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resumo 
 

 

A nível mundial, o cancro do pulmão apresenta a maior taxa de mortalidade 
associada a doenças oncológicas. A taxa de sobrevivência a 5 anos deste tipo 
de tumor é inferior a 15%, devido ao facto da maioria dos pacientes serem 
diagnosticados em fases avançadas. Assim, a deteção precoce do cancro do 
pulmão representa uma das abordagens mais promissoras para a redução da 
sua elevada mortalidade e morbidade. Os avanços tecnológicos nas áreas da 
genómica e da proteómica permitiram identificar novos biomarcadores que 
podem ser utilizados na deteção precoce de tumores. A pentraxina-3 (PTX3) é 
um destes biomarcadores, uma vez que a sua deteção e quantificação no soro 
humano permite o diagnóstico e prognóstico de cancro do pulmão. Porém, o 
soro humano é uma matriz muito complexa e cujo conteúdo proteico é 
constituído principalmente por albumina do soro humano (ASH) e 
imunoglobulina G (IgG). Estas proteínas podem interferir ou mesmo mascarar a 
deteção e quantificação de proteínas menos abundantes, tais como a PTX3, 
conduzindo a resultados falsos. De modo a possibilitar um diagnóstico precoce 
e mais fidedigno do cancro do pulmão, é necessário implementar etapas de pré-
tratamento do soro humano que permitam a depleção das proteínas mais 
abundantes e simultânea concentração de biomarcadores tumorais. Neste 
contexto, os sistemas de partição em três fases à base de sistemas bifásicos 
aquosos (SAB) surgem como uma técnica alternativa às técnicas de pré-
tratamento atuais que usam resinas de afinidade dispendiosas ou solventes 
orgânicos voláteis.  
O objetivo principal deste trabalho é desenvolver novos sistemas de partição em 
três fases com base em SAB constituídos por polímeros/copolímeros e sais 
como estratégias alternativas de pré-tratamento de soro humano. Para tal, foram 
estudados novos sistemas compostos pelos homopolímeros PPG 400 e PEGs 
400, 600, 1000 e 2000, e pelos copolímeros Pluronic PE6200, PE6400 e L35, e 
UCON, e tampão citrato, em termos da sua capacidade para simultaneamente 
precipitar a ASH e IgG na interfase e extrair o biomarcador PTX-3 para a fase 
rica em polímero. De acordo com os resultados obtidos, os sistemas formados 
por PPG 400, PEG 1000, PEG 2000 e UCON permitiram eficiências de depleção 
acima de 80% para ambas as proteínas, com os sistemas formados por PEG 
1000 atingindo percentagens de depleção de 100% para as proteínas mais 
abundantes. Entre os melhores sistemas estudados, apenas o sistema com 
PEG 1000 permitiu a extração total da PTX-3 na fase rica em polímero, 
mantendo a depleção completa da IgG e HSA. Os ensaios de ELISA realizados 
mostraram a capacidade melhorada deste sistema para a quantificação de PTX-
3 em amostras pré-tratadas, representando uma alternativa promissora para o 
pré-tratamento do soro humano no diagnóstico e prognóstico do cancro do 
pulmão. 
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abstract 

 
Lung cancer is responsible for the highest rate of cancer mortality worldwide. 
The 5-year survival rate of lung cancer is less than 15%, mainly because most 
lung cancer patients are diagnosed at late stages. Therefore, early detection 
of lung cancer represents one of the most effective approaches to help reduce 
the high associated mortality and morbidity. Technological advances in 
genomics and proteomics fields have disclosed many novel cancer 
biomarkers, which can be used in early cancer detection. Pentraxin-3 is one 
of these promising biomarkers, found in serum, for lung cancer diagnosis and 
prognosis. However, human serum is a complex matrix whose protein profile 
mainly comprises human serum albumin (HSA) and immunoglobulin G (IgG). 
These proteins can interfere or even mask the detection and quantification of 
less abundant ones, such as PTX3, leading to false results. To contribute 
towards an earlier and more reliable diagnosis of lung cancer, there is a need 
to implement sample pretreatment steps that permit the depletion of the most 
abundant proteins and the concentration of tumor biomarkers of interest. In 
this context, three-phase partitioning (TPP) based on aqueous biphasic 
systems (ABS) are an alternative to conventional pretreatment techniques that 
use expensive affinity resins or volatile organic solvents.  
The main goal of this work is to develop new TPP systems based on ABS 
composed of polymers/copolymers and salts as alternative serum 
pretreatment strategies. To this end, novel TPP-ABS formed by the 
homopolymers PPG 400, PEG 400, PEG 600, PEG 1000 and PEG 2000, and 
the copolymers Pluronic PE6200, Pluronic PE6400, Pluronic L35 and UCON, 
and a citrate buffered salt, were investigated in terms of their performance to 
simultaneous deplete HSA and IgG and extract the biomarker PTX-3 to the 
polymer-rich phase. According to the results obtained, TPP systems formed 
by PPG 400, PEG 1000, PEG 2000 and UCON allow depletion efficiencies 
above 80% for both proteins, with the systems formed by PEG 1000 and 
UCON allowing depletions efficiencies reaching 100% for both abundant 
proteins. Among the best studied systems, only the TPP system formed by 
PEG 1000 allows the complete extraction of PTX-3 towards the polymer-rich 
phase, while keeping the complete depletion of IgG and HSA. ELISA assays 
demonstrate the better performance of this TPP foe the PTX-3 quantification 
in the pretreated human serum samples, thus representing a promising 
alternative for the pretreatment of human serum for the diagnosis and 
prognosis of lung cancer.  
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1.1. GENERAL INTRODUCTION 

According to the latest statistics available, lung cancer is the most common type of 

cancer and the leading cause of cancer mortality worldwide.1 The number of deaths per 

year exceeds the total deaths caused by breast, colon and prostate cancer together.1 The 

fundamental cause of such an high mortality is the diagnosis at later stages, often when 

cancer has become locally advanced and metastatic.2 

Early detection of lung cancer, when a lesion is more responsive to treatment and 

more likely to be cured, represents one of the most promising approaches to reduce the 

mortality and morbidity associated.3 The technological evolution of genomics and 

proteomics introduced many and novel cancer biomarkers, whose quantification in 

human fluids holds promise to be used as a tool for early cancer diagnosis.4 These 

molecules play an increasingly important role in cancer staging and personalization of 

therapy at the time of diagnosis, improving the overall patient care.5 Several proteins have 

been identified as potential lung cancer biomarkers, such as squamous cell carcinoma 

antigen (SCCA), neuron-specific enolase (NSE), cytokeratin 19 fragment (CYFRA 21-1) 

and, more recently pentraxin-3 (PTX3).6,7 Nevertheless, biomarker detection remains a 

challenging task due to the complexity of biological samples, wide range of protein 

concentrations and labile nature of most protein-based biomarkers.8 Since 80% of human 

serum proteins corresponds to human serum albumin (HSA) and immunoglobulin G 

(IgG),9 these are very likely to interfere or even mask the detection of low-abundant 

proteins, including cancer biomarkers, leading to non-reliable diagnosis. To overcome 

this issue, it is necessary to implement sample pretreatment steps aiming the simultaneous 

depletion of high abundant serum proteins and the concentration of lung cancer 

biomarkers.10  

The most used pretreatment techniques to reduce the content of HSA and IgG are 

liquid-liquid extraction (LLE),11,12 solid phase extraction (SPE)13,14 and protein 

precipitation (PP).15,16 However, these techniques present some limitations. For example, 

LLE requires large amounts of organic solvents and may suffer from emulsion 

formation17, whereas SPE exhibits limited selectivity and/or sensitivity and high cost 

associated to some of the most common protein-based affinity ligands used.18 In turn, PP 

presents limited selectivity and may lead to biomarker losses.19 

In the search for alternative techniques that could render sample pretreatment and 

biomarkers’ concentration more cost-effective as well as bio- and eco-friendlier, aqueous 
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biphasic systems (ABS) can be foreseen as a viable option.20 These are a class of liquid-

liquid extraction systems mainly composed of water, comprising two water-rich phases 

of two incompatible solutes, such as two polymers, a polymer and a salt, or two salts.21 

ABS features have shown to be advantageous to extract cancer biomarkers from 

biological fluids, including prostate-specific antigen (PSA)22 and extracellular vesicles 

(EVs),23–25 both used in the diagnosis of prostate cancer. Also, it has been previously 

shown that when human serum is added to an ABS under certain conditions, proteins may 

partition between the aqueous phases or even precipitate at the interphase, forming a 

three-phase partitioning system (TPP).26 Commonly, highly abundant serum proteins 

precipitate in the interphase of the ABS, while lower abundant ones [e.g., transferrin or 

lactate dehydrogenase (LDH)] are extracted into one of the ABS aqueous phases, 

allowing for posterior quantification.26 

This work is focused on TPP/ABS pretreatment strategies to better identify and 

quantify the lung cancer biomarker PTX3 to improve the diagnosis of the deadliest 

oncologic disease worldwide. To this end, TPP/ABS composed of polymers/copolymers 

were investigated. Accordingly, this work faced the following stages: 

(i) Determination of the ternary phase diagrams of ABS composed of several 

polymers/copolymers and citrate buffer using the cloud point titration method to 

define the mixture compositions needed to reach a biphasic regime; 

(ii) Screening of ABS (or the corresponding TPP) to determine their ability to 

deplete high abundant proteins from commercial human serum by inducing their 

precipitation at the interphase; 

(iii) Evaluation of the most efficient TPP to extract and concentrate PTX3 from 

spiked commercial human serum. 

 

A schematic representation of the TPP-mediated sample pretreatment and lung cancer 

diagnosis proposed in the present MSc is given in Figure 1.1. 
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Figure 1.1. Schematic representation of the goal of this work. 

 

Based on the exposed MSc objectives, this section provides an overview on cancer, 

in particular lung cancer, and its impact worldwide, diagnosis and prognosis. Particularly, 

the use of cancer biomarkers present in human serum as promising diagnosis and 

prognosis tools will be reviewed. Finally, an analysis of current serum pretreatment 

techniques will be performed and the application of ABS as an alternative technique for 

the extraction and concentration of disease biomarkers will be reviewed. 

 

1.2. CANCER AND ITS GLOBAL IMPACT  

Cancer represents a diversified class of diseases characterized by the uncontrolled 

growth and spread of abnormal cells. It is nowadays recognized as a major public health 

problem and the second cause of death globally.27 The most frequent types of cancer in 

man are lung, prostate, colorectal, stomach and liver cancer, while breast, colorectal, lung, 

cervical and thyroid cancer prevail among women.27  

Cancer incidence and mortality are growing worldwide.28 The reasons for such an 

increase are complex, but contemplate both ageing and growth of the population, as well 

as changes in the distribution and prevalence of the main risk factors for cancer, including 

tobacco smoking and physical inactivity.28 According to the latest statistics published by 

the International Agency for Research on Cancer (IARC) using the GLOBOCAN 2018, 

18.1 million new cancer cases and 9.6 million cancer deaths worldwide were estimated 

to occur in 2018.1 For both genders combined, it was estimated that approximately one-

half of the cases and over one-half of the cancer deaths in the world took place in Asia.1 

Europe accounts for 23.4% of the total cancer cases and 20.3% of the cancer deaths, 

followed by America with 21% of incidence and 14.4% of mortality.1 Lung cancer is the 

most diagnosed type of cancer (11.6% of the total cases) and the leading cause of cancer 
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death (18.4% of the total cancer deaths).1,27 This is followed by female breast cancer 

(11.6%), colorectal cancer (10.2%), and prostate cancer (7.1%) for incidence and 

colorectal cancer (9.2%), stomach cancer (8.2%), and liver cancer (8.2%) for 

mortality.1,27 Considering cancer incidence and mortality by sex, lung cancer is the most 

diagnosed cancer and the leading cause of cancer death in males, followed by prostate 

and colorectal cancer for incidence, and liver and stomach cancer for mortality.1 Among 

females, breast cancer is the most commonly diagnosed cancer and the leading cause of 

cancer death, followed by colorectal and lung cancer for incidence, and vice versa for 

mortality.1 For both sexes combined, lung cancer is the most commonly diagnosed cancer  

and the leading cause of cancer death, followed by female breast cancer, colorectal 

cancer, and prostate cancer for incidence and colorectal cancer, stomach cancer, and liver 

cancer for mortality,1 as illustrated in Figure 1.2.  

 

 

Figure 1.2. Distribution of incidence (A) and mortality (B) worldwide for the most 

common types of cancer observed in 2018 for men and women combined (adapted from 1). 

 

The cancer burden is growing globally, having significant physical, emotional, and 

financial impacts on individuals, families, communities and healthcare systems.29 In 

2008, the total economic impact of premature death and disability from cancer worldwide 

was about 895 billion dollars.30 The lost years of life and productivity caused by cancer 

represent the largest drain on the global economy, compared to other causes of death.31 

Death and disability from lung, colon/rectal and breast cancers represent the largest 

economic costs on a global scale.30 In low-income countries, cancers of the mouth and 

throat, cervix, and breast have the greatest impact.30 Many health systems in low- and 
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middle-income countries are least prepared to manage this burden, and large numbers of 

cancer patients do not have access to timely and quality diagnosis and treatment.30 In 

countries where healthcare systems are better organized and equipped, survival rates of 

many types of cancers are improving mostly due to the accessible early detection and 

adequate treatment.30  

Carcinogenesis or tumorigenesis arise from multiple processes that drive normal cells 

to evolve progressively toward a malignant, neoplastic state, and ultimately to acquire 

metastatic features.32 During this transformation, normal cells develop several 

capabilities that allow them to become carcinogenic and malignant. These biological 

capabilities that enable tumor growth and metastatic dissemination were initially 

categorized into six distinctive principles, proposed as the hallmarks of cancer by 

Hanahan and Weinberg33. The hallmarks of cancer are illustrated in Figure 1.3, which 

include sustaining proliferative signaling, evading growth suppressors, resisting cell 

death, enabling replicative immortality, inducing angiogenesis, and activating invasion 

and metastasis. In 2011, the same authors made new observations that led them to include 

the cancer cells ability to reprogram metabolism and to evade immune destruction to the 

list of the hallmarks of cancer.34 

 

 

Figure 1.3. The Hallmarks of Cancer (adapted from 33).  

