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Summary  
 
Sepsis is a life threatening disease, caused by bacterial infection in the blood stream.  Current 
clinical identification of infectious diseases is time consuming and expensive. This is a 
significant disadvantage when attempting to treat infections, where time is a critical element. 
In a world with increasing proportions of antibiotic resistant bacteria, it’s essential to avoid 
inappropriate use of antibiotics.  The advancement of microfluidic technology and fabrication 
of lab-on-chip devices brings hope for creation of point-of-care diagnostic systems that 
require minimum amounts of sample and reagents while providing a high-throughput result in 
a short period of time. The aim of this degree project was to develop and optimize a 
microfluidic based immunoassay for isolation of bacteria for downstream analysis. The 
project is part of a larger EU project aiming to develop a lab-on-chip device for rapid 
detection of pathogenic bacteria and their antibiotic susceptibility from whole blood.  

A rapid microfluidic-based immunoassay to capture intact gram-negative bacteria for 
downstream analysis was developed and evaluated. Towards this, a microfluidic device was 
microfabricated and the surface was functionalized with anti-lipid A antibodies for 
recognition of bacteria. Lipid A is part of the lipopolysaccharide molecule only found on the 
cell surface of gram negative bacteria. The lipid A portion anchors the molecule to the cell 
wall and is the most conserved region through all bacteria strains. As a model organism,  
E. coli expressing green fluorescence protein was used. Preliminary results showed that 
capturing of intact bacteria was possible in the microfluidic device. The results indicate the 
need for a heating step to make the epitope more accessible for the antibody. The results open 
up possibilities to develop sensitive immunoassay integrated in lab-on-a-chip devices for 
sepsis diagnostics. 
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Abbreviations 
 
SIRS    Systemic Inflamatory Response Syndrome 
 
CFU    Colony Forming Units 
 
PCR    polymerase chain reaction 
 
LPS    Lipopolysaccharides  
 
µ-TAS    Micro Total Chemical Analysis Systems  
 
PDMS    Polydimethylsiloxane 
 
POC    Point of Care 
 
LOC    Lab-on-a-Chip 
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1. Introduction 

1.1 Infectious diseases  
Lately infection diseases have been a hot topic in the media, setting off a lot of headlines 
worldwide.  Sepsis (blood poisoning) is one of many infectious diseases caused by bacteria. 
Pathogenic bacteria can be acquired through food, water, and even hospitals. 
During 2008, 74 230 infections were reported to the Swedish Institute for Infectious Disease 
Control, of which 5 538 cases involved antibiotic resistant bacteria (Smittskyddsinstitutet 
2008). In the recent years there has been an ongoing debate about the increasing number of 
antibiotic resistant bacteria and the horrifying consequences following their trail. 

1.2 Sepsis 
The terminology around sepsis has been rather confusing (sepsis, severe sepsis, and septic 
chock) and needs to be clarified.  Sepsis is the bodies’ systemic inflammatory response 
(SIRS) to a blood infection typically caused by bacteria.  During severe sepsis the body is 
experiencing organ dysfunction, whereas septic shock is a condition of organ dysfunction as 
well as hypotension (low blood pressure) (Dellinger et al. 2008). A large number of both 
gram positive and gram negative bacteria are responsible for this disease (Reirmer et al. 1997, 
Brink et al. 2008). The most common are Escherichia coli, Staphylococcus aureus and 
Streptococcus pneumoniae (Brink et al. 2008). This is a serious life threatening condition, 
claiming ~146 000 lives each year in the EU (Davies et al. 2001). The disease places a large 
financial burden on the European healthcare systems with a cost of 7.6 billion euro a year 
(Davies et al. 2001). In Sweden the disease causes ~1000 deaths each year (Brink  et al. 
2008).   

When an individual starts showing clinical signs of sepsis the bloodstream contains 
only 1-30 CFU/ml (colony forming units) of bacteria. As the disease progresses, this number 
increases,  but only to ~1000 CFU/ml and this in near death patients (Sengupta et al 2008). 
To illustrate the problem even further, 1 µl of blood contain 5 × 106 red blood cells, 2-5 × 105 
platelets, and 5 to10 × 103 white blood cells (Toner and Irimia, 2005). This demonstrates the 
challenges in detecting infectious bacteria causing sepsis. When sepsis is suspected, it is 
advised to start a broad spectrum antibiotic therapy within 1 hour (Mancini et al. 2009). In the 
case of septic shock, studies have shown that the patients’ mortality will increase with 8% for 
each hour if the antibiotic therapy is delayed (Brink et al. 2008). Rapid diagnosis will reduce 
excess use of non-specific antibiotics, which is of high importance in today's constantly 
increasing levels of antibiotic resistance bacteria.   

