., 1985; Majoul et al., 

2015).  

 

 
Figure 14 The FT-IR spectra of solid (a) APTES-GA complex and solid (b) 

colorimetric product. 

 

3.3 Method development for hydrogen peroxide detection 

3.3.1 Effects of the color detection mode 

The digital image analysis of APTES-GA probe could provide various 

data depended on the digital system and application. The R-G-B system was utilized in 

this work because it was well-known and the most familiar system. The data obtained 

from digital image analysis by Image J software showed the linear relationship between 

the green intensity and concentrations of hydrogen peroxide (Figure 15). The blue 
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intensity also showed linear relationship similar to the green intensity, but the 

sensitivity was lower. The green intensity was, therefore, suitable as the response signal 

of the detection mode.           

  

 
Figure 15 The plot of color intensity of APTES-GA probe after treatment with  

hydrogen peroxide solution. The volume ratio of APTES-GA : analyte solution was 1:1 

v/v, and the reaction was 7 minutes. (n=3) 

  

3.3.2 Volume ratio of APTES-GA solution to analyte solution 

The change of color was vital to resulting mixture. The color bleaching 

was to reduce the intensity of original color of the probe to obtain the weaker resulting 

probe and the degree of color bleaching was influenced by the amount of analyte 

presented in sample. The volume ratio of APTES-GA to analyte solution could affect 

the degree of bleaching greatly. So, it was necessary to investigate the optimal the 

volume ratio used for detection. From the results of investigation, the green intensity of 

blank control decreased from volume ratio of 3:7 to 7:3 v/v as the fraction of APTES-

GA increased. After the treatment with 750 mmol L-1 (2.55 %w/v) hydrogen peroxide 

solution, the resulting mixture had the red color weaken resulting to the increasing of 

green intensity (Figure 16).  
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Figure 16 The  APTES-GA probes after treatment with (A) blank (acetonitrile) and (B) 

750 mmol L-1 (2.55 %w/v) hydrogen peroxide solution. The volume ratio of APTES-

GA : hydrogen peroxide solution was ranged from 3:7 to 7:3 v/v (left to right). The 

reaction time was 7 minutes. (n=3)  

 

The weakening green intensity for each replicate that represented how 

much the color was bleached, was calculated, and compared. The data showed that the 

volume ratio of 5:5 v/v, or 1:1 v/v, provided the best result as it had the most weakening 

green intensity (Figure 17). Therefore, the volume ratio of APTES-GA : analyte 

solution of 1:1 v/vwas selected and used for further investigation. 
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Figure 17 The difference of green intensity of APTES-GA probes that were treated 

with blank and 750 mmol L-1 (2.55 %w/v) hydrogen peroxide solution at volume ratio 

of APTES-GA : analyte solution ranged from 3:7 to 7:3 v/v. The reaction time was 7 

minutes.  Gprod referred to green intensity of resulting probes that were treated with 750 

mmol L-1 (2.55 %w/v) hydrogen peroxide solution. Gblank referred to APTES-GA 

probes that were treated with blank. (n=3) 

 

3.3.3 Effect of water content on colorimetric analysis 

The antiseptic product containing hydrogen peroxide was sold in water 

solution. To our surprise, the preliminary experiment showed that the APTES-GA 

probe was aggregated when it mixed with ultrapure water. Acetone, ethanol, 

acetonitrile, and mixed solvent of acetonitrile/water were tested for detection media. 

The preliminary results showed that mixed solvent of acetonitrile/water gave the most 

satisfying result for detection media and negative control. The water content at a range 

of 0% (acetonitrile : water was 10:0 v/v) to 50% (acetonitrile : water was  5:5 v/v) in 

detection media was investigated. The data showed that the green intensity of 

colorimetric products was not largely different (Figure 18). Therefore, the analyte 

solution can be prepared in mixture of acetonitrile and water at volume ratio from 5:5 
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to 10:0. In other word, the analyte solution with at 0%v/v to 50%v/v of water was 

suitable for reaction media.    

 

 
Figure 18 The green intensity of colorimetric product obtained by a treatment of 750 

mmol L-1 (2.55 %w/v) hydrogen peroxide solution in medias that has acetonitrile : 

water ranged from 5:5 to 10:0 v/v. The volume ratio of APTES-GA : analyte solution 

was 1:1 v/v, and the reaction time was 7 minutes. (n=3) 

  

3.3.4 Reaction time 

The color of APTES-GA probe was weakening considerably after a 

treatment with 750 mmol L-1 (2.55 %w/v) hydrogen peroxide solution for a period of 

time. From the observation for 25 minutes, the red color at starting time was slowly 

weaken over the first 7 minutes and finally turned to pale yellow after 15 minutes 

(Figure 19). The plot of green intensity against the reaction time showed that the green 

intensity increased sharply from 1 minute to 10 minutes and the change was 

insignificant after 10 minutes (Figure 20). The independent t-test (unequal variance) 

was carried on comparing two datasets from reaction time of 10 minutes (mean = 

176.533, SD = 2.718) and 15 minutes (mean = 178.871, SD = 3.006). The calculated 

results showed that the difference of analytical signal between two datasets was 
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insignificant (t(4) = 1.70, p = 0.10). Therefore, the duration of 10 minutes was suitable 

for detection method.  

    

 
Figure 19 The pictures of APTES-GA probes after a treatment with 750 mmol L-1 (2.55 

%w/v) hydrogen peroxide solution. The volume ratio of APTES-GA : analyte solution 

was 1:1 v/v and the observation time started from 1 minute to 25 minutes. (n=3)  

 

  
Figure 20 The plot of green intensity of resulting probe products against reaction time. 

