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Abstract 

Viral particle purification is a challenge due to the complexity of the broth, the particle 

size, and the need to maintain virus activity. Aqueous two-phase systems (ATPSs) are a viable 

alternative for the currently used and expensive downstream processes. This work investigated 

the purification of two non-enveloped viruses, porcine parvovirus (PPV), and human rhinovirus 

(HRV) at various ATPS tie lines. A polyethylene glycol (PEG) 12kDa-citrate system at pH 7 was 

used to study the behavior of the partitioning on three different thermodynamic tie line lengths 

(TLLs). It was experimentally determined that increasing the TLL, and therefore increasing the 

hydrophobic and electrostatic driving forces within the ATPS, facilitated higher virus recoveries 

in the PEG-rich phase. A maximum of 79% recovery of infectious PPV was found at TLL 36 

w/w% and TL ratio 0.1. Increased loading of PPV was studied to observe the change in the 

partitioning behavior and similar trends were observed for two different TLs. Most contaminants 

remained in the citrate-rich phase at all the chosen TLLs, demonstrating purification of the virus 

from protein contaminates. Moderate DNA removal was also measured. Net neutral charged 

HRV was studied to demonstrate the effects of driving forces on neutrally charged viruses. HRV 

recovery trends remained similar to PPV on each TLL studied, but the values were lower than 

PPV. Recovery of viral particles in the PEG-rich phase of the PEG-citrate system utilized the 

difference in the surface hydrophobicity between virus and proteins and showed a direct 

dependence on the surface charge of each studied virus. The preferential partitioning of the 

relatively hydrophobic viral particles in the PEG-rich phase supports the hypothesis that both 

hydrophobic and electrostatic forces govern the purification of viruses in ATPS.  

 

 Keywords: ATPS, virus purification, hydrophobicity, surface charge, salting-out
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1. Introduction 
 

The large number of new vaccines and gene therapy vectors coming to market has 

spurred growth in viral particle manufacturing. Vaccine manufacturing growth is also shifting to 

India and China [1], providing an opportunity to redesign currently approved processes for 

traditional vaccines. Since industries have yet to achieve a platform virus particle process, as 

has been achieved with antibody manufacturing [2], new unit operations need to be considered 

for viral products that can provide virus stability, high yields, and increased purity. The ultimate 

goals are to increase throughput, reduce production cost, and to shift towards continuous 

processing.  

 Two key attributes are hindering the manufacturing of viral particles, scale-up difficulties 

and low yield. In the laboratory, ultracentrifugation produces high purity and high concentration 

viral stocks [3, 4]. However, this extremely manual process is time consuming and expensive. In 

addition, co-precipitation has made sedimentation processes discouraging to be used for large-

scale production of vaccines [5, 6].  

The current race to develop a robust, easy to scale up, environmentally friendly and 

continuous process has led to tremendous research in various chromatography methods for 

viral particles. Commonly used chromatography modes for virus and viral vector processing 

include size exclusion [7-9], affinity [10, 11] and ion exchange [12, 13]. Although 

chromatography is a widely used method for purification of other biomolecules, low dynamic 

binding capacities of large biomolecules reduces the throughput and yield [14, 15].  The 

purification of rhinovirus using anion-exchange chromatography (AEX) found that only a fraction 

of viral particles bound to the column, leading to a high purity but low recovery process [16]. It 

was also observed that two peaks of virus eluted from the column, suggesting either different 

sites on the virus binding to the column or different sites on the column binding with different 

strength to the virus [16]. Issues of yield need to be addressed prior to large scale 

manufacturing of these viral particles.  
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A few studies have shown a continuous viral downstream process. Most commonly, a 

continuous simulated moving bed (SMB) configuration is used [17, 18]. Cell culture-derived 

influenza virus was purified with a three column SMB arrangement and a productivity of 3.8 

times higher than batch mode was achieved [17]. However, the yield decreased from 80% in the 

batch mode to 70% in the SMB configuration and the purity decreased. A two column SMB 

chromatography system was used to purify adenovirus serotype 5 with size exclusion 

chromatography in a countercurrent configuration [18]. In this case, a higher yield was achieved 

in the SMB configuration (86%) as compared to batch mode (57%), with a 6-fold increase in the 

productivity. Although the integration of continuous chromatography is likely to reduce the 

overall cost and increase the productivity, the challenges pertaining to maintaining equipment 

robustness, sterility over long processing times, and real time process analytical technology 

(PAT) remain [19]. Due to these problems, the use of multiple columns still lack integration to 

the rest of the downstream processing units and is not currently used commercially [20].  

Aqueous two-phase systems (ATPS) are potential candidates for virus purification to 

shorten the number of unit operations needed in the downstream processing train and provide 

simple integration into a continuous process. Unlike other purification methods, ATPS is robust, 

environmentally friendly, inexpensive, easy to scale up and can be operated as a continuous 

process with short processing times [21]. ATPS involves mixing two aqueous solutions which 

produce two phases when present above a critical concentration. Water is the major constituent 

(>70 w/w%) of each phase. Contrary to the high cost of chromatography resins and specialty 

membranes, the inexpensive raw materials used in ATPS, along with lower processing time and 

energy consumption, makes it a potential method to trim the cost of production for any 

biotherapuetic product [22]. A previous study of penicillin acylase purification compared ion 

exchange chromatography with ATPS, concluding that ATPS not only reduced the unit 

operation number from 7 to 4 but also lowered the gross production cost by 37%. The findings 
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were obtained considering 100 times re-use of the resin [23]. ATPS provides a good alternative 

for integrating clarification and purification for a more efficient downstream process. 

