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1. Introduction 

Quality and safety of food are important factors contributing to the well-being 

of society. However, the globalization of the food market and increased 

production of food may have a negative impact on the quality of foodstuff 

through the use of raw materials of poor quality or inadequate transport 

and process management. Because of that, it is important to monitor 

the quality of food at every step of its production and distribution. 

While in the case of large-scale farming, it is possible to apply sophisticated 

equipment and labour-intensive procedures, 80% of food is produced by small 

and family farms, which are not able to use costly and complicated methods 

of food analysis [1].  

 Growing customers’ awareness and risk of food quality decrease caused 

by large-scale food production justify the need for continuous food assessment 

at every step “from farm to fork”. The development of simple methods 

for quality assurance could facilitate implementing routine analysis in family 

farms in which the alternative would be to either perform the manual 

assessment or dispense of it altogether. In addition, simplification of food 

analysis methods could serve as a means for increasing customers’ 

engagement in quality assurance/quality control (QA/QC) and thus, result 

in growing accessibility of point-of-need food quality inspection.  

 Wine analysis is a field of food quality assessment, which also could 

benefit from the development of novel analytical approaches. 

The aforementioned issues were the motivation for my doctoral work, in which 

I developed a simple and comprehensive solution for the quality assessment 

of wine. 

1.1. Wine composition 

According to both the Food and Agriculture Organization (FAO) of the United 

Nations and the International Organisation of Vine and Wine (OIV), grapes are 

the fruit crop with the highest production value in the world with over 50% 

of fruits being used in wine production [2]. As a result, the production and 

consumption of wine are a significant part of the global food market. In 2022, 

161 million hectolitres of wine were produced European Union, which 

is an increase of 4% compared to the year before [3]. 

 The popularity of wine stems mostly from its pleasant taste and cultural 

tradition of wine consumption that can be observed in countries known for its 

wines e.g. France [4]. It is seen as one of the healthiest alcoholic beverages – 

a number of studies indicate that its moderate consumption can have 

a positive impact on the overall health of consumers and can even improve 

their life expectancy as compared with those who do not drink it at all [4], [5]. 

Pro-health effect of wine is linked to its antioxidant properties caused 
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by the fact that it is a significant source of dietary flavonols, anthocyanins 

and other bioactive compounds [6]. 

 Water and ethanol are the main components of wine, constituting 

approx. 98% of its volume, however, wine is also composed of e.g. glycerol, 

higher alcohols, polysaccharides, organic acids, and polyphenols [4] (Figure 

1.1.). Glycerol, which is a product of yeast fermentation, is the third most 

abundant constituent of both red and white wine. It is thought 

to be contributing to perceived wine quality by improving its mouth-feel 

and texture properties [4], [7]. Yeast-derived alcohols can influence the aroma 

profile in both positive and negative ways, since e.g. 2-phenylethanol 

and 3-methylbutanol are associated with “rose-like” and “solvent” aroma 

descriptors, respectively [8]. Compounds such as esters, terpenes, aldehydes, 

poly- and oligosacharides, various aromatic compounds etc. also influence 

the organoleptic properties of wine, even when they are present at relatively 

low levels [4], [9]. Polyphenols constitute 0.1% of the overall volume of wine 

and thus, their content also affects the aroma of wine [4]. Moreover, due 

to their ability to scavenge the free radicals, content of polyphenolic 

compounds is a major factor influencing pro-health properties of both red 

and white wine [4], [7]. 

 

 

Figure 1.1. Wine composition [4].  

 While polyphenols found in wine are a vast and diverse group, they 

are classified into two groups: nonflavonoids and flavonoids [10]. 

Nonflavonoids in wine consist mostly of organic acids and stilbenes. 

Hydroxybenzoic and hydroxycinnamic acids are the most abundant ones 
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in red and white wine, although e.g. vanillic, salicylic, and gallic acids can also 

be found [6], [11]. Stilbenes are phenolic compounds present in both grapes 

and products made from them, their levels in wine may vary significantly 

depending on the location where they were grown or the colour of the wine 

[12]. Resveratrol is one of the stilbenes present in wine at the highest levels, 

other compounds such as piceatannol or pallidol are also found [4], [7]. 

 Flavonoids consist of flavanols, flavonols, flavanones, flavones, 

chalcones, anthocyanins, and tannins. Flavanols contribute 

to the organoleptic characteristics of wine by e.g. influencing its colour, 

astringency and bitterness [11]. Catechin and epicatechin are the most 

common flavonols - they can be found in the skin and seeds of grapes and 

thus, they are present in all types of wine [7]. However, their concentration 

in red wine is significantly higher than in the case of white wine [4].   

 Flavonols in wine comprise mostly of quercetin, myricetin, engeletin 

and laricitrin [7], [13]. Glycosylated flavonols are present in red and white wine 

since they can be found in the skin and stems of grapes [4], [7]. They affect 

the aroma of wine and its colour as they form co-pigments 

with anthocyanidins [7]. 

 Anthocyanins (anthocyanidin-glycosides) are water-soluble pigments, 

naturally occurring in many fruits, including grapes. They are present in red 

and rosé wine with the most abundant compounds being isomers of cyanidin, 

petunidin and delphinidin. They are responsible for the intense colour 

of young wine, but their stability depends on various factors including pH 

or storage conditions [4]. Moreover, anthocyanins content decreases during 

the ageing of wine, because they react with other compounds [14].  

