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Hospital-acquired infections (HAIs) are a significant medical concern that must be tackled. HAIs 

cost the United States billions of dollars annually, and in 2002, were the sixth-leading cause of 

death [1-2].  Klebsiella pneumoniae, a gram-negative bacterial species, accounts for up to 10% 

of all HAIs [3-5]. Due to the prevalence of HAIs in the hospital environment, antibiotics have 

been traditionally used in an attempt to treat bacterial infections. Consequently, Klebsiella 

pneumoniae has developed resistance to a variety of antibiotics [3]. To compound the issue, this 

bacterial species can form biofilms to avoid opsonization and phagocytosis [6]. As a result, novel 

therapeutics that transcend antibiotics and antibodies must be developed.  

One promising approach is to enhance the body’s own immune system when fighting a bacterial 

infection. We have developed an artificial opsonin to recognize and phagocytose gram-negative 

bacteria. The artificial opsonin consists of three parts: (1) di-tuftsin, a peptide that activates and 

binds to the neuropilin-1 (Nrp1) receptor on macrophages to initiate an immune response, (2) 



  

YI13WF, a peptide that has affinity to lipopolysaccharides (LPS) found on gram-negative 

bacterial membranes, and (3) a glycine linker to couple di-tuftsin and YI13WF together.   

This thesis reports on the characterization of the artificial opsonin. First, the binding 

stoichiometry of the opsonin to several gram-negative and gram-positive bacteria was quantified. 

Second, the artificial opsonin’s affinity to bind to RAW 264.7 mouse macrophages was 

evaluated. Finally, the efficacy of the opsonin to enhance RAW 264.7 macrophages’ phagocytic 

capabilities of Klebsiella pneumoniae was determined.  
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Chapter 1: Background 

 

1.1 Significance 

While people visit hospitals to get treated for a specific illness, they can potentially become sick 

for a different reason. In 2002, it was estimated that there were 1.7 million hospital-acquired 

infections (HAIs), and around 99,000 of those cases resulted in death [1-2]. As a result, hospital-

acquired infections were the sixth leading cause of death in the United States. The estimated cost 

of these infections in the U.S. ranges from $5 billion to $10 billion annually [1]. Considering that 

the number of hospital-acquired infections has increased by 36% in the past 20 years, reducing 

the number of cases that occur is imperative [7]. 

Surgical-site infections, central-line-associated bloodstream infections, ventilator-

associated pneumonia, and catheter-associated urinary tract infections account for approximately 

75% of all hospital-acquired infections [7]. The traditional way to treat these infections is by 

using antibiotics. While the rate of antibiotic prescriptions did not change between 2006 and 

2012, more powerful antibiotics were given to treat these infections instead [8]. By providing 

greater exposure to antibiotics, bacteria that were resistant to the drugs were naturally selected 

[9]. As a result, more than 70% of the bacteria that cause hospital-acquired infections are 

resistant to at least one of the drugs most commonly used to treat them [7].  

1.2 Bacteria Pathology 

Hospital-acquired infections are caused by an individual’s own microflora, such as the bacterial 

flora on the patient’s skin or in their respiratory tract, or microorganisms from other patients, 

health care workers, and visitors. A significant mechanism causing HAIs is the contamination of 
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materials, whether it be food, drugs, or medical equipment [10]. In respect to medical equipment, 

the implantation or insertion of a medical device can serve as a vehicle for opportunistic 

pathogens. For example, the insertion of catheters into the bladder can introduce bacteria into the 

urinary tract [10-11]. Another example is the implantation of prosthetic joints, where the 

prosthetic could be contaminated before implantation or become contaminated during surgery by 

airborne pathogens [12].  More than 30% of hospital-acquired infections are caused by gram-

negative bacteria. They are the main agents in cases of urinary tract infections (45%) and 

ventilator-associated pneumonia (47%) [1].  

Bacteria can adhere to surfaces through van der Waals and electrostatic forces. In 

addition, the surface’s properties, such as hydrophilicity, porosity, and roughness, shape how 

well bacteria can adhere to the surface [13]. If the bacteria are allowed to colonize a surface, they 

will secrete an extracellular matrix comprised of polysaccharides, proteins, and nucleic acids; the 

collection of bacterial cells and extracellular matrix is called a “biofilm.” The biofilm allows the 

bacteria to grow with minimal interruptions or threats because the matrix protects the bacteria 

from antibiotics and innate immune defenses, such as macrophages. Once the biofilm has 

matured, bacteria may disperse into the bloodstream due to shear stresses or quorum sensing 

signals that initiate community dispersal [14]. As a result, bacteria in the bloodstream can cause 

sepsis, which is identified by the onset of organ dysfunction away from the site of infection. 

Although already deadly, sepsis can evolve into a more severe form called septic shock, 

increasing the rate of mortality [15].    

Although gram-negative bacteria cause only 30% of hospital-acquired infections, 

lipopolysaccharides (LPS), a key structural component in their membranes, are themselves 

clinical concerns [16]. LPS is an endoxin that has a significant role in causing sepsis and septic 
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shock syndromes. As LPS circulates in the bloodstream, phagocytic cells become activated and 

produce pro-inflammatory cytokines such tumor necrosis factor-α (TNF-α) and interleukin-6 

(IL6). Although it is natural to produce proinflammatory cytokines in the presence of a bacterial 

infection, the overproduction of such cytokines may cause septic shock [17]. Thus, a treatment 

targeting gram-negative bacteria would help reduce the number and deaths caused by hospital-

acquired infections. 

1.3 Klebsiella pneumoniae 

Klebsiella pneumoniae is a gram-negative opportunistic pathogen commonly found in the human 

mouth, intestines, and skin [1,18]. K. pneumoniae is responsible for 3 to 10% of hospital-

acquired bacterial infections in first world nations [3-5]. A main source of transmission is 

person-to-person contact with a contaminated individual. Respiratory machines, catheters, or 

exposed wounds are other modes of transmission. K. pneumoniae is involved in pneumonia, 

wound infections, and sepsis [3, 19].  

K. pneumoniae displays resistance to a variety of antibiotics: β-lactam, β-lactamase, and 

third and fourth generation cephalosporins [3]. Furthermore, K. pneumoniae can form biofilms, 

allowing the bacteria to avoid opsonization and phagocytosis [6]. Due to K. pneumoniae’s ability 

to form biofilms and resist antibiotics, infections by the bacteria tend to be chronic [18].  

1.4 Immunology 

1.4.1 Cellular response to Injury and Infection  

In the presence of bacteria, tissue-resident macrophages become activated and release neutrophil 

chemoattractants to the site of infection. As the first line of defense, neutrophils release granules 

to destroy the pathogens and produce proteins that augment monocyte recruitment. Monocytes 
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that have arrived at the infection site differentiate into M1 macrophages that can phagocytose 

and degrade the pathogens. Pathogens undergo phagocytosis when they are either opsonized by 

antibodies or complement proteins or when pathogen recognition structures on the bacteria are 

directly recognized by macrophages [20-21].  

1.4.2 Opsonin Dependent Phagocytosis  

While macrophages can recognize microorganisms that have not been opsonized by antibodies or 

complement factors, opsonization labels foreign pathogens to make them more readily 

phagocytosed and destroyed by phagocytic cells [22-24]. Opsonins, in the form of complement 

proteins or antibodies, are recognized by complement receptors and Fc receptors (FcRs) on 

immune cells, respectively [24-25]. Besides opsonins, other factors may induce phagocytosis 

such as the peptide tuftsin [23]. Tuftsin will be discussed in depth in section 1.7. In this section, 

opsonin dependent phagocytosis utilizing FcRs will be examined.   

Macrophages express varying degrees of inhibitory and activating FcRs on their 

membranes. Phagocytosis is initiated when the sum of activating and inhibiting signals reach a 

certain threshold. When an invading particle or pathogen is opsonized with immunoglobulin G 

(IgG), the Fc portion of the IgG is recognized by Fc receptors specific to IgG (FcγR) on the 

phagocytic cell. Then, the Fc portion of the IgG binds to FcγR to initiate phagocytosis. FcγRIIa, 

a specific type of FcγR, will aggregate to make multiple binding contacts with the opsonized 

particle. The aggregation induces integrin activation, which allows even more FcγRs to interact 

with the particle. These binding interactions signal to the macrophages that an invading particle 

is present. As a result, the cell’s actin cytoskeleton remodels itself so that the cell membrane can 

undergo changes. Specifically, actin remodeling leads to the formation of the pseudopodia. 

Nucleation of actin filaments extends the pseudopodia to surround the particle and internalize it 
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with a structure called a phagosome. Afterwards, the phagosome is sealed as the actin filaments 

are depolymerized. Eventually, the phagosome will mature into a phagolysosome in order to 

eliminate the ingested particle [26].  

1.5 LPS Recognition Peptide YI13WF 

Liu et al. [27] used a lipopolysaccharide (LPS) binding antimicrobial peptide YI13WF 

(YVLWKRKRKFCFI-Amide) conjugated to protophophyrin IX (PpIX) to fluorescently image 

and photodynamically inactivate drug-resistant gram-negative bacterial strains. In order to 

determine YI13WF’s affinity to bacteria, the authors compared the fluorescence intensity 

between PpIX-YI13WF and PpIX stained cells. They found that PpIX-YI13WF stained gram-

negative bacteria showed 8 times greater fluorescence than PpIX stained gram-negative bacteria. 

In addition, minimum inhibitory concentrations (MICs) for four gram-negative bacterial species 

were lower when the bacteria were exposed to YI13WF as opposed to PpIX. These two findings 

indicate that YI13WF showed specificity to the LPS present on gram-negative bacterial 

membranes [27].  

YI13WF is an analogue of series of peptides YW12 (YVLWKRKRMIFI) and YI12WF 

(YVLWKRKRFIFI). YW12, the original LPS-binding peptide, was designed by studying the 

amino acid residues of cocrystal structure of FhuA, a β-barrel outer membrane protein of E. coli, 

and LPS. From their examination, the authors determined what residues would be needed to bind 

to the cocrystal structure [28]. YI12WF was expected to improve upon YW12 by enhancing 

interactions with LPS. Bhunia et al. [17] determined that YI12WF could bind to LPS and 

neutralize it. More specifically, 100 nM of YI12WF could inhibit 95% of LPS at LPS 

concentrations of 1 and 3 endotoxins/mL (EU/mL). They proposed that positive charge residues 
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KRKR interact with the polar regions and phosphate heads of LPS. Furthermore, they believed 

that W and F located at the 4th and 9th position of the peptide, respectively, secured KRKR’s 

insertion in LPS by binding to the hydrophobic tails of LPS [17].  

In the same publication, Bhunia et al. [17] determined the minimum inhibitory 

concentrations for two gram-negative bacteria strains (E. coli and P. aeruginosa ATCC27853) 

and two gram-positive bacteria strains (S. aureus ATCC25923 and B. subtilis) when incubated 

with a variety of antimicrobial peptide candidates. For YI12WF, the MICs across all strains were 

similar if not the same, ranging between 10 and 30 µM. The authors did not explain why the 

peptide could be inhibiting gram-positive bacteria at a similar rate as gram-negative bacteria 

[17].  

1.6 Macrophage Recognition Peptide Tuftsin 

Tuftsin is a tetrapeptide (Thr-Lys-Pro-Arg) that stimulates phagocytic cell function. The 

sequence is residues 289 to 292 of the heavy chain of leukokinin’s Fc region, and it is formed 

from the cleavage of a specific immunoglobulin G (IgG) called leukokinin [29-31]. Activation of 

phagocytic cells with tuftsin or polytuftsin, which consists of several consecutive repeats of 

tuftsin, augments phagocytosis, motility, immunogenic stimulation, the number of antibody-

forming cells, bactericidal activity, and tumoricidal activity [29]. A peptide containing two 

tuftsin repeats (di-tuftsin) increased affinity to tuftsin receptors on rabbit peritoneal 

polymorphonuclear leukocytes (PMNLs) and antitumor capabilities in mice. However, 

stimulation of phagocytosis between di-tuftsin and tuftsin were similar [32]. Nonetheless, tuftsin 

or tuftsin-like peptides have been produced and have shown promise in treating bacterial 
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infections [33], fibrosarcoma [34], and epidermal growth factor receptor (EGFR)- and cluster of 

differentiation 47 (CD47)-overexpressing cancers [35]. 

Tuftsin activation occurs when it binds and forms clusters to plasma membrane receptors 

that are found on PMNLs, monocytes, macrophages, and granulocytes. Afterwards, tuftsin is 

internalized by the phagocytic cells. The rate of receptor-peptide cluster formation and 

internalization is dependent on temperature and concentration of tuftsin present. Larger 

concentrations of tuftsin increased the rates compared to lower concentrations. Furthermore, the 

timeline of events occurred faster at 37°C than 22°C, and no interactions between cells and 

tuftsin were observed at 4°C [32, 36]. 

