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Abstract 

A short processing time and efficient scale-up stem cell isolation bioprocess is essential to exploit 

the potential of these cells for the treatment of multiple chronic diseases. Various methodologies 

have been used for stem cell recovery, however, most of them present economical and/or time-

consuming drawbacks. In this work, the characterization and optimization of immunoaffinity 

aqueous two-phase systems, a liquid-liquid based separation technology enhanced with the 

PEGylation of the antibody, was conducted with the aim of increasing the specificity for the 

recovery of CD133+ stem cells from human umbilical cord blood samples.  

 

The methodology consisted in evaluating the partitioning of the different PEGylated antibodies 

(amine, carboxyl, thiol, succinimidyl ester, methoxy PEG and maleimide) in three previously 

studied aqueous two-phase systems (ATPS); PEG-dextran (DEX), Ucon-DEX and Ficoll-DEX. 

Subsequently, an optimization step was accomplished to manipulate the partition behavior of the 

CD133/2-pure antibody to the desired phase in the selected systems by varying (increasing and 

decreasing) two parameters closely related with the partitioning of molecules in aqueous two-

phase systems; tie-line length (TLL) and volume ratio (VR). Afterwards, the partitioning behavior 

of the six different PEGylated antibodies in the optimized systems was tested. According to the 

results, the PEGylation of the CD133/2-biotin antibody induced a favorable change with respect 

to the non-PEGylated one when Ucon-DEX system was used, fractionating it to both phases. 

Likewise, the optimization of the systems showed to be effective to induce a change in the partition 

preference of the antibody. The best results were obtained when Ucon-DEX or PEG-DEX systems 

with TLL 15% w/w or 20% w/w with VR 3 were combined. Finally, PEGylated antibodies were 

added to the selected optimized systems. Even though a shift in the fractionation preference of 

the PEGylated CD133/2-biotin antibody was achieved in the optimized systems, it was not the 

adequate partition to justify the evaluation of this immunoaffinity ATPS with human umbilical cord 

samples. Both PEGylation and optimization showed to be effective to induce a change in the 

partition preference of the antibody, however, further studies are required to find the optimal 

system composition that will fractionate 100% of the antibody to the contaminants opposite phase, 

making this system an ideal candidate to be tested for the selectivity of CD133+ stem cells. 

 

 

Keywords: Aqueous Two-Phase Systems, stem cell recovery, CD133+ stem cell, CD133 
antibody, stem cell bioseparation, PEGylation, immunoaffinity  
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1. Introduction 

1.1 General introduction 

In the last years, the use of stem cells has been a promising alternative for the treatment of many 

diseases by replacing damaged or dead cells (Langer and Vacanti, 1993). Stem cells are well 

defined by their unique ability to preserve themselves through self-renewal. Additionally, they are 

able to remain in an undifferentiated state or they can differentiate into multiple cell lines. These 

characteristics allow stem cells to become a very encouraging alternative for the cure of various 

chronic conditions such as amyotrophic lateral sclerosis, leukemia and cardiovascular diseases 

(González-González et al., 2014). Stem cells are present in many tissues including bone marrow, 

adipose, amniotic fluid, peripheral blood and umbilical cord blood (UCB), among others.  

 

The successful implementation of stem cells in regenerative medicine depends on many factors 

such as safety, abundance and purity. One of the main limitations to implement this strategy is 

the isolation and purification of high quantities of viable cells. Thus, there is a latent interest for 

developing simple, fast, scalable and cost-effective technologies for the recovery of stem cells. 

For this purpose, numerous strategies are currently implemented and they can be classified 

according to the intrinsic properties of the cells (González-González et al., 2012). Among these, 

the techniques based on physical characteristics have an important place. These methodologies 

take advantage of the native properties of the cells (density, size, hydrophobic characteristics and 

electric charge) to achieve the stem cell separation from the contaminants. Unfortunately, these 

methods have some inconveniences such as low specificity and long processing times (Zhu and 

Murthy, 2013).  

 

On the other hand, cell-marker based methodologies exhibit higher specificity with a high degree 

of purity. These methods are based on the affinity between a ligand and an antigen on the cell 

surface. In this category, fluorescent activated cell sorter (FACS) and magnetic activated cell 

sorter (MACS) are include. These methodologies, yield a cell population with high purity degree 

(<95%). However, they require sophisticated and expensive equipment and presents a limited 

throughput (~10^7 cells/hour) (Zhu and Murthy, 2013). 

 

In this sense, there is an opportunity area to address these drawbacks. In recent years, some 

procedures have emerged as an alternative to solve these problems. These methodologies are 
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called “novel” and resolve problems such as processing time, scaling feasibility and bioprocessing 

cost. In this group, aqueous two-phase systems (ATPS) highlights as a promising option for this 

purpose. These systems are a liquid-liquid methodology useful for separation and partial 

purification of a wide range of high valuable bioproducts (Benavides et al., 2008).  

 

ATPS are formed when two liquid compounds: two polymers; a polymer and a salt; a salt and an 

ionic liquid; or an alcohol and a salt are mixed over specific limits, forming two immiscible phases 

(Ruiz-Ruiz et al., 2012). Selection and implementation of the type of ATPS must be performed 

according to the intrinsic characteristics of the molecule to be partitioned (Benavides et al., 2008). 

In cell recovery, the use of polymer-polymer ATPS present multiple advantages over other phase 

forming polymers, since they provide the suitable media (pH and osmolarity) for the separation of 

viable cells (Hatti-Kaul, 2001). 

 

Although ATPS have shown multiple advantages over other methods, their lack of specificity limits 

their use when a specific type of stem cells requires to be isolated from other stem cells and 

contaminants. This problem can be solved by introducing free ligands into the ATPS. These 

ligands can bind to the cells of interest and could influence the partitioning behavior of the cells 

to the phase where the ligands are energetically more favorable. The resulting system, known as 

immunoaffinity ATPS, fuses the selectivity of the added ligand with the benefits of ATPS. This 

combination result in a powerful methodology for separation of stem cells.  

 

In this research, the partition behavior of six different PEGylated CD133/2-biotin antibodies were 

characterized in PEG-DEX, Ficoll-DEX and Ucon-DEX ATPS with the aim of developing a 

competent stem cell recovery methodology. After that, an optimization step using design of 

experiments (DOE) was carried out to evaluate the change in the phase preference of the 

CD133/2-pure antibody when two well explored parameters, tie-line length (TLL) and volume ratio 

(VR), were varied (increased and decreased). Finally, the partition preference of the six PEGylated 

CD133/2-biotin antibody in the selected optimized systems was tested. The best systems will be 

propose to be tested using human umbilical cord blood (HUCB) sample to evaluate their effectivity 

for the recovery of CD133+ stem cells. 
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1.2 Hypothesis 

The fractionation of antibodies in immunoaffinity ATPS can be manipulated to shift their 

partitioning into the contaminant free phase for its future implementation for the primary recovery 

of CD133+ stem cells from HUCB. 

 

1.3 General objective  
 
To develop a scalable and novel immunoaffinity ATPS in route for the primary recovery of CD133+ 

stem cells from HUCB samples. 

 

1.4 Specific objectives  
 

1) To characterize the partition behavior of the CD133/2-biotin antibody in the proposed 

polymer-polymer ATPS.  

2) To corroborate the successful PEGylation of the CD133/2-biotin antibody with six different 

activated biotin-PEGs [amine (NH2), carboxyl (COOH), thiol (SH), succinimidyl ester 

(NHS), methoxy PEG (mPEG) and maleimide (mal)].  

3) To characterize the partition behavior of the six PEGylated CD133/2-biotin antibody with 

different activated biotin-PEGs in the proposed polymer-polymer ATPS.  

4) To optimize the proposed immunoaffinity polymer-polymer ATPS. 

5) To determine the partition behavior of PEGylated antibody in the selected optimized ATPS. 
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1.5 Thesis structure 

The present document was divided in the following chapters: 

 

Chapter 1. Introduction.  

In this chapter, a general overview of the work is presented, the hypothesis and the objectives 

are established. 

Chapter 2. Theoretical Framework.  

In this subdivision, general concepts and theoretical background of ATPS and their use for the 

separation and purification of stem cells are addressed.  

Chapter 3. Materials and Methods.  

In this section, reagents, methods and techniques details are explained in extenso.  

Chapter 4. Results.  

In this chapter the main findings of this research project are included. 

Chapter 5. Discussion.  

In this segment, the results obtained are analyzed, discussed and compared with published work. 

Chapter 6. Conclusions and Perspectives.  

In this subdivision, conclusions and future projects related with this research are presented.  

Chapter 7. Manuscript. 

This chapter presents the manuscript “Immunoaffinity Aqueous Two-Phase Systems added with 

PEGylated CD133/2-biotin antibody in route to the development of stem cell bioseparation”, 

prepared for submission to the special issue in Frontiers in Chemistry entitled The Science and 

Application of Aqueous Two-Phase Systems and Liquid-Liquid Phase Separation in 

Biotechnology and Bioengineering. This manuscript resumes the research generated within this 

master thesis, including: (i) characterization of the partitioning behavior of the CD133/2-biotin 

antibody in three polymer-polymer ATPS; (ii) PEGylation of CD133/2-biotin antibody with six 

different activated biotin-PEGs; (iii) characterization of the partitioning behavior of the PEGylated 

CD133/2-biotin antibody in three polymer-polymer ATPS; (iv) optimization of these immunoaffinity 

ATPS; and (v) characterization of the partitioning behavior of the PEGylated CD133/2-biotin-

PEGs in the selected optimized ATPS.  

Chapter 8. Appendix.  

In this chapter, abbreviations and acronyms, variables and symbols, conference presentations 

and the Ethics Committee approval letters are presented. 

Chapter 9. Bibliography.  

In this section, references used in this document are listed. 
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2. Theoretical Framework 

2.1 Background  

In recent years, the demand for pure biotechnological products in high quantities has increased 

enormously. The production process of these bioproducts presents several drawbacks, but the 

bottleneck of the process is the downstream process. In fact, more than 50% of the production 

costs correspond to the separation and purification steps. Because of that, there is a latent need 

for simple, effective and cost-effective methodologies that allow the recovery of high quantities of 

pure bioproducts. Due to this, the development of new technologies and the improvement of 

existing ones has also raised. Currently there are multiple methodologies for the purification of 

bioproducts. Among these, ATPS have proven to be a valuable strategy to achieve this goal.  

 

ATPS were first described by Albertsson for the isolation and purification of plant subcomponents 

and viruses (Hatti-Kaul, 2001). Nowadays, its use and applications include several biological 

products such as a protein, peptides, genetic material, nanoparticles and living cells (Benavides 

et al., 2008). These systems are formed when two immiscible liquids are mixed in appropriate 

amounts. The mixed components separate into two phases, each with different physicochemical 

properties, which are useful for the separation of biomolecules. The construction and 

implementation of ATPS for the recovery of bioproducts is based on the binodal curve. This curve 

is a specific graphic representation that determines the biphasic region of the ATPS based on the 

phase forming components concentrations (Hatti-Kaul, 2001). Different parameters are related to 

the partition of biomolecules in these systems. The tie-line length (TLL) is an element of the 

binodal curve that represents the length of the line that connects the concentration of the system 

components in each phase. TLL is represented by the line Yt-Xb in Figure 1. All constructed 

systems within the same TLL share the same top and bottom phase composition meanwhile, 

differ from one another on their volume ratio (VR) (A, B and C, Figure 1). VR is another parameter 

of the binodal curve, it is defined as the ratio between the top and bottom phase volume. These 

two elements of the binodal curve are key factors for the separation of molecules due to the 

molecular interactions implicated in the separation (Cabezas, 1996).  

