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Nothing happens until something moves. 

When something vibrates, the electrons of the entire universe resonate with it. 

Everything is connected. 

 

Albert Einstein 
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General introduction 

 

Antibiotics have been used for the treatment of bacterial infections for over 70 years, saving 
millions of lives. The current antibiotic resistance crisis has been attributed to the overuse and 
misuse of these medications. Therefore, the prevention of infection transmission by the rapid and 
sensitive detection of antibiotic resistant strains is needed in managing this crisis. Fluorescent 
polymers show great potential for bacteria detection, because they are easy to functionalize and 
graft. Compared with the methods used for bacterial detection in liquid, bacterial detection on a 
film surface is more convenient, easier to handle and is amenable to device development that can 
be easily reused. The goal of my PhD work is to develop fluorescent and sensitive 
nanostructured polymer films on surface for bacterial detection. 

In chapter 2, we describe how a first generation of nanostructured fluorescent LbL films were 
designed and fabricated for bacterial detection (E. coli). Firstly, green BODIPY methacrylate 
(BDPMA) as the fluorescent monomer was synthesized. Subsequently, the water-soluble and 
biocompatible poly(ethylene oxide) acrylate (PEOA) was selected as another monomer. 
Different types of basic (ammoniums) and acidic (carboxylates or sulfonates) groups were 
available for the positively and negatively charged units, respectively. Three pairs of BODIPY-
based fluorescent polyelectrolytes (FPC) with different features were synthesized based on 
reversible addition-fragmentation transfer (RAFT) polymerization: relatively Short chains and 
Weak polyelectrolytes (SW FPCs), Short chains and Strong polyelectrolytes (SS FPCs) and 
Long chains and Weak polyelectrolytes (LW FPCs). Subsequently, FPC LbL films were 
fabricated on activated glass slides by means of electrostatic attraction. The photophysical and 
surface properties of FPC LbL films were controlled by adjusting the deposition conditions. The 
effects of the concentration of the deposition solution and the nature of FPCs on E. coli bacteria 
detection were evaluated. Finally, the possible mechanism of E. coli bacteria detection on FPC 
LbL film surface was proposed. 

Chapter 3 describes the effort to increase the films’ sensitivity by using the metal-enhanced 
fluorescence (MEF) principle. A MEF based LbL film was prepared and tested for bacteria 
detection. Firstly, spherical gold nanoparticles (Au NPs) were synthesized and coated with 
positively charged poly(allylamine hydrochloride) (PAH). Modified Au NPs were deposited on 
activated glass slides. Based on the previous results, described in Chapter 2, the green 
fluorescent long chains and weak polyanion (GFPC-) was selected as the fluorescent layer. 
Different films containing Au NPs and GFPC- were fabricated and the distance between the Au 
NPs and GFPC- was adjusted by changing the numbers of layers with two oppositely charged 
“blank” polymers (PC+ and PC-). The surface morphologies of Au NPs surfaces and 
photophysical properties of all Au NPs/ PCs/LW FPC- surfaces were carried out. Finally, these 
Au NPs/ PCs/LW FPC- surfaces were employed for E. coli detection. 



2 

 

In Chapter 4, we describe how the selectivity of LbL films was added by introducing an 
antibody on the surface of the film to provide specific recognition of a chosen bacterial strain. 
This LbL surface was designed to achieve a rapid, effective and specific detection of E. coli 
bacteria. The polyanion and polycation with a 4-dibenzocyclooctynol (DIBO) functional group 
were assembled on the activated glass slides and an anti-E. coli antibody containing a clickable 
azide group was introduced on the surface in a single step based on the strain-promoted azide-
alkyne cycloaddition (SPAAC) reaction. After the surface passivaition, the antibody surface was 
used for bacteria detection. The influence of various parameters such as fluidic condition and 
concentration of antibody on the sensitivity of the antibody surface for bacteria detection was 
investigated. Finally, the selectivity of anti-E. coli antibody surface was tested with E. coli and B. 

subtilis. 

In the last chapter, chapter 5, an alternative approach to detect bacterial growth on thin LbL 
film by introducing pH sensitive fluorophore (fluorescein) is presented. The growth of bacteria is 
often associated with a decrease in pH of the growth medium due to a release of acidic 
metabolites. Two single-signal pH sensitive surfaces containing fluorescein with different 
features and one ratiometric pH sensitive surface combining fluorescein with insensitive 
BODIPY were designed and prepared for the detection of bacterial growth. First, the synthesis of 
different functionalized polyanions (short and long chain of DIBO-PC- and red fluorescent 
polymer) was carried out. Three types of pH sensitive surfaces containing fluorescein (DIBO-
SWPC-/fluorescein, DIBO-LWPC-/fluorescein and ratiometric RFPC-/fluorescein surfaces) were 
prepared based on the combination of LbL assembly and copper-free click chemistry. Their 
photophysical and surface properties were studied. Finally, the bacterial growth detection was 
performed on each surface.  
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Chapter 1 Introduction: bibliographical background 

 

1.1 Introduction of bacteria detection 

Bacteria were among the first life forms on our Earth. The production of oxygen from 
photosynthetic bacteria made the existence of humans and multiple varieties of species possible. 
We can find microbes everywhere (soil, water, the Eiffel Tower, on the skin and in gut of the 
human body, etc.), they are extremely adaptable to different environmental conditions. Many of 
bacteria are beneficial to our everyday life. In industry, bacteria are important in sewage 
treatment [1, 2] and the breakdown of oil spills [3]. Our favorite cheese, yogurt and wine are 
produced through bacterial fermentation. In addition, the vast majorities of the bacteria in the 
body are harmless and even have positive effects on the immune system, though many are 
beneficial particularly in the gut flora [4].  

1.1.1 Introduction of bacteria 

Bacteria are single-celled microbes (Scheme 1.1). The cell structure is simple, containing a 
single circular genome with the genetic information. Some bacteria have a plasmid as an extra 
set of genetic material, and normally genes contained in the plasmid give the bacterium more 
advantages than other bacteria. For instance, it may contain genes that provide antibiotic 
resistance to bacteria [5]. In addition, they have flagella, which can be used for motility [6].  

 

Scheme 1.1. Structure of typical bacteria (from [7]). 

 

Bacteria can be divided into five groups based on their basic shapes and sizes: spherical 
(cocci), rod (bacilli), spiral (spirilla), corkscrew (spirochaetes) and comma (vibrios). After cell 
division, they can exist in different morphologies: single cells, in pairs, chains or clusters 
(Scheme 1.2a). Moreover, bacteria can be classified into two major groups on the basis of cell 
wall composition: gram-positive and gram-negative (Scheme 1.2b). The difference between two 
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cell wall is that gram-positive bacteria has only one membrane and thick peptidoglycan while 
there are an inner cell membrane, a thin layer of peptidoglycan and an outer cell membrane in 
gram-negative bacteria. Some receptors (e.g., antigen) as the components of bacteria cell wall 
can be specifically bound with the recognition elements (e.g., aptamer, antibody and phage) [8]. 
In general, the surface antigens have different classification [9]: the O-antigen is the external 
component of the lipopolysaccharide located in the cell wall [10]; the H-antigen is determined 
based on flagellar proteins [11] and the capsule’s K antigen [12]. In addition, the composition of 
antigens varies between different bacterial strains and antigens can be detected using 
immunological tests [13].  

 

Scheme 1.2. (a) The different bacterial shapes. (b) The cell wall composition of gram-positive 

and gram-negative bacteria (from [14]). 

 

1.1.2 Antimicrobial resistance (AMR) 

However, the most common serious and even fatal diseases are caused by bacterial infections. 
The Black Death, the most devastating pandemic in human history, which was caused by the 
bacterium Yersinia pestis, killed 30-60% of Europe’s total population in the medieval period 
[15]. Generally, the majority of pathogenic bacteria can cause disease because pathogens attach 
to host cells for nutrients and produce toxins and virulence factors that affect host cells in 
different ways [16].  

For the treatment of bacterial infections, the use of microorganisms for the management of 
microbial infections in ancient Egypt, Greece and China is well-documented [17]. The American 
microbiologist Selman Waksman and his colleagues first coined the term “antibiotics” to 
describe chemical substances produced by microorganisms and having the capacity to inhibit the 
growth of other microorganisms [18]. The modern era of antibiotics started with the discovery of 
penicillin by Alexander Fleming in 1928 [17, 19]. Since then, antibiotics have transformed 
modern medicine and have led to intense research [20]. Antibiotics were first prescribed to treat 
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serious infections and saved millions of lives since the 1940s [21]. At the beginning of the use of 
antibiotics, penicillin was successful in controlling bacterial infections among World War Ⅱ 
soldiers. However, penicillin has become less effective very soon and penicillin resistant strains 
began to appear in infected patients [22]. In response, new antibiotics were studied, developed, 
and marketed. Only 3 years later, however, the first case of methicillin-resistant Staphylococcus 

aureas (MRSA) was identified and during that same decade, in the United Kingdom in 1962 and 
in the United States in 1968 [23]. Repeating the cycle, multiple new antibiotics were once again 
discovered and introduced into commercial use since the 1960s. Unfortunately, bacterial 
resistance continued to spread and has been seen for nearly all antibiotics that have been 
developed (Figure 1.1). As a result, in 2018, more than 70 years after the first patients were 
treated with antibiotics, bacterial infections have again become a threat. 

 

Figure 1.1. Developing antibiotic resistance: a timeline of key events. (from [24]) 
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There are many causes of the emergence of antibiotic resistance. (i) Overuse, the direct 
relationship between the overuse of antibiotic and the emergence of resistant bacteria strains has 
been demonstrated in epidemiology [25]. On one hand, there are still a large number of 
antibiotics prescribed in the U.S. [26], and in many other counties, the use of antibiotics without 
a doctor’s prescription is also a very big problem [27]. (ii) Inappropriate prescribing, incorrectly 
prescribed antibiotics, like stopping the treatment too early, can make the promotion of resistant 
bacteria [28]. (iii) Extensive agricultural use, they are also used in farming and for farm animals 
in many countries to produce larger yields and higher quality product or promote growth and 
prevent infection of animals [29].  

Antibiotic resistance phenomenon reflects evolutionary processes of bacteria that take place 
during the above use of antibiotic. The emergence of resistant bacteria, especially multidrug-
resistant bacteria, is already widespread and endangers the efficacy of antibiotics in therapy [30]. 
Therefore, beside the development of new antibiotics [31], preventing infection transmission is 
also expected to be effective in managing this crisis. Rapid and sensitive bacteria detection is 
significant not only to prevent contamination of food, air and water [32, 33] but also for medical 
diagnostics to identify bacterial contamination in medical settings [34, 35]. 

 

1.1.3 Current methods for bacteria detection 

Colony forming unit (CFU) counting is one of the conventional bacteria detection methods 
relying on pre-enrichment in non-selective culture broth, selective enrichment, plating on agar, 
and counting of colonies after 37-48 h or more. This is time-consuming and requires large 
amounts of samples and materials and may miss most types of bacteria [36-38]. This is clearly 
insufficient, and the development of rapid detection methods has been a focus for many 
researchers. Alternative methods have been developed based on nucleic acid amplification and 
on biosensors based on different sensing technologies [39].  

1.1.3.1 Nucleic acid amplification based technologies 

Detection methods based on nucleic acid amplification include Polymerase Chain Reaction 
(PCR), Loop Mediated Isothermal Amplification (LAMP) and Nucleic Acid Sequence Based 
Amplification (NASBA). All of these technologies involve four main steps: sample preparation, 
DNA extraction, nucleic acid amplification and amplicons analysis (Scheme 1.3a). PCR is the 
most popular in bacterial detection since it was developed in 1986 [40]. It is based on the 
isolation, amplification and quantification of a short DNA sequence including the targeted 
bacteria’s genetic material. Different PCR methods have been developed for bacterial detection: 
the classic end point PCR (epPCR) [41], quantitative or real time PCR (qPCR) [42], multiplex 
PCR (mPCR) [43], reverse transcriptase PCR (rtPCR) [44] and viability PCR (vPCR) [45]. 
Scheme 3b illustrates the PCR method, consisting in different cycles of denaturation by heat of 
the extracted and purified DNA, followed by an extension phase using specific primers and a 
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thermostable DNA polymerization enzyme. In the following step, each new double-stranded 
DNA acts as starting material for a new cycle and exponential amplification is thus obtained 
[36]. The amplicon products are subsequently detected by gel electrophoresis. Among the 
different PCR variants, qPCR is based on fluorescent detection enabling amplicon quantification 
in real time and quicker results [46]. mPCR allows multiple and simultaneous detection of 
several organisms by introducing different primers to amplify DNA regions coding for specific 
genes of each targeted bacterial strain [47]. The user cannot discriminate between viable and 
dead cells from the above PCR techniques due to the presence of DNA in all cells. rtPCR targets 
RNA transcripts in order to detect viable cells only. This method must be performed quickly due 
to the fast degradation of RNA [48]. vPCR has also been developed to discriminate between 
viable and dead cells. Prior to the DNA extraction, free DNA that has been released from dead 
cells is blocked with an impermeable nucleic acid binding dye, which will prevent the 
amplification of such DNA during the PCR [49].  

 

Scheme 1.3. (a) The main steps of the nucleic acid amplification based technologies; (b) 

Schematic representation of one PCR cycle taking place in thermocycler (from [36]). 

 

LAMP is a technique developed by Notomi et al. in 2000, which is based on DNA 
amplification under isothermal conditions [50]. LAMP shows high specificity because six 
different regions of a gene are targeted by independent sequences for a selective identification. 
Four different primers are subsequently used in combination to amplify the target gene segment, 
thus offering higher sensitivity and shorter analysis time. NASBA is based on enzymatic activity 
of reverse transcriptase that amplifies RNA templates into complementary DNA under 
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isothermal conditions which was developed by Compton in 1991 [51]. This technique is able to 
detect viable cells. 

 

1.1.3.2 Biosensors 

 

Scheme 1.4. Schematic representation of a biosensor. 

 

Biosensors are defined as analytical devices combining a biological element (e.g. enzymes, 
antibodies, nucleic acids, receptors, cell, tissue, etc.), a biologically derived component (e.g., 
aptamers, engineered proteins, etc.) or a biomimic material (e.g., combinatorial ligands and 
synthetic catalysts) intimately integrated within or associated with a physicochemical transducer, 
which may be electrochemical, optical, thermometric, piezoelectric, micromechanical or 
magnetic [52]. Enzymes, antibodies and nucleic acids are three main classes of biological 
recognition elements which are applied to biosensor applications (Scheme 1.4). The following 
parts discuss biosensors classified according to their transduction methods. 

(1) Electrochemical biosensors 

This kind of devices are mainly based on the detection of changes in electrical current or 
potential when the target analyte is involved in the reaction that takes place at the sensor sample 
matrix interface. According to the observed parameter in the reaction, electrochemical biosensors 
are generally classified into three categories: amperometric (current), potentiometric (potential) 
and impedimetric (impedance) [53]. Amperometric methods are based on an existing linear 
relationship between analyte, concentration and current, the produced current at the electrode is 
measured at a fixed potential. In amperometric detection, the current signal is generated due to 
the reduction or oxidation of an electroactive metabolic product or intermediate on the surface of 
a working electrode [54]. Potentiometric methods are the least common of all biosensors maybe 
because a highly stable and accurate reference electrode is always required and challenging to 
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maintain. A potentiometric biosensor yields a logarithmic concentration response with a high 
dynamic range at zero current; therefore, it enables the detection of extremely small 
concentration changes [55]. Electrochemical impedance spectroscopy (EIS) represents a 
powerful method for the study of conducting materials and interfaces. A cyclic function of small 
amplitude and variable frequency is applied to a transducer, and the resulting current is used to 
calculate the impedance at each of the frequencies probed in this technique [56]. Although this 
methodology is widely accepted due to its ease of operation and simple sensor preparation, 
extreme care must be taken to ensure the equivalent circuit obtained makes physical sense, 
because the same impedance data may well be fit by several different circuits [57]. On of the 
advantages of electrochemical biosensing is that it can be performed with turbid samples, such as 
milk. 

(2) Optical biosensors 

Optical biosensors are another commonly used technique in bacterial detection. Surface 
plasmon resonance (SPR) and fluorescence-based methods have been widely studied because of 
their high sensitivity. SPR biosensors measure the changes in refractive index occurring at a thin 
film metal surface caused by the interaction between the bacteria and the biorecognition species 
[58]. SPR has successfully been employed for bacterial detection by introducing antibodies as 
biorecognition elements [59]. A typical SPR biosensor instrument is depicted in Scheme 1.5 [60]. 
A substrate functionalized by a gold thin film is irradiated from the backside of the sample by p-
polarized light through a prism. In the meantime, the reflectivity is recorded as a function of the 
angle of incidence. The observed SPR from the surface is a curve with a narrow dip. The angle 
of reflection is determined by the mass of material at the biosensor surface. When bacteria bind 
to the biorecognition elements on the surface and the mass of the surface layer is changed, the 
SPR angle shifts (from A to AB in Scheme 1.5). Hence, the change in SPR angle, and the binding 
reaction, can be measured in real time. 

 

Scheme 1.5. A typical SPR biosensor set-up from Linman et al [60].  
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Fluorescence based biosensors are based on monitoring the fluorescence intensity which is 
related to the target bacteria, e.g. the concentration of the fluorescence sensor binding with 
bacteria or environment of bacteria changed by metabolite. The biorecognition element 
(antibody) may be conjugated to fluorescent probes. According to the types of fluorescent 
probes, this technique can be divided into three classes: organic dyes, nanoparticles, rare-earth 
elements [61]. Concerning the organic dyes, they are frequently used to target the bacteria in vivo 
through membrane permeability or detect the fluorescence intensity change in the environment 
surrounding bacteria. Fluorescein isothiocyanate (FITC) is one of the most common used dyes 
due to its higher quantum yield [62]. New multicolor fluorescent probes to target protein or DNA 
of bacteria are also developed by researchers. In order to decrease the signal from the 
background, the fluorescent probes with longer emission wavelength are studied [63]. Quantum 
dots (QDs) are the most popular nanoparticles owing to their good photostability and narrow 
photoluminescence spectra. The fluorescence emission wavelength of QDs can be tunable from 
blue to red by changing the particle size and chemical composition. Recently, fluorescent carbon 
dots (CDs) have emerge because they keep the same favorable photophysical characteristics than 
QDs but are more environmentally friendly since they do not contain any heavy metals [64]. For 
rare-earth elements, lanthanide-based fluorescent probes have gained extensive attention owing 
to the exclusion of light scattering, long fluorescence lifetime and red emission [65].  

 

1.1.4 Discussion on the detection methods 

Several alternative methods for bacteria detection have been developed to reduce the amount 
of sample necessary and the analysis time. Although nucleic acid amplification based 
technologies show high sensitivity and selectivity, the complex sample preparation (DNA 
extraction and purification), time needed (the extraction method takes around 5 hours [39]) and 
sophisticated and costly instruments limit their utilization. Electrochemical biosensors are highly 
sensitive and can work with turbid samples, however these techniques make data acquisition and 
interpretation complex and well-trained personnel is necessary. In optical biosensors SPR can 
detect bacteria within a short time and deliver sensitive and reliable data in a noninvasive 
manner. The main drawbacks of this technique are the complexity of the device and expensive 
equipment. Fluorescence based biosensor not only achieve sensitive and nondestructive 
detection, but also can provide rapid response. Hence, we proposed to design fluorescent sensors 
for bacteria detection.  

Two pathways for bacteria detection are possible (Scheme 1.6). If we detect bacteria in liquid 
with a fluorescent material (Scheme 1.6 left), we need to introduce first the fluorescent probe 
into the sample suspension and then wait for a long incubation time to obtain sufficient 
interaction between bacteria and the fluorescent probe. The mixture of bacteria and probe must 
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then be concentrated through centrifugation before microscope observation. While in the case of 
film surface detection (Scheme 1.6 right), we can introduce the bacteria suspension onto the 
sample surface directly. The film surface can be used to capture the bacteria from the bacteria 
suspension. Compared with the method in bulk solution, a film for bacteria detection appears 
more effective, convenient, easier to operate and potentially recyclable. Moreover, the 
nanostructured fluorescent films have the potential for large specific surface area, leading to a 
high bacterial adsorption capacity [66]. Therefore, the goal of my PhD project is to develop 
fluorescent and sensitive nanostructured film on surfaces for bacteria detection.  

 

Scheme 1.6. Comparison of fluorescent probe for bacteria detection in solution and on surface. 

 

To our knowledge, bacterial detection on fluorescent nanostructured film surfaces is rarely 
considered. A first generation sensor will be designed and studied in our work. We select 
Escherichia coli (E. coli) as the model for bacteria detection instead of pathogenic bacteria. E. 

coli are gram-negative bacteria. They are typically rod-shaped and around 3.0 μm long and 0.5 
μm in diameter. They also have flagella, which can be used for motility [6]. E. coli bacteria are 
one of the most widely utilized and investigated model organisms in microbiology and 
biotechnology because they can be cultured easily and divide quickly and have been intensively 
studied for over many years. For my research, we used E. coli strains K12 BW25113 which are 
well adapted to the laboratory environment and not pathogenic. 

 

1.2 Layer-by-Layer (LbL) self-assembly 

1.2.1 Layer-by-Layer (LbL) self-assembly 

Layer-by-Layer (LbL) assembly was first introduced by Iler in 1966 [67]. The concept as a 
diverse bottom-up nanofabrication technique has been of considerable interest since its 
development by Decher in the 1990s [68-70]. The major advantage of the LbL assembly is its 
simple and low cost equipment: tweezers and beakers are the only apparatus required [71]. 
Another advantage of this method is that a large variety of materials can be used as LbL building 
blocks. Besides polymers (various functional polyelectrolytes, e.g., poly(allylamine 
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hydrochloride), poly(acrylic acid), etc.) [72-75], inorganic nanoparticles (clay, nanosheets, 
colloidal nanoparticles and modified zeolite crystals, etc.) [76, 77] and biological materials 
(polypeptides, nucleic acids and protein, etc.) [78-80] can also be assembled. In addition, the 
multilayer assemblies achieved by LbL technique are not always films depending on the 
templates. For instance, coating on planar templates yields thin films [81, 82]. Removing the 
templates leads to freestanding membranes. Performing the material modification on 3D 
templates, like nanoparticle, fiber, tubular structures, etc., gives different corresponding nano-
architectures [83-85]. 

 

Scheme 1.7. (a) Layer-by-layer film fabrication based on electrostatic attraction. (b) Immersive 

LbL assembly basic deposition process. 

 

Since we will focus on nanostructured film preparation in my research, polyelectrolytes have 
been chosen as the suitable material. A brief principle of the layer-by-layer self-assembly is 
shown in Scheme 1.7a. Two oppositely charged polymers are deposited alternatively on a 
substrate by means of electrostatic attraction [86]. Other driving forces can be used such as 
hydrogen bonding [87], π-π interaction [88], click chemistry [89] or Van der Waals forces [90]. A 
typical LbL process is shown in Scheme 1.7b. A substrate is dipped into an aqueous solution of 
positively charged polymers for around 10 min, allowing polymers to deposit on the substrate, 
washed with water for few minutes, dried and subsequently dipped into an aqueous solution of 
negatively charged polymers. Multilayer thin films are prepared by simply repeating the basic 
deposition process [91]. Following this process, films are deposited on both sides of substrate.  

 

1.2.2 Main factors in LbL self-assembly process 

The quality of nanostructured films depends on the ionic properties of the polyelectrolytes in 
solution that is mainly affected by the molecular structure and concentration of polyelectrolytes, 
pH and ionic strength of the solution [92]. Herein, these factors will be discussed. 
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1.2.2.1 Nature of the polyelectrolytes  

Many different natural and synthetic polyelectrolytes can be selected as building blocks in the 
LbL self-assembly process. The basic features required for the polyelectrolytes in bacterial 
detection are no/low toxicity and hydrophilicity. Polyelectrolytes with different charge densities, 
degrees of hydrophilicity and molecular weight will significantly affect the assembly behavior. 
The charge density of the polyelectrolytes depends on the type of polymer. Strong 
polyelectrolytes can be fully ionized when they dissociate in solution, whereas weak 
polyelectrolytes are partially ionized. Generally, the electrostatic interaction between polycation 
and polyanion for strong polyelectrolytes is stronger than in the case of weak polyelectrolytes, 
and probably there is a different interaction between the bacteria and LbL films. Moreover, the 
more hydrophobic the polyelectrolytes, the more compressed the structure of the multilayers, due 
to the contribution of strong hydrophobic electrostatic interaction between polycation and 
polyanion. On the other hand, the growth behavior of the LbL self-assembled polyelectrolytes 
multilayer is related to the molecular weight of the polyelectrolytes. For polyelectrolytes with 
higher molecular weight, the interaction among each chain is more complex and induces more 
stable and higher roughness multilayer films. 

 

1.2.2.2 Effect of concentration of the polyelectrolytes 

Besides the nature of polyelectrolytes, their concentration is also a crucial factor for the 
construction of multilayer films. More concentrated polyelectrolytes solutions are able to provide 
more electrostatic adsorption of polycation and polyanion (Scheme 1.8). It equals to say that the 
concentration might affect up to a certain point the percent coverage of the surface and then the 
thickness and roughness of the layer, which might influence the stability of the following layer. 
So one would expect that as the concentration increases the stability of the interaction with the 
following layer will at first increase and then start to decrease. 

 

Scheme 1.8. The interaction of polyelectrolytes among each chain in dilute and concentrated 

solutions (from [93]).  
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1.2.2.3 Effect of pH 

Modulating pH in the weak polyelectrolytes solutions can affect multilayer film construction 
as well as cross-link density and morphology owing to changes in degree of ionization with pH. 
Normally, the polycations are partially ionized in high pH solution (pH ≥ 8) and the thin layer 
can be formed through adsorption, while polyanions ionization increases and thick layer will be 
deposited.   

 

1.2.2.4 Effect of ionic strength 

Ionic strength can affect the thickness and roughness of the layer because the addition of salt 
to the deposition solutions can shield the charges of the polyelectrolytes and then can change the 
conformation of polyelectrolytes in solution. Upon charge screening, the conformation of 
polyelectrolytes is transformed from an extended form to a more globular or coiled one, resulting 
in thicker layers.  

The quality of the multilayer films is affected by the combination of each factor.  

 

1.3 Fluorescent polymers 

In order to prepare fluorescent nanostructured films with the LbL assembly technique, 
fluorescent polyelectrolytes should be designed and synthesized. First examine what is 
fluorescence. 

1.3.1 The principle of molecular fluorescence    

What happens when light meets matter? It depends on the property of matter and it is also 
related to the wavelength of light. The light can be reflected, transmitted, scattered or absorbed. 
There is a special kind of matter that can emit longer wavelength light when it absorbs an 
appropriate wavelength of light. We term the longer wavelength light as photoluminescence. 
Fluorescence is one type of photoluminescence where light is quickly emitted (< 10 ns) after 
absorption. Materials that can emit light upon excitation are called fluorophores. 

 Scheme 1.9 is a classic Perrin-Jablonski diagram that illustrates electronic energy levels of 
fluorophore molecules and the transitions between them. The various types of radiative 
(absorption, fluorescence emission and phosphorescence) and non-radiative (internal conversion 
and intersystem crossing) processes that occur in fluorophore molecules are clearly shown in the 
diagram. Absorption refers to the physical process of absorbing light. An electron of fluorophore 
molecules in the singlet ground state (S0) can absorb a photon and be excited to a higher energy 
orbital, e.g., S1, S2 etc. The electron at the excited state of the horizontal multiplicity of spin can 
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release energy as non-radiative processes and arrive at the lower vibrational level of S1, which is 
called internal conversion (IC). When the electron at an excited state (S1) returns to the ground 
state (S0), fluorescence emission is radiated. The excited molecule (S1) can also undergo an 
electronic state of different multiplicity of spin T1 though an intersystem crossing (ISC). 
Emission from the T1 state to S0 is termed phosphorescence, which is generally shifted to longer 
wavelengths compared to the fluorescence [95]. 

 

Scheme 1.9. A classic Perrin-Jablonski diagram and illustration of the relative positions of 

absorption, fluorescence and phosphorescence spectra (from [94]). IC: internal conversion, ISC: 

intersystem crossing, S i: singlet electronic state, Ti: triplet electronic state. 

 

From the Perrin-Jablonski diagram, we can notice that the fluorescence emission wavelength 
is red shifted compared to the absorption wavelength, due to the energy loss through the non-
radiative processes. This energy gap is called Stokes shift. In the fluorescence process, quantum 

yield (Φ�) and lifetime (τ�) are considered to be the most important characteristics. Fluorescence 
quantum yield is defined by the ratio of emitted photons to the absorbed photons. Commonly, the 
fluorescence quantum yield is less than 1 due to the non-radiative processes. The fluorescence 
quantum yield is given by Φ� =

���� + ��� 

where �� is the radiative rate constant and ��� the non-radiative rate constant. 

The fluorescence lifetime is defined as the average time that the molecule spends in the 
excited state S1 prior to returning to the ground state S0. The lifetime is 
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τ� =
1�� + ��� 

For the visual phenomenon, brightness of the fluorescent molecules is always an evaluation 
standard for the quality of a fluorophore. The brightness (B) of a fluorophore is proportional to 
the molar extinction coefficient (accounts for the quantity of light absorbed) at the excitation 

wavelength (ε(λ)) and the fluorescence quantum yield (account for the emission efficiency) 

(Φ�). It is defined by the following relationship [96]: 

B = �(�) × Φ� 

An ideal fluorescent molecule should carry out sharp excitation and emission peaks, strong 
brightness and good chemical and photo stability. 