(n=3)   
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variation from red to pale yellow when exposed to different concentrations of hydrogen 

peroxide, as demonstrated in Figure 21. The plots of various analytical signal against 

hydrogen peroxide concentrations were demonstrated (Figure 22, Figure 23, and 

Figure 24). The information of regression analysis obtained from different datasets was 

summarized in Table 2. These results indicated that the developed method have the 

potential for the determination of target analytes in antiseptic commercial products.  

 

 
Figure 21 The pictures of APTES-GA probe after a treatment by hydrogen peroxide 

solution varying from 0.003 %w/v to 5.10 %w/v.  

 

 
Figure 22 The plot of color intensity of resulting probe against hydrogen peroxide 

concentrations in a range of 0.003 %w/v - 5.10 %w/v. (n=7)    
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Figure 23 The plot of difference of color intensity (∆intensity) of resulting probe and 

blank against hydrogen peroxide concentrations in a range of 0.003 %w/v - 5.10% w/v. 

(n=7) 

 

 
Figure 24 The plot of intensity ratio of resulting probe against hydrogen peroxide 

concentrations in a range of 0.003 %w/v  - 5.10% w/v. (n=7) 
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 Table 2 The information of regresion analysis of calibration plots. 

 

3.4.2 Limit of detection (LOD) and limit of quantification (LOQ) 

Hydrogen peroxide detection by APTES-GA probe provided the 

linearity at a ranged of 0.17 - 1.36 %w/v under optimized conditions. In this work, the 

LOD was calculated accorded to Equation 2.1 and Equation 2.2 whereas the LOQ 

was calculated accorded to Equation 2.3 and Equation 2.4. The LOD and LOQ of the 

developed method were summarized in Table 3. Based on green intensity signal, which 

provided the best sensitivity for this study, the LOD and LOQ were  0.10 %w/v and 

0.32 %w/v, respectively. The results implied that the developed methods have the 

potential to be applied for the determination of target analytes in antiseptic commercial 

products.  

 

 

 

 

 

 

 

 

 

Signal 
(y axis) Range Slope ± SD y-intercept ± SD R2 

G 0.17 - 1.36 %w/v 26.057 ± 1.117 141.026 ± 0.826 0.9909 

B 0.17 - 1.36 %w/v 13.777 ± 0.520 137.466 ± 0.385 0.9929 

∆G 0.17 - 1.36 %w/v 26.057 ± 1.117 7.873 ± 0.826 0.9909 

∆B 0.17 - 1.36 %w/v 13.860 ± 0.605 8.686 ± 0.447 0.9906 

G/R 0.17 - 1.36 %w/v 0.174 ± 0.015 0.717 ± 0.011 0.9658 

G/B 0.17 - 1.36 %w/v 0.075 ± 0.010 1.029 ± 0.007 0.9131 

B/R 0.17 - 1.36 %w/v 0.107 ± 0.008 0.699 ± 0.006 0.9725 
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Table 3 The LOD and LOQ for each selected analytical signal calculated from datasets 

at a range of 0.17 %w/v - 1.36 %w/v. 

Parameters G B ∆G ∆B G/R G/B B/R 

Slope 26.057 13.777 26.057 13.860 0.174 0.750 0.107 
SDE of  

regression line 1.192 0.555 1.192 0.646 0.016 0.011 0.009 

LODa (%w/v) 0.14 0.12 0.14 0.14 0.28 0.44 0.25 

LOQa (%w/v) 0.46 0.40 0.46 0.47 0.92 1.47 0.84 
SDE of 

y-intercept 0.826 0.385 0.826 0.447 0.011 0.007 0.006 

LODb (%w/v) 0.10 0.08 0.10 0.10 0.19 0.28 0.17 

LOQb (%w/v) 0.32 0.28 0.32 0.32 0.63 0.93 0.56 
 

abased on standard error of regression line. 
bbased on standard error of y-intercept. 

 

3.4.3 Precision and accuracy 

The precision and accuracy experiment of this work was investigated in 

sample matrix. The analyte solution was fortified with hydrogen peroxide standard 

solution for three different concentration levels (low, medium and high concentrations) 

and observed the recovery of hydrogen peroxide detection. The intra- and inter-day 

precision of the developed method were summarized in Table 4. According to the 

results, the intra-day precisions of the proposed method for measurement of hydrogen 

peroxide at the concentrations of 50 mmol L-1 (0.17 %w/v), 100 mmol L-1 (0.34 %w/v), 

and 200 mmol L-1 (0.68 %w/v) were 0.074 - 0.363 %RSD, respectively while the inter-

day precisions were 0.268 - 0.910 %RSD, respectively. The accuracy of this work was 

also satisfying as the recovery was 82.124 - 109.017 % for intra-day accuracy and 

85.292 - 104.131 % for inter-day accuracy, as demonstrated in Table 5. All values met 

the acceptance criteria that precision and accuracy should be better than (i.e., less than) 

15 %RSD and within a range of 80 - 115 % of percentage of recovery. The results 

support the precision and accuracy of determining hydrogen peroxide using APTES-
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GA as a colorimetric probe in conjunction with smartphone-based digital image 

analysis. 

 

Table 4 The information of inter-day and intra-day precision for the determination of 

hydrogen peroxide by APTES-GA probe. 
 