 Condensed tannins, also called proanthocyanidins, are products 

of reactions of flavonols and their derivatives, while hydrolysable tannins 

originate from oak barrels used during the ageing of wine [15]. The increase 

of their levels is related to the increased bitterness and astringency of wine 

[16]. Levels of tannins may vary significantly between different wines, though 

the concentration of proanthocyanidins in red wines is in general several-fold 

higher than in white and rosé wines [10], [15]. 

 Another worth-mentioning group of compounds present in wine 

are nitrogenous substances. Proteins, polypeptides, amino acids, biogenic 

amines etc. can be found in wine since they usually derive from grapes 

or are created due to fermentation and yeast activity [9]. While the amount 

of amino acids, polypeptides and proteins is usually diminished during 

the course of wine production (through natural processes or by producers’ 

intervention), biogenic amines' impact on the quality of wine is often 

overlooked [9], [17].  

 According to the literature, more than 15 biogenic amines (BAs) have 

been identified in red, white and rosé wines [17]. Their presence in wine 
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is caused by e.g. composition of grapes or metabolism of yeast, however, low 

sanitary quality of wine may result in increased concentration of BAs [17], 

[18]. Microbial contamination, poor quality of raw material, and inadequate 

processing and storage conditions can influence the concentration of biogenic 

amines and thus, their determination can be a useful tool for monitoring 

of sanitary quality of food [19]. Because of that, their levels are monitored 

in the case of different products e.g. meat [20], [21], fish [22], and wine [23], 

[24]. However, monitoring the level of BAs is important in the case of wine 

also because the presence of ethanol and acetaldehyde may increase their 

negative impact on organoleptic properties and the overall safety of wine [18]. 

As a result, OIV recommends a reduction of biogenic amines content in wine 

and other vine-based products [18].  

 As can be seen, determination of biogenic amines can provide useful 

information on safety and sanitary quality of wine. On the other hand, levels 

of bioactive compounds such as flavonols could be the basis of assessment 

of wine’s pro-health features. As a result, simultaneous determination 

of compounds with positive and negative impact on wine characteristics 

could be a means of obtaining comprehensive information on wine quality 

and safety. 

1.2. Wine analysis – state of the art 

A wide variety of analytical methods are applied as a means of obtaining 

information about wine composition in all stages of production, from growing 

grapes to bottling and certification of wine. First and foremost, analysis 

is performed in order to evaluate whether wine is in compliance 

with regulations concerning food safety. Secondly, wine quality is evaluated 

for marketing purposes e.g. to authenticate or confirm its origin, which can 

result in an increase in value or sales. Analysis of wine can be also performed 

in order to obtain information concerning processes involved in wine 

production and thus, increase the body of knowledge in the field of wine 

manufacturing and research.   

 Chromatographic methods are a gold standard in the case of wine 

analysis due to the variety of wine constituents present at different levels. 

With their application, it is possible to perform in-depth investigation of wine's 

chemical composition [25]. Because of that, gas chromatography (GC) 

and liquid chromatography (LC), often coupled with mass spectrometry (MS), 

are employed for the determination of multiple analytes in wine. 

Gas chromatography coupled with various detection systems is particularly 

useful in the case of wine aroma investigation since it is suitable 

for the analysis of a diverse range of volatiles [25]. LC-MS is often applied 

in metabolomics studies, while high-performance liquid chromatography 

(HPLC) coupled with ultraviolet (UV) or fluorescence detectors are used 

in quantitative analysis for regulatory purposes [25]. Moreover, 

chromatographic methods are employed not only in the case of a vast range 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 
 

10 
 

of foodomics studies but also for the determination of compounds that can 

be detrimental to the health of the consumer even when they are present 

at relatively low levels e.g. pesticides or mycotoxins [26], [27]. However, even 

fast and ultra-fast incarnations of chromatographic methods are not ideal 

for monitoring wine quality at different stages of its production and 

distribution or for field measurements due to laborious sample preparation, 

lengthy process of chromatographic separation, and the need for skilled 

operators.  

 Another technique used in wine analysis is capillary electrophoresis 

(CE). While it is characterized by worse sensitivity and robustness 

than chromatographic methods, its versatility as well as a shorter time 

of the analysis resulted in the application of CE in wine and grape analysis 

[28], [29]. Moreover, capillary electrophoresis is especially useful in the case 

of wine constituents, e.g. organic acids, that can be easily separated 

from other compounds on the basis of relative mobility difference and thus, 

the sample preparation step can be omitted [25], [28], [30]. However, while 

a decrease in sensitivity is not of particular importance in the case of routine 

and in-field analysis, CE’s use still requires a skilled operator. 

 Spectroscopic methods are also employed in wine analysis with a vast 

range of instruments used for different purposes. Atomic spectroscopy, 

e.g. flame absorption spectroscopy, is often applied in research concerning 

the elemental composition of wine [31], [32]. Due to its sensitivity, inductively 

coupled plasma–mass spectrometry can be especially useful for 

the determination of trace elements [33], [34]. Nuclear magnetic resonance 

(NMR) spectroscopy has proven to be useful in wine authentication [35]. 