 

The most important feature of cancer cells is their capacity of sustaining chronic 

proliferation due to the inactivation of tumor suppressor genes.33 The most common 

tumor suppressor genes encode for proteins such as tumor protein p53 (TP53) and 
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retinoblastoma-associated proteins that regulate cell proliferation and senescence 

programs.33,35 The hallmark of resisting cell death is based on the capacity of cancer cells 

to resist death by apoptosis.36,37 During tumorigenesis, apoptosis is triggered in response 

to several physiologic stresses, such as elevated levels of oncogenes and deoxyribonucleic 

acid (DNA) damage associated with hyperproliferation.36 However, tumor cells 

developed a variety of strategies to circumvent apoptosis. The most common strategy is 

the loss of TP53 tumor suppressor function, eliminating this damage sensor from the 

apoptosis-inducing circuitry.33 Tumors may also reach similar ends through the increase 

expression of antiapoptotic regulators or through the downregulation of proapoptotic 

factors.33,36 The third hallmark is the enabling replicative immortality. Cancer cells 

require unlimited replicative potential to generate macroscopic tumors, unlike normal cell 

lineages, which are only able to go through a limited number of successive cell growth 

and division cycles. There are two distinct barriers to cell proliferation, which include 

senescence, an irreversible entrance into a non-proliferative but viable state, and crisis, 

that involves cell death.33 The induction of angiogenesis is another important hallmark of 

cancer. Nevertheless, angiogenesis requires cells sustenance in form of nutrients and 

oxygen as well as an ability to excrete metabolic wastes and carbon dioxide, needs 

addressed by the tumor-associated neovasculature.33,38 The sixth hallmark is 

characterized by the local invasion and distant metastasis resulting in the cancer 

progression to higher pathological grades of malignancy.33 The associated cancer cells 

typically develop alterations in their shape as well as in their attachment to other cells and 

to the extracellular matrix (ECM). The process of invasion and metastasis is characterized 

by a sequence of multiple steps, often entitled the invasion-metastasis cascade.39,40 This 

process starts with a succession of changes in normal cells, that allow the invasion by 

cancer cells into blood and lymphatic vessels, ending with the growth of micro metastatic 

lesions into macroscopic tumors.39 The uncontrolled cell proliferation characteristic of 

this neoplastic disease involves not only deregulated control of cell proliferation but also 

corresponding adjustments of energy metabolism in order to fuel cell growth and division. 

The immune system plays an important role in the resistance or eradication of cancer 

cells.34 The theory of immune surveillance proposes that cells are constantly checked by 

an ever-alert immune system, that recognizes and eliminates most of the cancer cells.41 

However, solid tumors have somehow managed to avoid the immune system detection, 

thereby evading eradication. Consequently, this tumor capability to escape the immune 

system detection plays an important role in tumor formation and progression.34 
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Nonetheless, tumor pathogenesis is complex and requires a repertoire of normal cells, 

molecules, and blood vessels to form tumor-associated stroma, contributing to the 

development and expression of the hallmark capabilities listed above.34 

 

1.2.1. LUNG CANCER 

Lung cancer is a highly invasive and rapidly metastasizing cancer and, as already 

mentioned, the primary cause of cancer-related deaths around the world.1 In 2018, 2.1 

million new lung cancer cases and 1.8 million deaths were estimated, representing about 

18.4% of cancer deaths worldwide.1 Among males, lung cancer is the leading cause of 

death in most countries in Eastern Europe, Western Asia, Northern Africa, and specific 

countries in Eastern Asia and South-Eastern Asia.1 Among women, lung cancer is the 

deadliest within 28 countries.1,27 The highest incidence rates are observed in Northern and 

Western Europe, North America, and Australia/New Zealand. In China, the incidence 

rates are like those observed in some Western European countries, notwithstanding 

substantial differences in smoking prevalence between the two populations. However, in 

Africa, the incidence rates persist generally low for both genders.1,42 Lung cancer 

mortality in females has been lower than in men, but has been increasing in recent years 

in most countries. Differences in lung cancer incidence and mortality are associated with 

different patterns of smoking prevalence in different countries, since tobacco 

consumption is the main cause of all major histological types of lung cancer.43 The excess 

risk among continuous smokers and never-smokers is in the order of 20 to 50 fold, being 

the duration of tobacco consumption considered the strongest determinant of lung cancer 

risk in smokers.44,45 Other risk factors associated to lung cancer are genetic susceptibility 

(family history and high penetrance genes),46 air pollution,47 ionizing radiation,48 

occupational exposures,49 poor diet50 and chronic inflammation from infections and other 

medical conditions.51–53 The previously referred risk factors may act independently or 

cooperatively with tobacco smoking in shaping the descriptive epidemiology of lung 

cancer.  

Lung cancer poses a significant economic burden, being responsible for the highest 

estimated cost of all cancers.54 In Europe, the overall economic impact of lung cancer is 

considerable, with direct costs such as costs of hospital and primary care, together with 

the costs of drugs, exceeding 3 billion euros annually.55 When costs related with 

premature mortality and disability are added to direct costs, the annual cost of lung cancer 

surpasses 100 billion euros.55 Based on these cost patterns, prevention and early detection 
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strategies are urgent to make lung cancer treatment more cost-effective, and potentially 

cost-saving. 

Lung cancer arises from the cells of the respiratory epithelium and can be categorized 

into two main histological groups as illustrated in Figure 1.4. This categorization is based 

on the size and appearance of the malignant cells and includes small cell (SCLC) and 

non–small cell lung carcinoma (NSCLC).56 SCLC represents about 15% of all lung 

cancer cases and is defined as a highly malignant tumor derived from cells exhibiting 

neuroendocrine characteristics. NSCLC accounts for the remaining 85% of cases and is 

subcategorized into adenocarcinomas, squamous cell carcinomas, large cell carcinomas.57  

 

 

Figure 1.4. The World Health Organization (WHO) classification of lung cancer 

histological types. (Adapted from 58) 

 

About 38.5% of all lung cancer cases are adenocarcinomas, with squamous cell 

carcinomas representing 20% and large cell carcinomas accounting for 2.9%.59 

Adenocarcinomas emerge from glandular cells of bronchial mucosa and represent the 

dominant histological subtype of lung cancer.59,60 Squamous lung cancer arises from the 

modified bronchial epithelial cells and is characterized by some specific differentiation 

features, such as the presence of intercellular bridges, keratinization and keratin pearl 

formation. The subtype large cell carcinoma has its origin from epithelial cells of the lung 

and consists in a heterogenous group of undifferentiated malignant neoplasms that lack 

the cytologic and architectural features of small cell carcinoma and glandular or 

squamous differentiation.59,60 
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There are several exogenous and endogenous factors that influence the occurrence 

and development of lung cancer in each individual.32 Thus, besides the various 

histological types, lung cancer also has many molecular and pathological subtypes 

characterized by heterogeneous cellular genetic and epigenetic changes, particularly 

activation of growth promoting pathways and inhibition of tumor suppressor pathways.61 

The lung tumorigenesis is related with the activation of growth promoting proteins, such 

as Kirsten rat sarcoma viral oncogene homolog (KRAS), epidermal growth factor 

receptor (EGFR), and human epidermal growth factor receptor 2 (HER2), as well as with 

the inactivation of tumor suppressor genes such as TP53. On the other hand, activation of 

growth promoting oncogenes can occur by gene amplification or other genetic alterations 

including point mutations and structural rearrangements, leading to uncontrolled 

signaling through oncogenic pathways.61,62 Lung cancer survival depends on the 

histology and stage of the disease at diagnosis; therefore, the identification of the correct 

histological type of lung cancer and molecular subtypes is crucial to the development of 

an appropriate treatment strategy.63 

 

1.3. DIAGNOSIS AND PROGNOSIS  

The overall 5-year survival rate of lung cancer is less than 15%, mainly because 

most lung cancer patients are diagnosed at late stages, often when the cancer has become 

locally advanced and metastatic.2 Currently, the diagnosis of lung cancer is primarily 

based on symptoms such as coughing, coughing up blood, chest pain and shortness of 

breath. The most commonly used methods for lung cancer diagnosis are chest 

radiography and computer tomography.58,64 However, they can only identify visible and 

irreversible changes in lung, which occur in advanced stages and often when curative 

intervention is no longer effective. Thus, early diagnosis of lung cancer is the ideal 

approach to improve the survival chances of patients, while contributing to reduce the 

burden of the disease.3 Remarkably, technological advances in genomics and proteomics 

have disclosed many promising biomarkers that can be used as tools for the early 

detection of multiple oncologic diseases, including lung cancer.4 
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1.3.1. CANCER BIOMARKERS  

Biomarkers are biological molecules found in human body fluids, mostly blood, 

or tissues that can be objectively measured and evaluated as an indicator of a normal or 

abnormal biological process, or of a condition or disease, such as cancer.65 As shown in 

Figure 1.5, tumor biomarkers can be epigenetic (changes in DNA methylation profile), 

genetic (mutations and changes in number of copies), proteomic (changes in level and 

profile of protein expression), metabolic (changes in level and spectrum of metabolites), 

DNAs and ribonucleic acids (RNAs), circulating tumor cells and protein biomarkers.66–

74  

 

 

Figure 1.5. Types of cancer biomarkers. 

 

Beyond early diagnosis, biomarkers can contribute for patient assessment in other 

clinical settings, namely in risk profiling, prognosis, and to guide decision-making related 

with treatment.5 Based on their usage, cancer biomarkers can be classified into predictive, 

prognostic, and diagnostic biomarkers.75 A predictive biomarker indicates the most likely 

benefit to the patient from specific therapeutic interventions. An example of a predictive 

biomarker is the gene HER2, whose activation predicts the patient response to 

trastuzumab in the case of breast cancer;76–78 also, expression of the gene encoding the 

estrogen receptor predicts the response to the treatment with tamoxifen instead.79 

Considering the prognostic biomarkers, these provide information on the likely patient 

health outcome, such as cancer recurrence or disease progression in the future. For 

example, HER2/neu-positive breast tumors are more aggressive and have a worse 

prognosis compared to HER2/neu-negative tumors.80 In turn, diagnostic biomarkers are 

used to identify whether a patient has a specific disease condition. For example, prostate-
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specific antigen (PSA) is a widely used diagnostic biomarker whose levels are higher in 

patients with prostate cancer.81 

Since most protein-based biomarkers are labile molecules and are present in low 

concentrations in complex biological fluids or tissues, the main challenge behind their 

use for cancer diagnosis remains the lack of reliability of the analysis procedures, leading 

frequently to false positive or false negative results.8 Due to the low detection limits often 

imposed, current techniques require laborious and lengthy protocols, highly qualified 

workers, centralized laboratories and/or expensive specific reagents.82 Most used 

techniques to detect and quantify cancer biomarkers in human body fluids comprise gel 

electrophoresis,83,84 enzyme-linked immunosorbent assay (ELISA),85 surface plasmon 

resonance (SPR),86,87 surface enhanced Raman spectroscopy (SERS), 88,89 mass-sensing 

BioCD protein array, 90 fluorescence methods, 91,92 and calorimetric 93,94 and chemical 

assays.95,96 As expected, the technique used for biomarker detection depends on the type 

of molecule to be quantified and on the source of the biomarker (e.g., urine, blood, 

sputum, etc.). For protein biomarkers the most commonly used method is ELISA.97 

 Several protein biomarkers are currently reported for the diagnosis and prognosis 

of lung cancer. Some examples are provided in Table 1. Carcinoembryonic antigen 

(CEA), squamous cell carcinoma antigen (SCCA), neuron-specific enolase (NSE), and 

CYFRA 21-1 are commonly used in clinical practice for lung cancer diagnosis and 

prognosis,98 whereas insulin-like growth factor-binding protein 1 (IBP-1), lactate 

dehydrogenase (LDH), retinol-binding proteins (RBP) and pro-gastrin-releasing peptide 

(GRP) were only identified as promising lung cancer biomarkers.99–102 More recently, the 

soluble pattern recognition receptor long pentraxin-3 (PTX3) has been proposed as a 

promising lung cancer biomarker allowing an early diagnosis.7 Besides, this protein has 

shown to be an useful prognostic marker for lung carcinoma patients.103 

Table 1.1. Examples of lung cancer protein biomarkers, biological fluid in which they are 

present, and cut-off value. (ND = Not determined) 
 

Protein biomarker Biological fluid Cut-off value Reference 

CEA Blood >5 ng/mL 104–106 

CYFRA21-1 Blood >5.6 ng/mL 105,107 

IBP-1 Urine ND 99 

LDH Blood >250 U/L 100,108 

NSE Blood >15.45 ng/mL 109,110 

RBP Blood ND 101,106 
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SCCA Blood >2.6 ng/mL 106,111 

PTX3 Blood >4.5 ng/mL 7 

GRP Blood >0.066 pg/mL 102,112 

 

 

1.3.1.1.PENTRAXIN-3 (PTX-3) 

Pentraxins constitute a superfamily of proteins that share the same domain and are 

arranged in a cyclic pentameric structure.113,114 The pentraxin domain consists of a 205 

amino acids (AA) long conserved sequence located in their carboxy-terminal with a 

similar eight AA (His-x-Cys-x-Ser/Thr-Trp-x-Ser, in which x represent any AA) 

sequence called the pentraxin signature.115 Based on the length of the protein sequence, 

the pentraxin family can be divided into short and long pentraxins. C-reactive protein 

(CRP) and serum amyloid P (SAP) are prototypical short pentraxins with approximately 

25 kDa, whereas PTX3 is a 45 kDa protein that serves as prototype of the long pentraxin 

subfamily.115,116  

PTX3, also known as TNF-inducible gene 14 protein (TSG-14), was first identified 

in the early 1990s in endothelial cells and fibroblasts.117 The prototypic long PTX3 has a 

carboxy-terminal sharing a high degree of homology with short pentraxins coupled to an 

unrelated amino-terminal region. Despite of the sequence homology, PTX3 differ from 

short pentraxins in terms of gene organization, chromosomal localization, as well as 

cellular source, inducing-stimuli, and ligand-binding properties.118,119  

The human PTX3 gene is located on chromosome 3q25 and has three exons separated 

by two introns.117 The two first two exons code for the leader peptide and the amino-

terminal domain (amino acids 18-178) of the protein, respectively, and the third exon 

encodes the carboxy-terminal pentraxin domain (amino acids 179-381).117  

The PTX3 expression occurs in response to a variety of inflammatory or infectious 

stimuli. This protein interacts with different ligands such as microbial moieties, 

complement components and extracellular matrix components.120,121 In contrast with 

short pentraxins, produced in the liver in response to interleukin 6 (IL-6), PTX3 is rapidly 

produced and released by a variety of different cells.118 PTX3 was first identified as an 

early induced gene in monocytes and vascular endothelial cells (ECs).117 Myeloid 

dendritic cells (DCs) and peripheral blood leukocytes also express significant levels of 

PTX3 in response to proinflammatory cytokines, agonists of toll-like receptors (TLR) or 

following stimulation with microbial components, including lipopolysaccharide, 

lipoarabinomannan, and outer cell membrane proteins.118–120 PTX3 production is also 
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stimulated by the anti-inflammatory cytokine interleukin-10 (IL-10) and by high-density 

lipoproteins (HDLs).122,123 More recently, renal and alveolar epithelial cells have also 

been found to produce lower amounts of PTX3 under stimulation.124,125 Furthermore, the 

presence of PTX3 was observed in specific lactoferrin-positive granules of human 

neutrophils by intracellular labeling.126 Other cell types can produce PTX3 in response to 

appropriate proinflammatory stimulation such as endothelial cells, smooth muscle cells, 

adipocytes, synovial cells, chondrocytes and fibroblasts.123,127–130  

PTX3 behaves as an acute phase response protein considering that its blood levels are 

lower in normal conditions (<2 ng/ml), and rise quickly during inflammatory and 

infectious conditions such as endotoxic shock and sepsis, correlating with the severity of 

the disease.131 Inflammation is considered an essential component of tumor 

microenvironment that affects tumor development and growth,132 and since PTX3 is 

expressed in inflammatory conditions, this protein has been reported as a local or systemic 

marker of cancer-related inflammation. Elevated expression of PTX3 has been observed 

in pancreatic carcinoma,133 gastric cancer,134 myeloproliferative neoplasms,135 lung 

cancer,7,136,137 gliomas138 and soft tissue liposarcoma.139 In cervical cancer, PTX3 

expression has been associated with tumor grade and differentiation, and in pancreatic 

carcinoma, higher PTX3 levels were associated with advanced clinical stage and poor 

overall survival.133,140  

The high levels of PTX3 in serum of lung cancer patients are not totally understood. 

