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Development and optimization of a flexible enzyme-based platform for the 
colorimetric quantification of metabolic disease-related salivary biomarkers 

by 
Alonso Ornelas González 

Abstract 

Early detection aims at timely treatment to improve patient's fate. To fulfill this, the identification 

and validation of appropriate biomarkers, as well as the development of rapid, simple, sensitive 

and low-cost methodologies are crucial. These factors would enable the identification of 

biomarkers in rural and remote locations or where sophisticated equipment and highly trained 

personnel are not available. Among the current techniques for this purpose, enzyme-based 

colorimetric platforms stand out as a great alternative due to their properties including low cost, 

simplicity, flexibility, specificity, and adjustable sensitivity. These platforms are the core of 

diagnostic kits and point-of-care devices that fully comply with the aforementioned characteristics. 

Saliva is an emerging biofluid that contains multiple useful molecules for the non-invasive 

diagnosis of diseases. Its collection is carried out through a simple and painless process that 

either does not require qualified personnel or even by self-sampling. Therefore, saliva stands out 

as an alternative to blood due to its great potential for diagnostic purposes. The first stage of this 

work aims to develop and optimize a multi-enzymatic platform for the colorimetric quantification 

of salivary glucose. The methodology tests two different dyes to compare the results and 

demonstrate the versatility of the system for glucose quantification in both buffer conditions and 

human saliva samples in which concentrations are up to 100 times lower than those found in 
blood. The second stage of this study focused on demonstrating the flexibility of the multi-enzyme 

platform. This was performed by modifying simple parameters such as pH buffer, incubation time, 

as well as the concentration of the enzymes and 3,3’,5,5’-tetramethylbenzidine (TMB). These 

modifications enabled the adaptation and optimization of this platform for the detection and 

quantification of clinically relevant biomolecules, such as galactose, uric acid and 1,5-

anhydroglucitol in buffer conditions. Overall, results suggest that this platform is useful for 

measuring the proposed biomarkers at concentrations found in different biofluids, both 

conventional (blood and urine) and unconventional (saliva, sweat and tears). Thus, this work is 

the basis of a platform that could be further adapted for the quantification of other clinically 
relevant biomolecules. However, more studies are required to demonstrate its correct operation 

in terms of accuracy, precision, and specificity with the biofluids. 
Keywords: Enzyme assays, biomarker, saliva sample, colorimetric detection, glucose, uric acid, galactose, 

1,5-anhydroglucitol.  
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1 Introduction 

Early detection and proper diagnosis are critical to achieve a favorable patient outcome 

[1]. This is possible through the identification of biomarkers in primitive or subclinical states that 

generally present asymptomatically [2]. The term biomarker is very extensive and refer to 

quantifiable biological parameters that are useful as indicators related to health such as 

pathogenic processes, environmental exposure, diagnosis, and prognosis of diseases or 

pharmacological responses to a therapeutic intervention [3], [4]. Unlike symptoms, which regularly 

arise in advanced points of the disease, biomarkers usually appear, disappear or vary in 

concentration from the premature periods of the disease, being useful for detection in early 

phases. Thus, the use of biomarkers increases the reliability of the diagnosis, achieving to more 

affordable, successful, and securer treatments for patients. In this way, multiple investigations 

have focused on the pursuit for biomarkers in biological samples that are easily collected, 

processed, and stored without affecting their original concentration [5]. Likewise, its concentration 

should preferably be high enough to be measured without the need for ultrasensitive methods 
that usually require sophisticated and expensive equipment as well as highly qualified personnel. 

Finally, and perhaps the most important characteristic is that the concentration of the biomarker 

rises, falls or even disappears before, during or after a pathological stage or in response to a 

therapeutic or pharmacological intervention so that a control population (healthy) can be 

differentiated from an altered (diseased) population [5]. 

 

In recent times, advances in various fields of science have resulted in the discovery of 

new and more effective biomarkers that up-today are a cornerstone in the diagnosis of multiple 

diseases [6], [7]. Nevertheless, their identification is only the beginning on the process towards 
their medical implementation, therefore their success largely depends on methodologies that 

allow their quantification in an easy, fast, and cost-effective manner [8]. In this regard, multiple 

improvements have been made in metabolomics and analytical techniques, discovering hundreds 

of thousands of metabolites with medical significance [9]. For this, analytical methods with a very 

high sensitivity are required in order to detect biomarkers in sub-nanomolar concentrations [10]. 

In this regard, techniques such as high-performance liquid chromatography (HPLC), gas 

chromatography (GC), nuclear magnetic resonance (NMR), and mass spectrometry (MS) are the 

most popular for the identification and quantification of biomarkers in research stages. These 
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analytical techniques are perhaps the key to the identification of new biomarkers and their 

subsequent quantification. However, this is just the beginning of the process necessary for its 

implementation in medical diagnosis. In this sense, after identification, the biomarkers must be 

studied in healthy and diseased populations looking for a correlation with a certain disease [11]. 

Subsequently, a fusion of deep knowledge of the pathophysiology of the disease and its 
relationship with the origin, distribution, and concentration of the signaling molecule are required 

[12]. These aspects are of particular importance since biomarkers are signaling molecules that 

are distributed in different biofluids at variable concentrations, so the selection of a biofluid (among 

the more than 30 found in the body) depends on several factors [13]. For instance, the chemical 

nature of the biomarker must be considered as there is a strong association with its stability in 

different biofluids. Likewise, its concentration enables to determine its potential capacity to reflect 

the existence, perseverance, and progression of the disease [6].  

 

Finally, the type of biofluids for sampling should preferably be obtained by non-invasive or 

minimally invasive methods. In this sense, the acceptance by the patient is gained, the collection 

of the sample even by personnel who are not highly qualified is facilitated, and the use for 

diagnosis can be generalized [14]. In addition, it is important to consider that the equipment used 

for the identification of biomarkers is extremely expensive, hence its availability for all laboratories 

is very limited. Therefore, simpler and cheaper methodologies are required to enable the 

diagnosis of common diseases in small laboratories with little equipment. Figure 1 summarizes 

the necessary steps for the use of biomarkers from their discovery to their clinical application. 
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1.1. The Importance of Early Detection of Metabolic Diseases 

Biomarkers can be used for early diagnosis of cardiovascular [15], metabolic [16], genetic 

[17], neurological [18], gastrointestinal [19], and immunological diseases [20]. Among them, 

metabolic diseases have acquired special interest in recent years due to their high incidence and 

mortality worldwide [21]. The clearest example that provides an overview of the current situation 

regarding these diseases is diabetes. Diabetes mellitus is a rapidly growing global health problem 

[22]. Responsible for almost 2 million deaths in 2019, diabetes has been listed among the 10 

Figure 1. Schematic representation of the biomarker pathway from the laboratory to the clinical 
applications. (1) Collection of biological samples to identify and quantify biomarkers using sensitive techniques 
such as mass spectrometry, gas and liquid chromatography, and nuclear magnetic resonance. (2) Transition 
from the already established methodologies to more straightforward and inexpensive methods based on 
antibodies, enzymes, and electrochemistry. (3) Validation and implementation of these methodologies as a 
diagnosis tool.  
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leading causes of death by the World Health Organization [21]. In general terms, there are 3 types 

of diabetes: Type I, type II, and gestational diabetes [23]. However, most of the research is 

focused on the first two, since gestational diabetes is less common and occurs as a transient 

disease [24]. Instead, type I diabetes is a rare disease caused by autoimmune processes in the 

insulin-producing cells [25], and type II diabetes is very common (~90%) and is caused by a poor 
response of the body to the produced insulin [26]. The origins of type II diabetes are multifactorial, 

factors such as the environment, genetics, family history, lifestyle, diet, and age have been linked 

to the onset and progression of the disease [27]. Type II diabetes usually begins asymptomatically 

and progresses gradually, going unnoticed for several months or even several years [28]. Early 

symptoms include increased thirst, urinary frequency, and weight loss. In contrast, the long-term 

consequences of diabetes are related to organ damage, especially the kidneys, heart, eyes, blood 

vessels, and nerves [29]. Among its most common complications are kidney failure, retinopathy, 

cardiovascular diseases and diabetic foot. More recently, diabetes has been linked to depression 

[30], sleep disturbances and impairments [31], and even Parkinson's [32] and Alzheimer's disease 

[33]. 

 

Despite that the origins of diabetes are multiple and complex, its early detection seems to 

be one of the most effective solutions to control its long-term health consequences [2]. Glucose 

is one of the more recognized and used molecules for diabetes diagnosis [34]. Much of its success 

as a biomarker for this disease lies in its ability to reflect the onset of the disease state. In fact, 

currently the diagnostic criteria for diabetes are based on blood glucose thresholds. The diagnosis 

of Diabetes mellitus is commonly carried out by glycemic methods such as two-hour fasting 

plasma glucose after a 75 g glucose load (2h-PG) (≥ 200 mg/dL) and fasting plasma glucose 

(FPG) (≥ 126 mg/dL), or by quantifying glycosylated hemoglobin A1c (HbA1c) (≥ 6.5%). However, 
all diagnostic tests for diabetes require the use of blood as a biological matrix, which represents 

a painful and traumatic process for many patients and requires trained personnel and special 

material. 

1.2. Saliva as a Novel Biomarker Source for Metabolic Diseases Diagnosis 

Blood is perhaps the most well-known and used biomarker source [35]. Its biological role 

as a transporter of cells and all kinds of compounds through the body makes it a mirror of the 

state of health [36]. However, drawing blood is an invasive process that is painful or even 

traumatic for many patients [37]. A meta-analysis showed that most children have some form of 
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fear of needles, with a prevalence of between 20% and 50% in adolescents and between 20% 

and 30% in young adults. This fear occurs in procedures such as venipuncture, blood donation 

and injections [38]. In addition to this, blood collection requires trained personnel and special 

supplies such as gauzes, syringes and probes that generate dangerous infectious biological 

waste that increase the price and hinder its total dominance as a source of biomarkers. Due to all 
these factors, many recent researchers have focused their work on the exploration of minimally 

invasive biofluids such as saliva, sweat, and tears. Saliva collection can be carried out by 

untrained personnel or even by the patient, through a simple, economical, and non-invasive 

process. Furthermore, it requires less supplies and manipulation than blood during extraction, 

pretreatment, and diagnostic procedures [36], [39]. Some advantages among other biofluids 

include that its extraction does not require privacy as in urine collection, it is not difficult to 

stimulate as in the case of tears and it does not require physical effort as in sweat [40]–[44]. For 

this reason, saliva has gained ground and stood out over other biofluids as a source of biomarkers. 

 

Saliva is a colorless and odorless intercellular ultrafiltrate from the blood with a pH of 6.2 

to 7.6 [45] and a density of 1.002 to 1.012 g/mL [46]. Its origin takes place in the major and minor 

salivary glands and from the gingival crevicular fluid [47]. Saliva is an abundant biological fluid 

since a person normally produces between 500 and 1500 mL of saliva per day [48]. Chemically it 

is composed almost entirely of water (99%), however, it contains multiple molecules such as 

proteins, enzymes, sugars, electrolytes, antibodies, DNA, RNA, among others. In fact, metabolic 

studies of saliva have identified more than 850 different metabolites [41] and it is known that many 

of them vary their concentration in pathological states [49].  

 

As stated above, saliva can be collected through a simple process with minimal risk of 
cross-contamination (if taken under the right conditions), which can be achieved through  

instructing the patient on the requirements and recommendations necessary for the donation. 

Furthermore, it generally requires less preparation for analysis and occupies less space for 

storage than other samples such as urine and blood [50]. All these characteristics provide saliva 

notable advantages that postulate it as an attention-grabbing alternative in non-invasively 

diagnosis, especially in patients with little or no tolerance to exsanguination.  

 

There are several strategies for saliva collection, the two most common are spitting directly 

into a container (unstimulated saliva) and collecting it with the help of a sponge or some other 
device (stimulated saliva). However, if necessary, it can also be obtained directly from the salivary 
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glandular duct [51]. The choice of the sampling method depends on the biomarker, their 

quantification method and, most importantly, the availability of materials and equipment, as well 

as other operational and economic aspects that hinder or facilitate this process. While the outlook 

for saliva as a source of information in diabetes diagnosis appears to be promising, there are 

some methodological issues that have not been considered so far, and that pose challenges on 
its way to becoming a serious competitor to blood. The next section of this thesis focuses on the 

identification process and the initial quantification of biomarkers in saliva, highlighting the main 

bottlenecks in the techniques that are currently commonly used for these purposes. Although this 

combination results in a powerful analytical technique, its high cost, high operational difficulty, 

and limited access to most laboratories make it impossible for it to become a routine laboratory 

technique. 

1.3. Current Techniques for Salivary Biomarker Identification 

As previously stated, the identification and development of preliminary profiles is the first 

necessary step for the discovery of biomarkers. This is possible through the use of highly sensitive 

analytical techniques such as liquid chromatography or gas chromatography usually coupled to 

mass spectrometry (LC-MS and GC-MS, respectively) [13]. This section of the thesis seeks to 

highlight the strengths of the main analytical techniques used for the identification and profiling of 

salivary biomarkers, including the methodological aspects that prevent these techniques from 

being used as a large-scale diagnostic method.  
 

The analytical techniques for biomarkers identification and profiling present differences in 

terms of the principle of their operation, the pre-treatment required to analyze the samples, and 

the manner of interpreting the obtained results [52]. For example, MS is a technique based on 

obtaining ions from the molecules present in the sample, which are separated according to their 

mass and charge and subsequently identified [53]. This makes it possible to measure hundreds, 

or even thousands, of metabolites in various samples such as blood, tissues, urine, cerebrospinal 

fluid, and saliva, among others [54]. Although, MS results ideal for biomarker detection and 

profiling, it should be considered that this technique is destructive since the ionization of the 

sample is necessary for its analysis, hindering further studies with the same sample.  

 

Nuclear magnetic resonance (NMR) is another analytical method commonly used in 

metabolomics for the search for biomarkers in saliva. It is based on the interaction of magnetic 
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moments of the nuclei of atoms with magnetic fields that enables the obtention of electronic, 

physical, chemical, and structural information of the molecules based on the chemical shift of the 

resonance frequencies of the nuclear spins in the sample [55]. NMR is a reproducible and robust 

method that has several advantages over others used for such purposes. For example, its use 

allows the detection of metabolites of a volatile nature without the need for derivatization of the 
compound to increase its detectability as in GC [56]. Although sample preparation is less labor 

intensive than LC, its sensitivity is lower compared to other coupled techniques such as GC-MS 

and LC-MS, which can detect molecules below the detection limit of NMR. 

 

Another alternative technique for the identification of biomarkers in saliva that has recently 

gained acceptance is capillary electrophoresis-MS (CE-MS) [57]. This method merges the 

capacity of electrophoresis to separate molecules according to their size and charge in an electric 

field with the detection capacity of MS [58], resulting in a technique with interesting characteristics 

for the projected purposes [59]. The high efficiency in separation within short periods of time 

stands out as one of the most plausible advantages. Its fusion with MS is essential to obtain a 

complementary technique that offers high resolution in the separation under different 

physiological conditions, provides detailed structural information and presents lower detection 

limits than other techniques. This has allowed it to increase his popularity rapidly. Only in the 

period between 2018 and 2020, more than 50 articles using this technique for metabolite profiling 

were published [60]. Although this is a clear reflection of its enormous potential in metabolomics, 

it must be considered that for this technique to be reproducible, the current problems related to 

the loss of metabolites must be addressed [60].  

 

The implementation of these analytical techniques, together with the growing interest in 
the search for diagnostic and therapeutic targets, have led to a "boom" in the identification and 

quantification of new biomarkers. However, its methodological limitations undoubtedly hamper its 

potential as a large-scale diagnostic tool. This is largely because the huge investment required 

for equipment acquisition, staff training, and testing is beyond the reach of most laboratories. In 

addition, its use on a large scale is methodologically impossible, and the need to develop simpler 

and cheaper methodologies that fulfill this function becomes evident. In this category, techniques 

based on antibodies, enzymes or electrochemistry are used for the diagnosis, monitoring, and 

control of high-recurrence diseases due to their simplicity, relatively low-cost, and sensitivity. In 

the following sections of this research work, various aspects related to techniques based on the 
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use of enzymes will be addressed, discussing their main characteristics and the elements to be 

considered in their development and optimization.  

1.4. Enzymatic Methods for the Detection of Salivary Biomarkers Challenges 

Enzymes are molecules of a protein nature with the ability to accelerate chemical reactions, 

consuming a substrate and generating one or more by-products [61]. This principle is the basis 

of enzyme assays for diagnostic purposes in which enzymes are generally used to consume the 

biomarker with the respective generation of a by-product in a period of time [62]. Currently, 

enzymatic methods have numerous examples that demonstrate their applicability for the 

quantification of biomarkers [63]–[65]. Their popularity lies in the fact that they are relatively low 

cost, very flexible methodologies with the ability to be implemented for the simultaneous 
quantification of several biomarkers [66]. Although these characteristics are advantageous, it 

should be considered that saliva samples are a fairly heterogeneous mixture of compounds of a 

diverse nature that could act as interferents in the quantification procedure. These and other 

characteristics related to saliva, the type of enzyme assay and its standardization will be 

presented in the following sections of this research work. Likewise, special emphasis will be 

placed on the current biosafety measures for the collection, processing, and correct disposal of 

saliva samples that must be implemented due to the pandemic caused by the SARS-CoV-2 virus. 

These challenges and considerations in the development of enzymatic methodologies are 

graphically presented in Figure 2. 
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1.4.1. Sample-Related Challenges 

Diagnostic based on saliva samples has application in personalized medicine to assess the 

physiological conditions of the patient, track the progression of a disease and monitor the efficacy 

of therapies. As in other samples, saliva collection is the preliminary phase of the analysis process, 

Figure 2. Graphic representation of the main challenges to consider in developing enzymatic 
methodologies for quantifying salivary biomarkers. Sample-related challenges (diet, circadian cycle, 
sample collection time, sex, age, physical composition, and other anatomical factors such as the size of the 
salivary glands); enzymatic method-related (type of assay, correlation degree, and limits of detection and 
quantification); extrinsic factors (the type of enzyme, the concentrations of enzyme, substrate and other 
reagents and the presence of interferents); COVID-19 related factors (precautions and security measures in 
the collection, processing, and disposal of the sample). 
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but unlike other fluids such as blood (where its collection involves the use of special materials and 

requires trained personnel), in saliva, this step is carried out through a simpler process. Saliva 

can be obtained through a convenient, non-invasive process, by professionals who are not 

necessarily health professionals, by properly instructed people or even by self-sampling [47]. 

However, it is important to mention that the patient must receive detailed information about the 
sampling protocol, including the importance of the exact moment of sampling, avoiding brushing 

teeth before sampling and the intake of beverages, food or any other product at least 30 minutes 

before collection [40]. This is because saliva is a complex and heterogeneous biological sample 

that can lead to measurement errors if the correct time and conditions are not standardized. 

Likewise, the person in charge of supervising the collection must be careful to reject samples 

contaminated with blood, which generate deviations in the results and must be discarded [67]. 

Similarly, various biological factors can generate deviations in the results, so the need to obtain 

as much information as possible about the patient becomes evident. For example, some 

uncontrollable factors such as circadian cycle, circannual cycle, age, gender, body weight, and 

size of salivary glands affect the concentration of metabolites in saliva [68]. There are other 

elements that are controllable through simple instructions to the patient prior to donation, such as 

hydration level, food or medication intake, visual stimulation, vigorous exercise, avoiding the use 

of lipstick or any balm or product for lips [69], [70]. 

 
The consumption of substances such as alcohol, tobacco and drugs as well as the 

presence of diseases can also modify the viscosity, pH and composition of saliva, resulting in 

changes that can alter the enzyme activity and cause variations in the measurement of 

biomarkers [45], [71], [72]. Different classes of drugs, especially those with anticholinergic action 

such as antidepressants, antipsychotics, antihypertensives, anxiolytics, antipsychotics, 
antihistamines, cause a marked decrease in salivary flow, altering the natural composition of 

saliva [73]. In addition, hyposalivation causes dry mouth, increasing the incidence of dental caries, 

oral infections, swallowing problems, and a general decrease in oral health [74]. Similarly, chronic 

alcohol and tobacco use can influence on salivary flow, systemically modifying the protein 

concentration and composition of saliva. Alcohol is known to increase the incidence of dental 

caries and mucosal lesions. In addition, several studies have observed a decrease of up to one 

unit of salivary pH in alcoholic patients [75], [76]. This is of great importance, since many enzymes 

are sensitive to changes in pH and their activity may be affected during enzyme assays. This 

could explain the correlation found in in vivo studies between the alcohol and tobacco 
consumption and the decrease in the activity of various enzymes such as alcohol dehydrogenase 
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[77], glyceraldehyde-3-phosphate dehydrogenase [78], salivary amylase [79]. Furthermore, a 

recent study demonstrated for the first time that 180 days of ethanol intoxication in a rat model 

causes changes in various morphological structures, and in the enzymatic activity of the salivary 

glands and the parotid salivary gland [80]. Undoubtedly, the biological effects reported in these 

studies can be extrapolated to other enzymes, which represents a clear factor that should be 
considered as an explanatory variable for samples with discrepant results. 

 

The substances contained in tobacco and the smoke generated in cigarettes can destroy 

macromolecules such as proteins and enzymes, reducing the self-protection capacity of saliva 

and making it an easy target for bacterial infections [81]. In fact, smoking is considered the most 

important risk factor for the development of periodontal diseases [82]. In addition, tobacco can 

also change salivary flow, viscosity, volume, and pH. This is due to the loss of sensitivity of the 

salivary receptors responsible for secretion due to chronic exposure to tobacco smoke [83]. These 

effects were revealed in a comparative study that included both smokers and non-smokers, in 

which a decrease in salivary pH and volume and an increase in viscosity were observed in 

smokers compared with non-smokers [84]. Although these factors mentioned above cannot be 

"controlled", they can be recorded in the patient's information to be considered for the purposes 

of the study. 

 

On the other hand, certain pathological conditions such as oral infections [85], diabetes 

[86], [87], kidney disease [88], Sjogren's syndrome [89], viral infections [90], and cancer [91] have 

a direct effect on the composition salivary and its presence can lead to variations in the 

composition of saliva. In this sense, one of the most reported is diabetes, in which patients 

suffering from the disease have low levels of amylase and high levels of salivary glucose [92]–
[94]. Other studies have also determined a decrease of up to one pH unit in the saliva of diabetics 

compared to non-diabetics [87], [95]. This decrease is mainly due to an increase in the 

concentration of sugars that occurs in saliva during diabetes [94]. These sugars are substrates 

for the bacteria responsible for caries, which leads to an increase in oral infections that result in 

an acidification of the environment as a product of their metabolism. This reduction in pH can 

generate variations in enzyme determinations if it is not properly studied and controlled [96]. 
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1.4.2. Enzymatic Method-Related Challenges 

Sample-related considerations are just the beginning in the development of enzyme-

based methods. These techniques are catalytic systems based on the ability of enzymes to 

degrade a substrate with the respective production of a by-product, which can be detected by 

various strategies [62]. These tests can be performed both qualitatively and quantitatively [97]. 

Qualitative assays are generally used only to detect the presence or absence of an enzyme and/or 

substrate in a given sample. On the other hand, qualitative assays should provide as accurate 

data as possible on enzyme and/or substrate concentration. While for qualitative methods, the 

use of colored compounds detectable with the naked eye is sufficient to confirm or deny the 

presence of enzymes or substrates, quantitative methods often make use of specialized 
equipment that allows determination of color changes with higher resolution than seen with the 

naked eye [98]. In this sense, enzymatic methods can be based on the appearance or 

disappearance of a product with or without the need for a coloring agent. Each case will depend 

on the nature of the reaction itself and the needs of the method. Likewise, in quantitative methods, 

the detection depends on the availability of an appropriate instrument. Within the range of 

commonly used analytical equipment, the use of colorimeters, photometers, and 

spectrophotometers stands out [99]. In this sense, spectrophotometric techniques are perhaps 

the most used at the diagnostic level since, in addition to the visible range, they cover the 

ultraviolet spectrum, invisible to the eye [100]. 
 

The basic principle of spectrophotometry is the quantification of the amount of light 

absorbed by a sample when a light beam passes through it [101]. In this way, if the initial and final 

light intensity is known, the amount of light absorbed (absorbance) can be estimated. In enzyme-

based assays, light absorption varies in response to the production of compounds resulting from 

enzyme activity in either single or multiple reactions. These techniques are simple in terms of 

reagents, material, equipment, and personnel training, allowing their rapid spread and wide 

acceptance. Despite this, they often turn out to be inadequate to detect biomarkers at very low 

concentrations and optimization strategies are required to increase their sensitivity, which 

complicates the process [100]. 
 

Other more sensitive variant options based on fluorescence or chemiluminescence have 

been developed seeking to overcome some of the limitations presented by conventional 
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ultraviolet-visible (UV-Vis) based spectrophotometric methods [102], [103]. These techniques 

make use of various molecules with the ability to become excited by absorbing light and emitting 

it at a given wavelength. Although these techniques are generally much more sensitive, they are 

more expensive since the equipment used has special characteristics, the tests are more prone 

to interference due to impurities in the sample and are highly affected by light. Table 1 shows 
some examples of the application of these spectrophotometric methods for the quantification of 

various biomarkers in different biological matrices. 

 
Table 1. Examples of the application of spectrophotometric methods for the quantification of 

biomarkers in different biofluids. 

Method Principle Detection 
Range Biofluid Biomarker Detection  

Limit Reference 

Colorimetric Absorption of radiation in the visible 
area by colored substances M-nM 

Blood Glucose 31 µg mL−1 [104] 
Saliva Glucose 0.36 µg mL−1 [105] 
Sweat Cortisol 97 ng mL−1 [106] 
Urine Tyrosine 2.54 µM [107] 

Luminescent Light emitted by a molecule when 
receiving radiant energy 

mM-nM 
Blood Glucose 80 nM [108] 
Saliva Glucose 0.63 nM [109] 
Urine Melamine 3.5 ng mL−1 [110] 

Fluorescent Light emitted by a molecule when 
receiving radiant energy mM-nM 

Blood Glucose 3.7 µM [111] 
Sweat Chloride 3 mM [112] 
Urine Iodide 100 nM [113] 

 

 

As has been seen, the options offered by spectrophotometry are varied, and the selection 

of the technique must consider multiple elements. For instance, if an inexpensive method is 

needed for the determination of high concentrations of molecules with relative precision, a 
colorimetric assay would be a suitable option. Otherwise, if the molecules are present in low 

concentrations and high precision is required, the most recommended methods would be 

fluorescent and luminescent. Despite all these advances and the promising panorama that can 

be seen regarding saliva use as a diagnostic tool, its expansion has been slowed down by the 

lack of simple and economical methodologies. In this sense, there is an area of opportunity to 

solve this need and contribute to improving the diagnosis and control of patients with several 

diseases using a few drops of saliva. In any case, the development of the method is accompanied 

by an optimization stage in which different parameters play a fundamental role and are described 

below. 
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1.4.3. Method Development and Standardization-Related Challenges 

As star players of the game, enzymes are the most important factor to consider in the 

development of enzyme assays. Given that each enzyme has differences in terms of the ideal 

conditions to reach its maximum activity, it is important to premeditatedly know these conditions 

and identify those with greater relevance. This is because (sometimes small) variations in its ideal 

atmosphere can cause loss of enzyme activity [114], leading to inconsistent results or errors in 

enzyme-based tests. These conditions include parameters such as pH, temperature, ionic 

strength, type and concentration of enzyme, as well as the concentration of the substrate and the 

presence or absence of inhibitory or interfering substances [98]. All these factors can have a 

significant positive or negative impact on the catalytic activity of the enzymes, so they must be 
carefully standardized. These conditions are mostly dictated by the type of enzyme and its origin. 

For example, most mammalian-derived enzymes exhibit their greatest catalytic activity under near 

physiological conditions (pH ~7.4, temperature ~37°C, and ionic strength ~0.15 M) [115]–[117]. 

 

Unlike blood, which has efficient mechanisms that enforce the conditions described above 

to maintain life, saliva can show significant deviations from these values. In general, saliva has a 

pH that, under normal conditions, ranges between 6.2 and 7.6 (average pH of 6.7) [45], [87]. The 

average of these values is almost one pH unit below that found in the blood, so it is recommended 

to study their effect on enzymes. In fact, the effects of these variations have been documented in 
various research papers. For example, Bolella et al. demonstrated that fructose oxidase suffers 

a drastic loss of its enzymatic activity if it increases only 0.5 units in its optimal pH value (pH=5.5) 

[118]. Like this, many other examples can be found in the literature [119]–[122]. This highlights 

the importance of studying the effect of this often-undervalued parameter and providing the proper 

pH conditions for enzymes. For this, the use of buffer solutions adjusted to the optimum pH of the 

enzyme is usually sufficient, however, if more than one enzyme is used as in multi-enzyme studies, 

this becomes more challenging and another strategy must be considered. 

 

Temperature is a parameter that, like pH, has a known effect on enzyme activity. In 

enzymatic reactions as well as in any chemical reaction, the evolution of the reaction is largely 
related to temperature. In general terms, it can be said that the higher the temperature, the higher 

the reaction rate. But this "principle" is only fulfilled up to certain temperatures, since very high 

temperatures (usually greater than 55 °C) cause the denaturation and loss of activity of non-



Chapter 1 - Introduction 

16 

 

thermo-resistant enzymes [123]. This loss of activity with increasing temperature is due to an 

increase in the flexibility of the active site in the enzyme and its denaturation [124]. Due to this, 

temperature is a factor that, if not controlled, can result in variations in the results. 

 

Likewise, ionic strength is a factor to consider in the development and optimization of 
enzyme-based methods. This property can be defined as the number of ions that are present in 

a solution [125]. In general terms, the ions have an effect on the electrostatic potential of the 

solution. In the case of enzymes, they can alter the stability and solubility of both enzymes and 

their substrates [126]. Saliva is a hypotonic biofluid with low ionic strength that contains various 

phosphate, calcium, thiocyanate, and carbonate ions [127]. Its ionic strength is closely related to 

other important parameters such as viscosity, buffer capacity and pH [84]. In general terms, the 

higher the ionic strength, the lower the viscosity and the greater the buffer capacity [128]. In the 

case of pH, this will depend on the present concentrations of the ionic species. In enzymatic 

assays, alterations in these parameters cause a decrease in enzymatic activity since they hinder 

the movement of enzymes and substrates in the medium, alter the catalytic site, and in general, 

slow down the reaction [116]. This effect is of vital importance and can be controlled by performing 

conductivity studies.  

 

The balance between the concentrations of enzymes, substrate, and dye is perhaps one 

of the most important elements on which lies the success of these tests. This equilibrium 

represents the main challenge to face in the test development and optimization stage. In saliva, 

biomarker concentrations are often well below those found in other fluids such as blood. In 

addition, due to its direct contact with the environment, it contains multiple molecules that can 

interfere with determinations [41]. These interferents can hinder the correct development of the 
enzymatic reaction and contribute to deviations in the results. This inconvenience with saliva is 

one of the bottlenecks in the generalization of its use as a source of biomarkers for diagnostic 

tests. Here, some simple operations, such as centrifugation and filtration, can greatly reduce the 

unwanted effects caused by interfering substances such as cell debris, food fragments, the 

presence of mucus and turbidity, making the sample more suitable for their analyzes [129]. For 

instance, the centrifugation process helps to effectively reduce the viscosity, by separating most 

of the solids present in the sample, resulting in a clearer and easier to process supernatant [130]. 
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1.4.4. Challenges in the COVID-19 Era  

The emergence of the COVID-19 pandemic has changed the world in every way. In 

diagnosis, it has highlighted the importance of having safe and effective strategies for sampling, 

processing, and diagnosing diseases. In this regard, saliva has become a valuable tool for the 

diagnosis of SARS-CoV-2. During this thesis, mention has been made of the main challenges 

related to the development of enzyme-based diagnostic platforms using saliva as a sample; 

however, the aspects related to COVID-19 are undoubtedly novel and unanticipated. Although 

saliva sampling strategies are well standardized; the pandemic has reinforced the implementation 

of measures to ensure the health of both the personnel in charge of sampling and processing and 

the donor itself. In some techniques, such as those based on oropharyngeal/nasopharyngeal 
swabs, there are a series of safety limitations for the personnel who collect the saliva sample, and 

other techniques such as self-collection following previous instructions can reduce the risk of 

contagion and spread of the virus [131]. Disinfectant wipes should also be provided to participants 

after saliva collection for disinfection of hands and the outer surface of the tube or device used 

for collection.  

 

Recommended measures regarding the sampling site include the use of an isolated area 

(individual if possible) to avoid exposure of staff and other patients. Along with sampling, 

processing carries a risk of latent contagion for health personnel, so security measures and 
personal protection materials such as gloves, mask, face shield, gown, protective glasses, among 

others [131]. Likewise, the correct disposal of waste related to personal protective equipment and 

that generated during the sampling and processing of saliva is imperative, which must be treated 

as potentially infectious and disposed of following the regulations established by international 

organizations regarding the management of medical waste related to COVID-19 [131], [132]. 

These considerations are just some of those necessary to ensure protection and minimize 

contagion during sampling and the processing and disposal of samples. 

 

As can be observed, enzyme-based colorimetric platforms have attracted the attention of 

researchers to be used as a viable alternative for the quantification of biomarkers due to their 
characteristics such as low cost, simplicity, flexibility, specificity and adjustable sensitivity [8], 

[133]. To date, several reports of the applicability of these methods for the quantification of 

biomarkers in different biological samples have been reported. However, the studies that use 
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saliva as a biological matrix are very limited and no report was found of a study comparing two 

dyes for the quantification of glucose in saliva. Within these aforementioned methodologies, those 

based on the quantification of H2O2 are especially useful given their flexibility. 

 

H2O2 (in its diluted form) is a colorless and odorless water-soluble liquid, composed of 
hydrogen and oxygen [134]. Despite its simple chemical structure, this compound is of great 

importance in textile, manufacturing, environmental, pharmaceutical, and clinical applications 

[135]. In living organisms, it has functions as a signaling molecule for numerous biological 

processes related to proliferation, differentiation, inflammation, apoptosis, tissue repair, among 

others [136]. This molecule is highly unstable and reacts easily with oxidizable organic matter, 

metals, and in alkaline solutions producing hydroxyl free radicals, which can in turn react with 

proteins, lipids, and DNA [134]. It is also known that some factors such as light, temperature and 

the presence of enzymes with oxidoreductase activity favor its degradation [137]. This principle 

is the base of many analytical methods for H2O2 detection. 

 

In this thesis, a colorimetric technique based on two enzyme-catalyzed reactions was 

employed. In the first reaction, the biomarker is oxidized by a substrate-specific oxidoreductase, 

generating H2O2 [138]. In the second reaction, the H2O2 is degraded by the action of a peroxidase, 

(HRP), leading to the formation of the hydroxyl radical (•OH) [139]. This radical can oxidize a dye 

with the release of water, resulting in a concentration-dependent color change of the solution 

[140]. For this, two different wide used dyes were proposed. In the systems, the underlying 

reaction responsible for the quantifiable color is due to the generation of the oxidized form of the 

compounds. This strategy has been widely reported in other similar works. 

 
The first dye to be tested was 3,3’,5,5'-tetramethylbenzidine (TMB), the reaction 

responsible for the quantifiable color is the conversion of TMB to its oxidized form (OxTMB) which 

is a green-blue compound [141]. This compound has been successfully used for the quantification 

of biomarkers related to several diseases in different works. For instance, Wu et al. developed  

an immunoassay for the detection of prostate-specific antigen by the generation of OxTMB with 

satisfactory results in the detection both in buffer and in serum samples [142]. Similarly, Chen et 

al. presented a colorimetric method based on the use of nanosheets of reduced graphene and 

TMB for the detection of ascorbic acid with excellent sensitivity [143]. Many other examples of the 

applicability of the TMB in the development of analytical methods can be found in the literature 
[144]–[146].  
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Later, the same process was carried out replacing the TMB with 2,2'-azinobis [3-

ethylbenzothiazoline-6-sulfonic]-diammonium (ABTS). In this case, the development of the 

colored compound is due to the formation of ABTS•+ which has a green coloration. Although 

ABTS is mainly used to determine the antioxidant capacity of food products [147], [148], its use 

for the quantification of biomarkers with diagnostic value has also been reported. For example, 
Hoyo et al. recently reported the use of ABTS for the development of a method for 

myeloperoxidase quantification that has wide application in lung disease, wound infections, and 

early adverse cardiac events [149]. Likewise, Huanan et al. developed a methodology using ABTS 

for the colorimetric detection of glutathione using a linear model [150]. These are just a few 

examples of the applicability of this dye for the purposes proposed in this project. 

 

After demonstrating that the proposed platform responds adequately to changes in the 

concentration of H2O2, it was proceeded to modify this methodology generating H2O2 using 

oxidases. These enzymes are oxidoreductases that catalyzes the oxidation of the biomarker using 

O2 as electron acceptor with the simultaneous generation of a molecule of H2O2 [151]. In this way, 

the concentration of H2O2 can be directly correlated with the concentration of the proposed 

biomarkers.  

 

In the case of glucose quantification, this strategy has been successfully implemented as 

the basis of different developments that seek to innovate and improve the detection of this sugar. 

For instance, Naveen Prasad et al. developed a non-invasive detection method for glucose 

quantification in human urine using a glucose oxidase-based system that replaces the use of HRP 

by adding a copper NanoZyme for color generation [152]. In another study, a simple approach 

based on the use of glucose oxidase and graphene oxide/MnO2 conjugated with HRP to detect 
glucose concentration in whole blood was reported with clinical potential for applications in blood 

glucose monitoring [104]. Many other works can be found in the literature [153]–[155], however, 

few of them focus their efforts on simplifying the process, making it suitable both economically 

and operationally.  Similarly, methods based on H2O2 production have been reported for the 

quantification of galactose [156], uric acid (UA) [157], and 1,5-anhydroglucitol (1,5-AHG) [158]. 

 

Overall, this project aimed to develop and standardize a simple multi-enzyme system for 

the colorimetric quantification of disease metabolic-related salivary biomarkers. For this, multiple 

methodological aspects related to pretreatment, sample processing, and quantification of different 
biomarkers in saliva samples were addressed.  
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1.5. Justification 

The development of colorimetric analytical techniques for clinical diagnosis has grown 

enormously since they are a flexible, economical, and simple platform for the detection of analytes. 

Currently, the number of commercially available dye options for is vast, so their selection must be 
made considering the required sensitivity and specificity. Among them, TMB was selected due to 

its high sensitivity and rapid oxidation [159]. This dye has been reported in different systems for 

the detection of metabolites such as glucose [160], galactose [156], UA [161], glutathione [162], 

and lactate [163]. Similarly, the dye ABTS is frequently used for the quantification of biomarkers 

such as glucose [164], galactose [165], UA [166] and L-lactate [167]. Although ABTS is generally 

less sensitive than TMB due to its slow oxidation and color development [168], it is soluble in 

water and has four points of maximum absorption, providing the possibility of avoiding 

interference by components at a given wavelength.  

 

Studies in the literature on these two chromogens are extensive [161], [162], [168]–[171], 
however, few studies on their use in unconventional samples, such as saliva, have been reported 

[172]–[174]. In addition, no comparative study was found regarding the performance of these two 

dyes for the quantification of salivary glucose. Likewise, no reports of similar colorimetric 

methodologies were found that demonstrate the flexibility of the method by adapting it for the 

quantification of multiple biomarkers at biologically relevant concentrations in both conventional 

and unconventional biofluids. Therefore, it is relevant to compare the sensitivity, specificity, 

precision and accuracy of these two dyes in saliva samples, where the concentrations of 

biomarkers are notably lower than those found in other biofluids [175]. 

1.6. Hypothesis and objectives 

Hypothesis  
It is possible to develop and optimize a flexible enzyme-based platform for the colorimetric 

quantification of salivary biomarkers. 

 

General objective  
To develop and optimize a flexible enzyme-based platform for the colorimetric 

quantification of salivary biomarkers. 
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Specific objectives  
1) To develop, optimize and compare two enzymatic systems (TMB and ABTS) for the 

colorimetric quantification of hydrogen peroxide (H2O2) under buffer conditions. 
2) To develop, optimize and compare two enzymatic systems (TMB and ABTS) for the 

colorimetric quantification of glucose under buffer conditions. 

3) To validate the applicability of the optimized enzymatic system for the colorimetric 

quantification of salivary glucose. 

4) To adapt and optimize the enzyme system for colorimetric quantification of galactose 

under buffer conditions. 

5) To adapt and optimize the enzyme system for colorimetric quantification of UA under 

buffer conditions. 