Intra-day precision 

Day  
Fortified 

concentrations 
(%w/v) 

Green intensity 
Mean  SD  %RSD  1 2 3 

1st 
  

0.17 159.652 160.017 160.103 159.924 0.239 0.150 

0.34 163.710 163.753 163.387 163.617 0.200 0.122 

0.68 169.801 169.872 168.845 169.506 0.574 0.338 

2nd 
  

0.17 158.900 159.325 159.505 159.243 0.311 0.195 

0.34 163.146 164.247 163.314 163.569 0.593 0.363 

0.68 170.314 170.278 170.547 170.380 0.146 0.086 

3rd 
  

0.17 159.683 160.553 159.871 160.036 0.458 0.286 

0.34 165.200 165.213 164.995 165.136 0.122 0.074 

0.68 172.285 172.544 172.750 172.526 0.233 0.135 

Inter-day precision 

Fortified 
concentrations (%w/v) 

Green intensity  
Mean SD  %RSD  1st day 2nd day 3rd day 

0.17 159.924 159.243 160.036 159.734 0.429 0.268 

0.34 163.617 163.617 165.136 164.123 0.877 0.534 

0.68 169.506 170.380 172.526 170.804 1.554 0.910 
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Table 5 The information of inter-day and intra-day accuracy for determination of 

hydrogen peroxide by APTES-GA probe.  

Intra-day accuracy 

Day 
Fortified 

concentrations 
(%w/v) 

Recovery (%) 
Mean SD %RSD 

1 2 3 

1st 

0.17 102.966 111.086 113.000 109.017 5.327 4.886 

0.34 96.622 97.100 93.029 95.584 2.225 2.328 

0.68 82.188 88.417 83.484 84.696 3.287 3.881 

2nd 

0.17 99.053 108.414 112.379 106.615 6.843 6.418 

0.34 96.289 108.414 98.139 100.947 6.532 6.471 

0.68 90.854 87.417 88.899 89.057 1.723 1.935 

3rd 

0.17 90.216 106.357 93.704 96.759 8.493 8.778 

0.34 96.286 96.407 111.964 101.552 9.017 8.879 

0.68 81.005 82.206 83.162 82.124 1.081 1.316 

Inter-day accuracy 

Fortified 
concentrations (%w/v) 

Recovery (%) 
Mean SD %RSD 

1st day 2nd day 3rd day 

0.17 109.017 106.615 96.759 104.131 6.496 6.238 

0.34 95.584 95.584 101.552 97.573 3.446 3.531 

0.68 84.696 89.057 82.124 85.292 3.504 4.109 
 

3.4.4 Interference study 

The nine compounds that were selected for investigation comprised of 

low charge ion and high charge ion for both negative and positive charges, that were 

categorized as neutral, acidic, and basic based on their hydrolyzed capability. The 

results of the investigation of interferences revealed that (NH4)2SO4, Mg(NO3)2, 

NaHCO3, and K2CO3 caused an aggregation of APTES-GA complex (Figure 25). 
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Figure 25 The colorimetric product obtained from APTES-GA probe that was treated 

with hydrogen peroxide detection in the presence of various interferences. The 

concentration of hydrogen peroxide and interferences in the respective mixture were 

300 mmol L-1. 

 

Both of SO42- ion and CO32- ion is high negative charge ion and thus 

which could disrupt the dispersion of APTES-GA in the mixture. Apart from this, 

HCO3-  and CO32- ion also exhibits basic property which play a major role to deform the 

APTES-GA. For magnesium nitrate, the Mg2+ ion was high positive charge ion like 

Ca2+ ion. However, the nitrogen and oxygen atom within APTES-GA structure had a 

higher affinity toward Mg2+ ion than Ca2+ ion, resulting to an aggregation of APTES-

GA. Ca2+ ion did not cause the aggregation of APTES-GA but, darkened the color of 

colorimetric product instead. The NH4+ ion that was a weak acid, also darkened the color 

of APTES-GA probe as well. As we could see from the result, Mg2+, Ca2+, HCO3- , 

CO32-, SO42-, and NH4+ at 300 mmol L-1 worsen the response of hydrogen peroxide 

detection. In another hand, small charge neutral ions like Na+, K+, Cl-, and NO3-  caused 

insignificant change of analytical signal at 300 mmol  L-1 as the relative error was below 

10% for NaNO3, 5% for NaCl and KCl (Figure 26).     
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Figure 26 The green intensity of colorimetric product produced from hydrogen 

peroxide detection in the presence of various interferences, under optimized condition. 

The concentrations of hydrogen peroxide and interferences in the respective mixture 

were 300 mmol L-1. (n=3) 

 

Tolerances of APTES-GA for Ca2+ (CaCl2) and NH4+ (NH4NO3) were 

elected to investigate further because these two substances did not cause an aggregation 

of APTES-GA and the mixture remained homogenous. Along with those two 

mentioned, the tolerance of Mg2+ (Mg(NO3)2) was also studied further to see the effect 

of concentration on the aggregation of APTES-GA. As shown in Figure 27, the 

response of APTES-GA in the presence of  NH4+, Ca2+, and Mg2+was improved at low 

concentration. The relative error of APTES-GA response was below 10% at 

concentration of 1 mmol L-1 for of  NH4+ and Mg2+ while the relative error of APTES-

GA response in 1 mmol L-1 	Ca2+ was approximately -5%. 
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Figure 27 The green intensity of resulting probe obtained from hydrogen peroxide 

detection in various concentrations of interferences. (n=3)   

 

To summarize, Na+and Cl- ion which could be found in saline solution 

(0.9 %w/v NaCl or approximately 154 mmol L-1 NaCl) that was used in medicine 

formula for antiseptic solution (Crna, 2018), did not interfere the detection by APTES-

GA probe. The result support that APTES-GA probe was suitable for screening 

hydrogen peroxide medicinal solution. 