Due to known overexpression by macrophages and endothelial cells in response to 

inflammation, it is suggested that PTX3 may act as a biomarker for lung carcinoma, in 

response to the inflammatory microenvironment of the tumor.141 In the last decade several 

studies have reported the role of PTX3 as a biomarker in lung cancer. Planque et al.136 

performed a proteomic based analysis of several lung cancer cell lines of differing 

histotypes and reported that lung cancer cells produce PTX3. This observation was 

confirmed in patients with lung cancer, in which PTX3 plasma levels were significantly 

higher compared with healthy subjects.137 Serum PTX3 concentrations of > 4.5 ng/mL 

are considered abnormal and used as a cutoff value. Moreover, PTX3 circulating 

concentrations positively correlated with tumor stage and disease aggressiveness.7 

Indeed, high expression of PTX3 was associated with worse overall survival in small and 

non-small-cell lung carcinoma, being a negative prognostic indicator in these 

pathologies.103,137 Besides human plasma or serum, PTX3 can also be found in other 

biological fluids such as urine,142 pleural,143 cerebrospinal fluid,144 joint fluid145 and 
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amniotic fluid.146 However, the number of reports investigating the value of PTX3 in 

body fluids, other than plasma or serum, is very limited. 

 

1.4. HUMAN SERUM PRETREATMENT TECHNIQUES  

Body fluids, such as human serum, are very complex matrices containing 

miscellaneous components, including cells, proteins and other lower abundance 

molecules.8 As previously discussed, the major technical challenge in the analysis of 

serum proteome is that their proteins are present at unequal concentrations and are quite 

labile.9 Human serum albumin (HSA) and immunoglobulin G (IgG) represent almost 80% 

of total protein weight in human serum, which interfere or even mask the detection of 

other proteins, especially low abundant ones with clinical relevance, such as cancer 

biomarkers that represent less than 1% of the blood molecules, and in some cases may 

exist in attomolar concentrations.147,148 To expedite cancer biomarker detection, which is 

commonly lengthy, laborious, and/or expensive, there is the need to implement a prior 

step of sample pretreatment to deplete HSA and IgG, ideally simultaneously 

concentrating lower abundant cancer biomarkers.10 

The most used pretreatment techniques to reduce the proteomic content of HSA 

and IgG are liquid-liquid extraction (LLE),11,12 solid phase extraction (SPE)13,14 and 

protein precipitation (PP).15,16 LLE is one of the most commonly used pretreatment 

techniques.149 The principle of LLE involves transferring an analyte from an aqueous 

matrix into an extraction solvent, which should be immiscible in the aqueous matrix so 

that the two liquids can easily be separated.149 Common extraction solvents include 

toluene, chloroform, hexane, and dichloromethane, as well as sodium chloride 

solutions.150 LLE was reported as a pretreatment technique that allow the extraction of 

acyclovir from human serum, using dichloromethane-isopropyl alcohol as an extracting 

solvent.151 The method was shown rapid, simple and reproducible with a limit of 

quantification of 10 ng/mL for 1 ml of serum.151 LLE presents advantages such as high 

analyte recoveries and clean extracts, and is perceived as being of low cost.149  However, 

it requires the consumption of large amounts of organic solvents, a large sample volume 

and long extraction times.152  

The basic principles of SPE and LLE are similar, once both methods involve the 

distribution of dissolved samples between two phases. However, SPE requires the 

dispersion of the analyte between a liquid (sample medium) and a solid (adsorbent) phase, 
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allowing the purification and enrichment of the analytes on a solid adsorbent through 

adsorption from the solution.18 The compounds retained on the solid phase can be 

removed by an eluting solvent, and posteriorly recovered and quantified. There is a wide 

choice of sorbents for SPE, including nonpolar, polar, ion exchange and mixed mode 

chemistries.18 SPE has been demonstrated to be a reliable and cost-effective technique for 

the selective isolation and concentration of a wide range of biomolecules from sample 

matrices,153
 but it often exhibits limited selectivity and/or sensitivity.18 Immunodepletion, 

a type of solid-phase extraction, also known as antibody-based depletion of high-

abundance proteins, is a popular pretreatment technique commonly used in complex 

samples.154,155 This method is based on the selective non-covalent interaction between 

antibodies and their specific binding to target proteins, with the purpose of removing the 

most abundant proteins or enriching low abundant ones.155 Nowadays, most 

immunodepletion kits are chromatographic matrices (columns) or other resins with 

immobilized antibodies used to specifically capture target proteins/peptides. The resulting 

flow-through fraction (immunodepletion) or bound fraction (immunoenrichment) is 

collected for further analyses.156,157 Examples of common immunodepletion kits are 

Seppro IgY14 kit that can deplete the 14 most abundant proteins, and Multiple Affinity 

Removal System columns that target the 6, 7 or 14 most abundant proteins from serum, 

including IgG and HSA.158 Despite their high specificity, immunodepletion kits present 

some disadvantages, such as high cost and inefficiency in protein depletion resulting from 

the limited number of binding sites for each antibody.158  

PP is one of the earliest proposed sample preparation technique and involves 

denaturation (loss of tertiary and secondary structures) of proteins present in the 

biomatrix.149 The operating principle is based on the addition of an organic solvent, acid, 

metal, or salt to the sample under analysis.159 For example, when an organic solvent is 

added to the plasma sample, it leads to a displacement of water from the hydrophobic 

region of the protein surface, which leads to the disruption of hydrophobic interactions 

between the proteins in the sample, thus causing proteins to precipitate out of solution.159 

Addition of ethanol to a serum sample has been reported to cause precipitation of IgG and 

most of HSA, allowing the concentration of low molecular weight proteins.160 Some 

advantages of PP are the simplicity of the process, use of inexpensive reagents, and 

minimal loss of sample.161 However, the process of protein precipitation presents lack of 

sensitivity and possible biomarker losses.19 
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To overcome performance, execution, and cost-effectiveness limitations, while 

avoiding biocompatibility and environmental problems displayed by common 

pretreatment techniques, alternative strategies are on high demand. Recently, in a review 

by Lee et al.,158 authors suggested alternative materials comprising bacterial 

nitrocellulose, molecular imprinted polymers and cryogels as some of the most promising 

tools for human serum pretreatment. However, authors called the attention to the fact that 

most of these nanomaterials are not commercially available and their synthetic routes are 

complex to be implemented within most clinical and biology laboratories.158 

Alternatively, aqueous biphasic systems (ABS) can be envisaged as viable pretreatment 

techniques.162,163 In addition to the possibility of integrating separation and concentration 

of target proteins within a single step while providing a gentle environment, ABS are of 

simple and fast execution and most of their components are commercially available.20,164  

 

1.4.1. AQUEOUS BIPHASIC SYSTEMS (ABS) AND THREE-PHASE 

PARTITION (TPP) 

ABS were discovered in 1896 when Beijerinck observed that a mixture containing 

water, gelatin and agar could generate a biphasic system.165 However, its real application 

in liquid-liquid extraction for the separation of biological products was only presented in 

the early 1950s by Albertsson.21 The author proposed the use of ABS formed by 

polyethylene glycol (PEG) and dextran (DEX) or PEG and salts, where water is the major 

component (instead of organic solvents as observed with typical LLE). Since then, ABS 

have been used for the separation, extraction, and purification of several biomolecules, 

including proteins, enzymes, DNA, monoclonal antibodies, and antibiotics.166  

ABS are at least ternary systems constituted by water and a minimum of two water-

soluble components, conventionally polymers167 and salts,168 but also short-chain 

alcohols,169 surfactants,170 and ionic liquids (ILs)22, among others. Polypropylene glycol 

(PPG), polyethylene glycol (PEG), poly(ethylene glycol-ran-propylene glycol) (UCON) 

and DEX are examples of polymers commonly used, while citrates, phosphates, sulfates 

and tartrates are among the most applied salt types.171–174 In ABS, and under specific 

conditions of temperature and pH, above a given concentration of the both components, 

two immiscible coexisting aqueous phases are formed, with a clear interfacial boundary 

separating the two phases, each one richer in one of the two components in addition to 

water.21 The partitioning of a molecule, such as a protein, is influenced by its affinity for 

each phase, as well as other variables, including pH, temperature and system 
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composition.175 For instance, in the conventional polymer/salt ABS, the top phase is 

usually enriched in the polymer, while the bottom (denser) phase is enriched in the salt.165 

Thus, it is possible to adjust the properties and affinities of the phases for any intended 

molecule by the suitable choice of the ABS phase-forming components, their 

compositions and phase separation conditions. Moreover, ABS show advantages over 

traditional LLE methods, like being eco- and bio-friendlier, offering mild conditions to 

carry out the extraction of biomolecules with no major structural, stability or activity 

losses.176 If the phase-forming components are adequately selected, ABS can be created 

using biodegradable and biocompatible components instead of using volatile organic 

solvents.165  

The characterization of ABS is performed through the determination and analysis of 

their phase diagrams. These are usually presented in an orthogonal representation where 

the mass fraction of the phase-formers is shown in the two axis and the mass fraction of 

water corresponds to that necessary to complete 100 wt% of the mixture composition.177 

The binodal curve (black line in Figure 6) separates the compositions that form two 

immiscible aqueous phases (above the binodal curve) from those that form a 

homogeneous single phase (below the binodal curve). The binodal curve is most often 

determined by the cloud-point titration method, by the visual identification of the 

turbid/limpid points (related data symbolized by blue circles in Figure 6).178 The tie-lines 

(TLs, yellow line in Figure 6) are straight lines that connect the compositions of the top 

and bottom phases (points T and B in Figure 6) for a biphasic mixture. The tie-line length 

(TLL) indicates the distance between the two phases’ compositions and decreases as the 

concentrations of the two water-soluble components are reduced. Mixture points located 

throughout the same TL have the same phases’ composition but differ on the phases’ 

volumetric/mass ratios (points A0, A1 and A2 in Figure 6).178 This feature facilitates the 

application of ABS within cancer diagnosis and prognosis as it enables to define the 

number of times a molecule of interest can be concentrated in a ABS phase (i.e., the so-

called concentration factor). Finally, the point on the binodal curve where compositions 

of the two coexisting phases are equal is called the critical point (point C in Figure 6). 
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Figure 1.6. Phase diagram of an ABS in an orthogonal representation. The line T-B is the tie-

line. Points A0, A1 e A2 represent different compositions of the ABS and point C correspond to 

the critical point. (Adapted from20) 

 

Another useful feature of ABS in the design of novel sample pretreatment 

techniques is the possibility of creating three-phase partitioning (TPP) systems. 

Originally, TPP were firstly introduced in 1972 by Tan and Lovrein179 and, ever since, it 

has been seen as a promising alternative to conventional extraction and separation 

methods, in particular for proteins.180 Conventionally, TPP uses t-butanol and an aqueous 

solution of ammonium sulphate to promote the precipitation of target molecules, mostly 

proteins, at the interphase of two liquid phases. Partitioning using ABS has proved to be 

a valuable tool for separating and purifying mixtures of biomolecules, mainly proteins 

and enzymes, via extraction.181 Although TPP is an efficient, fast and simple method, it 

usually requires large amounts of volatile organic solvents.182 It has been recently shown 

that when certain complex matrices, such as cell culture supernatants or human serum, 

are added to an ABS, their components may partition between the two aqueous phases 

and/or precipitate at the interphase of the system. When the formation of a precipitate at 
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the interphase of the ABS is allowed, a TPP is generated with high water content and no 

need of volatile organic solvents, according to Figure 7.26,175,183,184 

  

Figure 1.7. TPP formation by taking advantage of ABS concept. (Adapted from175) 

 

A survey of articles focused on the application of ABS or ABS-inspired TPP in the 

field of biomarkers’ extraction and concentration is provided in Table 2. Polymer-based 

ABS (mostly composed of PEG/DEX) are the most studied type of systems,23–25,185,186 

notwithstanding others comprising ILs22,26 and/or TPP-based approaches22,26 have been 

reported as well. Several biomolecules found in biological fluids, mostly plasma/serum, 

but also urine and cell cultures, were target of attention. These include alkaline 

phosphatase,185 prostate-specific antigen (PSA),22,187 prohibitin-1186 and extracellular 

vesicles (EV’s),23–25 among others,188–190 which can be useful in the diagnosis and 

prognosis of oncologic, bone, immune and other disorders.23,185,187,188,190 

Given the increasing impact of cancer in modern societies, oncologic diseases are 

among the most focused in ABS applications, particularly prostate and pancreatic 

cancers.22,186 Regarding the application of the widely employed polymer-based ABS 

based on PEG/DEX, several works reported on the isolation of protein biomarkers and 

EVs. In the case of protein biomarkers, Zhong et al.186 proposed the utilization of an ABS 

constituted by PEG/DEX (6.4 wt%/6.4 wt%) to further detect prohibitin-1, which is 

useful in pancreatic cancer diagnosis. The authors used a modified ABS combined 
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Table 1.2. Examples of application of ABS or ABS-inspired TPP in sample pretreatment and diagnosis. (ND = Not determined; NR = Not reported; NI = Not 

identified) 