However, while MS can be applied for wine analysis directly [33], [36], [37], 

in a majority of research it is used with either chromatographic 

or spectroscopic systems [25]. Infrared spectrometry (IR) and ultraviolet-visible 

(UV-VIS) spectrophotometry are more commonly used in wine quality 

evaluation since their use is quick and relatively easy [38]–[40]. Although they 

are less sensitive than chromatographic methods and not suitable 

for the determination of compounds present at trace levels, IR spectrometry 

and spectrophotometry are often employed for routine analysis such 

as sulphur dioxide determination or for ‘non-specific’ determination of groups 

of compounds e.g. measurement of total phenolic content  [39], [41], [42]. 

Moreover, while information concerning the levels of individual compounds 

is beneficial for increasing the body of knowledge, it is not always necessary 

in the case of quality evaluation and thus, simple and rapid methods 

are favoured over e.g. chromatography. Total anthocyanin content and other 

results of spectrophotometric determination are of particular importance 

in the case of routine quality assurance in the industrial setting, since they 

provide useful information concerning the quality of wine without the need 

to perform complicated, expensive and time-consuming analysis [42].  
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 Another method that could find its application in routine wine quality 

assessment is use of electronic nose and electronic tongue [43]. Coupling 

of an electronic nose or tongue, devices equipped with an array of chemical 

sensors, and chemometrics could be a viable tool for rapid, non-destructive 

monitoring of wine properties [43], [44]. Based on the existing literature, it can 

be concluded that this solution can be used for e.g. monitoring wine ageing 

or for discrimination between different wine samples [43], [45]. However, 

the majority of electronic noses are equipped with metal oxide semiconductors 

(MOS), which makes them susceptible to ethanol and humidity in general, 

which hinders their application in the analysis of the volatile fraction of wine 

[21]. The application of electrochemical sensors could facilitate in-field 

analysis since they are characterised by lower power consumption than MOS 

sensors and resilience to changes in humidity. Nevertheless, electronic 

olfaction’s application in food quality evaluation is dependent on the machine 

learning model and vast set of results necessary for its training and thus, 

requires a skilled operator [21], [43].        

 Smartphones could be another tool for wine quality evaluation. 

The ubiquity of smartphones created a possibility for the introduction of novel, 

accessible-to-end-user analytical methods, which could be used in food quality 

assurance [46]. The smartphone-based analysis could, provided that certain 

methodological difficulties are overcome, combine the advantages of both 

spectrophotometry and electronic olfaction since its application is inexpensive, 

easy, and widely accessible [46], [47]. What is more, such a solution for wine 

quality assurance would be in line with provisions of green and equitable 

chemistry, which focus on both reducing the environmental impact 

of the analytical method and increasing its availability to end-users 

i.e. consumers.   

1.3. Green and equitable analytical chemistry 

Analytical chemistry plays a crucial role in environmental protection since 

various analytical procedures can be used for the determination of pollutants 

and other compounds that could be potentially harmful or undesirable [48]. 

However, it is also important to consider the impact that the implementation 

of those procedures can have on both environment and the safety 

of the operator. 12 principles of green analytical chemistry (GAC) were created 

in order to point to environmental aspects that should be taken under 

consideration during both the selection of the procedure for a particular 

purpose and the development of novel analytical methods [49].  

 The environmental impact of the analytical methods is often indirectly 

addressed during the evaluation of their economic aspects, since 

e.g. reduction of the reagents’ use and waste produced or lowering energy 

consumption is not only cost-effective but can also reduce the overall 

environmental footprint of the method [50], [51]. However, when a greener 

alternative is not as cost-effective, a more direct approach is needed [52]. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 
 

12 
 

Moreover, while it is important to work towards greener analytical procedures 

in general, it is also worth remembering that environmental impact 

is cumulative and thus, it increases with the number of analysed samples. 

As a result, implementation of GAC’s stipulations is of particular importance 

in the case of routine analysis, such as food quality control. Since over 

250 million hectolitres of wine is produced annually, the development of green 

methods of its analysis could significantly impact the environment [3], [25].     

 Another, often overlooked aspect of analytical procedures is their social 

dimension. The main aim of analytical chemistry is to provide information 

in accordance with the requirements and needs of end-user [53]. As a result, 

information obtained through the use of analytical methods should 

be available not only to a narrow group of scientists but also to society. 

The main idea behind equitable chemistry is that ensuring widespread 

accessibility of analytical chemistry is as important, as its environmental 

and economic aspects [54]. In the case of food analysis, equitability should 

be ensured by the widespread availability of understandable information 

concerning both the safety and quality of the food products. Ideally, the safety 

of e.g. wine should be evaluated at all stages of distribution and conveyed 

to the potential consumer. For this reason, novel analytical methods should 

be not only characterized by the low environmental impact but also designed 

in a way that could facilitate their application by non-trained users. This could 

be achieved with the use of readily available everyday devices, such as desktop 

scanners or smartphones [46], [55]. 

1.4. Research achievement used in the dissertation 

The dissertation is based on a series of four articles containing a description 

of the research which resulted in the development of a smartphone-based 

approach enabling the evaluation of wine quality. Within the publication cycle, 

a literature review was performed, which was presented in two review 

publications: 

(Paper 1) Kalinowska, K., Bystrzanowska, M., Tobiszewski, M., 

Chemometrics approaches to green analytical chemistry procedure 

development (2021) Current Opinion in Green and Sustainable 

Chemistry, 30, 100498, DOI: 10.1016/j.cogsc.2021.100498; 

(Paper 2) Kalinowska, K., Wojnowski, W., Tobiszewski, M., Smartphones 

as tools for equitable food quality assessment (2021) Trends in Food 

Science and Technology, 111, 271. DOI: 10.1016/j.tifs.2021.02.068. 