 

On the other hand, most of the mechanisms and conditions that govern the partition of molecules 

in ATPS remain unknown. Because of that, ATPS is an unfinished field that represents an 

interesting research area. Current literature indicates that enthalpy of hydration, entropy, net 
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charge and molecular weight of the molecule are intrinsic characteristics that are involved in the 

partition of molecules in ATPS (Benavides Lozano et al., 2011). Likewise, other elements can be 

modified to change partition preference. Variations of TLL; VR; pH; phase forming components; 

molecular weight of polymers; temperature; the addition of charged, hydrophobic or affinity 

derivatives result in a shift in the preference of the components to determinate phase (Silva et al., 

2014). 

 

 

Figure 1. Graphic illustration of ATPS binodal curve. The Yt-Xb line represents the tie-line length 
(TLL). The letters A, B and C represent different volume ratios (VRs). 
 

Among the different ATPS types, polymer-polymer systems are the most used for stem cell 

recovery. These systems have multiple advantages which justify their higher cost compared to 

the other components used to construct systems. These advantages include a decreased ionic 

strength and high-water concentration of the phases, which allows a friendly environment for the 

separation of cells and subcellular components. Polymer-polymer ATPS have been used for the 

recovery and purification of multiple biotechnological products including myeloma proteins, inner 

membranes, enzymes, nucleic acids, antibodies, and virus-like particles (Ruiz-Ruiz et al., 2012). 

In recent years, the use of polymer-polymer systems have proven to be a good alternative for the 

recovery of stem cells directly from different sources (González-González et al., 2014; González-

González and Rito-Palomares, 2015a; Kumar et al., 2001; Sousa et al., 2011).  
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2.1.1 Stem cell recovery using ATPS 

 

Stem cells have unique characteristics that distinguishes them from other cells, including self-

renewal, proliferation and differentiation capacity. These properties attracted the attention of 

researchers given the promising potential they possess to treat multiple medical conditions. 

Unfortunately, its medical use is hindered by the low throughput and high costs that result from 

the existing recovery techniques. In this sense, a niche exists for the development of a stem cell 

separation method that allows efficiently and specifically their isolation and purification.  

 

Stem cell purification is the main step required to maximize the final purity and quantity of these 

cells. Multiple strategies including FACS, MACS and quadrupole magnetic cell sorter (QMS) 

among others, have been presented to accomplish this goal, but none has been able to satisfy all 

the requirements for stem cells bioseparation. The specificity, safety and purity of the cells are 

some of the requirements that must be guaranteed by the selected purification method to use 

these cells as a therapy. Additionally, it is important that the methodology is scalable, cost-

effective, fast, and preserves the viability and functionality of the recovered cells. 

 

ATPS, which have demonstrated their effectiveness in the recovery of multiple biotechnological 

products, promise to be an effective strategy for stem cell separation. These systems are 

constructed by using solutions with high water content and allow the separation of the sample 

components in one or multiple steps (Tsukamoto et al., 2009). Although nowadays many types of 

systems are available, the most explored ones for stem cell separation are polymer-polymers 

systems. Among these, systems constructed using dextran (DEX) and polyethylene glycol (PEG) 

are the most commonly used. These polymers are non-ionic and present small electrostatic 

potential difference between phases. Because of that, whole cells and organelles can be 

partitioned into the system according to their surface properties (Walter and Krob, 1977) without 

affecting its integrity and function. 

 

Despite all the advantages ATPS possess, these systems show low specificity when the target 

molecule presents small differences with respect to the contaminants. Therefore, another 

alternative is necessary to solve this inconvenient. One option is the addition of molecules that 

can be attached to the cells. These added ligands can bind the cell of interest and enhance their 

phase predilection towards the phase the ligands are more affine. In this sense, the resulting 
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system fuses the selectivity of the added ligand with the outstanding properties of the ATPS, 

forming an immunoaffinity ATPS. 

 

These immunoaffinity systems have been applied in a few studies showing promising results for 

the isolation and partial purification of stem cells. In 2001, Kumar et al. reported the application of 

these ATPS for the separation of CD34+ human acute myeloid cells. Systems composed of PEG 

8,000 and DEX T500 added with antibodies anti-CD34 conjugated with a temperature-sensitive 

polymer (poly-N-isopropylacrylamide) were used. This strategy allowed the recycling of the 

conjugate for posterior processes and achieved 75% of cell separation efficiency with a cell 

viability of 95% after the process (Kumar et al., 2001). 

 

In 2011, Sousa et al. reported the use of PEG 8,000-DEX 500,000 immunoaffinity ATPS for the 

recovery of CD34+ stem cells from HUCB. The systems were enriched with a monoclonal antibody 

against CD34 surface antigen allowing the recovery of 95% of CD34+ cells in the rich-PEG top 

phase (Sousa et al., 2011). 

 

More recently, González-González et al. reported two approaches to recover CD133+ cells 

directly from HUCB. The first one in 2014, in which the use of three systems: PEG 8,000-DEX 

500,000, Ficoll 400,00-DEX 70,000 and Ucon-DEX 75,000, was evaluated to determine the 

partitioning preference of these cells. This work reported that CD133+ stem cells showed a 

preference towards the bottom phase when the PEG-DEX and Ucon-DEX systems were used. 

While in the case of Ficoll-DEX, the preference was towards the top phase reaching a 59% of 

recovery and a cellular viability of 98% (González-González et al., 2014). The second attempt to 

achieve this objective by González-González was carried out in 2015, in which the addition of 

anti-CD133 free ligands was included into the previous studied systems to increase the partition 

of the CD133+ stem cells towards the desired phase. The recovery was increased to 62% when 

Ficoll-DEX system was used (González-González and Rito-Palomares, 2015). Table 1 

summarizes the studies addressing the separation and partial purification of stem cells using 

ATPS. 

 

Although, the use of immunoaffinity ATPS can be a very effective strategy for stem cell recovery, 

future studies must be carried out to optimize its use. For this, one important aspect to take into 

account is the partitioning preference of the added antibody, as it must partition to the contaminant 

free phase.  
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Table 1. Primary recovery of stem cells using immunoaffinity ATPS. 

Stem cell Source ATPS Main results 
Viability 

(%) 
Reference 

CD34+ 
Bone 

marrow 
PEG 8,000- 
DEX T500 

Recovery yield of 75% 
in top phase 

95 
(Kumar et al., 

2001) 

CD34+ HUCB 
PEG 8,000- 

DEX 500,000 

Recovery yield of 95% 
with a purification 
factor of 245 using 

CD34 antibody 

Not 
reported 

(Sousa et al., 
2011) 

CD133+ HUCB 

PEG 8,000- 
DEX 500,000 

 

Ficoll 400,00-
DEX 70,000 

 

Ucon- 
DEX 75,000 

Recovery yield of 59% 
in top phase when 

Ficoll-DEX system was 
used 

98 
(González-

González et al., 
2014) 

CD133+ HUCB 

PEG 8,000-
DEX 500,000 

 

Ficoll 400,00-
DEX 70,000 

 

Ucon- 
DEX 75,000 

Recovery yield of 62% 
in top phase when 
Ficoll-DEX system 
added with CD133 
antibody was used 

98 

(González-
González and 

Rito-Palomares, 
2015) 

 

 

2.1.2 PEGylation to manipulate antibody partitioning 

 

Different strategies and methods have been implemented to enhance the partitioning of the 

molecules into the desired phase in ATPS. The most commonly used strategies include: change 

of the constituents of the system, change in polymers’ molecular weight, variations in temperature 

and addition of additives, such as inorganic salts (Cabral, 2007). Variations of TLL and VR are 

strategies that have been also implemented to achieve this purpose. In the present work, 

PEGylation was explored as an alternative option to manipulate the partition behavior of CD133/2-

biotin antibody. This reaction was first described in 1977 by Abuchowski et al. and consisted in 

the union of one or more PEG chains to the particle of interest without causing it to lose its 

properties (Harris et al., 2001). Moreover, PEGylation improves these properties by increasing its 

residence time in the body, decreasing enzyme degradation and immunogenicity (Veronese and 

Pasut, 2005).  

 

PEGylation can be applied to bind PEG molecules to any molecule with active sites, but it is more 

commonly used to target macromolecules (proteins, peptides, oligonucleotides and small organic 
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molecules), from which proteins are the most popular. PEGylated proteins increase their 

hydrodynamic radius, allowing a notable reduction in renal clearance and an increase in stability, 

which results in an increase in body circulation (Hamidi et al., 2006). 

 

In recent years, the use of PEGylation to modify antibodies, enzymes and oligonucleotides has 

increased. The PEGylation of antibodies is mainly performed to treat diseases (Kang et al., 2009). 

Nevertheless, in the present work, PEGylation is proposed as a novel strategy to manipulate the 

partition preference of CD133/2-biotin antibody in polymer-polymer ATPS to the desired phase to 

develop a CD133+ stem cell recovery methodology. PEGylation is accomplished exploiting the 

specific interaction between biotin and streptavidin (Figure 2), achieving the successful 

PEGylation of the antibody with six different biotinylated PEGs (NH2,COOH, SH, NHS, mPEG 

and mal). These PEGs are tested to compare if the activated molecule affects the partitioning 

profile of the PEGylated CD133/2-biotin antibody in the ATPS. Based on previous experience of 

our research group (González-González et al., 2014), the partition behavior of the six PEGylated 

CD133/2-biotin antibodies was evaluated in three polymer-polymer ATPS: PEG-dextran (DEX), 

Ucon-DEX and Ficoll-DEX. 

 

 

Figure 2. Schematic representation of the PEGylation of CD133/2-biotin antibody through the biotin-
streptavidin reaction. (1) CD133/2-biotin antibody, (2) streptavidin, (3) activated PEG, the letter X 
represents each of the six different activated PEGs used for the PEGylation reactions (NH2, COOH, 
SH, NHS, mPEG and mal), while the circle represents the biotin. 
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2.1.3 Optimization of the immunoaffinity ATPS  

 

DOE is a statistic tool that is useful to investigate the relationship between different system 

variables. It allows conducting experiments that compromises nothing in thoroughness but 

delivers results in a fraction of the time. Although the principles of this strategy have been known 

since the early 1900s, its application in biotechnology has been carried out in recent years to 

determine the influence of the bioprocess variables or to perform an optimization step. DOE is a 

very powerful technique which allows a considerable reduction in the number of experiments 

required, shortening the time of experimentation. It is preferable when a system optimization is 

required, as it allows a rapid determination of multiple parameters effects and their interactions, 

without the need of varying one parameter at a time (Ferreira et al., 2008).  

 

The most common reported way to implement ATPS optimization is by exploring the effect of 

varying the system’s parameters. These parameters include: phase forming components, 

molecular weight of the polymers, pH, temperature, percentage of loading sample, TLL, VR, and 

addition of additives such as salts (Benavides Lozano et al., 2011). In this work, a multilevel 

categorical design is proposed to explore the partition preference of the CD133/2 antibody. The 

selected parameters were TLL and VR as it is well known that variations in these parameters have 

a significant effect in the partition behavior of the biomolecules (Benavides Lozano et al., 2011). 

