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0 Abstract 

Time-consuming diagnosis of bacterial blood stream infections and inappropriate 

antibiotic therapy have critical implications for patient outcome – with mortality figures 

rising for every hour of delayed treatment. The development of diagnostic methods that 

are capable of selective and rapid bacteria detection, and do not rely on preliminary blood 

culturing and Gram-staining procedures, is imperative in providing effective therapy and 

preventing multi-resistance. 

The aim of this dissertation was to develop a quantum dot based and Gram-specific 

bacteria labelling protocol. Focused on the detection of Gram-negative species, a two-step 

conjugation protocol was produced to functionalise quantum dots with anti-lipid A 

antibodies. Ionic adsorption and EDC chemistry were used to obtain oriented and covalent 

conjugation of antibodies to the quantum dot surface. In order to reduce non-specific 

binding of unreacted carboxylic groups on the conjugates to the bacterial membrane, and 

optimise the accuracy of detection, blocking experiments were conducted with molecules 

that could provide a neutral surface charge and sterically block open sites. To access lipid 

A on E. coli cells, three different antigen retrieval methods were tested. 

 

As a result, the developed quantum dot-anti lipid A conjugates were able to detect and 

specifically label Gram-negative E. coli cells after treatment with 0.6mM EDTA or acetic 

acid pH 3.58 at 42.5°C. 1% BSA reduced non-specific binding to untreated E. coli cells. 

Furthermore, in comparison to experiments performed with Tris as a blocking agent, the 

protein reduced non-specific binding to Gram-positive cells. The results obtained in this 

project are a step further in the development of a new method to rapidly detect bacteria 

Gram-specifically. 
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1 Introduction 

 Sepsis - pathology and diagnosis 1.1

Sepsis is a systemic inflammatory response to infection that quickly leads to organ failure, 

septic shock and death. 

 

In the US alone, the number of patients hospitalised with septicaemia or sepsis was 

1,141,000 in 2008. Septicaemia or sepsis accounted for 17 per cent of in-hospital deaths 

(National Center for Health Statistics, 2011). 

 

Due to the high mortality associated with sepsis, healthcare personnel have to initiate 

treatment of sepsis as early as possible. Nevertheless, culturing, identifying and testing the 

susceptibility of a given pathogen using standard techniques can take up to a week – 

which necessitates early administration of broad-spectrum antibiotics. The time to results 

is limited by the need to culture blood samples in broth to detect the pathogenic organism. 

Blood cultures are the gold standard in diagnosis of blood stream infections and include 

distributing blood samples into culture bottles containing media for anaerobe and aerobe 

species, and detecting microbial growth through CO2 and pressure changes (Liesenfeld, 

Lehman, Hunfeld & Kost, 2014). Depending on the organism, positive blood culture 

results are usually obtained in 24 to 72 hours (O. Altun, Karolinska University Hospital, 

personal communication, April 17, 2015).  

 

Following a positive blood culture, Gram-stains and additional culturing of samples on 

agar plates are performed to identify the specific pathogen and measure antibiotic 

susceptibility. A Gram stain allows the clinician to distinguish between the two general 

groups of bacteria based on cell wall composition and the ability of each to retain the 

primary Crystal Violet-Gram’s Iodine stain. Gram-positive species retain the primary 

stain, while Gram-negative species are effectively de-colourised by ethyl alcohol and 

absorb the counterstain (O. Altun, Karolinska University Hospital, personal 

communication, April 17, 2015). The most common pathogenic bacteria found in septic 

patients are Gram-positive Staphylococcus aureus and Streptococcus pneumonia and 

Gram-negative Escherichia coli, Pseudomonas aeruginosa and Klebsiella species 
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(Liesenfeld et al., 2014). However, performance of differential staining and susceptibility 

tests to decide on an appropriate antibiotic is dependent on a positive blood culture result. 

Blood cultures fail to identify approximately 55 per cent of septic patients (O. Altun, 

Karolinska University Hospital, personal communication, April 17, 2015). 

 

Rapid detection of bacteria would allow the clinician to decide on a targeted narrow 

spectrum antibiotic early in treatment. To facilitate rapid detection of bacteraemia, there is 

a need to develop diagnostic methods that are not reliant on preliminary culturing. In part, 

this implies detection of a low number of bacteria in a large sample volume of blood (as 

low as 1-30 colony forming units per millilitre (CFU/mL) to more than 1000 CFU/mL as 

seen in neonatal sepsis due to E. coli (Yagupsky & Nolte, 1990)). Finally, it implies 

immediate identification of bacteria that is Gram-specific.  

 

 Gram specific bacterial cell wall characteristics 1.2

The cell walls of Gram-negative and positive bacteria include a peptidoglycan layer. 

Peptidoglycan is a polymer of beta(1-4)N-acetylglucosamine and N-acetylmuramic acid.  

In the chemical structure, N-acetylmuramic acid is covalently linked through its carboxyl 

group to a peptide of four to five alternating L - and D-amino acids, which in turn is 

linked to an adjacent peptide. 

 

1.2.1 The Gram-negative cell wall 

The cell wall of Gram-negative bacteria consists of a peptidoglycan layer of 

approximately 10nm sandwiched between two lipid membranes (Sukhithasri, Nisha, 

Biswas, Kumar & Biswas, 2013). Lipopolysaccharides are anchored to the outer 

membrane and extend out towards the external environment - constituting up to 70 per 

cent of the outer membrane. The regions that make up lipopolysaccharide are: Lipid A, a 

core region of oligosaccharide and a distinct outer polysaccharide region called the O-

antigen (Figure 1) (Caroff & Karibian, 2003). 
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Figure 1. E.coli, the cell envelope of Gram-negative bacteria and lipid A (Needham & Trent, 2013). 

 

The general structure of lipid A is a bisphosphorylated beta(1-6)glucosamine disaccharide 

with ester-linked fatty acid at position C3 and amide-linked fatty acid at position C2 of 

both monosaccharide units. Phosphate groups in this general structure are attached to 

position C1 and C4. The oligosaccharide core region is at the reducing end linked to lipid 

A through 3-deoxy-D-mannose-oct-2-ulosonic acid (Kdo). Finally, O-specific 

polysaccharide chains of up to 50 identical subunits determine the serotype of the bacteria 

through the given combination of monosaccharides, substituents and glycosidic bonds 

(Caroff & Karibian, 2003). 

 

1.2.2 The Gram-positive cell wall 

The Gram-positive cell wall consists of an inner lipid membrane, an outer 20-80nm thick 

peptidoglycan layer (Sukhithasri et al., 2013) and, depending on the species, additional 

surface-layer proteins, a polysaccharide capsule or mycolic acid. 