1.3 Sepsis diagnosis 

1.3.1 Standard bacteriological techniques 
Standard bacteriological techniques used in hospital laboratories today are time consuming. 
They normally rely on manual blood culture system, followed by gram staining, bacterial 
identification by subculturing and antibiotic susceptibility testing (Reirmer et al. 1997). As 
illustrated in Figure 1, blood cultures are incubated for at least 5-7 days (Reirmer et al. 1997). 
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Figure 1: Typical time frame of the sepsis diagnosis Gold Standard that is based on microbiological methods  

1.3.2 Automated biochemical test platforms  
A number of automated blood-culturing systems are available in the market today: ESP 
culture systems from Trek Diagnostic systems, BAcT/Alert and vitek 2 from BioMerieux, as 
well as BACTEC from BD (Becton, Dickinson and Company) are a few examples (Reirmer 
et al. 1997). 

These systems have integrated agitation, incubation and monitoring systems. On-line 
monitoring of bacterial growth every 10-15 min provides rapid bacterial detection. The 
majority of the instruments monitor directly or indirectly increased levels of CO2 (Reirmer et 
al. 1997). Carbon dioxide is released into the growth medium when the nutrients are being 
utilized, indicating the presence of viable microorganisms. 

1.3.3 PCR based identification of microorganism 
Recently, polymerase chain reaction (PCR) – based assays have been seen as having the 
potential to provide early and accurate diagnosis of bacterial infections and have improved 
the rate of microbial detection. Currently, several PCR-based assays have been introduced in 
the market. Roche Diagnostics provides a PCR based sepsis test capable of detecting 25 
common pathogens within 6 hours without prior blood culturing steps (Roche Diagnostics, 
2009). The company Molzyme introduced another rapid PCR test for sepsis diagnostics. The 
assay is performed in less than 4 hours, detecting approximately 345 pathogens. The 
SepsiTestTM includes a broad range of primers that bind to conserved regions in rRNA genes 
(Molzyme, 2009). Ribosomal genes are usually used because they normally exist in several 
copies in each cell and are strongly conserved. Therefore, it’s theoretically possible to detect 
fragments of bacterial cell (Fohlman et al. 2004).  

Although PCR is a powerful tool, there are several challenges associated with PCR 
such as finding specific primers, contamination from human DNA and different inhibitors 
such as heme.  Also, good laboratory procedures are a required when performing a PCR, as 
well as clean working areas. All this limits the reliability of PCR as well as its user 
friendliness.  In addition, the method is rather expensive; a PCR test costs around  1000 SEK 
(Fohlman et al. 2004). A number of efficiency reducing substances such as heme, EDTA and 
heparin, as well as DNA from e.g. leukocytes and immunoglobulin G (Al-Soud et al 2000). 
The PCR Taq and AmpliTaq Gold polymerase is inhibited in the presence of 0.004% blood 
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(vol/vol) (Al-Soud et al 2000). Hence, the sensitivity and reliability of PCR tests would gain 
a lot from improved sample preparation steps in isolating highly purified bacterial DNA. 

1.4 Immunoassays 
Immunoassays are very useful in detecting low concentrations of given pathogens in 
physiological fluids. Typically, a marker that is affixed to the specific antibody- antigen 
complex can be used for quantitative analysis. The wide use of this methodology can be 
attributed to its specificity, sensitivity, speed and foremost the ability to withstand harsh 
conditions. Once the antibody is bound to its target the regeneration of the active site requires 
chemical treatments such as acidic or alkaline solution (Kandimalla et al 2004; Andersson  et 
al. 1999). Enzyme-linked immunosorbent assays (ELISA) and radioimmunoassays, which 
use enzymes or radioisotopes as the markers, respectively, are some of the common and 
widely used immunoassays (Bhattacharyya  et al 2007).  

Point of Care diagnostics have adapted basic immunoassay technology to applications 
such as pregnancy tests, drug testing kits, and tests for infectious diseases, including 
streptococcal sore throat and HIV-AIDS. However, such assays are conducted on microtiter 
plates and pose some disadvantages, including long assay times, handling of liquid, and large 
amounts of sample and reagent (Bhattacharyya  et al 2007). Miniaturization of such assays in 
a microfluidic system may provide maximal sensitivity, minimal sample requirement, and 
fast performance.   