Approach Phase-forming agents Biomarker Disease Sample Performance Biomarker 

quantification 

technique 

Ref 

ABS PEG/DEX Alkaline 

phosphatase 

Bone disease Serum ND NR 185 

ABS PEG/DEX EV’S Prostate 

cancer 

Urine Recovery efficiency 

of 97.19% 

PCR, ELISA 

and NTA 

24 

ABS PEG/DEX EV’s Prostate 

cancer 

Plasma Recovery efficiency 

of 68.3% 

ELISA 25 

ABS PEG/DEX EV’s Various Plasma Recovery efficiency 

of 83.4% 

NTA 23 

ABS PEG/DEX Prohibitin-1 Pancreatic 

cancer 

Cell 

cultures 

ND Electrophoresis/ 

Spectrometry 

186 

ABS PEG/DEX TNFR1, HGF 

and elafin 

Various Plasma ND ELISA 190 

ABS PEG/ KH2PO4 Transferrin Immune 

diseases 

Serum 10-fold 

improvement in the 

detection limit 

LFA 188,189 

ABS NI PSA Prostate 

cancer 

Urine Improved diagnostic 

performance 

ND 187,191 

ABS [P4444][CHES]/ 

K3C6H5O7 

PSA Prostate 

cancer 

Urine Recovery efficiency 

of ~100% 

SE-HPLC 22 

TPP AGB-ILs/ 

K3C6H5O7/C6H8O7  

Transferrin Alcoholism Serum Extraction 

efficiencies of 

~100% 

SE-HPLC 26 
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TPP [P4444][(Cl/Br)]/ 

K3C6H5O7/C6H8O7 

LDH Several 

cancers 

Serum Extraction 

efficiencies of 

~100% 

SE-HPLC 26 
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with two-dimensional (2D) matrix-assisted laser desorption ionization (MALDI) time of 

flight (TOF) mass spectrometry (MS, 2D-MALDI-TOF-TOFMS/MS) analysis to isolate 

and identify membrane proteins in pancreatic cancer cells. This system allowed the 

isolation of 55 proteins, of which 31 were membrane proteins, being associated with cell 

signal transduction, differentiation, and apoptosis. Prohibitin-1 was one of the 

mitochondria membrane proteins successfully identified using ABS, and which levels 

correlate with pancreatic carcinoma differentiation.186 Several works have exploited the 

application of ABS in the extraction and concentration of EVs from biological fluids, 

their miniaturization using microfluidics and the integration of concentration and 

detection steps.23 Park et al.25 proposed the utilization of ABS formed by PEG/DEX (21 

wt%/9 wt%) to isolate EVs from plasma, which play an important role in prostate cancer 

development and progression. The authors compared the EVs recovery efficiencies using 

ultracentrifugation, ExoQuick® kit, and ABS, and showed that the ABS recovered 68.3% 

of EVs from EV-protein mixture, whereas ultracentrifugation recovered only 15.2% and 

ExoQuick® recovered only 38.8%.25 Shin et al.24 used an optimized ABS constituted by 

PEG and DEX, in the same composition, to isolate EVs from a distinct biological fluid, 

i.e., urine. A recovery efficiency of circa 97% was obtained, which is 14 times higher 

than that obtained by ultracentrifugation.24 The detection of EVs by ELISA demonstrated 

that the diagnosis ability when applying ABS is better than other conventional methods.24 

More recently, Han et al.23 proposed a simple microfluidic ABS, formed by PEG and 

DEX (3.5 wt%/1.5 wt%), for EVs separation from small volumes of plasma. After the 

isolation of EVs from the plasma using the microfluidic ABS, the concentration of EVs 

was measured using nanoparticle tracking analysis (NTA), where a recovery efficiency 

of 83.4% was obtained together with a removal of 65.4% of the proteins from the EV–

protein mixture.23  

In general, a more accurate diagnosis can be obtained by the analysis of multiple 

biomarkers. Frampton et al.190 studied different biomarkers, namely hepatocyte growth 

factor (HGF), elafine, and tumor necrosis factor receptor 1 (TNFR1), which are used in 

the detection of several pathologies, such as Graft-versus-host disease (GVHD). The 

authors reported that ELISA tests using ABS composed of PEG/DEX (20 wt%/20 wt%), 

provides multiplex biomarker detection for validation of new biomarker panels and 

diagnosis of complex diseases, where custom multiplex immunoassays are required.190 

All works previously discussed show that PEG/DEX-based ABS are suitable for the 

extraction and concentration of cancer biomarkers from distinct biological samples 
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allowing detection. It should be however highlighted that these systems may find 

application in the diagnosis of other types of diseases. An example is represented by the 

bone diseases field, where Raymond et al.185 showed that a PEG/DEX (30 wt%/30 wt%) 

system is capable of separating alkaline phosphatase, an important biomolecule in the 

diagnosis of bone diseases, from its isoforms. The authors reported that different partition 

behaviors of the alkaline phosphatase isoforms are based on the type of surfactants 

applied and specific anchoring interactions, which allow the selective separation.185 

Although promising recovery values were reported with PEG/DEX-based ABS (up to 

97.19% with urine and up to 83.4% with serum/plasma),23,24 these have a narrow polarity 

range. Therefore, polymer-based systems usually lead to low selectivity and limited 

pretreatment efficiency, particularly if considering serum as the biological fluid. These 

unmet needs can be addressed by using ILs as ABS phase-forming agents. 

ILs are “designer solvents” whose structure can be finely adjusted to expand the 

polarity range of the ABS, thus improving extraction efficiency and selectivity.177,192 In 

this line, Pereira et al.22 developed an IL-based ABS to simultaneously extract and 

concentrate PSA, the gold standard for prostate cancer detection, from urine. ILs 

investigated were formed by the tetrabutylphosphonium ([P4444]
+) cation and several good 

buffers-derived anions, including 2-(N-morpholino)ethanesulfonate ([MES]-), 2-[[1,3-

dihydroxy-2-(hydroxymethyl)propan-2-yl]amino]ethanesulfonate ([TES]-), 2-

(cyxlohexylamino)ethanesulfonate ([CHES]-), 2-[4-(2-hydroxyethyl)piperazin-1-

yl]ethanesulfonate ([HEPES]-) and N-2(2-hydroxy-1,1-bis(hydroxymethyl)ethyl)glycine 

([Tricine]-). These were combined with citrate buffer (K3C6H5O/C6H8O7) as the salting-

out agent. Two mixture compositions were studied: 30 wt% of IL + 30 wt% of salt and 

30 wt% of IL + 40 wt% of salt. Remarkably, the authors observed a complete extraction 

of PSA to the IL-rich phase (extraction efficiency of 100%), in all the ABS tested for both 

mixture compositions, and a concentration of PSA at least up to 250-fold, with the ABS 

formed by [P4444][CHES], allowing its quantification by SE-HPLC.22 

Several works reported ABS as a pretreatment technique associated with portable 

detection and quantification methods, such as the lateral-flow immunoassay (LFA).188,189 

LFA is an inexpensive point-of-care (POC) paper-based diagnostic device with the 

potential to rapidly detect disease biomarkers but is limited by its sensitivity.193 Chiu et 

al.188,189 used ABS containing PEG and potassium phosphate salt (KH2PO4), with volume 

ratios varying between 1:1 and 9:1 to improve the sensitivity of LFA. The authors used 

dextran-coated gold nanoparticles (DGNPs) anchored with specific antibodies for the 
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detection of transferrin, observing a preferential partition of the DGNPs for the salt-rich 

phase.188,189 Then the DGNPs were used in the detection step of transferrin by LFA, and 

the authors reported that the previous step of concentration using ABS allowed a reliable 

and rapid detection of transferrin by LFA. Furthermore, through the correct choice of the 

volumetric ratio of the phases, it is possible to obtain improvements between 10 (9:1) and 

100 (1:1) times in the detection limit of transferrin, revealing its effectiveness in 

improving the detection of biomarkers of interest.188,189 

Even though promising results were so far obtained, the applicability of ABS-

mediated diagnosis in clinical care remains underexplored. The works previous exposed 

do not study samples from real patients, or use very small donor populations, which limits 

their commercialization and application in a real context. The solvent interaction analysis 

(SIA) method proposed by Zaslavsky et al.194 is based on analytical applications of the 

method of partitioning in ABS. The SIA technology is a simple and inexpensive technique 

that can be used for the characterization and analysis of individual proteins and their 

interactions with other proteins in biological samples, such as serum or plasma.194 Thus, 

this method presents new opportunities for discovery and monitoring of protein 

biomarkers.194 These promising characteristics are the basis for the company Cleveland 

Diagnostics, Inc., which is about to commercialize a technology, named IsoPSATM, that 

is based on the PSA partitioning between the two ABS phases and can be used for the 

early diagnosis of prostate cancer.187 Several ABS were screened to develop conditions 

providing different partition behavior of PSA in urine samples from patients with prostate 

cancer and PSA from patients with benign prostate diseases.187 The different partition 

coefficients of PSA obtained were sufficient for the development of the PSA/SIA test, 

conferring a better diagnostic performance than conventional protein biomarker detection 

methodologies, including tests of total serum PSA level.191  

Another approach that can be used in the pretreatment of biological fluids, mostly 

human serum, combines ABS and TPP concepts to simultaneously deplete major serum 

proteins and concentrate the biomarker of interest. Recently, Pereira et al.26 demonstrated 

that upon serum addition to an ABS, a precipitate is formed at the interphase, yielding a 

TPP. The systems studied were formed by glycine-betaine-based or phosphonium-based 

ILs and K3C6H5O7/C6H8O7. While IgG and HSA are depleted by precipitating at the 

interphase of the system with depletion efficiencies of 100% in a single-step, lower 

abundant proteins are extracted to, and can be quantified in, the IL-rich phase.26 This 

approach was successfully applied to the extraction and quantification of two biomarkers 
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from human serum, namely transferrin, a biomarker used for monitoring alcohol use, and 

LDH, a prognostic biomarker of lung and prostate cancer.26 It should be remarked that, 

so far, these ABS-inspired TPP are the most efficient techniques to carry out the 

pretreatment of human serum prior biomarkers’ detection. 

Based on these previous results, the objective of the present work is to develop novel 

strategies for the pretreatment of human serum, taking advantage of ABS features to 

develop new TPP systems. To the best of our knowledge, for the first time ABS-inspired 

TPP composed of copolymers and salts will be investigated as human serum pretreatment 

techniques envisioning diagnosis/prognosis improvements. This work will focus on 

biomarker PTX-3 to assess the usefulness of TPP to improve the diagnosis and prognosis 

of lung cancer. 
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2.1. MATERIALS 

The ABS studied in this work were formulated using homopolymers/copolymers 

and a citrate-based salt. The homopolymers studied include polyethylene glycols (PEGs) 

of different molecular weights, namely 400, 600, 1000 and 2000 g·mol-1 (herein 

abbreviated as PEG 400, PEG 600, PEG 1000 and PEG 2000, respectively), all from Alfa 

Aesar, except PEG 400 and polypropylene glycol (PPG) of average molecular weight 400 

g·mol-1 (PPG 400) that were acquire from Sigma-Aldrich. The homopolymers structures 

are depicted in Figure 2.1. The copolymers used included Pluronic PE6200 and Pluronic 

PE6400 (PEG-block-PPG-block-PEG-block), from BASF, Pluronic L35 (PEG-block-

PPG-block-PEG-block) from Sigma-Aldrich, and UCON (PEG-ran-PPG-ran-PEG) from 

Sigma-Aldrich. The copolymers molecular weight (Mw), percentage of PEG (%PEG) 

and number of monomers of ethylene glycol (-EGn-) and propylene glycol (-PGn-) are 

represented in Table 2.1. The salt potassium citrate tribasic monohydrate 

(K3C6H5O7·H2O, purity ≥ 99%) was obtained from Acros Organics and citric acid 

(C6H8O7.H2O, purity ≥ 99.5%) from Panreac.  

 

 

Figure 2.1. Chemical structure of the homopolymers used in this work. 

 

Table 2.1. Molecular weight (Mw), percentage of PEG monomer (%PEG), number of ethylene 

glycol monomers (-EGn-) and number of polypropylene glycol monomers (-PGn-) of the phase 

forming copolymers studied.  

Polyethylene glycol (PEG) Polypropylene glycol (PPG)

Copolymers Mw (g·mol-1) %PEG (-EGn-) (-PGn-) 

Pluronic PE6200 1750 20 11 28 

Pluronic PE6400 1750 40 13 20 

Pluronic L35 1900 50 11 16 

UCON 2500 50 - - 
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The human serum used was obtained from Sigma-Aldrich (H4522- Lot # 

SLBX6353) and kept at -20ºC up to use. For the preparation of the IgG solution, a solution 

of human IgG purified (29.4 mg/mL) was used, purchased from Innovative Research, Inc. 

and kept in storage at -80 ºC. The solution of HSA was prepared using a lyophilized 

powder of albumin from human (purity ≥ 96%) obtained from Alfa Aesar. Pentraxin-3 

(purity ≥ 90%) was obtained from Sigma-Aldrich Chemical Co. The quantification of 

PTX-3 was performed using a commercially available enzyme‐linked immunosorbent 

assay (ELISA) kit (ab214570), purchased from abcam and kept in storage at 4ºC. 

 

2.2. DETERMINATION OF PHASE DIAGRAMS AND TIE-LINES  

To establish the mixture compositions required to form systems with two coexisting 

phases that can be used as extraction tools, ternary phase diagrams for the homopolymers 

PPG 400, PEG 400, PEG 600, PEG 1000 and PEG 2000, and for the copolymers Pluronic 

PE6200, Pluronic PE6400, Pluronic L35 and UCON were determined at pH ≈ 7. The 

buffer K3C6H5O7/C6H8O7 at 50 wt% was used to maintain the pH of the overall ABS at 

the desired value. The binodal curve of each ABS was determined through the cloud point 

titration method177 at 25 (± 1) ◦C and atmospheric pressure. Aqueous solutions of salt at 

circa 50 wt% and aqueous solutions of the different polymers/copolymers (with 

concentrations ranging from 30 wt% to 70 wt%) were prepared and used for the 

determination of the phase diagrams. Repeatedly and under continuous stirring, drop-

wise addition of the aqueous buffered solution to the homopolymer/copolymer solution 

was done until getting a cloudy solution (biphasic region), followed by the drop wise 

addition of water until a clear and limpid solution is encountered (monophasic region), as 

Figure 2.2 outlines. The ternary system compositions after the addition of each 

component were determined by weight quantification within an uncertainty of ± 10-4 g. 
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Figure 2.2. Schematic representation of the cloud point titration method. 

 

The tie-lines (TLs) of each phase diagram were determined by a gravimetric method 

described by Merchuk et al.195, using mixture compositions where all systems are within 

the two-phase region. The selected mixtures were prepared by weighting the proper 

quantity of homopolymer/copolymer + K3C6H5O7/C6H8O7 buffer + water. Then, each 

mixture was vigorously stirred, centrifuged for 10 min at 3500 rpm and left in equilibrium 

for more 10 min at 25°C to ensure equilibration of the coexisting phases. After separation 

of the two phases, each phase was carefully weighted within an uncertainty of ± 10-4 g. 