 

Similar to Gram-negative bacteria, Gram-positive bacteria contain distinct glycopolymers 

that are anchored to the lipid membrane or linked to the peptidoglycan layer via 

phosphodiester bonds. Lipoteichoic acid is a polymer of glycerol-phosphate units with a 

lipid membrane anchor. Peptidoglycan attached teichoic acids consist of repeated units of 
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Figure 1 | The cell envelope of Gram-negative bacteria. a | A cryoelectron tomography image of an Escherichia coli 
cell, showing the characteristic inner membrane (IM) and outer membrane (OM) (scale bar of 200 nm)123. b | Schematic of 
the Gram-negative cell envelope, showing the typical inner and outer bilayers that are separated by the periplasm, which 
contains peptidoglycan (PG). The outer leaflet of the outer membrane contains lipopolysaccharide (LPS), which is 
anchored to the membrane by the LPS lipid A domain1. The inner leaflet of the outer membrane and also the entire inner 
membrane are composed of phospholipids only, and both bilayers can contain a range of different types of membrane 
protein. c | The lipid A and inner core (Kdo (3‑deoxy‑d-manno‑octulosonic acid)) portion of LPS are shown. Unmodified 
lipid A consists of a β-1′,6-linked disaccharide of glucosamine that is both phosphorylated and fatty acylated7. This basic 
structure can be extensively modified after synthesis. d | The LPS modifications that occur in Salmonella spp. The enzymes 
responsible are controlled by either the PmrAB two-component system (red) or the PhoPQ two-component system (blue), 
or have no known two-component regulatory system (green). The various possible modifications include the addition of 
4‑amino‑4‑deoxy‑l‑arabinose (aminoarabinose) moieties (by ArnT) and phosphoethanolamine moieties (by EptA and 
EptB), as well as phosphorylation (by LpxT), deacylation (by PagL and LpxR7; resulting in loss of acyl chains, as indicated  
by dashed lines), acylation (by PagP)7 and hydroxylation (by LpxO). Transcription of the gene encoding LpxO is modestly 
induced by PhoPQ, but LpxO remains active in conditions in which PhoPQ is inactive, suggesting that the enzyme acts 
independently of this two-component system124.
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diverse carbohydrates, e.g., glycerol or ribitol, phosphate groups and additional 

substituents of amino acid residues (D-alanine). In addition, anionic peptidoglycan 

attached teichuronic acids can be expressed under low-phosphate conditions 

(Weidenmaier & Peschel, 2008). 

 

 Research on the functionalisation of inorganic nanoparticles and their 1.3

application in detection of bacteria 

The use of nanoparticles for bacteria detection relies on surface functionalisation with 

biological or synthetic molecules that target the bacterial cell wall, and the particles’ 

electronic, magnetic and optical properties. 

 

Specifically, gold and magnetic nanoparticles have been investigated for separation and 

detection purposes due to their properties. Gold nanoparticles feature electronic and 

optical properties with scattering and absorption of light in the visible spectrum. 

Furthermore, gold nanoparticles are stable, and the size and morphology controllable. 

Magnetic nanoparticles are usually composed of metal alloys or oxides from iron, cobalt 

and manganese. Their size-dependent super-paramagnetic properties at room temperature 

allow for magnetization only when an external field is applied (Conde et al., 2014). 

 

Magneto-fluorescent nanoparticles (MFNPs) of iron oxide conjugated with fluorescein 

and tetrazine were used by Chung et al. (2011) to detect Gram-positive bacteria. In their 

research, vancomycin trans-cyclooctene (a glycopeptide antibiotic derivative) was used to 

target the outer peptidoglycan layer of Gram-positive species by forming hydrogen bonds 

to terminal D-alanine residues of peptidoglycan associated peptides. To label the bacteria, 

cells were incubated with vancomycin trans-cyclooctene. Then tetrazine-MFNPs were 

applied and reacted with the peptidoglycan bound antibiotic – resulting in magnetic and 

fluorescent labelling of the Gram-positive cell wall.  

 

A second method developed by Wang and Alocilja (2015) uses polyaniline modified 

magnetic nanoparticles that are conjugated to monoclonal antibodies for separation of E. 

coli from broth. In addition, gold nanoparticles conjugated to polyclonal antibodies are 

introduced to the sample to label cells. The magnetic nanoparticle-cell-gold nanoparticle 

complex formed is detected electrochemically with a printed screen electrode and 
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potentiostat measuring the signal of the gold nanoparticles. The method presented by 

Wang and Alocilja (2015) has a lower limit of detection of 102 CFU/mL. 

 

As an alternative to the use of biological ligands, Lee et al. (2014) have conjugated iron 

oxide magnetic nanoparticles to a synthetic ligand. The synthetic bisdipicolylamine ligand 

with zinc cations binds to both Gram-negative and positive bacteria. After five minutes of 

incubation with a 1.0×1011/mL concentration of the ligand-coated magnetic nanoparticles, 

and application of an external magnetic field, E. coli cells are completely separated from 

phosphate buffered saline (PBS). When applied to E. coli spiked diluted blood (5.0×106 

CFU/mL) in a microfluidic system, 88 per cent of E. coli cells are filtered after one cycle 

– while accumulation of magnetic nanoparticles in the channel reduces the sample volume 

filtered per cycle to 2mL. 

 

Recently, quantum dots have emerged as a new class of fluorescent labels for biological 

assays and cell imaging. Quantum dots are semiconductor nanoparticles synthesized from 

a combination of group III-V and II-VI elements of the periodic table, such as ZnS, ZnSe, 

CdS, CdSe and CdTe (Conde et al., 2014). In a semiconductor material, the bandgap 

between the conduction and valence bands/electron energy states allows for a limited 

number of electrons to reach the conduction band upon excitation. Due to the composition 

and size of a few nanometres, quantum dots have unique electronic and photonic 

properties. By controlling the size of the quantum dots it is possible to adjust the bandgap 

and, therefore, the emission frequency and wavelength. Compared to fluorophores, 

quantum dots have broad absorption and narrow symmetric emission spectra - making it 

possible to excite different sizes of quantum dots/different emission wavelengths 

simultaneously and use quantum dots in multiplex applications. Furthermore, quantum 

dots show resistance to photo-bleaching, a longer excited state lifetime and are 10-20 

times brighter than organic fluorophores (Mazumder, Dey, Mitra, Mukherjee & Das, 

2009). Approaches to bacteria detection with quantum dots have included the use of 

antibodies with affinity for a specific strain of bacteria and a detection range of 104 – 107 

CFU/mL (Yang & Li, 2006), rather than general affinity for Gram-negative and positive 

species. A step towards using quantum dots to discriminate between Gram-negative and 

positive species was recently presented by Yang, Xie, Li, Sun and Su (2015) who utilised 

cationic quantum dots and the electrostatic interaction with negatively charged phosphate 
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groups on lipopolysaccharides and sugar units on teichoic acids. In this study fluorescence 

quenching was found to be higher for the five Gram-negative strains tested. However, 

more research is needed to verify the fluorescence quenching pattern for the species 

associated with sepsis. 

 

Despite offering quick association to bacteria, most of the reviewed studies on the 

application of nanoparticles in bacteria detection do not take into account the issue of the 

clinician not knowing the specific species of bacteria in advance. There is a need for a 

method that rapidly detects both Gram-negative and positive bacteria while allowing the 

clinician to discriminate between two and decide on a specific narrow spectrum antibiotic 

treatment. 

 

 Problem statement 1.4

This project aims to develop a quantum dot based Gram-specific bacteria labelling 

strategy for rapid and selective detection of bacteria. With the intent of developing a rapid 

detection method that can replace current Gram-specific staining procedures and be used 

together with microfluidic separation techniques, the project seeks to determine: 

• How to functionalise quantum dots to obtain the required sensitivity and selectivity for 

Gram-specific bacteria detection? 

• What bioconjugation technique is appropriate? 

• How to access bacterial cell wall components that are specific for Gram-negative 

species? 

• How to limit non-specific binding of the functionalised quantum dots? 
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 Scope delimitation 1.5

The time constraint associated with a Master thesis project limits the project scope. 

• A limited number of hospital interviews are conducted to understand the 

technology used to diagnose sepsis and the requirements for new diagnostics. The 

Karolinska Institute in Sweden is regarded as representative of hospitals in Europe. 

• This thesis focuses on development of a Gram-specific bacteria labelling method. 

Specifically, the detection of Gram-negative bacteria is prioritised. The thesis is 

part of a larger project within the Nanobiotechnology Group and Department of 

Clinical Microfluidics at KTH that aims to substitute current blood culturing and 

Gram-staining procedures used in diagnosis of sepsis. 