The results of the experiments have been described in two papers: 

(Paper 3) Kalinowska, K., Tobiszewski, M., Green, simple analytical 

method for total biogenic amines content determination in wine using 

spectrophotometry (2023) Food Chemistry, 402, 134457. DOI: 

10.1016/j.foodchem.2022.134457; 
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(Paper 4) Kalinowska, K., Wojnowski, W., Tobiszewski, M., Simple 

analytical method for total biogenic amines content determination 

in wine using a smartphone (2023) Analytical Methods, 15 (11), 1395. 

DOI: 10.1039/d2ay02035a. 

The results important for the dissertation have been also published in papers 

published in Food Chemistry and Microchemical Journal. The methods 

described in these publications were applied as reference methods 

for this dissertation. Important results are also presented in unpublished 

manuscript: Simple smartphone-based methods for the determination 

of bioactive compounds in wine. 
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2. Research hypothesis 

The development of novel analytical methods for wine quality assessment 

requires a multi-faceted approach, as indicated in the previous chapter 

of this thesis. Thus, the main goal of this work was to develop 

a comprehensive and novel solution for the assessment of wine quality, 

which could be used to supplement already existing methods or as a stand-

alone means for food analysis. The developed solution should be characterised 

by low cost, low environmental impact, and satisfactory analytical figures 

of merit. Its development required at least partial realisation of the following 

research goals:  

 the development of an experimental setup for smartphone-based wine 

analysis; 

 establishing a novel smartphone-based method for biogenic amines 

content determination and a reliable reference analytical procedure;  

 development of novel methods of selected bioactive compounds’ 

determination, which would be in line with the stipulations of green 

and equitable analytical chemistry.  

 Since development of novel comprehensive solution for food quality 

evaluation is a complex challenge, realisation of described research goals 

requires the pursue of multiple aspects. The results of the preliminary 

research together with a literature review made it possible to establish 

the following tasks: 

 development of a measuring procedure, which would be used 

for spectrophotometric determination of biogenic amines in wine;  

 establishing a smartphone-based method for biogenic amines 

determination, which would serve as dedicated solution for wine 

quality assessment;  

 development of reference method for biogenic amines determination 

using gas chromatography coupled - mass spectrometry which could 

be employed in order to validate proposed smartphone-based 

solution; 

 development of complementary smartphone-based methods 

for bioactive compounds determination in wine; 

 complimentary use of developed methods as a means for wine 

quality evaluation;  

 validation of the developed concept by juxtaposing the obtained 

results with the results of reference methods of wine quality 

assessment. 

 The realisation of described research tasks is described in the Chapter 

3 and discussed in detail in works included in Chapter 5. 
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3. Research description 

The goals indicated in Chapter 2 were outlined based on the result 

of an extensive literature review and a number of preliminary studies 

that were carried out in the first years of the PhD. This made it possible 

to determine the state of the art of the use of smartphones application in food 

analysis and analytical chemistry in general and to identify the aspects of their 

application which could be improved, which in turn translated into 

the development of experimental setup for smartphone-based analysis of wine. 

Thus, the concept for the execution of the doctoral thesis was developed 

and depicted in Figure 3.1.. Each of the stages will be further discussed 

and described in the following sections of the chapter.  

 

Figure 3.1. The scheme of research concept carried out during the doctoral thesis. Created 

with BioRender.com. 

 

3.1. Application of smartphones in analytical chemistry 

The aim of green analytical chemistry is to reduce the negative impact 

that analysis can have on both the environment and human health. There 

are many different approaches that could be applied towards GAC and thus, 

there are multiple papers concerning greening of the analytical procedures. 

A literature review pertaining to this subject was described in the first article 

comprising the dissertation, Paper 1. Based on its results, it can be concluded 

that since green analytical chemistry is multivariate, the best approach 

is to tackle multiple factors influencing the greenness of the procedures 

at once. However, while the awareness of the environmental footprint 

of analytical chemistry and chemistry in general is steadily increasing, 

in many cases this aspect is addressed by improving singular parameters 

e.g. shortening the time of the analysis or use of greener mobile phase. 
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The reduction of the environmental footprint of analytical processes 

can be achieved using different strategies from the application 

of microextraction techniques to the use of solventless or direct techniques 

[56], [57]. Moreover, the environmental impact of the analytical method’s 

implementation is often indirectly considered when economic aspects 

are evaluated, since reducing the cost of analysis by e.g. reducing the volume 

of reagents and generated wastes or increasing the sample throughput might 

increase the greenness of proposed methods [51]. However, from a green 

analytical chemistry point of view, it is important to work towards reducing 

the negative impact of the analysis on the environment in a more direct 

and purposeful way. This could entail e.g. favouring analytical methodologies 

which do not affect the analyst's health or the environment, evaluating 

whether unwanted and/or hazardous by-products are formed or scaling 

procedures so that reagents’ use is minimal. Stipulations of green analytical 

chemistry, notably its 12 principles should be implemented during developing, 

selecting and modifying procedures used in food analysis [48], [49], [52]. 