  

3.4.5 Shelf-life evaluation of colorimetric probe 

The APTES-GA probe was successfully prepared under optimized 

condition and stored at three different conditions for 6 weeks (Figure 28). The 

analytical signals of the three APTES-GA probes were investigated after several days 

of storage in different storage conditions; room temperature (25 ºC), domestic 

refrigerator (4 ºC), and freezer (-18 ºC). 
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Figure 28 The APTES-GA probe after stored at three different conditions: room 

temperature, 4 ºC, and -18 ºC. 

 

Figure 29 presents the time profiles of the green intensity of hydrogen 

peroxide detection after storage at  room temperature, 4 ºC and -18 ºC. After storage at 

room temperature for 2 weeks, the red color of APTES-GA probe was slowly weaken 

and turned to orange. The green intensity of the hydrogen peroxide colorimetric product 

changed by -1.21%  to -5.12% (Figure 30). The APTES-GA probe was stable for a period 

of 6 weeks at 4 oC. The green intensity of hydrogen peroxide colorimetric product 

changed by -4.38% to +0.44% (Figure 30) after storage at 4 ºC for 6 weeks. The 

APTES-GA probe was also stable for a period of 6 weeks at -18 ºC. The green intensity 

of hydrogen peroxide colorimetric product changed by -0.50% to +1.15% (Figure 30) 

after storage at -18oC for 6 weeks. This indicated that the APTES-GA probe could be 

stored at 4 ºC and -18 ºC for 6 weeks straight and remained an acceptable performance 

(%RE within ± 5%). Therefore, the most suitable storage condition that could preserve 

a good shelf-life of valuation was 4 ºC and -18 ºC for at least 6 weeks.     
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Figure 29 The green intensity of colorimetric products obtained from APTES-GA 

probes stored at three different conditions: room temperature, 4 ºC, and -18 ºC. (n=3) 

 

 
Figure 30 The relative error of green intensity of colorimetric products from APTES-

GA probes stored at three different conditions: room temperature, 4 ºC, and -18 ºC. 
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3.5 Determination of hydrogen peroxide in real samples  

Three commercial brands of hydrogen peroxide medicine were 

investigated by APTES-GA probes with smartphone-based digital image analysis. The 

sample was diluted with acetonitrile to allow the concentration of hydrogen peroxide 

presented in calibration model of APTES-GA. Apart from this, the sample that was 

originally water matrix needed to be prepared into water-acetonitrile matrix prior to 

measurement by APTES-GA probe. All of samples were prepared as described in 

section 2.7 and 2.8 which were analyzed by the proposed method and the reference 

method (TiOSO4 method). A spiked and recovery study was also conducted using 

hydrogen peroxide standard solutions of 50 mmol L-1 (0.17 %w/v), 100 mmol L-1 (0.34 

%w/v), and 200 mmol L-1 (0.68 %w/v). The amounts of hydrogen peroxide content in 

different samples, determined by proposed method and TiOSO4 method , are shown in 

Table 6 and Table 7, respectively.  

The level of hydrogen peroxide in three commercial products were 

found in the range 2.992 - 6.072 %w/v by proposed method. The percentage difference 

between the detected amounts of hydrogen peroxide obtained by the proposed approach 

and those obtained by the TiOSO4 method was less than ±10% (Table 8), indicating 

that both methods are in good quantitative agreement.  In addition, the accuracy of the 

proposed method was examined and reported in terms of the relative percentages of 

recovery. The obtained relative recoveries from the commercial hydrogen peroxide 

medicine ranged from 82.124% to 109.017%, which are in the acceptable range 

according to the ICH guidelines.  
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Table 6 The information of sample analysis of hydrogen peroxide antiseptic solution 

with APTES-GA probe. Brand A and Brand C were diluted 5-fold before measurement 

while Brand B was diluted 10-fold before measurement. 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 
Hydrogen peroxide concentration (%w/v) 

%Recovary 
Fortified  Found (n=3) 

Brand A 

- 0.598 ± 0.022 - 
0.170 0.784 ± 0.009 103.027 ± 5.327 

0.340 0.924 ± 0.008 95.640 ± 2.225 

0.680 1.175 ± 0.022 84.746 ± 3.287 

Brand B 

- 0.607 ± 0.024 - 

0.170 0.789 ± 0.012 106.678 ± 6.847 

0.340 0.951 ± 0.022 101.007 ± 6.536 

0.680 1.213 ± 0.012 89.109 ± 1.725 

Brand C 

- 0.691 ± 0.027 - 

0.170 0.853 ± 0.014 95.071 ± 8.498 

0.340 1.034 ± 0.031 100.739 ± 9.022 

0.680 1.247 ± 0.007 81.736 ± 1.081 
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Table 7 The information of sample analysis of hydrogen peroxide antiseptic solution 

with TiOSO4 spectrophotometry method. Brand A and Brand C were diluted 1000-fold 

before measurement while Brand B was diluted 2000-fold before measurement.  