Since tuftsin originates from the Fc region of the IgG leukokinin, it was postulated that 

the tuftsin receptor was the same or similar to the Fc receptor. Previous studies had shown that 

Fc peptidic fragments could bind to the tuftsin receptor. However, it was ultimately determined 

that the Fc receptor was not the same as the tuftsin receptor, but the two shared similarities that 

could possibly indicate that the tuftsin receptor derived from the Fc receptor [32]. After those 

findings in the 1980s, little had been done to determine an exact tuftsin receptor and tuftsin 

signaling pathway until recently. Von Wronski et al. [37] identified neuropilin-1 (Nrp1) as a 

tuftsin receptor. Nissen et al. [38] discovered that once tuftsin binds to Nrp1, the transforming 

growth factor beta (TGFβ) signaling pathway is followed to induce tuftsin’s effects on 

phagocytic cells.  
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1.7 Strategies for Enhancement of Phagocytosis 

1.7.1 Previous Approaches  

Researchers have previously produced bispecific recognition molecules that target both the 

pathogen and a phagocytosing cell. In doing so, the pathogen and the phagocytosing cell should 

come in close proximity of one another in order to augment phagocytosis. The Taylor group 

created opsonins specific to Escherichia coli [39], Pseudomonas aeruginosa [40], and 

Staphylococcus aureus [41]. Each opsonin consisted of a monoclonal antibody specific to 

complement receptor 1 of primate erythrocytes and a monoclonal antibody specific to the 

pathogen. All three different opsonins were shown to increase the phagocytosis and killing of the 

targeted pathogen [39-41].  

Kobayashi et al. [42] created an artificial opsonin targeting Porphyromonas gingivalis by 

linking a monoclonal antibody specific to the hemagglutinin domain of P. gingivalis to a 

monoclonal antibody specific to the polymorphonuclear leukocyte FcαRI (CD89) receptor. 

FcαRI (CD89) receptor is a specific type of FcR that recognizes immunoglobulin A (IgA) 

molecules. P. gingivalis opsonized with this bispecific molecule were more susceptible to be 

phagocytosed and killed by PMNLs than bacteria opsonized with a monoclonal antibody specific 

to the hemagglutinin domain [42].  

Tacken et al. [43] was able to target E. coli, Candida albicans, and influenza A by 

developing a bispecific antibody utilizing a monoclonal antibody fragment against surfactant 

protein D, a collectin that has an affinity for carbohydrates on many pathogens, and a 

monoclonal antibody fragment directed towards human FcαRI (CD89). The chimeric protein was 
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able to increase the uptake of E. coli, Candida albicans, and influenza A and the killing of E. coli 

and Candida albicans by human neutrophils [43].  

Bruno et al. [44] generated an artificial opsonin targeting Bacillus anthracis. DNA 

aptamers specific to poly-gamma-D-glutamic acid (PDGA), a major structural component of B. 

anthracis capsules, were linked to an Fc fragment of murine IgG. They tested their molecule 

against magnetic beads coated with PDGA to avoid working with the virulent strain. Their 

preliminary work determined that opsonization of the beads with their bispecific recognition 

molecule increased phagocytosis by murine macrophages up to three-fold [44].  

While these designs have shown success, they had one of possibly two limitations: (1) 

they targeted specific pathogens due to the usage of monoclonal antibodies or DNA aptamers or 

(2) they targeted surface receptors of the phagocytosing cells that made the pathogen and the 

phagocytosing cell come in close proximity of one another but not necessarily activate 

phagocytosis [45-46]. 

Katzenmeyer and Bryers [45, 47] resolved these issues by coupling vancomycin, an 

antibiotic that recognizes the terminal D-Alanyl-D-alanine (D-Ala-D-Ala) in gram-positive 

bacterial membranes, to the Fc portion of an IgG to activate phagocytic cells. They showed that 

vancomycin was able to bind to several gram-positive bacterial species. Most importantly, they 

showed that their construct increased phagocytosis of gram-positive bacteria in comparison to no 

treatment or treatment with the Fc portion of IgG.  Thus, this artificial opsonin could be used to 

target multiple gram-positive bacterial species for phagocytosis [45, 47].  

 

 



 

10 
 

 

1.7.2 Multivalent Artificial Opsonin to Target and Phagocytose Gram-negative Bacteria  

Following in the footsteps of Katzenmeyer, we have developed a multivalent artificial opsonin to 

enhance the recognition and phagocytosis of gram-negative bacteria by murine macrophages. 

The sequence of the opsonin is TKPRTKPRGGGGYVLWKRKRKFCFI, and it consists of di-

tuftsin, a glycine linker, and YI13WF. YI13WF recognizes the LPS in gram-negative bacteria, 

and di-tuftsin augments phagocytosis in phagocytic cells. The following chapters detail the 

artificial opsonin’s binding affinity to gram-negative bacteria, gram-positive bacteria, and murine 

macrophages and efficacy to enhance phagocytosis.  
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Chapter 2: Binding of 5-FAM Labeled Artificial Opsonin to Gram-

negative and Gram-positive bacteria  

 

2.1 Abstract 

In this chapter, the degree to which the artificial opsonin binds to gram-negative and gram-

positive bacteria is examined. 1 mL of 9.3 x 107 cells/mL of gram-negative bacteria Klebsiella 

pneumoniae and Pseudomonas aeruginosa PAO1 and gram-positive bacteria Enterococcus 

faecalis and Staphylococcus epidermidis RP62A were incubated with a fluorescently labeled 

version of the artificial opsonin. Flow cytometry was used to assess the extent to which the 

bacteria were opsonized. The amount of opsonin bound per bacteria increased in a hyperbolic 

saturation kinetics fashion. The minimum opsonin concentration to reach greater than 98.5% of 

opsonin-bound cells for K. pneumoniae, S. epidermidis RP62A, E. faecalis, and P. aeruginosa 

PAO1 were 3 µM, 2 µM, 1 µM, and 10 µM, respectively. Thus, the artificial opsonin shows 

promise to bind to all bacterial strains, expanding the breadth of the artificial opsonin’s purpose.  

2.2 Introduction 

The extent to which varying concentrations of 5-FAM labeled artificial opsonin binds to gram-

negative and gram-positive bacteria was examined. Determining the binding curves between 

artificial opsonin and varying bacterial species addresses how much opsonin is needed to saturate 

a specific amount of bacteria. Greater opsonization of the bacteria will potentially maximize 

phagocytosis.  

The FlowJo Population Comparison functions Overton cumulative histogram subtraction 

and Super-Enhanced Dmax Subtraction (SE Dymax) are algorithms used in flow cytometry data 
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interpretation to generate dose-response curves. They help determine the percentage of 

fluorescent cells with bound peptide or protein that are found in a sample compared to the 

control. The population comparison functions are more suitable for creating dose-response 

curves because it considers the possibility that there are positive cells (cells with bound peptide 

or protein) in the fluorescence overlap between controls and samples. In a traditional gating 

scheme where the user forms gates, the overlap would have zero positive cells since the overlap 

falls under the range of control fluorescence. However, binding is never a black and white 

situation; there is a range of positive cells where some cells have more material bound to it than 

others. Thus, these two algorithms are more suited to generate a dose-response curve than a 

traditional gating scheme [48]. 

Although these two algorithms fall under the same category, the SE Dymax method is 

better suited than the Overton method. The Overton method essentially subtracts the sample’s 

histogram from the control histogram [49]. The difference between the sample and control 

histograms determines the percentage of positive cells. Unlike Overton, SE Dymax includes 

normalization and population estimations to perform better histogram subtractions. The 

normalization makes the histograms used for subtraction the same shape, which is useful if the 

control and sample histograms have varying amounts of data points. The population estimation 

predicts the probability distribution function of the positive population, helping to create a better 

fit to noisy data. Thus, SE Dymax is preferred over the Overton method because it helps create a 

more accurate subtraction of the histograms [48]. As a result, SE Dymax was utilized to 

determine the degree to which artificial opsonin bound to a specific concentration of bacteria. 
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2.3 Materials and Methods 

2.3.1 Preparation of the Bacteria Culture   

Klebsiella pneumoniae, Pseudomonas aeruginosa PAO1, Enterococcus faecalis, and 

Staphylococcus epidermidis RP62A were the four bacteria species used. More information about 

each can be found in Table 2.3.1.1. K. pneumoniae, P. aeruginosa PAO1, and E. faecalis were 

grown in 10 mL of Lysogeny broth (LB) Miller medium (Fisher BioReagents) for 16 hours at 

37°C and 180 rpm in a New Brunswick Scientific Excella E24 incubator shaker. S. epidermidis 

RP62A was grown in 10 mL of Tryptic Soy Broth (TSB) medium (Becton Dickenson) for 16 

hours at 37°C and 180 rpm in a New Brunswick Scientific Excella E24 incubator shaker.  

After 16 hours, different amounts of bacteria for each species were aliquoted out and 

washed twice. For all bacterial species, standard curves relating concentration of cells/mL to 

optical density at 600 nm (OD600) were used to determine the volume of bacterial culture 

needed to reach a specific amount of bacteria. For K. pneumoniae and P. aeruginosa PAO1, 1 

mL of 9.3 x 107 cells/mL were aliquoted out into 1.5 mL centrifuge tubes. The bacterial 

suspensions were centrifuged at 10,000 rcf for 6 minutes with an Eppendorf 5417c centrifuge. 

The supernatants were removed, and the bacterial pellets were resuspended in 1 mL of Hank’s 

buffered saline solution without calcium and magnesium (HBSS, Sigma-Aldrich). The 

centrifugation and supernatant extraction steps were repeated once. The bacteria was then 

resuspended in 950 µL of HBSS with 5% heat-inactivated fetal bovine serum (HI-FBS, Gibco) at 

a concentration of 9.8 x 107 cells/mL. The steps described for the preparation of K. pneumoniae 

and P. aeruginosa PAO1 bacteria is illustrated in Figure 2.3.1.1. 

For E. faecalis, 1 mL of 1.9 x 108 cells/mL was aliquoted out into 1.5 mL centrifuge 

tubes. The bacterial suspensions were centrifuged at 10,000 rcf for 6 minutes with an Eppendorf 
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5417c centrifuge. The supernatants were removed, and the bacterial pellets were resuspended in 

1 mL of HBSS. The centrifugation and supernatant extraction steps were repeated once. The 

bacteria were then resuspended in 1 mL of HBSS with 5% HI-FBS at a concentration of 1.9 x 

108 cells/mL. A 1:2 dilution was performed, where 500 µL was taken out of the centrifuge tubes 

and disposed. Afterwards, 450 µL of HBSS with 5% HI-FBS was added to the tubes with 

bacteria to be opsonized. Thus, there was 950 µL of bacteria and HBSS with 5% HI-FBS at a 

concentration of 9.8 x 107 cells/mL. The steps described for the preparation of E. facecalis 

bacteria is illustrated in Figure 2.3.1.1. 

For S. epidermidis RP62A, 1 mL of 9.3 x 108 cells/mL was aliquoted out into 1.5 mL 

centrifuge tubes. The bacterial suspensions were centrifuged at 10,000 rcf for 6 minutes with an 

Eppendorf 5417c centrifuge. The supernatants were removed, and the bacteria were resuspended 

in 1 mL of HBSS. The centrifugation and supernatant extraction steps were repeated once. The 

bacterial pellets were then resuspended in 1 mL of HBSS with 5% HI-FBS at a concentration of 

9.3 x 108 cells/mL.  A 1:10 dilution was performed, where 900 µL was taken out of the 

centrifuge tubes and disposed. Afterwards, 850 µL of HBSS with 5% HI-FBS was added to the 

tubes with bacteria to be opsonized. Thus, there was 950 µL of bacteria and HBSS with 5% HI-

FBS at a concentration of 9.8 cells/mL x 107. The steps described for the preparation S. 

epidermidis RP62A bacteria is illustrated in Figure 2.3.1.1. 

2.3.2 Opsonization of the Bacteria  

0.2 mg of lyophilized 5-FAM labeled artificial opsonin (GenScript) were diluted in 40 uL of 

ultrapure water. Stock solutions of 10 µM, 20 µM, 40 µM, 60 µM, 80 µM, 100 µM, and 200 µM 

were made from the base opsonin solution. Then, 50 µL of a stock solution was pipetted into 1.5 

mL tubes with 950 µL of bacteria at concentrations of 9.8 cells/mL x 107. As a result, labeled 
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opsonin concentrations of 500 nM, 1 µM, 2 µM, 3 µM, 4 µM, 5 µM, and 10 µM were used for 1 

mL of 9.3 x 107 cells/mL of K. pneumoniae and P. aeruginosa PAO. Labeled opsonin 

concentrations of 500 nM, 1 µM, 2 µM, 3 µM, and 10 µM were used for 1 mL of 9.3 x 107 

cells/mL of E. faecalis and S. epidermidis RP62A. For the controls, 50 µL of ultrapure water was 

added. Tubes were end-over-end mixed in the dark at 37°C for one hour.  