The application of chemometrics as a means of implementing principles 

of GAC  is an important but often overlooked possibility. Chemometric tools 

can be used not only to facilitate data analysis but also in order to simplify 

the process of the development of novel analytical methods. With their use, 

it is possible to select the most important variables, which should be optimized 

and to identify the irrelevant aspects, which could be disregarded. As a result, 

only the parameters deemed influential have to be optimized and thus, the use 

of reagents and energy consumption can be decreased. Moreover, 

since aspects of analytical procedure which do not affect its figures of merit 

can be identified, one can assess where a greener approach can be applied 

without decreasing e.g. selectivity or precision. What is more, the Design 

of the Experiment (DoE) can be applied in order to find the suitable values 

of the influential parameters in fewer experiments than in the case of one-at-

the-time optimization. This approach can not only increase the chances 

of finding the optimal conditions of the analysis but also reduce the cost and 

environmental footprint of the analytical procedure’s development [56]. 

All of these advantages are of particular importance in the case of food quality 

analysis, since cost and safety have a direct impact on the quality of foodstuff 

[47], [58]. 

 The application of smartphones as a promising tool for food analysis 

is another subject that is steadily gaining interest and thus, a substantial 

number of research papers on this topic have been published. The critical 

review of the subject literature has been described in detail in the second 

article comprising this thesis, Paper 2. Based on the results of the review, 

it was possible to conclude that the use of smartphones in analytical 

chemistry is one of the most promising routes for increasing the accessibility 

of food analysis to end-user and enabling them greater participation 

in the QA/QC process. Due to their ubiquity, portability and set of features 
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such as network connectivity, processing capabilities and accessible 

connectivity, smartphones are being implemented in analytical chemistry [59]. 

However, in many cases, the implicit promise of smartphone-based analytical 

chemistry is in reality far from being true. 

 Smartphones are often applied as a means of providing a graphic user 

interface or as a more convenient tool for data acquisition and processing, 

while the actual analysis is performed with the use of a peripheral device. 

When smartphone-based detection is implemented, analysis is usually 

proceeded by laborious and time-consuming sample preparation that involves 

the use of devices typically only found in laboratories. Such complexity 

negates the main advantages of using smartphones since it not only might 

discourage potential end-users but also severely limits the possibility 

of applying developed methods in field conditions [47]. In addition, 

the performance of smartphone-based methods is rarely evaluated 

on the basis of the same analytical figures of merit as other analytical 

procedures – studies either focus on issues associated with the use 

of smartphones such as inter-model transferability or assess the usability 

of the proposed method solely based on a singular characteristic (e.g. limit 

of detection) [47], [60]. Nevertheless, integration of the already-existing 

methodologies for food analysis with smartphone-based detection systems 

and the development of novel smartphone-based methods are promising 

routes for increasing the accessibility of analytical chemistry, provided certain 

methodological difficulties are overcome. 

 The main conclusion of the literature review in the context of this 

thesis, apart from the potential applicability of smartphones in food analysis, 

is the need to develop and validate simple, robust, and reliable smartphone-

based methods for wine analysis. It was noted that most of the research 

focuses first and foremost on the determination of particular analytes chosen 

on the basis of their positive or negative impact on human health without 

taking into account the overall quality of the wine, which due 

to the complexity of the matrix cannot be assessed based on singular 

parameter. However, due to the fact that poor quality of raw materials, 

inadequate food processing, and microbial contamination can result 

in increased content of biogenic amines, their determination can give useful 

information on spoilage and the overall quality of food [19], [61]. Therefore, 

in the course of the literature research, it was decided that the early studies 

should be focused on the determination of biogenic amines content 

as one of the means of assessing the sanitary quality of wine, as is often used 

in case of e.g. meat or fish [20], [22]. Since most of the research concerning 

smartphones’ application in food analysis is based on their use as more 

portable spectrophotometers, it was concluded that spectrophotometric 

detection will be employed in preliminary studies on biogenic amines 

determination in wine. The results of this study were described in Paper 3. 
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 Another conclusion drawn from the review is that although there 

are many solutions which involve the use of smartphones, there is still a lack 

of dedicated solutions that could be used in a non-laboratory environment 

(e.g. in the industry or households). This is mainly due to the use of sample 

preparation protocols that require laboratory equipment and expensive 

reagents, which may be difficult to implement outside of the controlled 

laboratory conditions [62]. Therefore, the development of a solution for wine 

analysis should be performed with accessibility in mind, so that both detection 

and sample preparation could be easily performed in a non-laboratory setting. 

 The final conclusion of the review, widely commented on in both Paper 

1 and Paper 2, is the need to focus not only on widening the accessibility 

of analytical chemistry but also on reducing the detrimental impact that food 

analysis can have on the environment and the health of the operator. Because 

of that, it was concluded that chemometric tools, such as DoE, will be applied 

to optimize the developed method for biogenic amines determination so that 

fewer experiments will be needed and thus, impact on the environment will 

be minimised. This and previous findings from the review served to outline 

the main research questions for the development of a comprehensive solution 

for smartphone-based wine quality evaluation.  

3.2. Development of a method for total biogenic amines 

content determination 

3.2.1. Spectrophotometric measurements 

Prior to the formulation of design assumptions for the development 

of a smartphone-based method for biogenic amines determination, preliminary 

studies on the usefulness of photometry were conducted and described 

in Paper 3. The aim of this study was to develop a simple, green procedure 

for total biogenic amines content determination that could be potentially used 

in the field condition. In order to further decrease environmental impact, 

optimization of the method was carried out using the DoE instead 

of the commonly used one-time-factor procedure with four major factors 

evaluated using Box-Behnken design. Finally, the greenness of the developed 

method was assessed using AGREEprep and then, its applicability 

was demonstrated through red and white wine samples analysis [63].  