Additionally, previous experience of the group declared that pH, salt concentration, and 

temperature must be kept constant to guarantee stem cells viability and that the best polymer-

polymers ATPS for stem cells recovery are PEG 8,000-DEX 500,000, Ficoll 400,00-DEX 70,000 

and Ucon-DEX 75,000. These previously reported ATPS were taken as reference, thus the tested 

TLL 20% and VR 1 were taken as the medium levels, and the present work decided to explore 

one additional level above and below them. The selected levels for the optimization of the three 

polymer-polymer ATPS are presented in Table 2. 

 

Table 2. Parameter levels of the multilevel categorical design. 

ATPS TLL [% W/W] VR 

PEG 8,000-DEX 500,000 15 0.33 

Ficoll 400,000-DEX 70,000 20 1 

UCON-DEX 75,000 25 3 
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The promising systems identified with the optimization step, were tested using the six different 

PEGylated CD133/2-biotin antibodies. 
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3 Materials and Methods 

3.1 Chemicals 

Human pure CD133/2 (clone 293C3 pure, catalogue number 130-090-851) and biotinylated 

CD133/2 (clone 293C3-biotin, catalogue number 130-090-852) antibodies were purchased from 

Miltenyi Biotec GmbH (Bergisch Gladbach, Germany). DEX from Leuconostoc mesenteroides 

with an average molecular weight of 428,000 Da (DEX 500,000) and 64,000–76,000 Da (DEX 

70,000 and DEX 75,000), PEG of 8,000 Da (PEG 8,000), Ficoll of 400,000 Da (Ficoll 400,000), 

10X phosphate buffered saline (PBS), silver nitrate (AgNO3), formaldehyde solution (36.5-38%) 

and perchloric acid (70%) were acquired from Sigma-Aldrich Co. (MO, USA). Ucon 50-HB-5100 

was provided by Hi-Chemicals, Mexico. Sodium carbonate, acetic acid, and sodium thiosulfate 

were acquired from JT Baker (Phillipsburg, NJ). The six biotinylated PEGs (NH2,COOH, SH, NHS, 

mPEG and mal), (molecular weight of 10 kDa)] were purchased from Nanocs Inc. (NY, USA). 

Immunopure streptavidin was obtained from Thermo Scientific (IL, USA). Sodium dodecyl 

sulphate (SDS), dithiothreitol (DTT), 12% (10-well-comb, 50 µL) MINI-PROTEAN TGX precast 

gels, Tris electrophoresis reagent, precision plus protein unstained molecular weight standard 

from Bio-Rad (CA, USA), and Tween 20 from Agdia Inc. (IN, USA).  

3.2 PEGylation of CD133/2-biotin antibody 

PEGylation reactions of CD133/2-biotin antibodies were carried out through the streptavidin–

biotin interaction as previously reported by our group (González-González et al., 2012). For this 

reaction, 0.1 mg of streptavidin was mixed with 100 µL of reaction buffer (1X PBS with 0.05% 

Tween 20 pH 7.4) and then added with 100 µL of CD133/2-biotin antibody (molar ratio of 32:1). 

The resulting solution was incubated protected from light during 1 hour at room temperature. After 

this time, the solution was concentrated to 15 µL using 0.5 mL Amicon centrifugal filters of 100 

kDa (Millipore, USA). Subsequently, the solution was resuspended using 485 µL of reaction buffer 

and mixed with 500 µL of solution containing the different activated PEGs-biotin (NH2, COOH, SH, 

NHS, mPEG and mal) whit a molar ratio of 850:1. The final solution was incubated for 1 hour at 

room temperature in the dark to avoid light exposure. After this hour the PEGylated CD133/2-

biotin antibodies were stored at 4 ºC until their utilization. 
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3.3 Immunoaffinity ATPS strategy 

Different ATPS were selected based upon a previous work (González-González and Rito-

Palomares, 2015) and constructed in 2 mL graduated centrifuge tubes with a total weight of 0.9 

g. The systems were constructed by mixing predetermined quantities of stocks solutions (50% 

w/w PEG 8,000, 30% w/w DEX 500,000, 40% w/w Ficoll 400,000 w/w, 40% w/w DEX 70,000, 

42% w/w DEX 75,000 and 70% w/w Ucon). Three ATPS were explored to determine the partition 

behavior of the PEGylated antibodies; 5.6% PEG 8,000-7.5% DEX 500,000, 13.6% Ficoll 

400,000-11.6% DEX 70,000 and 6.83% Ucon-8.23% DEX 75,000. All systems were performed 

with a TLL of 20% w/w and a VR of 1. ATPS used for the experimental design were done by 

combining adequate quantities of stock solutions to obtain the three different TLLs and VRs 

explored. In all cases, the solvent employed was PBS (pH 7.4, 154 mM NaCl) in order to maintain 

cell viability (González-González et al., 2012). Each ATPS was gently mixed for 15 min at 25 ºC 

(H5600-Revolver, Labnet International Inc., NJ, USA). Afterwards, the phase separation was 

achieved by gravity at 25 ºC and the visual VR determination was accomplished before antibody 

addition. 

 

To construct the immunoaffinity ATPS, 100 µL of PEGylated CD133/2-biotin or CD133/2-pure 

antibodies were added to the previously formed ATPS systems, resulting in a final system weight 

of 1 g. The systems were mixed in a revolver (H5600-Revolver, Labnet International Inc., NJ, 

USA) for 15 min at room temperature. After that, they were allowed to settle to let the phases form 

at room temperature. Phases were separated by pipetting the top phase and then removing the 

interphase from the bottom phase. The methodology followed for this step is summarized in 

Figure 3. 
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Figure 3. Simplified schematic representation of an immunoaffinity ATPS separation process. The 
ATPS, formed by combining two polymers, are added with PEGylated (top) or non-PEGylated 
(bottom) CD133/2 antibodies. The partitioning evaluation in each phase is accomplished. The box 
indicates the desired antibody partition preference for the present study.  
 

3.5 Antibody precipitation 

Antibody precipitation of ATPS phases was performed in order to concentrate and eliminate 

polymer interferences in sodium dodecyl sulphate-polyacrilamyde gel electrophoresis (SDS-

PAGE) analysis using the Sakuma method with some modifications (Sakuma et al., 1987). Briefly, 

after the phase separation, the volume of this phase was doubled with a perchloric acid 0.4 M 

solution. This solution was vortexed for 10 s and then incubated for 10 min at room temperature. 

After this, the solution was centrifuged at 16,400 rpm for 20 min at 4 ºC (5417R, Eppendorf). The 

supernatant was removed, and the pellets were resuspended using 50 µL of reaction buffer.  

3.6 SDS-PAGE analysis  

SDS-PAGE was carried out according to Laemmli protocol (Laemmli, 1970) using 12% (10-well-

comb, 50 µL) MINI-PROTEAN TGX precast gels (Bio-Rad CA, USA). The precipitated samples 

were mixed with 6X loading buffer (6 mg/mL bromophenol blue, 120 mg/mL SDS and 92 mg/mL 

DTT in glycerol) and heated at 99°C for 10 min in a thermoblock (VWR PA, USA). 30 µL of each 
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sample were loaded into the wells. Precision plus protein unstained standard marker Bio-Rad (CA, 

USA) was used as molecular weight marker. The gels were running using 10X Tris/Glycine/SDS-

buffer (diluted 1:10 in double distilled H2O) at constant voltage of 50 mV for the first 30 min. 

Afterwards, the voltage was raised to 80 mV for 90 min more. The gels were stained as previously 

reported (González-González et al., 2012). First silver-stained for protein detection and then 

barium-iodine stained, for PEG visualization. 

3.7 Immunoaffinity ATPS optimization strategy   

A multilevel categorical design was carried out using StatGraphics18 Software (Statgraphics 

Technologies, Inc., 2017, The Plains, Virginia). A total of 27 combinations by duplicate of three 

TLLs (15% w/w, 20% w/w and 25% w/w) and three VRs (0.33, 1 and 3) were explored to determine 

the phase preference of the CD133/2-pure antibody when the parameters were varied. The 

combinations used to optimize the systems are summarized in Table 3. The final intention of this 

strategy was to manipulate the antibody partition to the desired phase. TLLs and VRs were chosen 

with the objective of determining the effect on the antibody partitioning when increasing (25 and 

3, respectively) and decreasing (15 and 0.33, respectively) these parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3. Materials and Methods  20 

 

 

Table 3. Experimental design used for ATPS optimization. 
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The general methodology followed in this research can be divide in 3 main steps. The first one 

involves the construction of the systems and the determination of the partitioning preference of 

the PEGylated antibody in them. The second includes the experimental design, the construction 

of the systems and the determination of the partitioning preference of the pure antibody in them. 

The third stage corresponds to the determination of the partitioning preference of the PEGylated 

antibody in the selected optimized systems. The methodology followed in this research is 

summarized in Figure 4. 

 

 

Figure 4. General methodology followed in this research. 
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4 Results 

All ATPS used in this research were chosen based on previous works done by our research group 

(González-González et al., 2014). This investigation was performed as an extension of those 

works, with the final objective of developing an effective methodology for the recovery of CD133+ 

stem cells from HUCB. 

4.1 PEGylation of CD133/2-biotin antibody 

In this project, PEGylation was suggested as a novel alternative to manipulate the partition of the 

antibody, taking advantage of the benefits offered by this reaction. The first step of this work was 

the characterization of the PEGylated CD133/2-biotin antibody. For this, the SDS-PAGE gels 

were silver-stained after electrophoresis to observe the protein profiles and then the same gel 

was stained with iodine-barium to observe PEG presence. The PEGylation of the CD133/2-biotin 

antibody was confirmed by overlapping virtually the stained gels and matching the protein and 

PEG bands.  

 

The protein and PEG banding profiles for each of the six different PEGylated CD133/2-biotin 

antibodies are shown in Figure 5. The non-PEGylated CD133/2-biotin antibody displayed two 

protein bands, one between 50 and 75 kDa and other at 25 kDa, which correspond to the heavy 

and light chains of the antibody (Figure 5A, lane 1). This same sample is not visualized with the 

iodine-barium staining (Figure 5B, lane 1), since there is no PEG in this sample. For each of the 

six PEGylated antibodies (Figure 5A, lanes 3-8), a band at approximately 15 kDa was displayed, 

which corresponds to the dissociated subunits of the streptavidin that did not reacted. Additionally, 

multiple protein bands higher than 75 kDa are visualized in these samples, which are presumed 

to be the PEGylated antibodies, given the higher molecular weight. PEGylated CD133/2-biotin 

antibody with NH2, SH, NHS, mPEG and mal PEGs showed three protein bands above 75 kDa 

(Figure 5A, lane 3,5,6,7 and 8, respectively) and these same bands are observed in the iodine-

barium stained gel, indicating presence of PEG bound to the protein (Figure 5B, lane 3,5,6,7 and 

8, respectively). In the case of COOH-PEG (Figure 5A and B, lane 4), just two protein bands 

were detected in both gels. To determine if this difference in profiles could influence the 

partitioning behavior of the PEGylated CD133/2-biotin antibody, its fractionation in the proposed 

ATPS was studied. 
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Figure 5. SDS–PAGE analysis of the different PEGylated CD133/2-biotin antibodies reactions. Silver 
staining (A) and I2–BaCl2 staining (B) of CD133/2-biotin 1.5µg (lane 1), PEGylated CD133/2-biotin 
NH2-PEG antibody (lane 3), PEGylated CD133/2-biotin COOH-PEG (lane 4), PEGylated CD133/2-
biotin SH-PEG (lane 5), PEGylated CD133/2-biotin NHS-PEG (lane 6), PEGylated CD133/2-biotin 
mPEG-PEG (lane 7), PEGylated CD133/2-biotin mal-PEG (lane 8), molecular weight marker Precision 
Plus Protein Unstained 1 µg (lane 10). 

