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Abstract 

Gene therapy is a therapeutic intervention designed to correct single gene  

disorders. AAV has been identified as a suitable vector for delivering therapeutic genes. 

However, the use of AAV has been hampered by manufacturing challenges inclusive of 

low virus recovery, and the presence of AAV without the gene of interest (empty 

capsids). To solve these problems, we characterized the charge and hydrophobicity of 

AAV, and surrogate viruses using chemical force microscopy (CFM). CFM uses a 

modified atomic force microscope (AFM) probe to measure the adhesion force between a 

virus particle and a functional chemistry.The virus particles to be measured are 

covalently bound on a gold coated glass slide.  

CFM revealed the hydrophobic interaction of  was used to characterize the 

hydrophobicity of non-enveloped porcine parvovirus (PPV) enveloped bovine viral 

diarrhea virus (BVDV) increased with rising sodium chloride concentration but not non-

enveloped porcine parvovirus (PPV) while the inclusion of polyethylene glycol (PEG) 

improved the hydrophobic interaction of PPV and BVDV. Ethanol enhanced PPV 

hydrophobic interaction but not for BVDV. Hydrophobic dye absorption to PPV and 

BVDV correlated to the CFM results when ethanol was added. This is the first evaluation 

of virus hydrophobicity using CFM.  

The charge and hydrophobicity of AAV empty and full capsids assessed by the 

CFM has been utilized to interpret previously unknown interactions of the anion 

exchange (AEX) chromatogram. Although, AEX is designed to be solely dependent on 

electrostatic, hydrophobic interactions seemed to prevail for AAV at lower conductivity 

levels. CFM may be used in the future to optimize buffers, develop and choose AEX 

ligands.  

The isoelectric point (IEP) of SARS-CoV-2 was first experimentally established 

using CFM. Understanding viral transmission and adherence requires deciphering the 

structural, surface, and functional features of each viral protein. Viral RNA sequence 

modeling and protein crystals has been insufficient in determining the IEP.  Thus, we 

experimentally measured the IEP of SARS-CoV-2 and compared it to variations of 

interest (VOIs).  
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With the novel CFM approach presented in this study, viral surfaces can be 

appropriately characterized, and a predictive model can be designed for selecting the 

solution conditions for virus purification. 
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1 Introduction and chapter summaries 

1.1 Introduction 

Gene therapy is a therapeutic intervention designed to correct single gene genetic 

disorders. Gene therapy corrects genetic disorders by replacement techniques that allows 

the insertion of engineered nucleic acids into target cells using viral or non-viral particles 

[1-3]. These gene replacement technique can be ex-vivo or in-vivo. Ex-vivo gene 

replacement involves removing target cells, treating them in-vitro with therapeutic DNA, 

then reintroducing treated cells into the patient [4].  In-vivo gene therapy, viral or non-

viral particles with therapeutic DNA are injected into the patient [5]. According to the 

Online Mendelian Inheritance in Man (OMIM), there are about 5000 diseases caused by 

single gene mutations [6]. Gene therapy is a timely intervention that will affect these 

lives.  

The effectiveness of gene therapy is measured by the amount of therapeutic 

protein expressed for the desired effects. The amount of expressed protein is dependent 

on successfully targeting cells of interest and expressing nucleic acid in the cells using a 

suitable carrier [7-9]. These carriers, known as vectors, are either viral or non-viral 

particles. In recent times, gene therapy facilitated by viral vectors has shown enormous 

success in clinical trials, and advantages over conventional medications in terms of 

dosage, specificity, and toxicity as a treatment option for genetic disorders [1, 10, 11]. 

Chemotherapy is one of the conventional treatments for genetic disorders. It uses a 

combination of anti-cancer medications and needs numerous treatment cycles. These 

treatments destroy normal cells and leak toxins into the bloodstream which can cause 

organ failure [12]. A comparison of chemotherapy and Kymriah, a gene therapy, was 

done on the therapeutic effectiveness for refractory acute lymphocytic leukemia. 

Kymriah is a lentivirus gene therapy that requires only one dosage to be effective. Using 

Kymriah, 81% of patients with refractory acute lymphocytic leukemia had complete 

remission after 3 months [11], whereas chemotherapy only achieved complete remission 

in 20-40% of patients in 6 months [12, 13]. Also, clinical trials for the treatment of 

hemophilia B using a high dose of adeno-associated virus serotype 8 (AAV8) have 
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shown to induce long-term expression of blood clotting protein, resulting in a 90% 

bleeding reduction in patients. These successes led to the discontinuation of the human 

factor IX prophylaxis replacement therapy which was administered twice weekly for 

these patients [13]. 

Adenovirus, adeno-associated virus (AAV), and retrovirus are the commonly used 

viral vectors for gene therapy. They have shown great efficacy in clinical trials [11, 14]. 

The selection of viral vectors requires the characterization of their physicochemical 

properties. These physicochemical properties govern the safety and biologic aspects of 

viral vectors when provided as therapy, as well as their compatibility with production 

systems. Currently, gene therapy using viral vectors is plagued with low production 

volumes, limited efficacy when administered due to inconsistencies in the 

characterization of the surface properties of the viral vectors, and presence of viral 

vectors without the therapeutic genes (empty capsids). Most virus purification, and virus-

cell interactions are based on virus surface properties but there is limited information on 

how virus physiochemical properties can be characterized. Therefore, an efficient method 

to characterize the surface properties of viruses is required. 

The work contained in this dissertation seeks to optimize gene therapy by exploring 

how to improve the characterization of viral vectors surface properties. The surface 

properties of focus are hydrophobicity and charge. These surface properties were selected 

amongst other viral vectors’ surface properties because they determine the fate, transport, 

and interaction of viral vectors in a liquid environment [15-17].  The conventional 

methods for characterizing viruses are based on bulk particle measurements, require large 

sample size and highly purified virus concentrations [18], have rigorous complex steps 

[19], and have an assumption of homogeneity in the surface properties of viral particles. 

Hence, we have introduced a single -particle method called chemical force microscopy 

(CFM) to characterize viral vector surface properties. We have used the CFM to better 

understand the expected interactions of the viral vectors with virus purification systems 

and target cells based on hydrophobicity and charge differences. This would help 

improve the volume of gene therapy products with the therapeutic gene of interest (full 

capsids) and enhance cellular uptake of the viral vectors for increased therapeutic effects. 
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Also, differences in the hydrophobicity and charge of viral vectors with and without the 

therapeutic genes were screened. Based on the differences in these measured surface 

properties, viral vector purification can be optimized to remove the empty capsids vectors 

without therapeutic gene. Hence, improving the therapeutic benefits of the administered 

dose in gene therapy.  

 

1.2 Chapter summaries 

Chapter 1 of this dissertation contains an introduction and the overview for each 

chapter of this research. 

Chapter 2 details the background of gene therapy and different approaches to gene 

therapy administration. We also discussed types of gene therapy vectors, advantages, and 

disadvantages of each type. Steps involved in the production and purification of viral 

vectors, and the role of virus physiochemical properties in the selection of purification 

systems are also discussed. This chapter also contains literature of current methods, 

limitations and description of the novel technique, and CFM used in characterizing the 

surface properties of viral vectors.  

Chapter 3 discusses how we developed a single- particle method using CFM to 

characterize the hydrophobicity of viruses which determines the viral transport and 

adsorption in a liquid environment. The CFM method utilizes a functionalized atomic 

force microscope (AFM) probe and virus particles covalently bonded to a gold coated 

surface. Using CFM, we were able to characterize the virus surface hydrophobicity in a 

known solution and were able to quantify changes in the hydrophobicity due to changing 

solution conditions. All these was done using small virus samples. CFM with a 

hydrophobic methyl group was used to characterize the hydrophobicity of porcine 

parvovirus (PPV), a non-enveloped virus, and bovine viral diarrhea virus (BVDV), an 

enveloped virus. With the seeming reliability of this method, we employed CFM for 

characterizing the hydrophobicity of adeno-associated virus (AAV).  

In Chapter 4, we demonstrate the use of CFM in optimizing the purification of 

adeno-associated virus (AAV) through differences in the charge and hydrophobicity of 
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empty and full AAV capsids. Traditional chromatography methods make use of limited 

knowledge about chromatographic purification of proteins for virus purification. 

However, virus capsids are extremely heterogeneous, and the CFM single particle 

method provided information on the charge and hydrophobicity differences observed 

across the particle population in a virus pool. CFM can detect the surface charge and 

hydrophobicity of viral capsids at a single-particle level and enable the comparison of 

surface charge between the empty and full virus capsids. The method described in 

Chapter 3 was used for characterizing hydrophobicity while for charge characterization, 

CFM probe terminated with positively charged quaternary amines was used. 

In Chapter 5, we used CFM to determine the isoelectric point (pI) of severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2, USA-WA1/2020, referred to as WT), 

an enveloped virus. Traditional determination of virus pI has focused on the bulk 

characterization of a viral solution. However, due to the heterogeneity of the virus 

capsids surface, and resulted obtained in previous studies in the Heldt laboratory on 

characterizing PPV and BVDV pI [20] using CFM , a similar method was applied in 

characterizing the pI of WT SARS-CoV-2. CFM determined the pI of WT to be 5.2-5.3. 

Using computational methods, the pI of WT obtained from the CFM was compared to 

two variants of interest, SARS-CoV-2, B.1.1.7, and B.1.351. 

Chapter 6 concludes the dissertation with major findings from each project and 

discusses future work for development 

1.3 Summary 

This chapter has been able to highlight the importance of gene therapy as well as 

the successes that has been reported in clinical studies employing viral based gene 

therapy. The significance and role of virus physicochemical properties gene therapy 

manufacture, and treatment efficacy has also been discussed. Furthermore, the drawbacks 

of conventional methods for characterizing hydrophobicity and charge, which are the 

surface properties of interest in this work, have been summarized. In addition, the 

advantages of the novel technique, CFM over conventional methods are emphasized.  
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2 Literature review 

2.1 Overview of gene therapy 

Gene therapy seeks to treat monogenic disorders through replacement of defective 

genes with healthy genes [21]. Beginning from the early 1990s, efforts have been made to 

apply the principles of gene therapy to treat genetic disorders. Successes have been 

recorded in the introduction of two in – vivo adeno- associated virus (AAV) gene 

therapy, Luxturna for treatment of human retina and central nervous system, and 

zolgensma for treating Leber’s congenital amaurosis and spinal muscular atrophy [1, 21]. 

These successes have led to the development of AAV-based gene therapy targeted for 

delivery in the skeletal muscle to treat Duchenne muscular dystrophy [22],  and delivery 

in the liver to treat hemophilia [23].  While these early gene therapy successes are being 

theorized for the development of other therapies in treating human diseases, efforts are 

being truncated due to unsatisfactory findings from clinical trials [1]. Clinical trials 

revealed that some experimental drugs do not provide therapeutic benefits and instead 

produced harmful consequences, resulting in patient fatalities in some cases [24]. Despite 

the remarkable effectiveness of several AAV-based gene treatments, up to 50% of 

patients are still barred from treatment because of existing immunity against viral 

capsids, which is a gene delivery mechanism, and the transgene materials [25]. This is a 

major obstacle in the development of gene therapy. Numerous research focused on how 

to control the immune system of humans to ensure safe and efficient gene delivery are in 

progress. Recent breakthroughs and clinical trials have resulted in technical advances to 

bypass immunological barrier, such as the production of modified AAV capsids that 

escape pre-existing neutralizing antibodies [26, 27] and ways for temporarily removing 

antibodies from circulation [28]. Immunosuppression regimens may potentially offer a 

mechanism of preventing adaptive immunity to the viral vector while simultaneously 

bypassing pre-existing immunity, allowing the possibility repeated treatment, if required 

[29, 30].  

There are various approaches for introducing or inserting genes into target cells. 

The ex vivo technique was employed in the initial attempts at gene therapy. For ex vivo, 
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the desired genes are delivered into the patient's cells that have been removed. For the in-

situ technique, the desired gene is injected directly into the area of the body containing 

the target cells [31]. The in vivo strategy entails directly providing the desired gene to the 

patients, either with or without a carrier, for the required protein to be produced. The 

target and administration sites are different with this strategy[32] . 

The efficient delivery of plasmid DNA to target cells, transcription and translation 

into protein is critical to gene therapy’s objective. As a result, a carrier molecule, also 

known as a vector, is required for effective gene delivery. The vector must be highly 

specific to the target site, protective to the transgene from systemic endonuclease 

degradation [33], capable of delivering the requisite gene size for therapeutic effect, and 

manufacturable in large batches and at high concentrations [7-9]. The vector should not 

elicit immune responses or carcinogenic consequences once inserted in the patient [31]. 

Ultimately, a vector should be capable of expressing the gene over an extended period. 

Vectors used in gene therapy are categorized into viral and nonviral particles. The vector 

choice in gene delivery is determined by the type of genetic material to be delivered, the 

gene therapy approach followed, the amount of genetic material to be delivered, and the 

route of administration [34].  

Viral vectors consist of a virus capsid with the genetic material replaced with a 

therapeutic gene [35]. Viral vectors have high gene delivery efficiency because they bind 

easily to target cells [2, 36], are not limited to gene delivery in only actively dividing 

cells [37, 38], protect the therapeutic gene from degradation; nonetheless, only small 

gene can be packed and delivered [39], they have high cost of production and quality 

control [40], pose problems of potential inflammatory and immune response [41], and 

can be toxic. Non-viral vectors are either chemical (synthetic) or naked (nucleic acid) 

NA. In comparison to viral vectors, they are less harmful, capable of transferring large 

gene sizes, less difficult to manufacture, cheaper, safer [42], and can be easily retrieved, 

or their effects reversed in case of adverse immune response [43]. However, with all 

these benefits they have certain limitations, including greater sensitivity to extracellular 

and intracellular interface, poor transfection ability, and substantially lower transgenic 

expression [33, 44].   
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The viral vectors are preferred because they are more efficient in the delivery of 

genetic materials through specific receptor binding on the cell surface, can preserve 

transgenes from degradation, and they overcome the disadvantage of chemical transfection 

which occurs in nonviral vectors [40].  

With successes recorded in human gene therapy trials between the years 2012 and 

2019, the US Food & Drug Administration (FDA) has approved three gene therapy 

treatments [38]. These approvals and successes in human trials have resulted in an 

increased interest in viral gene therapy. The increased interest has led to a high demand for 

reliable and clinical grade viral vectors in large quantities [45] [46].  Currently, over 70% 

of vectors used in gene therapy clinical trials are based on viral vector [38]. 

 

2.2 Viral vectors for gene delivery 

Viruses can adapt to changes in their biological environment allowing them to 

survive and proliferate in host cells [47]. Gene therapy using viral vectors has leveraged 

this characteristic by employing viruses as vectors for the delivery of genetic materials to 

target cells. Viral vectors are recombinant viruses that have been genetically modified by 

replacing their genetic materials with a therapeutic gene that will be transferred  to the 

cell of interest [36]. Viruses are very small structures made up of DNA or RNA enclosed 

within a protein capsid, as shown in Figure 2.1a, and sometimes a lipid membrane 

surrounds the capsid (envelope) derived from the host cell, as shown in Figure 2.1b. 

Viruses range in size from 20 to 500 nm [37]. Each virus infects different cell types; 

hence, gene therapy viral vectors are chosen based on the tissue to which the gene is to be 

delivered.  

The viral vectors have the unique ability to easily bind to the cell and insert the 

genetic code to produce a therapeutic protein. Despite this strength, various limitations 

imposed by a lack the diversity in physical and chemical properties of viral vectors have 

influenced cellular uptake and biologic safety. Polydispersity, shape, size, composition, 

side chain density, functional external surface, and hydrophobicity are some physical and 

chemical properties [48]. With viral vectors it is difficult to manipulate these attributes. 
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The limitation in viral vector sizes affects the size of transgene that can be delivered [35]. 

Also, because of the charge and functional external surface, viral vectors are susceptible 

to random insertion of the therapeutic gene, which might provoke immunological 

responses [49]. The vector solubility improves gene expression by making the therapeutic 

transgene stable throughout manufacturing and simplifies the dissociation of DNA [50]. 

Viral vectors possessing less amount of water-soluble hydroxyl groups and amino acids 

with carboxyl groups makes gene delivery difficult.  Therefore, these attributes are 

carefully considered in the selection and manufacture of viral vectors. 

 

Figure 2.1: Virus structures (a) A non-enveloped virus (b) An enveloped virus (created 

in biorender) 

 

2.2.1 Selection criteria for viral vectors   

The selection of viral vectors necessitates the evaluation of physicochemical 

properties - attributes that pertain to physical and chemical characteristics, as well as 

cellular mechanism [48]. The physicochemical properties pertain to the size, 

hydrodynamic diameter, solubility, side chain length, and charge. These attributes govern 

the safety and biologic characteristics considered in the production system selection and 

biologic compatibility of viral vectors when administered as treatment. The molecular 

weight and side chain length have been studied and recognized to significantly influence 

cellular uptake, DNA unpacking, endosomal escape, and nuclear internalization [51]. 

Also, the particle size and surface charge of viral vectors affect cellular uptake and 

transfection efficiency [48]. 
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One of the criteria considered in selecting a viral vector is the transgene size. 

Viral vectors like herpes simplex virus, vaccinia virus and baculovirus with a capacity to 

carry large transgenes as indicated by the DNA insert size in Table 2.1, are preferred 

because some diseases are controlled by large proteins which require larger genomes for 

therapeutic efficacy . In addition, delivery efficiency, stability of the transgene, and 

efficiency of transgene expression  are considered. In Table 2.1, the viral vectors with 

transient transgene expression have a limitation of triggering unwanted immune response 

and generating infectious virus while those with long lasting(stable) transgene expression 

are preferred because they have high expression of the desired DNA in the target cell 

[45]. Also, all viral vectors in Table 2.1 can transfect both dividing and non-dividing 

cells apart from retrovirus and vaccinia virus. Retrovirus has the ability to integrate into 

the cell (host genome interaction) which can lead to genetic instability, and modification 

in the function of nearby untargeted cells [52].   

Table 2.1 Gene therapy characteristics of viral vectors [45, 53] 

Viral vector Family Genome 
Virion 

diameter(nm) 

DNA 

insert size 

(kb) 

Infection/Tropism 
Transgene 

expression 

Adenovirus Adenoviridae dsDNA 80-100 36-39 Dividing and non-

dividing cells 

Transient 

Adeno-

associated 

virus 

Parvoviridae ssDNA 18-26 5 Dividing and non-

dividing cells 

Potential 

long lasting 

Alpha virus Togaviridae ssRNA 60-70 12 Dividing and non-

dividing cells 

Transient 

Herpes 

simplex virus 

Herpesviridae dsDNA 150-200 120-200 Dividing and non-

dividing cells 

Potential 

long lasting 

Retrovirus/ Retroviridae ssRNA 80-130 3-9 Dividing cells Long lasting 

lentivirus 

Vaccinia 

virus 

Poxviridae dsDNA 170-200 130-280 Dividing cells Transient 

Baculovirus Baculoviridae dsDNA 30-100 80-180 Dividing and non-

dividing cells 

Transient 
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Adeno-associated virus (AAV) vectors have become the platform of choice for in 

vivo gene therapy due to their outstanding safety profile, and high transduction efficiency 

of a wide variety of target tissues [54].  In 2012, the European Medicines Agency 

authorized alipogene tiparvovec (Glybera), the first AAV gene therapy product to treat 

lipoprotein lipase deficiency [55], and, in 2017 oretigene neparvovec-rzyl (Luxturna), 

was licensed as the first AAV in the United States [56]. The approval of these AAV 

therapies proved that AAV is well tolerated and deliver long term transgene expression in 

humans [57, 58]. Also, these approvals led to a significant increase in the number of 

clinical studies using adeno-associated virus (AAV) vectors for in vivo gene transfers. 

AAV technology has also been successfully used in the clinic for a range of ailments, 

including coagulation abnormalities, hereditary blindness, and neurodegenerative 

diseases [56]. Recent developments in generating therapeutically desirable AAV capsids, 

improving genome designs, and exploiting new biotechnologies have all contributed 

significantly to the expansion of gene therapy using AAV. Continued research into AAV 

biology, and a thorough understanding of the physicochemical properties, will provide 

the groundwork for future clinical trial success.  

 

 

2.2.2 AAV biology and as a vector for in vivo gene delivery  

AAV is of the Parvoviridae family. It is made up of an icosahedral protein capsid 

with a diameter of 25 nm and a 4.7 kb linear single-stranded DNA [59]. The capsid is 

made up four protein of subunits, VP1, VP2, VP3, in a 1:1:10 ratio and AAP which is 

responsible for virion assembly activation, as shown in Figure 2.2 [60]. The genome is 

flanked at the ends by two T-shaped inverted terminal repeats (ITRs), which primarily 

function as viral replication sources and packaging signal. The rep gene are necessary for 

genome viral replication and integration, while the cap gene encodes the three capsid 

components [56]. A third gene encodes the assembly activating protein (AAP) and is 

transcribed in a separate reading frame inside the cap coding region. Unless a helper virus 

offers replication functions, AAV stays latent in host cell DNA [59]. AAVs life cycle is 
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reliant on the presence of a helper virus, such as herpes simplex virus (HSV) or 

adenovirus (Adv) [60]. AAV has been identified in a variety of vertebrate animals, 

including humans and nonhuman primates (NHPs) [40]. According to current research, 

AAV does not cause any human illnesses [61]. 

 

 

Figure 2.2: AAV genome and mRNA transcripts. The promoters that transcribe the rep 

gene are p5 and p19. Rep 78, 68, 52, and 40 are all proteins generated by the rep gene. 

The binding of Rep 78/68 to the RBE initiates AAV DNA replication at any of the ITRs. 

p40 generates VP1, VP2, VP3, and AAP mRNAs. AAP promotes native Cap protein 

trafficking into the nucleolus, where capsid formation occurs. Reprinted from [62] with 

permission. 

 

Recombinant AAV (rAAV) used as vector in gene therapy comprise of same 

capsid sequence and structure as wild-type AAV (wtAAV) [56]. However, the 

encapsidated genomes of rAAV are devoid of all AAV protein-coding regions and 

include therapeutic gene expression cassettes. For rAAV, the only viral-originated 

sequences from wtAAV are the ITRs, which are required for genome replication and 

packing during vector production, while the remaining viral sequences are swapped with 

the therapeutic gene of choice [54]. The DNA of interest flanked by AAV ITRs is known 

as the transgene expression cassette [63, 64]. The total elimination of viral coding 
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sequences increases rAAV packing capacity and leads to their low immunogenicity and 

cytotoxicity when administered as treatment [56]. 

 

 

2.2.3 Manufacture of rAAV vectors  

The approval of some rAAV based gene therapy, and the increasing number of 

clinical trials using rAAV has led to a high demand of good manufacturing grade (GMP) 

and high concentration rAAV vectors. To meet the quality requirement for rAAV, high 

yield production and efficient purification systems are required. The production and 

purification of rAAV vectors is faced with the challenge of how to reduce production 

costs, and process optimization and scalability to ensure vectors for gene therapy that are 

safe, have high concentrations, and are economic to produce on a commercial scale. This 

research will focus on how to overcome some of the challenges associated with the 

process optimization for the purification of viral vectors. 

The manufacture of viral vectors can be divided into the upstream and 

downstream process, as shown in Figure 2.3. The upstream process focuses on designing 

the vector, selecting a vector production method, providing the medium required for 

optimum cell growth, and rAAV production while the downstream focuses on the 

elimination of contaminants (process and product related) such as, host cell proteins, 

empty capsids, and free proteins through a combination of chromatographic and non-

chromatographic techniques [65]. In rAAV production, the cells are lysed or broken 

down after infection to release the virus, this contributes host cell proteins to the virus 

pool [66]. Also, during production, some assembled virion contains little or no part of the 

transgene of interest, this is referred to as partially full or empty capsids [67].  The goal 

of downstream processing is to ensure the products are pure, potent and meet regulatory 

requirements[68]. 
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Figure 2.3: Flow chart showing the activities involved in the upstream and downstream 

processing of viral vectors [69]. 

 

The production of AAV vectors in large quantities can be done either by transient 

transfection , or infection of producer and stable mammalian cells or insect cells [70, 71]. 

The transient transfection, as shown in Figure 2.4 is one of the most common protocols 

adopted in the production of rAAVs. In transient transfection method, mammalian cells 

are transfected with the plasmids containing the components required for the rAAV 

vector assembly. The transfection may be double or triple. For double transfection, the 

rep and cap genes are cloned in the same plasmid containing the helper function allowing 

for double transfection of this plasmid with the AAV ITR plasmid [72, 73] while for 

triple transfection, the expression cassette is cloned into a cis plasmid carrying the AAV 

ITRs, with rep and cap proteins given in trans plasmid, and a helper functions provided 

by infecting transduced cells with a helper virus or co-transfecting with a third plasmid 

containing other Adv genes like VA RNA, E2A, and E4 genes [72]. For the double 

transfection with helper virus, Hela cells are used while HEK293 cells with Adv E1A and 

E1B genes are used for triple transfection with helper plasmid [71]. Double or triple 

transfection methods not only minimizes helper virus contamination in rAAV stocks, but 
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they also result in higher virus titers resulting from improved cell viability [70]. Transient 

transfection also offers advantages of generating high quality rAAV vectors, and 

flexibility with adopting the protocol to the production of various rAAV types [72] but is 

laborious and has limitations of scale up due to difficulties in adopting the protocol to 

bioreactor settings [74]. Transient method is also associated with high production cost 

due to the large quantity of plasmid required for transfection Due to the difficulty of 

scaling-up transfection methods, research efforts were focused on the creation of rAAV 

producer cell lines. 

 

Figure 2.4: Production of AAV by triple transfection using HEK293 cells. The first 

plasmid contains the vector genome, which is the transgene expression cassette, flanked 

by the ITR. The AAV helper which is the second plasmid contains the rep and cap of the 

serotype to be produced. The third plamsind which is the A helper consists of the genes 

which supports AAV replication. For the double transfection, the second and third 

plasmid are cloned into a single plasmid. Reprinted from [70] with permission. 

 

For the producer and packaging cell line method, all components necessary for 

rAAV production, namely the rep and cap genes, as well as the genome of the vector 

carrying the expression cassette of interest, are incorporated in the genome of a producer 

cell line [75]. To facilitate the production of rAAV, a helper virus, generally wtAdv, must 

be infected [70]. A packaging cell line varies from a producer cell line in that it only 

carries the rep and cap genes from the desired serotype [70]. As a result, in addition to the 



15 

 

helper virus, a second virus containing the vector genome is needed, see Figure 2.5. In 

comparison to the transfection method, the packaging and producer cell line method, 

offer a high potential of scale up by eliminating the transfection stage. However, they are 

less flexible in terms of switching rAAV type being produced. Also, for the vector 

produced to be GMP-compliant, the removal of the helper virus from the final product 

must be properly confirmed. 

 

Figure 2.5: Production of AAV in producer and packaging cell lines. Producer cell 

line comprises of transgne expression cassette, and the rep and cap genes which is then 

infected with a helper virus to induce AAV replication. The packaging cell only conists 

of the rep and cap genes while the transgene expression cassette and helper function is 

provided by virus transduction using Adv. Reprinted from [70] with permission. 

 For rAAV production, regardless of the method used there is a problem of low 

percentage of viral vectors containing the transgene of interest (DNA) (only about 40%) 

[76] thus, resulting in low titers. The host cell proteins, high volume of empty viral vector 

capsids, and contaminants from helper virus, usually leads to rigorous purification 

requirements. Empty viral vector capsids increase dosage required for the gene therapy 

effectiveness, because the dosage is determined by the quantity of full capsids. 

Administering large quantity of capsids into the patient can induce an immune response, 

which is detrimental to the effectiveness of therapeutic response [15]. It also can inhibit 

the gene delivery of the full vectors by competing for binding site in the targeted cell 

[77]. Therefore, the empty particles need to be removed from the full virus pool.  
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  To facilitate pre-clinical and clinical AAV gene therapy studies, high-quality 

vector preparations are needed. Beyond production, good purifications methods are 

required to obtain high quality rAAV.  Different purification techniques which are 

scalable and GMP-compliant for rAAV vectors have been established in recent years. 

These methods are either non-chromatographic – density gradient-based [78], and 

precipitation [79, 80] or chromatographic – based on physicochemical properties like 

charge, hydrophobicity and affinity for different matrices [65]. Since there is minimal 

knowledge on how viral surface characteristics like charge and hydrophobicity may be 

consistently measured and translated to enhance virus purification, most virus 

purification techniques are based on protein purification processes. Although, viruses 

contain proteins, they are not only proteins which makes their surface characteristics 

completely different from that of proteins. Viral vectors are completely different from 

proteins in terms of size, charge, and hydrophobicity [16]. The adoption of protein 

purification techniques for viral vectors have led to low production yields. Therefore 

extensive modification of protein purification techniques is required for use in viral 

vectors purification. The work presented in this research, focuses on measuring charge 

and hydrophobicity of viral vectors to improve their purification using chromatographic 

techniques. 

 

2.2.3.1 Purification of viral vectors using chromatography 

Chromatographic techniques purify the virus based on the interactions resulting 

from physicochemical properties differences between the virus, contaminants, and 

chromatography ligands [81]. Since these interactions in chromatography are dominated 

by physiochemical properties like charge or hydrophobicity [82], a thorough 

understanding of how these viral vectors surface properties can be measured and applied 

to chromatography is essential for designing efficient chromatographic purification 

systems [83]. Chromatography is the widely used method for purifying viral vectors 

because it can be used on a large scale as compared to non-chromatographic methods 

[84]. Chromatographic purification stages are selected and optimized to enhance AAV 
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recovery while reducing the percentage of contaminants in form of HCP, cell culture 

media proteins, and empty virus vectors. The first chromatography stage which is the 

capturing step, utilizes charge or affinity-based ligands [85] while the next stage, which is 

the polishing step may be charge, hydrophobicity or size exclusion chromatography [86, 

87]. 