 Application of cyanine dye S 0378 (C37H44ClN2NaO6S2) 

for the determination of total biogenic amines content in wine was described 

for the first time in Paper 3. This commercially available dye reacts 

with primary amines according to the SN1 mechanism, which results 

in a visible change of the solution’s colour from green to blue. Studies showed 

that absorbance at 650 nm increased with the increase of biogenic amines 

content and thus, it was possible to use photometric analysis to determine 

their content. The impact of the volume of triethylamine and ethanol, as well 

as the time and temperature of the reaction on the yield of the reaction 
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was assessed in the course of just 29 experiments - 24 runs with factors 

examined at three levels (-1, 0, 1) and 5 centre points for the experimental 

error estimation. The optimized procedure allowed for fast, uncomplicated 

and cost-effective analysis of total biogenic amines content. In order to further 

facilitate the evaluation of total BAs content, results were expressed 

as putrescine equivalent, which is a common approach in spectrophotometric 

food quality evaluation [64]–[66]. While obtained limits of detection 

and quantification were much higher than in the case of chromatography-

based methods, the aim was to develop a useful tool for monitoring food 

quality and ensuring food safety in terms of biogenic amines content, 

which does not require the determination of particular amines. Moreover, 

while there is no regulatory limit concerning the concentration of biogenic 

amines in wine, existing studies and regulations regarding their content 

in food (with e.g. up to 25 mg/meal of histamine viewed as not causing 

any health effects) suggest that the concentration of biogenic amines deemed 

unsafe falls well below method’s limit of quantification [67], [68]. As a result, 

the proposed method can facilitate wine quality assessment outside 

of the laboratory. Furthermore, since the procedure involves only a few 

straightforward operations in the sample preparation step, it can be performed 

by people without prior analytical chemistry experience, which further 

increases the potential availability of the method. However, while the results 

of the greenness assessment suggested that the developed procedure’s 

environmental impact is lower than in the case of e.g. chromatographic 

methods, it was determined that there is room for improvement 

when considering the potential accessibility of photometric wine analysis 

to end-users.  

3.2.2. Development of a smartphone-based procedure for biogenic 

amines determination  

Following the project goals, an experimental setup for smartphone-based 

analysis was designed to assess the quality of wine, including 

the determination of biogenic amines content. A detailed description 

of the method and examples of its application were published in Paper 4. 

 The experimental setup for the smartphone-based analysis consists 

of a smartphone, light source and 3D-printed component designed to facilitate 

taking reproducible images of the illuminated sample while eliminating 

interfering variables such as exposure to ambient light or differences 

in the focal distance Figure 3.2.). Coupling of 3D-printing with smartphone 

detection increases the availability of the proposed solution due 

to the possibility of on-site manufacturing of personal devices designed 

for a particular sample and created in a way that easily matches individual 

models of smartphones [69]. This is further facilitated by the increasing 

accessibility of fused filament fabrication (FFF) technology and freeware 

parametric design software [69], [70]. The polymer material used for 
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3D-printing was selected on the basis of the literature review and studies 

carried out in the first years of the PhD concerning the user's exposure 

to potentially harmful volatile chemical compounds during printing. PLA 

(polylactic acid-based) filament was selected since it was demonstrated 

that emission associated with printing with it is potentially less harmful 

than the use of other popular desktop printer filaments such as ABS 

(acrylonitrile butadiene styrene) polymer [71], [72]. Moreover, it is not only 

ubiquitous but also bio-based which further increases the accessibility 

and greenness of its application.  

 As a result of preliminary studies, it was decided to 3D-print 

the designed set-up in four parts using Prusa i3 MK2s FFF 3D printer (Prusa 

Research a.s., Prague, Czech Republic). The first element is an adjustable 

smartphone mount, which can be modified in order to accommodate 

smartphones with in-axis and off-axis configurations. It is connected with 

a tubular interface which is slightly longer than the minimum focusing 

distance of a particular phone in order to facilitate taking reproducible images. 

The sample is placed in a standard 10 mm optical cell cuvette, placed in-axis 

with the camera, covered with a snap-on cap to shield it from ambient light, 

and back-illuminated with LED individually chosen for each determination, 

so that the wavelength of maximum absorbance is within the range 

of particular light source. The 3D model of the whole setup is licensed under 

the Creative Commons – Attribution license and thus, available for download, 

adjustment and printing.  

 Image analysis, namely area selection and colour measurement, was 

performed using ImageJ (Rasband, W.S., ImageJ, U. S. National Institutes 

of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/). Mean 

values of the R channel of the selected area (50 x 50 pixels) were measured. 

Least squares linear regression was used to calculate the equation 

of the calibration curve and the determination coefficient (R2  = 0.9981). 

It was found that the proposed method displays satisfactory figures of merit 

and thus, can be used for food analysis.  
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Figure 3.2. 3D-printed smartphone-based setup comprised of a smartphone equipped 

with a digital camera (a), a smartphone mount (b), a distance piece matching the approximate 

minimum focal distance of the smartphone's main camera (c), a cell compartment raised 

from the base to accommodate different smartphone camera positions relative to the case edge 

(d), a standard 10 mm spectrometer cell cuvette containing the sample (e), a custom PCB fitted 

with a LED, a resistor, and a micro-USB connector (f). 