6) To adapt and optimize the enzyme system for colorimetric quantification of 1,5-AHG under 

buffer conditions. 
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2 Materials and methods 

2.1. Quantitative Detection of H2O2 in Buffer Conditions  

For H2O2 quantification, 40 µL of a set of solutions containing 1-100 µM of H2O2 (H1009-

100mL , Sigma-Aldrich Co., St Louis, MO, USA), and 40 µL of phosphate-citrate buffer (150 mM, 

pH 5) (Citric acid monohydrate (ACM-190621-01) and dibasic sodium phosphate (FSDA-190621-

01), DEQ, Monterrey, NL, Mexico) were placed into a 96-well Corning Costar plate (3370, Corning 
Inc., Kennebunk, ME, USA) and mixed with 80 µL of a solution containing TMB (860336-5G, 

Sigma-Aldrich Co., St Louis, MO, USA), (2.5 mM) and HRP (P8375-5KU, Sigma-Aldrich Co., St 

Louis, MO, USA) (0.05 mg/mL). The resulted solution was incubated in darkness for 15 min at 37 

°C for color development. The corresponding UV-Vis spectra of the resulted solutions were 

determined in the range of 300 to 800 nm using a Synergy™ HT Multidetection microplate reader 

(BioTek Instruments Inc., Winooski, VT, USA). This procedure was replicated for the ABTS 

reaction by replacing TMB solution with ABTS (10102946001 Roche Diagnostics, Mannheim, 

Germany) (5 mM). 

 
 Once the reactions for TMB and ABTS were carried out and the quantification of H2O2 

completed, the possibility of stopping the reaction to generate a stable product was explored by 

adding an acid solution. For this, 40 µL a solution containing sulfuric acid (H2SO4) (15588644 JT 

Baker, Phillipsburg, NJ, USA) (1 M) was added to the mixture described above and the 

corresponding UV-Vis spectra obtained. 

2.2. Quantitative Detection of Glucose in Buffer Conditions 

Thereafter, glucose determination was performed using the previously described protocol, 

adding another step to produce H2O2 through the glucose oxidase-glucose system. For this, 40 

mL of a set of glucose, D-(+) (215530, BD DIFCO, Sparks, MD, USA) solutions (10-1000 µM) in 

phosphate-citrate buffer (150 mM, pH 5) were mixed with 40 µL of phosphate-citrate buffer and 

40 µL of glucose oxidase from Aspergillus niger (G7141-50KU, Sigma-Aldrich Co., St Louis, MO, 
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USA), (1 mg/mL). The resulted solution was incubated for 30 min at 37 °C under dark conditions 

to produce H2O2. Thereafter, the procedure for H2O2 was followed for color development and 
obtaining the corresponding UV-Vis spectra. This process was replicated for glucose 

quantification in the ABTS system by replacing the TMB solution with ABTS (10 mM). Finally, the 

reaction was stopped after 15 min of incubation, and the UV-Vis spectra acquired as previously 

described. 

2.3. Selectivity Analysis for Glucose Detection 

The analytical selectivity of enzyme-substrate-HRP-TMB/ABTS colorimetric systems for 

glucose detection under buffer conditions was assessed. For this, 40 µL (300 µM) of each of the 

following substrates; trehalose D-(+) from Saccharomyces cerevisiae (T0167-100), sorbose         

D-(-) (85541-50G), xylose D-(+) (X3877-25G), galactose D-(+) (G0750-500G), mannose D-(+) 

(M2069), mannitol (M4125-100G), sucrose (M4125-100G) (all this products were obtained from 

Sigma-Aldrich Co., St Louis, MO, USA), or glucose were incubated with glucose oxidase (1 

mg/mL) to determine the selectivity of this enzyme against the different substrates. The samples 

were incubated as established in the previous section. 40 µL of phosphate-citrate buffer were 

used as a negative control. After this, as in the previous sections, the reaction was stopped to 
obtain a stable product by adding 40 µL a solution containing H2SO4 (1 M). Data was read at 370 

and 450 nm for unstopped and stopped reactions, respectively. 

2.4. Human Saliva Sample Collection 

After glucose quantification under buffered conditions, this process was tested on real 

saliva samples. All human saliva samples were collected following strict safety and hygiene 

measures to prevent the spread of SARS-CoV-2 and the guidelines of the Research Ethics 

Committee of the School of Medicine of the Instituto Tecnológico y de Estudios Superiores de 

Monterrey, (P000400-pH-saliva-CEIC-CR002, dated July 14, 2020). Likewise, each study 

participant received and signed an informed consent document. Unstimulated saliva samples (in 

the absence of mechanical or other stimuli) were collected by passive saliva (by expectoration) 

for up to 10 minutes in 15 ml tubes (Corning, catalog number 430766). The donors were healthy 

subjects without known metabolic alterations, aged between 24 and 32 years old. To minimize 
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effects related to the circadian cycle, all samples were collected between 10:00 and 11:00 am. 

Likewise, donors were previously instructed to avoid eating any food and beverages, smoking, 
and brushing their teeth at least 2 hours before sampling.  

 

Subsequently, the saliva samples were immediately processed. First, the sample was 

filtered through a cotton-paper-syringe system [176]. The homemade filter consists of 4 disks of 

approximately 3 cm (diameter) of Whatman No. 1 filter paper that are inserted into the bottom of 

a sterile 50 mL syringe, followed by a sterile cotton ball (approximately 0.5 g) positioned on top of 

the filter paper. The saliva sample is placed on the cotton and the plunger pressed to filter the 

sample using the cotton-paper-syringe system. A graphical illustration of this process is presented 

in Figure 3. The filtered saliva is collected in a 15 mL tube and then centrifuged at 4,700 rpm for 

10 min at 4 °C (Sorvall Legend X1R centrifuge, Thermo Fisher Scientific, Waltham, MA, USA). 
After the centrifugation process, the supernatant is recovered in another tube and the pellet 

discarded. Finally, the centrifugated samples were immediately processed or frozen at -80 °C. 

 

Figure 3. Schematic illustration of the procedure used for the filtration of saliva samples. (1) four 
circles of filter paper inserted into the bottom of the syringe; (2) cotton ball placed on syringe containing 
filter paper; (3) introduction of the saliva sample; (4) Placing the plunger and applying pressure to filter the 
saliva. 



 

Chapter 2 - Materials and methods  26 

 

26 

 

2.5. Human Saliva Sample Preparation 

After saliva centrifugation (or thawing), 400 µL of centrifuged saliva were placed into a 2 

mL Eppendorf tube (tube 1) for enzymatic treatment. Thereafter, 12 µL of glucose oxidase (10.3 

mg/mL), 12 µL of galactose oxidase from Dactylium dendroides (G7400-10KU, Sigma-Aldrich 

Co., St Louis, MO, USA) (32.6 mg/mL), 12 µL of pyranose oxidase from Coriolus sp. (P4234-1KU, 

Sigma-Aldrich Co., St Louis, MO, USA), (6.6 mg/mL) were added for all sugar removal. Similarly, 

400 µL of centrifuged saliva were placed into another tube (tube 2) and added with 12 µL of 
galactose oxidase (32.6 mg/mL) and 24 µL of phosphate-citrate buffer for galactose depletion. 

Both tubes were incubated for 45 min at 37 °C in a thermoblock (VWR, Radnor, PA, USA). After 

this incubation, 12 µL of catalase from bovine liver (SRE0041-10G, Sigma-Aldrich Co., St Louis, 

MO, USA), (8.6 mg/mL) were added to each tube for the elimination of the generated H2O2 and 

incubated for another 45 min at 37 °C. Subsequently, the tubes were centrifuged (VWR micro 

1814, West Chester, PA, USA) at 14,000 x g for 10 min at RT to separate most of the enzymes 

used in the sugar depletion and peroxide removal processes. The supernatant was collected and 

placed into an Amicon Ultra-0.5 Centrifugal Filter of 3 kDa (catalog number UFC500396, Millipore, 

Billerica, MA, USA) and centrifuged at 14,000 x g for 30 min at RT for enzyme retention. The 

filtered samples were used for the glucose quantification process as stated above, replacing the 

40 µL of buffer with 40 µL of saliva from tube 1 for the construction of the internal calibration curve 

and 40 µL of saliva from tube 2 for the quantification of glucose in the human saliva samples. 

 

2.6. Methodology Adaptation for the Quantitative Detection of Biomarkers in 

Buffer 

For the quantification of biomarkers, the protocol for glucose described above was 

adapted and optimized for each biomarker in terms of pH, buffer, incubation time and 

concentration of enzymes and substrates. All subsequent experiments were performed using only 

TMB due to its better performance observed in tests for glucose quantification. 

 

For galactose quantification, 40 µL of a set of galactose solutions (10-1000 µM) in 

phosphate buffer (monobasic sodium phosphate (NaH2PO4) (FSMA-1962101-01, DEQ, 
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Monterrey, NL, Mexico) and Na2HPO4) (0.1 M, pH 6) were placed into a 96-well plate and mixed 

with 40 µL of galactose oxidase (3 mg/mL). Then, the mixture was incubated for 30 min at 37 °C 
in darkness to produce H2O2. Subsequently, the procedure described above was followed, 

optimizing the protocol by increasing the pH to 6 and the concentrations of TMB to 3.75 mM and 

HRP to 0.15 mg/mL. Finally, 40 µL of a solution containing H2SO4 (1 M) were  added to stop the 

reaction after 30 min of incubation. The corresponding UV-Vis spectra were obtained in the range 

of 300 to 800 nm and the color change was measured at 450 nm (wavelength of maximum 

absorptivity).  

 

This protocol was then adapted for UA quantification using 40 µL of UA (U2625, Sigma-

Aldrich Co., St Louis, MO, USA), solutions (0.1-100 µM) in phosphate buffer (0.1 M, pH 9) and 40 

µL of uricase from Bacillus fastidiosus (94310-5MG, Sigma-Aldrich Co., St Louis, MO, USA), (0.2 
mg/mL). The resulted solution was incubated for 15 min at 37 °C for H2O2 generation. 80 µL of a 

solution containing TMB (2.5 mM) and HRP (0.1 mg/mL) were added for color development and 

finally, 40 µL of the acid solution containing H2SO4 (1 M) were  added and the UV-Vis spectra and 

color change were achieved after 15 min of incubation at 450 nm. 

 

Lastly, the method was adapted for the quantification of 1,5-AHG by mixing 40 µL of 1,5-

AHG solutions (0.5-80 µM) in phosphate buffer (0.1 M, pH 7) and 40 µL of pyranose oxidase (1 

mg/mL). The obtained mixture was incubated for 15 min at 37 °C in darkness. Ultimately, the 

process and concentrations tested  in the UA quantification system were conserved to obtain the 
UV-Vis spectra and color change measurements after 15 min of incubation at 450 nm. 

2.7. Selectivity Analysis for the Detection of Biomarkers  

As in the glucose quantification, the analytical selectivity of the different enzyme-substrate-

HRP-TMB colorimetric systems was assessed. For this, 40 µL of each of the following substrates 

1,5-AHG (A7165-100MG, Sigma-Aldrich Co., St Louis, MO, USA), fructose D-(-) (F2543, Sigma-
Aldrich Co., St Louis, MO, USA), galactose, glucose, mannitol, mannose, sorbose, sucrose, 

trehalose, UA, and xylose (300 µM for the galactose oxidase-substrate-HRP-H2O2-TMB, 100 µM 

for the uricase-substrate-HRP-H2O2-TMB, and 50 µM for the pyranose oxidase-substrate-HRP-

H2O2-TMB) were incubated with galactose oxidase (3 mg/mL), uricase (0.2 mg/mL) or pyranose 
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oxidase (0.1 mg/mL) as earlier established. The color change measurements were accomplished 

as stated in the previous section. 40 µL of the corresponding buffer solution was used as a 
negative control in each case. 

2.8. Statistical Analysis 

GraphPad Prism version 8.0.0 software (GraphPad Software, San Diego, CA, USA) was 

utilized for all the statistical analysis. The obtained results were shown as the mean of three 

independent measurements ± standard deviation. ANOVA and Dunnett’s tests were used to 

assess the difference between groups in the enzyme selectivity test. In all the cases the respective 

buffer was used as the control group. The p-values <0.05 were considered significant  unless 

otherwise stated. 
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3 Results  

3.1. Quantitative Detection of H2O2 in Buffer 

In this study, the appropriate conditions for the colorimetric quantification of H2O2 and 

glucose were established. First, increasing concentrations of H2O2 were used to assess the ability 

of the method to respond to changes in H2O2 concentrations. As presented in Figure 4, a change 

in absorbance intensity was observed with increasing H2O2 concentration in TMB system (Figure 
4a). The product of the reaction (OxTMB) was observable with the naked eye by the appearance 

of a green-blue color. This coloration presents a concentration-dependent pattern with two 

absorption peaks (370 and 650 nm). However, the peak at 370 nm was selected as it shows the 

highest intensity and fits well to a linear model (R2 >0.998) as shown in Figure 4b. 

 
Figure 4. (a) UV-Vis absorbance spectra of HRP-H2O2-TMB system with different concentrations of 
H2O2. (b) Linear calibration plot of HRP-H2O2-TMB system for the quantification of H2O2. The error 
bars exemplify the standard deviations of three independent measurements. 

 

On the contrary, a green coloration appears in the system using ABTS. This color is due 
to the formation of the ABTS radical cation (ABTS•+) which has a maximum peak of absorption 

at ~420 nm (Figure 5a) followed by other peaks at ~650 and ~740 nm. As in the system using 

TMB, this system demonstrated a concentration-dependent behavior, increasing the signal in 
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proportion to the concentration of H2O2 present in the sample. Figure 5b corresponds to the linear 

regression graph of the system using ABTS. As can be seen, this system fits the linear model in 
the range of H2O2 concentrations explored in this work (1 to 100 µM). 

 

 

Figure 5. (a) UV-Vis absorbance spectra of HRP-H2O2-ABTS system with different concentrations of 
H2O2. (b) Linear calibration plot of HRP-H2O2-ABTS system for the quantification of H2O2. The error 
bars exemplify the standard deviations of three independent measurements. 

 

Subsequently, the reaction described above was stopped by acidifying the medium using 

a solution of H2SO4. This process results in the generation of a visible yellow color due to the 

production of the diamine compound (TMB+2). As can be seen in Figure 6a, the appearance of 

this compound causes an evident modification in the spectrum pattern that is reflected as a 

change in the absorption maximum wavelength from 370 to 450 nm. However, the previously 

observed concentration-dependent pattern is preserved and, as in the non-stop reaction, the 
system fits satisfactorily (R2 >0.999) to a linear regression model (Figure 6b). 
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Figure 6. (a) UV-Vis absorbance spectra of HRP-H2O2-TMB system with different concentrations of 
H2O2 after the addition of H2SO4 to stop the reaction. (b) Linear calibration graph of the stopped 
HRP-H2O2-TMB system for the quantification of H2O2. The error bars exemplify the standard deviations 
of three independent measurements. 

 
In the case of the system using ABTS, this process completes the chemical reaction, 

resulting in an increase in the stability of the previously observed green color. As can be seen in 

Figure 7a, there are no significant changes in the pattern of the spectrum, maintaining its shape 

and its maximum absorption length (~420 nm). Likewise, no negative effect was observed on the 

linear behavior of the system, adjusting in a good way to the linear regression model (R2 >0.996) 

as shown in Figure 7b. 

Figure 7. (a) UV-Vis absorbance spectra of HRP-H2O2-ABTS system with different concentrations of 
H2O2 after the addition of H2SO4 to stop the reaction. (b) Linear calibration graph of the stopped 
HRP-H2O2-ABTS system for the quantification of H2O2. The error bars exemplify the standard deviations 
of three independent measurements.  
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Lastly, it is important to show that all the experiments for H2O2 and glucose quantification 

were performed using phosphate-citrate buffer (150 mM, pH 5) due to optimal enzymatic 
conditions (data not shown).  

3.2. Quantitative Detection of Glucose in Buffer Conditions 

At this stage of the project, the H2O2 necessary for the reaction was generated by the 

oxidation of glucose by glucose oxidase. Figure 8a shows the absorption spectrum obtained 

when known concentrations of glucose were incubated with glucose oxidase in the HRP-H2O2-

TMB system. As can be seen, the spectrum preserves the pattern observed for H2O2 with this 

system, observing two large absorption peaks (one at 370 and the other at 650 nm) with a 

concentration-dependent behavior. Likewise, the calibration curve resulting from these values 

displays adequate linearity (R2 >0.997) in the range of concentrations studied. 

 
Figure 8. (a) UV-Vis absorbance spectra of glucose oxidase-glucose-HRP-H2O2-TMB system with 
different concentrations of glucose. (b) Linear calibration plot of glucose oxidase-glucose-HRP-
H2O2-TMB system for the quantification of glucose. The error bars exemplify the standard deviations of 
three independent measurements. 

 

This strategy was also implemented in the glucose oxidase-glucose-HRP-H2O2-ABTS 

system. Here, the concentration-dependent pattern in the spectrum seen before was observed 

with the maximum absorption point at ~420 nm (Figure 9a). Similarly, Figure 9b shows the linear 

regression graph of this system using ABTS in which good linearity (R2 >0.999) can be seen in 

the range of glucose concentrations tested in this work. 
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Figure 9. (a) UV-Vis absorbance spectra of glucose oxidase-glucose-HRP-H2O2-ABTS system with 
different concentrations of glucose. (b) Linear calibration plot of glucose oxidase-glucose-HRP-
H2O2-ABTS system for the quantification of glucose. The error bars exemplify the standard deviations 
of three independent measurements.  

 
Finally, for glucose, the procedure described above was repeated to stop the reaction 

using a solution of H2SO4. As can be seen in Figure 10a, the acidification of the medium causes 

an evident change in the aspect of the spectrum, observable as a change in the maximum 

wavelength of absorption from 370 to 450 nm. This change is similar to that previously observed 

for the system using H2O2 as substrate. Similarly, an increase in absorbance could be observed, 

shifting one of the values (400 µM) outside the range of Lambert Beer's law (0-2). Regarding the 

linearity of the system, it can be seen in Figure 10b, that the system continues to adjust 

adequately to the linear model (R2 >0.998) after the reaction is stopped. 
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Figure 10. (a) UV-Vis absorbance spectra of glucose oxidase-glucose-HRP-H2O2-TMB system with 
different concentrations of glucose after the addition of H2SO4 to stop the reaction. (b) Linear 
calibration graph of the stopped glucose oxidase-glucose-HRP-H2O2-TMB system for the 
quantification of glucose. The error bars exemplify the standard deviations of three independent 
measurements. 

On the other hand, the results observed in Figure 10a using ABTS as dye showed that 

there are no changes in the behavior of the previously observed spectrum, observing the 

maximum absorption point at ~420 nm. Likewise, Figure 10b shows that the change in 

absorbance is directly dependent on the glucose concentration following the already mentioned 

linear model (R2 >998). 

 
Figure 11. (a) UV-Vis absorbance spectra of glucose oxidase-glucose-HRP-H2O2-ABTS system with 
different concentrations of glucose after the addition of H2SO4 to stop the reaction. (b) Linear 
calibration graph of the stopped glucose oxidase-glucose-HRP-H2O2-ABTS system for the 
quantification of glucose. The error bars exemplify the standard deviations of three independent 
measurements. 
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Other important parameters to consider in the development and optimization of analytical 

methods are the limit of detection (LOD) and the limit of quantification (LOQ). These values are 
an estimate of the sensitivity power of the method. Table 2 summarizes the LOD and LOQ values 

obtained for each of the systems tested under the different conditions described above. 

 
Table 2. Detection and quantification limits for the different systems under the analyzed 

conditions. 

 

 

 

 

 

 

 

3.3. Selectivity Analysis for Glucose Detection 

Subsequently, the selectivity of the glucose oxidase enzyme in the presence of various 

substrates (trehalose, sorbose, xylose, galactose, mannose, mannitol, sucrose and glucose) was 

evaluated. The results of this test are graphically presented in Figure 12. As can be seen, glucose 

oxidase presents a higher signal when incubated with glucose sugar, indicating a higher affinity 

for this substrate both in the system using TMB (Figure 12a) and ABTS (Figure 12b). However, 

other sugars such as xylose, galactose and mannose exhibited significant differences (p value 

<0.001) in Dunnett's test using buffer as control. 

 

Substrate Dye 
Reaction  
condition 

LOD  
[µM] 

LOQ  
[µM] 

Linear 
range [µM] 

H2O2 

TMB 
Non-Stopped 2.5 7.5 

0-100 
Stopped 2.0 6.1 

ABTS 
Non-Stopped 4.3 13.2 

Stopped 1.7 5.2 

Glucose 
TMB 

Non-Stopped 9.4 28.4 0-500 

Stopped 3.5 10.6 0-300 

ABTS 
Non-Stopped 4.9 14.9 

0-400 
Stopped 9.5 28.9 

              R2, coefficient of determination; LOD, limit of detection (3.3*σ/slope); LOQ, limit of quantification (10*σ/slope). 
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Figure 12. Graphical representation of the selectivity analysis for glucose detection in (a) glucose 
oxidase-substrate-HRP-H2O2-TMB and (b) glucose oxidase-substrate-HRP-H2O2-ABTS systems using 
different substrates with a final concentration of 60 µM. *p-value <0.001 xylose, galactose and glucose vs 
buffer. 

 

Then, a test was carried out to evaluate the feasibility of using galactose oxidase to deplete 

the galactose present in the sample without affecting the glucose concentration, as a strategy to 

avoid interference from abundant sugars in saliva. As seen in Figure 13, galactose oxidase shows 

an exclusive affinity for galactose in the TMB (Figure 13a) and ABTS (Figure 13b) systems, 

representing a simple strategy to avoid interference. 
 

 
Figure 13. Graphical representation of the selectivity analysis for galactose detection in (a) galactose 
oxidase-substrate-HRP-H2O2-TMB and (b) galactose oxidase-substrate-HRP-H2O2-ABTS systems using 
different substrates with a final concentration of 60 µM. *p-value <0.001 galactose vs buffer. 
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3.4. Quantification of Glucose in Saliva Samples 

As a preliminary approach to the development of a future diagnostic test for diabetes 

disease, glucose concentration of human saliva samples was determined. The glucose oxidase-

glucose-HRP-H2O2-ABTS system could not be used for glucose quantification in saliva samples 

under the conditions explored, due to absorbance inhibition (data not shown). Due to this, this 

system was discarded for such purposes and the following tests were performed using the 

glucose oxidase-glucose-HRP-H2O2-TMB system. In contrast, as can be seen in Table 3, this 
system was able to quantify glucose in three independent saliva samples. The glucose values 

found in unstimulated human saliva samples from healthy patients found in this work ranged 

between 48 and 72 µM. In addition, low intra-experiment variation (SD <1.3) and good precision 

(coefficient of variation (CV) <2.7%) were obtained in the quantification. 

 
Table 3. Quantification of glucose in human saliva samples using the glucose oxidase-glucose-

HRP-H2O2-oxidase enzymatic system. 

 

 

 

 
 

 

 

It is important to mention that all the calibration curves used for salivary glucose 

quantification showed R2 values greater than 0.997, which shows the ability of the proposed 

analytical method to proportionally respond to glucose concentrations under the explored 

conditions. In addition, the calibration curves used for glucose quantification in saliva exhibited 

adequate precision (CV <1.3%) and low intra-repetition dispersion (CV <1%). Similarly, the 

calculated LOD and LOQ (4.2 ± 1.0 µM and 12.8 ± 3.1 µM, respectively), are well below the 

quantified glucose values, indicating their suitability for this purpose.  

 

Sample Glucose (µM)a SD CV (%) 

1 48.8 1.3 2.7 

2 59.0 0.7 1.2 

3 71.9 0.7 0.99 

a Average of three independent determination 

CV, coefficient of variation; SD, standard deviation. 
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Afterwards, the ability of the method to detect changes in glucose concentration in saliva 

samples was evaluated. To do this, known amounts of glucose were added to three samples of 
human saliva and then quantified. As can be seen in Table 4, the method was able to detect 

changes of 50, 16 and 8 µM glucose with high precision (SD <1.6, CV <4.2%). The best results 

were observed at concentrations of 50 and 16 µM with recoveries between 96 and 102%. In 

contrast, a decrease in recovery (86-93%) was observed when 8 µM glucose was added. 
 

Table 4. Capacity of glucose oxidase-glucose-HRP-H2O2-TMB system for glucose quantification in 
human saliva samples after the addition of glucose solutions. 

 

 

 

 

 

 

 
 

3.5. Methodology Adaptation for the Quantitative Detection of Biomarkers in 

Buffer 

The next stage of this research consisted in the adaptation of the optimized methodology 

described above for the quantification of three salivary biomarkers with relevance in the diagnosis 

of diabetes. The first biomarker selected was galactose for its role as an interferent in glucose 

measurement. As can be seen in Figure 14a, the spectrum obtained for this biomarker shows 

the same concentration-dependent behavior described for the stopped reaction of H2O2 and 

glucose, exhibiting a single point of maximum absorption at 450 nm. In addition, the data obtained 

showed an acceptable intra-read variability (SD <5.7%) and adequately fit the linear regression 

model (R2 >0.997) in the tested range (10 to 1000 µM) as presented in the curve calibration of 

Sample Added glucose (µM)a Quantified glucose (µM) a SD CV (%) Recovery (%) 
 

1 

 

50 48.8 1.6 2.7 98 
16 15.4 0.3 1.9 96 
8 6.9 0.1 1.6 86 

2 

50 50.9 0.2 0.5 102 
16 16.4 0.1 0.3 102 
8 7.1 0.3 4.1 89 

3 

50 50.6 0.1 0.2 101 
16 16.1 0.2 1.0 100 
8 7.4 0.1 1.1 93 

a Average of three independent determination; CV, coefficient of variation; SD, standard deviation. 

 



 

Chapter 3 - Results  40 

 

40 

 

Figure 14b. These results indicate that the methodology was successfully adapted for galactose 

quantification at the concentrations explored.  

 
Figure 14. (a) UV-Vis absorbance spectra of galactose oxidase-galactose-HRP-H2O2-TMB system 
with different concentrations of galactose after the addition of H2SO4 to stop the reaction. (b) Linear 
calibration graph of the stopped galactose oxidase-galactose-HRP-H2O2-TMB system for the 
quantification of galactose. The error bars exemplify the standard deviations of three independent 
measurements. 

 

Afterwards, this system was tested for UA quantification. This molecule is a known 

biomarker for different biological processes and diseases. In addition, it is the main antioxidant in 

saliva, so its presence could have an effect on oxidation-based methodologies such as the one 

developed here. Figure 15 shows the results obtained for the system adapted for the 

quantification of UA. As can be seen, the UV-Vis spectrum obtained shows the concentration-

dependent shape, indicating that it is capable of responding adequately to changes in the amount 

of UA. In addition, the calibration curve generated with the data obtained with this system showed 

adequate linearity (R2 >0.998) with adequate intra-reading variability (SD <6.0%) in a 

concentration range as wide as 0.1-100 µM. 
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Figure 15. (a) UV-Vis absorbance spectra of uricase-UA-HRP-H2O2-TMB system with different 
concentrations of UA after the addition of H2SO4 to stop the reaction. (b) Linear calibration graph of 
the stopped uricase-UA-HRP-H2O2-TMB system for the quantification of UA. The error bars exemplify 
the standard deviations of three independent measurements. 

 

The final test of this system consisted in its adaptation for the quantification of 1,5-AHG. 

Research on this molecule has increased due to its usefulness for monitoring glycemic control in 

the short term (2-12 days), which is why it has been presented as a more sensitive marker for the 

diagnosis and monitoring of diabetes. The results obtained in this work with respect to the UV-Vis 

spectra and the calibration curve for 1,5-AHG can be seen in Figure 16. In this system, a behavior 

similar to that seen before was obtained in terms of the spectral pattern (Figure 16a) displaying 

a peak at 450 nm that increased directly with concentration. Regarding the calibration curve 
shown in Figure 16b, the system adequately adjusted to the linear model (R2 >0.997) in the 

concentration range explored (0.5 to 80 µM) with suitable intra-reading variability (SD <5.9%). 
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Figure 16. (a) UV-Vis absorbance spectra of pyranose oxidase-1,5-AHG-HRP-H2O2-TMB system with 
different concentrations of 1,5-AHG after the addition of H2SO4 to stop the reaction. (b) Linear 
calibration graph of the stopped pyranose oxidase-1,5-AHG-HRP-H2O2-TMB system for the 
quantification of 1,5-AHG. The error bars exemplify the standard deviations of three independent 
measurements. 

 

After adapting and optimizing the systems for the quantification of galactose, UA and 1.5 
AHG by modifying incubation times as well as enzyme and dye concentrations, their LOD and 

LOQ were calculated. Table 5 summarizes the main modifications made to adapt the protocol, 

and the LOD and LOQ obtained under these conditions. In general terms, the system for the 

quantification of galactose required twice the incubation time, and 50% more in the concentration 

of HRP and TMB than those used for the systems for UA and 1,5-AHG. In these systems, the 

same concentration of HRP and TMB used for glucose were required, but only half the incubation 

time. 
 

Table 5. Summary of the optimized conditions of the different systems for the quantification of 
biomarkers and their LOD and LOQ obtained under these conditions. 

 

Substrate 
Oxidase 
enzyme 

Incubation 1 
(min) 

HRP 
[mg/mL] 

TMB 
[mM] 

Incubation 2 
(min) 

LOD 
[µM] 

LOQ 
[µM] 

Galactose 
Galactose oxidase  

[3 mg/mL] 
30 0.15 3.7 30 4 12 

Uric acid 
Uricase 

[0.2 mg/mL] 
15 0.1 2.5 15 0.2 0.5 

1,5-anhydroglucitol 
Pyranose oxidase 

[0.1 mg/mL] 
15 0.1 2.5 15 0.1 0.3 

HRP, horseradish peroxidase; LOD, limit of detection (3.3*σ/slope); LOQ, limit of quantification (10*σ/slope); 

TMB, 3,3′,5,5′-tetramethylbenzidine. 
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3.6. Selectivity Analysis for the Detection of Biomarkers 

Much of the success and popularity of any analytical method lies in its ability to selectively 

detect and quantify an analyte. The selectivity of the systems developed for the detection and 

quantification of galactose, AU and 1,5-AHG was evaluated by studying their response when 

incubated with different substrates.  

 

The acquired results for these systems are shown graphically in Figure 17. As can be 
seen in Figures 17a and 17b, the systems for galactose and UA quantification showed exclusive 

selectivity for their respective substrate (p-value <0.001) in Dunnett’s test (using buffer as control), 

since no significant changes in absorbance were observed for the other studied compounds. On 

the other hand, Figure 17c revealed a significant difference (p-value <0.001) in Dunnett’s test 

(using buffer as control) in the determination of galactose, glucose, sorbose and xylose when 

incubated with the enzyme pyranose oxidase. Among them, only galactose and glucose are 

abundant sugars in saliva and must be depleted, since they can greatly interfere with the 

quantification process of this biomarker in these samples. 
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Figure 17. Graphical representation of the selectivity analysis of the studied enzymatic systems 
using the following final compounds concentrations(a) 300 µM for the galactose oxidase-substrate-
HRP-H2O2-TMB, (b) 100 µM for the uricase-substrate-HRP-H2O2-TMB, and (c) 50 µM for the pyranose 
oxidase- substrate -HRP-H2O2-TMB. *p-value <0.001 vs buffer. 

3.7. Quantification of Biomarkers in Buffer 

Another important characteristic of analytical methods is their ability to respond to changes 

in analyte concentration accurately and precisely. For this, known concentrations of the different 
substrates were quantified using the calibration curves obtained for each optimized enzyme 

system. The galactose oxidase-galactose-HRP-H2O2-TMB system was able to quantify different 

concentrations of galactose (750, 375, 187.5 and 100 µM) with low intra-experiment variation (SD 

<2.4%) and good precision (CV <2.4%). Likewise, the recovery percentages obtained in this 

system are very close to 100% (100-101%). Similarly, the optimized uricase-UA-HRP-H2O2-TMB 

system was able to quantify UA at concentrations of 90, 75, 25, and 7.5 µM, observing very low 

intra-experiment variation (SD <1.8%), very good precision (CV <1.8%) and high recovery 



 

Chapter 3 - Results  45 

 

45 

 

percentages (between 99-103%). Finally, the optimized pyranose oxidase-1,5-AHG-HRP-H2O2-

TMB system was tested in the same way. This system allowed the successful quantification of 
1,5-AHG at different concentrations (60, 40, 25, and 15 µM) with low intra-experimental variability 

(SD <5.5%), adequate precision (CV <3.3%) and excellent recovery percentages (99-101%). 

Table 6 summarizes the main findings found in this work regarding the quantification of the 3 

different substrates. All these results suggest that the optimized systems are suitable for 

measuring galactose, UA, and 1,5-AHG under the established conditions in the explored 

concentration ranges.  

 
Table 6. Capacity of the different optimized enzyme-substrate-HRP-H2O2-TMB systems for 

substrate quantification in buffer conditions. 

 

 

 

Biomarker Added (µM)a Quantified (µM) a SD (%) CV (%) Recovery (%) 
 

Galactose 

 

750 748.2 2.4 2.4 100 

375 379.4 0.4 0.4 101 
187.5 189.7 1.2 1.2 101 

 100 99.6 2.0 2.0 100 

Uric acid 

90 89.3 1.8 1.8 99 

75 77.5 0.4 0.4 103 
25 25.2 0.7 0.7 101 

7.5 7.7 1.5 1.4 103 

1,5-anhydroglucitol 

60 60.2 2.3 1.4 100 
40 40.3 5.5 3.3 101 
25 25.2 3.2 1.9 101 

15 14.9 2.6 1.6 99 
a Average of three independent determination. CV, coefficient of variation; SD, standard deviation. 

 

 
Biomarker Added (µM)a Quantified (µM) a SD (%) CV (%) Recovery (%) 

 

Galactose 

 

750 748.16 2.37 2.38 99.75 
375 379.44 0.35 0.35 101.19 

187.5 189.71 1.16 1.15 101.18 
 100 99.56 2.01 2.03 99.56 

Uric acid 

90 89.28 1.76 1.77 99.21 

75 77.54 0.43 0.41 103.39 
25 25.19 0.68 0.68 100.77 

7.5 7.72 1.47 1.38 102.95 

1,5-anhydroglucitol 

60 60.16 2.26 1.35 100.26 
40 40.31 5.52 3.29 100.78 
25 25.22 3.2 1.91 100.89 

15 14.88 2.6 1.59 99.21 
a Average of three independent determination. CV, coefficient of variation; SD, standard deviation. 
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4 Discussion 

4.1. Quantitative Detection of H2O2 in Buffer 

As the initial step for the development of this approach, the capacity of the assay to 

respond in a concentration-dependent manner to variations in the concentration of H2O2 was 

demonstrated by adding a set of solutions containing H2O2. The subsequent stages consist of 

enzymatic reactions carried out in two steps. In this case, the H2O2 was generated by glucose 
oxidase in the first reaction. Subsequently, two H2O2 were decomposed by HRP in the presence 

of an electron donor chromogen (TMB or ABTS), causing its oxidation. These reactions culminate 

in the formation of a colored product that was quantified spectrophotometrically. Finally, the 

flexibility of this platform was evaluated by testing it using three different enzymes with their 

respective substrate. 

The first dye to be included in the system for the quantification of H2O2 was TMB. As 

shown in the previous section, the UV-Vis spectra of the H2O2 solutions with this dye were 

successfully obtained. As can be seen in Figure 4a, the spectrum obtained using the TMB 

presents two points of maximum absorption, one at 370 and the other at 650 nm. The selection 
of the wavelength used for the detection of OxTMB varies depending on the study and can be 

chosen based on the requirements of each development. For example, Fan et al. reported a novel 

method to detect the presence of ascorbic acid taking advantage of the OxTMB absorption peak 

generated at 370 nm. This peak is used to quench the fluorescence of ron-doped carbon dots by 

being superimposed with their excitation spectrum. Thus, the presence of ascorbic acid produces 

oxTMB and restores the fluorescence of the ron-doped carbon dots. This change in fluorescence 

intensity can be correlated with the concentration of ascorbic acid [177]. On the other hand, 

methodologies such as that presented by Honarasa et al. decide to quantify OxTMB using the 

peak observed at 650 nm [178]. In this work, it was decided to use the peak found at 370 nm, 

because it presents the highest absorbance signal and its regression graph showed a linearity 
close to 1 (Figure 4b). 

 

Later, the same process was carried out replacing the TMB with ABTS. In this system, a 

green compound is formed due to the formation of the ABTS•+. As presented in Figure 5a, a 
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maximum absorption peak at ~420 nm was observed, followed by other peaks at ~650 and ~740 

nm. These results agree with the information available in the literature, which establishes that in 
addition to these two peaks observed here, two more have been described, one at ~735 and the 

other at ~815 nm (not visible here) [179]. This characteristic of ABTS is one of its advantages 

over other dyes since it allows its quantification using different wavelengths, thus avoiding 

interference. There is no consensus regarding the choice of wavelength. In this work, this decision 

was made according to the recommendations of the supplier and reports in the literature of similar 

works [145], [180], [181]. In addition, this point presents the maximum absorbance signal and the 

curve generated using these data (Figure 5b) showed the necessary linearity for the purposes of 

this work. 

 

Despite that both OxTMB and ABTS.+ are quantifiable colored products, they are 
intermediate molecules that exhibit certain instability that can lead to variations in the results [182], 

[183]. Therefore, it was decided to use an acid solution to complete the reaction, converting these 

intermediate compounds into more stable products. Therefore, it was decided to use an acid 

solution to complete the reaction, converting the intermediate compounds into more stable 

products. This strategy has already been implemented in other works, reporting a notable 

increase in the stopped colorimetric signal for both the TMB and the ABTS systems. Moreover, 

the reaction is stopped, the colorimetric signal of the stopped TMB presents greater stability with 

smaller standard deviation values [184].  

 
In this work, the obtained results following this strategy demonstrated a marked increase 

in both the absorbance and the linearity of the calibration curve in the system using TMB (Figure 
4 and Figure 6). This is due to the conversion of OxTMB to diamine (TMB+2), an organic 

compound with two imines. Unlike OxTMB, this molecule is yellow in color, so the absorption 

pattern in the UV-Vis spectrum changes significantly. On the other hand, the system using ABTS 

did not show significant changes regarding these parameters (Figure 5 and Figure 7). 

4.2. Quantitative Detection of Glucose in Buffer Conditions 

After demonstrating that the proposed platform responds adequately to changes in the 

concentration of H2O2, it was proceeded to modify this methodology generating H2O2 galactose 
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oxidase. The results obtained in this work following this strategy with either TMB or ABTS showed 

that the proposed platform is flexible and robust since it can be easily adapted and works in a 
wide range of glucose concentrations (Figure 6 and Figure 8). It is important to highlight that the 

results were obtained using the same concentrations and times established for the detection and 

quantification of H2O2, which shows how simple it is to adapt the method for glucose 

quantifications. For both non-stop systems (TMB and ABTS) the obtained linear range was 10-

500 µM. These values are similar to those reported by Xu et al. and Xiao et al. who reported a 

linearity range of 1-500 µM for their respective glucose quantification methods [185], [186] and 

broader than those reported by other works such as those informed by Baek et al. and Zhang et 

al. who reported 30-100 µM and 2-100 µM, respectively [187], [188]. Furthermore, it should be 

noted that this range contains the salivary glucose values reported in unstimulated samples (40-

200 µM) [92], indicating that this method is suitable for this purpose. 

4.3. Selectivity Analysis for Glucose Detection  

As stated above, saliva is a heterogeneous biofluid containing a wide variety of molecules 

including electrolytes, antibodies, proteins, enzymes, urea, ammonia, sugars and other 

carbohydrates [189]. These components naturally present in saliva could interfere with the 
method, leading to deviations in the quantified glucose values. Therefore, the selectivity study of 

glucose oxidase was performed as described above. 

 

Glucose oxidase is an enzyme that has many applications in pharmaceutical, chemical, 

beverage, food, clinical chemistry, biotechnology as well as commercial processes to remove 

glucose and oxygen from various juices and beverages [151]. In the clinical area, various 

applications of this enzyme in the development of novel systems for diagnosis have been reported. 

Although glucose oxidase is an enzyme with high specificity for glucose, its activity is not exclusive 

to this substrate. In fact, it has been described that it can oxidize other sugars such as maltose 

[190]. Therefore, the selectivity of glucose oxidase was studied by substituting glucose for other 
saccharides (trehalose, sorbose, xylose, galactose, mannose, mannitol, sucrose, and glucose). 

 

As presented, sugars that showed a statistically significant absorbance signal when 

incubated with glucose oxidase were xylose, galactose, and mannose. These findings agree with 
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what is reported in the literature in this regard. For instance, Schleis et al. reported that the sugars 

xylose and galactose can interfere with blood glucose determination in a glucose oxidase-based 
system [191]. Similarly, Boehm et al. determined that xylose, galactose and mannose play an 

interfering role in glucose determination when they are present in concentrations higher than 

those found physiologically. Furthermore, galactose was reported to show the greatest interfering 

effect, followed by mannose and xylose [192]. These results agree with what was observed in this 

work regarding xylose, being the one that presented the lowest significant signal. However, they 

differ with respect to what was observed with galactose and mannose, in which mannose was the 

one with the highest significant signal. In any case, according to the literature, galactose is the 

only sugar that is found in saliva in sufficient concentrations (52.3-114.62 µM) [193] to interfere 

with the measurement of glucose. 