 

1.3.2 BODIPY  

Chemical structures determine the properties of the compounds. Fluorescence typically occurs 
from aromatic molecules because an electron at the ground state of the molecular orbital (π) can 
be excited to an unoccupied orbital (π*) with relatively low energy.  
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Scheme 1.10. Numbering scheme used for the BODIPY framework derived from indacene. The 8-

position is often called meso; the 3,5-positions are sometimes denoted by a, while b is used to 

refer the 2,6- and 1,7-positions. 

 

4,4-difluoro-4-bora-3a,4a-diaza-s-indacene [97, 98] (better known as BODIPY [99] or 
difluoroboron dipyrromethene) has a conjugation of the π-electrons running along the organic 
backbone and can be fluorescent (Scheme 1.10). Although Treibs and Kreuzer reported the first 
member of this family as early as 1968 [100], the various applications of BODIPY-based dyes 
were only fully studied since the mid-1990s [101, 102]. BODIPY shows many excellent features: 
good chemical and photo stability, intense absorption/emission profiles, relatively high molar 

absorption coefficient ε(λ) and fluorescence quantum yield, and relatively insensitivity to the pH 
and polarity of the environment. Moreover, the fluorescence properties can be fine-tuned by 
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introducing different electron donating/withdrawing substituents at the suitable positions of the 
BODIPY core. In addition, the synthetic pathways to the BODIPY-based dyes are relatively 
straightforward starting from pyrrole heterocycles and they are easily post-functionalized on 
various positions.  

The conjugated π-electrons on the BODIPY core can be extended by attachment of conjugated 
groups to one or both pyrrole fragments [103, 104] or condensation of appropriate units onto the 
periphery [105, 106] to obtain red-shifted absorption and emission spectra of BODIPY-based 
fluorophore [107]. A typical synthesis of symmetric BODPY fluorophores is based on the well-
known pyrrole condensation reaction (Scheme 1.11), which is derived from the synthesis of 
certain types of porphyrin [108]. In order to avoid polymerization and/or porphyrin formation, 
pyrroles are generally substituted at one of the positions adjacent to the nitrogen atom. The other 
position adjacent to the nitrogen atom on pyrroles is used to form the methene bridge with a 
highly electrophilic carbonyl compound (e.g., aldehyde, acyl chloride or acid anhydride) [109, 
110]. Moreover, the aldehyde is very often an aromatic one in the condensation reaction with 
pyrrole because oxidation tends to fail in other cases. 

 

Scheme 1.11. A typical synthesis of symmetric BODIPY fluorophores (from [98]). 

 

Once BODIPY-based fluorophores with the expected photophysical properties are obtained, a 
post-modification for the polymerization is desired with negligible changes of the optical 
properties. Many post-synthetic modifications on the meso-position (8-position) of BODIPY 
dyes do not perturb the geometry of the chromophore and without significant decomposition of 
the electron density on the BODIPY unit [111, 112]. This kind of strategies can also avoid 
problems arising from steric hindrance.  
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1.3.3 Fluorescent polymers 

In general, organic fluorophores are toxic and hydrophobic compounds which limit the 
applications in biology and medicine. They can be functionalized by introducing some 
hydrophilic moieties onto the aromatic fluorescent core [113]. However, in most cases they result 
in a dramatic drop of the fluorescence quantum yield. Fluorescent polymers show great potential 
in bioimaging and biosensor applications due to the variety of available monomers with good 
water solubility, biocompatibility and compatibility with organic fluorophores. Modified organic 
fluorophores can be fluorescent monomers building blocks for fluorescent polymers preparation.  

Contrary to fluorescent π-conjugated polymers, when side-chain pendant fluorophores are 
covalently introduced to a polymeric backbone, the photophysical properties are mostly 
independent from the number of repeating units and the degree of polymerization. In addition, 
fluorescent monomers that carry polymerizable moieties (e.g., double bonds in terms of (meth) 
acrylate-, vinyl- or styrene units) can be directly polymerized by various polymerization 
techniques [114]. Besides the direct copolymerizing of dyes approach, post-polymerization 
modification is an alternative method to introduce reactive fluorophores onto functionalized side 
chains using highly efficient reactions. 

Some fluorescent polymers were synthesized and applied as labels or sensors for cell imaging. 
Charreyre’s team reported a new class of lipid-ended polymer conjugates as bright far-red 
fluorescent lipid probes and the probes were able to efficiently label the lipid bilayer of 
liposomes of various sizes [115]. Raymo’s group recently addressed seven bright and non-
cytotoxic BODIPY-based polymers incorporating with hydrophobic decyl and hydrophilic oligo- 
(ethylene glycol) side chains which allow the imaging of living organisms (Caenorhabditis 

elegans and HeLa cells) [116]. A cationic BODIPY-based fluorescent polymeric thermometer 
was synthesized by Uchiyama’s group and applied for the sensing of intracellular temperature 
(MOLT-4 (human acute lymphoblastic leukaemia) and HEK293T (human embryonic kidney) 
cells) [117]. However, to our knowledge, fluorescent polymers for bacterial detection are rarely 
considered. 

In order to introduce BODIPY dyes into polymer backbones as side chains by direct 
polymerization, BODIPY methacrylate (BDPMA), which carries double bonds in the 
methacrylate unit, was selected as the fluorescent monomer (Scheme 1.12) [118]. Fluorescent 
polymers can maintain the features of the individual monomers. The water-soluble and 
biocompatible fluorescent polymers are expected to be used for biological applications; therefore 
poly(ethylene oxide) acrylate (PEOA) is used to introduce this feature. In order to carry out the 
Layer-by-Layer assembly, different types of basic (ammoniums) and acidic (carboxylates or 
sulfonates) monomers are used as positively and negatively charged units, respectively. 
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Scheme 1.12. Different BODIPY-based fluorescent polyelectrolytes. 

  

1.3.4 Reversible addition fragmentation transfer (RAFT) polymerization  

Monomers carrying double bonds can be directly polymerized either though a straightforward 
free radical polymerization (FRP) approach or though living/controlled radical polymerization 
(CRP) techniques. However, conventional uncontrolled free radical polymerization generally 
leads to polydisperse polymers because of unavoidable radical-radical terminations. CRP 
methods allow the synthesis of well-defined polymers with a narrow molecular weight 
distribution, diverse chain composition, and controlled chain lengths. They are thus convenient 
for the synthesis of block copolymers [119]. 

“Living” polymerization was first introduced by Michael Szwarc in 1956, starting with living 
anionic chain-growth polymerizations [120]. In the standard polymerization process, polymeric 
molecules are created in an initiation step, and then grow by a propagation step, and finally they 
“die” in a termination step. The death is regulated by the reaction conditions. Whereas, in the 
concept of living polymerizations, there is no termination step, the polymeric molecules then 
“live” for an indefinite period of time and the growth is not interrupted until the supply of 
monomers is exhausted. In addition, the living ends are potentially able to grow further if an 
additional amount of monomer is available [121]. This approach was extended to vinyl 
monomers after around 30 years [122, 123], however, anionic polymerizations are only suitable 
for several types of monomers (e.g., aprotic, apolar) with high purity under harsh reaction 
conditions [124]. More interesting studies on living polymerization have been subsequently 
reported. Controlled radical polymerization (CRP) approaches, including the nitroxide mediated 
polymerization (NMP), the atom transfer radical polymerization (ATRP), and the reversible 
addition-fragmentation transfer (RAFT) polymerization, have received great attentions for 
polymer synthesis due to the easy procedures, less stringent reagent purity and setup and 
tolerance to a wide range of chemical groups. It is also suitable for various polymerizable 
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monomers under mild reaction conditions [125].  

In 1986, Solomon et al. reported the first example of NMP [126]. NMP is relatively tolerant to 
impurities and primarily suited for styrenic monomers [127]. Based on the NMP investigations, 
ATRP and RAFT became the most popular techniques during the 90s. In ATRP, various 
monomers (except unprotected acids) can be used and many initiators including multifunctional 
and hybrid systems are commercially available under a wide range of temperatures in the 
presence of transition metal catalyst [128]. A wide range of monomers including unprotected 
acids are able to be polymerized with RAFT. Considering the fluorescent polyelectrolytes 
preparation involves the anions that includes acidic groups and the toxicity of transition metals in 
biological system, RAFT polymerization was chosen in our work.  

The RAFT technique was firstly described by the group of Rizzardo and Moad in 1998 [129]. 
As is generally the case in CRP, RAFT relies on the kinetic equilibrium between active and 
dormant chains [130, 131]. The efficient reversible activation-deactivation process in RAFT is 
conferred by a special kind of chain transfer agent (CTA)/or RAFT agent that generally contains 
a thiocarbonylthio moiety (Scheme 1.13). When a radical species attack the thiocarbonylthio 
moiety of the CTA, the double bond (C=S) that can be activated by Z groups, cleaves and a 
radical adduct forms [132, 133]. The stability of the radical adduct can also be controlled by the 
Z segments during the process and the R group is leaving as a radical species, that achieves the 
kinetics of addition and fragmentation of this agent. Therefore, the selection of R and Z groups is 
crucial. 

Z
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Scheme 1.13. General structure of RAFT chain transfer agents (CTA). 

 

In RAFT polymerization (Scheme 1.14), a small quantity of initiating radicals (I•) reacts with 
the monomers and growing radical species (Pn

•) form. These radical species attack the C=S 
double bonds of CTA, the stabilized radical intermediates are formed, and then R segments 
fragment leave as another propagating radicals (R•). Meanwhile, other transfer agents (Pn-
S(C=S)Z) are obtained and then new initiators (R•) are able to reinitiate monomers to give 
growing radicals (R-Pm

•). The growing radicals (Pm
•) react with the transfer agents (Pn-S(C=S)Z) 

again and yield new propagating radicals (Pn
•) and large amount of polymeric transfer agents 

(Pm-S(C=S)Z). In the final step, which is undesirable but terminations may occur in all CRP 
process, dead chains ((Dn+m or Dn and Dm) are formed. Fortunately, the above equilibria are still 
living. RAFT markedly reduces the probability of termination. Thermal initiators 
(azobisisobutyronitrile (AIBN) or 4,4'-azobis(4-cyanopentanoic acid) (ACPA)) have been 
selected for the initiation [135]. A commercial carboxyl-terminated trithiocarbonate based 
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transfer agent was used in our work due its good efficiency in RAFT [136]. Furthermore, the 
carboxyl groups at the end are available for further functionalization. 
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Scheme 1.14. General mechanism of the RAFT polymerization (from [134]). 

 

1.3.5 Click chemistry 

Click chemistry is a very powerful tool not only for the post modification of polymers [137, 
138] but also for surface modification [139, 140], extending the applications of functional 
polymers. 

 

1.3.5.1 Introduction of click chemistry 

The concept of “click” chemistry was first introduced by Sharpless and coworkers in 2001 and 
they defined the term as “the reaction must be modular, stereospecific, give very high yields, 

readily available starting materials, simple and mild reaction conditions in multiply solvents 

(including water), simple purification procedures and the product must be stable under 

physiological conditions” [141]. Among these reactions, 1, 3-dipolar cycloadditions between 
azides and terminal alkynes catalyzed by copper (I) (termed CuAAC) meet the above criteria due 
to a very high thermodynamic driving force and have been classified as “click” reactions since 
2002 [142, 143]. CuAAC can be classified into three categories based on the catalyst (Scheme 
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1.15).The 1,4-disubstituted 1,2,3-triazole regioisomer products are generated in the presence of 
Cu (I) (Scheme 1.15, entry 1). Cu (I) is needed for the CuAAC reaction, however, the Cu (I) 
coordination complexes and salts are always unstable when they are utilized directly [144, 145] 
or there are large amounts of undesired side products appearing in the presence of Cu (I) halides 
[146]. Consequently, the required Cu (I) is prepared in site either by the comproportionation of 
Cu (0) and Cu (II), or via a reduction reaction between Cu (II) and a reducing agent (e.g, 
ascorbate) [142]. One of the remarkable advantages is that CuAAC enable the incorporation of 
even very dilute functional groups because of relative independence of the reaction rate on the 
azide and alkyne concentration and the lack of side products. Although CuAAC has been 
successfully used in polymer chemistry owing to the high efficiency and excellent functional 
group tolerance, the Cu (I) catalyst is cytotoxic and limits its biological applications. Several 
groups have tried to minimize the quantity of catalysis under high reaction rates [147]. 
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Scheme 1.15 General scheme of azide-alkyne cycloaddition reactions (from [143]). 

 

An alternative catalyst for azide-alkyne cycloaddition is ruthenium (II) and results in the 1,5-
regioisomer (Scheme 1.15, entry 2) [148, 149]. Furthermore, it is possible to obtain completely 
substituted 1,2,3-triazoles with Ru (II) catalyzed azide-alkyne cycloaddition because Ru (II) can 
engage internal alkynes in catalysis. Other transition metals (e.g., Ni, Pd, Pt and Fe) and different 
ligands (e.g., bipyridine derivatives) have also been investigated [150-152].  

 

1.3.5.2 Strain promoted alkyne-azide cycloaddition (SPAAC) 

Recently, more practical metal-free click chemistry reactions have been developed. The most 



 

23 

 

significant development of copper-free alkyne-azide cycloaddition is probably the use of a ring 
strained alkynyl moieties that reacts at room temperature (SPAAC) [153]. Bertozzi et al. 
achieved the effective [3+2] cycloaddition between fluoro-substituted cyclooctynes containing 
ring strain and electron-withdrawing fluorine substituents and azides in the absence of catalysts 
(Scheme 1.15, entry 3) [154-156]. Conversely, Boons et al. utilized dibenzocyclooctynes instead 
of fluoro-substituted cyclooctynes to perform strain-promoted cycloaddition with similar 
reaction rates, based on increase strain by adding sp2 centers to the cyclooctyne ring (Scheme 
1.15, entry 3) [157, 158]. Electron-deficient alkynes (e.g., alkynyl esters [159, 160]) have also 
been used in catalyst-free azide-alkyne cycloaddition. 

SPAAC reactions have been widely employed in biological systems to target azido-
biomolecules (e.g., sugars [161], peptides [162], nucleic acids [163] and proteins [164]) and cells 
[165] without observable cytotoxicity. Furthermore, functional groups (e.g., hydroxyl group) on 
cyclooctyne derivatives provide a handle for the incorporation of functional polymers. 

 

1.3.6 Combination of click chemistry and RAFT polymerization 

As previously introduced, RAFT polymerization is an efficient and convenient technique for 
the preparation of well-defined polymers. In order to extend their applications, polymers bearing 
functional groups at terminal positions are required for further functionalization [166]. Hence, 
the functional group tolerance is very important for the post-polymerization modification. Azides 
and terminal alkynes received great attentions for post-polymerization modification owing to 
their excellent tolerance in a broad range of reaction conditions [167]. Moreover, click chemistry 
between azides and terminal alkynes can be carried out simply, effectively and selectively under 
mild conditions to give stable triazoles. Consequently, the combination between click chemistry 
and RAFT polymerization not only simply and efficiently adds the properties and functions to 
the original polymers but also expands the versatility of polymer synthesis. Clickable polymers 
can be further conjugated with various compounds ranging from small tracers [168], drugs [169] 
to other polymers [170], even on solid surface [171, 172]. 

In general, there are two approaches to introduce alkynyl or azido groups into RAFT-
generated polymers (Table 1.1). (1) Clickable functional groups can be introduced into RAFT 
agents or (2) incorporated as pendant units. As mentioned above, the commercial RAFT agent 
we selected carry carboxyl groups at the end, therefore clickable functional groups can be 
introduced based on condensation reactions. In the second method, the clickable functional 
groups can be incorporated to the polymer backbone through either post-polymerization onto 
functional polymers or as monomers that participate to the polymerization. Subsequently, the 
clickable polymers are conjugated with alkyne (or azide)-terminated molecules based on click 
reactions. 
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Table 1.1 Brief overview of “click” reactions with RAFT-generated polymers. 

Entry Polymer/substrate Catalyst/conditions Comments Ref. 

1 
N3

O
SC12H25S

S

O  

CuBr/PMDET 

DMF, rt 
RAFT agent [173] 

2 

N N
H

S SC12H25

O

S

O

 

/ RAFT agent [174] 

3 
O

S
O

S

 

/ RAFT agent [175] 

4 

S
S

S

O
O

n m
OH

OO
N

N

N

O

O

S O

 

/ monomer [176] 
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SHOOC

S
OOO
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NC O

n m

/glass slides 

/ monomer [177] 
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Chapter 2 BODIPY-based Fluorescent Polymer Chains Thin Film 

Devices for Bacteria Detection 

 

    Every year over 300 million cases of serious and even fatal diseases are caused by bacterial 
infections or contaminations with the loss of over 2 million lives [1, 2]. Since 1940s, antibiotics 
became responsible for saving countless human and other lives, as well as transforming modern 
medicine [3]. However, due to the intensive use of antibiotics, human pathogens have become 
resistant to many antibiotics. Therefore, the rapid emergence of resistant bacteria is occurring 
worldwide in the last few decades [4, 5]. Especially, resistance of important bacterial pathogens 
to common antimicrobial therapies and rise of multidrug-resistant bacteria are increasing at an 
alarming rate [6]. Long-time scale is needed to go from fundamental research in the laboratory to 
clinical trials on humans before placing on the market. Furthermore, any new antibiotics have a 
limited lifespan of utility, and it is likely that new drug resistance in bacteria will appear [7]. 
Disease prevention is the most effective, affordable way to reduce risk of infectious bacterial 
pathogens. 

    Current methods for the identification of pathogenic bacteria are very slow and take several 
days to report the correct information [8]. The common assay is CFU (colony forming unit) 
counting which relies on plating the sample on agar and counting the colonies after at least 18 
hours of incubating time. This method is time-consuming and may miss most types of bacteria 
[9]. Alternative methods have been developed to reduce the amount of time and sample 
necessary for a reliable measurement, such as surface plasmon resonance (SPR). Although SPR 
can detect bacteria within a short time, issues like the complexity of the device and expensive 
equipment, make SPR detection difficult to be applied in the market so far [10]. Another 
effective method is electrochemical impedance spectroscopy. This technology is highly sensitive; 
however it requires well-trained personnel to analyze the result [11]. This demands an urgent 
need for the development of rapid, sensitive, reliable, convenient and low cost bacteria detection 
approaches. One promising method, which is currently in the infant stage, is the development of 
fluorescent polymers enabled detection strategies. They are easier to functionalize, graft and get 
reproducible results. 

    To date, several attempts have been made to effectively detect bacteria with functionalized 
fluorescent polymers. Since many pathogens that infect humans use cell surface carbohydrates as 
receptors to facilitate cell-cell adhesion, P. H. Seeberger’s group designed carbohydrate-
functionalized fluorescent polymers which display many carbohydrate ligands on a single 
polymer chain to allow for multivalent detection of pathogens [12]. U. H. F. Bunz’s team 
demonstrated that non-covalent conjugates of gold nanoparticles and poly (para-
phenyleneethynylene) (PPE) via nanoparticle-bacteria interactions allow the release of bound 
fluorescent polymer from the gold-nanoparticle quencher, turning on the polymer fluorescence: 
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this allows the identification of bacteria effectively within minutes [13]. D. Zhang et al. 
addressed the issue of avoiding the interference of q-MNP (quaternized magnetic nanoparticles)-
fluorescent polymer constructs in the measurement system and designed a magnetic nanoparticle 
and fluorescent polymer system for bacteria detection based on the above work [14]. Although 
these approaches for bacteria detection are sufficiently sensitive and selective, all of them were 
performed on liquid phases (solution phases), to our knowledge so far there are almost no 
efficient fluorescent sensors reported on solid support (e.g. thin-films). In comparison with 
fluorescent sensors based on solution phase, thin-film sensors are more convenient and 
applicable in operation. Moreover, the fluorescent thin film can capture the bacteria from the 
bacteria suspension and then detect them. 

    Layer-by-Layer (LbL) self-assembly is an easy and inexpensive process for multilayer 
formation and allows different types of materials to be incorporated in the film structures [15, 
16]. Two oppositely charged polymers are alternatively deposited on the substrate by means of 
electrostatic attraction and multilayer thin films are prepared via simply repeating the basic 
deposition process [17]. Functional LbL thin films can easily be prepared from fluorescent 
polymer chains due to their versatility depending on functionalized units. In this study, the 
BODIPY derivative was chosen as the fluorescent unit owing to its attractive spectroscopic 
features such as an emission spectrum tunable from green to red and a high fluorescence 
quantum yield [18, 19]. Our group’s recent work has proved that the reversible addition-
fragmentation transfer (RAFT) polymerization is an easy and efficient tool to synthesize 
fluorescent polymer chains [20, 21]. Positively and negatively charged BODIPY-based 
fluorescent polymer chains (FPC) were synthesized thanks to this approach. BODIPY 
methacrylate was chosen as the fluorescent monomer. Poly (ethylene oxide) was selected as a 
steric stabilizer owing to its biocompatibility and stealth properties [22], and different types of 
basic and acidic groups are available for the positively and negatively charged units, respectively 
(see scheme 2.1 §2.2). 

    In this chapter, three pairs of BODIPY-based FPCs were synthesized with RAFT 
polymerization. Their features are:  

i) relatively Short chains and Weak polyelectrolytes (we call them SW FPCs), 

ii) relatively Short chains and Strong polyelectrolytes (SS FPCs), 

iii) relatively Long chains and Weak polyelectrolytes (LW FPCs), respectively. 

    Then the characterization of three pairs (negative and positive chains) of FPCs will be 
introduced. The optimal deposition condition of the three pairs of FPCs for the FPC LbL films 
preparation will be described. After photophysical and surface properties investigation of each 
FPC LbL film, bacteria detection on these three types of FPC LbL films will be performed.  
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2.1 The synthesis and features of the three pairs of fluorescent polymer chains 

(FPCs) 

2.1.1 Synthesis of three pairs of fluorescent polymer chains (FPCs) 
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Scheme 2.1. (a) The synthetic route of green BODIPY methacrylate (BDPMA) and (b) an 

example preparation of green fluorescent polycation, different types of fluorescent 

polyelectrolytes can be synthesized using the other ionic units instead of DMEA (2-

(Dimethylamino)ethyl acrylate) and changing the number of repeat units (n).  

 

    Green BODIPY phenol was chosen as the model fluorophore due to the simple synthetic route 
and the functionalization can be carried out on the hydroxyl group to introduce the polymerizable 
functional group (Scheme 2.1a). The polymerizable methacrylate group was introduced in 
BODIPY phenol by esterification with methacryloyl chloride and obtained BODIPY monomer. 
Different hydrophilic fluorescent polymer chains (FPC) containing polyethylene glycol, 
functionalized BODIPY and DMAEA (or AA) or TMEA (or SPM) (with molar ratios of 
PEG/BODIPY/charged units = 3/1/3) were synthesized at 80°C in dioxane solution (for AA and 
DMEA monomers) or a mixture of dioxane and ethanol (for TMEA and SPM monomers) in the 
presence of TTCA as a chain transfer agent and ACPA as initiator (Scheme 2.1b). The reaction 
progress was followed by NMR and the conversion rates of each FPCs were determined by 1H 
NMR analysis of the disappearance of the ethylenic protons in the crude mixture. These 
polymers were purified by Bio-Gel® P polyacrylamide gel (10 media for relatively high 
molecular weight polymers and 6DG media for the others) column chromatography.  
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2.1.2 The features of three pairs of fluorescent polymer chains (FPCs) 

 

Scheme 2.2. Chemical structures of (a) short chains and weak cationic fluorescent polymer chain 

(SW FPC
+
) where molecular weight is around 5 kg/mol (n=2) or long chains and weak cationic 

fluorescent polymer chain (LW FPC
+
) where molecular weight is around 30 kg/mol (n=14); (b) 

AA, (c) TMEA and (d) SPM monomers used instead of DMEA to modulate the charge of the 

FPC. APEG, poly(ethylene glycol) methyl ether acrylate; BDPMA, 4,4-difluoro-4-bora-3a, 4a-

diaza-s-indacene derivative monomer; DMEA, 2-(Dimethylamino)ethyl acrylate; AA, acrylic 

acid; TMEA, [2-(Acryloyloxy)ethyl]trimethylammonium; SPM, 3-Sulfopropyl methacrylate. 

    As shown in scheme 2.2, in each polymer chain, four features are present: the number of 
repeating units, hydrophilic units, the fluorescent part and cationic or anionic part. Thus, FPCs 
are versatile and tunable since they benefit from different functional units. The length of polymer 
chains is different depending on the radical initiator concentration controlling the numbers of 
repeating units. The polyethylene glycol moiety plays the role of the hydrophylic unit. The 
fluorescent unit is a BODIPY derivative with a phenyl methacrylate polymerizable function, 
named BDPMA. The charged units come from the ionization of DMAEA or AA in the aqueous 
solution at proper pH or the use of TMEA or SPM. The three pairs of FPCs were designed with, 
hydrophilic and fluorescent units in constant numbers, whereas the total number of repeating 
units and charged monomers were tuned. SW FPC+ carrying positively charged unit are 
composed of about 16 repeating units (short chain), and DMAEA (weak polyelectrolyte) -which 
is partially ionized in aqueous solution- as the charged unit. SW FPC- carrying a negatively 
charged unit are composed of about 18 repeating units (short chain), and AA which is partially 
ionized in aqueous solution (named weak polyelectrolytes). Following the same naming rule, SS 
FPC stand for short chains and strong polyelectrolytes with fully ionized moieties in aqueous 
solution. Meanwhile, LW FPC is long chains and weak polyelectrolytes. All the chemical 
structure characterizations of SW FPCs, SS FPCs and LW FPCs were performed with by NMR 
(Table 2.1). 
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Table 2.1. The composition of the different FPCs 
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ionic 

monomer 
estimated Mw 
(NMR) g/mol 

SW FPC+ 

HOOC

O

PEG

O

7

O

BODIPY

O

2

O

O
7

N

S SC12H25

S

DMEA  

16 DMEA 5800 

SW FPC- 

HOOC

O

PEG

O

8

O

BODIPY

O

2

HO

O

8 S SC12H25

S

AA

 

18 AA 5700 

SS FPC+ 

HOOC

O

PEG

O

8

O

BODIPY

O

3

O

O
8

N

S SC12H25

S

TMEA  

19 TMEA 6 700 

SS FPC- 

HOOC

O

PEG

O

8

O

BODIPY

O

3

O

O
8 S SC12H25

S

SO3SPM  

19 SPM 6 800 

LW FPC+ 

HOOC

O

PEG

O

43

O

BODIPY

O

14

O

O
43

N

S SC12H25

S

DMEA  

100 DMEA 31 700 

LW FPC- 

HOOC

O

PEG

O

35

O

BODIPY

O

12

HO

O
35

S SC12H25

S

AA

 

82 AA 23 600 
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2.2 Characterization of FPCs in solution 

2.2.1 Photophysical properties of FPCs in solution 

 

Figure 2.1. (a) Normalized absorption (full lines) and fluorescence emission (dotted lines, λex = 

495 nm) spectra and (b) fluorescence decays (λex = 495 nm, λem = 540 nm) of (1) SW FPC
+
 ([SW 

FPC
+
] = 4.5×10

-7
 M), (2) SW FPC

-
 ([SW FPC

-
] = 4.5×10

-7
 M), (3) SS FPC

+
 ([SS FPC

+
] = 

4.5×10
-7

 M), (4) SS FPC
-
 ([SS FPC

-
] = 3.6×10

-7
 M), (5) LW FPC

+
 ([LW FPC

+
] = 4.5×10

-7
 M) 

and (6) LW FPC
-
 ([LW FPC

-
] = 3.7×10

-7
 M) recorded in water. 

 

    Absorption and fluorescence emission spectra of all synthesized FPCs are shown in Figure 
2.1a. Spectra of FPCs are almost identical in shape and position. The main fluorescent properties 
of BODIPY monomer (BDPMA) and FPCs are summarized in Table 2.2. The absorption and 
emission maxima of BDPMA and FPCs are all similar; they are located at around 527 nm and 
540 nm, respectively. Only for the LW FPC+, the emission band is red shifted by 8 nm. One 
hypothesis is that LW FPC+ is folded and the BODPY units are slightly aggregated. The 
determination of the fluorescence quantum yield and lifetime of BDPMA in toluene and FPCs in 
H2O were also carried out. The fluorescence decays of the BDPMA in toluene and FPCs in H2O 
were recorded at 540 nm (λex = 495 nm) (Figure 2.1b). The fluorescence quantum yield of FPCs 
decreased due to the solvent effect [23]. The monomer’s decay could be fitted by a single-
exponential function in contrast to the FPC decay. The lifetimes of FPCs were slightly increased. 
This is likely due to the BODIPY fluorophore protection from solvent interactions by polymer 
chains. 

 

2.2.2 Zeta potential of FPCs in solution 

    In addition, the zeta potentials (ζ) of FPCs were all recorded in pure distilled water (Table 2.2). 
Strong polyelectrolytes, both SS FPC+ and SS FPC-, are fully ionized in aqueous solution. The 
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zeta potentials of SS FPC+ and SS FPC- are 44.9 ± 1.35 and -67.7 ± 0.35 mV, respectively. For 
the weak polyelectrolytes, the same charged groups of SW FPC+ and LW FPC+ partially 
dissociate. Therefore, the zeta potentials of SW FPC+ and SS FPC+ are similar. The zeta potential 
of LW FPC+ is lower than SW FPC+, probably because the ammonium groups are screened by 
the long chains. This is in agreement with the emission spectrum of LW FPC+ [16]. Concerning 
the polycations SW FPC- and LW FPC-, they are partially ionized in distilled water due to 
carrying carboxyl groups. Their zeta potentials are both around -38 mV. 