 Using described experimental setup, 16 Polish wine samples 

were analysed. In order to evaluate whether the proposed method for total 

biogenic amines content can be used in wine quality evaluation as a simpler 

alternative to the determination of particular amines,  obtained results 

were compared with those obtained using the reference chromatographic 

method. Salting-out assisted liquid-liquid microextraction combined with gas 

chromatography-mass spectrometry (SALLME-GC-MS) method used for 

cross-validation was established during the course of PhD studies 

and described in detail in the articles by Fabjanowicz et al. 2022 [23], 

Różańska et al. 2022 [73], and Paper 4. While the use of chromatography 

is usually characterised by a relatively high environmental footprint, SALLME-

GC-MS was developed and chosen by reference method with stipulations 

of green analytical chemistry in mind. In order to increase the greenness 
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of identification and quantification of biogenic amines with GC-MS, in situ 

derivatization was coupled with microextraction and thus, the use 

of hazardous reagents was reduced.   

 On the basis of results obtained using the GC-MS-based method, 

the putrescine equivalent was calculated and then compared with the results 

of smartphone-based analysis (Figure 3.3.).  F-test and Student's t-test 

were used to assess whether the results are equivalent. It was found that both 

sets of results do not differ in a significant manner, which further proved 

the applicability of the proposed smartphone-based method.  

 

Figure 3.3. Result of determination of the total biogenic amines content. Horizontal and vertical 

error bars denote SD (n = 5) for the GC-MS and smartphone-based methods, respectively. 

 The developed procedure for determination of the total biogenic amines 

content in wine is simple to perform and green. It conforms 

with the postulates of green analytical chemistry to a greater extent 

than alternative instrumental analytical methods for the determination 

of biogenic amines due to the simplification of the sample preparation 

and determination. The use of smartphones drastically increases 

the accessibility of the proposed procedure, which would otherwise require 

highly-trained personnel, costly equipment, and infrastructure that cannot 

be found outside of the laboratory setting. Reduction of the number 

of analytical steps in a procedure results in reduced consumption of reagents 
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and increased user-friendliness, and thus, can be a sustainable alternative 

for other methods for biogenic amines content determination.  

3.3. Smartphone-based wine analysis 

The final stage of the described research was the use of the developed 

smartphone-based methods to assess the levels of bioactive compounds 

in wine using spectrophotometry as a reference. The experimental set-up 

described in Paper 4 has been used in order to evaluate the applicability 

of smartphone-based techniques for wine analysis and to evaluate whether 

the interaction between levels of particular compounds can be observed 

(Figure 3.4.). Results of the wine analysis, which are not yet published, 

are enclosed as a part of Chapter 5. 

 

Figure 3.4. The scheme of wine analysis carried out during the doctoral thesis. 
ABTS assay - antioxidant capacity assay with the use of 2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid), DPPH assay - radical scavenging activity assay with the use of 2,2-diphenyl-1-
picrylhydrazyl. Created with BioRender.com. 

  All smartphone-based methods were validated and obtained 

satisfactory figures of merit. Determination coefficients were in the range 

of 0.9860 - 0.9981, which is comparable with those obtained 

for spectrophotometric methods (0.9864 - 0.9979). Limits of detection (LOD) 

and limits of quantification (LOQ) were comparable to those calculated 

for spectrophotometric methods. Recoveries obtained for smartphone-based 

methods were slightly lower than those calculated for spectrophotometric 

determinations (96 - 102% and 99 - 103%, respectively), but both approaches 

were characterised by high accuracy. 

 Smartphone-based and spectrophotometer-based methods were used 

in order to analyse commercially available wines. As can be seen 

in the example of total phenolic content determination (Figure 3.5.), results 

obtained using both means are similar. In most cases, the application 

of smartphones results in only a slightly poorer precision.  
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Figure 3.5. Results of total phenolic content determination in a) red, b) rosé and white wine 

using spectrophotometer and smartphone (depicted in darker and lighter colours, respectively). 

Black error bars denote SD (n=5). 

 In order to evaluate the correlation between measured variables, 

an exploratory analysis was performed. As can be seen in Figure 3.6., 

while some correlation can be observed between the content 

of e.g. anthocyanins and phenolic compounds, an abundance of factors 

affecting the content of bioactive compounds makes it impossible to find 

straightforward relation between the content of particular analytes [6], [74]. 

This further prove that in order to obtain comprehensive information on wine 
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quality, simultaneous determination of multiple analytes should be performed 

in lieu of singular measurement. What is more, no significant correlation 

between biogenic amines content and other variables was observed and thus, 

BAs determination can be a means to thorough wine quality assessment.  

 
TPC TFC ABTS TBAs TAC DPPH 

TPC 1.00 0.62 0.73 0.51 0.77 -0.39 

TFC 0.62 1.00 0.84 0.72 0.59 -0.14 

ABTS 0.73 0.84 1.00 0.64 0.64 -0.07 

TBAs 0.51 0.72 0.64 1.00 0.58 -0.23 

TAC 0.77 0.59 0.64 0.58 1.00 -0.40 

DPPH -0.39 -0.14 -0.07 -0.23 -0.40 1.00 

 

Figure 3.6. Correlation matrix for different smartphone-based measurements: TPC – total 

phenolic content, TFC – total flavonols content, ABTS – ABTS assay, TBAs – total biogenic 

amines content, TAC – total anthocyanins content, DPPH – DPPH assay 
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4. Conclusions 

The following could be considered the main achievements and aspects 

of novelty of this dissertation:  

 the development of an experimental setup for smartphone-based food 

analysis, which is particularly well-suited for wine analysis; 

 development of a novel smartphone-based method for biogenic amines 

content determination and a reliable analytical procedure which 

can be used to obtain reference values;  

 development of smartphone-based methods of selected bioactive 

compounds’ determination, which are in line with the stipulations 

of green and equitable analytical chemistry; 

 application of the above-mentioned methods in the analysis of wine 

obtaining very good results;  

 the use of the holistic approach to the smartphone-based analysis 

of wine. 