Many types of ATPS have been developed to partition biomolecules. Examples include 

polymer/polymer [24], polymer/salt [25, 26], ionic liquid/salt [27, 28], and quaternary ammonium 

salt/salt [29] systems. The polymer/polymer system, typically polyethylene glycol (PEG) and 

dextran, is the classic ATPS. However, high viscosities, the expense of dextran, and the 

difficulty in polymer recycling led to the development of salt-containing systems. Polymer/salt 

systems have been extensively studied for protein purification [30-33]. But, there have been few 

studies on virus purification in ATPS. Some viruses and virus-like particles recovered by ATPS 

are shown in Table 1. Virus-like particles (VLPs) have been studied more often in ATPS to 

demonstrate a better downstream process for gene therapy vectors or subunit vaccines [25, 26, 

34]. VLPs mimic the viral surface immunogenicity but are void of genomes [35]. Maintaining the 

infectivity of viruses is one of the major challenges in the downstream processes. This 

difference can be seen in the higher VLP recoveries as compared to the lower recoveries of 

infectious virus (Table 1).  

ATPS have been run in continuous mode for the processing of protein products [39-41]. 

The relatively low viscosities and interfacial tension make the PEG-salt systems the preferred 

ATPS for scale up and continuous operation. Various methods to contact the two phases, such 

Table 1. Overview of virus and virus-like particles in PEG/salt ATPS 
 

Target Biomolecule System Recovery Reference 

Rotavirus-like particles PEG 400/phosphate 90% [26] 

HIV-VLP PEG 1500/sulfate 4.4* [34] 

Bacteriophage M13 PEG 400/ phosphate 83% [36] 

Bacteriophage T4 PEG 8000/phosphate 38% [37] 

Porcine parvovirus PEG 12000/citrate 64% [38] 

 
  *partition coefficient 
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as spray columns, perforated discs, pulsed cap columns, and conventional mixer-settlers have 

been suggested to perform continuous ATPS [39]. Mixer-settlers have successfully extracted 

monoclonal antibody (IgG1) [41] and an enzyme from spent yeast [40]. Some processing 

drawbacks such as flooding and backmixing have been identified [39]. But the problems are 

outweighed by the easy adaption of ATPS to continuous processes, as compared to 

chromatography. However, the complex partitioning mechanism of the biomolecules has 

averted the integration of ATPS at an industrial scale.  

Numerous theories on the mechanism of partitioning of biomolecules in ATPS have 

been proposed. The two leading theories are that the partitioning is, 1) highly dependent on the 

excluded volume [30, 42-44], or 2) a combination of hydrophobic and electrostatic interactions 

[38, 45-47]. The excluded volume theory suggests that the random distribution of PEG 

molecules results in a geometrically saturated solution, excluding biomolecules from the 

polymer-rich phase due to a lack of space available for the biomolecule to occupy [48]. On the 

other hand, the hydrophobic and electrostatic interaction theory argues that the partitioning of 

the biomolecules is the combined effect of the salting-out from the salt-rich phase and a 

hydrophobic driving force pulling the biomolecule into the more hydrophobic PEG-rich phase 

[45]. Our data demonstrated that high MW PEG increased virus partitioning to the PEG-rich 

phase which supports the hydrophobic and electrostatic theory of partitioning [38].   

The PEG and the salt composition and concentration control the hydrophobicity and 

electrostatics, respectively, in ATPS [49, 50]. High MW PEG stay more globular in solution than 

lower MW PEG, which are more linear in solution [49, 51]. Linear PEGs have more interaction 

with water and are better hydrated, whereas globular PEGs are less hydrated and therefore 

have more hydrophobic character. Unlike higher MW PEG, lower MW PEG have lower 

capabilities to provide multiple hydrophobic binding sites due to lower numbers of ethylene 

monomers [49]. For salts, the Hoffmeister series, which describes the hydration ability of 
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different ions, has been used to describe the effect of different salts in ATPS [38, 52]. A lower 

concentration of salt is required to form the two-phase region when multivalent salts are used as 

compared to monovalent salts [50], demonstrating the importance of ionic strength in the 

system. However, there are still many questions as to the driving forces within the ATPS that 

govern partitioning. Without a more systematic characterization of the two-phase region, ATPS 

will continue to have too many unknown variables that make it too risky to use in an FDA 

approved process.    

This study aimed to determine the effect of PEG and salt concentration on virus 

recovery. The model non-enveloped viruses used for this study were porcine parvovirus (PPV), 

a single stranded DNA virus with a diameter of 18-26 nm [53], and human rhinovirus (HRV), a 

single stranded RNA virus with a diameter of ~30 nm [54]. Both virues have icosahedral 

symmetry. Previous work had established that the PEG 12kDa-citrate system could recover 

PPV in the PEG-rich phase [38]. This particular study focused on tie line characterization and its 

effect on PPV and HRV recovery to create a stronger theory on the mechanism of partitioning 

for viral particles in ATPS. Tie lines are thermodynamic equilibrium points that form in the two-

phase region. Along a tie line, the system separates into phases that have the same 

concentration, but the volume ratio of the phases changes. This systematic evaluation of the 

two-phase ATPS space allowed us to understand the balance between the salting-out effect of 

the citrate-rich phase and the ability of the PEG-rich phase to pull the virus out of the interface 

and into the PEG-rich phase by hydrophobic interactions. It is difficult to recover biomolecules 

from the interface, so extracting as much virus into the PEG-rich phase was desired. There was 

a unique separation behavior observed at each tie line length (TLL). With a matrix containing 

TLL and tie line ratios, we were able to recover the majority of the infectious PPV in a PEG 

12kDa-citrate system with high purity. By comparing the PPV recovery to the HRV recovery, we 

were able to add to the understanding of viral particle driving forces in ATPS.  
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2. Materials & Methods  

2.1. Materials 

Eagle’s medium essential media (EMEM), sodium bicarbonate, phosphate buffered 

saline (PBS, pH 7.2), penicillin-streptomycin (10,0000 U/ml) and trypsin/EDTA for cell 

propagation were purchased from Life Technologies (Carlsbad, CA). Fetal bovine serum (FBS, 

Canada origin) was purchased from HyCloneTM GE Healthcare (Pittsburg, PA). 3-(4,5-dimethyl-

2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) was purchased from Alfa Aesar 

(Haverhill, MA) and sodium dodecyl sulfate (SDS) was purchased from VWR (Radnor, PA). 