1.4.1 Biochemical markers for bacterial identification 
To capture bacteria one can use their serological properties, which are due to different 
antigens present in different strains. Among the surface components of the bacterial cell wall 
there are three potential antigens: H (flagella), K (capsule) and O (polysaccharides) (Zourob 
et al 2008).  The O-polysaccharides are exclusively found on gram negative bacteria and are 
part of the lipopolysaccharide (LPS), which is discussed in the next section. . There is a high 
variety of the O polysaccharide structure between the different strains of gram negative 
bacteria (Erride et al 2002). The O polysaccharide, also known as the O-antigen, is the 
outmost part of the LPS.Thus far only strain specific capture has been achieved with the aid 
of antibodies.  

1.4.2 Lipopolysaccharide 
The lipopolysaccharide (LPS) is  one of the major components of the outer cell membrane of 
gram negative bacteria. About 40-45% of  the outer cell membrane consists of LPS molecules 
that occupy ~75% of the cell surface (Zourob  et al 2008; Raetz and Whitfield 2002; Caroff et 
al. 2003). LPS consists of three distinct regions: lipid A, the core oligosaccharide and the O 
polysaccharides. It is common to find O-polysaccharides of different lengths, short, long or 
absent; LPS lacking O-polysaccharides is referred to as rough LPS (R-LPS). An LPS 
molecule containing O-polysaccharides is called smooth LSP (S-LPS) (Hitchock et al 1986).  

The outmost leaflet of the outer membrane is composed of lipid A residues 
(endotoxin). Lipid A is believed to be responsible for the toxicity of gram negative bacteria 
cells and therefore plays an important role in the pathology of sepsis (Raetz and Whitfield 
2002; Zourob et al 2008). In a single E .coli cell there are ~106 lipid A molecules (Raetz 
1990, Caroff et al 2003, Zourob et al 2008). The structure of lipid A is highly conserved in all 
gram negative bacteria. The core oligosaccharides are attached to lipid A through keto deoxy 
octonic acid (Kdo) residues. Kdo is a distinctive characteristic of most gram-negative 
bacteria. The minimum requirements needed for growth and viability of most Gram-negative 
bacteria are the Kdo and the lipid A portion of LPS (Raetz 1990). 
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The core oligosaccharide is divided into two parts: the inner and the outer core. The 
outer core consists of more common hexose sugars (glucose, galactose etc) while the inner 
core is composed of unusual sugars, such as heptose and is more conserved 

1.5 Micro Fluidics 
The adaptation of microfabrication technology from the electronic industry to analytical 
sciences has provided much scope for new ideas and experimental applications during the 
past decade (Reyes et al. 2002). Microfluidics is an emerging research field where liquid 
streams generated in chips comprising micrometer-sized channels, including fabrication, 
handling and use of these chips. Microfluidic chips are small platforms comprising channel 
systems connected to liquid reservoirs by, for example, tubing systems in turn linked to 
syringes. The size of the channels is in the range of a few micrometers, which greatly 
facilitates handling of volumes much smaller than a microlitre. The concept Micro Total  
Analysis Systems (µ-TAS) was introduced by Andreas Manz in 1990 (Mantz et al 1990, 
Reyes et al. 2002), where he suggested the integration of individual assays into lab-on-a-chip 
devices with increased functionality. These systems enable incorporation of several steps 
(Whitesides 2006, Johansson 2009). These individual steps include sampling, sample 
enrichment (pre-concentration and preconditioning steps, such as filtering), mixing, reaction 
modules (for example, different heating zones), product separation, isolation and analysis. 
Recently, microfluidic based immunoassays have emerged as promising tools for point of 
care diagnostics. For example, a microfluidic device has been developed for CD4+ T-cell 
counting for HIV prognostics (Cheng et al. 2007). This device successfully captures CD4+ T-
cells but excludes other monocytes also expressing this surface protein.  By using 
immobilized antibodies together with shear stress they were able to exclusively capture 
CD4+ T cells from HIV patients (Cheng et al. 2007).  

1.5.1 Material and Fabrication 
The key material used to microfabricate microfluidic devices are silicon, glass and polymers. 
There are a range of different polymers are available such as polycarbonate, 
polymethylmethacrylate, polyethylene, polypropylene and polydimethylsiloxane (PDMS). 
The disadvantage of silicon is its impermeability to light and it is therefore not useful in 
detecting fluorescently labeled biomolecules that are often used in immunoassays. Another 
drawback of silicon is its tendency to absorb biological molecules (Whitesides 2006, Lima et 
al. 2007). Glass, on the other hand, doesn’t have these disadvantages. Nevertheless, it is 
difficult to work with and involves toxic chemicals, which reduces its popularity.  Polymers 
have the benefit of being non-toxic, compatible with fluorescence detection, impermeable to 
water, permeable to gasses and low in cost (Lima et al. 2007). These are characteristics well 
suitable for biological applications. There are several polymer fabrication techniques. The 
mostly used polymer is PDMS, which is also known as Sylgard 184 (Younan and Whitesides 
1998). 