Chromatography in which adsorption of the viral vectors to the stationary phase is 

controlled by ionic interaction is referred to as ion- exchange chromatography (IEX). In 

ion-exchange chromatography, a stationary phase containing either anions (AEX) or 

cations (CEX) is used to selectively absorb viral vectors while in a mixture of other 

charged contaminating particles [10]. The virus surface is large with multiple amino acids 

which have a net charge at a particular pH. The charge of the virus surface changes based 

on the pH of the mobile phase [88]. Careful manipulation of the pH and salt 

concentration in the mobile phase buffer allows for virus binding to the stationary phase. 

In general, viruses are bound at low salt concentrations to prevent charge shielding and 

eluted at high salt concentrations [86, 89].  With high salt concentration, the ions from the 

salt will compete for the surface of the stationary phase with the viral vectors, resulting in 

the detachment and elution of the viral vector. For virus elution from AEX using NaCl, 

the Cl- ions will compete for the surface of a positively charged ligand, displacing the 

bound negatively charged viral vectors while the Na + will bind to the negatively charged 

ions of the viral vector making them neutral and will lead to their elution. AEX or CEX 

has been used to purify AAV1[90], AAV2 [86], AAV4 [91], AAV5,6,9 [92], and AAV8 

[93]. 

AEX has been shown to be a feasible method in separating empty and full capsids 

for the majority of adeno-associated virus (AAV) serotypes [94, 95]. The isoelectric point 

(otherwise known as pI, is the pH at which the net charge of the virus is zero making it 

electrically neutral ) of many AAV serotypes has been quantified with the full AAV 

capsids have a slightly lower pI than empty AAV capsids owing to the presence of 

negatively charged DNA inside the full capsid [96]. It has been shown that by 

manipulating the elution conditions based on the small difference in surface charge, the 

empty capsids can be separated from the full capsids using IEX [90, 93]. 
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Using differences in the surface hydrophobicity of the viruses, contaminants, and 

ligand, chromatographic purification is achieved using hydrophobic interaction 

chromatography (HIC) [97].  At the interface between a hydrophobic surface and water 

molecules, there is a re-arrangement water molecules which manifests as a hydration 

layer , see Figure 2.6a [98]. In HIC, viruses are absorbed to the hydrophobic ligand on 

the chromatography column using high concentrations of kosmotropic salts in the loading 

buffer, and are desorbed by lowering the salt concentration in a linear or stepwise manner 

in the elution buffer [99]. The kosmotropic salts as described by the Hoffmeister series 

are those salts which promotes hydrophobic interaction by inducing the salting-out 

effects. The salting-out effects refers to the ability of the salt ions to be solvated by water 

molecules which limits the amount of water molecules available to interact with the 

charged virus residue. In the condition of limited virus interaction with water, the virus 

hydrophobic residue can interact with the hydrophobic ligand, as shown in Figure 2.6b.   

 

 

Figure 2.6: Hydrophobic interaction chromatography. (A) The surface of viruses 

covered with water hydration layer, making the viruses unable to interact with the 

hydrophobic ligand. The hydration layer is formed by the rearrangement of water 

molecules. (B) Effect of salt on the hydrophobic surfaces – the addition of salts results to 

a dehydration of the virus surface causing an exposure of the virus hydrophobic surface. 

This allows an interaction with the hydrophobic ligand. Reprinted from [100] with 

permission. 

  

The first systematic observation of the effect of the ionic strength on biomolecules 

was carried out by Franz Hofmeister. This resulted in what is known as the Hofmeister 

effects, which is also an ionic strength effect. In his experiment, he categorized ions in a 
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sequence (Hofmeister series) from strongly hydrated ions kosmotropic ions to weakly 

hydrated ions, based on the density of their surface charge and affinity for water 

molecules [101], as shown in Figure 2.7. Kosmotropic ions are strongly hydrated, 

stabilize protein and are responsible for salting out of proteins while chaotropic ions are 

weakly hydrated, destabilize protein and cause salting in.  

 

Figure 2.7: Schematic Hofmeister series showing the effect of anions and cations on 

protein precipitation  

 

The chromatography that separates viral particles from protein and other 

contaminants using a reversible interaction based on biospecific (e.g., antibody-antigen, 

enzyme-inhibitor) or non-biospecific (e.g., protein- metal ion) interaction a specific 

ligand attached to a chromatographic stationary phase is the affinity chromatography 

[102]. The ligands can be made from heparin [103, 104], A20 monoclonal antibody [73], 

AVB Sepharose (ilama antibody conjugated to Sepharose) [105, 106], and mucin [107]. 

The viruses binds to the affinity ligand, forming a complex while the impurities flow 

through [108]. The bound viruses are eluted through the manipulation of the mobile 

phase pH and ionic strength. Purification by affinity chromatography is highly selective, 

resulting in a considerable recovery of biologically active material. Affinity 

chromatography interaction is reversible [95]. Using AVB Sepharose, rAAV vectors of 

the serotypes 1, 2, 3, 4, 5, 6, 7, 8, and rh.10 and 12 have been  purified . The rAAV was 

loaded on the AVB sepharose column using a load buffer of 1X phosphate-buffered 

saline (PBS), 1 mM Magnesium chlordie (MgCl2) and 2.5 mM potassium chloride (KCl) 

(1X PBS -MK). 1X PBS-MK  was used as thew ash buffer, and 0.1 M sodium acetate and 

0.5 M NaCl pH 2.5 was used as the elution buffer.  AAV vectors were neutralized 

immediately with 1 M Tris-HCl pH 10 [109]. 
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Since some AAV serotypes do not bind to heparin, mucin and antibodies, another 

form of affinity chromatography was developed based on the presence of proteins with 

metal affinity tag on AAV surface [110, 111]. This type of affinity chromatography is the 

referred to as the immobilized metal ion affinity chromatography (IMAC). Metal 

immobilization on the chromatography column is by chelation [112]. IMAC exploits the 

bond formed between the virus capsid proteins like histidine and metal ions when mobile 

phase buffer is between pH 6-8 [112]. The proteins on the virus capsids that have affinity 

for the metal ions aids retention on the stationary phase column. Adv has been purified 

using affinity chromatography based on the binding of their particles to the zinc ions that 

were covalently bond to the stationary phase with a chelating ligand like iminodiacetic 

acid. Elution was achieved by adjusting the pH or using additives like imidazole, which 

compete for binding sites on the stationary phase [102]. Also, using an IMAC with 

positively charged metal affinity ligand, empty and full AAV2 and AAV8 capsids was 

separated. Overall, the data indicated that the ligand’s positive charge increased AAV 

retention, while metal affinity modulated separation of empty and full capsids [113]. 

Multiple binding interactions are used in another form of chromatography. This is known 

as mixed mode or multimodal chromatography (MMC) [103]. It is based on the use of 

chromatographic ligands capable of providing a variety of interactions between the 

ligands and the viral pool. The retention of viral capsids to the ligand is made possible by 

the multiple sites on the ligand that can contribute different sorts of interactions as 

illustrated in Figure 2.8. Typically, the contact consists of electrostatic, hydrophobic, 

hydrogen bonding, and affinity interactions [104]. These interactions may be used alone 

or in combination to boost selectivity and specificity [105]. The surface chemistry of the 

viral vectors and the overall conditions, such as mobile phase ionic strength and pH used 

in MMC, defines the strength of the individual interactions. 
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Figure 2.8: A mixed mode chromatography ligand with different interaction sites [114]. 

 

2.2.3.2 Common additives used to enhance virus purification  

Several additives are used to improve selectivity and ensure the stability in the 

purification of viral vectors. These additives influence selectivity by improving solubility, 

inducing changes in the conformation, and promoting bound virus elution. Although they 

have positive effects, at high concentrations they can inactive or denature the viral 

particle. In Table 2.2, the typical concentration and effects of these additives in virus 

purification are as outlined. These additives alter ionic and hydrophobic interactions in 

the purification of viral vectors. In this research, ethanol and PEG was used as additives 

to induce changes in virus hydrophobic interaction as detailed in Chapter 3.  
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Table 2.2 Information on additives classes, types, concentration, and purpose [115].  

Additive Types Concentration Purpose 

Salts CaCl2, MgCl2, NaCl, 

KCl, (NH4)2 SO4, 

NaCNS, up to 8M urea 

50 – 150mM Maintain ionic strength. May also affect 

conformation. Decrease hydrophobic effect 

in solution and leads to dissociation. Ca2+ 

increases stability and Mg2+ decreases 

stability. 

Alcohols Ethanol, n-butanol, 2-

propanol, 

10-90% They are known as chaotropic agents 

because they alter the virus's structure and 

may cause the lipid layer of enveloped 

viruses to disintegrate. They disrupt non-

covalent bonds like hydrogen bonds and the 

hydrophobic interactions between the virus, 

contaminants, and the binding surface, 

hence interfering with the hydrophobicity 

of the viral surface. Increased concentration 

may result in viral inactivation. An ionic 

bond is formed between the virus 

phosphate group and the positive ions (Na+, 

NH4
+), this results in virus precipitation. 

Detergents Tween 20, Triton X-

100, Deoxycholate 

0.01-1% Solubilization of poorly soluble proteins 

Glycerol  5-10% Stabilizes the membrane. Surface tension 

decrease of water 

Sucrose or 

glucose 

 25mM Stabilizes the membrane 

Reducing agents DTT, DTE, 

2-Mercaptothanol 

1 -10mM 

0.05% 

Reduce oxidation damage 

Ligands, metal 

ions 

Mg2+, ATP, GTP 1-10mM Stabilizes the membrane 

Poly-ethylene 

glycol (PEG) 

 5-20% They are nontoxic and non- ionic water-

soluble polymers. The type with higher 

molecular weight is preferred but less 

favorable due to high viscosity. It is used 

for virus precipitation. With increasing 

PEG concentration, virus concentration is 

increased till solubility exceeds the 

maximum and precipitates. It precipitates 

viruses based on the principle of volume 

exclusion. 

 

Although viral vector purification using chromatography is scalable, it requires 

optimization because of low virus recovery volumes obtained using this technique. The 

recovery volumes are low because much of the chromatography ligands surface area is 

concealed and inaccessible to the large virus particles [102]. Most chromatography 

ligands were designed for proteins which have smaller sizes when compared to viruses 

making it possible for proteins to be trapped in the ligand cavities. However, since 
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viruses are large, they cannot fit into the narrow cavity sizes created for proteins. Since 

chromatographic purification is based on molecular interactions, it is possible to optimize 

chromatography to increase virus recovery volumes after purification. In this research, 

the chromatography methods that will be investigated for optimization are those in which 

viral vector charge and hydrophobicity govern the interaction with the chromatography 

ligand. These chromatography methods are based on ionic, and hydrophobic interactions 

only.   

 

2.3 Virus surface chemistry 

Virus interactions are governed by the chemistry of the outer most proteins or 

lipids present on the viral surface [116]. The surface chemistry has some effects viral 

vectors manufacturability, safety, and biological compatibility with cells [117] .The viral 

charge and hydrophobicity are the two most important surface features because they are 

responsible for the transport and binding behavior of the viruses in a liquid environment 

[16, 118]. Charge and hydrophobicity respectively influence the electrostatic interaction 

and solubility of viruses. The charge and hydrophobicity of the virus are highly 

influenced by the solution conditions, including ionic strength and pH [119] . An 

understanding of the charge and hydrophobicity would help in the optimization of 

systems were these surface characteristics plays a role. 

The charge and hydrophobicity of viral vectors play essential roles in the design, 

selectivity, and scaling up of purification systems [18]. Therefore, a thorough 

understanding of viral charge and hydrophobicity is required for the design and selection 

of pH, ionic strength, and chromatography resin/ligand type for virus purification. This 

understanding of virus charge and hydrophobicity and its application to virus purification 

will help to improve the virus recovery volumes and eliminate contaminants for gene 

therapy products. The goal of this research is to help in the optimization of virus 

purification which would increase recovery . Increased viral recovery would  result in 

less expensive gene therapies, thus increasing the accessibility to treatments for genetic 

illnesses, potentially saving lives.  
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2.3.1 Hydrophobicity  

Hydrophobicity is a surface property that is responsible for low solubility of virus, 

their adherence to hydrophobic surfaces, and propensity to aggregate in an aqueous 

environment. Interactions enhanced by virus hydrophobicity are prevalent at short ranges 

of separation and become dominant at high ionic strength [120]. The nonpolar aliphatic 

or aromatic amino acids of proteins in capsids of the non-enveloped virus or 

glycoproteins in the lipid bilayer of enveloped virus are principally responsible for the 

virus surface hydrophobicity [121]. There are different theories which have been used to 

analyze the behavior of hydrophobic molecules in an aqueous environment. 

Hydrophobicity has been defined using the water ordering and the cavity 

formation theory. The classical view, as developed by Frank and Evans, describes 

hydrophobicity as the characteristic of a hydrophobic molecule that causes the 

strengthening of hydrogen bonds in water, resulting in the formation of a cage-like cluster 

surrounding hydrophobic molecules [122]. Using nuclear magnetic resonance (NMR), 

based on the classical view, it was observed that the presence of a hydrophobic molecule 

in an aqueous environment inhibits the motion of water molecules [123], and effects a 

large and positive change in free energy, ΔG, due to a large and negative change in 

entropy, ΔS, at room temperature [124].  This large and positive change in free energy 

signifies a weak interaction between the hydrophobic molecule and water. The dynamic 

view on water ordering investigated the orientation of water around hydrophobic 

molecules utilizing neutron diffraction [125], infrared spectroscopy [126], and molecular 

dynamic simulations [127]. These investigations showed that a hydrophobic molecule 

reduces the rotation of water molecules surrounding it, with no influence on hydrogen 

bonding. From this information, we might be able to have an understanding of the 

interaction that goes on between a virus and an hydrophobic chromatography ligand in 

the presence of buffers.  

According to the cavity formation theory, a molecule, whether hydrophilic or 

hydrophobic, produces a cavity in the presence of water. For hydrophobic molecules, the 
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cavity formed in the water structure is the outcome of hydrogen bond manipulation by the 

molecule [128]. Cavity formation theory characterizes hydrophobicity as the 

impossibility of a hydrophobic molecule to be accommodated by a cavity generated in 

the water structure [129]. Since hydrophobic molecules cannot be accommodated in the 

water structure cavity, the interfacial area between hydrophobic molecules and water 

molecules decreases. As a result, hydrophobic molecules have a poor solubility and 

generate a large and positive enthalpy change for cavity formation. [124].  

The hydrophobicity of virus is typically enhanced by high ionic strength. Virus 

have a complex surface which possess both hydrophilic and hydrophobic patches. The 

hydrophilic portion interacts with water hence, preventing the exposure of hydrophobic 

patches. In a high ionic strength environment, the salt ions are able to manipulate the 

hydrogen bonds of the water structure in the virus hydration layer. This results to the 

exposure of hydrophobic portion on the virus which can participate in hydrophobic 

interactions [130].  To understand the impact ionic strength has on the of hydrophobicity 

on virus, MS2, QA and Qβ bacteriophages, which are common viruses that infect bacteria 

[131], was adsorbed to hydrophobic surfaces in the presence of 100 mM sodium nitrate 

(NaNO3) at pH 7. The adhesion results categorized the increase in hydrophobicity of the 

bacteriophages in the following order GA > Qβ > MS2. The influence of electrostatics at 

100 mM NaNO3 ionic strength is least significant. Hence, the adhesion of the 

bacteriophages was said to be as a result of hydrophobic interaction [132]. Furthermore, 

Hepatitis B core virus-like particle (HBc - VLP) was adsorbed to hydrophobic ligands  

over an ionic strength range of 0 to 0.7 M ammonium sulfate ((NH4)2SO4). The HBc - 

VLP adsorption increased as the concentration of (NH4)2SO4increased [133]. This shows 

the importance of ionic strength on hydrophobicity. To further support the contribution of 

high ionic strength to the adhesion of viruses using 1 – 1.25 M ammonium sulfate, 

AAV1, AAV5, AAV – MutC and AAV8 was successfully captured and recovered from 

cell culture media using a phenyl HIC membrane [134]. Understanding the significance 

of hydrophobicity in virus adsorption would provide a better understanding of the likely 

interactions taking place during virus purification. This understanding will aid in the 
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development of improved purification techniques and buffer compositions, which will 

increase viral recovery  for gene therapy. 

 

2.3.2 Charge 

Charge is another crucial surface property that influences the fate and transfer of 

viruses in a liquid environment [120]. The charge of a virus is based on the ionizable 

amino acids in the capsid protein for nonenveloped virus and the glycoproteins for 

enveloped virus [135, 136]. The net charge of the virus is based on the contributions from 

protonated and unprotonated amino acids in the virus capsids protein or envelope 

glycoprotein which results to a pH dependent electrical charged surface [137]. The net 

charge of virus is often described using IEP. The IEP is the pH at which the net charge of 

the virus is zero making it electrically neutral. At pH below the IEP, the viruses are 

positively charged while above the IEP, the virus es are negatively charged [88]. In a 

liquid environment, positively charged amino acids like lysine, arginine, and histidine 

becomes protonated while the negatively charged amino acids like, aspartic and glutamic 

acid  becomes deprotonated [138]. 

The charge of a virus is considered to affect electrostatic interactions between the 

virus and other charged surfaces [132, 139]. The charge differences between the virus 

and other surfaces can enhance or inhibit adsorption in virus purification systems. The 

Derjaguin, Landau, Verwey, and Overbeek (Electrostcic ) theory can be used in 

describing the adsorption of viruses based on electrostatic interaction [140, 141]. The 

DLVO theory assumes that the electrostatic double layer forces and van der Waal forces 

are independent. Thus, the forces can be superimposed or incorporated at the interacting 

distance between particles [140].  Electrostatic interactions between viruses and other 

surfaces are modulated by the pH and ionic strength [142]. The ionic strength controls the 

electrostatic interactions through its effect on the Debye length of the electrostatic 

potential of the liquid environment [143]. The debye length measures thickness of the 

double layer [144]. The double layer is the characteristic distance over which electrons 

can be separated [144]. With an increase in ionic strength the debye length is reduced and 
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double layer thinned while the reverse is the case for low ionic strength [145].  The 

solution pH affects the magnitude of electrostatic interaction by effecting changes in the 

charge distribution of the virus and adsorption surface [120].  

Electrostatic interaction is important for virus adsorption. To highlight the 

importance of electrostatic interaction in virus adsorption, pseudo-typed adeno- 

associated virus serotype 2/8 (AAV -2/8) was purified using using cation and anion 

exchange chromatography exchange chromatography [146]. Pseudo-typed AAV-2/8 

vector is a vector in which the AAV-2 genome is packaged in an AAV-8 capsid. Crude 

clarified cellular lysate was loaded using 20 mM Bis Tris Propane buffer. The AAV-2/8 

particles only bound to the cation resin at pH 6 while the AAV-2/8 bound to the anion 

resin at pH 9. This means that the IEP of AAV-2/8 is greater than pH 6. The bound virus 

particles were eluted with increasing concentration of sodium chloride, NaCl (100–

1000 mM). These suggests that AAV-2/8 particles are positively charged at pH 6 and 

negatively charged at pH 9. Hence, their adsorption and desorption from the charged 

membranes are based on changes in their surface charge distribution which is modulated 

by changing salt concentration and pH [146]. These highlights the effect of electrostatic 

interactions in virus adsorption to charged surfaces.  

Although viruses adsorb through hydrophobic and electrostatic interactions, these 

interactions are generally inadequately characterized. The lack of a defined 

methodological descriptor to offer information on these interactions at a fundamental 

level contributes to the inadequate comprehension of these interactions. The goal of this 

study is to develop a reliable method for characterizing the charge and hydrophobicity of 

viruses in physiologic conditions employed in virus purification, allowing for improved 

modification and interpretation of virus interactions. 

 

2.3.3 Typical methods for virus surface chemistry characterization 

The characterization of viral surface characteristics has been plagued by 

inconsistencies in the many methodologies used. The nanometric size and complexity of 

the viral surface makes most existing approaches for virus characterization incapable of 
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accounting for the changes effected by the liquid environment on the virus. The ionic 

strength and pH of the virus liquid environment being a major determinant for changes in 

the virus surface chemistry. A surface characterization technique that can adequately 

measure changes resulting from ionic strength chnage and pH shift would be very 

instrumental in virus surface characterization. In this section, the existing methods for 

evaluating viral hydrophobicity and charge will be explained, as well as their limitations. 

A proposed technique, chemical force microscopy (CFM) which allows the single 

particle probing of viral charge and hydrophobicity will be described as well. 

 

2.3.3.1 Hydrophobic interaction chromatography (HIC) 

HIC is a critical technique that enables the characterization of virus 

hydrophobicity based on their retention and elution from a stationary hydrophobic ligand. 

HIC is a well-established method for characterizing protein hydrophobicity [147-149] 

and has also been applied to virus [16].  

 In quantifying virus hydrophobicity using HIC, the relative hydrophobicity of 

minute virus of mice (MVM), and MVM- virus like particles (VLP) was characterized  

using a Tosoh TSK Phenyl column. MVM and MVM- VLP were assigned 

hydrophobicity based on the normalization of eluting salt concentration of the virus to the 

eluting salt concentration of a protein standard, with the lowest hydrophobicity given a 

rating of zero. The lowest value corresponded to the hydrophobicity of ribonuclease A 

(RNAse A). The relative hydrophobicity values of MVM and MVM-VLP were 0.28 and 

0.35 respectively, indicating MVM-VLP is more hydrophobic than MVM  [150]. Using 

the relative hydrophobicity value, the hydrophobicity of bacteriophages, PP7 and φ174 

was also calculated as 0.61 and 0.18 respectively [130, 150]. From these hydrophobicity 

characterization examples, we see that the hydrophobicity is based on bulk solution 

calculations and the hydrophobicity of individual particles are not accounted for. Also, 

the presence of sample impurities can affect the final overall hydrophobicity values 

obtained. This is because if the impurities are hydrophobic, they can compete for binding 

on the hydrophobic column resulting to less virus particles bound. If less virus particles 
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are bound, the concentration of salt required to elute the virus would be different. Also, 

there is a possibility that the salt concentration used in eluting the virus would also elute 

impurities. Making this method unreliable.  

Although, HIC has been used to characterize the relative hydrophobicity of some 

viruses, this method is flawed. The HIC method relies on a relative hydrophobicity scale 

made with protein references as a baseline for comparison, any errors in the experimental 

determination of the reference protein standard might affect the other results. In addition, 

there are different hydrophobic ligands with varying degrees of hydrophobicity, these 

differences would result in different retention and selectivity of the virus surface. Hence, 

this might affect the relative hydrophobicity value assigned to a virus. Furthermore, the 

retention and elution of the viruses are modulated by the buffer compositions, and 

conditions. Changes to the buffer conditions and composition would effect changes in the 

binding behavior of the viruses making this method unreliable. The high salt 

concentrations are capable of inactivating the virus rendering making it uninfectious.  

The high salt concentrations utilized for HIC is also capable of affecting the virus 

integrity [151]. Changes to the capsid integrity can falsify the obtained hydrophobicity 

result obtained. For these reasons, a hydrophobicity characterization method that 

wouldn’t affect virus capsid integrity during measurement and  that can accommodate 

changes in the virus surface hydrophobicity due to changing solution conditions is 

required.  

 

2.3.3.2 Partitioning – aqueous two – phase systems (ATPS) 

Aqueous-two phase system is a fluid separation process that relies on partitioning 

based on the incompatibility of two aqueous solutions [152]. The aqueous solutions are 

formed from a combination of two polymers or a polymer and high concentration salt 

[152]. The common combinations for the ATPS systems are either polyethylene glycol 

(PEG) - dextran or PEG – salt systems [153]. Citrate, phosphate, or sulphate salts are 

used to allow the salt ions to capture water molecules [154] and increases the 

hydrophobic response of the ATPS [152]. The salts are able to effect salting-out effect 
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which causes the virus to precipitate and migrate from the salt phase to the PEG 

phase.ATPS has been used to purify and separate biomolecules from impurities [152, 

155]. The partitioning of biomolecules in ATPS is driven by various interactions include 

hydrophobic and electrostatics interactions [155, 156]. As a result, ATPS partitioning has 

been used to characterize the hydrophobicity and charge of the virus surface. In ATPS 

surface characterization for biomolecules, the partitioning coefficient plays a large role. 

This is because partition coefficient in ATPS provides an equilibrium correlation between 

the top and bottom phase [152]. The partitioning coefficient is influenced by the polymer 

molecular weight, concentration, type of salt and concentration, solution pH and 

temperature [157]. Hence, changes to the factors that affect partitioning can impact the 

phase where the biomolecule partitions, and how the surface chemistry is characterized.  

The cross partitioning of ATPS with PEG-salt in pH ranging from 4.5 – 6.5 was 

used to determine the isoelectric point for PPV and BVDV .The volume and virus 

concentration in the top and bottom phase was used in calculating the partitioning 

coefficient of PPV and BVDV at the different pH tested. The partition coefficient is a 

ratio of the virus concentration in the top phase to virus concentration of the bottom 

phase. A plot of partitioning coefficient and pH was obtained and IEP of 5.4 and 4.2 was 

determined based on the inflection point of the curve for PPV and BVDV respectively 

[158]. The results showed that at a pH greater than the IEP, the virus would have 

increased affinity to the PEG rich phase due to positive dipole moments [159]. When the 

virus is at a pH below IEP, the virus particles are positiviely charged and stay in the salt 

phase that contain negatively charged ions. However, at pH above the IEP, the virus is 

negatively charged making it repel the negatively charged salt ions and partitioning to the 

PEG rich phase. However, this method is not completely reliable because virus 

partitioning in ATPS is not purely dependent on the charge differences between the salt 

and PEG phase. There are hydrophobic interaction contributions from the PEG rich phase 

that contributes to virus partitioning.  Although, ATPS has advantages of being 

environmentally friendly, and low cost [160], it is deficient in the characterization of the 

surface properties of viruses. Since surface characterization using ATPS is dependent on 

partitioning behavior which is influenced by polymer and salt attributes which cannot be 
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strictly controlled in the system, surface characterization using ATPS would be 

inconsistent. In addition, partitioning is modulated by a combination of physicochemical 

properties ranging from hydrophobic, electrostatic, bio affinity, virus size, and side chain 

conformational changes induced by the salt ions [161]. Surface characterization based on 

just one possible interaction can be misleading. Also, for enveloped viruses high salt 

concentrations  are capable to inducing envelope deformation [162, 163]. These makes 

the ATPS method of surface characterization unsuitable for all viruses.  Hence, a surface 

characterization technique which can differentiate the properties responsible for the virus 

surface interaction and is suitable for all virus types is required.  

 

2.3.3.3 Isoelectric focusing 

Virus charge characterization in the presence of an electric field like capillary 

electrophoresis utilizes electrophoretic attributes of the virus and have complex steps. 

Hence, the need for a method of characterizing virus charge that reduces the complexities 

associated with methods that focus on virus electrophoretic properties. Isoelectric 

focusing (IEF) is a electrophoretic technique which separates amphoteric molecules like 

viruses and proteins according to their isoelectric point (pI) [164]. Viruses or proteins are 

categorized as amphoteric because they consist of the amino group which is positively 

charged and the carboxyl group which is negatively charged. In IEF, the charge 

characterization of molecules is based on their migration in a charged field under the 

influence of a pH gradient [164]. For IEF, the pH gradient is created across a capillary 

with a negative electrode immersed in an acidic solution while the positive electrode is 

immersed in a basic solution.  The viral particles will be negatively charged when the pH 

is above the pI or positively charged when the pH is below the IEP. In the presence of a 

pH gradient, the mobility of the molecules follows electrophoresis principles until the 

isoelectric point is attained. When the IEP is reached, there will be no further migration 

of the virus particles and the narrow bands at which the migrations stop on the capillary is 

then excised. The common IEF formats are gel and capillary and can be coupled with 
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mass spectrometry [165]. The proteins in the bands can be detected using staining with 

silver [166], ethidium bromide or Coomassie brilliant blue [167].  

The IEP of six strains of polivirus was estimated using capillary isoelectric 

focusing (CIEF). The anion exchange capillary column was made of silica coated with 

fluorocarbon. The observed IEP for the strains were 0.5-1 pH unit lower than the than 

those obtained from the use of other IEP derivation methods [168]. The differences in 

IEP obtained between IEF and other methods can be associated with differences in the 

virus strains, presence of impurities, electrostatic intercations between the virus and other 

charged interface and the host cell type used for virus propagation [88]. Also, the 

isoelectric point of full and empty Brome Mosaic Virus (BMV), Cowpea Chlorotic 

Mottle Virus (CCMV) virus like particles (VLP) and their constituent protein subunits 

were estimated using agarose-based gel IEF. It was observed that there was a wide 

variance between the pI and charge distribution of the empty and full virus capsids [118]. 

In addition, the pI of purified empty and full rodent protoparvovirus (H-1PV) was 

determined using agarose-based gel IEF. The pI’s reported was 6.3 for empty capsids and 

5.8 – 6.2 for full capsids [169].  

Although, IEF requires only a minimal amount of virus samples,there are still 

some drawbacks associated with this method.  IEF approach is laborious, time consuming 

and requires specialized equipment [170]. Also, there is a possibility of electrode 

reactions which can lead to contaminations [171]. Highly hydrophobic viruses are also 

difficult to characterize using IEF because their low solubility inhibits migration through 

the carrier solution [170]. To overcome the challenges associated with the use of an 

electric field in characterizing the surface charge of biomolecules, an easier memthod 

independent on electric field was introduced.  