Polyethylene glycol with an average molecular weight of 12000 (PEG 12kDa), trisodium citrate 

dihydrate (≥99%), anhydrous citric acid, and sodium phosphate dibasic heptahydrate (ACS 

reagent grade) were purchased from Sigma-Aldrich (St. Louis, MO). Sodium phosphate 

monobasic monohydrate (ACS reagent grade) was purchased from Fisher Scientific (Waltham, 

MA). All solutions were made with NANOpure water (Thermo Scientific, Waltham, MA) at a 

resistance of ≥18 MΩ and filtered with a 0.2 µm Nalgene (Thermo Scientific) bottle top filter prior 

to use. 

2.2 Methods 

2.2.1 Cell maintenance and virus titration 

 Porcine kidney cells (PK-13) and H1HeLa cells (HeLa), purchased from ATCC (CRL-

6489TM and CRL-1958™ respectively), were grown in EMEM supplemented with 1% 

penicillin/streptomycin. In addition, the PK-13 cell media was supplemented with 10% FBS and 

the HeLa cell media was supplemented with 5% FBS. The cells were incubated at 37°C, 5% 

CO2, and 100% humidity. PPV strain NADL-2 was a generous gift from Dr. Ruben Carbonell 

(North Carolina State University, Raleigh, NC), and was propagated in PK-13 cells, as 

described previously [55]. HRV-14 strain 1059 was purchased from ATCC (VR-284™) and 

propagated in HeLa cells. Briefly, HRV was infected at 0.001 MTT50/cell after 24 hours of HeLa 
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incubation at 70-80% confluency. The infected HeLa cells were incubated at 35°C for HRV 

propagation. The cell lysis was collected 5 days post-infection.  

The titer of PPV and HRV were found by the colorimetric MTT cell viability assay [56]. 

Briefly, 96-well plates were seeded with PK-13 or HeLa cells at a seeding density of 8x104 

cells/well. The cells were infected 24 hours post-incubation with PPV or HRV and serially diluted 

at a 1:5 ratio across the plate. PPV infected PK-13 cells were incubated at 37°C and HRV 

infected HeLa cells were incubated at 35°C. After six days, an MTT salt solution was added to 

each well and both cell lines were incubated at 37°C. This was followed by addition of an acidic 

SDS solubilization solution. The absorbance was recorded with a Synergy Mx microplate reader 

(BioTek, Winoski, VT) after 4-12 hours. The 50% infectious dose value of PPV and HRV was 

determined and reported in the units of MTT50/ml [55].  

 2.2.2 Construction of binodal curves and tie lines 

The binodal curve was generated using the turbidity method with appropriate stock PEG 

and citrate concentrations, as described earlier [38]. Briefly, systems were formed at high 

concentrations and diluted with water till the turbid systems turned clear.   

The tie lines were determined by conductivity measurements of the citrate-rich (bottom) 

phase using a VWR® sympHony™ conductivity meter (Radnor, PA), [50] and intrapolating the 

citrate compositions from a standard curve. The endpoints of the tie lines were determined by 

calculating the remaining amount of citrate in the PEG-rich (top) phase by completing a mass 

balance of the system. The tie lines were characterized by their tie line length (TLL), calculated 

as [57],  

𝑇𝑇𝑇𝑇𝑇𝑇 = �∆𝑥𝑥𝑃𝑃𝑃𝑃𝑃𝑃2 +  ∆𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2                                                          (1) 

where ΔxPEG is the concentration difference of PEG in the top phase and bottom phase and 
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Δxcitrate is the concentration difference of citrate in the top phase and bottom phase. Tie line 

ratios were calculated as  

 𝑇𝑇𝑇𝑇 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ (𝑇𝑇𝑇𝑇����)
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ(𝑆𝑆𝑆𝑆����)

                                       (2) 

where S is the system composition point, T is the top node, and B is the bottom node (see 

Figure 1). The volume ratios were calculated as 

𝑉𝑉𝑉𝑉 =
(𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)𝑡𝑡𝑡𝑡𝑡𝑡 𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎

(𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎
                         (3) 

After determining the tie lines, TLL 15, 25, 36 w/w% were chosen for the study of virus 

partitioning. ATPSs were made with stock solutions of 30 w/w% citrate and solutions ranging 

from 33-45 w/w% of PEG. Appropriate amounts of stock solutions, water and 0.1g of crude PPV 

were added to a microcentrifuge tube to complete a 1g system. All systems were mixed with a 

vortex mixer and the phase separation was carried out in an ST16R Centrifuge (Thermo 

Scientific, Pittsburg, PA) at ~12,300 xg at 21°C for 5 min. The recovery of PPV was calculated 

as  

% 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑉𝑉𝑃𝑃/𝐶𝐶 ∗ 𝑇𝑇𝑃𝑃/𝐶𝐶

𝑉𝑉𝑖𝑖∗ 𝑇𝑇𝑖𝑖 
∗ 100                                 (4) 