• Analysis of bacteria labelling is solely performed via fluorescence microscopy. 
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2 Materials and general methods 

 Materials 2.1

The chemicals used were of ACS or reagent grade and included:  

2-(N-Morpholino)ethanesulfonic acid sodium salt (Sigma), Phosphate buffered saline 

tablets (AppliChem), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride 

(AppliChem), Ethylenediaminetetraacetic acid (98.5%, Sigma-Aldrich), Acetic acid 

(99.8%, Sigma-Aldrich), Sodium cholate hydrate (Sigma) and Saponin from Quillaja Bark 

(AppliChem). CdSe quantum dots were purchased from an in-house laboratory with a 

diameter of 5nm, 1000 3-thiopropionic acid ligands per quantum dot and a total molecular 

weight of approx. 147kDa. Polyclonal anti-lipid A antibodies (ab20001) were purchased 

from Abcam. Catalase from bovine liver (20mg protein/ml), Hydrogen peroxide solution, 

Sodium chloride (99.5%), Sodium phosphate monobasic monohydrate (98%) and Sodium 

phosphate dibasic (99%) from Sigma-Aldrich were used for verification of antibodies’ 

biological activity. Bradford Reagent (Sigma) was used for evaluating conjugation 

efficacy. Tris(hydroxylmethyl)-aminomethane (Pure, Research Organics), Albumin 

fraction V from bovine serum (VWR), Sodium dodecyl sulphate (99%, Sigma) and Alexa 

Fluor 488 (Life Technologies) were used in separate blocking experiments. Milli-Q water 

(Merck Millipore) was used for preparation of buffers and reagents. 

 

 Bacterial strains and growth 2.2

E. coli BL21-AI (ThermoFisher Scientific) was cultured overnight on blood agar (Merck 

KGaA) at 37°C. Micrococcus Luteus was cultured for 48 hours (30°C) on nutrient agar 

made from agar (Bacto, BD), LAB-LEMCO powder (Oxoid), yeast extract (Bacto, BD), 

peptone (Bacto, BD), sodium chloride and deionised water. The agar solutions prepared 

were autoclaved, poured into sterile petri dishes and cooled before incubation with 

bacteria. Cells were harvested by 10 minutes of gentle agitation (150 rpm) using 5mL of 

1x PBS and washed three times. 

 

 Fluorescence spectrometry characterization of quantum dots 2.3

The fluorescence emission spectra of carboxyl functionalised CdSe quantum dots were 

measured with a Spectra Max M5 Microplate Reader from Molecular Devices. Three 
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concentrations of quantum dots were prepared from the 12uM stock solution and 100mM 

2-(N-Morpholino)ethanesulfonic acid (MES) buffer pH 6. The three samples of 250 nM, 

500 nM and 750 nM were pipetted into a clear standard 96 well microplate from Corning, 

and excited at 400nm, 370nm, 350nm, 320nm and 300nm wavelengths. 

 

 Desalting antibodies  2.4

Prior to conjugation to the activated quantum dots, the antibodies used are desalted as they 

are delivered in a solution containing sodium azide, which can interfere with coupling and 

inhibit the activity of enzymes used for measuring the biological activity of antibodies. 

12.5uL of polyclonal anti-lipid A antibodies were desalted in a sephadex gel filtration 

column (GE Healthcare PD-10 Desalting Columns) using 100mM MES pH 5 and a 

gravitational desalting protocol. Equilibration was performed using 15mL of buffer. 

Afterwards, the 1mL sample (12.5 uL of antibodies in 987.5uL of buffer) was pipetted 

into the column, 1.5 mL of buffer added and, finally, 1 mL of buffer was added while 

collecting the sample. 

 

 Methods used for the quantum dot-antibody conjugation protocol developed 2.5

Protocols for the conjugation of antibodies to nanoparticles described by Hermanson 

(2008) and Puertas et al. (2011) were followed. 

 

 Evaluation of conjugation efficacy - Bradford Assay 2.6

A Bradford Assay (Bradford, M., 1976) was made with the supernatant collected by 

centrifugation after coupling of quantum dots to antibodies. To obtain a standard curve, a 

protein solution was made from 1% bovine serum albumin (BSA) diluted 1:50 in 1x PBS. 

Six protein standards were prepared from the 0.2mg/mL BSA solution and 100mM MES 

buffer pH 6. The six solutions containing 0-10µg of protein in a volume of 150µL were 

pipetted into a clear 96 well microplate (Corning). 150µL of Bradford Reagent were added 

and reacted for 15 minutes to one hour. The absorbance at 595 nm was measured on a 

Spectra Max M5 Microplate Reader from Molecular Devices, and the absorbance plotted 

against the protein concentration. 
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The coupling efficacy was computed based on the resulting calibration curve and linear 

regression equation. To obtain an estimate of the coupling efficacy in percentages of 

added antibody immobilised, background absorbance was subtracted from the absorbance 

of the supernatant in MES pH 6. The absorbance of the supernatant was used as the y-

value in the linear equation to solve for x, and the calculated x-value (amount of protein in 

the supernatant) subtracted from the total amount of antibody added for coupling. 

 

 Fluorescence microscopy evaluation of specific and non-specific bacteria 2.7

labelling 

Treated bacteria with quantum dot-antibody conjugates were washed three times in 1x 

PBS or MES pH 6. 3µL of each sample were plated on glass microscope slides and sealed 

with coverslips. Fluorescence microscopy (TRITC filter) was used to evaluate whether 

quantum dot labels were present on the bacterial membrane, and to assess the extent of 

labelling. All microscope images were taken with a Nikon Eclipse Ti inverted microscope 

installed with a Lumencor Sola SM II light engine and an Andor Zylar 5.5 sCMOS 

camera. Image analysis was conducted in ImageJ (Rasband, 1997-2015). 
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3 Results and Discussion 

 Quantum dots characterization 3.1

To determine the concentration of quantum dots to be used in future experiments, and the 

excitation wavelength giving the highest fluorescence intensity, carboxyl functionalised 

CdSe quantum dots were excited at five different wavelengths. The excitation 

wavelengths tested were: 400nm, 370nm, 350nm, 320nm and 300nm. Three 

concentrations of quantum dots were prepared from the provided 12uM stock solution and 

100mM MES buffer pH 6. The three samples of 250 nM, 500 nM and 750 nM were 

pipetted into a clear standard 96 well microplate from Corning, and excited in a Spectra 

Max M5 Microplate Reader from Molecular Devices. 

 

Compared to the supplier’s recommended excitation wavelength of 370nm, it was found 

that the quantum dots used in this work had the highest fluorescence intensity when 

excited with a wavelength of 300nm. The two measurements below show that the 250 nM 

sample maintains an emission intensity of approx. 100,000 whereas the samples of 500nM 

and 750nM photo-bleach to an emission intensity of 65,539 and 66,382 respectively 

(Figure 2). A concentration of 500nM will be used in future experiments as it is necessary 

to work with a concentration of quantum dots that is visible by eye to be able to observe 

losses and improve subsequent washing and filtration steps. A lower concentration can be 

applied at a later stage when the ratio of reagents to quantum dots has been determined 

and an optimal protocol developed. 
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Figure 2. Emission intensities of 250 nM, 500 nM and 750 nM concentrations of quantum dots when excited 

with a wavelength of 300nm. 

 

 Surface conjugation chemistry 3.2

This section presents the quantum dot surface conjugation strategy chosen for recognition 

of Gram-negative bacteria.  

 

To attain a solution that is feasible, costs, availability of materials, time to results and 

efficacy must be considered. The Research Department in Clinical Microbiology at the 

Karolinska Institute states that the ideal sepsis test would be able to identify bacterial 

pathogens in one hour. Furthermore, the Research Department mentions that a reasonable 

price per test would be approximately 500-600 SEK, i.e., the price of a set of blood culture 

bottles for detecting growth of Gram-negative species O. Altun, Karolinska University 

Hospital, personal communication, May 5, 2015). 