 

2.3.3.4 Chromatofocusing 

This a simple and rapid technique that can be used in combination with other 

methods for determining the pI of viruses and protein. Chromatofocusing utilizes the 

retention of viruses on an ion exchange column through a pre-determined pH gradient to 
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define the virus behavior in IEF [172]. In chromatofocusing no electric field is applied or 

required to establish the pH gradient unlike the electrophoretic techniques [173].  

The IEP of several viruses have been characterized using chromatofcusing. The 

IEP  of bacteriophage φX174 was quantified using chromatofocus that utilized an anion -

exchange column [170]. Also, using a weak anion-exchange (AEX) column, empty and 

full H-1PV capsids were chromatofocused [169]. The results obtained was an IEP of 6.3 

for empty H-1PV capsids, and 5.8 – 6.1 for the full capsids. These results was 

confimrmed by isoelectric focusing as 6.3 and 5.8-6.1 for the empty and ull H-1PV 

capsids respectively [169]. In addition, the pI of WT minute virus of mice (MVM) , and a 

mutant MVM was obtained using anion exchange column chromatofocusing as 4.5 and 

6.2 respectively [174]. For chromatofocusing, using a weak AEX column, the ions will 

dissociate faster than in strong AEX column [175]. This helps to create a stronger 

buffering effect on the column. With this, viruses which are susceptible to pH changes 

can be easily characterized.   

Chromatofocusing offers the advantage of simplicity in terms of eluting the virus 

off the column and possibility of retrieving intact virus. There is also the advantage of 

easy scalability, and it can also be used to predict the pI of viruses in the presence of 

impurities. However, a disadvantage of this method is that the pH at which the virus 

elutes from the column may vary slightly from the true pI. It is difficult to estimate the 

range of deviations, hence, the unreliability of this method [170].  

The traditional methods for characterizing the charge and hydrophobicity quantify 

these virus properties for the bulk solution and are thus affected by the level of virus 

sample impurities [18] and buffer composition [119] . Also, because these traditional 

methods can be affected by the level of virus sample impurities, they require high virus 

concentration which may not be achieved in the virus purifications process [19]. Also, 

there is a possibility of characterizing impurities rather than the target virus particles [88]. 

For these reasons, a simple, dependable, and straightforward technique which is 

independent on high virus concentrations and that can quantify virus surface properties 

based on the contributions from individual virus particles is required.  
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2.3.3.5 Dye adsorption 

The dye adsorption technique involves characterizing hydrophobicity using the 

adsorption of molecules to a standard probe molecules which is either, hydrophobic or 

hydrophilic [176]. Dye compounds that absorb visible light are often utilized as probe 

molecules. These dyes may also have fluorescing characteristics, which may indicate 

whether they are bound to hydrophobic or hydrophilic molecules [177]. Rose Bengal is a 

rose or red colored anionic dye which belongs to the organic compound. It is 

hydrophobic in nature and  adsorb to hydrophobic surfaces using its xanthene ring [178]. 

Another organic dye is the congo red. It is anionic and is used for hydrophobicity 

characterization due to its aromatic rings [179]. Nile blue is a cationic dye that has a 

hydrophilic amino acid which gives it an affinity for hydrophilic surfaces [178]. 8-

anilino-1-naphthalene sulfonate (ANS) is a common fluorescing dye used in 

hydrophobicity characterization. ANS is a flurorescent blue colored dye. The naphthalene 

and aniline ring are hydrophobic giving ANS its high affinity for hydrophobic patches on 

proteins or virus. ANS does not fluoresce in water or polar environments but becomes 

fluorescent when bound to hydrophobic patches [180]. The dye adsorption method has 

been found useful in the characterizing the relative hydrophobicity of biomolecules and 

nanoparticles because it is easily applicable to nanosized materials, and has shown 

enhanced selectivity with increasing molecule surface area, and concentration [178]. 

Using dye adsorption, the hydrophobicity of protein [16, 181], and nanoparticles [176, 

182] have been characterized.  

In dye adsorption to quantify hydrophobicity, different methods of analysis are 

adopted. There is the partitioning method which uses the plot of the partitioning quotient 

of test molecule in test solution versus the surface area of the molecule being measured 

[176]. The plot is usually a straight-line, and the slope of the line gives the measure of 

hydrophobicity for the test molecule. The partitioning quotient is obtained based on the 

ratio of  the mass of dye adsorbed by the molecule to that adsorbed in the test solution 

while the surface area is calculated with an assumption of monodispersed molecule  and 

constant geometry [176]. With the partitioning method, the dye concentration can be kept 

constant while the test molecule concentration is varied. The hydrophobicity of NPs, 
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aqueous nC60 (aqu-C60), tetrahydrofuran-nC60 (THF-nC60), fullerol, nano-gold coated 

with citrate (Au-CIT), nano-silver coated with PVP (Ag-PVP), citrate (Ag-CIT) and gum 

arabic (Ag-GA) was characterized based on their adsorption of hydrophobic -Rose 

Bengal. The adsorption was analyzed using a plot of partitioning quotient vs NP surface 

area. The slope of the plot was used as a marker for the NP surface hydrophobicity.  

Results showed that Rose Bengal adsorbed to other NPs tested except Ag-CIT and 

fullerol [176]. Since hydrophobicity is based on the slope of the plot in this method, the 

hydrophobcity of NPs that didn’t adsorb any dye could not be characterized. The final 

findings revealed that the procedure used to prepare the nanoparticles influenced their 

ultimate hydrophobicity. When synthesizing aqu-nC60, the prolonged mixing caused 

partial hydroxylation of the fullerene on its surface. THF-nC60 had a lower 

hydrophobicity than aqu-nC60 owing to the preservation of leftover hydrophilic THF on 

the surface of fullerene. The surface chemistry was altered by coatings of citrate, PVP, or 

GA intended to stabilize nano-Ag. CIT made nano-Ag hydrophilic, while PVP and GA 

rendered it hydrophobic. Also, due to the difficulty in calculating the surface area 

associated with this method, dye adsorption analysis using adsorption isotherm models 

was explored. 

Common adsorption isotherm models have been used to determine the amount of 

dye adsorbed by a molecule. An example is the determination of the relative 

hydrophobicity for gold (Au) nanoparticles (NP), uncoated copper oxide (CuO) and silica 

NP with and without amine functionalization was quantified using Rose Bengal and Nile 

blue [182].  The adsorption of the dye to each NP was analyzed using Langmuir, 

Freundlich and linear adsorption isotherms. The results showed that CuO NP adsorbed 

both Rose Bengal and Nile Blue, making it slightly hydrophobic and hydrophilic. SiO2 

without amine adsorbed more Nile blue making it hydrophilic while SiO2 with amine 

adsorbed more Rose Bengal making it hydrophobic. The fluorescence of 8-anilino-1-

naphthalene sulfonate (ANS) dye has been used in quantifying the hydrophobicity of 

PPV [16] and proteins [16, 183-185]. The hydrophobicity was quantified using linear 

isotherm which is based on the slope of the line for the plot of ANS fluorescence versus 

the concentration of the test molecule [16, 186]. This adsorption isotherm method allows 
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hydrophobicity quantification independent of the molecule surface area. However, in 

selecting isotherm models for adsorption analysis, care must be taken to ensure that the 

model used incorporates the thermodynamic factors that are responsible for molecule 

adsorption. 

In addition, an alternate method for analyzing dye adsorption for hydrophobicity 

quantification is based on determining the fluorescence or ultraviolet (UV) absorbance of 

unbound dye and relating it to a reference fluorescence or absorbance at fixed or variable 

dye concentrations. In using the UV absorbance of dye to quantify hydrophobicity, the 

amount of Coomassie Brilliant Blue G-250 (CBBG) adsorbed to protein was used in 

determining the hydrophobicity of myofibrillar proteins (MP) [186]. The binding of 

CBBG to proteins is attributed to the formation of an insoluble complex resulting from 

the hydrophobic interactions between CBBG, and the aromatic amino acid residues of 

proteins [187, 188]. The amount of CBBG adsorbed was quantified using the difference 

in the ultraviolet (UV) absorbance of a reference control and MP with adsorbed CBBG at 

a fixed dye concentration. This method of analysis is easy and doesn’t require 

complicated mathematical calculation. However, the concentration selection must ensure 

that there will be differences between the controls and test samples at the initial and final 

stage. The differences in concentration between the initial and final stages allows 

fluorescence or absorbance differences.  

Although, the dye adsorption technique for hydrophobicity determination has an 

advantage of being relatively easy to perform and analyze, affordable, useful for 

nanosized molecules with increasing surface area and concentration, it has various 

drawbacks. One of the drawback is electrostatic interaction interference. The dyes can be 

positively or negatively charged. Hence depending on the charge of the molecule being 

adsorbed, repulsive or attractive forces might decrease or increase the dye adsorption. 

Also, there is a possibility of heterogeneous adsorption sites on the molecule to be 

measured. This would result in an unreliable hydrophobicity characterization. In addition, 

the influence of the dye and molecule concentration on the adsorption kinetics may not be 

taken into consideration during the hydrophobicity quantification [189, 190]. This would 

make the hydrophobicity quantified incorrect. Therefore, a surface characterization 
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technique which can differentiate purely electrostatic and hydrophobic interaction is 

needed for biomolecules like virus is needed.   

In this research, we used dye adsorption as one of the techniques to quantify virus 

hydrophobicity. The adsorption isotherm model was selected in analyzing the dye 

adsorption to prevent the errors associated with calculating the density and surface area 

of the virus pool. We used the Langmuir and Freundlich isotherm models.  

 

2.3.3.5.1 Langmuir adsorption isotherm derivation 

In this research, dye adsorption was used as a conventional method to quantify 

virus hydrophobicity.  The results from the dye adsorption was analysed using adsorption 

isotherms with the Langmuir isotherm as one of the models used. The Langmuir 

adsorption isotherm is based on the following assumptions and equations [191]; the 

surface of adsorbent is made up of elementary or fixed sites, each of which can adsorb an 

adsorbate, surface of the adsorbent is homogenous, adsorbed molecule behaves ideally, 

only monolayer is formed during adsorption, no lateral interaction, and adsorbed 

molecules are localized.  

The adsorption of molecule, X contained in a liquid with concentration, 𝐶𝑂 to an 

adsorbent with vacant surface sites, S is given by Equation 2.3.1 

𝐶𝑂 + 𝑆 

𝑘1

→ 

𝑘2

←  
𝐶𝑂𝑆  2.3.1 

Where, 𝑘1  is the rate of adsorption and  𝑘2 is the rate of desorption. To quantify 

the concentration of molecule, X on the surface of the adsorbent, we introduce the surface 

coverage parameter,  and another parameter N which indicates total number of sites.  

 is fraction of surface covered by molecules of X. 1-  is fraction of surface uncovered 

molecules of X or vacant sites.  

Rate of adsorption, 𝑘1 is proportional number of vacant site or unadsorbed molecules, 

N(1- ), and represented using Equation 2.3.2  

𝑘1 = 𝑘1[𝐶𝑂][𝑆] = 𝑘1[𝐶𝑂]𝑁(1 − θ)  2.3.2 

Rate of desorption, 𝑘2  is proportional to adsorbed molecules, N(), Equation 2.3.3  
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𝑘2 = 𝑘2[𝐶𝑂 − 𝑆] = 𝑘2𝑁(θ)  2.3.3 

At equilibrium, 𝑘1 =  𝑘2, see Equation 2.3.4, Equation 2.3.5 and Equation 2.3.6  

𝑘1[𝐶𝑂]𝑁(1 − θ) = 𝑘2N(θ)  2.3.4 

𝑘1

𝑘2
=

(θ)

C𝑂(1 − θ)
  2.3.5 

𝑘1

𝑘2
= 𝐾𝐿 

 
2.3.6 

𝐾𝐿  is the equilibrium constant, 𝐶𝑒 is the equilibrium concentration of X after adsorption. 

𝐾𝐿  can be expressed in terms of equilibrium concentration and vacant sites using 

Equation 2.3.7. The Langmuir equation is as stated in Equation 2.3.8. 

𝐾𝐿 =
(θ)

Ce(1 − θ)
  2.3.7 

𝜃 =
𝐶𝑒𝐾𝐿

1 +  𝐶𝑒𝐾𝐿
 

 
2.3.8 

An alternate way of representing Langmuir isotherm is based on adsorbed 

concentration of molecule X in equilibrium at the occupied sites, which is represented as 

𝑞𝑒 ,and the maximum adsorbed concentration of molecule X for all available sites i.e. 

complete surface coverage with a monolayer, 𝑞𝑚𝑎𝑥. The relationship between 𝑞𝑒 and 

𝑞𝑚𝑎𝑥  is given in Equation 2.3.9. Substituting the value of   in Equation 2.3.8, gives 

Equation 2.3.10. 

𝜃 =
qe

qmax
  2.3.9 

𝑞𝑒 =
𝐶𝑒𝐾𝐿𝑞𝑚𝑎𝑥

1 +  𝐶𝑒𝐾𝐿
 

 
2.3.10 

When 𝐶𝑒𝐾𝐿  1 , 𝑞𝑒 =  𝐾𝐿𝑞𝑚𝑎𝑥𝐶𝑒. Most sites are open. 

Linearizing the isotherm is represented using Equation 2.3.11 and Equation 2.3.12.  
𝐶𝑒

𝑞𝑒
=

1

𝑞𝑚𝑎𝑥𝐾𝐿
+

𝐶𝑒

𝑞𝑚𝑎𝑥
  2.3.11 

1

𝑞𝑒
=

1

𝐶𝑒𝑞𝑚𝑎𝑥𝐾𝐿
+

1

𝑞𝑚𝑎𝑥
 

 
2.3.12 

 
When 𝐶𝑒𝐾𝐿  1, 𝑞𝑒 =  𝑞𝑚𝑎𝑥. All sites are occupied. 
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From the linear isotherm plot of  
1

𝑞𝑒
 𝑣𝑠.

1

𝐶𝑒
   ,  the intercept is 

1

𝑞𝑒
  , which tells us 

about the occupied sites, the slope is 
1

𝐾𝐿
   tells us about the vacant sites.  

2.3.3.5.2 Freundlich adsorption isotherm derivation 

The Freundlich isotherm model was also employed as a second model to analyze 

the dye adsorption conventional method used for quatifying virus hydrophobicity. The 

results obtained was compared to the unique approach of quanitying virus hydrophobicity 

presented in this research. The Freundlich adsorption isotherm is based on the following 

assumptions and equations [192]; the surface of the adsorbent is inhomogeneous and 

rough, there is interaction between the adsorbent and adsorbate, and adsorption is 

proportional to concentration. proportional to the concentration of molecule, E in the 

liquid.  

The adsorbed concentration of molecule X, at the occupied sites of adsorbent, S is 𝑞𝑒. 

The direct proportional relationship between 𝑞𝑒 and the concentration of molecule, X in 

the liquid, 𝐶𝑒  is given in Equation 2.3.13 and Equation 2.3.14. 

qe    Ce  2.3.13 

qe = kf𝐶𝑒

1
𝑛 

 2.3.14 

𝑘𝑓 and n are constants. At low concentrations, the amount of molecule, X 

adsorbed increases rapidly as concentration increases till it reaches a plateau at a certain 

concentration referred to as the saturation concentration.  

𝑘𝑓 is the Freundlich constant, 𝐶𝑒 is the equilibrium concentration of X in the 

supernatant after adsorption, 
1

𝑛
 is the non-linearity exponent that tells us about the 

strength of adsorption.  

At low concentrations, 
1

𝑛
= 1, 𝑞𝑒  =   𝑘𝑓𝐶𝑒

1
. At high concentrations, 

1

𝑛
= 0, 𝑞𝑒 is 

independent on 𝐶𝑒, 𝑞𝑒  =   𝑘𝑓𝐶𝐸
0

.  This is the plateau point on the graph. At intermediate 

concentrations, 𝑛  1, 𝑞𝑒  =   𝑘𝑓𝐶𝐸

1

𝑛 . 𝑞𝑒 does not increase rapidly with increasing 𝐶𝑒. To 

find the value of n and 𝑘𝑓, the Freundlich equation is linearized to thethe log form 

asshown in Equation 2.3.15  
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Log 𝑞𝑒 = log  𝑘𝑓 +
1

𝑛
log 𝐶𝑒  2.3.15 

The slope of a plot of  log  𝑞𝑒  𝑣𝑠. log  𝐶𝑒, is  
1

𝑛
  and the intercept is log 𝑘𝑓 .  . 1/n is 

the Freundlich isotherm constant for the interaction also referred to as the non-linearity 

exponent.  1/n  tells us about the strength of adsorption and surface heterogeneity of the 

virus. When 0 < 1/n < 1, the adsorption is reversible but when 0 > 1/n > 1, the adsorption 

is irreversible [193]. 

The Langmuir and Freundlich isotherm are commonly used models. However, the 

Freundlich isotherm has provided a better fit for most biological analysis especially those 

involving viruses [194]. This is mostly because the maximum adsorption capacity, 𝑞𝑚𝑎𝑥 

in the Langmuir model is rarely achievable due to limitations in acquiring high virus 

concentrations for adsorption experiments. The Freundlich isotherm provides a good fit 

for virus adsorption analysis because it describes the reversibility and deviation from 

ideality of virus adsorption processes. Unlike the Langmuir model that assumes 

homogeneity of the adsorption sites, Freundlich model assumes heterogeneity of the 

adsorption sites on the virus [195]. The Freundlich model is only valid for low virus 

concentrations above which it become non-linear. Hence, its suitability for our analysis 

due to low virus concentrations. It is also worth noting that the Freundlich model is an 

empirical model so most of the interactions cannot be accounted for based on the 𝐾𝑓   

value [196]. 

 

2.3.4 Novel approach – single particle - chemical force microscopy (CFM) 

Chemical force microscopy is a technique that uses specific chemistries to modify 

an atomic force microscope (AFM) probe to allow direct investigation of chemical group 

interactions in surface characterization [197]. AFM is a non-optical imaging technique 

with spatial precision and for measuring sensitive force interactions [198]. It is an 

effective tool for the non-destructive surface characterization of topography, electric, 

magnetic, chemical, biologic, and, mechanical properties of a sample surface in air [199], 

liquids [200] or ultrahigh vacuum [201, 202]. Using the knowledge from interaction 
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forces obtained from the AFM, in-depth understanding of numerous biological and 

chemical process on single molecule particle level can be assessed. CFM has been used 

to investigate surface charge of numerous proteins, including bovine serum albumin 

(BSA), fibrinogen, myoglobin, and ribonuclease A [203]. To modify AFM probes, each 

protein was attached to the probe, and used pull off (adhesion) forces was measured on 

two positively charged surfaces in different solution pH. A plot of adhesion force versus 

solution pH was obtained for the proteins, and the point at which the concavity of the 

curve changes was denoted as the pI [203]. This provides an insight into how CFM can 

be used in characterizing the surface characteristics of viruses. Beyond modifying the 

surface of the probe with a biomolecule, functional chemistries can also be used for probe 

modification to measure force interactions of biomolecules [158, 204]. 

 

2.3.4.1 Working principles of AFM 

The AFM functions by using a flexible cantilever which possesses a sharp tip 

attached near the end to scan across the surface of a sample in a perpendicular direction 

to detect the interaction force between the tip and sample [205]. During measurement on 

the AFM, a piezoelectric scanner ensures the lateral and vertical positioning of the 

mounted sample with high precision as shown in Figure 2.9 [206]. When the AFM tip 

comes in contact with the sample and scans the surface, the tip is deflected due to the 

height of the artifacts on the sample surface, and the interaction forces between the tip 

and sample. The AFM tip deflection is recorded by a laser beam reflected on the AFM 

cantilever and transmitted to a photodiode. By actuating the cantilever in z through a 

feedback-controlled piezo, detected variations in cantilever deflection or oscillation are 

rectified to a setpoint value. The feedback loop ensures near constant vertical deflection 

of the cantilever to prevent large changes in the interaction forces [205]. In order to 

estimate the height at a particular x, y - coordinate, these corrected voltages provided to 

the z piezo are recorded and connected to a voltage-distance calibration standard. The 

cantilever scanning coordinates in the x, y, direction with a z height displacement 

generates 3D topographic image of the sample surface [205, 206].  
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The measured interaction forces between the tip and samples are mostly 

influenced impacted on by the size and shape of the tip, and the environmental conditions 

during measurement. In AFM measurements, there are long (electrostatic, magnetic) and 

short (oscillatory, hydrophobic) range forces acting between the tip and samples. It is 

important to isolate each force type to avoid recording unwanted forces [207, 208]. At 

high humidity, capillary forces can be generated resulting to condensation on the tip. 

These capillary forces can induce high interaction forces between the tip and samples. 

Hence, capillary forces should be avoided by constant monitoring of humidity or 

measurement should be performed in a closed chamber with nitrogen or argon [209].  

 

Figure 2.9: Illustration of AFM function. The AFM tip has a cantilever which comes in 

contact with the sample. The laser beam incident on the cantilever. The photodiode 

records cantilever deflections as the tip scans the sample surface. The cantilever 

deflection which is reflected on the photodiode through the mirror. The cantilever 

defelection and tip-sample distance is processed by the computer and controllers [210].  

 

 

2.3.4.2 AFM tip properties 

The cantilevers used in AFM measurements have differences in terms of 

manufacturing materials and shape. The cantilever is typically made from silicon, Si or 

silicon nitride, Si3N4 with a length of 100-200microns, and allow very small forces to be 

measured [206].  Cantileverscan be classified based on their shape as either rectangular or 

triangular. For lateral force measurements and contactless mode, rectangular cantilevers 

are preferred. Cantilevers with triangular shapes are easier to use and commonly used in 
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contact mode  because their behavior to lateral forces is complex [209]. The main 

properties of an AFM tip are its surface energy and its radius [211]. The tip of the 

cantilever has a radius of curvature of about 2-50 nanometers (nm) which allows it to 

measure pico newton (pN) force ranges between samples.   

 

 

2.3.4.3 AFM measurement modes  

Technological advances have resulted to the introduction of various distinct 

modes in the AFM setup. Despite the fact that the majority of the AFM modes are 

applicable to all types of samples, they all do not produce same quality of data. The 

proper application of these measurement modes allows the exploration of interactions 

even on molecular basis. The contact and non-contact modes are the major categories of 

AFM set up. 

The contact mode involves bringing the AFM tip in direct contact with the sample 

surface and allowing it to scan across while the deflection of the tip is recorded. It can be 

used in both air and liquid. The contact mode is used either in the constant force or 

constant height set up. For the constant force mode, a feedback loop is employed to move 

the sample or tip upward and downward while deflection is fixed. The z displacement is 

equivalent to the height variations in the x, y coordinate scan of sample surface. These 

combinations of the vertical and lateral measurements maps yield images of the sample 

surface topography. Frictional forces develop between the tip and sample surface due to 

continuous contact. These frictional forces lead to damage of the tip or samples. Hence, 

the contact mode is not favorable for biologic samples because of their softness.  This 

mode may also be employed for surface topography imaging of biologic samples when 

minor stresses are applied [212, 213]. For the constant height mode, cantilever deflection 

is directly measured, and the deflection force on the tip is utilized to compute distance 

from surface. This measurement has no feedback loop, therefore it's good for rapid 

scanning of samples with minimal height variations. The constant height mode is utilized 

to quickly examine biological structural changes [214, 215]. 
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The non-contact mode involves bringing the tip close enough to the sample 

surface at distances of about 5 – 10 nm [216]. There are different variations of the non-

contact mode. Because the tip – samples have no direct contact, frictional forces can be 

neglected, which is a major advantage of the non-contact mode. The absence of frictional 

forces makes non-contact mode a preferred option in sampling biologic materials. Also, 

there is only a small chance of altering the surface features of biologic materials using the 

non-contact mode. Compared to contact mode, non-contact mode has low lateral and z-

resolution, which is a major disadvantage. The non-contact mode has been used to 

explore cell surfaces [217, 218]. To solve the problems associated with the non-contact 

mode, the tapping mode was introduced. 

The tapping mode is based on the non-contact mode technique. It can also be 

referred to as the dynamic force or intermittent contact mode [216]. Tapping mode AFM 

may be performed in either air or liquid. For the tapping mode, the AFM probe is 

oscillated above the sample using the tip resonance frequency [219] with the tip touching 

the sample at intervals [220]. During scanning, an electrical feedback circuit keeps the 

probe oscillation at a consistent amplitude. The amplitude of vibrations diminishes, and a 

phase shift happens when the AFM tip interacts with the sample surface. The amplitude 

or phase shift when the sample or the tip is moved in z -coordinate can be selected as the 

input parameter of the feedback loop to obtain the topographic information of the sample 

[220].  The main advantage of tapping mode is that it prevents the lateral and vertical 

shear stresses found in contact mode, which can harm the structure of the sample being 

scanned.  

The non-contact and tapping mode are based on the oscillation of the AFM probe 

and its resonance frequency [221, 222], therefore can be classified as resonance modes 

[220]. For the resonance modes, the oscillation of the cantilever is dynamic and irregular. 

Also, the resonance mode requires AFM probe calibration to obtain resonance peak and 

adjust parameters such as driving frequency, free vibration amplitude, setpoint, and 

feedback gains. There are other types of the non-contact mode which are classified as the 

non-resonance mode. These include the lateral force microscopy [223, 224], force -

volume [225], peak force tapping [226], hybrid [227], digital pulse-force [227, 228]. For 
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these non-resonance modes, the AFM probe oscillates very slowly, and below its 

resonant frequency [220]. The AFM tip contacts the sample surface in a comparable 

manner to the tapping mode, travelling toward and then out from the sample in the off-

resonance mode. The deflection of the cantilever represents the interaction force as the tip 

interacts with the sample. The topographic image of the sample may be determined by 

regulating the peak force on the sample. The contact force between the tip and sample 

can be precisely detected and regulated in real time because of the slow oscillation of the 

AFM probe. Also, the force-distance (F-D) curve, which depicts the samples adhesion 

characteristics can be obtained. Off-resonance modes are therefore frequently employed 

in biology [229, 230].  

In this research, the peak force tapping mode in liquid was utilized because it 

enables capturing the quantitative nanomechanical properties of samples and can be used 

at high scan rates. It is also able to produce high resolution mapping of the sample 

surface. The liquid environment makes it possible to probe the virus surface properties of 

interest at physiologic conditions with buffer conditions that are typically used for virus 

purification. 

 

2.3.4.4 Force – Distance measurement  

During the interaction of the AFM probe with a sample surface, the AFM isn’t 

only capable to producing topographic images but is also able to map the biophysical 

characteristics using recorded force-distance (F-D) curves [231]. F-D curves are recorded 

during the movement of the piezo which brings the cantilever to the sample surface and 

the cantilever is then deflected and moved away from the sample surface [231]. The F-D 

curves is an x-y plot with the x-axis as the distance which the piezo travels to bring the 

AFM prove in contact with the sample and the y-axis as the deflection of the cantilever. 

From the F-D curves the approach and retract behavior of the cantilever is recorded as 

shown in Figure 2.10. The approach curve which is when the cantilever contacts the 

sample provides information about the viscoelastic characteristics of the sample while the 

retract portion which is the separation or pull away of the tip from the sample provides 
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information about the adhesion force properties of the sample to the tip or molecule 

attached to the tip [232].   

The different regions in the F-D curve shown in Figure 2.10 represents how the 

tip and sample interacts. At the start of an experiment, point A, the cantilever approaches 

the samples, but the force is too small to be detected. At point B, the interaction between 

the tip and sample due to van der Waal or capillary forces increases and overcomes the 

spring constant of the AFM probe causing the AFM tip to come in contact with the 

sample. The tip remains in contact with the sample causing a deflection of the AFM 

probe and increasing repulsive forces if the deflection setpoint is exceeded. To prevent 

damage of the tip, at point C, the tip starts to retract from the sample surface. However, 

the tip remains in contact with the sample and is deflected downwards usually due to 

some attractive forces which might be hydrophobic or electrostatic. These forces are 

recorded as adhesion force in point D. The force from the cantilever will be strong 

enough to overcome the adhesion force at some tip-sample distance, allowing the tip 

return to the start point of measurement. The force obtained from the F-D curve is then 

translated into tip-sample interaction.  

 

Figure 2.10: Force-distance curve schematic. The AFM tip comes in contact with the 

sample surface and exerts a predetermined loading force, resulting to cantilever defletion. 

The tip is held on the sample surface by an adhesive force but it eventually breaks free as 

the tip is retracted. Those adhesion forces can be calculated from the pull-off force 

region. Reprinted from [233] with permission. 
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The force obtained between the tip and the sample interaction has a direct relationship 

with the cantilever deflection [234]. Using Hooke’s law as shown in Equation 2.3.16, the 

force, F is obtained using the spring constant, k of the AFM probe and the AFM probe 

deflection through a distance, x. The spring constant is negative in the equation because 

the force exerted by the probe is in the direction opposite to the distance travelled.  

𝐹 = −𝑘𝑥  2.3.16 

The spring constant of the AFM probe is usually experimentally determined at the start of 

the experiment using the thermal fluctuation by obtaining the thermal noise spectrum of 

the cantilever deflection of the natural frequencies of oscillation [235]. x is obtained using 

Equation 2.3.17. 

𝑥 = 𝑧 −  ∆𝑧  2.3.17 

Where, z is the distance between the AFM probe at rest and the sample surface while , Δz 

is the summation of cantilever deflection and sample deformation [232]. 