After one hour, all samples were put on ice for 5 minutes. Using an Eppendorf 5417c 

centrifuge, the tubes’ contents were centrifuged at 10,000 rcf for 6 minutes at 4°C. The 

supernatant was removed, and the bacteria were resuspended in 1 mL in chilled HBSS. The 

centrifugation and supernatant extraction steps were repeated once. Afterwards, the bacterial 

pellets were resuspended in 1 mL of chilled HBSS with 1% HI-FBS. Figure 2.3.2.1 describes the 

steps that were taken to opsonize the bacteria.  

2.3.3 Flow Cytometry  

Depending on which bacteria species, dilutions were made in 5 mL flow cytometry tubes so that 

the bacteria could be easily detected on the flow cytometer. K. pneumoniae and P. aeruginosa 

PAO1 were diluted 1:50, S. epidermidis RP62A was diluted 1:5, and E. faecalis was diluted 1:2. 

Figure 2.3.2.1 reiterates the dilutions necessary for each bacteria species.  

The flow cytometry tubes were placed on ice. All the samples analyzed on a BD 

Biosciences LSRII flow cytometer. One color flow cytometry was utilized because the opsonin 

was the only fluorescent component that needed to be recorded. The amount of fluorescence 

recorded correlated to the percentage of cells that had bound to the opsonin. The bacterial 

suspensions were delivered to the flow cytometer. The threshold rate, the number of events 

detected per second, was adjusted so that the number of events associated with the bacterial 

suspensions well surpassed the number of events associated with a HBSS with 1% HI-FBS 
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solution. 10,000 events without any gates were collected. All the voltages were kept the same 

from experiment to experiment and across all bacterial species to ensure that all experiments, and 

all bacterial species, could be compared with one another.  

2.3.4 Data Analysis  

FlowJo software version 10.1 (Treestar) was used for data analysis. The events collected were 

gated on side scatter area versus forward scatter area and forward scatter width versus forward 

scatter area. The gated samples’ 5-FAM fluorescence histograms were used to determine the 

degree to which the opsonin bound to the bacteria. With the SE Dymax algorithm in the FlowJo 

software, individual experimental samples were compared to all the individual control samples 

that were used throughout the experiments for a given bacterial species. The average of all the 

sample SE Dymax values for a certain opsonin concentration was used to provide an overall 

assessment of the percentage of the bacteria-opsonin complex present at a given applied opsonin 

concentration.  

From the average percentage of fluorescence of each bacterial species at a specific 

opsonin concentration, the number of bacteria in each sample, and Avogadro’s number, the 

number of opsonins bound to one bacterial cell of each bacterial species was determined. The 

concentration of applied artificial opsonin was converted into moles, and the moles was 

converted into number of molecules by using Avogadro’s number. Based on the average 

percentage of fluorescence of each bacterial species at a specific opsonin concentration and the 

number of bacteria in each sample, the number of bacteria that were fluorescent for a given 

opsonic concentration was calculated. Afterwards, the number of opsonin molecules bound to 

one bacterial cell of each bacterial species was determined.  
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2.4 Results 

Based on the histograms of all the samples across all bacterial species, augmenting the applied 

opsonin concentration correlated to an increase in bacterial 5-FAM fluorescence. However, the 

appearance of the bacterial species’ histograms differed. Gram-negative bacteria K. pneumoniae 

and P. aeruginosa PAO1 exhibited single-peak curves that shifted towards higher values of 5-

FAM fluorescence with increasing concentration of applied opsonin. On the other hand, gram-

positive bacteria E. facealis and S. epidermidis RP62A exhibited two-peak curves that shifted 

towards higher values of 5-FAM fluorescence with increasing concentrations of applied opsonin. 

This was rather unexpected in that this opsonin was designed to recognize only gram-negative 

bacteria, and these results will be discussed in 2.5.2. Figures 2.4.1, 2.4.3, 2.4.5, and 2.4.7 show 

the histograms obtained from FlowJo for K. pneumoniae, P. aeruginosa PAO1, S. epidermidis 

RP62A, and E. faecalis, respectively.  

According to the values obtained from SE Dymax, the minimum opsonin concentration 

to reach greater than 98.5% of fluorescent cells with bound opsonin (based on a sample size of n 

= 4) for K. pneumoniae, S. epidermidis RP62A, E. faecalis, and P. aeruginosa PAO1 were 3 µM, 

2 μM, 1 µM, and 10 µM, respectively. A plot of the percentage of fluorescent cells versus 

opsonin concentration can be seen in Figures 2.4.2, 2.4.4, 2.4.6, and 2.4.8 for K. pneumoniae, P. 

aeruginosa PAO1, S. epidermidis RP62A, and E. faecalis, respectively.  

The number of artificial opsonin molecules bound to a bacterial cell for K. pneumoniae, 

P. aeruginosa PAO1, S. epidermidis RP62A, and E. faecalis were 2.48 * 107 molecules/cell, 2.61 

* 107 molecules/cell, 2.16 *107 molecules/cell, and 1.05*107 bacteria/cell, respectively.   
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2.5 Discussion 

2.5.1 Gating method for Bacteria  

Gates made for bacteria are not as stringent as ones made for larger cells such as RAW 264.7 

macrophages. Bacteria are too small to be differentiated from the blank solution (HBSS with 1% 

HI-FBS), allowing the particles inherent in the blank solution to be considered as viable data 

points. In order to avoid this issue, the events captured for the sample must be magnitudes larger 

than the events captured for the blank. In doing so, the impact from the blank on the data is 

minimized. For these experiments, 0 to 20 events were captured per second for the blank, while 

200 to 300 events per second were captured for the samples. Furthermore, with a high opsonin 

concentration, the blank’s effect would become negligible. The opsonin would saturate the 

bacteria to the point that data coming from the blank solution would not affect the overall 

generation of the dose-response curve.  

2.5.2 Binding of Opsonin to Gram-negative and Gram-positive bacteria  

Ideally, the 5-FAM fluorescence histograms would have one peak, and the variety of fluorescent 

cells with bound opsonin would be within that one peak. The gram-negative bacteria follow this 

trend, but the gram-positive bacteria do not. Theoretically, there should not be any binding with 

gram-positive bacteria since the opsonin was designed to be specific to gram-negative bacteria. 

However, it is possible that the artificial opsonin’s di-tuftsin component, or even YI13WF, could 

be non-specifically binding to gram-positive bacteria. The two peaks in the 5-FAM fluorescence 

histograms seen in gram-positive bacteria when incubated with high concentrations of opsonin 

may originate from the fact that there are two distinct populations of fluorescent cells with bound 

opsonin. One population would be associated with less opsonin binding, while the other would 

be affiliated with greater opsonin binding. Hypothetically, as the opsonin concentration 
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increases, a shift towards the peak with the higher fluorescence range would occur. This 

phenomena is evident in Figures 2.4.5 and 2.4.7 because the right peak increases in size at the 

expense of the left peak. Nevertheless, it is somewhat unexpected to see the opsonin binding to 

both gram-negative and gram-positive bacteria. However, this result is plausible because it was 

foreshadowed by Bhunia et al. [17] since gram-positive bacteria had similar MICs as gram-

negative bacteria when incubated with YI12WF. Their findings indicate that the LPS recognition 

peptide may non-specifically bind to gram-positive bacteria.  

In order to determine whether YI13WF or di-tuftsin of the artificial opsonin is binding to 

gram-positive bacteria, binding assays of the individual components would be performed. 

Fluorescently labeled YI13WF and di-tuftsin would undergo the same binding study performed 

for the artificial opsonin. The analysis of their outputted 5-FAM fluorescence histograms would 

indicate what segment is binding to gram-positive bacteria.  

2.6 Conclusion 

The opsonin bacterial binding assays illustrated that the artificial opsonin has exhibited binding 

affinity to both gram-negative and gram-positive bacteria. In addition, increasing the amount of 

applied opsonin appeared to saturate the bacteria at a concentration of 9.3 x 107 cells/mL. These 

results indicate that the artificial opsonin can completely opsonize bacteria, provided that the 

concentration is high enough. Furthermore, it shows that the artificial opsonin’s function may be 

more multi-faceted than was expected. Bhunia et al. [17] showed this possibility since YI12WF 

acted as an antimicrobial peptide to both gram-positive and gram-negative bacteria.   

For the phagocytosis assay with RAW 264.7 cells, described in Chapter 4, only K. 

pneumoniae was used.  
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Table 2.3.1.1: Description of the four bacterial species used in determining the degree to which 

the 5-FAM labeled opsonin binds to gram-negative and gram-positive strains. The descriptions 

in the “Type” and “Source” category are generic because either the laboratory database or ATCC 

does not any specific information on the bacteria strain.    

 

Strain  Gram-negative or 

gram-positive?  

Type  Source  

Staphylococcus 

epidermidis 

RP62A  

Gram-positive  Laboratory  Clinical strain 

Enterococcus 

faecalis  

Gram-positive Laboratory ATCC 49332  

Klebsiella 

pneumoniae 

Gram-negative Blood, United States  ATCC BAA-2789  

Pseudomonas 

aeruginosa PAO1 

Gram-negative Laboratory  Clinical strain 
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Klebsiella 
pneumoniae 
culture grown in 
LB Miller 
medium at 37°C 
and 180 rpm for 
16 hours 

Pseudomonas 
aeruginosa 
PAO1 culture 
grown in LB 
Miller medium 
at 37°C and 180 
rpm for 16 
hours 

Enterococcus 
faecalis culture 
grown in LB 
Miller medium 
at 37°C and 
180 rpm for 16 
hours 

Staphylococcus 
epidermidis 
RP62A culture 
grown in TSB 
medium at 37°C 
and 180 rpm for 
16 hours 

For either bacterial 
species, measure 
culture’s OD600 using LB 
Miller medium as a blank 
to determine culture’s 
concentration 

Measure 
culture’s OD600 
using LB Miller 
medium as a 
blank to 
determine 
culture’s 
concentration 

Measure 
culture’s OD600 
using TSB 
medium as a 
blank to 
determine 
culture’s 
concentration 

For either bacterial 
species, aliquot out 1 

mL of 9.3 x 10
7
 

cells/mL 

Aliquot out 1 mL 

of 1.90 x 10
8
 

cells/mL 

Aliquot out 1 mL 

of 9.3 x 10
8
 

cells/mL 

For either bacterial 
species, 
1. Centrifuge at 
10,000 rcf for 6 
minutes 
2. Remove 
supernatant.  
3. Resuspend in 1 
mL of HBSS 
4. Repeat steps 1 
and 2 

1. Centrifuge 
at 10,000 rcf 
for 6 minutes 
2. Remove 
supernatant.  
3. Resuspend 
in 1 mL of 
HBSS 
4. Repeat 
steps 1 and 2 

1. Centrifuge at 
10,000 rcf for 6 
minutes 
2. Remove 
supernatant.  
3. Resuspend in 
1 mL of HBSS 
4. Repeat steps 
1 and 2 

For either bacterial 
species, resuspend 
in 950 µL of HBSS 
with 5% HI-FBS. The 
current concentration 

is 9.8 x 10
7
 cells/mL 

Resuspend in 1 
mL of HBSS 
with 5% HI-FBS  

Resuspend in 1 
mL of HBSS with 
5% HI-FBS 

Dilute 1:2 with HBSS 
with 5% HI-FBS, 
making the 
concentration be  

9.8 x 10
7
 cells/mL 

Dilute 1:10 with 
HBSS with 5% 
HI-FBS, 
making the 
concentration 

be 9.8 x 10
7
 

cells/mL 

Figure 2.3.1.1: A flowchart describing how the bacteria cultures of the four bacterial species 

were prepared for the opsonin binding assay  
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  950 µL of 9.8 x 

10
7
 bacteria/mL 

K. pneumoniae in 
HBSS with 5% 
HI-FBS  

950 µL of 9.8 x 

10
7
 bacteria/mL 

P. aeruginosa 
PAO1 in HBSS 
with 5% HI-FBS 

950 µL of 9.8 x 

10
7
 bacteria/mL 

E. faecalis in 
HBSS with 5% 
HI-FBS 

950 µL of 9.8 x 

10
7
 bacteria/mL 

S. epidermidis 
RP62A in HBSS 
with 5% HI-FBS  

For either bacterial species,  
1. Bacteria sits on ice for 5 
minutes 
2. Centrifuge at 10,000 rcf 
for 6 minutes at 4°C 
3. Remove supernatant.  
4. Resuspend in 1 mL of 
HBSS 
5. Repeat steps 2 and 3 
6. Resuspend in 1 mL of 
HBSS with 1% HI-FBS  
7. Dilute 1:50 with HBSS 
with 1% HI-FBS so that the 
bacteria can be run through 
flow cytometry  

1. Bacteria sits on ice 
for 5 minutes 
2. Centrifuge at 10,000 
rcf for 6 minutes at 
4°C 
3. Remove 
supernatant.  
4. Resuspend in 1 mL 
of HBSS 
5. Repeat steps 2 and 
3 
6. Resuspend in 1 mL 
of HBSS with 1% HI-
FBS  
7. Dilute 1:2 with 
HBSS with 1% HI-FBS 
so that the bacteria 
can be run through 
flow cytometry  

1. Bacteria sits on ice 
for 5 minutes 
2. Centrifuge at 
10,000 rcf for 6 
minutes at 4°C 
3. Remove 
supernatant.  
4. Resuspend in 1 
mL of HBSS 
5. Repeat steps 2 
and 3 
6. Resuspend in 1 
mL of HBSS with 1% 
HI-FBS  
7. Dilute 1:5 with 
HBSS with 1% HI-
FBS so that the 
bacteria can be run 
through flow 
cytometry  

Figure 2.3.2.1: A flowchart detailing how samples of the four bacterial species were 

opsonized and prepared for flow cytometry  

For either bacterial 
species, end-over-end 
mix bacteria in the dark 
at 37°C for 1 hour  

End-over-end mix 
bacteria in the dark at 
37°C for 1 hour  

End-over-end 
mix bacteria in 
the dark at 37°C 
for 1 hour  

For either bacterial 
species, add 50 µL of 10, 
20, 40, 60, 80, 100, or 
200 µM of stock peptide 
solution.  
The final concentration is 

9.3 x 10
7
 bacteria/mL for 1 

mL of bacteria.  
The bacteria are with 
opsonin concentrations of 
500 nM, 1 µM, 2 µM, 3 
µM, 4, µM, 5 µM, and 10 
µM. 
  