 
Due to this, it was necessary to design a strategy to remove galactose without affecting 

glucose concentration. For this, the selectivity of galactose oxidase to deplete the galactose 

present without affecting the glucose concentration was studied. As shown in the results section, 

galactose proved to be specific for its substrate, being a viable option for depletion of saliva 

samples. These findings agree with those published in the literature, in which no interference from 

sugars such as glucose, fructose and maltose [156] or from other compounds such as UA and 

ascorbic acid [194] is reported. 

4.4. Quantification of Glucose in Saliva Samples  

Glucose is the best known and more accepted biomarker for diabetes diagnostic 

worldwide [195]. Despite that blood is the biofluid par excellence for glucose quantification [8], it 

has been detected and quantified in breast milk [196], cerebrospinal fluid [197], feces [198], saliva 

[94], sweat [199], tears [200], and urine [201]. Among them, saliva has gained ground as an 

alternative biofluid for the quantification of biomarkers due to its simple collection through a non-

invasive process [202]. However, unlike blood, saliva is a non-sterile fluid that can contain 
materials and compounds that complicate the quantification process.  

 

In this research, the pre-treatment strategy for saliva was based on the filtration of the 

sample using a home-made filter, followed by a centrifugation process. In this way, it was possible 
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to remove most of the food-derived macromolecules, mucus and other large substances, resulting 

in a clearer saliva sample. In addition, an enzymatic process was implemented to remove sugars 
that could interfere in our determination. Like so, it was possible to successfully quantify glucose 

in saliva samples. Likewise, it is important to note that the method developed here used an internal 

calibration curve (prepared with saliva depleted of all sugars) for the analysis of each saliva in 

order to minimize the effect due to variations in composition between saliva samples. 

 

The glucose concentration values in unstimulated human saliva samples of healthy 

patients found in this work ranges from 48 to 72 µM. These values were similar to those reported 

in other similar investigations. For instance, Jurysta et al. reported glucose concentrations 

between 69.5 and 88.3 µM in unstimulated saliva samples of healthy patients [92]. Similarly, 

Zhang et al. reported salivary glucose values between 44 and 58 µM [203] and Takeda et al. 
established that normal salivary glucose concentrations are as wide as 4-389 µM [204]. 

Furthermore, the LOD and LOQ obtained for the calibration curves used in this method (4.2 µM 

and 12.8 µM, respectively) are well below the quantified values, indicating the feasibility of its use 

for the established purpose. These LODs are lower than those found in other similar works using 

TMB as a chromogen. For example, Zhou et al. and Kim et al. reported a LOD of 10 µM and 27 

µM, respectively in their developments used to quantify galactose in human serum samples [156], 

[165]. Similarly, Mercan et al. reported a LOD of 47 µM for its development used for glucose 

measurement [173]. This value is much higher than the reported in this work, indicating greater 

sensitivity in the developed method. Thus, the LOQ of the system developed here is comparable 
to those reported by Jose et al. [205] and Devasenathipathy et al. [206] who reported LOQ of 4 

and 4.1 µM, respectively. 

 

On the other hand, the system using ABTS as dye was unable to be used for the stated 

purposes due to an apparent inhibition of the absorbance signal. This made glucose quantification 

impossible under the explored conditions. This effect can be explained by the presence of 

different antioxidant compounds in saliva such as UA, albumin, ascorbate and glutathione [207]. 

Among them, UA is the main compound with antioxidant activity in saliva. Its concentration 

represents between 70% and 85% of the total antioxidant capacity in this biofluid [208]. Therefore, 

it is theorized that the UA present in saliva acts as an antioxidant agent in reaction, reversing the 

conversion of ABTS.+ to its non-oxidized form [148]. This phenomenon is the basis of studies to 

mediate antioxidant activity for which ABTS is one of the most widely used [209]. Although this 
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problem could be solved if the UA in the samples is depleted, it was decided to abandon the use 

of this dye for the following experiments. 
 

Finally, known concentrations of glucose were added to the saliva samples as a strategy 

to assess the accuracy of the method in responding to changes in concentration. The results 

obtained with this strategy were stated in the previous section. It should be noted that the recovery 

percentages obtained in this work are very close to 100% in concentrations of 50 and 16 µM, 

indicating the suitability of the method to measure these quantities. However, when lower 

concentrations (8 µM) were added, these percentages decreased considerably. Even so, the 

percentages were higher than 86%, so it is adequate considering that it is a too low concentration 

that would not affect the diagnosis. 

 

4.5. Methodology Adaptation for the Quantitative Detection of Biomarkers in 

Buffer 

After demonstrating that our method, is capable of being adapted for glucose 

quantification not only in buffer but also in real saliva samples, the possibility of being used for 

the quantification of other biomarkers was explored. These selected molecules were galactose, 

UA and 1,5-AHG for their role as biomarkers in different pathologies or as interferents. The 

strategy used for this consists of substituting the oxidase for each substrate and replicating the 

optimized methodology used for glucose quantification. Thus, only modifications to the protocol 

were made according to the particular requirements of each system. 
 

After glucose, galactose is one of the sugars with the highest concentration in saliva. In 

addition, as it was shown, the presence of galactose can interfere in the quantification of glucose. 

Therefore, the possibility of adapting the method for the measurement of this sugar under buffer 

conditions was explored. Galactose is a simple six-carbon sugar that is normally transformed to 

glucose in the liver by various enzymes [210]. However, the deficiency of the enzymes that 

metabolize it leads to a disorder known as galactosemia [211]. When circulating galactose 

exceeds the threshold of 1 mM this can produce brain damage leading to death [194]. Early 



 

Chapter 4 - Discussion  53 

 

53 

 

detection of this complication in newborns can prevent developmental disorders and their tragic 

effects. Thus, it is relevant to measure galactose either for its diagnostic or interference role. 
 

As shown before in Figure 14, the galactose oxidase-galactose-HRP-H2O2-TMB system 

was successfully adapted as the UV-vis spectra displayed a concentration-dependent pattern and 

the calibration curve showed adequate linearity over the range tested. This range was as wide as 

10 to 1000 µM, which is similar to that obtained by Kim et al., who reported a method with a range 

between 55 and 1100 µM of galactose [165], and higher than the reported by Zhou et al. (50 to 

500 µM) for its development [156]. Moreover, the obtained LOD and LOQ (3.96 and 12.01 µM, 

respectively) are far below the biological concentrations range reported for blood, urine, and saliva 

as summarized in Table 7.  
 

Table 7. Concentrations of the explored biomarkers in conventional and unconventional biofluids 
of healthy adults. 

 

 

 

Similarly, the LOD reported here is lower than those reported by other similar works using 

galactose oxidase. For example, Yu et al. reported a LOD of 10 µM [141], Kanyong et al. reported 

a LOD of 20 µM [218], and Khun et al. reported a LOD of 100 µM [219] for their respective 
developments. All this together indicates that the galactose oxidase-galactose-HRP-H2O2-TMB 

system is suitable for the galactose quantification in the concentrations established under de 

explored conditions. 

 

Biomarker 
Concentration [µM] 

Conventional biofluids Non-conventional biofluids 
Blood  Urine  Saliva  Sweat  Tear  

Galactose 
27 – 123 

[175] 

<280 

[175]  

52.3 - 114.62  

[212]  

Detected but not 

quantified  

[212], [213] 

Not reported 

Uric acid 
140 – 460 

[175], [214]  

2400 – 5000 

[175], [214] 

120 – 400 

[175], [212], [214] 

18 – 32 

[212]–[214] 

21 – 190 

[214], [215] 

1,5-anhydroglucitol 
73 – 243 

[175] 

3.5-31 

[175] 

1.7 - 4.7 

[175], [216], [217]  

Detected but not 

quantified[175] 
Not reported 



 

Chapter 4 - Discussion  54 

 

54 

 

Subsequently, the above described strategy was followed for the adaptation of the method 

for UA quantification. UA is a biomarker present in different biological fluids [220]. Under normal 
conditions, its concentration in the body remains constant through different reabsorption and 

excretion mechanisms [221]. Therefore, alterations in circulating UA levels may reflect immune, 

tissue, and metabolic disorders [222]. For instance, high levels of this compound have been 

related to processes of inflammation [223], oxidative stress [224], endothelial dysfunction [225], 

and inhibition of the insulin pathway [226]. In this sense, UA can be also directly related to obesity 

and diabetes [227]. In fact, different works have correlated it with an increased risk associated 

with arteriosclerotic vascular diseases of the heart, kidneys, and other organs [228], [229]. In 

addition, given its antioxidant role in saliva, UA can act as an interferent in methods based on 

oxidation such as the one developed here. 

 
As in the previous case, the UV-vis spectra for UA exhibited a concentration-dependent 

pattern and a calibration curve with adequate linearity in the concentration range of 0.1-100 µM. 

This range is broader than those obtained by other works such as da Silva et al. who report a 

linearity range of 5-70 µM [230] Badoei-dalfard et al. who described a method with a range of 4-

70 µM [231] and Olmo et al. who reported 10-100 µM for its development [232]. The LOD and 

LOQ obtained here were 0.16 and 0.48 µM, respectively. LOD reported here is similar to that 

obtained by Sen et al. who reported a LOD of 0.2 µM [233] and lower than those reported by 

Wang et al. who reported a LOD of 37 µM [161] and He et al. reported a LOD of 1 µM [234]. 

Furthermore, the LOQ and LOQ of this method are well below the AU values commonly reported 
for blood, urine, saliva, sweat and tears which are between 18 and 5000 µM as shown in Table 7 

Thus, this method could be theoretically applied for the measurement of UA in any of these 

biofluids by performing a simple dilution of the sample.  

 

Finally, this methodology was adapted for the quantification of 1,5-AHG, a biomarker 

present in saliva at very low concentrations. 1,5-AHG is a 1-deoxy form of glucose, entirely 

obtained from the diet [235]. Research concerning this molecule has increased due to its 

usefulness to monitor glycemic control in the short term (2-12 days) [236]. 1,5-AHG is a small and 

stable molecule that is not metabolized, so it does not undergo modifications [237]. The 

concentration of this molecule remains constant in healthy individuals, but it has been 

demonstrated that can decreases in hyperglycemic states (above the renal threshold of 180 
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mg/mL), so, it can be inversely correlated with glucose [238]. In this sense, 1,5-AHG is presented 

as a more sensitive marker for the diagnosis and monitoring of diabetes.  
 

The results observed in both the UV-vis spectra and the calibration curve (Figure 16) 

indicate that the pyranose oxidase-1,5-AHG-HRP-H2O2-TMB system is suitable for the suggested 

purposes. The linearity in this system was observed in the range between 0.5 and 80 µM. 

Moreover, the LOD and LOQ obtained here were 0.08 and 0.25 µM, respectively. These results 

indicate that this system is suitable for measuring concentrations as low as those found in biofluids 

such as urine and saliva, as shown in Table 7. This range of concentrations are very different 

from those obtained in other reports in the literature. For example, Zhou et al. obtained a linear 

range between 121 and 609 µM with a LOD of 0.87 µM [239]. Jang et al. reported a linear range 

of 356-1370 µM with a LOD of 19.5 µM [240]. Similarly, Liang et al. developed a method that is 
linear over a range between 60 and 2130 µM with a LOD of 60 µM [158]. Finally, in the case of 

the development of Nowatzke et al., the method showed linearity up to 670 µM with a LOD of 

2.98 µM [241]. 

 

Although in some cases the concentration ranges of 1,5-AHG that can be measured are 

very wide, they are not sensitive enough to measure concentrations such as those found in saliva. 

Therefore, the developed method represents a promising alternative for the measurement of this 

biomarker in saliva samples once it is fully standardized in these samples. 

 
It is important to highlight that all the buffer solutions used for this set of experiments were 

selected according to the conditions recommended by the supplier and reported in the literature. 

Phosphate buffer (0.1 M, pH 7) was used for galactose and 1,5-AHG and phosphate buffer (0.1 

M, pH 9) for UA. In the same way, the incubation times and the concentrations used for all the 

systems were optimized to maximize their detection capacity, as shown in Table 4. In addition, it 

is important to note that theoretically these systems would allow the quantification of galactose, 

UA and 1,5-AHG (either directly or with a simple dilution of the sample), in blood, urine and saliva 

samples, however, experiments must be performed to corroborate it. 
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4.6. Selectivity Analysis for the Detection of Biomarkers 

As mentioned above, much of the success of an analytical method lies in its ability to 

selectively detect and quantify its analyte(s). For this, the selectivity test was carried out for each 

of the enzymes used in the developed systems. This test consisted of incubating different 

solutions containing compounds that could be found in saliva samples to determine which of them 

could interfere with the quantification. 

 
Galactose oxidase is a copper metalloenzyme that catalyzes the oxidation of primary 

alcohols to the corresponding aldehydes with very high regioselectivity. In galactose, this 

specificity is due to the presence of a primary hydroxyl group located at carbon 6 [242]. Galactose 

oxidase is produced on a large scale for commercial purposes using different organisms including 

the genera Dactylium [243], Fusarium [244], and Polyporus [242]. Its applications include the 

enzymatic oxidation of alcohols, the chemoenzymatic synthesis of biomaterials, the production of 

sensors and analytical methods for the detection of galactose [165], [245].  

 

As shown in Figure 17a, galactose oxidase proved to be a very specific enzyme for its 

substrate, generating signal only when incubated with galactose. These results agree with those 

obtained by similar works in which no interference from sugars such as glucose, fructose and 

maltose [156] or from other compounds such as UA and ascorbic acid [194] was found. However, 

galactosamine, α-D-galactopyranoside, dihydroxyacetone, melibiose, raffinose, stachyose, 

methyl, methyl β-D-galactopyranoside, and large polysaccharides are also known to be 

substrates for this enzyme [246]. Fortunately, none of these compounds is found in saliva, at least 

in concentrations that can interfere with the quantification of galactose. 

 

Uricase, also known as urate oxidase, is an enzyme that catalyzes the oxidation of UA to 

5-hydroxyisourate with the subsequent formation of H2O2 [247]. This enzyme is present in almost 
all organisms, from simple bacteria to humans [248]. Unlike most mammals, human uricase lacks 

activity due to evolutionary processes, resulting in higher and more variable blood urate levels in 

humans than in other organisms [249]. Among its most important applications can be underlined 

its use as a treatment for patients with gout [250], characterization of antimicrobial activity [251], 
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antioxidant activity studies [252], as well as its use in the development of biosensors and 

diagnostic tests [253]. 
 

As for galactose, a selectivity study was carried out for the uricase-UA-HRP-H2O2-TMB 

system. The results graphically shown in Figure 17b demonstrate that uricase has an exclusive 

affinity for UA, as no significant difference was observed in the other studied compounds. These 

results agree with the works of de Fátima Giarola et al. and Shi et al. in which no interference was 

described by any of the evaluated molecules [254], [255]. These results indicate that this system 

can be a viable alternative for the quantification of UA. 

 

Finally, the same procedure was performed with the enzyme pyranose oxidase. This 

enzyme is a flavin-dependent oxidoreductase of the glucose-methanol-choline superfamily [256]. 
Pyranose oxidase has the ability to oxidize aldopyranoses at position C-2 to produce the 

corresponding 2-ketoaldoses and H2O2 [257]. Pyranose oxidase is naturally present in fungi with 

the ability to degrade wood [258]. Its production is mainly carried out using fungi of the genus 

Coriolus and Phlebiopsis. The main applications of this enzyme are in electrochemistry; for the 

development of biosensors and methodologies for the detection of sugars, in biotechnology; as a 

biocomponent in biofuel cells for small-scale energy production, in food science; as a transformer 

of carbohydrates due to its catalytic activity [257], [259]. 

 

Reported substrates for pyranose oxidase include D-glucose, D-galactose, L-sorbose, 
1,5-AHG, and D-xylose [246]. This information agrees with the results obtained in this work 

(Figure 17c) in which a significant difference (p value <0.001) was observed in Dunnett’s test in 

the determination of galactose, glucose, sorbose and xylose when incubated with pyranose 

oxidase. However, the highest signal was obtained with 1,5-AHG, showing a greater affinity for 

this sugar. In addition, only galactose [175] and glucose [214] are found in enough concentrations 

to cause interference in the determination of 1.5-AHG, so they must be depleted before the 

analysis. 



 

Chapter 4 - Discussion  58 

 

58 

 

4.7. Quantification of Biomarkers in Buffer 

Last, but perhaps one of the most important tests, an experiment was designed to 

measure the accuracy and precision of systems developed to respond to changes in analyte 

concentration. For each optimized system, different concentrations of its substrate were added. 

The results obtained in this test were summarized in Table 5.  

 

Regarding the galactose oxidase-galactose-HRP-H2O2-TMB system, the recovery 
percentages obtained here are between 100 and 101%. This test gives us an estimate expressed 

as a percentage of the ability of our analytical method to quantitatively determine the analyte that 

has been added to a sample [260]. Thus, the closer the values are to 100%, the better the 

recovery. Likewise, the precision (the repeatability of the results) of the system was calculated. 

For this, the CV was calculated dividing the standard deviation by the mean of the quantifications. 

The CVs obtained for the different concentrations added to this system were between 0.4 and 

2.4%. These values are in the acceptable range according to Villegas et al., 2006, who describes 

that for macro samples (greater than 0.1g/100g) the CV must be less than 1%, for trace samples 

(0.005 to 0.1g/100g) it is it can accept a CV of up to 5%, while for ultra-trace samples 

(0.0005g/100g) a CV of 10% can be considered good [261]. In addition, both the recovery 

percentages and the CVs obtained here are better than those reported by other similar studies. 

For example, Zhu et al. reported a recovery percentage between 104 and 105 with variability 

between 1.3 and 3.0% for its development [156]. Similarly, Kim et al. reported recovery 

percentages between 101 and 104% with CVs between 3.3 and 6.6% [165]. 

 

Similarly, the optimized uricase-UA-HRP-H2O2-TMB system was able to quantify UA at 

different concentrations (90, 75, 25 and 7.5 µM) with very low intra-experiment variation (SD <1.6) 

and excellent precision (CV <1.8%). In this system, the recovery percentages were between 99 

and 103%. These recovery percentages are similar to those obtained by Kiran et al. who reported 
percentages between 99 and 104% [262] and higher than those obtained by Shi et al. who 

reported percentages between 94 and 102% [255]. 

 

In the case of the pyranose oxidase-1,5-AHG-HRP-H2O2-TMB system, the recovery rates 

obtained were between 99 and 100% with CVs less than 3.3%. These percentages were the 
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closest to 100% of the tested systems. In addition, they are better than those reported by other 

methodologies. For example, Hamafuji et al. obtained percentages between 99.6 and 104.0% 
[263]. On the other hand, Fukumura et al. reported percentages between 98 and 105% [264]. 

 

In this work, an enzyme-based method for the colorimetric detection of salivary biomarkers 

related to diabetes disease was presented. Unlike other methods reported in the literature, these 

systems only require basic laboratory equipment for sample pre-treatment and processing. In 

addition, the results obtained here indicate that the platform is flexible, since it could be 

successfully adapted for the quantification of four biomarkers present in saliva by changing the 

buffer, enzyme and dye concentrations, and incubation times. Likewise, it proved to be sensitive, 

being able to measure these biomarkers in the range of biological concentrations found both in 

blood and in other non-conventional fluids such as saliva and tears with high precision and low 
variability. Taken together, these results suggest that this platform has the potential to contribute 

to the diagnosis of diabetes in the near future. 
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5 Conclusions and Perspectives 

Conclusions 
Enzymatic methods have shown great potential in the timely diagnosis of diseases. This 

has led to an increase in researcher in this area. However, few works have dedicated on testing 

the flexibility of enzymatic-based methodologies for the quantification of various biomarkers. 

Considering this, this doctoral thesis focused on the development, optimization and adaptation of 

an enzyme-based colorimetric platform for the quantification of different salivary biomarkers. The 

biomarkers explored here were selected due to their relationship with diabetes, one of the 

diseases with the greatest impact on global health. However, it should be noted that this method 

can be adapted to many other molecules present in pathological states.  
 

This research demonstrated the feasibility of employing this platform for the quantification 

of glucose, galactose, UA, and 1,5-AHG in buffer conditions, and glucose in real saliva samples. 

In addition, it is noteworthy that the sensitivity of the different systems is sufficient to quantify the 

biomarkers in concentrations found in conventional and non-conventional biological fluids. 

Furthermore, and perhaps even more importantly, this platform does not require the use of 

sophisticated equipment or highly trained personnel for its implementation like most current 

methods with similar characteristics and purposes, which considerably reduces costs. The 

flexibility of this enzyme platform is reflected in the results obtained in this research work, not only 
by observing linearity in the different systems, but also accuracy, precision and sensitivity for the 

different biomarkers. For example, the system for the quantification of 1,5-AHG represents a novel 

method for the quantification of this biomarker, which could help in the near future to improve the 

diagnosis and control of diabetes. Altogether, the results achieved in this research work reveal a 

firm and adequate platform for the development of new diagnostic methods. 

 

This thesis represents an original research work that adjusts to the objectives of the 

research group and that moves following current trends that seek to contribute to the diagnosis 

of diseases with high incidence and mortality in the world population. However, more studies are 
required to test its performance in various poor-studied biofluids such as saliva, sweat and tears. 

Similarly, some methodological limitations need to be addressed in order to become a serious 

candidate in cost-effective disease diagnosis. For example, pretreatment is required to remove 
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most food debris, cellular debris, mucus, and other substances present in saliva samples. 

Likewise, the aggregation of enzymes is necessary for the elimination of interfering substances. 
After this, it is necessary to separate these enzymes from the samples before quantification. 

These processes imply the extra use of enzymes and the need to use ultrafilters that increase the 

cost of the method. These inconveniences cause an increase in the processing time, amount of 

materials needed for the test and, in general, in the costs of the test. Although these limitations 

are not inherent to the methodology, they could definitely have a negative impact on the 

popularization of its use. 

 

Perspectives 
 

The conclusions obtained from this thesis represent a first approach in the development 

of simple and cost-effective enzyme-based colorimetric strategies that seek to help the medical 

community in the diagnosis of diseases. However, there are areas of opportunity that are of the 

utmost importance and that must be considered in further investigations. 

 

As demonstrated during the development and optimization of this work, several factors 

such as the type of dye, enzyme concentrations, pH, temperature, and incubation time are 

essential for the correct functioning of the method. There are some others that could have a 

significant effect on the performance of the method and have not been explored. For example, 
ionic strength is a known element that can alter the catalytic activity of enzymes. In biofluids such 

as saliva and sweat, this factor becomes very relevant since these samples have a high 

concentration of ions. 

 

A second approach to improve this platform consists of demonstrating its applicability for 

the proposed purposes not only in "ideal" conditions (buffer conditions) but also in the different 

biological environments in which it is desired to be implemented. This represents a challenge that 

must be faced since the composition of the matrix must be recognized in order to identify possible 

contaminating agents or interfering substances that can lead to unrealistic results. For this, 
strategies similar to those used here for the quantification of glucose in saliva should be tested. 

For example, the use of an internal calibration curve prepared with the biofluid depleted of 

interfering substances can help minimize the effect due to sample heterogeneity, obtaining more 

accurate results. 
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Another possibility that is worth exploring is designing strategies to optimize the use of enzymes 
or even reuse them. For example, the possibility of immobilizing the enzymes used for the 

depletion of sugars could be evaluated. This could help in enzyme reuse, cost reduction and 

enhanced platform suitability on its way to clinical applications.  

 

As a last perspective, this methodology could be further explored to become a commercial 

kit or point-of-care device that is highly reliable and that can be implemented in remote areas 

where there are no equipped laboratories or highly qualified personnel. Finally, it is expected that 

the platform can meet the various operational and regulatory standards and economic aspects 

necessary for its clinical validation (in healthy and diseased populations, both in pilot tests and in 

multicenter studies) to expand its use as a serious alternative for the diagnosis of diseases. 
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Abstract: Early detection is a key factor in patient fate. Currently, multiple biomolecules have been
recognized as biomarkers. Nevertheless, their identification is only the starting line on the way to
their implementation in disease diagnosis. Although blood is the biofluid par excellence for the
quantification of biomarkers, its extraction is uncomfortable and painful for many patients. In this
sense, there is a gap in which saliva emerges as a non-invasive and valuable source of information,
as it contains many of the biomarkers found in blood. Recent technological advances have made it
possible to detect and quantify biomarkers in saliva samples. However, there are opportunity areas in
terms of cost and complexity, which could be solved using simpler methodologies such as those based
on enzymes. Many reviews have focused on presenting the state-of-the-art in identifying biomarkers
in saliva samples. However, just a few of them provide critical analysis of technical elements for
biomarker quantification in enzymatic methods for large-scale clinical applications. Thus, this review
proposes enzymatic assays as a cost-effective alternative to overcome the limitations of current
methods for the quantification of biomarkers in saliva, highlighting the technical and operational
considerations necessary for sampling, method development, optimization, and validation.

Keywords: enzyme assays; saliva; biomarkers; analysis

1. Biomarkers as a Diagnostic Tool

A biomarker, also known as a biological marker, is any molecule, substance, or mea-
surable process in the body or in one of its components that can support the diagnosis,
prognosis, prediction, or response to the treatment of a disease [1]. Unlike symptoms,
which often are endpoints of the disease, biomarkers appear, disappear, or vary in concen-
tration from the onset of the disease, so they are useful for detection at earlier stage [2].
The use of biomarkers increases the reliability of the diagnosis, helping to provide more
effective and safer treatments for patients. A “good” biomarker must be present in easily
collectable samples, which can be processed and stored without affecting its concentration.
Furthermore, its concentration must be easily measured and constant (ideally with low
variability) in the control population (healthy) and altered in the diseased population [3].

Multiple steps are required to develop a biomarker quantification method, but biomarker
identification is the starting point for its clinical application. Likewise, the method has to
be standardized, optimized, and validated before its large-scale implementation as a diag-
nostic tool. In this context, advances in metabolomics and analytical techniques have been
exploited, resulting in the discovery of hundreds of thousands of metabolites [4]. Different
techniques such as high-performance liquid chromatography (HPLC), gas chromatography
(GC), nuclear magnetic resonance (NMR), and mass spectrometry (MS) are used for the
identification and quantification of biomarkers.

Following the method development pathway, the identified biomarkers must be
correlated with a disease [5]. For this, a very broad knowledge of both the pathophysiology
of the disease and the origin of the signaling molecule is necessary [6]. As biomarkers are
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signaling molecules present in different biofluids in varying concentrations, the selection
of a biofluid among the more than 30 found in the body [7] depends on several factors,
such as chemical nature, stability, and the concentration of the biomarker in the biofluid,
as well as its ability to reflect the presence, persistence, and evolution of the disease.
Moreover, it should be considered that its success also depends on the degree of acceptance
by the patient, leading to widespread use [8]. Therefore, this review aims to show a
global vision of the biomarker pathway from the laboratory to the clinical applications
(Figure 1), proposing enzymatic assays as a cost-effective alternative to overcome the
limitations of current methods for the quantification of biomarkers in saliva, highlighting
the considerations techniques and operations necessary for sampling, method development,
optimization, and validation.

Figure 1. Schematic representation of the biomarker pathway from the laboratory to the clinical
applications. (1) Collection of biological samples to identify and quantify biomarkers using sensi-
tive techniques such as mass spectrometry, gas and liquid chromatography, and nuclear magnetic
resonance. (2) Transition from the already established methodologies to more straightforward
and inexpensive methods based on antibodies, enzymes, and electrochemistry. (3) Validation and
implementation of these methodologies as a diagnosis tool.

2. Advantages of Saliva Samples as a Biomarker Source

Early detection is a key factor in patient fate. Blood is undoubtedly one of the most
used biofluids for measuring biomarkers [9]. Its function as a carrier of cells, gases, nutri-
ents, biomolecules, and waste through the body becomes a valuable source of information
regarding the health condition of a patient [10]. However, its extraction implicates an
invasive and painful procedure that requires trained personnel. Likewise, this practice
generates biological waste, as special supplies such as gauze pads, syringes, and tubes
are required. In this regard, other biofluids such as saliva, urine, and sweat have gained
ground in the search to minimize possible nonconformities for the patient and simplify the
collection method of the biofluid.
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Similar to blood, saliva acts as a mirror that reflects the physiological state of the
organism. Saliva is an intercellular ultrafiltrate from the blood [11]. It is mainly con-
stituted by water (99%); however, it is an enormously complex fluid, containing more
than 850 non-redundant metabolites [12], including proteins, electrolytes, mRNA, DNA,
enzymes, antibodies, sugars, hormones, and other molecules [13]. It is known that salivary
compounds can drastically change their concentration in consequence of a great variety
of physiological states, stimuli, and stress states, so their identification and quantification
can be useful for their early diagnosis [14]. Moreover, as its extraction does not require
privacy as urine does, it is not difficult to stimulate as tears are, and it does not involve
physical effort as sweat does; saliva has gained acceptance and stands out over other
biofluids [10,15].

In general terms, saliva samples can be collected under an uncomplicated procedure
with minimal risk of cross-contamination (if taken under the right conditions). In addition,
it has the advantage of requiring less preparation for analysis and less space for storage
than blood samples [16]. All these advantages are remarkable and postulate saliva as an
attractive source of information for the early quantification of biomarkers in patients with
little tolerance to blood collection [17], and this is perhaps one of the reasons for its rise as
an alternative biofluid to blood. There are different techniques for saliva sampling, such
as spitting, collecting it with the help of a sponge or other device, or directly from the
salivary gland duct [18]. The choice of the sampling procedure relies on several factors
such as the biomarker type, the quantification method, the equipment availability, and
other operational and economic aspects.

While saliva appears to be a valuable diagnostic tool, there are some methodological
concerns that must be taken into consideration. For instance, the widespread use of
techniques such as RNA sequencing (RNA-Seq) for the profiling of RNA-based biomarkers
opens a new window in the search for useful targets for the diagnosis of diseases. However,
this implies facing new challenges due to the high abundance of bacterial content and
low abundance of salivary RNA [19]. The next section of this review article addresses the
identification process and initial quantification of biomarkers in saliva, highlighting the
bottlenecks in the most widely used techniques to identify a route to generate cost-effective
diagnostic methods.

3. Current Methods for Salivary Biomarker Identification

The identification and development of preliminary profiles is the first step in the
discovery of biomarkers. These stages are generally accomplished by coupling powerful
analytical techniques such as GC-MS and liquid chromatography-MS (LC-MS) [7]. This
section of the article highlights the strengths of the most widely used analytical techniques
for the identification and profiling of salivary biomarkers, as well as methodological aspects
that preclude their implementation as a large-scale diagnostic method.

The techniques used for the identification and biomarkers profiling vary in terms of
operating principle, sample preparation, and results interpretation, on which the suitability
of its implementation depends [20]. For instance, MS can measure hundreds to thousands of
metabolites in widely varied samples such as tissues, blood, urine, cerebrospinal fluid, and
saliva, being suitable for untargeted and targeted biomarker screening and profiling [21].
However, it should be considered that this technique ionizes the sample in order to identify
its components, so it could not be used for further studies if necessary.

Another technique commonly used in metabolomics for biomarkers discovery in
saliva samples is NMR. This robust and reproducible technique has a series of advantages
over others. For instance, it can detect highly volatile metabolites and does not require
derivatization of the compound to increase its detectability as in GC [22]. Despite that
sample preparation is less labor-intensive than LC, its sensitivity is lower than coupled
techniques such as GC-MS and LC-MS, which can detect biomarkers below the detection
limit of NMR [23]. Furthermore, it should be considered that saliva is a complex matrix, so
previous pre-treatment steps of filtration and/or centrifugation are required.
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Capillary electrophoresis-MS (CE-MS) is an alternative technique for biomarker identi-
fication in saliva that has recently grown in acceptance [24]. This method fusions the ability
of electrophoresis to separate compounds by their electrophoretic mobility in the function
of an applied voltage with the sensitivity of MS, resulting in an attractive and powerful
system [25]. Thus, its use has increased rapidly, resulting in more than 50 published articles
for metabolite profiling from 2018 to 2020 [26]. This is undoubtedly a reflection of its
potential in the field of metabolomics. However, it should be noted that for this technique
to be reproducible, multiple problems must be solved to control the loss of metabolites by
adsorption processes, volume adjustments, and dilution of the sample [26].

As mentioned, advances in analytical techniques, statistics, and data analysis have
resulted in a “boom” in biomarkers discovery. All these techniques show characteristics
that make them ideal for quantifying a large number of biomarkers in different samples.
However, it should be noted that all are highly sophisticated, requiring highly qualified
personnel and perfectly adapted environments for sample analysis. In addition, they
require expensive and sensitive equipment that represents a considerable economic invest-
ment that is not available for all laboratories. In this sense, its use on a large scale, as in
diagnosing highly recurrent diseases, is almost impossible, so simpler and inexpensive
methodologies are necessary.

Despite the fact that the aforementioned techniques have been used to quantify several
metabolites in saliva, simpler techniques such as those based on antibodies, enzymes, or
electrochemistry are required to spread their use in the screening, diagnosis, follow-up,
and control of highly recurrent diseases. Among these techniques, enzyme-based ones
are of particular interest to this work due to their versatility and low cost. Therefore, in
the following sections of this review, the main characteristics and elements that should be
considered in the development of these methodologies will be discussed.

4. Challenges in Enzymatic Methods for Salivary Biomarkers Detection

The enzymatic activity can accelerate chemical reactions, consuming substrates and
generating other compounds [27]. In this sense, all enzymatic assays are based on quanti-
fying the consumption of a substrate or the production of a by-product in a given period
of time [28]. Currently, a large number of enzymatic methods for the quantification of
biomarkers have been developed [29–31]. The success of these platforms lies mainly
in their relatively low cost, flexibility, and ability to be implemented for the simultane-
ous quantification of several biomarkers [32]. Nonetheless, it must be considered that
saliva is a complex mixture of compounds so that multiple factors can interfere with the
measurement procedure.

During the following sections of this review, challenges related to the sample, type of
enzymatic assay, and method standardization, which play a leading role in the enzymatic
determination of biomarkers in saliva, will be described. Likewise, emphasis will be placed
on the biosafety measures that must be implemented due to the current situation of the
pandemic caused by the SARS-CoV-2 virus for collecting, processing, and correct disposal
of saliva samples. Figure 2 shows a graphical representation of all the challenges and
considerations in the development of enzymatic methodologies.

4.1. Sample-Related Challenges

In saliva, as in other biofluids, sampling is the initial stage of the analysis process.
Unlike blood, where sampling involves special equipment and trained personnel, in saliva,
the donor can perform this step through a simpler process [33]. However, it is important to
mention that the patient must receive detailed information about the sampling protocol,
including the importance of the exact moment of sampling, excluding tooth brushing
before collection, and avoiding the ingestion of beverages, food, or any other product such
as chewing gum for at least 30 min before collection [13]. Likewise, the person in charge
of supervising the collection must reject samples contaminated with blood, which could
significantly influence the determination.
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Figure 2. Graphic representation of the main challenges to consider in developing enzymatic method-
ologies for quantifying salivary biomarkers. Sample-related challenges (diet, circadian cycle, sample
collection time, sex, age, physical composition, and other anatomical factors such as the size of the
salivary glands); enzymatic method-related (type of assay, correlation degree, and limits of detection
and quantification); extrinsic factors (the type of enzyme, the concentrations of enzyme, substrate
and other reagents, and the presence of interferents); COVID-19 related factors (precautions and
security measures in the collection, processing, and disposal of the sample).

On the other hand, several factors largely depend on the biomarker to be quantified
and must be identified during the planning and development stages of the protocol to
avoid variations. For example, it is well known that some non-controllable factors such
as circadian cycle, circa-annual cycle, age, gender, body weight, and size of the salivary
glands affect the concentration of metabolites in saliva [34,35]. Although these factors
cannot be controlled at the sampling time, information about them can be recorded to
explain variations in the results. Other factors such as the hydration level, food intake,
medications, visual stimulation, and exercise can be “controlled” by giving instructions
to the patient prior to sampling [34,35]. In fact, it is common to provide indications such
as avoiding food intake, overhydration, and vigorous exercise 2 h before sampling [36].
Similarly, it is recommended to avoid the use of lipstick, lip balm, or any lip product to
avoid interference [37].

There are other factors such as tobacco, alcohol, and the presence of diseases that can
modify the composition, viscosity, and pH of saliva, generating discrepancies in biomarker
measurements in enzymatic methods [38–40]. Alcohol and tobacco are well known for
altering the flow of saliva and the concentration of proteins, generating systemic changes
that indirectly alter the constitution of saliva [41,42]. In addition to these effects, a study
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conducted by Dukić et al. (2013) found that alcohol has a very significant effect on salivary
pH, reducing it by up to 1 unit in alcoholics [43].

Although these factors may seem trivial, they could significantly affect enzyme activity
during enzymatic assays and, therefore, the quantification of biomarkers. For example, a
study showed evidence that people dependent on tobacco and alcohol have a decrease
in alcohol dehydrogenase activity, caused by a synergistic toxic effect on the salivary
glands derived from the consumption of these substances [44]. Another research work
demonstrated that alcohol consumption can decrease the enzymatic activity of salivary
amylase up to 25% [45]. More recently, it was suggested that substances contained in
cigarette smoke can destroy macromolecules such as proteins and enzymes, decreasing the
self-protective capacity of saliva and making it an easy target for bacterial infections [46].
These observed effects could be intrinsically extrapolated to other enzymes, suggesting a
potential source of variation in assays that highly depend on enzymatic activity. In this
sense, tobacco can also alter the volume, viscosity, and pH of saliva. This was revealed in a
comparative study between smokers and non-smokers, finding that the salivary volume
and pH of smokers was lower in non-smokers and the salivary viscosity of smokers was
greater in non-smokers [47].

On the other hand, the salivary composition can also be altered under certain patholo-
gies, such as diabetes [48,49], oral infections [50], Sjogren’s syndrome [51], kidney dis-
ease [52], cancer [53], and virus infections [54]. The presence of these diseases can con-
tribute to variations in the concentration of salivary biomarkers. For example, one study
showed a marked decrease in salivary amylase levels and increased glucose concentration
in diabetic patients compared to healthy patients [55]. In addition to the obvious effect
of decreased biomarker concentration, these diseases can alter salivary pH, an essential
parameter in enzymatic methods. In a study carried out by Seethalakshmi et al., diabetes
was directly correlated with the pH value, observing a decrease of more than one pH unit
in diabetic patients compared to the control group [48]. These findings can be explained
as, during diabetes, an increase in the concentration of sugars in the saliva is observed,
which in turn increases the presence of bacteria responsible for cavities and increases oral
infections. Similarly, during infectious processes, bacteria can use the sugars, acidifying
the medium. This decrease in pH can generate variations in enzymatic determinations if it
is not properly studied and controlled.

4.2. Enzymatic Method-Related Challenges

Enzymatic methods are usually based on detecting substrate consumption or its
generation over a period of time [28]. There are different classifications for enzyme-based
methodologies [56]. For instance, they can be classified depending on how enzymatic
reactions are studied (initial speed, curve progress, kinetics, among others) or according
to how the product is quantified (continuously or discontinuously). Within the entire
range of options, particular interest has been placed in continuous methods based on
spectrophotometry [57]. These tests quantify the light absorbed by a sample when a beam
of light passes through it [58]. In enzymatic assays, the absorbed light changes due to
the generation of by-products resulting from enzyme activity in either single or multiple
reactions. The simplicity of these methods in terms of material, equipment, and training
has contributed to their widespread acceptance and implementation. However, these
methods are often inadequate for detecting biomarkers at very low concentrations and
other strategies, such as derivatization, are required, complexing the process [59].

Fortuitously, other methods, such as those based on fluorescence or chemilumines-
cence, can overcome the limitations mentioned above by being much more sensitive than
the previous ones [60,61]. These methods use different molecules capable of absorbing light
and emitting it at a specific wavelength, either by themselves or acquiring this property
due to a chemical reaction. Due to this, they are much more sensitive than spectrophoto-
metric tests, but it should be considered that these methods are more expensive as they
require equipment with special characteristics, are susceptible to interference by impurities
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in saliva, and are highly unstable when exposed to light. Table 1 shows examples of
the application of these spectrophotometric methods to quantify biomarkers in different
biological matrices.

Table 1. Examples of the use of spectrophotometric methods for the quantification of biomarkers in biofluids.

Method Principle Detection Range Biofluid Biomarker Detection Limit Reference

Colorimetric
Absorption of radiation in the

visible area by colored
substances

M–nM

Blood Glucose 31 µg mL−1 [62]
Saliva Glucose 0.36 µg mL−1 [63]
Sweat Cortisol 97 ng mL−1 [64]
Urine Tyrosine 2.54 µM [65]

Luminescent
Light emitted by a molecule

when receiving radiant energy mM–nM
Blood Glucose 80 nM [66]
Saliva Glucose 0.63 nM [67]
Urine Melamine 3.5 ng mL−1 [68]

Fluorescent
Light emitted by a molecule

when receiving radiant energy mM–nM
Blood Glucose 3.7 µM [69]
Sweat Chloride 3 mM [70]
Urine Iodide 100 nM [71]

There are other more sophisticated techniques, such as microscale thermophoresis,
which combine the precision of fluorometry with the sensitivity and versatility of ther-
mophoresis, resulting in a fast, robust, and flexible platform [72]. Among its characteristics,
it stands out that it requires sample volumes of less than 10 µL and can analyze multiple
substrates simultaneously [73]. Although the advantages of these tests are remarkable, their
implementation is limited by high equipment and operational costs, making it difficult to
implement them on a large scale and in poorly equipped laboratories.