Table 2.2. Spectroscopic properties and zeta potentials (ζ) of the BDPMA and FPCs  

 BDPMA SW FPC+ SW FPC- SS FPC+ SS FPC- LW FPC+ LW FPC- 

solvent toluene water water water water water water 

λ max (abs) 
/ nm 

528 527 527 527 527 527 526 

λ max (em) 
/ nm 

540 541 540 542 541 549 540 

ΦF 
a 70 % 17 % 11 % 27 % 20 % 16 % 14 % 

<τ> b / ns 4.9 5.6 5.9 6.0 6.0 4.8 5.2 

ζ c / mV / 44.4±0.4 -38.4±0.8 44.9±1.4 -67.7±0.4 21.2±0.3 -38.9±0.8 

aThe relative fluorescence quantum yields were determined using Rhodamine 590 (ΦF = 0.95 in 
ethanol) as a reference. bAverage fluorescent lifetime recorded for the FPCs in water and 
BDPMA in toluene (λex = 495 nm, λem = 540 nm); decay fitted with a monoexponential function 
for BDPMA and multiexponential function for FPCs. cZeta potentials (ζ) were recorded in Milli-
Q water at 25 °C. 

 

2.2.3 Isoelectric point of SW FPCs in H2O 

    The isoelectric points of SW FPC+ and SW FPC- were determined in H2O. The neutral 
polymers were equilibrated with deionized water, and then the pH was adjusted by adding 1M 
HCl or 1M NaOH. The zeta potentials of different pH polymer solutions were measured, as 
shown in Figure 2.2. The value of the isoelectric point of SW FPC+ is around 8.55. For SW FPC-, 
the isoelectric point is about 3.35. 
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Figure 2.2. Zeta-potential of SW FPC
+
 (a) and SW FPC

-
 (b) solution as a function of pH. The 

concentrations of SW FPC
+
 solution is 7.8 × 10

-4
 M and SW FPC

-
 is 7.4 × 10

-4
 M, 1.0 M 

aqueous HCl and NaOH solutions were used to adjust the pH of the FPC solutions. 

 

    The above discussions of the photophysical properties and zeta potential measurements on 
each FPCs in solution indicate that FPCs are fluorescent polyelectrolytes due to the BODIPY 
units, and they can be charged in water. Moreover, pH of the deposition solution can be selected 
according to the isoelectric point of weak polyelectrolytes. 

 

2.3 Layer-by-layer assembly deposition process investigation with SW FPCs 

    Table 2.3. The parameters of deposition solution 

Solution Concentration (mol/L) pH Ionic strength (mol/L) 

SW FPC+ 1.3×10-4 a 5.46 0.1 

SW FPC- 1.3×10-4 a 5.48 0.1 

a for the optimization of concentration of SW FPC, the concentration of SW FPCs are 1.3×10-4 
M, 1.3×10-5 M, 1.3×10-6 M, 8.0×10-7 M, 5.0×10-7 M and 1.3×10-7 M, respectively. 

 

    Self-assembled layer-by-layer (LbL) films were prepared by alternatively depositing the two 
oppositely charged SW FPCs on glass by means of electrostatic interactions. After the piranha 
solution treatment, the glass slides are highly hydrophilic and negatively charged. The surface 
structure and quality of the LbL films depend on the experimental conditions during deposition: 
concentration, pH and ionic strength. For both kinds of polyelectrolytes, the concentration of the 
deposition solution is the crucial factor in the LbL film fabrication. SW FPCs were selected as 
the model to investigate the concentration effect. pH of SW FPCs deposition solution was set 
according to the zeta potential results, both of the SW FPCs are almost fully ionized when pH 
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values are around 5.5 (Figure 2.2). In addition, in order to enhance the adsorption of 
polyelectrolytes onto surface to clearly observe the deposition process, ionic strength was set at 
0.1 M [24]. Under the deposition condition (Table 2.3), we recorded the absorption and emission 
spectra after each layer deposition for each concentration to help us understand and optimize the 
LbL assembly deposition process.  

    Before the investigation of the concentration effect on SW FPCs, the layer-by-layer assembly 
process was studied under the above mentioned deposition condition when the concentration of 
SW FPCs was 0.95×10-5 M. During layer-by-layer assembly, the UV-vis. spectra of LbL film 
were measured after the construction of each layer (Figure 2.3a). The absorbance increment at 
529 nm dependent on the number of layers is linear (Figure 2.3b). This indicates that the 
deposition process is going on as expected. 

 

Figure 2.3. (a) UV-Vis absorption spectra of LbL self-assembly of FPC layers on activated glass 

slide with SW FPC
+
 and SW FPC

-
. (b) The dependence of the intensity of BDP absorbance at 

529 nm as a function of number of layers. The LbL assembly was performed at [SW FPCs] = 

0.95×10-5 M. 

 

    As shown in Figure 2.4, when the concentration of the deposition solution is higher ([SW 
FPCs] = 1.3×10-4 mol/L), the absorbance increment as a function of the number of layers is non-
linear (Figure 2.4a). It is possible that an explanation could be found from the corresponding 
emission spectrum (Figure 2.4e). At the beginning of LbL deposition, there were two BODIPY 
aggregates bands. This means that there were some aggregates on the first bilayer film surface 
inducing an inhomogeneous layer. The concentrated deposition solution forces the FPCs to 
contract and form compact coils due to the self-shielding [25]. When the deposition is carried 
further, the number of FPCs are random, which depends on the binding sites from the underlying 
surface layer [26]. Only when the concentration of the deposition solution is reduced to 1.3×10-6 
mol/L, there is a single emission band at the first bilayer (Figure 2.4f). In addition, the 
corresponding absorbance was below to 0.01. For the purpose of reducing the amount of sample, 
we decreased the concentration of the deposition solution until a homogeneous and fluorescent 
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film surface could still be obtained. When the concentration of the deposition solution is reduced 
to 1.3×10-7 mol/L, the absorption spectrum is very noisy. This means that in this case, SW FPCs 
were hard to deposit on the substrate. Therefore, the optimum concentration of the deposition 
solution seems to be 5.0×10-7 mol/L. However, it was very clearly seen that when the number of 
bilayers increased, the fluorescence intensity of the LbL film decreased. This could be attributed 
to the formation of aggregates during LbL deposition process [27]. In summary, homogeneous 
films were obtained by the layer-by-layer assembly from low concentration solutions of SW 
FPCs (5.0×10-7 mol/L). 

 

Figure 2.4. The effect of the concentration of deposition solutions (SW FPC
+
 and SW FPC

-
) (a, 

e) 1.3 × 10
-4

 M; (b, f) 1.3 × 10
-6

 M; (c, g) 5.0 × 10
-7

 M; (d, h) 1.3 × 10
-7

 M on the absorption 

and emission spectra of each bilayer (SW FPC
+
/SW FPC

-
) of SW FPC LbL films. 

 

2.4 Photophysical and surface characterizations of the three types of FPC LbL 

films 

Table 2.4. The parameters of deposition solution  

Solution Concentration (mol/L) pH Ionic strength (mol/L) 

SW FPC+ 5.0×10-7 5.49 0.1 

SW FPC- 5.0×10-7 5.56 0.1 

SS FPC+ 5.0×10-7 5.46 0.1 

SS FPC- 5.0×10-7 5.44 0.1 

LW FPC+ 5.0×10-7 5.41 0.1 

LW FPC- 5.0×10-7 5.51 0.1 
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Figure 2.5. Effect of the nature of polymer (SW, SS and LW FPCs) on absorption and emission 

spectra of FPC LbL films with 8 layers ([FPCs] = 5.0 × 10
-7

 M). 

 

    As shown above, the greater the number of layers is, the thicker the FPC LbL films will be. 
Considering that the adsorption of FPCs on surface will afford more active sites on the film 
surface, it might result in more efficient bacteria detection. FPC LbL films were thus prepared 
with four bilayers (eight layers) for the following studies. SW, SS and LW FPC LbL films were 
fabricated using the optimum concentration of the deposition solutions (Table 2.4). Figure 2.5 
shows the absorption and emission spectra of the three FPC LbL films with four bilayers. The 
UV-vis. spectra show that the amount of absorbed LW FPCs was the maximum, compared with 
the SW and SS FPCs. However, the fluorescence intensity of the SW FPC film was the strongest. 
The aggregate bands at 645 and 745 nm were observed in the emission spectrum of LW FPC 
film.  

 

Figure 2.6. The contact angle images of the SW, SS and LW LbL FPC film surfaces. 

 

    Besides the photophysical properties, we also studied the morphologies of the three types of 
FPC LbL film surfaces. Firstly, the surface wettability of these three films was determined by 
measuring the contact angle of water drops on the surface (Figure 2.6). The water contact angle 
of the blank “piranha” treated glass slide was measured to be 4° ± 2°. The contact angle results 
confirmed that the SW, SS and LW FPC LbL film surfaces were hydrophilic with 32.7°± 2°, 
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27.2°± 2° and 33.7°± 2°, respectively. 

 

Figure 2.7. Confocal fluorescence microscope images of (a) SW ([SW FPCs] = 1.3 × 10
-4

 M), 

(b) SW ([SW FPCs] = 5.0 × 10
-7

 M), (c) SS ([SS FPCs] = 5.0 × 10
-7

 M) and (d) LW FPC ([LW 

FPCs] = 5.0 × 10
-7

 M) LbL film surfaces, respectively. (e) Fluorescence intensity images of SW, 

SS and LW FPC LbL films (from left to right) and the corresponding spectra of different ROIs on 

the films recorded with a confocal microscope (λex = 496 nm). 

 

    Fluorescence images of SW, SS and LW FPC LbL films were recorded under a confocal 
microscope (Figure 2.7). The results indicate that the film surfaces are quite homogeneous 
without large aggregation spots (Figure 2.7b, c and d), compared with the SW FPC LbL film 
surface with many aggregations that prepared in high concentration of the deposition solutions 
([SW FPCs] = 1.3 × 10-4 M) (Figure 2.7a). In addition, the spectra of different zones of FPC LbL 
films were recorded (Figure 2.7e). For each FPC LbL film, the emission maximum of all spectra 
locates at the same position, which means that the films are uniform. 



 

51 

 

 

Figure 2.8. AFM images of SW (a), SS (b) and LW (c) FPC LbL film surfaces, respectively. 

 

    Furthermore, the nanometer scale topologies of SW, SS and LW FPC LbL film surfaces were 
measured by AFM (Figure 2.8a, b and c). The AFM images confirm that the SW, SS and LW 
FPC LbL film surfaces are uniform with around 2.05, 2.59 and 2.6 nm in height, respectively. 

 

2.5 Stability and toxicity assessments of the three types of FPC LbL films 

2.5.1 Stability study of the FPC LbL film 

    Before testing them for detection of biological samples, the stability of the FPC LbL films was 
investigated. We suspected that FPC LbL films in contact with solutions might detach from the 
substrate or re-disperse into the solution. Therefore, we measured the UV-vis. spectra of the SW 
FPC LbL film wetted by different solutions: H2O, 0.1M NaCl solution and M9 culture medium 
(Figure 2.9). The absorbance of the SW FPC LbL film in the presence of different solutions 
shows no significant change. This means that FPC LbL films have good stability in different 
solutions and are able to apply to bacteria detection. 

 
Figure 2.9. UV-vis spectra of the SW FPC LbL film in the presence of different solutions (H2O, 

0.1M NaCl and M9). 
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2.5.2 Toxicity assessments 

    The possible toxic effect of the three pairs of FPCs on E. coli was measured by monitoring the 
growth rates of bacteria in the presence of each type of FPC in M9 culture medium (the final 
concentration of the FPC solutions are all 4.0x10-6 M). The growth rate of E. coli bacteria in the 
M9 culture medium was measured in the same conditions as control. For over 18 hours 
incubation, the growth curve of bacteria with SW FPC- was very similar to the growth curve of 
bacteria in M9 culture medium (Figure 2.10a) while the growth rate of bacteria with SW FPC+ 
was decreased over the same time period. For the other types of FPC solutions (Figure 2.10b and 
c), the growth curves of bacteria have the same trend. This means that, on one hand, the three 
types of FPC- solutions have no toxic effect on bacteria growth over a time scale of several 
hours. On the other hand, the three types of FPC+ solutions slightly inhibit E. coli growth. This 
might be due to the ammonium group of FPC+ which are known to be bactericides [28]. 

    Following this observation, FPC LbL films with FPC- as the outermost layer were prepared. In 
order to confirm that the FPC LbL films where FPC- was the outermost layer were non-toxic, we 
immersed SW, SS and LW FPC LbL films into E. coli bacteria suspension and incubated them at 
37 °C. For over 3.5 hours incubation time, the growth curves of bacteria with SS, SW and LW 
FPC film were almost the same as the growth curve of bacteria alone (Figure 2.10d). This means 
that the three types of FPC LbL films with FPC- as the external layer show good 
biocompatibility. 

 

Figure 2.10. E. coli bacteria growth rates incubated with (a) SW, (b) SS and (c) LW FPCs 

solutions by measuring the OD@600 nm as a function of time in M9 medium ([FPCs] = 4.0 × 

10
-6

 M). (d) Growth curves of E. coli bacteria in the presence of SW, SS and LW FPC LbL films 

with 8 layers and glass in M9 medium. 
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2.6 E. coli bacteria detection with FPC LbL films 

2.6.1 Effect of the concentration of the deposition solution on E. coli bacteria detection with 

SW FPC LbL films 

    Before studying the interaction of bacteria with the FPC LbL films, the interaction of E. coli 

bacteria with FPC molecules as fluorescent dyes in solution were investigated. The water-soluble 
and biocompatible SW FPC- was chosen as the model. The sample was observed under a wide-
field fluorescence microscope after the addition of SW FPC- (final concentration 6.6x10-5 M) to 
M9 growth medium containing bacteria at 37 oC in the dark for one hour, followed by two 
washing steps with PBS to remove the free SW FPC-. The fluorescence images show that most 
of E. coli cells were targeted with green fluorescence (Figure 2.11a).  

 
Figure 2.11. (a) The fluorescence microscope image of E. coli bacteria in the presence of SW 

FPC- after 1 hour incubation. (b) The image after adding MB. 

 

    In order to determine whether the SW FPC- are inside the bacteria or target the membrane of 
the bacteria cells, methylene blue (MB), which is a quencher of BODIPY fluorescence, was 
introduced in the solution. The working principle is that since MB does not enter the bacteria, 
only the fluorescent molecules outside the cells can be quenched while the polymers inside the 
bacteria will be protected by the membrane and remain fluorescent (Figure 2.12). In other words, 
if the bacteria remain fluorescent after adding MB, this means that FPCs are inside while if the 
SW FPC- molecules are on the membrane their emission will be quenched. After adding MB, the 
E. coli cells were still green fluorescent (Figure 2.11b). This means that SW FPC- entered the E. 

coli cells. 
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Figure 2.12. Chemical structure of methylene blue (left) and schematic diagram of the 

determination for fluorescence internalization of E. coli bacteria in the presence of fluorescent 

polymer (right). 

 

    The polymer chains have free mobility in solution, after the polymer chains are assembled as a 
film, are they arranged in a particular way or self-assembled? We studied the effect of the 
concentration of the FPC solutions during deposition and the effect of the nature of FPCs on the 
detection of E. coli bacteria. 

    Figure 2.13 shows that when the concentration of the deposition solution is increased from 
5.0x10-7 M to 1.3x10-4 M, the E. coli bacteria became labeled on the SW FPC film (Figure 2.13a 
and b). While at the lower concentration, bacteria cells are less fluorescent (Figure 2.13c and d). 
We hypothesized that the bacteria are able to extract and internalize the outermost SW FPC- in 
the first case (high concentration of the deposition solution) while they could not in the second. 
This can be explained by the fact that when the concentration of the SW FPC solution is lower, 
the thickness of the outermost SW FPC- layer is likely to be thinner. It means the electrostatic 
adsorption between the top SW FPC- molecule and the next to last SW FPC+ layer is stronger 
than in the case of the higher concentration (figure 2.13e). Therefore, for the bacteria it is more 
difficult to detach the top SW FPC- of “low concentration” LbL films and they are less 
fluorescent. 
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Figure 2.13. Wide field microscope fluorescence (a, c) and phase contrast images (b, d) of E. coli 

bacteria on SW FPC LbL films prepared under different concentrations of SW FPCs solutions: 

(a, b) [SW FPCs] = 1.3x10
-4

 M; (c, d) [SW FPCs] = 5.0x10
-7

 M. (e) Schematic diagram of the 

effect of the concentration of the FPCs solutions during deposition on film morphology and E. 

coli bacteria detection. 

 

2.6.2 Effect of the nature of fluorescent polymers on E. coli bacteria detection 

    All the FPC LbL films were obtained under the lower concentration of the FPCs solutions 
(5.0x10-7 M). After incubation of E. coli bacteria on these three kinds of FPC LbL film surfaces 
(SW, SS and LW) for only 10 mins, we found that only in the case of LW FPC film, almost every 
bacterium was stained with green fluorescence (Figure 2.14a-f). 
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Figure 2.14. Microscope images of E. coli bacteria on SS FPC LbL film (a and b), SW FPC LbL 

film (c and d) and LW FPC LbL film (e and f) which prepared under the concentration of FPCs 

solutions was 5.0x10
-7

 M. (g) The schematic diagram of the effect of the nature of the FPCs on 

the E. coli bacteria detection. 

 

    It is likely that at the same concentration of the FPCs solutions (Figure 2.14g), the two SW 
FPC and SS FPC LbL films, which are both short chains polyelectrolytes, have a similar 
thickness of the outermost FPC- layer. However, the interaction forces between strong 
polyelectrolytes (SS FPC+ and SS FPC-) is stronger than for the weak polyelectrolytes (SW FPC+ 
and SW FPC-). Therefore, for the SS FPC LbL film, the film has a compact morphology and SS 
FPC- molecules are more difficult to detach from the surface structure, compared to the SW FPC 
LbL film. Meanwhile, when comparing the two weak polyelectrolytes films at the same 
concentration of the FPCs solutions, the outermost long chain FPC- layer should be thicker due 
to the longer chains. This means that the electrostatic adsorption between the top LW FPC- 
molecule and the next to last LW FPC+ layer is weaker. That is to say, the interaction force in the 
case of the LW FPC surface is the weakest and therefore, the E. coli bacteria can catch the LW 
FPC- molecule easily. 

    In summary the study of the effect of the concentration of the FPCs solutions during 
deposition and of the nature of FPCs on the detection of E. coli bacteria shows that the LW FPC 
LbL film can detect E. coli more effectively under quite low concentration of the FPCs solutions 
compared to the others. 
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2.7 Mechanism of E. coli bacteria detection with LW FPC LbL films 

2.7.1 FPC localization with methylene blue (MB) 

    The methylene blue (MB) method was used as described previously (see §2.6.1) in order to 
investigate the mechanism of detection of E. coli bacteria on the LW FPC LbL film. The 
quencher was added to the film surface to determine whether the LW FPCs were inside E. coli or 
on the membrane. The results show that the bacteria are still with fluorescent in the presence of 
MB (Figure 2.15a and b). This means that LW FPCs- entered the E. coli cells. 

 

2.7.2 Dead-alive assay with propidium iodide (PI) 

    Propidium iodide (PI) is a membrane impermeable dye and therefore does not enter viable 
cells with intact membranes. On the other hand, when cells are dead, their membrane is damaged 
and PI does gain access to nucleic acids and intercalates resulting in a dramatic red fluorescence 
increase. PI is therefore used to identify dead cells [29]. After incubating E. coli bacteria on the 
LW FPC LbL film in the presence of the PI solution ([PI] = 0.1 mg/mL), the results indicate that 
the E. coli bacteria were labeled by LW FPC LbL film (Figure 2.15d) as well as stained with red 
fluorescence coming from PI (Figure 2.15e). This means that the E. coli bacteria on the LW FPC 
films have damaged cell membranes when they were detected on the film by green fluorescence. 

 

Figure 2.15. Microscope images of E. coli bacteria on LW FPC LbL film after adding methylene 
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blue (a and b), in the presence of propidium iodide (c, d (λex=482 nm) and e (λex=543 nm)). (f) 

The schematic diagram of the mechanism of E. coli bacteria detection with LW FPC LbL films. 

 

    Based on the MB and PI assessments of the E. coli detection on the LW FPC LbL films, we 
propose a mechanism for the labeling of E. coli bacteria by LW FPC LbL films (Figure 2.15f). 
Upon interaction between E. coli bacteria and the outermost LW FPC- layer, the LW FPC- chains 
detach from the surface and enter the E. coli cells which then became fluorescent. Therefore, the 
bacteria can be detected on the outermost LW FPC- layer. The E. coli bacteria are then in contact 
with the next to last layer containing LW FPC+. As demonstrated by toxicity assessment (see 
§2.5.2), the LW FPC+ is toxic for E. coli bacteria due to the DMEA unit [28]. The bacterial 
growth curve in a more concentrated LW FPCs+ solution (8.0x10-5 M) also confirmed this point 
(Figure 2.16). It is possible that the E. coli bacteria were killed or inactivated by the concentrated 
LW FPC+ layer. This means that the controllable FPC LbL film not only can detect but also kill 
or inactivate bacteria which will lead to more future advances for the pathogenic bacteria 
detection. 

 

Figure 2.16. The growth rates of bacteria with concentrated LW FPC
+
 and LW FPC

-
, 

respectively. 

 

2.8 Conclusions 

    In conclusion, water-stable BODIPY-based FPC LbL thin films have been successfully 
developed by LbL self-assembly and used as a functional first-generation sensing device for E. 

coli bacteria detection. The spectroscopic and surface properties of FPC LbL films were easily 
controlled by adjusting the deposition conditions, such as the concentration of the FPCs solution 
and the nature of FPCs. When the concentrations of the FPCs solution were 5.0x10-7 M, the FPC 
LbL film surfaces were homogenous. In addition, we also demonstrated that the E. coli bacteria 
detection can be carried out with the LW FPC LbL film surfaces. In the following we will aim at 
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first increasing the sensitivity of the films using the metal enhanced fluorescence principle 
(chapter 3) and then their selectivity by introducing a specific recognition site on the surface of 
the film (chapter 4). 
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Experimental Section 

Materials 

4-hydroxybenzaldethyol (98%, Aldrich), 2,4-Dimethyl-3-ethylpyrrol (97%, Aldrich, 
Kryptopyrrol), boron trifluoride diethyletherate (2M in diethyl ether, Aldrich), tetrachloro-1,4-
benzoquinone (99%, Aldrich, Chloranil), N,N-diisopropylethylamine (99.5%, Sigma-Aldrich, 
DIPEA), 1,8-diazobicyclo[5, 4, 0]undec-7-ene (≥98%, Fluka, DBU), trifluoroacetic acid (99%, 
Sigma-Aldrich, TFA), Poly(ethylene glycol) methyl ether acrylate (Sigma-Aldrich, Mn = 454 
g.mol-1, APEG), 2-methyl-2-[(dodecylsulfanylthiocarbonyl)sulfanyl] propanoic acid (97%, 
Strem, TTCA), acrylic acid (99%, Aldrich, AA), 2-(Dimethylamino)ethyl acrylate (98%, Sigma, 
DMEA), [2-(Acryloyloxy)ethyl]trimethylammonium chloride (80 wt. % in H2O, Sigma, 
TMEA), 3-Sulfopropyl methacrylate potassium (98%, Sigma, SPMP) were used as received 
without further purification. Solvents were of synthetic grade and purified according to standard 
procedures. 2,2’-Azobis(2-methylpropionitrile) (98%, Sigma, AIBN) was recrystallized from 
chloroform containing a few drops of petroleum ether. 18 MΩ Millipore water was used 
throughout and further pH-adjusted with either 0.1M HCl or NaOH. 

M9 minimal medium: 4mL 5× Salts, 4 mL 5× complementary salts, 0.4 mL glucose 20%, 0.5 mL 
CAA 20% and 11.1 mL H2O. 

 

Characterization techniques 

All nuclear magnetic resonance (NMR) spectra were recorded in CDCl3 on a JEOL ECS (400 
MHz) spectrometer. All chemical shifts are in ppm and referenced to tetramethylsilane (TMS).  

Zeta potentials (ζ) were performed on a Zetasizer Nanoseries (Malvern) apparatus. The 
dispersant RI value was 1.330. Samples were analyzed in DTS 1060 plastic cells, at 25 °C. Three 
measurements of at least ten scans were performed for each sample. 

pH measurements were performed using a glass electrode connected to PHM210 Standard pH 
meter from Mettler Toledo. 

Absorption measurements were performed using Varian Cary 100 and Cary 500 from Agilent 
Technologies.  

Emission spectra were performed using Fluorolog FL3-221 spectrofluorimeter from Horiba 
Jobin-Yvon. A front-face configuration was used. 

The fluorescence decay curves were obtained with a time-correlated single-photon-counting 
method using a titanium-sapphire laser (82 MHz, repetition rate lowered to 4 MHz thanks to a 
pulse-peaker, 1 ps pulse width, a doubling crystals is used to reach 495 nm excitation) pumped 
by an argon ion laser from Spectra Physics (Mountain View, CA, USA). The Levenberg-
Marquardt algorithm was used for non-linear least square fit as implemented in the Globals 
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software (Globals Unlimited, Villa Grove, USA). In order to estimate the quality of the fit, the 
weighted residuals were calculated. In the case of single photon counting, they are defined as the 
residuals, i.e. the difference between the measured value and the fit, divided by the square root of 

the fit. �2 is equal to the variance of the weighted residuals. A fit was said appropriate for �2 
values between 0.8 and 1.2.  

Contact angles were performed on an advanced surface technology (AST) video contact angle 
measuring device. A 1 μL droplet of deionized water was deposited on the samples. 

Microscope images were taken on an epifluorescence microscopy (Nikon inverted microscope 
ECLIPSE TI-E) or a confocal laser scanning microscope (Leica TCS SP5). 

Atomic force microscopy (AFM) images were recorded by JPK Nanowizard3 instrument. 

 

Synthesis 

Synthesis of BODIPY (BODIPY phenol) [30]. A few drops of trifluoroacetic acid were added 
to a dichloromethane solution of kryptopyrrole (1.0 g, 2 equiv.) and 4-hydroxybenzaldehyde 
(500 mg, 1 equiv.). The dark reaction mixture was stirred at room temperature until total 
disappearance of the aldehyde. The oxidising agent (chloranil, 1 equiv.), then 5 min later DIPEA 
(7 equiv.) and finally trifluoroborate etherate (11 equiv.) were successively added. The mixture 
was filtered through a pad of silica or used crude. The filtrate was concentrated and the residue 
purified by chromatography on silica gel or by automatic chromatography to afford BODIPY. 

1H NMR (400 MHz, CDCl3): δ(ppm) = 0.98 (t, J = 7.5, 6H, CH2CH3), 1.35 (s, 6H, CH3), 2.31 

(q, J = 7.5 Hz, 4H, CH2CH3), 2.53 (s, 6H, CH3), 6.95 (d, J = 8.24 Hz, 2 Har). 
13C NMR (100 

MHz, CDCl3): δ (ppm) = 12.12, 12.76, 14.90, 17.35, 116.29 (Car), 128.17, 129.93 (Car), 131.39, 

132.97, 138.64, 140.54, 153.79, 156.48. 19F NMR (376 MHz, CDCl3): δ(ppm) = -145.68 (q, J = 

32 Hz, BF2). 11B NMR (128 MHz, CDCl3): δ(ppm) = -0.13 (t, J = 32 Hz).  

Synthesis of BODIPY Methacrylate [21]. BODIPY phenol (1 equiv. 1.2 mmol, 475 mg) is 
dissolved in 50 mL of anhydrous dichloromethane under argon. Then DBU (2 equiv., 2.4 mmol, 
365 mg) is slowly added with a syringe to the solution and methacryloyl chloride (1.5 equiv., 1.8 
mmol, 190 mg) is added to the dark solution. The mixture is stirred at room temperature during 
24 h, until disappearance of the BODIPY phenol trace on TLC. The mixture is concentrated and 
the residue purified by chromatography on silica gel (dichloromethane/petroleum ether: 70/30), 
affording 432 mg of product.  

1H NMR (400 MHz, CDCl3): δ(ppm) = 0.97 (t, J  = 7.6 Hz, 6H), 1.33 (s, 6H), 2.08 (s, 3H), 2.29 

(q, J = 7.6 Hz, 4H), 2.52 (s, 6H), 5.80 (s, 1H), 6.39 (s, 1H), 7.27 (d, J = 8.7 Hz, 2H), 7.32 (d, J = 

8.7 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ(ppm) = 165.69, 154.01, 151.44, 139.22, 138.45, 

135.78, 133.32, 133.00, 130.90, 129.53, 127.68, 122.58, 18.46, 17.15, 14.68, 12.60, 11.92. 19F 
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NMR (376 MHz, CDCl3): δ(ppm) = -145.68 (q, J = 32.9 Hz, BF2). 11B NMR (128 MHz, 

CDCl3): δ(ppm) = -0.15 (t, J = 32.9 Hz). 

Synthesis of three types of fluorescent polymer chains (FPC). Reversible addition-
fragmentation transfer (RAFT) polymerization of BODIPY methacrylate is performed in the 
presence of APEG and different charged units in a one-pot process. In a typical experiment, 
TTCA agent (0.047 g, 0.13 mmol), APEG (0.506 g, 1.15 mmol), BODIPY methacrylate (0.179 g, 
0.38 mmol), AA (0.083 g, 1.15 mmol) and DMF (as an internal reference for the 1H NMR 
determination of the monomer consumption in deuterated chloroform) (0.047 g, 0.64 mmol) are 
dissolved in 5 ml of 1,4-dioxane at room temperature. Then 0.0427 mL of a 0.33 M solution of 
ACPA in 1,4-dioxane is added. The mixture is purged with nitrogen for 30 min in an ice bath, 
and then placed in an oil bath thermostated at 80 oC to initiate the polymerization. After 90 min, 
the reaction is stopped by immersion of the flask in iced water. In this case, we obtained the short 
chain and weak polyelectrolytes negatively charged FPC (SW FPC-). In addition, when changing 
the charged units (DMEA, TMEA or SPMP), the short chain and weak polyelectrolytes 
positively charged FPC (SW FPC+), the short chain and strong polyelectrolytes positively 
charged FPC (SS FPC+) or the short chain and strong polyelectrolytes negatively charged FPC 
(SS FPC-) were formed, respectively. Furthermore, increasing the amount of AIBN in the 
polymerization, the long chain and weak polyelectrolytes positively charged FPC (LW FPC+) 
and the long chain and weak polyelectrolytes negatively charged FPC (LW FPC-) were prepared, 
respectively. 