Sample 
Hydrogen peroxide concentration (mmol L-1) 

%Recovary 
Fortified  Found (n=3) 

Brand A 

- 0.961 ± 0.009 - 

0.196 1.126 ± 0.006 84.158 ± 2.867 

0.490 1.381 ± 0.006 85.847 ± 1.318 

0.980 1.821 ±  0.040 87.787 ±  4.097 

Brand B 

- 0.852 ±  0.010 - 

0.196 1.050 ±  0.006 101.052 ±  3.017 

0.490 1.348 ± 0.023 101.115 ±  4.754 

0.980 1.853 ±  0.022 102.178 ±  2.263 

Brand C 

- 1.050 ±  0.009 - 

0.196 1.234 ± 0.006 93.857 ± 3.296 

0.490 1.504 ± 0.007 92.605 ± 1.421 

0.980 1.977 ± 0.033 94.607 ± 3.381 

 

Table 8 The comparison of TiOSO4 spectrophotometry method and APTES-GA probe 

on hydrogen peroxide determination in antiseptic samples.  

Sample Label 
Found (%w/v, n=3) 

%RE 
APTES-GA TiOSO4 

Brand A 3 %w/v 2.992 ± 0.111 3.268 ± 0.031 -8.446 

Brand B 6 %w/v 6.072 ± 0.244 5.798 ± 0.066 +4.726 

Brand C 3 %w/v 3.455 ± 0.133 3.573 ± 0.032 -3.303 
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CHAPTER 4 
 

CONCLUSIONS 
 

The APTES-GA complex was successfully prepared from (3-

aminopropyl)triethoxysiloxane and 25% glutaraldehyde solution as a colorimetric 

probe. The investigation of an optimal condition for APTES-GA preparation revealed 

that the optimal volume ratio of APTES : 25% glutaraldehyde solution was 1.5:1 v/v in 

ethanol solvent as it provided the highest absorbance at 540 nm for spectrophotometric 

determination and the lowest green intensity for digital image analysis. The volume 

ratio of APTES : 25% glutaraldehyde solution could be reported as the optimal 

concentration of APTES and glutaraldehyde in mixture which were 3%v/v and 1%v/v, 

respectively. Apart from this, the optimal incubation time of APTES-GA preparation 

was three days before analysis. The optimal condition of the proposed method for 

hydrogen peroxide detection was for green intensity as the color detection mode. The 

volume ratio of APTES-GA solution and analyte solution was 1:1 v/v. The percentage 

of acetonitrile in water (0% to 50% v/v) is selected for dilution of the antiseptic 

commercial product. The optimal time was 10 minutes. Under the optimum conditions, 

a linear calibration curves were established at the range of 50 to 400 mmol L-1 or 0.17 

%w/v to 1.36 %w/v using green intensity (R2 = 0.9909) as analytical signal. The limit 

of detections (LOD) and limit of quantifications (LOQ) were calculated from standard 

error of y-intercept and slope of calibration curve, and obtained as 0.10 %w/v and 0.32 

%w/v, respectively. Both LOD and LOQ was calculated based on the standard error of 

y-intercept and the slope of the calibration curve. The intra-day and inter-day precisions 

were 0.074 - 0.363 %RSD and 0.268 - 0.910 %RSD, respectively. The intra-day and 

inter-day accuracies were 82.124 - 109.017% and 85.292 - 104.131%, respectively. The 

APTES-GA probe displayed a good shelf-life of evaluation and can be stored at 4 ºC 

and  -18 ºC up to 6 weeks. The proposed method was successfully applied for 

determination of hydrogen peroxide in antiseptic commercial products. The measured 

hydrogen peroxide in real samples were comparable with those obtained from a TiOSO4 

spectrophotometry that used as a reference method, reflecting the reliability of the 
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developed method. The device is convenient for on-site use because it is compact, 

disposable, and inexpensive. Apart from the application for the quality control of 

antiseptic commercial product, the developed probe has a potential to use as smart kit 

for detecting and identifying clandestine cocaine laboratories. 
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Table 9 The comparison of previous method and APTES-GA probe on hydrogen 

peroxide determination. (NR referred to no report) 
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Table S1. The absorbance at 540 nm of APTES-GA solution that was incubated for 24 

hours. The volume ratio of APTES : 25% GA ranged from 0.5:1 to 5.0:1 v/v. The 

solution was diluted five-fold before measurement. 

APTES:25%GA 
(v/v) 

Absorbance (540 nm) 
Mean SD %RSD 

1 2 3 

0.5 : 1 0.3269 0.3316 0.3387 0.3324 0.0059 1.7972 

1.0 : 1 0.6242 0.6196 0.6149 0.6196 0.0047 0.7505 

1.5 : 1 0.8118 0.8113 0.8105 0.8112 0.0007 0.0808 

2.0 : 1 0.6825 0.6818 0.6880 0.6841 0.0034 0.4964 

2.5 : 1 0.6145 0.6203 0.6150 0.6166 0.0032 0.5213 

3.0 : 1 0.5064 0.4992 0.4990 0.5015 0.0042 0.8406 

3.5 : 1 0.3832 0.3850 0.3945 0.3876 0.0161 1.5666 

4.0 : 1 0.3476 0.3421 0.3444 0.3447 0.0028 0.8013 

4.5 : 1 0.2536 0.2544 0.2613 0.2564 0.0042 1.6510 

5.0 : 1 0.2294 0.2313 0.2315 0.2307 0.0012 0.5023 
 

Table S2. The red intensity of APTES-GA probe that was incubated for 24 hours. The 

volume ratio of APTES : 25% GA ranged from 0.5:1 to 5.0:1 v/v. 