Despite the fact that the options are vast, the selection of the method depends on
multiple factors that must be previously analyzed by the researchers. For example, if
an affordable method for the detection of abundant biomarkers with relative accuracy
is required, a colorimetric assay could be a suitable option. On the other hand, if the
biomarker is present in lower concentration and high precision is required, the most viable
options would be to use fluorescent, luminescent, or microscale thermophoresis methods.

4.3. Method Development and Standardization-Related Challenges

As the star players of the game, enzymes are the first factor to consider in the devel-
opment of enzyme assays. The enzyme selection obviously depends on the biomarker to
be quantified; however, this choice involves other important details. It is widely known
that enzymes display their maximum activity under certain environmental conditions, and
disturbances in these states significantly affect their activity [74]. This atmosphere includes
factors such as pH, temperature, ionic strength, concentrations of substrate and enzymes,
and interferents. All these parameters have a significant impact on the correct performance
of these biomolecules and must be carefully analyzed. This section of the review highlights
the effects of these parameters in a brief approach; however, a more comprehensive review
of these factors can be found in Bisswanger’s review [75].

Multiple enzymes (especially mammalian-derived ones) have an optimum pH, tem-
perature, and ionic strength close to the physiological conditions (pH of 7.4, temperature of
37 ◦C, and ionic strength of 0.15 M) [76–78]. In saliva, the normal pH ranges from 6.2 to
7.6 (average pH of 6.7) [38]; these pH values are below blood values, and their effect on
enzymes should be studied. This phenomenon has been widely documented. For example,
a study carried out by Bollella et al. proved the importance of controlling the pH in an
enzymatic study in which the activity of fructose oxidase was determined. While at a
pH of 5.5, this enzyme showed its maximum activity; an increase in pH towards values
higher than 6 caused a drastic decrease in its activity [79]. Despite the fact that many other
works in this regard are reported [80–83], the key point is to emphasize the importance of
adjusting this often-undervalued factor. Although buffer solutions are usually sufficient to
counteract this effect if two or more enzymes with different optimal pH participate in the
assay, this becomes more challenging, and special care must be taken.
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Similar to the pH, the temperature is a parameter that has a known influence on
enzyme activity. As in any chemical reaction, the rate of the enzyme-mediated reaction is
strongly influenced by temperature, (generally increasing the reaction as the temperature
increases). However, higher temperatures (over about 55 ◦C) lead to the denaturation of
enzymes and the loss of their activity. It is important to mention that this depends closely
on the enzyme selected, as some enzymes have a higher optimum temperature, such as
polymerase and helicase (optimum temperature of 70–80 ◦C) [84]. A study suggests that
the loss of activity when the temperature is increased precedes denaturation due to changes
in flexibility in the active site [85]. In any case, this parameter should be strictly controlled
to avoid intra-experiment variations.

Ionic strength is another factor that must be closely considered in enzyme-based
assays. This characteristic is given as a function of the concentration of all the ions present
in the solution [86]. In saliva, the ionic strength is crucial as it is strongly related to its
viscosity; as the ionic strength of the saliva increases, the viscosity decreases [87]. On the
other hand, its influence on enzymes has also been shown in various studies in which a
decrease in enzymatic activity was observed, probably due to hindering the movement
of the molecules in the medium, slowing down the reaction [76]. Although its effect is
significant, its effect can be controlled by conducting conductivity studies.

In enzymatic assays, the balance between substrate concentrations, enzymes, and
interferents occupies a central place. This is perhaps one of the main challenges that
must be faced when using saliva as a sample as the concentrations of biomarkers are
usually low, and it contains multiple compounds that can act as interferers [12]. In general
terms, interfering molecules make the process difficult and contribute to variations in the
results. This is one of the bottlenecks in using saliva as a biomarker source for disease
diagnosis, and it certainly depends on the specificity and sensitivity of the method used.
Fortunately, very simple methods such as filtration and centrifugation have shown to
greatly diminish the effects caused by some interferents such as food fragments, cell
debris, mucus, and turbidity, making it suitable as a diagnostic fluid [88]. For instance,
centrifugation effectively diminishes viscosity, helping to significantly separate solids,
ensuing in a clear supernatant that is easy to pipet [89].

Many other factors are not discussed in this review. However, they must be metic-
ulously considered in enzymatic assays, such as the correct handling of the sample and
methodological aspects related to sample preparation, choice of blanks, incubation and
reading times, as well as data processing. All these elements taken together can lead
to discrepancies in the intra-day and intra-experiment results, thus the importance of
establishing a simple, replicable, and robust protocol.

4.4. Challenges in the COVID-19 Era

The emergence of the COVID-19 pandemic has highlighted the importance of efficient
and safe sampling strategies for disease diagnosis. In this sense, saliva has been positioned
as a valuable tool for this purpose as it is an easily collectible fluid in which several
biomarkers can be found. During this review work, various saliva-related challenges
have been mentioned and addressed; nevertheless, the challenges related to COVID-19 are
undoubtedly new and unexpected.

Despite the fact that the saliva sampling techniques are not new, the current situation
has made it necessary to implement additional safety measures to guarantee the protection
of both the sampling staff and the donor. Some techniques, such as those based on
nasopharyngeal/oropharyngeal swabs, are commonly used for saliva sampling. However,
it should be noted that they present a series of limitations regarding the safety of the person
who collects it. Due to this, other techniques, such as those based on self-collection, would
avoid the risks of contagion and the spread of the disease [90]. As saliva samples can be
obtained easily, the apparent solution is to instruct the patient to spit into a sterile vial,
minimizing staff involvement in the sampling. After sample collection, participants should
be provided with disinfectant wipes and instructed to sanitize the exterior surfaces of the
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collection tube or device. It is also advisable to implement measures such as separating the
participant in an isolated area to avoid personnel exposure.

Along with the collection of the sample, its processing involves risks to staff who
must be properly trained for handling the sample and protected with the appropriate
security measures such as disposable gloves, gowns, and masks, as well as goggles or
face shields [91]. Likewise, disposing of one-time use personal protective equipment as
medical waste is essential. Additionally, it is important to treat all samples as potentially
infective and dispose of them following the guidelines established for the management
of medical waste related to COVID-19 [92,93]. In summary, these are just some of the
basic protection recommendations to minimize contamination risks during sampling and
sample processing.

5. Current Trends and Future Perspectives in Enzymatic Methods for Salivary
Biomarkers Detection

Once the enzymatic methodology has been developed and validated, one of the ap-
proaches that allow their utilization in the clinic is to turn it into an easy-to-implement
test or device. This has been achieved through collaboration between various disciplines
such as microfluidics, biotechnology, nanotechnology, computer technology, signal pro-
cessing, and microelectronics [94]. The combination of this knowledge has resulted in
the emergence of countless portable tests and devices, including biosensors [95–97], and
even microchips [98]. These developments in the clinical area are beneficial as they can
provide diagnostic information in an effective and simple way. In addition, they do not
require personnel with professional training, allowing the same patient to carry out their
implementation [99].

Portable devices and tests for the non-invasive diagnosis of diseases are a growing
focus area in the clinical field. Compared to conventional laboratory tests, they stand
out for their simplicity and effectiveness in obtaining results in short periods of time at a
low cost [100]. These characteristics make them an ideal alternative for remote or hard-to-
reach places where setting up a conventional laboratory is not an affordable option [101].
Furthermore, as they are transportable and do not require high energy consumption, they
can be easily transported and used at movable diagnostic points [30,102,103].

In saliva, these approaches are very widespread, being used for the diagnosis of sev-
eral health conditions, including cardiovascular diseases [104], Alzheimer’s disease [105],
diabetes [106], oral diseases [107–109], and cancer [110]. The technology behind the design
and operation of these developments is highly varied. For instance, several attempts
propose the use of antibodies to improve the specificity of the test being able to identify
quantities in the pM range [111–114]. Nevertheless, it should be considered that their
inclusion increases the test cost, which could limit its widespread use.

Other approaches, such as biosensors, use an optical, electrochemical, and piezoelectric
transducer to convert the chemical signal into an electrical one, which can be directly or
indirectly related to the biomarker concentration through a software [115]. These systems
have been shown to be effective in detecting biomarkers in saliva in short periods of time
and with high accuracy. For instance, a prototype developed in 2010 by Yamaguchi and
collaborators allows the precise measurement of salivary cortisol in concentrations between
1–10 ng mL−1 in just 25 min [115]. Other studies further integrate these biosensors into
medical devices such as mouthguards for constant biomarker monitoring. An example
of this type of prototype was reported by Kim et al., who developed a mouthguard that
allows the measurement of uric acid levels in saliva in the physiological ranges both in
healthy and hyperuricemic patients [116].

Future trends in this area seem to point to improving already functional devices taking
advantage of nanotechnology. In this sense, various materials developed using this technol-
ogy have been tested, looking to increase the specificity and sensitivity of the devices [117].
For example, the inclusion of graphene in these developments could help improve signal
transduction due to its extraordinary mechanical and electrical properties [118]. Similarly,
gold nanoparticles have become popular as reporter molecules due to their optoelectronic
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properties, low toxicity, and large surface-to-volume ratio [119]. Other nanomaterials, such
as semiconductor quantum dots [120], polymer nanoparticles [121], carbon nanotubes [122],
and nanodiamonds [123], have been proposed to improve the functioning of biosensors
and microdevices [118,124].

On the other hand, the possibility of using existing technology such as smartphones
with high-resolution cameras capable of processing information provides a valuable tool
that has not been fully exploited and undoubtedly has a huge potential [125]. Similarly,
the current transition to industry 4.0 (I4.0) seems to indicate that the use of IoT (Internet
of Things) and Big Data technologies will allow machines to work in connection with one
another, and processes can be automated in ways never before seen [126].

Conclusively, it should be mentioned that the future of these approaches in clinical
diagnosis largely depends on their development being focused on the needs and acceptance
of both medical personnel and patients. In addition, it must be considered that governments
and regulatory entities play an essential role in the fate of these products. Finally, in the
technical aspect, these developments must meet the scientific and economic requirements
that allow their widespread use to be a suitable alternative as a diagnostic tool.
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Development of a simple and flexible
enzyme-based platform for the colorimetric
detection of multiple biomarkers in
non-conventional biofluids
Alonso Ornelas-González,a Mirna González-Gonzáleza,b* and
Marco Rito-Palomaresa,b*

Abstract

Background: Enzyme-based colorimetric systems are inexpensive, simple, adaptable and sensitive methods that allow specific
quantification of a substrate. In the clinical field, their use has been the basis for the development of equipment and devices that
today are key for disease detection. The objective of this project was to demonstrate the flexibility of a previously developed
multi-enzyme system for colorimetric glucose quantification by adapting and optimizing it for the detection and quantification
of other clinically relevant biomolecules, such as galactose, uric acid and 1,5-anhydroglucitol in buffer conditions.

Results: The obtained calibration curves for galactose, uric acid and 1,5-anhydroglucitol show remarkable linearity (R2 ≥ 0.997),
precision (CV ≤ 2.38%) and sensitivity with detection and quantification limits of 3.96 and 12.01 ∼mol L−1; 0.16 and 0.48 ∼mol
L−1; and 0.08 and 0.25 ∼mol L−1, respectively. In addition, it was found that the three systems are capable of quantifying dif-
ferent concentrations of their respective substrate, showing low variability (CV < 3.3%) and notable recovery percentages
(99.21–103.39%).

Conclusions: The results obtained with the three optimized enzyme-based colorimetric systems demonstrate the platform flex-
ibility by modifying parameters such as pH buffer, incubation time, enzyme and concentration of the reducing agent under
buffer conditions. All results together demonstrate the great potential of this multi-enzyme platform for the quantification
of various substrates in non-conventional biofluids.
© 2022 Society of Chemical Industry (SCI).

Keywords: enzyme assays; biomarkers; analysis; uric acid; galactose; 1,5-anhydroglucitol

INTRODUCTION
Colorimetry is a technique that allows the numerical quantification
of color, ensuring a standardized system that avoids subjective
responses.1 It is based on the Beer–Lambert law which states that
the concentration of a colored compound is directly proportional
to its absorbance.2 Thus, the color intensity measurement allows
an estimation of the concentration of a certain analyte. Moreover,
this system can be coupled with enzymes, which consume a sub-
strate, generating a byproduct that reacts to generate color.3 This
combination results in a fast and simple quantificationmethod, with
adaptable sensitivity and enhanced with substrate specificity.4 In
addition, this does not require sophisticated analytical instruments
or highly qualified staff, allowing ease of implementation with
reduced costs. Due to this, enzyme-based colorimetric methods
have been used for industrial,5 toxicological,6 environmental7 and
clinical8,9 purposes.
In the clinical field, colorimetry has been the basis for the devel-

opment of techniques, equipment and devices that today are key
for disease detection.10 Although these systems are broad and
have been improving for years, there are still gaps to close and
niches to innovate.11 Recent works have focused on enhancing

sensitivity and specificity through the development and inclusion
of nanoparticles,12 synthetic materials with peroxidase-like
activity,13 biosensors14 and smartphone-coupled systems.15 How-
ever, few works have centered on demonstrating the flexibility of
colorimetric platforms for the detection and quantification ofmul-
tiple biomarkers in the ranges found in non-conventional biolog-
ical fluids such as saliva, tears and sweat, in which biomarker
concentrations are 10 to 100 times lower16-20 than those found
in blood and urine.21

In the study reported here, a previously developed enzyme–sub-
strate/horseradish peroxidase (HRP)/3,30,5,50-tetramethylbenzidine
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(TMB) colorimetric system for glucose quantification22 in both
buffer and saliva was successfully adapted for the quantification
of other relevant clinical biomarkers, including galactose, uric acid
(UA) and 1,5-anhydroglucitol (1,5-AHG), in a microplate format at
concentrations in the ranges found in both conventional (blood
and urine) and non-conventional (saliva, sweat and tears) biofluids
(Table 1) by optimizing enzymatic parameters.

EXPERIMENTAL
Galactose oxidase from Dactylium dendroides (catalogue number
G7400-10KU), uricase from Bacillus fastidiosus (catalogue number
94310-5MG), HRP (catalogue number P8375-5KU), pyranose oxidase
from Coriolus sp. (catalogue number P4234-1KU), dimethylsulfoxide
(>99.9% pure, catalogue number 472301-500mL), TMB (>99% pure,
catalogue number 860336-5G), 1,5-anhydro-D-sorbitol (catalogue
number A7165-100MG), D-(−)-fructose (catalogue number F2543),
D-(+)-galactose (catalogue number G0750-500G), hydrogen peroxide
(H2O2; catalogue number H1009-100 mL), mannitol (catalogue
number M4125-100G), D-(+)-mannose (catalogue number M2069),
D-(−)-sorbose (catalogue number 85541-50G), sucrose (catalogue
number M4125-100G), D-(+)-trehalose from Saccharomyces cerevisiae
(catalogue number T0167-100), UA (catalogue number U2625) and
D-(+)-xylose (catalogue number X3877-25G) were purchased from
Sigma-Aldrich Co. (St Louis, MO, USA). Dextrose D-(+)-glucose (cata-
logue number 215530) was acquired from BD DIFCO (Sparks, MD,
USA). Monobasic sodium phosphate (NaH2PO4; catalogue number
FSMA-1962101-01) and dibasic sodium phosphate (Na2HPO4; cata-
logue number FSDA-190621-01) were acquired from Desarrollo de
Especialidades Químicas (Monterrey, NL, Mexico). Sulfuric acid
(H2SO4; catalogue number 15588644) was acquired from JT Baker
(Phillipsburg, NJ, USA). All chemicals were of analytical grade unless
otherwise specified.

Quantitative detection of H2O2 and biomarkers in buffer
For H2O2 quantification, a previously reported protocol was fol-
lowed.22 Briefly, 40 μL of a set of solutions containing 2–80 μmol L−1

H2O2were placed into a 96-well Corning Costar plate (catalogue num-
ber 3370, Corning Inc., Kennebunk, ME, USA) to which were added
40 μL of phosphate buffer (0.1 mol L−1, pH 7) and 80 μL of a solution
containing TMB (2.5 mmol L−1) and HRP (0.1mg mL−1). The resulting
solution was incubated under dark conditions for 15 min at 37 °C.
Finally, 40 μL of a solution containing H2SO4 (1 mol L−1) was added
to stop the reaction. The corresponding UV–visible spectra were
obtained in the range 300 to 800 nm at 37 °C and the color change
was detected at 450 nm using a Synergy™ HT Multidetection micro-
plate reader (BioTek Instruments Inc., Winooski, VT, USA).
For galactose quantification, 40 μL of a set of galactose solu-

tions (10–1000 μmol L−1) in phosphate buffer (0.1 mol L−1,

pH 6) were placed into a 96-well plate and mixed with 40 μL of
galactose oxidase (3 mg mL−1). Then, the mixture was incubated
for 30 min at 37 °C in darkness to produce H2O2. Subsequently,
the procedure described above was followed, optimizing the pro-
tocol by increasing the concentrations of TMB to 3.75 mmol L−1

and HRP to 0.15 mg mL−1.
For UA quantification, the system was adapted using 40 μL of

UA solutions (0.1–100 μmol L−1) in phosphate buffer (0.1mol L−1,
pH 9) and 40 μL of uricase (0.2 mg mL−1). The resulting solution
was incubated for 15 min at 37 °C for H2O2 generation. Finally,
the UV–visible spectra were obtained and color change was
achieved maintaining the previously described conditions for
H2O2 quantification.
Lastly, 1,5-AHG was quantified by mixing 40 μL of 1,5-AHG solu-

tions (0.5–80 μmol L−1) in phosphate buffer (0.1 mol L−1, pH 7)
and 40 μL of pyranose oxidase (1 mg mL−1). This mixture was
incubated for 15 min at 37 °C in darkness. Ultimately, the process
and concentrations utilized in the H2O2 quantification system
were employed to obtain the UV–visible spectra and color change
measurements at 37 °C and 450 nm.

Enzyme-based platform selectivity analysis
The analytical selectivity of the enzyme–substrate/HRP/TMB colori-
metric systems for the quantification of the various substrates was
assessed. For this, 40 μL of each of the substrates 1,5-AHG, fructose,
galactose, glucose, mannitol, mannose, sorbose, sucrose, trehalose,
UA and xylose (300 μmol L−1 for galactose oxidase–substrate/HRP/
TMB, 100 μmol L−1 for uricase–substrate/HRP/TMB and 50 μmol L−1

for pyranose oxidase–substrate/HRP/TMB)was incubatedwith galac-
tose oxidase (3 mg mL−1), uricase (0.2 mg mL−1) or pyranose oxi-
dase (0.1 mg mL−1) as earlier established. The color change
measurements were accomplished as stated in the previous section.
An amount of 40 μL of the corresponding buffer solution was used
as a negative control in each case.

Statistical analysis
GraphPad Prism version 8.0.0 software (GraphPad Software, San
Diego, CA, USA)was utilized for all the statistical analysis. The obtained
results were recorded as the mean of three independent measure-
ments ± standard deviation. ANOVA and Dunnet's tests were used
to assess thedifferencebetweengroups in the enzyme selectivity test.
In all cases, the respective bufferwas used as the control group. Values
of p < 0.05 were considered significant unless otherwise stated.

RESULTS AND DISCUSSION
Quantitative detection of H2O2 and biomarkers in buffer
The first stage for the development of this multi-enzyme system
consisted of verifying its capability of responding to changes in

Table 1. The conventional biofluids are blood and urine. The unconventional biofluids are saliva, sweat and tear

Biomarker

Concentration (μmol L−1)

Conventional biofluids
Non-conventional biofluids

Blood Urine Saliva Sweat Tear

Galactose 27–12321 <28021 52.3–114.6255 Detected but not quantified55,56 Not reported
Uric acid 140–46021,54 2400–500021,54 120–40021,54,55 18–3254-56 21–19054,57

1,5-anhydroglucitol 73–24321 3.5–3121 1.7–4.721,58,59 Detected but not quantified21 Not reported
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H2O2 in a concentration-dependent manner. For this, the
UV–visible absorption spectra of the various H2O2 solutions were
obtained. As can be seen in Fig. 1(a), the H2O2 spectra show a
concentration-dependent behavior with a maximum wavelength
observed at 450 nm. The underlying reaction responsible for this
effect is due to the action of HRP which breaks down the H2O2

molecules, generating hydroxyl radicals (•OH).23 These radicals
are capable of oxidizing a reducing agent such as TMB, producing
a blue product (OxTMB).24 This product is spectrophotometrically
quantifiable; however, it is an intermediate product that shows
some instability that can lead to variations in the results. Fortu-
nately, it is possible to convert OxTMB into diamine (TMB2+), a sta-
ble product obtained when themedium is acidified.25 Likewise, as
can be seen in Fig. 2(a), the calibration curve generated at 450 nm
shows behavior that adequately fits a linear model (R2 > 0.999) in
the studied range of H2O2 concentration (2–80 μmol L−1).
For the formation of the systems presented here, the above-

mentioned principle was used, adding an additional step. That
is, an oxidase enzyme was employed for each substrate for H2O2

generation. In this way, it is possible to detect the degradation
product of the substrates (H2O2) by their respective enzyme in a
dose-dependent manner.
Galactose is a simple six-carbon sugar that is normally con-

verted to glucose in the liver by various enzymes.26 However,
the deficiency of the enzymes that metabolize it leads to a disor-
der known as galactosemia.27 When circulating galactose exceeds
a threshold of 1 mmol L−1 this can cause brain damage leading to
death.28 Early detection of this complication in newborns can pre-
vent developmental disorders and their tragic effects. As shown in
Fig. 1(b), the UV–visible spectra for galactose displayed a

concentration-dependent pattern which is quite similar to that
previously observed for H2O2. Similarly, a calibration curve with
adequate linearity was obtained (R2 = 0.997) over the range
tested (10–1000 μmol L−1) with acceptable intra-reading variabil-
ity (SD < 5.7%). In addition, the LOD and LOQ obtained (3.96 and
12.01 μmol L−1, respectively) are below the range of concentra-
tions reported for blood, urine and saliva (27–280 μmol L−1) as
summarized in Table 1. The LOD reported here (3.96 μmol L−1)
is lower than those reported for other similar studies using galac-
tose oxidase. For example, Yu et al.24 reported a LOD of 10 μmol
L−1, Kanyong et al.29 reported a LOD of 20 μmol L−1 and Khun
et al.30 reported a LOD of 100 μmol L−1.
UA is a biomarker present in various biological fluids31 and its

concentration in the body remains constant through various
mechanisms of reabsorption and excretion.32 Therefore, alter-
ations in circulating UA levels may reflect immune, metabolic
and other functions of the body.33 For instance, high levels of this
compound have been related to processes of inflammation,34 oxi-
dative stress,35 endothelial dysfunction36 and inhibition of the
insulin pathway.37 In this sense, UA can be directly related to obe-
sity and diabetes.38 In fact, previous studies have correlated it with
an increased risk associated with arteriosclerotic vascular diseases
of the heart, kidneys and other organs.39,40 As observed in Fig. 1
(c), the UV–visible spectra for UA exhibited a concentration-
dependent shape as previously observed. In addition, the calibra-
tion curve obtained for this molecule showed adequate linearity
(R2 > 0.998) in a concentration range as wide as 0.1–100 μmol
L−1 with low intra-reading variability (SD < 6.0%). In this case,
the LOD and LOQ obtained were 0.16 and 0.48 μmol L−1, respec-
tively. These concentrations are markedly below the UA values

Figure 1. UV–visible absorption spectra of (a) H2O2/HRP/TMB, (b) galactose oxidase–galactose/HRP/TMB, (c) uricase–uric acid/HRP/TMB and (d) pyranose
oxidase–1,5-anhydrogucitol/HRP/TMB enzymatic systems with the various explored substrate concentrations.
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commonly reported for blood, urine, saliva, sweat and tear
(18–5000 μmol L−1) as presented in Table 1. Moreover, the LOD
reported here (0.16 μmol L−1) is lower than those reported for simi-
lar studies using uricase. For instance,Wang et al.41 reported a LODof
37 μmol L−1 and He et al.42 reported a LOD of 1 μmol L−1.
1,5-AHG is a 1-deoxy form of glucose, entirely obtained from

the diet.43 Research concerning this molecule has increased due
to its usefulness for monitoring glycemic control in the short term
(2–12 days).44 1,5-AHG is a small and stable molecule that is not
metabolized, so it does not undergo modifications.45 The concen-
tration of this molecule remains constant in healthy individuals,
but it has been demonstrated that it can decrease in hyperglyce-
mic states (above the renal threshold of 180 mg mL−1), so it can
be inversely correlated with glucose.46 In this regard, 1,5-AHG is
presented as a more sensitive marker for the diagnosis and

monitoring of diabetes. The results obtained in this work with
respect to the UV–visible spectra and calibration curve for
1,5-AHG can be seen in Figs 1(d) and 2(d), respectively. A similar
behavior to that seen before in terms of the spectral pattern
(Fig. 1(d)) and linearity (R2 > 0.997) (Fig. 2(d)) in the concentration
range from 0.5 to 80 μmol L−1 with low intra-reading variability
(SD < 5.9%) was observed. Moreover, the LOD and LOQ values
were 0.08 and 0.25 μmol L−1, respectively. In this regard, these con-
centrations are especially appropriate since the concentrations of
this biomarker in blood, urine and saliva are notoriously lower than
others (1.7–243 μmol L−1), as presented in Table 1. In addition,
the LOD reported here (0.08 μmol L−1) is lower than that of other
similar studies with LOD of 2.98, 54 and 0.88 μmol L−1.47-49

All the buffer solutions used for this set of experiments were
phosphate buffers (0.1 mol L−1, pH 7) for galactose and 1,5-AHG

Figure 2. Linear calibration plots of (a) H2O2/HRP/TMB, (b) galactose oxidase–galactose/HRP/TMB, (c) uricase–uric acid/HRP/TMB and (d) pyranose
oxidase–1,5-anhydrogucitol/HRP/TMB enzymatic systems used for substrate quantification. The error bars represent the standard deviations of three
independent measurements.

Table 2. Summary of optimized concentrations used for each system and limits of detection and quantification obtained under these conditions

Substrate Enzyme Incubation (min) HRP (mg mL−1) TMB (mmol L−1) LOD (μmol L−1) LOQ (μmol L−1)

Galactose Galactose oxidase
(3 mg mL−1)

30 0.15 3.75 3.96 12.01

Uric acid Uricase
(0.2 mg mL−1)

15 0.1 2.5 0.16 0.48

1,5-anhydroglucitol Pyranose oxidase
(0.1 mg mL−1)

15 0.1 2.5 0.08 0.25

HRP, horseradish peroxidase; LOD, limit of detection (3.3⊞/slope); LOQ, limit of quantification (10⊞/slope); TMB, 3,30 ,5,50-tetramethylbenzidine.
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and (0.1 mol L−1, pH 9) for UA due to optimal enzyme conditions
(data not shown). Similarly, the incubation times and the con-
centrations used for all systems were optimized (data not
shown) to maximize the detection capability. Table 2 summa-
rizes the final optimized conditions and the LOD and LOQ
obtained for each of the multi-enzymatic systems tested. It is
important to highlight that technically, these systems would
allow galactose, UA and 1,5-AHG quantification (either directly

or with a simple dilution of the sample), respectively, in blood,
urine and saliva samples.

Enzyme-based platform selectivity analysis
The success of analytical methods lies in their ability to selectively
detect and quantify target analytes. For this, the anti-interference
capacity of the developed systems for the detection and quantifi-
cation of galactose, UA and 1,5-AHG was evaluated by studying

Figure 3. Graphical representation of selectivity analysis of the studied enzymatic systems using the following final compound concentrations:
(a) 300 μmol L−1 for galactose oxidase–substrate/HRP/TMB, (b) 100 μmol L−1 for uricase–substrate/HRP/TMB and (c) 50 μmol L−1 for
pyranoseoxidase–substrate/HRP/TMB. *p < 0.001 versus buffer.

Table 3. Capacity of optimized enzyme–substrate/HRP/TMB systems for substrate quantification in buffer conditions

Biomarker Added (μmol L−1) Quantified (μmol L−1)a SD (%) CV (%) Recovery (%)

Galactose 750 748.16 2.37 2.38 99.75
375 379.44 0.35 0.35 101.19
187.5 189.71 1.16 1.15 101.18
100 99.56 2.01 2.03 99.56

Uric acid 90 89.28 1.76 1.77 99.21
75 77.54 0.43 0.41 103.39
25 25.19 0.68 0.68 100.77
7.5 7.72 1.47 1.38 102.95

1,5-anhydroglucitol 60 60.16 2.26 1.35 100.26
40 40.31 5.52 3.29 100.78
25 25.22 3.20 1.91 100.89
15 14.88 2.60 1.59 99.21

a Average of three independent determinations.
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their response when incubated with different molecules. As can
be seen in Figs 3(a) and (b), the systems for galactose and UA
show exclusive selectivity for their substrate, as no significant
changes in absorbance were observed for the other compounds
studied. These findings are similar to those obtained by other
works for galactose oxidase24,50 and uricase51,52 in which no inter-
ference was observed by any of the molecules evaluated.
On the other hand, Fig. 3(c) shows a significant difference

(p < 0.001) in Dunnet's test (using buffer as control) in the deter-
mination of galactose, glucose, sorbose and xylose when incu-
bated with the enzyme pyranose oxidase. These findings were
expected since these sugars are known substrates for pyranose
oxidase.53 However, only galactose21 and glucose54 are found in
enough concentrations to cause interference in the determina-
tion of 1,5-AHG, so they must be depleted before the analysis.
This could be carried out enzymatically, adding the enzyme
corresponding to the substrate to be eliminated. Then, an H2O2-
removing enzyme (such as catalase) could be employed to
eliminate this product, which would be generated from the previ-
ous reaction. Finally, filtration and/or centrifugation steps would
be required to remove both enzymes before quantification.

Quantification of biomarkers in buffer
Another important characteristic of analytical methods is their abil-
ity to respond to changes in analyte concentration accurately and
precisely. For this, known concentrations of the various substrates
were quantified using the calibration curves obtained for each opti-
mized enzyme system. As is evident from Table 3, the galactose
oxidase–galactose/HRP/TMB system was able to quantify various
concentrations of galactose (750, 375, 187.5 and 100 μmol L−1)
with low intra-experiment variation (SD ≤ 2.37%) and good preci-
sion (CV ≤ 2.38%). Likewise, the recovery percentages obtained in
this system are very close to 100% (99.56–101.19%).
Similarly, the optimized uricase–UA/HRP/TMB systemwas able to

quantify UA at concentrations of 90, 75, 25 and 7.5 μmol L−1,
observing very low intra-experiment variation (SD ≤ 1.76) with very
good precision (CV ≤ 1.77%) and recovery percentages of 99.21–
103.39%. Finally, the optimized pyranose oxidase–1,5-AHG/HRP/
TMB system was tested in the same way. Similarly, this system
allowed the successful quantification of 1,5-AHG at various concen-
trations (60, 40, 25 and 15 μmol L−1) with low intra-experimental
variability (SD ≤ 5.52), adequate precision (CV ≤ 3.29%) and excel-
lent recovery percentages (99.21–100.89%). Table 3 summarizes
the main findings found in this work regarding the quantification
of the three different substrates. All these results suggest that the
optimized systems are suitable for measuring galactose, UA and
1,5-AHG in the established ranges and conditions.

CONCLUSIONS
The results obtained demonstrate the flexibility of a multi-
enzymatic platform previously developed for the colorimetric
quantification of glucose, as it is possible to adapt and optimize
it for the quantification of galactose, UA and 1,5-AHG. This was
achieved by modifying parameters such as pH buffer, incubation
time, enzyme and TMB concentration in buffer conditions for the
various substrates tested. All systems reported here showed ade-
quate linearity, specificity and sensitivity for the quantification of
their respective substrate. Taken together, the results demon-
strate that our platform offers a highly flexible, simple, sensitive
and relatively inexpensive analytical method with enormous
potential for disease diagnosis in various biofluids.
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ABBREVIATIONS
1,5-AHG 1,5-anhydroglucitol
ANOVA Analysis of variance
CV Coefficient of variation
H2O2 Hydrogen peroxide
H2SO4 Sulfuric acid
HRP Horseradish peroxidase
kDa Kilodaltons
LOD Limit of detection
LOQ Limit of quantification
Na2HPO4 Dibasic sodium phosphate
NaH2PO4 Monobasic sodium phosphate
•OH Hydroxyl radical
R2 Coefficient of determination
SD Standard deviation
TMB 3,30,5,50-Tetramethylbenzidine
TMB2+ Diamine
UA Uric acid
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Abstract 35 

BACKGROUND: Diabetes is one of the fastest-growing health problems of recent times. Its 36 

diagnosis, monitoring, and control are mainly carried out by glucose quantification in blood 37 

samples which represents a traumatic and painful procedure for many patients. Saliva is an 38 

emerging diagnostic biofluid for minimally invasive disease diagnosis. Its collection can be 39 

performed through a simple, non-invasive, and painless procedure that does not require 40 

qualified personnel. This project aimed to develop, standardize and compare two enzyme-based 41 

approaches (TMB and ABTS) for the colorimetric quantification of salivary glucose. 42 

 43 

RESULTS: The obtained results with both dyes revealed the suitability of these systems for 44 

glucose quantification under buffer conditions, displaying excellent linearity (R2 > 0.99), 45 

precision (CV < 1%), and high glucose specificity. Furthermore, TMB system was able to 46 

quantify glucose in human saliva samples, showing a low read-outs variability (CV < 3%). 47 

Moreover, this system can detect glucose changes (16 and 50 µM) with low variability (CV < 48 

4.2 %) and excellent recovery (96 - 103 %) which is important in clinical diagnosis.  49 

 50 

CONCLUSION: Altogether these results demonstrated the capacity of the approaches to 51 

quantity glucose either in buffer (using both TMB ans ABTS) or in human saliva samples 52 

(using TMB) offering a painless, simple, efficient, and relatively inexpensive analytical method 53 

with enormous potential for the diagnosis and monitoring of diabetes using a small amount of 54 

saliva. 55 

 56 

 57 

 58 

Keywords: Enzyme assays, glucose, saliva sample, analysis, coloring agents, colorimetric 59 

detection. 60 
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Abbreviations: 61 

•OH: Hydroxyl radical  62 

ABTS: 2,2'-azinobis [3-ethylbenzothiazoline-6-sulfonic]-diammonium salt 63 

ANOVA: Analysis of variance 64 

CV: Coefficient of variation  65 

DMSO: Dimethyl sulfoxide 66 

H2O2: Hydrogen peroxide 67 

H2SO4: Sulfuric acid 68 

HbA1c: Hemoglobin A1c 69 

HOC(COOH)(CH2COOH)2.H2O: Citric acid monohydrate 70 

HRP: Horseradish peroxidase 71 

kDa: Kilodalton 72 

LOD: Limit of detection 73 

LOQ: Limit of quantification 74 

Na2HPO4: Dibasic sodium phosphate 75 

NaH2PO4: Monobasic sodium phosphate 76 

R2: Coefficient of determination 77 

SD: Standard deviation 78 

TMB: 3,3′,5,5′-tetramethylbenzidine 79 

TMB+2: Diamine 80 

UV-vis: Ultraviolet-visible 81 

 82 
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1. Introduction 86 

Diabetes is one of the fastest-growing health problems of recent times.1 Its incidence 87 

has progressively increased, estimating 783 million cases by 2045.2 Its diagnosis, 88 

monitoring, and control are mainly carried out by glucose quantification3 either attached 89 

to erythrocytes as hemoglobin A1c (HbA1c) or in its free form. In any case, the 90 

measurement is performed using blood as the biological matrix, which represents a 91 

traumatic and painful procedure for many patients.4 In this sense, the use of another 92 

source containing blood-like metabolites, such as saliva, appears to be attractive to solve 93 

these inconveniences.  94 

Saliva is an emerging diagnostic biofluid for minimally invasive disease diagnosis.5 95 

Its collection can be performed through a simple, non-invasive, and painless procedure 96 

that does not require qualified personnel, being able to be performed even by self-97 

sampling.6 Furthermore, saliva contains more than 800 metabolites including proteins, 98 

enzymes, antibodies, sugars, and other molecules.7 For this reason, saliva has drawn the 99 

attention of researchers for its enormous potential for diagnostic purposes.8,9  100 

Recently, a growing body of evidence on saliva applicability in disease diagnosis and 101 

control has accumulated.10–12 However, the diffusion of its use as a source of biomarkers 102 

depends on the development of inexpensive and simple techniques in terms of training 103 

and equipment. In this sense, colorimetric techniques based on the use of enzymes arise 104 

as a suitable option due to their flexibility, simplicity, and high-speed operation.13,14  105 

The development of colorimetric analytical techniques has acquired great importance 106 

in different areas, for example, clinical diagnosis,14–16 environmental monitoring,17 107 

toxicology,18 and food quality control,13 In the clinical area, these methodologies have 108 

been widely used as an effective platform for the detection of analytes in different 109 

biological samples since it is an economical, fast, and easy to implement system that 110 
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does not require specialized equipment or highly qualified personnel.8,19,20 Today, the 111 

number of commercially available dyes is enormous, therefore, selection must be made 112 

considering several factors such as the sensitivity and specificity required.8 Among 113 

them, 3,3′,5,5′-tetramethylbenzidine (TMB) is commonly used due to its high sensitivity 114 

and faster oxidation.21 Different reports have confirmed its efficacy in color-based 115 

systems for the detection of metabolites such as glucose,22 uric acid,23 galactose,24 116 

glutathione,25 and lactate.26  117 

Similarly, 2,2'-azinobis [3-ethylbenzothiazoline-6-sulfonic]-diammonium salt 118 

(ABTS), is an HRP substrate that produces a quantifiable green end product that is 119 

frequently used for biomarker quantification.27 This colorant is less sensitive than TMB 120 

and other dyes due to its slow oxidation and color development, but it is soluble in water 121 

and has four points of maximum absorption, which allows to avoid interferences of 122 

components at a certain wavelength.28 Despite that ABTS is currently used to a greater 123 

extent in antioxidant activity studies, its application as an agent in the quantification of 124 

metabolites has been quite recurrent and successful. Examples include the quantification 125 

of glucose,29 uric acid,30 galactose,31 and L-lactate.32 Although studies in the literature 126 

on these two chromogens are extensive, their characteristics, properties, and 127 

applications vary according to the matrix used. In the literature, little information was 128 

found on its use in non-conventional samples such as saliva, and no study comparing 129 

the performance of these two dyes to quantify salivary glucose was found. Thus, it is 130 

relevant to compare the sensitivity, specificity, precision, and accuracy of these two dyes 131 

for salivary biomarkers quantification which are markedly lower in saliva than in other 132 

biofluids.  133 

In this study, a colorimetric technique based on two enzyme-catalysed reactions is 134 

employed. In the first reaction, the biomarker is oxidized by an oxidoreductase 135 
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generating hydrogen peroxide (H2O2).33 In the second reaction, the H2O2 is degraded by 136 

the action of a peroxidase, such asoxid horseradish peroxidase (HRP), leading to the 137 

formation of the hydroxyl radical (•OH).34 This radical can oxidize a dye with the release 138 

of water, resulting in a concentration-dependent color change of the solution.35 Thus, 139 

this project aims to develop and standardize a novel multi-enzymatic system for the 140 

colorimetric quantification of salivary glucose. The methodology was tested using two 141 

different colorants to compare the results and demonstrate the versatility of the system 142 

for glucose quantification in both buffer conditions and human saliva samples. 143 

 144 

2. Experimental 145 

Glucose oxidase from Aspergillus niger (catalogue number G7141-50KU), 146 

galactose oxidase from Dactylium dendroides (catalogue number G7400-10KU), 147 

pyranose oxidase from Coriolus sp. (catalogue number P4234-1KU), HRP (catalogue 148 

number P8375-5KU), catalase from bovine liver (catalogue number SRE0041-10G), 149 

TMB (>99% pure, catalogue number 860336-5G), dimethyl sulfoxide (DMSO) 150 

(>99.9% pure, catalogue number 472301-500 mL), galactose D-(+) (catalogue number 151 