Each individual TL was determined by the application of the lever-arm rule to the 

relationship between the weight of the top and bottom phases and the overall system 

composition. To ascertain with accuracy the monophasic/biphasic regions, the 

experimental points obtained to determine the binodal curve were correlated using the 

three-parameter equation, proposed by Merchuk and collaborators195: 

 

[𝑌] = 𝐴𝑒𝑥𝑝 (𝐵[𝑋]0.5 − 𝐶[𝑋]3)                                                                                (2.2.1) 

 

where [Y] and [X] represent the weight fractions (wt%) of polymer/copolymer and salt, 

respectively, and A, B, and C correspond to the adjusted parameters obtained by least-

squares regression. For the determination of the TLs the following system of four 

equation (Equations 2.2.2 to 2.2.5) was used to calculate the concentration of 

polymer/copolymer and salt at each phase ([Polymer]Top, [Salt]Top, [Polymer]Bot and 

[Salt]Bot): 
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[𝑃𝑜𝑙𝑦𝑚𝑒𝑟]𝑇𝑜𝑝 = 𝐴𝑒𝑥𝑝 [(𝐵[𝑆𝑎𝑙𝑡]𝑇𝑜𝑝
0.5 ) − (𝐶[𝑆𝑎𝑙𝑡]𝑇𝑜𝑝

3 )]                                        (2.2.2) 

[𝑃𝑜𝑙𝑦𝑚𝑒𝑟]𝐵𝑜𝑡 = 𝐴𝑒𝑥𝑝 [(𝐵[𝑆𝑎𝑙𝑡]𝐵𝑜𝑡
0.5 ) − (𝐶[𝑆𝑎𝑙𝑡]𝐵𝑜𝑡

3 )]                                          (2.2.3) 

[𝑃𝑜𝑙𝑦𝑚𝑒𝑟]𝑇𝑜𝑝 =
[𝑃𝑜𝑙𝑦𝑚𝑒𝑟]𝑀

𝛼
− (

1−𝛼

𝛼
) [𝑃𝑜𝑙𝑦𝑚𝑒𝑟]𝐵𝑜𝑡                                              (2.2.4) 

[𝑆𝑎𝑙𝑡]𝑇𝑜𝑝 =
[𝑆𝑎𝑙𝑡]𝑀

𝛼
− (

1−𝛼

𝛼
) [𝑆𝑎𝑙𝑡]𝐵𝑜𝑡                                                                     (2.2.5) 

 

where the subscripts “Top”, “Bot” and “M” represent the top phase, the bottom phase, 

and the mixture composition, respectively. The parameter α is the ratio between the top 

phase and the total weight of the mixture. For the calculation of each tie-line length (TLL) 

the equation 6 was applied. 

 

TLL =√([𝑆𝑎𝑙𝑡]𝑇𝑜𝑝 − [𝑆𝑎𝑙𝑡]𝐵𝑜𝑡)2 + ([𝑃𝑜𝑙𝑦𝑚𝑒𝑟]𝑇𝑜𝑝 − [𝑃𝑜𝑙𝑦𝑚𝑒𝑟]𝐵𝑜𝑡)2                (2.2.6) 

 

2.3. pH MEASUREMENT 

The pH values of both the top phase (polymer-rich phase) and the bottom phase (salt-

rich phase) were measured at 25 ºC using a pH/Conductometer from Metrohm within an 

uncertainty of ± 0.02. To calibrate the pH meter two buffers, also from Metrohm, with 

pH values of 4.00 and 7.00 were used.  

 

2.4. DEPLETION OF HSA AND IgG IN HUMAN SERUM  

After gathering the knowledge on the mixture compositions needed to form 

aqueous biphasic systems by the determination of the phase diagrams, a mixture point 

where all systems are within the two-phase region was selected to study the partition 

behavior and/or depletion of HSA and IgG. The mixture composition used was: 30 wt% 

of homopolymer/copolymer, 30 wt% of K3C6H5O7/C6H8O7 buffer, 5% of human serum 

and 35% of water. Two replicas were prepared for each system. ABS were prepared by 

weighting the appropriate amount of each component, within ± 10-4 g, and mixing until 

all components were dissolved. Each mixture was stirred, centrifuged for 10 min at 3500 

rpm, and left to equilibrate for 10 min at 25ºC to reach total phase separation and to ensure 

HSA and IgG depletion, that should ideally precipitate at the interphase. After the 

equilibrium conditions, both phases were carefully separated, and the precipitate was 

diluted in a phosphate buffer solution (PBS). The amount of HSA and IgG in each phase 
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was quantified by SE-HPLC. The equipment used was a Chromaster HPLC system 

(VWR Hitachi) equipped with an analytical column (8 mm × 300 mm), Protein KW- 

802.5, from Shodex, with a 50 mM sodium phosphate buffer + NaCl 0.3 M, run 

isocratically with a flow rate of 0.5 mL.min-1. The column oven and autosampler 

temperatures were kept at 25°C and at 10°C, respectively. The injection volume was of 

25 µL and the wavelength was set at 280 nm, whereas the retention time of IgG and HSA 

was 15.21 and 16.60 min, respectively. The quantification of these proteins in each phase 

was carried out using calibration curves previously established for IgG (R2 = 0.9989) and 

HSA (R2 = 0.9989), depicted in Appendix.  

The ABS performance to deplete IgG and HSA from commercial human serum 

by inducing their precipitation at the interphase was evaluated by their depletion 

efficiencies (DEIgG% and DEHSA%), according to the following equations: 

𝐷𝐸𝐼𝑔𝐺% =
𝑤𝐼𝑔𝐺

𝐼𝑛𝑡

𝑤𝐼𝑔𝐺
𝑇𝑜𝑝

+ 𝑤𝐼𝑔𝐺
𝐼𝑛𝑡 + 𝑤𝐼𝑔𝐺

𝐵𝑜𝑡  × 100                                                                         (2.4.1) 

𝐷𝐸𝐻𝑆𝐴% =
𝑤𝐻𝑆𝐴

𝐼𝑛𝑡

𝑤𝐻𝑆𝐴
𝑇𝑜𝑝

+ 𝑤𝐻𝑆𝐴
𝐼𝑛𝑡 + 𝑤𝐻𝑆𝐴

𝐵𝑜𝑡  × 100                                                                       (2.4.2) 

where 𝑤𝐼𝑔𝐺
𝑇𝑜𝑝

, 𝑤𝐼𝑔𝐺
𝐼𝑛𝑡  and 𝑤𝐼𝑔𝐺

𝐵𝑜𝑡 represent, respectively, the weight of IgG in the top phase, 

in the interphase and in the bottom phase, and 𝑤𝐻𝑆𝐴
𝑇𝑜𝑝

, 𝑤𝐻𝑆𝐴
𝐼𝑛𝑡 , 𝑤𝐻𝑆𝐴

𝐵𝑜𝑡  represent the weight of 

HSA in the top phase, in the interphase and in the bottom phase, respectively. 

 

2.5. EFFECT OF SAMPLE COMPLEXITY ON DEPLETION 

EFFICIENCIES  

The relevance of sample complexity on IgG and HSA precipitation at the 

interphase was analyzed. To this end, the ABS performance to deplete these proteins was 

evaluated using three solutions with different protein compositions, represented in Table 

2.2. The mixture point with a composition of 30 wt% of homopolymer/copolymer and 

30% of K3C6H5O7/C6H8O7 buffer was used and 0.1 g of each diluted solution (1:2) was 

directly applied in each aqueous solution. Two replicas were prepared for each system. 
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Table 2.2. Solutions used to study the influence of different protein compositions on the protein 

distribution among the three phases. 

Solution [HSA] / (mg/mL) [IgG] / (mg.mL-1) 

HSA 42 0 

IgG 0 12 

HSA + IgG 42 12 

 

Each ABS was prepared by weighting the appropriate amount of each component, 

within an uncertainty of ± 10-4 g. Each mixture was stirred, centrifuged for 10 min at 3500 

rpm, and left to equilibrate for further 10 min at 25ºC to promote phase separation. After, 

a careful separation of the phases was performed and the HSA and IgG content in each 

phase was determined by SE-HPLC. The quantification of these proteins in each phase 

was carried out using calibration curves previously established for IgG and HSA, depicted 

in Figures A1 and A2, respectively, in the Appendix.  

The ABS performance to deplete IgG and HSA from commercial human serum 

by inducing their precipitation at the interphase was evaluated by their depletion 

efficiencies (DEIgG% and DEHSA%), according to the equations 2.4.1 and 2.4.2, previously 

described.  

 

2.6. EXTRACTION OF PTX-3 USING TPP  
 

To evaluate the TPP ability to simultaneous deplete HSA and IgG and extract 

PTX-3, the systems presenting higher depletion efficiencies for both proteins were 

selected, corresponding to the ones formulated using PEG 1000, PEG 2000, PPG 400 and 

UCON. Aqueous solutions containing human serum, human serum spiked with PTX-3 (5 

ng.mL-1) and an aqueous solution containing only PTX-3 (5 ng.mL-1) were prepared. A 

mixture composition of 30 wt% of the homopolymers/copolymers, 30% of 

K3C6H5O7/C6H8O7 buffer and 10 wt% of each diluted aqueous solution (1:2) was used.  

Each system was prepared by weighting the appropriate amount of each component, 

within an uncertainty of ± 10-4 g, vigorously stirred, centrifuged for 10 min, and left to 

equilibrate for at least 10 min at 25ºC to reach the HSA and IgG complete depletion and 

the PTX-3 complete partition. After the equilibrium conditions, both phases were 

carefully separated, and the precipitate was diluted PBS. The concentration of PTX-3 in 

each phase was detected using an ELISA kit following the manufacturer’s instructions 
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and using a calibration curve previously established, depicted in Figure A4, in the 

Appendix. The interference of the citrate buffered salt, polymers and proteins present in 

human serum samples with the quantification method were also determined and blank 

control samples were used. At least three independent ABS were prepared for each 

homopolymer/copolymer analyzed. 

The percentage extraction efficiency of PTX-3 (EEPTX-3%) by each TPP in the 

polymer-rich phase is defined according to the following equation: 

 

𝐸𝐸𝑃𝑇𝑋−3% =
𝑤𝑃𝑇𝑋−3

𝑃𝑜𝑙𝑦𝑚𝑒𝑟

𝑤𝑃𝑇𝑋−3
𝑃𝑜𝑙𝑦𝑚𝑒𝑟

 +𝑤𝑃𝑇𝑋−3
𝑆𝑎𝑙𝑡

 × 100                                                        (2.6.1) 

 

where 𝑤𝑃𝑇𝑋−3
𝑃𝑜𝑙𝑦𝑚𝑒𝑟

 and 𝑤𝑃𝑇𝑋−3
𝑆𝑎𝑙𝑡

 are the total weight of PTX-3 in the polymer-rich phase and 

in the salt-rich phase, respectively. 

The recovery yield of PTX-3 in the top phase, as a precipitate in the interphase 

and in the bottom phase (RYProtein/Top%, RYProtein/Interphase%, RYProtein/Bottom%) is the 

percentage ration between total weight of PTX-3 in the top/interphase/bottom phases to 

that in the initial mixture, and is defined according to equation 2.6.2: 

 

𝑅𝑌𝑃𝑇𝑋−3% =
𝑤𝑃𝑇𝑋−3

𝑇𝑜𝑝/𝐼𝑛𝑡𝑒𝑟𝑝ℎ𝑎𝑠𝑒/𝐵𝑜𝑡𝑡𝑜𝑚

𝑤𝑃𝑇𝑋−3
𝐼𝑛𝑖𝑡𝑖𝑎𝑙  × 100                                                               (2.6.2) 

 

where 𝑤𝑃𝑇𝑋−3
𝑇𝑜𝑝/𝐼𝑛𝑡𝑒𝑟𝑝ℎ𝑎𝑠𝑒/𝐵𝑜𝑡𝑡𝑜𝑚

 is the total weight of PTX-3 in the top/interphase/bottom 

phases and 𝑤𝑃𝑇𝑋−3
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 is the total weight of PTX-3 present in the initial solution.  
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3.1. PHASE DIAGRAMS AND TIE-LINES  

Phase diagrams of each ternary system formed by the homopolymers PPG 400, 

PEG 400, PEG 600, PEG 1000 and PEG 2000, and the copolymers Pluronic PE6200, 

Pluronic PE6400, Pluronic L35 and UCON, with K3C6H5O7/C6H8O buffer (pH 7.0) and 

water were determined at 25°C and atmospheric pressure. The binodal curves of ABS 

formed by homopolymers and copolymers were determined by the cloud point titration 

method177 and are depicted in Figures 3.1 and 3.2, respectively. To eliminate the effects 

induced by the different molecular weight of polymers the binodal curves are compared 

in molality units in addition to those in weight fraction. The experimental weight fraction 

data for all the studied systems are reported in Tables A1, A2 and A3, in the Appendix.   

 

Figure 3.1. Phase diagrams for the ternary systems composed of homopolymers, 

K3C6H5O7/C6H8O and water at 25°C and atmospheric pressure in weight fraction (A) and in 

molality unit (B): (◇) PPG 400, (△) PEG 2000, (○) PEG 1000, (◇) PEG 600, and (△) PEG 

400. 

 

Figure 3.2. Phase diagrams for the ternary systems composed of copolymers, K3C6H5O7/C6H8O 

and water at 25 ◦C and atmospheric pressure in weight fraction (A) and in molality (B): () 

Pluronic PE6200, (◼) Pluronic PE6400, (◆) Pluronic L35, and () UCON. 
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The determination of the binodal curve is crucial to design their intended 

application, since it gives insight on the percentage mass concentration of 

homopolymer/copolymer and salt needed to establish two-phase systems. Compositions 

of homopolymer/copolymer and K3C6H5O7/C6H8O buffer above each binodal curve 

result in biphasic systems, whereas mixture compositions below the same curve fit within 

the monophasic regime. In systems with a larger biphasic region, the ability of both 

components to cause phase separation is higher, thus requiring lower amounts of polymer 

and citrate buffered salt to create an ABS. The citrate-based salt used in the ABS 

formulation is a strong salting-out species according to the Hofmeister series.196  Since 

this salt is composed of a triply charged anion strongly hydrated it presents a higher 

affinity for water,197 being highly effective in the exclusion of the 

homopolymer/copolymer from the aqueous solution, promoting the two-phase 

separation. In all studied ABS the bottom phase corresponds to the salt-rich phase, while 

the top phase is mainly composed of homopolymer/copolymer and water. 

Since the salt, temperature, pressure, and pH are constant, the ABS formation 

ability is both dependent on the type and molecular weight of the 

homopolymer/copolymer. As depicted in Figure 3.1, the ability of homopolymers to 

create ABS, at 0.5 mol.Kg-1 of  K3C6H5O7/C6H8O buffer, can be ranked as follows: PEG 

2000 > PPG 400 > PEG 1000 > PEG 600 > PEG 400. By their turn, the copolymers’ 

tendency of two-phase formation, at 0.15 mol.Kg-1 of  K3C6H5O7/C6H8O buffer, 

according to Figure 3.2, follows the order: Pluronic L35 ≈ UCON > Pluronic PE6200 > 

Pluronic PE6400. 