4.2 Immunoaffinity ATPS strategy 

As mentioned before, separation of diverse molecules has been accomplished using ATPS. 

These systems exhibit many advantages over other methodologies, as their low ionic strength 

and high water content, allow a friendly environment for the separation of biomolecules, whole 

cells and even subcellular components (Benavides Lozano et al., 2011).  

 

ATPS are frequently used in combination with electrophoresis for the characterization of protein 

from biological samples. In this work, the strategy employed to determine the protein and PEG 

presence in each phase was previously reported by our group (González-González and Rito-

Palomares, 2015). The phase preference of the six PEGylated CD133/2-biotin antibodies in the 

selected polymer-polymer ATPS was evaluated in 12% polyacrylamide gels and the protein 

presence was detected using silver staining (Figure 6). 

(A) (B) 
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Figure 6. Partitioning preference of the PEGylated CD133/2-biotin antibody with the different PEGs 
(NH2, COOH, NHS, SH, mPEG, mal) in the three-proposed polymer-polymer ATPS with TLL 20% and 
VR=1. Top phase (T) and bottom phase (B). 

Since the phase-forming polymers react in iodine-barium staining, the determination of the 

partition was made only by observing the protein using the silver staining.  

 

As shown in Figure 6, in Ficoll-DEX systems, the PEGylated antibody was equally partitioned to 

both phases when NH2, NHS, SH and mPEG PEGs were used, while with COOH and mal PEGs 

a notable preference for the bottom phase is observed. On the other hand, in PEG-DEX systems, 

the PEGylated antibody was partitioned equally to both phases when COOH, SH and mPEG 

PEGs were used. However, when NH2, NHS and mal PEGs were used a higher fractionation 

preference of the antibody to the bottom phase was observed. Ucon-DEX systems showed a 

higher antibody partitioning to the bottom phase in all the systems. The results of this step are 

summarized in Table 3. It is important to highlight that Ucon-DEX system showed a beneficial 

change in the partitioning preference with respect to the non-PEGylated antibody. This antibody 

was partitioned 100% to the bottom phase in previous studies (González-González et al., 2014), 
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meanwhile the PEGylated antibody changed its partition to both phases. Nevertheless, the results 

are still insufficient for the purposes of this research, so an optimization step was implemented. 

 

Table 4. PEGylated CD133/2-biotin antibody partition behavior in the proposed ATPS. The letters 
(T and B) symbolize top and bottom phase respectively. The check mark (✓) indicates the 

presence of antibody in each phase. The size of the check mark indicates the abundance of 
antibody partitioned in each phase. 

 
Ficoll 400,000 – 

DEX 70,000 

Ucon –   

 DEX 75,000 

PEG 8,000 – 

 DEX 500,000 

 T B T B T B 

NH2 ✓ ✓ ✓ ✓ ✓ ✓ 

COOH ✓ ✓ ✓ ✓ ✓ ✓ 

NHS ✓ ✓ ✓ ✓ ✓ ✓ 

SH ✓ ✓ ✓ ✓ ✓ ✓ 

mPEG ✓ ✓ ✓ ✓ ✓ ✓ 

mal ✓ ✓ ✓ ✓ ✓ ✓ 

 

4.4 Immunoaffinity ATPS optimization strategy 

The optimization strategy consisted in performing a multilevel categorical design analysis. All 

systems were prepared using the non-PEGylated antibody due to cost constrains, but the 

promising systems were further tested with the PEGylated antibody to corroborate the results. 

 

27 immunoaffinity ATPS by duplicate were constructed to vary two variables that affect the 

partitioning in ATPS (Benavides Lozano et al., 2011): TLL (15%, 20% and 25% w/w) and VR (0.33, 

1 and 3). All systems were theoretically carried out considering their inclusion into the biphasic 

zone of the binodal curve. The partitioning behavior of CD133/2-pure antibody in the diverse 

systems is shown in Figure 7.  
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Figure 7. Partition behavior of CD133/2-pure antibody in the different constructed ATPS for the 
optimization strategy. The black bar under the gel indicates the systems that were selected to be 
tested with the six different PEGylated CD133/2-biotin antibodies. Top phase (T) and bottom phase 
(B). 

 

Although theoretically all systems were above the binodal curve, in the case of Ficoll-DEX 

systems with TLL 15% w/w phases were not formed, as this TLL is close to the limit. In Ficoll-

DEX systems with TLL 20% or 25%, the antibody showed a similar phase preference, partitioning 

to both phases. In the case of PEG-DEX with VR 3 and TLL 15% or 20% w/w, the antibody 

presented higher preference to the top desired phase. Meanwhile in the other PEG-DEX systems 

the antibody did not exhibit any change, showing equal preference to both phases. Finally, the 

Ucon-DEX systems with TLL 15% or 20% w/w exhibited a favorable gradual shift of the antibody 

from the bottom phase (VR=0.33) to having greater preference for the top phase (VR=3). In the 

other systems, the antibody was totally partitioned to the bottom. All the results of the 

immunoaffinity ATPS optimization are summarized in Table 4.  
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Table 5. CD133/2-pure antibody partition behavior in multilevel categorical design analysis. The 
letters (T and B) symbolize top and bottom phase respectively. The check mark (✓) indicates the 

presence of antibody in each phase. The size of the check mark indicates the abundance of 
antibody partitioned in each phase. The boxes with an underlined check mark (✓) highlight the 

systems that show a partition behavior with potential to be used with umbilical cord blood 
samples for CD133+ stem cell recovery. 

 

TLL 15% w/w  20% w/w 25% w/w 

VR 0.33 1 3 0.33 1 3 0.33 1 3 

Phase T B T B T B T B T B T B T B T B T B 

A
T

P
S

 

Ficoll 400,000- 

DEX 70,000 
Unformed Systems ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

PEG 8,000- 

DEX 500,000 
✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Ucon- 

DEX 75,000 
 ✓ ✓ ✓ ✓ ✓  ✓ ✓ ✓ ✓ ✓  ✓  ✓  ✓ 

 

 

In the next step, the optimized ATPS that showed a favorable partition preference of the CD133/2-

pure antibody were selected to be further tested with the six different PEGylated CD133/2-biotin 

antibodies. The chosen systems were: PEG 8,000-DEX 500,000 TLL 15% with VR 3, PEG 8,000-

DEX 500,000 TLL 20% with VR 3, Ucon-DEX 75,000 TLL 15% with VR 3, and Ucon-DEX 75,000 

TLL 20% with VR 3. According to the results (Figure 8), all PEGylated CD133/2-biotin antibodies 

tested in the selected optimized systems exhibited a similar partitioning behavior to the non-

optimized systems. They were partitioned to both phases but showing higher preference to the 

bottom phase. Thus, a partitioning difference was observed when using CD133/2-pure antibody 

versus PEGylated CD133/2-biotin antibody in the selected optimized polymer-polymer ATPS in 

which the pure antibody had a preference for the top phase. The results of this step are 

summarized in Table 5. 
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                     PEG 8,000-DEX 500,000                                       Ucon-DEX 75,000 

 

Figure 8. PEGylated CD133/2-biotin antibody partition behavior in the selected optimized 
immunoaffinity ATPS. All systems were constructed with VR 3. Top phase (T) and bottom phase (B). 
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Table 6. PEGylated CD133/2-biotin antibody partition behavior in the selected optimized 
immunoaffinity ATPS. The letters (T and B) symbolize top and bottom phase respectively. The 
check mark (✓) indicates the presence of antibody in each phase. The size of the check mark 

indicates the abundance of antibody partitioned in each phase. 

 

A
T

P
S

 
Activated  

PEG 

TLL 15% w/w TLL 20% w/w 

VR 3 VR 3 

T B T B 

P
E

G
 8

,0
0

0
- 

D
E

X
 5

0
0

,0
0

0
 

NH2 ✓ ✓ ✓ ✓ 

COOH ✓ ✓ ✓ ✓ 

SH ✓ ✓ ✓ ✓ 

NHS ✓ ✓ ✓ ✓ 

mPEG ✓ ✓ ✓ ✓ 

mal ✓ ✓ ✓ ✓ 

U
c

o
n

- 

D
E

X
 7

5
,0

0
0
 

NH2 ✓ ✓ ✓ ✓ 

COOH ✓ ✓ ✓ ✓ 

SH ✓ ✓ ✓ ✓ 

NHS ✓ ✓ ✓ ✓ 

mPEG ✓ ✓ ✓ ✓ 

mal ✓ ✓ ✓ ✓ 
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5. Discussion  

Meanwhile the underlying mechanism of the partition behavior of molecules in ATPS is still 

unclear, the interest in implementing these systems for stem cells recovery has significantly 

increased in the last years. In this study, the PEGylation with six activated PEGs and an 

optimization strategy were proposed to manipulate the partitioning phase preference of the 

antibody in three previously studied immunoaffinity polymer-polymer ATPS, with the aim of 

developing a CD133+ stem cell recovery platform.  

 

5.1 PEGylation of CD133/2-biotin antibody 

As mentioned before, non-PEGylated CD133/2-biotin antibody presented two protein bands, one 

between 50 and 75 kDa and the other at 25 kDa. This two bands correspond to the heavy and 

light CD133/2-biotin antibody chains, respectively. After PEGylation reaction, the molecular 

weight of the antibody increases, so bands with higher molecular weight are expected. In this 

research, two main profiles after PEGylation were observed: COOH presented two bands higher 

than 75 kDa and for the rest of the PEGs three bands. In a previous study (González-González 

et al., 2012), the PEGylation of the CD133/2-biotin antibody with PEG-NH2 was reported, and the 

same three bands higher than 75 kDa in the PEGylation profile were obtained. In the present 

study, another five PEGs with different activated terminations were PEGylated to compare their 

profile in polyacrylamide gels and to determine if this activation could also affect in the partition 

profile of the PEGylated antibody. 

 

The two different PEGylation patterns observed in this work can be attributed to the difference in 

structure (Figure 9) and partial charge each activated PEG presents. At neutral pH, PEG-COOH 

tends to be deprotonated, resulting in a partial negative charge. PEG-NH2, is protonated, with a 

partial positive charge. In the case of PEG-mal, the presence of hydrogen and the double bond 

generates a resonance effect with a negative partial charge. The other PEGs (SH, NHS and 

mPEG) do not have a charge at this pH. Because migration in electrophoresis is mainly governed 

by electric charge and molecular weight of the molecule, the observed profiles can be explained 

by one of these phenomena or the combination of them. 
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Figure 9. Molecular structure of the six biotinylated PEGs used for CD133/2-biotin antibody 
PEGylation. 