Soft lithography is a well-liked inexpensive method involving casting off a master 
with PDMS (figures 3 and 4). Briefly, PDMS and curing agent are mixed and poured on top 
of  a master containing the structure of interest (figure 3a). Bubbles are removed by a 
desicator (figure 3b).  The cured PDMS is peeled off the master, holes for inlet and outlet are 
punched out (figure 3d) and the PDMS is irreversibly bonded to a glass slide via oxygen 
plasma activation (figure 3e) and baked, normally at 80 °C for 5-10 minutes, to enhance the 
bonding process (figure 3f).  

PDMS consists of repeated units of –O-Si (CH3)2- and vinyl groups (-CH‗CH2).  
PDMS is purchased together with a separate curing agent which contains a platinum based 
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catalyst. When they are mixed together, a cross linking reaction will occur resulting in a 3D 
network of Si-H bonds across unsaturated bonds (Lewis et al. 1997). This process is called 
hydrosilation. PDMS is bonded to glass or another PDMS surface by plasma oxidation. This 
is a nearly irreversible bond.  When exposing PDMS or glass surfaces to plasma oxidation,  
hydroxyl (-OH) groups will increase at the expense of methyl groups (-CH3) (Bhattacharya et 
al. 2005, Campbell et al. 1999). 
 

 
 
Figure 2 Overview of the fabrication process. A: PDMS and curing agent are mixed and poured on a Su-8 
master. B: Bubbles are removed from the solution with a desiccator. C: The chips are put in the oven for at least 
6h. D: Cured PDMS is pealed off the master and holes for inlet and outlet are punched out. E: Plasma oxidation 
of glass and PDMS surfaces F: To enhance the bonding process, glass slides and PDMS are baked normally at 
80°C. 

A B C 

D E F 
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Figure 3.Schematic overview of PDMS device fabrication. PDMS is poured over a master, containing the 
structure of interest to create a replica. The replica is plasma oxidized to increase the number of hydroxyl groups 
on its surface.  This enables bonding of the glass to the PDMS.    

1.5.2 Lab on a chip and point-of-care 
Lab on a chip is a term used to for scaled down system, resulting in a miniaturized chip. 
Standard laboratory work is reduced from a macro scale to micro scale, giving rise to a series 
of advantages mentioned earlier.  Lab-on-a-chip can be viewed as a parallel term to µ-TAS 
(Chow et al. 2002). Point-of care (POC) refers to testing patients at bedside (Yager et al. 
2006). The idea with point-of-care is that one should load the sample to be analyzed (blood, 
urine, saliva etc) and receive an almost direct answer. The most successful platform for point-
of- care is lateral flow assays. There are a range of commercialized products for diabetes, 
pregnancy testing and sexually transmitted diseases (Yager et al. 2006, Ehrenkrantz et al. 
2006, Zarakolu et al. 2002). These tests give a simple yes and no answer through the actions 
of micro-structured capillaries and chambers with dry reagent.  
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Aim 
 
The objective of this study was to develop a protocol for antibody-based immobilization of 
intact bacteria by using anti-lipid A antibodies. A microfluidic chip was tested and 
characterized during this study. The goal was to generate a simple, robust and user friendly 
assay, valuable for pre-analysis clean up steps. To do so, antibodies were to covalently 
immobilized onto chip surfaces, involving silane-chemistry. The test model in this study was 
Escherichia coli, expressing the green fluorescence protein. The capture capacity was 
visualized with confocal microscopy. Furthermore, off chip experiments, such as 
immunofluorescence, were performed to confirm the binding of the antibodies to the bacteria.  
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2. Results 

2.1. Microfluidic reaction chamber design 
A microfluidic device has been microfabricated to evaluate binding affinity & specificity of 
the anti lipid A antibodies (Figure 4). The dimension of the microfabricated device was 50 
mm x 4 mm x 50 µm (length, width and height) with a total volume of 10 µL.  The device 
was manufactured in polydimethylsiloxane (PDMS) and bonded irreversibly to a clean glass 
slide using standard microfabrication techniques.  The device had two inlets, one for sample 
(cells) and another for washing buffer, and one outlet to collect the waste.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Schematic overview of the microfluidic device microfabricated using standard soft lithography 
methods. The total volume of the chamber is 10 µL. Inset is a picture of the actual device filled with food dye.   