In what concerns the ability of homopolymers to induce liquid-liquid demixing, 

PPG is more hydrophobic than PEG due to the presence of an additional methyl group at 

the monomeric unit. The larger biphasic region observed with PPG 400 than with PEG 

400 can thus be credited to such a structural feature. The ability of PEGs to form ABS 

increases with the molecular weight, i.e., PEG 2000 presents a larger two-phase region, 

followed by PEG 1000, PEG 600 and PEG 400. This result is related to the 

hydrophobicity or the lower affinity for water of polymers bearing higher molecular 

weights, making them easier to be excluded to the top phase by a salting-out species 

(K3C6H5O7/C6H8O buffer). PEG 400 presents the lower capacity to induce two-phase 

separation, since this low molecular weight polymer has a higher affinity for water, 

requiring more citrate-buffered salt to induce the separation of the phases.  
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Among the copolymers, which binodal curves are represented in Figure 3.2, 

Pluronic PE6200 produces a larger biphasic region than Pluronic PE6400, likely due to 

its lower PEG percentage and thus, more hydrophobic nature. On the other hand, and 

although differences in the monomers’ organization, the binodal curves obtained for 

Pluronic L35 and UCON present a similar behavior once the effect of molecular weight 

was eliminated.  

For the sake of comparison of the ability of the studied copolymers to form 

biphasic systems with the corresponding homopolymers, the phase diagrams obtained for 

the copolymers, PPG 400 and PEG 2000 were represented in the same graph, being given 

in Figure 3.3.  

 

Figure 3.3. Phase diagrams for the ternary systems composed of homopolymers/copolymers, 

K3C6H5O7/C6H8O and water at 25 ◦C and atmospheric pressure in weight fraction (A) and in 

molality (B): () Pluronic PE6200, (◼) Pluronic PE6400, (◆) Pluronic L35, () UCON, (◇) 

PPG 400, and (△) PEG 2000. 

 

The use of copolymers in ABS may provide either intermediary or even totally 

distinct properties to those of the corresponding homopolymers, thus allowing to better 

tune the extraction performance and selectivity of ABS. In addition, the use of copolymers 

allows to expand the properties usually afforded by common homopolymers, such as PEG 

and PPG in ABS, as disclosed by the relative position and shapes of the binodal curves. 

The ability of the copolymers to form ABS outpaced that of the homopolymers. Taking 

as reference PEG 2000 and Pluronics (that have similar molecular weights), the PPG 

content in the copolymers supports this behavior. Although PPG is exclusively composed 

of more hydrophobic monomeric units, it has a lower molecular weight and its ability to 

form ABS is surpassed by that of the copolymers. Finally, the amount of phase-forming 
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agents needed to acquire an ABS can be significantly decreased with copolymers, being 

also useful from an economic perspective. 

Overall, the results here obtained indicate that the ability of polymers to form ABS 

correlates well with their hydrophobic nature, with the systems formed by the most 

hydrophobic ones presenting larger biphasic areas. The portfolio of ABS may be 

expanded by introducing homopolymers/copolymers, thus opening doors for future 

applications in the domain of biomolecules’ extraction. 

For the studied systems, the experimental data corresponding to the binodal curves 

were fitted using Equation (2.2.1). The regression parameters (A, B and C) were estimated 

by least-squares regression, and their values, as well as the corresponding standard 

deviations (σ) and correlation coefficients (R2) are provided in Table 3.1.   

 

Table 3.1. Correlation parameters used to describe the experimental binodal data obtained by 

equation (1) for the systems composed of homopolymer/copolymer + K3C6H5O7/C6H8O + H2O, 

and respective standard deviations (σ) and correlation coefficients. 

Homopolymer/

Copolymer 

A ± σ B ± σ 105 (C ± σ) R2 

PPG 400 82.5198 ± 

5.2691 

-0.3813 ± 

0.0328 

0.0004 ± 

4.1894 

0.9766 

PEG 400 118.3362 ± 

16.5869 

-0.2830 ± 

0.0382 

0.0002 ± 

0.0000 

0.9960 

PEG 600 102.4846 ± 

10.4248 

-0.2806 ± 

0.0306 

0.0004 ± 

0.0000 

0.9908 

PEG 1000 91.6785 ± 

7.5399 

-0.3168 ± 

0.0286 

0.0001 ± 

6.0346 

0.9872 

PEG 2000 91.1772 ± 

4.3738 

-0.3572 ± 

0.0190 

0.0001 ± 

8.135 

0.9914 

Pluronic 

PE6200 

99.8726 ± 

4.8299  

-0.26670 ± 

0.0503 

0.0020 ± 

0.0003 

0.9775 

Pluronic 

PE6400 

77.7133 ± 

7.0624 

-0.2766 ± 

0.0427 

0.0007 ± 

4.1199 

0.9891 

Pluronic L35 99.9889 ± 

1.6878  

-0.2507 ± 

0.0221  

0.0009 ± 

0.0005  

0.9955 

UCON 99.9151 ± 

1.0648 

-0.4737 ± 

0.0084 

0.0004 ± 

0.0000 

0.9983 

 

Overall, satisfactory correlation coefficients were obtained, and the corresponding 

parameters are important to predict data in a certain region of the ternary phase diagram 

where no experimental data are available. It is important to state that other equations can 
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be used to fit the binodal curve.177 However, the equation proposed by Merchuk is 

frequently applied because it makes use of a lower number of adjustable parameters to 

correlate the data when compared with other alternative equations.177 Furthermore, the 

Merchuk equation is the only one that permits the direct determination of the TLs through 

a mathematical approach (lever-arm rule),195 allowing to estimate the concentrations of 

each ABS-forming component in the top and bottom phases and the overall system 

compositions.  

The experimental TLs determined for each system and their respective length, as 

well as the weight fraction compositions for the coexisting phases are reported in Table 

3.2. Since the TLL represents the difference between the homopolymer/copolymer and 

salt concentrations in the top and bottom phases, respectively, longer tie-lines indicate a 

more complete homopolymer/copolymer and salt partitioning resulting in a higher 

concentration of homopolymer/copolymer in the top phase and of citrate buffered salt in 

the bottom phase.  The results reported in Table 3.2 show that TLs are longer in the ABS 

formed by PPG 400 and UCON and shorter in the systems composed of Pluronic PE6200 

and Pluronic PE6400, indicating that the separation of the ABS-forming components is 

not so efficient in these two last systems. This information is relevant because the present 

work aims to apply these ABS in the extraction of lung cancer biomarkers, and it was 

shown that the top and bottom phase compositions may have an important influence in 

the migration of biomolecules.198,199  The establishment of the phase diagrams and tie-

lines allowed selecting the percentage of homopolymer/copolymer and salt in ABS for 

the depletion of HSA and IgG. 

 

 



 

 

 
 

 

 

41 

 

Table 3.2. Experimental TLs and TLLs obtained for the ABS composed of homopolymer/copolymer + K3C6H5O7/C6H8O buffer + H2O at 25°C and 

atmospheric pressure. (Top = Top phase; M=Mixture point; Bot= Bottom phase.) 

 Weight fraction composition / (wt%) 

  [Polymer]Top [Salt]Top [Polymer]M [Salt]M [Polymer]Bot [Salt]Bot TLL 

PPG 400 

TL 1 93.4306 0.0000 29.8249 28.9954 0.0000 42.7956 102.8909 

TL2 95.5886 0.0000 30.2920 28.9563 0.0000 42.8564 103.9471 

PEG 400 

TL 1 55.2601 7.0855 30.1592 29.0319 0.3225 55.1188 72.9749 

TL 2 56.8854 6.5799 30.6396 28.7955 0.3778 54.4104 74.0328 

PEG 600 

TL 1 63.1040 2.9738 31.1076 28.8696 0.0255 54.0254 81.1489 

TL 2 59.8567 3.6467 30.8241 28.6551 0.0165 55.1924 78.9798 

PEG 1000 

TL 1 72.0947 0.5752 29.7075 29.2900 0.0019 49.4137 87.0780 

TL2 72.9693 0.5190 29.2149 29.2149 0.0022 49.1419 87.6835 

PEG 2000 

TL 1 71.8371 0.4454 29.0438 29.1177 0.0000 48.5775 86.4712 

TL2 72.9701 0.3889 29.2456 29.2589 0.0000 48.5688 87.4411 

UCON 

TL 1 76.8981 0.0000 29.3755 28.8531 0.0000 47.2063 90.5421 

TL2 77.9344 0.0000 30.0849 28.9661 0.0000 47.6843 91.6571 

Pluronic 

PE6200 

TL 1 51.3109 3.8807 31.1918 28.6981 12.4944 45.0501 56.5830 

 TL2 50.3137 3.8738 31.2424 28.9386 9.7140 47.7333 59.7661 
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Pluronic 

PE6400 

TL 1 67.4945 0.2597 29.9667 28.6621 0.0000 51.3420 84.6458 

TL2 73.4474 0.0417 29.9257 29.2632 0.0000 49.3561 88.4671 

Pluronic 

L35 

TL 1 72.0633 0.0000 29.7989 29.1889 0.0000 50.4294 88.2716 

TL 2 70.1414 0.0000 29.8301 29.4259 0.0000 49.7012 89.6937 

UCON 

TL 1 76.8981 0.0000 29.3755 28.8531 0.0000 47.2063 90.5421 

TL2 77.9344 0.0000 30.0849 28.9661 0.0000 47.6843 91.6571 
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3.2. DEPLETION OF HSA AND IgG IN HUMAN SERUM  

 After determining the composition of each component required to form two-phase 

systems, all the ABS herein studied were evaluated in terms of their performance as a 

pretreatment strategy of human serum to deplete the most abundant proteins (HSA and 

IgG) in a single step. The mixture composition selected was: 30 wt% of 

homopolymer/copolymer and 30% of K3C6H5O7/C6H8O7 buffer. The SEC-HPLC 

retention time of IgG and HSA was found to be ≈ 15.21 and ≈ 16.60 min, respectively, 

and the chromatogram obtained for the human serum sample in aqueous solution is 

depicted in Figure A3 in the Appendix. The average depletion efficiencies (DEIgG% and 

DEHSA%) for the systems formed by homopolymers and copolymers are represented in 

Figures 3.4 and 3.5, respectively. In all systems, the top phase is 

homopolymer/copolymer-rich, and the bottom phase is mainly constituted by water and 

citrate buffered salt. 

 

 

Figure 3.4. Depletion efficiencies obtained for IgG (◼) and HSA (◼) in ABS/TPP formulated 

using 30 wt% of homopolymer and 30 wt% of K3C6H5O7/C6H8O7 buffer (pH = 7), at 25ºC and 

atmospheric pressure. 

 

In the ABS/TPP composed of homopolymers depletion efficiencies ranging 

between 21 and 88% for IgG and between 9 and 95% for HSA were obtained. In all 

systems, SE-HPLC chromatograms were used for HSA and IgG quantification. Taking 

into account the data depicted in Figure 3.4, the TPP formed by the homopolymer PEG 

1000 was the system with higher depletion efficiencies for both HSA and IgG, followed 
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by the systems formed by PPG 400 and PEG 2000, with the majority of HSA and IgG 

content precipitating at the interphase. In all these systems, the remaining proteins 

migrated preferentially to the top phase. In fact, in the SE-HPLC chromatograms of most 

systems, no IgG and HSA at the bottom (salt-rich) phase was identified.  

 

 

Figure 3.5. Depletion efficiencies obtained for IgG (◼) and HSA (◼) in TPP formulated using 

30 wt% of copolymer and 30 wt% of K3C6H5O7/C6H8O7 buffer (pH = 7), at 25ºC and 

atmospheric pressure. 

 

In what concerns the TPP formulated using copolymers, single-step depletion 

efficiencies ranging from 32 to 81% for IgG and between 41 to 92% for HSA were 

achieved. The TPP formed by UCON presented higher depletion efficiencies for both 

HSA and IgG, followed by Pluronic L35, Pluronic PE6200 and finally Pluronic PE6400, 

as shown in Figure 3.5. In the systems formed by Pluronic PE6200 and Pluronic PE6400 

the partitioning of HSA and IgG was mainly accomplished to the top phase, with some 

of the proteins precipitating in the interphase. Since the aim was to promote the 

precipitation of these proteins in the interphase, the significant partitioning to the top 

phase made these two last systems unsuitable for the target purpose.  

The partitioning and solubilization of proteins in TPP is guided by several 

interactions established between the exposed groups of proteins and the phase-forming 

components. The precipitation of HSA and IgG at the interphase seems to be mainly 

driven by the high concentrations of polymers, which reduce the solubility of these 

proteins in the polymer-rich phase (top phase), together with salting-out effects. However, 
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hydrogen-bonding interactions cannot be discarded because of the water-rich media, as 

well as electrostatic interactions since extractions were carried out at pH values different 

from HSA isoelectric point (pI = 4.7).177 All systems studied in this work were done under 

controlled pH (pH ≈ 7.0). However, after the two-phases separation, the pH values of 

both top and bottom phases were measured, being displayed in Table 3.3. Small 

deviations exist, which may be resultant from the added polymer.  

 

Table 3.3. pH values obtained for the top and bottom phases of ABS formed by 30 wt% of 

homopolymer/copolymer and 30 wt% of K3C6H5O7/C6H8O7 buffer, at 25 ºC and atmospheric 

pressure. 

Homopolymer/Copolymer 

pH value 

Top phase Bottom phase 

PPG 400 7.73 ± 0.06 6.73 ± 0.01 

PEG 400 7.25 ± 0.09 7.18 ± 0.04 

PEG 600 7.22 ± 0.09 7.08 ± 0.00 

PEG 1000 7.69 ± 0.08 7.06 ± 0.07 

PEG 2000 7.18 ± 0.05 6.91 ± 0.15 

Pluronic PE6200 6.51 ± 0.02 6.78 ± 0.08 

Pluronic PE6400 6.53 ± 0.01 6.92 ± 0.05 

Pluronic L35 7.62 ± 0.05 6.76 ± 0.03 

UCON 8.48 ± 0.06 6.98 ± 0.09 

 

The control of the pH value of the aqueous phases formed is very important since 

the present work aims to separate/extract proteins, whose structures are highly dependent 

on this variable.200,201 The isoelectric points of HSA and IgG are 4.7 and 6.5-9.5, 

respectively.202,203 Thus, in all the situations HSA is negatively charged (pH > pI) and 

IgG is electrically neutral (pH = pI). Proteins tend to precipitate most readily at their 

isoelectric point, because of the reduced repulsive electrostatic forces that cause 

aggregation and precipitation.180 On the other hand, negatively charged proteins are more 

soluble and not easily precipitated. Even negatively charged, almost all the HSA content 
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precipitated at the interphase in the systems formed by PPG 400, PEG 1000, PEG 2000 

and UCON, indicating that the electrostatic interactions were not relevant in the partition 

of this protein in these systems. In the systems composed of Pluronic PE6200 and 

Pluronic PE6400, and although some of HSA and IgG content precipitated at the 

interphase, most of these proteins migrated to the top phase. However, this occurrence 

does not seem to be guided by electrostatic interactions since IgG is neutral and migrated 

preferentially to the top phase instead of precipitating.  