 Based on the literature review it was concluded that the lack 

of large-scale introduction of the smartphone in the food analysis is caused 

partially by the lack of reliability of proposed solutions and difficulties 

stemming from the lack of inter-model transferability. This problem 

was addressed by designing the experimental setup for smartphone-based 

detection. It features a 3D-printed module designed in a way to decrease 

interferences stemming from performing analysis with different smartphones 

and in varying field conditions. Perhaps more importantly, owing 

to the modular design, the setup can be tailored to a particular matrix 

and smartphone model. Therefore, the device can be easily adapted to testing 

the application of smartphones in specific scenarios, thus facilitating 

the development of case-specific solutions. 

 This novel analytical setup has been employed for the determination 

of biogenic amines in wine samples. The relatively accessible 

and straightforward determination of the biogenic amines in wine has been 

made possible by using the photometric method developed for this purpose. 

Apart from its demonstrated application, i.e. assessment of wine’s sanitary 

quality, it could be used in a wide range of investigations into food quality 

and freshness. It is easily quantifiable, and more accessible to end-user 

as compared to other methods used for this purpose. 

 The comprehensive analytical solution comprised of the experimental 

setup for smartphone-based analysis and a set of methods 

for the determination of multiple bioactive compounds is a novel tool for wine 

quality assessment. It can also be used as a development platform 

for dedicated, case-specific and cost-effective commercial solutions for food 

quality monitoring. The portability of the setup and simplification of sample 
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preparation procedures enable not only in-field use but also application 

in each stage of the manufacturing and distribution process. 

In the study described in preprint 2023, it was demonstrated 

that the approach to the development of novel analytical methods for wine 

analysis, outlined in this thesis, is a valid proposition. The development 

of the solution described in this work required a multidisciplinary approach. 

It involved the identification of methodological difficulties related 

to smartphone application as a means of food analysis and the design 

of a well-functioning experimental setup aimed at overcoming them. 

Development of experimental setup for smartphone-based analysis involved 

knowledge concerning different polymers and their potential health effects. 

It involved working knowledge of chemometrics, e.g. during the application 

of the Design of Experiment and interpretation of the measurements made 

using a smartphone. The development of green, accessible analytical methods, 

which can be easily used outside the laboratory setting required practical 

knowledge of stipulations of green and sustainable chemistry. Finally, 

the smartphone-based determination of biogenic amines and other bioactive 

compounds in wine samples involved competence in modern analytical 

chemistry.  

 The results of these investigations were published in journals devoted 

to analytical chemistry (Analytical Methods, Current Opinion in Green 

and Sustainable Chemistry), and food science (Food Chemistry, Trends 

in Food Science and Technology). This demonstrates the wide topical range 

of studies that had to be conducted in order to complete the research goals 

of this work. All that has been successfully integrated to produce 

a comprehensive solution for wine analysis involving the use of smartphone 

and novel methods, with a demonstrated application potential. It highlights 

the potential of smartphone-based analysis of food in general and wine 

in particular. 
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5. Publications 

5.1. Paper 1: Chemometrics approaches to green analytical 

chemistry procedure development 

 

Kalinowska, K., Bystrzanowska, M., Tobiszewski, M., Chemometrics 

approaches to green analytical chemistry procedure development (2021) 

Current Opinion in Green and Sustainable Chemistry, 30, 100498, DOI: 

10.1016/j.cogsc.2021.100498. 
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5.2. Paper 2: Smartphones as tools for equitable food 

quality assessment 

 

Kalinowska, K., Wojnowski, W., Tobiszewski, M., Smartphones as tools 

for equitable food quality assessment (2021) Trends in Food Science 

and Technology, 111, 271. DOI: 10.1016/j.tifs.2021.02.068 
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5.3. Paper 3: Green, simple analytical method for total 

biogenic amines content determination in wine using 

spectrophotometry 

 

Kalinowska, K., Tobiszewski, M., Green, simple analytical method for total 

biogenic amines content determination in wine using spectrophotometry 

(2023) Food Chemistry, 402, 134457. DOI: 10.1016/j.foodchem.2022.134457. 
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5.4. Paper 4: Simple analytical method for total biogenic 

amines content determination in wine using 

a smartphone 

 

Kalinowska, K., Wojnowski, W., Tobiszewski, M., Simple analytical method 

for total biogenic amines content determination in wine using a smartphone 

(2023) Analytical Methods, 15 (11), 1395. DOI: 10.1039/d2ay02035a. 
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5.5. Simple smartphone-based methods 

for the determination of bioactive compounds in wine 

 

Kalinowska, K., Hussain M. S., Tobiszewski, M., Simple smartphone-based 

methods for the determination of bioactive compounds in wine (unpublished) 
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