APTES:25%GA 
(v/v) 

Red intensity 
Mean SD %RSD 

1 2 3 

0.5 : 1 194.268 194.549 195.694 194.837 0.755 0.388 

1.0 : 1 195.309 194.538 197.412 195.753 1.488 0.760 

1.5 : 1 195.530 195.382 197.989 196.300 1.464 0.746 

2.0 : 1 197.459 195.479 195.654 196.197 1.096 0.559 

2.5 : 1 196.128 195.534 197.748 196.470 1.146 0.583 

3.0 : 1 196.392 198.466 195.907 196.922 1.359 0.690 

3.5 : 1 194.297 196.288 195.498 195.361 1.003 0.513 

4.0 : 1 194.559 196.358 195.330 195.416 0.903 0.462 

4.5 : 1 193.886 195.920 194.674 194.827 1.026 0.526 

5.0 : 1 193.805 195.892 195.412 195.036 1.093 0.560 
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Table S3. The green intensity of APTES-GA probe that was incubated for 24 hours. 

The volume ratio of APTES : 25% GA ranged from 0.5:1 to 5.0:1 v/v. 

APTES:25%GA  
(v/v) 

Replicates 
Mean SD %RSD 

1 2 3 

0.5 : 1 110.785 116.356 118.759 115.300 4.091 3.548 

1.0 : 1 93.738 92.607 94.544 93.630 0.973 1.039 

1.5 : 1 86.430 83.604 88.217 86.084 2.326 2.702 

2.0 : 1 95.206 93.362 92.524 93.697 1.372 1.464 

2.5 : 1 101.029 100.345 102.429 101.268 1.062 1.049 

3.0 : 1 111.833 113.873 111.012 112.239 1.473 1.313 

3.5 : 1 124.005 126.077 125.552 125.211 1.077 0.860 

4.0 : 1 132.896 134.306 132.988 133.397 0.789 0.591 

4.5 : 1 142.900 145.315 144.753 144.323 1.264 0.876 

5.0 : 1 147.662 150.601 149.015 149.093 1.471 0.987 
 

Table S4. The blue intensity of APTES-GA probe that was incubated for 24 hours. The 

volume ratio of APTES : 25% GA ranged from 0.5:1 to 5.0:1 v/v. 

APTES:25%GA  
(v/v) 

Replicates 
Mean SD %RSD 

1 2 3 

0.5 : 1 35.603 37.049 38.980 37.211 1.694 4.553 

1.0 : 1 61.439 61.220 62.538 61.732 0.706 1.144 

1.5 : 1 87.197 83.443 88.745 86.462 2.726 3.153 

2.0 : 1 108.508 105.562 105.432 106.501 1.740 1.633 

2.5 : 1 118.853 118.240 120.869 119.321 1.375 1.153 

3.0 : 1 129.623 132.021 138.491 133.378 4.587 3.449 

3.5 : 1 139.018 141.699 140.103 140.273 1.349 0.961 

4.0 : 1 145.026 146.554 145.682 145.754 0.767 0.526 

4.5 : 1 151.224 153.798 151.894 152.305 1.335 0.877 

5.0 : 1 153.936 157.247 156.083 155.755 1.680 1.078 
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Table S5. The absorbance at 540 nm of APTES-GA complex solutions that were 

prepared using APTES : 25% GA volume ratio of 1.5:1 v/v. The APTES-GA complex 

solution was measured at different time intervals starting from 3 hours to 7 days. 

Incubation 
time 

Replicates 
Mean SD %RSD 

1 2 3 

3 hours 0.0819 0.0812 0.0826 0.0819 0.0007 0.8547 

6 hours 0.1638 0.1633 0.1643 0.1638 0.0005 0.3053 

12 hours 0.3384 0.3334 0.3317 0.3345 0.0035 1.0412 

1 day 0.6659 0.6577 0.6611 0.6616 0.0041 0.6227 

2 days 0.9150 0.9458 0.9512 0.9373 0.0195 2.0834 

3 days 1.0463 1.0792 1.0657 1.0637 0.0165 1.5547 

5 days 1.0409 1.0588 1.0211 1.0403 0.0189 1.8128 

7 days 1.0590 1.1800 1.0280 1.0890 0.0803 7.3754 
 

 

Table S6. The red intensity of APTES-GA probes that were prepared using APTES : 

25% GA volume ratio of 1.5:1 v/v. APTES-GA probes were measured at different time 

intervals starting from 3 hours to 7 days. 

Incubation 
time 

Replicates 
Mean SD %RSD 

1 2 3 

3 hours 190.169 187.141 189.523 188.944 1.595 0.844 

6 hours 193.029 193.252 191.668 192.650 0.857 0.445 

12 hours 192.347 191.343 190.869 191.520 0.755 0.394 

1 day 191.949 191.939 193.882 192.590 1.119 0.581 

2 days 193.980 195.424 194.870 194.758 0.728 0.374 

3 days 194.184 195.790 195.544 195.173 0.865 0.443 

5 days 194.645 196.346 195.614 195.535 0.853 0.436 

7 days 198.387 194.477 197.553 196.806 2.059 1.046 
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Table S7. The green intensity of APTES-GA probes that were prepared using APTES 

: 25% GA volume ratio of 1.5:1 v/v. APTES-GA probes were measured at different 

time intervals starting from 3 hours to 7 days. 