Using the AFM, probing single molecule have becoming possible. The single 

molecule measurements enable the probing of biologic molecules in their natural 

environment to reveal biophysical and biochemical interactions, and properties that 

would otherwise have been impossible for an individual molecule [200, 236, 237]. The 

single particle measurements allow the study of interaction between distinct species 

without damage their natural form. Since the AFM probe can be modified with 

chemistries and ligands of interest, the single particle measurements allow the probing of 

the adhesion forces between biomolecules and modified AFM probes. Using single-

molecule AFM, the isoelectric point of PPV and BVDV have been quantified based on 

their interaction with AFM probes modified with positive and negative charged 

chemistries [158]. Also, the hydrophobicity of PPV and BVDV using  the single-particle 

measurements has been reported [200].  

Single – particle CFM offers an advantage of characterizing virus charge and 

hydrophobicity at a nanoscale while also being able to concurrently visualize the virus 

topography. The CFM allows the use of trace amount of virus volumes and does not 

require extremely high virus concentration for measurements. With the single – particle 
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CFM, the heterogeneity in the surface characteristics of the virus samples can be 

observed, and the overall quantified charge or hydrophobicity would be based on the 

contributions of particles in the virus pool. Since, the topographical and dimension of the 

virus particles can be observed during measurement, the effect of sample impurities on 

the surface chemistry characterization is negligible.  

The viral samples utilized for CFM measurements were immobilized on a gold 

coated glass slide in this research, and the AFM probes were modified with charge and 

hydrophobic functional groups. The entire technique for probe modification and viral 

immobilization is found in Chapter 3 - 5. This surface chemistry analysis provides 

significant information for enhancing chromatographic purification procedures that rely 

on viral charge and hydrophobicity. The charge and hydrophobicity data may be utilized 

to choose a suitable chromatography ligand. It would also help in the selecting the order 

in which various chromatography types can be mixed depending on how they affect the 

viral surface characteristics. Furthermore, because CFM can be measured in an aqueous 

environment, CFM may be utilized to optimize the buffer compositions and conditions 

used for viral purification. 
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3 Virus surface hydrophobicity characterization using 

chemical force microscopy 

3.1 Introduction 

Viruses are nanometer-sized particles that consist of encapsulated genetic 

material. Non-enveloped viruses are protein shells that contain genetic material, whereas 

enveloped viruses have both protein capsids and a lipid bilayer [238]. Viruses exist at a 

unique nanometer- size scale where thermal and electrostatic energies converge [239, 

240]. This makes virus biology not only unique but also makes measuring many of the 

physicochemical properties of viruses very difficult in this noisy environment. Virus 

physicochemical properties govern their biological responses to virus attachment, 

penetration, uncoating, expression, assembly, and release [241, 242]. Measuring the 

physiochemical properties of viruses, which are affected by ionic strength, pH, and 

temperature [243], can help us understand the virus life cycle. As more therapeutic uses 

of viral capsids are developed, including vaccines and as drug and gene delivery vectors, 

more thorough characterization of the capsids is needed. 

Hydrophobicity is one of the least understood and difficult to characterize 

physicochemical properties of any biomolecule. Hydrophobicity governs biomolecule 

adhesion through van der Waals forces arising from the mobility of water molecules at 

the molecular surface [15, 244]. For viruses in particular, hydrophobicity affects 

aggregation and disaggregation [18, 137] and adsorption to surfaces [130]. The 

hydrophobicity of ideal, apolar substances has been described thermodynamically as the 

length scale of water structure perturbation and the enthalpy of hydration using the Lum-

Chandler-Weeks theory [245]. According to this theory, hydrophobicity is the 

rearrangement of water molecules and the breaking of hydrogen bonds between water 

molecules at the interface between a hydrophobic surface and a hydrophobic substance, 

resulting in a decrease in the hydration enthalpy [245]. The broken hydrogen bonds result 

in the formation of cavities in the water structure through the exclusion of water 

molecules from their occupied volume. The cavity represents an area where hydrogen 
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bonding cannot take place [246]. However, the hydrophobicity of viruses cannot be 

sufficiently characterized based on these theories due to the proximity of chemical 

heterogeneous (polar and apolar) groups on the virus surface. As a result, a method for 

hydrophobic characterization that can reflect the complex nature of virus surfaces is 

required. 

A conventional way to characterize virus hydrophobicity is through the analysis 

of crystal structures. The solvent-accessible surface area (SASA) of different amino acids 

on the virus surface can be used to compare surface hydrophobicity [247]. MS2 [14], 

rotavirus [15], and many parvoviruses [16] have been characterized by a comparison of 

their SASA. However, without accounting for surface roughness, the evaluation of the 

solvent accessible surface area is often too elementary to be meaningful [244, 248]. 

Another approach is to determine the cavity free energy map that exists around a protein 

or virus. This context-dependent hydrophobicity prediction method observes water 

molecule cavities around proteins [244]. Hydrophobic molecule volumes are utilized as 

probes in this approach to map protein hydration shells. It is a context dependent method 

because the cavity utilized to assess protein hydrophobicity is reliant on the shape and 

size of the probe. Also, there is a possibility of dispersive interactions between the probe 

molecule and proteins that might not be accounted for in this method. These methods 

described may give some general comparison on biomolecule hydrophobicity, but the 

high surface complexity of viruses make them difficult to apply accurately. Therefore, an 

experimental method is still needed.  

Experimental measurements of virus hydrophobicity often take advantage of the 

adsorption of viruses and proteins to hydrophobic surfaces. Hydrophobic interaction 

chromatography (HIC) characterizes hydrophobicity based on the buffer concentration 

required to elute the compound from the chromatography column [16, 18, 130, 147, 249]. 

This approach is merely qualitative. HIC can be problematic in characterizing 

hydrophobicity because not only does binding rely on hydrophobic interaction, but other 

interactions may occur between the resin and the biomolecule being measured. Also, 

solution conditions that promote hydrophobic interactions also promote aggregation. This 
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aggregation can also interfere with the measurement of hydrophobicity [250, 251]. These 

drawbacks make the HIC method less reliable and useful.  

Dye adsorption for hydrophobicity characterization uses special dyes that bind 

specifically to hydrophobic patches on biomolecules or nanoparticles. This method 

allows the quantification of hydrophobicity for particles of varying sizes and surface area 

[176]. Using the adsorption of ANS (8-aniline-1-naphthalene sulfonic acid), which 

fluoresces when bound to hydrophobic patches on biomolecules, the hydrophobicity of 

porcine parvovirus (PPV) [16] and proteins [252] has been characterized. Hydrophobic 

Rose Bengal, which has a strong absorbance at 543 nm, adsorption to nanoparticles have 

been used to characterize hydrophobicity [176, 182]. Hydrophobicity is then 

characterized based on the adsorbed dye concentration which is obtained from the 

difference between initial and final dye concentration. This method has a major 

disadvantage of requiring high-purity product to prevent the adsorption of the dye by 

impurities. 

The atomic force microscope (AFM) has emerged as a tool to characterize the 

surface properties of materials at the nanoscale [206, 253].  AFM can measure 

physicochemical properties in an aqueous environment and at room temperature, 

resulting in the characterization of biomolecules in near-physiological conditions [254]. 

AFM is an established method for measuring the size of single-cells and bacteriophages 

[255], characterization of changes in structure and adhesion properties of cells and 

viruses [231], and measuring the mechanical properties of biomolecules [256, 257]. The 

AFM tip can be modified and used to probe the interaction force between the modified 

tip and biomolecules [158, 200, 203], often referred to as chemical force microscopy 

(CFM) [258, 259]. CFM has been used to measure the isoelectric points of viruses, [158, 

204]  and proteins [203] and to characterize the interaction of potential drugs with their 

receptors to quantify effective dosage requirements [216, 260]. CFM has the 

disadvantages of requiring specialized training for the operation of the microscope, being 

time-consuming even for a seasoned user, and being impractical for in-line determination 

of virus hydrophobicity.  However, CFM allows the quantification of virus 

hydrophobicity on a nanoscale level using small volumes of virus samples and measures 
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virus hydrophobicity at a single particle scale. Therefore, variations in the hydrophobicity 

of the particles in a virus pool can be traced.  

We have used CFM to characterize the hydrophobicity of two viruses, PPV and 

BVDV. The CFM measurements were compared to dye adsorption tests using PPV and 

BVDV to investigate alternative metrics of hydrophobicity. CFM introduces a novel 

method for measuring virus hydrophobicity at the single particle level and investigates 

how hydrophobic adhesion to virus particles changes in a variety of solution conditions. 

This characterization could highlight new understanding of virus adhesion during the 

virus life cycle, as well as during therapeutic applications. 

 

3.2 Materials and methods 

3.2.1 Materials 

Sodium phosphate dibasic heptahydrate (ACS grade, 98.0−102.0%), sodium 

phosphate monobasic monohydrate (ACS grade, 98.0−102.0%), poly (ethylene glycol) 

(PEG 8000, average MW: 8kDa), sodium chloride (ACS grade, ≥99.0%),12-

mercaptododecanoic acid (HS (CH2)11COOH, 96%),1-dodecanethiol (HS(CH2)11CH3, 

≥98%), 11-mercapto-1-undecanol (HS(CH2)11OH, ≥99%), sodium dodecyl sulfate 

(BioReagent, ≥98.5%), and Rose Bengal (95%), were purchased from Sigma-Aldrich (St. 

Louis, MO). N-hydroxysulfosuccinimide (NHS) and 1-ethyl-3-(3-dimethyl aminopropyl) 

carbodiimide hydrochloride (EDC) were purchased from ThermoFisher Scientific 

(Waltham, MA). Eagle’s minimum essential medium (EMEM), Dulbecco's modified 

eagle’s medium (DMEM), fetal bovine serum (Mexico origin) (FBS), horse serum, 

10,000 U/ml penicillin-streptomycin (pen-strep), 0.25% trypsin-EDTA (1X), phosphate 

buffered saline pH 7.2 (1X), sodium pyruvate and sodium bicarbonate (7.5%) for cell 

culture and virus propagation were purchased from Gibco™ (Grand Island, NY). Ethanol 

200 proof was purchased from Decon Labs. Inc (King of Prussia, PA). 3M (Saint Paul, 

MN) Emphaze AEX Hybrid Purifiers were provided by 3M. Biotech cellulose ester 1000 

kDa dialysis tubing (Rancho Dominguez, CA). BioRad Econo-Pac 10DG desalting 



53 

 

column (Hercules, CA). Thiazolyl blue tetrazolium bromide (MTT) (98%) was purchased 

from Alfa Aesar (Haverhill, MA). Hydrochloric acid (HCl, ACS grade, 36.5−38.0%) was 

purchased from Fisher Scientific (Pittsburgh, PA). CSG10/Au and CSG30 AFM probes 

were purchased from NT-MDT Spectrum Instruments (Moscow, Russia).  All aqueous 

solutions or buffers were prepared using purified water with a resistivity of ≥18 MΩ·cm 

from a Nanopure filtration system (Thermo Scientific) and filtered using a 0.2 μm 

disposable bottle top filter or a 0.2 μm syringe filter (VWR) before use.  

3.2.2 Propagation and titration of cells and virus 

Porcine kidney cells (PK-13, CRL-6489) were purchased from the American 

Type Culture Collection (ATCC) and were cultured using EMEM augmented with 10% 

v/v FBS and 1% v/v pen/strep. Porcine parvovirus (PPV) NADL-2 was gifted through the 

generosity of Dr. Ruben Carbonell at North Carolina State University. PPV was 

propagated on PK-13 cells, as previously described [261], and then stored at −80 °C until 

used. Bovine turbinate cells (BT-1, CRL-1390) and (BVDV) NADL strain were 

purchased from ATCC and USDA APHIS respectively. BT-1 were cultured in DMEM 

with 10% v/v horse serum and 1% v/v pen/strep. BVDV was propagated in BT-1 cells as 

described previously [158]. PPV and BVDV were semi-purified through dialysis using a 

1000 kDa dialysis tubing at 4 °C for 2 days with two PBS buffer exchanges. The virus 

was further purified with a desalting column. Both viruses were titrated using the MTT 

cell viability assay as previously described [158, 261]. Using the MTT assay, the virus 

stocks were approximately 1 X 108 MTT50/ml for PPV and 1 X 107 MTT50/ml for BVDV. 

3.2.3 Virus and control surface preparation 

Pre-cleaned glass slides were coated with 5 nm chromium and 35 nm gold 

sequentially using a Perkin-Elmer Randex sputtering system (Model 2400, Waltham, 

MA). Gold-coated glass slides were cleaned with 100% ethanol, heated to 65°C, dried, 

and stored at room temperature in a dry container until time of use. Gold-coated glass 

slide surface modification using a self-assembled monolayer (SAM), and virus 

immobilization followed the same procedure as described in previous work [158]. 
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Negative control surfaces were hydroxyl (-OH) terminated gold-coated glass slides which 

were prepared by immersing gold-coated glass slides in a 14 ml solution containing 2 

mM HS(CH2)11OH in ethanol for 24 hours. Positive control surfaces were alkyl (-CH3) 

terminated gold-coated glass slides prepared by immersing gold-coated glass slides in a 

14 ml solution containing 4 mM HS(CH2)11CH3 in ethanol for 24 hrs.  

3.2.4 Buffers 

Phosphate buffered saline (PBS) solution at pH 7.2 was prepared by mixing a 

solution of 1.06 mM sodium phosphate monobasic, 2.97 mM sodium phosphate dibasic, 

and 155 mM sodium chloride. PBS with additional salt concentrations were made using 

additional 195 mM or 845 mM sodium chloride. 4 – 10% ethanol or PEG 8000 was 

added to PBS. A solution of 1M NaOH or HCl was used to adjust the pH, and pH was 

measured with a calibrated Fisherbrand Accumet AE150 benchtop pH meter (Hampton, 

NH).  

3.2.5 AFM probe functionalization 

Probes used for force measurements were the NT-MDT CSG10/Au AFM probes 

(spring constant - 0.1 – 0.5 N/m, tip radius – 10 nm).  AFM probes were functionalized 

using a solution of 4 mM HS(CH2)11CH3 in ethanol for 24 h, rinsed with ethanol, and air-

dried in a chemical hood.  Probes functionalized with alkyl group (HS(CH2)11CH3) were 

used within 96 hrs after functionalization and were tested using the control glass slides to 

ensure proper functionalization before use.  

3.2.6 AFM imaging, force measurement, and analysis 

All hydrophobicity force measurements were carried out using a Bruker 

Dimension ICON atomic force microscope with ScanAsyst (Santa Barbara, CA). Virus 

surfaces after immobilization and control surfaces were imaged using a NT-MDT CSG30 

AFM probe in tapping mode with PBS solution. Using peak force quantitative nanoscale 

mechanical mode (Peakforce QNM), hydrophobicity measurements were carried out 

using NT-MDT CSG10/Au AFM probes functionalized with a methyl group. The spring 
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constant of functionalized probes were obtained using the thermal tuning function on the 

AFM prior to use. Different solutions were used for the force measurements. All 

experiments were performed at room temperature. Between 100 - 150 force distance (F-

D) curves were obtained for each probe/sample combination. Virus and control force 

measurements were conducted in triplicates resulting in an average of 300 F-D for each 

sample set. Data analysis was performed with Bruker Nanoscope Analysis software.  

 

3.2.7 Dye adsorption 

Rose Bengal was prepared in nanopure water. Viruses were purified using a 3M Emphaze 

anion exchange filter attached to a Cytiva (formerly, GE) AKTA Pure FPLC 

(Malborough, MA) [262, 263], and dialyzed into the testing buffer. At eachdye 

concentration, equal volumes of dye and virus were combined into a microcentrifuge 

tube, placed on a rotational shaker, and allowed to mix for 120 minutes. Afterwards, the 

viruses were separated from unabsorbed dye by centrifugation (ThermoScientific Sorvall 

ST16R, Waltham, MA) for 35 mins at 15,200 rpm. To estimate the dye concentration, the 

supernatant containing unabsorbed dye in the tube was placed into 96-well plates and 

light absorbance was measured using a BioTek (now Agilent) Synergy HTX Multimode 

reader UV-Vis spectrophotometer (Santa Clara, CA) at a wavelength of 543 nm. The 

wavelength was selected based on the manufacturer’s recommendations and confirmed 

by experiments testing a range of wavelengths (543 – 600nm) to ascertain the wavelength 

of maximum absorbance (See Table A.1.1). Blank tests were also carried out, with dye 

solutions containing buffers and water but no virus and was monitored for 180 minutes. 

This was done to guarantee that no dye was adsorbed onto the microcentrifuge tubes over 

time, which would interfere with spectrophotometer measurements of dye concentrations 

(See Figure A.1.1). All absorbance measurements tests were done in triplicate, and the 

mean values were utilized to analyze the results. The amount of dye that was absorbed to 

the virus particles, qe, is calculated using Equation 3.2.1. 

𝑞𝑒 = (𝐶𝑂 − 𝐶𝑒)
𝑉

𝑀
  3.2.1 
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Where, Co (mg L⁄ )  is the initial dye concentration, Ce (mg L⁄ ) is the 

concentration of dye in the supernatant after centrifugation, V is the volume of mixture 

(ml) and M is the concentration of virus (MTT50/ml). The dye adsorption was fit to the 

Langmuir Equation 3.2.2 and Freundlich Equation 3.2.3 isotherm models. These 

models were linearized and fit by minimizing the sum of squared errors using Microsoft 

Excel to obtain values for the adsorption constants in the models. 

qe =
qmaxKLCe

(1 +  KLCe)
  3.2.2 

qe =  kfCe
1 n⁄

  3.2.3 

Where, 𝑞𝑒 (mg MTT50⁄ ) is the amount of dye adsorbed per virusconcentration 

and 𝐶𝑒 (mg L⁄ ) is the equilibrium concentration of dye after adsorption.   𝐾𝐿 (L mg⁄ ) and 

𝑞𝑚 (mg MTT50⁄ ) are the Langmuir constant and maximum adsorption capacity for 

monolayer adsorption respectively. 𝑘𝑓 (L MTT50⁄ ), and 1 𝑛 ⁄ are the Freundlich constants 

for adsorption capacity and interaction respectively. 1 𝑛 ⁄ indicates the strength of 

adsorption and surface heterogeneity of the virus. When 1 𝑛 ⁄  < 1, adsorption is 

reversible, but when 1 𝑛 ⁄  > 1, the adsorption is irreversible [193].  

 

3.3 Results 

Hydrophobicity controls in a large part both capsid protein folding and capsid 

assembly, which is integral to capsid integrity and the interaction of virus particles with 

cells. Even though hydrophobicity is an extremely important property, the measurement 

of hydrophobicity is difficult. Here, virus hydrophobicity is measured by chemical force 

microscopy (CFM) utilizing an atomic force microscope (AFM) to probe the adhesion 

force between a functionalized probe and a virus, as shown in Figure 3.1. A similar 

method using charged functionalized AFM probes has been used to determine the 

isoelectric point of three viruses [158, 204]. By changing the probe functionalization, we 

are now applying CFM to measure virus hydrophobicity. 
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Figure 3.1 CH3 functionalized AFM probe in contact with viruses. A gold coated 

glass slide is functionalized with a self-assembled monolayer of thiol compounds that are 

50/50 COOH and CH3. The viruses are covalently bound to the COOH groups with 

NHS/EDC chemistry. The functionalized AFM probe measures the forces between the 

functionalized tip and viruses on the surface in different liquid environments. (Created 

with Biorender.com). 
 

 

Non-enveloped porcine parvovirus (PPV) and enveloped bovine viral diarrhea 

virus (BVDV) are the model systems used to measure virus hydrophobicity. PPV has a 

diameter of 18-26 nm and an isoelectric point of 4.8-5.1 [158, 264]. The principal 

structural protein of PPV is VP2, which accounts for about 80% of the total capsid 

protein content [265]. PPV is a primary causative agent of porcine reproductive failure 

[266]. BVDV is an enveloped virus containing a nucleocapsid surrounded by an outer 

envelope lipid bilayer. The lipid bilayer contains glycoproteins that mediate pathogenesis 

and virus adhesion [267]. BVDV has a diameter of 40-60 nm and an isoelectric point of 

4.3-4.5 [158].  BVDV has three major structural proteins: a transmembrane protein (M), a 

core nucleocapsid protein (C), and a surface protein (E) [268]. The surface protein E2 

makes up about 70% of the envelope protein  [269]. BVDV is a major causative agent of 

reproductive failures in cattle [270].  

3.3.1 Virus hydrophobicity by CFM 

Initial virus hydrophobicity experiments measured the adhesion of PPV and 

BVDV to a hydrophobic CH3-terminated AFM probe in PBS at pH 7.2. Imaging and 

height analysis of the virus particles and SAM confirmed proper immobilization of the 

virus to the surface (see Figure A.1.2). Probe functionalization was confirmed by 

measuring the adhesion of the CH3-terminated AFM probe to a CH3-modified gold 
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coated slide as positive control and an OH-modified gold coated glass slide as a negative 

control. Control data is shown in Figure A.1.3 Once probe functionalization was 

confirmed, adhesion to PPV and BVDV in PBS was measured and the data are shown in 

Figure 3.2. Since the PPV measurements showed low hydrophobic interaction, NaCl was 

added to the solution to increase hydrophobic interactions [271, 272]. The adhesion of 

PPV to the CH3-tip was low for all salt concentrations tested, as shown in Figure 3.2. 

The hydrophobicity of BVDV was an order of magnitude higher than PPV and increased 

with increasing salt concentration. Frequency histograms (see Figure A.1.4) and force 

summaries for the triplicate samples measured for PPV and BVDV in all salt 

concentrations can be found in Figure A.1.5 respectively. This preliminary data 

demonstrates that BVDV is much more hydrophobic than PPV.  

Virus hydrophobicity was further explored using additives to enhance 

hydrophobic interaction. PEG was added because it has been shown to enhance 

hydrophobic interactions between proteins and a hydrophobic media [273, 274]. The 

increased hydrophobic interaction is likely due to preferential exclusion of PEG from the 

proteins. The large hydrodynamic radius of PEG molecules and strong interaction of PEG 

with water molecules leads to a deficit of PEG and water molecules around the virus 

[275-277].  PEG concentrations were limited to a maximum of 10% because the soft 

AFM probe could not be used in viscous solutions. Ethanol was also used as an additive 

to increase hydrophobicity because it is an organic polar solvent that can displace the 

water molecules in the virus solvation shell [278]. The water displacement results in the 

exposure of hydrophobic patches on the virus surface, leading to an increase in 

hydrophobic interaction. The increased hydrophobic interaction of DNA and protein is 

demonstrated by their precipitation in ethanol solutions. Due to the unfavorable 

thermodynamic interactions caused by ethanol, the hydrophobic patches are forced to 

cluster together to form precipitates [279, 280].  None of the cosolvents at the 

concentrations tested inactivated the viruses (see Figure A.1.6). 



59 

 

 

Figure 3.2 Salt concentration effect on PPV and BVDV adhesion.   
 

The addition of PEG resulted in an increase in hydrophobic adhesion force for 

PPV and BVDV, as shown in Figure 3.3. It is likely that the preferential exclusion of 

PEG from protein surfaces also applies to the viruses tested. However, with the addition 

of ethanol, an increase in adhesion force was only observed for PPV, while a decrease in 

adhesion force was observed for BVDV. This difference in adhesion of PPV and BVDV 

might be due to the hydrophilic head groups in the BVDV lipid bilayer establishing 

hydrogen bonds with ethanol [281, 282]. As a result, the hydrophobic contact between 

BVDV and the CH3-tip is reduced, resulting in a decrease in measured adhesion force. 
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Figure 3.3 Cosolvents change hydrophobic interactions. The addition of PEG 8000 

and ethanol to PBS altered the CFM adhesion force. (A) PPV and (B) BVDV with the 

addition of polyethylene glycol (PEG) 8000 and ethanol. Each data point is the mean of 

at least 150 measurements with three different combinations of probes and virus surfaces. 

  

3.3.2 Virus hydrophobicity by dye adsorption isotherms 

Dye adsorption is commonly used to measure the hydrophobicity of nanoparticles 

[176]. We chose to use the dye Rose Bengal because it has been used previously to 

characterize the hydrophobicity of nanoparticles. Rose Bengal can bind the virus via its 

hydrophobic tail [176]. To test if dye adsorption could measure the hydrophobicity of 

viral particles, we added various dye concentrations to a constant virus concentration. 

The adsorption isotherms are shown in Figure 3.4. The goal was to compare the dye 

adsorption technique, which is a more established method of measuring hydrophobicity, 

to the CFM results.  

Rose Bengal was a good fit for the isotherm models. In comparing the correlation 

coefficient (R2) obtained for the Langmuir and Freundlich model fits shown in Table 3.1, 

the Freundlich isotherm has the best fit for Rose Bengal adsorption to PPV and BVDV. 

The Langmuir equation is an unsuitable model for hydrophobic viral adsorption because 

it is unable to account for multivalent interactions [283] and enhanced hydrophobic 
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interaction of the virus due to increased salt concentration [149, 284, 285]. The 

Freundlich isotherm has become relevant in most biologic applications because it 

describes the reversibility and deviation from ideality of biologic adsorption processes 

[286], and assumes heterogeneity of the adsorption sites [195], which are valid 

assumptions for viral particles. The Freundlich model is only valid at low concentrations, 

which is also well suited to viral formulations.  

 

Figure 3.4 Adsorption isotherms for PPV and BVDV. Fixed concentrations of PPV 

and BVDV were combined with various concentrations of Rose Bengal in different 

concentrations of salt. The isotherms were fitted using the Langmuir, and Freundlich 

models (A) PPV in 1X PBS (B) PPV in 1X PBS + 195mM NaCl (C) PPV in 1X PBS + 

845mM NaCl (D) BVDV in 1X PBS (E) BVDV in 1X PBS + 195mM NaCl (F) BVDV 

in 1X PBS + 845mM NaCl. Each data point is in triplicate, and the error bars represent 

the standard deviation. 

 

The 𝐾𝑓 values in Table 3.1 can be used to evaluate the adsorption of Rose Bengal. 

The larger the 𝐾𝑓  value, the smaller the amount of Rose Bengal dye adsorbed (less 

hydrophobic interaction) to the virus. For PPV, with increasing salt concentration, the 𝐾𝑓  

value decreases, indicating increased hydrophobic interaction of PPV with Rose Bengal 

dye. For BVDV, as salt concentration increased, the 𝐾𝑓  value increases, indicating 
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decreased hydrophobic interaction between BVDV and Rose Bengal dye. This may 

indicate that the hydrophobicity measured by Rose Bengal adsorption and ethanol 

addition with the CFM may be similar. For PPV and BVDV, the 1/n values are less than 

1, as shown in Table 3.1, indicating reversibility of the adsorption.  

Table 3.1 Summary of isotherm parameters for adsorption of Rose Bengal to PPV and 

BVDV 

  PPV BVDV 

 PBS 
PBS  

+ 195 mM NaCl 
PBS  

+ 845 mM NaCl 
PBS 

PBS  

+ 195 mM 

NaCl 

PBS  

+ 845 mM NaCl 

Langmuir       

qmax, RB (mg/MTT50) 2.00E-09 3.33E-09 5.00E-09 1.00E-08 5.00E-09 5.00E-09 

Kl, RB (L/mg) 5.00E-02 3.00E-02 6.67E-03 1.25E-02 1.00E-01 6.67E-02 

R
2
 0.92 0.87 0.98 0.99 0.99 0.95 

Freundlich 
      

1/n, RB 6.46E-01 7.06E-01 9.32E-01 7.79E-01 5.58E-01 6.28E-01 

Kf, RB (L/MTT50) 1.28E-10 9.86E-11 3.52E-11 1.70E-10 4.99E-10 4.16E-07 

R
2
 0.99 0.99 0.98 0.99 0.99 0.99 

 

3.4 Discussion 

Viruses have chemically heterogenous surfaces comprising both hydrophobic and 

hydrophilic patches, making them difficult to characterize. There is a need to develop a 

standard characterization technique for measuring virus and protein hydrophobicity. 

Understanding virus hydrophobicity could shed light on the mechanism of viral 

interactions in manufacturing and biology.  

We have demonstrated that the hydrophobicity of viruses can be characterized 

and quantified using CFM. It is likely that we are measuring direct hydrophobic 

interaction and not other non-specific or less defined interactions. When a hydrophobic 

tip enters the buffer solution, hydrogen bonds between water molecules of the buffer 

solution are broken to accommodate the hydrophobic tip. There is a cavity around the tip 

and a cavity around the hydrophobic virus that likely allow direct van der Waals 

interactions to take place and be measured [149, 248, 287].  

Virus hydrophobic interactions should be affected by ionic strength. However, 

results in Figure 3.2 showed low adhesion of the hydrophobic probe to PPV. Studies 
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have shown that the VP2 protein, which accounts for about 80% of PPV surface protein, 

is mostly hydrophilic [265].With this large area of hydrophilic amino acids, it is likely 

that the salt concentrations used were not able to suppress the virus-solvent interactions 

for PPV. For BVDV, the crystal structure of E2 protein, which is about 70% of the 

envelope protein, is hydrophobic [269].  

Cosolvents can induce changes in water structure that alter the interplay between 

the virus hydration layer and other surfaces. Cosolvents can be grouped as kosmotropes 

or chaotropes. The kosmotropic cosolvent PEG is more polar than water; thus, water 

forms a very strong network around the PEG [288].  PEG molecules interact with the 

water molecules in the buffer solution and hydration shell of the virus through hydrogen 

bonding, resulting in preferential exclusion of PEG from the virus hydration shell. This 

results in a decrease in virus -water interactions, in turn exposing the hydrophobic 

patches of the virus to the CH3-tip during CFM measurements. As predicted, raising the 

PEG concentration increased the measured hydrophobic interaction, as shown in Figure 

3.3. At 7 w/w% PEG, PPV becomes saturated and no more increase in hydrophobic 

interaction occurs. The saturation point for BVDV was not reached at 10 w/w% PEG, and 

the hydrophobic interaction continued to increase. Although our previous work studying 

the effect of PEG MW on the partitioning behavior of viruses in an aqueous two-phase 

system (ATPS) does not support the preferential exclusion theory [289], the partitioning 

of virus to the PEG phase in the previous study can be attributed to the electrostatic 

potential difference between the PEG and citrate phase and not solely hydrophobic 

interactions. However, PEG exclusion does describe the hydrophobic interactions 

measured with CFM. 