G0750-500G), trehalose D-(+) from Saccharomyces cerevisiae (catalogue number 152 

T0167-100G), sorbose D-(-) (catalogue number 85541-50G), xylose D-(+) (catalogue 153 

number X3877-25G), mannitol (catalogue number M4125-100G), sucrose (catalogue 154 

number M4125-100G) and H2O2 (catalogue number H1009-100mL) were purchased 155 

from Sigma-Aldrich Co. (St Louis, MO, USA). Dextrose glucose, D-(+) (catalogue 156 

number 215530) was acquired from BD DIFCO (Sparks, MD, USA). ABTS (catalogue 157 

number 10102946001) was obtained from Roche Diagnostics (Mannheim, Germany). 158 

Sulfuric acid (H2SO4) (catalogue number 15588644) was acquired from JT Baker 159 

(Phillipsburg, NJ, USA). Citric acid monohydrate (HOC(COOH)(CH2COOH)2.H2O) 160 
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(catalogue number ACM-190621-01), dibasic sodium phosphate (Na2HPO4) (catalogue 161 

number FSDA-190621-01), monobasic sodium phosphate (NaH2PO4) (catalogue 162 

number FSMA-1962101-01) were acquired from Desarrollo de Especialidades 163 

Químicas (Monterrey, NL, Mexico). All chemicals were analytical grade unless 164 

otherwise specified. 165 

 166 

2.1 Quantitative detection of H2O2 and glucose in buffer 167 

For H2O2 detection, 40 µL of H2O2 (1-100 µM) and 40 µL of phosphate-citrate buffer 168 

(150 mM, pH 5) were mixed with 80 µL of a solution (2.5 mM TMB and 0.05 mg/mL 169 

HRP) in a 96-well Corning Costar plate, (catalogue number 3370), Corning Inc. 170 

(Kennebunk, ME, USA). The mixture was incubated in darkness for 15 min at 37 °C 171 

and the color change of each solution and the corresponding UV-vis spectra were 172 

determined in the range of 300 to 800 nm using a Synergy™ HT Multidetection 173 

microplate reader (BioTek Instruments Inc., Winooski, VT, USA). The same procedure 174 

was carried out for the ABTS reaction by replacing TMB solution with ABTS (5 mM).  175 

For glucose determination, 40 mL of a set of glucose solutions (10-1000 µM) and 40 176 

µL of phosphate-citrate buffer (150 mM, pH 5), were mixed with 40 µL of glucose 177 

oxidase (1 mg/mL) and incubated for 30 min at 37 °C to produce H2O2. Thereafter, the 178 

same procedure described for H2O2 was followed. For glucose quantification in the 179 

ABTS system, the same procedure was carried out using ABTS (10 mM). Finally, the 180 

reaction was stopped to obtain a stable product. For this, 40 µL of H2SO4 (1 M) were 181 

added after finishing the procedure described above and the corresponding UV-vis 182 

spectra were obtained. 183 

 184 

 185 
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2.2 Selectivity analysis for glucose detection 186 

The analytical selectivity of the multi enzyme-based systems for glucose detection under 187 

buffer conditions was assessed. For this, 40 µL (300 µM) of trehalose, sorbose, xylose, 188 

galactose, mannose, mannitol, sucrose, or glucose were incubated with glucose oxidase for the 189 

determination of glucose as stated in the previous section. 40 µL of phosphate-citrate buffer 190 

was used as a negative control. 191 

 192 

2.3 Human saliva sample collection 193 

All human saliva samples were collected under the approval of the Research Ethics 194 

Committee of the School of Medicine of the Instituto Tecnológico y de Estudios 195 

Superiores de Monterrey, (P000400-pH-saliva-CEIC-CR002, dated July 14, 2020) and 196 

the signed informed consent document was obtained from each volunteer. Unstimulated 197 

saliva samples (in absence of any mechanical or other stimuli) were collected in 15 mL 198 

tubes (Corning, catalogue number 430766) from healthy donors with no known 199 

metabolic disorders, aged between 24 to 32 years old, through passive saliva by 200 

expectoration for up to about 10 min. In order to minimize effects related to the circadian 201 

cycle, all samples were collected between 10:00 and 11:00 am. Likewise, donors were 202 

instructed to avoid eating any food and beverages, smoking, and brushing their teeth at 203 

least 2 hours before sampling. After collection, the samples were filtered using a cotton-204 

paper-syringe system36 and then centrifuged at 4,700 rpm for 10 min at 4 °C (Sorvall 205 

Legend X1R centrifuge, Thermo Fisher Scientific, Waltham, MA, USA). Finally, the 206 

samples were immediately processed or frozen at -80 °C. 207 

 208 

 209 

 210 
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2.4 Human saliva sample preparation 211 

After saliva centrifugation (or thawing), 400 µL of centrifuged saliva were placed into a 2 212 

mL Eppendorf tube (tube 1) for enzymatic treatment. In this regard, 12 µL of glucose oxidase 213 

(10.3 mg/mL), 12 µL of galactose oxidase (32.6 mg/mL), 12 µL of pyranose oxidase (6.6 214 

mg/mL) were added for all sugar removal. Similarly, 400 µL of centrifuged saliva were placed 215 

into another tube (tube 2) and added with 12 µL of galactose oxidase (32.6 mg/mL) and 24 µL 216 

of phosphate-citrate buffer for galactose elimination. Both tubes were incubated for 45 min at 217 

37 °C in a thermoblock (VWR, Radnor, PA, USA). After this incubation, 12 µL of catalase 218 

(8.6 mg/mL) were added to each tube and incubated for another 45 min at 37 °C. Subsequently, 219 

the tubes were centrifuged (VWR micro 1814, West Chester, PA, USA) at  14,000 x g for 10 220 

min at RT. The supernatant was collected and placed into an Amicon Ultra-0.5 Centrifugal 221 

Filter of 3 kDa (catalog number UFC500396, Millipore, Billerica, MA, USA) and centrifugated 222 

at 14,000 x g for 30 min at RT. The glucose quantification process was then carried out as 223 

described above, replacing the 40 µL of buffer with 40 µL of saliva from tube 1 for the 224 

construction of the internal calibration curve and 40 µL of saliva from tube 2 for the 225 

quantification of glucose in the human saliva sample. 226 

 227 

2.5 Human saliva sample preparation 228 

GraphPad Prism version 8.0.0 software (GraphPad Software, San Diego, CA, USA) 229 

was used for statistical analysis. The results were shown as the mean of three 230 

independent measurements ± standard deviation. ANOVA and Dunnet's tests were used 231 

to evaluate the difference between groups in the selectivity test, using buffer as a control 232 

group. All p-values < 0.05 were considered significant. 233 

 234 

 235 



 
 

9 
 

3. Results and discussion 236 

3.1 Quantitative detection of H2O2 and glucose in buffer 237 

As the initial step of this approach, the capacity of the method to respond in a 238 

concentration-dependent manner to changes in the concentration of H2O2 was 239 

demonstrated by adding a set of solutions containing H2O2. The subsequent stage 240 

consists of enzymatic reactions carried out in two steps. In the first reaction, the H2O2 241 

was generated by glucose oxidase. Subsequently, two H2O2 were decomposed by HRP 242 

in the presence of an electron donor chromogen, causing its oxidation. These reactions 243 

culminate in the formation of a colored product that can be quantified 244 

spectrophotometrically. All the experiments for H2O2 and glucose quantification were 245 

performed using phosphate-citrate buffer (150 mM, pH 5) due to optimal enzymatic 246 

conditions (data not shown). In this study, the appropriate conditions for the colorimetric 247 

quantification of H2O2 and glucose were established. As shown in Figure 1, a change 248 

in absorbance intensity is observed with increasing H2O2 concentration in both TMB 249 

(Figure 1a) and ABTS (Figure 1b) systems. For the TMB system, the reaction is 250 

observable as a blue coloration due to the formation of Ox-TMB which has a maximum 251 

absorption length at 370 nm. On the other hand, a green coloration appears in the ABTS 252 

system, due to the formation of radical cation ABTS (ABTS .+) with a maximum 253 

absorption length at 420 nm. In both cases, the signal intensification appears in a 254 

concentration-dependent manner, adjusting to a linear model in the explored H2O2 255 

concentration range (1 to 100 µM) for TMB (Figure 1c) and ABTS (Figure 1d) 256 

systems.  257 

The compounds previously generated either in TMB or ABTS systems are easily 258 

quantifiable spectrophotometrically, however, they are quite unstable, leading to 259 

repeatability problems. To avoid this, the reaction can be stopped by acidifying the 260 
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medium using H2SO4, giving rise to the generation of a yellow color due to the 261 

production of diiamine (TMB+2), in the case of the TMB system, and completing the 262 

reaction in the ABTS system. As seen in Figure 2, the spectra corresponding to TMB 263 

(Figure 2a) and ABTS (Figure 2b) systems conserve the concentration-dependent 264 

pattern (Figure 2c and 2d) previously observed in Figure 1c and 1d. However, a 265 

change in the maximum absorption wavelength from 370 to 450 nm is observed in the 266 

TMB system (Figure 2a) given the color changed from blue to yellow mentioned early. 267 

Contrarily, no changes were observed in this respect in the ABTS system (Figure 2b). 268 

After confirming that the proposed systems respond to changes in H2O2 269 

concentration, the next step is to generate H2O2 enzymatically via glucose oxidation 270 

using glucose oxidase as previously described. Figure 3 shows the absorption spectra 271 

corresponding to different glucose concentrations in TMB (Figure 3a) and ABTS 272 

(Figure 3b) systems. As in the H2O2 section, concentration-dependent spectra and linear 273 

calibration graphs were obtained in the two tested systems (Figure 3c and 3d). Lastly, 274 

the same procedure used for H2O2 to stop the reaction was carried out for glucose. As it 275 

can be seen in Figure 4, both TMB (Figure 4a) and ABTS (Figure 4b) systems preserve 276 

the previously observed linear pattern after H2SO4 addition (Figure 4c and 4d), 277 

showing excellent linearity (R2> 0.99) in the two systems. Table 1 summarizes the limit 278 

of detection (LOD) and the limit of quantification (LOQ) obtained for each of the tested 279 

systems under different conditions. These values are far lower than the reported glucose 280 

content in unstimulated saliva samples (40-200 µM),37 indicating that this method is 281 

suitable for this purpose. 282 

 283 

 284 

 285 
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3.2 Selectivity analysis for glucose detection 286 

Saliva is a heterogeneous biofluid, containing a great variety of molecules including 287 

sugars and other carbohydrates that could act as interferers. Therefore, the selectivity of 288 

glucose oxidase was studied by substituting glucose for other saccharides (trehalose, 289 

sorbose, xylose, galactose, mannose, mannitol, sucrose, and glucose). Figure 5 showed 290 

that glucose oxidase has higher glucose selectivity in both methods. However, 291 

significant differences were found (p-value < 0.001) in other sugars such as xylose, 292 

galactose, and mannose using Dunnett’s test using buffer as a control in both TMB 293 

(Figure 5a) and ABTS (Figure 5b) systems. Among these sugars, galactose is the only 294 

one found in saliva in enough concentrations (11-77 µM)38 to interfere with glucose 295 

measurement. For this, a strategy was designed to remove this sugar in the sample pre-296 

treatment using galactose oxidase. Likewise, the ability of galactose oxidase to deplete 297 

galactose without affecting glucose concentration was evaluated. As seen in Figure 6, 298 

galactose oxidase shows an exclusive affinity for galactose in TMB (Figure 6a) and 299 

ABTS (Figure 6b) systems, representing a simple strategy to avoid interference. 300 

 301 

3.3 Quantification of glucose in saliva samples 302 

Glucose is the best known and worldwide used biomarker for diabetes diagnostic. 303 

In this work, salivary glucose was determined as a preliminary approach to the 304 

development of a future diagnostic test for diabetes disease. As can be appreciated in 305 

Table 2, the TMB/glucose/glucose oxidase method was able to quantify glucose in three 306 

independent samples with low intra-experiment variation (SD ≤ 1.32) and good 307 

precision (CV < 2.71%). The glucose concentration values found in this work (≈48-72 308 

µM) in unstimulated human saliva samples of healthy patients were similar to those 309 

reported in other investigations.37,39 It is important to highlight that our method used a 310 
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curve for the analysis of each saliva sample in order to minimize the effect due to 311 

variations in composition between saliva. All the curves showed R2 values close to 1 312 

(R2 > 0.997), which shows the ability of the proposed analytical method to 313 

proportionally respond to glucose concentrations in the defined range (10-300 µM and 314 

10-400 µM for TMB and ABTS, respectively). Likewise, this method exhibited 315 

excellent precision, showing low dispersion between repetitions (CV < 1%), which 316 

highlights its applicability for the purposes proposed in the conditions analyzed. 317 

Moreover, precision (CV < 1.3%) (data not shown). In addition, they presented a LOD 318 

of 4.2 ± 1.0 µM and a LOQ of 12.8 ± 3.1 µM (data not shown), which are well below 319 

the quantified values. These LODs are lower than those found in other similar works 320 

using TMB as a chromogen, indicating higher sensitivity. For instance, Zhou et al. and 321 

Kim et al. reported a LOD of 10 µM and 27 µM, respectively in their developments 322 

used to quantify galactose in human serum samples.24,31 Similarly, Mercan et al. 323 

reported a detection limit of 47 µM for its development used for glucose measurement.40 324 

This value is much higher than the reported in this work, indicating greater sensitivity 325 

in the developed method. 326 

On the other hand, the ABTS/glucose/glucose oxidase system was unable to measure 327 

glucose in saliva samples due to an inhibition of absorbance (data not shown). This made 328 

impossible the glucose quantification under the explored conditions. This effect can be 329 

explained by the presence of different antioxidant compounds in saliva such as uric acid, 330 

albumin, ascorbate, and glutathione41 which will be studied in future studies. 331 

Finally, the accuracy of the method to respond to the addition of glucose in saliva 332 

samples was evaluated. For this, glucose standard solutions were added to the human 333 

saliva samples and the glucose quantified. As can be observed in Table 3, the method 334 

shows good precision when 50, 16, and 8 µM of glucose were added (SD < 1.6, CV < 335 
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4.2%). More notably, excellent accuracy was observed with recoveries between 96-336 

103% in the additions of 50 and 16 µM. However, lower recovery values (86-93%) were 337 

observed when 8 µM were added. This effect can be explained since this concentration 338 

is quite close to the LOQ of this system (10.6 µM), causing a decrease in precision. 339 

Likewise, it is important to highlight that sample 1 showed recovery percentages less 340 

than 100%, which may be due to the homogeneity of the saliva, which may contain 341 

interfering substances,8 and to the intrinsic variation between one sample and another. 342 

 343 

4. Conclusions 344 

In this research work, two multi enzyme-based systems (TMB and ABTS) for the 345 

colorimetric quantification of glucose in buffer and human saliva samples were 346 

developed, standardized and compared. These systems showed excellent linearity, 347 

specificity and sensitivity for glucose quantification. Furthermore, it was possible to 348 

stop the enzymatic reaction without affecting the performance of the method, obtaining 349 

a greater robustness of the method. Likewise, it can be concluded that under the explored 350 

conditions, TMB-based method showed a better performance than ABTS-based one, 351 

being able to successfully quantify glucose in human saliva samples using only 40 µL 352 

of saliva. Altogether these results demonstrated that our development offers a simple, 353 

efficient, relatively inexpensive analytical method with enormous potential for the 354 

diagnosis of diabetes using a small amount of saliva. 355 

 356 

5. Acknowledgments 357 

The authors would like to thank the financial support of the Bioengineering and Regenerative 358 

Medicine Strategic Focus Group of Tecnológico de Monterrey (Grant 0020209M07) and 359 



 
 

14 
 

Consejo Nacional de Ciencia y Tecnología (CONACyT) for the fellowship of A. Ornelas-360 

González (No. 223963). 361 

 362 

 363 

 364 

 365 

 366 

 367 

 368 

 369 

 370 

 371 

 372 

 373 

 374 

 375 

 376 

 377 

 378 

 379 

 380 

 381 

 382 

 383 

 384 



 
 

15 
 

References 385 

 386 

1.  Cheng H-T, Xu X, Lim PS, Hung K-Y. Worldwide Epidemiology of Diabetes-Related 387 

End-Stage Renal Disease, 2000–2015. Diabetes Care. 2021;44:89-97.  388 

2.  Home, Resources, diabetes L with, Acknowledgement, FAQs, Contact, et al. IDF 389 

Diabetes Atlas 2021 | IDF Diabetes Atlas [Internet]. [citado 19 de febrero de 2022]. 390 

Disponible en: https://diabetesatlas.org/atlas/tenth-edition/ 391 

3.  Carracher AM, Marathe PH, Close KL. International Diabetes Federation 2017. Journal 392 

of Diabetes. 2018;10:353-6.  393 

4.  Sokolowski CJ, Giovannitti JA, Boynes SG. Needle phobia: etiology, adverse 394 

consequences, and patient management. Dent Clin North Am. 2010;54:731-44.  395 

5.  Blicharz TM, Rissin DM, Bowden M, Hayman RB, DiCesare C, Bhatia JS, et al. Use of 396 

Colorimetric Test Strips for Monitoring the Effect of Hemodialysis on Salivary Nitrite 397 

and Uric Acid in Patients with End-Stage Renal Disease: A Proof of Principle. Clinical 398 

Chemistry. 2008;54:1473-80.  399 

6.  Chiappin S, Antonelli G, Gatti R, De Palo EF. Saliva specimen: a new laboratory tool for 400 

diagnostic and basic investigation. Clin Chim Acta. 2007;383:30-40.  401 

7.  Dame ZT, Aziat F, Mandal R, Krishnamurthy R, Bouatra S, Borzouie S, et al. The human 402 

saliva metabolome. Metabolomics. 2015;6:1864-83.  403 

8.  Ornelas-González A, Ortiz-Martínez M, González-González M, Rito-Palomares M. 404 

Enzymatic Methods for Salivary Biomarkers Detection: Overview and Current 405 

Challenges. Molecules. 2021;26:7026.  406 

9.  Ortiz-Martínez M, Flores-DelaToba R, González-González M, Rito-Palomares M. 407 

Current Challenges and Future Trends of Enzymatic Paper-Based Point-of-Care Testing 408 

for Diabetes Mellitus Type 2. Biosensors. 2021;11:482.  409 



 
 

16 
 

10.  Warsi I, Khurshid Z, Shazam H, Umer MF, Imran E, Khan MO, et al. Saliva Exhibits 410 

High Sensitivity and Specificity for the Detection of SARS-COV-2. Diseases. 2021;9:38.  411 

11.  Al-Rawi NH, Al-Marzooq F, Al-Nuaimi AS, Hachim MY, Hamoudi R. Salivary 412 

microRNA 155, 146a/b and 203: A pilot study for potentially non-invasive diagnostic 413 

biomarkers of periodontitis and diabetes mellitus. PLOS ONE. 2020;15:e0237004.  414 

12.  Kouznetsova VL, Li J, Romm E, Tsigelny IF. Finding distinctions between oral cancer 415 

and periodontitis using saliva metabolites and machine learning. Oral Diseases. 416 

2021;27:484-93.  417 

13.  Lai W, Wei Q, Zhuang J, Lu M, Tang D. Fenton reaction-based colorimetric 418 

immunoassay for sensitive detection of brevetoxin B. Biosens Bioelectron. 2016;80:249-419 

56.  420 

14.  Gao Z, Xu M, Lu M, Chen G, Tang D. Urchin-like (gold core)@(platinum shell) 421 

nanohybrids: A highly efficient peroxidase-mimetic system for in situ amplified 422 

colorimetric immunoassay. Biosens Bioelectron. 2015;70:194-201.  423 

15.  Ren R, Cai G, Yu Z, Zeng Y, Tang D. Metal-Polydopamine Framework: An Innovative 424 

Signal-Generation Tag for Colorimetric Immunoassay. Anal Chem. 2018;90:11099-105.  425 

16.  Gao Z, Lv S, Xu M, Tang D. High-index {hk0} faceted platinum concave nanocubes with 426 

enhanced peroxidase-like activity for an ultrasensitive colorimetric immunoassay of the 427 

human prostate-specific antigen. Analyst. 2017;142:911-7.  428 

17.  Gao Z, Tang D, Tang D, Niessner R, Knopp D. Target-induced nanocatalyst deactivation 429 

facilitated by core@shell nanostructures for signal-amplified headspace-colorimetric 430 

assay of dissolved hydrogen sulfide. Anal Chem. 2015;87:10153-60.  431 

18.  Lai W, Wei Q, Xu M, Zhuang J, Tang D. Enzyme-controlled dissolution of MnO2 432 

nanoflakes with enzyme cascade amplification for colorimetric immunoassay. Biosensors 433 

and Bioelectronics. 2017;89:645-51.  434 



 
 

17 
 

19.  Lin T, Zhong L, Song Z, Guo L, Wu H, Guo Q, et al. Visual detection of blood glucose 435 

based on peroxidase-like activity of WS2 nanosheets. Biosens Bioelectron. 2014;62:302-436 

7.  437 

20.  Tran HV, Nguyen TV, Nguyen ND, Piro B, Huynh CD. A nanocomposite prepared from 438 

FeOOH and N-doped carbon nanosheets as a peroxidase mimic, and its application to 439 

enzymatic sensing of glucose in human urine. Microchim Acta. 2018;185:270.  440 

21.  Peng Y, Chen X, Yi G, Gao Z. Mechanism of the oxidation of organic dyes in the 441 

presence of nanoceria. Chem Commun. 2011;47:2916-8.  442 

22.  Lin Y, Zhao M, Guo Y, Ma X, Luo F, Guo L, et al. Multicolor Colormetric Biosensor for 443 

the Determination of Glucose based on the Etching of Gold Nanorods. Sci Rep. 444 

2016;6:37879.  445 

23.  Wang X, Yao Q, Tang X, Zhong H, Qiu P, Wang X. A highly selective and sensitive 446 

colorimetric detection of uric acid in human serum based on MoS2-catalyzed oxidation 447 

TMB. Anal Bioanal Chem. 2019;411:943-52.  448 

24.  Zhou X, Wang M, Chen J, Xie X, Su X. Peroxidase-like activity of Fe–N–C single-atom 449 

nanozyme based colorimetric detection of galactose. Analytica Chimica Acta. 450 

2020;1128:72-9.  451 

25.  Liu X, Wang Q, Zhang Y, Zhang L, Su Y, Lv Y. Colorimetric detection of glutathione in 452 

human blood serum based on the reduction of oxidized TMB. New J Chem. 453 

2013;37:2174-8.  454 

26.  Garcia-Rey S, Ojeda E, Gunatilake UB, Basabe-Desmonts L, Benito-Lopez F. Alginate 455 

Bead Biosystem for the Determination of Lactate in Sweat Using Image Analysis. 456 

Biosensors. 2021;11:379.  457 

27.  Chen C, Zhao D, Lu L, Yang F, Yang X. A simple and rapid colorimetric sensor for 458 

sulfide anion detection based on redox reaction of ABTS with Au (III). Sensors and 459 



 
 

18 
 

Actuators B: Chemical. 2015;220:1247-53.  460 

28.  Kadnikova EN, Kostić NM. Oxidation of ABTS by hydrogen peroxide catalyzed by 461 

horseradish peroxidase encapsulated into sol–gel glass.: Effects of glass matrix on 462 

reactivity. Journal of Molecular Catalysis B: Enzymatic. 2002;18:39-48.  463 

29.  Li S, Zhu A, Zhu T, Zhang JZH, Tian Y. Single Biosensor for Simultaneous 464 

Quantification of Glucose and pH in a Rat Brain of Diabetic Model Using Both Current 465 

and Potential Outputs. Anal Chem. 2017;89:6656-62.  466 

30.  Kim J, Imani S, de Araujo WR, Warchall J, Valdés-Ramírez G, Paixão TRLC, et al. 467 

Wearable salivary uric acid mouthguard biosensor with integrated wireless electronics. 468 

Biosensors and Bioelectronics. 2015;74:1061-8.  469 

31.  Kim MI, Shim J, Li T, Woo M-A, Cho D, Lee J, et al. Colorimetric quantification of 470 

galactose using a nanostructured multi-catalyst system entrapping galactose oxidase and 471 

magnetic nanoparticles as peroxidase mimetics. Analyst. 2012;137:1137-43.  472 

32.  Liaud N, Navarro D, Vidal N, Sigoillot J-C, Raouche S. High throughput automated 473 

colorimetric method for the screening of l-lactic acid producing microorganisms. 474 

MethodsX. 2014;1:254-7.  475 

33.  Szillat F, Shamout F, Ritter H. Glucose Oxidase and Glucose for Redox-Initiating the 476 

Free Radical Copolymerization of N-(ferrocenoylmethyl)acrylamide in Aqueous 477 

Cyclodextrin Solution. Macromolecular Rapid Communications. 2015;36:427-31.  478 

34.  Gantumur E, Sakai S, Nakahata M, Taya M. Horseradish peroxidase-catalyzed 479 

hydrogelation consuming enzyme-produced hydrogen peroxide in the presence of 480 

reducing sugars. Soft Matter. 2019;15:2163-9.  481 

35.  Pedone D, Moglianetti M, Lettieri M, Marrazza G, Pompa PP. Platinum Nanozyme-482 

Enabled Colorimetric Determination of Total Antioxidant Level in Saliva. Anal Chem. 483 

2020;92:8660-4.  484 



 
 

19 
 

36.  Rossini EL, Milani MI, Lima LS, Pezza HR. Paper microfluidic device using carbon dots 485 

to detect glucose and lactate in saliva samples. Spectrochimica Acta Part A: Molecular 486 

and Biomolecular Spectroscopy. 2021;248:119285.  487 

37.  Jurysta C, Bulur N, Oguzhan B, Satman I, Yilmaz TM, Malaisse WJ, et al. Salivary 488 

Glucose Concentration and Excretion in Normal and Diabetic Subjects. Journal of 489 

Biomedicine and Biotechnology. 2009;2009:e430426.  490 

38.  Halama A, Kulinski M, Kader SA, Satheesh NJ, Abou-Samra AB, Suhre K, et al. 491 

Measurement of 1,5-anhydroglucitol in blood and saliva: from non-targeted 492 

metabolomics to biochemical assay. J Transl Med. 2016;14:140.  493 

39.  Zhang W, Du Y, Wang ML. Noninvasive glucose monitoring using saliva nano-494 

biosensor. Sensing and Bio-Sensing Research. 2015;4:23-9.  495 

40.  Mercan ÖB, Kılıç V, Şen M. Machine learning-based colorimetric determination of 496 

glucose in artificial saliva with different reagents using a smartphone coupled μPAD. 497 

Sensors and Actuators B: Chemical. 2021;329:129037.  498 

41.  Battino M, Ferreiro MS, Gallardo I, Newman HN, Bullon P. The antioxidant capacity of 499 

saliva. Journal of Clinical Periodontology. 2002;29:189-94.  500 

 501 

 502 

 503 

 504 

 505 

 506 

 507 

 508 

 509 



 
 

20 
 

Tables  510 

Table 1. Detection and quantification limits for the different systems under the analyzed 511 

conditions. 512 

 513 

 514 

 515 

 516 

 517 

 518 

 519 

 520 

 521 

 522 

 523 

 524 

 525 

 526 

 527 

 528 

 529 

 530 

 531 

 532 

 533 

 534 

Substrate Dye Reaction condition LOD (µM) LOQ (µM) 

H2O2 

TMB 
Non-Stopped 2.5 7.5 

Stopped 2.0 6.1 

ABTS 
Non-Stopped 4.3 13.2 

Stopped 1.7 5.2 

Glucose 

TMB 
Non-Stopped 9.4 28.4 

Stopped 3.5 10.6 

ABTS 
Non-Stopped 4.9 14.9 

Stopped 9.5 28.9 

R2, coefficient of determination; LOD, limit of detection (3.3*σ/slope); LOQ, limit of quantification (10*σ/slope).  
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Table 2. Quantification of glucose in human saliva samples using the TMB/glucose/glucose 535 

oxidase enzymatic system. 536 

 537 

 538 

 539 

 540 

 541 

 542 

 543 

 544 

 545 

 546 

 547 

 548 

 549 

 550 

 551 

 552 

 553 

 554 

 555 

 556 

 557 

 558 

 559 

Sample Glucose (µM)a SD CV (%) 

1 48.76 1.32 2.71 

2 59.02 0.71 1.20 

3 71.90 0.71 0.98 

a Average of three independent determination 
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Table 3. Capacity of TMB/glucose/glucose oxidase system for glucose quantification in human 560 

saliva samples after the addition of glucose solutions. 561 

 562 

 563 

 564 

 565 

 566 

 567 

 568 

 569 

 570 

 571 

 572 

 573 

 574 

 575 

 576 

 577 

 578 

 579 

 580 

 581 

 582 

 583 

 584 

Sample Added glucose (µM)a Quantified glucose (µM) a SD CV (%) Recovery (%) 

 

1 

 

50 48.81 1.55 2.71 97.63 

16 15.37 0.29 1.91 96.11 

8 6.92 0.11 1.61 86.44 

2 

50 50.94 0.24 0.48 101.89 

16 16.37 0.05 0.33 102.33 

8 7.11 0.29 4.13 88.89 

3 

50 50.56 0.11 0.22 101.11 

16 16.07 0.16 1.01 100.44 

8 7.43 0.08 1.1 92.89 

a Average of three independent determination 
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Figure legends 585 

 586 

Figure 1. UV-vis absorbance spectra of (a) TMB/H2O2 and (b) ABTS/H2O2 systems 587 

with different concentrations of H2O2. Linear calibration plot of (c) TMB/H2O2 and (d) 588 

ABTS/H2O2 systems for the quantification of H2O2. The error bars exemplify the 589 

standard deviations of three independent measurements. 590 

 591 

Figure 2. UV-vis absorbance spectra of (a) TMB/H2O2 and (b) ABTS/H2O2 systems 592 

with different concentrations of H2O2 after the addition of H2SO4 to stop the reaction. 593 

Linear calibration graph of the stopped (c) TMB/ H2O2 and (d) ABTS/H2O2 systems for 594 

the quantification of H2O2. The error bars exemplify the standard deviations of three 595 

independent measurements. 596 

 597 

Figure 3. UV-vis absorbance spectra of (a) TMB/glucose/glucose oxidase and (b) 598 

ABTS/glucose/glucose oxidase systems with different concentrations of glucose. Linear 599 

calibration plot of (c) TMB/glucose/glucose oxidase and (d) ABTS/glucose/glucose 600 

oxidase systems for the quantification of glucose. The error bars exemplify the standard 601 

deviations of three independent measurements. 602 

 603 

Figure 4. UV-vis absorbance spectra of (a) TMB/glucose/glucose oxidase and (b) 604 

ABTS/glucose/glucose oxidase systems with different concentrations of glucose after 605 

the addition of H2SO4 to stop the reaction. Linear calibration plot of the stopped (c) 606 

TMB/glucose/glucose oxidase and (d) ABTS/glucose/glucose oxidase systems for the 607 

quantification of glucose. The error bars exemplify the standard deviations of three 608 

independent measurements. 609 
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Figure 5. Graphical representation of the selectivity analysis for glucose detection in 610 

(a) TMB/sugar/glucose oxidase and (b) ABTS/sugar/glucose oxidase enzymatic 611 

systems using different sugars with a final concentration of 60 µM. *p-value < 0.001 612 

xylose, galactose and glucose vs buffer. 613 

 614 

Figure 6. Graphical representation of the selectivity analysis for glucose detection in 615 

(a) TMB/sugar/glucose oxidase and (b) ABTS/sugar/glucose oxidase enzymatic 616 

systems using different sugars with a final concentration of 60 µM. *p-value < 0.001 617 

xylose, galactose and glucose vs buffer. 618 

 619 
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Figures 637 
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Stem cell culture media enriched with plant-
derived compounds: Cell proliferation
enhancement
Alonso Ornelas-González, Karolina Chairez-Cantu,
Margarita Ortiz-Martínez, Mirna González-González*

and Marco Rito-Palomares*

Abstract

Stem cells are characterized by their self-renewal and differentiation potential, emerging as a promising strategy for develop-
ing cell therapies to treat degenerative diseases. Stem cell culture under in vitro conditions involves the addition of growth fac-
tors to the media to stimulate their proliferation. However, most of these growth factors are of animal origin, hindering the
implementation of the cultured cells into the clinic. Therefore, the replacement of animal-derived growth factors for plant-
derived compounds has been proposed to accomplish the guidelines of good manufacturing practices. Plants are rich sources
of bioactive compounds implicated in mainly anti-inflammatory, anti-oxidative and immunomodulatory mechanisms. Thus, for
many years they have been used to prevent and treat many human diseases. Regarding stem cell culture, plant-derived com-
pounds act as regulators of signaling pathways involved in proliferation; therefore, their use as supplements in culture media
represents a lower cost alternative with greater reproducibility to potentialize cell proliferation under in vitro conditions.
Hence, this review aims to discuss plant-derivative effects on the proliferation of stem cells with special interest in three main
mechanisms of actions: (i) growth factors and their proliferation signaling effect, (ii) mitogens and their cell-cycle regulation
effect, and (iii) survival factors and their anti-apoptotic effect.
© 2021 Society of Chemical Industry (SCI).

Keywords: stem cells; plant-derivatives; proliferation; phytochemicals; cell culture; culture supplementation

NOMENCLATURE
Akt protein kinase B
AMSCs amniotic mesenchymal stem cells
bFGF basic fibroblast growth factor
BM-MSCs bone marrow-derived mesenchymal stem cells
BMP bone morphogenetic protein
Cas caspase
Cdks cyclin-dependent kinases
CPCs cardiac progenitor cells
EGCG epigallocatechin-3-gallate
eIF4E eukaryotic translation initiation factor 4E
ERK extracellular signal-regulated kinase
GMP good manufacturing practices
hADSCs human adipose-tissue derived stem cells
hAMSCs human amniotic mesenchymal stem cells
hBM-MSCs human bonemarrow-derivedmesenchymal stem cells
hMSCs human mesenchymal stem cells
HSCs hematopoietic stem cells
JAK Janus kinase
MAPK mitogen-activated protein kinase
mBM-MSCs mousebonemarrow-derivedmesenchymal stemcells
mESCs mouse embryonic stem cells
NO nitric oxide
NPCs neural progenitor cells

NSCs neural stem cells
PDLSCs periodontal ligament stem cells
PI-3 K phosphoinositide 3-kinase
rBM-MSCs rat bonemarrow-derivedmesenchymal stem cells
ROS reactive oxygen species
SCs stem cells
Shh sonic hedgehog
STAT-3 signal transducer and activator of transcription-3
TOR target of rapamycin
Wnt wingless-related integration site

INTRODUCTION
Stem cells (SCs) are remarkable cells that possess properties of
pluripotency, continuous self-renewal, clonal expansion1 and dif-
ferentiation potential.2,3 For clinical purposes, the improvement
of technologies related to increasing cell numbers is crucial to
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obtain sufficient amounts, thus cells are able to reach injury sites
and replace lost or damaged cells.
It is well-known that SCs are distributed in concrete cell niches

throughout the human body. Under in vivo conditions, each type
of SC depends on its environment to survive and proliferate4,5;
therefore aiming to recapitulate the aforementioned conditions,
culture media should include specific growth factors and supple-
ments to maintain in vitro cell proliferation.6

Proliferation of SCs are regulated by specific compounds,
including cytokines, growth factors, and proteins involved in trig-
gering intracellular and extracellular signaling pathways.7 These
compounds have been identified and used in cell culture for
many years. However, most of them are xenogeneic compounds,
meaning that they are derived from animal sources that are unsui-
table for clinical applications.8 The use of xenogeneicmolecules in
cell culture increases the risk of pathogens and immunogenic
compounds that ultimately could cause an immunological
response and rejection, hindering the implementation of cell ther-
apies in humans.9 Therefore, the safety of using natural com-
pounds produced under good manufacturing practices (GMP)
represents a potential alternative that needs to be exploited.
Owing to the therapeutic properties of plants, traditional medicine

based onherbal remedies has beenused since the origin of human civ-
ilization. Plants provide essential nutrients and bioactive compounds
that have been used widely. These bioactive compounds have shown
their participation in neuroprotection,10 immunomodulation,11 and
anti-inflammatory,12 anti-oxidative,13 anti-allergic,14 anticancero-
genic15,16 and anti-apoptosis17 pathways. Furthermore, they have been
used to treat skin burns,18 pain19 and eye problems.20 Moreover, it has
been reported that plant-derivatives promote proliferation of SCs.21

Their mechanism of action consists of regulating cell-cycle signaling22

as well as metabolic23 and transcriptional24 pathways that have a direct
impact on SC fate. However, a restricted number of plant extracts for
SCs applications have been explored deeply which opens a door to
study and utilize these compounds in cell cultures as proliferation
inducers. Therefore, the use of plant derivatives in cell culture is emerg-
ing as a promising and cost-effective alternative for the replacement of
recombinant and xenogeneic compounds that needs to be further
explored for SC regulation in different cell lineages.25

This review aims to provide a more complete understanding of
the signaling pathways of the most studied plant derivatives on
the proliferation of SCs, in order to raise the awareness for the
potential extensive use of plant-derived products for stem cell
media culture.

Mechanisms of plant derivatives on self-renewal and
proliferation of stem cells
Cells are not isolated entities; they emit and receive signals from
other cells through signalingmolecules.26 During the proliferation
process, cells require a specific combination of molecules to
increase cell mass, duplicate or prevent cell death.27 These signal-
ing molecules bind to specific receptors located on the cell sur-
face and can switch on multiple signaling pathways to trigger
proliferation.28 Growth factors and mitogens are molecules that
control cell growth and cell division, respectively. In addition, a
complementary mechanism is carried out by survival factors,
which prevent cell death by regulating death signaling pathways.
Combining these three sets of molecules converges on the prolif-
eration of cells under in vivo and in vitro conditions.
Plants stand as a promising source of biochemical compounds

whose activity participates in various molecular mechanisms,
making them an attractive option for modulating multiple

signaling pathways. Likewise, their use has gained attention to
replace traditional cytokine cocktails used on culture media for-
mulations owing to lower costs of production and lower risks of
toxicity.25 Several recent studies have indicated that diverse
plant-derived small molecules may play a significant role in
improving either maintenance or proliferation of in vitro SC cul-
ture9,10,12,13,15 However, further studies of the different mecha-
nisms and pathways stimulated by plant derivatives for cell
proliferation are crucial for their scientific validation.29

In this review article, the different action mechanisms of plant
derivatives were classified into the following categories:
(i) growth factors and their proliferation signaling effect,
(ii) mitogens and their cell-cycle regulation effect, and
(iii) survival factors and their anti-apoptotic effect.

Growth factors and their proliferation signaling effect
Growth factors can stimulate cells by binding to specific surface
receptors, thus activating intracellular signaling cascades that
stimulate either the production or accumulation of proteins
that cells require for their proliferation, nutrient uptake and ATP
production.30,31 One of the main signaling pathways activated
by growth factor receptors involves the enzyme phosphoinositide
3-kinase (PI-3K) (Fig. 1). The activation of PI-3K leads to the partic-
ipation of another kinase called target of rapamycin (TOR) that
turns on different pathways involved in stimulating the produc-
tion of the transcription regulatory protein, Myc, whichmodulates
cell growth and metabolism. Likewise, TOR activates S6 kinase,
which later phosphorylates ribosomal protein S6, resulting in an
increased ribosomal activity. Moreover, TOR indirectly activates
eukaryotic translation initiation factor 4E (eIF4E) and the transcrip-
tion of regulators that induce ribosomal gene expression, which
ultimately gives rise to cell proliferation.32

It is well-established that cells must proliferate and maintain a
regular size.33 Thereby, cells need to control their growth and divi-
sion mechanisms to ensure constant cell size after each division.
Although this process is not fully understood, it is well-known that
various signaling molecules are involved. Plants are recognized as
sources of molecules with multiple effects, including growth fac-
tors or molecules that induce their production in cell cultures,21

examples of these plant derivatives will be discussed later.

Mitogens and their cell-cycle regulation effect
In a similar way to growth factors, mitogens also trigger molecular
pathways that cause cell division, through the regulation of the
cell cycle.34 This process is performed following an orderly succes-
sion of steps in which cell duplication and division occur. Com-
monly, the cell cycle is divided into four phases: (i) the DNA
synthesis stage or phase S, (ii) the cell division stage or phase M,
and (iii, iv) two stages of growth and preparation between the M
and S phases, called G1 and G2 gap phases. Additionally, there
is a nondividing or rest phase called phase G0 in which cells
remain in a resting state unless they are stimulated.35 Most impor-
tantly, the cell cycle is strictly regulated by a series of biochemical
switches or checkpoints that respond to intracellular and extracel-
lular signals, providing safeguards for genomic integrity during
cell-cycle progression.36

Mitogens are one of themain intracellular components involved
in the control of the cell cycle through the production and activa-
tion of cyclins, proteins that vary in type and concentration
throughout the cell cycle. The activation of cyclins is regulated
by a family of protein kinases, also known as cyclin-dependent
kinases (Cdks).37 There are four types of cyclins in mammalian
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cells, and each one binds to a specific Cdk to control a stage of the
cycle. For instance, (i) G1 stage is controlled by G1-Cdk cyclins (D1,
D2 and D3) and Cdk4 or Cdk6, (ii) G1-S transition by G1/S-Cdk
cyclin E and Cdk2, (iii) S stage by S-Cdk cyclin A and Cdk2 or
Cdk1, and (iv) M stage by M-Cdk cyclin B and Cdk1. The regulation
of the cyclin-Cdk complex is governed by two main enzymes.
The dephosphorylation by Cdc25 phosphatase activates Cdk
activity, whereas the phosphorylation of protein kinase sites by
Wee1 kinase inhibits Cdk function. Likewise, the binding of Cdk
inhibitor proteins to p27, p21 and p16 inactivates cyclin–Cdk
complexes and simultaneously, helps cells regulate the function
of G1/S S-Cdks early in the cell cycle.38

Although living organisms can produce internal signals to trig-
ger and control the cell cycle, external mitogens are needed to
induce cell-cycle progression under in vitro conditions. In this con-
text, culture media supplementation with mitogens, cytokines
and signaling factors are required to enable cell maintenance
and proliferation.39,40 Different plant derivatives have been postu-
lated as effective alternatives for this purpose owing to their effect
on the cell cycle, examples of this compounds will be addressed in
the next sections.