 

In this project it is decided that recognition of lipid A, the outer membrane lipid moiety 

that is common for all Gram-negative species, is the target of the quantum dot 

functionalisation strategy chosen. Accordingly, specific anti-lipid A antibodies will be 

used to obtain the required affinity to lipid A. Three general conjugation strategies (Conde 

et al., 2014; Hermanson, 2008; Puertas et al., 2011) were considered for binding 

antibodies to the quantum dot surface: 
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• Covalent coupling 

• Coupling via protein A or protein G 

• Biotin-avidin 

 

Considering that the quantum dots are purchased with carboxylic groups, the cost of 

reagents and retaining antibody activity, controlled orientation of the antibodies followed 

by covalent coupling via 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride 

(EDC) are deemed to be the most feasible options. 

 

3.2.1 Oriented immobilisation of antibodies 

IgG antibodies consist of two identical heavy 50kDa polypeptide chains and two identical 

light 25kDa chains that are paired via disulphide bonds and arranged in a quaternary Y-

structure. Each polypeptide chain is constituted by sequences/domains of approximately 

110 amino acids – of which the n-terminus or the variable region varies between 

antibodies and encompasses the two antigen-binding sites (Murphy, 2012).  

 

A potential drawback when binding antibodies to the surface of carboxyl functionalised 

quantum dots by means of EDC is the presence of amine groups in the antigen binding 

variable region. 

 

To prevent random orientation of the antibodies and loss of affinity, a two-step reaction is 

used: First, ionic adsorption is carried out at a pH below the isoelectric point of the 

antibodies (in this case in MES buffer of pH 5). Second, EDC chemistry will be used to 

form a covalent amide bond. 

 

At a pH below its isoelectric point, the antibody is positively charged. Due to the 

asymmetry of IgG, the region with the greatest number of positively charged residues 

available on the protein surface will be the constant region, or the plane that comprises the 

four subunits. As the rate of ionic adsorption depends on the quantity of available opposite 

charges, commencing the coupling reaction at a pH below the antibody’s isoelectric point 

promotes a “frontal” orientation on the negatively charged carboxyl quantum dots (Puertas 

et al., 2011). The orientation of antibodies on the quantum dots is illustrated in Figure 3. 
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Figure 3. Ionic adsorption of IgG to the quantum dot surface (Puertas et al., 2011). 

 

3.2.2 Choice of cross-link reagent 

EDC is used as a mediate for covalent binding of carboxylic acids to amine groups. EDC 

and carboxylic acid form an ester (O-acylisourea) intermediate that can react with an 

amine to form a stable amide bond and a urea by-product (Figure 4). 

 

 
Figure 4. Amide bond formation via EDC (Hermanson, 2008). 

 

The formation of an amide bond through EDC chemistry is favoured at pH values ranging 

from 4 to 8.5. In an acidic solution hydrolysis acts as a competing reaction, while 

carbodiimide becomes increasingly stable at around pH 6.5 and alkaline conditions limit 

amide bond yield (Hermanson, 2008). 
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these strategies are based on the immobilization of the
Ab through the Fc region which leaves the Fab regions
available for antigen molecular recognition. Unfortu-
nately, most of them are complex processes that imply
the Ab modification through several steps of purifica-
tion or the use of expensive immobilized proteins.
Moreover, immobilization through oxidized oligosac-
charide chains is limited to Ab bearing these chains,
which is not always the case. Therefore, there is still
missing an efficient, easy, and universal methodology
for the immobilization of nonmodified Abs onto MNPs
without involving their Fab regions during the immo-
bilization process.
Herein, we propose the functionalization of MNPs

via a two-step strategy which involves an initial rapid
ionic adsorption of the Ab followed by a much slower
Ab covalent attachment. Thus, the irreversible binding
(covalent) only occurs through the region of the Ab
surface where ionic adsorption took place. Summariz-
ing, we use the unspecific reversible interactions be-
tween the Ab and the MNP in order to orient the Ab on
the surface of the MNP before being attached in an
irreversible way via covalent bonds.

RESULTS AND DISCUSSION

Since the ionic adsorption rate depends mainly on
the number of charged groups present on the protein
surface, ionic adsorption can be used to orient Abs. In
any protein, the zone with the greater density of
charged residues would have the faster adsorption rate.
As a result, most of the protein molecules would be

adsorbed on any support mostly through this zone in
an oriented manner. Unfortunately, positive and ne-
gative charges are homogeneously distributed on any
Ab surface and hence, they lack regions with either a
well-defined positive or negative net charge. However,
since the Ab is asymmetric, there are a number of
planes of interaction which have different surface
areas. The largest area, and thus, the region with the
greater number of charges is the plane involving the
four Ab subunits during the immobilization. Hence, our
working hypothesis is that if the Ab is adsorbed
through its richest negative or positive region, the
antigen recognition sites will remain close to the
MNP surface but they will not be involved during
immobilization, preserving its antigen binding capa-
city (Figure 1). On the other hand, amino acid sequen-
cing studies have shown that only small differences
can be found in the protein sequence of different
Abs.50,51 These differences are all localized in the
recognition site of antibodies (Fab region). The largest
region of any Ab is called the constant region (Fc
region) because of how well it is conserved in different
Abs, even among different species. Therefore, the
proposed immobilization strategy can be extended
to any Ab (for an extended argument on this matter,
see Supporting Information, section 2).
This functionalization strategy requires the design

of MNPs containing two functional groups: (i) ion-
izable groups that allow the Ab ionic adsorption and
(ii) reactive groups for further covalent attachment
(Figure 2). Though over the past years, we have

Figure 1. 3D structure of an Ab showing the positive and negative charge surface distribution. The Ab structure was taken
from the Protein Data Bank (PDB) and visualized using PyMol v0.99. The PDB entry 1IGY was selected for this 3D represen-
tation. Negative and positive charges are displayed in red and blue, respectively. (a) Graphic representations of the Ab inter-
action planes arranged consecutively as the number of charges residues decreases, i.e., front, lateral, top, and bottom views.
(b) Number of charged residues per possible plane of interaction. (c) Schematic representation of the interaction of a MNP
with the Ab plane of interaction (front) with the largest number of charged groups.
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(Williams and Ibrahim, 1981). Other nucleophiles also are reactive. Sulfhydryl groups may 
attack the active species and form thioester linkages, although these are not as stable as the 
bond formed with an amine.

        
 (Reaction 11)

          
  (Reaction 12)

 Hydrazide-containing compounds also can be coupled to carboxylate groups using a 
carbodiimide-mediated reaction. Using bifunctional hydrazide reagents, carboxylates can be 
modifi ed to possess terminal hydrazide groups able to conjugate with other carbonyl compounds 
(Chapter 4, Section 8). 

 In addition, oxygen atoms may act as the attacking nucleophile, such as those in water mol-
ecules. In aqueous solution, hydrolysis by water is the major competing reaction, both inac-
tivating EDC itself and cleaving off the activated ester intermediate, forming an isourea, and 
regenerating the carboxylate group (Gilles  et al. , 1990). 