2.2. Surface modification  
The complete protocol for surface modification is provided in material and methods. Here, as 
illustrated in Figure 5, an overview of the protocol is provided.  A covalent immobilization 
approach was chosen. The reason is rather simple; when applying flow there is a need for a 
robust and reliable immobilization that can withstand harsh treatment. 

Freshly fabricated devices were modified immediately using this method. A 
monolayer of avidin was immobilized on the surface of the device using a silanization 
protocol according to Figure 5. Biotinylated antibodies can be strongly immobilized on 
streptavidin- or avidin-coated microfluidic surfaces via near irreversible interactions. The 
microfluidic based surface modification protocol was evaluated using a cultured cell line 



 

 12 

 

 

+GMB
 

–O  
–O–Si–(CH2)3–
S– 
O 

 O                            O 
                       O            
     N                    N 
                    O       
 O                            O 

–O  
–O–Si–(CH2)3–
SH 
O 

–O  
–O–Si–(CH2)3–
S– 
O 

 O                             
                       O            
     N                    N– 
                    O       
 O                             

+avidin 

–NH2 

–O  
–O–Si–(CH2)3–
S– 
O 

 O                             
                       O            
     N                    N– 
                    O       
 O                             

Biotin-
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Surface treatment protocol. The surface of the device is activated with plasma and a silane group is 
injected to initiate the covalent binding. The surface modification protocol uses biotin-avidin interaction to 
antibody to the surface of the device.    
 

2.3. Bacteria immobilization 
Biotinylated anti-lipid A antibodies were immobilized on the chip surface. A series of 
experiments were conducted. Different volumes of E. coli suspensions (50 µl, 100 µl, 150 
µl), and concentrations were flown through the chip at various flow rates (5-20 µl/min). 
However, no bacteria were captured, indicating that the antibody-bacteria interaction did not 
work. In one experiment the bacteria suspension was incubated for 5-10 min in the chip 
before washing with PBS. Still, no captured bacteria could be seen.  In addition, E. coli 
suspension was also incubated for 2h at room temperature prior to washing, still without 
positive results. At best, 1-2 bacteria appeared to be immobilized, most likely unspecifically 
bound to the surface (data not shown).  
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2.4. Evaluation of the surface modification 
To assess the functionality of the surface modification, anti-CD4 antibody was incubated in 
the microfluidic device after the avidine step.  Figure 7 shows results where CD4+ 
lympohocyte cells were captured inside the microfluidic device. The cell suspension was 
flown through the chamber and then washed with phosphate buffered saline (PBS). Cells 
were counted at selected points along the device axis. The experiment was repeated three 
times (three different chips). Initial results confirmed that the surface modification worked 
and was able to capture cells selectively based on antibody-cell interaction.  
 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 6: CD4-expressing cell line captured in the microfluidic device. The chips were washed with 1% BSA to 
inhibit nonspecific adsorption of antibodies before inserting the T2 cells. A cell suspension of 106cells/mL was 
flown through the chip at a flow rate of 5 µl/mL for 10 min. The chip was washed with phosphate buffered 
saline (PBS) at a flow rate of 20 µL/mL.for 5 min. Cells were counted at selected points along the device axis 
using a microscope. 

2.5. Immunofluorescence  
To investigate further the capability of the anti-lipid A antibodies to bind E. coli, an indirect 
immunofluorescence assay was performed using a secondary antibody tagged with Texas 
Red dye.  The E. coli suspension (1:100 dilution) was incubated with primary and secondary 
antibodies (10 ug/ml) in eppendorf tubes for 30 min each at RT. Both primary and secondary 
antibodies were diluted in blocking solution to minimize nonspecific binding (PBS 
containing 1% BSA).  As shown in figure 7, a very weak staining was obtained. As a 
negative control another set of bacteria suspension were incubated with only secondary 
antibodies. A very weak unspecific staining could be seen. When comparing fig 7a and 7b a 
clear difference can be seen.  
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Figure 7 Indirect immunofluorescence staining of E. coli. A: Cells were incubated in eppendorf tubes with both 
primary antibodies (anti-lipid A) and secondary anti-lgG antibodies conjugated with Texas red, B: Negative 
control. Cells were stained with only secondary antibodies and visualized with confocal microscopy.  