 

5.2 Immunoaffinity ATPS strategy 

In this project, the partitioning behavior of the PEGylated CD133/2-biotin antibodies was 

compared with the ones obtained for the CD133/2-pure antibody by González-González in 2015 

to determinate if PEGylation can induce an effect in the partitioning of CD133/2-biotin antibody. 

Additionally, the fractionation profile of six activated PEGs was also studied to evaluate if this 

activation site affected the partitioning. 

 

First, when comparing the partitioning profile of the pure versus the PEGylated CD133/2-biotin 

antibody, a difference was detected in the Ucon-DEX system, where it was achieved to 

manipulate the partitioning preference of the antibody from the bottom phase to having presence 

in both phases. Thus, it was demonstrated that the PEGylation induced a significant change in 

the partitioning of the antibody in the studied ATPS. 

 

When analyzing the results obtained for the partitioning of the six PEGylated antibodies, variations 

in the abundance of the PEGylated antibody to both phases were detected for some cases. These 
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results can be explained since intrinsic characteristics of the antibody including superficial net 

charge, influence the partitioning in ATPS (Benavides Lozano et al., 2011). For example, in Ficoll-

DEX systems, COOH and mal PEGs showed a higher bottom phase preference. This can be 

attributed to the negative partial charge that these PEGs exhibit at the studied pH (7.4), which 

enhances their partitioning to the less hydrophobic DEX-rich phase. On the other hand, the other 

PEGs with positive neutral charges at this pH, partitioned equally to both phases.  

 

CD133 antibody belongs to the family of immunoglobulins G (IgGs), it has a high molecular weight 

(approximately 100 kDa) and low surface hydrophobicity. Because of that, the antibody presents 

a positive character at the worked pH and tends to be partitioned towards the more hydrophilic 

phase (DEX-rich bottom phase in all the systems) (Rosa et al., 2007). On the other hand, PEG is 

a molecule that has hydrophobic character. For this reason, PEGylation increases the antibody’ 

hydrophobicity. This change in hydrophobicity could affect the partitioning of the antibody, 

increasing it towards the more hydrophobic phase [(Ficoll, Ucon or PEG)-rich top phase, 

respectively)]. The struggle between hydrophobic character of the PEG and hydrophilic character 

of the antibody could explain the partition towards both phases that was observed in multiple 

systems. 

 

Even though the PEGylation made it possible to induce a change in the partitioning preference of 

the PEGylated CD133/2-biotin antibody, it was not enough to justify the evaluation of this 

technique with HUCB sample and expect better results than the ones that have been reported 

employing ATPS. Thus, an optimization strategy was conducted to explore the effect of varying 

two crucial system’s variable: TLL and VR.  

 

5.3 Immunoaffinity ATPS optimization strategy 

Most of the mechanisms that govern the partition of molecules in ATPS are strongly related to the 

TLL and the VR (Benavides Lozano et al., 2011). Therefore, in this work the effect of the variation 

of these parameters in the three polymer-polymer systems was studied. The objective was to 

determine if a variation in these parameters can induce a change in the partition preference of 

the ligand and contribute to reach the objective of this investigation. Although theoretically all 

systems were above the curve, in the case of all Ficoll-DEX systems with TLL 15%, the biphasic 

system was not formed. This could be explained since this system is very close to the boundary 

that separates the two-phase formation zone from the monophasic region. 
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On the other hand, it was noted that when TLL 15% w/w or 20% w/w were tested, as the VR 

increased, the antibody partition also increased to the top phase. This effect could be explained 

by the free volume effect. This phenomenon indicates that the partitioning of solutes in the system 

is influenced by steric effects that are closely related to the free volume for the separation of the 

molecules (Sharma et al., 2017). In other words, this effect is due to the change in the available 

volume in each phase when the VR is varied. When a high VR is used, the free volume in the 

bottom phase decreases, forcing the molecules to partition to the top phase. When a lower VR is 

chosen the free volume in the top phase decreases, forcing the molecules to move to the bottom 

phase which has more space for them. However, in the case of TLL 25 this behavior was not 

observed. This can be explained because as the TLL increases, the phases are composed of 

higher concentrations of polymers (Asenjo and Andrews, 2012) and the partition to the more 

hydrophobic phase is hampered.  

 

According to the results, it was demonstrated that PEGylation can induce a significant effect in 

the partitioning behavior of the CD133/2-biotin antibody in the studied systems. The same way, 

the variation of TLL and VR demonstrated to be effective to manipulate partitioning in ATPS. A 

combination of these strategies showed to be a powerful tool to change antibody phase 

preference. However, further investigations are necessary to clarify all the parameters and 

mechanisms that affect the partition of antibodies in these systems and obtain an ideal system 

for the purposes of this work. 
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6 Conclusions and Perspectives  

ATPS demonstrated to be a suitable methodology for the isolation of a wide variety of bioproducts. 

This technique exhibits multiple advantages over others, including its simplicity of application, 

cost-effectiveness and scalability. Moreover, these biphasic systems have the adequate 

conditions (pH, osmolarity, temperature, etc.) for the isolation and partial purification of stem cells. 

However, its potential to achieve this goal has not been totally explored. In the present research, 

PEGylation and an optimization step were evaluated as an alternative strategy to change the 

partitioning behavior of CD133/2-biotin antibody in immunoaffinity polymer-polymer ATPS in route 

to establish a novel stem cell CD133+ bioseparation method. 

 

The results of this work demonstrate the effect of PEGylation in the partitioning behavior of 

CD133/2-biotin antibody, allowing to induce a change when Ucon-DEX system was used with 

respect with non-PEGylated antibody. In Ficoll-DEX and PEG-DEX systems, no favorable 

changes were observed, however it was demonstrated that PEGylation can be used as a strategy 

to change the phase preference of the CD133/2-biotin antibody.  

On the other hand, DOE also resulted to be a very effective strategy to change the phase 

preference of the CD133/2-pure antibody in the PEG-DEX and Ucon-DEX systems. The best 

systems were obtained when VR=3 was combined with TLL 15% w/w or 20% w/w in Ucon-DEX 

and PEG-DEX systems. After the optimization step, the partitioning behavior of the different 

PEGylated CD133/2-biotin antibodies in the optimized systems were also evaluated. All the 

PEGylated antibodies exhibited a similar partitioning behavior in the selected optimized ATPS, 

being partitioned towards both phases, but with a higher preference for the bottom phase. 

In summary, our results demonstrated the practical application of antibody PEGylation to induce 

changes in the partitioning of them in ATPS. The same way, the variation of parameters such as 

TLL and VR showed to be effective to optimize the systems. However, further studies are needed 

to elucidate the mechanism that governs the partitioning of antibodies in these systems and guide 

us to the ideal immunoaffinity ATPS system in which most of the antibody partitions to the 

contaminants free phase and justifies the evaluation of HUCB samples. 

 

According to the results observed in this work, in future research it is recommended to explore 

systems with low TLLs and high VRs to find one that meets the requirements for our purposes. In 

the same way, it is recommended to develop a methodology that allows the quantification of the 
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antibody partitioned in each phase, with the aim of being able to optimize the evaluated systems 

applying response surface methodology.  
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Abstract 18 

A short processing time and efficient scale-up stem cell isolation bioprocess is essential to exploit the 19 

potential of these cells for the treatment of multiple chronic diseases. In this work, the characterization and 20 

optimization of immunoaffinity aqueous two-phase systems, a liquid-liquid based separation technology 21 

enhanced with the PEGylation of the antibody, was conducted with the aim of increasing the specificity for 22 

the recovery of CD133+ stem cells from human umbilical cord blood samples.  23 

 24 

The methodology consisted in evaluating the partitioning of the different PEGylated antibodies (amine, 25 

carboxyl, thiol, succinimidyl ester, methoxy PEG and maleimide) in three previously studied aqueous two-26 

phase systems (ATPS); PEG-dextran (DEX), Ucon-DEX and Ficoll-DEX. Subsequently, an optimization 27 

step was accomplished to manipulate the partition behavior of the CD133/2-pure antibody to the desired 28 

phase in the selected systems by varying (increasing and decreasing) two parameters closely related with 29 

the partitioning of molecules in aqueous two-phase systems; tie-line length (TLL) and volume ratio (VR). 30 

Afterwards, the partitioning behavior of the six different PEGylated antibodies in the optimized systems 31 
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was tested. According to the results, the PEGylation of the CD133/2-biotin antibody induced a favorable 32 

change with respect to the non-PEGylated one when Ucon-DEX system was used, fractionating it to both 33 

phases. Likewise, the optimization of the systems showed to be effective to induce a change in the partition 34 

preference of the antibody. The best results were obtained when Ucon-DEX or PEG-DEX systems with 35 

TLL 15% w/w or 20% w/w with VR 3 were combined. Finally, PEGylated antibodies were added to the 36 

selected optimized systems. Even though a shift in the fractionation preference of the PEGylated CD133/2-37 

biotin antibody was achieved in the optimized systems, it was not the adequate partition to justify the 38 

evaluation of this immunoaffinity ATPS with human umbilical cord samples. Both PEGylation and 39 

optimization showed to be effective to induce a change in the partition preference of the antibody, however, 40 

further studies are required to find the optimal system composition that will fractionate 100% of the 41 

antibody to the contaminants opposite phase, making this system an ideal candidate to be tested for the 42 

selectivity of CD133+ stem cells. 43 

 44 

Introduction 45 

The development of a short processing time and efficient scale-up stem cell isolation bioprocess is crucial 46 

for both, industrial and health purposes. In clinical sense, the use of therapies based on stem cells seems to 47 

be a promising technology for the treatment of multiple chronic diseases such as amyotrophic lateral 48 

sclerosis, leukemia and cardiovascular diseases (González-González et al., 2014). The current methods for 49 

stem cell isolation exploit polarizability, hydrophobicity, net charge, size, density, affinity or adhesiveness 50 

characteristics of stem cells to separate them from the other components present in the sample matrix 51 

(González-González et al., 2012). These methodologies were classified by Gonzalez-Gonzalez in three 52 

different groups: isopycnic centrifugation, immunochemical and novel techniques. In the group of novel 53 

techniques, ATPS can be found. These systems are a liquid-liquid separation technology that have shown 54 

to be an effective alternative for the primary recovery and partial purification of multiple biological products 55 

(proteins, viruses, nucleic acids, virus-like particles, low-molecular-weight compounds and living cells) 56 

(Benavides Lozano et al., 2011). They are formed when two hydrophilic compounds such as polymers, 57 

salts or ionic liquids are combined at certain concentrations, resulting in the formation of two immiscible 58 

phases (Zaslavsky, 1994). The resulting phases have different electrochemical and hydrophobic 59 

characteristics, allowing the partition of biomolecules according to their intrinsic properties (Zimmermann 60 

et al., 2018). However, this systems lack specificity when there are small differences between the 61 

component of interests and the contaminants. In this sense, another strategy is needed to solve this problem. 62 

Immunoaffinity ATPS represent a variation of the classic ATPS, in which the use of antibodies is included 63 

to increase the selectivity of the ATPS by complementing its separation mechanism with affinity (González-64 

González and Rito-Palomares, 2015). These added ligands have the ability to bind to the particle of interest, 65 
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enhancing its partitioning into the phase to which the ligand has more affinity, ideally, to the opposite phase 66 

to which the contaminants are. Among surface markers expressed by stem cells, CD133 has acquired special 67 

interest in recent years. CD133 cell surface marker is a transmembrane glycoprotein with a molecular 68 

weight of 120 kDa (Shmelkov et al., 2005) which can be recognized by the CD133 antibody (Yin et al., 69 