 Nakajima and Ikada (1995) investigated the reactions of EDC amide bond formation in 
aqueous solution using a hydrogel of poly(acrylic acid) to contribute the carboxylate groups 
and ethylenediamine or benzylamine as the amine functional groups. Their results indicate 
that carboxylate activation occurs most effectively at pH 3.5–4.5, while amide bond formation 
occurs with highest yield at pH 4–6. However, the maximal rate of hydrolysis of EDC occurs 
at acidic pH values with increasing stability of the carbodiimide in solution at or above pH 6.5. 
When working with proteins and peptides, experience indicates that EDC-mediated amide bond 
formation effectively occurs between pH 4.5 and 7.5. Buffer systems using MES or phosphate 
may be used to stabilize the pH during the course of the reaction. For additional information 
on specifi c carbodiimides used in bioconjugate chemistry, see Chapter 3, Section 1. 
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 Characterization of quantum dots under carbodiimide conditions  3.3

A qualitative method is used to determine the concentration of EDC to activate surface 

COOH groups on the quantum dots. Activation via carbodiimide chemistry will alter the 

charge of the nanoparticles. As the electrostatic forces that maintain the colloidal stability 

of the quantum dots are altered, the quantum dots will precipitate in proportion to the 

number of COOH groups activated. 

 

A 500 nM concentration of quantum dots (prepared in a 100 mM MES buffer of pH 6) 

was activated using EDC concentrations of 500mM, 250mM and 100mM. The quantum 

dots incubated with 100mM of EDC precipitated but were not able to re-suspend in buffer. 

Consequently, two additional samples were prepared and activated using 33mM and 

25mM of EDC. Both concentrations of EDC resulted in visible precipitation and allowed 

for re-suspension. The 25mM concentration of EDC was chosen for further experiments 

as this concentration was sufficient for obtaining the required activated COOH groups, 

and non-activated COOH groups to maintain colloidal stability and direct the ionic 

adsorption of antibodies. 

 

Should the activated quantum dots aggregate when incubated with the antibodies, one 

could scale down the concentration of EDC used. 

 

It can be discussed whether it is sufficient to use a qualitative method to establish the 

concentration of EDC that ensures partial activation of carboxyl groups. In order to attain 

the required ionic adsorption of antibodies via positively charged residues to the quantum 

dot surface, it is necessary that negative charges are present. Re-suspension indicates the 

presence of negative charges and that the conditions for two-step coupling are met. 
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 The protocol developed for conjugation of quantum dots to anti-lipid A 3.4

antibodies 

A 500nM concentration of quantum dots (in a 100 mM MES buffer pH 6) was allowed to 

incubate with 25mM of EDC under rotation for 30 minutes at room temperature. Excess 

EDC was removed by centrifugation at 12,000 rpm for four minutes and the supernatant 

discarded. 50ug of desalted antibodies in a 100 mM MES buffer pH 5 were added to the 

quantum dots and incubated for one hour at 37.5°C while agitated. The conjugates were 

washed at 12,000 rpm for four minutes to remove excess antibodies that had not attached 

covalently. The supernatant was stored at 4°C. Afterwards, the conjugates were re-

suspended in a 1M tris(hydroxylmethyl)-aminomethane (Tris) buffer and incubated 

overnight at 4°C in order to block remaining free carboxyl groups on the quantum dots. 

Finally, the quantum dot-antibody conjugates were washed using a 100kDa cut-off value 

centrifugal filter from Amicon (8 minutes centrifugation at 6000rpm), re-suspended in 1x 

PBS and stored at 4°C. 

 Determination of immobilised antibodies/coupling efficacy 3.5

A Bradford Assay was used to determine of the amount of antibodies bound to the 

quantum dots. The coupling efficacy was computed based on BSA protein standards and 

the supernatant collected after coupling of quantum dots to antibodies (the sample of 

unknown protein concentration). By quantifying the concentration of protein in the 

supernatant, the amount of coupled antibodies was indirectly calculated. Figure 5 shows 

one of the obtained standard curves. 

 

 
Figure 5. Example of one of the Bradford assay standard curves. 

y	  =	  7,54E+04x	  -‐	  1,71E-‐03	  
R²	  =	  9,58E-‐01	  

-‐0,1	  
0	  

0,1	  
0,2	  
0,3	  
0,4	  
0,5	  
0,6	  
0,7	  
0,8	  

0,00E+00	   2,00E-‐06	   4,00E-‐06	   6,00E-‐06	   8,00E-‐06	   1,00E-‐05	   1,20E-‐05	  

Ab
so
rb
an
ce
	  (5
95
	  n
m
)	  

Protein	  concentration	  (g/mL)	  



 20 

 

As a result, 93% (± a standard deviation of 10.06%) of the added antibodies were 

conjugated to the quantum dots. 

 

 Test of biological activity 3.6

The biological activity of quantum dot immobilised antibodies was evaluated through an 

assessment of the antibody Fab region’s ability to bind catalase, and the oxidation of 

hydrogen peroxide by the bound catalase’s iron atoms into water and oxygen. 45uL of the 

conjugates were incubated for 30 minutes with 100ug of catalase in a combined 10 mM 

sodium phosphate and 300 mM NaCl buffer pH 7.5. The conjugates were washed 

extensively with the buffer and re-suspended in a 10mM sodium phosphate buffer pH 7.5. 

Next, 5uL of hydrogen peroxide were added to the sample. As a result, the formation of 

bubbles was observed in the sample and the antibodies deemed active.  

 

 Bacteria labelling: Antigen retrieval and incubation with conjugates 3.7

3.7.1 Test of antigen retrieval methods 

Three different strategies were carried out for partial cleavage or disintegration of Gram-

negative bacterial lipopolysaccharide. The objective was to allow for the antibody 

modified quantum dots to access the lipid A moiety anchored to the outer membrane. E. 

coli BL21 AI cells were cultured overnight and a cell suspension of optical density 0.5 at a 

600nm wavelength was prepared and used in all experiments. 

3.7.1.1 Acetic acid 

The first method tested relied on acidic hydrolysis and heat for cleaving the glycosidic 

bond to lipid A. To test and further develop a protocol described by Ardabili (2014), 

solutions of 1% and 2% acetic acid were prepared in 0.9% NaCl. E. coli cells were 

incubated with the two solutions at 37.5, 42.5, 50 and 60°C for 10 minutes. Subsequently, 

the treated cells were incubated with quantum dots for 1 hour and plated on a glass 

microscope slide to choose the condition that led to membrane cleavage but not complete 

cell lysis.  
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Clumps of E. coli cells as well as individual ruptured cells with external quantum dot 

labelling were observed at 37.5°C (Figure 6A). The 42.5°C heat treatment combined with 

1% acetic acid showed a high fluorescence intensity surrounding individual whole cells 

and clumps of bacteria – indicating that more quantum dot-antibody conjugates had 

attached at the increased temperature. It was also the condition where the highest bacteria 

count was observed (Figure 6B). The higher count of bacteria could be related to pipetting 

errors. Nevertheless, Ardabili (2014) similarly obtained improved access to antigen and 

attachment of fluorescent particles as a result of an increase in temperature. A 50°C heat 

treatment resulted in large bacteria aggregates and individual cells that displayed an 

uptake of quantum dots (Figure 6C). When heated to 60°C less fluorescence intensity was 

observed and the E. coli cells seemed to have ruptured (Figure 6D). It was not possible to 

determine whether the membrane was cleaved as intended due to technical limitations –

meaning 40x magnification was the maximum available. Figure 6 shows the different heat 

treatments combined with 1% acetic acid, as treatment with 2% acetic acid resulted in 

large cell aggregates and complete lysis at 60°C. 

 
Figure 6. Antigen retrieval test of acetic acid and (A) 37.5, (B) 42.5, (C) 50 or (D) 60°C on E. coli. 

Incubated with quantum dots. 40x magnification. 
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Out of the conditions tested, a heat treatment of 42.5°C was chosen for further 

experiments. To further reduce cell lysis, 1% acetic acid was prepared in Milli-Q water 

and the pH adjusted to 3.58 with NaOH. 