 
Figure 1. Binodal curve and tie lines. (A) Schematic illustration of ATPS showing binodal curve separating one-
phase region from the two-phase region and set of systems characterized by tie lines and TL ratios. (B) 
Experimentally determined binodal curve and tie lines for PEG 12kDa-citrate ATPS at pH 7. 
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where V is the volume of the PEG-rich phase (P), the citrate-rich phase (C) or the initial stock (i) 

and T is the titer of one phase expressed as log10 MTT50/ml [38]. The partitioning coefficient was 

calculated as  

𝐾𝐾 =  𝑉𝑉𝑃𝑃∗𝑇𝑇𝑃𝑃
𝑉𝑉𝐶𝐶∗𝑇𝑇𝐶𝐶

                  (5) 

2.2.3 Physical Properties of Systems 

 The refractive index of the extracted PEG-rich phases was measured with a Digital 

Brix/RI-Chek refractometer (Reichert Technologies, Depew, NY), with an accuracy of ±0.0002. 

Densities of the PEG-rich and citrate-rich phases were measured by weighing 1 ml of the phase 

using a calibrated pipette on a Mettler-Toledo analytical balance (Columbus, OH), with a 

readability up to 0.1 mg. 

 2.2.4 SDS-PAGE 

 The partitioning of the contaminant proteins in the crude lysate was measured using 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with a 4-12% Bis-Tris 

NuPage gel and NuPage MOPS running buffer (Life Technologies, Carlsbad, CA). 

BenchmarkTM protein ladder with a molecular weight range of 10-220 kDa (Life Technologies) 

was used as the marker. Samples were reduced using β-mercaptoethanol (Sigma-Aldrich, St. 

Louis, MO) at 7% concentration, and heated to 70°C for 10 min prior to loading onto the gel. 

The SDS-PAGE was run for 55 min at a constant 200 V. The gel was loaded at a constant 

volume so that concentrations of contaminating proteins could be compared. The gel was 

stained with the SilverXpressTM staining kit (Life Technologies, Carlsbad, CA).  

2.2.5 DNA quantification 

DNA content in the PEG-rich phase and citrate-rich phase was measured using the 

Quant-iTTM PicoGreen® dsDNA kit (ThermoFisher Scientific, Waltham, MA). The PEG-rich 
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phase and citrate-rich phase were diluted in water to have a final concentration of PEG and 

citrate as ≤1 w/w%. The host cell DNA in the crude lysate, PEG-rich and citrate-rich phase was 

measured, as per manufacturer’s instruction. The fluorescent activities (excitation: 480 nm and 

emission: 520 nm) of the samples were measured using a Synergy™ Mx microplate reader. 

DNA recovery was calculated similar to virus recovery as:  

 % 𝐷𝐷𝐷𝐷𝐷𝐷 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  𝐷𝐷𝐷𝐷𝐷𝐷 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑒𝑒𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑃𝑃/𝐶𝐶 ∗ 𝑉𝑉𝑃𝑃/𝐶𝐶 ∗ 𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷𝐷𝐷 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑖𝑖∗𝑉𝑉𝑖𝑖 ∗𝐷𝐷𝐷𝐷

∗ 100                                                   (6) 

Where V denotes volume of the PEG-rich phase (P), citrate-rich phase (C) or initial stock (i) and 

DF denotes the respective dilution factor.  

2.2.6 Dynamic Light Scattering (DLS)  

Virus aggregates at varying concentrations of citrate were measured by DLS with a 

Malvern Zetasizer Nano ZS (Westborough, MA). First, virus was dialyzed in Biotech cellulose 

ester 1000 kDa dialysis tubing (Rancho Dominguez, CA) at 4°C for two days with two buffer 

exchanges of 20 mM phosphate buffer at pH 7.0 (PB). Then, the dialyzed virus was further 

purified in an Econo-Pac 10DG desalting column (Hercules, CA). The fraction containing the 

highest titer was used to mix with sodium citrate solution at pH 7 to give different final 

concentrations of citrate or added to the citrate-rich phase after ATPS separation. The 

hydrodynamic diameter was measured and the aggregate ratio (AR) was calculated as:  

𝐴𝐴𝐴𝐴 = 𝐷𝐷𝐻𝐻,18−26𝑛𝑛𝑛𝑛
𝐷𝐷𝐻𝐻,>100𝑛𝑛𝑛𝑛

         (7) 

where DH,20nm is the maximum intensity of the peak at 18-26 nm (the virus intensity) and 

DH,>100nm is the maximum intensity of the aggregate peak, which was >100 nm and became 

larger as the concentration of citrate increased.  

3. Results 
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3.1. Model virus  

Porcine parvovirus (PPV) and human rhinovirus (HRV) were chosen as the model non-

enveloped viruses to study the partitioning in ATPS and key properties are shown in Table 2. 

PPV is a ssDNA virus that is approximately 18-26 nm in diameter [53]. PPV is a pathogenic 

agent that causes reproductive failure in swine populations [58, 59], and is a model for the 

human B19 parvovirus. The capsid of PPV is composed of three proteins, VP1, VP2, and VP3. 

VP2 is the major constituent (~80%) of the capsid [60]. Recently, a comparative study using 

computational and experimental methods showed that PPV [61] and a closely related murine 

parvovirus, MVM [62], are more hydrophobic than a panel of proteins. This significant difference 

in the surface hydrophobicity of PPV and contaminant proteins is an ideal driving force to 

develop new purification methods for viral particles. 

HRV is a ssRNA virus that is ~30nm in diameter, composed of VP1, VP2, VP3, and VP4 

capsid proteins [64, 66]. VP1, VP2, and VP3 are surface exposed antigenic proteins, whereas 

VP4 is present in the inside of the capsid and assists in anchoring the RNA inside the capsid 

[64]. HRV is one of the agents causing common cold and exacerbations of asthma in humans, 

with three main species, namely A, B, and C, and more than 100 serotypes identified [67-71]. 