1997). Recently, CD133+ cells have shown an enormous potential in the treatment of different neurological, 70 

cardiac, hematopoietic and musculoskeletal disorders (González-González et al., 2014). Novel approaches 71 

to separate this type of cells from umbilical cord blood using ATPS have been reported by Gonzalez-72 

Gonzalez (2014 and 2015). Nevertheless, specificity challenges encourage the implementation of other 73 

strategies. 74 

 75 

CD133/2-biotin antibody was introduced into the ATPS as a promising alternative to enhance its 76 

partitioning to the phase opposing the contaminants (desired phase) and become a suitable alternative for 77 

the separation of the CD133+ stem cells. In this sense, the present work proposed the PEGylation via biotin-78 

streptavidin interaction of the CD133/2 antibody as a strategy to affront this challenge. PEGylation is a 79 

reaction that consists in the union of polyethylene glycol (PEG) molecules to the particle of interest (Harris 80 

et al., 2001) to increase solubility and body residence. On the other hand, PEGylation allows to decrease 81 

degradation by enzymes and immunogenicity. This reaction was developed for the first time in 1970 by 82 

Abuchowsky. Since then its use and applications have increased, nowadays diverse PEGylated drugs are 83 

commercially available (Kang et al., 2009). Nevertheless, its implementation as an alternative to modify 84 

the partition of molecules in ATPS has not been exploited in its entirety. 85 

 86 

In this project, six different biotinylated PEGs [amine (NH2), thiol (SH), maleimide (mal), carboxyl 87 

(COOH), methoxy PEG (mPEG), and succinimidyl ester (NHS)] were PEGylated exploiting the specific 88 

interaction between biotin and streptavidin (Figure 1) and studied to determine their effect in the 89 

partitioning of the PEGylated CD133/2-biotin antibody. The main objective of this research was to identify 90 

an immunoaffinity ATPS constructed with PEGylated antibody that allow the fractionation of the 91 

PEGylated antibody to the top contaminants free phase. For this, the partition of the different PEGylated 92 

antibodies was tested in the previously reported polymer-polymer systems with high cell viability [PEG-93 

dextran (DEX), Ucon-DEX and Ficoll-DEX] (González-González et al., 2014; González-González and 94 

Rito-Palomares, 2015). Afterwards, an optimization step employing a multilevel categorical design of 95 

experiment (DOE) was implemented to explore the partition behavior of the CD133/2-pure antibody by 96 

varying tie-line length (TLL) and volume ratio (VR) of the selected ATPS. Lastly, the partitioning behavior 97 

of the different PEGylated antibodies were tested in the optimized systems. In further studies, the best 98 

optimized systems will be tested with HUCB samples.  99 
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Materials and Methods  100 

Human pure CD133/2 (clone 293C3 pure, catalogue number 130-090-851) and biotinylated CD133/2 101 

(clone 293C3-biotin, catalogue number 130-090-852) antibodies were purchased from Miltenyi Biotec 102 

GmbH (Bergisch Gladbach, Germany). DEX from Leuconostoc mesenteroides with an average molecular 103 

weight of 428,000 Da (DEX 500,000) and 64,000–76,000 Da (DEX 70,000 and DEX 75,000), PEG of 104 

8,000 Da (PEG 8,000), Ficoll of 400,000 Da (Ficoll 400,000), 10X phosphate buffered saline (PBS), silver 105 

nitrate (AgNO3), formaldehyde solution (36.5-38%) and perchloric acid (70%) were acquired from Sigma-106 

Aldrich Co. (MO, USA). Ucon 50-HB-5100 was provided by Hi-Chemicals, Mexico. Sodium carbonate, 107 

acetic acid, and sodium thiosulfate were acquired from JT Baker (Phillipsburg, NJ). The six biotinylated 108 

PEGs (NH2,COOH, SH, NHS, mPEG and mal) (molecular weight of 10 kDa) were purchased from Nanocs 109 

Inc. (NY, USA). Immunopure streptavidin was obtained from Thermo Scientific (IL, USA). Sodium 110 

dodecyl sulphate (SDS), dithiothreitol (DTT), 12% (10-well-comb, 50 µL) MINI-PROTEAN TGX precast 111 

gels, Tris electrophoresis reagent, precision plus protein unstained molecular weight standard from Bio-112 

Rad (CA, USA), and Tween 20 from Agdia Inc. (IN, USA).  113 

 114 

PEGylation of CD133/2-biotin antibody 115 

PEGylation reactions of CD133/2-biotin antibodies were carried out through the streptavidin–biotin 116 

interaction as previously reported by our group (González-González et al., 2012). For this reaction, 0.1 mg 117 

of streptavidin was mixed with 100 µL of reaction buffer (1X PBS with 0.05% Tween 20 pH 7.4) and then 118 

added with 100 µL of CD133/2-biotin antibody (molar ratio of 32:1). The resulting solution was incubated 119 

protected from light during 1 hour at room temperature. After this time, the solution was concentrated to 120 

15 µL using 0.5 mL Amicon centrifugal filters of 100 kDa (Millipore, USA). Subsequently, the solution 121 

was resuspended using 485 µL of reaction buffer and mixed with 500 µL of solution containing the different 122 

activated PEGs-biotin (NH2, COOH, SH, NHS, mPEG and mal) whit a molar ratio of 850:1. The final 123 

solution was incubated for 1 hour at room temperature in the dark to avoid light exposure. After this hour 124 

the PEGylated CD133/2-biotin antibodies were stored at 4 ºC until their utilization. 125 

 126 

Immunoaffinity ATPS strategy 127 

Different ATPS were selected based upon a previous work (González-González and Rito-Palomares, 2015) 128 

and constructed in 2 mL graduated centrifuge tubes with a total weight of 0.9 g. The systems were 129 

constructed by mixing predetermined quantities of stocks solutions (50% w/w PEG 8,000, 30% w/w DEX 130 

500,000, 40% w/w Ficoll 400,000 w/w, 40% w/w DEX 70,000, 42% w/w DEX 75,000 and 70% w/w Ucon). 131 

Three ATPS were explored to determine the partition behavior of the PEGylated antibodies; 5.6% PEG 132 
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8,000-7.5% DEX 500,000, 13.6% Ficoll 400,000-11.6% DEX 70,000 and 6.83% Ucon-8.23% DEX 75,000. 133 

All systems were performed with a TLL of 20% w/w and a VR of 1. ATPS used for the experimental design 134 

were done by combining adequate quantities of stock solutions to obtain the three different TLLs and VRs 135 

explored. In all cases, the solvent employed was PBS (pH 7.4, 154 mM NaCl) in order to maintain cell 136 

viability (González-González et al., 2012). Each ATPS was gently mixed for 15 min at 25 ºC (H5600-137 

Revolver, Labnet International Inc., NJ, USA). Afterwards, the phase separation was achieved by gravity 138 

at 25 ºC and the visual VR determination was accomplished before antibody addition. 139 

 140 

To construct the immunoaffinity ATPS, 100 µL of PEGylated CD133/2-biotin or CD133/2-pure antibodies 141 

were added to the previously formed ATPS systems, resulting in a final system weight of 1 g. The systems 142 

were mixed in a revolver (H5600-Revolver, Labnet International Inc., NJ, USA) for 15 min at room 143 

temperature. After that, they were allowed to settle to let the phases form at room temperature. Phases were 144 

separated by pipetting the top phase and then removing the interphase from the bottom phase. The 145 

methodology followed for this step is summarized in Figure 2. 146 

 147 

Antibody precipitation 148 

Antibody precipitation of ATPS phases was performed in order to concentrate and eliminate polymer 149 

interferences in sodium dodecyl sulphate-polyacrilamyde gel electrophoresis (SDS-PAGE) analysis using 150 

the Sakuma method with some modifications (Sakuma et al., 1987). Briefly, after the phase separation, the 151 

volume of this phase was doubled with a perchloric acid 0.4 M solution. This solution was vortexed for 10 152 

s and then incubated for 10 min at room temperature. After this, the solution was centrifuged at 16,400 rpm 153 

for 20 min at 4 ºC (5417R, Eppendorf). The supernatant was removed, and the pellets were resuspended 154 

using 50 µL of reaction buffer. 155 

 156 

SDS-PAGE analysis  157 

SDS-PAGE was carried out according to Laemmli protocol (Laemmli, 1970) using 12% (10-well-comb, 158 

50 µL) MINI-PROTEAN TGX precast gels (Bio-Rad CA, USA). The precipitated samples were mixed 159 

with 6X loading buffer (6 mg/mL bromophenol blue, 120 mg/mL SDS and 92 mg/mL DTT in glycerol) 160 

and heated at 99°C for 10 min in a thermoblock (VWR PA, USA). 30 µL of each sample were loaded into 161 

the wells. Precision plus protein unstained standard marker Bio-Rad (CA, USA) was used as molecular 162 

weight marker. The gels were running using 10X Tris/Glycine/SDS-buffer (diluted 1:10 in double distilled 163 

H2O) at constant voltage of 50 mV for the first 30 min. Afterwards, the voltage was raised to 80 mV for 90 164 
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min more. The gels were stained as previously reported (González-González et al., 2012). First silver-165 

stained for protein detection and then barium-iodine staining, for PEG visualization. 166 

 167 

Immunoaffinity ATPS optimization strategy   168 

A multilevel categorical design was carried out using StatGraphics18 Software (Statgraphics Technologies, 169 

Inc., 2017, The Plains, Virginia). A total of 27 combinations by duplicate of three TLLs (15% w/w, 20% 170 

w/w and 25% w/w) and three VRs (0.33, 1 and 3) were explored to determine the phase preference of the 171 

CD133/2-pure antibody when the parameters were varied. The combinations used to optimize the systems 172 

are summarized in Table 1. The final intention of this strategy was to manipulate the antibody partition to 173 

the desired phase. TLLs and VRs were chosen with the objective of determining the effect on the antibody 174 

partitioning when increasing (3 and 25, respectively) and decreasing (0.33 and 15, respectively) these 175 

parameters. 176 

 177 

The general methodology followed in this research can be divide in 3 main steps. The first one involves the 178 

construction of the systems and PEGylated antibody partitioning determination in them. The second 179 

includes the experimental design, the construction of the systems and the pure antibody partitioning 180 

determination in them. The third stage corresponds to the determination of the partitioning of the PEGylated 181 

antibody in the optimized systems. The methodology followed in this research is summarized in Figure 3. 182 

 183 

Results 184 

All ATPS used in this research, were chosen based on previous works done by our research group 185 

(González-González et al., 2014). This investigation was performed as an extension of those works, with 186 

the final objective of developing an effective methodology for the recovery of CD133+ stem cells from 187 

HUCB. 188 

 189 

PEGylation of CD133/2-biotin antibody 190 

In this project, PEGylation was suggested as a novel alternative to manipulate the partition of the antibody, 191 

taking advantage of the benefits offered by this reaction. The first step of this work was the characterization 192 

of the PEGylated CD133/2-biotin antibody. For this, the SDS-PAGE gels were silver-stained after 193 

electrophoresis to observe the protein profiles and then the same gel was stained with iodine-barium to 194 

observe PEG presence. The PEGylation of the CD133/2-biotin antibody was confirmed by overlapping 195 

virtually the stained gels and matching the protein and PEG bands.  196 

 197 
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The protein and PEG banding profiles for each of the six different PEGylated CD133/2-biotin antibodies 198 

are shown in Figure 4. The non-PEGylated CD133/2-biotin antibody displayed two protein bands, one 199 

between 50 and 75 kDa and other at 25 kDa, which correspond to the heavy and light chains of the antibody 200 