3.7.1.2 Saponin and sodium cholate 

As an alternative medium for permeabilising the membrane, a solution of equal weight 

ratio of saponin and sodium cholate was tested. Early experiments during this thesis and 

previous studies of Mitra and Dungan (2001) showed the combined effect of the two 

detergents and heat in lysis of whole blood. 100uL of E. coli cell suspension were treated 

with 200uL of detergent and incubated for 30 minutes at 42.5°C. Afterwards, treated 

bacteria were incubated with conjugates for 1 hour at room temperature. The confocal 

microscope images in Figure 7 show incomplete labelling of the saponin-sodium cholate 

treated cells with quantum dot-antibody conjugates. Incomplete labelling, in this case, 

refers to the limited number of cells displaying a high fluorescence intensity. 

 

 
Figure 7. Test of saponin, sodium cholate and heat on E. coli, and incubation of treated cells with quantum 

dots. Confocal bright-field (left) and TRITC Filter cube (right) images 40x magnification. 

 

In principle, the incomplete labelling of saponin-sodium cholate treated bacteria could be 

a result of the specific amount of detergent used and micelles formed. Moreover, 

dependent on the specific membrane characteristics and niches, different strains of 

bacteria could vary in the level of tolerance to bile salts. Enteric pathogenic bacteria are 
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expected to display a high bile tolerance, transcribe genes that regulate stress response to 

bile and express proteins involved in intracellular homeostasis, i.e., bile efflux pumps, and 

enzymes enabling degradation of bile acids (Begley, Gahan & Hill, 2005). Gram-negative 

enteric bacteria are assumed to be more resistant to bile than Gram-positive strains due to 

outer membrane lipopolysaccharides, and growth of E. coli as well as Salmonella species 

can be observed under high concentrations of bile in vivo. In addition, experimental 

conditions and the bacterial growth phase can influence susceptibility to bile salt. 

3.7.1.3 Ethylenediaminetetraacetic acid  

Third, a 0.6mM solution of ethylenediaminetetraacetic acid (EDTA) was prepared and 

tested due to its potential for fragmentation of the outer membrane by binding 

lipopolysaccharide-bridging cations. In order to access lipid A while limiting the release 

of lipopolysaccharide specific fatty acid from the outer membrane, protein loss and cell 

lysis (to be able to observe whether quantum dot-antibody conjugates recognise lipid A), 

100uL E. coli suspension were incubated with 200uL 0.6mM EDTA at 42.5°C. Next, the 

treated cells were incubated with quantum dot-antibody conjugates at room temperature 

for one hour. Marvin, Beest and Witholt (1989) demonstrated that treatment of wild type 

and mutant E. coli strains with 0.6mM EDTA released 10 to 40 per cent of cellular 

lipopolysaccharides and 1.5 to 4.5 per cent of proteins. An immediate heat shock 

following EDTA treatment reduced the loss of protein two-fold. 

 

 
Figure 8. Test of EDTA and heat. Treated E. coli incubated with quantum dots. Confocal bright-field (left) 

and TRITC Filter cube (right) images 40x magnification. 
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As a result, the observed cells were extensively labelled (Figure 8). Due to an excessive 

amount of fluid on the glass slide, bacteria were positioned at several depths, which, 

together with background, accounted for the additional objects of lower fluorescence 

intensity seen in Figure 8. It is debatable whether membrane cleavage by means of EDTA 

treatment can be attributed to binding of cations and destabilisation of lipopolysaccharides 

or to acidic hydrolysis as the pH of the solution was not adjusted to 8 in order to solubilise 

EDTA. 

 

The test of the three selected methods for accessing lipid A showed that treatments of E. 

coli BL21 AI with 1% acetic acid or 0.6mM EDTA and heat led to labelling of cells with 

quantum dot-anti lipid A conjugates. Treatment with a mixed solution of saponin and 

sodium cholate combined with heat resulted in labelling of a few individual cells. To 

verify the results, it was decided to repeat the experiments three times while keeping all 

conditions but the solution used for antigen retrieval fixed. Experiments were from this 

point forward performed in triplicate. 

 

 Antigen retrieval protocol 3.8

100uL of E. coli suspension (OD600 = 0.51) were treated with 200uL of 1% acetic acid 

pH 3.58, a solution of saponin and sodium cholate (38.75mg of each detergent prepared in 

10mL deionised water) pH 6.19 and 0.6mM EDTA, respectively, and incubated for 30 

minutes at 42.5°C. Afterwards, the samples were cooled on ice for one minute, rested at 

room temperature for 10 minutes and centrifuged at 4000rpm for three minutes. The cell 

pellets were re-suspended in 100uL 1x PBS. Then 20uL of treated bacteria were incubated 

with 20uL of conjugates for one hour at room temperature. 

 

Adjustments to the antigen retrieval protocol were later incorporated in terms of using a 

larger volume of bacteria. Scientific method teaches you to prepare and test a set of 

unknown conditions in small volumes before scaling up. Using 200uL of bacteria 

suspension to 400uL of EDTA or acetic acid resulted in better observable cell pellets – 

making removal of supernatant easier. To neutralise the pH after treatment the cells were 

re-suspended in 200uL of PBS. 
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 Fluorescence imaging for evaluation of specific binding 3.9

The three antigen retrieval conditions resulted in labelling of E. coli cells with quantum-

dot conjugates. In accordance with the initial test, acetic acid (Figure 9) and EDTA 

(Figure 11) effectively labelled cell membranes while treatment with saponin and sodium 

cholate resulted in partial labelling (Figure 10). 

 

 
Figure 9. E. coli BL21 AI treated with 1% acetic acid and labelled with anti-lipid-A functionalised quantum 

dots. Bright-field (left) and TRITC Filter cube (right) images 40x magnification. 
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Figure 10. E. coli BL21 AI treated with a mixed solution of saponin and sodium cholate and labelled with 

anti-lipid-A quantum dots. Bright-field (left) and TRITC Filter cube (right) images 40x magnification. 

 
 

 
Figure 11. E. coli BL21 AI EDTA treated and labelled with anti-lipid-A-quantum dots. Bright-field (left) 

and TRITC Filter cube (right) images 40x magnification. 

 

Based on the observed differences in bacteria labelling (Figure 9, 10 and 11) it was 

determined that both acetic acid and EDTA could be used for accessing lipid A on E. coli 

BL21 AI, and potentially all Gram-negative species. It is worth noticing that the E. coli 

strain provided is purchased chemically competent, i.e., treated with calcium chloride 

(CaCl2). Consistent with other studies (Marvin et al., 1989) it is possible that release of 

outer membrane components by EDTA necessitates prior treatment with CaCl2. E. coli 

BL21 AI is, furthermore, deficient in OmpT porin that in V. cholerae provides a route for 

bile interaction and transport across the outer membrane (Wibbenmeyer, Provenzano, 

Landry, Klose & Delcour, 2002). In relation to the primary bile salt and saponin treatment 
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tested, the lack of OmpT could limit detergent interaction with outer membrane lipids and 

membrane solubilisation. Overall, it is debatable whether the two antigen retrieval 

solutions should be concentration/pH adjusted to account for the specific strain, length of 

outer membrane polysaccharides, and, for detection of Gram-positive species, access to 

peptidoglycan linked teichoic acid or to inner membrane lipoteichoic acid.  

 

 Fluorescence imaging for evaluation of non-specific binding 3.10

Unspecific interactions with the bacterial membrane can undermine the accuracy of 

detection. To evaluate the degree of non-specific binding, EDC activated quantum dots 

without antibodies were incubated with Tris for two hours. Figure 12 and 13 show non-

specific binding to acetic acid and EDTA treated E. coli cells. 