Ethanol is less polar than water and a chaotropic cosolvent that reduces  the 

degree of hydrogen bonding between water molecules [290]. PPV showed an increase in 

adhesion as the concentration of ethanol increased, as shown in Figure 3.3. Ethanol 

causes a disruption of the hydrogen bonds in the bulk water and hydration shell of the 

virus, making ethanol preferentially bind to the virus. This preferential binding can result 

in repulsion between the hydrophilic portions of the virus proteins, thereby reducing their 

inter-helical interactions and exposing the hydrophobic regions [291]. Studies have 
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shown protein aggregates because of conformational changes induced by addition of 

ethanol to solutions containing salt. Addition of ethanol to PBS reduces the dielectric 

constant of the solution, which changes the fraction of protein negative charge 

neutralized by the counterions of the salt ions [292, 293]. Although the adhesion force for 

PPV increased with the addition of ethanol, the binding of PPV to the hydrophobic probe 

was still very low. Measurements for BVDV showed that the addition of ethanol brought 

about a decrease in measured adhesion force as shown in Figure 3.3. This means that 

addition of ethanol resulted to an increase in BVDV solubility, since ethanol can form 

hydrogen bonds with the hydrophilic head group of lipids [281, 282]. This interaction 

will result in an increase in the amount of ethanol present in the virus hydration shell and 

decreasing the surface area of exposed hydrophobic patches.  

From the dye adsorption experiments, Rose Bengal adsorption on PPV and 

BVDV revealed that PPV was more hydrophobic than BVDV, see Figure 3.4 and the 𝐾𝑓  

values in Table 3.1. The 𝐾𝑓  value, which represents adsorption capacity, establishes a 

link between the amount of virus adsorbed and the dye volume. When the 𝐾𝑓  value is 

low, more virus particles have adsorbed the dye, suggesting a strong hydrophobic 

interaction. This difference in PPV and BVDV binding to Rose Bengal dye might be due 

to greater binding sites for Rose Bengal dye on the protein capsids of PPV compared to 

the lipid bilayer with encapsulated proteins of BVDV. 

When the results from both methods are compared, the practical advantage of 

using CFM over dye adsorption for virus hydrophobicity is demonstrated. Non-

hydrophobic interactions can be screened out using the CFM. Furthermore, with CFM, 

the surface scan prior to force measurements allows for the removal of particles smaller 

or larger than virus particles. Only the viruses are measured as a result of this screening. 

This is not true for dye adsorption. The dye adsorption method is incapable of 

distinguishing between virus particles and impurities that may have the same 

hydrophobicity as the virus but differ in size. As a result, the dye adsorption measured 

cannot be defined solely as the virus hydrophobicity. Furthermore, because the dye has 

charge properties, secondary contributions to adhesion based on electrostatic interactions 

cannot be eliminated. However, because the CFM probe is purely hydrophobic, 



65 

 

contributions from charge is likely not a contributor to cannot be used to probe-virus 

adhesion. 

3.5 Conclusions and future work 

Virus hydrophobicity is a major determinant in predicting the fate and transport of 

virus in biologic systems. We demonstrated that the hydrophobicity of a non-enveloped 

and an enveloped virus can be measured in a near physiologic state by measuring 

adhesion force using CFM. We found that hydrophobic interactions of viruses can be 

impacted by the composition of the buffers, a fact often overlooked when using 

conventional hydrophobicity quantification techniques. With the CFM method, 

increasing the salt concentration did not increase the hydrophobic interaction of the non-

enveloped PPV but enhanced the hydrophobic interaction of enveloped BVDV. The 

addition of PEG caused increased hydrophobic interaction for PPV and BVDV, likely 

due to the preferential exclusion of PEG on the virus surface and its strong water binding. 

With ethanol addition, which likely binds to the virus, the results were mixed. PPV, 

which is made of protein, increased in hydrophobicity after ethanol binding, while 

BVDV, which is made of a lipid bilayer and spike proteins, decreased in hydrophobicity. 

It is likely that ethanol binding to protein exposes hydrophobic patches whereas binding 

to lipid headgroups decreases hydrophobic interaction.  

The CFM results were compared to a more conventional measurement of 

hydrophobicity: dye adsorption. The dye adsorption correlated with the CFM results in 

ethanol, but not in pure salt or PEG. The CFM method for measuring hydrophobicity can 

characterize the virus hydrophobicity using minimal volumes of virus and buffers. The 

ability to work in an aqueous environment to predict viral hydrophobicity makes CFM 

suitable for virus characterization in physiological conditions. Experimental, single-

particle measurements of hydrophobicity of virus particles in varying solution conditions 

will greatly expand our understanding of virus surface adhesion. 

For future work, the effect of other additives like surfactants and osmolytes on 

virus hydrophobicity should be explored. This will allow results from CFM 
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measurements to be compared to existing theories on the effect of these hydrophobic 

interaction modifiers. 
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4 Understanding the Separation of Empty and Full AAV 

Capsids on Ion Exchange Chromatography by 

Chemical Force Microscopy 

4.1 Introduction 

Adeno-associated virus (AAV) has been identified as a powerful gene delivery 

vector to treat a variety of single gene disorders. The success of AAV as a gene delivery 

vehicle has been demonstrated by several pre-clinical and clinical studies. The European 

Medicines Agency (EMA) approval of Glybera (for lipoprotein lipase deficiency), and 

the Food and Drug Administration (FDA) approval of Luxturna (for retinal dystrophy), 

and Zolgensma (for spinal muscular atrophy), as well as the large number of clinical 

trials involving AAV,  demonstrate the potential of AAV as a gene delivery vector [134, 

294-296]. There are over 136 ongoing clinical trials utilizing AAV for gene therapy 

around the world as of 2021 [38, 297, 298].  

AAV is a non-pathogenic, non-enveloped, icosahedral virus in the Parvoviridae 

family [299]. AAV has a diameter of 18-26nm, with a protein capsid comprising three 

virus protein subunits (VP1, VP2, and VP3) that surround and protect a linear, single-

stranded DNA genome of 4.7kb in length [105, 300]. AAVs are produced recombinantly 

by a triple plasmid infection, where replication and capsids proteins are on one plasmid, 

the therapeutic gene of interest in on another plasmid, and further replication proteins 

from another viral vector are on the third [70]. Replication and capsid proteins are 

produced and the assembled capsid is trafficked to the nucleus [301]. Here, the DNA 

containing the gene of interest is packaged into the capsid by the Rep53/40 proteins' 

helicase/ATPase domain [302]. Since DNA packaging is regarded as a rate-limiting step 

[301], so many empty capsids remain unfilled or are filled with fragmented DNA 

(partially full capsids) [303]. The empty capsids can be greater than the full or partially 

full capsids by about 25-fold [113, 300]. Due to the absence of the DNA in these empty 

virus particles, they are not intrinsically functional for gene therapy.  
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The empty particles are a process-related impurity and may cause negative 

clinical outcomes. The empty capsids limits the efficacy of the gene therapy drug product 

resulting in high dosing requirement to trigger the required therapeutic effect [86]. High 

capsid dosing may cause anti-capsid T-cell responses [304]. Cell-mediated immunity that 

targets the AAV protein capsid can lead to the removal of transduced tissues that have 

already been infected with therapeutic AAV [305]. This cytotoxic effect has been 

associated with the presence of empty viral particles, which leads to a loss of the gene of 

interest and a decrease in the expression of the target therapeutic protein [306]. As a 

result, lowering the ratio of empty to full viral particles is likely beneficial in order to 

lower immunogenicity and competition for receptor binding sites, which limits 

transduction efficiency [67, 77, 169, 307].  

A key step in the downstream purification of AAV vectors is the removal of 

empty capsids. This ensures the high potency of the gene therapy product and meets the 

quality and safety recommendations set by regulatory agencies [300, 306, 308]. There are 

two major techniques employed for separating the empty AAV capsids from the full 

capsids: separation by density and by charge. The empty capsids are less dense than the 

full capsids due to the absence of DNA. Based on the density differences, empty AAV 

capsids may be separated from full capsids by gradient ultracentrifugation using cesium 

chloride (CsCl) or iodixanol [309, 310]. Gradient ultracentrifugation method offers the 

advantage of being applicable to several AAV serotypes and efficiently separates the 

empty capsids from the full capsids. However, ultracentrifugation is not scalable, making 

it difficult to make the large quantities needed in manufacturing.  

Chromatographic methods based on surface charge differences are a 

manufacturing scale alternative to separate empty and full capsids. Isoelectric point (pI) 

measurements of various AAV serotypes have indicated that the full capsids have a 

slightly lower pI than empty capsids[304]. Ion exchange chromatography (IEX), cation 

[89] and, more typically, anion exchange chromatography [311, 312] have demonstrated 

an ability to separate empty from full AAV capsids. The pH and conductivity of buffers 

control IEX separation of empty and full AAV capsids. Extreme pH can lead to damage 

of the viral particles, which compromises the capsid stability [313, 314]. While IEX can 
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be considered serotype-independent, its effectiveness can be restricted by the buffer 

conditions, AAV capsids solubility and overall surface charge distribution [307]. With 

IEX, it is not uncommon to have an overlap in the peaks between the empty and full 

capsids peaks, which can lead to a loss of full capsids [315]. However, IEX continues to 

be a popular approach for separation of empty and full AAV capsids because of its 

widespread use and familiarity in downstream manufacturing, established infrastructure, 

reproducibility, and ease of scalability [113]. Although, chromatography is the most 

preferred method for separating empty and full AAV capsids, it requires resins and buffer 

conditions that are uniquely developed and tailored for each serotype which is quite a 

challenging exercise [307]. 

The process of optimizing chromatographic separation for empty and full AAV 

separation is tedious, time consuming and requires large volume of buffers and virus. A 

unique approach to study the interaction of virus with chromatography ligands is by using 

chemical force microscopy (CFM). CFM uses a functionalized atomic force microscopy 

(AFM) tip to measure the force interactions of the chemistry on the functionalized tip and 

a surface. CFM has been used to measure the charge of proteins in different buffer 

conditions [203] and has more recently been applied to measure the charge of viruses 

[204, 316]. CFM uses very little sample, which is often in short supply during 

chromatography development, and can mimic the ligand and buffer environment inside of 

a chromatography column. Understanding interaction forces of ligands and analytics 

should give us improved insight into the chromatography process. 

For this study, we functionalized an AFM probe with a quaternary amine to 

simulate a strong AEX ligand. The buffers used had similar composition to those utilized 

for chromatography. CFM provided insight into some of the interactions taking place in 

the AEX column beyond electrostatic interactions. Measured differences between empty 

and full AAV capsids give us new understanding of the magnitude of differences 

between empty and full capsids when adhering to positively charged or hydrophobic 

surfaces. This knowledge can be exploited to optimize the buffer conditions for empty 

and full capsid AAV separation using less virus and buffer volumes.   
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4.2 Materials and Methods 

4.2.1 Materials 

Sodium phosphate dibasic heptahydrate (ACS grade, 98.0−102.0%), sodium 

phosphate monobasic monohydrate (ACS grade, 98.0−102.0%), sodium chloride (ACS 

grade, ≥99.0%), sodium citrate tribasic dihydrate (ACS reagent, ≥99%), L-Histidine 

(BioUltra, ≥99.5%), 11-mercaptoundecyl-N, N, N-trimethylammonium bromide 

(HS(CH2)11N(CH3)3Br), Trizma base (NH2C(CH2OH)3, ≥ 99.8%), 12-

mercaptododecanoic acid (HS (CH2)11COOH, 96%), 1-dodecanethiol (HS(CH2)11CH3, ≥ 

98%), 11-Mercapto-1-undecanol (HS(CH2)11OH, ≥ 99%), were purchased from Sigma-

Aldrich (St. Louis, MO). Magnesium chloride hexahydrate (ACS reagent, ≥99%), sodium 

acetate, anhydrous (ACS reagent, ≥ 99%), poloxamer 188,  N-hydroxysulfosuccinimide 

(NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), and 

plain microscope slides (25 x 75 x 1mm) were purchased from ThermoFisher Scientific 

(Waltham, MA). CSG10/Au and CSG30 probes were purchased from NT-MDT 

Spectrum Instruments (Moscow, Russia). Ethanol 200 proof was purchased from Decon 

Labs. Inc (King of Prussia, PA). All aqueous solutions or buffers were prepared using 

purified water with a resistivity of ≥18 MΩ·cm from a nanopore filtration system 

(Thermo Scientific) and filtered using a 0.2µm disposable bottle top filter before use.  

 

4.2.2 Methods 

4.2.2.1 AAV production 

Triple co-transfection of the pHelper, pAAV ITR-expression vector, and 

pAAV Rep-Cap plasmid DNA into HEK cells resulted in the production of AAV3B. 

4.2.2.2 Virus samples and control surface preparation  

Using a Perkin-Elmer Randex sputtering system (Model 2400, Waltham, MA), 

cleaned glass slides were coated with 5n m chromium followed by a gold layer of 35 nm. 

The gold-coated glass slides were washed with 100% ethanol heated to 65°C, dried, and 
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kept in a clean petri-dish until use. The virus particles were immobilized using the same 

methodology as in our earlier study of virus isoelectric points [158].  

Control surfaces were utilized to check probe functionalization. For hydrophobic 

measurements, hydroxyl (OH-) terminated gold-coated glass slides were prepared by 

immersing gold-coated glass slides in 14 ml of 2 mM HS(CH2)11OH or 4 mM 

HS(CH2)11CH3 in ethanol for 24hrs. For the charge measurements, quaternary amine 

(N(CH3)3) terminated gold-coated glass slides were prepared by immersing gold-coated 

glass slides in 14 ml of 4mM HS(CH2)11N(CH3)3Br in ethanol for 48hrs or carboxyl 

(COOH-) in 14 ml of 4 mM HS (CH2)11COOH in ethanol for 24hrs.  

4.2.2.3 Preparation of buffers 

Sodium acetate solution was prepared by making a 135 mM and 185 mM solution 

and magnesium chloride solution was prepared by making a 5 mM solution. Tris-HCl 

solution was prepared by making a 100 mM solution with Trizma base. A solution of 1M 

NaOH or HCl was used to adjust the acidic or basic level, and pH was measured with a 

calibrated Fisherbrand Accumet AE150 benchtop pH meter (Hampton, NH).  

4.2.2.4 AFM probe functionalization  

The force probes employed for force measurements were the NT-MDT 

CSG10/Au AFM probes (spring constant - 0.1 – 0.5 N/m, tip radius – 10nm). For 

hydrophobic functionalization, the AFM probes were placed in a clean petri-dish 

containing 14 ml ethanol solution with 4 mM HS(CH2)11CH3 for 24hrs. For charge 

functionalization, the AFM probes were placed in a clean petri-dish containing 14ml 

ethanol solution with 4 mM HS(CH2)11N(CH3)3Br for 48hrs. Following immersion, the 

probes were washed with 25ml ethanol, dried in a chemical hood, and carefully stored in 

a clean AFM probe box. The functionalized probes lasted 96 hours and were checked 

using the control gold-coated glass slides to guarantee functionalization before usage.  
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4.2.2.5 Force measurements and analysis  

Using a Bruker Dimension ICON atomic force microscope equipped with the 

ScanAsyst system in peak force quantitative nanoscale mechanical mode (Peakforce 

QNM) and the corresponding functionalized NT-MDT CSG10/Au AFM probes, 

hydrophobicity and charge force measurements were obtained. The AFM's thermal 

tuning feature was used to determine the spring constant of the functionalized probes. 

Functionalized probes were utilized to scan the viral surface in PBS at pH 7.2 or the test 

solution for hydrophobic measurements while 20mM PB at pH 7 or the exact test solution 

was used for the charge measurements. We averaged 150 F-D curves from triplicates for 

each condition, with 50 to 150 curves acquired for each probe/sample combination. All 

the tests were done at the room temperature and the humidity closely monitored. The 

same approach was used for the control measurements. The curve analysis function of the 

Bruker Nanoscope Analysis Software was used to process the data.  

4.3 Results and Discussion 

Initial chromatography runs were conducted to create an enriched pool of empty 

AAV capsids and an enriched pool of full capsids. The anion exchange chromatogram 

(AEX) had two unique peaks, as shown in Figure 4.1. The wash peak contained the 

empty AAV3B capsids while the elution peak contained the full AAV3B capsids, as 

determined by the A260/A280 absorbance ratio [317, 318] and shown in Table 4.1. 

Fractions from the flow-through and wash were combined to make the enriched empty 

pool of AAV3B capsids and the second peak was kept as the full pool. The A260/A280 

absorbance ratio of the initial virus pool for the empty and full capsids closely aligned 

with the expected absorbance ratios of 0.6 and 1.3 for empty and full AAV capsids, 

respectively [317, 318].  
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After the enrichment of each virus pool, the pools were dialyzed against a low-

conductivity buffer to allow for further AEX analysis. The empty and full AAV3B capsid 

pools were each loaded at 2.3 mS/cm onto separate AEX columns, as shown in Figure 

4.2. The titers and A260/A280 of each peak are summarized in Table 4.1. The first peak 

had a A260/A280 that would be expected for an empty peak, but the second likely had some 

full capsids in the peak, with a A260/A280 ratio of 1.08 (see Table 4.1). Only one peak at a 

A260/A280 ratio of 1.29 was found in the full capsids (Table 4.1). We concluded that the 

full capsid pool was fairly pure and that there were some full capsids in the empty pool. 

 

 

Figure 4.1: Chromatogram for AAV initial pool loaded at high conductivity. The 

empty capsids were collected in the wash step while the full capsids were collected in 

the peak for full capsids. Red and blue traces correspond to A260 and A280 respectively. 

Black trace corresponds to conductivity. 

 

 

Figure 4.2: Chromatograms showing peaks of AAV loaded on an AEX column 

using low conductivity buffer at pH 8.8 (A) Empty capsids (B) Full capsids. Red 

and blue traces correspond to A260 and A280 respectively. Black trace corresponds to 

conductivity. 
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Table 4.1. Summary of physical titer, absorbance, and conductivity for each peak from 

chromatograms. 
 

Initial virus pool Empty capsids load Full capsids load 

Load Concentration 

(vp/ml) 
2.55E+13 3.77E+11 1.31E+12 

Absorbance, A260/A280 
Empty peak -0.64 

Full peak -1.27 

Peak 1 - 0.91 

Peak 2 - 1.08 

Peak 1 - 1.19 

Peak 2 - 1.29 

Load Conductivity 

(mS/cm) 
6 2.3 2.3 

Elution Conductivity 

(mS/cm) 

Empty peak – 10.3 

Full peak – 14.8 

Peak 1 – 13.5 

Peak 2 – 16.0 

Peak 1 – 2.37 

Peak 2 – 14.7 

 

To better understand the differences between empty and full AAV capsids and 

how they adhere to AEX columns, we used chemical force microscopy (CFM). CFM 

allowed the study of adhesion by positive charge and hydrophobicity to be separated. 

Virus particles were covalently immobilized onto a surface and the adhesion force for 

different AFM tip chemistries as measured, as shown in Figure 4.3. It is important that 

the virus be covalently attached to the surface so that the bond broking that is measured is 

between the AFM tip and the virus, and not the virus and the gold surface. Using 

different chromatography buffer conditions, the adhesion and elution of AAV3B on AEX 

was measured to better understand the nature of the adhesion.    

  

Figure 4.3: Measurement for viruses using CFM. AFM probe functionalized with 

either a positive charge or hydrophobic chemistry in contact with virus particles 

covalently bound using the COOH-CH3 self-assembly monolayer on a gold-coated glass 

slide in a liquid environment. Image was created with Biorender.com. Adopted from 

[204]. 
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4.3.1 Differential binding analysis based on buffer pH and conductivity of 

empty – full AAV capsids.  

Initial CFM experiments measured the adhesion between a quaternary amine 

CFM tip (-NR3
+), and the empty and full AAV3B capsids in buffers with varying pH and 

conductivities to understand the influence of these buffer conditions on the binding of 

AAV. Control data can be found in Figure A.2.1. We started by exploring the adhesion 

differences between empty and full AAV3B at low pH. This pH range was selected 

because it is typical for eluting AAV capsids in affinity chromatography [158, 204]. Also, 

low pH has been associated with the destabilization of AAV capsids, through structural 

changes at the 5-fold symmetry, and the induction of side chain amino acids 

conformation. CFM measurements in this pH range allows us to explore the possibility of 

capsid instability recognition using CFM [319, 320]. At pH 2.5, differences were 

observed between the adhesion of empty and full AAV3B capsids, as shown in Figure 

4.4. For the empty AAV3B capsids at pH 2.5, increasing the conductivity from 10.96 

mS/cm to 20.40 mS/cm resulted in a 25 pN adhesion force decrease. This small decrease 

implies that conductivity did not change the binding of the empty capsids to the 

positively charged probe at pH 2.5. The full AAV3B capsids at pH 2.5 and conductivity 

of 10.96 mS/cm bound much stronger to the positively charged probe than the empty 

capsids, with the difference being 619 pN. However, with an increase in conductivity to 

20.40 mS/cm, the adhesion of the full capsids decreased by 704 pN. It is interesting that 

the full capsids change their charge shielding with conductivity at pH 2.5, whereas the 

empty capsids do not. When the pH was increased to 4 and a low conductivity of 

1.81mS/cm, the full AAV3B capsids had 181 pN more adhesion force than the empty 

AAV3B capsids. While some differences between empty and full capsids were observed 

at lower pHs, higher pHs were also explored. 
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Figure 4.4: AAV Force measurement as a function of buffer conductivity and pH 

(A) Empty capsids (B) Full capsids. The points on this map indicate the solution 

conditions tested to show the effect of buffer pH and conductivity on the adhesion force. 

 

Higher pHs were explored to determine how empty and full AAV 3B changed 

adhesion force to the positive probe. pH 8.8 was tested since this is a standard pH used in 

AEX chromatographic separation of AAV capsids [93, 319]. A difference of 125 pN was 

measured between the empty and full AAV3B capsids at 1.81 mS/cm and pH 8.8. 

Adhesion was much stronger at the higher pH to the positively charged probe, as would 

be expected. The highest measured adhesion difference was 2320 pN at a conductivity of 

7.44 mS/cm, as shown in Figure 4.4. CFM measurements at pH 8.8 showed the greatest 

differences in adhesion between the empty and full AAV3B capsids, thus further 

experimentation was performed using only pH 8.8.  

Conditions simulating AEX chromatography were tested to see if CFM adhesion 

would correlate to chromatography condition. Low conductivity binding conditions (1.81 

mS/cm) showed low adhesion to the positive probe, as shown in Figure 4.4. This was 

interesting because this low conductivity condition was used as the binding condition in 

Figure 4.2. As the conductivity increased, the adhesion increased, with a peak for the full 

particles at 7.44 mS/cm and a peak for the empty particles at 11.48 mS/cm, as shown in 

Figure 4.5a. The peak for the empty particles was much smaller than the full, 

demonstrating that at intermediate conductivities, the full particles bound much more to 

the positively charged probe than did the empty. This is as expected because the full 

capsids are more electronegative [86, 315]. The adhesion histograms for AAV empty and 
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full capsids showing the adhesion force distribution using NR3
+ in the buffers with 

varying pH and conductivity can be found in Figure A.2.2 & Figure A.2.3.  

Interesting trends were observed when correlating the chromatography results 

with the CFM results. When considering the binding observed at pH 8.8 in AEX 

chromatography (see, Figure 4.3b), we discovered that the full capsids remain bound to 

the column at conductivities greater than 7.44 mS/cm before they were eluted. The CFM 

data, however, showed that at a conductivity above 7.44 mS/cm, the full capsids lost their 

binding strength. This pattern is indicative of a transition not related to charge 

contributions taking in place in chromatography which allows the full capsids to remain 

on the AEX column at conductivities above 7.44 mS/cm. This change, however, is not 

visible on the CFM. This indicates that CFM can only measure binding behavior and not 

elution behavior. Furthermore, in AEX chromatography, both empty and full capsids 

were eluted between 13.5 – 16 mS/cm, these corroborates with the CFM results since 

weak binding is observed for the full AAV capsids above 7.44 mS/cm and above 11.48 

mS/cm for the empty capsids. 

We hypothesized that the binding of empty and full AAV3B capsids in AEX at 

low conductivity may be enabled by hydrophobic interactions. This notion was validated 

by measuring the adhesion of the empty and full AAV3B capsids to a hydrophobic (-

CH3) CFM probe. Control measurements confirmed the probe functionalization, see 

Figure A.2.4. As expected, the empty and full capsids bound strongly to the CH3 probe at 

low conductivity and the binding decreased with increasing conductivity, as shown in 

Figure 4.5b. The histograms for AAV empty and full capsids showing the adhesion force 

distribution using CH3 in the buffers with at pH 8.8 with varying conductivity can be 

found in Figure A.2.5. It was surprising the drop in hydrophobic interaction with the 

increase in conductivity, as it is assumed that hydrophobic interaction increases at higher 

ionic strengths. It is likely that this work did not go to a high enough conductivity to salt-

out the AAV and increase the hydrophobic interaction.  

Considering the behaviors of the empty and full AAV capsids at pH 8.8 with 

variable buffer conductivity, a secondary hydrophobic interaction may be contributing to 

the binding. Electrostatic interactions are treated as the sole potential interaction in AEX. 
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However, when the influence of hydrophobic interactions in the adsorption of alkanols 

[321] and alkanes [322] to an AEX resin was investigated, a significant connection was 

observed between the distribution coefficients, and the number of carbon atoms. There 

was a complementary interaction between hydrophobic and electrostatic interactions for 

the retention of alkanoic and alkanesulfonic acids in AEX [323]. The CFM findings 

obtained using CH3 probes to evaluate AAV capsid adhesion showed that hydrophobic 

interactions dominate binding at low conductivity. When we compared the CFM data to 

AEX chromatography at low conductivity (see Figure 4.2), we discovered that the AAV 

capsids showed limited binding at low conductivity in CFM, while the capsid bound 

firmly in AEX. The binding in AEX at low conductivity might be as a result of 

hydrophobic interaction between AEX ligand and the AAV capsids. The CFM positive 

probe is purely positively charged and removes the effect of the column matrix, and 

potentially any hydrophobic interactions that may be occurring. At low conductivity and 

high pH, AAV particles bind using hydrophobic interaction and then move to an 

electrostatic mechanism to stay bound to the chromatography column during AEX.  Due 

to the significance of secondary hydrophobicity in AEX separation, this knowledge is 

critical for designing and choosing AEX columns for empty and full AAV capsids 

separation [323]. Since hydrophobic interaction in AEX is dependent on the properties of 

the matrix, linkers and density of the functional groups on the ligand, if hydrophobic 

interaction contributes to binding, the AEX column design may need to be modified and 

buffer conditions optimized to accommodate hydrophobic interaction for improved 

empty and full capsid separation. 
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Figure 4.5: Adhesion forces for AAV at pH 8.8 (A) Adhesion force measurements with 

a positive NR3
+ functionalized probe and (B) with hydrophobic CH3 functionalized 

probe.  

 

4.3.2 Effect of Buffer Composition 

The buffers used in the initial studies were mimics of the process conditions, 

which contained many buffer additives that were left over from previous process unit 

operations. Some additives were studied separately to better understand the impact of 

these specific additives to the adhesion of AAV3B to the positive CFM probe (see 

adhesion histogram in Figure A.2.6 & Figure A.2.7). The base buffers tested at pH 8.8 

was 100mM Tris. In the base buffer, there was no difference in binding between the 

empty and full capsids, as shown in Figure 4.6a. Sodium acetate was added to the base 

buffer to increase the conductivity. The adhesion force of the empty capsids peaked at 

135 mM sodium acetate while the adhesion of the full capsids increased with increasing 
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sodium acetate concentration. At all sodium acetate concentrations tested, the empty 

capsids bound stronger than the full capsids.  

P188, a non-ionic surfactant, was one of the additives of the buffers tested 

previously. When added at 0.01 w/w%, it greatly changed the binding profile of the 

empty and full capsids, as shown in Figure 4.6b. When P188 was added to the base 

buffer, the adhesion force measured for the empty capsids decreased with increasing 

concentration of sodium acetate while that of the full capsids increased with increasing 

sodium acetate concentration. However, when sodium acetate was completely removed 

from the buffer leaving only 100 mM Tris and P188, the full capsids had an adhesion 

force of over 4X times greater than the empty capsids, as shown in Figure 4.6b. 

Although P188 is a nonionic surfactant, its amphiphilic nature may bind to the virus 

surface and change how the virus interacts with a charged surface.  