(Figure 4A, lane 1). This same sample is not visualized with the iodine-barium staining (Figure 4B, lane 201 

1), since there is no PEG in this sample. For each of the six PEGylated antibodies (Figure 4A, lanes 3-8), 202 

a band at approximately 15 kDa was displayed, which corresponds to the dissociated subunits of the 203 

streptavidin that did not reacted. Additionally, multiple protein bands higher than 75 kDa are visualized in 204 

these samples, which are presumed to be the PEGylated antibodies, given the higher molecular weight. 205 

PEGylated CD133/2-biotin antibody with NH2, SH, NHS, mPEG and mal PEGs showed three protein bands 206 

above 75 kDa (Figure 4A, lane 3,5,6,7 and 8, respectively) and these same bands are observed in the 207 

iodine-barium stained gel, indicating presence of PEG bound to the protein (Figure 4B, lane 3,5,6,7 and 208 

8, respectively). In the case of COOH-PEG (Figure 4A and B, lane 4), just two protein bands were detected 209 

in both gels. To determine if this difference in profiles could influence the partitioning behavior of the 210 

PEGylated CD133/2-biotin antibody, its fractionation in the proposed ATPS was studied. 211 

 212 

Immunoaffinity ATPS strategy 213 

As mentioned before, separation of diverse molecules has been accomplished using ATPS. These systems 214 

exhibit many advantages over other methodologies, as their low ionic strength and high water content, allow 215 

a friendly environment for the separation of biomolecules, whole cells and even subcellular components 216 

(Benavides Lozano et al., 2011).  217 

 218 

ATPS are frequently used in combination with electrophoresis for the characterization of protein from 219 

biological samples. In this work, the strategy employed to determine the protein and PEG presence in each 220 

phase was previously reported by our group (González-González and Rito-Palomares, 2015). The phase 221 

preference of the six PEGylated CD133/2-biotin antibodies in the selected polymer-polymer ATPS was 222 

evaluated in 12% polyacrylamide gels and the protein presence was detected using silver staining (Figure 223 

5). 224 

 225 

Since the phase-forming polymers react in iodine-barium staining, the determination of the partition was 226 

made only by observing the protein using the silver staining. As shown in Figure 5, in Ficoll-DEX systems, 227 

the PEGylated antibody was equally partitioned to both phases when NH2, NHS, SH and mPEG PEGs were 228 

used, while with COOH and mal PEGs a notable preference for the bottom phase is observed. On the other 229 

hand, in PEG-DEX systems, the PEGylated antibody was partitioned equally to both phases when COOH, 230 

SH and mPEG PEGs were used. However, when NH2, NHS and mal PEGs were used a higher fractionation 231 
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preference of the antibody to the bottom phase was observed. Ucon-DEX systems showed a higher antibody 232 

partitioning to the bottom phase in all the systems. The results of this step are summarized in Table 2. It is 233 

important to highlight that Ucon-DEX system showed a beneficial change in the partitioning preference 234 

with respect to the non-PEGylated antibody. This antibody was partitioned 100% to the bottom phase in 235 

previous studies (González-González et al., 2014), meanwhile the PEGylated antibody changed its partition 236 

to both phases. Nevertheless, the results are still insufficient for the purposes of this research, so an 237 

optimization step was implemented. 238 

 239 

Immunoaffinity ATPS optimization strategy 240 

The optimization strategy consisted in performing a multilevel categorical design analysis. All systems 241 

were prepared using the non-PEGylated antibody due to cost constrains, but the promising systems were 242 

further tested with the PEGylated antibody to corroborate the results. 243 

 244 

27 immunoaffinity ATPS by duplicate were constructed to vary two variables that affect the partitioning in 245 

ATPS (Benavides Lozano et al., 2011): TLL (15%, 20% and 25% w/w) and VR (0.33, 1 and 3). All systems 246 

were theoretically carried out considering their inclusion into the biphasic zone of the binodal curve. The 247 

partitioning behavior of CD133/2-pure antibody in the diverse systems is shown in Figure 6.  248 

 249 

Although theoretically all systems were above the binodal curve, in the case of Ficoll-DEX systems with 250 

TLL 15% w/w phases were not formed, as this TLL is close to the limit. In Ficoll-DEX systems with TLL 251 

20% or 25%, the antibody showed a similar phase preference, partitioning to both phases. In the case of 252 

PEG-DEX with VR 3 and TLL 15% or 20% w/w, the antibody presented higher preference to the top desired 253 

phase. Meanwhile in the other PEG-DEX systems the antibody did not exhibit any change, showing equal 254 

preference to both phases. Finally, the Ucon-DEX systems with TLL 15% or 20% w/w exhibited a favorable 255 

gradual shift of the antibody from the bottom phase (VR =0.33) to having greater preference for the top 256 

phase (VR =3). In the other systems, the antibody was totally partitioned to the bottom. All the results of 257 

the immunoaffinity ATPS optimization are summarized in Table 3.  258 

 259 

In the next step, the optimized ATPS that showed a favorable partition preference of the CD133/2-pure 260 

antibody were selected to be further tested with the six different PEGylated CD133/2-biotin antibodies. The 261 

chosen systems were: PEG 8,000-DEX 500,000 TLL 15% with VR 3, PEG 8,000-DEX 500,000 TLL 20% 262 

with VR 3, Ucon-DEX 75,000 TLL 15% with VR 3, and Ucon-DEX 75,000 TLL 20% with VR 3. According 263 

to the results (Figure 7), all PEGylated CD133/2-biotin antibodies tested in the selected optimized systems 264 

exhibited a similar partitioning behavior to the non-optimized systems. They were partitioned to both phases 265 
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but showing higher preference to the bottom phase. Thus, a partitioning difference was observed when 266 

using CD133/2-pure antibody versus PEGylated CD133/2-biotin antibody in the selected optimized 267 

polymer-polymer ATPS in which the pure antibody had a preference for the top phase. The results of this 268 

step are summarized in Table 4. 269 

 270 

Discussion  271 

Meanwhile the underlying mechanism of the partition behavior of molecules in ATPS is still unclear, the 272 

interest in implementing these systems for stem cells recovery has significantly increased in the last years. 273 

In this study, the PEGylation with six activated PEGs and an optimization strategy were proposed to 274 

manipulate the partitioning phase preference of the antibody in three previously studied immunoaffinity 275 

polymer-polymer ATPS, with the aim of developing a CD133+ stem cell recovery platform.  276 

 277 

PEGylation of CD133/2-biotin antibody 278 

As mentioned before, non-PEGylated CD133/2-biotin antibody presented two protein bands, one between 279 

50 and 75 kDa and the other at 25 kDa. This two bands correspond to the heavy and light CD133/2-biotin 280 

antibody chains, respectively. After PEGylation reaction, the molecular weight of the antibody increases, 281 

so bands with higher molecular weight are expected. In this research, two main profiles after PEGylation 282 

were observed: COOH presented two bands higher than 75 kDa and for the rest of the PEGs three bands. 283 

In a previous study (González-González et al., 2012), the PEGylation of the CD133/2-biotin antibody with 284 

PEG-NH2 was reported, and the same three bands higher than 75 kDa in the PEGylation profile were 285 

obtained. In the present study, another five PEGs with different activated terminations were PEGylated to 286 

compare their profile in polyacrylamide gels and to determine if this activation could also affect in the 287 

partition profile of the PEGylated antibody. 288 

 289 

The two different PEGylation patterns observed in this work can be attributed to the difference in structure 290 

(Figure 8) and partial charge each activated PEG presents. At neutral pH, PEG-COOH tends to be 291 

deprotonated, resulting in a partial negative charge. PEG-NH2, is protonated, with a partial positive charge. 292 

In the case of PEG-mal, the presence of hydrogen and the double bond generates a resonance effect with a 293 

negative partial charge. The other PEGs (SH, NHS and mPEG) do not have a charge at this pH. Because 294 

migration in electrophoresis is mainly governed by electric charge and molecular weight of the molecule, 295 

the observed profiles can be explained by one of these phenomena or the combination of them. 296 

 297 

 298 
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Immunoaffinity ATPS strategy 299 

In this project, the partitioning behavior of the PEGylated CD133/2-biotin antibodies was compared with 300 

the ones obtained for the CD133/2-pure antibody by González-González in 2015 to determinate if 301 

PEGylation can induce an effect in the partitioning of CD133/2-biotin antibody. Additionally, the 302 

fractionation profile of six activated PEGs was also studied to evaluate if this activation site affected the 303 

partitioning. 304 

First, when comparing the partitioning profile of the pure versus the PEGylated CD133/2-biotin antibody, 305 

a difference was detected in the Ucon-DEX system, where it was achieved to manipulate the partitioning 306 

preference of the antibody from the bottom phase to having presence in both phases. Thus, it was 307 

demonstrated that the PEGylation induced a significant change in the partitioning of the antibody in the 308 

studied ATPS. 309 

 310 

When analyzing the results obtained for the partitioning of the six PEGylated antibodies, variations in the 311 

abundance of the PEGylated antibody to both phases were detected for some cases. These results can be 312 

explained since intrinsic characteristics of the antibody including superficial net charge, influence the 313 

partitioning in ATPS (Benavides Lozano et al., 2011). For example, in Ficoll-DEX systems, COOH and 314 

mal PEGs showed a higher bottom phase preference. This can be attributed to the negative partial charge 315 

that these PEGs exhibit at the studied pH (7.4), which enhances their partitioning to the less hydrophobic 316 

DEX-rich phase. On the other hand, the other PEGs with positive neutral charges at this pH, partitioned 317 

equally to both phases.  318 

 319 

CD133 antibody belongs to the family of immunoglobulins G (IgGs), it has a high molecular weight 320 

(approximately 100 kDa) and low surface hydrophobicity. Because of that, the antibody presents a positive 321 

character at the worked pH and tends to be partitioned towards the more hydrophilic phase (DEX-rich 322 

bottom phase in all the systems) (Rosa et al., 2007). On the other hand, PEG is a molecule that has 323 

hydrophobic character. For this reason, PEGylation increases the antibody’ hydrophobicity. This change in 324 

hydrophobicity could affect the partitioning of the antibody, increasing it towards the more hydrophobic 325 

phase [(Ficoll, Ucon or PEG)-rich top phase, respectively)]. The struggle between hydrophobic character 326 

of the PEG and hydrophilic character of the antibody could explain the partition towards both phases that 327 

was observed in multiple systems. 328 

Even though the PEGylation made it possible to induce a change in the partitioning preference of the 329 

PEGylated CD133/2-biotin antibody, it was not enough to justify the evaluation of this technique with 330 