Figure 12. Non-specific binding of activated QDs blocked with Tris to Gram-negative E. coli BL21 AI 

treated with 1% acetic acid. Bright-field (left) and TRITC Filter cube (right) images 40x magnification. 

Figure 13. Non-specific binding of activated QDs blocked with Tris to Gram-negative E. coli BL21 AI 

treated with 0.6mM EDTA. Bright-field (left) and TRITC Filter cube (right) images 40x magnification. 
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As a negative control, quantum dot-anti lipid A conjugates were tested on Gram-positive 

Micrococcus luteus. Micrococcus luteus (M. luteus) was cultured on nutrient agar for 48 

hours at 30°C and a cell suspension of OD600 = 0.53 prepared. The Gram-positive strain 

was treated and incubated with conjugates following the antigen retrieval and labelling 

protocol developed for E. coli. 

 

 
Figure 14. Non-specific binding of QD-anti-lipid A (Tris blocking) to Gram-positive M. luteus treated with 

1% acetic acid. Bright-field cropped (left) and TRITC Filter cube full (right) images 40x magnification. 
 

 

 
Figure 15. Non-specific binding of QD-anti-lipid A (Tris blocking) to Gram-positive M. luteus treated with 

EDTA. Bright-field cropped (left) and TRITC Filter cube full (right) images 40x magnification. 
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Figure 14 and 15 show non-specific binding of the conjugates to Gram-positive M. luteus. 

Non-specific binding could result from inadequate blocking of unreacted carboxylic acid 

groups on the quantum dots by Tris or the size/inadequate length of the blocking 

molecule. 

 

 Strategies to hinder non-specific binding 3.11

To optimise the developed quantum dot conjugates and bacteria detection specifically 

based on lipid A recognition, this section examines alternative blocking molecules and 

presents the experiments performed to reduce non-specific binding. 

 

Common blocking strategies involve masking unmodified carboxylic groups with a small 

hydroxyl-containing molecule such as, Tris, ethanolamine or 1,3-diamino-2-propanol 

(Kairdolf, Mancini, Smith, & Nie, 2008). The hydroxylated surface gives a neutral net 

charge, depending on the degree of hydroxylation, while modification with any of these 

molecules maintains the small diameter of the nanoparticle. Polyethyleneglycol (PEG) is a 

polymer that is often used as a blocking reagent due to its properties of hydrophilicity and 

seeming inertness that makes the polymer applicable to biological systems. In live cell 

assays with PEG-capped quantum dots, non-specific binding to some cell lines was 

reduced in proportion to an increase in the amount as well as length of the PEG molecules 

used (Bentzen et al., 2005). With regard to biological blocking molecules, BSA is a 

protein that is often used in immunohistochemistry blocking buffers, and has recently 

been used for reducing non-specific binding of nanoparticles to mammalian cells (Zhang, 

Wang, Liu, Cheng & Shi, 2012). 

 

Two different molecules were tested for the purpose of blocking unreacted carboxylic acid 

groups on the quantum dots and reduce non-specific binding. The size and overall charge 

of the molecules as well as hydrogen bonds to bacterial fatty acids were considered in the 

choice of blocking agent.  

 

First, two types of PEG with molecular weights of 1450 Da and 8000 Da were tested. 

However, the unconjugated carboxylated quantum dots blocked with PEG were able to 

bind non-specifically to treated E. coli cells (Figure 16 and 17). 
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Figure 16. Non-specific binding of QDs blocked with PEG 1450Da to E. coli BL21 AI treated with 0.6mM 

EDTA. Bright-field (left) and TRITC Filter cube (right) images 40x magnification. 
 

 
Figure 17. Non-specific binding of QDs blocked with PEG 8000Da to E. coli BL21 AI treated with 0.6mM 

EDTA. Bright-field (left) and TRITC Filter cube (right) images 40x magnification. 
 

As a second option, BSA was tested. BSA could serve to increase the distance between 

the quantum dot surface or remaining carboxyl groups and the treated bacteria. The BSA 

molecule has a size of approximately 5nm in water (Zhang, Wang, Liu, Cheng & Shi, 

2012). Having a neutral net charge, the protein could, additionally, reduce non-specific 

binding resulting from electrostatic interaction with the bacterial cell membrane. 

 

Four different blocking solutions of BSA were tested on EDC activated quantum dots 

conjugated to Alexa Fluor 488. The conditions tested were: 5% BSA, 5% BSA and 

sodium dodecyl sulphate (SDS), 1% BSA and SDS, and 1% BSA. 
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Figure 18. QD-Alexa Fluor 488 (BSA 5 %) incubated with EDTA treated E. coli BL21 AI. Overlay of 

bright-field and TRITC filter cube images taken with a 60x oil objective. 

 
 
Figure 18 shows a limited number of EDTA treated E.coli labelled non-specifically with 

5% BSA-blocked quantum dots. 
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Figure 19. QD-Alexa Fluor 488 (BSA 5 % and SDS) incubated with EDTA treated E. coli BL21 AI. 

Overlay of bright-field and TRITC filter cube images taken with a 60x oil objective. 

 
With 5% BSA and SDS blocking, one could observe an increase in the number of treated 

E. coli cells that were non-specifically labelled (Figure 19). In addition, a high level of 

background noise from unbound quantum dots is observed. 
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Figure 20. QD-Alexa Fluor 488 (BSA 1 % and SDS) incubated with EDTA treated E. coli BL21 AI. 

Overlay of bright-field and TRITC filter cube images taken with a 60x oil objective. 

 

Figure 20 shows two high intensity spots of 1% BSA and SDS-blocked quantum dots 

bound to EDTA treated E. coli cells.  
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Figure 21. QD-Alexa Fluor 488 (BSA 1%) incubated with EDTA treated E. coli BL21 AI. Overlay of 

bright-field and TRITC filter cube images taken with a 60x oil objective. 

 

Figure 21 shows 1% BSA-blocked quantum dots on a few individual E. coli cells among 

high fluorescence intensity attributed to background. Background noise from unbound 

quantum dots was removed in succeeding experiments by introducing a washing step. 
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Figure 22. QD-Alexa Fluor 488 (BSA 5 %) incubated with EDTA treated M. luteus. Overlay of bright-field 

and TRITC filter cube images taken with a 60x oil objective. 

 

Figure 22 shows non-specific labelling of M. luteus by quantum dots blocked with 5% 

BSA. The corresponding fluorescence intensity was 188 a.u.. 
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Figure 23. QD-Alexa Fluor 488 (BSA 5 % and SDS) incubated with EDTA treated M. luteus. Overlay of 

bright-field and TRITC filter cube images taken with a 60x oil objective. 
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Figure 24. QD-Alexa Fluor 488 (BSA 1 % and SDS) incubated with EDTA treated M. luteus. Overlay of 

bright-field and TRITC filter cube images taken with a 60x oil objective. 

 

Mean fluorescence intensities of 31,610 and 58,010  a.u. were registered on M. luteus 

when using quantum dots with 5% BSA and SDS or 1% BSA and SDS, respectively. The 

values match the coverage of cell clusters by quantum dots seen in Figure 23 and Figure 

24.  
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Figure 25. QD-Alexa Fluor 488 (BSA 1%) incubated with EDTA treated M. luteus. Overlay of bright-field 

and TRITC filter cube images taken with a 60x oil objective. 

 

Figure 25 shows M. luteus incubated with 1% BSA-quantum dots, and spots of 56,440 

a.u. among cell clusters. However, quantum dots were not observed on M. luteus cells 

under 1% BSA blocking conditions. 