In conclusion, the TPP formed by the homopolymers PEG 1000, PEG 2000 and 

PPG 400, and the copolymers UCON and Pluronic L35 were selected as the most efficient 

systems for the removal of HSA and IgG content from human serum, representing a 

promising approach for the pretreatment of human serum samples in a single step. 

 

3.3. EFFECT OF SAMPLE COMPLEXITY ON DEPLETION 

EFFICIENCIES  

Human serum is an exceptionally complex fluid comprising thousands of proteins, 

with HSA and IgG accounting for 80% of this proteomic content.9,204 To study the role 

of sample complexity in the partition of HSA and IgG in TPP, solutions containing human 

serum, HSA and IgG, only HSA and only IgG were analyzed. The average efficiency of 

each TPP formed by homopolymers/copolymers to deplete HSA and IgG from these four 

solutions with different protein compositions were determined and are represented in 

Figures 3.5 and 3.6, respectively. The detailed depletion efficiencies obtained for each 

ABS/TPP composed of homopolymers and copolymers are displayed in Tables A4 and 

A5, respectively, in the Appendix. 
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Figure 3.6. Depletion efficiencies obtained for (A) HSA and (B) IgG in TPP formed by 30 wt% 

of homopolymer, 30 wt% of K3C6H5O7/C6H8O7 with: solution of HSA (◼), solution of IgG (◼), 

solution of HSA + IgG (◼) and solution of human serum (◼). 

 

According to Figure 3.5, it is possible to observe, for all the different 

homopolymers, that the systems with only HSA and only IgG, represented by green and 

orange bars, respectively, are the ones presenting lower depletion efficiencies, followed 

by the ones with solution of HSA + IgG (pink bars). The systems containing the complex 

solution of human serum, represented by blue bars, are the ones displaying higher 

depletion efficiencies in all cases.  

In the TPP formed by PPG 400 and citrate buffered salt, depletion efficiencies 

ranging between 75% and 87% were achieved with all solutions. The similar depletion 
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efficiencies here obtained with different protein compositions indicate that this polymer 

is efficient for protein depletion, resultant from its highly hydrophobic nature; however, 

sample complexity does not seem to have a significant impact in the precipitation of these 

two proteins at the interphase. Regarding the TPP formulated using PEGs of different 

molecular weights, it was observed that in all systems higher depletions of both HSA and 

IgG were reached with serum, and the efficiency of these systems to deplete these proteins 

decreased with the reduction of sample complexity.  

 

 

Figure 3.7. Depletion efficiencies obtained for (A) HSA and (B) IgG in TPP formed by 30 wt% 

of copolymer, 30 wt% of K3C6H5O7/C6H8O7 and solution of HSA (◼), solution of IgG (◼), 

solution of HSA + IgG (◼) and solution of human serum (◼). 
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As shown in Figure 3.6, among the different copolymers studied it was verified 

that in all the cases the systems with serum presented higher depletion efficiencies, 

followed by the ones with solution of HSA and IgG, with the systems containing the 

aqueous solutions containing only HSA and only IgG displaying the lower depletion 

efficiencies.   

TPP comprising Pluronic L35 and UCON reported the higher depletion 

efficiencies among the copolymers studied. The systems composed of Pluronic L35 

presented higher depletion efficiencies than UCON for the solution of HSA, solution of 

IgG and solution of HSA + IgG. However, when dealing with the more complex samples 

human serum, the UCON-based TPP outpaced the ability of Pluronic L35 to deplete HSA 

and IgG. 

The systems formulated using the Pluronics PE6200 and PE6400 were the ones 

presenting lower ability to deplete HSA and IgG, with the different samples analyzed. In 

these systems although some of HSA and IgG content precipitated in the interphase, both 

proteins migrated preferentially to the copolymer-rich phase (top phase). Also, it was 

observed that independently of sample complexity the top phases of these TPP were very 

viscous making it difficult to separate the phases. After all considerations made so far, 

the copolymers Pluronic PE6200 and Pluronic PE6400 were not selected to extract the 

biomarker PTX-3. 

 

3.4. EXTRACTION OF PTX-3 USING TPP 

 After addressing the most promising TPP for the pretreatment of human serum 

samples, these systems were then evaluated in terms of their ability to extract the lung 

cancer biomarker PTX-3 in a single-step. The ABS/TPP selected were the ones 

formulated using the homopolymers PEG 1000, PEG 2000 and PPG 400, and the 

copolymers UCON and Pluronic L35. ABS with only aqueous solution of PTX-3 were 

first prepared in order to elucidate the partition behavior of this protein between the two 

phases, where a complete partition of PTX-3 to the top phase was accomplished in all 

systems. In these systems no precipitation of the protein was observed. The extraction 

efficiencies of PTX-3 obtained are given in Table A6, in the Appendix.  

The recovery yield of PTX-3 in each phase of the different ABS/TPP with human 

serum spiked with PTX-3 studied is represented in Figure 3.7, whose detailed results are 

given in Table A7, in the Appendix.  



 

 

 
 

 

 

50 

 

 

 

Figure 3.8. Recovery yield of PTX-3 in the top phase (◼), interphase (◼) and bottom phase 

(◼), in the TPP formed by 30 wt% of homopolymer/copolymer and 30 wt% of 

K3C6H5O7/C6H8O7 buffer (pH = 7), at 25ºC and atmospheric pressure. 

 

For the five studied ABS/TPP with spiked human serum, extraction efficiencies 

of PTX-3 to the polymer-rich phase ranging from 0 to 100% were obtained in a single 

step. The system composed of PEG 1000 allowed a complete partition of PTX-3 toward 

the homopolymer-rich phase, with no PTX-3 being quantified in the salt-rich phase and 

interphase. The partitioning results obtained with UCON and Pluronic L35 indicate that 

circa half of the PTX-3 content precipitated at the interphase, with the remaining proteins 

migrating to the top phase. In these TPP formulated using copolymers, no PTX-3 was 

quantified in the bottom phase. Lastly, in the systems composed of the homopolymers 

PPG 400 and PEG 2000, almost all the content of PTX-3 precipitated at the interphase 

and no PTX-3 was found in the homopolymer-rich phase. Since the aim was to promote 

the partitioning of PTX-3 to the top phase, the results obtained for these two last systems 

made them unsuitable. Overall, the ABS/TPP formed by PEG 100 allows the complete 

extraction of PTX-3 in the PEG-rich phase, with no losses of the biomarker, with the 

simultaneous and complete depletion of IgG and HSA. 

The values of PTX-3 quantified in a sample of pretreated human using ABS/TPP 

and in a sample non treated are reported in Table 3.4, as well as their percentage relative 
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error in relation to the added value and known amount of PTX-3 in each sample (250 pg), 

allowing to evaluate the accuracy of each assay in the quantification of PTX-3. 

 

Table 3.4. Values of PTX-3 quantified in a pretreated sample with ABS/TPP and in a 

sample non treated of human serum, and their percentage relative errors to the real amount of 

PTX-3 added. 

Human serum PTX-3 / pg Relative error / % 

Sample pretreated 252.1 ± 4.7 0.8 

Sample non treated 320.1 ± 7.5 28.1 

 

According to the data provided in Table 3.4, the PTX-3 quantified in the pretreated 

sample presents a low relative error, namely 0.8%, whereas the non-treated human serum 

led to a relative error of 28.1% in the PTX-3 quantification. These results confirm that 

the pretreatment of human serum using ABS/TPP reduces the interference of the abundant 

proteins HSA and IgG in the quantification of PTX-3 in human serum samples, therefore 

leading to more accurate results. 

In summary, between all the systems studied, the TPP formulated with PEG 1000 

was the most promising one, allowing the complete extraction of PTX-3 in the polymer-

rich phase, in a single step. The results here obtained together with the elevated depletion 

efficiencies reported for HSA and IgG previously discussed, indicate that polymer based 

TPP can be applied as an alternative pretreatment technique for human serum, particularly 

useful for lung cancer diagnosis and prognosis through the extraction of biomarkers.  
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4.1. CONCLUDING REMARKS  

Novel aqueous biphasic systems composed of homopolymers/copolymers and a 

citrate buffered salt were evaluated in terms of their performance as a pretreatment 

strategy of human serum to deplete the most abundant proteins HSA and IgG and extract 

the lung cancer biomarker PTX-3, in a single step. The ABS phase diagrams and tie-lines 

were determined to infer mixture compositions required to form systems with two 

coexisting phases that can be used both as a depletion and extraction tools. The depletion 

of HSA and IgG was then performed using the systems previously optimized. Depletion 

efficiencies above 80% were obtained for both proteins in the TPP composed of the 

homopolymers PEG 1000, PEG 2000 and PPG 400, and the copolymers Pluronic L35 

and UCON. These systems were then applied in the extraction of PTX-3 to the polymer-

rich phase. Promising results were obtained with the TPP system composed of PEG 1000, 

with extraction efficiencies of PTX-3 of 100%, while keeping the complete depletion 

performance for HSA and IgG. The comparison between the values of PTX-3 quantified 

in a sample pretreated and in a sample non treated confirmed that the pretreatment of 

human serum using ABS/TPP leads to more accurate results. Finally, according to the 

results achieved in this work, polymer-based TPP can be used as a cost-effective 

alternative for the pretreatment of complex samples, such as human serum, reducing the 

interference of the most abundant proteins and consequently allowing the quantification 

of cancer biomarkers. 

 

4.2. FUTURE WORK  

This work displayed promising results for a future application of ABS/TPP 

composed of polymers and salts to pretreat biological samples for a more accurate lung 

cancer diagnosis and prognosis. However, to completely achieve this goal, future work 

needs to be performed, including the following steps: 

-To validate the use of the ABS/TPP strategies to simultaneously deplete HSA 

and IgG and extract PTX-3 from real human serum samples from lung cancer patients, 

including approved cohorts; 

-To extend the use of the TPP-ABS to other lung cancer biomarkers, envisioning 

a differential and more accurate diagnosis: 

-To proceed with the regulatory framework required to register a novel 

pretreatment strategy related with cancer prognosis and diagnosis. 
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In addition to these goals, the results here obtained pave the way for the evaluation 

of these systems for the pretreatment of other biological fluids, such as urine and saliva, 

for diagnosis purpose. Furthermore, it is of high relevance to expand the use of the 

systems here developed for the extraction of other metabolites and diagnosis of other 

pathologies.  
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Table A1. Experimental weight fraction data obtained for the systems composed of PPG 400, 

PEG 400 or PEG 600 (1) + K3C6H5O7/C6H8O (2) + H2O (3). 

 

PPG 400 PEG 400 PEG 600 

100w1 100w2 100w1 100w2 100w1 100w2 

67.8727 1.2429 40.9489 13.1914 56.0926 2.8514 

47.1949 2.1737 38.0336 14.3724 52.8435 4.3331 

43.3354 2.9428 35.8680 15.6539 49.0415 6.4270 

39.5914 3.6991 34.1796 16.3385 47.0423 7.4788 

36.3995 4.9461 31.2147 18.1117 44.4806 8.6450 

33.1945 5.3280 28.8854 19.3821 41.5768 10.3288 

31.2503 5.7009 26.3010 21.1923 40.2221 11.0471 

29.8439 6.1647 24.2170 22.5810 38.0314 12.3418 

28.8037 6.6311 22.1192 24.1541 36.3307 13.2015 

27.3859 7.1425 21.6064 24.4753 34.9962 14.0934 

25.8121 7.2852 19.9751 25.6467 33.3315 15.0149 

24.8240 7.5935 18.8788 26.4737 31.7541 15.9648 

24.2248 7.6740 17.2551 27.5930 30.6188 16.5936 

23.6340 7.7639 16.2796 28.2426 30.0180 16.8633 

23.2264 7.9555 15.1659 29.1232 29.3283 17.2474 

22.6060 8.6242 14.3251 29.7564 28.7339 17.5933 

21.5631 8.5016 13.5690 30.2693 27.6961 18.1529 

21.2780 8.6061 12.9328 30.7678 26.0080 19.0864 

20.8079 8.6425 12.3906 31.1505 25.1411 19.5187 

20.1020 9.1929 11.8510 31.5550 24.3361 20.0107 

19.2673 9.2175 11.1105 32.2367 23.4012 20.6474 

18.7233 9.2378 10.6794 32.5120 22.5786 21.0603 

18.0110 9.7059 10.1919 32.8858 22.0543 21.3139 

17.3676 9.7965 9.7641 33.3139 21.3950 21.6172 

16.8447 9.8871 9.3878 33.6427 20.7884 22.0122 

16.3669 9.9858   20.5806 21.9921 

16.0685 10.0813   20.2370 22.1196 

15.6590 10.2382   19.8207 22.4235 

15.4137 10.4103   19.4123 22.7519 

14.5397 10.4252   19.1088 22.9066 

14.2177 10.6676   18.5378 23.2335 

13.7698 10.7815   18.1254 23.4165 

13.2969 10.7174   17.7759 23.6701 

12.9246 10.9839   17.3416 23.9172 

12.5087 11.1050   17.0534 24.0304 

12.0531 11.3142   16.5456 24.3582 

11.6000 11.3885   16.1400 24.5947 

11.1893 11.6179   15.8603 24.7140 

10.8691 11.9383   15.5965 24.8964 

10.4515 11.9277   15.2934 25.0093 

10.1149 12.1076   15.1360 25.1230 

9.8278 12.3407   14.7835 25.3637 

9.3660 12.6613   14.3133 25.7781 

9.0887 12.6293   13.8961 25.9964 

8.8669 12.7055   13.6621 26.1182 
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8.6247 12.8741   13.3645 26.2362 

8.4637 13.0025   13.0829 26.4428 

8.2418 13.0389   12.7494 26.5655 

8.0688 13.2259   12.5903 26.6416 

7.7847 13.3315   12.3480 26.7836 

7.6143 13.4732   12.0430 26.9741 

7.4703 13.5920   11.8109 27.0977 

7.2714 13.6840   11.5396 27.3186 

7.0565 13.8186   11.5396 27.3186 

6.8901 13.8555     

6.7521 13.8988     

6.5858 14.0814     

6.4123 14.2522     

6.2571 14.2332     

6.1614 14.4555     

5.9632 14.5760     

5.7300 14.7097     

5.5824 14.8656     

5.4630 14.9421     

5.2772 15.0612     

5.1752 15.1410     

5.0497 15.1518     

      

 

 
Table A2. Experimental weight fraction data obtained for the systems composed of PEG 1000, 

PEG 2000 or UCON (1) + K3C6H5O7/C6H8O (2) + H2O (3). 