Add 50 µL of 10, 20, 
40, 60, or 200 µM of 
stock peptide 
solution.  
The final 
concentration is 9.3 x 

10
7
 bacteria/mL for 1 

mL of bacteria.  
The bacteria are with 
opsonin 
concentrations of 500 
nM, 1 µM, 2 µM, 3 
µM, and 10 µM.  
  

Add 50 µL of 10, 20, 
40, 60, or 200 µM of 
stock peptide solution.  
The final 
concentration is 9.3 x 

10
7
 bacteria/mL for 1 

mL of bacteria.  
The bacteria are with 
opsonin 
concentrations of 500 
nM, 1 µM, 2 µM, 3 
µM, and 10 µM.  
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Figure 2.4.1: 5-FAM fluorescence intensity histograms for individual K. pneumoniae samples 

with 0 nM (A), 500 nM (B), 1 µM (C), 3 µM (D), 5 µM (E), and 10 µM (F) of 5-FAM labeled 

opsonin 
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Figure 2.4.2: Percentage of fluorescent cells in relation to applied opsonin concentration for 1 

mL of 9.3 x 107 K. pneumoniae cells/mL 
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Figure 2.4.3: 5-FAM fluorescence intensity histograms for individual P. aeruginosa PAO1 

samples with 0 nM (A), 500 nM (B), 1 µM (C), 3 µM (D), 5 µM (E), and 10 µM (F) of 5-FAM 

labeled opsonin  
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Figure 2.4.4: Percentage of fluorescent cells in relation to applied opsonin concentration for 1 

mL of 9.3 x 107 P. aeruginosa PAO1 cells/mL   
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Figure 2.4.5: 5-FAM fluorescence intensity histograms for individual S. epidermidis RP62A 

samples with 0 nM (A), 500 nM (B), 1 µM (C), 3 µM of (D), 10 µM (E) of 5-FAM labeled 

opsonin   
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Figure 2.4.6: Percentage of fluorescent cells in relation to applied opsonin concentration for 1 

mL of 9.3 x 107 S. epidermidis RP62A cells/mL   
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Figure 2.4.7: 5-FAM fluorescence intensity histograms for individual E. faecalis samples with 0 

nM (A), 500 nM (B), 1 µM (C), 3 µM of (D), 10 µM (E) of 5-FAM labeled opsonin   
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Figure 2.4.8: Percentage of fluorescent cells in relation to applied opsonin concentration for 1 

mL of 9.3 x 107 E. faecalis cells/mL 
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Chapter 3: Binding of 5-FAM Labeled Artificial Opsonin to RAW 

264.7 Macrophages 

 

3.1 Abstract 

In this chapter, the degree to which the artificial opsonin binds to the RAW 264.7 mouse 

macrophage cell line was examined. 1 mL of 8.0 x 105 cells/mL was incubated with 5-FAM 

labeled artificial opsonin in a fashion similar to the bacterial binding assay of Chapter 2. Flow 

cytometry was used to assess the amount of binding of the opsonin to the macrophages. By 

increasing the applied opsonin concentration, the artificial opsonin was able to saturate the RAW 

264.7 macrophages. 99.5% of the macrophages exhibited binding at an opsonin concentration of 

50 nM and greater. 

3.2 Introduction 

The goal of the artificial opsonin is to provide a dual linkage to both bacteria and macrophages. 

Chapter 2 reports on the ability of the artificial opsonin to bind to various bacterial species. Here 

in chapter 3, the extent to which varying concentrations of 5-FAM labeled opsonin bind to RAW 

264.7 cells is examined.  

 RAW 264.7 cells were used because they are appropriate models of macrophages. These 

cells can perform pinocytosis and phagocytosis. Furthermore, they can eliminate pathogens 

through antibody-dependent cellular toxicity [50].  
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3.3 Materials and Methods 

3.3.1 Preparation of RAW 264.7 Culture  

1.1 x 106 RAW 264.7 cells in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) with 10% 

HI-FBS (Gibco) were plated in a Corning T-75 flask and grown at 37°C with 5% CO2 for three 

days. On the third day, the cells were used for the opsonin binding assay. The medium was 

removed and replaced with 5 mL of HBSS with 5% HI-FBS. With a cell scraper, cells were 

scraped off the flask and into the 5 mL of HBSS with 5% HI-FBS. The 5 mL with cells was 

pipetted into a 15 mL centrifuge tube and centrifuged at 950 rpm for 6 minutes in a Jouan Cr-412 

centrifuge. The supernatant was removed, and the cell pellet was resuspeneded in 5 mL of HBSS 

with 5% HI-FBS. The centrifugation and extraction of supernatant steps were repeated once. 

Then, the cell pellet was resuspended in 10 mL of HBSS with 5% HI-FBS. The concentration of 

viable cells and cell viability were determined by microscopically examining a 1:1 mixture of 

cells in HBSS with 5% HI-FBS and 0.4% trypan blue solution (Sigma-Aldrich) with a 

hemocytometer [51]. 8.0 x 105 cells and HBSS with 5% HI-FBS were added to 1.5 mL 

centrifuge tubes to reach a total volume of 950 µL at a concentration of 8.4 x 105 cells/mL. The 

steps described in this subsection are illustrated in Figure 3.3.1.1.  

3.3.2 Opsonin binding to RAW 264.7 Cells 

0.2 mg of lyophilized 5-FAM labeled opsonin (GenScript) was dissolved in 1 mL of ultrapure 

water. Stock solutions of 1, 2, 5, 10, and 20 µM were made from the base opsonin solution. 

Then, 50 µL of these stock solution were individually pipetted into the 1.5 mL centrifuge tubes 

containing the RAW 264.7 cells. As a result, the final 5-FAM labeled opsonin concentrations of 

50 nM, 100 nM, 250 nM, 500 nM, and 1 µM were mixed with 1 mL of 8.0 x 105 cells/mL. For 
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the controls, 50 µL of ultrapure water was added. The RAW cell tubes with ultrapure water or 

opsonin were end-over-end mixed in the dark at 37°C for 20 minutes.  

Then, all samples were put on ice for 5 minutes. Using an Eppendorf 5417c centrifuge, 

the cells were centrifuged at 750 rcf for 6 minutes at 4°C. The supernatant was removed, and the 

cell pellets were resuspended in 1 mL of chilled HBSS. The centrifugation and supernatant 

extraction steps were repeated one. Afterwards, the RAW cell pellets were resuspended in 1 mL 

of HBSS with 1% HI-FBS. The steps for this subsection are illustrated in Figure 3.3.2.1.  

3.3.3 Flow Cytometry  

The 1 mL cell suspensions were transferred into 5 mL flow cytometry tubes, and the flow 

cytometry tubes were placed on ice. All the samples were analyzed on a BD Biosciences LSRII 

flow cytometer. One color flow cytometry was utilized because the opsonin was the only 

fluorescent component that needed to be recorded. 10,000 events were collected based on two 

gating parameters: side scatter area versus forward scatter area and forward scatter width versus 

forward scatter area. All the voltages were kept the same from experiment to experiment to 

ensure that all experiments could be compared with one another.  

3.3.4 Data Analysis  

FlowJo software version 10.1 (Treestar) was used for data analysis. The events collected were 

gated based on side scatter area versus forward scatter area and forward scatter width versus 

forward scatter area. The gated samples’ 5-FAM fluorescence histograms were used to determine 

the extent of binding of the opsonin to the RAW cells. With the SE Dymax algorithm in the 

FlowJo software, individual experimental samples were compared to every individual control 

sample used throughout the experiments. Based on a sample size of n = 4, the average of all the 
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SE Dymax values for a certain concentration was used to provide an overall assessment of the 

percentage of fluorescent cells with bound opsonin for a given applied opsonin concentration. 

From the average percentage of macrophages showing fluorescence at a specific 

concentration, the number of macrophages in each sample, and Avogadro’s number, the number 

of opsonins bound to one macrophage was determined. The concentration of applied artificial 

opsonin was converted into moles, and the moles was converted into number of molecules with 

Avogadro’s number. Based on the average percentage of macrophages with fluorescence at 

specific opsonin concentrations and the number of macrophages in each sample, the number of 

macrophages that were fluorescent at a given opsonin concentration was calculated. Afterwards, 

the number of opsonin molecules bound to one macrophage was determined.  

3.4 Results 

Based on the histograms of all the samples, an increase in applied opsonin concentration 

correlated to an increase in cell 5-FAM fluorescence. As the concentration of applied opsonin 

increased, the single-peak curve in the 5-FAM fluorescence histograms shifted to the right 

towards higher values of 5-FAM fluorescence. This is shown in Figure 3.4.1.  

According to the values obtained from SE Dymax, a vast majority of RAW cells showed 

binding ≥ 50 nM. At 50 nM, 99.5% of the RAW cells had bound to the opsonin At 250 nM, 

100% of the RAW cells showed binding. However, this does not mean that the cells were fully 

saturated. Figure 3.4.2 show the relationship between percentage of fluorescent cells and applied 

opsonin concentration for 1 mL of 8.0 x 105 RAW 264.7 cells/mL.  

The number of artificial opsonin molecules bound to one RAW 264.7 macrophage was 

2.86 x 108 molecules/cell.  
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3.5 Discussion 

On average, the amount of opsonin bound to RAW 264.7 cells increased as the applied opsonin 

concentration increases. While 250 nM indicates that 100% of the RAW cells showed binding to 

the opsonin, as shown in Figure 3.4.2, Figure 3.4.1 illustrates that increasing the applied opsonin 

concentration can increase the amount of binding observed. Nevertheless, the results indicate that 

the artificial opsonin shows affinity towards RAW 264.7 macrophages.  

3.6 Conclusion 

The assay described in this chapter illustrates that the artificial opsonin has an affinity towards 

RAW 264.7 cells. 100% of the macrophages exhibited binding at ≥ 250 nM, but this does not 

indicate that the cells were fully saturated with opsonin. Fluorescence increased with increasing 

opsonin concentration, signifying that the macrophages were able to bind to opsonin with higher 

applied opsonin concentrations.   