Despite extensive research, there is no effective antiviral drug treatment for HRV infections [72]. 

This virus was used to show the effect of surface hydrophobicity at net neutral surface charge 

on virus partitioning in ATPS.  

Table 2. A brief description and comparison of the model viruses (PPV and HRV) 
Model Virus Genome Family Related Virus Isoelectric Point Size (nm) References 

Porcine Parvovirus 
(PPV) ssDNA parvoviridae B19, AAV 5.0 18-26 [60, 63] 

Human Rhinovirus 
(HRV) (+)ssRNA picornaviridae FMDV, Polio, 

Hep A 6.9 ~30 [64-66] 

B19: B19 parvovirus; AAV: adeno associated virus; FMDV: foot & mouth disease virus; Polio: poliovirus; Hep A:  hepatitis A 
virus  
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3.2. Binodal curves & tie lines 

The ATPS binodal phase diagram separates the homogeneous region from the two-

phase region, as shown in Figure 1A. Tie lines were generated to study systems containing the 

same concentrations of each component in the PEG-rich and citrate-rich phases. Tie lines are 

thermodynamic equilibrium states in the two-phase region, representing a unique value of 

Gibb’s free energy [57, 73]. An increase in the TLL (Eq. 1) increases the Gibb’s free energy, 

which correlates to the thermodyanmic driving force [73] and results in higher PEG and salt 

concentrations in each phase. Additionally, an increase in TLL also provides elevated 

hydrophobic interaction from the PEG-rich phase and effective salting-out of proteins from the 

salt-rich phase [74]. Increasing the TLL is hypothesized to provide a larger hydrophobic driving 

force for the partitioning of PPV and HRV into the PEG-rich phase. 

Each system composition is represented by a tie line (TL) ratio (Eq. 2). The TL ratio is 

the ratio of a length of the segment from the system point to the top node divided by the length 

of the segment from the system point to the bottom node of that tie line [57]. The phase volumes 

change as the TL ratio changes, as shown in Figure 1A. 

Earlier studies have shown that a PEG 12kDa-citrate system was able to separate and 

recover 64% of infectious PPV [38]. This is a higher MW of PEG than typically studied in PEG-

salt ATPS. Although higher MW causes an increase in viscosity and interfacial tension [75, 76], 

it also elevates the hydrophobic driving force in the PEG-rich phase, which increased the virus 

recovery [38]. Hence, it was decided to study the PPV purification at varying tie lines in the PEG 

12kDa-citrate system to better understand the effect of PEG and citrate concentration on virus 

recovery.  

Several groups have generated binodal curves for polymer/salt systems [38, 77-80]. The 

phase diagram was experimentally determined for the PEG 12kDa-citrate system and can be 

seen in Figure 1B. Refractive index and density were also used to confirm the tie lines (see 
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Table S1 and S2). The densities of the PEG-rich phases of systems did not differ much with an 

increasing TLL. On the other hand, the densities of the citrate-rich phases showed a significant 

increase with the TLL. Refractive index of the PEG-rich phases increased linearly with TLL.The 

binodal curve generated was similar to previous work [38] and the tie lines determined were 

parallel, as expected, and are also shown in Figure 1B. The tie lines had an average slope of -

1.6 ± 0.2. The PEG concentrations in the PEG-rich phase was measured by generating a 

standard curve (Table S3). The measured PEG concentrations showed a slight deviation from 

the previously determined tie lines using conductivity method. However, the standard curve was 

generated without adding citrate salt, which is present when two-phase systems are formed. 

Any system composition on a given tie line separates into the same respective PEG and salt 

compositions [57], only the volume ratio changes of each system. The TL ratios were indirectly 

proportional to the volume ratios (Eq. 3), as shown in Table 3 thus suggesting an increase in 

the TL ratio will decrease the volume ratio.  

3.3. Effect of tie lines & tie line length ratios 

Table 3. Comparison of TL ratio (Eq. 2) and volume ratio (Eq. 3) 
 

System Composition TLL  
(w/w%) TL ratio Volume ratio PEG Conc. 

(w/w%) 
Citrate Conc. 

(w/w%) 
30.0 6.4 

36 

0.1 7.7 

15.0 14.0 1.2 0.9 

10.0 16.5 2.3 0.4 

18.5 7.5 

25 

0.1 3.7 

10.3 13.2 1.0 0.5 

6.2 16.0 2.3 0.3 

13.7 7.5 

15 

0.1 0.8 

7.4 11.8 1.0 0.4 

4.6 13.6 2.3 0.3 
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Three TLLs and at least three TL ratios were chosen to study the recovery of PPV and 

HRV with respect to phase composition and phase volume. The system matrix also explored the 

effect of phase composition changes on the partitioning behavior of contaminants, in particular 

host-cell proteins and DNA.  

     The shortest TLL studied was 15 w/w%. TLL 15 w/w% contained the lowest 

concentration of PEG and citrate of those tested. The lower compositions have relatively low 

hydrophobic interaction from the PEG-rich phase and low salting-out effect from the citrate-rich 

phase. It was observed that PPV highly partitioned to the citrate-rich phase and very little PPV 

was recovered in the PEG-rich phase, as shown in Figure 2 A&B. Recoveries in the citrate-rich 

 
Figure 2. PPV recovery in the PEG-rich phase (left column) and the citrate-rich phase (middle column) at 
different TLL. SDS-PAGE (right column) of marker (M), starting PPV (S), the PEG-rich phase (P), and the citrate-
rich phase (C) at different TLL and TL ratios. The starting titer was 6.5 MTT50/ml. Experiments were done in 
triplicate and the error bars represent the standard deviation. 