 

Preparation of the FPCs multilayers 

The glass slides were treated with Piranha solution (70% H2SO4+30% H2O2) for 30 min, 
washed three times with deionized water, and then dried under a gentle stream of nitrogen gas. 
(CAUTION: “Piranha” solution reacts violently with organic materials; it must be handled with 

extreme care.). The polycations (FPC+) and polyanions (FPC-) were dissolved in pure water. 
Adjust the pH and ionic strength of the dipping solution with HCl (or NaOH) and NaCl, 
respectively. In the deposition process, the substrates were dipped in a polyelectrolyte solution 
for 10 min and washed with pure water that was adjusted to be the same pH as the 
polyelectrolyte dipping solution. After each deposition and washing, the samples were blown dry 
with a flow of compressed air. Substrates were then dipped in the oppositely charged solution for 
an equal amount of time followed by the same washing and drying procedures. The FPCs 
multilayer thin films were prepared by repeating the above deposition process. 

 

Bacteria culture 

Bacteria strain used in this research was Escherichia coli (K-12, BW25113). The strain was 
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firstly streaked onto Luria-Bertani (LB) agar plates, and then incubated at 37 °C for overnight. 
An isolated colony of each strain was picked and inoculated in 5 mL of LB medium. After 
incubation at 37 °C for overnight (shaking at 350 rpm and 5% CO2), the bacteria culture was 
then diluted 1:100 in the M9 minimal growth medium. After incubation at 37 °C for 2 hours, the 
bacteria suspensions were carried out during all experiments. 

 

Toxicity assessments of FPCs on E. coli bacteria in solution and on surface 

Bacterial cultures were prepared overnight from stock cultures inoculated in M9 growth medium. 
The overnight culture of bacteria was diluted 1:1000 in M9. 150 μL of bacterial solution were 
placed in each well of a 96 well Falcon Polystyrene Flat Bottom Plate. Three types of FPC+ and 
FPC- solutions were added into the E. coli solution to reach final concentration of 4.0x10-6 M. 
Each plate contained three repeats of the same concentration. One control with only bacteria and 
one blank with only M9 growth medium were also prepared. 70 μL of mineral oil were added to 
each well in order to avoid evaporation. Samples were incubated in a plate reader (Perkin Elmer 
Victor3 1420 Multilabel Plate Counter) at 37 °C in the dark. The growth of the cells was 
monitored every nine minutes by reading the optical density (OD@600 nm). The experiments 
lasted for over 18 hours. 

Three types of FPC LbL films and a blank glass slide were immersed in 1:100 dilutions of 
overnight cultured bacteria, respectively. Then incubated at 37 °C, recorded the OD@600 nm 
after 2 hours and 3.5 hours.  

 

Bacteria detection  

2 µL bacteria suspensions (1.1 - 5.5×107 cells/mL) were introduced onto each FPC LbL film 
surface, allowed to incubate for 10 minutes at room temperature to settle onto the surface, and 
then washing step was performed with M9 culture medium twice. Finally, 2 µL fresh M9 
medium was added on each surface, and a clean glass slide was used as a coverslip and observed 
under microscope. Meanwhile, the controls were carried out for each sample by adding 2 µL M9 
medium instead of bacteria suspension. 

 

Image analysis 

A series of images from different samples were analyzed using NIH (National Institutes of 
Health) recommended image processing software, Image J.  
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Chapter 3 Single fluorescent layer LbL film based on metal-

enhanced fluorescence (MEF) for bacteria detection 

 

A plasmon is generally defined as a quantum of plasma oscillation in physics. As it is well 
known from our daily life, most metals are highly reflective in visible range of electromagnetic 
(EM) radiation. In most metals, the plasma frequency is in the ultraviolet. In such cases the 
electrons shield the electric field if light frequencies lie below the plasma frequency. Therefore 
low frequencies electromagnetic waves are reflected by these metals and make them shiny in 
visible range. However, some metals, such as copper and gold, have electronic interband 
transitions in the visible range, whereby specific light energies are absorbed, yielding their 
distinct color. With the development of nanotechnology, nanomaterials with different 
morphologies and properties are widely studied. Noble metal nanostructures result in new near-
field optical properties as compared to their bulk material counterpart. Such behavior is due to 
the collective oscillation of the electrons in the conduction band, known as the surface plasmon 
oscillation [1].  

Surface plasmon can play a role in surface-enhanced fluorescence [2]. The term “Metal-
Enhanced Fluorescence (MEF)” was first introduced by Lakowicz and Geddes in 2002 [3]. MEF 
is a physical effect that occurs when fluorophores are positioned in the near-field, typically at 
nanometric distances from metallic surfaces. It is characterized by increased fluorescence 
intensity, quantum yield and a decreased fluorescence lifetime. MEF shows strong distance-
dependency, and takes place only over a certain distance range from the metallic surface. It has 
been reported that the emission is quenched due to the excited fluorophores damping when 
fluorophore molecules are adsorbed directly on the surface [4]. Under suitable conditions, i.e. 
when the distance between the fluorophore and metal surface is in the 5 to 50 nm range, the 
excited fluorophores strongly interact with surface plasmons resulting in a dramatic 
improvement of the fluorescence properties [5]. Many applications based on MEF have attracted 
interest. However, the actual MEF mechanism is still discussed and debated today. Two 
mechanisms as usually proposed: (1) enhanced electromagnetic field, metal particles on the 
surface display strong interactions with incident light and provide selective excitation intensity 
for fluorophore; (2) increased radiative decay rate of the fluorophore. In the second mechanism, 
it has been demonstrated that the free space conditions can be influenced by nearby conducting 

electrons of the metallic surface (Scheme 3.1). Fluorescence lifetime (�0) and quantum yield 

(Φ0) of a fluorophore are interrelated as defined below [6]:  

                                       τ0 =
1Γ+���                                                  (eq. 3.1) 

                                                 Φ0 =
ΓΓ+��� = �0 × Γ                                      (eq. 3.2) 
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where Γ is the radiative rate and ���  is the non-radiative rate. From the equation (1) and (2), 
when the radiative rate increases, the fluorescence quantum yield increases and the lifetime 
decreases. When the fluorophore is introduced close to a metallic surface, the radiative decay 

rate increases and becomes Γ+  Γ�, therefore, the fluorescence quantum yield and lifetime are 
given by: 

                                                 τ� =
1Γ+Γ�+���                                                 (eq. 3.3) 

                                                Φ� =
Γ+Γ�Γ+Γ�+��� = �� × (Γ+ Γ�)                    (eq. 3.4) 

where Γ� is the additional radiative rate in the presence of a metallic surface. After addition of 
this new radiative rate, the fluorescence quantum yield increases thus producing a higher 
fluorescence signal. In addition, the nature of the electronic interband transition of the metallic 
surface is dependent on the nature, size and shape of nanoparticles. Consequently, the MEF 
effect depends on the surface features (nature, density, size and shape of nanoparticles, etc.) and 
the distance between fluorophores and the surface [7].  

 

Scheme 3.1. Classical Jablonski diagram for the free-space condition and the modified form in 

the presence of a metallic surface. E: excitation rate, Em: metal enhanced excitation rate, and ��: radiative rate in the presence of a metal. From Geddes and Lakowicz [3].  

 

In order to improve the sensitivity of the fluorescent GFPC- (Green Fluorescent Polymer 
Chains) LbL surface for bacteria detection, we deposited GFPC- layer on gold spherical 
nanoparticles (Au NPs) surface. We aim at combining good stability and non-toxicity of FPC to 
produce amplified fluorescence signals based on the MEF. 

Firstly, I will introduce the synthesis, modification and the characterizations of spherical Au 
NPs. The synthesis of GFPC- and two oppositely charged “blank” polymers (PC+ and PC-) will 
be described. And then different LbL films containing Au NPs and GFPC- with various layers of 
PC+/PC- were prepared and investigated. Finally, all Au NPs/PCs/GFPC- surfaces were employed 
for E. coli detection. 
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3.1 Au nanoparticles (Au NPs) and modified Au NPs preparation 

3.1.1 Au nanoparticles (Au NPs) synthesis 

To fabricate the nanostructured sensitive detection system, we started with synthesis of gold 
nanoparticles (Au NPs; Scheme 3.2). Glassware was cleaned using aqua regia (3 parts HCl, 1 
part HNO3) for a minimum of 4 hours. After discarding the aqua regia, the glassware was rinsed 
with Milli-Q water and dried with nitrogen. Aqueous HAuCl4 (1 mM, 500 mL) solution and 
trisodium citrate solution (38.8 mM, 50 mL) were prepared. Both salts are highly hydroscopic 
and so they were weighed quickly and transferred to their flasks. A condenser was attached to the 
round-bottom flask containing the HAuCl4 solution which was then placed in a water bath with 
magnetic stirring and warmed. When the reflux was observable, the trisodium citrate solution 
was added quickly and vigorous stirring of the solution continued. The pale yellow color of the 
gold solution quickly turned to dark purple and within 15 mins turned to a dark ruby red 
characteristic of spherical gold nanoparticles. The solution was left to reflux for another 15 
minutes. The AuNP solution was then cooled to room temperature. The solution was finally 
stored in a refrigerator [8]. This synthesis method produces spherical particles with negative 
surface charge due to the presence of the citrate ligands. 

 

Scheme 3.2. Au NPs synthetic procedure 

 

3.1.2 Polymer coating of Au NPs (Au NPs@PAH) 

Since the AuNPs will be deposited directly on the glass surface which is negatively charged, it 
was necessary to modify their surface charges from anionic to cationic. A polymer nearing amine 
side-groups, poly(allylamine hydrochloride), was thus coated on the surface of the AuNPs. The 
concentration of the polymer coating around the Au NPs was varied to analyze its subsequent 
effect on the zeta potential of the coated particle and its ability to adsorb on the glass surface.  

Two concentrations of PAH solutions were prepared in water: 1 mg/mL and 2 mg/mL 
(Scheme 3.3). To each solution, 4 mL of Au NPs solution were added while under magnetic 
stirring and left one hour for coating. The solutions were then centrifuged to precipitation for 40 
mins at 10,000 RPM and re-dispersed using Milli-Q water. The centrifuging and washing were 
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done twice and then the nanoparticles re-dispersed in 4 mL of Milli-Q water and stored in a 
refrigerator [9].  

 

Scheme 3.3. Chemical structure of poly(allylamine hydrochloride) (PAH) (left) and schematic 

diagram of the procedure for Au NPs coating with PAH (right). 

 

3.2 Characterization of Au NPs and Au NPs@PAH 

3.2.1 Photophysical study of Au NPs and Au NPs@PAH in solution 

The absorption spectra of bulk solution of nanoparticles (with and without PAH) are shown in 
Figure 3.1. A gold plasmon band is observed whatever the sample. The maximum absorbance of 
Au NPs@2 mg/mL PAH is similar to the bare Au NPs at 524 nm, while it is red-shifted at 536 
nm for the Au NPs@1 mg/mL PAH. This is probably due to a lower density of PAH coating 
around the Au NPs@1 mg/mL PAH compared to the modified Au NPs prepared with a higher 
concentration of PAH. Less charged surface on Au NPs@PAH leads to aggregation which 
induces a red-shift on the plasmonic band. In addition, the whole absorption spectrum of Au 
NPs@2 mg/mL PAH has a larger band on the red edge due to a smaller contribution from 
aggregates. In addition, from the maximum absorbance, we can deduce the Au NPs size of each 
sample is between 22 nm and 48 nm according to the literature [10].  

 

Figure 3.1. Normalized absorption spectra of as synthesized Au NPs and Au NPs@PAH in water. 
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3.2.2 Zeta potential of Au NPs and Au NPs@PAH in solution 

The zeta potentials of Au NPs and modified Au NPs in solution were determined and the 
results are shown in Table 3.1. The bare Au NPs have a charge of -40.1 mV due to the presence 
of the citrate ligands introduced during the preparation: it is a stable colloidal solution. The 
modified Au NPs are positively charged: there is a charge inversion compared to the bare Au 
NPs. It means that the PAH successfully coated Au NPs surface by electrostatic interactions. In 
addition, the zeta potential of both Au NPs@1 mg/mL PAH and Au NPs@2 mg/mL PAH is 
greater than +30 mV. With respect to colloidal stability, both are thus stable. The zeta potential of 
the Au NPs@1 mg/mL PAH (+37.2±0.9) is lower than that of the Au NPs@2 mg/mL PAH 
(+47.2±0.3). This means that Au NPs@2 mg/mL PAH experience more electrostatic repulsion. 
This explains why the formation of aggregates is limited in the latter case. Au NPs@1 mg/mL 
PAH, shows a lower zeta potential: it allows aggregation to occur. This is in accordance with the 
plasmon band position (bathochromic shift for Au NPs@1 mg/mL PAH - see Figure 3.1). Based 
on zeta potential results, any modified Au NPs are likely to bind on activated glass surface 
through electrostatic attraction. Au NPs@2 mg/mL PAH are expected to have a stronger 
adsorption affinity. 

Table 3.1. Zeta potentials (ζ) of the Au NPs and modified Au NPs@PAH 

 Au NPs Au NPs@1 mg/mL PAH Au NPs@2 mg/mL PAH 

ζ a / mV -40.1±1.0 +37.2±0.9 +47.2±0.3 

aZeta potentials (ζ) were recorded in Milli-Q water at 25 °C. 

 

We have demonstrated that PAH is adsorbed on AuNPs. We need now to develop cationic and 
anionic fluorescent and non-fluorescent polymer chains to build up LbL films with modified Au 
NPs. 

 

3.3 Synthesis of polycation, polyanion and fluorescent GFPC
-
 

The thickness of ultrathin film can be easily adjusted by controlling the number of repeating 
cycles of polyelectrolyte deposition in the Layer-by-layer (LbL) assembly. The distance between 
the Au NPs and the fluorescent polymer GFPC- will be controlled by inserting non fluorescent 
cationic (PC+) and anionic (PC-) polymer chains in between. All three types of polymer chains 
have been synthesized and characterized prior to LbL film preparation. 

3.3.1 Synthesis of fluorescent P(APEG-co-GBDPMA-co-AA) (GFPC
-
) 

3.3.1.1 Synthesis of BODIPY monomer 
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Scheme 3.4. Synthetic pathway for BODIPY methacrylate. 

 

The negatively charged green fluorescent polymer chains (GFPC-) of well-defined chain 
lengths will be prepared via a RAFT polymerization. It is thus necessary to prepare a BODIPY 
that bears a polymerizable methacrylate function (BDPMA). The synthetic pathway for BDPMA 
is shown in scheme 3.4 [11, 12]. BODIPY monomer was synthesized starting from a BODIPY 
bearing a phenol function on the meso (8) position. BODIPY-phenol 1 was prepared according to 
a standard procedure. To obtain the monomer, a classical esterification of the BODIPY phenol 1 
was performed in presence of methacryloyl chloride to obtain the monomer BDPMA 2. 

 

3.3.1.2 Synthesis of P(APEG-co-GBDPMA-co-AA) (GFPC
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Scheme 3.5. Synthetic scheme employed for the RAFT synthesis of P(APEG-co-GBDPMA-co-
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The obtained fluorescent BODIPY monomer was copolymerized with poly(ethylene glycol) 
methyl ether acrylate (APEG) and acrylic acid (AA) in the presence of chain transfer agent 
TTCA using ACPC as initiator (Scheme 3.5). After a reaction time of 44 hours, the 
polymerization was terminated at 50.5% conversion. The polymer molecular weight was 
estimated based on NMR total monomer conversion, and found to be 25000 g/mol. 

 

3.3.2 Synthesis of P(APEG-co-DMEA) (PC
+
) 

The polymerization of poly(ethylene glycol) methyl ether acrylate (APEG) and 2-
(dimethylamino)ethyl acrylate (DMEA) under the same experimental condition as for GFPC- 
was performed (Scheme 3.6) to give PC+. The polymerization was terminated at 90% conversion 
after 4 hours and the reaction mixture immersed into an ice bath. PC+ was purified by multiple 
precipitations into cold cyclohexane. The polymer molecular weight was calculated based on 
NMR total monomer conversion, and found to be 7700 g/mol. 
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Scheme 3.6. Synthetic scheme employed for the RAFT synthesis of P(APEG-co-DMEA) (PC
+
). 
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The other non-fluorescent polyelectrolyte also has a hydrophilic as well as biocompatible 
APEG repeating unit and a negatively charged acrylic acid (AA) repeating unit. PC- was 
synthesized following the same procedure as for PC+ (Scheme 3.7). After 4 hours 
polymerization, the reaction was stopped by immersing the reaction mixture into ice bath. PC- 
was purified by multiple precipitations into cold cyclohexane. The polymer molecular weight 
was calculated based on NMR total monomer conversion, and found to be 3700 g/mol. 

 

3.4 Characterization of the polyelectrolytes 

3.4.1 Spectroscopic properties of BDPMA and GFPC
-
 

Absorption and fluorescence spectra of the BODIPY monomer recorded in toluene and GFPC- 
measured in water are shown in Figure 3.2 and their spectroscopic properties are given in Table 
3.2. The BDPMA monomer in toluene shows standard spectral features for a BODIPY 
fluorophore with an intense band in the visible region located at 528 nm and a vibrational 
shoulder at higher energy in its absorption spectrum [13]. The absorption spectrum of GFPC- 
exhibits a little bit broad, it can be related to the presence of several conformation of GFPC-. 
Both molecules exhibit very similar fluorescence spectra with a maximum of fluorescence 
emission at 540 nm. Fluorescence quantum yield of GFPC- is 14% while that of BDPMA in 
toluene is 70%. The decrease may be due to solvent effect (BODIPY fluorescence quantum yield 
decreases in polar solvent) [14] and/or quenching from BODIPY aggregation along the polymer 
chain. Fluorescence lifetime of GFPC- in water was slightly increased. This is likely due to the 
BODIPY fluorophore protection from solvent interactions by polymer chains. 

 

Figure 3.2. Absorption (full lines) and fluorescence spectra (dotted lines, λex = 495 nm) of the 

BODIPY monomer (BDPMA) recorded in toluene (black) and GFPC
-
 recorded in H2O (red). 
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Table 3.2. Spectroscopic properties and zeta potentials of the BDPMA and GFPC
-
 

 BDPMA GFPC- 

solvent toluene water 

λ max (abs) / nm 528 526 

λ max (em) / nm 540 540 

ΦF 
a 70 % 14 % 

<τ> b / ns 4.9 5.2 

a Relative fluorescence quantum yields were determined using Rhodamine 590 (ΦF = 0.95 in ethanol) as a 
reference. b Average fluorescent lifetime recorded for the GFPC- in water and BDPMA in toluene (λex = 495 nm, λem 
= 540 nm); decay fitted with a monoexponential function for BDPMA and a multiexponential function for FPCs. 

 

3.4.2 Zeta potential of polyelectrolytes  

Table 3.3. Zeta potentials (ζ) of the different polyelectrolytes 

 PC+ PC- GFPC- 

pH 8.5 5.4 3.7 9.5 5.7 

ζ a / mV 5.5±0.4 30.2±0.9 -0.0±0.3 -44.3±0.2 -38.9±0.8 

a Zeta potentials (ζ) were recorded in Milli-Q water at 25 °C, [PC+] = 8.2×10-5 M, [PC-] = 4.15×10-4 M and [GFPC-] 
= 3.1×10-6 M. 

 

Since the Layer-by-Layer assembly depends on the electrostatic attraction of each 
polyelectrolytes in the film fabrication, the optimization of deposition solutions were verified 
with zeta potential measurements. These three polymers are all weak polyelectrolytes; therefore 
the pH will greatly affect the degree of dissociation of the ionic groups and the charge density of 
each polymer. As shown in Table 3.3, the natural pH of the PC+ dissolved in water is 8.5, due to 
the amine functional group. pH is 3.7 (acidic suspension) for the PC- as a result of the carboxylic 
functional group contribution. We investigated the isoelectric points of fluorescent weak 
polyelectrolytes SW FPC+ and SW FPC- in chapter 2. The zeta potential of SW FPC+ is close to 
0 mV when pH is 8.6 while the isoelectric point was found at pH=3.4 for SW FPC-. Because 
both SW FPC and PC consist of the same ionic units, probably they have similar isoelectric point 
which explains the near zero zeta potential values of PC+ and PC- when directly dissolved in 
water. Upon changing the pH, more stable colloidal solutions were obtained. When the pH of the 
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aqueous solution of PC+ and PC- were adjusted to 5.4 and 9.5 respectively, the degree of 
ionization of these two weak polyelectrolytes is enough for the further multi-layer assembly 
process (absolute value of zeta potential > 30 mV). The zeta potential of the GFPC- was found to 
be -38.9 mV at pH = 5.7 which is high enough to allow binding on a positively charged layer 
through electrostatic attraction. 

 

3.5 Preparation and characterization of Au NPs@PAH surfaces 

Negatively charged activated glass slides prepared according to the procedure described in 
chapter 2 were individually immersed in the Au NPs@1 mg/mL and 2 mg/mL PAH solutions. 
After washing three times to remove the unbound Au NPs@PAH and drying with a nitrogen 
flow, the Au NPs@PAH surfaces were obtained.  

Their absorbance spectra were recorded (Figure 3.3). The figure shows that the spectrum for 
the Au NPs@2 mg/mL PAH film has a more intense band centered at a maximum of 525 nm that 
is similar to the maximum band of Au NPs@2 mg/mL PAH in solution (524 nm), whereas the Au 
NPs@1 mg/mL PAH has a wider red-shifted absorption band centered at 544nm (compared to 
536 nm in solution). Probably Au NPs@1 mg/mL PAH are aggregated in solution and thus 
deposit as such on glass leading to broad red shifted plasmon band while the Au NPs@2 mg/mL 
PAH are well dispersed in solution and thus stay as such on glass.  

 

Figure 3.3. Absorbance spectra of Au NPs@PAH deposited on activated glass substrate (Au 

NPs@PAH films). 

 

The scanning electron microscope (SEM) images in Figure 3.4 suggest that the Au NPs were 
uniformly and randomly distributed on the substrate. This is favorable to get an efficient MEF 
effect [15]. In addition, the Au NPs@2mg/mL PAH surface has higher coverage (22 NP/μm2) 
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compared to the Au NPs@1mg/mL PAH surface (20 NP/μm2); this confirms that the higher 
surface charge promotes better adsorption affinity of the particles with the activated glass 
surface. From the SEM images, we can see that the Au NPs surface with different coverage can 
be prepared in a controllable way using the LbL assembly by adjusting the charge density of the 
Au NPs surface. The obtained Au NPs surfaces are suitable for MEF studies, because of their 
large surface area and will induce increased radiative rates for the fluorophores due to an 
increase in the local electric field. 

 

Figure 3.4. Surface morphologies of (1) Au NPs@1mg/mL PAH film surface and (2) Au 

NPs@1mg/mL PAH film surface as observed by SEM. 

 

3.6 Fabrication and spectroscopic study of Au NPs/PCs/GFPC
-
 LbL surfaces 

3.6.1 Fabrication of Au NPs/PCs/GFPC
-
 LbL films  

To investigate and optimize the MEF effects of the Au NPs surfaces on GFPC-, a film was 
fabricated by inserting various layers of PC-/PC+ between the Au NPs substrates and the GFPC- 
outmost layer (scheme 3.8). Based on the zeta potential investigation for each polyelectrolyte 
and in order to obtain a thin film, the optimal deposition conditions for each polyelectrolyte is 
shown in Table 3.4. For each Au NPs@PAH substrate, 4 films were prepared with 0, 2, 4 and 6 
PC-/PC+ layers toped with 1 GFPC- layer. 

 

Scheme 3.8. Schematic representation of the Au NPs/PCs/GFPC- LbL films. 
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Table 3.4. Optimal composition for polymer deposition solutions 

Solution Concentration (mol/L) pH Ionic strength (mol/L) 

PC- 4.2×10-4 9.5 0.005 

PC+ 8.2×10-5 5.4 0.005 

GFPC- 5.0×10-7 5.5 0.005 

 

3.6.2 Spectroscopy study of Au NPs/PCs/GFPC
-
 LbL films  

3.6.2.1 Absorption and fluorescence spectra of Au NPs/PCs/GFPC
-
 LbL films  

Figure 3.5 shows the absorption and fluorescence spectra of the various films prepared with 0, 
2, 4 and 6 PC-/PC+ layers. The absorbance spectrum of each sample shows the clear contribution 
of the plasmonic band of Au NPs (at 524 nm and 544 nm for Au NPs@2mg/mL PAH and Au 
NPs@1mg/mL PAH respectively) and absorbance from GFPC- (at 526 nm) (Figure 3.5a and c). 
The fluorescence measurements display a dramatic intensity dependence on the number of PC 
layers (thus on Au NP – GFPC- distances) (Figure 3.5b and d).  

 

Figure 3.5. (a and c) Absorbance and (b and d) fluorescence spectra of GFPC
-
 on Au NPs 

surfaces with different PAH coverage: a and b 1 mg/mL PAH and c and d 2 mg/mL PAH with 0, 

2, 4 and 6 PC layers in between. The excitation wavelength was 495 nm. 
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Figure 3.6 summarizes the fluorescence intensity variation as a function of the number of PC 
layers on the surfaces with different density of Au NPs. The fluorescence intensity is quenched 
when the PCs layer is 0 in both samples. The quenching efficiency on Au NPs@2 mg/mL PAH 
surface (fluorescence intensity is 1.51×105) is higher than on Au NPs@1 mg/mL PAH 
(fluorescence intensity is 6.7×105). This is likely coming from the larger quantity of Au NPs on 
the Au NPs@2 mg/mL PAH surface. In addition, the maximum fluorescence intensity that was 
achieved with the 1 mg/mL PAH modified Au NPs was at 6 PCs layers with an intensity value of 
1.83×106 and tended to level off, while the 2 mg/mL PAH modified Au NPs was able to achieve 
maximum enhancement fluorescence intensity (1.87×106) with 4 PCs layers. The surface with 
Au NPs@2 mg/mL PAH shows a larger amplitude in fluorescence variation which is more suited 
for further applications (the variation of intensity in the presence of bacteria should be larger and 
thus sensing more efficient). This may be related to the high density of particles on the substrate, 
because the MEF effects are largely dependent on the size and shape of the Au nanostructures. 
After this preliminary investigation, we chose the surface with the highest density of Au NPs (Au 
NPs@2 mg/mL PAH surface) for subsequent MEF measurements and application. 

 

Figure 3.6. Variation of the maximum fluorescence intensity at 538 nm as a function of the 

number of PC layers. The excitation wavelength was 495 nm. 

 

3.6.2.2 Optimization of MEF effect on Au NPs@2 mg/mL PAH surface 

Since the distance between the fluorophore and the Au NPs plays an important role in 
determining the MEF effect of the Au NPs we adjusted the distances by controlling the numbers 
of PCs layers. The quantity of polymer chain deposited is also related to the concentration of the 
deposition solutions. We thus adjusted finely the thickness of each PC-/PC+ layers to obtain a 
better control of the MEF effect through slightly reducing the concentration of each PC 
deposition solution (Table 3.5). We produced a series of Au NPs/PCs/GFPC- LbL films with 0, 2, 
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4, 6 and 8 PCs layers. We also prepared a PC+/GFPC- LbL film on bare activated glass substrate 
as a reference. 

Table 3.5. Modified polymer deposition solution composition for fine distance adjustment 

Solution Concentration (mol/L) pH Ionic strength (mol/L) 

PC- 3.1×10-4 9.5 0.005 

PC+ 6.2×10-5 5.4 0.005 

GFPC- 5.0×10-7 5.5 0.005 

 

As shown in Figure 3.7, the fluorescence of GFPC- changes on the Au NPs surface that are 
covered with PCs interlayer films. The fluorescence intensity is maximized for 6 layers which is 
two more than on the previous sample demonstrating that each layer thickness was indeed 
decreased. Additionally, a significant quenching of the fluorescence was observed when the 
GFPC- layer is directly in contact with Au NPs. Therefore, we concluded that the fluorescence is 
more intense in the presence of Au NPs than without and it is, as expected, distance dependent. 
The fluorescence can be enhanced or quenched by adjusting the layers thickness and/or number 
between the nanoparticle and the fluorophore. It can be used for sensing because if the 
interaction of bacteria with the film changes the GFPC--Au NPs distance then fluorescence will 
be detected.  

 

Figure 3.7. (a) Influence of PCs layers number on the fluorescence of the GFPC
-
 on the Au NPs 

surface and the control on the bare glass surface and (b) variation of the maximum fluorescence 

intensity at 538 nm as a function of the number of PC layers (black squares), fit with a second 

order polynomial model (black line) and intensity of the reference sample (red circles). The 

excitation wavelength was 495 nm. 
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3.6.2.3 Time-correlated single photon counting (TCSPC) analysis of Au NPs/PCs/GFPC
-
 LbL 

surface 

In literature, it is reported that the increased intensity of the fluorophores can be attributed to 
the interaction with the plasmonic nanoparticles nearby and is always accompanied with a 
lifetime decrease [16, 17]. Thus we measured the fluorescence decays of each film using a single 
photon counting setup (Figure 3.8). The results were not straightforward as no clear trend could 
be observed. For the maximum quenched fluorescence film (Au NPs/0 layer PCs/GFPC-), decay 
is much shorter than the one for PC+/GFPC- reference film while at the maximum fluorescence 
enhancement - from intensity data- (Au NPs/6 layers PCs/GFPC- film) the decay is only slightly 
shorter. On the other hand it is longer for the Au NPs/ PCs/GFPC- films with 2, 4 and 8 PC 
layers. 
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Figure 3.8. Fluorescent lifetime measurements of GFPC
-
 on the Au NPs surface with various 

PCs layers and the reference on the bare surface. The excitation wavelength was 495 nm and 

emission wavelength was 540 nm. 