Based on the results from Chapter 2 and 3, more opsonin is needed to saturate 9.3 x 107 

gram-negative and gram-positive bacteria as opposed to 8.0 x 105 RAW 264.7 cells. Specifically, 

3 µM of opsonin is 9.3 x 107 K. pneumoniae cells, while 250 nM of opsonin is needed to saturate 

RAW 264.7 cells. Thus, K. pneumoniae that has been opsonized with 5 µM should have 

sufficient amounts of opsonin that can bind to RAW 264.7 cells.  
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Grow flask at 37°C with 5% CO2 for three 

days 

Prepare cells for opsonin binding 
assay on the third day. Remove 
medium and replace with HBSS 
with 5% HI-FBS  

1. Scrape cells off with a cell scraper 
2. Pipette 5 mL of cells in 5% HI-FBS from flask and into a 15 
mL centrifuge tube.  
3. Centrifuge at 950 rpm for 6 minutes 
4. Remove supernatant.  
5. Resuspend in 5 mL of HBSS with 5% HI-FBS 
6. Repeat steps 3 and 4 
7. Resuspend in 10 mL of HBSS with 5% HI-FBS  

Determine cell concentration and cell 
viability by using a 1:1 mixture of cells in 
HBSS with 5% HI-FBS and 0.4% trypan 
blue solution 

Aliquot out 8.0 x 10
5
 

viable cells. Add 
HBSS with 5% HI-
FBS to a final volume 
of 950 µL. The final 
concentration is 8.4 x 

10
5
 cells/mL 

Figure 3.3.1.1: A flowchart describing how the RAW 264.7 culture was prepared for 

the opsonin binding assay   

1.1 x 10
6
 RAW 264.7 cells in DMEM with 10% HI-FBS plated 

on a Corning T-75 flask 
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950 µL of 8.4 x 10

6
 

cells/mL in HBSS with 
5% HI-FBS 

1. Cells sit on ice for 5 
minutes 
2. Centrifuge at 750 rcf for 
6 minutes at 4°C 
3. Remove supernatant.  
4. Resuspend in 1 mL of 
HBSS 
5. Repeat steps 2 and 3  
6. Resuspend in 1 mL of 
HBSS with 1% HI-FBS  

Figure 3.3.2.1: A flowchart detailing how samples of RAW 264.7 cells were bound to 

the opsonin  

End over end mix cells in 
the dark at 37°C for 20 
minutes 

Add 50 µL of 1, 2, 5, 10, 
or 20 µM of stock peptide 
solution.  
The final concentration is 

8.0 x 10
5
 cells/mL for 1 

mL of cells.  
The opsonin 
concentrations are 50 nM 
100 nM, 250 nM, 500 nM, 
and 1 µM. 
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Figure 3.4.1: 5-FAM fluorescence intensity histograms for individual RAW 264.7 samples with 

0 nM (A), 50 nM (B), 100 nM (C), 500 nM of (D), and 1 µM (E) of 5-FAM labeled opsonin  
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Figure 3.4.2: Percentage of fluorescent cells in relation to applied opsonin concentration for 1 

mL of 8.0 x 105 RAW 264.7 cells/mL 
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Chapter 4: Opsonin Efficacy to enhance Phagocytosis of K. 

pneumoniae bacteria  

 

4.1 Abstract 

This chapter reports on studies to determine if the artificial opsonin can indeed enhance 

phagocytosis of bacteria. 8.0 x 106 opsonized or non-opsonized fluorescently-labeled bacteria 

were mixed with 8.0 x 105 RAW 264.7 cells. Trypan blue was used to differentiate between 

fluorescent bacteria adherent to the exterior of macrophages and phagocytosed, fluorescent 

bacteria residing within macrophages. Fluorescence was detected by a plate reader. With a 

sample size of four, macrophages were capable of phagocytosing 59.85% and 46.29% of non-

opsonized and opsonized bacteria, respectively. Using a two-sided t-test, the calculated t and p 

values were 0.7623 and 0.4748, respectively. As a result, the artificial opsonin did not exhibit a 

statistical enhancement of bacterial phagocytosis.  

4.2 Introduction 

In this chapter, the extent of phagocytosis, defined as the percentage of bacteria phagocytosed, 

by RAW 264.7 cells of Klebsiella pneumoniae, whether opsonized or not, will be examined. As 

discussed in Chapter 1, the opsonin includes di-tuftsin, a tetrapeptide of the IgG leukokinin, and 

YI13WF, a peptide which can bind to LPS on gram-negative bacterial membranes. 

Hypothetically, the opsonin will bind to K. pneumoniae through YI13WF and to macrophages 

through di-tuftsin. In doing so, the opsonin should enhance phagocytosis.  

Since phagocytosis is not guaranteed to be 100%, the fluorescence between non-

phagocytosed bacteria and phagocytosed bacteria must be distinct. Trypan blue has traditionally 
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been used to quench extracellular FITC fluorescence in phagocytosis assays since trypan blue 

cannot penetrate viable cell membranes [52-54].  

4.3 Materials and Methods 

4.3.1 Preparation of K. pneumoniae for Fluorescent Labeling  

A colony of K. pneumoniae from a LB Miller agar plate was grown in 10 mL of LB Miller 

medium (Fisher BioReagents) for 16 hours at 37°C and 180 rpm in a New Brunswick Scientific 

Excella E24 incubator shaker. After 16 hours, 9.4 mL of the liquid culture was centrifuged at 

3650 rpm for 13 minutes in a Thermo Sorvall Legend Rt+ centrifuge. Then, the supernatant was 

removed, and the bacterial pellet was resuspended in 9.4 mL of sterile HBSS. The centrifugation, 

supernatant removal, and resuspension steps were repeated once to remove any residual medium.   

With the second wash step complete, the optical density at 600 nm (OD600) of the 

bacteria was measured using a Genesys 10S UV-Vis spectrophotometer (ThermoFisher). Based 

on the OD600 readings and a calibration curve previously made relating OD600 to concentration 

of K. pneumoniae (bacteria/mL), the concentration of the 9.4 mL bacterial suspension was 

determined. 7 1.5 mL centrifuge tubes were filled with 1 mL bacterial suspensions with a 

concentration of 1.86 x 108 cells/mL. All of the steps described in this section is illustrated in 

Figure 4.3.1.1.  

4.3.2 Fluorescently Labeling K. pneumoniae 

All 7 tubes with bacteria received 10 µL of a 10 mg FITC (ThermoFisher) per 1 mL of DMSO 

(Sigma-Aldrich) solution. All tubes were covered in foil and end-over-end mixed at room 

temperature in the dark for 30 minutes. 

Then, bacterial suspensions were centrifuged at 10,000 rcf for 6 minutes at room 

temperature with an Eppendorf 5417c centrifuge. The supernatants were removed, and the 
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bacterial pellets were resuspended in 1 mL of HBSS. A second wash was performed to remove 

residual unbound FITC. After the second wash, the bacterial pellets were resuspended with 1 mL 

of HBSS with 5% HI-FBS. Each tube with FITC-labeled bacteria contained 1 mL of 1.9 x 108 

cells/mL.  

3 tubes with FITC-labeled bacteria, deemed as tube set A, were used to examine the 

extent to which trypan blue quenches FITC. The remaining 4 tubes with FITC-labeled bacteria, 

deemed as tube set B, were used as potential sources of bacteria for the phagocytosis assay. The 

steps described in 4.3.2 are presented in Figure 4.3.2.1.  

 4.3.3 Preparation of FITC-labeled K. pneumoniae for Opsonization 

Since opsonin binding assays were carried out with 1 mL of 9.3 x 107 bacteria/mL, the contents 

of the seven tubes containing FITC-labeled bacteria were divided in two. For tubes in tube set B, 

500 µL from each tube were aliquoted into a new 1.5 mL tubes. As a result, there were 8 tubes, 

each with 500 µL of 1.9 x 108 FITC-labeled bacteria/mL. 4 of the 8 tubes, deemed as tube set 

B1, will have FITC-labeled bacteria that will not be opsonized. The remaining 4 tubes, deemed 

as tube set B2, will have FITC-labeled bacteria that will be opsonized. Afterwards, 450 µL of 

HBSS with 5% HI-FBS was added to tubes in set B1 and B2. As a result, B1 and B2 had tubes 

filled with 950 µL bacterial suspensions at a concentration of 9.8 x 107 FITC-labeled 

bacteria/mL. The steps for generating sets B1 and B2 are illustrated in Figure 4.3.3.1. 

For the remaining 3 tubes, 2 250 µL aliquots from each tube was transferred into 2 2 mL 

centrifuge tubes. As a result, there were 6 tubes, each with 250 µL of 1.9 x 108 FITC-labeled 

bacteria/mL. 3 of the 6 tubes, deemed as tube set A1, had FITC-labeled bacteria that would not 

be quenched with trypan blue. The remaining 3 tubes, deemed as tube set A2, had FITC-labeled 

bacteria that would be quenched with trypan blue. Afterwards, 750 µL of HBSS was added to 



 

43 
 

 

tubes in set A1 and A2. As a result, A1 and A2 had tubes filled with 1 mL bacterial suspensions 

at a concentration of 4.6 x 107 FITC-labeled bacteria/mL. Then, sets A1 and A2 were placed in a 

foil covered box, and the box was put into a 4°C fridge. The steps for generating sets A1 and A2 

are illustrated in Figure 4.3.3.1. 

4.3.4 Opsonization of FITC-labeled K. pneumoniae  

With the subdivision of the bacteria complete, a 100 µM stock solution of artificial opsonin 

(GenScript) was made. Tubes in set B1 received 50 μL of ultrapure water, while tubes in set B2 

received 50 μL of the 100 µM solution of artificial opsonin. As a result, tubes in set B1 and B2 

had 1 mL of 9.3 x 107 FITC-labeled bacteria/mL. Tubes in set B2 contained a final opsonin 

concentration of 5 μM. All 8 tubes were end-over-end mixed in the dark at 37°C for one hour. 

After one hour, the tubes were put on ice until the steps for preparing the RAW 264.7 cells 

(described in section 4.3.5) were complete. When the steps in section 4.3.5 were completed, the 

bacterial suspensions inside tubes from sets B1 and B2 were centrifuged at 10,000 rcf for 6 

minutes. Once complete, the supernatant was removed and the bacterial pellets were resuspended 

in 1 mL of HBSS with 5% HI-FBS.  

The fluorescence of opsonized and non-opsonized FITC-labeled bacteria were compared 

by plating the bacterial suspensions on a 96 well black, clear flat bottom polystyrene non-treated 

microplate (Corning). Bottom readings of the plate were taken with an EnSight Multimode 

Microplate Reader (PerkinElmer). Based on the fluorescence readings, one tube from sets B1 

and B2 (2 tubes total) were selected to be the sources of non-opsonized and opsonized bacteria, 

respectively, for the phagocytosis assay. The steps described in this section are illustrated in 

Figure 4.3.4.1.  
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4.3.5 Preparation of RAW 264.7 cells for Phagocytosis  

1.1 x 106 RAW 264.7 cells were plated in a Corning T-75 flask and grown in DMEM (Gibco) 

with 10% HI-FBS (Gibco) at 37°C with 5% CO2 for 3 days. On the 3rd day, the RAW 264.7 cells 

were prepared for the phagocytosis assay. The medium was removed and replaced with 5 mL of 

HBSS with 5% HI-FBS. The cells were scraped off the flask with a cell scraper, and the 5 mL 

with cells was centrifuged at 950 rpm for 6 minutes in a Jouan Cr-412 centrifuge. Then, the 

supernatant was removed and the cell pellet was resuspeneded in 5 mL of HBSS with 5% HI-

FBS. The centrifugation and removal of supernatant steps were repeated once. Afterwards, the 

cell pellet was resuspended in 10 mL of HBSS with 5% HI-FBS. The concentration of viable 

cells and cell viability were determined by microscopically examining a 1:1 mixture of cells in 

HBSS with 5% HI-FBS and 0.4% trypan blue solution with a hemocytometer [51].  

8.0 x 105 viable cells and HBSS with 5% HI-FBS were added to 10 2 mL tubes to reach a 

total volume of either 1 mL or 914 µL. 6 tubes were filled up to a volume of 914 µL because 

they would be used for the phagocytosis assay. 3 of the 6 tubes, deemed as tube set C, contained 

914 µL of 8.8 x 105 cells/mL purposed for phagocytosing non-opsonized, FITC-labeled bacteria. 

The remaining 3 tubes, deemed as tube set E, contained 914 µL of 8.8 x 105 cells/mL purposed 

for phagocytosing opsonized, FITC-labeled bacteria. 4 of the 10 tubes, deemed as tube set G, 

contained 1 mL of 8.0 x 105 cells/mL purposed for determining the fluorescence of RAW 264.7 

cells with and without quenching by trypan blue. While the RAW 264.7 cells may not be 

inherently fluorescent, trypan blue affects the fluorescence intensity outputted due to trypan 

blue’s dark blue appearance and quenching capabilities. The steps described in this section are 

illustrated in Figure 4.3.5.1. 
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4.3.6 Phagocytosis of Opsonized or Non-opsonized FITC-labeled K. pneumoniae by RAW 264.7 

cells  

The bacteria and RAW cells were mixed thoroughly before they were used. All tubes in set C 

received 86 μL containing 8.0 x 106 non-opsonized, FITC-labeled bacteria. All tubes in set E 

received 86 μL containing 8.0 x 106 opsonized, FITC-labeled bacteria. As a result, 1 mL of 8.0 x 

105 cells/mL were mixed with either 8.0 x 106 non-opsonized or opsonized FITC-labeled 

bacteria. The multiplicity of infection (MOI) for these studies, defined as the ratio of bacteria to 

macrophages, was 10.  