17 
 

phase started at 100% at TL ratio 0.1 and decreased to 20% at TL ratio 2.3. Irrespective of the 

TL ratio, the contaminant proteins partitioned to the citrate-rich phase, as shown in Figure 2C. 

The PPV concentration is too low to be seen on an SDS-PAGE. Since there was not enough 

preferential partitioning of the PPV particles to the PEG-rich phase, the lower TLL is not suitable 

for the purification of PPV. 

To increase the driving forces (i.e. salting-out of the citrate and hydrophobic interaction 

of the PEG) and obtain higher recovery of the viral particles in the PEG-rich phase, systems on 

TLL 25 w/w% were studied. As shown in Figure 2D, the PPV recovery in the PEG-rich phase 

increased almost linearly with the TL ratio. A maximum of 52% PPV was recovered in the PEG-

rich phase at TL ratio 2.3. This corresponded to a decrease in recovery in the citrate-rich phase 

as the TL ratio increased (Figure 2E). However, the recoveries in the citrate-rich phase 

remained low at <30%. The remainder of the viral particles are likely aggregated at the interface 

or have been rendered noninfectious by the system and are not recoverable, as stated 

previously [38]. It is most likely that the virus has been trapped at the interface, since we do 

obtain high recoveries at TLLs with both increased and decreased concentrations of PEG and 

citrate.  

Most of the contaminant proteins partitioned to the citrate-rich phase, as shown in 

Figure 2F. One contaminant protein partitioned along with PPV in the PEG-rich phase for TLL 

25 w/w%, as seen by the band between 50 and 60 kDa. The decreasing band intensity with an 

increase in the TL ratio was observed in the citrate-rich phase, the cause of which might be the 

decreasing concentration of the proteins with an increasing volume of the citrate-rich phase, i.e. 

the citrate is diluting the protein. TLL 25 w/w% provided a better driving force for the preferential 

partitioning of PPV to the PEG-rich phase than TLL 15 w/w%. 

The highest TLL studied was TLL 36 w/w%.  It was hypothesized that higher recoveries 

in the PEG-rich phase depended on increasing the driving forces of salting-out from the citrate-



18 
 

rich phase and the attractive interaction from the relatively hydrophobic PEG-rich phase. TLL 36 

w/w% had the highest concentration of both PEG and citrate studied, and therefore, the highest 

driving force tested. It was observed that with an increasing TL ratio, the recoveries showed a 

declining trend in the PEG-rich phase for TLL 36 w/w% (Figure 2G). On the contrary, the 

citrate-rich phase was almost void of PPV for all TL ratios studied for TLL 36 w/w% (Figure 2H). 

A maximum of 79% PPV was recovered in the PEG-rich phase at TL ratio of 0.1. As 

demonstrated for the other tie lines, the contaminate proteins partitioned to the citrate-rich 

phase (Figure 2I). One band between 50 & 60 kDa was observed in the PEG-rich phase similar 

to TL ratio 25 w/w%. Overall, higher recoveries were observed at TLL 36 w/w% than at TLL 25 

w/w% for TL ratios <1. This is likely due to the high PEG concentration in the higher TLL, which 

provides a more suitable environment for PPV recovery. The DNA concentration was measured 

in the PEG-rich phase and citrate-rich phase to determine the partitioning of DNA at TLL 25 

w/w% and 36 w/w%. At both the TLL studied, DNA was salted out of the citrate-rich phase 

(Table 4), demonstrated by recoveries less than 24% in the citrate-rich phase. On the other 

hand, the PEG-rich phase had an average of 24% of the initial stock host cell DNA at the lower 

TL ratio. The DNA recovery dropped for the higher TL ratio. Overall, the salted-out DNA 

appears to partition at the interface and is not recovered in the PEG-rich phase. This is similar 
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to what has been seen for partitioning of DNA in ATPS [81]. This demonstrates that ATPS has 

some DNA removal capability, but it is not a large DNA reducing step.  

Similar studies were performed with HRV to determine the effect of viral surface charge 

on the partitioning and recovery of the virus. The recovery of HRV in the PEG-rich phase on TLL 

15 w/w% remained low, almost 0% (Figure 3A). This low recovery was similar to PPV for TLL 

15 w/w%. At the increased TLL of 25 w/w%, the HRV recovery increased to between 11 and 

21%, depending on the TL ratio. Furthermore, TLL 36 w/w% provided an even stronger driving 

force where the recovery of HRV increased to 36% at TL ratio 0.3 (Figure 3A). The recovery of 

the HRV in the PEG-rich phase showed an opposite trend on TLL 25 w/w% and 36 w/w%. This 

trend was similar to the PPV behavior at the same TLLs, as shown in Figure 2D&G. Also, the 

HRV titers were almost identical to the PPV titers in the PEG-rich phase for all the systems 

studied (Table S4) suggesting that the highly hydrated citrate ions dehydrate the HRV surface 

which promotes the hydrophobic interaction of PEG-rich phase and dehydrated viral surface. 