 

In order to gain a better understanding of the photophysical data we calculated the surface of 
the fluorescence spectra. We can assume that the change in steady state fluorescence intensities is 
due to changes in the radiative decay rate. The sum of the radiative and non-radiative decay rates 
were calculated from the fluorescence lifetimes (equation 3.1).  τ =

1
Γ+ ���                                                (eq. 3.1) 

where Γ is the radiative rate, ��� is the non-radiative rate, and their relative variation defined as: Δ[�� +  ���] =
�0��                                     (eq. 3.5) 

The fluorescence quantum yield is defined as: Φ =
#�ℎ����� �������

#�ℎ����� �������� =  
ΓΓ+ ���             (eq. 3.2) 
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Then from these results we can determine the relative change in fluorescence quantum yield for 
each film with Au NPs by comparison with the reference film: ΔΦ =

�����0 = Δ � ΓΓ + ����                                     (eq. 3.6) 

where ���  is the area of the fluorescence spectra of the film with i layers and ��0 the area of the 
fluorescence spectrum of the reference sample, and the relative change in radiative rate with the 
equation: ΔΓ = ΔΦ ×

�0��                             (eq. 3.7) 

where ��  is the average fluorescence lifetime of the film with i layers and, �0  the average 
fluorescence lifetime of the reference sample. 

As shown in Table 3.6, the presence of Au NPs incorporated into the film has a direct impact 
on the radiative decay rate of GFPC-, achieving a 1.95 increase in the radiative decay rate and a 
1.87 increase in the quantum yield. 

 

Table 3.6. Changes in relative quantum yields and radiative decay rates for GFPC
-
 with and 

without Au NPs 

PCs Layers SF 
a ΔΦ � (��)P

b Γ + ���(��−1) Δ[Γ + ���] ΔΓ 

0 1.55×107 0.26 2.02 0.50 1.62 0.43 

2 8.74×107 1.49 3.6 0.28 0.91 1.36 

4 8.94×107 1.53 3.63 0.28 0.90 1.38 

6 1.10×108 1.87 3.15 0.32 1.04 1.95 

8 8.57×107 1.46 3.58 0.28 0.92 1.34 

No Au 5.86×107 / 3.28 0.30 / / 

a Calculated area for the fluorescence spectra. b Average fluorescence lifetime calculated from fitted decay with 
multiexponential function for films (λex = 495 nm, λem = 540 nm). 

 

MEF and distance dependence are demonstrated through lifetime and quantum yield analysis. 
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3.7 The Au NPs/PCs/GFPC
-
 LbL surfaces for bacteria detection 

Based on the above investigation, the MEF effect in Au NPs/PCs/GFPC- films is distance 
dependent. It means that probably the system is a kind of sensor and able to detect bacteria. The 
interaction of the bacteria with the film will have an effect on the structure and thus change the 
distance between Au NPs and the GFPC-. Thus one can expect that when introducing the bacteria 
on the outmost GFPC- layer, its fluorescence intensity will be changed. Considering the swelling 
behavior of the polymer in the presence of M9 culture medium in the biological experiment, the 
Au NPs/4 layers PCs/GFPC-, Au NPs/6 layers PCs/GFPC- and Au NPs/8 layers PCs/GFPC- films 
where selected for the bacteria detection and should experience the most dramatic fluorescence 
variation. 

We investigated the fluorescence response of GFPC- on each Au NPs/PCs/GFPC- film after 
incubation with E. coli in comparison with a control where only M9 was present. After 
introducing 2 μL E. coli or M9 on each surface and 10 min. incubation, washing with M9 was 
done twice. Then surfaces were observed by microscopy. ImageJ was used for image analysis. 
The fluorescence intensity for each surface in the presence and the absence of E. coli are shown 
in Figure 3.9. 

Controls were run on "old samples" prepared almost one year ago. GFPC- layer evolved and it 
seems to be quenched after this period: therefore the fluorescence intensity is quite low, 
compared to the one with E. coli. The fluorescence intensity of Au NPs/4 layers PCs/GFPC- and 
Au NPs/6 layers PCs/GFPC- films shows fluorescence increase, compared to the film without Au 
NPs. Therefore, this Au NPs/PCs/GFPC- film act as a sensor for the bacteria detection but a more 
systematic study shall be carried out. This system probably also has the potential for the bacteria 
growth detection because the distance between GFPC- and Au NPs will be compressed when the 
number of bacteria increases, and then the fluorescence will be decreased. 

 

Figure 3.9. Fluorescence intensity of GFPC
-
 layer on Au NPs/PCs/GFPC

-
 and PCs/GFPC

-
 

platforms after incubation with E. coli and the control with M9 culture medium. The excitation 

wavelength was 475 nm. 
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However, if we focus on the bioimaging of the bacteria on Au NPs/PCs/GFPC- film surface, it 
is clear that E. coli can be targeted by GFPC- on Au NPs/4 layers PCs/GFPC- and Au NPs/8 
layers PCs/GFPC- surfaces (Figure 3.10). But the detection phenomenon on these two surfaces is 
different: E. coli on Au NPs/4 layers PCs/GFPC- surface is fluorescently visible and brighter than 
the background while the area around the targeted bacteria became dark on the Au NPs/8 layers 
PCs/GFPC- surface. Figure 3.11 shows the magnified microscope images on these two surfaces 
and the fluorescence intensity of the targeted bacteria, surface background and dark zone (for the 
surface with 8 layers PCs). We proved in Chapter 2 that fluorescent polymer chains were inside 
the bacteria and proposed that they “ate” the polymer chains and became fluorescent. The result 
we observed on Au NPs/8 layers PCs/GFPC- surface confirmed the proposed bacteria detection 
mechanism. There is a single layer of fluorescent polymer chains, the next to the last layer is an 
uncolored polymer chain: when the bacteria "ate" the top luminescent polymer chains, the 
fluorescence around the bacteria turned to dark, the contrast between the brighter bacteria and 
the dark background obviously indicates their presence. 

 

 

Figure 3.10. Bright field and fluorescence images of Au NPs/PCs/GFPC
-
 and PCs/GFPC

-
 

platforms after incubation with E. coli  (top) and control with M9 (bottom). The excitation 
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wavelength was 475 nm. 

 
Figure 3.11. Microscope images of E. coli bacteria on Au NPs/4 layers PCs/GFPC

-
 film and Au 

NPs/8 layers PCs/GFPC
-
 film and fluorescence intensity analysis for each zone on the surface. 

The excitation wavelength was 475 nm. 

 

3.8 Conclusion 

In conclusion, we successfully prepared a metal enhanced fluorescence (MEF) LbL film and 
tested the bacteria detection. Firstly, the synthesis and surface modification of spherical gold 
nanoparticles was conducted. We found out that the density of the adsorbed Au NPs on the glass 
surface could be adjusted by changing the concentration of the polymer that is used to coat the 
Au NPs. Based on the conclusion from Chapter 2, the weak polyelectrolyte and long chain 
fluorescent polymer (GFPC-) was selected as the fluorophore in this system. Different films 
containing Au NPs and GFPC- were fabricated and the distance between the Au NPs and GFPC- 
was easily adjusted by changing the number of layers with two oppositely charged polymers 
(PC+ and PC-). The surface with Au NPs@2 mg/mL PAH shows larger amplitude in fluorescence 
variation. Such surface was chosen for further investigations. The spectroscopy study indicated 
that the presence of Au NPs incorporated into the film have a direct impact on the radiative 
decay rate of GFPC-, achieving a 1.95 increase of the radiative decay rate and a 1.87 increase of 
the quantum yield. Finally, the Au NPs@2 mg/mL PAH films (Au NPs/4 layers PCs/GFPC-, Au 
NPs/6 layers PCs/GFPC- and Au NPs/8 layers PCs/GFPC- films) were chosen for bacteria 
detection. The results shows that this Au NPs/PCs/GFPC- film work as a sensor for the bacteria 
detection but there is a need for a more systematic study to gain a better understanding of the 
detection mechanism. However, if we focus on the bioimaging of the bacteria on the Au 
NPs/PCs/GFPC- film surfaces both Au NPs/4 layers PCs/GFPC- and Au NPs/8 layers PCs/GFPC- 
surfaces indicated that E. coli can be targeted by GFPC-, especially for the Au NPs/8 layers 
PCs/GFPC- surface. The contrast between the brighter bacteria and the dark background clearly 
indicates their presence. 
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Materials and methods 

Materials 

Gold (III) chloride trihydrate (Sigma, HAuCl4·3H2O), trisodium citrate (Sigma), 
Poly(allylamine hydrochloride) (average Mw = ~ 17 500 g/mol, Sigma), Poly(ethylene glycol) 
methyl ether acrylate (Sigma-Aldrich, Mn = 454 g mol-1, APEG), 2-methyl-2-
[(dodecylsulfanylthiocarbonyl)sulfanyl] propanoic acid (97%, Strem, TTCA), acrylic acid (99%, 
Aldrich, AA), 2-(Dimethylamino)ethyl acrylate (98%, Sigma, DMEA), 4,4'-Azobis(4-
cyanopentanoic acid) (98%, Sigma, ACPC) were used as received without further purification. 
Solvents were of synthetic grade and purified according to standard procedures. 18 MΩ 
Millipore water was used throughout and further pH-adjusted with either HCl or NaOH.  All 
solvents were dried on an automatic M. Braun SPS-800 instrument. 

 

Characterization techniques 

All nuclear magnetic resonance (NMR) spectra were recorded in CDCl3 on a JEOL ECS (400 
MHz) spectrometer. All chemical shifts are in ppm and referenced to tetramethylsilane (TMS).  

Zeta potentials (ζ) were performed on a Zetasizer Nanoseries (Malvern) apparatus. The 
dispersant RI value was 1.330. Samples were analyzed in DTS 1060 plastic cells, at 25 °C. Three 
measurements of at least ten scans were performed for each sample. 

pH measurements were performed using a glass electrode connected to PHM210 Standard pH 
meter from Mettler Toledo. 

Contact angles were performed on an advanced surface technology (AST) video contact angle 
measuring device. A 1 μL droplet of deionized water was deposited on the samples. 

Absorption measurements were performed using Varian Cary 100 and Cary 500 from Agilent 
Technologies.  

Emission spectra were performed using Fluorolog FL3-221 spectrofluorimeter from Horiba 
Jobin-Yvon. A front-face configuration was used. 

The SEM images were obtained using Zeiss Supra 55 VP fitted with a Field Emission Gun in 
ICMMO laboratory (CNRS UMR8182). 

The fluorescence decay curves were obtained with a time-correlated single-photon-counting 
method using a titanium-sapphire laser (82 MHz, repetition rate lowered to 4 MHz thanks to a 
pulse-peaker, 1 ps pulse width, a doubling crystals is used to reach 495 nm excitation) pumped 
by an argon ion laser from Spectra Physics (Mountain View, CA, USA). The Levenberg-
Marquardt algorithm was used for non-linear least square fit as implemented in the Globals 
software (Globals Unlimited, Villa Grove, USA). In order to estimate the quality of the fit, the 
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weighted residuals were calculated. In the case of single photon counting, they are defined as the 
residuals, i.e. the difference between the measured value and the fit, divided by the square root of 

the fit. �2 is equal to the variance of the weighted residuals. A fit was said appropriate for �2 
values between 0.8 and 1.2.  

Microscope images were taken on an epifluorescence microscopy (Nikon inverted microscope 
ECLIPSE TI-E). Transmission images were captured with an emCCD camera. Objectives 60× 
(CFI S Plan Fluor ELWD, NA 0.7) was used in this work. 

 

Synthesis 

Preparation of Au NPs [8]. All glassware was cleaned using aqua regia (3 parts HCl, 1 part 
HNO3) for a minimum of 4 hours. After discarding the aqua regia, the glassware was rinsed with 
Milli-Q water and dried with nitrogen. The HAuCl4 (1 mM, 50 mL) solution and the sodium 
citrate solution (38.8 mM, 5 mL) were prepared. Both salts are highly hydroscopic and so the 
mass was weighed quickly and transferred to their flasks. The round-bottom flask containing the 
HAuCl4 solution was attached to the refluxing apparatus and placed in a water bath with 
magnetic stirring. When the refluxing solution was observable, the sodium citrate solution was 
added quickly and the vigorous stirring of the solution continued. The pale yellow colour of the 
gold solution turned to dark purple and within 15 mins had turned to a dark ruby red 
characteristic of spherical gold nanoparticles. The solution was left to reflux for another 15 
minutes. The AuNPs solution was then left to cool to room temperature. Solution was finally 
stored in the refrigerator. This synthesis method produces spherical particles with negative 
surface charge due to the presence of the citrate ligands. 

Polymer coating of AuNPs (AuNPs@PAH) [9]. Two concentrations of PAH solution were 
prepared in water (1 mg/mL and 2 mg/mL). To each solution, 4 mL of Au NPs solution was 
added while under magnetic stirring and left one hour for mixing. The solution was then 
centrifuged to precipitation for 40 mins, RPM 10,000 and re-dispersed using Milli-Q water. The 
centrifuging and washing was done twice and then the nanoparticles re-dispersed in 4 mL of 
Milli-Q water and stored in the refrigerator. 

Synthesis of BODIPY (BODIPY phenol) [11]. A few drops of trifluoroacetic acid were added 
to a dichloromethane solution of kryptopyrrole (1.0 g, 2 equiv.) and 4-hydroxybenzaldehyde 
(500 mg, 1 equiv.). The dark reaction mixture was stirred at room temperature until total 
disappearance of the aldehyde. The oxidising agent (chloranil, 1 equiv.), then 5 min later DIPEA 
(7 equiv.) and finally trifluoroborate etherate (11 equiv.) were successively added. The mixture 
was filtered through a pad of silica or used crude. The filtrate was concentrated and the residue 
purified by chromatography on silica gel or by automatic chromatography to afford BODIPY. 

1H NMR (400 MHz, CDCl3): δ(ppm) = 0.98 (t, J = 7.5, 6H, CH2CH3), 1.35 (s, 6H, CH3), 2.31 
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(q, J = 7.5 Hz, 4H, CH2CH3), 2.53 (s, 6H, CH3), 6.95 (d, J = 8.24 Hz, 2 Har). 
13C NMR (100 

MHz, CDCl3): δ (ppm) = 12.12, 12.76, 14.90, 17.35, 116.29 (Car), 128.17, 129.93 (Car), 131.39, 

132.97, 138.64, 140.54, 153.79, 156.48. 19F NMR (376 MHz, CDCl3): δ(ppm) = -145.68 (q, J = 

32 Hz, BF2). 11B NMR (128 MHz, CDCl3): δ(ppm) = -0.13 (t, J = 32 Hz).  

Synthesis of BODIPY Methacrylate [12]. BODIPY phenol (1 equiv. 1.2 mmol, 475 mg) is 
dissolved in 50 mL of anhydrous dichloromethane under argon. Then DBU (2 equiv., 2.4 mmol, 
365 mg) is slowly added with a syringe to the solution and methacryloyl chloride (1.5 equiv., 1.8 
mmol, 190 mg) is added to the dark solution. The mixture is stirred at room temperature during 
24 h, until disappearance of the BODIPY phenol trace on TLC. The mixture is concentrated and 
the residue purified by chromatography on silica gel (dichloromethane/petroleum ether: 70/30), 
affording 432 mg of product.  

1H NMR (400 MHz, CDCl3): δ(ppm) = 0.97 (t, J  = 7.6 Hz, 6H), 1.33 (s, 6H), 2.08 (s, 3H), 2.29 

(q, J = 7.6 Hz, 4H), 2.52 (s, 6H), 5.80 (s, 1H), 6.39 (s, 1H), 7.27 (d, J = 8.7 Hz, 2H), 7.32 (d, J = 

8.7 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ(ppm) = 165.69, 154.01, 151.44, 139.22, 138.45, 

135.78, 133.32, 133.00, 130.90, 129.53, 127.68, 122.58, 18.46, 17.15, 14.68, 12.60, 11.92. 19F 

NMR (376 MHz, CDCl3): δ(ppm) = -145.68 (q, J = 32.9 Hz, BF2). 11B NMR (128 MHz, 

CDCl3): δ(ppm) = -0.15 (t, J = 32.9 Hz). 

Synthesis of P(APEG-co-GBDPMA-co-AA) (GFPC
-
). Negative fluorescent polymer chain 

P(APEG31-co-GBDPMA18-co-AA31) was synthesized in 1,4-dioxane at 75 °C under argon 
atmosphere. APEG (1.07 g, 2.22 mmol), AA (0.16 g, 2.22 mmol), RAFT agent TTCA (0.026 g, 
0.07 mmol), DMF (0.08 g, 1.15 mmol) and ACPA (1.3 mg, 0.0048 mmol) were dissolved in 2.0 
mL of 1,4-dioxane at room temperature. The mixture solution was then purged with argon for 30 
min in an ice bath. It was then immersed into an oil bath at 75 °C to start the polymerization. 
Samples were periodically withdrawn from the polymerization medium for analyses. To study 
the kinetics, monomer conversion was determined by 1H NMR spectroscopy. DMF, which has no 
influence on the free radical process, was used as internal reference. After 44 h, the flask was 
quenched in ice bath to terminate the polymerization. After removing all the solvents under 
reduced pressure, the residues were dissolved in THF and then precipitated into an excess of 
ethyl ether. This purification cycle was repeated twice. The final polymer was obtained as a red 
solid. 

Synthesis of P(APEG-co-AA) (PC
-
). Negative polymer chain P(APEG14-co-AA14) was 

synthesized in 1,4-dioxane at 75 °C under argon atmosphere. APEG (1.46 g, 3.33 mmol), AA 
(0.24 g, 3.33 mmol), RAFT agent TTCA (0.132 g, 0.233 mmol), DMF (0.135 g, 1.85 mmol) and 
ACPA (5.2 mg, 0.018 mmol) were dissolved in 3.5 mL of 1,4-dioxane at room temperature. The 
mixture solution was then purged with argon for 30 min in an ice bath. It was then immersed into 
an oil bath at 75 °C to start the polymerization. Samples were periodically withdrawn from the 
polymerization medium for analyses. To study the kinetics, monomer conversion was determined 
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by 1H NMR spectroscopy. DMF, which has no influence on the free radical process, was used as 
internal reference. After 4 h, the flask was quenched in ice bath to terminate the polymerization. 
After removing all the solvents under reduced pressure, the residues were dissolved in THF and 
then precipitated into an excess of cold cyclohexane. The final polymer was obtained as a yellow 
viscous solid. 

Synthesis of P(APEG-co-DMEA) (PC
+
). Positive polymer chain P(APEG12-co-DMEA12) was 

synthesized in 1,4-dioxane at 75 °C under argon atmosphere. APEG (0.57 g, 1.23 mmol), DMEA 
(0.18 g, 1.23 mmol), TTCA RAFT agent (0.038 g, 0.105 mmol), DMF (0.037 g, 0.50 mmol) and 
ACPA (2.0 mg, 0.007 mmol) were dissolved in 2.5 mL of 1,4-dioxane at room temperature. The 
mixture solution was then purged with argon for 30 min in an ice bath. It was then immersed into 
an oil bath at 75 °C to start the polymerization. Samples were periodically withdrawn from the 
polymerization medium for analyses. To study the kinetics, monomer conversion was determined 
by 1H NMR spectroscopy. DMF, which has no influence on the free radical process, was used as 
internal reference. After 4 h, the flask was quenched in ice bath to terminate the polymerization. 
After removing all the solvents under reduced pressure, the residues were dissolved in THF and 
then precipitated into an excess of cold cyclohexane. This purification cycle was repeated twice. 
The final polymer was obtained as a yellow viscous solid. 

 

Preparation of Au NPs@PAH/PCs/GFPC
-
 LbL film  

Activated glass slides: The glass slides were immersed in piranha solution (H2O2/H2SO4=1:3 
v/v) for 30 min, washed three times with deionized water, and then dried under a gentle stream of 
nitrogen gas. (CAUTION: “Piranha” solution reacts violently with organic materials; it must be 

handled with extreme care.) 

Au NPs surface: A glass slide was removed from the storage dish, dried completely with 
compressed air, and placed in the Au NPs@PAH (individually prepared in 1 mg/mL and 2 
mg/mL PAH solution) solution for 10 minutes. After the glass slide was washed three times for 1 
minute each with Milli-Q water, then dried with compressed air. Au NPs surface was obtained. 

LbL film fabrication: The positively charged Au NPs film was alternatively immersed in 
charged PC- solution (12 mL, 4.2×10-4 mol/L, [NaCl] = 0.005 M, pH = 9.5) and PC+ solution (12 
mL, 8.2×10-5 mol/L, [NaCl] = 0.005 M, pH = 5.4) for 10 min. The final layer was prepared by 
immersing in GFPC- (12 mL, 5.0×10-7 mol/L, [NaCl] = 0.005 M, pH = 5.5), and the thickness 
between Au NPs and GFPC- was adjusted by changing the number of deposition cycles of PC- 
and PC+. 

 

Bacteria culture 

Bacteria strain used in this research was Escherichia coli (K-12, BW25113). The strain was 
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firstly streaked onto Luria-Bertani (LB) agar plates, and then incubated at 37 °C for overnight. 
An isolated colony of each strain was picked and inoculated in 5 mL of LB medium. After 
incubation at 37 °C for overnight (shaking at 350 rpm and 5% CO2), the bacteria culture was 
then diluted 1:100 in the M9 minimal growth medium. After incubation at 37 °C for 2 hours, the 
bacteria suspensions were carried out during all experiments. 

 

Bacteria detection on Au NPs@PAH/PCs/GFPC
-
 LbL surface 

Bacteria detection: 2 µL bacteria suspensions (1.1 - 5.5×107 cells/mL) were introduced onto 
each Au NPs@PAH/PCs/GFPC- LbL film surface with 4, 6 and 8 PC layers and on GFPC- film 
surface with no AuNPs, allowed to incubate for 10 minutes at room temperature to settle onto the 
surface, and then washing step was performed with M9 culture medium twice. Finally, 2 µL 
fresh M9 medium was added on each surface, and a clean glass slide was used as a coverslip and 
observed under microscope. Meanwhile, the controls were carried out for each sample by adding 
2 µL M9 medium instead of bacteria suspension. 

Image analysis: A series of images from different sensing regions were analyzed using NIH 
(National Institutes of Health) recommended image processing software, Image J.  
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Chapter 4 “Click”-based Layer-by-Layer Antibody Nanostructured 

Surface for Selective Bacteria Detection 

 

Antibodies have outstanding molecular recognition properties. It prompted research to use 
them as bio-therapeutics for various diseases (e.g., cancer) [1-3]. They also play important roles 
as targeting moieties for specific detection [4-7]. Specific detection of bacteria is vital to clinical 
diagnostics, food safety, water quality control, and biodefense [8, 9]. Immunological methods are 
based on the antigen-antibody reaction principle with the advantages of simple operation and fast 
response [10-12]. In order to improve the specificity and sensitivity of immunosensors for 
bacteria, antibodies are usually immobilized on the surface to fully exploit their recognition sites 
[13-15]. Developing a nanostructured antibody-functionalized surface to achieve a high binding 
sites density still remains a significant challenge in material science. 

The copper-catalyzed azide-alkyne cycloaddition reaction (CuAAC), often referred to as 
“click chemistry”, has become one of the most powerful tools in material science, synthesis, and 
modification of surfaces since the introduction of the “click” concept in 2001 by Sharpless and 
coworkers [16, 17]. Because the click chemistry provides a promising and powerful 
biofunctionalization method due to its high efficiency, simplicity, orthogonality, and tolerance of 
reaction conditions even in the presence of cellular systems [18, 19], the combination of 
synthetic polymers with biological materials (e.g. nucleic acids [20, 21], peptides [22, 23], sugars 
[24], proteins [25, 26] or even viruses [27] and cells [28]) under different synthetic strategies 
have been widely investigated. However, due to the cytotoxicity of the copper catalyst, CuAAC 
has been restricted to applications that are insensitive to the presence of trace amounts of the 
toxic metal ion. Bertozzi and co-workers have developed several strained cyclooctynes to 
achieve copper-free click chemistry under mild conditions, through the so called strain-promoted 
azide-alkyne cycloaddition (SPAAC) [29]. Nanostructured antibody-functionalized surfaces have 
been constructed on a functionalized polymer surface by the self-assembly of protein-polymer 
conjugates based on SPAAC. Therefore, the fabrication of well-defined nanostructured 
functionalized polymer surfaces with high packing density is challenging. 

The LbL film surface can be modified after assembly when functional groups are present [30]. 
Nonetheless, to the best of our knowledge, clickable polyelectrolytes have not been synthesized 
previously as a functional material for the bottom-up assembly of nanostructured polymer 
surfaces. However, the combination of reversible addition-fragmentation chain transfer 
polymerization (RAFT) techniques and click chemistry was already shown to offer viable routes 
for surface modification [31, 32]. Modifying the reversible addition fragmentation technique 
chain transfer agent (RAFT TTCA) at the chain-end for precise functionalization with 4-
dibenzocyclooctynol (DIBO) by esterification reaction makes it possible to rapidly prepare a 
functional polymer from a common polymeric precursor thereby offering exciting opportunities 
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to fine-tune the properties of materials [33].  

In this chapter, we report for the first time the elaboration of a nanostructured surface 
functionalized with an antibody for bacteria-selective detection. This is achieved thanks to a 
simple modification of poly(acrylic acid-co-poly(ethylene glycol) methyl ether acrylate) by 4-
dibenzocyclooctynol. The two polyelectrolytes poly(2-(dimethylamino)ethyl acrylate-co-
poly(ethylene glycol) methyl ether acrylate) (PC+) and DIBO-PC- were simply assembled on 
activated glass slides through LbL assembly. The DIBO moiety of the DIBO-PC- can then reacts 
with azido anti-E.coli antibody by metal-free cycloaddition under mild aqueous conditions, so 
that the activity of antibody is preserved. 

I will introduce the synthesis of DIBO, modified RAFT TTCA agent with DIBO, PC+ and 
DIBO-PC-. The preparation of DIBO-PC- surface was carried out through LbL assembly and 
then the surface characterization of DIBO-PC- film was performed. Azide-modified antibody was 
prepared and anchored on DIBO-PC- surface by click chemistry. After the surface passivation, 
the antibody surface was used for bacteria detection. The influence of various parameters such as 
fluidic condition and concentration of antibody on the sensitivity of the antibody surface for 
bacteria detection was investigated. Finally, the selectivity of the antibody functionalized surface 
was tested. 

 

4.1 Synthesis of 4-dibenzocyclooctynol functionalized poly(acrylic acid-co-

poly(ethylene glycol) methyl ether acrylate) (DIBO-PC
-
) and poly(2-

(dimethylamino)ethyl acrylate-co-poly(ethylene glycol) methyl ether acrylate) 

(PC
+
) 

4.1.1 Synthesis of DIBO-PC
-
 

4-dibenzocyclooctynol (DIBO, compound 4) was chosen since it is ideal for labeling 
functional structures with azides. Indeed aromatic rings are expected to impose additional ring 
strain and conjugate with the alkyne, thereby increasing its reactivity in metal-free [2+3] 
cycloadditions with azides (SPAAC). The compound also has excellent stability because the 
ortho hydrogen atoms of the aromatic rings shield the alkyne from nucleophilic attack. 
Furthermore, the hydroxyl group in 4 provides a handle for further functionalization [34]. 
Compound 4 could be prepared from the commercially available phenylacetaldehyde (1) in four 
steps using published procedures (Scheme 4.1a) with an overall yield of 10.3%. 

Trithiocarbonates are versatile chain transfer agents (CTAs) that offer a good control of the 
polymerization as well as high hydrolytic stability. Commercially available 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid (TTCA, 5) was used as the starting 
material for the synthesis of the clickable RAFT agent 6 (Scheme 2b). TTCA (5) was connected 
to DIBO (4) through an ester linkage in high yield using N,N'-dicyclohexylcarbodiimide (DCC) 
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and 4-dimethylaminopyridine (DMAP). The product 6 was isolated as an orange oil, which 
solidified upon standing in 71% yield. NMR spectrometry confirmed the structure of the product 
(Figure 4.1). 

 

Scheme 4.1. Synthetic route for 4-dibenzocyclooctynol (DIBO) 4 and preparation of the 

cyclooctyne-containing RAFT agent DIBO-TTC 6. 

 

 

Figure 4.1. NMR spectrum of DIBO-TTCA 6. 

 

With the DIBO-modified RAFT agent in hand, it was engaged in the copolymerization 
reaction of poly(ethylene glycol) methyl ether acrylate (APEG) and acrylic acid (AA) under 
standard conditions using 1,4-dioxane as the solvent and 4,4'-Azobis(4-cyanopentanoic acid) 
(ACPA) as the initiator at 80 °C (Scheme 4.2). After a reaction time of 66.5 hours, the 
conversion rate leveled at 31% as determined by monitoring the disappearance of the ethylenic 
protons in the crude mixture by 1H NMR spectrometry. The end-functionalized DIBO-PC- was 
isolated by precipitation into cold diethyl ether and tangential flow filtration. 1H NMR spectrum 
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of the resulting polymer showed successful installation of a DIBO moiety due to the bands in the 
aromatic region (Figure 4.2). 
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Scheme 4.2. Synthetic scheme for the RAFT synthesis of P(APEG-co-AA) (DIBO-PC
-
). 