 

Incubation 
time 

Replicates 
Mean SD RSD 

1 2 3 

3 hour 168.800 165.733 168.811 167.781 1.774 1.057 

6hour 140.122 141.927 142.364 141.471 1.189 0.840 

12 hour 101.469 103.000 104.490 102.986 1.511 1.467 

1 day 74.959 76.643 78.762 76.788 1.906 2.482 

2 days 66.522 67.845 68.034 67.467 0.824 1.221 

3 days 67.535 69.111 69.521 68.722 1.048 1.526 

5 days 70.074 71.161 71.170 70.802 0.630 0.890 

7 days 69.835 67.219 69.697 68.917 1.472 2.136 
 

Table S8. The blue intensity of APTES-GA probes that were prepared using APTES : 

25% GA volume ratio of 1.5:1 v/v. APTES-GA probes were measured at different 

intervals starting from 3 hours to 7 days. 

Incubation 
time 

Replicates 
Mean SD %RSD  

1 2 3 

3 hour 135.759 133.446 138.223 135.809 2.389 1.759 

6hour 106.576 109.995 111.825 109.465 2.664 2.434 

12 hour 78.265 82.313 84.278 81.619 3.066 3.757 

1 day 62.134 65.934 67.760 65.276 2.870 4.397 

2 days 53.940 56.228 56.804 55.657 1.515 2.722 

3 days 55.311 57.997 57.840 57.049 1.507 2.642 

5 days 56.093 57.382 57.488 56.988 0.777 1.363 

7 days 50.667 51.024 52.250 51.314 0.830 1.618 
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Table S9. The color intensity data of colorimetric product of APTES-GA probes that 

were treated with hydrogen peroxide solutions for 7 minutes. The volume ratio of 

APTES-GA : analyte solution was 1:1 v/v.  

[H2O2] 
(%w/v) 

Replicates (Red intensity) 
Mean SD %RSD 

1 2 3 

0 190.359 187.729 187.382 188.490 1.628 0.864 

0.85 194.712 192.737 191.836 193.095 1.471 0.762 

2.55 186.543 183.106 182.932 184.194 2.036 1.106 

4.25 184.945 182.325 180.985 182.752 2.014 1.102 

[H2O2] 
(%w/v) 

Replicates (Green intensity) 
Mean SD %RSD 

1 2 3 

0 128.782 125.761 125.651 126.731 1.777 1.402 

0.85 146.059 144.279 143.871 144.736 1.163 0.804 

2.55 158.717 156.096 156.294 157.036 1.459 0.929 

4.25 166.154 163.698 163.537 164.463 1.467 0.892 

[H2O2] 
(%w/v) 

Replicates (Blue intensity) 
Mean SD %RSD 

1 2 3 

0 120.845 118.764 118.918 119.509 1.160 0.970 

0.85 135.430 134.518 134.814 134.921 0.465 0.345 

2.55 146.402 139.137 139.988 141.842 3.972 2.800 

4.25 146.099 144.920 145.549 145.523 0.590 0.405 
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Table S10. The green intensity data of colorimetric product of APTES-GA probes that 

were treated with 2.55 %w/v hydrogen peroxide solution  for 7 minutes. The volume 

ratio of APTES-GA : analyte solution was investigated from 3:7 to 7:3 v/v. 

Volume 
ratio 
(v/v) 

Replicates (Blank) 
Mean SD %RSD 

1 2 3 

3:7 147.174 143.539 143.217 144.643 2.198 1.519 

4:6 133.874 131.030 131.339 132.081 1.560 1.181 

5:5 128.208 124.387 124.405 125.667 2.201 1.751 

6:4 119.681 116.253 116.439 117.458 1.928 1.641 

7:3 111.208 107.761 108.547 109.172 1.806 1.655 
Volume 

ratio 
(v/v) 

Replicates (Resulting probe) 
Mean SD %RSD 

1 2 3 

3:7 161.782 158.815 159.345 159.981 1.582 0.989 

4:6 153.378 151.509 151.286 152.058 1.149 0.756 

5:5 157.684 153.708 153.480 154.957 2.364 1.526 

6:4 141.194 140.082 139.871 140.382 0.711 0.506 

7:3 128.638 126.702 126.226 127.189 1.278 1.004 

Volume 
ratio 
(v/v) 

Replicates 
(Difference of green intensity) Mean SD %RSD 

1 2 3 

3:7 14.608 15.276 16.128 15.337 0.762 4.967 

4:6 19.504 20.479 19.947 19.977 0.488 2.444 

5:5 29.476 29.321 29.075 29.291 0.202 0.690 

6:4 21.513 23.829 23.432 22.925 1.239 5.403 

7:3 17.430 18.941 17.679 18.017 0.810 4.497 
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Table S11. The green intensity data of colorimetric product of APTES-GA probes that 

were treated with 2.55 %w/v hydrogen peroxide solution for 7 minutes. The volume 

ratio of APTES-GA : analyte solution was 1:1 v/v. The acetonitrile (MeCN) : DI water 

(H2O) volume ratio in analyte solution was studied from 5:5 to 10:0 v/v.  

MeCN : H2O 
(v/v) 

Replicates 
Mean SD %RSD 

1 2 3 

5:5 160.753 158.639 159.625 159.672 1.058 0.662 

6:4 161.567 158.960 158.463 159.663 1.667 1.044 

7:3 165.370 161.859 160.702 162.644 2.431 1.495 

8:2 163.232 161.704 161.235 162.057 1.044 0.644 

9:1 164.745 161.452 160.706 162.301 2.149 1.324 

10:0 159.324 156.765 156.124 157.404 1.693 1.076 
 

Table S12. The green intensity data of colorimetric product of APTES-GA probes that 

were treated with 2.55 %w/v hydrogen peroxide solution. The volume ratio of APTES-

GA : analyte solution was 1:1 v/v. The measurement was carried on for over 25 minutes. 