The citrate-rich phase titers were strongly affected by the presence of citrate in the 

samples. This is clearly seen in the citrate-rich phase recoveries, where the recoveries at TLL 

15 w/w% and 25 w/w% were more than 150% at TL ratios >1. These high titers, which then 

resulted in high recoveries in the citrate-rich phase, were likely due to the interaction of the cells 

Table 4. Host cell DNA recoveries in the PEG-rich phase and citrate-rich phase as a function of TLL 
and TL ratio 

 
TLL 

(w/w%) 
TL 

ratio 
PEG-rich phase 

recovery (%) 
Citrate-rich phase 

recovery (%) 

25 
0.1 25 ± 1 24 ± 0 

2.3 5 ± 3 21 ± 9 

36 
0.3 22 ± 22 22 ± 6 

2.3 18 ± 6 10 ± 2 

 
Data is the average of experiments performed in triplicates and the error represents the standard deviation 
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with the citrate. Some groups have shown that citrate reduces cell viability [82] and is cytotoxic 

to cancer cells [83] at certain concentrations. Reduction of the cell viability increases the titer in 

the MTT assay as the virus quantification is based on the cell viability. An increase in the titer 

increases the recovery. The mass balance of viral particles held true only at TLL 36 w/w% with 

a total mass balance ranging between 77 and 102%. Overall, the HRV recovery followed the 

same trends as PPV. At low TLL, the virus remained in the citrate-rich phase and transitioned to 

the PEG-rich phase at the highest TLL studied.  

 Similar to PPV, the contaminant proteins present in the HRV solution were found mainly 

in the citrate rich phase (Figure 3C). The bands of the PEG-rich phase and citrate-rich phase 

corresponding to all the systems studied were identical. Hence, only one representative gel 

comprising of TLL 15, 25, and 36 w/w% at TL ratio 1.2 is shown (Figure 3C). The purity of the 

PEG-rich phase was similar to PPV. HRV partitioning demonstrated a high purity but low 

recovery as compared to the high purity and high recovery found with PPV.  

3.4. Effect of increased PPV load    

  To understand the effect of loading, the initial PPV load was increased from 6.5 log10 

MTT50/ml, used in Figure 2, to 8 log10 MTT50/ml. The loading effect was only performed with 

 
Figure 3. HRV recovery in the PEG-rich phase (A) and the citrate-rich phase (B) at different TLL. SDS-PAGE (C) 
of marker (M), starting HRV (S), PEG-rich phase (P) and the citrate-rich phase (C) at TLL 15, 25, and 36 w/w% 
with TL ratio 1.2. The starting titer was log 6.5 MTT50/ml. Experiments were done in triplicate and the error bars 
represent the standard deviation. 
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PPV as the highest titer of the HRV stock achieved was only 7 log10 MTT50/ml. The PPV 

partitioning coefficient, K (Eq. 5), on all three TLLs showed similar trends for both loadings, as 

shown in Figures 4 A&B. TLL 15 and 25 w/w% showed increasing K values with respect to an 

increasing TL ratio and exhibited decreasing K values for TLL 36 w/w%. It was noted that the 

partitioning coefficient values are similar or lower for the higher load on all the TLLs. However, 

the virus titer increased in the PEG-rich phase by increasing the initial load for all the systems 

studied (Table S5). But a respective increase of virus titer in the citrate-rich phase suggested 

that a considerable number of viral particles still remained in the citrate-rich phase. This 

suggests that all the systems with an initial PPV load of 8 log10(MTT50/ml) have higher ability 

 
Figure 4. PPV partitioning at two different loading along TLL 15, 25, and 36 w/w%. Experiments were repeated in 

triplicates and error bars represent the standard deviation. 
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than systems with an initial PPV load of 6.5 log10(MTT50/ml) to drive viral particles in the PEG-

rich phase, but the distribution of the viral particles is maintained to balance the free energy 

between the two-phases. In the previous studies, the free energy has been correlated to the 

partition coefficient suggesting that for a given system composition the partition coefficient 

should remain the same [31, 84].  

4. Discussion 

This study examined the partitioning of PPV and HRV in an ATPS of PEG 12kDa-citrate. 

The goal was to determine the influential driving forces in ATPS partitioning at pH 7. There are 

two main theories that explain the partitioning of biomolecules in ATPS, 1) the excluded volume 

effect [30, 42-44] and 2) hydrophobic and electrostatic interactions [45-47, 74]. A previous study 

conducted for PPV ATPS partitioning using various molecular weights of PEG, salt types and 

pHs supported the concept of viral surface and phase hydrophobicity as the main driving forces 

[38]. This work supports two main conclusions, 1) increasing the PEG and citrate concentration, 

and therefore increasing the phase hydrophobicity and salting-out effect, increases the PPV and 

HRV recovery in the PEG-rich phase at a constant pH and 2) the influence of the electrostatic 

interaction is vital in achieving the high recovery of viruses in the PEG-rich phase. Therefore, 

the data supports that in a PEG 12kDa-citrate system, electrostatics and hydrophobic 

interactions are the dominant forces. 

The current theory for the partitioning of virus in ATPS involve the electrostatic 

interaction of the virus with the salt-rich phase and the hydrophobic interaction of the virus with 

the water-reduced, PEG-rich phase. The first interaction appears to be the salting-out of the 

virus from the citrate-rich phase. This is due to the charge repulsion of the citrate with the virus. 

PPV is negatively charged at pH 7, and when the salt concentration is raised from TLL 15 w/w% 

to TLL 25 w/w%, all of the PPV is salted-out of the salt-rich phase and is likely at the interface. 

When the PEG-rich phase concentration is increased to TLL 36 w/w%, there is enough 
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hydrophobic interaction driving force from the PEG-rich phase to extract the virus from the 

interface and have it recovered in the PEG-rich phase. This is illustrated by the recovery map 

shown in Figure 5. This theory is also supported by the data from HRV. HRV is neutrally 

charged at pH 7, and therefore does not experience the same amount of charge repulsion from 

the citrate-rich phase. Since the virus is not driven to the interface, it is not extracted from the 

interface by the PEG-rich phase. Therefore, our current hypothesis is that first the virus must be 

salted-out by charge repulsion from the salt-rich phase to the interface. Then the PEG-rich 

phase needs to be strong enough to extract the virus from the interface into the PEG-rich 

phase. The experiments described here never reached a citrate concentration that salted-out 

the contaminating proteins so that they could be extracted into the PEG-rich phase. This is 

preferred because it provides a difference in driving force needed to purify the viral particles. 