2.6. Heat treatment 
The E. coli suspension was heated for 5, 10, 15 min at 50, 55 and 60 °C.  
The heated suspensions were subjected to the same indirect immunofluorescence as before 
(fig 8).  There was a clear difference between non-heated and heated cells, suggesting that 
heating improved antibody-bacteria interaction.  Different heating temperatures (50-60 
degree) and incubation times (5-15 min) were evaluated. Although more work is needed to 
optimize the protocol, it seems like 50°C gave the best staining.  Due to time limitation, 
negative controls for the different temperatures were not done.  

A B 
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Figure 8: Indirect immunofluorescence staining of heated E. coli. Bacteria cells were heated for A: 5 min 50°C, 
B: 10 min 50°C, C: 15 min 50°C,  D: 5 min 55°C, E; 10min 55°C,  F: 15 min 55°C, G: 5 min 60°C,  H: 10 min 
60°C.I: 15 min 60°C. Cells were incubated with both primary anti-lipid A and secondary anti -lgG antibodies 
conjugated to Texas red. Confocal microscop was used to visualize the cells.  
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2.7. On chip experiments 
E. coli expressing the green fluorescence protein (GFP) was heated  for ~10 min  at 50°C and  
pumped into the chip containing bound anti-Lipid A antibodies  at a rate of 5 µl/min, 
followed by washing with PBS at 20 µl/min. Figure 9 shows E. coli  in the chip before and 
after the washing step. Immobilized E. coli could be seen even after increasing the flow rate 
from 20 µl to 50 µl/min. A control experiment with E. coli suspension that had not been 
heated showed no immobilization in the device 
 

 
 
Figure 9:  Immobilized E. coli. A microfluidic chip was incubated with E. coli BL21. The pictures show the 
difference before (A) and after wash (B). Bacteria were inserted at a rate of 5 µl/min (total volume of 50 µl; 
1:100 dilution). The chip was washed with PBS at a rate of 20 µl/min. The cells were visualized with confocal 
microscopy.  
 
These preliminary results suggest mild that “mistreatment” of the cell wall of the E. coli 
might be beneficial when capturing intact E. coli in microfluidic systems.  More experiments 
are under way to critically analyze this.  

B A 
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3. Discussion 
 
Here, a microfluidic immunoassay protocol to capture intact E. coli based on  
anti-lipid A-antibodies interacting with E. coli was evaluated.  This has not been shown 
before and the immunoassay could be very important as a sample preparation for PCR assays.    

3.1 Anti-lipid A antibodies  
The overall goal of this degree project was to investigate if anti lipid A antibodies can capture 
gram negative bacteria in a microfluidic system. Since lipid A is the most conserved part of 
the LPS molecule through all strains, this would mean that one antibody could be used to 
bind all gram negative bacteria, which is very advantageous. In a review article from 1995, 
different applications of anti –LPS antibodies are described (Poxton 1995). Here, 
complications involved in antibody recognition of LPS in intact living E. coli cells, 
presumably due to the hydrophobic nature of the lipid A molecule and steric hindrance from 
the rest of the chain are discussed. This can explain the initial difficulties capturing the 
bacteria. One can hypothize that by heat treating the E. coli, patches in the outer structure are 
released and the antibody epitope becomes more accessible. Generally, the outer membrane 
of gram negative bacteria is hydrophilic. Studies have shown a gradual increase of E. coli 
hydrophobicity when subjected to heat (Tsuchido et al. 1985). The change from hydrophilic 
to hydrophobic is believed to be due to release of LPS molecules as well as membrane 
proteins (Tsuchido et al. 1985). Furthermore, EDTA-induced losses of LPS molecules also 
have been reported (Marvin et al. 1989).  

3.2 Antibody immobilization 
A silane-based binding strategy was chosen to covalently bind avidine to allow 
straightforward incorporation of biotinylated antibody. This is a very broad approach and can 
be used to capture cells and other molecules. After exposing bacteria suspensions to heat, an 
on-chip based capture could be seen. Although the test model in these experiments was  
E. coli, it is important to verify the methodology developed here with other gram negative 
bacteria in the future. To evaluate if the surface modification was working, experiments with 
T2 cell line were also conducted. Control experiments to assess whether or not non specific 
binding occurs should be done more extensively. To do so one could use antibodies that 
should not be able to capture T2 cells or bacteria. There is also a need for optimizing the 
immobilization steps, so that a high density of functional antibodies is achieved on the 
surfaces 

3.3 Immunofluorescence  
As for the immunofluorescence results, repeated tests are needed with proper controls before 
any conclusion can be made. But indications seen in this study demonstrate a potential for 
using heat to increase binding capacity.  Both the primary and secondary antibodies were 
diluted in blocking solution to minimize non specific binding (PBS containing 1%BSA). One 
can also perform the antibody incubation steps on ice to further reduce non specific binding. 
Since antibodies are at their best at 37°C, lowering the temperature might reduce non-
specificity.  
 