Reaction time 
(min) 

Replicates 
Mean SD %RSD 

1 2 3 

1 135.561 134.350 131.168 131.578 2.829 2.150 

3 144.612 146.259 141.576 141.928 2.889 2.036 

5 159.108 158.003 155.260 154.894 3.139 2.027 

7 171.034 170.318 166.748 167.014 3.054 1.829 

10 177.893 176.869 174.836 174.307 2.718 1.559 

15 178.477 180.837 178.477 178.095 3.006 1.688 

20 178.799 177.931 175.888 175.012 3.216 1.838 

25 179.004 178.212 175.493 174.962 3.289 1.880 
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Table S13. The independent t-test data at 90% confidential level (𝛼 = 0.10) for the 

comparison of two datasets obtained from the colorimetric product at the reaction time 

of 10 and 15 minutes. The analysis was carried on by Microsoft Excel.     

Independent T-test for unequal variances at 90% confidential level 

Parameters 10 min 15 min 

Mean 176.533 178.871 

Variance 2.421 3.245 

Observations 3 3 

Hypothesized Mean Difference 0 

df 4 

T value -1.701 

P value (two-tail) 0.164 

T critical (two-tail) 2.132 
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Table S14. The green intensity data of colorimetric product of APTES-GA probes that 

were treated with hydrogen peroxide working solution at 1 - 1500 mmol L-1 or 0.003 

%w/v to 5.103 %w/v. The volume ratio of APTES-GA : working solution was 1:1 v/v 

and the reaction time of measurement was 10 minutes.  

[H2O2] 
(%w/v) 

Red intensity Green intensity Blue intensity 

Mean SD Mean SD Mean SD 

0.003 190.275 0.699 133.153 0.221 128.696 0.478 

0.017 190.559 1.904 133.547 1.039 129.498 1.171 

0.034 190.434 1.254 133.975 1.705 129.954 1.431 

0.085 192.029 0.885 136.513 0.266 133.396 0.306 

0.170 196.852 1.507 144.875 0.745 140.140 1.229 

0.255 191.545 0.951 147.127 0.882 140.119 0.745 

0.340 197.076 0.794 149.096 0.719 142.814 0.781 

0.510 188.659 0.241 155.206 0.412 144.540 0.788 

0.680 188.329 0.959 160.339 1.337 146.831 1.374 

1.021 187.688 0.907 168.443 0.954 151.102 1.162 

1.361 185.784 1.050 175.117 0.471 156.476 0.655 

1.701 183.862 0.939 177.922 1.135 158.393 1.164 

2.552 184.594 0.832 180.095 0.853 159.855 1.017 

3.402 184.159 1.738 181.756 1.409 158.518 1.406 

4.253 182.002 1.521 181.355 0.828 157.625 0.991 

5.103 182.980 1.285 181.999 1.377 159.242 1.436 
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Table S15. The green intensity data of resulting product obtained from APTES-GA 

probes that stored at three conditions. The stored APTES-GA were treated with 1.02% 

w/v hydrogen peroxide solution (1:1 v/v). The reaction time of measurement was 10 

minutes.  

Storage 
duration 

Room temperature 4 ºC -18 ºC 

Mean G SD Mean G SD Mean G SD 

1 day 167.160 0.535 167.733 0.753 167.469 0.753 

3 day 165.142 1.015 168.463 0.501 169.388 1.094 

1 week 160.055 0.797 167.530 0.886 167.672 0.711 

2 week 158.610 2.283 166.374 0.465 168.739 0.527 

4 week 155.095 0.719 160.381 1.205 166.633 0.853 

6 week 158.677 0.917 162.437 0.319 169.752 1.340 
 

Table S16. The relative error of analytical signal of resulting product obtained from 

APTES-GA probes that stored at three conditions. The stored APTES-GA were treated 

with 1.02% w/v hydrogen peroxide solution (1:1 v/v). The reaction time of 

measurement was 10 minutes. 

Storage 
duration 

Room temperature 4 ºC -18 ºC 
Mean 
(%) 

SD 
(%) 

Mean 
(%) 

SD 
(%) 

Mean 
(%) 

SD 
(%) 

3 days -1.207 0.607 0.435 0.299 1.146 0.653 

1 week -4.250 0.477 -0.121 0.528 0.121 0.425 

2 weeks -5.115 1.366 -0.810 0.277 0.758 0.315 

4 weeks -7.217 0.430 -4.383 0.719 -0.499 0.509 

6 weeks -5.075 0.549 -3.158 0.190 1.363 0.800 
 

 
 
 
 
 
 
 
 



 72 

 



 73 

 



 74 

 



 75 



 76 



 77 



 78 



 79 



 80 

 



 81 

 



 82 

VITAE 
 

Name Mr. Petcharawut Ramsiri 

Student ID 6310220034 

 

Educational Attainment: 

 

 Degree Name of Institution Year of Graduation 

   Bachelor of Chemistry  Khon Kaen University                 2020 

 
Scholarship and Awards during Enrolment: 

1. The Development and Promotion of Science and Technology Talents Project 

(DPST)  (Thailand government scholarship) 

 

List of Publications and Proceeding: 

1. Ramsiri, P., Choodum, A., Phonchai, A., A colorimetric probe for hydrogen 

peroxide detection by siloxane-glutaraldehyde complex. 19th Kasetsart 

University Kamphaeng Saen Campus National Conference, Nakhonpathom, 

Thailand, 2022. 

 

 
 

 