 

 

Figure 4.2. NMR spectrum of DIBO-PC
-
. 

 

4.1.2 Synthesis of PC
+
 

In order to prepare the DIBO-PC- surface by Layer-by-layer (LbL) assembly, a positively 
charged polymer was necessary. Poly(ethylene glycol) methyl ether acrylate (APEG) and 2-
(dimethylamino)ethyl acrylate (DMEA) were copolymerized by RAFT technique following the 
same experimental conditions than for DIBO-PC- (scheme 4.3). The conversion rate reached 
90% after 1.5 hours as determined by monitoring the disappearance of the ethylenic protons in 
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the crude mixture by 1H NMR spectrometry. The polymerization was stopped by immersing the 
reaction mixture into an ice bath. PC+ was isolated by repeated precipitation into cold 
cyclohexane. 
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Scheme 4.3. Synthetic scheme for the RAFT synthesis of P(APEG-co-DMEA) (PC
+
). 

 

4.2 Preparation and characterization of DIBO-PC
-
 surface 

The zeta potential of the PC+ was found to be 5.5 mV at pH 8.52. After adjusting the pH of 
the PC+ solution at 5.43, the value reached 30.2 mV which is high enough to allow them to bind 
on activated glass slides through electrostatic attraction (Table 4.1). For the negatively charged 
DIBO-PC-, the initial zeta potential is -33.2 mV at pH 3.64. The zeta-potential reached -43.6 mV 
when the pH of the DIBO-PC- solution was set at 5.28. The results show that the layer-by-layer 
assembly can be conducted with the positively charged PC+ with a zeta-potential of 30.2 mV and 
the negatively charged DIBO-PC- with a zeta-potential of -33.2 mV when the pH of the solutions 
are approximately 5.4. 

Table 4.1. Zeta potentials (ζ) of the PC
+
 and DIBO-PC

-
 

 PC+ DIBO-PC- 

pH 8.52 5.43 3.64 5.28 

ζ a / mV 5.5±0.4 30.2±0.9 -33.2±0.3 -43.6±0.2 

aZeta potentials (ζ) were recorded in Milli-Q water at 25 °C, [PC+] = 8.2×10-5 M, [DIBO-PC-] = 
5.1×10-4 M. 

 

PC+ and DIBO-PC- were used to build LbL films. Noting that ionic strength has a great 
influence on the conformation of the polyelectrolyte [35], 0.005M NaCl was added to the 
8.2×10-5 M PC+ and 5.1×10-4 M DIBO-PC- aqueous solutions. Contact angles using ultra-pure 
water (18.2 MΩ cm) as the probe fluid were measured as a qualitative indication of the surface 
modification and quantitative measurement of the surface wettability. Five replicate 
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measurements were taken for each sample, and the average and standard deviation are reported 
in Table 4.2. The contact angle for the bare activated glass slide is 1.8°, indicating a super-
hydrophilic surface. After the activated glass slide was immersed into the PC+ solution for 20 
min, washed with water three times and dried with a stream of nitrogen, the corresponding 
contact angle was 25.3°. The surface is thus hydrophilic. This means that the glass slide has been 
modified and covered with PC+ chains. Next the PC+ film was immersed into the oppositely 
charged solution (DIBO-PC-) for 20 min, then the surface was washed and dried. The film 
became more hydrophobic (contact angle 30.3°) because of the DIBO functional group in the 
polymer chains but still hydrophilic enough for our purpose. The results indicate that the LbL 
assembly has been successfully applied for thin film fabrication and the DIBO-PC- surface is 
sufficiently hydrophilic. 

Table 4.2. Contact angle of different surfaces 

 Activated glass slide PC+ PC+/DIBO-PC- 

Contact angle 1.8°±0.1 25.3°±0.2 30.3°±2.2 

 

4.3 Specific bacteria detection based on immunoassay between anti-E. coli 

antibody surface and E. coli 

The principle for the selective detection of the targeted bacteria based on an immunoassay 
approach between the antibody and bacteria is schematically described in scheme 4.4. One of the 
main steps for the development of the sensors is the synthesis of an antibody azide. We used a 
commercial SiteClick TM antibody labeling kit with a two-step reaction (scheme 4.4a). Antibody 
consists of two regions: Fab containing the specific antigen-binding sites and Fc region that can 
bind to cell receptors and complement proteins. To avoid interfering with the recognition ability 
of antibodies, the modification site should be on the Fc region of the antibodies. The terminal 
galactose residues in the Fc region of antibody were modified by galactosidase, which readily 
undergoes condensation reaction with an azide-containing sugar. Subsequently, azide modified 
antibodies were obtained after purification. In the present work IgG antibody which is specific 
for E. coli was selected. The DIBO-PC- surface (Scheme 4.4b) was immersed in a solution 
containing the azide modified Anti-E. coli antibody to achieve the strain-promoted azide-alkyne 
cycloadditions (SPAAC) reaction in mild aqueous conditions (Scheme 4.4c). Surface passivation 
was performed using a solution of 20 mg/mL bovine serum albumin (BSA) for 2 hours at 37 °C 
in order to decrease nonspecific binding on the antibody modified surface (Scheme 4.4d). 
Finally, in this study E. coli was used as a model bacterium (gram-negative) for selective bacteria 
detection assay by introducing E. coli onto the passivated anti-E. coli antibody modified surface 
(Scheme 4.4e). Finally E. coli bacteria were flown into a microfluidic channel and landed on the 
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anti-E. coli antibody modified surface. Then unbound (non-specific) bacteria were washed away 
by fluidic force, the remaining bacteria were counted. The influence of the fluidic condition and 
the quantity of antibody was investigated. Finally, gram-positive B. subtilis was used to evaluate 
the specificity of the anti-E. coli antibody modified surface. 

 

Scheme 4.4. Schematic illustration of the structured film of polycation (PC
+
) and polyanion 

(DIBO-PC
-
) and the mechanism of antibody surface grafting for specific bacteria detection 

assay. (a) Introduction of the azide on the Fc region of the IgG antibody (anti-E. coli antibody) 

using the SiteClick
TM

 kit. (b) DIBO-PC
-
 surface prepared with PC

+
 and DIBO-PC

-
 via LbL 

assembly. (c) Surface functionalized with the antibody by click chemistry. (d) Surface passivation 

performed using a solution of 20 mg/mL BSA for 2 hours at 37 °C. (e) Binding of the targeted 

bacteria by the passivated antibody modified surface. 

 

4.4 Azide-modified antibody preparation and anti-E. coli antibody surface 

preparation in a microfluidic set up 

Anti-E. coli antibody, which belongs to IgG fraction, recognizes a unique molecule of the 
harmful agent (called an antigen) via the Fab’s variable region. The ability of an antibody to 
communicate with the other components of the immune system is mediated via its Fc region, 
which contains a conserved glycosylation site involved in these interactions. Antibody azide was 
synthesized using a commercial SiteClick TM antibody labeling kit with a two-step reaction on 
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the Fc region of the antibodies. In the first step of SiteClickTM modification (Figure 4.3), terminal 
galactose residues on the N-linked sugars in the Fc region of the antibody were removed by β-
Galactosidase. The azide-containing sugar, GalNAz, was then added to the modified 
carbohydrate domain of the antibody via the β-1,4-galactosyltransferase (Gal-T)-catalyzed 
reaction targeting the terminal GlcNAc residues. Subsequently, azide-modified antibodies were 
obtained by following a purification procedure provided by the supplier. The procedure ensures 
that the specific functionalization maintained the integrity of the antigen binding site of the 
antibody. 

 

Figure 4.3. SiteClick
TM

 conjugation procedure: in the first step, terminal galactose residues on 

the N-linked sugars in the Fc region of the antibody are removed by β-Galactosidase. The azide-

containing sugar, GalNAz, is then added to the modified carbohydrate domain of the antibody 

via the β-1,4-galactosyltransferase (Gal-T)-catalyzed reaction targeting the terminal GlcNAc 

residues. This specific targeting maintains the integrity of the antigen binding site of the antibody 

(from [36]). 

 

The choice of the commercial Sticky-Slide VI 0.4 (bottomless blank slide, Figure 4.4) from 
IBIDI company as microfluidic device was dictated by a combination of advantageous 
parameters. It is a bottomless 6 channels slide with a self-adhesive underside that can be fitted to 
many surfaces including glass and compatible with cell culture. Each channel has a volume of 30 
µl. It is thus possible to quickly build a set-up with 6 parallel channels on a single surface for 
biological assays that requires smaller sample/reagent quantities (especially azide-modified 



 

101 

 

antibodies) and offers a precise control of shear stress. 

After depositing subsequently a layer of PC+ and one of DIBO-PC- on a treated glass surface, 
the μ-Slide channels was stuck to it and azide-modified antibodies could be loaded into the 
channel. Subsequent SPAAC copper-free click reaction occurred between azide-modified 
antibodies and DIBO-PC- surface under mild condition at room temperature. Excess azide-
modified antibodies were removed by washing the channel with fresh PBS buffer. The anti-E. 

coli antibody surface was stored by immersing the channel with PBS buffer. 

 

Figure 4.4. (a) Image of the Sticky-Slide VI 0.4 from IBIDI. (b) Preparation procedure of 

functionalized surface in the device. 

 

4.5 Surface passivation with bovine serum albumin (BSA)  

In order to prevent cell adhesion on the anti-E. coli antibody surface through nonspecific 
binding and improve the accuracy and selectivity of the bacteria detection, passivation of the 
surface and channel walls has to be done. A 20 mg/mL Bovine Serum Albumine (BSA) solution 
was flown into the channel for at least one hour at 37 °C. First, we tested the effect of BSA 
passivation on the DIBO-PC- surface alone (Figure 4.5). 

 

Figure 4.5. Effect of BSA passivation on the DIBO-PC
-
 surface: (left) E. coli cells counted by 

image analysis of the surface (0.25 mm
2
) before and after washing and (right) corresponding 

bright field microscopy images. 

 

The number of E. coli cells on the passivated DIBO-PC- surface is dramatically decreased 
after washing with PBS, comparing to the untreated DIBO-PC- surface (Figure 4.5). For the anti-
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E. coli antibody surface, the same passivation protocol was employed to eliminate the possibility 
of nonspecific binding on the surface. 

 

4.6 Effect of fluidic conditions on the stability and sensitivity of the anti-E. coli 

antibody surface for E. coli detection 

After the incubation step, almost all solid-phase immunoassays perform a washing step to 
remove nonspecifically bound analyte and reduce the background signal. Ideally, the washing 
step should expose the assay labels to forces stronger than the strongest non-specific interaction, 
but weaker than the weakest binding affinity. In addition, the non-specific interactions have been 
demonstrated to be at least an order of magnitude weaker than specific antibody-antigen bonds 
[37, 38]. In brief, the unbound cells can be removed by rinsing under fluid flow shear. In the used 

microfluidic system, the shear stress (τ, 
dyn��2), can be calculated by the following formula: τ = � · 97.1 ·Φ (eq. 4.1) 

where � is the buffer dynamical viscosity (
dyn·s��2 ) and Φ the flow rate (

mlmin). For PBS buffer, the 

dynamical viscosity is 1.05 cP (equal to 0.0105 
dyn·s��2 ) at room temperature. The flow rate was set 

at 100, 150, 200, 250, 300 and 400 μL/min, corresponding to shear stress of 0.102, 0.153, 0.204, 
0.255, 0.306 and 0.408 dyn/cm2, respectively. 

 

Figure 4.6. Flow rate effect on the E. coli “capture” capability of anti-E. coli antibody surface: 

ratio of the number of E. coli on the surface after and before washing step as a function of flow 

rate. 

 

Figure 4.6 clearly indicates that the non-specifically bound bacteria on the passivated surface 
(control, no antibody) were removed by rinsing under low fluid flow shear (0.102 dyn/cm2) and 
exhibited a good signal-to-noise background. Shear stress equal to or greater than 0.102 dyn/cm2, 
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when applied to the bacteria, can therefore be expected to be sufficient to remove non-
specifically bound bacteria on the 124 µg/ml and 375 µg/ml anti-E. coli antibody surface. When 
further increasing the shear stress to 0.255 dyn/cm2, the bacteria detachment from the target 
surface tended to reach a plateau for each surface. Even when the fluid flow shear was 0.408 
dyn/cm2, there was still a large quantity of E. coli remaining on the anti-E. coli antibody surface 
which is attributed to the good stability of the “click”-based LbL antibody nanostructured 
surface. In order to improve the sensitivity of anti-E. coli antibody surface for selective bacteria 
detection, the shear stress in the microfluidic channel was fixed at 0.102 dyn/cm2 for further 
study. 

 

4.7 Effect of the concentration of anti-E. coli antibody on the sensitivity of the 

anti-E. coli antibody surface for E. coli detection 

Next, we investigated whether the sensitivity for bacteria detection of anti-E. coli antibody 
surface can be improved by increasing the concentration of the antibody solution used for the 
SPAAC reaction on the surface. 60 μL of azido anti-E. coli antibody solutions corresponding to 
124 and 375 µg/mL were injected into two different channels, meanwhile, one control with 60 
μL 1×Tris was introduced into a third channel. The surface preparation with different quantities 
of anti-E. coli antibody followed the protocol described earlier (washing then BSA passivation 
and washing were performed) and the reference channel was also passivated with BSA. 

The obtained passivated anti-E. coli antibody surfaces with various concentration of antibody 
(0, 124 and 375 µg/mL) were loaded with diluted E. coli (OD = 0.115) to test the “capture” 
capability of the surfaces. The bacteria settled on each surface after 1 hour incubation and then 
each surface was washed to remove all non-specifically bound bacteria cells. Thanks to imaging 
we could observe that a significant number of bacteria was present on both of the passivated 
antibody functionalized surfaces, while the passivated DIBO-PC- reference surface exhibited 
neglectful cells number (Figure 4.7). 

The number of E. coli cells remaining on the anti-E. coli antibody functionalized surface with 
the highest concentration (375 µg/mL) was about twice higher than the one with the lower 
concentration (124 µg/mL). On one hand, LbL assembled nanostructured DIBO-PC- surface 
supplied large specific surface area and sufficient active binding sites (DIBO moiety) for 
antibody-polymer conjugation. So, in our case the highest the antibody number, the more 
bacteria cells could be captured. On the other hand, the azide-modified antibody was initially 
exposed to the DIBO-PC- surface followed by the click conjugation from the surface. Because 
antibody in situ immobilization involved minimized steric hindrance for antibody-polymer 
conjugation on the surface, significantly higher grafting densities could be achieved. It is 
noteworthy that we did not tested higher concentration of antibody-azide in order to determine 
the highest number that can be immobilized on the surface because of the availability and cost of 
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the starting material.  

 

Figure 4.7. Effect of the quantity of anti-E. coli antibody (0, 124 and 375 µg/mL) on the 

sensitivity of the passivated anti-E. coli antibody surface for E. coli detection: (left) E. coli cells 

number obtained by image analysis (0.25 mm
2
) after washing and (right) corresponding bright 

filed microscopy images.  

 

Thus the antibody surface display outstanding recognition property after facile and effective 
SPAAC click chemistry. In subsequent experiments, we utilized the anti-E. coli antibody 
solutions at 375 µg/mL for surface functionalization. 

 

4.8 Specificity evaluation 

In order to determine the selective targeting capability of anti-E. coli antibody surface toward 
E. coli (gram-negative type), we conducted a control experiment by injecting a gram-positive 
bacteria (B. subtilis NCIB 3610) onto the surface and then compared the number of attached 
cells. The specificity was defined as the value of the ratio of the number of bacteria cells on the 
anti-E. coli antibody surface after and before washing divided by the ratio on the surface without 
antibody, this also can be expressed by the below formula: 

Specificity =
�#�������� (

�����������)  ���ℎ������ �������� ��������#�������� (
�����������)  ���ℎ�������ℎ��� �������� ������� 

 (eq. 4.2) 

 

After the washing step at 100 μL/min, only E. coli remained on the anti-E. coli antibody 
surface (375 µg/mL) with a significant number of cells observed. According to the formula, the 
specificity of anti-E. coli antibody surface for E. coli is 14 times higher than for B. subtilis 
(Figure 4.8) which demonstrates that the anti-E. coli antibody surface can differentiate efficiently 
the targeted bacteria from a different type. 
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Figure 4.8. Specificity of anti-E. coli antibody surface (375 µg/mL) for E. coli and B. subtilis 

detection (left). Microscope images of the bacteria binding on the surface (0.25 mm
2
) after and 

before washing step at 100 μL/min (right).  

 

Our antibody surface is a novel approach that has a great potential for bacteria detection in 
real samples. It is also possible to envision constructing selective surfaces for bioassays by 
introducing other targeting agents. 

 

4.9 Conclusion 

We developed a new, simple and convenient layer-by-layer functional surface via 
immunoassay between antibody and antigen for rapid, effective and specific detection of bacteria 
(E. coli). The polyanion and polycation with DIBO functional group were straightforward to 
synthesize and simply assembled on activated glass slides using electrostatic attraction. Then 
anti-E. coli antibody azide was efficiently introduced on the surface in a single step using strain-
promoted azide-alkyne cycloaddition (SPAAC) reaction. In addition, unlike traditional antibody-
based targeting methods that are temperature sensitive and undergo irreversible antibody 
denaturation, the “click”-based LbL surface offers a novel approach to construct convenient, 
effective, specific, and stable platforms for bioassays, holding great potential for pathogenic 
bacteria detection in food and water samples. 
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Materials and methods 

Materials 

Phenylacetaldehyde (Sigma), Trimethylsilyl iodide (97%, Sigma), n-butyllithium solution (1.6 
M in hexanes, Sigma), Bromine (99.6%, Acros), N,N'-Dicyclohexylcarbodiimide (99%, Sigma, 
DCC), 4-(Dimethylamino)pyridine (99%, Sigma, DMAP), Poly(ethylene glycol) methyl ether 
acrylate (Sigma-Aldrich, Mn = 454 g mol-1, APEG), 2-methyl-2-
[(dodecylsulfanylthiocarbonyl)sulfanyl] propanoic acid (97%, Strem, TTCA), acrylic acid (99%, 
Aldrich, AA), 2-(Dimethylamino)ethyl acrylate (98%, Sigma, DMEA), 4,4'-Azobis(4-
cyanopentanoic acid) (98%, Sigma, ACPA) were used as received without further purification. 
Solvents were of synthetic grade and purified according to standard procedures. 18 MΩ 
Millipore water was used throughout and further pH-adjusted with either HCl or NaOH.  

 

Characterization 

All nuclear magnetic resonance (NMR) spectra were recorded in CDCl3 on a JEOL ECS (400 
MHz) spectrometer. All chemical shifts are in ppm and referenced to tetramethylsilane (TMS).  

Zeta potentials (ζ) were performed on a Zetasizer Nanoseries (Malvern) apparatus. Samples 
were prepared at a concentration of 3.1x10-6 M in pure distilled water. Samples were analyzed in 
DTS 1060 plastic cells, at 25 °C. Three measurements of at least ten scans were performed for 
each sample. 

pH measurements were performed using a glass electrode connected to PHM210 Standard pH 
meter from Mettler Toledo. 

Contact angle measurements were performed on an advanced surface technology (AST) video 
contact angle measuring device. A 1 μL droplet of deionized water was deposited on the samples. 

Microscope images were taken on an epifluorescence microscopy (Nikon inverted microscope 
ECLIPSE TI-E) equipped with a syringe pump. Transmission images were captured with an 
emCCD camera. Objectives 60× (CFI S Plan Fluor ELWD, NA 0.7) was used in this work. 

 

Synthesis 

Synthetic scheme employed for the clickable RAFT agent (DIBO-TTCA) is shown in Scheme 
1 and the RAFT polymerization of P(APEG-co-AA) (DIBO-PC-) and P(APEG-co-DMEA) (PC+) 
is shown in Scheme 2. 

Synthesis of 2,3: 6,7-Dibenzo-9-oxabicyclo[3.3.1]nona-2,6-diene (2)
 
[39]. In round flask was 

added phenylacetaldehyde (6.25 g, 52.0 mmol) dissolved in 26 mL chloroform (anhydrous). The 
flask was kept under argon atmosphere and cooled in an ice bath. Trimethylsilyl iodide (8.75 mL, 
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12.3 g, 61.5 mmol) was added to this solution and the reaction was vigorously stirred at 4 °C for 
1 week. After warming the reaction to room temperature, the reaction was quenched with 1 M 
sodium thiosulfate in water (50 mL) and diluted with dichloromethane (50 mL); the two-phase 
mixture was stirred until the iodine color disappeared. The organic phase was separated and dried 
over anhydrous Na2SO4 and the solvent was evaporated in vacuo. The crude product was 
purified by silica gel column chromatography eluting with chloroform to afford the white 
crystalline ether (2.387 g, 41%). 

1H NMR (400 MHz, CDCl3): δ(ppm) = 2.75 (d, J = 16.0 Hz, 2H, CH2), 3.56 (dd, J = 16.5 Hz, 

2H, CH2), 5.30 (d, J = 6.0 Hz, 2H, CH), 7.09 (m, 8H); 13C NMR (100 MHz, CDCl3): δ(ppm) = 

36.24, 69.68, 125.29, 126.10, 127.00, 129.22, 131.73, 137.90.  

Synthesis of 5-Hydroxy-1,2:5,6-dibenzocycloocta-1,5,7-triene (3) [39]. The reaction was keept 
under argon atmosphere. To a solution of the ether (1) (1.28 g, 5.8 mmol) in anhydrous THF (40 
mL), was added dropwise a solution of n-butyllithium 1.6 M in n-hexane (7.21 mL, 11.5 mmol). 
The reaction was stirred at room temperature for 4 h. Subsequently, the mixture was quenched by 
slowly addition of water and then extracted with chloroform (2×30 mL). The combined organic 
layers were washed with brine (30 mL), dried over anhydrous Na2SO4, and the solvent was 
evaporated to give the crude product. The compound was purified by silica gel column 
chromatography, eluting first with chloroform, to remove impurities and later with ethyl acetate 
to afford the pure alcohol (0.96 g, 75%).  

1H NMR (400 MHz, CDCl3): δ(ppm) = 3.35 (m, 2H, CH2), 5.29 (q, J = 6.1 Hz, 1H, CHOH), 

6.86 (q, J = 2.7 Hz, 2H, CH), 7.10-7.26 (m, 7H), 7.47 (m, 1H); 13C NMR (100 MHz, CDCl3): 
δ(ppm) = 42.7, 74.7, 125.9, 126.1, 127.2, 127.3, 128.8, 129.3, 129.9, 130.3, 131.7, 131.8, 134.6, 
136.3, 136.9, 140.9.  

Synthesis of 4-dibenzocyclooctynol (DIBO) (4) [39]. Dibenzocyclooctene (2) (0.30 g, 1.3 
mmol) was dissolved in 7 mL anhydrous dichloromethane at 0 °C. After a few minutes stirring, 
the bromine (0.07 mL, 1.4 mmol) was added dropwise. The reaction mixture was stirred for 1.5 h 
at 0 °C. And then the reaction was stopped with the addition of a sodium thiosulfate saturated 
aqueous solution. The aqueous phase was extracted twice with dichloromethane. The combined 
organic phases were washed twice with brine, and then dried over MgSO4. The crude product 
was directly used in the subsequent step without purification. 

Diisopropylamine (0.75 mL, 5.3 mmol) was placed under an argon atmosphere with 8 mL 
anhydrous THF at 0 °C. The n-butyllithium (1.6 M in THF) (3.3 mL, 5.3 mmol) was added 
dropwise to form lithium diisopropylamide (LDA). The mixture was stirred for 30 min at 0 °C. 
The dibrominated compound (1.3 mmol) was dissolved in 8 mL anhydrous THF, subsequently 
was added to the LDA. The reaction mixture was stirred for 1.5 h. The reaction was stopped with 
the addition of ammonium chloride saturated aqueous solution. The aqueous phase was extracted 
twice with ethyl acetate. The combined organic phases were dried over MgSO4. The crude 



108 

 

product was purified by column chromatography on pre-packed silica (gradient: petroleum ether 
to petroleum ether/AcOEt (9:1, v/v) over 30 min) to obtain the white solid compound (82 mg, 
33.5%). 

1H NMR (400 MHz, CDCl3): δ(ppm) = 2.95 (dd, J = 11.2, 3.6 Hz, 1H, CHH), 3.12 (dd, J = 12.4, 

2.3 Hz, 1H, CHH), 4.66 (dd, J = 3.7, 2.1 Hz, 1H, CHOH), 7.50-7.25 (m, 8H, CHar), 7.76 (d, J = 

7.8 Hz, 1H, CHar); 
13C NMR (100 MHz, CDCl3): δ(ppm) = 48.8, 75.4, 110.8, 113.0, 121.4, 

123.9, 124.3, 124.7, 126.2, 126.8, 126.9, 127.9, 128.2, 129.8, 151.7, 155.7. 

Synthesis of P(APEG-co-AA) clickable RAFT agent (DIBO-TTCA) [40]. A solution of DCC 
(153 mg, 0.74 mmol) in CH2Cl2 (2.7 mL) was added drop wise to a stirred solution of 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid (272 mg, 0.74 mmol), 4-
dibenzocyclooctynol (82 mg, 0.37 mmol), and DMAP (11 mg, 0.09 mmol) in CH2Cl2 (2.7 
mL)and the resulting mixture was stirred for 18 h at room temperature. Upon the completion of 
the reaction, the mixture was filtered to remove dicyclohexylurea and the filtrate was 
concentrated under reduced pressure. The resulting residue was purified by column 
chromatography on silica gel using a gradient of 0 to 20% EtOAc in petroleum ether as an eluent 
to give pure DIBO-TTCA (132 mg, 71%) as a yellow oil. 

1H NMR (400 MHz, CDCl3): δ(ppm) = 0.88 (t, J = 7.0 Hz, 3H, CH3CH2), 1.24-1.28 (m, 18H, 

CH3(CH2)9), 1.61-1.63 (m, 2H, CH2CH2S), 1.79 (s, 3H, CH3C), 1.83 (s, 3H, CH3C), 2.89 (dd, J 
= 15.1, 4.0 Hz, 1H, CHHCHO), 3.15 (dd, J = 15.1, 2.0 Hz, 1H, CHHCHO), 3.26 (app dt, J = 7.3, 
4.2 Hz, 2H, CH2S), 5.49 (br s, 1H, CH2CHO), 7.25-7.33 (m, 7H, 7×CHar), 7.60 (d, J = 8.0 Hz, 
1H, CHar); 

13C NMR (100 MHz, CDCl3): δ(ppm) = 14.3 (CH2CH3), 22.8 (CH2CH3), 25.5 
(CH3), 25.9 (CH3), 28.0 (CH2CH2S), 29.1 (CH2), 29.2(CH2), 29.5 (CH2), 29.6 (CH2), 29.7 
(CH2), 29.8 (2×CH2), 32.0 (CH2), 37.1 (CH2S), 46.1 (CH2CHO), 56.1 (C(CH3)2), 77.9 
(OCHCH2), 109.5 (C≡C), 113.1 (C≡C), 121.3 (Car), 123.6 (CHar), 124.3 (Car), 125.9 (CHar), 
126.3 (Car), 127.2 (CHar), 127.3 (CHar), 128.0 (CHar), 128.3 (CHar), 130.4 (CHar), 151.1 
(2×Car), 171.7 (C=O), 220.9 (SC=S). 

Synthesis of P(APEG-co-AA) (DIBO-PC
-
). DIBO modified negative polymer chain 

P(APEG14-co-AA14) was synthesized in 1,4-dioxane at 80 °C under argon atmosphere. APEG 
(1.46 g, 3.33 mmol), AA (0.24 g, 3.33 mmol), DIBO-TTCA clickable RAFT agent (0.132 g, 
0.233 mmol), DMF (0.135 g, 1.85 mmol) and ACPA (5.2 mg, 0.018 mmol) were dissolved in 3.5 
mL of 1,4-dioxane at room temperature. The mixture solution was then purged with argon for 30 
min in an ice bath. It was then immersed into an oil bath at 80 °C to start the polymerization. 
Samples were periodically withdrawn from the polymerization medium for analyses. To study 
the kinetics, monomer conversion was determined by 1H NMR spectroscopy. DMF, which has no 
influence on the free radical process, was used as internal reference. After 20 h, the flask was 
quenched in ice bath to terminate the polymerization. After removing all the solvents under 
reduced pressure, the residues were dissolved in THF and then precipitated into an excess of 
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ethyl ether. This purification cycle was repeated twice. And the product was purified by 
tangential flow filtration. The final polymer was obtained as a yellow viscous solid. 

Synthesis of P(APEG-co-DMEA) (PC
+
). Positive polymer chain P(APEG12-co-DMEA12) was 

synthesized in 1,4-dioxane at 80 °C under argon atmosphere. APEG (0.57 g, 1.23 mmol), DMEA 
(0.18 g, 1.23 mmol), TTCA RAFT agent (0.038 g, 0.105 mmol), DMF (0.037 g, 0.50 mmol) and 
ACPA (2.0 mg, 0.007 mmol) were dissolved in 2.5 mL of 1,4-dioxane at room temperature. The 
mixture solution was then purged with argon for 30 min in an ice bath. It was then immersed into 
an oil bath at 80 °C to start the polymerization. Samples were periodically withdrawn from the 
polymerization medium for analyses. To study the kinetics, monomer conversion was determined 
by 1H NMR spectroscopy. DMF, which has no influence on the free radical process, was used as 
internal reference. After 4 h, the flask was quenched in ice bath to terminate the polymerization. 
After removing all the solvents under reduced pressure, the residues were dissolved in THF and 
then precipitated into an excess of ethyl ether. This purification cycle was repeated twice. The 
final polymer was obtained as a yellow viscous solid. 