 

PEG 1000 PEG 2000 UCON 

100w1 100w2 100w1 100w2 100w1 100w2 

52.8512 4.7549 50.4483 2.5485 25.2632 6.9751 

40.6825 7.2844 45.6759 5.1833 23.8550 7.2867 

35.0029 9.1476 40.8259 5.8473 22.8016 7.7010 

31.9093 10.0963 37.3859 6.7536 21.8898 8.1636 

29.4974 10.7474 34.9246 7.4240 20.6271 8.4623 

27.4443 11.7919 31.9705 7.8865 19.9111 8.8953 

25.6119 12.8311 30.2289 8.5393 18.6683 9.4303 

24.1836 13.5054 28.6906 9.0973 17.4520 9.4925 

22.9218 14.1859 27.1338 9.6827 16.8577 9.7708 

22.0746 14.7836 25.4836 10.0948 16.3773 10.0184 

21.0402 15.2411 24.6278 10.5958 15.8420 10.2461 

19.9626 15.8458 23.5453 10.7258 15.4170 10.3763 

18.9284 16.5824 23.0125 11.0188 14.8854 10.6729 

18.0506 17.0675 22.2407 11.2406 14.4418 10.8047 

17.2126 17.5702 21.7844 11.4960 14.0581 10.9326 

16.6079 17.9526 21.3299 11.7285 13.7388 11.1813 

15.9651 18.2763 20.6914 11.7905 13.1723 11.5408 

15.5722 18.6540 20.2693 12.0497 12.7156 11.6791 

15.1045 19.1420 19.8248 12.2437 12.2364 12.0527 

14.4459 19.6417 19.4157 12.4037 11.8325 12.3324 
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13.8022 19.8049 18.9161 12.7894 11.2790 12.5845 

13.4374 19.8375 18.4303 13.2162 10.7824 12.6951 

12.9870 20.1051 17.8718 13.3372 10.5035 12.8317 

12.5170 20.4966 17.5703 13.4871 10.1550 13.1408 

12.1700 20.6550 17.2734 13.7255 9.8213 13.3541 

11.8031 20.8703 16.9965 13.8626 9.4346 13.3640 

11.4138 21.0672 16.7106 13.9658 9.1436 13.6237 

11.1064 21.2396 16.4598 14.1274 8.7763 13.7000 

10.7819 21.4352 16.1824 14.3262 8.4971 13.7412 

10.5090 21.8257 15.8335 14.7595 8.0585 13.5939 

10.0782 22.0628 15.3515 14.8549 7.8835 13.7349 

9.8399 22.1326 15.0052 14.8485 7.6458 13.7462 

9.5884 22.2813 14.6418 15.1990 7.4729 13.8850 

9.3120 22.5178 14.3716 15.1416 7.3371 14.0564 

9.0126 22.8572 14.1751 15.2484 7.1164 14.1289 

8.8323 22.9203 13.9994 15.3321 6.9485 14.2655 

8.6239 23.0737 13.7910 15.4929 6.7084 14.2264 

8.3787 23.1367 13.6497 15.6331 6.5947 14.4260 

8.1319 23.4212 13.3970 15.7443 6.4119 14.2976 

7.8713 23.5771 13.1953 15.8688 6.3188 14.5493 

7.6334 23.7248 12.8380 15.9766 6.1588 14.6543 

7.3832 23.9560 12.5096 16.2080 6.0029 14.6388 

7.1681 24.0826 12.2535 16.3902 5.8704 14.6833 

6.9642 24.2152 12.0312 16.3865 5.7521 14.9146 

6.7922 24.4418 11.6083 16.8108 5.6160 14.8906 

6.6137 24.5765 11.2875 17.0049 5.4990 14.9525 

6.4267 24.6975 11.0063 17.0759 5.3791 14.9912 

6.2429 24.9147 10.7809 17.2411 5.2889 14.9687 

6.0730 25.0456 10.5734 17.3989 5.1860 15.0090 

5.9636 25.0820 10.3344 17.5552 5.0760 15.1015 

5.8244 25.3248 10.1015 17.7729 4.9671 15.0860 

5.6998 25.3588 9.8183 17.9960 4.8825 15.3377 

5.5704 25.4780 9.5251 18.0906 4.6923 15.4868 

5.4216 25.6444 9.1503 18.4446 4.5540 15.5469 

5.2491 25.7901 8.9302 18.3134 4.4055 15.6211 

5.0853 25.9495 8.6942 18.5378 4.2943 15.6641 

4.9866 25.9946 8.4552 18.5331 4.2075 15.8237 

  8.2313 18.7535 4.0673 15.8911 

  7.9054 18.9345 3.9312 15.9702 

  7.7801 19.0097 3.8281 16.1608 

  7.6065 19.1420 3.6955 16.3144 

  7.4310 19.3065 3.5992 16.4034 

  7.2254 19.3831   

  7.0546 19.2857   

  6.8662 19.5970   

  6.7148 19.5732   

  6.5530 19.8620   

  6.3817 19.8427   

  6.2441 20.0588   

  6.0888 20.0598   
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  5.9662 20.1695   

  5.8377 20.2929   

  5.6607 20.3904   

  5.4720 20.7828   

  5.2604 20.6424   

 

 
Table A3. Experimental weight fraction data obtained for the systems composed of Pluronic 

PE6200, Pluronic PE6400 or Pluronic L35 (1) + K3C6H5O7/C6H8O (2) + H2O (3). 

 

Pluronic PE6200 Pluronic PE6400 Pluronic L35 

100w1 100w2 100w1 100w2 100w1 100w2 

51.8470 3.2731 51.2535 2.9827 24.2378 9.2837 

45.9415 5.6115 45.6493 3.9150 23.1770 9.4248 

36.9204 5.4504 40.0043 4.9957 21.8527 9.2163 

33.5061 5.9585 37.8505 5.3164 21.0684 9.4542 

30.9379 6.0138 35.8035 5.8247 20.3016 9.4950 

29.2835 6.5819 33.3134 7.0143 19.6752 9.6572 

27.2384 6.9975 29.2730 6.9680 18.9644 9.8294 

24.6507 7.1551 28.0363 7.5372 18.1977 10.0372 

22.9698 7.3953 25.7156 8.6484 17.4472 9.7410 

21.1106 7.7523 23.2347 8.5644 17.1858 10.0424 

19.9806 7.9094 22.0360 8.6894 16.6538 10.0793 

18.8906 8.0536 21.4379 8.8213 16.0044 10.3626 

18.3390 8.3306 20.8527 9.0751 15.5501 10.5206 

17.6282 8.6792 19.9276 9.6560 15.1647 10.5839 

16.7531 8.6664 18.6868 9.6010 14.8038 10.7149 

15.9214 8.7994 18.0277 9.8098 14.3814 11.0146 

15.0865 8.8584 17.2825 9.8989 13.8710 11.0114 

14.0887 8.8548 16.6532 10.3137 13.4772 11.0864 

13.3873 8.7398 15.8700 10.5564 13.0882 11.2396 

12.8777 8.7172 15.0966 10.4568 12.6004 11.1607 

12.5135 8.7599 14.6165 10.5592 12.3125 11.4458 

12.1476 8.8335 14.2539 10.6128 11.9219 11.5635 

11.7119 8.8961 13.9401 10.7891 11.5996 11.5155 

11.3355 8.9010 13.4217 10.8893 11.1274 11.8727 

10.9450 8.9710 12.9416 11.0616 10.7085 11.7165 

10.5211 8.9433 12.5960 11.0837 10.4665 11.6972 

10.1488 8.9662 12.3047 11.1203 10.2286 11.7173 

9.7068 8.8553 12.0199 11.2079 9.9993 11.6796 

9.4170 8.8738 11.7108 11.3952 9.8771 11.6891 

9.1326 8.8425 11.4283 11.3823 9.7543 11.7726 

8.8707 8.8584 11.1590 11.4745 9.5423 11.9690 

8.6036 8.9307 10.9335 11.4693 9.2991 11.9001 

8.3143 9.0577 10.6719 11.6123 9.0986 11.8744 

8.1908 9.0988 10.3599 11.7706 8.9049 12.0923 

8.0568 9.1525 10.1376 11.8951 8.6267 12.0472 

7.9008 9.1697 9.8619 11.9340 8.4889 11.9543 

7.7384 9.1553 9.6381 11.9880 8.4109 12.0539 

7.5699 9.2483 9.4696 12.0850 8.3265 12.0908 
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7.3597 9.1326 9.3048 12.0131 8.1982 12.1904 

7.1622 9.1584 9.1948 12.1439 7.9820 12.2113 

6.9530 9.1119 9.0295 12.1982 7.7337 12.2602 

6.7246 8.9851 8.8725 12.2182 7.5371 12.2342 

  8.7281 12.2500 7.4388 12.2157 

  8.5885 12.2429 7.2722 12.1769 

  8.4231 12.4190 7.1537 12.2417 

  8.2108 12.4689 7.0501 12.2264 

  8.0029 12.4985 6.9484 12.2554 

  7.8218 12.5107 6.8657 12.2673 

  7.7235 12.4467 6.7634 12.3552 

  7.5860 12.6162 6.5937 12.5525 

  7.4385 12.6201 6.4601 12.4445 

  7.3197 12.6057 6.3721 12.4840 

  7.1952 12.5278 6.2343 12.3652 

  7.0916 12.6900 6.1329 12.6135 

  6.9821 12.7702 5.9213 12.4266 

  6.8585 12.7051 5.8655 12.5704 

  6.7748 12.7729 5.7446 12.6057 

  6.6431 12.7810 5.6077 13.0009 

  6.5242 12.7562 5.5094 13.0217 

  6.4303 12.8500 5.4422 13.1295 

  6.3274 12.8615 5.3080 13.0787 

  6.2410 12.9145   

  6.1713 12.8826   

  6.1038 12.9208   

  6.0396 12.9350   

  5.9665 12.9360   

  5.8863 12.9982   

  5.8219 12.9960   
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Figure A1. Calibration curve for IgG by SE-HPLC. 

 

 
Figure A2. Calibration curve for HSA by SE-HPLC. 
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Figure A3. SE-HPLC chromatogram of the human serum sample diluted in aqueous solution. 

The blue line corresponds to the retention time of IgG and the green line to the retention time of 

HSA.  

 

 

Figure A4. Calibration curve for PTX-3 by ELISA.  
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Table A4. Comparison between depletions efficiencies of systems formed by 30 wt% of 

homopolymer and 30 wt% of K3C6H5O7/C6H8O7 with different protein compositions. 

Polymer 

Depletion efficiencies (%) 

Serum HSA + IgG 
HSA IgG 

HSA IgG HSA IgG 

PPG 400 
86.0862 

± 2.1545 

87.7196 

± 0.1731 

78.5715 

± 2,9812 

82.9247 

± 0.1195 

75.2002 

± 1.4922 

80.1676 

± 5.2624 

PEG 400 8.7768 ± 

2.4657 

29.0013 

± 0.2379 

5.0649 ± 

0.1489 

21.7656 

± 1.0712 

4.1339 ± 

0.4377 

15.7413 

± 0.6953 

PEG 600 
24.1791 

± 3.2757 

51.9805 

± 1.3284 

17.8816 

± 3.8707 

37.9903 

± 3.6056 

4.2560 ± 

0.6851 

29.9510 

± 0.7309 

PEG 1000 94.7045 

± 1.0355 

88.3926 

± 0.2379 

63.9506 

± 1.2127 

53.3946 

± 1.2864 

56.9519 

± 0.1373 

44.1842 

± 1.7192 

PEG 2000 
82.9267 

± 3.8390 

82.3132 

± 2.3208 

79.1189 

± 1.6821 

54.7376 

± 3.9797 

59.5195

± 0.4465 

45.7815 

± 0.9822 

 

 

Table A5. Comparison between depletions efficiencies of systems formed by 30 wt% of 

copolymer and 30 wt% of K3C6H5O7/C6H8O7 with different protein compositions. 

Copolymer 

Depletion efficiencies (%) 

Serum HSA + IgG 
HSA IgG 

HSA IgG HSA IgG 

Pluronic 

PE6200 

41.7223 

± 1.0355 

39.8616 

± 0.2379 

11.8243 

± 0.0482 

31.8905 

± 1.7657 

8.6356 ± 

0.0608 

27.1722 

± 0.4387 

Pluronic 

PE6400 

40.5265 

± 0.5932 

32.1353 

± 3.8489 

9.2988 ± 

0.9335 

26.2676 

± 0.3950 

7.1162 ± 

0.2767 

25.9544 

± 2.6393 

Pluronic 

L35 

84.1007 

± 4.7519 

68.9017 

± 2.9408 

70.3077 

± 2.1539 

65.4123 

± 2.9182 

59.4067 

± 1.7453 

50.3262 

± 1.1106 

UCON 
92.2704 

± 1.8473 

81.3805 

± 1.5737 

32.2707 

± 3.6878 

44.6888 

± 2.8235 

26.5133 

± 0.6741 

34.6617 

± 1.6082 
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Table A6. Extraction efficiency of PTX-3 (EEPTX-3%) at 25° C in the ABS composed of 30 

wt% of homopolymer/copolymer and 30 wt% of K3C6H5O7/C6H8O7, at 25ºC and 

atmospheric pressure. 

Homopolymer/ Copolymer EEPTX-3% 

PPG 400 100.0 ± 0.0000 

PEG 1000 100.0 ± 0.0000 

PEG 2000 100.0 ± 0.0000 

UCON 100.0 ± 0.0000 

Pluronic L35 100.0 ± 0.0000 

 

 

Table A7. Mass percentage of PTX-3 in the top phase, interphase, and bottom phase in TPP 

formed by 30 wt% of homopolymer/copolymer and 30 wt% of K3C6H5O7/C6H8O7, at 

25ºC and atmospheric pressure. 

Homopolymer/ 

Copolymer 

Mass percentage of PTX-3 / % 

Top phase Interphase Bottom phase 

PPG 400 0.2096 ± 0.2964 94.3817 ± 1.5476 5.4087 ± 1.2512 

PEG 1000 99.7552 ± 0.3462 0.2448 ± 0.2448 0.0000 ± 0.0000 

PEG 2000 0.0000 ± 0.0000 94.2118 ± 4.6394 5.7882 ± 4.6394 

UCON  54.3393 ± 12.1011 51.5440 ± 12.1011 0.0000 ± 0.0000 

Pluronic L35 48.4560 ± 13.5642 45.6607 ± 13.5642 0.0000 ± 0.0000 

  

 