Another important component of the buffer is magnesium chloride. Addition of 

magnesium chloride to the base buffer increased the magnitude of adhesion force 

measured for the empty and full AAV3B capsids, as shown in Figure 4.6c.  In the buffer 

containing 100 mM Tris and magnesium chloride , the empty capsids had an adhesion 1.5 

times greater than the full capsids. Magnesium chloride is known to preferentially affect 

full capsids [324]. In AEX chromatography of a recombinant AAV2 showed that 

magnesium chloride reduces the retention time of the full capsids without affecting the 

empty capsids. This would imply that the full capsid in the presence of magnesium 

chloride reduces the negative charge on the virus, which is also what is shown in 

magnesium ion binding to DNA [325]. In another case, the interaction of 2 mM 

magnesium chloride with the glutamic acid on AAV8 resulted to the early elution of 

empty and full AAV8 from a strong quaternary amine column at low conductivity and pH 

[113], demonstrating that magnesium chloride can have an effect on empty and full 

capsids, as observed here in the CFM results. However, the binding strength is the 

opposite of what we see in our CFM results, where magnesium chloride increases binding 

strength and would thus increase the conductivity needed to elute the vector from an 

AEX column. Another possibility is that the magnesium chloride may compete for the 

binding sites of the quaternary amine, thus removing the full virus from the AEX column 
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at a lower conductivity, however it may not directly bind to the AAV capsid. There is still 

a lot to be learned about the effect of magnesium on AAV capsids. 

Protein-metal ion binding is greatly aided by carboxyl groups, and this is 

particularly true in terms of chromatographic retention [113]. It was expected that the 

positive charge of magnesium ions (Mg2+) would counteract the negative charges of 

carboxyl groups on AAV empty and full capsids resulting in decreased binding. 

However, the effect of MgCl2 addition to the buffers containing Tris and sodium acetate 

resulted to an increase in the adhesion of the empty and full AAV capsids as shown in 

Figure 4.6d & e. These results deviate from what was obtained in previous studies on 

metal mediated charge modification of AAV8. The interaction of Mg2+ (at 2 mM 

magnesium chloride) with the glutamic acid on AAV8 resulted to the early elution of 

empty and full AAV8 from a strong quaternary amine column at low conductivity and pH 

[113]. In our CFM measurements with magnesium chloride, we utilized high pH and a 

range of conductivity. The CFM results might be indicative of the fact that the metal 

binding sites are not able to participate in the binding of divalent ions at high pH. 
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Figure 4.6: The effect of salt concentration and surfactant at pH 8.8 on empty and 

full AAV3B. (A) The adhesion force changes in empty and full capsids when sodium 

acetate was added to 100 mM Tris buffer. (B) The adhesion force changes in empty and 

full capsids when 0.01 w/w% P188 was added to sodium acetate + Tris buffer. (C) The 

adhesion force changes in empty and full capsids when 5mM magnesium chloride was 

added to sodium acetate + Tris buffer. (D) Effect of 5 mM magnesium chloride, 0.01% 

P188, and sodium acetate on empty capsids. (E) Effect of 5 mM magnesium chloride, 

0.01% P188, and sodium acetate on full capsids. 

 

Buffer conditions can affect the biologic and biophysical characteristics of AAV 

capsids [120].  In a series of CFM measurements using empty and full AAV capsids, we 

were able to able to mimic the chromatographic binding of empty and full AAV capsids 

to a strong quaternary amine AEX ligand while varying buffer conditions. There is a 

dependence of AAV capsid stability on pH. The pH can affect the flexibility and 

repulsion of the capsid proteins [96, 319]. At low pH, in our case at a pH less than 4, 

although the capsids may look intact, AAV capsids undergo conformational changes in 

acidic pH [320]. These conformational changes are likely caused by the externalization of 

the N- terminus of VP 1,2 and 3 protein regions. The N- terminus is positively charged 

and often tucks into the 5-fold axis to interact with the negatively charged DNA [320]. 
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The externalization of the N- terminus might be responsible for the low adhesion force 

measured for empty AAV3B capsids at low pH. It is possible that the stronger binding of 

the full AAV3B capsids as compared to the empty capsids in pH less than 4 resulted from 

partial genome uncoating. However, it is more likely that changes in the overall charge of 

the amino acids on the coat of the virus causes this change overall when comparing low 

and higher pH. 

 

4.4 Conclusions and future work 

The adhesion of empty and full AAV to a strong positively charged quaternary 

amine probe was investigated in buffers with varying compositions, pH, and conductivity 

using CFM to simulate column chromatography conditions. From the CFM results 

obtained we were able to measure differences in the binding of empty and full AAV3B 

capsids to a positively charged quaternary amine surface. This information allowed us to 

understand that although anion exchange chromatography is described primarily based on 

electrostatic interactions, secondary hydrophobic interaction dominates binding at low 

conductivities and pH. Interesting binding trends for the addition of surfactant and 

magnesium chloride have also shown that the interaction of magnesium chloride greatly 

increases the binding of empty and full AAV3B capsids to a positively charged probe. 

This is the opposite often seen in chromatography where the addition of magnesium 

chloride often has the capsids eluting earlier than without magnesium chloride. The 

results points to the benefit that can be obtained in using CFM as a buffer selection and 

optimization tool needed to understand how the AAV capsids would bind in a 

chromatography run. 

Future work for this project includes using the CFM  to understand the effect of 

divalent ions at different concentrations and pH. The current study found that MgCl2 at 

high pH increased the binding of empty and full capsids to a strong AEX column. MgCl2 

should be tested for its effect on the separation of empty and full AAV at lower pH 

ranges. Also, the effect of other salts with divalent ions such as CaCl2, at high and low 

pH with varying concentrations should be explored on empty and full capsids separation 
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5 Single-Particle Characterization of SARS-CoV-2 

Isoelectric Point and Comparison to Variants of 

Interest 

5.1 Introduction 

The recent pandemic involving SARS-CoV-2, which causes COVID-19, represents 

serious and emerging threats worldwide. While the majority of COVID-19 cases are 

largely asymptomatic or mild clinical presentation, some can be severe or deadly in 

infected patients. Severe cases often develop acute respiratory distress syndrome and are 

deadly in spite of intubation, mechanical ventilation, and costly ICU care. Viruses, like 

SARS-CoV-2 are single-stranded, RNA macromolecules that have complex surface 

physicochemical properties, which give rise to their adsorption behavior. The adsorption 

of viruses to surfaces could give rise to increased transmission. BLAST and FASTA 

scans are typical search tools, which are performed on a nucleotide or amino acid 

sequence to impart structural information or predict the protein function. Information 

from other structural methods, like protein crystallography, helps to elucidate function 

and behavior. However, we sometimes find that the prediction of function and other 

features, like isoelectric point (IEP) are not accurate and experimental measurements 

must be performed. 

Understanding virus adsorption can help to facilitate safe practices. For example, 

learning how to repel viruses from surfaces or to adsorb them could be used to improve 

filtration devices and personal protective equipment. The physicochemical properties of 

the virus paired with environmental conditions facilitate virus adsorption [326, 327]. The 

adhesion mechanism through which viruses are adsorbed is driven by electrostatic [328] 

and van der Waals interactions [329] as described by the extended Derjaguin− 

Landau−Verwey−Overbeek (XDLVO) model [140, 330]. These interactions are 

controlled by environmental factors such as pH, temperature, and humidity [331]. 

Disrupting the adsorption of a virus to a surface can be achieved by manipulating the 

factors that contribute to the interactions.  
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Viruses have extremely complicated structures, as compared to proteins. One of the 

most prominent interactions for adsorption is electrostatic. While proteins can be 

described by their charge and IEP, which is the pH at which they are neutrally charged 

[88, 203], this type of description is more difficult for viral particles. Non-enveloped 

viruses have a protein shell that folds into a large nanoparticle structure. However, 

enveloped viruses, like SARS-CoV-2, have glycosylations and a lipid bilayer, making 

surface characterization much more difficult to predict and require experimental 

measurements. 

Conventional methods for measuring virus IEP use bulk viral solutions. Zeta 

potential measures the electrostatic potential difference between the electric double layer 

surrounding the virus particle and the surrounding solution at the shear plane [332]. 

However, zeta potential requires a large volume of highly concentrated virus sample and 

is limited by virus solubility [333] and the presence of impurities [120]. Another IEP 

measurement is isoelectric focusing (IEF) using gels [334] and capillary isoelectric 

focusing (CIEF) [335]. IEF requires the fluorescent tagging of viruses, which requires 

pure, concentrated solutions [336]. Different methods are needed to measure virus IEP in 

natural solutions without high purity and concentration requirements. 

We have developed a single-particle method to measure the IEP of virus with an 

atomic force microscope (AFM). The technique, called chemical force microscopy 

(CFM), uses a functionalized AFM tip to measure the adhesion force of the 

functionalized AFM tip and the virus immobilized on a surface [158, 200]. The adhesion 

is measured in different pH solutions, thus measuring a range of electrostatic interactions 

near the IEP. The IEP for the non-enveloped porcine parvovirus was found to be 4.8-5.1 

[158] and this was found to be similar as the value determined by IEF of 5.0 [337]. 

However, when the IEP for the main surface protein was calculated with UniProtKB 

using the entire protein sequence, the IEP was determined to be 5.8 [158]. For the 

enveloped virus bovine viral diarrhea virus (BVDV), the discrepancy between the 

measured IEP value with CFM and the calculation of the IEP of the main spike protein 

was even greater, at 4.3-4.5 and 6.9, respectively [158]. Due to the post translational 

modifications, glycosylations, and lipid membrane, it is more imperative that enveloped 
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viruses have a measured IEP and not just use the calculated value from the spike protein 

amino acid sequence. 

The IEP of SARS-CoV-2 has been calculated in different ways and can be found in 

Table 5.1. The IEP ranges from 5.2-6.2. This is a large range when the goal is to either 

adsorb or trap the virus or to repel it using electrostatic forces. The IEP values were 

obtained based on the identified proteins on SARS-CoV-2. The FASTA sequence was 

input into the Protparam tool from the Bioinformatics Resource Portal ExPASy [338] to 

obtain the values of the IEP based on the protein sequence. A major disadvantage is that 

calculated IEP values do not consider that some amino acids are buried when the protein 

folds or any post translational modifications.  

Table 5.1. Summary of current IEP values for SARS-CoV-2 S protein 

Calculation/Method Protein IEP Reference 

Amino acid sequence SARS-CoV-2 spike glycoprotein 5.9 [339] 

ProtParam SARS-CoV-2 spike glycoprotein 6.24 [116] 

ProtParam His‐tagged SARS‐CoV‐2 RBD1 8.91 [335] 

CIEF His‐tagged SARS‐CoV‐2 RBD1 7.36-9.85 [335] 

CIEF S1/S2 subunit with His-tag 4.41-5.87 [335] 

1RBD – receptor binding domain  

5.2 Materials and Methods 

5.2.1 Materials 

Sodium phosphate dibasic heptahydrate (ACS grade, 98.0−102.0%), sodium 

phosphate monobasic monohydrate (ACS grade, 98.0−102.0%), sodium chloride (ACS 

grade, ≥99.0%), sodium citrate tribasic dihydrate (ACS reagent, ≥99%), 11-

mercaptoundecyl-N, N, N-trimethylammonium bromide (HS(CH2)11N(CH3)3Br), 12-

mercaptododecanoic acid (HS (CH2)11COOH, 96%), 1-dodecanethiol (HS(CH2)11CH3, ≥ 

98%), were purchased from Sigma-Aldrich (St. Louis, MO). N-hydroxysulfosuccinimide 

(NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), and 

plain microscope slides (25 x 75 x 1mm) were purchased from ThermoFisher Scientific 
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(Waltham, MA). CSG10/Au and CSG30 probes were purchased from NT-MDT 

Spectrum Instruments (Moscow, Russia). Ethanol 200 proof was purchased from Decon 

Labs. Inc (King of Prussia, PA). All aqueous solutions or buffers were prepared using 

purified water with a resistivity of ≥18 MΩ·cm from a nanopore filtration system 

(Thermo Scientific) and filtered using a 0.2µm disposable bottle top filter before use.  

 

5.2.2 Methods 

5.2.2.1 Virus samples, AFM probe functionalization and control surface 

preparation  

Using a Perkin-Elmer Randex sputtering system (Model 2400, Waltham, MA), 

cleaned glass slides were coated with 5 nm chromium followed by a gold layer of 35 nm. 

The gold-coated glass slides were washed with 100% ethanol heated to 65°C, dried, and 

kept in a clean petri-dish until use. The virus particles were immobilized using the same 

methodology as in our earlier study of virus isoelectric points [158].  

The force probes employed for force measurements were the NT-MDT 

CSG10/Au AFM probes (spring constant - 0.1 – 0.5 N/m, tip radius – 10 nm. For positive 

charge functionalization, the AFM probes were immersed in a clean petri-dish containing 

14 ml of 4mM HS(CH2)11N(CH3)3Br in ethanol for 48hrs while for negative charge, 

probes were immersed in carboxyl (COOH-) in 14 ml of 4 mM HS (CH2)11COOH in 

ethanol for 24hrs. Following immersion, the probes were washed with 25ml ethanol, 

dried in a chemical hood, and carefully stored in a clean AFM probe box. The 

functionalized probes lasted 96 hours and were checked using the control gold-coated 

glass slides to guarantee functionalization before usage. Control surfaces utilized to check 

probe functionalization was prepared using method similar to that for probe 

functionalization.  

5.2.2.2 Preparation of buffers 

Sodium acetate solution was prepared by making a 135 mM and 185 mM solution 

and magnesium chloride solution was prepared by making a 5 mM solution. Tris-HCl 
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solution was prepared by making a 100 mM solution with Trizma base. A solution of 1M 

NaOH or HCl was used to adjust the acidic or basic level, and pH was measured with a 

calibrated Fisherbrand Accumet AE150 benchtop pH meter (Hampton, NH).  

5.2.2.3 Force measurements and analysis  

Using a Bruker Dimension ICON atomic force microscope equipped with the 

ScanAsyst system in peak force quantitative nanoscale mechanical mode (Peakforce 

QNM) and the corresponding functionalized NT-MDT CSG10/Au AFM probes, charge 

force measurements were obtained. At the beginning of every force measurement, the 

spring constant of modified AFM probes was calibrated using the thermal tunning 

function on the AFM. The solution used for force measurements were either 20mM CB 

between pH 4 – 6 or 20 mM PB at pH 7.0. Every virus was probed once at two different 

points based on the virus diameter /modified probe radius of curvature ratio. Areas 

around the edges of the virus was avoided to prevent probing the glass surface without 

virus due to minor deflections experienced by the probe during measurements in liquid 

environment. All experiments were performed at room temperature. For each 

probe/sample combination at least 150 F-D curves were obtained. Force measurements 

was done in triplicates resulting to at least 450 F-D curves being made available for 

analysis. Taking into consideration every data point including those without any force 

(zero force was recorded at some point), data analysis was performed with the Bruker 

Nanoscope Analysis software.  

5.3 Results and Discussion 

We have used CFM to measure the IEP of SARS-CoV-2. Heat inactivated and 

gamma irradiated SARS-CoV-2 (USA-WA1/2020) isolate from BEI resources were 

covalently bound to a glass slide (see Figure 5.1a) and height analysis was performed on 

a Bruker Dimension ICON AFM with the ScanAsyst system (Santa Barbara,CA) using a 

Bruker AC-40 AFM probe. The heat inactivated virus contained many small particles 

(Figure A.3.1) and was not further tested. The virus was immobilized on a glass slide and 

adhesion measurements were carried out with a positive quaternary amine AFM probe 
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and a negative carboxylic acid AFM probe, as described previously [158, 200] (Figure 

5.1). The measured IEP for SARS-CoV-2 (USA-WA1/2020) was 5.2-5.3. This is on the 

low end of the IEPs from calculated sources shown in Table 5.1.  

 

Figure 5.1: Isoelectric point determination using CFM. (A) Inactivated SARS-CoV-2 

particles were covalently immobilized on a Au-coated slide that contained a self-

assembled monolayer that presented COOH and CH3 functional groups. NHS/EDC 

chemistry covalently bound the virus to the COOH groups [158, 200]. Au tips were 

functionalized to provide either negatively charged carboxyl (COO-) or positively 

charged quaternary amine (NR4
+) groups. Changes in the mean adhesion forces were 

measured with respect to pH with (B) a NR4
+ probe or (C) a COO– probe. The data points 

of the mean adhesion force vs. pH were fit to a sigmoidal curve and the IEP was 

determined to be the infection point. The histogram of each individual point can be found 

in Figure A.3.2. *p<0.05 from student’s t-test. (Image A was created in BioRender.com). 

 

Since only the wild type (USA-WA1/2020) could be obtained for experimental 

study, we compared the charge differences between two other variants of interest (VOI) 

that are currently circulating of SARS-CoV-2, B.1.1.7 and B.1.351. The charge of the 

WT virus and the variants can be found in Figure 5.2. The mutations are found in 

different parts of the spike protein, including the receptor binding domain and the furin 

cleavage site [340]. 
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Figure 5.2: Comparison of the mutations (Row 1 and 2) and surface electrostatic 

potentials (Row 3) on spike proteins of two VOIs with respect to the WT. WT(PDB 

ID: 6VYB [341] (1st column) and 6VSB [342] (2nd column), B.1.1.7 (PDB ID: 7LWV 

[340]) and B.1.351 (PDB ID: 7LYQ [340]). (A-D) show the side view, 1st row, and (E-H) 

show the top view, 2nd row. For the VOIs, the AA mutations on the S proteins (see Table 

5.2 for details) are marked red with one residue before and after the actual mutational site 

for better visibility. (I-L) S-protein surface potentials of the WT and VOIs. The surface 

potentials were generated by preparing molecules with the pdb2pqr method and applying 

APBS electrostatics using PyMol v2.4.1. 

 

The exact surface mutations of the WT and VOIs are found in Table 5.2. The 

charge density on the surface of the spike protein decreases in the VOIs. This would 

likely increase the IEP of the VOIs as compared to the WT. The charge on the RBD was 

slightly higher for the WT as compared to the two variants when 6VYB was used as the 

WT model (Table 5.2). However, the WT RBD charge was lower compared to the VOIs 

when 6VSB was used as a reference. Additionally, the E484K mutation made the B.1.351 
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variant slightly more positive compared to the B.1.1.7 variant. A similar effect was 

observed for surface hydrophobicity (Table A.3.1). The surface hydrophobicity was 

calculated by applying the Eisenberg hydrophobicity scale for the surface exposed 

residues [16] (Figure A.3.3). The WT was more hydrophobic as compared to the VOIs 

(Table A.3.1). Between the two VOIs, B.1.351 was more hydrophobic than B.1.1.7.  

 

Table 5.2. Comparison of surface charge on S protein of the two VOI with the wild type. 

Pango Lineage Name Mutations PDB 

Surface 

Charge  

(formal 

charge) 

Surface Charge  

(partial charge) 

RBD 

Charge 

WT 

(Natural 

variant) 

USA/WA1/2020 

- 6VYB -20 -17 9 

- 6VSB -26 -23 6 

B.1.1.7 

(UK variant) 
20J/501Y.V1 

Δ69/70 

Δ144Y 

N501Y 

A570D 

D614G 

P681H 

7LWV -12 -9 7 

B.1.351 

(South Africa 

variant) 

20H/501.V2 

K417N 

E484K 

N501Y 

D614G 

7LYQ -7 -4 8 

Surface charges are based on the solvent accessible (SA) residues calculated in PyMol using APBS 

electrostatics. The boundary conditions used for single Debye-Huckel function were – solute dielectric constant: 2.000; 

solvent dielectric constant: 78.000; ionic strength: 150 mM; temperature: 310 K. RBD charges were calculated by 

adding the partial charges of the SA resides in the 319-541 region of chain B for 6VYB, 7LWV, and 7LYQ or chain A 

for 6VSB. The chain consideration was based on the chain identifier that showed an up configuration of the RBD in 

PyMol.     
   

5.4 Conclusion 

The IEP of SARS-CoV-2 was determined using CFM. The IEP in 20 mM salt was 

5.2-5.3. This is on the low end of values calculated from different amino acid sequences 

of the spike protein. Enveloped viruses contain glycosylations on their spike proteins that 

likely change the IEP, thus requiring a measured IEP compared to a calculated IEP. CFM 

is a novel method to measure virus IEP, which does not require high purity and high 

concentration virus stocks. It is a single particle method that targets the virus particles 

individually for the measurement. Without access to VOI of SARS-CoV-2, their 
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sequence changes were used to calculate the change in surface charge and hydrophobicity 

as compared to WT. The VOI have a lower charge and lower hydrophobicity than the 

WT, and this may play a role in the increased transmission of the VOIs. 
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6 Conclusions and future work 

6.1 Conclusions 

In this dissertation, we were able to demonstrate the use of chemical force 

microscopy (CFM) in the characterization of the charge and hydrophobicity of viruses. 

CFM provides the opportunity to measure virus charge and hydrophobicity on a single -

particle level which allows the inclusion of heterogeneity across a virus population in the 

characterization of these surface properties. CFM utilizes the tip of an atomic force 

microscope (AFM) which can be modified using any chemistry of interest. The adhesion 

force between the AFM tip and the virus surface is then measured and translated into 

binding interactions. The viruses to be measured in CFM were covalently attached to the 

surface of a gold coated glass slide. The covalent bonding was used to prevent the viruses 

from being pulled off the gold surface during measurement, and to ensure that the bonds 

being broken were between the virus and CFM tip and not the virus – gold surface bond. 

The first CFM measurement was the characterization of the hydrophobicity for porcine 

parvovirus (PPV), and bovine viral diarrhea virus (BVDV) as discussed in Chapter 3. The 

second and third set of CFM measurements focused on characterizing the hydrophobicity 

and charge of Adeno Associated Virus 3B (AAV3B) empty and full capsids and was 

discussed in Chapter 4. The charge characterization of SARS-CoV-2 used in estimating 

the isoelectric point based on CFM measurements was discussed in Chapter 5.  

We have used a CFM probe with methyl group to study the hydrophobicity of 

PPV and BVDV as a function of buffer compositions. The goal of this project was to 

ascertain the ability of CFM to measure virus hydrophobic interaction and detect changes 

in this hydrophobic interaction when buffer condition changes. Phosphate buffer saline 

(PBS) was used as the base buffer composition. The salt concentration was increased 

through sodium chloride addition. Additives that can alter ydrophobic interactions was 

also added. The CFM was able to measure virus hydrophicity in the base buffer and 

record changes in the hyddrophobcity as buffer composition changed. We determined 

that BVDV is much more hydrophobic than PPV in PBS. The hydrophobicity of PPV and 

BVDV increased with the addition of PEG. The addition of ethanol resulted to an 
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increase in the hydrophobicity of PPV but not that of BVDV. The CFM results were also 

compared to virus dye adsorption measurements which utilized hydrophobic Rose Bengal 

and hydrophilic Nile Blue. The concentrations of the dye were varied while that of PPV 

and BVDV were kept constant. The dye adsorption experiments were used to 

characterize virus hydrophobicity changes with increasing NaCl concentrations in PBS. 

The dye adsorption results only showed good correlation for CFM with ethanol. This 

finding implies that, owing to the complexity of the viral surface, a hydrophobicity 

characterization approach capable of isolating hydrophobic and non-hydrophobic 

interactions responsible for virus adhesion or binding to a substrate is required. As a 

consequence, it is critical to measure viral hydrophobicity at the single-particle level 

using CFM in order to account for variability within the virus population and to filter out 

non-hydrophobic interactions. A solid and dependable technique of quantifying viral 

hydrophobicity like CFM may aid in the optimization of virus purification systems, 

buffer selection, gene therapy, and medication administration. 

The charge and hydrophobicity of AAV3B empty and full capsids was 

characterized using CFM. The hydrophobicity of AAV3B was measured using the 

methyl-terminated CFM probes in buffers containing varying salt concentrations. The 

hydrophobicity of empty and full AAV3B capsids was high at low salt concentrations but 

diminished at higher salt concentrations due to the dominance of electrostatic 

interactions. A quaternary amine – terminated AFM probe was utilized to measure 

differences in the surface charge of empty and full AAV3B capsids at various solution 

composition, conductivity, and pH.  CFM measurements showed that there are 

differences between the charge distribution on the empty and full AAV3B capsids. The 

comparison of CFM to chromatography showed that through the conductivity transitions 

in chromatography, the binding of the empty and full AAV3B capsids changes. This 

conductivity coupled with the pH and salt concentrations plays a huge role in virus 

binding for anion exchange chromatography (AEX). At low pH for empty and full 

AAV3B capsids, we were able to deduce that the capsid bind to a strong AEX column 

through hydrophobic interactions. The knowledge of the differences between the empty 

and full AAV3B capsids can help in designing and optimizing chromatographic systems 
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for virus purification. This will also help in the separation of empty capsids from the 

virus full capsids pool required for inducing the therapeutic effects for gene therapy.  

AFM tips modified with carboxyl, and quaternary amine group chemistries at 

different pH was used to study the charge property of SARS-CoV-2 virus. The mean 

adhesion force obtained from the CFM measurements was plotted as a function of 

solution pH and fitted to a sigmodal curve. The point of inflection from the sigmodal 

curve plot was identified as the virus isoelectric point (pI). The pI for SARS-CoV-2 as 

determined by the CFM was 5.2 – 5.3. These values are within the range of theoretical 

values reported for SARS-CoV-2 pI. The experimental pI value for the wild type (WT) 

SARS-CoV-2 was compared to two other variants using pyMol a computational tool. It 

was observed that the variants had a lower charge and hydrophobicity than the WT. 

Theoretical calculation are not able to consider modification of virus envelope, and 

conformational changes of virus surface amino acids, hence, are not able to provide an 

accurate measure of the virus pI. As a result, an experimental technique like the CFM 

which can account for changes in the virus envelope and amino acids is required.  

Biologic purification and delivery techniques which relies on the virus charge would 

greatly benefit from the use of CFM to characterize virus charge. This was the first 

experimental determination of SARS-CoV-2 isoelectric point.  

 

6.2 Future work 

In this dissertation, CFM has been used extensively to characterize the charge and 

hydrophobicity of viruses. However, method modifications for the AFM equipment 

software, as well as other experiments for virus surface measurements, can be 

investigated. For the CFM, current equipment has been allowed to operate in the 'relative' 

trigger mode, generating trigger threshold force values based on the softness of the 

material with which the probe comes into contact during measurement. However, to 

ensure that the same trigger threshold force is applied regardless of the equipment used, 

an experiment to determine the trigger threshold force value for a specific virus to be 

measured should be carried out. This entails testing at least three different trigger 
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threshold forces to see which burst the virus, have the least adhesion force, and have the 

optimum adhesion force. The trigger mode should be in absolute for this to be done. In 

addition, when calibrating the CFM tips, the spring constants of all probes to be used for 

a virus in a specific solution condition should be within the same range to ensure similar 

probe deflection for triplicate measurements. 

The viruses used in this study was purified using both chromatographic and non-

chromatographic techniques. The solution conditions for these purification techniques 

differ and is capable of effecting changes to the charge distribution and hydrophobic 

interaction of virus surface proteins.  Experiments with CFM to measure the effect of 

purification techniques on the charge and hydrophobicity of viruses should be 

investigated. It would be an interesting study to determine the extent to which the method 

of purification affects the virus surface properties. Currently, no such research has been 

conducted using mammalian viruses. Common laboratory non-chromatographic 

techniques to separate virus from impurities like dialysis ultracentrifugation, and PEG 

precipitation can be used while for chromatographic techniques, AEX and static 

hydrophobic interaction chromatography can be exploited. To study the effect of 

purification techniques on charge and hydrophicity, the methods utilized in chapter 3-5 

can be exploited. 

Currently, in the purification of gene therapy vectors, different purification steps 

are combined to optimize empty and full virus separation. These combinations of 

purification techniques also affect the yield of virus. Asides from exploring the effect of 

purification techniques on virus hydrophobicity and charge, the effect on recovery, final 

protein concentration and DNA removal should also be explored. To assess the final 

recovery after purification, the initial and final recovery volumes and concnetrations 

should be obtained. This results can be expressed as a percentage of initial volume and 

concentration. The final protein concentration can be evaluated using the Bradford assay. 

The Bradford assay is a simple colorimetric assay for determining protein concentration 

based on the binding of the assay reagents (Coomassie Brillant Blue G-250) to proteins 

[343]. The DNA concentration can be quantified using the picogreen assy which allows 

for the selective detection of as low as 25 pg/ml of double -stranded DNA (dsDNA) 



97 

 

present in a virus sample [344]. The charge and hydrophobicity differences, level of 

DNA removal, recovery, and protein concentration can be compared for all the methods 

tested. This comparison can act as a guide in the combination of purifications techniques 

for virus separation. It can also provide information on what purification technique would 

be best fit for a certain type of virus surface characterization evaluation.  Lastly, to 

convince industry to adopt CFM as a virus surface characterization or for use in 

optimizing purification systems, a catalog of the expected differences based on the type 

of purification process the test material is generated from is important.  
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A Appendix 

A.1 Virus surface hydrophobicity characterization using 

chemical force microscopy 

 
 

Figure A.1.1: Time course experiments to determine changes in dye absorbance 

readings at the different dye concentrations used with PBS. (A) Rose Bengal in PBS 

(B) Rose Bengal in PBS + 195mM NaCl (C) Rose Bengal in PBS + 845mM NaCl. 
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Figure A.1.2: Topographic image and corresponding height analysis of virus and 

control surface. (A) PPV (B) BVDV (C) Control surface. Scan size for viruses and 

control – 500nm X 500nm. CSG30 probes was used for imaging in PBS. 
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Figure A.1.3: Confirmation of AFM probe functionalization (A) Positive control 

(CH3 probe/CH3 gold coated glass slide) (B) Negative control (CH3 probe/OH gold 

coated glass slide). Control – 500nm X 500nm. PBS was used as the buffer in this 

measurement. 
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Figure A.1.4: Adhesion histograms and representative force-distance curves 

(retracted portion only). (A) PPV in 1X PBS (B) PPV in 1X PBS + 195mM NaCl (C) 

PPV in 1X PBS + 845mM NaCl (D) BVDV in 1X PBS (E) BVDV in 1X PBS + 195mM 

NaCl PBS (F) BVDV in 1X PBS + 845mM NaCl PBS. ≥ 400 F–D curves were recorded 

over 500nm X 500nm areas. 
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Table A.1.1. Summary of mean adhesion force for PPV and BVDV. 