The salting-out phenomena is the interaction of salt ions (electrolyte), biomolecules 

 
Figure 5. PPV recovery map in the two-phase region for (A) PEG-rich phase and (B) citrate-rich phase. 
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(non-electrolyte) and solvent. At lower salt concentrations, the salt ions interact with the 

biomolecules by forming a layer of counter ions around the charged biomolecule. The counter 

ion layer increases the water structure stability and decreases the free energy, therefore 

promoting biomolecule solubility. An increase in the salt concentration, above a critical 

concentration, causes a high repulsion force to develop from the development of an electronic 

double layer and the close proximity of liked charged ions near the surface of the biomolecule 

[85]. This high repulsion force increases the free energy of the biomolecule surface, thereby 

making the surface thermodynamically unstable [86].  

To test the effect of citrate concentration on the aggregation of PPV, DLS was measured 

for PPV in different citrate concentrations. Due to aggregates that were present in the starting 

material, an aggregation ratio was used to compare the intensity of the PPV peak and the 

aggregate peak. The full calculation is described in Eq. 7. PPV particles started to aggregate at 

15 w/w% citrate, with extensive aggregation occurring at 20 w/w% and above (Fig. S1). 20 

w/w% citrate and above are close to the citrate-rich phase compositions of the TLLs, 25 and 36 

w/w%, studied (see Fig. 1). These results support the hypothesis that PPV is salted-out at high 

citrate concentration. Without the PEG-rich phase present (i.e. citrate only, as was conducted in 

the DLS experiments), PPV aggregated. In the presence of the PEG-rich phase, the PPV 

particles can reduce their free energy by migrating to the PEG-rich phase. Aggregation was not 

measured for HRV due to the low HRV titer available which was not detectable by DLS 

measurements.  

The proposed theory of hydrophobicity as the main driving force in ATPS was based on 

recent studies that have shown viral particles to be relatively more hydrophobic than proteins 

[61, 87]. The PPV surface was shown to be more hydrophobic than the model proteins BSA, 

lysozyme, bovine fibrinogen, and human IgG, by studying reverse phase chromatography, ANS 

fluorescence, and the results were compared with computationally determined solvent exposed 

surface area [61]. Another team performed hydrophobic interaction chromatography (HIC) 
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studies on a variety of enveloped and non-enveloped mammalian viruses and protein models, 

where viruses eluted at lower citrate concentrations as compared to the model proteins, 

suggesting the relatively hydrophobic nature of the viruses studied [87]. One of the viruses 

studied was MVM. MVM and PPV are both parvoviruses, therefore complementing the idea that 

PPV is hydrophobic. Similarly, the ATPS described here was designed to utilize the hydrophobic 

property of PPV to induce preferential partitioning of the virions to the PEG-rich phase.  

A few studies have been reported to measure the hydrophobicity or predict the 

partitioning behavior based on hydrophobicity of proteins [45], or peptides [47] in ATPS. The 

hydrophobic interaction in ATPS is driven by the PEG molecular weight and concentration. This 

growing evidence of the hydrophobic interaction as a vital driving force in ATPS could be 

reasoned by the molecular composition of PEG. The increase in the PEG molecular weight 

and/or concentration increases the number of ethyl groups in the polymer chain. Ethyl groups 

are hydrophobic and optimum number of monomers provide the necessary hydrophobic 

interaction binding sites to attract proteins or viruses [49].  The minimization of free energy 

increase of the biomolecules, from the salting-out effect, is compensated by the availablility of 

the free energy provided by the amount of -CH2-CH2-  groups in the PEG-rich phase. The high 

recoveries of virus in PEG-ctirate ATPS is possible by the right balance of salting-out and 

hydrophobic interaction. 

5. Conclusions 

 This study reported the recoveries of PPV and HRV in a PEG 12kDa-citrate system at 

pH 7. The PPV and HRV titers in the PEG-rich phase increased with an increase in TLL. Most of 

the viral particles were recovered in the citrate-rich phase at TLL 15 w/w%, the lowest TLL 

studied. The PPV and HRV recovery in the PEG-rich phase increased at TLL 25 w/w%. Across 

this tie line, the PPV and HRV recovery increased in the PEG-rich phase as the TL ratio 

increased. TLL 36 w/w% showed the opposite trend; the recovery decreased as the TL ratio 



26 
 

increased. The highest PPV recovery of 74% and HRV recovery of 36% was found on TLL 36 

w/w% and a TL ratio 0.1. An increase in the PPV titer yielded higher titers in the PEG-rich 

phase. Overall, this work supported the hypothesis that the main driving forces in viral particle 

ATPS are the salting-out from the citrate-rich phase followed by the hydrophobic interaction of 

the PEG-rich phase. Therefore, a higher TLL, leading to higher concentrations of salt and PEG, 

are needed for a high virus recovery in the PEG-rich phase.  

 The framework in this study achieves high virus recovery in a PEG-citrate system using 

known surface properties of the virus. The model viruses used demonstrated a need to 

understand the virus properties to improve virus recovery. By systematically studying the 

partitioning and recovery of negatively charged PPV and neutral HRV across tie lines, it was 

determined that the surface hydrophobicity and the charge at a given pH of the virus were key in 

the selective partitioning of the virus to the more hydrophobic PEG-rich phase. By combining the 

study of virus particle surfaces and the experimental ATPS design space, future correlations 

can be determined that will reduce the number of ATPS experiments needed to find an optimal 

system.  
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