Survival factors and their anti-apoptotic effect
In a living organism, the mechanisms for the maintenance and
proliferation of cells are in perfect balance with those that destroy
them.41 Cells die naturally when they are damaged or infected
through a controlled process called apoptosis.42 This process is
triggered by a set of intracellular proteases called caspases (Cas)
(Fig. 1). These molecules are produced inside the cell as inactive
molecules and, when activated, cause apoptosis.43 There are
two main pathways to activate apoptosis: extrinsic and intrinsic.44

The extrinsic pathway is triggered by extracellular signaling mole-
cules that bind to death receptors on the cell surface, such as
tumor necrosis factor and the death receptor Fas.45 The union of
the receptor with its ligand induces apoptosis by the formation
of a death-inducing signaling complex, which subsequently acti-
vates Cas. However, the intrinsic pathway is initiated in the mito-
chondria through the release of various proteins to the cytosol,
including the cytochrome c. These proteins induce apoptsis
through the formation of a structure known as apoptosome,
which, in turn, activates Cas.43 Furthermore, an alternative process
has been reported consisting of a caspase-independent mecha-
nism that responds to intrinsic apoptotic signals by the

Figure 1. Graphical representation of the main signaling pathways regulated by plant derivatives. The activation of Wnt-⊎ catenin, PI-3K and JAK–STAT
pathways are involved mainly in cell-cycle progression and proliferation. However, plant derivatives also have shown anti-apoptotic effects by suppres-
sing the PCK-Bax/Bcl-2 and Cas pathways. Akt, protein kinase B; APC, adenomatous polyposis coli; Bax, BCL2-associated X protein; Bcl-2, B-cell lymphoma
2; BMP, bone morphogenetic protein; Cas-3, caspase 3; Cas-7, caspase 7; Cas-8, caspase 8; Cas-9, caspase 9; Cas-10, caspase 10; CKI, casein kinase I; ERK,
extracellular signal-regulated kinase; FADD, fad-associated death domain; FAS-R, apoptosis antigen-1 receptor; GSK-3⊎, glycogen synthase kinase 3 beta;
IL-R, interleukin receptor; JAK, Janus kinase; LRP, low-density lipoprotein receptor-related protein; MEK, mitogen-activated protein kinase kinase; mTOR,
mechanistic target of rapamycin; PCK, phosphoenolpyruvate carboxykinase; PI-3K, phosphoinositide 3-kinase; Raf, rapidly accelerated fibrosarcoma; Ras,
rat sarcoma viral oncogene homolog; RTK, receptor tyrosine kinases; STAT-3, signal transducer and activator of transcription-3. Created with BioRen
der.com.
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permeabilization of the outer membrane of mitochondria, caus-
ing apoptosis.46

Various plant derivatives including curcumin, ginger and resver-
atrol have been used to treat cancer in experimental works in vitro
and in vivo as a consequence of their pro-apoptotic effects.47-51

However, other compounds have been established as survival fac-
tors as they suppress apoptosis processes and, thus, promote cell
continuance;52 this will be reviewed in the following sections.

Plant derivatives with proliferative effect on stem cells
Plants have emerged as a source of bioproducts capable of stim-
ulating SC proliferation under in vitro and in vivo conditions. Dif-
ferent studies of these plant-derivative effects have been
reported. In this section, different examples of plant-derived com-
pounds with proliferative activity will be given and discussed,
highlighting their effect on the activation of the different signal-
ing pathways described in Fig. 1.

Icariin and icaritin
Icariin is the main phytoestrogen molecule isolated from Herba
Epimedii, which is metabolized by intestinal microbiota giving rise
to a hydrolyzed component known as icaritin (the aglycone form of
icariin).53 These plant derivatives have shown osteoprotective,54

neuroprotective,55 cardioprotective,56 anticarcinogenic,57 anti-
inflammatory58 and reproductive properties.59 Icariin and its deriva-
tive also have been studied for its well-knowneffect on the induction
of proliferation and differentiation of several SC types.29,60-62 In 2011,
the dose-dependent effect of icariin on the proliferation of human
bone marrow-derived mesenchymal stem cells (hBM-MSCs) ranging
from 10−9 to 10−6 mol L–1 was demonstrated.60 Lately, evidence of
themechanism of action of this compoundwas provided, indicating
that 320 μg L–1 of icariin promotes proliferation in rat BM-MSCs
(rBM-MSCs) by controlling signaling pathway triggered by RTKs
(Fig. 1), upregulating ETS like-1 protein and c-Myc through the activa-
tion of extracellular signal-regulated kinase (ERK) and p38 mitogen-
activated protein kinase (MAPK).62 This fact represented a great
advance in the study of this compound andgave rise to other studies
such as the one carried out by Yang et al. who demonstrated the pro-
liferative effect of 10 μmol L–1 of icariin in neural SCs (NSCs) by regu-
lating wingless-related integration site (Wnt) (Fig. 1), and basic
fibroblast growth factor (bFGF) signaling pathways, which are essen-
tial for self-renewal and maintenance of neural progenitor cells
(NPCs) as well as induction of NSC proliferation.63

Another study found that administration of 100 μmol L–1 of icar-
iin in an acute kidney injury mice model resulted in increased
migration and reduced apoptosis of the administered human
cord blood-derived mesenchymal stem cells (hCB-MSCs). These
findings suggest that this compound enhances the antioxidant
abilities and cytokine secretion of the cells,64 and show that its
effect is not limited to in vitro models. In addition, Tsang et al.
demonstrated a direct relationship between icaritin at concentra-
tions of 5 and 10 nmol L–1 and cell-cycle regulation in mouse
embryonic stem cells (mESCs) by observing the inhibitory effect
of this compound in both Cdx2- and p130-dependent pathways,
which, in turn, activates the cyclin E/Cdk2 signaling and cell-cycle
G1/S phase transition. Moreover, it was found that icariin acts at
the molecular level interacting with ER⊍, promoting its transloca-
tion to the nucleus, and triggering proliferation signals.65 Another
study explored concentrations of 0, 50 and 100 μmol L–1 of icariin
in the culture of NSC, demonstrating that this compound induces
the proliferation of these cells in a dose-dependent manner
through an increase in messenger RNA and protein expression

of cyclin D1 and p21 cell-cycle genes.66 As can be seen, icariin is
one of the most studied plant-derived compounds with eluci-
dated action mechanisms, and has been tested in several differ-
ent cell lines such as hippocampal NSCs67 and amniotic MSCs
(AMSCs).68

Resveratrol
Resveratrol (3,5,4-tetrahydroxystilbene) is a stilbenoid with
estrogenic activity synthesized by different fruits, including
grapes69 and berries70 as well as different parts of the peanut
plant71 and roots derived from Vitis thunbergii;72 as a response
to environmental stressors,73 pathogens, bacteria or fungal
damage.74 Different properties have been attributed to this
molecule, including cardioprotective,75 neuroprotective,76

antioxidant,77 anti-inflammatory78 and anticarcinogenetic
properties.79 Furthermore, it has been studied extensively as
a consequence of its ability to induce SC proliferation and dif-
ferentiation80 through various mechanisms. One of the first
studies on the SC proliferative resveratrol properties was
conducted by Xiao et al. in mouse BM-MSCs (mBM-MSCs)
cultures.81 The authors determined that resveratrol was capa-
ble of reversing the inhibitory effect of cyclosporin A, a potent
immunosuppressive agent, with the ability to interfere with
cell proliferation by reducing the activity of nitric oxide
(NO) synthase and the release of NO. Lately, the same research
group determined the stimulatory and inhibitory concentra-
tions of resveratrol (10−5 and 10−4 mol L–1, respectively) on
hBM-MSCs proliferation. Moreover, they found a direct correla-
tion between the proliferative effect and the RTK signaling
pathway (Fig. 1), by increasing ERK1/2 activity.82

Resveratrol also has been tested to increase the proliferation of
cardiac progenitor cells (CPCs). A dose of 2.5 mg kg–1 day–1 of this
phytochemical gavaged for two weeks in a rat model resulted in
enhanced proliferation and differentiation of the cells, leading
to improved cardiac function.83 However, up to this point, details
of the mechanism of action of this compound were unknown. A
subsequent study carried out by the same research group found
that resveratrol participated in the expression of nuclear factor-
E2-related factor-2 and redox effector factor-1, causing an
increase in the survival, proliferation and differentiation of CPCs.84

Another interesting study carried out by Peltz et al. found that the
resveratrol effect on human mesenchymal stem cells (hMSCs) is
strongly related to the administered dose. While 0.1 μmol L–1 of
this compound promotes self-renewal and inhibit cell senes-
cence, concentrations >5 μmol L–1 increase cell doubling time
and S-phase cell-cycle arrest.85 More recently, it was shown that
concentrations of 50 and 500 nmol L–1 of resveratrol enhanced
cell-cycle progression in ESCs through the activation of Janus
kinase (JAK)-2/signal transducer and activator of transcription-3
(STAT-3) signaling pathway86 (Fig. 1). All of these studies reveal
the effect of resveratrol on SC proliferation through different
mechanisms, and support the possibility of its use for biomedical
purposes.

Naringin
Drynariae Rhizome is themajor source of naringin; however, it also
has been obtained from other sources such as Drynaria fortunei,
Citrus aurantium L., Citrus medica L. and other citrus fruits.87

It is a polymethoxylated flavonoid with antioxidant,88 anti-
hypercholesterolemic,89 anti-inflammatory,90 anticarcinogenic91

and osteogenic92,93 properties. Moreover, several investigations
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have revealed that naringin possesses significant cell proliferation
and differentiation activity through diverse mechanisms.21

A preliminary study carried out by Peng et al. indicated that con-
centrations between 1 and 100 μg mL–1 of naringin increases the
proliferation of hBM-MSCs as well as their subsequent osteogenic
differentiation.94 Subsequently, its proliferative activity in human
AMSCs (hAMSCs) was demonstrated in the concentration range
1–100 μg mL–1, increasing the expression of cyclin D1 genes
and modulating the bone morphogenetic protein (BMP) and
Wnt-⊎-catenin signaling pathways92 (Fig. 1). These signaling path-
ways play a crucial role in regulating osteogenesis, adipogenesis
and osteoblastic apoptosis.95 Other studies have validated the
results mentioned above in human adipose-tissue derived stem
cells (hADSCs), finding that naringin prevents the decrease of
⊎-catenin and cyclin D1, two critical transcriptional regulators of
the Wnt signaling pathway.96 However, the effect of naringin is
not limited to these signaling pathways: Wang et al. reported that
100 μg mL–1 of this compound was effective for hBM-MSC prolif-
eration by activating the RTK signaling pathway97 (Fig. 1). Like-
wise, it was found that 200 μg mL–1 naringin can stimulate
endothelial progenitor cells through the inhibition of apoptosis98

and a dose of 50 μg mL–1 of this phytochemical resulted in the
activation of the PI-3 K/protein kinase B (Akt) of the RTK signaling
pathway99 (Fig. 1).
The potential of naringin to effectively promote proliferation of

different SC types has been demonstrated in both in vitro and
in vivo studies. For instance, Pang et al. showed that naringin,
when administered at doses of 200 and 400 mg kg–1 day–1 for
six weeks in ovariectomizedmousemodels significantly increased
the quality of the distal femur, proximal tibia and lumbar spine,
hypothesizing that this effect may be mediated by the indepen-
dent activation of the oestrogen ligand in osteoblast cells.100 In
addition, the protective role of naringin against ankylosing spon-
dylitis was investigated in a murine model, inducing ossification,
suppressing inflammation and oxidative stress, and downregulat-
ing the JAK-2/STAT-3 signaling pathway101 (Fig. 1). Likewise, it was
found that this compound can reduce the apoptosis rate in either
high (200 mg kg–1) or low (100 mg kg–1) concentrations in an
ovariectomized rat model; however, naringin was unable to
inhibit apoptosis completely. In summary, narginin has enormous
potential to increase cell proliferation in vitro and in vivo by stim-
ulating various signaling pathways, showing itself as a promising
alternative for future applications in regenerative medicine.

(−)-Epillocatechin-3-gallate
Epigallocatechin-3-gallate (EGCG) is a bioactive polyphenol with
antioxidant activity, found mainly in Camellia sinensis (green
tea).102 This compound has been studied widely owing to its
properties of preventing and reversing the damage caused by
reactive oxygen species (ROS).103,104 Moreover, anti-
inflammatory,105 neuroprotective106 and anticarcinogenic107

properties have been attributed to EGCG. More recently, this plant
derivative has shown a significant effect on the proliferation and
differentiation of multiple types of cells, including SCs.108 In
2010, Yoo et al. demonstrated that a 25 mg kg–1 EGCG dose pro-
moted cell proliferation, neuroblast differentiation and their sub-
sequent maturation into neurons in the dentate gyrus of the
hippocampus in a mouse model.109 Likewise, Itoh and colleagues
showed that 0.1 w/v of this compound increased the amount of
NSCs around the damaged area after a traumatic brain injury in
a rat model by inhibiting apoptosis through antioxidant mecha-
nisms.110 Another study found that 40 μmol L–1 EGCG can act

directly on NPCs, favoring both in vitro and in vivo proliferation
through the activation of sonic hedgehog (Shh), which acts as a
mitogen.111

Although various studies have demonstrated the effects of this
compound, few of them propose its molecular action mechanism.
In 2016, Zhang and colleagues suggested that EGCG acts through
the RTK signaling pathway (Fig. 1) in an in vitro mouse cochlear
NSC culture. They showed that concentrations from 0.05 to
20 μmol L–1 of this plant derivative have the capacity to enhance
cell growth, neurosphere formation and neuronal differentia-
tion.108 These findings were validated by Li et al., who demon-
strated that treatment with 10 mg kg–1 EGCG in a rat model
significantly increased the protein levels of phosphorylated Akt
and mTOR, key factors in the RTK signaling pathway112 (Fig. 1).
In addition, it also has been hypothesized that its proliferative
effect is due to the activation of the MAPK-dependent pathway
and the degradation of the ubiquitin/proteasome pathway.113,114

Despite the advances in the study of EGCG, more research is nec-
essary to elucidate the biological effects in SCs and their underly-
ing mechanisms.

Other plant derivatives
Several compounds have been proposed and tested in prelimi-
nary studies for SC proliferation; however, the lack of scientific evi-
dence on the dose and molecular mechanisms hinders their use
for biomedical and clinical applications. For instance, kaempferol,
a natural compound of the flavonoid family obtained from various
well-known food plants such as broccoli, green tea, pumpkin,
onions, beans, tomato and strawberry has been proposed as SC
proliferation inductor.115 Whereas low concentrations of
≈20 μmol L–1 kaempferol could significantly increase the expres-
sion of pluripotency markers in mESC, doses >200 μmol L–1

induced apoptosis and increase mitochondrial ROS.116 Likewise,
100 μmol L–1 kaempferol improved cell viability in BM-MSCs by
inhibiting lipopolysaccharide-induced cell apoptosis.117 More
recently, it was shown that 1 μmol L–1 of this plant derivative
can increase the proliferation and osteogenesis of periodontal lig-
ament SCs (PDLSCs) by activating the Wnt/⊎ catenin signaling
pathway118 (Fig. 1). These findings leave the door open for further
studies on the proliferative effects of this compound in other cell
lines.
Another interesting set of compounds with attributed prolifera-

tive properties are phytocannabinoids. These compounds can be
obtained from resin produced by female plants of cannabis (Can-
nabis sativa).119 Different studies have observed that cannabinoid
receptors regulate the RTK signaling pathways at the Akt/PI-3K
and ERK level in various SCs120-122 (Fig. 1). For instance, the activa-
tion of these receptors through agonists increases bone marrow
recovery and the total number of hematopoietic SCs (HSCs) in
bone marrow after sublethal irradiation. Other effects, including
inhibition of apoptosis, induction of cell survival, and an increase
in the number of HSCs that enter the cell cycle, were observed.123

Likewise, it was determined that a dose of 3 mg kg–1 cannabidiol
administered in a murine model significantly increased cell prolif-
eration and neurogenesis in the dentate gyrus and subventricular
zone of the hippocampus.124 These findings highlight the enor-
mous proliferative potential of phytocannabinoids; however,
more research is needed to better understand their scope and
limitations.
Other compounds that have been proposed to increase the

expansion of SCs include garcinol and its derivative isogarcinol,
both obtained from the Garcinia indica plant, which have been
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shown to be effective in increasing the proliferation of HSCs in
various studies.125,126 Likewise, various plant products have
been studied to increase the number of cells under in vitro and
in vivo conditions. For example, Lee et al. showed the potential
of soybean peptides to induce the proliferation of adipose
tissue-derived stem cells and cord blood-derived mesenchymal
stem cells through the induction of phosphorylation of the
ERK/mTOR/S6RP/eIF4E pathway.6 In another study carried out
by this research group, it was found that 1% of apple ethanol
extracts could activate the same signaling pathway in these
two cell lines.127 Although these studies seem promising, when
extracts are used, it is difficult to determine if the effect is due
to a single molecule or the synergistic effect of several of them.
For example, in a study carried out by Sanberg et al. was found
that certain combinations of blueberry, green tea, catechin,
carnosine, and vitamin D3 had a positive effect on the prolifera-
tion of HSCs in a dose-dependent manner.128 Although many
studies have been conducted to elucidate the effect of plant
derivatives on SCs proliferation, more studies are needed to fully
understand all signaling pathways involved. In summary, it can
be established that cell proliferation is mediated mostly by the
Wnt-⊎ catenin, PI-3K and JAK–STAT pathways, whilst apoptosis
is regulated predominantly by the PCK-Bax/Bcl-2 and Cas path-
ways, as can be observed in Fig. 1. Likewise, a more detailed
description of the main cell proliferation mechanisms is listed
in Table 1.

CONCLUSIONS
Plants have been highlighted as a novel strategy for stem cell
maintenance and proliferation as a result of their high content
of many bioactive compounds involved in different signaling
pathways, extending their effects to various cell lines. Several
compounds including those mentioned previously have shown
their proliferative effect in different types of SCs by regulating
cell-cycle progression, modulating apoptotic mechanisms and
providing survival factors. In this review, a complete analysis of
the most reported plant derivatives with an effect on the prolifer-
ation of SCs was presented, showing the most significant
evidence by categorizing the specific signaling pathways in
which they participate. However, the study of wider plant deriva-
tives on proliferation and differentiation potential has not been
exploited fully. In this context, there are multiple opportunities
to find cost-effective solutions for current cell culture problems,
such as the use of animal-derived factors that lead to inappropri-
ate cultivation for good manufacturing practice guidelines or
the use of recombinant growth factors that significantly increase
the cost of cell expansion processes. Aspects concerning the
enormous potential for the differentiation of multiple SCs types
cultured in the presence of various plant derivatives as well as
challenges in order to implement their use for clinical applications
will be addressed in this review (Chairez-Cantu et al., 2021).
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Abstract

The development of cell therapies to replace lost or damaged cells has attracted interest in the regenerative medicine field due
to the multilineage differentiation ability of stem cells. However, there are some drawbacks regarding optimization in the dif-
ferentiation protocols to obtain high efficiency and further translation into clinic settings, which have led to the identification
of specific compounds that could overcome these challenges. For years, plants have been associated with useful therapeutic
effects for the treatment of some human diseases due to their high content of bioactive compounds. These plant derivatives
act as growth factors that could eithermodulate or promote cell differentiation by the activation of specific signaling pathways.
In this context, the administration of stem cells supplemented with these compounds could have better outcomes as a treat-
ment. Hence, supplementing stem cell culture with plant derivatives represents a cost-effective strategy, as the purification
of plant extracts is of relatively low cost compared to the production of recombinant growth factors, and also their use facili-
tates the compliance of good manufacturing practice guidelines compared to xenogeneic compounds. This review aims to
describe the mechanism of action of the most well-studied plant derivatives involved in cell differentiation enhancement, par-
ticularly in osteogenic and neural lineages. Additionally, current trends and challenges that must be addressed for successful
implementation in clinical applications are discussed.
© 2021 Society of Chemical Industry (SCI).
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NOMENCLATURE
5-HT 5-hydrotryptamine
Akt protein kinase B
ALP alkaline phosphatase
ATPS aqueous two-phase system
BDNF brain-derived neurotrophic factor
bFGF basic fibroblast growth factor
BMP bone morphogenetic protein
COL-1 type-1 collagen-I
DPSC dental pulp stem cell
EEGR ethanol extract of Gastrodiae rhizoma
EF Epimedium flavonoids
ESC embryonic stem cell
GalC galactosylceramidase
GFAP glial fibrillary acidic protein
GMP good manufacturing practice
hBM-
MSC

human bone marrow-derived mesenchymal
stem cell

HDAC4 histone deacetylase 4
hPDLSC human periodontal ligament stem cell
IGF-1 insulin-like growth factor-1
iPSC induced pluripotent stem cell
MAP-2 microtubule-associated protein 2
mMSC mouse mesenchymal stem cell

MSC mesenchymal stem cell
NSC neural stem cell
OC osteocalcin
OPN osteopontin
PNS saponins
Rd ginsenoside
Runx2 runt-related transcription factor 2
SA syringic acid
SC stem cell
SM Salvia miltiorrhiza
TGF-⊎ transforming growth factor beta
TuJ1 neuron-specific class III beta-tubulin
Wnt wingless-related integration site
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INTRODUCTION
Stem cells (SCs) are distinguished from other cell types due to
their continuous self-renewal and remarkable differentiation
potential properties. Therefore, they represent a promising alter-
native for developing cell therapies to treat degenerative human
diseases.1 However, some challenges need to be overcome prior
to implementation of cell therapies in the clinic. For instance, spe-
cial interest has been focused on the improvement in cell expan-
sionmethods to supply the human body demand. To address this,
the recapitulation of specific cell niches has been developed in
order to translate in vivo conditions to in vitro conditions.2 Further-
more, high efficiency in cell differentiation is another parameter
to consider, as it is related to cell functionality, which ultimately
determines the success of a cell therapy.3 Both challenges rely
on the need of seeking key factors involved in the maintenance
and differentiation to multiple cell lineages under controlled con-
ditions. Hence, the optimization in cell differentiation protocols
has led to the addition of specific compounds that could improve
cell commitment and efficiency by reducing time throughout the
process.
These key factors are commonly known as growth factors, but

they can also be cytokines or proteins, whose main role consists
of triggering specific signaling pathways modulating cell prolifer-
ation or differentiation.4 Growth factors are often obtained from
animal sources, known as xenogeneic compounds; however,
due to species incompatibility, they are not suitable for human
applications as the risk of immune rejection increases.5 In this
sense, other alternatives such as recombinant growth factors
have emerged to overcome this limitation. Unfortunately, their
high production cost hinders affordable cell therapies.6 Therefore,
plant-derived compounds represent not only a cost-effective
alternative but also as an easier strategy for cell therapy imple-
mentation, complying with good manufacturing practice (GMP)
guidelines.7

Since the first years of civilization, plants have been studied due
to the presence of bioactive compounds with therapeutic effects.
The extraction of plant materials has led to the identification of
several compounds that can reverse inflammatory,8 allergic,9 oxi-
dative10 and even cancerous11 processes. In addition, studies
have shown that they are able to provide survival factors, reduce
pain intensity12 and increase neuroprotection13 and regeneration
properties. Therefore, the use of plant derivatives in cell culture
has been proposed for enhancing cell proliferation due to their
ability to activate pathways related to cell cycle and modulate
apoptotic mechanisms, as discussed in this review (Ornelas-Gon-
zález et al., unpublished). Complementarily, the present review
aims to describe the mechanism of action of the most-studied
plant-derived compounds for promoting cell differentiation in
pluripotent and multipotent SC types. Furthermore, current chal-
lenges and trends regarding their use for clinical applications are
discussed.

EFFECT OF PLANT DERIVATIVES ON STEM
CELL DIFFERENTIATION
SCs have the ability to differentiate intomultiple lineages. Accord-
ing to their differentiation potential, they are divided into two
main categories. (i) Pluripotent SCs, including embryonic SCs
(ESCs) and induced pluripotent SCs (iPSCs), which give rise to
the three germ layers. Whereas, other SCs are more restricted in
their differentiation, and therefore they only commit to a specific

lineage, known as (ii) multipotent SCs or adult SCs; mesenchymal
SCs (MSCs), hematopoietic SCs and neural SCs (NSCs) fall into this
category.14 The differentiation of SCs is determined by growth fac-
tors involved in triggering specific signaling pathways. Wingless-
related integration site (Wnt), transforming growth factor-beta
(TGF-⊎), Notch, Hedgehog and tyrosine kinase are the principal
pathways involved in modulating the fate of SCs.15 Growth factors
including sonic hedgehog and retinoic acid are necessary for early
differentiation to guide ectodermal lineage; whereas for late differ-
entiation, neurotrophic factors like brain-derived neurotrophic fac-
tor (BDNF) and neurotrophin-3 provide neuroprotection to
improve cell survival.16

In the case of mesodermal lineage, the roles of activin and bone
morphogenetic protein (BMP) are crucial for differentiation.17 For
instance, BMP4 participates in the generation of cardiac cells. Fur-
thermore, for endoderm differentiation, growth factors belonging
to the TGF-⊎ family are mainly involved, as well as epidermal
growth factor, hepatocyte growth factor and insulin-like growth
factor-1 (IGF-1).18 Therefore, plants are a source of chemical com-
pounds that modulate some of the signaling pathways
mentioned before, which can be used as replacements of recom-
binant growth factors currently added to differentiation culture
media.19 The use of phytochemicals represents a cost-effective
and nontoxic alternative that has a positive effect on SC differen-
tiation. Therefore, in the next sections some examples are dis-
cussed highlighting the potential to promote the differentiation
of certain cell lineages. A summary of the main reported plant
derivatives used for several SCs is presented in Table 1, showing
the concentration range tested and the mechanism of action
involved in the respective cell fate.

Embryonic stem cells
ESCs are derived from the inner cell mass of a day 5 blastocyst.
Although they have a remarkable ability to differentiate into the
three germ layers, their use remains controversial due to ethical
concerns.20 Therefore, taking advantage of their pluripotency
property, ESCs have been differentiated into several lineages to
develop drug screening assays. For instance, these SCs have
shown great capacity to differentiate in vitro to neural lineages
in order to understand many of the molecular mechanisms
involved in neurodegenerative diseases and ultimately to test
drug candidates for treatment. Most of the pharmacological treat-
ments available, for example, in Alzheimer's disease, Parkinson's
disease and amyotrophic lateral sclerosis, only reduce disease
progression by diminishing the symptoms.21 Thus, the lack of
effective drugs has led to the importance of generating in vitro
models more accurately to recapitulate those diseases and find
alternative treatments.
There are other neurological diseases like depression for which

the causes remain unclear; the closest approach is that levels of
5-hydrotryptamine (5-HT) are decreased due to loss of serotoner-
gic neurons.22 Therefore, the effect of phloroglucinols on seroto-
nergic neuron differentiation has been studied. Four different
compounds, extracted from the Chinese plant Hypericum longisty-
lum, were evaluated at concentrations of 2.5, 5, 10, 20 and
40 μmol L−1 in mouse ESC culture. Concentrations between 2.5
and 10 μmol L−1 showed the highest expression of neural-specific
markers with an increase in the generation of NSCs and serotoner-
gic neurons. The addition of phloroglucinol derivatives in the dif-
ferentiationmedia induced regeneration of serotonergic neurons,
and thus levels of 5-HT were increased under in vitro and in vivo
conditions, as mice also showed antidepressant behaviors when
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they were exposed to stressful environments.23 Despite, high con-
centrations of plant derivatives in culture media can generate cell
cytotoxicity; in this study, low concentrations were sufficient to
induce a relevant biological activity by modulating specific signal-
ing pathways. However, the mechanism of action by which these
plant derivatives promote neuron differentiation was not
completely elucidated.

Induced pluripotent stem cells
iPSCs are genetically reprogrammed somatic cells back to a plu-
ripotent state. These cells share ESC-like properties highlighting
the ability to differentiate into the three germ layers. Their main
advantage is that cells can be isolated from the same patient,
avoiding ethical issues, and eliminating the risk of immune rejec-
tion.24 Therefore, iPSCs have emerged as a promising alternative
for developing cell-replacement therapies as personalized medi-
cine. However, their use for clinical applications remains contro-
versial as safety concerns need to be resolved. So far, they have
been widely used as disease models to assess pharmacological

treatments.25 Similar to ESCs, iPSCs have attracted a particular
interest for their differentiation into neural lineages.
Compounds derived from the Chinese herbal medicine Salvia

miltiorrhiza (SM) have shown positive effects on neural differenti-
ation from bone marrow stromal cells.26 The benefits of inducing
differentiation are associated with the presence of salvianolic
acid, tanshinone and cryptotanshinone, which reduce inflamma-
tory, oxidative and apoptotic mechanisms. For instance, to
achieve antioxidative effects, salvianolic acid acts as an inhibitor
in signaling pathways involving AMP-activated protein kinases
and protein kinase B (Akt) and serine threonine protein kinases.27

To study the effects on neural differentiation of hydrophilic and
hydrophobic compounds present in SM, different concentrations
(1, 5 and 10 μg mL−1) were evaluated. An optimal concentration
of 5 μg mL−1 showed higher nestin expression as an early differ-
entiation neural marker and microtubule-associated protein
2 (MAP-2) as a late differentiation neural marker in iPSC culture
treated with SM. Furthermore, the addition of these phytochemi-
cals in the differentiation media increased the size and number of

Table 1. Summary of plant derivatives with positive effect on SC differentiation under in vitro conditions

Compound Stem cell Concentration Mechanism Effect Ref.

Drynaria fortunei flavonoids DPSCs 0.01–0.1 g L−1 Upregulation of Runx2, ALP, OC,
COL-1

Osteogenic differentiation 65

Sedoheptulose hPDLSCs 0.05–5 μg mL−1 Upregulation of Runx2 69
Crocin and crocetin rMSCs 12.5–2000 μmol L−1 Upregulation of ALP 34
Root extracts from
Symphytum officinale L.

hBM-MSCs 1% (v/v) Upregulation of Runx2, OPN, OC,
ALP

35

Syringic acid mMSCs 100–300 μmol L−1 Upregulation of Runx2, ALP,
COL-1, OC

37

Naringin hBM-MSCs 1–100 μg mL−1 Upregulation of ALP, COL-1,
OPN, OC

41

hAFSCs 1–100 μg mL−1 Upregulation of BMP and Wnt-
⊎-catenin signaling pathways

42

Icaritin hBM-MSCs, hADSCs 10−8–10−5 mol L−1 Upregulation of BMP2, BMP4,
BMP7, Runx2, distal-less
homeobox 5, ALP, OC, COL-1

44

Icariin hNSCs 0.1–10 μmol L−1 Upregulation of Wnt and bFGF
signaling pathways

Neural differentiation 57

Saponins and ginsenoside mNSCs 10−9–10−5 mol L−1 Activation of Notch signaling
pathway

Astrocytic differentiation 48

Extract of Gastrodiae rhizoma hNSCs 0.1 and 0.2 mg mL−1 Upregulation of TuJ1 and MAP-2 Neuronal differentiation 53
Epimedium flavonoids rNSCs 10–400 μg mL−1 Upregulation of TuJ1, NF-200,

GFAP, GalC
Neural differentiation, cell
migration and neurite
outgrowth

54

Phloroglucinols mESCs 2.5–40 μmol L−1 Not described Serotonergic neuron
differentiation with
increased levels of 5-HT

23

Hydrophilic and
hydrophobic compounds
of Salvia miltiorrhiza

iPSCs 1–10 μg mL−1 Upregulation of nestin and MAP-
2

Neural differentiation,
neuroprotective properties

28

5-HT, 5-hydrotryptamine; ALP, alkaline phosphatase; bFGF, basic-fibroblast growth factor; BMP, bone morphogenetic protein; BMP2, bone morpho-
genetic protein 2; BMP4, bonemorphogenetic protein 4; BMP7, bonemorphogenetic protein 7; COL-1, collagen type I; DPSCs, dental pulp stem cells;
GalC, galactosylceramidase; GFAP, glial fibrillary acidic protein; hADSCs, human adipose tissue-derived stem cells; hAFSCs, human mesenchymal
stem cells derived from amniotic fluid; hBM-MSCs, human bonemarrow-derivedmesenchymal stem cells; hNSCs, human neural stem cells; hPDLSCs,
human periodontal ligament stem cells; iPSCs, induced pluripotent stem cells; MAP-2, microtubule-associated protein 2; mESCs, mouse embryonic
stem cells; mMSCs, mousemesenchymal stem cells; mNSCs, mouse neural stem cells; NF-200, neurofilament 200; OC, osteocalcin; OPN, osteopontin;
rMSCs, rat mesenchymal stem cells; rNSCs, rat neural stem cells; Runx2, runt-related transcription factor 2; TuJ1, neuron-specific class III beta-tubulin;
Wnt, wingless-related integration site.
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the neurospheres compared to the control groups, indicating a
positive effect on cell proliferation. Another important effect of
SM observed on neural lineages is in vivo neuroprotection proper-
ties. To investigate this, an ischemic brain rat model was devel-
oped in which iPSC-derived NSCs either alone or accompanied
by SM were administered intraperitoneally. After transplantation,
the rats treated with iPSC-derived NSCs plus SM exhibited better
outcomes showing an increase in neuron survival, integration, dif-
ferentiation and recovery.28

The mechanism of action proposed for SM on neural differenti-
ation is the participation in structural and functional properties
that lead to the regeneration of neural cells. Functional
properties include the generation of synaptic vesicles to increase
the release of neurotransmitters. Although the exact mechanism
of action of SM on neural differentiation is not described, it could
be suggested that due to the antioxidative properties of the plant
compounds, it may facilitate ion transfer to promote cell survival,
and also participate in the production of neurotrophic factors. It is
important to consider that the first attempts at using SM were
focused on treating cardiovascular and liver diseases as it
enhances blood circulation;29 however, there are many bioactive
compounds present in SM that reveal a wide versatility of benefits
for different cell lineages, as is discussed in the next section.

Adult stem cells
Mesenchymal stem cells
MSCs are isolated mainly from bone marrow or umbilical cord
sources, as these cells are multipotent, primarily differentiated
into osteocytes, adipocytes and chondrocytes. However, studies
have shown they can also differentiate into neurons, myocytes
and hepatocytes. Due to their great differentiation potential,
MSCs stand as the main candidates for cell-replacement thera-
pies; therefore, the majority of ongoing clinical trials are using this
cell type.30 Most importantly, MSCs are able to migrate to a dam-
aged site and either differentiate into the desired lineage or
secrete trophic factors, including vascular endothelial growth fac-
tor, basic fibroblast growth factor (bFGF) and BDNF, to induce
paracrine signals promoting intercellular communication.31

One of the main challenges that need to be addressed during
the translation of cell therapies to the clinic is cell expansion to
supply the high demand of the human body. Therefore, the devel-
opment of synergistic therapies combining the addition of phyto-
chemicals with cell therapies enhances the therapeutic effects of
both. This is the case in which SM along with MSCs were also used
in a brain ischemic stroke model to study the benefits of the com-
pounds present in the plant. An optimal concentration of
10 μg mL−1 increased cell proliferation, improved cell survival
of administered MSCs into the injured site and reduced the
infarcted zone. These therapeutic effects were validated through
the protein expression of B-cell lymphoma 2, caspase-3 and
BCL2-associated X protein, as well as extracellular signal-
regulated kinase and Akt, which are factors involved in apoptosis
and cell survival, respectively.32

Besides the therapeutic effects of MSCs on neurological dis-
eases, these cells have shown high efficiency for differentiating
into the osteogenic lineage to enhance bone regeneration either
in fractures or in diseases like osteoporosis. Crocus sativus L. or saf-
fron has been widely used as treatment for cancer, cardiovascular
diseases and diabetes mellitus due to the presence of bioactive
components such as crocin, a glycosylated carotenoid, and its
hydrolyzed form known as crocetin.33 The therapeutic benefits

have beenmainly attributed to these components; however, their
impact on bone repair remains unexplored.
Although crocetin is a variant derived from crocin, differences in

cell cytotoxicity between these components were observed asso-
ciated with their pharmacokinetic properties. Therefore, to evalu-
ate cell viability, a concentration range between 12.5 and
2000 μmol L−1 was tested on MSC culture resulting in an increase
of cytotoxic effects at high concentrations, especially from croce-
tin. Thereby, concentrations of 12.5, 25 and 50 μmol L−1 were
used to enhance osteogenic differentiation by increasing calcium
deposits and alkaline phosphatase (ALP) expression during
21 days of treatments compared to control groups.34

Another plant involved in accelerating bone repair is Symphy-
tum officinale L., which has been widely used to treat bruises, skin
injuries and damaged tendons. Several formulations from the
plant roots extracts were prepared and added at different concen-
trations to culturemedia. During the first 24 h, no cytotoxic effects
were observed. Thus, for the differentiation process, MSCs iso-
lated from bone marrow patients were treated for 2 weeks with
each formulation resulting in high expression of runt-related tran-
scription factor 2 (Runx2), osteopontin (OPN) and osteocalcin
(OC) in comparison to control groups, indicating that MSCs were
able to differentiate to osteoblasts due to the expression of OC,
a late marker during osteogenic differentiation associated with
mature bone properties like mineralization. Furthermore, osteo-
blasts exhibited high ALP activity.35

So far, the continuous expression of Runx2 reveals the osteo-
genic lineage commitment, as this transcription factor regulates
osteogenesis bymodulating OPN and OC expression.36 Therefore,
the addition of phytochemicals to culture media seeks to target
the expression of Runx2 to stimulate osteogenic differentiation.
In this context, the same effect was observed using a phenolic
acid found in walnuts and olives, known as syringic acid (SA). This
has been widely used to treat diabetes, but its effects on osteo-
genesis have not yet been elucidated.
Different SA concentrations varying from 100 to 150 and

300 μmol L−1 were evaluated initially on mouse MSC (mMSC) cul-
ture to guarantee noncytotoxic effects, demonstrating the same
cell proliferation rate compared to control groups. Consequently,
mMSCs were treated with SA at the same concentrations for
7 days showing high ALP activity. Continuous treatment with SA
throughout the differentiation process exhibited calcium deposi-
tion on day 14, especially when mMSCs were treated at a concen-
tration of 150 μmol L−1. Interestingly, this concentration revealed
a significant stimulation of Runx2 expression, and therefore a high
expression of ALP, type-1 collagen-I (COL-1) and OC.37 In this
study, the regulation of Runx2 was further studied including the
role of Osterix during osteogenic differentiation, as this gene neg-
atively regulates Runx2 expression. However, SA treatment
induced its expression, suggesting that SA could not only have a
direct effect on Runx2 but could also participate in the inhibition
of its repressors indirectly. Other osteoblast inhibitors like Smad7
and histone deacetylase 4 (HDAC4) participate during differentia-
tion by repressing Runx2 activity.38,39 Therefore, their expression
was also evaluated, showing no change between SA-treated
groups and control groups. To downregulate their activity and
potentiate Runx2 expression, miR-222, miR-21 and miR-30c are
employed, as they are known to act on these repressors.40

Thereby, mMSCs were treated for 14 days at 150 μmol L−1 SA,
resulting in greater induction of miR-21 and miR-30c correlated
to low activity of Smad7 protein. The role of these miRNAs sug-
gests that the downregulation of miR-222, miR-21 targeting
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Smad7 protein and miR-30c targeting HDAC4 stimulates the
expression of osteogenic markers achieved by the addition of
SA to mMSC culture.
On the other hand, the effects of naringin are associated with

promoting osteogenic differentiation by increasing the secretion
of BMPs. A dose-dependent concentration ranging from 1 to
100 μg mL−1 was evaluated on human bone marrow-derived
MSCs (hBM-MSCs) for which higher concentrations of naringin
were correlated with higher expression of osteogenic markers,
including ALP, COL-1, OPN and OC.41 However, concentrations
above 200 μg mL−1 resulted in toxic effects to hBM-MSCs.
Furthermore, the same conditions of naringin were evaluated

on human MSCs derived from amniotic fluid, exhibiting the same
results. Unlike the previous study, markers related to osteoclasto-
genesis, including osteoprotegerin and the receptor activator of
nuclear factor-кB ligand, were assessed in the presence of narin-
gin, suggesting its role as an enhancer of the expression of inhibit-
ing factors involved in this process. Therefore, the mechanism of
action by which naringin promotes osteogenic differentiation is
through BMP and Wnt-⊎-catenin signaling pathways (Fig. 1) as
the expressions of BMP4, Runx2 and ⊎-catenin along with its tar-
get, cyclin D1, were upregulated.42 It can be concluded that the
plant derivatives discussed at this point target Runx2 expression
that could be enhanced through either BMP or Wnt-⊎-catenin sig-
naling pathways.
Similarly, icariin has been characterized as a potent inducer of

osteogenic differentiation in hBM-MSCs,43 which has shown bet-
ter results than icariin. Therefore, icaritin not only stimulates oste-
ogenic differentiation by increasing the expression of BMP2,
BMP4, BMP7, Runx2, distal-less homeobox 5, ALP, OC and COL-1
but also facilitates calcification and provides bone protection in
hBM-MSC and human adipose-tissue derived SC cultures treated
with this plant derivative at concentrations ranging from 10−7 to
10−5 mol L−1.44 Besides acting as an osteoinductive agent, icariin
is highlighted as a robust phytochemical with a wide variety of
therapeutic benefits, including those related to NSCs.