 



 

 18 

3.4 Microchip 
It is also important to find an optimal height of the channels as well as flow rate. If the flow is 
too high there will not be enough time for the antibody-antigen to form a complex, and if the 
channels are too high, the bacteria might not reach the antibodies.  By applying shear stress 
non specific absorption of bacteria and other contaminating cells can be minimized. It is also 
essential to test heated bacteria in chips with antibodies that does not have the capacity to 
bind bacteria, as a negative control.  

3.5 Future work 
The capture of heated bacteria over a range of different temperatures and time spans should 
be evaluated in terms of yield and specificity. It’s also important to quantify the fluorescence 
emitted by the secondary antibody in the immunofluorescence experiments. To do so once 
can use software called image J and the statistical difference between groups can be assessed.  
Furthermore, experiments with different gram negative bacteria will be achieved after the 
immobilization protocol has been optimized.  
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4. Materials and methods 

4.1 Bacteria strains and cultivation 
The bacteria strain used was E. coli BL21 (DE3), a kind gift from Andres Veide at the 
biotech division. Plasmid (pAff8eGFP) encodes his6-ABP-eGFP (histidine tagged, albumin 
binding protein with enhanced GFP) under the lac promoter control.  

For E. coli cultivation TSB+ Y (30 g/l tryptic soy browth (Becton Dickinson), 
containing 5 g/L yeast extract (Sharlau Chemie, Barcelona, Spain)) supplemented with 
kanamycin sulfate (km, final concentration of 50 µg/ml) were used. The procedure was as 
follows, if not otherwise is stated:  1 mL cultivation medium supplemented with kanamycin 
sulfate was inoculated with 10 µl E. coli in an eppendorff tube. The eppendorff tube was 
incubated at 37°C and 180 rpm overnight (~15 h). The 1 mL was transferred to a 1L baffled 
flask containing 100 mL cultivation medium. The baffled flask was incubated at 37°C and 
180 rpm until an OD600 value of 0.5-1 was reached (~3 h). Expression of His6-ABP-eGFP 
was induced by adding isopropyl-beta-D-thiogalactopyranoside (IPTG) to a final 
concentration of 1 mM. The baffled flask was incubated at 30°C and 180 rpm. After~ 3 h, the 
cell culture was harvested by centrifugation for 8 min at 2400 x g and 4°C. The pellet was 
resuspended in 5 mL 1xPBS (8 g/L NaCL,0.2 g/L KCl, 0.24 g/L KH2PO4 and 1.44 g/L 
Na2HPO4, pH 7,4) and centrifuged for another 8 min at 2400 x g and 4°C.  The pellet was 
resuspended in 80% (w/w) glycerol.  The amount (g) of glycerol added was approximately 
the same as the weight of the pellet.  The glycerol stocks were stored in aliquots at -20°C for 
further experimental use. 

4.2 Cell Cultures 
T2 cells (ATCC, CRL-1992) were cultured in 25 mL tissue culture flask at 37 °C in a 
humidified atmosphere with 5% CO2. Cells were incubated in RPMI-1640 (Sigma-Aldrich) 
supplemented with 10% fetal bovine serum (Gibco BRL), 1% non essential amino acids  
(Gibco BRL), 1% sodium pyruvate (Gibco BRL), 1% L-glutamine  (Gibco BRL) and 1% 
penicillin (Gibco BRL). Cell suspensions were centrifuged at 44 x g min and resuspended in 
PBS (pH 7.4)  to obtain a concentration of 106 cells/mL (measured by using a 
hematocytometer). 