 

1% BSA reduced binding of quantum dots to Gram-positive bacteria when compared to 

the other set of conditions tested. Hence, this condition was used in further experiments 

for optimisation of bacteria labelling. Table 1 summarises the different blocking 

conditions tested. 
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Table 1. Summary of blocking conditions tested to reduce non-specific binding. 

Blocking molecule Size and/or concentration Effect 

Tris 1M Non-specific labelling of cells 

PEG 1450 Da and 8000 Da Non-specific labelling of cells 

BSA 5% BSA 

5% BSA and SDS 

1% BSA and SDS 

1% BSA 

Limited non-specific binding of low intensity 

High intensity coverage of M. luteus cells 

High intensity coverage of M. luteus cells 

No quantum dots observed on M. luteus 

 
 

3.11.1 Reduction of non-specific binding with 1% BSA 

Figure 26 shows specific labelling of treated E. coli cells with quantum dot-anti lipid A 

conjugates blocked with 1% BSA. It can be inferred that half of the observed cells are 

effectively labelled. 

 

 
Figure 26. Specific labelling of EDTA treated E. coli cells with QD-anti lipid A conjugates blocked with 1% 

BSA. Overlay of bright-field and TRITC filter cube images taken with a 60x oil objective. 
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As a point of discussion, the number of unlabelled cells could be related to the high cell 

concentration versus a variation in the number of quantum dots with the specific antibody. 

The cell concentration in Figure 26 is approximately 2.893x105 cells/mL (OD600=0.5). 

(The estimated cell concentration is based on the plated volume of 3µl, a cell count 

performed in ImageJ and the area displayed that is assumed to be one fourth of the total 

glass slide). It is likely that the use of N-hydroxysulfosuccinimide (sulfo-NHS) to increase 

the stability/reaction time of EDC and the incubation time of activated quantum dots with 

antibodies could increase the number of antibodies bound. Nevertheless, this would entail 

changing the simple method used to determine whether the quantum dots are activated as 

no precipitation is observed when adding sulfo-NHS. 

 

The positive control of untreated E. coli cells incubated with quantum dot-anti lipid A 

conjugates confirms that the Gram-negative E. coli cells are only amply labelled when 

conjugates can access lipid A (Figure 27). It is uncertain whether the high intensity spot in 

Figure 27 is a labelled cell or can be attributed to the presence of quantum dot aggregates. 

 

 
Figure 27. Untreated E. coli cells incubated with QD-anti lipid A conjugates blocked with 1% BSA. Bright-

field (left) and TRITC Filter cube (right) images taken with a 60x oil objective. 

 

Conclusively, 1% BSA reduces non-specific binding of conjugates to approximately half 

of the Gram-positive cells in a concentration of 1.287x105 cells/mL (Figure 28), whereas 

one can observe non-specific binding to all Gram-positive cells when using Tris as a 

blocking agent (Figure 14 and 15). The labelled M. Luteus cells display a high 
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fluorescence intensity which deviates from the previous experiments conducted with 1% 

BSA (Figure 25).  

 

 
Figure 28. Non-specific binding QD-anti lipid A conjugates blocked with 1% BSA to EDTA treated 

M.luteus. Overlay of bright-field and TRITC filter cube images taken with a 60x oil objective. 

 

The series of experiments in which M. luteus was incubated with 1% BSA-blocked 

quantum dots showed variation in non-specific labelling and fluorescence intensity. 

Although no further studies were conducted to assess the cause of such variation, it is 

likely to be a question of the amount of BSA bound or adsorbed due to EDC reactivity. 

The amount of BSA bound could be affected by changing the temperature during 

incubation of conjugates with the blocking buffer from 4°C to room temperature. 
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4 Conclusion 
The aim of the project was to develop a Gram-specific bacteria labelling strategy using 

quantum dots.  

 

Addressing the practical challenges of working with nanoparticles, a two-step protocol 

was produced for oriented covalent conjugation of antibodies to quantum dots. The 

protocol resulted in an initial coupling efficacy of 93% (±SD of 10.06%) and the 

antibodies bound to the quantum dots’ surface remained active. 

 

The developed quantum dot-anti lipid A conjugates detected and specifically labelled 

Gram-negative E. coli BL21-AI cells after treatment with 0.6mM EDTA or acetic acid pH 

3.58 at 42.5°C. 

 

Delivering on the clinical requirements related to the time it takes to detect bacterial 

pathogens, the conjugates were able to detect treated bacteria in one hour. The costs were 

kept as low as possible via simple chemistry and commercially available reagents. 

 

Finally, several molecules were tested for the purpose of reducing non-specific binding 

and optimising the accuracy of detection – to produce conjugates that only bind to lipid A. 

In conclusion, experiments performed with 1% BSA showed a reduction in non-specific 

binding to untreated E.coli cells. In comparison with Tris, 1% BSA reduced non-specific 

binding to Gram-positive cells. 

 

Overall, the results obtained in this project are a step further in the development of a new 

method to rapidly detect bacteria Gram-specifically. 
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5 Future work 
From the results obtained during this thesis to a verified and validated diagnostic tool, 

there are still areas of optimisation. One of the next steps will be to further tune the 1% 

BSA blocking conditions. 

 

For the purpose of comparing the performance of the protocol developed to those 

presented in other studies, future work could include measures such as, infrared 

spectroscopy to quantify the surface charges on EDC activated quantum dots/the amount 

of sites neutralised (using the inactivated negatively charged carboxyl quantum dots as the 

baseline), and SDS-PAGE to quantify proteins bound to the quantum dots. The 

conjugates’ lower limit of detection could be established by means of serial dilutions of 

the bacterial cell suspension down to a level of 1 CFU/mL. 

 

Moreover, this project focuses on detection of Gram-negative species. To account for 

Gram-positive bacteria, anti-lipoteichoic acid antibodies have to be incorporated into the 

conjugation protocol. As detection of Gram-positive species will depend on the antibodies 

being able to access lipoteichoic acid, it is necessary to test whether the antigen retrieval 

method (using acetic acid or EDTA and heat) is directly transferable. The protocols should 

then be tested on the main pathogenic species of bacteria associated with sepsis as a proof 

of concept. Once verified two colours of quantum dots with the two different antibodies 

can be applied to have a solution that takes into account the clinical reality of not knowing 

the species of bacteria prior to diagnosis. 

 

In perspective to the larger task of substituting current blood culturing and Gram-staining 

procedures, quantum dot labelling of bacteria is performed in liquid medium in this 

project – which can be an advantage in terms of future integration with a microfluidic 

system and separation of bacteria from blood samples. 
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7 Appendices 
 
Quantum dots characterization – emission plots 
 

 
Figure 29. Emission intensities of 250 nM, 500 nM and 750 nM concentrations of quantum dots. The 

quantum dots were excited with a wavelength of 320nm and 350nm. 

 
 

 
Figure 30. Emission intensities of 250 nM, 500 nM and 750 nM concentrations of quantum dots. The 

quantum dots were excited with a wavelength of 370nm and 400nm. 
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Non-specific binding of carboxyl quantum dots 
 

 
Figure 31. Non-specific binding of carboxyl-QD to acetic acid treated E. coli. Bright-field (left) and TRITC 

Filter cube (right) images taken with a 40x oil objective. 

 
Reduction of non-specific binding: Images of M. luteus incubated with 1% BSA-
blocked quantum dots 

 
Figure 32. Non-specific binding QD-anti lipid A conjugates blocked with 1% BSA to acetic acid treated 

M.luteus. Overlay of bright-field and TRITC filter cube images taken with a 60x oil objective. 
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Figure 33. Non-specific binding QD-anti lipid A conjugates blocked with 1% BSA to EDTA treated 

M.luteus. Overlay of bright-field and TRITC filter cube images taken with a 60x oil objective. 
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