HUCB sample and expect better results than the ones that have been reported employing ATPS. Thus, an 331 
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optimization strategy was conducted to explore the effect of varying two crucial system’s variable: TLL 332 

and VR.  333 

 334 

Immunoaffinity ATPS optimization strategy 335 

Most of the mechanisms that govern the partition of molecules in ATPS are strongly related to the TLL and 336 

the VR (Benavides Lozano et al., 2011). Therefore, in this work the effect of the variation of these 337 

parameters in the three polymer-polymer systems was studied. The objective was to determine if a variation 338 

in these parameters can induce a change in the partition preference of the ligand and contribute to reach the 339 

objective of this investigation. Although theoretically all systems were above the curve, in the case of all 340 

Ficoll-DEX systems with TLL 15%, the biphasic system was not formed. This could be explained since 341 

this system is very close to the boundary that separates the two-phase formation zone from the monophasic 342 

region. 343 

On the other hand, it was noted that when TLL 15% w/w or 20% w/w were tested, as the VR increased, the 344 

antibody partition also increased to the top phase. This effect could be explained by the free volume effect. 345 

This phenomenon indicates that the partitioning of solutes in the system is influenced by steric effects that 346 

are closely related to the free volume for the separation of the molecules (Sharma et al., 2017). In other 347 

words, this effect is due to the change in the available volume in each phase when the VR is varied. When 348 

a high VR is used, the free volume in the bottom phase decreases, forcing the molecules to partition to the 349 

top phase. When a lower VR is chosen the free volume in the top phase decreases, forcing the molecules to 350 

move to the bottom phase which has more space for them. However, in the case of TLL 25 this behavior 351 

was not observed. This can be explained because as the TLL increases, the phases are composed of higher 352 

concentrations of polymers (Asenjo and Andrews, 2012) and the partition to the more hydrophobic phase 353 

is hampered.  354 

 355 

According to the results, it was demonstrated that PEGylation can induce a significant effect in the 356 

partitioning behavior of the CD133/2-biotin antibody in the studied systems. The same way, the variation 357 

of TLL and VR demonstrated to be effective to manipulate partitioning in ATPS. A combination of these 358 

strategies showed to be a powerful tool to change antibody phase preference. However, further 359 

investigations are necessary to clarify all the parameters and mechanisms that affect the partition of 360 

antibodies in these systems and obtain an ideal system for the purposes of this work. 361 
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 467 

 468 

Figure 1. Schematic representation of the PEGylation of CD133/2-biotin antibody through the biotin-streptavidin 469 

reaction. (1) CD133/2-biotin antibody, (2) streptavidin, (3) activated PEG, the letter X represents each of the six 470 

different activated PEGs used for the PEGylation reactions (NH2, COOH, SH, NHS, mPEG and mal), while the circle 471 

represents the biotin. 472 

 473 

 474 

 475 
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 476 

Figure 2. Simplified schematic representation of an immunoaffinity aqueous two-phase system separation process. 477 

The ATPS, formed by combining two polymers, are added with PEGylated (top) or non-PEGylated (bottom) CD133/2 478 

antibodies. The partitioning evaluation in each phase is accomplished. The box indicates the desired antibody partition 479 

preference for the present study.  480 

 481 
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 493 

Figure 3. General methodology followed in this research 494 

 495 
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 504 

 505 

 506 

Figure 4. SDS–PAGE analysis of the different PEGylated CD133/2-biotin antibodies reactions. Silver staining (A) 507 
and I2–BaCl2 staining (B) of CD133/2-biotin 1.5µg (lane 1), PEGylated CD133/2-biotin NH2-PEG antibody (lane 3), 508 
PEGylated CD133/2-biotin COOH-PEG (lane 4), PEGylated CD133/2-biotin SH-PEG (lane 5), PEGylated CD133/2-509 
biotin NHS-PEG (lane 6), PEGylated CD133/2-biotin mPEG-PEG (lane 7), PEGylated CD133/2-biotin mal-PEG 510 
(lane 8), molecular weight marker Precision Plus Protein Unstained 1 µg (lane 10). 511 

 512 

 513 

 514 

 515 

 516 

 517 
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 518 

Figure 5. Partitioning preference of the PEGylated CD133/2-biotin antibody with the different PEGs (NH2, COOH, 519 

NHS, SH, mPEG, mal) in the three-proposed polymer-polymer ATPS with TLL 20% and VR=1. Top phase (T) and 520 

bottom phase (B). 521 

 522 
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 526 

 527 
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 529 

Figure 6. Partition behavior of CD133/2-pure antibody in the different constructed ATPS for the optimization strategy. 530 

The black bar under the gel indicates the systems that were selected to be tested with the six different PEGylated 531 

CD133/2-biotin antibodies. Top phase (T) and bottom phase (B). 532 

 533 

 534 
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 538 

Figure 7. PEGylated CD133/2-biotin antibody partition behavior in the selected optimized immunoaffinity ATPS. 539 

Top phase (T) and bottom phase (B). 540 

 541 
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PEG 8,000-DEX 500,000 Ucon-DEX 75,000 
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 550 

Figure 8 . Molecular structure of the six biotinylated PEGs used for CD133/2-biotin antibody PEGylation 551 
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Table 1. Experimental design used for ATPS optimization 570 

 571 

 572 

 573 

 574 

 575 

 576 

 577 

 578 

 579 

 580 

 581 



Chapter 7. Manuscript.   63 

 

 

 582 

Table 2. PEGylated CD133/2-biotin antibody partition behavior in the proposed ATPS. The letters (T and B) 583 

symbolize top and bottom phase respectively. The check mark (✓) indicates the presence of antibody in each phase. 584 

The size of the check mark indicates the abundance of antibody partitioned in each phase.  585 

 
Ficoll 400,000 – 

DEX 70,000 

Ucon –    

 DEX 75,000 

PEG 8,000 – 

 DEX 500,000 

 T B T B T B 

NH2 ✓ ✓ ✓ ✓ ✓ ✓ 

COOH ✓ ✓ ✓ ✓ ✓ ✓ 

NHS ✓ ✓ ✓ ✓ ✓ ✓ 

SH ✓ ✓ ✓ ✓ ✓ ✓ 

mPEG ✓ ✓ ✓ ✓ ✓ ✓ 

mal ✓ ✓ ✓ ✓ ✓ ✓ 

 586 

 587 

 588 

 589 

 590 

 591 

 592 

 593 

 594 

 595 
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 597 

 598 
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 600 
Table 3. CD133/2-pure antibody partition behavior in multilevel categorical design analysis. The letters (T and B) 601 

symbolize top and bottom phase respectively. The check mark (✓) indicates the presence of antibody in each phase. 602 

The size of the check mark indicates the abundance of antibody partitioned in each phase. The boxes with an 603 

underlined check mark (✓) highlight the systems that show a partition behavior with potential to be used with 604 

umbilical cord blood samples for CD133+ stem cell recovery. 605 

 606 

TLL 15% w/w  20% w/w 25% w/w 

VR 0.33 1 3 0.33 1 3 0.33 1 3 

Phase T B T B T B T B T B T B T B T B T B 

A
T

P
S

 

Ficoll 400,000- 

DEX 70,000 
Unformed Systems ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

PEG 8,000- 

DEX 500,000 
✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Ucon- 

DEX 75,000 
 ✓ ✓ ✓ ✓ ✓  ✓ ✓ ✓ ✓ ✓  ✓  ✓  ✓ 

 607 

 608 

 609 

 610 

 611 

 612 

 613 

 614 

 615 

 616 

 617 

 618 

 619 

 620 
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 624 

 625 



Chapter 7. Manuscript.   65 

 

 

Table 4. PEGylated CD133/2-biotin antibody partition behavior in the selected optimized immunoaffinity ATPS. The 626 

letters (T and B) symbolize top and bottom phase respectively. The check mark (✓) indicates the presence of antibody 627 

in each phase. The size of the check mark indicates the abundance of antibody partitioned in each phase.  628 

A
T

P
S

 

Activated  

PEG 

TLL 15% w/w TLL 20% w/w 

VR 3 VR 3 

T B T B 

P
E

G
 8

,0
0

0
- 

D
E

X
 5

0
0

,0
0

0
 

NH2 ✓ ✓ ✓ ✓ 

COOH ✓ ✓ ✓ ✓ 

SH ✓ ✓ ✓ ✓ 

NHS ✓ ✓ ✓ ✓ 

mPEG ✓ ✓ ✓ ✓ 

mal ✓ ✓ ✓ ✓ 

U
c

o
n

- 

D
E

X
 7

5
,0

0
0
 

NH2 ✓ ✓ ✓ ✓ 

COOH ✓ ✓ ✓ ✓ 

SH ✓ ✓ ✓ ✓ 

NHS ✓ ✓ ✓ ✓ 

mPEG ✓ ✓ ✓ ✓ 

mal ✓ ✓ ✓ ✓ 
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8 Appendix 

8.1 Appendix A 

8.1.1 Abbreviations and acronyms  

 

Table A1. Abbreviations 

 Description 

AgNO3 Silver nitrate 

COOH Carboxyl 

DEX Dextran 

DTT Dithiothreitol 

IgGs Immunoglobulins G 

mal Maleimide 

mPEG Methoxy PEG 

NH2 Amine 

NHS Succinimidyl ester 

PEG Polyethylene glycol 

SH Thiol 
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Table A2. Acronyms 

 Description 

ATPS Aqueous two-phase systems 

CD Cluster of Differentiation 

DEX Dextran 

DOE Design of experiments 

FACS Fluorescence-activated cell sorting 

HUCB Human umbilical cord blood 

MACS Magnet-activated cell sorting 

PBS Phosphate buffered saline 

SDS-PAGE 
Sodium dodecyl sulfate 

polyacrylamide gel electrophoresis 

QMS Quadrupole magnetic cell sorter  

TLL Tie line-length 

UBC Umbilical cord blood 

VR Volume ratio 
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8.2 Appendix B 

8.2.1 Variables and Symbols 

 

Table A3. Variables and symbols 

Variable Description Units 

M Concentration moles/L 

rpm Speed revolution/min 

min time minutes 

s time seconds 
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8.3 Appendix C 

8.3.1 Conference presentations 

 

Presented 
 
Alonso Ornelas-González, Stefanie U. Reisenauer, Mirna González-González, Marco 

Rito-Palomares. “Sistemas de dos fases acuosas de inmunoafinidad como una estrategia 

novedosa para la recuperación primaria de células madre CD133+” 48° Congreso de 

Investigación y Desarrollo del Tecnológico de Monterrey. January 23-26, 2018. Monterrey, 

N.L, México. 

 

Alonso Ornelas-González, Stefanie U. Reisenauer, Mirna González-González, Marco 

Rito-Palomares. “Sistemas de dos fases acuosas de inmunoafinidad en ruta para 

establecer un proceso novedoso para la recuperación primaria de células madre CD133+ 

humanas” XXXIX Encuentro Nacional del AMIDIQ, May 01-04 2018. San José del Cabo, 

B.C.S, México. 

 

Accepted 

Alonso Ornelas-González, Stefanie U. Reisenauer, Mirna González-González, Marco 

Rito-Palomares3* “Immunoaffinity Aqueous Two-Phase Systems with PEGylated 

CD133/2-biotin antibody in route to stem cell separation” European Symposium on 

Biochemical Engineering Science (ESBES), September 9-12, 2018. Lisbon, Portugal. 
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8.4 Appendix D 

 8.4.1 Ethics Committee approval letter from Hospital Metropolitano Bernardo 

Sepúlveda 
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8.4.2. Ethics Committee approval letter from Escuela de Medicina y Ciencias de la 

Salud, Tecnológico de Monterrey 
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