 

Preparation of PC
+
/DIBO-PC

-
 LbL film  

Activated glass slides: The glass slides were immersed in piranha solution (H2O2/H2SO4=1:3 
v/v) for 30 min, washed three times with deionized water, and then dried under a gentle stream of 
nitrogen gas. (CAUTION: “Piranha” solution reacts violently with organic materials; it must be 

handled with extreme care.) 

Film preparation: The activated glass slides were alternatively immersed in charged PC+ 
solution (30 mL, 8.2×10-5 mol/L, [NaCl] = 0.005 M, pH = 5.43) and DIBO-PC- solution (30 mL, 
5.1×10-4 mol/L, [NaCl] = 0.005 M, pH = 5.28) for 20 min. The final layer was DIBO-PC-.  

 

Preparation of anti-E. coli antibody surface  

Commercial microfluidic devices: The commercial sticky-slide VI 0.4 allows to perform 
biological experiments with the DIBO-PC- film which was deposited on the glass slides. The 
self-adhesive (“sticky”) underside of the bottomless blank slide is easily adapted to the specific 
substrate by pressing on by hand. The sticky-slide VI 0.4 can also be connected to a pump and 
enables the experiment to observe under flow conditions. 

Azido anti-E. coli antibody: anti-E. coli antibody (IgG) was functionalized by azide according 
to standard protocol recommended by supplier of commercially available SiteClickTM Antibody 
Labeling Kit (Thermofisher, USA) to prepare azide attachment to the antibody [36].  

Anti-E. coli antibody surface: Varying concentration of azido anti-E. coli antibody (60 µL, 0 - 
375 µg/mL in 1×Tris) were incubated on the DIBO-PC- surface at room temperature for 
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overnight, and then rinsed with PBS twice to remove the unreacted antibodies. 

Surface passivation: The passivation of the anti-E. coli antibody surface was performed using a 
solution of 20 mg/mL bovine serum albumin (BSA) in water for 2 hours at 37 °C, and then 
rinsed with PBS twice [41].  

 

Bacteria culture 

All bacteria strains used in this research were Escherichia coli (K-12, BW25113) and Bacillus 

subtilis (NCIB 3610). E. coli was selected as target bacteria; meanwhile B. subtilis was selected 
as control group for selective bacteria detection. All above strains were firstly streaked onto 
Luria-Bertani (LB) agar plates, and then incubated at 37 °C for overnight. An isolated colony of 
each strain was picked and inoculated in 5 mL of LB medium. After incubation at 37 °C for 
overnight (shaking at 350 rpm and 5% CO2), the bacteria culture was then diluted 1:100 in the 
M9 minimal growth medium. After incubation at 37 °C for 2 hours, the bacteria suspensions 
were carried out during all experiments. 

 

Bacteria capture on anti-E. coli antibody surface 

Bacteria capture: 60 µL bacteria suspensions (1.1 - 5.5×107 cells/mL) were introduced into 
each channel, allowed to incubate for 1 hour at room temperature to settle onto the surface, and 
then washing step was performed with PBS buffer solution.  

Fluidic conditions: The flow rate during the washing step was controlled by a syringe pump. 
Each commercial sticky-slide VI 0.4 channel is depth h=400 μm, length L=17 mm and width 
w=3.8 mm. Using the syringe pump in infusion mode, the volumetric flow rates were between 
100 and 400 µL/min for 10 min. It should be noted that fluidic force was likely completed in the 
first 30 seconds to 1 minute, but additional washing was required to clear out all residual non-
specifically bound bacteria. Following each washing step, the images were recorded from all 
sensing regions [42].  

Image analysis: A series of images from different sensing regions were analyzed using NIH 
(National Institutes of Health) recommended image processing software, Image J. The number of 
bacteria cells is determined by setting a binary threshold to delineate the cells. 
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Chapter 5 pH sensitive Layer-by-Layer film surface for bacteria 

growth detection 

 

In the previous chapters we provided a new approach for bacteria detection on thin film. 
However, rapid, accurate and simple detection of bacterial growth still remains a challenge. It is 
a key step for further real sample analysis in the antimicrobial resistance study. 

The growth of bacteria is often associated with a pH decrease of the growth medium due to a 
release of acidic metabolites such as acetic acid, lactic acid and CO2 [1]. Consequently, 
developing an accurate, rapid and stable pH sensitive LbL surface is a reasonable and practical 
goal for the detection of bacterial growth. Over the past decades, different fluorophores 
(fluorescein-based pH indicators, benzoxanthene dyes and cyanine-based pH indicators) have 
been widely used in fluorescence-based pH sensing since the fluorescence properties were 
modified with a change of concentration of the hydrogen ions (pH). Yoon [2] described the 
different principles for the hydrogen ion detection with fluorescent probes. 

(1) pH probes based on reversible protonation of amines. Alkyl and aromatic amines participate 
in rapid acid-base equilibrium reactions (Scheme 5.1). As a result, amine moieties have been 
widely employed as sites for acid-base reactions of the fluorescent pH probes [3, 4].  
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Scheme 5.1. Reversible protonation of alkyl amines and aromatic amines. 

(2) pH probes based on protonation of N-heterocycles. N-heterocycles, such as pyrrole, indole, 
imidazole, pyridine or quinolone, have been applied to construct pH probes due to the generation 
of the corresponding cations by reversible protonation under acidic conditions (Scheme 5.2) [5, 
6].  
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Scheme 5.2. Protonation of N-heterocycles. 

(3) pH probes based on phenols. An aqueous solution of phenol is weakly acidic and it can be 
deprotonated in basic (high pH) environments to form the phenolate ion (Scheme 5.3). Because 
of this character, the phenol moiety has been used as a basis for development of pH probes [7, 8].  

H+
OH O

OH-

 

Scheme 5.3. Deprotonation of phenol. 

(4) pH probes based on ring-opening of rhodamine. Commonly, the rhodamine spirolactam form 
is colorless and non-fluorescent in many solvents, whereas it opens in the presence of acid to 
give the ring-opened amide form which is strongly fluorescent (Scheme 5.4). Therefore, 
rhodamine derivatives are often used as pH fluorescent probes [9, 10].  

H+

OH-

O

N

O

R

N N O

HN

O

R

N N

spirolactam form

colorless, non-fluorescent

ring-open amide

colored, strongly fluorescent  

Scheme 5.4. pH probe based on ring-opening of rhodamine. 

Other types of pH probes have been designed on the basis of chemical reactions such as 
addition or isomerization processes [11, 12]. In different applications, pKa value is crucial for the 
pH indicators and it should be located at the center of the measurable pH range. pH of the growth 
medium can be changed from 7 to 5 during E. coli growth. Carboxyfluorescein is a phenol based 
pH probe with different pKa values depending on the form of carboxyfluorescein in solution. 

Table 5.1. Photophysical properties of different forms of Carboxyfluorescein (from [13]) 

Species ���� (nm) �� (nm) ε (103⋅L⋅mol-1⋅cm-1) Φ� τ (ns) 

Fb' 434 / 11 ~ 0 / 

Fc 472 520-540 29 0.37 3.0 

Fd 490 520 77 0.93 4.1 

 

Carboxyfluorescein in aqueous solution exist as a cation (a), a neutral quinonoid molecule 
(b'), a neutral lactonic molecule (b), a monoanion (c) or a dianion (d), depending on the pH 
(Scheme 5.5) [13, 14]. Its fluorescence property and pKa are strongly pH dependent and only the 
dianionic form is highly fluorescent (Table 5.1). Furthermore, the pKa of carboxyfluorescein 
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from monoanion form to dianion transformation is about 6.4, which is suitable for the detection 
of pH changes in bacterial growth.  
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Scheme 5.5. Different forms of Carboxyfluorescein depending upon pH and their pKa. 

 

pH sensor can be designed as single-signal detection, and ratiometric sensor is an alternative. 
Ratiometric detection is sensor concentration independent by introducing at least two emission or 
excitation wavelengths [15]. Ratiometric sensor consists of two dyes: one is pH sensitive and the 
other is insensitive or both of them are pH sensitive with opposite direction, which induce the 
ratio change in fluorescence wavelength or intensity. The intensity-based ratiometric sensor 
either enables or disables Fluorescence resonance energy transfer (FRET) leading to shift of 
emission intensities [16]. In addition, the measure of ratio between two fluorescence signals 
allows to get rid of artifacts due to instrument (changes in focus, variations in laser intensity), or 
bleaching.  

Herein we present a rather simple and novel method to introduce carboxyfluorescein as a pH 
probe on the LbL film surface by copper-free click chemistry. Two single-signal pH sensitive 
surfaces containing fluorescein and one ratiometric pH sensitive surface combining fluorescein 
with insensitive BODIPY were designed and prepared with different features, the photophysical 
properties were studied and the bacterial growth detection were performed on each surface.  

Firstly, I will introduce the synthesis and the characterizations of fluorescein azide (FA), 
relatively short and long polyanions with DIBO moiety (DIBO-SWPC- and DIBO-LWPC-), red 
fluorescent polyanion (RFPC-) and positively charged polyelectrolyte (PC+). And then the 
preparations and characterizations of different types of pH sensitive surfaces (DIBO-SW PC-/FA, 
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DIBO-LW PC-/FA and (DIBO-LW PC- + RFPC-)/FA surface) will be described. Finally, all pH 
sensitive surfaces were tested for E. coli growth detection.  

 

5.1 Synthesis of fluorescein azide, polyanion and polycation 

5.1.1 Synthesis of fluorescein azide (FA) 

Fluorescein was selected as a pH-sensitive fluorophore for the bacteria growth detection 
because of its very high molar absorptivity at the wavelength of the argon laser (488 nm) and 
large fluorescence quantum yield [13]. In addition, fluorescein in aqueous solution appears in 
cationic, neutral, anionic and dianionic forms [14] making its absorption and fluorescence 
properties strongly pH dependent. Moreover the pKa of the anion/dianion form is about 6.4, 
which is suitable to measure changes in pH in biological media as already stated earlier [1]. 
Preparation of fluorescein azide was performed thanks to a general procedure for the synthesis of 
amides via the direct condensation of carboxylic acids and amines using TBTU as coupling agent 
(Scheme 5.6) [17, 18].  

 

Scheme 5.6. Preparation of the fluorescein azide (FA-N3). 

 

5.1.2 Synthesis of polyanion 

5.1.2.1 Synthesis of DIBO-SW PC
-
 and DIBO-LW PC

-
 

The synthesis of DIBO functionalized RAFT agent TTCA-DIBO has been described in 
Chapter 4, we designed two polyanions with relatively high and low molecular weights for the 
further study. Different ratio of monomers and chain transfer agent DIBO-TTCA 
(APEG:AA:DIBO-TTCA = 14:14:1 or 55:55:1) were introduced into each polymerization 
reaction under standard conditions using 1,4-dioxane as the solvent and 4,4'-Azobis(4-
cyanopentanoic acid) (ACPC) as the initiator at 80 °C (Scheme 5.7). The polymer with the ratio 
of APEG:AA:DIBO-TTCA (14:14:1) was labeled as DIBO-SWPC-, the other polyanion was 
called DIBO-LWPC-. After a reaction time of 66.5 hours or 88 hours, the polymerization of 
DIBO-SWPC- and DIBO-LWPC- reached 31% conversion and 72% conversion, respectively. 
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The end-functionalized DIBO-PC- were isolated by multiple precipitations into cold diethyl ether 
and tangential flow filtration. 1H NMR spectra of the resulting polymers showed successful 
introduction of a DIBO moiety due to the bands in the aromatic region (Figure 5.1). The number 
average molecular weight (Mn(NMR)) was calculated based on NMR total monomer conversion. 
The estimated molecular weights of DIBO-SWPC- and DIBO-LWPC- are 2800 g/mol and 20600 
g/mol, respectively.  
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Scheme 5.7. Synthetic scheme employed for the RAFT synthesis of P(APEG-co-AA) with different 

repeating units, relatively low molecular weight DIBO-SWPC
-
 and high molecular weight DIBO-

LWPC
-
. 
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Figure 5.1. 
1
H NMR spectra of DIBO-SWPC

-
 and DIBO-LWPC

-
. 
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5.1.2.2 Synthesis of red fluorescent polymer (RFPC
-
) 

Boron-dipyrromethene (BODIPY) derivatives are interesting because of their very good 
spectroscopic properties,as described in previous chapters. They are also relatively insensitive to 
the polarity and pH of the environment. Moreover small modifications of their structures enable 
tuning of their fluorescence features (emission spectrum tunable from green to red) [19, 20]. 
Therefore, BODIPY was selected as a reference fluorophore in the ratiometric sensor.  
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Scheme 5.8. Synthesis of methylnaphthyl BODIPY monomer (BODIPY-N3). 

 

Since the maximum emission wavelength of pH sensitive fluorophore (fluorescein) is around 
520 nm (green-emitting pH probe), a polymer carrying BODIPY derivative that acts as a red-
emitting reference dye was designed. Based on the former PhD student Chloé GRAZON’s work, 
methylnaphthyl BODIPY is known to emit around 610 nm [21]. We first synthesized 
methylnaphthyl BODIPY azide as BODIPY monomer and an alkyne functionalized polyanion 
for further polymer modification and LbL film fabrication. In the end, methylnaphthyl BODIPY 
polyanion could be obtained by linking (click chemistry) the methylnaphthyl BODIPY azide and 
alkyne functional polyanion.  

BODIPY can be synthesized from pyrroles using a standard three-step procedure via a 
condensation of two pyrroles with an aldehyde followed by aromatization and final complexation 
with boron trifluoride [22]. Most commonly in the literature, BODIPY derivatives with high 
emission wavelength are synthesized starting from pyrroles substituted with phenyl groups. 
Furthermore, functional groups may be introduced before or after the BODIPY formation from 
pyrrole and substituted benzaldehyde or benzoyl chloride. Therefore, (8-methylnaphthyl)pyrrole 
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was obtained by the Trofimov reaction (Scheme 5.8) [23]. In order to decrease the steric 
hindrance of the BODIPY and improve the click reaction efficiency, we chose to introduce a 
functional group in the meso (8) position of the BODIPY [24, 25] and the obtained 
methylnaphthyl BODIPY was post-modified to afford methylnaphthyl BODIPY azide (Scheme 
5.8). 
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Scheme 5.9. Synthetic scheme employed for the RAFT synthesis of P(APEG-co-ProA-co-AA) with 

alkyne functional group. 

 

The polymer functionalized with an alkyne side chain was synthesized by RAFT 
polymerization (Scheme 5.9) [26]. After a reaction time of 38 hours, the polymerization was 
reached 83% conversion (NMR). The end-functionalized alkynyl PC- was isolated by 
precipitation into cold diethyl ether. The number average molecular weight (Mn(NMR)) was 
calculated based on NMR total monomer conversion to be18900 g/mol. 
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Scheme 5.10. Synthesis of the methylnaphthyl BODIPY fluorescent anionic polymer using 

CuAAC click chemistry. 

 

After obtaining the clickable alkyne functional polymer and methylnaphthyl BODIPY azide, 
the copper catalyzed alkyne/azide cycloaddition (CuAAC) click reaction was carried out under 
mild conditions with [(PPh3)3CuBr] as the catalyst, in the presence of Et3N (Scheme 5.10) [27]. 
The methylnaphthyl fluorescent polyanion (RFPC-) was purified by precipitation into cold 
diethyl ether and washing with H2O. 
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5.1.3 Synthesis of poly(2-(dimethylamino)ethyl acrylate-co-poly(ethylene glycol) methyl 

ether acrylate) (PC
+
) 

Positively charged polyelectrolytes (PC+) are necessary as a bridge to bind the negatively 
charged glass slide and the functional polyanion using the Layer-by-layer (LbL) assembly. The 
polymerization of poly(ethylene glycol) methyl ether acrylate (APEG) and 2-
(dimethylamino)ethyl acrylate (DMEA) under the same experimental condition as for DIBO-PC- 
was performed (Scheme 5.11). The polymerization reached 90% conversion after 4 hours and 
was stopped by immersing the reaction mixture into an ice bath. PC+ was purified by 
precipitation into cold cyclohexane. The number average molecular weight (Mn(NMR)) was 
estimated to be 7700 g/mol based on NMR total monomer conversion. 

 

Scheme 5.11. Synthetic scheme employed for the RAFT synthesis of P(APEG-co-DMEA) (PC
+
). 

 

After describing the different synthetic pathways, we will continue with the characterizations 
of the polyions and fluorescent dye. 

 

5.2 Characterization of fluorescein azide, polyanion and polycation 

5.2.1 Spectroscopic properties of fluorescein azide and RFPC
-
 in solution 

UV-vis absorption and fluorescence emission spectra of fluorescein azide and RFPC- 
dissolved in water are depicted in Figure 5.2. The maximum of absorption and fluorescence 
emission of fluorescein azide are found at 478 nm and 521 nm in water, a usual value for 
fluorescein. In addition, the main absorption band of RFPC- at 552 nm is attributed to the 0-0 
vibrational band of a strong S0→S1 transition; the band in the 460-350 nm range at the short 
wavelength side of the spectrum is assigned to the S0→S2 transition. The fluorescence emission 
of RFPC- is in the red range at 594 nm. These two fluorophores can be combined to form a 
ratiometric sensor since they absorb and emit in different parts of the visible spectra. 
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Figure 5.2. Normalized absorption (full lines) and fluorescence (dotted lines, λex = 478 nm for 

fluorescein and λex = 540 nm for RFPC
-
) spectra of fluorescein azide and RFPC

-
 in water. 

 

5.2.2 Zeta potential of DIBO-SW PC
-
, DIBO-LW PC

-
 and RFPC

-
 

Since the Layer-by-Layer assembly depends upon the electrostatic attraction of each 
polyelectrolytes, the optimization of the deposition solutions was verified by zeta potential 
measurements. These four polymers are all weak polyelectrolytes; therefore the pH will greatly 
affect the degree of dissociation and the charge density of each polymer. The zeta potentials of 
each polyelectrolyte in water were determined and the result is shown in Table 5.2. The natural 
pH of the PC+ dissolved in water is basic, due to the amine functional group whereas it is acidic 
for all polyanions as a result of the carboxylic functional group. The natural pH of three 
polyanions is different probably due to different concentrations of the polyanions solutions. For 
the long chain polyelectrolytes, the concentration is crucial for the conformation of the polymer 
in solution and has a great influence on its zeta potential in solution. For instance, when the 
concentration of DIBO-LW PC- is 5.0×10-4 M, 5.0×10-5 M and 5.0×10-6 M, the zeta potential 
is -24.4 mV, -32.5 mV and -26.6 mV at pH around 5.5, respectively. We suppose that DIBO-LW 
PC- chains are in a coiled conformation and the charged units are screened by the other part of 
the chain, therefore a low zeta potential (-24.4 mV) is measured when the concentration of 
DIBO-LW PC- is high (5.0×10-4 M). When the concentration of DIBO-LW PC- chains is low 
(5.0×10-6 M) even though they are extended and more charges are exposed, the zeta potential 
(-26.6 mV) is still not high enough. At the intermediate concentration (5.0×10-5 M), a stable 
colloidal solution was obtained (zeta potential -32.5 mV). Following the same procedure, we 
found out that the optimal concentration for RFPC- is 4.8×10-7 M.  
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Table 5.2. Zeta potentials (ζ) of the polyelectrolytes 

 PC+ DIBO-SWPC- DIBO-LWPC- RFPC- 

pH 8.5 5.4 3.6 5.3 4.1 5.6 5.0 6.6 

ζ a / mV 5.5±0.4 30.2±0.9 -33.2±0.3 -43.6±0.2 -26.0±0.6 -32.5±0.4 -27.9±0.2 -39.1±0.4 

aZeta potentials (ζ) were recorded in Milli-Q water at 25 °C, [PC+] = 8.2×10-5 M, [DIBO-SWPC-] = 5.1×10-4 M, 
[DIBO-LWPC-] = 5.0×10-5 M and [RFPC-] = 4.8×10-7 M. 

 

Upon changing the pH, more stable colloidal solutions were achieved. When the pH was 
adjusted to 5.4 for PC+, 5.3 for DIBO-SW PC-, 5.6 for DIBO-LW PC- and 6.6 for RFPC-, the 
degree of ionization of these four weak polyelectrolytes is high enough for the further multi-layer 
assembly process through electrostatic attraction. 

 

5.3 pH sensitive surface preparation 

5.3.1 DIBO-SW PC
-
 / fluorescein surface preparation by click chemistry 

Table 5.3. Optimal conditions for polymer deposition solutions 

Solution Concentration (mol/L) pH Ionic strength (mol/L) 

PC+ 8.2×10-5 5.4 0.005 

DIBO-SWPC- 5.1×10-4 5.3 0.005 

FA 5.4×10-4 5% DMSO 

 

To investigate the pH effect on the surface, the fluorescein was introduced on the outmost 
DIBO-SWPC- layer by click chemistry and the interlayer was built with PC+ through LbL 
assembly. Based on the zeta potential investigation for each polyelectrolyte and in order to obtain 
a thin film, optimal deposition conditions for each polyelectrolyte was used as shown in Table 
5.3. After obtaining the PC+/DIBO-SWPC- film, it was immersed in a FA-N3 solution at room 
temperature without any other catalyst. A relatively high concentration of fluorescein azide was 
used to ensure that sufficient FA is available for the clickable DIBO-PC- surface. The FA 
coverage was thus only dependent on the quantity of binding sites available on the DIBO-PC- 
surface. The fluorescein film was obtained after 2 hours by copper-free strain promoted alkyne-
azide cycloaddition (SPAAC) click reaction. A reference film with DIBO-SW PC- but without 
the FA was also prepared for comparison. 
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5.3.2 DIBO-LW PC
-
 / fluorescein surface preparation by click chemistry 

The PC+ layer was first introduced in the same conditions as for the film with the DIBO-SW 
PC- film on activated glass and then the DIBO-LW PC- in the condition described in table 5.4. 
FA grafting on the surface was finally carried out using 1 equivalent of FA per polymer chain. 

Table 5.4. Optimal conditions for polymer deposition solutions 

Solution Concentration (mol/L) pH Ionic strength (mol/L) 

PC+ 8.2×10-5 5.4 0.005 

DIBO-LWPC- 5.0×10-5 5.6 0.005 

FA 5.4×10-4 5% DMSO 

 

In summary, a film was obtained with DIBO-LW PC- which will provide a more stable top 
layer but a relatively lower quantity of fluorescein compared to the one prepared in the previous 
paragraph. 

 

5.3.3 (DIBO-LW PC
-
 + RFPC

-
) / fluorescein surface preparation by click chemistry 

Table 5.5. Optimal conditions for polymer deposition solutions 

Solution Concentration (mol/L) pH Ionic strength (mol/L) 

PC+ 8.2×10-5 5.4 0.005 

DIBO-LWPC- 5.0×10-5 / 1.5×10-4 6.6 0.005 

RFPC- 4.8×10-7 / 1.4×10-6 6.6 0.005 

FA 3.0×10-6 5% DMSO 

 

A ratiometric LbL film was fabricated very simply by preparing a mixture deposition solution 
containing both DIBO-LWPC- and RFPC- and then introducing fluorescein by copper-free click 
chemistry. The ratio of fluorescence intensity from fluorescein and RFPC- on LbL film at the 
same excitation wavelength can be adjusted by changing the ratio of DIBO-LWPC- and RFPC- in 
the deposition solution, because the quantity of fluorescein depends on the quantity of DIBO-
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LWPC- on the film. We choose a 104/1 ratio between DIBO-LWPC- and RFPC- (Table 5.5). The 
total concentration of these two polyanions was adjusted to improve the total fluorescence 
intensity of the fluorescent LbL film. Two concentrations of the mixture deposition solution were 
prepared. Two (DIBO-LW PC- + RFPC-) / fluorescein surfaces (deposited from relatively high 
concentration and low concentration mixture deposition solutions) were obtained. 

 

5.4 Characterization of DIBO-SW PC
-
/FA, DIBO-LW PC

-
/FA and (DIBO-LW 

PC
-
 + RFPC

-
)/FA surface 

5.4.1 Fluorescence emission analysis of the LbL films 

 

Figure 5.3. Fluorescence spectra (λex = 478 nm) of the different LbL films: the outmost layer is 

DIBO-SW PC
-
 (as a reference), DIBO-SWPC

-
/fluorescein, DIBO-LWPC

-
/fluorescein and 

ratiometric RFPC
-
/fluorescein, respectively. All spectra were taken in air (no solution). 

 

The fluorescence emission spectra of the different films where the outmost layer is DIBO-SW 
PC- (reference), DIBO-SWPC-/fluorescein, DIBO-LWPC-/fluorescein and ratiometric DIBO-
LWPC-/fluorescein are shown in Figure 5.3. No visible emission from the blank LbL film before 
modification can be seen. A maximum emission band at around 522 nm for the LbL films 
modified with fluorescein is observed which is typical of the emission of the dianionic form of 
the fluorescein. Those two facts indicate that the post-functionalization of LbL films was 
successful. An additional emission band with a maximum at 567 nm was observed for the RFPC-

/fluorescein film. This second emission can be attributed to the BODIPY units. It is blue shifted 
compared to the solution spectra possibly because of the highly polar environment. The ratio of 
the fluorescence intensity at 522 nm and 567 nm is 0.95. We successfully introduced two 
fluorophores on one nanostructured LbL film surface and their ratio was easily controlled to get 
similar fluorescence intensity. 
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5.4.2 Fluorescence imaging of LbL films 

The fluorescence of each DIBO-PC-/fluorescein surface was observed under microscope. 
Figure 5.4 shows that both DIBO-SWPC-/fluorescein and DIBO-LWPC-/fluorescein surfaces are 
homogeneous. The fluorescence intensity of each surface was analyzed with ImageJ. The 
fluorescence intensity from DIBO-SWPC-/fluorescein surface (0.25 mm2) is around 738, while it 
is lower (around 507) for DIBO-LWPC-/fluorescein surface as expected from the ratio of DIBO 
moiety and acrylic acid units in both polymer chains. 

 

Figure 5.4. Fluorescence images of DIBO-SWPC
-
/fluorescein (a) and DIBO-LWPC

-
/fluorescein 

(b) surfaces (0.25 mm
2
) in the presence of M9. The excitation wavelength was 475 nm.  

 

Figure 5.5. Green (top) and red channels (bottom) fluorescence images of ratiometric RFPC
-

/fluorescein surfaces (0.25 mm
2
) prepared at relatively low (a and c) and high (b and d) 

concentrations of the deposition solutions in the presence of M9 culture medium. The excitation 

wavelength was 475 nm (a and c) and 542 nm (b and d), respectively. 

 

The ratiometric RFPC-/fluorescein surfaces were prepared with different concentrations of the 
mixed deposition solution. Figure 5.5 indicates that the ratiometric RFPC-/fluorescein surface 
(Figure 5.5a and c) that were prepared with a lower concentration solution ([DIBO-LWPC-] = 
5.0×10-5 M and [RFPC-] = 4.8×10-7 M) seems more homogeneous, compared to the one (Figure 
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5c and d) prepared with a higher concentration ([DIBO-LWPC-] = 1.5×10-4 M and [RFPC-] = 
1.4×10-6 M). Indeed brighter spots appeared in the red channel (Figure 5.5d). It means that high 
concentration of RFPC- leads to BODIPY aggregation. In addition, there are also few green 
bright spots indicative of aggregation of FA as well (Figure 5.5b) on the high concentration 
surface. In this deposition condition, the conformation of the polymers is probably coiled.  

 

5.5 Study of surface pH sensitivity 

5.5.1 pH effect on DIBO-SWPC
-
/fluorescein surface 

pH sensitive properties of (modified) fluorescein in multiple architectures has been widely 
investigated in solution. However, there are few reports on the pH sensitivity of FA on surface or 
in solid state.  

pH effect on DIBO-SWPC-/fluorescein surface was studied first by adding 1 M HCl or 1M 
NaOH aqueous solution directly on the surface. Fluorescence spectra of the surface were 
recorded after each addition. Figure 5.6 left shows that the initial fluorescence intensity of 
DIBO-SWPC-/fluorescein surface was 9.1×104. The fluorescence intensity increased when the 
base was added (cycle 2) and subsequently the fluorescein emission was quenched in the 
presence of acid (cycle3). Most notably, the DIBO-SWPC-/fluorescein surface displayed 
reversible ability when base and acids were subsequently added (cycle 4 and 5 respectively). 
However, the pH effect experiment was performed under high acidic or basic environment which 
is not adapted to mimic the pH changes in biological media. The pH change rages from 7 to 5 
upon bacterial grow. We thus designed a new protocol to study the pH effect on the DIBO-
SWPC-/fluorescein surface. Different modified M9 media were prepared with pH values 5, 6 and 
7 and were separately deposited onto DIBO-SWPC-/fluorescein surface. A clean glass slide was 
used as a coverslip and the films observed by confocal microscopy. The fluorescence images of 
DIBO-SWPC-/fluorescein surfaces in the presence of different pH modified M9 medium are 
shown in Figure 5.6 right. The decrease of fluorescence brightness could be observed when the 
pH of modified M9 medium was reduced from 7 to 5. The bright spots remaining at pH 5 maybe 
because some aggregated fluorescein are not affected. 
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Figure 5.6. pH effect on the DIBO-SWPC
-
/fluorescein surface: plot of the fluorescence intensity 

at 526 nm recorded with a fluorolog3 versus pH (λex = 478 nm), pH of the surface adjusted by 

aqueous 1M NaOH and 1M HCl directly (left). Fluorescence images of the surface in the 

presence of modified M9 to adjust the pH recorded by confocal microscopy (λex = 488 nm) 

(right). 