Neural stem cells
NSCs are found in two specific cell niches located in the lateral
ventricles and the dentate gyrus of the hippocampus.45 They are
multipotent stem cells as they compromise to the neural lineage,
including neurons, astrocytes and oligodendrocytes.46 Therefore,
NSCs have attracted attention in developing disease modeling to
understand the molecular mechanisms that trigger either the
degeneration of neurons or their function loss. In this context,
cell-replacement therapies have also emerged as a promising
alternative for treatment. However, a significant drawback to
overcome during the neural differentiation process is increasing
the efficiency rate and neural functionality.47 Hence, the search
for potent neural inducers has been conducted, giving rise to sev-
eral optimized differentiation protocols, in which recently the use
of plant derivatives has featured as an effective strategy.
Under in vitro conditions, NSCs are cultured generating neuro-

spheres which are ideal for evaluating proliferation and differentia-
tion. Therefore, the effects of saponins (PNS) and ginsenoside
(Rd) derived from the roots of Panax notoginseng were studied.
NSCs were treated at different concentrations ranging from 10−9

to 10−5mol L−1 PNS and Rd for 3 days, showing the highest expres-
sion of MAP-2 and glial fibrillary acidic protein (GFAP), specific neu-
ral markers corresponding to neurons and glial cells, respectively.
Interestingly, both phytochemicals induced astrocytic differentia-
tion but showed no effect on neuronal differentiation. Moreover,

cell viability was affected in the presence of each phytochemical
as cytotoxic effects were observed at specific concentrations.
Therefore, the active concentration of PNS was 10−6 mol L−1,
whereas for Rd it was between 10−7 and 10−5 mol L−1.48

To elucidate the mechanism of action of Rd, it was suggested
that it could participate as an activator of the Notch signaling
pathway. The regulation of this pathway determines neuron or
glial cell fate, meaning that an activation leads to astrocytic
differentiation,49 whereas an inhibition tends to neuronal differ-
entiation.50 However, other bioactive compounds specifically pro-
mote neuronal differentiation, including the formation of
dendrites. Gastrodin, 4-hydroxybenzyl alcohol and vanillin are
some of the phytochemicals derived from Gastrodiae rhizoma,
which have been implicated in neuroprotective properties and
memory improvement.51,52 To evaluate the effect on NSC differ-
entiation, cells were treated with an extract of this plant, namely
ethanol extract of Gastrodiae rhizoma (EEGR), at concentrations
of 0.1 and 0.2 mg mL−1 for 4 days. In the first 24 h, NSC prolifera-
tion was increased in a dose-dependent manner. Regarding NSC
differentiation, the expressions of specific neural markers includ-
ing nestin, neuron-specific class III beta-tubulin (TuJ1) and
MAP-2 were assessed using quantitative reverse transcription
polymerase chain reaction and immunocytochemistry, resulting
in a high expression of TuJ1 and MAP-2, whereas a decreased
expression of nestin was observed. The differential gene expres-
sion suggests that EEGR induces NSC differentiation, as nestin is
considered an early differentiation marker specific to NSCs, con-
trary to TuJ1 and MAP-2 that are specific to neurons.53 It would
be interesting if electrophysiology techniques were to be
included in these studies in order to evaluate cell functionality,
neuron–glia communication and synaptic transmission.
Other bioactive compounds are involved in stimulating neuro-

genesis, giving rise to the neural lineage. Flavonoids derived from
the Chinese plant Epimedium have also shown improvement in
learning and memory activities in an Alzheimer mouse model.
To study the role of Epimedium flavonoids (EF) in NSC differentia-
tion, neurospheres were cultured under different concentrations
of 10, 50, 100, 200 and 400 μg mL−1 at day 7. Initially, the highest
concentrations resulted in an increased neurosphere volume,
indicating that EF promote NSC proliferation. In contrast, high
concentrations were not correlated with differentiation efficiency,
as concentrations ranging from 10 to 100 μg mL−1 resulted in the
expression of specific neural markers including TuJ1 and neurofi-
lament 200 for neurons, GFAP for astrocytes and galactosylcera-
midase (GalC) for oligodendrocytes. Most importantly, EF not
only stimulate NSC differentiation but also participate in cell
migration and neurite outgrowth, as EF-treated cells showed lon-
ger and thicker axons compared to control groups.54 Presumably,
EF could also be involved in promoting neurotransmitter release
and secretion of neurotrophic factors.
Similarly, icariin has shown positive effects on neural differenti-

ation and neuroprotective properties, in particular improving
memory skills in an Alzheimer mouse model55 and reverting
motor dysfunction in a spinal cord injury model.56 To examine
the effects of icariin on NSC differentiation, neurospheres derived
from human NSCs obtained from spontaneous abortions were
cultured at different concentrations of 0.1, 1 and 10 μmol L−1 for
7 days. High concentrations of icariin were correlated to high
rates of cell proliferation, showing an increase in neurosphere
number and diameter. However, it is crucial to consider that con-
centrations exceeding 50 μmol L−1 resulted in cell cytotoxicity.
Regarding neural differentiation, the expressions of specific
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neural markers, including ⊎-III tubulin for neurons, GFAP for astro-
cytes and GalC for oligodendrocytes, were observed. Also, the
expressions of frizzled-7, dishevelled segment polarity protein 3,
⊎-catenin and fibroblast growth factor receptor 1 were upregu-
lated in icariin-treated groups, indicating that icariin might pro-
mote neurogenesis through Wnt and bFGF signaling pathways.57

Interestingly, other bioactive compounds are involvedmainly in
providing neuroprotective effects. This is the case of flavonoids
derived from Ruta graveolens, especially the presence of an active
metabolite known as rutin, which is associated with most of the
therapeutic properties. Furthermore, this plant contains potential
neuroactive compounds that could interfere with degenerative
processes and ultimately restore neural activity, becoming
extremely attractive in finding effective treatments for neurode-
generative diseases.58 For instance, in the case of Parkinson's dis-
ease, rutin is able to block monoamine oxidase B, an enzyme
involved in the metabolism of dopamine, resulting in more avail-
ability of this neurotransmitter for proper neuronal function.59

This phytochemical also enhances cell survival of dopaminergic
neurons by reverting the effects of 6-hydroxydopamine in an
induced-Parkinson mouse model.60

Similarly, rutin has shown positive effects in Alzheimer's disease,
as it inhibits the activity of acetylcholinesterase resulting in the
maintenance of cholinergic neurotransmission between the cere-
bral cortex and other brain structures involved in cognitive skills.59

Moreover, this phytochemical is able to delay the progression of
the disease in animal models by reducing the accumulation of

A⊎ oligomers, gliosis, oxidative stress and inflammatory cytokines,
thus improving memory impairment.61 These last examples high-
light the great potential of plant derivatives not only as inducers
of neural differentiation but also as agents that are able to revert
degeneration processes which lead to the need for developing
synergistic therapies that combine the administration of cells
and phytochemicals.

Dental pulp stem cells
Dental pulp SCs (DPSCs) are isolated from tooth pulp and share a
differential potential similar to MSCs as they are able to transdif-
ferentiate into mesoderm (osteocytes, chondrocytes, adipocytes
and smooth muscle cells) and ectoderm (neurocytes) lineages.62

Due to the ease of obtaining them and their potential to differen-
tiate into bone cell phenotype, DPSCs are currently studied to
treat dental diseases like periodontal diseases consisting of a
chronic infection that affects teeth function leading to their loss.63

Therefore, the use of DPSCs to stimulate bone regeneration repre-
sents a promising alternative for treatment. However, the effi-
ciency of DPSC therapy can be improved through the addition
of phytochemicals promoting osteogenic differentiation.
Flavonoids present in the Chinese herb medicine Drynaria fortu-

nei have shown bone healing effects in the traumatology area, as
they participate in the regulation of BMP2, ALP, collagen and
collagenase I.64 Hence, to study the effects of flavonoids on DPSC
culture, cells were treated at concentrations of 0.01, 0.05 and
0.1 g L−1 showing a dose-dependent effect. Higher

Figure 1. Graphical representation of the signaling pathways involved in the regulation of Runx2 for osteogenic differentiation. The addition of some
plant derivatives in MSC culture induces the expression of Runx2 through BMP andWnt-⊎ catenin pathways. Ultimately this transcription factor promotes
the activation of specific osteogenic genes including OPN, OC and COL-1 involved in early and late differentiation. APC, adenomatous polyposis coli pro-
tein; BMP, bone morphogenetic protein; CK1⊍, casein kinase 1 alpha protein; COL-1, type-1 collagen-I; GSK-3⊎, glycogen synthase kinase-3⊎; LRP, low-
density lipoprotein receptor-related protein; MSCs, mesenchymal stem cells; OC, osteocalcin; OPN, osteopontin; Runx2, runt-related transcription factor
2; Wnt, wingless-related integration site. Created with BioRender.com.
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concentrations of flavonoids resulted in higher expression of oste-
ogenic genes without the induction of cell toxicity and apoptosis.
ALP and OC were used as early differentiation markers, whereas
COL-1 was used as a late differentiation marker. Furthermore, an
increase in Runx2 expression was observed, indicating a positive
regulation on ALP, OC and COL-1. Therefore, high osteogenic
gene expression mediated by Runx2 suggests the mechanism of
action in which total flavonoids from Drynaria fortunei act on
DPSCs.65 Thus, flavonoids stimulate osteogenic differentiation
in vitro and also promote mineralization through the observation
of calcium nodules. Other studies have shown that total flavo-
noids from Drynaria fortunei increase IGF-1, BMP2, BMP6, ALP,
OPN and OC expression, which are bone-related genes through-
out differentiation.66 Similarly to MSCs, these plant derivatives
also promote osteogenic differentiation through the Runx2
expression that could be modulated through the BMP signaling
pathway.
Human periodontal ligament SCs (hPDLSCs) are another cell

source found in tooth pulp, which have the potential to differenti-
ate into osteoblasts, cementoblasts and periodontal ligament
cells.67 Therefore, these cells are also considered for the treatment
of periodontitis to regenerate damaged tissue. Since pre-
Columbian times, Sedum oxypetalum, a Mexican plant commonly
known as jiote or siempreviva, has been used to treat mouth
inflammation and promote teeth strengthening by chewing the
branches.68 Although the therapeutic effect of the plant has been
demonstrated, the mechanism of action remains unexplored.
Hence, an aqueous extract from Sedum oxypetalum was obtained
to study the in vitro effect on osteogenic proliferation, differentia-
tion and mineralization in hPDLSC culture. The aqueous extract
was further characterized in order to isolate two major mineral
components: sedoheptulose and syngenite. Therefore, the aque-
ous extract, sedoheptulose and syngenite were evaluated at differ-
ent concentrations of 0.05, 0.5 and 5 μg mL−1 added to culture
media. High concentrations resulted in high cell viability and effi-
ciency rate during the ongoing differentiation to bone cells. The
potential benefits of the aqueous extract and sedoheptulose were
especially associatedwith stimulating cell proliferation at a concen-
tration of 5 μg mL−1 during the first 5 days of culture, showing high
ALP expression, but failed to do so in the long term. This could be
explained as sedoheptulose also acts as an inducer of osteogenic
differentiation through the expression of core-binding factor alpha
1/Runx2. Furthermore, this organic compound promotes minerali-
zation after 10 days of treatment resulting in high expression of
OCN and bone sialoproteinmarkers. In contrast, the role of syngen-
ite was associated with the formation of microspheres rich in high
ratios of Ca/P, similar to the composition of hydroxyapatite crystals
present in the collagen matrix of bone cells.69 This study was the
first to use a traditional Mexican plant in the regeneration of dental
tissues. It is important to highlight thatmost of the plant derivatives
have been used to induce osteogenic and neural differentiation;
therefore further studies are required to evaluate the differentiation
potential on other cell lineages.

CHALLENGES AND FUTURE PERSPECTIVES
OF PLANT DERIVATIVES IN STEM CELL
CULTURE FOR REGENERATIVE MEDICINE
The addition of plant derivatives in SC cultures has shown positive
outcomes by promoting cell proliferation and differentiation.
However, there are some crucial factors to consider throughout

the isolation and purification processes of these compounds to
maintain controlled conditions, without compromising their effects.
For instance, since plant derivatives are synthesized by plants as
assistants in the mechanisms of adaptation,70 development,71

growth72 and defense,73 their production depends on multiple fac-
tors such as climate,74 soil conditions,75 year season,76 stress,77 light
incidence78 and CO2 concentration.

79 Changes in these factors gen-
erate lot-to-lot variations in the concentration of the compounds,80

causing discrepant results if not considered. Therefore, sufficient
quantities of plants grown in the same environment must be
obtained in order to minimize this effect.
However, when SCs are meant for biomedical applications, rigor-

ous requirements must be followed to ensure their safety and effi-
cacy. One of the aspects not fully considered when extracting,
separating and purifying plant compounds is the use of ‘green
methods’ that avoid or reduce the use of organic solvents and
other reagents that could violate GMPguidelines. In this sense, this
is one of the first challenges that must be faced to implement
these compounds as additives in formulations for SC culture. Vari-
ous novel extraction andpurificationmethods such as supercritical
fluid extraction,81 microwave-assisted extraction,82 accelerated
solvent extraction,83 ultrasound-assisted extraction84 and subcriti-
cal water extraction85 have shown promise as effective solutions
for the extraction of compounds; however, technical limitations,
high costs related to the procedure and necessary equipment hin-
der their full implementation. Fortunately, simpler and cheaper
techniques such as aqueous two-phase systems (ATPSs) have
been successfully implemented for the separation of multiple
compounds from different plants,86-88 representing cost-effective
strategies with high biological compatibility. In this sense, ATPSs
have been used for the purification of enzymes derived from
papaya that are able to remove biological material from a tissue
resulting in a compact and complete structure with extracellular
matrix components, useful as a scaffold for skin replacement.89

Most importantly, this is another example that highlights the need
for replacement of animal enzymes such as trypsin and pepsin
with plant derivatives such as papain and Carica papaya lipase as
novel decellularization methods.
Likewise, cultivation techniques have migrated from two-

dimensional systems to three-dimensional systems. This transition
has also led to the search for new alternatives in using cytokines
and growth factors as paracrine signals. In this context, the optimi-
zation of differentiation protocols can also be improved by the
supplementation of plant derivatives which can be evaluated in
three-dimensional cultures using ATPSs for neural differentiation
from SCs.90 Furthermore, scaffolds and delivery systems have
become popular for therapeutic and regenerative medicine pur-
poses. This technology could also be applied for delivery systems
in which phytochemicals can be embedded into scaffolds and
then released to execute their function for regenerative applica-
tions. It is important to mention that the encapsulation of growth
factors, including BMPs, IGFs, platelet-derived growth factor and
protein members of the TGF-⊎ family, into several scaffold compo-
sitions has been widely studied.91 Unfortunately, the rapid degra-
dation of these growth factors increases manufacturing costs and
hinders their implementation.92 Therefore, the need to replace the
same functions with other inductive agents like phytochemicals
represents an attractive alternative. For instance, Fan et al. devel-
oped a scaffold made of chitosan and hydroxyapatite to encapsu-
late icariin, evaluating biocompatibility, biodegradability and
ability to release the compound in a controlled manner. The deliv-
ery system was able to promote bone healing in bone marrow-
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derivedMSC culture by increasing ALP activity and stimulating cal-
cium deposition.93 Moreover, the same scaffold composition was
also evaluated under in vivo conditions using a rabbit model in
which bone repair was accelerated due to the icariin-containing
scaffold. Cytotoxic effects related to the scaffold composition were
not detected, although specific icariin concentrations did affect cell
proliferation in hBM-MSC culture correlated to previous reports.
Most importantly, rabbits treated with the icariin scaffold showed
osteoinduction and osteoconduction properties compared to con-
trol groups,meaning that an increase in bonemass density and sub-
stitution of new reconstructed bone were observed.94

Another exciting trend for addressing problems related to the
high costs of culture supplements and stability and degradation
inconveniences that occur when used in soluble form is their
immobilization in solid matrices. The immobilization of molecules
has advantages over the use of free molecules since it avoids their
internalization after binding to a receptor, allowing their preserva-
tion and, in some cases, enhancing their biological activity and
reducing costs related to cell culture.95 Various approaches have
been proposed over the years for the immobilization of growth
factors as an interesting alternative to optimize their utilization
in cell culture.96 Some of these approaches propose immobiliza-
tion in a solid matrix such as magnetic particles or other
stimulus-responsive material, allowing reuse. Nevertheless, more
research is needed to elucidate the potential of immobilization
as a strategy for optimizing cell culture processes.

CONCLUSIONS
Plants contain a wide variety of bioactive compounds involved in
various signaling pathways, which extend their effects for several
cell lineages. The use of plant derivatives as replacements for both
recombinant and animal-derived growth factors represents not
only a potent inducer of cell proliferation and differentiation but
also has the potential to become a cost-effective strategy for SC
culture. In this review, several compounds with differentiation
effects on SCs have been discussed, as well as the current pro-
gress, challenges and future perspectives that could help to
potentialize the properties of SCs in medical applications.
Although several studies have elucidated the mechanism of
action of some plant derivatives, further research is needed to
clarify their full potential for SC proliferation and differentiation
to guarantee their efficiency as culture media supplements.
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Microcarrier-based stem cell bioprocessing: GMP-grade culture challenges
and future trends for regenerative medicine

Alonso Ornelas-Gonz�alez , Mirna Gonz�alez-Gonz�alez and Marco Rito-Palomares

Tecnologico de Monterrey, Escuela de Medicina y Ciencias de la Salud, Monterrey, Mexico

ABSTRACT
Recently, stem cell-based therapies have been proposed as an alternative for the treatment of
many diseases. Stem cells (SCs) are well known for their capacity to preserve themselves, prolifer-
ate, and differentiate into multiple lineages. These characteristics allow stem cells to be a viable
option for the treatment of diverse diseases. Traditional methodologies based on 2-dimensional
culture techniques (T-flasks and Petri dishes) are simple and well standardized; however, they
present disadvantages that limit the production of the cell yield required for regenerative medi-
cine applications. Lately, microcarrier (MC)-based culture techniques have emerged as an attract-
ive platform for expanding stem cells in suspension systems. Although the use of stem cell
expansion on MCs has recently shown significant increase, their implementation for medical pur-
poses is been hampered by bottlenecks in upstream and downstream processing. Therefore,
there is an urgent need in the development of bioprocesses that simplify stem cell cultures
under xeno-free conditions and detachment from MCs without diminishing their pluripotency
and viability. A critical analysis of the factors that impact the up and downstream bioprocessing
on MC-based stem cell cultures is presented in this review. This analysis aims to raise the aware-
ness of the current drawbacks that limit MC-based stem cell bioprocessing in regenerative medi-
cine and propose alternatives to overcome them.
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Introduction

Regenerative medicine is a novel area positioned as a
promising route for treating patients with diverse incur-
able diseases [1]. This therapy proposes the incorpor-
ation of biomaterials, growth factors, and stem cells
(SCs) [2] to repair diseased and damaged cells, as well
as to replace dead cells [3]. Most importantly, SCs are
well known for their particular characteristics of prolifer-
ation, self-renewal, and differentiation potential [4].
These properties have suited SCs into an encouraging
alternative to treat multiple chronic diseases such as
amyotrophic lateral sclerosis [5–9], Parkinson [10–12],
Alzheimer [13–15], myocardial infarction [16], liver fail-
ure [17], type I diabetes [18], spinal cord injuries [19],
Stargardt’s macular dystrophy [20], and advanced dry
age-related macular degeneration [20]. Regenerative
medicine based on cell therapy has achieved significant
progress so far, and accelerated growth is anticipated
for the next decades. It is expected to treat millions of
patients, representing tens of billions of dollars in the
US market [21]. For this reason, the use of SC for regen-
erative medicine and tissue engineering applications

holds excellent potential [22], not only attractive for its
therapeutic potential but also economic.

Although the therapeutic and financial possibilities
of regenerative medicine are encouraging, there are
various drawbacks concerning the number (Table 1),
quality, and safety of SCs that still needs to be
addressed to reach their maximum potential. In this
context, Good Manufacturing Practice (GMP) guidelines
establish the conditions to ensure the quality and bio-
safety of cells for therapeutic use [23]. However, the
obtention of a high number of cells is not considered.
Moreover, traditional two-dimensional (2 D) culture
methods, including T-flasks and Petri dishes, exhibit
several limitations in the scalability and the control of
culture parameters, which are difficult for the obtention
of high cell yields. Therefore, three-dimensional (3 D)-
based culture methods emerge as the most viable
option for SC expansion. Specifically, microcarrier (MC)-
based 3D culture systems have attracted attention for
the expansion of SCs [24–26], as they mimic the in vivo
cell environment [27], allowing cell-cell communication
and their interaction with the extracellular matrix (ECM)
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compounds, nutrients, and gases [28]. MCs are micro-
particles that increase the surface area in a cell culture
system for the attachment and growth of anchorage-
dependent cells, reducing space, bioprocess steps, con-
tamination risk, and cost of the whole process. They are
relatively inexpensive (price/m2), which makes their
implementation affordable. Additionally, owing to their
density (1.01–1.1 g/mL), these particles are ideal to be
combined with stirred systems, resulting in a homoge-
neous cell culture environment that can be easily
scaled-up. Moreover, this allows the continuous moni-
toring and control of the culture parameters (pH, tem-
perature, gas concentration, nutrients, and waste) [29],
as well as the obtention of high cell yields with high
viability and pluripotency.

The before-mentioned advantages highlight MC-
based SC culture as a promising candidate to lead the
bioprocessing strategy of SC for regenerative medicine
purposes. In this sense, the present review critically
analyses each of the factors that directly impact the up
and downstream bioprocessing on MC-based SC cul-
ture, with an ultimate aim to raise awareness of the cur-
rent drawbacks and proposes new approaches to
overcome them.

Microcarrier-based stem cell bioprocessing

SC bioprocessing, like any other bioprocess, can be div-
ided into upstream and downstream processing. In
general terms, upstream processing refers to any step
of the bioprocess production, including the assessment
of materials and production stages. Regarding SC, the
upstream bioprocess includes selecting the cell type
source, reagents required for the isolation (if applic-
able), culture techniques, and the culture conditions.
Specifically, for MC-based SC, this last culture step is
the core of the upstream, where the selection of MC,
culture systems, media, and supplements are vital fac-
tors. Therefore, this step represents the main barrier in
the upstream MC-based SC process, since the transla-
tion of the laboratory-developed culture techniques
into clinical procedures continues to be a challenge, as
presented in the next section.

On the other hand, downstream processing involves
the successive steps of the process, such as harvesting,
preservation, and transportation of SCs [30]. The control
in these steps is critical for the quality and safety of
expanded cells since small deviations during the pro-
cess can result in variations regarding cell yield, viabil-
ity, and pluripotency [31]. In the particular case of MC-
based SC bioprocess, the core step is harvesting, as it
depends on the MC selection, as discussed in the corre-
sponding section. The main steps in the upstream and
downstream bioprocessing of SC are summarized in
Figure 1.

As previously described, the use of SCs is a promis-
ing alternative for the treatment of multiple diseases
and health conditions [32]. However, its implementa-
tion is complex, and multiple problems arise during the
bioprocess. In the following sections of this review, a
critical analysis of the technical and regulatory elements
involved in the bioprocessing of MC-based GMP-grade
SCs, as well as its challenges and trends will be dis-
cussed. Figure 2 synthesizes the main elements that
must be considered in the planning and development
of an MC-based SC bioprocessing, which will be
addressed in the following sections.

Upstream processing challenges and trends in
microcarrier-based stem cell culture systems

Over the years, a great variety of MCs have been devel-
oped. Nowadays, MC production is carried out at the
industrial level, following a well-standardized process
and quality control parameters. The implementation of
different natural and synthetic materials to form and
coat MCs has evolved into a wide range of options
[33–43]. Moreover, characteristics such as size, porosity,
shape and surface modifications are crucial factors that
impact cell attachment and growth. Furthermore, the
selected culture system and its characteristics such as
type, material, size, and shape will also have an impact
on the number and quality of the cultured SCs. Finally,
the selection of the culture reagents, such as media
and supplements. Each of these upstream features will
be further examined in this section.

Table 1. Number of cells/dose required for the treatment of different diseases.
Disease Cell type Cell number Reference

Myocardial infarction Cardiomyocytes 1� 109 [16]
Liver failure Hepatocytes 1� 1010 [17]
Type I diabetes Insulin-producing beta cells 1� 109 [18]
Spinal cord injury MSCs 4� 108 [19]
Parkinson Dopaminergic neurons 1� 105 [144]
Stargardt’s macular dystrophy Retinal pigmented epithelial cells 0.5–2� 105 [145]
Advanced dry age-related macular degeneration Retinal pigmented epithelial cells 0.5–2� 105 [145]
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Figure 1. Representation of the main stages of stem cell (SC) bioprocessing. The upstream step includes the selection of cell
type and reagents for isolation and culture. The downstream step involves the harvesting (separation and concentration of cells),
preservation, and transportation.

Figure 2. Graphical diagram of the main elements that must be considered in the planning and developing of a microcarrier
(MC)-based stem cell (SC) upstream (contoured arrows) and downstream (not contoured arrows) bioprocess.
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Microcarrier selection

MC selection is an essential parameter since their phys-
ical and chemical characteristics affect cell culture
behavior [44]. MC without surface treatment and/or
coating exhibit limited adhesion capacity [45]. This can
be improved by modifying its surface by adding func-
tional groups, ECM or polymeric coating to enhance
cell attachment and cell survival [46]. For instance,
Hillex (Solohill, Ann Arbor, MI, USA) are based MCs cov-
ered with a cationic amine to improve cell attraction
[47]. Synthemax II (Corning, Corning, NY, USA) MCs are
covered with Synthemax II (a synthetic layer that
increases cell attachment and cell yield) [48]. Cytodex 1
(General Electric, Chicago, IL, USA) MCs are dextran
beads with a positive charge conferred by the inclusion
of diethylaminoethyl (DEAE) groups, which improve cell
adhesion [49]. Similarly, MCs have been produced and
covered with ECM molecules [50] and growth factors
[46], showing encouraging results. Unfortunately, these
MCs have only been tested at laboratory scale and are
not yet commercially available.

Another factor to consider is that most of the current
coating materials of the MCs are xenogeneic, such as
Matrigel (Corning, Corning, NY, USA), collagen, and lam-
inin. Thus, this practice limits its implementation in clin-
ical-grade SCs culture by the presence of potentially
dangerous compounds [51]. Fortunately, nowadays,
there are recombinant ECM analogs such as vitronectin
[52], fibronectin III [53], fibrillin-1 [53], laminin LN511
[54] that have been used effectively and can solve this
problem. The inclusion of these compounds represents
a not fully explored opportunity area to overcome cell
adhesion problems by including ECM proteins on the
MC surface to improve cell attachment conceding long-
term expansion of undifferentiated cells [55].
Furthermore, the inclusion of growth factors on the MC
surface represents a novel alternative to develop thera-
peutic bioactive MCs that can support both SC prolifer-
ation and growth factors delivery.

Size and porosity are other crucial characteristics of
MCs, as they define their surface area and sedimenta-
tion rate, which can significantly affect the expansion
and yield of cells. Even when cell attachment is not
influenced by MC size [55], this parameter can affect
the cell aggregation morphology. It has been observed
that large MCs (�190 mm) result in open aggregate
structures with fine cell layers, which are ideal for fluid-
ized and packed systems. On the other hand, smaller
MCs (�60 mm) generate more compact aggregates, and
tiny MCs (�10 mm) cause very dense cell aggregates, so
their use is recommended for stirred cultures. These
reported results open a possibility that can be further

explored to maximize the number of different SCs
when using MCs by testing different sizes in the manu-
facturing of MCs.

Regarding porosity, MCs can be produced either as
non-porous or porous particles. Microporous MC (where
pores represent less than 60% of the total area)
increase surface area, cell adhesion, and growth [56].
These MCs are especially convenient to improve cell
retention in perfusion systems. Similarly, the cells cul-
tured on microporous MC can easily take from the
medium the necessary factors for survival and prolifer-
ation. In contrast, macroporous MC (where pores are
present between 60 and 90% of the total area) signifi-
cantly reduces the cell attachment surface. Moreover,
due to the cell size being around 10 mm, these MCs
allow the cells to enter and grow inside their structure,
which improves the diffusion of factors and gases [57].
Therefore, the main advantages of macroporous MC are
protection from shear stress when stirred or perfusion
systems are used [58] and improvement of the micro-
environment, enhancing the survival and growth of
cells when serum-free culture media are employed [59].

Likewise, the shape of the MC is a parameter
strongly involved in sedimentation velocity. Low sedi-
mentation velocities (<30 cm/min) hinder circulation
and mixing, which results in a deficient nutrient and
gas supply, diminishing cell viability and yield. Chen
et al. [55] evaluated the effect of the MC shape on cell
culture, determining that it affects cell-MC aggregate
morphology when culturing embryonic SCs (ESCs). This
work has indicated that cylindrical MCs generate com-
pact cell-MC aggregates, whereas spherical shape MCs
induce more open aggregate configurations with thin-
ner cell layers. Most importantly, cell expansion and
pluripotency markers were not decreased by the shape
of the MC. Figure 3 graphically synthesizes the different
characteristics according to size, porosity, shape, and
surface modifications that should be considered for the
MC selection.

Even though multiple studies have overcome the
problem of low adherence and cell growth by using dif-
ferent materials, altering the size, shape, and porosity,
or by covering MCs with different materials, most of
them employ xenogeneic materials. Thus, preventing
their implementation for clinical purposes. In this
regard, one of the main challenges in this area is to
replace the conventional xenogeneic elements with the
current and emerging contaminant-free ones. The
xeno-free commercially produced MCs are listed in
Table 2, where their main characteristics are summar-
ized. As previously mentioned, the selection of MC is a
crucial point for an effective MC-based SC process, but
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other elements such as the selection of the culture sys-
tem must be considered for optimal SC processing. An
interesting approach was accomplished by Cytiva/GE
Healthcare, comparing 23 important characteristics of
commercial and in-house MCs [60]. However, these
parameters depend on other factors such as the cul-
tured cell type and cannot be generalized.

Culture system selection

Due to the reduced amount of SCs usually obtained
from natural sources, one of the main challenges for a
GMP-grade SC culture is the selection of the optimal
expansion system. This system must expand SCs in their
undifferentiated state using xeno-free culture media,
growth factors, and supplements. 3 D bioreactors repre-
sent a viable option to overcome static culture limita-
tions since they provide a scalable system in which
operational factors can be monitored and con-
trolled [61].

In this context, the first choice regarding the culture
system implies the type of bioreactor, for which the
final application of the expanded cells must be consid-
ered. For instance, stirred bioreactors are relatively sim-
ple culture systems that consist of a vessel with an
impeller that stirs the content inside to provide a
homogeneous solution [62]. These culture systems have
been successfully tested for the expansion of different
types of SCs under xeno-free conditions, including mes-
enchymal SCs (MSCs) [63], induced pluripotent SCs
(iPSCs) [64,65], and ESCs [25]. Nevertheless, the shear

stress generated by these systems can potentially dam-
age shear-sensitive cells [66]. Fortunately, this problem
can be minimized by controlling the shape and speed
of impeller agitation [67].

Another important parameter that must be moni-
tored and controlled in this bioreactor system is oxygen
saturation. SCs cultured under diverse O2 concentra-
tions could show significant differences regarding pro-
liferation, viability, and differentiation capacity of the
cells [68]. Whereas low oxygen saturation (�5%) for the
culture of iPSCs and ESCs is suggested for some authors
[69,70], significant metabolic changes from aerobic to
anaerobic routes of cells have been observed under
hypoxia conditions [71]. These circumstances lead to a
high lactate concentration and pH shift of the medium
from neutral to acid [72]. In this regard, higher oxygen
saturations were tested by the Alves’ group as an
attempt to solve low oxygen inconveniences. They
achieved higher metabolism and cell growth rates
when an oxygen saturation of 30% was implemented in
the culture of hESCs. This process improvement was
accomplished by using a perfusion system, which
resulted in a cell yield 4 times higher than that
observed with 5% oxygen saturation [73].

Other bioreactors such as single-use bioreactors and
rotary bioreactors have been also suggested as suitable
alternatives for the expansion of SCs. Single-use bio-
reactors consist of a sterile disposable bag incorporated
into a closed system in which GMP-requirements can
be easily accomplished. These systems are especially
suitable for the culture of hematopoietic SCs (HSCs)

Figure 3. Graphical representation and main properties of the different physical and chemical characteristics of microcarriers
(MCs) that should be considered while designing the upstream bioprocess strategy of a MC-based stem cell (SC) culture: size
(large, small and micro), porosity (non-porous, microporous, and macroporous), shape (spherical, cylindrical, and disk shaped),
and surface modifications (extracellular matrix (ECM) coating, chemical modification, positive or negative electrical sur-
face charge).
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due to the low shear stress and low oxygen saturation
(2–9%) needed for the culture of these cells. However,
it should be considered that the culture of SCs in low
oxygen environment will imply the reduction of aer-
ation, thus CO2 will accumulate, changing the pH of the
medium [74]. This problem could be solved by imple-
menting pH sensors and replacing the culture medium
when required or by adapting automated systems such
as the one offered by Cytiva brand which consists of a
single-use mixing platform with intelligent and auto-
mated pH adjustment system [75]. Although these sys-
tems are scalable and solve the mentioned problem,
their high cost limits their full implementation [76].

On the other hand, rotary bioreactors mix the culture
media at the same angular rate as the inner cartridge
showing remarkable outcomes: reducing shear stress,
improving mass transfer, and controlling oxygenation
[77]. Nevertheless, it must be considered that these bio-
reactors are hard to scale-up, and the size of the vessels
is limited, which significantly reduces the number of
cells produced.

Jointly as the bioreactor type selection, its design is
fundamental for the expansion of clinical-grade SCs
and it must be fully compatible with GMP regulations.
Thus, the bioreactor vessel characteristics such as
material, size, and shape are key parameters that
impact cell production and, eventually, the bioprocess
costs. The materials and design of the bioreactor should
facilitate the cleansing and production steps, thus pre-
venting any possibility of contamination. In this regard,
some bioreactor systems have been developed to use
disposable vessels as a novel strategy to avoid the
decontamination process and reduce contamination
risks [78]. This strategy solves the before-mentioned
inconvenience in bioreactor systems; however, the
increased cost for not-reusable vessels must
be considered.

It is essential to mention that all these systems
described above can be combined with MCs, allowing
them to merge the characteristics of the system with
them. In this sense, the future trend could focus on
exploring these bioreactor systems with different MCs
characteristics for a specific SC type to maximize cell
yield maintaining its viability and pluripotency.

Culture media and supplements

Culture media, growth factors, cytokines, and other
supplements needed for SC maintenance and expan-
sion are critical elements in the upstream bioprocess.
The inclusion of xenogeneic or undefined compounds
in the culture media formulations and theTa
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incomprehension of multiple molecular and cellular
mechanisms implicated in cell functions are the main
problems to address [23,29]. Xenogeneic components
in the culture media and supplements are potentially
dangerous since they can include pathogenic agents
that can be transmitted to the cultured cells, preventing
its use for medical applications. For instance, fetal
bovine serum (FBS), a xenogeneic complex mixture of
low and high molecular weight biomolecules [79,80], is
traditionally included in culture media formulations to
promote cell growth. However, it is known that their
production has significant batch-to-batch variations in
its content, altering the lot-to-lot concentration of bio-
molecules and the reproducibility of the process [27].
Although its addition in culture media formulation is
commonly accepted, it must be avoided entirely in
GMP-grade SC culture since it can contain undesired
factors, like: endotoxins, mycoplasma, viral contami-
nants, and prion proteins [81].

SC culture formulations are frequently supplemented
with cytokines and growth factors that promote cell
proliferation in an undifferentiated state. These supple-
ments are commonly derived from xenogeneic origin,
therefore their use in SCs culture for clinical purposes is
also hampered. Fortunately, the development of xeno-
free materials and the application for SC culture have
been reported [82–84]. For instance, in a comparative
study carried out in 2007 by Rajala et al. [26], nine
xeno-free culture media were tested to expand hESC.
Although none of the examined culture media was able
to maintain the undifferentiated growth of the cells,
this work gave rise to the following successful attempts.
Lindroos et al. [85] showed the effectiveness of a com-
mercially available formulation (StemPro MSC SFM basal
culture medium, Life Technologies, Paisley, UK) for the
expansion of human adipose SCs, reaching higher cell
proliferation rates than conventional serum-containing
media, maintaining a differentiation potential and sur-
face marker expression. Swistowski et al. [86] reported
using a serum-free StemPro hESC SFM defined medium
for the successful expansion of hESC, followed by their
differentiation to neural SCs, and their further induction
and maturation into dopaminergic neurons without los-
ing their functional ability. Since then, multiple publica-
tions of SCs cultured under xeno-free conditions have
been reported [86–89]. Reports of the use of xeno-free
culture media have demonstrated the expansion cap-
acity of cells and their ability to preserve their differen-
tiation potential throughout the culture process [90].

In this topic, one of the future perspectives, besides
recombinant factors and cytokines, is the inclusion of
plant-derived compounds that have demonstrated

proliferation [91] and differentiation [92–94] potential.
Although these compounds are not fully characterized,
their inclusion in the culture media could significantly
reduce the bioprocessing costs, making it worth the
value of its further investigation.

Downstream processing challenges and trends
in microcarrier-based stem cell culture systems

Following the SC bioprocess, after the expansion of the
cells, they must be separated from the MCs and con-
centrated both in the undifferentiated and differenti-
ated state. Although these operations are not a
challenging task at a laboratory scale, they become
very complicated in the industrial-scale process. Thus,
current downstream process efforts have been focused
on the search for novel options to supply methodolo-
gies that can be applied at the industrial level.

Anchorage-depended cells such as SCs are the most
challenging type of cells to separate from the surface
when cultivated. Contrary to the conventional suspen-
sion-based systems, cell harvesting from the MC surface
is a challenging but essential procedure to maintain
their properties. The harvesting process implicates two
steps, cell detachment from the MCs surface and the
final recovery of the detached cells or cell concentration
[95]. It is important to mention that several authors
have reported the possibility of cell differentiation on
MCs [64,96–101], however, these processes will not be
covered in this study. The following sections of this art-
icle will address in a general way the two crucial phases
in the downstream processing of MC-based SC culture;
detachment and concentration of cells.

Cell detachment

The detachment of the cells from MCs is an important
step that directly influences the viability of the cells.
Different detachment strategies have been used over
time, which are fully compatible with MC-based biopro-
cessing. Among them, methodologies based on proteo-
lytic enzymes are the most used. Traditionally,
pancreas-derived bovine and porcine trypsin are widely
used enzymes for cell detachment. Despite the effect-
iveness of these enzymes, their animal-based origin pre-
cludes their use for medical settings, and xeno-free
alternatives must be explored. Recombinant trypsin-like
enzymes such as TrypLE (Invitrogen, Carlsbad, CA, USA)
[102] and TrypZean (Sigma-Aldrich Corp., St Louis, MO,
USA) [103] are now commercially available and seem to
be the solution to trypsin inconveniences. Although
these laboratory-produced enzymes are expressed in
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different organisms, they have demonstrated similar SC
detachment activity than the trypsin enzyme in differ-
ent comparative studies. For instance, Carvalho et al.
[104] showed no significant difference between animal-
derived and recombinant enzymes for adipose-
derived SCs.

Similarly, Tsuji et al. [105] investigated the effect of
incubation times of four enzymes in MSC expression
markers. They found that multiple cell surface expres-
sion markers were decreased by trypsin at 30min, while
TrypLE did not affect any of them. Nevertheless, Ojima
et al. [106] demonstrated that MSC overexposure
(60min) to TrypLE enzyme significantly reduces the plu-
ripotency expression markers. The enzyme incubation
time is an important parameter to achieve cell detach-
ment without affecting cell integrity and viability suc-
cessfully. While long enzymatic incubation times have
been related to cell damage and cell death [105], short
periods hinder the separation of the cells due to an
incomplete breakdown of protein bonds.