BUFFER SOLUTION PPV MEAN FORCE (pN) BVDV MEAN FORCE (pN) 

1X PBS 16 230 

1X PBS + 195mM NaCl 17 262 

1X PBS + 845mM NaCl 10 548 
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Figure A.1.5: Adhesion force of each sample for PPV and BVDV in PBS (A) PPV in 

PBS (B) PPV in PBS + 195 mM NaCl (C) PPV in PBS + 845 mM NaCl (D) BVDV in PBS 

(E) BVDV in PBS + 195 mM NaCl (F) BVDV in PBS + 845 mM NaCl. ≥ 400 F–D curves 

were recorded over 500nm X 500nm areas. 
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Figure A.1.6: PPV and BVDV concentration as a function of cosolvent addition. Using 

MTT assay the concentration of PPV and BVDV was quantified before and after PEG and 

ethanol were added. 
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Table A.1.2. The maximum wavelength absorbance for Rose Bengal was determined 

through testing wavelengths ranging from 543 – 600nm. Dye concentrations between 0 mM - 

0.4 mM was mixed with either water or PBS, and absorbance was read using a UV-vis 

spectrophotometer 

 

Dye 
conc. 

Water  1X PBS  PBS + 195mM NaCl Wavelength 

0mM 
(Water or 

buffer) 
0.038 0.037 0.037  0.036 0.036 0.036  0.037 0.037 0.037 543 

0.01mM 
DYE 

0.46 0.429 0.468  0.428 0.445 0.449  0.399 0.454 0.453 543 

0.027mM 1.074 1.051 1.059  0.985 1.011 1.053  1.036 1.065 1.01 543 

0.1mM 1.994 1.964 1.932  1.958 2.099 2.208  1.936 2.019 2.114 543 
0.2mM 4.013 3.958 4.048  3.759 3.859 3.801  3.678 3.71 3.757 543 

0.4mM OVRFLW OVRFLW OVRFLW  OVRFLW OVRFLW OVRFLW  OVRFLW OVRFLW OVRFLW 543 

0mM 
(Water or 

buffer) 
0.038 0.037 0.037  0.036 0.036 0.036  0.037 0.037 0.037 560 

0.01mM 0.306 0.288 0.313  0.289 0.3 0.304  0.276 0.31 0.311 560 

0.027mM 0.686 0.685 0.688  0.648 0.663 0.687  0.688 0.713 0.674 560 

0.1mM 1.249 1.223 1.234  1.272 1.353 1.424  1.279 1.34 1.397 560 
0.2mM 2.684 2.622 2.664  2.526 2.579 2.559  2.508 2.521 2.525 560 

0.4mM OVRFLW OVRFLW OVRFLW  OVRFLW OVRFLW OVRFLW  OVRFLW OVRFLW OVRFLW 560 

0mM 
(Water or 

buffer) 
0.037 0.037 0.037  0.036 0.036 0.036  0.037 0.037 0.037 570 

0.01mM 0.112 0.105 0.115  0.107 0.109 0.112  0.105 0.114 0.116 570 

0.027mM 0.211 0.209 0.211  0.21 0.211 0.217  0.223 0.228 0.22 570 

0.1mM 0.365 0.358 0.363  0.39 0.415 0.433  0.411 0.429 0.449 570 
0.2mM 0.771 0.755 0.763  0.815 0.828 0.821  0.896 0.896 0.898 570 

0.4mM 1.469 1.447 1.51  1.73 1.805 1.764  2.049 2.088 2.027 570 

0mM 
(Water or 

buffer) 
0.037 0.037 0.037  0.036 0.036 0.036  0.037 0.037 0.037 580 

0.01mM 0.054 0.051 0.056  0.051 0.05 0.052  0.05 0.052 0.054 580 

0.027mM 0.068 0.068 0.068  0.074 0.07 0.071  0.074 0.075 0.076 580 

0.1mM 0.097 0.097 0.098  0.11 0.117 0.117  0.118 0.123 0.127 580 

0.2mM 0.178 0.174 0.176  0.215 0.216 0.216  0.262 0.261 0.261 580 
0.4mM 0.329 0.323 0.336  0.495 0.52 0.505  0.654 0.671 0.652 580 

0mM 
(Water or 

buffer) 
0.037 0.037 0.037  0.036 0.036 0.036  0.037 0.037 0.036 590 

0.01mM 0.043 0.042 0.045  0.04 0.039 0.039  0.039 0.039 0.041 590 

0.027mM 0.042 0.042 0.042  0.047 0.043 0.042  0.043 0.043 0.046 590 

0.1mM 0.047 0.047 0.049  0.053 0.055 0.052  0.052 0.053 0.055 590 

0.2mM 0.062 0.061 0.061  0.073 0.072 0.073  0.083 0.085 0.084 590 

0.4mM 0.092 0.09 0.092  0.131 0.137 0.132  0.167 0.171 0.168 590 

0mM 
(Water or 

buffer) 
0.037 0.037 0.037  0.036 0.036 0.036  0.037 0.037 0.037 600 

0.01mM 0.042 0.04 0.043  0.038 0.037 0.037  0.037 0.037 0.039 600 
0.027mM 0.037 0.037 0.037  0.042 0.038 0.037  0.038 0.038 0.04 600 

0.1mM 0.038 0.039 0.04  0.042 0.045 0.04  0.039 0.04 0.041 600 

0.2mM 0.042 0.042 0.041  0.045 0.044 0.045  0.046 0.049 0.047 600 

0.4mM 0.048 0.047 0.047  0.055 0.058 0.055  0.062 0.062 0.062 600 
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A.2  Effect of Charge and Hydrophobicity on the Separation 

of Empty and Full AAV Capsids on Ion Exchange 

Chromatography 

 
 

Figure A.2.1: Control Data for NR4
+ Probe in PB, pH 7. (A) Positive control (B) 

Negative control. F – D curves ≥ 450 were recorded over 500nm X 500nm areas. M.F is 

the average mean force measured from the triplicate run. 
. 
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Figure A.2.2: Adhesion histograms in different buffer conditions for AAV full and 

empty capsids using NR3
+ probe. F–D curves ≥ 450 were recorded over 500nm X 

500nm areas. 
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Figure A.2.3: Adhesion histograms in different buffer conditions for AAV full and 

empty capsids with NR3
+ probe. F–D curves ≥ 450 were recorded over 500nm X 

500nm areas. 
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Figure A.2.4: Control data using CH3 probe. (A -B) Positive and negative control in PBS, pH 

7.2. (C - D) Positive and negative control in high conductivity buffer, 7.44 mS/cm, pH 8.8. (E - F) 

Positive and negative control in low conductivity buffer, 1.82 mS/cm, pH 8.8. F–D curves ≥ 450 

were recorded over 500nm X 500nm areas. M.F is the average mean force measured from the 

triplicate run. 
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Figure A.2.5: Adhesion histograms in different buffer conditions for AAV full and empty 

capsids using CH3 probe. F–D curves ≥ 450 were recorded over 500nm X 500nm areas. 
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Figure A.2.6: Adhesion histograms for AAV full and empty capsids in buffers at pH 8.8 

with NR3
+ probe. F–D curves ≥ 450 were recorded over 500nm X 500nm area. Concentrations 

of the buffer components: 100 mM Tris, 5 mM MgCl2, 0.01% P188. 
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Figure A.2.7: Adhesion histograms for AAV full and empty capsids in buffers at pH 8.8 

with NR3
+ probe. F–D curves ≥ 450 were recorded over 500nm X 500nm area. Concentrations 

of the buffer components: 100 mM Tris, 5 mM MgCl2, 0.01% P188. 
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A.3 Single-Particle Characterization of SARS-CoV-2 

Isoelectric Point and Comparison to Variants of Interest 

 

Figure A.3.1: Topographic image and corresponding height analysis of virus and 

control surface. (a) SARS-CoV-2 gamma irradiated. (b) SARS-CoV-2 heat inactivated 

and (c) Control surface. Scan size for viruses - 3µm X 3µm, control – 500nm X 500nm. 
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Figure A.3.2: Adhesion and representative force–distance curves (retracted portion 

only) of irradiated SARS-CoV-2. (a) COO- -terminated probe and (b) NR4+ -terminated 

probe, recorded in 20 mM citrate (pH 4-6) or phosphate buffers (pH 7). Each figure 

represents 450 F–D curves. 
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Table A.3.1. Surface hydrophobicity comparison amon WT and VOI. 

Pango Lineage PDB Total Surface 

Residues 

Hydrophobicity 

WT 6VSB 2454 29 

B.1.1.7 7LWV 2089 -146 

B.1.351 7LYQ 1992 -191 

 

The surface residues of the WT and VOI were found by in PyMol using 

‘findSurfaceResidue’ script. Surface hydrophobicity was calculated by summing the 

individual hydrophobicity values of residues assigned as per the Eisenberg 

hydrophobicity scale. 
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Figure A.3.3: Surface characteristics of S-proteins of WT and VOI. (A)Surface 

residues (marked in red) (B) Surface hydrophobicity map of S-proteins. 
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	Abstract

	Gene therapy is a therapeutic intervention designed to correct single gene  disorders. AAV has been identified as a suitable vector for delivering therapeutic genes. However, the use of AAV has been hampered by manufacturing challenges inclusive of lo...
	CFM revealed the hydrophobic interaction of  was used to characterize the hydrophobicity of non-enveloped porcine parvovirus (PPV) enveloped bovine viral diarrhea virus (BVDV) increased with rising sodium chloride concentration but not non-enveloped p...
	The charge and hydrophobicity of AAV empty and full capsids assessed by the CFM has been utilized to interpret previously unknown interactions of the anion exchange (AEX) chromatogram. Although, AEX is designed to be solely dependent on electrostatic,...
	The isoelectric point (IEP) of SARS-CoV-2 was first experimentally established using CFM. Understanding viral transmission and adherence requires deciphering the structural, surface, and functional features of each viral protein. Viral RNA sequence mo...
	With the novel CFM approach presented in this study, viral surfaces can be appropriately characterized, and a predictive model can be designed for selecting the solution conditions for virus purification.

	1 Introduction and chapter summaries
	1.1 Introduction
	Gene therapy is a therapeutic intervention designed to correct single gene genetic disorders. Gene therapy corrects genetic disorders by replacement techniques that allows the insertion of engineered nucleic acids into target cells using viral or non-...
	The effectiveness of gene therapy is measured by the amount of therapeutic protein expressed for the desired effects. The amount of expressed protein is dependent on successfully targeting cells of interest and expressing nucleic acid in the cells usi...
	Adenovirus, adeno-associated virus (AAV), and retrovirus are the commonly used viral vectors for gene therapy. They have shown great efficacy in clinical trials [11, 14]. The selection of viral vectors requires the characterization of their physicoche...
	The work contained in this dissertation seeks to optimize gene therapy by exploring how to improve the characterization of viral vectors surface properties. The surface properties of focus are hydrophobicity and charge. These surface properties were s...

	1.2 Chapter summaries
	Chapter 1 of this dissertation contains an introduction and the overview for each chapter of this research.
	Chapter 2 details the background of gene therapy and different approaches to gene therapy administration. We also discussed types of gene therapy vectors, advantages, and disadvantages of each type. Steps involved in the production and purification of...
	Chapter 3 discusses how we developed a single- particle method using CFM to characterize the hydrophobicity of viruses which determines the viral transport and adsorption in a liquid environment. The CFM method utilizes a functionalized atomic force m...
	In Chapter 4, we demonstrate the use of CFM in optimizing the purification of adeno-associated virus (AAV) through differences in the charge and hydrophobicity of empty and full AAV capsids. Traditional chromatography methods make use of limited knowl...
	In Chapter 5, we used CFM to determine the isoelectric point (pI) of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2, USA-WA1/2020, referred to as WT), an enveloped virus. Traditional determination of virus pI has focused on the bulk chara...
	Chapter 6 concludes the dissertation with major findings from each project and discusses future work for development

	1.3 Summary
	This chapter has been able to highlight the importance of gene therapy as well as the successes that has been reported in clinical studies employing viral based gene therapy. The significance and role of virus physicochemical properties gene therapy m...


	2 Literature review
	2.1 Overview of gene therapy
	Gene therapy seeks to treat monogenic disorders through replacement of defective genes with healthy genes [21]. Beginning from the early 1990s, efforts have been made to apply the principles of gene therapy to treat genetic disorders. Successes have b...
	There are various approaches for introducing or inserting genes into target cells. The ex vivo technique was employed in the initial attempts at gene therapy. For ex vivo, the desired genes are delivered into the patient's cells that have been removed...
	The efficient delivery of plasmid DNA to target cells, transcription and translation into protein is critical to gene therapy’s objective. As a result, a carrier molecule, also known as a vector, is required for effective gene delivery. The vector mus...
	Viral vectors consist of a virus capsid with the genetic material replaced with a therapeutic gene [35]. Viral vectors have high gene delivery efficiency because they bind easily to target cells [2, 36], are not limited to gene delivery in only active...
	The viral vectors are preferred because they are more efficient in the delivery of genetic materials through specific receptor binding on the cell surface, can preserve transgenes from degradation, and they overcome the disadvantage of chemical transf...
	With successes recorded in human gene therapy trials between the years 2012 and 2019, the US Food & Drug Administration (FDA) has approved three gene therapy treatments [38]. These approvals and successes in human trials have resulted in an increased ...

	2.2 Viral vectors for gene delivery
	Viruses can adapt to changes in their biological environment allowing them to survive and proliferate in host cells [47]. Gene therapy using viral vectors has leveraged this characteristic by employing viruses as vectors for the delivery of genetic ma...
	The viral vectors have the unique ability to easily bind to the cell and insert the genetic code to produce a therapeutic protein. Despite this strength, various limitations imposed by a lack the diversity in physical and chemical properties of viral ...
	Figure 2.1: Virus structures (a) A non-enveloped virus (b) An enveloped virus (created in biorender)
	2.2.1 Selection criteria for viral vectors
	The selection of viral vectors necessitates the evaluation of physicochemical properties - attributes that pertain to physical and chemical characteristics, as well as cellular mechanism [48]. The physicochemical properties pertain to the size, hydrod...
	One of the criteria considered in selecting a viral vector is the transgene size. Viral vectors like herpes simplex virus, vaccinia virus and baculovirus with a capacity to carry large transgenes as indicated by the DNA insert size in Table 2.1, are p...
	Table 2.1 Gene therapy characteristics of viral vectors [45, 53]
	Adeno-associated virus (AAV) vectors have become the platform of choice for in vivo gene therapy due to their outstanding safety profile, and high transduction efficiency of a wide variety of target tissues [54].  In 2012, the European Medicines Agenc...

	2.2.2 AAV biology and as a vector for in vivo gene delivery
	AAV is of the Parvoviridae family. It is made up of an icosahedral protein capsid with a diameter of 25 nm and a 4.7 kb linear single-stranded DNA [59]. The capsid is made up four protein of subunits, VP1, VP2, VP3, in a 1:1:10 ratio and AAP which is ...
	Figure 2.2: AAV genome and mRNA transcripts. The promoters that transcribe the rep gene are p5 and p19. Rep 78, 68, 52, and 40 are all proteins generated by the rep gene. The binding of Rep 78/68 to the RBE initiates AAV DNA replication at any of the ...
	Recombinant AAV (rAAV) used as vector in gene therapy comprise of same capsid sequence and structure as wild-type AAV (wtAAV) [56]. However, the encapsidated genomes of rAAV are devoid of all AAV protein-coding regions and include therapeutic gene exp...

	2.2.3 Manufacture of rAAV vectors
	The approval of some rAAV based gene therapy, and the increasing number of clinical trials using rAAV has led to a high demand of good manufacturing grade (GMP) and high concentration rAAV vectors. To meet the quality requirement for rAAV, high yield ...
	The manufacture of viral vectors can be divided into the upstream and downstream process, as shown in Figure 2.3. The upstream process focuses on designing the vector, selecting a vector production method, providing the medium required for optimum cel...
	Figure 2.3: Flow chart showing the activities involved in the upstream and downstream processing of viral vectors [69].
	The production of AAV vectors in large quantities can be done either by transient transfection , or infection of producer and stable mammalian cells or insect cells [70, 71]. The transient transfection, as shown in Figure 2.4 is one of the most common...
	Figure 2.4: Production of AAV by triple transfection using HEK293 cells. The first plasmid contains the vector genome, which is the transgene expression cassette, flanked by the ITR. The AAV helper which is the second plasmid contains the rep and cap ...
	For the producer and packaging cell line method, all components necessary for rAAV production, namely the rep and cap genes, as well as the genome of the vector carrying the expression cassette of interest, are incorporated in the genome of a producer...
	Figure 2.5: Production of AAV in producer and packaging cell lines. Producer cell line comprises of transgne expression cassette, and the rep and cap genes which is then infected with a helper virus to induce AAV replication. The packaging cell only c...
	For rAAV production, regardless of the method used there is a problem of low percentage of viral vectors containing the transgene of interest (DNA) (only about 40%) [76] thus, resulting in low titers. The host cell proteins, high volume of empty vira...
	To facilitate pre-clinical and clinical AAV gene therapy studies, high-quality vector preparations are needed. Beyond production, good purifications methods are required to obtain high quality rAAV.  Different purification techniques which are scala...
	2.2.3.1 Purification of viral vectors using chromatography
	Chromatographic techniques purify the virus based on the interactions resulting from physicochemical properties differences between the virus, contaminants, and chromatography ligands [81]. Since these interactions in chromatography are dominated by p...
	Chromatography in which adsorption of the viral vectors to the stationary phase is controlled by ionic interaction is referred to as ion- exchange chromatography (IEX). In ion-exchange chromatography, a stationary phase containing either anions (AEX) ...
	AEX has been shown to be a feasible method in separating empty and full capsids for the majority of adeno-associated virus (AAV) serotypes [94, 95]. The isoelectric point (otherwise known as pI, is the pH at which the net charge of the virus is zero m...
	Using differences in the surface hydrophobicity of the viruses, contaminants, and ligand, chromatographic purification is achieved using hydrophobic interaction chromatography (HIC) [97].  At the interface between a hydrophobic surface and water molec...
	Figure 2.6: Hydrophobic interaction chromatography. (A) The surface of viruses covered with water hydration layer, making the viruses unable to interact with the hydrophobic ligand. The hydration layer is formed by the rearrangement of water molecules...
	The first systematic observation of the effect of the ionic strength on biomolecules was carried out by Franz Hofmeister. This resulted in what is known as the Hofmeister effects, which is also an ionic strength effect. In his experiment, he categoriz...
	Figure 2.7: Schematic Hofmeister series showing the effect of anions and cations on protein precipitation
	The chromatography that separates viral particles from protein and other contaminants using a reversible interaction based on biospecific (e.g., antibody-antigen, enzyme-inhibitor) or non-biospecific (e.g., protein- metal ion) interaction a specific l...
	Since some AAV serotypes do not bind to heparin, mucin and antibodies, another form of affinity chromatography was developed based on the presence of proteins with metal affinity tag on AAV surface [110, 111]. This type of affinity chromatography is t...
	Multiple binding interactions are used in another form of chromatography. This is known as mixed mode or multimodal chromatography (MMC) [103]. It is based on the use of chromatographic ligands capable of providing a variety of interactions between th...
	Figure 2.8: A mixed mode chromatography ligand with different interaction sites [114].
	2.2.3.2 Common additives used to enhance virus purification
	Several additives are used to improve selectivity and ensure the stability in the purification of viral vectors. These additives influence selectivity by improving solubility, inducing changes in the conformation, and promoting bound virus elution. Al...
	Table 2.2 Information on additives classes, types, concentration, and purpose [115].
	Although viral vector purification using chromatography is scalable, it requires optimization because of low virus recovery volumes obtained using this technique. The recovery volumes are low because much of the chromatography ligands surface area is ...


	2.3 Virus surface chemistry
	Virus interactions are governed by the chemistry of the outer most proteins or lipids present on the viral surface [116]. The surface chemistry has some effects viral vectors manufacturability, safety, and biological compatibility with cells [117] .Th...
	The charge and hydrophobicity of viral vectors play essential roles in the design, selectivity, and scaling up of purification systems [18]. Therefore, a thorough understanding of viral charge and hydrophobicity is required for the design and selectio...
	2.3.1 Hydrophobicity
	Hydrophobicity is a surface property that is responsible for low solubility of virus, their adherence to hydrophobic surfaces, and propensity to aggregate in an aqueous environment. Interactions enhanced by virus hydrophobicity are prevalent at short ...
	Hydrophobicity has been defined using the water ordering and the cavity formation theory. The classical view, as developed by Frank and Evans, describes hydrophobicity as the characteristic of a hydrophobic molecule that causes the strengthening of hy...
	According to the cavity formation theory, a molecule, whether hydrophilic or hydrophobic, produces a cavity in the presence of water. For hydrophobic molecules, the cavity formed in the water structure is the outcome of hydrogen bond manipulation by t...
	The hydrophobicity of virus is typically enhanced by high ionic strength. Virus have a complex surface which possess both hydrophilic and hydrophobic patches. The hydrophilic portion interacts with water hence, preventing the exposure of hydrophobic p...

	2.3.2 Charge
	Charge is another crucial surface property that influences the fate and transfer of viruses in a liquid environment [120]. The charge of a virus is based on the ionizable amino acids in the capsid protein for nonenveloped virus and the glycoproteins f...
	The charge of a virus is considered to affect electrostatic interactions between the virus and other charged surfaces [132, 139]. The charge differences between the virus and other surfaces can enhance or inhibit adsorption in virus purification syste...
	Electrostatic interaction is important for virus adsorption. To highlight the importance of electrostatic interaction in virus adsorption, pseudo-typed adeno- associated virus serotype 2/8 (AAV -2/8) was purified using using cation and anion exchange ...
	Although viruses adsorb through hydrophobic and electrostatic interactions, these interactions are generally inadequately characterized. The lack of a defined methodological descriptor to offer information on these interactions at a fundamental level ...

	2.3.3 Typical methods for virus surface chemistry characterization
	The characterization of viral surface characteristics has been plagued by inconsistencies in the many methodologies used. The nanometric size and complexity of the viral surface makes most existing approaches for virus characterization incapable of ac...
	2.3.3.1 Hydrophobic interaction chromatography (HIC)
	HIC is a critical technique that enables the characterization of virus hydrophobicity based on their retention and elution from a stationary hydrophobic ligand. HIC is a well-established method for characterizing protein hydrophobicity [147-149] and h...
	In quantifying virus hydrophobicity using HIC, the relative hydrophobicity of minute virus of mice (MVM), and MVM- virus like particles (VLP) was characterized  using a Tosoh TSK Phenyl column. MVM and MVM- VLP were assigned hydrophobicity based on t...
	Although, HIC has been used to characterize the relative hydrophobicity of some viruses, this method is flawed. The HIC method relies on a relative hydrophobicity scale made with protein references as a baseline for comparison, any errors in the exper...
	2.3.3.2 Partitioning – aqueous two – phase systems (ATPS)
	Aqueous-two phase system is a fluid separation process that relies on partitioning based on the incompatibility of two aqueous solutions [152]. The aqueous solutions are formed from a combination of two polymers or a polymer and high concentration sal...
	The cross partitioning of ATPS with PEG-salt in pH ranging from 4.5 – 6.5 was used to determine the isoelectric point for PPV and BVDV .The volume and virus concentration in the top and bottom phase was used in calculating the partitioning coefficient...
	2.3.3.3 Isoelectric focusing
	Virus charge characterization in the presence of an electric field like capillary electrophoresis utilizes electrophoretic attributes of the virus and have complex steps. Hence, the need for a method of characterizing virus charge that reduces the com...
	The IEP of six strains of polivirus was estimated using capillary isoelectric focusing (CIEF). The anion exchange capillary column was made of silica coated with fluorocarbon. The observed IEP for the strains were 0.5-1 pH unit lower than the than tho...
	Although, IEF requires only a minimal amount of virus samples,there are still some drawbacks associated with this method.  IEF approach is laborious, time consuming and requires specialized equipment [170]. Also, there is a possibility of electrode re...
	2.3.3.4 Chromatofocusing
	This a simple and rapid technique that can be used in combination with other methods for determining the pI of viruses and protein. Chromatofocusing utilizes the retention of viruses on an ion exchange column through a pre-determined pH gradient to de...
	The IEP of several viruses have been characterized using chromatofcusing. The IEP  of bacteriophage φX174 was quantified using chromatofocus that utilized an anion -exchange column [170]. Also, using a weak anion-exchange (AEX) column, empty and full ...
	Chromatofocusing offers the advantage of simplicity in terms of eluting the virus off the column and possibility of retrieving intact virus. There is also the advantage of easy scalability, and it can also be used to predict the pI of viruses in the p...
	The traditional methods for characterizing the charge and hydrophobicity quantify these virus properties for the bulk solution and are thus affected by the level of virus sample impurities [18] and buffer composition [119] . Also, because these tradit...
	2.3.3.5 Dye adsorption
	The dye adsorption technique involves characterizing hydrophobicity using the adsorption of molecules to a standard probe molecules which is either, hydrophobic or hydrophilic [176]. Dye compounds that absorb visible light are often utilized as probe ...
	In dye adsorption to quantify hydrophobicity, different methods of analysis are adopted. There is the partitioning method which uses the plot of the partitioning quotient of test molecule in test solution versus the surface area of the molecule being ...
	Common adsorption isotherm models have been used to determine the amount of dye adsorbed by a molecule. An example is the determination of the relative hydrophobicity for gold (Au) nanoparticles (NP), uncoated copper oxide (CuO) and silica NP with and...
	In addition, an alternate method for analyzing dye adsorption for hydrophobicity quantification is based on determining the fluorescence or ultraviolet (UV) absorbance of unbound dye and relating it to a reference fluorescence or absorbance at fixed o...
	Although, the dye adsorption technique for hydrophobicity determination has an advantage of being relatively easy to perform and analyze, affordable, useful for nanosized molecules with increasing surface area and concentration, it has various drawbac...
	In this research, we used dye adsorption as one of the techniques to quantify virus hydrophobicity. The adsorption isotherm model was selected in analyzing the dye adsorption to prevent the errors associated with calculating the density and surface ar...
	2.3.3.5.1 Langmuir adsorption isotherm derivation

	In this research, dye adsorption was used as a conventional method to quantify virus hydrophobicity.  The results from the dye adsorption was analysed using adsorption isotherms with the Langmuir isotherm as one of the models used. The Langmuir adsorp...
	The adsorption of molecule, X contained in a liquid with concentration, ,𝐶-𝑂. to an
	adsorbent with vacant surface sites, S is given by Equation 2.3.1
	Where, ,𝑘-1.  is the rate of adsorption and  ,𝑘-2. is the rate of desorption. To quantify the concentration of molecule, X on the surface of the adsorbent, we introduce the surface coverage parameter, ( and another parameter N which indicates total ...
	( is fraction of surface covered by molecules of X. 1- ( is fraction of surface uncovered molecules of X or vacant sites.
	Rate of adsorption, ,𝑘-1. is proportional number of vacant site or unadsorbed molecules, N(1- (), and represented using Equation 2.3.2
	Rate of desorption, ,𝑘-2.  is proportional to adsorbed molecules, N((), Equation 2.3.3
	At equilibrium, ,𝑘-1.= ,𝑘-2., see Equation 2.3.4, Equation 2.3.5 and Equation 2.3.6
	,𝐾-𝐿. is the equilibrium constant, ,𝐶-𝑒. is the equilibrium concentration of X after adsorption. ,𝐾-𝐿. can be expressed in terms of equilibrium concentration and vacant sites using Equation 2.3.7. The Langmuir equation is as stated in Equation 2...
	An alternate way of representing Langmuir isotherm is based on adsorbed concentration of molecule X in equilibrium at the occupied sites, which is represented as ,𝑞-𝑒. ,and the maximum adsorbed concentration of molecule X for all available sites i.e...
	When ,𝐶-𝑒.,𝐾-𝐿. (( 1 , ,𝑞-𝑒.= ,𝐾-𝐿.,𝑞-𝑚𝑎𝑥.,𝐶-𝑒.. Most sites are open.
	Linearizing the isotherm is represented using Equation 2.3.11 and Equation 2.3.12.
	When ,𝐶-𝑒.,𝐾-𝐿. (( 1, ,𝑞-𝑒.= ,𝑞-𝑚𝑎𝑥.. All sites are occupied.
	From the linear isotherm plot of  ,1-,𝑞-𝑒.. 𝑣𝑠. ,1-,𝐶-𝑒..   ,  the intercept is ,1-,𝑞-𝑒..  , which tells us about the occupied sites, the slope is ,1-,𝐾-𝐿..   tells us about the vacant sites.
	2.3.3.5.2 Freundlich adsorption isotherm derivation

	The Freundlich isotherm model was also employed as a second model to analyze the dye adsorption conventional method used for quatifying virus hydrophobicity. The results obtained was compared to the unique approach of quanitying virus hydrophobicity p...
	The adsorbed concentration of molecule X, at the occupied sites of adsorbent, S is ,𝑞-𝑒.. The direct proportional relationship between ,𝑞-𝑒. and the concentration of molecule, X in the liquid, ,𝐶-𝑒.  is given in Equation 2.3.13 and Equation 2.3.14.
	,𝑘-𝑓. and n are constants. At low concentrations, the amount of molecule, X adsorbed increases rapidly as concentration increases till it reaches a plateau at a certain concentration referred to as the saturation concentration.
	,𝑘-𝑓. is the Freundlich constant, ,𝐶-𝑒. is the equilibrium concentration of X in the supernatant after adsorption, ,1-𝑛. is the non-linearity exponent that tells us about the strength of adsorption.
	At low concentrations, ,1-𝑛.=1, ,,𝑞-𝑒. =  𝑘-𝑓.,,𝐶-𝑒.-1.. At high concentrations, ,1-𝑛.=0, ,𝑞-𝑒. is independent on ,𝐶-𝑒., ,,𝑞-𝑒. =  𝑘-𝑓.,,𝐶-𝐸.-0..  This is the plateau point on the graph. At intermediate concentrations, 𝑛 ( 1, ,,𝑞-�..
	The slope of a plot of  ,log-, 𝑞-𝑒.. 𝑣𝑠. ,log-, 𝐶-𝑒.., is  ,1-𝑛.  and the intercept is ,log-,𝑘-𝑓...  . 1/n is the Freundlich isotherm constant for the interaction also referred to as the non-linearity exponent.  1/n  tells us about the streng...
	The Langmuir and Freundlich isotherm are commonly used models. However, the Freundlich isotherm has provided a better fit for most biological analysis especially those involving viruses [194]. This is mostly because the maximum adsorption capacity, ,�..