Afterwards, tubes in sets C, E, and G were end-over-end mixed in the dark at 37°C for 20 

minutes. After 20 minutes, all the tubes were put on ice for five minutes. Then, tubes in set C, E, 

and G, were mixed thoroughly before being subdivided into two. 500 µL from each tube was 

transferred to a different 2 mL tube. As a result, the subdivision of C, E, and G, led to the 

formation of tube sets D, F, and H, respectively. 500 µL of chilled HBSS was added to all of the 

tubes. In the end, tubes in set C and D had 1 mL of 4.0 x 105 cells/mL that phagocytosed non-

opsonized, FITC-labeled bacteria. Tubes in set E and F contained 1 mL of 4.0 x 105 cells/mL that 

phagocytosed opsonized, FITC-labeled bacteria. Tubes in set G and H contained 1 mL of 4.0 x 

105 cells/mL. Tubes in D, F, and H were purposed as replicates of tubes in C, E, and G that 

would be quenched with trypan blue.  

The cell suspensions in sets C, D, E, F, G, and H were centrifuged at 750 rcf and 4°C for 

9 minutes. Once the centrifugation was complete, 650 µL of the supernatant was removed. The 

bacterial suspensions in sets A1 and A2 were removed from the 4°C fridge and centrifuged at 

10,000 rcf and 4°C for 6 minutes. Once the centrifugation was complete, 650 µL of the 

supernatant was removed. The steps described in this section are illustrated in Figure 4.3.6.1. 
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4.3.7 Trypan Blue Fluorescence Quenching  

As a result of the steps described previously, there were 20 tubes of RAW 264.7 cells, with or 

without bacteria, and 6 tubes of FITC-labeled K. pneumoniae. All the tubes had a total volume of 

350 µL. The contents of sets A1, C, E, and G were resuspended with 350 µL of HBSS. The 

contents in tubes of sets A2, D, F, and H received 350 µL of 360 µg/mL trypan blue (obtained by 

diluting a 0.4% trypan blue solution with HBSS). Thus, the tubes in sets A2, D, F, and H 

contained 700 μL of a trypan blue concentration of 180 µg/mL. The tubes in sets A1, C, E, and G 

contained a final volume of 700 μL.  

All tubes were inverted up and down once to ensure that the contents of the tubes were 

thoroughly mixed. Then, all tubes sat on ice for 15 minutes. Afterwards, the contents of all tubes 

were centrifuged at 750 rcf and 4°C for 10 minutes. The 20 tubes containing RAW cells were 

taken out of the centrifuge, and tubes of sets A1 and A2 were left to centrifuge at 10,000 rcf and 

4°C for 6 minutes. While the bacteria were centrifuging, 550 µL of the supernatant in tubes of 

sets C, D, E, F, G, and H was removed. Next, those same tubes received 1 mL of HBSS with 1% 

HI-FBS. As a result, tubes in sets C, E, and G contained 1.15 mL of 3.5 x 105 cells/mL. Tubes in 

sets D, F, and H had 1.15 mL of 3.5 x 105 trypan blue quenched cells/mL. 

After aliquoting out 1 mL of HBSS with 1% HI-FBS to tubes in sets C through H, tubes 

in sets A1 and A2 were taken out of the centrifuge. 550 µL of the supernatant from each tube 

was removed. The tubes in sets A1 and A2 received 1 mL of chilled HBSS with 1% HI-FBS. As 

a result, tubes in set A1 had 1.15 mL of 4.0 x 107 FITC-labeled bacteria/mL. Tubes in set A2 

contained 1.15 mL of 4.0 x 107 FITC-labeled, trypan blue quenched bacteria/mL. The steps 

described in this section are illustrated in Figure 4.3.7.1. 
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4.3.8 Fluorescence Plate Reading  

Tubes in sets A1, A2, C, D, E, F, G, and H were plated on a 96 well black, clear flat bottom non-

treated polystyrene microplate (Corning). Two wells, each with 200 uL, were plated for every 

tube in sets A1 and A2. Three wells, each with 200 uL, were plated for every individual tube in 

sets C through H. A bottom reading of the plate was taken with an EnSight Multimode 

Microplate Reader (PerkinElmer). The steps described in this section are illustrated in Figure 

4.3.7.1. 

4.3.9 Data Analysis  

All data analysis was done in Microsoft Excel. The steps for how the calculations to compare 

opsonized and non-opsonized, FITC-labeled bacteria are shown in Figure 4.3.9.1. First, the 

average of the fluorescence intensities of HBSS with 5% HI-FBS were obtained. Next, that 

average was subtracted from the individual fluorescence values of opsonized and non-opsonized, 

FITC-labeled bacteria. In doing so, the fluorescence background from HBSS with 5% HI-FBS 

was removed. Then, the average of the individual adjusted fluorescence intensities corresponding 

for a sample was calculated. The ratio of fluorescence between opsonized and non-opsonized 

FITC-labeled bacteria for a given sample was obtained by dividing the average of opsonized 

FITC-labeled bacteria for a sample by the average of non-opsonized FITC-labeled bacteria for a 

sample. The overall assessment of the fluorescence difference between opsonized and non-

opsonized FITC-labeled bacteria was determined by averaging the values obtained from the 

previous step.  

The steps for the calculations to determine the extent to which trypan blue quenched the 

fluorescence of FITC-labeled bacteria is illustrated in Figure 4.3.9.2. First, the average of the 

fluorescence intensities of HBSS with 1% HI-FBS were taken. Next, that average was subtracted 
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from the individual fluorescence values of FITC-labeled bacterial samples that either were 

quenched or unquenched with trypan blue. In doing so, the fluorescence background from HBSS 

with 1% HI-FBS was removed. Then, the average of the individual adjusted fluorescence 

intensities corresponding for a given sample was calculated. As shown in step 4, the amount of 

fluorescence remaining after trypan blue quenching was obtained by dividing the average of 

quenched FITC-labeled bacteria for one sample by the average of unquenched FITC-labeled 

bacteria for one sample. Step 5 was performed to get a value that represented the degree to which 

trypan blue quenched FITC-labeled bacteria for a given sample. Step 6 was performed to assess 

the overall quenching of fluorescence by trypan blue.  

The steps for how the calculations to determine extent of phagocytosis, defined as the 

amount of bacteria phagocytosed, is shown in Figure 4.3.9.3. First, the average of the individual 

fluorescence values of unquenched RAW cells and quenched RAW cells were obtained. Next, 

the control averages were subtracted from their respective experimental samples’ individual 

fluorescence intensities. For example, quenched RAW cells with either opsonized or non-

opsonized, FITC-labeled bacteria were subtracted by the average of quenched RAW cells. This 

is shown in step 3 of Figure 4.3.9.3. Next, as shown in step 4, the adjusted fluorescence 

intensities for quenched and unquenched samples with opsonized or non-opsonized bacteria were 

averaged. Finally, the extent of phagocytosis for one sample was determined by dividing the 

average of quenched RAW cells with opsonized or non-opsonized FITC-labeled bacteria for one 

sample by its unquenched counterpart. For example, the extent of phagocytosis of opsonized 

bacteria for one sample would be determined by dividing the average fluorescence of quenched 

RAW cells with opsonized FITC-labeled bacteria by the average fluorescence of unquenched 

RAW cells with opsonized FITC-labeled bacteria. This is illustrated in step 5 of Figure 4.3.9.3. 
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4.4 Results 

All of the FITC-labeled bacterial samples exhibited higher fluorescence readings than the blank 

HBSS solutions, indicating that the bacteria were labeled. However, opsonized, FITC-labeled 

bacteria had a fluorescence that was 25 ± 2% of the non-opsonized, FITC-labeled bacteria.  

Trypan blue was able to quench 43.5 ± 0.7% of the fluorescence exhibited by FITC-

labeled bacteria.   

The average extent of phagocytosis, defined as the amount of bacteria phagocytosed, of 

non-opsonized bacteria (n = 4) was 59.85% with data points of 51.78%, 37.52%, 97.82%, and 

52.26%. The standard deviation for non-opsonized bacteria was 26.23. The average extent of 

phagocytosis of opsonized bacteria (n = 4) was 46.29% with data points of 58.67%, 26.74%, 

25.71%, and 74.05%. The standard deviation for opsonized bacteria was 24.00. The data for 

opsonized and non-opsonized bacteria is plotted in Figure 4.4.1. It is important to note that 

sometimes, the calculations described in Figure 4.3.9.3 resulted in an extent of phagocytosis 

value that was larger than 100% or negative. These values were considered as outliers and not 

included in determining the overall extent of phagocytosis of opsonized and non-opsonized 

bacteria. It is not logical to have phagocytosis that exceeds 100% or be negative.  

For this experiment, a two-sided t-test was used. The null hypothesis stated that there was 

no statistical difference in phagocytosis between opsonized and non-opsonized bacteria. The 

alternative hypothesis stated that there was a difference in phagocytosis between opsonized and 

non-opsonized bacteria. The calculated t and p values were 0.7623 and 0.4748, respectively, 

making the results not significant at p < 0.05. Thus, there was no indication that the artificial 

opsonin caused a statistical difference in phagocytosis between opsonized and non-opsonized 
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bacteria. However, it is possible that the opsonin had an effect, but the effect was not large 

enough to be considered statistically significant.  

4.5 Discussion 

4.5.1 Difference in Fluorescence between Opsonized and Non-opsonized Bacteria  

The fluorescence intensity difference between opsonized and non-opsonized bacteria can be 

attributed to the opsonin itself. The non-opsonized and opsonized bacteria underwent the same 

treatments (same incubation times, bacteria source, labeling conditions, solution etc.) except for 

their exposure to opsonin. There are two possible explanations for this phenomena: (1) the 

artificial opsonin is displacing FITC, and (2) the artificial opsonin is pulling FITC off the gram-

negative bacteria. In the first explanation, the artificial opsonin was designed to bind to LPS. It is 

possible that the artificial opsonin’s designed affinity to LPS of gram-negative bacteria could 

displace FITC off of the bacterial membrane. FITC has been conjugated to LPS in experiments, 

suggesting that FITC binds to LPS to fluorescently label LPS [55]. Based on Bhunia et al. [17] 

proposed model of how YI12WF binds to LPS, YI13WF could be binding to LPS and disrupting 

the LPS structure. As a result, FITC could be displaced from LPS. Nevertheless, a wash designed 

to remove excess opsonin could also remove FITC as well.  

 In the second explanation, excess artificial opsonin that doesn’t bind to FITC-labeled K. 

pneumoniae is able to remove FITC off of the bacteria. It is known that FITC binds to primary 

amines and the N-terminus of a peptide [56]. The artificial opsonin contains arginine and lysine, 

amino acids that have primary amines as their side chains. These amino acids are located in di-

tuftsin and YI13WF. As a result, the two components of the artificial opsonin provide potential 

binding sites for FITC. Thus, a wash designed to remove excess opsonin could also remove 

opsonin-FITC complexes.  
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In both explanations, the thiourea bond formed when FITC binds to primary amines must 

be broken. However, this bond is stable, and it would be difficult to break the thiourea bond.  

In order to determine which explanation is true, the dissociation constant (Kd) of bacteria 

with opsonin and relative bond strengths between two complexes, FITC with bacteria and FITC 

with opsonin, would need to be found. Knowing the relative strengths of the bonds found in each 

complex and the Kd of bacteria with opsonin would elucidate on the likelihood that the 

complexes would break into its individual components or remain intact.  

4.5.2 FITC Quenching of Bacteria  

As stated previously, only 43.5 ± 0.7% of the fluorescence exhibited by FITC-labeled bacteria 

was quenched by trypan blue. Although this may seem insufficient, it is adequate. The bacterial 

samples used to determine the extent of quenching by trypan blue contained 4.6 x 107 bacteria, 

while 8.0 x 106 bacteria were used to mix with the RAW cells. Thus, the controls had 5.75 times 

the number of bacteria used for the phagocytosis assay. If 43.5% of the controls experienced 

FITC quenching, that would mean that 2.0 x 107 bacteria, or 2.5 times the amount of bacteria 

used in the phagocytosis assay, would have been quenched. Thus, it can be assumed that the 

fluorescence from FITC-labeled bacteria adhering to the exterior of macrophages during the 

phagocytosis assay was thoroughly quenched.   

4.5.3 Factors in determining the Extent of Phagocytosis  

One factor that could affect phagocytosis is the capability to stop it. All the tubes, whether 

containing RAW 264.7 cells or bacteria, were kept on ice after phagocytosis had occurred. In 

addition, the centrifuge was set to 4°C. Theoretically, placing the tubes on ice should stop 

phagocytosis. However, it is possible that the temperature settings and the placement of tubes on 

ice were not enough to stop phagocytosis. In order to ensure the stoppage of phagocytosis, 
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cytochalasin D can be used. Cytochalasin D inhibits actin polymerization, which can block 

phagocytosis [57]. 

Based on the assay and the calculations performed to determine extent of phagocytosis, it 

is imperative to have bacteria that is as bright as possible. The difference in fluorescence 

between opsonized and non-opsonized FITC-labeled bacteria has an impact on the calculations. 