Consequently, the exposure time of the cells to the
enzyme must be carefully standardized to prevent a
decrease in the cell viability and its properties. In an
attempt to overcome this time inconvenience, Nienow
et al. [95] applied the trypsin enzyme combined with
agitation diminishing the enzyme-incubation time and
the overexposure of cells to enzymatic activity.

Despite the wide use of xeno-free enzymes for cell
harvesting, their effects on cell viability, potency, spon-
taneous differentiation, and differentiation potential still
limit their full implementation [105]. Therefore, other
alternatives have been explored to face this inconveni-
ence. Stimulus-responsive materials have emerged as a
novel alternative to overcome the drawbacks of enzym-
atic detachment. These materials can react with exter-
nal stimulation, such as changes in temperature, pH, or
electrolytic concentration [107], generating modifica-
tion in their dimension/size, structure, solubility, or
intermolecular interactions [108]. For instance, thermo-
sensitive MCs have shown promising results to over-
come enzymatic detachment disadvantages. These MCs
are obtained when a thermo-sensitive material is used
to fabricate or cover their surfaces, allowing cell detach-
ment by temperature [109].

One of the first attempts to include thermo-sensitive
materials such as PNiPAAm on MC systems was accom-
plished by Tamura et al. [110] when they used this poly-
mer to cover chloromethylated polystyrene MCs for the
culture of Chinese hamster ovary cells. The detachment
of the cells was achieved by decreasing the tempera-
ture from 37 �C to 20 �C. Similarly, SC-routed thermo-
responsive MCs were explored by Yang et al. [111]

when Cytodex 3 MCs were covered with PNiPAAm poly-
mer and used for the culture of MSCs, allowing cell
adherence, spread, and growth successfully. The cell
detachment was carried out by decreasing the incuba-
tion temperature below 32 �C, in which more than 82%
of MSCs were detached from MCs. Later, Kim et al. [112]
published the use of PNiPAAm MCs for the culture of
human MSCs (hMSCs). The detached hMSCs can form
3D aggregates with higher clonogenic properties com-
pared to enzymatically detached hMSCs. Years later, the
same research group showed the feasibility of scale-up
formation of hMSCs aggregates in a bioreactor utilizing
thermo-responsive PNiPPAm-covered MCs [113]. More
recently, Nguyen et al. [114] reported the culture of
fibroblast cells and MSCs on MCs fabricated using
PNiPAAm polymer conjugated with polycaprolactone in
an attempt to improve PNiPPAm characteristics, allow-
ing the adherence and growth of both fibroblast and
MSCs. Cell detachment of 70% of the cells was achieved
by decreasing the temperature to 30 �C with 85% viabil-
ity. Despite the multiple reports of the efficacy of the
PNiPPAm thermo-responsive polymer as an enzyme-
free detachment strategy, commercially temperature-
responsive MCs are not yet commercially available.

Another attractive proposal for MC development was
accomplished by the Fujifilm brand (Tilburg, North
Brabant, Netherlands). This company has launched a
revolutionary injectable MC (now commercially avail-
able) that can be utilized for either cell growth or cell
delivery to patients without the necessity of harvesting
[115]. This MC is biocompatible, fully biodegradable,
and suitable for dynamic expansion systems. Similarly,
the Steve Oh research group has made important
advances on the development of biodegradable poly-
caprolactone-based MCs which can be applied in the
body of both undifferentiated and differentiated cells
[116–120]. These important advances have allowed
them to found the Singcell company which seeks to
transfer the knowledge and techniques of the labora-
tory to scalable processes in the culture of MSC and
iPSC for preclinical studies, clinical trials, and commer-
cial launches [121].

These examples demonstrate the potential of this
technology and leave the door open to translate suc-
cessful technologies in other areas to MC-based biopro-
cessing. For instance, polymers that can react to light or
electric fields have been implemented in drug delivery
research [122–124] and could be a promising alterna-
tive to improve cell detachment from MCs. In this
sense, the current trend is the search for new materials
that simplify this procedure and reduce or ultimately,
eliminate the use of enzymes. Novel materials emerging
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for drug delivery systems, nanoparticles, and tissue
engineering applications could be extrapolated to MC
fabrication. Similarly, multi-responsive systems (which
combine two or more stimuli-response materials) could
help to increase the separation of the cells when stimuli
are applied [125–127].

Cell concentration

After cell detachment, a mechanical force or a physical
barrier to recover the detached cells from the MCs is
required [128]. For this stage, biotechnology and
pharmaceutical industries have successfully used large-
scale centrifuges like disk stacks [129] for the separation
of bioproducts such as antibodies, proteins, and other
high-value molecules. Unfortunately, this methodology
is not appropriate for the processing of SCs, which are
highly sensitive to shear stress forces generated during
this procedure; therefore, other techniques need to be
explored. From this perspective, continuous fluidized
bed centrifuges have emerged as an effective strategy
to solve these inconveniences. These centrifuges stabil-
ize centrifugal and fluid flow forces to capture cells in a
chamber, diminishing the shear stress [130].

Another successful alternative for the separation of
the cells from MCs is the implementation of filtration
methodologies, which are quite effective due to size
differences between an MC (100–300 mm) and the cells
embedded in them (10–20 mm). Nevertheless, its large-
scale implementation is challenging. Despite the differ-
ences between these techniques, the final goal is the
same: the effective separation of cells from MCs, main-
taining cell integrity, cell viability, and pluripo-
tency capacity.

In spite of the ongoing progress observed in the
development of SC separation equipment when large-
scale culture systems are implemented, future trends
seem to point toward the development of MCs fabri-
cated using novel exogenous stimuli-responsive materi-
als. These materials could facilitate this process by
reacting to an external stimulus such as: temperature,
light (such as ultraviolet, visible or near-infrared light),
electric charge, ultrasound, and magnetic field [131].
Among these innovative possibilities, the incorporation
of magnetic nanoparticles has highlighted considerable
interest due to their outstanding properties: magnetic,
biocompatibility, and biodegradability [132]. The com-
bination of MCs with magnetic particles has already
been reported. This strategy showed high efficiency of
MCs separation, simplifying the cell concentration [133].
For instance, some patent applications propose inter-
esting ideas such as the use of magnetic beads covered

with a dextran-based surface for cell separation via spe-
cific surface affinity interactions such as antibody-medi-
ated separation [134] or the use of dextran-coated
magnetic particles in which the cells can be separated
by exposing the particles to dextranases [135].
However, it must be carefully analyzed since reports
suggest that the use of magnetic fields could trigger
the differentiation of SCs if time and intensity are inad-
equate [136,137]. As in the previous section, a new
alternative is the fabrication of MCs utilizing multi-
responsive materials, which are already tested with
promising results in applications such as drug delivery
systems [138–140], thus could simplify the process by
replacing the use of enzymes.

Another concern that has been pointed out as one
of the bottlenecks for the clinical implementation of
the cultured cells, is the separation of the differentiated
cells from undifferentiated ones. Different studies have
demonstrated tumorigenic properties of SCs such as
ESCs and iPSCs in both in vitro and in vivo models
[141,142]. In 2009, Schriebl et al. estimated the required
steps to purify 99.99999999% of the differentiated cells
when employing highly selective magnetic activated
cell sorting (MACS). Their results indicated that 31 steps
would be required to achieve less than 10�1 cell per
109 cells, demonstrating the latent need for other strat-
egies to accomplish this task [143].

Conclusions and perspectives

In recent years, the use of stem cells (SCs) as a tool in
regenerative medicine has gained interest. Both the sci-
entific and medical community have focused their
efforts on the use of SCs as a treatment for diverse
medical conditions. It is expected that SC-based thera-
pies are able to satisfy the growing demand for SCs
according to the number, safety, and clinical character-
istics of cells. However, conventional SC-culture techni-
ques hinder its full implementation due to lack of
process scalability and the utilization of xenogeneic
materials. In this context, advances made in microcar-
rier (MC)-based development of bioprocesses for SC
expansion under xeno-free conditions represent a
promising route to comply with the exponential
demand for Good Manufacturing Practice (GMP)-grade
SCs for regenerative medicine. Thus, the commercial
availability of xeno-free materials, including MCs, cul-
ture media, growth factors, proteolytic enzymes, and
the extracellular matrix (ECM), make more feasible this
process. Nevertheless, there are still unexplored possi-
bilities to design and develop the “perfect” MC that
would facilitate the upstream and downstream SC
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processing to enhance their clinical implementation.
Therefore, there is a huge opportunity area in the MC-
based technology that could bring great benefits in
both clinical and economic areas.
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Characterization and optimization of
immunoaffinity aqueous two-phase systems
with PEGylated CD133/2-biotin antibody in
route to stem cell separation
Alonso Ornelas-González,a,b Stefanie U Reisenauer,a

Mirna González-Gonzálezb andMarco Rito-Palomaresb*

Abstract

BACKGROUND:Ashortprocessing timeandefficient scale-up stemcell isolationbioprocess is essential toexploit thepotential of
thesecells for the treatmentofmultiple chronicdiseases.Variousmethodologieshavebeenused for stemcell recovery.However,
most of them present economic and/or time-consuming drawbacks.

RESULTS: This paper reports the characterization and optimization of immunoaffinity aqueous two-phase systems (ATPS), a
liquid-liquid based separation technology enhanced with the PEGylation of the antibody as a promising platform in route to
the separation of CD133+ stem cells. The best results were obtained with Ucon-DEX or PEG-DEX systems with tie-line length
(TLL) 15 or 20%w/wand volume ratio (VR) 3.When the PEGylated antibodieswere added to these selected optimizedATPS, they
partitioned to both phases, but with higher preference for the bottom phase.

CONCLUSION: PEGylationwas an effective strategy to induce a change in the partition behavior of the CD133/2-biotin antibody
when Ucon-DEX ATPS were used. Similarly, variation of the parameters (TLL and VR) resulted to be useful for this goal.
Nevertheless, further studies are required to find the optimal ATPS composition that will fractionate 100% of the antibody to
the contaminants’ opposite phase, making this system an ideal candidate to be tested for the selectivity of CD133+ stem cells.
© 2019 Society of Chemical Industry

Keywords: aqueous two-phase systems; stem cell recovery; CD133+ stem cell; CD133 antibody; stem cell bioseparation; PEGylation;
immunoaffinity

NOMENCLATURE
AgNO3 silver nitrate
ATPS aqueous two-phase system(s)
CD cluster of differentiation
COOH carboxyl
DEX dextran
DOE design of experiment
DTT dithiothreitol
HUCB human umbilical cord blood
IgG immunoglobulin G
mal maleimide
mPEG methoxy PEG
NH2 amine
NHS succinimidyl ester
PBS phosphate-buffered saline
PEG polyethylene glycol
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel

electrophoresis
SH thiol
TLL tie-line length
VR volume ratio

INTRODUCTION
The development of an efficient scale-up stem cell isolation
process with short processing time is crucial for both industrial
and health purposes. In a clinical sense, the use of therapies
based on stem cells seems to be a promising technology for
the treatment of multiple chronic diseases such as amyotrophic
lateral sclerosis, leukemia and cardiovascular diseases.1 The
current methods for stem cell isolation exploit polarizability,
hydrophobicity, net charge, size, density, affinity or adhesiveness
characteristics of stem cells to separate them from the other com-
ponents present in the samplematrix.2 Thesemethodologieswere
classified by González-González et al.2 into three different groups:
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Figure 1. Schematic representation of the general strategy followed in this research work. (a) Schematic representation of CD133/2-biotin antibody
PEGylation through the biotin-streptavidin reaction. In the first reaction (RXN 1), CD133/2-biotin antibody reacts with streptavidin at room temperature
forming the complex CD133/2-biotin-streptavidin. In the second reaction (RXN 2), the complex CD133/2-biotin-streptavidin reacts with the activated PEG
at room temperature forming the complex CD133/2-biotin-streptavidin-activated PEG. The triangle represents themolecular structure of the six different
functional PEGs for the PEGylation reaction (amine (NH2), carboxyl (COOH), thiol (SH), succinimidyl ester (NHS),methoxy PEG (mPEG) andmaleimide (mal)).
(b) Schematic representation of the immunoaffinity ATPS formation by combination of two polymers and the addition of the corresponding antibody
(PEGylated or non-PEGylated). Afterwards, the three possible partitioning preference profiles are illustrated: top, bottom or both phases. This partitioning
preference evaluationwas carried out by SDS-PAGE analysis. The gels were first silver stained for protein detection and then barium/iodine stained for PEG
visualization. Step 1. PEGylated CD133/2-biotin. Step 2. A multilevel categorical design of experiment (DOE) was implemented to explore the partition
behavior of the CD133/2 pure (non-PEGylated) antibody by varying tie-line length (TLL) and volume ratio (VR) of the previously used ATPS. Step 3. The
systems showing the best results (after DOE) in the three studied ATPS were used for the partitioning behavior of the CD133/2-biotin PEGylated.

isopycnic centrifugation, immunochemical and novel techniques.
In the group of novel techniques, aqueous two-phase systems
(ATPS) can be found. These systems are a liquid-liquid separa-
tion technology that has shown to be an effective alternative
for the primary recovery and partial purification of multiple bio-
logical products (proteins, viruses, nucleic acids, virus-like par-
ticles, low-molecular-weight compounds and living cells).3 They
are formed when two hydrophilic compounds such as polymers,
salts or ionic liquids are combined above critical concentrations,
resulting in the formation of two immiscible phases.4 The result-
ing phases have different concentrations of both compounds and
thus different electrochemical and hydrophobic characteristics,
allowing the partition of biomolecules according to their intrinsic
properties.5 However, such systems lack specificitywhen thediffer-
ences between the component of interest and the contaminants
(red blood cells, non-viable cells, cell debris and other mononu-
clear cells) are small. In this sense, another strategy is required to
attend this problem. Immunoaffinity ATPS represent a variation
of the classic ATPS, in which the use of antibodies is included to
increase the selectivity of the ATPS by complementing its separa-
tionmechanismwith affinity.6 These added ligandshave theability
tobind to theparticle of interest, enhancing its partitioningbehav-
ior into the phase to which the ligand has more affinity, ideally to
the opposite phase to where the contaminants are.
Among surface markers expressed by stem cells, CD133 has

acquired special interest in recent years. CD133 cell surfacemarker
is a transmembrane glycoprotein with a molecular weight of
120 kDa7 which can be recognized by the CD133 antibody.8

Recently, CD133+ cells have shown enormous potential in the
treatment of different neurological, cardiac, hematopoietic and
musculoskeletal disorders.1 Novel approaches to separate this
type of cells from human umbilical cord blood (HUCB) using
ATPS have been reported by González-González and coworkers.1,6

Nevertheless, specificity challenges encourage the implementa-
tion of other strategies.
In this sense, the present work proposes the implementation of

PEGylation of the CD133/2-biotin antibody via biotin–streptavidin
interaction, as a promising alternative to enhance its partitioning
to the phase opposing the contaminants and become a suitable
alternative for the separation of the CD133+ stem cells. PEGyla-
tion is a reaction that consists in the union of polyethylene glycol
(PEG) molecules to the particle of interest9 to increase solubility
and body residence. Additionally, PEGylation allows to decrease
degradation by enzymes and immunogenicity. This reaction was
developed for the first time by Abuchowski et al.10 in the 1970s.
Since then, its use and applications have increased, and nowadays
diverse PEGylated drugs are commercially available.11 Neverthe-
less, its implementation to modify the partition of molecules in
ATPS has not been exploited in its entirety.
In this project, six different biotinylated PEGs (amine (NH2), thiol

(SH), maleimide (mal), carboxyl (COOH), methoxyl PEG (mPEG)
and succinimidyl ester (NHS)) were attached to the biotinylated
antibody exploiting the specific interaction between biotin and
streptavidin and studied to determine their effect in the partition-
ing of the PEGylated CD133/2-biotin antibody (Fig. 1(a)). Themain
objective of this research was to determine the feasibility of using
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PEGylation as a tool to induce a change in the CD133/2-biotin
antibody partitioning in the proposed polymer-polymer ATPS.
For this, the partition of the different PEGylated antibodies was
tested in the previously reported polymer-polymer systems that
have shown high cell viability (PEG-dextran (DEX), Ucon-DEX
and Ficoll-DEX).6,12 Afterwards, an optimization step employing
a multilevel categorical design of experiments (DOE) was imple-
mented to explore the partition behavior of the CD133/2 pure
(non-PEGylated) antibody by varying tie-line length (TLL) and vol-
ume ratio (VR) of the previously used ATPS. Lastly, the partitioning
behavior of the different PEGylated antibodies was tested in the
optimized systems. The implemented strategy is summarized in
Fig. 1(b).

EXPERIMENTAL
Human pure CD133/2 (clone 293C3 pure, catalogue number
130-090-851) and biotinylated CD133/2 (clone 293C3-biotin,
catalogue number 130-090-852) antibodies were purchased
from Miltenyi Biotec GmbH (Bergisch Gladbach, Germany). DEX
from Leuconostoc mesenteroides with average molecular weight
428 000Da (DEX 500000) and 64 000–76 000Da (DEX 70000 and
DEX 75000), PEG of 8000Da (PEG 8000), Ficoll of 400 000Da
(Ficoll 400000), 10× phosphate-buffered saline (PBS), silver nitrate
(AgNO3), formaldehyde solution (36.5–38%) and perchloric acid
(70%) were acquired from Sigma-Aldrich Co. (St Louis, MO, USA).
Ucon 50-HB-5100 was purchased from Nufer Plus, S.A. de C.V.
(Guanajuato, Mexico). Sodium carbonate, acetic acid and sodium
thiosulfatewere acquired from JT Baker (Phillipsburg, NJ, USA). The
six biotinylated PEGs (NH2, COOH, SH, NHS, mPEG andmal; molec-
ular weight 10 kDa) were purchased from Nanocs Inc. (New York,
NY, USA). Immunopure streptavidin was obtained from Thermo
Scientific (Rockford, IL, USA). Sodium dodecyl sulfate (SDS), dithio-
threitol (DTT), 12% (10-well-comb, 50 μL) MINI-PROTEAN TGX
precast gels, Tris electrophoresis reagent and Precision Plus Pro-
tein Unstained molecular weight standard were purchased from
Bio-Rad (Hercules, CA, USA). Tween 20 was obtained from Agdia
Inc. (Elkhart, IN, USA).

PEGylation of CD133/2-biotin antibody
PEGylation reactions of CD133/2-biotin antibodies were carried
out through the streptavidin–biotin interaction as previously
reported by our group.13 For this reaction, 0.1 mg of streptavidin
was mixed with 100 μL of reaction buffer (1× PBS with 0.05%
Tween 20 pH 7.4) and then added to 100 μL of CD133/2-biotin
antibody with a molar ratio of 32:1 (Fig. 1(a), RXN 1). The result-
ing solution was incubated protected from light for 1 h at room
temperature. After this time, the solution was concentrated to
15 μL using 0.5 mL Amicon centrifugal filters of 100 kDa (Millipore,
Tullagreen, Carrigtwohill, Co. Cork, Ireland). Subsequently, the
solution was re-suspended using 485 μL of reaction buffer and
mixed with 500 μL of solution containing the different activated
PEGs-biotin (NH2, COOH, SH, NHS, mPEG or mal) with a molar
ratio of 850:1 (Fig. 1(a), RXN 2). The final solution was incubated
for 1 h at room temperature in the dark to avoid light exposure.
Thereafter the PEGylated CD133/2-biotin antibodies were stored
at 4 ∘C until their utilization.

Immunoaffinity ATPS strategy
Different ATPS were selected based upon a previous work6

and constructed in 2 mL graduated centrifuge tubes with a

total weight of 0.9 g. The systems were constructed by mixing
predetermined quantities of stocks solutions (50% w/w PEG 8000,
30% w/w DEX 500000, 40% w/w Ficoll 400000, 40% w/w DEX
70000, 42% w/w DEX 75000 and 70% w/w Ucon). Three ATPS
were explored to determine the partition behavior of the PEGy-
lated antibodies: 5.6% PEG 8000-7.5% DEX 500000, 13.6% Ficoll
400000-11.6% DEX 70000 and 6.83% Ucon-8.23% DEX 75000. All
systems were performed with a TLL of 20% w/w and a VR of 1
unless stated otherwise. The corresponding binodal curves are
reported elsewhere.4,14 ATPS used for the experimental design
were done by combining adequate quantities of stock solutions
to obtain the three different TLLs and VRs explored. In all cases,
the solvent employed was PBS (pH 7.4, 154mmol L−1 sodium
chloride) in order to maintain cell viability. Each ATPS was gen-
tly mixed (H5600-Revolver, Labnet International Inc., Iselin, NJ,
USA) for 15min at 25 ∘C. Afterwards, the phase separation was
achieved by gravity at 25 ∘C and the visual VR determination was
accomplished before antibody addition.
To construct the immunoaffinity ATPS, 100 μL of PEGylated

CD133/2-biotin or CD133/2-pure antibodies were added to the
previously formed ATPS, resulting in a final system weight of 1 g.
The systems were mixed (H5600-Revolver, Labnet International
Inc.) for 15min at room temperature. After that, they were allowed
to settle to let the phases form at room temperature. Phases were
separatedbypipetting out the topphase and then extracting from
the bottom part of themicrotube the bottom phase. Themethod-
ology followed for this step is summarized in Fig. 1(b).

Antibody precipitation
Antibody precipitation of ATPS phases was performed in order
to concentrate and eliminate polymer interferences in sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
analysis using the method of Sakuma et al.15 with some modi-
fications. Briefly, after the phase separation, the volume of this
phase was doubled with 0.4 mol L−1 perchloric acid solution. This
solution was vortexed for 10 s and then incubated for 10 min at
room temperature. After that, the solution was centrifuged 5417R
Eppendorf (Hamburg, Germany) at 28 566 g for 20min at 4 ∘C. The
supernatant was removed and the pellet was re-suspended using
50 μL of reaction buffer.

SDS-PAGE analysis
SDS-PAGE was carried out according to the protocol developed
by Laemmli16 using 12% (10-well-comb, 50 μL)MINI-PROTEANTGX
precast gels (Bio-Rad). The precipitated samples were mixed with
6× loading buffer (6 mgmL−1 bromophenol blue, 120mgmL−1

SDS and 92mgmL−1 DTT in glycerol) and heated at 99 ∘C for
10 min in a thermoblock (VWR, Radnor, PA, USA). Aliquots (30 μL)
of each sample were loaded into the wells. Precision Plus Pro-
tein Unstained standard marker (Bio-Rad) was used as molecular
weight marker. The gels were running using 10× Tris/glycine/SDS
buffer (diluted 1:10 in doubly distilled water) at a constant voltage
of 50mV for the first 30min. Afterwards, the voltage was raised
to 80mV for 90min more. The gels were stained as previously
reported;13 first silver stained for protein detection and then bar-
ium/iodine stained for PEG visualization.

Immunoaffinity ATPS optimization strategy
A multilevel categorical design was carried out using Statgraph-
ics18 software (Statgraphics Technologies, Inc., The Plains, VA,
USA). A total of 27 combinations by duplicate of three TLLs
(15, 20 and 25% w/w) and three VRs (0.33, 1 and 3) were explored
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to determine the phase preference of the CD133/2-pure antibody
when the parameters were varied. The combinations used to opti-
mize the systems are summarized in Table 1. The final intention
of this strategy was to manipulate the antibody partition to the
contaminant-free phase. TLLs and VRswere chosenwith the objec-
tive of determining the effect on the antibody partitioning when
increasing (3 and 25 respectively) and decreasing (0.33 and 15
respectively) these parameters.
The general methodology followed in this research can be

divided into three main steps. The first one involves the construc-
tion of the systems and the determination of the partitioning pref-
erence of the PEGylated antibody in them. The second includes
the experimental design, the construction of the systems and the
determination of the partitioning preference of the pure antibody
in them. The third stage corresponds to the determination of the
partitioning preference of the PEGylated antibody in the selected
optimized systems. The methodology followed in this research is
summarized in Fig. 1(b).
The SDS-PAGE gels used in the optimization step of this exper-

imental work were first visually examined to define the partition
profiles of the antibody. These profiles were evaluated based on
the proportion of the top and bottom phases. After that, the gels
were digitalized and analyzed using Image J software (National
Institutes of Health (NIH), Bethesda, MD, USA) to determine the
antibody amount in a semi-quantitative manner. For this, all the
bands of the top phase of each studied system were merged to
obtain the total number of area units for the top phase of that sys-
tem. Likewise, the same procedure was followed for the bottom
phase. The resulting areas were processed and used to calculate
the percentage of antibody that pertains to each phase. The error
was presented as the standard deviation of the duplicates. Later,
the systemswith a higher proportion of antibody on the top phase
were selected to be tested with the PEGylated CD133/2 antibody.
The same procedure for the antibody partition determination was
followed for this step.

RESULTS ANDDISCUSSION
All ATPS used in this research were chosen based on previous
works done by our research group. This investigation was per-
formed as an extension of those works, with the objective of influ-
encing the partitioning of the antibody towards the clean phase of
each system bymeans of its PEGylating and by varying the system
parameters (TLL and VR) in order to identify an ideal system that
could be later on tested with HUCB as sample in route to develop
an effective methodology for the recovery of CD133+ stem cells
from HUCB.

PEGylation of CD133/2-biotin antibody
In this project, PEGylation was suggested as a novel alternative
to manipulate the partition of the antibody, taking advantage
of the benefits offered by this reaction. The first step of this
work was the characterization of the PEGylated CD133/2-biotin
antibody. For this, the SDS-PAGE gels were silver stained after
electrophoresis to observe the protein profiles and then the same
gel was stained with iodine/barium to observe PEG presence.
The PEGylation of the CD133/2-biotin antibody was confirmed by
visually overlapping the stainedgels andmatching theprotein and
PEG bands.
The protein and PEG banding profiles for each of the six dif-

ferent PEGylated CD133/2-biotin antibodies are shown in Fig. 2.

Table 1. Experimental design used for ATPS optimization.

No. Block VR TLL (% w/w) ATPS

1 1 1 25 PEG-DEX

2 1 3 25 Ficoll-DEX

3 1 1 20 Ucon-DEX

4 1 1 20 PEG-DEX

5 1 3 25 PEG-DEX

6 1 1 15 PEG-DEX

7 1 0.33 20 Ficoll-DEX

8 1 3 15 Ucon-DEX

9 1 1 20 Ficoll-DEX

10 1 1 25 Ucon-DEX

11 1 3 20 Ficoll-DEX

12 1 0.33 20 Ucon-DEX

13 1 1 15 Ucon-DEX

14 1 1 25 Ficoll-DEX

15 1 0.33 20 PEG-DEX

16 1 3 25 Ucon-DEX

17 1 3 20 PEG-DEX

18 1 3 15 Ficoll-DEX

19 1 0.33 25 Ficoll-DEX

20 1 0.33 15 PEG-DEX

21 1 1 15 Ficoll-DEX

22 1 3 20 Ucon-DEX

23 1 0.33 25 PEG-DEX

24 1 3 15 PEG-DEX

25 1 0.33 15 Ficoll-DEX

26 1 0.33 15 Ucon-DEX

27 1 0.33 25 Ucon-DEX

28 2 1 25 PEG-DEX

29 2 3 25 Ficoll-DEX

30 2 1 20 Ucon-DEX

31 2 1 20 PEG-DEX

32 2 3 25 PEG-DEX

33 2 1 15 PEG-DEX

34 2 0.33 20 Ficoll-DEX

35 2 3 15 Ucon-DEX

36 2 1 20 Ficoll-DEX

37 2 1 25 Ucon-DEX

38 2 3 20 Ficoll-DEX

39 2 0.33 20 Ucon-DEX

40 2 1 15 Ucon-DEX

41 2 1 25 Ficoll-DEX

42 2 0.33 20 PEG-DEX

43 2 3 25 Ucon-DEX

44 2 3 20 PEG-DEX

45 2 3 15 Ficoll-DEX

46 2 0.33 25 Ficoll-DEX

47 2 0.33 15 PEG-DEX

48 2 1 15 Ficoll-DEX

49 2 3 20 Ucon-DEX

50 2 0.33 25 PEG-DEX

51 2 3 15 PEG-DEX

52 2 0.33 15 Ficoll-DEX

53 2 0.33 15 Ucon-DEX

54 2 0.33 25 Ucon-DEX
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Figure2. SDS-PAGE analysis of different PEGylatedCD133/2-biotin antibody reactions. (a) Silver staining and (b) I2/BaCl2 stainingof CD133/2-biotin 1.5 μg
(lane 1), PEGylated CD133/2-biotin NH2-PEG antibody (lane 3), PEGylated CD133/2-biotin COOH-PEG (lane 4), PEGylated CD133/2-biotin SH-PEG (lane 5),
PEGylated CD133/2-biotin NHS-PEG (lane 6), PEGylated CD133/2-biotin mPEG-PEG (lane 7), PEGylated CD133/2-biotin mal-PEG (lane 8) and molecular
weight marker Precision Plus Protein Unstained 1 μg (lane 10). The boxes highlight the protein bands in the silver staining that correspond to the PEG
bands in the iodine/barium staining of the PEGylated CD133/2-biotin antibody.

The non-PEGylated CD133/2-biotin antibody displayed two pro-
tein bands, one between 50 and 75 kDa and the other at 25 kDa;
these twobands correspond to theheavyand lightCD133/2-biotin
antibody chains respectively (Fig. 2(a), lane1). This band is not visu-
alizedwith the iodine/bariumstaining (Fig. 2(b), lane1), since there
is no PEG in this sample. After PEGylation reaction, the molecular
weight of the antibody increases, so bands with higher molecular
weight were expected. Multiple protein bands higher than 75 kDa
were visualized in the samples, which are presumed to be the
PEGylated antibodies. PEGylated CD133/2-biotin antibody with
NH2, SH, NHS, mPEG and mal PEGs showed three protein bands
above75 kDa (Fig. 2(a), lanes 3, 5, 6, 7 and8 respectively), and these
same bands were observed in the iodine/barium-stained gel, indi-
cating the presence of PEG bound to the protein (Fig. 2(b), lanes
3, 5, 6, 7 and 8 respectively). In the case of COOH-PEG (Figs 2(a)
and 2(b), lane 4), just two protein bands were detected in both
gels. Additionally, for eachof the six PEGylatedantibodies (Fig. 2(a),
lanes 3–8), a band at approximately 15 kDa was displayed, which
corresponds to the dissociated subunits of the streptavidin that
did not react.
In a previous study,13 the PEGylation of the CD133/2-biotin anti-

bodywith PEG-NH2 was reported and the same threebands higher
than 75 kDa in the PEGylation profilewere obtained. In the present
study, another five PEGswithdifferent activated terminationswere
PEGylated to compare their profile in polyacrylamide gels and to
determine if this activation could also have an effect in the parti-
tion profile of the PEGylated antibody.
The two different PEGylation patterns observed in this work

can be attributed to the difference in structure (Fig. 1(a)) and the
partial charge that each activated PEG presents. At neutral pH,
PEG-COOH tends to be deprotonated, resulting in a partial nega-
tive charge. PEG-NH2 is protonated, with a partial positive charge.
In the case of PEG-mal, the presence of hydrogen and the double
bond generates a resonance effect with a negative partial charge.
The other PEGs (SH, NHS and mPEG) do not have a charge at
this pH. Because migration in electrophoresis is governed by elec-
tric charge and molecular weight of the molecule, the observed
profiles can be explained by one of these phenomena or their
combination.

Although the underlying mechanism of the partition behavior
of molecules in ATPS is still unclear, the interest in implementing
these systems for stem cell recovery has increased significantly in
recent years. In this study, after the determination of PEGylation
profilewith six activated PEGs, the selectedATPSwere constructed
to evaluate the effect of PEGylation in the partitioning phase
preference of the antibody.

Immunoaffinity ATPS strategy
As mentioned before, separation of diverse molecules has been
accomplishedusingATPS. These systemsexhibitmany advantages
over other methodologies, as their low ionic strength and high
water content allow a friendly environment for the separation of
biomolecules, whole cells and even subcellular components.3

ATPS are frequently used in combination with electrophoresis
for the characterization of protein from biological samples. In this
work, the strategy employed to determine the protein and PEG
presence in each phase was previously reported by our group.6

The phase preference of the six PEGylated CD133/2-biotin anti-
bodies in the selected polymer-polymer ATPS was evaluated in
12% polyacrylamide gels, and the protein presence was detected
using silver staining (Fig. 3). Since the phase-forming polymers
react in iodine/barium staining, the determination of the partition
was made only by observing the protein using the silver staining.
It is important to mention that silver staining is not an end-point
stain, so its use in combination with densitometric assays is hin-
dered. Nevertheless, in this research work, the use of Image J, a
digital image-processing program, was useful to analyze the band
intensities and estimate the proportion of antibody in each phase
of the studied systems.
As shown in Fig. 3, in Ficoll-DEX systems, the PEGylated antibody

was equally partitioned to both phases when NH2, NHS, SH and
mPEG PEGs were used, while with COOH and mal PEGs a notable
preference for the bottomphase is observed. On the other hand, in
PEG-DEX systems, the PEGylated antibodywas partitioned equally
to both phases when COOH, SH and mPEG PEGs were used. How-
ever, when NH2, NHS and mal PEGs were used, a higher fractiona-
tionpreferenceof the antibody to thebottomphasewasobserved.
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Figure 3. Partitioning preference of the PEGylated CD133/2-biotin antibody with the different PEGs ((amine (NH2), carboxyl (COOH), succinimidyl ester
(NHS), thiol (SH), methoxy PEG (mPEG) andmaleimide (mal)) in the three proposed polymer-polymer ATPS with TLL 20%w/w and VR 1. Top phase (T) and
bottom phase (B).

Ucon-DEX systems showed a higher antibody partitioning to the
bottom phase in all systems.
These variations in the abundance of the PEGylated antibody

to both phases can be explained since intrinsic characteristics of
the antibody, including superficial net charge, influence the par-
titioning in ATPS.3 CD133 antibody belongs to the immunoglob-
ulin G (IgG) family; it has a high molecular weight (∼120 kDa)
and low surface hydrophobicity. Because of that, the antibody
presents a positive character at the working pH and tends to be
partitioned towards themore hydrophilic phase (DEX-rich bottom
phase in all systems).17 On the other hand, PEG is a molecule that
has hydrophobic character. For this reason, PEGylation increases
the hydrophobicity of the antibody. This change in hydropho-
bicity could affect the partitioning of the antibody, increasing it
towards the more hydrophobic phase (Ficoll-, Ucon- or PEG-rich
top phase respectively). The struggle between hydrophobic char-
acter of the PEG and hydrophilic character of the antibody could
explain the partition towards both phases that was observed in
multiple systems. For example, in Ficoll-DEX systems, COOH and
mal PEGs showed a higher bottom phase preference. This can be
attributed to the negative partial charge that these PEGs exhibit at
the studied pH (7.4), which enhances their partitioning to the less
hydrophobic DEX-rich phase. On the other hand, the other PEGs
with positive neutral charges at this pHpartitioned equally to both
phases.

It is important to highlight that the Ucon-DEX system showed
a beneficial change in the partitioning preference with respect to
the non-PEGylated antibody. This antibody was partitioned 100%
to the bottom phase in previous studies. This detected differ-
ence in the Ucon-DEX system demonstrated that the PEGylation
induced a significant change in the partitioning of the antibody in
the studied ATPS. Even though the PEGylation made it possible to
induce a change in the partitioning preference of the PEGylated
CD133/2-biotin antibody, it was not enough to justify the evalua-
tion of this technique with HUCB sample and expect better results
than the ones that have been reported employing ATPS. Thus an
optimization strategy was conducted to explore the effect of vary-
ing two crucial system variables: TLL and VR.

Immunoaffinity ATPS optimization strategy
Most of the mechanisms that govern the partition of molecules
in ATPS are strongly related to the TLL and the VR.

3 Therefore, in
this work, the effect of the variation of these parameters in the
three polymer-polymer systems was studied. The objective was to
determine if a variation in these parameters can induce a change
in the partition preference of the ligand and contribute to reach
the objective of this investigation.
The optimization strategy consisted in performing a multi-

level categorical design analysis. All systems were prepared using
the non-PEGylated antibody (Fig. 1(b), step 2) owing to cost
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Figure 4. (a) Partition behavior of CD133/2-pure antibody in the different constructed ATPS for the optimization strategy. The black bar under the gel
indicates the systems that were selected to be tested with the six different PEGylated CD133/2-biotin antibodies. Top phase (T) and bottom phase (B). (b)
Graphical illustration of the percentage of CD133/2-pure antibody fractionated to top (dark bar) and bottom (light bar) phase in the different constructed
ATPS for the optimization strategy. Mean values were calculated with two independent replicates and the error bars represent the standard error.

constraints, but the promising systems were further tested with
thePEGylatedantibody to corroborate the results (Fig. 1(b), step3).
Twenty-seven immunoaffinity ATPSbyduplicatewere constructed
to vary two variables that affect the partitioning in ATPS:3 TLL (15,
20 and 25%w/w) and VR (0.33, 1 and 3). All systems were theoreti-
cally carried out considering their inclusion into the biphasic zone
of the binodal curve. The partitioning behavior of CD133/2-pure
antibody in the diverse systems is shown in Fig. 4.
Although theoretically all systemswere above the binodal curve,

in the case of Ficoll-DEX systems with TLL 15% w/w, phases were
not formed. This could be explained since this system is very close
to the boundary that separates the two-phase formation zone
from the monophasic region. As shown in Fig. 4(b), in Ficoll-DEX
systems with TLL 20 and 25% w/w, the antibody showed a similar
phase preference, partitioning in more than 50% to the bottom

phase. In the case of PEG-DEX systems with VR 3 and TLL 15 and
20% w/w, the antibody presented higher preference to the top
desiredphasewith apartitioningof 54.25 and58.37% respectively.
Meanwhile, in the other PEG-DEX systems, the antibody showed
a higher preference to the bottom phase, fractionating to this
phase more than 50%. Finally, as can be observed in Fig. 4(a), the
Ucon-DEX systemswith TLL 15 and 20%w/w exhibited a favorable
gradual shift of the antibody from the bottom phase (VR 0.33) to
having a greater preference for the top phase (VR 3). In the other
systems, the antibodywas totally partitioned to the bottomphase.
The results shown in Fig. 4(b) confirmed thatwhen TLL 15 and 20%
w/w were tested, as the VR increased, the antibody partition also
increased to the top phase. This rise of the antibody partition to
the top phase was from 3.86% (VR 0.33) to 61.09% (VR 3) in the
case of TLL 15% w/w and from 4.48% (VR 0.33) to 74% (VR 3) for
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Figure 5. (a) PEGylated CD133/2-biotin antibody partition behavior in the selected optimized immunoaffinity ATPS. Top phase (T) and bottom phase
(B). (b) Graphical illustration of the percentage of PEGylated CD133/2-biotin antibody fractionated to top (dark bar) and bottom (light bar) phase in the
optimized ATPS.

TLL 20% w/w. Systems with TLL 25% did not show this trend. The
observed tendency could be explained by the free volume effect.
This phenomenon indicates that the partitioning of solutes in the
system is influenced by steric effects that are closely related to the
free volume for separation of the molecules.18 In other words, this
effect is due to the change in the available volume in each phase
when the VR is varied. When a high VR is used, the free volume
in the bottom phase decreases, forcing the molecules to partition
to the top phase. When a lower VR is chosen, the free volume in
the top phase decreases, forcing the molecules to move to the
bottom phase which has more space for them. However, in the
case of TLL 25% w/w, this behavior was not observed. This can be
explained because as the TLL increases, the phases are composed
of higher concentrations of polymers19 and the partition to the
more hydrophobic phase is hampered.
In the next step, the optimized ATPS that showed a favor-

able partition preference of the CD133/2-pure antibody towards

the top phase were selected to be further tested with the six
different PEGylated CD133/2-biotin antibodies. The chosen sys-
tems were PEG 8000-DEX 500000 TLL 15% w/w with VR 3, PEG
8000-DEX 500000 TLL 20% w/w with VR 3, Ucon-DEX 75000 TLL
15% w/w with VR 3 and Ucon-DEX 75000 TLL 20% w/w with
VR 3. According to the results observed in the gel (Fig. 5(a)), all
PEGylated CD133/2-biotin antibodies tested in the selected opti-
mized systems exhibited a similar partitioning behavior to the
non-optimized systems. They were partitioned to both phases but
showing higher preference to the bottom phase. The obtained
results using Image J software are presented in Fig. 5(b), where it
is observed that more than 50% of the antibody was partitioned
towards the bottom phase in all systems. Thus a partitioning dif-
ference was observed when using CD133/2-pure antibody ver-
sus PEGylated CD133/2-biotin antibody in the selected optimized
polymer-polymer ATPS in which the pure antibody preferred the
top phase.
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CONCLUSION
According to the results, it was demonstrated that PEGylation
can induce a significant effect in the partitioning behavior of
the CD133/2-biotin antibody in the studied systems. In the same
way, the variation of TLL and VR demonstrated to be effective to
manipulate partitioning in ATPS. A combination of these strategies
showed to be a powerful tool to change antibody phase prefer-
ence.However, further investigations arenecessary to clarify all the
parameters andmechanisms that affect the partition of antibodies
in these systems and to obtain an ideal system to be tested with
HUCB sample.
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