	2.3.4 Novel approach – single particle - chemical force microscopy (CFM)
	Chemical force microscopy is a technique that uses specific chemistries to modify an atomic force microscope (AFM) probe to allow direct investigation of chemical group interactions in surface characterization [197]. AFM is a non-optical imaging techn...
	2.3.4.1 Working principles of AFM
	The AFM functions by using a flexible cantilever which possesses a sharp tip attached near the end to scan across the surface of a sample in a perpendicular direction to detect the interaction force between the tip and sample [205]. During measurement...
	The measured interaction forces between the tip and samples are mostly influenced impacted on by the size and shape of the tip, and the environmental conditions during measurement. In AFM measurements, there are long (electrostatic, magnetic) and shor...
	Figure 2.9: Illustration of AFM function. The AFM tip has a cantilever which comes in contact with the sample. The laser beam incident on the cantilever. The photodiode records cantilever deflections as the tip scans the sample surface. The cantilever...
	2.3.4.2 AFM tip properties
	The cantilevers used in AFM measurements have differences in terms of manufacturing materials and shape. The cantilever is typically made from silicon, Si or silicon nitride, Si3N4 with a length of 100-200microns, and allow very small forces to be mea...
	2.3.4.3 AFM measurement modes
	Technological advances have resulted to the introduction of various distinct modes in the AFM setup. Despite the fact that the majority of the AFM modes are applicable to all types of samples, they all do not produce same quality of data. The proper a...
	The contact mode involves bringing the AFM tip in direct contact with the sample surface and allowing it to scan across while the deflection of the tip is recorded. It can be used in both air and liquid. The contact mode is used either in the constant...
	The non-contact mode involves bringing the tip close enough to the sample surface at distances of about 5 – 10 nm [216]. There are different variations of the non-contact mode. Because the tip – samples have no direct contact, frictional forces can be...
	The tapping mode is based on the non-contact mode technique. It can also be referred to as the dynamic force or intermittent contact mode [216]. Tapping mode AFM may be performed in either air or liquid. For the tapping mode, the AFM probe is oscillat...
	The non-contact and tapping mode are based on the oscillation of the AFM probe and its resonance frequency [221, 222], therefore can be classified as resonance modes [220]. For the resonance modes, the oscillation of the cantilever is dynamic and irre...
	In this research, the peak force tapping mode in liquid was utilized because it enables capturing the quantitative nanomechanical properties of samples and can be used at high scan rates. It is also able to produce high resolution mapping of the sampl...
	2.3.4.4 Force – Distance measurement
	During the interaction of the AFM probe with a sample surface, the AFM isn’t only capable to producing topographic images but is also able to map the biophysical characteristics using recorded force-distance (F-D) curves [231]. F-D curves are recorded...
	The different regions in the F-D curve shown in Figure 2.10 represents how the tip and sample interacts. At the start of an experiment, point A, the cantilever approaches the samples, but the force is too small to be detected. At point B, the interact...
	Figure 2.10: Force-distance curve schematic. The AFM tip comes in contact with the sample surface and exerts a predetermined loading force, resulting to cantilever defletion. The tip is held on the sample surface by an adhesive force but it eventually...
	The force obtained between the tip and the sample interaction has a direct relationship with the cantilever deflection [234]. Using Hooke’s law as shown in Equation 2.3.16, the force, F is obtained using the spring constant, k of the AFM probe and the...
	The spring constant of the AFM probe is usually experimentally determined at the start of the experiment using the thermal fluctuation by obtaining the thermal noise spectrum of the cantilever deflection of the natural frequencies of oscillation [235]...
	Where, z is the distance between the AFM probe at rest and the sample surface while , Δz is the summation of cantilever deflection and sample deformation [232].
	Using the AFM, probing single molecule have becoming possible. The single molecule measurements enable the probing of biologic molecules in their natural environment to reveal biophysical and biochemical interactions, and properties that would otherwi...
	Single – particle CFM offers an advantage of characterizing virus charge and hydrophobicity at a nanoscale while also being able to concurrently visualize the virus topography. The CFM allows the use of trace amount of virus volumes and does not requi...
	The viral samples utilized for CFM measurements were immobilized on a gold coated glass slide in this research, and the AFM probes were modified with charge and hydrophobic functional groups. The entire technique for probe modification and viral immob...
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	3 Virus surface hydrophobicity characterization using chemical force microscopy
	3.1 Introduction
	Viruses are nanometer-sized particles that consist of encapsulated genetic material. Non-enveloped viruses are protein shells that contain genetic material, whereas enveloped viruses have both protein capsids and a lipid bilayer [238]. Viruses exist a...
	Hydrophobicity is one of the least understood and difficult to characterize physicochemical properties of any biomolecule. Hydrophobicity governs biomolecule adhesion through van der Waals forces arising from the mobility of water molecules at the mol...
	A conventional way to characterize virus hydrophobicity is through the analysis of crystal structures. The solvent-accessible surface area (SASA) of different amino acids on the virus surface can be used to compare surface hydrophobicity [247]. MS2 [1...
	Experimental measurements of virus hydrophobicity often take advantage of the adsorption of viruses and proteins to hydrophobic surfaces. Hydrophobic interaction chromatography (HIC) characterizes hydrophobicity based on the buffer concentration requi...
	Dye adsorption for hydrophobicity characterization uses special dyes that bind specifically to hydrophobic patches on biomolecules or nanoparticles. This method allows the quantification of hydrophobicity for particles of varying sizes and surface are...
	The atomic force microscope (AFM) has emerged as a tool to characterize the surface properties of materials at the nanoscale [206, 253].  AFM can measure physicochemical properties in an aqueous environment and at room temperature, resulting in the ch...
	We have used CFM to characterize the hydrophobicity of two viruses, PPV and BVDV. The CFM measurements were compared to dye adsorption tests using PPV and BVDV to investigate alternative metrics of hydrophobicity. CFM introduces a novel method for mea...

	3.2 Materials and methods
	3.2.1 Materials
	Sodium phosphate dibasic heptahydrate (ACS grade, 98.0−102.0%), sodium phosphate monobasic monohydrate (ACS grade, 98.0−102.0%), poly (ethylene glycol) (PEG 8000, average MW: 8kDa), sodium chloride (ACS grade, ≥99.0%),12-mercaptododecanoic acid (HS (C...

	3.2.2 Propagation and titration of cells and virus
	Porcine kidney cells (PK-13, CRL-6489) were purchased from the American Type Culture Collection (ATCC) and were cultured using EMEM augmented with 10% v/v FBS and 1% v/v pen/strep. Porcine parvovirus (PPV) NADL-2 was gifted through the generosity of D...

	3.2.3 Virus and control surface preparation
	Pre-cleaned glass slides were coated with 5 nm chromium and 35 nm gold sequentially using a Perkin-Elmer Randex sputtering system (Model 2400, Waltham, MA). Gold-coated glass slides were cleaned with 100% ethanol, heated to 65 C, dried, and stored at ...

	3.2.4 Buffers
	Phosphate buffered saline (PBS) solution at pH 7.2 was prepared by mixing a solution of 1.06 mM sodium phosphate monobasic, 2.97 mM sodium phosphate dibasic, and 155 mM sodium chloride. PBS with additional salt concentrations were made using additiona...

	3.2.5 AFM probe functionalization
	Probes used for force measurements were the NT-MDT CSG10/Au AFM probes (spring constant - 0.1 – 0.5 N/m, tip radius – 10 nm).  AFM probes were functionalized using a solution of 4 mM HS(CH2)11CH3 in ethanol for 24 h, rinsed with ethanol, and air-dried...

	3.2.6 AFM imaging, force measurement, and analysis
	All hydrophobicity force measurements were carried out using a Bruker Dimension ICON atomic force microscope with ScanAsyst (Santa Barbara, CA). Virus surfaces after immobilization and control surfaces were imaged using a NT-MDT CSG30 AFM probe in tap...

	3.2.7 Dye adsorption
	Rose Bengal was prepared in nanopure water. Viruses were purified using a 3M Emphaze anion exchange filter attached to a Cytiva (formerly, GE) AKTA Pure FPLC (Malborough, MA) [262, 263], and dialyzed into the testing buffer. At eachdye concentration, ...
	Where, Co (,mg-L.)  is the initial dye concentration, Ce (,mg-L.) is the concentration of dye in the supernatant after centrifugation, V is the volume of mixture (ml) and M is the concentration of virus (MTT50/ml). The dye adsorption was fit to the La...
	Where, ,𝑞-𝑒 .,,mg-,MTT-50... is the amount of dye adsorbed per virusconcentration and ,𝐶-𝑒 .(,mg-L.) is the equilibrium concentration of dye after adsorption.   ,𝐾-𝐿 .(,L-mg.) and ,𝑞-𝑚 .(,mg-,MTT-50..) are the Langmuir constant and maximum ads...


	3.3 Results
	Hydrophobicity controls in a large part both capsid protein folding and capsid assembly, which is integral to capsid integrity and the interaction of virus particles with cells. Even though hydrophobicity is an extremely important property, the measur...
	Figure 3.1 CH3 functionalized AFM probe in contact with viruses. A gold coated glass slide is functionalized with a self-assembled monolayer of thiol compounds that are 50/50 COOH and CH3. The viruses are covalently bound to the COOH groups with NHS/E...
	Non-enveloped porcine parvovirus (PPV) and enveloped bovine viral diarrhea virus (BVDV) are the model systems used to measure virus hydrophobicity. PPV has a diameter of 18-26 nm and an isoelectric point of 4.8-5.1 [158, 264]. The principal structural...
	3.3.1 Virus hydrophobicity by CFM
	Initial virus hydrophobicity experiments measured the adhesion of PPV and BVDV to a hydrophobic CH3-terminated AFM probe in PBS at pH 7.2. Imaging and height analysis of the virus particles and SAM confirmed proper immobilization of the virus to the s...
	Virus hydrophobicity was further explored using additives to enhance hydrophobic interaction. PEG was added because it has been shown to enhance hydrophobic interactions between proteins and a hydrophobic media [273, 274]. The increased hydrophobic in...
	Figure 3.2 Salt concentration effect on PPV and BVDV adhesion.
	The addition of PEG resulted in an increase in hydrophobic adhesion force for PPV and BVDV, as shown in Figure 3.3. It is likely that the preferential exclusion of PEG from protein surfaces also applies to the viruses tested. However, with the additio...
	Figure 3.3 Cosolvents change hydrophobic interactions. The addition of PEG 8000 and ethanol to PBS altered the CFM adhesion force. (A) PPV and (B) BVDV with the addition of polyethylene glycol (PEG) 8000 and ethanol. Each data point is the mean of at ...

	3.3.2 Virus hydrophobicity by dye adsorption isotherms
	Dye adsorption is commonly used to measure the hydrophobicity of nanoparticles [176]. We chose to use the dye Rose Bengal because it has been used previously to characterize the hydrophobicity of nanoparticles. Rose Bengal can bind the virus via its h...
	Rose Bengal was a good fit for the isotherm models. In comparing the correlation coefficient (R2) obtained for the Langmuir and Freundlich model fits shown in Table 3.1, the Freundlich isotherm has the best fit for Rose Bengal adsorption to PPV and BV...
	Figure 3.4 Adsorption isotherms for PPV and BVDV. Fixed concentrations of PPV and BVDV were combined with various concentrations of Rose Bengal in different concentrations of salt. The isotherms were fitted using the Langmuir, and Freundlich models (A...
	The ,𝐾-𝑓 .values in Table 3.1 can be used to evaluate the adsorption of Rose Bengal. The larger the ,𝐾-𝑓 . value, the smaller the amount of Rose Bengal dye adsorbed (less hydrophobic interaction) to the virus. For PPV, with increasing salt concent...
	Table 3.1 Summary of isotherm parameters for adsorption of Rose Bengal to PPV and BVDV


	3.4 Discussion
	Viruses have chemically heterogenous surfaces comprising both hydrophobic and hydrophilic patches, making them difficult to characterize. There is a need to develop a standard characterization technique for measuring virus and protein hydrophobicity. ...
	We have demonstrated that the hydrophobicity of viruses can be characterized and quantified using CFM. It is likely that we are measuring direct hydrophobic interaction and not other non-specific or less defined interactions. When a hydrophobic tip en...
	Virus hydrophobic interactions should be affected by ionic strength. However, results in Figure 3.2 showed low adhesion of the hydrophobic probe to PPV. Studies have shown that the VP2 protein, which accounts for about 80% of PPV surface protein, is m...
	Cosolvents can induce changes in water structure that alter the interplay between the virus hydration layer and other surfaces. Cosolvents can be grouped as kosmotropes or chaotropes. The kosmotropic cosolvent PEG is more polar than water; thus, water...
	Ethanol is less polar than water and a chaotropic cosolvent that reduces  the degree of hydrogen bonding between water molecules [290]. PPV showed an increase in adhesion as the concentration of ethanol increased, as shown in Figure 3.3. Ethanol cause...
	From the dye adsorption experiments, Rose Bengal adsorption on PPV and BVDV revealed that PPV was more hydrophobic than BVDV, see Figure 3.4 and the ,𝐾-𝑓 . values in Table 3.1. The ,𝐾-𝑓 . value, which represents adsorption capacity, establishes a ...
	When the results from both methods are compared, the practical advantage of using CFM over dye adsorption for virus hydrophobicity is demonstrated. Non-hydrophobic interactions can be screened out using the CFM. Furthermore, with CFM, the surface scan...

	3.5 Conclusions and future work
	Virus hydrophobicity is a major determinant in predicting the fate and transport of virus in biologic systems. We demonstrated that the hydrophobicity of a non-enveloped and an enveloped virus can be measured in a near physiologic state by measuring a...
	The CFM results were compared to a more conventional measurement of hydrophobicity: dye adsorption. The dye adsorption correlated with the CFM results in ethanol, but not in pure salt or PEG. The CFM method for measuring hydrophobicity can characteriz...
	For future work, the effect of other additives like surfactants and osmolytes on virus hydrophobicity should be explored. This will allow results from CFM measurements to be compared to existing theories on the effect of these hydrophobic interaction ...


	4 Understanding the Separation of Empty and Full AAV Capsids on Ion Exchange Chromatography by Chemical Force Microscopy
	4.1 Introduction
	Adeno-associated virus (AAV) has been identified as a powerful gene delivery vector to treat a variety of single gene disorders. The success of AAV as a gene delivery vehicle has been demonstrated by several pre-clinical and clinical studies. The Euro...
	AAV is a non-pathogenic, non-enveloped, icosahedral virus in the Parvoviridae family [299]. AAV has a diameter of 18-26nm, with a protein capsid comprising three virus protein subunits (VP1, VP2, and VP3) that surround and protect a linear, single-str...
	The empty particles are a process-related impurity and may cause negative clinical outcomes. The empty capsids limits the efficacy of the gene therapy drug product resulting in high dosing requirement to trigger the required therapeutic effect [86]. H...
	A key step in the downstream purification of AAV vectors is the removal of empty capsids. This ensures the high potency of the gene therapy product and meets the quality and safety recommendations set by regulatory agencies [300, 306, 308]. There are ...
	Chromatographic methods based on surface charge differences are a manufacturing scale alternative to separate empty and full capsids. Isoelectric point (pI) measurements of various AAV serotypes have indicated that the full capsids have a slightly low...
	For this study, we functionalized an AFM probe with a quaternary amine to simulate a strong AEX ligand. The buffers used had similar composition to those utilized for chromatography. CFM provided insight into some of the interactions taking place in t...

	4.2 Materials and Methods
	4.2.1 Materials
	Sodium phosphate dibasic heptahydrate (ACS grade, 98.0−102.0%), sodium phosphate monobasic monohydrate (ACS grade, 98.0−102.0%), sodium chloride (ACS grade, ≥99.0%), sodium citrate tribasic dihydrate (ACS reagent, ≥99%), L-Histidine (BioUltra, ≥99.5%)...

	4.2.2 Methods
	4.2.2.1 AAV production
	Triple co-transfection of the pHelper, pAAV ITR-expression vector, and pAAV Rep-Cap plasmid DNA into HEK cells resulted in the production of AAV3B.
	4.2.2.2 Virus samples and control surface preparation
	Using a Perkin-Elmer Randex sputtering system (Model 2400, Waltham, MA), cleaned glass slides were coated with 5n m chromium followed by a gold layer of 35 nm. The gold-coated glass slides were washed with 100% ethanol heated to 65 C, dried, and kept ...
	Control surfaces were utilized to check probe functionalization. For hydrophobic measurements, hydroxyl (OH-) terminated gold-coated glass slides were prepared by immersing gold-coated glass slides in 14 ml of 2 mM HS(CH2)11OH or 4 mM HS(CH2)11CH3 in ...
	4.2.2.3 Preparation of buffers
	Sodium acetate solution was prepared by making a 135 mM and 185 mM solution and magnesium chloride solution was prepared by making a 5 mM solution. Tris-HCl solution was prepared by making a 100 mM solution with Trizma base. A solution of 1M NaOH or H...
	4.2.2.4 AFM probe functionalization
	The force probes employed for force measurements were the NT-MDT CSG10/Au AFM probes (spring constant - 0.1 – 0.5 N/m, tip radius – 10nm). For hydrophobic functionalization, the AFM probes were placed in a clean petri-dish containing 14 ml ethanol sol...
	4.2.2.5 Force measurements and analysis
	Using a Bruker Dimension ICON atomic force microscope equipped with the ScanAsyst system in peak force quantitative nanoscale mechanical mode (Peakforce QNM) and the corresponding functionalized NT-MDT CSG10/Au AFM probes, hydrophobicity and charge fo...


	4.3 Results and Discussion
	Initial chromatography runs were conducted to create an enriched pool of empty AAV capsids and an enriched pool of full capsids. The anion exchange chromatogram (AEX) had two unique peaks, as shown in Figure 4.1. The wash peak contained the empty AAV3...
	After the enrichment of each virus pool, the pools were dialyzed against a low-conductivity buffer to allow for further AEX analysis. The empty and full AAV3B capsid pools were each loaded at 2.3 mS/cm onto separate AEX columns, as shown in Figure 4.2...
	Table 4.1. Summary of physical titer, absorbance, and conductivity for each peak from chromatograms.
	To better understand the differences between empty and full AAV capsids and how they adhere to AEX columns, we used chemical force microscopy (CFM). CFM allowed the study of adhesion by positive charge and hydrophobicity to be separated. Virus particl...
	Figure 4.3: Measurement for viruses using CFM. AFM probe functionalized with either a positive charge or hydrophobic chemistry in contact with virus particles covalently bound using the COOH-CH3 self-assembly monolayer on a gold-coated glass slide in ...
	4.3.1 Differential binding analysis based on buffer pH and conductivity of empty – full AAV capsids.
	Initial CFM experiments measured the adhesion between a quaternary amine CFM tip (-NR3+), and the empty and full AAV3B capsids in buffers with varying pH and conductivities to understand the influence of these buffer conditions on the binding of AAV. ...
	Figure 4.4: AAV Force measurement as a function of buffer conductivity and pH (A) Empty capsids (B) Full capsids. The points on this map indicate the solution conditions tested to show the effect of buffer pH and conductivity on the adhesion force.
	Higher pHs were explored to determine how empty and full AAV 3B changed adhesion force to the positive probe. pH 8.8 was tested since this is a standard pH used in AEX chromatographic separation of AAV capsids [93, 319]. A difference of 125 pN was mea...
	Conditions simulating AEX chromatography were tested to see if CFM adhesion would correlate to chromatography condition. Low conductivity binding conditions (1.81 mS/cm) showed low adhesion to the positive probe, as shown in Figure 4.4. This was inter...
	Interesting trends were observed when correlating the chromatography results with the CFM results. When considering the binding observed at pH 8.8 in AEX chromatography (see, Figure 4.3b), we discovered that the full capsids remain bound to the column...
	We hypothesized that the binding of empty and full AAV3B capsids in AEX at low conductivity may be enabled by hydrophobic interactions. This notion was validated by measuring the adhesion of the empty and full AAV3B capsids to a hydrophobic (-CH3) CFM...
	Considering the behaviors of the empty and full AAV capsids at pH 8.8 with variable buffer conductivity, a secondary hydrophobic interaction may be contributing to the binding. Electrostatic interactions are treated as the sole potential interaction i...
	Figure 4.5: Adhesion forces for AAV at pH 8.8 (A) Adhesion force measurements with a positive NR3+ functionalized probe and (B) with hydrophobic CH3 functionalized probe.

	4.3.2 Effect of Buffer Composition
	The buffers used in the initial studies were mimics of the process conditions, which contained many buffer additives that were left over from previous process unit operations. Some additives were studied separately to better understand the impact of t...
	P188, a non-ionic surfactant, was one of the additives of the buffers tested previously. When added at 0.01 w/w%, it greatly changed the binding profile of the empty and full capsids, as shown in Figure 4.6b. When P188 was added to the base buffer, th...
	Another important component of the buffer is magnesium chloride. Addition of magnesium chloride to the base buffer increased the magnitude of adhesion force measured for the empty and full AAV3B capsids, as shown in Figure 4.6c.  In the buffer contain...
	Protein-metal ion binding is greatly aided by carboxyl groups, and this is particularly true in terms of chromatographic retention [113]. It was expected that the positive charge of magnesium ions (Mg2+) would counteract the negative charges of carbox...
	Figure 4.6: The effect of salt concentration and surfactant at pH 8.8 on empty and full AAV3B. (A) The adhesion force changes in empty and full capsids when sodium acetate was added to 100 mM Tris buffer. (B) The adhesion force changes in empty and fu...
	Buffer conditions can affect the biologic and biophysical characteristics of AAV capsids [120].  In a series of CFM measurements using empty and full AAV capsids, we were able to able to mimic the chromatographic binding of empty and full AAV capsids ...


	4.4 Conclusions and future work
	The adhesion of empty and full AAV to a strong positively charged quaternary amine probe was investigated in buffers with varying compositions, pH, and conductivity using CFM to simulate column chromatography conditions. From the CFM results obtained ...
	Future work for this project includes using the CFM  to understand the effect of divalent ions at different concentrations and pH. The current study found that MgCl2 at high pH increased the binding of empty and full capsids to a strong AEX column. Mg...


	Figure 4.1: Chromatogram for AAV initial pool loaded at high conductivity. The empty capsids were collected in the wash step while the full capsids were collected in the peak for full capsids. Red and blue traces correspond to A260 and A280 respective...
	Figure 4.2: Chromatograms showing peaks of AAV loaded on an AEX column using low conductivity buffer at pH 8.8 (A) Empty capsids (B) Full capsids. Red and blue traces correspond to A260 and A280 respectively. Black trace corresponds to conductivity.
	5 Single-Particle Characterization of SARS-CoV-2 Isoelectric Point and Comparison to Variants of Interest
	5.1 Introduction
	The recent pandemic involving SARS-CoV-2, which causes COVID-19, represents serious and emerging threats worldwide. While the majority of COVID-19 cases are largely asymptomatic or mild clinical presentation, some can be severe or deadly in infected p...
	Understanding virus adsorption can help to facilitate safe practices. For example, learning how to repel viruses from surfaces or to adsorb them could be used to improve filtration devices and personal protective equipment. The physicochemical propert...
	Viruses have extremely complicated structures, as compared to proteins. One of the most prominent interactions for adsorption is electrostatic. While proteins can be described by their charge and IEP, which is the pH at which they are neutrally charge...
	Conventional methods for measuring virus IEP use bulk viral solutions. Zeta potential measures the electrostatic potential difference between the electric double layer surrounding the virus particle and the surrounding solution at the shear plane [332...
	We have developed a single-particle method to measure the IEP of virus with an atomic force microscope (AFM). The technique, called chemical force microscopy (CFM), uses a functionalized AFM tip to measure the adhesion force of the functionalized AFM ...
	The IEP of SARS-CoV-2 has been calculated in different ways and can be found in Table 5.1. The IEP ranges from 5.2-6.2. This is a large range when the goal is to either adsorb or trap the virus or to repel it using electrostatic forces. The IEP values...
	Table 5.1. Summary of current IEP values for SARS-CoV-2 S protein
	1RBD – receptor binding domain

	5.2 Materials and Methods
	5.2.1 Materials
	Sodium phosphate dibasic heptahydrate (ACS grade, 98.0−102.0%), sodium phosphate monobasic monohydrate (ACS grade, 98.0−102.0%), sodium chloride (ACS grade, ≥99.0%), sodium citrate tribasic dihydrate (ACS reagent, ≥99%), 11-mercaptoundecyl-N, N, N-tri...

	5.2.2 Methods
	5.2.2.1 Virus samples, AFM probe functionalization and control surface preparation
	Using a Perkin-Elmer Randex sputtering system (Model 2400, Waltham, MA), cleaned glass slides were coated with 5 nm chromium followed by a gold layer of 35 nm. The gold-coated glass slides were washed with 100% ethanol heated to 65 C, dried, and kept ...
	The force probes employed for force measurements were the NT-MDT CSG10/Au AFM probes (spring constant - 0.1 – 0.5 N/m, tip radius – 10 nm. For positive charge functionalization, the AFM probes were immersed in a clean petri-dish containing 14 ml of 4m...
	5.2.2.2 Preparation of buffers
	Sodium acetate solution was prepared by making a 135 mM and 185 mM solution and magnesium chloride solution was prepared by making a 5 mM solution. Tris-HCl solution was prepared by making a 100 mM solution with Trizma base. A solution of 1M NaOH or H...
	5.2.2.3 Force measurements and analysis
	Using a Bruker Dimension ICON atomic force microscope equipped with the ScanAsyst system in peak force quantitative nanoscale mechanical mode (Peakforce QNM) and the corresponding functionalized NT-MDT CSG10/Au AFM probes, charge force measurements we...


	5.3 Results and Discussion
	We have used CFM to measure the IEP of SARS-CoV-2. Heat inactivated and gamma irradiated SARS-CoV-2 (USA-WA1/2020) isolate from BEI resources were covalently bound to a glass slide (see Figure 5.1a) and height analysis was performed on a Bruker Dimens...
	Figure 5.1: Isoelectric point determination using CFM. (A) Inactivated SARS-CoV-2 particles were covalently immobilized on a Au-coated slide that contained a self-assembled monolayer that presented COOH and CH3 functional groups. NHS/EDC chemistry cov...
	Since only the wild type (USA-WA1/2020) could be obtained for experimental study, we compared the charge differences between two other variants of interest (VOI) that are currently circulating of SARS-CoV-2, B.1.1.7 and B.1.351. The charge of the WT v...
	Figure 5.2: Comparison of the mutations (Row 1 and 2) and surface electrostatic potentials (Row 3) on spike proteins of two VOIs with respect to the WT. WT(PDB ID: 6VYB [341] (1st column) and 6VSB [342] (2nd column), B.1.1.7 (PDB ID: 7LWV [340]) and B...
	The exact surface mutations of the WT and VOIs are found in Table 5.2. The charge density on the surface of the spike protein decreases in the VOIs. This would likely increase the IEP of the VOIs as compared to the WT. The charge on the RBD was slight...
	Table 5.2. Comparison of surface charge on S protein of the two VOI with the wild type.
	Surface charges are based on the solvent accessible (SA) residues calculated in PyMol using APBS electrostatics. The boundary conditions used for single Debye-Huckel function were – solute dielectric constant: 2.000; solvent dielectric constant: 78.00...

	5.4 Conclusion
	The IEP of SARS-CoV-2 was determined using CFM. The IEP in 20 mM salt was 5.2-5.3. This is on the low end of values calculated from different amino acid sequences of the spike protein. Enveloped viruses contain glycosylations on their spike proteins t...


	6 Conclusions and future work
	6.1 Conclusions
	In this dissertation, we were able to demonstrate the use of chemical force microscopy (CFM) in the characterization of the charge and hydrophobicity of viruses. CFM provides the opportunity to measure virus charge and hydrophobicity on a single -part...
	We have used a CFM probe with methyl group to study the hydrophobicity of PPV and BVDV as a function of buffer compositions. The goal of this project was to ascertain the ability of CFM to measure virus hydrophobic interaction and detect changes in th...
	The charge and hydrophobicity of AAV3B empty and full capsids was characterized using CFM. The hydrophobicity of AAV3B was measured using the methyl-terminated CFM probes in buffers containing varying salt concentrations. The hydrophobicity of empty a...
	AFM tips modified with carboxyl, and quaternary amine group chemistries at different pH was used to study the charge property of SARS-CoV-2 virus. The mean adhesion force obtained from the CFM measurements was plotted as a function of solution pH and ...

	6.2 Future work
	In this dissertation, CFM has been used extensively to characterize the charge and hydrophobicity of viruses. However, method modifications for the AFM equipment software, as well as other experiments for virus surface measurements, can be investigate...
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