The fluorescence intensities of experimental samples containing quenched or unquenched RAW 

264.7 cells, with either opsonized or non-opsonized FITC-labeled bacteria, must exceed the 

fluorescence intensities of controls containing only quenched or unquenched RAW 264.7 cells. If 

the fluorescence intensities between the experimental samples and controls are too numerically 

close, which happened in this assay, then it is hard to differentiate between the two groups. As a 

result, the adjusted fluorescence intensities of quenched RAW 264.7 cells with opsonized or non-

opsonized bacteria, obtained in step 3 of Figure 4.3.9.3, can be negative or larger than the 

fluorescence intensities of unquenched RAW 264.7 cells with opsonized or non-opsonized 

bacteria, respectively.  

To compound the issue, it is important to have a distinction in fluorescence between 

quenched and unquenched RAW 264.7 cells with either opsonized or non-opsonized bacteria. As 

seen in step 5 of Figure 4.3.9.3, the unquenched sample must have a larger fluorescence value 

than the quenched sample. Otherwise, it can also lead to phagocytosis determinations of negative 

percentages or percentages greater than 100%.   

On average, quenched RAW 264.7 cells with either opsonized or non-opsonized FITC-

labeled bacteria had lower fluorescence intensities than unquenched RAW 264.7 cells with either 

opsonized or non-opsonized FITC-labeled bacteria. However, as shown in step 5 of Figure 

4.3.9.3, the extent of phagocytosis is determined when comparing between individual 
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experimental samples; the average plays no role in the final outcome when determining the 

amount of bacteria phagocytosed.  

It would have been ideal for the bacteria, opsonized or not, to have the same 

fluorescence. In order to improve this assay, the bacteria, with or without opsonin, must be 

washed after incubation for an hour. In doing so, it would hopefully reduce the difference in 

fluorescence between the two groups.  

Another crucial component in determining the extent of phagocytosis is the amount of 

trypan blue that is not washed away.  As already discussed in the introduction of this chapter, 

trypan blue can quench FITC fluorescence. The amount of trypan blue remaining correlates to 

the strength of the FITC signal that can be read. Using excessive amounts of trypan blue can 

prevent the FITC-labeled bacteria from exerting fluorescence, which would make the quenched 

and unquenched RAW 264.7 control samples indistinguishable from the experimental samples 

containing quenched and unquenched RAW 264.7 cells with FITC-labeled bacteria. In addition, 

trypan blue at high concentrations is toxic to cells [58-59]. According to Chan et al. [59], when 

cells are mixed with trypan blue, trypan blue adds negatively charged residues on the cell’s 

cytoplasm. The negative charges attract positive ions, which induces an influx of water into the 

cells that could potentially make the cells burst [59]. On the other hand, minute quantities of 

trypan blue would not eliminate all the fluorescence from the extracellular bacteria not 

phagocytosed, making it difficult to differentiate between fluorescent bacteria adhering to the 

exterior of macrophages and phagocytosed, fluorescent bacteria residing inside the macrophages. 

As a result, a certain amount of trypan blue, optimized to the user, needs to be utilized.  
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4.5.4 Alternative Methods for Phagocytosis Assay  

In this assay, a plate reader was used to determine the extent of phagocytosis. However, in many 

phagocytosis assays, a flow cytometer is used [52-54]. A flow cytometer is superior to a plate 

reader because a flow cytometer captures a certain number of cells dictated by the user. With a 

plate reader, the differences in pipetting can lead to different amounts of bacteria and cells 

present in the well and, ultimately, variations in fluorescence outputs; a flow cytometer avoids 

these issues. As a result, a flow cytometer is more precise in capturing data than a plate reader 

when the samples have trypan blue.  

The downside of using a flow cytometer is that it is much more complex. Compensation 

controls are needed if two or more colors are detected with the flow cytometer. In addition, the 

analysis utilizing FlowJo may be confusing and is prone to human bias since the user forms gates 

to select on certain populations of cells.  

As discussed in section 4.5.3, quenching with trypan blue has a substantial impact on 

how this phagocytosis assay works. In order to avoid using trypan blue, bacteria expressing 

green fluorescent protein (GFP) can be used in phagocytosis assays [60-61]. GFP-expressing 

bacteria dodges the necessity to FITC label bacteria and does not succumb to the sensitive nature 

of trypan blue. In order to differentiate between extracellular and intracellular bacteria, the 

macrophages would need to be stained with or express a different fluorescence color than GFP. 

The macrophages and bacteria would be mixed and cytochalasin D would be added to stop 

phagocytosis. Afterwards, the samples would be run through a flow cytometer. FlowJo could be 

used to analyze the results and determine the extent of phagocytosis of opsonized and non-

opsonized bacteria. 
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4.6 Conclusion 

The artificial opsonin did not cause a statistical significance in phagocytosis of FITC-labeled K. 

pneumoniae by RAW 264.7 cells. However, this does not signify that the artificial opsonin did 

not elicit any difference whatsoever; the impact may be too small to be detected. There were 

many factors that affected the end result, and it’s plausible that tinkering with these variables 

may change the outcome. While a sufficient amount of trypan blue was used to quench 

extracellular FITC-labeled bacteria, trypan blue had a profound impact on the plate reading due 

to trypan blue’s strong quenching capabilities and toxicity to cells. Besides that, the opsonized 

bacteria exhibited lower fluorescence than the non-opsonized bacteria. Considering that 

fluorescence intensities of the controls and the experimental samples in the phagocytosis assay 

were numerically close to one another, the difference in fluorescence between the two types of 

bacteria can make a difference. Based on the fact that the phagocytosis assay performed could be 

optimized or even be replaced with a different phagocytosis assay, as indicated in section 4.5.4, 

the artificial opsonin’s effect on phagocytosis is inconclusive. However, for the time being, it can 

be said that the bacteria opsonized with the artificial opsonin does not statistically significantly 

increase or decrease phagocytosis.  
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Klebsiella pneumoniae 
culture grown in LB 
Miller medium at 37°C 
and 180 rpm for 16 
hours 

Measure culture’s 
OD600 using HBSS as 
a blank to determine 
culture’s concentration. 
The culture’s 
concentration is 
determined by a 
standard curve relating 
OD600 to bacteria/mL 

Aliquot out 9.4 mL of 
the bacteria culture.  

1. Centrifuge at 3650 
rpm for 13 minutes 
2. Remove 
supernatant.  
3. Resuspend in 9.4 
mL of HBSS 
4. Repeat steps 1, 2, 
and 3 

Add HBSS and aliquot out 
bacteria to have 7 1.5 mL 
centrifuge tubes, each 

with 1 mL of 1.9 x 10
8
 

bacteria/mL   

Figure 4.3.1.1: A flowchart describing how the K. pneumoniae bacteria culture was 

prepared for FITC labeling  
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7 1.5 centrifuge 
tubes, each with 1 mL 

of 1.9 x 10
8
 

bacteria/mL 

Figure 4.3.2.1: A flowchart describing how the K. pneumoniae bacteria was FITC-labeled 

Add 10 µL of 10 mg 
FITC/1 mL of DMSO 
to 7 1.5 centrifuge 
tubes.  

1. Cover tubes in foil.  
2. End over end mix at 
room temperature for 30 
minutes 

1. Centrifuge tubes at 
10,000 rpm for 6 minutes  
2. Remove supernatant.  
3. Resuspend in HBSS.  
4. Repeat steps 1 and 2.  
5. Resuspend in 1 mL 
HBSS with 5% HI-FBS  

3 tubes (Tube set 
A) will be used as 
controls to 
determine how 
quenching with 
trypan blue affects 
FITC-labeled 
bacteria 
fluorescence.  

4 tubes (Tube set 
B) will be used as 
sources of 
bacteria for the 
RAW 264.7 cells 
to phagocytose.  



 

58 
 

 

 

 

  

Tube set A: 3 tubes 

with 1 mL of 1.9 x 10
8
 

FITC-labeled bacteria  
  

Tube set B: 4 tubes 
with 1 mL of 1.9 x 

10
8
 FITC-labeled 

bacteria  
  

Figure 4.3.3.1: A flowchart describing how FITC-labeled K. pneumoniae was prepared for 

opsonization or for future steps in the phagocytosis assay 

Tube set A1: 3 2 
mL centrifuge 
tubes with 250 

µL of 1.9 x 10
8
 

FITC-labeled 
bacteria/mL. 
Contents of this 
tube set will not 
be quenched 
with trypan blue.  

Tube set A2: 3 2 
mL centrifuge 
tubes with 250 

µL of 1.9 x 10
8
 

FITC-labeled 
bacteria/mL. 
Contents of his 
tube set will be 
quenched with 
trypan blue.  

For each tube, aliquot out 
250 µL twice into 2 2 mL 
centrifuge tubes  

Tube set B1: 4 2 
mL centrifuge 
tubes with 500 

µL of 1.9 x 10
8
 

FITC-labeled 
bacteria/mL. 
Contents of this 
tube set will not 
be opsonized.  

Tube set B2: 4 2 
mL centrifuge 
tubes with 500 

µL of 1.9 x 10
8
 

FITC-labeled 
bacteria/mL. 
Contents of this 
tube set will be 
opsonized.  

For each tube, aliquot out 
500 µL and transfer it into 
a 2 mL centrifuge tubes. 

Add 750 µL of HBSS to 
the tubes in Tube sets A1 
and A2. Each tube in sets 
A1 and A2 have 1 mL of 

4.6 x 10
7
 FITC-labeled 

bacteria/mL. 

Add 450 µL of 
HBSS with 5% HI-
FBS to the tubes in 
Tube sets B1 and 
B2.  
Each tube in sets 
B1 and B2 have 

950 µL of 9.8 x 10
7
 

FITC-labeled 
bacteria/mL 

Place sets A1 and A2 in a foil covered 
box and put in a 4°C fridge. B1 and B2 
are needed for the opsonization step.  
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Add 50 µL of Milli-Q 
ultrapure water. Tubes in 
set B1 have 1 mL of 9.3 x 

10
7
 FITC-labeled 

bacteria/mL. They will be 
sources of non-opsonized 
bacteria for phagocytosis  
  

1. Both sets sit on ice until the RAW 264.7 culture preparation for 
phagocytosis is complete.  
2. Centrifuge at 10,000 rcf for 6 minutes 
3. Remove supernatant.  
4. Resuspend in 1 mL of HBSS with 5% HI-FBS 

Figure 4.3.4.1: A flowchart describing how FITC-labeled K. pneumoniae bacteria was 

opsonized  

End over end mix tubes in 
sets B1 and B2 in the dark at 
37°C for 1 hour.  

Tube set B1: 4 
tubes with 950 µL 

of 9.8 x 10
7
 FITC-

labeled 
bacteria/mL 
  

Tube set B2: 4 
tubes with 950 µL 

of 9.8 x 10
7
 FITC-

labeled 
bacteria/mL 
  

Add 50 µL of 100 µM 
opsonin stock solution. 
Tubes in set B2 have 1 mL 

of 9.3 x 10
7
 FITC-labeled 

bacteria/mL that’s incubated 
with 5 µM of opsonin. They 
will be sources of opsonized 
bacteria for phagocytosis. 
  

1. For each tube in sets B1 and B2, plate 150 µL twice in a 96 
well black clear-bottom polystyrene microplate.  
2. Compare the fluorescence between opsonized and non-
opsonized bacteria.  
3. Choose one tube from sets B1 and B2 (2 tubes total) to be 
bacteria sources for the phagocytosis assay. The chosen tube 
from B1 was purposed to provide non-opsonized bacteria for 
phagocytosis. The chosen tube from B2 was purposed to provide 
opsonized bacteria for phagocytosis.  
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Grow flask at 37°C with 5% CO2 for three days 

Prepare cells for phagocytosis assay on the third day. 
Remove medium and replace with HBSS with 5% HI-FBS  

1. Centrifuge at 950 rpm for 6 minutes 
2. Remove supernatant.  
3. Resuspend in 5 mL of HBSS with 5% HI-FBS 
4. Repeat steps 1 and 2.  
5. Resuspend in 10 mL of HBSS with 5% HI-FBS 

Determine cell concentration and cell 
viability by using a 1:1 mixture of cells in 
HBSS with 5% HI-FBS and 0.4% trypan 
blue solution 

For 6 2 mL centrifuge tubes, 

aliquot out 8.0 x 10
5
 viable cells 

and add HBSS with 5% HI-FBS 
to a final volume of 914 µL. The 

final concentration is 8.8 x 10
5
 

cells/mL.  

Figure 4.3.5.1: A flowchart describing how the RAW 264.7 culture was prepared for the 

phagocytosis assay 

1.1 x 10
6
 RAW 264.7 cells in DMEM with 10% HI-FBS plated 

on a Corning T-75 flask 

For 4 2 mL centrifuge 

tubes, aliquot out 8.0 x 10
5
 

viable cells and add HBSS 
with 5% HI-FBS to a final 
volume of 1 mL. The final 

concentration is 8.0 x 10
5
 

cells/mL. This is tube set G.  