4.3 Chamber fabrication 
The dimensions of the micro fluidic chips were 50 mm x 4 mm x 50 µm (length, width and 
height).   The devices were manufactured in polydimethylsiloxane (PDMS) and bonded 
irreversibly to clean glass slides using standard clean room techniques.  PDMS and the curing 
agent were mixed (10/1 ratio) and poured on top of template containing the structure of 
interest and incubated in an oven at 65°C overnight.  The PDMS replica was pealed off the 
template. Holes for inlet and outlet were punched out with the help of needles. PDMS chips 
and glass slides were treated with oxygen plasma in a Reactive ion etch (RIE) chamber with 
inductive coupled plasma (ICP) (Oxford instruments). Following plasma oxidation, PDMS 
and glass slides were immediately placed in contact in order to bond the surfaces 
permanently. The chips were baked at 80 °C for ~10 min. In order for covalent bond 
formation to take place between glass surface and silane molecules, the chips were surface 
modified immediately after the bonding procedure. 
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4.4 Surface modification 
4% (v/v) 3-mercaptopropyl trimethoxysilane (ABCR GmbH & co) was prepared in ethanol 
inside a glovebag under a nitrogen atmosphere. Chambers were treated with 4% (v/v) 3-
mercaptopropyl trimethoxysilane in ethanol for 30 min at RT.  To flush away unreacted 
silanes, the chambers were washed with ethanol. Gamma maleimidobuturyl succinimide 
(GMBS, from Thermo Scientific) was prepared inside a glovebag under a nitrogen 
atmosphere to a final concentration of 0.2 mg/ml in ethanol. The chips were incubated for 30-
60 min with the coupling agent GMBS (final concentration 0.2 mg/ml) in ethanol. Each batch 
of GMBS (50 mg/ml) was dissolved in 0.5 mL of dimethyl sulfoxide (DMSO from Sigma-
Aldrich). The chambers were flushed with ethanol and PBS sequentially. NeutrAvidin (10 
mg/ml) was suspended in ultra pure water, according to the manufacturer’s recommendation.  
The NeutrAvidin solution was diluted in PBS to 1 mg/ml in batches of 50 µl NeutrAvidin 
(final concentration of 10 µg/ml in PBS) was immobilized to GMBS for at least 2h at 4°C or 
O/N.  The chips were washed with 1% BSA in PBS. Finally, 10 µg /ml biotinylated anti-LPS 
antibodies from goat (abD Serotec) or  biotinylated  antihuman CD4+ antibody from mouse 
(AbD Serotec) in PBS containing 1% BSA were injected (all antibodies are shown in table 1). 
The antibodies were allowed to react for a minimum of 2h at 4°C or O/N.. The anti-lipid A 
antibodies were biotinylated following the manufactures instructions for Lynx rapid biotin 
antibody conjugation kit (AbD Serotec).   
 
Table 1. Overview of antibodies used.  
 
Antibody Monoclonal Polyclonal Animal  Company 

Anti-lipid A LPS  X Goat Abd Serotec  
(OBT1844) 

Anti-human CD4: biotin X  Mouse Abd Serotec 
(MCA1267BT) 

Anit-goat IgG 
conjugated with Texas 
red sulfonyl chloride 

 X Donkey Jackson 
immunoresearch (705-
075-003) 

4.5 Flow Experiments 
Bacteria (1:100 dilutions) or cell suspension (106cells/ml) were flown through the chamber at 
5 µl/ml for 10 min. After 15 min incubation PBS was flown through the chamber at  
20 µl/min for 10 min. Cells were counted at selected points along the device axis using Zeiss 
confocal microscope. 

4.6 Immunofluorescence 
E. coli was harvested, washed and resuspended in glycerol (as described above) and diluted 
1: 100 in PBS. Anti-lipid A antibodies from goat (abd serotec) were added to a final 
concentration of 10 µg/ml and incubated at RT for 30 min, shaking. The bacteria suspension 
was centrifuged 2 x at 896 x g and washed in PBS (pH 7, 4). Secondary anti-goat antibody 
from donkey conjugated with Texas red (Jackson ImmunoResearch Laboratories,  
(view table 1) was applied at a final concentration of 10 µg/ml and incubated at RT for 30 
min shaking. The bacteria suspension was washed 2 x in PBS (pH 7, 4) 896 x g and 
resuspended in 100 µL PBS. Bacteria suspension was applied on glass slide.  The presence of 
Texas red fluorescence was examined using Zeiss confocal microscope. 
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4.7 Heat Treatment  
Bacteria suspension was heated in PBS (pH 7.4) for 5, 10, 15 min at 50, 55 and 60 º C under 
constant agitation and shaking. The PBS solution was pre-heated for 10 min at each 
temperature before the addition of bacteria (1:100). 
 

4.8 Image Acquisition 
A Zeiss confocal microscope was used. A 543 nm laser with 100% transmission was used for 
excitation of Texas Red while a 488 nm laser beam with 5% transmission was used for GFP.  
Long pass emission filter 560 was used for Texas red, while GFP was detected through the 
band pass 505-530 filter. 40x (dry) and 40x oil immersion objectives were used.  Finally, 
ImageJ software was used to evaluate bright-field and fluorescence images. 
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