Tube set C: 3 2 mL 
centrifuge tubes with 

914 µL of 8.8 x 10
5
 

cells/mL. 
Macrophages in this 
set will phagocytose 
non-opsonized 
bacteria.  

Tube set E: 3 2 mL 
centrifuge tubes with 

914 µL of 8.8 x 10
5
 

cells/mL 
Macrophages in this 
set will phagocytose 
opsonized bacteria.  
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To each tube in C, add 86 
µL of the selected B1 

tube. As a result, 8.0 x 10
6
 

of non-opsonized, FITC-
labeled bacteria was 

added to 1 mL of 8.0 x 10
5
 

cells/mL. The MOI is 10.  

Figure 4.3.6.1: A flowchart describing the procedure of how RAW 264.7 phagocytosed 

non-opsonized and opsonized K. pneumoniae  

1. For sets C, E, and G end over end mix in the dark at 37°C for 20 minutes.  
2. Have tubes from sets C, E, and G be on ice for 5 minutes 

Tube set G: 4 2 mL 
centrifuge tubes with 1 mL 

of 8.0 x 10
5
 cells/mL in 

HBSS with 5% HI-FBS  
  

  

To each tube in E, add 86 
µL of the selected B2 

tube. As a result, 8.0 x 10
6
 

of opsonized, FITC-
labeled bacteria was 

added to 1 mL of 8.0 x 10
5
 

cells/mL. The MOI is 10.  

1. For each tube in sets C, D, E, F, G, and H, centrifuge at 750 rcf 
and 4°C for 9 minutes.  
2. Remove 650 μL of the supernatant from each tube.  
3. Take out tubes in sets A1 and A2 from the fridge.  
4. Centrifuge tubes in sets A1 and A2 at 10,000 rcf and 4°C for 6 
minutes.  
5. Remove 650 μL of the supernatant from each tube.  

Tube set C: 3 2 mL 
centrifuge tubes with 

914 µL of 8.8 x 10
5
 

cells/mL. This set will 
phagocytose non-
opsonized bacteria.  

Tube set E: 3 2 mL 
centrifuge tubes 
with 914 µL of 8.8 x 

10
5
 cells/mL. This 

set will phagocytose 
opsonized bacteria.  

Subdivide tubes in set C 
in two to make a new set 
of tubes: set D. 
1. For each tube in set C, 
aliquot out 500 µL and 
transfer it into a 2 mL 
centrifuge tube, forming 
set D in the process. 
2. Add 500 µL of HBSS to 
tubes in sets C and D. 
3. As a result, tubes in set 
C and D have 1 mL of 4.0 

x 10
5
 cells that 

phagocytosed non-
opsonized FITC-labeled 
bacteria/mL 

Subdivide tubes in set E 
in two to make a new set 
of tubes: set F.  
1. For each tube in set E, 
aliquot out 500 µL and 
transfer it into a 2 mL 
centrifuge tube, forming 
set F in the process. 
2. Add 500 µL of HBSS to 
tubes in sets E and F.  
3. As a result, tubes in set 
E and F have 1 mL of 4.0 

x 10
5
 cells that 

phagocytosed opsonized 
FITC-labeled bacteria/mL 

Subdivide tubes in set G 
in two to make a new set 
of tube: set H.  
1. For each tube in set G, 
aliquot out 500 µL and 
transfer it into a 2 mL 
centrifuge tube, forming 
set H in the process. 
2. Add 500 µL of HBSS to 
tubes in sets G and H.  
3. As a result, tubes in 
sets G and H have 1 mL 

of 4.0 x 10
5
 cells/mL.  
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Figure 4.3.7.1: A flowchart describing the procedure of trypan blue quenching and 

plating of the samples onto a 96 well black polystyrene microplate with a clear flat 

bottom.   

1. Invert the tubes in all sets up and down to mix the tubes 
2. Have the tubes in all sets sit in ice for 15 minutes. 

3. Centrifuge the tubes in all sets at 750 rcf at 4°C for 10 minutes 

1. Plate samples onto a 96 well black polystyrene microplate with 
a clear flat bottom. Every tube in sets A1 and A2 was allocated 2 
wells, each with 200 μL. Every tube in sets C, D, E, F, G, and H 
was allocated 3 wells, each with 200 μL. 
2. Read the plate on a plate reader.  

Resuspend the contents of 
tubes in sets A1, C, E, and G 
with 350 μL of HBSS. As a 
result, tubes in the mentioned 
sets have a total volume of 700 
μL.  

Resuspend the contents of tubes in 
sets A2, D, F, and H with 350 μL of 
360 μg/mL trypan blue As a result, 
tubes in the mentioned sets have a 
total volume of 700 μL and 180 
μg/mL of trypan blue.   

1. Take out tubes in sets 
C, D, E, F, G, and H.  
2. Remove 550 μL of the 
supernatant from each 
tube.  
3. Add 1 mL of HBSS with 
1% HI-FBS.  
4. As a result, tubes in 
sets C, E, and G have 

1.15 mL of 3.5 x 10
5
 

cells/mL. Tubes in sets D, 
F, and H have 1.15 mL of 

3.5 x 10
5
 trypan blue 

quenched cells/mL. 

Have sets A1 and A2 
centrifuge at 10,000 rcf 
4°C for 6 minutes.  
  

1. Take out tubes in sets 
A1 and A2.  
2. Remove 550 μL of the 
supernatant from each 
tube.  
3. Add 1 mL of HBSS with 
1% HI-FBS.  
4. As a result, tubes in set 
A1 have 1.15 mL of 4.0 x 

10
7
 FITC-labeled 

bacteria/mL. Tubes in set 
A2 have 1.15 mL of 4.0 x 

10
7
 FITC-labeled, trypan 

blue quenched 
bacteria/mL 
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B1a, B1b = individual fluorescence intensities for one sample of non-opsonized FITC-labeled 

bacteria  

B2a, B2b = individual fluorescence intensities for one sample of opsonized FITC-labeled 

bacteria  

Y1, Y2, Y3, Y4 = individual fluorescence intensities of HBSS with 5% HI-FBS  

Step 1: Average Y1, Y2, Y3, and Y4 = AY (average of Y)  

Step 2: Subtract average of HBSS with 5% HI-FBS from individual fluorescence intensities of 

samples 

[Bla – AY], [B1b – AY] 

[B2a – AY], [B2b – AY] 

Step 3: Average the values obtained from Step 2  

Average of [Bla – AY], [B1b – AY] = AB1 (average of one sample of B1)  

Average of [B2a – AY], [B2b – AY] = AB2 (average of one sample of B2) 

Step 4: Use the following formula 

[ratio of fluorescence between opsonized and non-opsonized FITC-labeled bacteria] =  

[average fluorescence of opsonized FITC−labeled bacteria for one sample] 

[average fluorescence of non−ospsonized FITC−labeled  bacteria for one sample]
 = 

[AB2]

[AB1]
 

 

Step 5: Average the values obtained from step 4 to determine the overall ratio of fluorescence 

between opsonized and non-opsonized FITC-labeled bacteria.  

 

Figure 4.3.9.1: Description of how the calculations to compare the fluorescence between 

opsonized and non-opsonized FITC-labeled bacteria for one sample. There were four samples of 

opsonized and non-opsonized FITC-labeled bacteria per phagocytosis experiment.   
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A1a, A1b = individual fluorescence intensities for one sample of unquenched (no trypan blue) 

FITC-labeled bacteria  

A2a, A2b = individual fluorescence intensities for one sample of for trypan blue quenched FITC-

labeled bacteria  

X1, X2, X3, X4 = individual fluorescence intensities of HBSS with 1% HI-FBS  

Step 1: Average X1, X2, X3, and X4 = AX (average of X)  

Step 2: Subtract average of HBSS with 1% HI-FBS from individual fluorescence intensities of 

samples 

[Ala – AX], [A1b – AX] 

[A2a – AX], [A2b – AX] 

Step 3: Average the values obtained from Step 2  

Average of [Ala – AX], [A1b – AX], = AA1 (average of one sample of A1)  

Average of [A2a – AX], [A2b – AX] = AA2 (average of one sample of A2) 

Step 4: Use the following formula 

[amount of fluorescence that remains after quenching with trypan blue] =  

[average fluorescence of quenched FITC−labeled bacteria for one sample] 

[average fluorescence of unquenched FITC−labeled  bacteria for one sample]
 = 

[AA2]

[AA1]
 

 

Step 5: Use the following formula 

[extent to which trypan blue quenched FITC-labeled bacteria] =  

1 - (
[average fluorescence of quenched FITC−labeled bacteria for one sample] 

[average fluorescence of unquenched FITC−labeled  bacteria for one sample]
) = 1 − 

[AA2]

[AA1]
 

 

Step 6: Average the values obtained from step 5 to determine the overall quenching capability of 

trypan blue on FITC-labeled bacteria for a specific experiment. 

 

Figure 4.3.9.2: Description of how the calculations to determine the extent of FITC quenching by 

trypan blue for one sample in a phagocytosis experiment. There were two samples each of 

quenched and unquenched FITC-labeled bacteria per phagocytosis experiment. 
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C1, C2, C3 = individual fluorescence intensities for unquenched RAW cells with non-opsonized, FITC-

labeled bacteria of one sample 

D1, D2, D3 = individual fluorescence intensities for quenched RAW cells with non-opsonized, FITC-

labeled bacteria of one sample 

E1, E2, E3 = individual fluorescence intensities for unquenched RAW cells with opsonized, FITC-labeled 

bacteria of one sample 

F1, F2, F3 = individual fluorescence intensities for quenched RAW cells with opsonized, FITC-labeled 

bacteria of one sample 

G1, G2, G3, G4 = individual fluorescence intensities for unquenched RAW cells of one sample 

H1, H2, H3, H4 = individual fluorescence intensities for quenched RAW cells of one sample  

Step 1: Average G1, G2, G3, and G4 = AG (average of G)  

Step 2: Average of H1, H2 H3, and H4 = AH (average of H) 

Step 3: Subtract individual fluorescence intensities by their respective controls. The control for C1 

through C3 and E1 through E3 is unquenched RAW cells. The control for D1 through D3 and F1 through 

F3 is quenched RAW cells.  

[C1 – AG], [C2 – AG], [C3 – AG] 

[D1 – AH], [D2 – AH], [D3 – AH]  

[E1 – AG], [E2 – AG], [E3 – AG] 

[F1 – AH], [F2 – AH], [F3 – AH]  

Step 4: Average the values obtained from Step 3  

Average of [C1 – AG], [C2 – AG], [C3 – AG] = AC (average of one sample of C)  

Average of [D1 – AH], [D2 – AH], [D3 – AH] = AD (average of one sample of D) 

Average of [E1 – AG], [E2 – AG], [E3 – AG] = AE (average of one sample of E)  

Average of [F1 – AH], [F2 – AH], [F3 – AH] = AF (average of one sample of F) 

Step 5: Use the following formula 

[extent of phagocytosis for opsonized or non-opsonized bacteria] =  

[average of quenched RAW cells with opsonized or non − opsonized FITC − labeled bacteria for one sample] 

[average of unquenched RAW cells with opsonized or non − opsonized FITC − labeled bacteria for one sample]
 

[extent of phagocytosis of opsonized bacteria from one sample] = 
[AF]

[AE]
 

[extent of phagocytosis of non-opsonized bacteria from one sample] = 
[AD]

[AC]
 

Figure 4.3.9.3: Description of how the calculations to determine the extent of phagocytosis were 

done for one sample in one phagocytosis experiment. Each phagocytosis experiment included 3 

samples of groups C, D, E, and F. Each experiment included 4 samples of G and H. The 

calculations were done for each sample in a phagocytosis experiment.  
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Figure 4.4.1: Bar and scatter plot detailing the extent of phagocytosis of non-opsonized and 

opsonized FITC-labeled K. pneumoniae. The scatter plot represents the individual data points for 

each group (n = 4), and the bar represents the average of those data points. The error bars 

represent one standard deviation above and below the average.  
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Chapter 5: Overall Conclusions 

 

A multivalent artificial opsonin to target and phagocytose gram-negative bacteria was evaluated. 

The artificial opsonin showed affinity to both gram-positive and gram-negative bacteria. In 

addition, using more opsonin increased the degree to which the bacteria were opsonized. The 

opsonin showed that it could bind to RAW 264.7 mouse macrophages. Again, incubating the 

RAW 264.7 cells with more opsonin increased the extent to which the cells were saturated. 

Lastly, the difference in phagocytosis of non-opsonized and opsonized Klebsiella pneumoniae 

was not statistically significant, but that does not exclude the possibility that the opsonin had an 

effect. Several imperative factors had an impact on the end result that could possibly sway the 

outcome. However, as of now, the artificial opsonin does not lead to a statistically significant 

increase in phagocytosis.  
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