 

5.5.2 pH effect on RFPC
-
/fluorescein surface 

 

Figure 5.7. (a) and (b) Emission spectra of the RFPC
-
/fluorescein surface in the presence of 

different pH M9 culture medium. (c) pH effect on the RFPC
-
/fluorescein surface: plot of 

F526/F577 versus pH value. F526 and F577 indicate the fluorescence intensity at 526 nm (λex = 478 

nm) and 577 nm (λex = 530 nm), respectively. 

 

Several modified M9 culture media at different pH (5, 6 and 7) were prepared and separately 
added onto RFPC-/fluorescein surface. A clean glass slide was used as a coverslip. Fluorescence 
spectra of each surface were recorded with a Fluorolog-3 spectrofluorimeter (Figure 5.7a and b). 
As shown in Figure 5.7c, the emission ratio at 526 nm (λex = 478 nm) to that at 577 nm (λex = 
530 nm), F526/F577 increased from 0.44 to 0.94 upon increasing the pH of the medium from 5.11 
to 7.05.  

 

5.6 Study of bacterial growth on the pH sensitive surfaces 

5.6.1 Real-time detection of E. coli growth in modified M9 minimal medium 

Growth of E. coli bacteria with glucose results in the production of CO2 and acetic acid. 
Therefore, a decrease in the pH of the growth medium is observed [1]. We initially studied the 
pH change in the growth medium during the bacterial growth. A growth medium with an initial 
pH of 6.8 and an initial E. coli bacteria concentration of 2×106 CFU/mL (OD = 0.025) was 
incubated at 37 °C. The growth of the cells was monitored every 30 min by measuring the 
optical density at 600 nm using a spectrophotometer and the pH of the suspension was measured 
concomitantly with a pH meter. Figure 5.8 shows that the pH of the growth medium initially at 
6.8, started to decrease when the bacteria began to grow. When the bacterial concentration 
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increased to 8×107 CFU/mL (OD = 0.88), the pH of the growth medium decreased to 5.3. 
Theoretically, the pH decrease of the growth medium from 6.8 to 5.3 when bacteria grow can be 
detected by the pH sensitive surface. 
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Figure 5.8. Real-time bacterial growth curve (circle line) and the corresponding pH evolution as 

measured by a pH meter (square line). 

 

5.6.2 Study of E. coli growth on pH sensitive DIBO-SW PC
-
/fluorescein surface 

 

Figure 5.9. (a) Bacteria growth detection on pH sensitive surface in Ibidi μ-Dish with wet tissue; 

(b) Fluorescence intensity of DIBO-SWPC
-
/fluorescein surface in the presence of E. coli bacteria 

(red line and circles) as a function of time. Two controls were also recorded, blank DIBO-SWPC
-
 

surface in the presence of E. coli bacteria (black line and squares) and DIBO-SWPC
-
/fluorescein 

surface in the presence of modified M9 minimal medium (blue line and triangles). The excitation 

wavelength was 475 nm. 

 

In order to test the pH sensitive DIBO-SW PC-/fluorescein surface for E. coli growth 
detection, we put the sample in an Ibidi μ-Dish with a wet tissue to control the humidity during 
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bacterial growth (Figure 5.9a). Meanwhile, two controls were recorded: a blank DIBO-SWPC- 
surface in the presence of E. coli bacteria and a DIBO-SWPC-/fluorescein surface in the absence 
of bacteria. Microscope images of each sample were recorded by wide-field microscopy in time-
lapse mode for 300 min upon incubation at 30 °C. Figure 5.9b shows that the fluorescence 
intensity of the DIBO-SW PC-/fluorescein surface in the presence of E. coli decreased from 719 
to 592 over 300 min (the microscope images are shown in Figure 10). However, the fluorescence 
intensity of the DIBO-SW PC-/fluorescein surface in the absence of E. coli also decreased from 
714 to 582 over 300 min (the microscope images are shown in Figure 5.12). It means that 
photobleaching is likely to occur. Another hypothesis is that the stability of DIBO-SW PC-

/fluorescein surface is reduced.  

Moreover, the number of bacteria cells on the DIBO-SWPC-/fluorescein surface and on the 
control DIBO-SWPC- surface (microscope images in Figure 5.11) were counted with ImageJ at 
0, 120 and 300 min (Table 5.6). We found out that the number of E. coli increased from 421 to 
1623 and 710 to 2391 on the DIBO-SWPC-/fluorescein surface and the control DIBO-SWPC- 
surface respectively, indicating E. coli indeed split on the surface and that the third generation 
appeared after 300 min incubation. We measured the OD and pH of the initial bacteria 
suspension when we introduced the bacteria onto each surface, therefore, the OD could be 
calculated according the number of E. coli and then the pH could be deduced from Figure 8. The 
theoretical pH on DIBO-SWPC-/fluorescein surface after 300 min should be 5.8. The surface 
should respond to such pH change by a measurable fluorescence decrease. In conclusion, the 
DIBO-SWPC-/fluorescein surface was biocompatible for E. coli growth, but the stability of the 
film was an issue and shall be optimized for instance by using longer chains. 

Table 5.6. Evolution of the number of bacteria on each surface during the time-lapse experiment 

 0 min 120 min 300 min 

DIBO-SWPC-

/fluorescein 
surface 

# E. coli 
a 421 1023 1628 

OD 0.198 b 0.481 c 0.766 c 

pH ~ 6.6 b ~ 6.4 c ~ 5.8 c 

DIBO-SWPC- 
surface 

# E. coli 
a 710 1692 2391 

OD 0.198 b 0.472 c 0. 667 c 

pH ~ 6.6 b ~ 6.4 c ~ 6.2 c 

a the number of E. coli on the surface (0.25 mm2) was counted with ImageJ; b the parameter was measured by 
spectrophotometer or pH meter; c the parameter was calculated according to figure 5.8. 
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Figure 5.10. Microscope images of DIBO-SWPC
-
/fluorescein surface in the presence of E. coli 

bacteria before and after time-lapse. The excitation wavelength was 475 nm. 

 

Figure 5.11. Microscope images of DIBO-SWPC
-
 surface in the presence of E. coli bacteria 

before and after time-lapse. The excitation wavelength was 475 nm. 

 

Figure 5.12. Microscope images of DIBO-SWPC
-
/fluorescein surface in the presence of modified 
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M9 only before and after time-lapse. The excitation wavelength was 475 nm. 

 

5.6.3 Study of E. coli growth on pH sensitive DIBO-LW PC
-
/fluorescein surface 
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Figure 5.13. Fluorescence intensity of DIBO-LWPC
-
/fluorescein surface in the presence of E. 

coli bacteria (red line and circles) as a function of time for bacterial growth. Two controls were 

also recorded, blank DIBO-LWPC
-
 surface in the presence of E. coli bacteria (black line and 

squares) and DIBO-LWPC
-
/fluorescein surface in the presence of modified M9 minimal medium 

(blue line and triangles). The excitation wavelength was 475 nm. 

 

Considering the stability of DIBO-SWPC-/fluorescein surface for E. coli growth detection, the 
more stable DIBO-LWPC-/fluorescein surface was tested to detect the E. coli growth following 
the same protocol as for the DIBO-SWPC-/fluorescein surface. The recorded fluorescence 
intensity of each surface over time is shown in Figure 5.13. The signal from DIBO-LWPC-

/fluorescein surface with or without E. coli was random and tended to a constant average value. 
This is due to the low fluorescence intensity of the surface. In addition, the fluorescence intensity 
of the blank DIBO-SWPC- surface slightly increased: this is likely to come from the auto-
fluorescence of bacteria. 
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Figure 5.14. Microscope images of DIBO-LWPC
-
/fluorescein surface (left) and DIBO-LWPC

-
 

surface (right) in the presence of E. coli before and after time-lapse.  

 

The bright field images of DIBO-LWPC-/fluorescein and DIBO-LWPC- surfaces in the 
presence of E. coli are shown in Figure 5.14. The number of E. coli on each surface (0.2 mm2) 
before and after time-lapse was estimated. The number of E. coli increased from 194 to 328 on 
the DIBO-LWPC-/fluorescein surface and from 332 to 1367 on the DIBO-LWPC- surface, 
indicating that both surfaces were biocompatible for E. coli growth. 

 

5.6.4 Study of E. coli growth on pH sensitive RFPC
-
/fluorescein ratiometric surface 

Using the same set-up with previous samples (Figure 5.9a), 2 μL growth medium with an 
initial concentration of E. coli bacteria of 1.0×107 CFU/mL (OD ~ 0.2) was introduced onto the 
RFPC-/fluorescein films prepared in a mixt solution of relatively low ([DIBO-LWPC-] = 5.0×10-5 
M and [RFPC-] = 4.8×10-7 M) and high ([DIBO-LWPC-] = 1.5×10-4 M and [RFPC-] = 1.4×10-6 
M) concentration. Meanwhile, a control was also recorded on both RFPC-/fluorescein surfaces in 
the presence of modified M9 minimal medium only. The fluorescence and bright field 
microscope images were recorded at regular time intervals to monitor the fluorescence intensity 
of each surface (Figure 5.15) and the growth of cells (Figure 5.16). 

 

Figure 5.15. Fluorescence intensity of RFPC
-
/fluorescein surface that were prepared with low (a) 

and high (b) concentration deposition solutions in the presence of E. coli bacteria as a function 

of time. A control was also recorded: RFPC
-
/fluorescein surface in the presence of modified M9 

minimal medium. The excitation wavelength was 475 nm or 542 nm. (c and d) Normalized 

Green/Red fluorescence ratio of the RFPC
-
/fluorescein surface as a function of time. Green and 

Red indicate the fluorescence intensity of the ratiometric surface at λex = 475 nm and 542 nm, 

respectively. 
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The fluorescence intensity (Figure 5.15a and b) and the corresponding Green/Red ratio 
(Figure 5.15c and d) of each RFPC-/fluorescein surface as a function of time is shown in Figure 
5.15. It was found that the green and red fluorescence intensity of RFPC-/fluorescein surface 
prepared at high concentration is more intense than for the film prepared at low concentration. 
This means that fluorescence intensity can be increased to a certain extent by controlling the 
deposition condition. There is almost no decrease in the green channel for both of surfaces after 3 
hours of bacterial growth (Figure 5.15a and b). When we focus on the ratiometric fluorescence 
(Green/Red ratio) change on each surface (Figure 5.15c and d), the decrease in the percentage of 
the G/R ratio of RFPC-/fluorescein surface in the absence of E. coli is higher than for the surface 
in the presence of E. coli. However, we could still observe the bacterial growth on each surface 
by counting the number of E. coli (area = 0.2 mm2) before and after time-lapse (Figure 5.16). 
The number of E. coli increased from 285 to 698 on RFPC-/fluorescein surface prepared at low 
concentration and from 572 to 1886 on the surface prepared at high concentration, indicating that 
both surfaces are biocompatible with E. coli growth. 

 

Figure 5.16. Microscope images of RFPC
-
/fluorescein surfaces prepared in mixt solutions of low 

(left) and high (right) concentrations in the presence of E. coli bacteria before and after time-

lapse. 

 

5.7 Conclusion 

In conclusion, we successfully prepared different types of pH sensitive LbL film and tested 
the bacterial growth detection. Firstly, the synthesis of different functionalized polyanions (short 
and long chain DIBO-PC- and red fluorescent polymer) was presented. Then three types of pH 
sensitive surfaces containing fluorescein were prepared using a combination of LbL assembly 
and copper-free SPAAC click chemistry: a DIBO-SWPC-/fluorescein surface containing high 
fluorescein content; a more stable DIBO-LW PC-/fluorescein surface and a ratiometric RFPC-
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/fluorescein surface. The spectroscopic properties, fluorescence image of each surface and pH 
effect of DIBO-SWPC-/fluorescein and ratiometric RFPC-/fluorescein surfaces were investigated 
and the results indicated that: i) the fluorescein was successfully introduced on each surface by 
click chemistry between the fluorescein azide and DIBO moiety on the LbL surface and ii) its 
fluorescence intensity changes with pH. Finally, the three pH sensitive surfaces were tested for 
bacteria growth detection. All of the surfaces were biocompatible, the number of E. coli 
increased after several hours incubation on each surface. Unfortunately, the decrease in the 
percentage of the fluorescence intensity of each surface in the absence of E. coli was higher than 
for the surfaces in the presence of E. coli. Maybe we observed the photobleaching of fluorescein. 
Another possible explanation is that the low fluorescence intensity on the pH sensitive surfaces 
leads to a low signal to noise ratio.  
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Materials and methods 

Materials 

Phenylacetaldehyde (Sigma), Trimethylsilyl iodide (97%, Sigma), n-butyllithium solution (1.6 
M in hexanes, Sigma), Bromine (99.6%, Acros), N,N'-Dicyclohexylcarbodiimide (99%, Sigma, 
DCC), 4-(Dimethylamino)pyridine (99%, Sigma, DMAP), 3-chloropropylamine hydrochloride 
(98%, Aldrich), sodium azide (99%, Acros), 5-carboxyfluorescein (99%, Sigma-Aldrich), O-
(Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU, Sigma-Aldrich), N,N-
diisopropylethylamine (99.5%, Sigma-Aldrich, DIPEA), 1-methylnaphthalene (95%, Aldrich), 
butyryl chloride (98%, Aldrich), hydroxylamine hydrochloride (≥96%, Sigma), mercury acetate 
(≥99%, Sigma-Aldrich), 4-hydroxybenzaldehyde (98%, Aldrich), 2-bromoethanol (95%, 
Aldrich), acryloyl chloride (97%, Aldrich), propargyl alcohol (99%, Aldrich), triethylamine 
(≥99%, Sigma-Aldrich), Bromotris(triphenylphosphine)copper(I) (98%, Aldrich, (PPh3)3CuBr), 
tetrachlorol-1,4-benzoquinone (99%, Aldrich, Chloranil), boron trifluoride diethyletherate (2 M 
in diethyl ether, Aldrich), methacryloyl chloride (≥97%, Sigma-Aldrich), 1,8-
diazobicyclo[5,4,0]undec-7-ene (≥98%, Fluka, DBU), Poly(ethylene glycol) methyl ether 
acrylate (Sigma-Aldrich, Mn = 454 g mol-1, APEG), 2-methyl-2-
[(dodecylsulfanylthiocarbonyl)sulfanyl] propanoic acid (97%, Strem, TTCA), acrylic acid (99%, 
Aldrich, AA), 2-(Dimethylamino)ethyl acrylate (98%, Sigma, DMEA), 4,4'-Azobis(4-
cyanopentanoic acid) (98%, Sigma, ACPC) were used as received without further purification. 
Solvents were of synthetic grade and purified according to standard procedures. 18 MΩ 
Millipore water was used throughout and further pH-adjusted with either HCl or NaOH.  All 
solvents were dried on an automatic M. Braun SPS-800 instrument. 

 

Characterization techniques 

All nuclear magnetic resonance (NMR) spectra were recorded in CDCl3 on a JEOL ECS (400 
MHz) spectrometer. All chemical shifts are in ppm and referenced to tetramethylsilane (TMS).  

Zeta potentials (ζ) were performed on a Zetasizer Nanoseries (Malvern) apparatus. The 
dispersant RI value was 1.330. Samples were analyzed in DTS 1060 plastic cells, at 25 °C. Three 
measurements of at least ten scans were performed for each sample. 

pH measurements were performed using a glass electrode connected to PHM210 Standard pH 
meter from Mettler Toledo. 

Contact angles were performed on an advanced surface technology (AST) video contact angle 
measuring device. A 1 μL droplet of deionized water was deposited on the samples. 

Absorption measurements were performed using Varian Cary 100 and Cary 500 from Agilent 
Technologies.  
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Fluorescence emission spectra were performed using Fluorolog-3 spectrofluorimeter from 
Horiba Jobin-Yvon. A front-face configuration was used for film measurement. 

Microscope images were taken on a confocal laser scanning microscope (Leica TCS SP5) or 
epifluorescence microscope (Nikon inverted microscope ECLIPSE TI-E). 

 

Synthesis 

Synthesis of 3-azidopropan-1-amine [17]. Sodium azide (1.5 g, 23.14 mmol) was added into a 
solution of 3-chloroprophyl-1-amine hydrochloride (1.0 g, 7.71 mmol) in water (7.7 mL), and the 
mixture was refluxed for 7 hours. After cooling down to room temperature, half solvent was 
evaporated. KOH (0.4 g) was added to the residual solution at 0 °C, and the mixture was 
extracted with Et2O (15×3 mL), the combined organic layers were dried over Na2SO4, 
evaporated to give the product as pale yellow and volatile oil.  

1H NMR (400 MHz, DMSO-d6): δ(ppm) = 1.60 (m, 2H, CH2CH2CH2), 2.61 (t, 2H, CH2NH2), 

3.38 (t, 2H, CH2N3). 13C NMR (100 MHz, DMSO-d6): δ (ppm) = 32.9, 39.5, 49.3. 

Synthesis of fluorescein azide (FA) [18]. 5-Carboxyfluorescein (28 mg, 0.074 mmol), DIPEA 
(40 μL, 0.23 mmol) and TBTU (36 mg, 0.11 mmol) were added into a solution of 3-azidopropan-
1-amine (11 mg, 0.11 mmol) in dry DMF (0.6 mL) at room temperature under argon atmosphere. 
The mixture was stirred for 2 hours under the same conditions, diluted with AcOEt/Et2O (1/1, 10 
mL), and acidified with 10% aqueous HCl (5 mL). The mixture was extracted with AcOEt/Et2O 
(1/1, 2×10 mL), the combined organic layers were dried over Na2SO4, evaporated to give the 
crude material, which was purified on a silica gel column chromatography (CHCl3/MeOH = 
49:1 to 29:1 to 19:1) to give the title compound an orange solid. 

1H NMR (400 MHz, CD3OD): δ(ppm) = 1.91 (quint, 2H, J = 6.7 Hz), 3.44 (t, 2H, J = 6.7 Hz), 

3.50 (t, 2H, J = 6.7 Hz), 6.53 (dd, 2H, J = 8.7, 2.3 Hz), 6.59 (d, 2H, J = 8.7 Hz), 6.67 (d, 2H, J = 
2.3 Hz), 7.29 (t, 1H, J = 7.9 Hz), 8.18 (dd, 1H, J = 8.2, 1.5 Hz), 8.41 (d, 1H, J = 1.5 Hz). 

Synthesis of 4-(2-hydroxy-ethoxy)-benzaldehyde [15, 28]. To a solution of 4-
hydroxybenzaldehyde (5.0 g, 40.9 mmol) in dry DMF (40 mL), K2CO3 (11.3 g, 81.9 mmol) and 
2-bromoethanol (6.1 g, 49.1 mmol) were added. The reaction mixture was heated to 100 °C for 1 
hours with monitoring by TLC. The resulting solution was filtrated and removed the precipitate, 
and then extracted with ethyl acetate (3×40 mL) and dried over anhydrous MgSO4. The solvents 
of the combined organic layer were removed under reduced pressure. 

1H NMR (400 MHz, CDCl3): δ(ppm) = 4.02 (t, J = 4.1 Hz, 2H, CH2CH2), 4.19 (t, J = 4.1 Hz, 

2H, CH2CH2), 7.04 (d, J = 8.7 Hz, 2Har), 7.84 (d, J = 8.7 Hz, 2Har), 9.90 (s, 1H, CHO). 13C 

NMR (100 MHz, CDCl3): δ (ppm) = 61.3, 69.6, 114.9, 130.3, 132.2, 163.8, 191.0. 

Synthesis of methylnaphthyl BODIPY phenol (BODIPY-OH). A few drops of trifluoroacetic 
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acid were added to a dichloromethane solution of methylnaphthyl pyrrole (2.8 g, 12.0 mmol, 2 
equiv.) and 4-(2-hydroxyethoxy)-benzaldehyde (1.0 g, 6.0 mmol, 1 equiv.). The dark reaction 
mixture was stirred at room temperature until total disappearance of the aldehyde. The oxidising 
agent (chloranil, 1 equiv.), then 5 min later DIPEA (7 equiv.) and finally trifluoroborate etherate 
(11 equiv.) were successively added. The mixture was filtered through a pad of silica or used 
crude. The filtrate was concentrated and the residue purified by automatic chromatography on 
silica gel (dichloromethane/petroleum ether: 80/20) to afford BODIPY. 

1H NMR (400 MHz, CDCl3): δ(ppm) = 0.93 (m, 6H, CH2CH3), 1.96 (m, 2H, CH2CH3), 2.09 

(m, 2H, CH2CH3), 2.63 (s, 6H, CH3), 3.89 (t, 2H, CH2CH2), 4.02 (t, 2H, CH2CH2), 6.85 (m, 
2H, CH), 7.1-7.6 (m, 12H, Har), 7.90 (d, 2H, Har), 7.97 (d, 2H, Har). 

13C NMR (100 MHz, 

CDCl3): δ (ppm) = 14.2, 14.3, 19.3, 19.7, 61.4, 69.4, 114.5, 124.4, 125.6, 125.7, 126.0, 126.8, 

128.2, 132.1, 134.5, 135.6, 137.3, 155.6, 160.4. 19F NMR (376 MHz, CDCl3): δ(ppm) = -126.3 

(m, 0.8F), -137.3 (q, 2F, JF-B = 32.3 Hz), -147.1 (m, 0.8F). 11B NMR (128 MHz, CDCl3): 

δ(ppm) = -0.21 (t, JB-F = 29.5 Hz).  

Synthesis of methylnaphthyl BODIPY tosylate (BODIPY-OTs). To a stirred solution of 
BODPY-OH (1.93 g, 2.90 mmol, 1.0 equiv.) in anhydrous CH2Cl2 (58 mL) was added 4-
toluenesulfonyl chloride (0.83 g, 4.34 mmol, 1.5 equiv.), Et3N (0.88 g, 8.69 mmol, 3.0 equiv.) 
and DMAP (0.07 g, 0.58 mmol, 0.2 equiv.) under Argon. The reaction mixture was stirred for 
overnight at 4 °C and quenched with a saturated aqueous NH4Cl (12 mL). The aqueous layer was 
extracted with CH2Cl2 and the organic layer was washed with H2O, dried over MgSO4 and 
concentrated in vacuo. The residue was purified by column chromatography on silica gel 
(dichloromethane/petroleum ether: 70/30) to afford 1.8 g of product.  

1H NMR (400 MHz, CDCl3): δ(ppm) = 0.94 (m, 6H, CH2CH3), 2.00 (m, 2H, CH2CH3), 2.10 

(m, 2H, CH2CH3), 2.62 (s, 6H, CH3), 3.73 (t, 2H, CH2CH2), 4.09 (t, 2H, CH2CH2), 6.85 (m, 
2H, CH), 7.1-7.6 (m, 12H, Har), 7.90 (d, 2H, Har), 7.97 (d, 2H, Har). 

13C NMR (100 MHz, 

CDCl3): δ (ppm) = 14.3, 14.4, 19.4, 19.7, 21.8, 65.5, 68.3, 114.5, 124.4, 125.6, 125.7, 126.0, 

126.8, 128.2, 130.0, 132.1, 133.08, 134.5, 135.6, 137.3, 145.1, 155.6, 159.9. 19F NMR (376 

MHz, CDCl3): δ(ppm) = -126.3 (m, 0.8F), -137.3 (q, 2F, JF-B = 32.3 Hz), -147.1 (m, 0.8F). 11B 

NMR (128 MHz, CDCl3): δ(ppm) = -0.21 (t, JB-F = 29.5 Hz).  

Synthesis of methylnaphthyl BODIPY azide (BODIPY-N3). To a stirred solution of BODPY-
OTs (1.89 g, 2.30 mmol, 1.0 equiv.) in anhydrous CH2Cl2 (10 mL) and DMF (46 mL) was added 
sodium azide (0.18 g, 2.77 mmol, 1.2 equiv.). The reaction mixture was stirred for overnight at 
100 °C and quenched with H2O. The mixture was washed with H2O and extracted with CH2Cl2, 
dried over MgSO4 and concentrated in vacuo. The residue was purified by column 
chromatography on silica gel (dichloromethane/petroleum ether: 40/60) to afford 0.9 g of 
product.  
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1H NMR (400 MHz, CDCl3): δ(ppm) = 0.97 (m, 6H, CH2CH3), 1.92 (m, 2H, CH2CH3), 2.04 

(m, 2H, CH2CH3), 2.63 (s, 6H, CH3), 3.62 (t, 2H, CH2CH2), 4.20 (t, 2H, CH2CH2), 6.79 (m, 
2H, CH), 7.1-7.7 (m, 12H, Har), 7.89 (d, 2H, Har), 7.91 (d, 2H, Har). 

13C NMR (100 MHz, 

CDCl3): δ (ppm) = 14.2, 14.3, 19.3, 19.7, 22.8, 50.1, 67.2, 114.5, 124.4, 125.6, 125.9, 126.0, 

126.8, 128.2, 132.0, 132.3, 134.4, 135.7, 137.2, 155.7, 159.9. 19F NMR (376 MHz, CDCl3): 

δ(ppm) = -126.3 (m, 0.8F), -137.3 (q, 2F, JF-B = 32.3 Hz), -147.1 (m, 0.8F). 11B NMR (128 MHz, 

CDCl3): δ(ppm) = -0.21 (t, JB-F = 29.5 Hz).  

Synthesis of propargyl acrylate (ProA) [19]. A solution of propargyl alcohol (0.5 g, 8.90 
mmol, 1.0 equiv.), Et3N (1.0 g, 10.70 mmol, 1.2 equiv.) and DCM (41 mL) was cooled in ice-
water bath. Acryloyl chloride (0.97 g, 10.70 mmol, 1.2 equiv.) was added dropwise in 20 min. 
The reaction mixture was stirred in ice-water bath for 1 hour and at room temperature for 15 
hour. The reaction was quenched with saturated aqueous NaHCO3. The organic layer was 
washed with 10% HCl (3×3.1 mL), saturated aqueous NaHCO3 (3×3.1 mL) and H2O (2×3.1 
mL). The mixture was dried over MgSO4 and filtrated through neutral Al2O3. The solvent was 
removed by rotary evaporation. Then, propargyl acrylate was obtained by further vacuum 
distillation. 

1H NMR (400 MHz, CDCl3): δ(ppm) = 2.50 (s, 1H, C≡CH), 4.77 (s, 2H, OCH2C≡CH), 5.90 (d, 

1H, CHH=CH), 6.16 (q, 1H, CHH=CH), 6.50 (d, 1H, CH2=CH). 

Synthesis of P(APEG-co-ProA-co-AA) (alkynyl PC
-
). Negatively alkynyl polymer chain 

P(APEG38-co-ProA13-co-AA38) was synthesized in 1,4-dioxane at 75 °C under argon 
atmosphere. APEG (3.47 g, 7.23 mmol), AA (0.52 g, 7.23 mmol), RAFT agent TTCA (69 mg, 
0.19 mmol), DMF (0.25 g, 3.39 mmol) and ACPA (3.55 mg, 0.013 mmol) were dissolved in 4.0 
mL of 1,4-dioxane at room temperature. The mixture solution was then purged with argon for 30 
min in an ice bath. It was then immersed into an oil bath at 75 °C to start the polymerization. 
Samples were periodically withdrawn from the polymerization medium for analyses. To study 
the kinetics, monomer conversion was determined by 1H NMR spectroscopy. DMF, which has no 
influence on the free radical process, was used as internal reference. After 38 h, the flask was 
quenched in ice bath to terminate the polymerization. After removing all the solvents under 
reduced pressure, the residues were dissolved in THF and then precipitated into an excess of cold 
ethyl ether. This purification cycle was repeated nine times. The final polymer was obtained as a 
yellow viscous solid. 

Synthesis of P(APEG-co-BODIPY-co-AA) (RFPC
-
) by click chemistry. Negative red 

fluorescent polymer chain P(APEG38-co-BODIPY13-co-AA38) was synthesized through the click 
chemistry between P(APEG-co-ProA-co-AA) (alkynyl PC-) and methylnaphthyl BODIPY azide 
(BODIPY-N3). A solution of alkynyl PC- (80.6 mg, 0.0043 mmol), BODIPY-N3 (32.5 mg, 
0.0471 mmol) and Et3N (0.22 mg, 0.0021 mmol) in THF (2.13 mL) was degassed by bubbling 
nitrogen for 10 min. [(PPh3)3CuBr] (0.79 mg, 0.0009 mmol) was then added and nitrogen was 
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bubbled into the resulting solution for further 5 min. The clear solution was stirred at ambient 
temperature for 3 days with monitoring by TLC [20]. After removing all the solvents under 
reduced pressure, the residues were dissolved in THF and then precipitated into an excess of cold 
Et2O, and then washing with water was carried out. The aqueous phase was concentrated in 
vacuo. The final polymer was obtained as a red viscous solid. 

Synthesis of P(APEG-co-AA) (DIBO-PC
-
). DIBO modified negative polymer chain 

P(APEG14-co-AA14) and P(APEG55-co-AA55) were synthesized in 1,4-dioxane at 75 °C under 
argon atmosphere. APEG (1.46 g, 3.33 mmol or 7.49 g, 16.49 mmol), AA (0.24 g, 3.33 mmol or 
1.19 g, 16.49 mmol), DIBO-TTCA clickable RAFT agent (0.132 g, 0.233 mmol or 0.17 g, 0.300 
mmol), DMF (0.135 g, 1.85 mmol or 0.48 g, 6.60 mmol) and ACPA (5.2 mg, 0.018 mmol or 5.6 
mg, 0.020 mmol) were dissolved in 3.5 mL or 16.0 mL of 1,4-dioxane at room temperature. The 
mixture solution was then purged with argon for 30 min in an ice bath. It was then immersed into 
an oil bath at 75 °C to start the polymerization. Samples were periodically withdrawn from the 
polymerization medium for analyses. To study the kinetics, monomer conversion was determined 
by 1H NMR spectroscopy. DMF, which has no influence on the free radical process, was used as 
internal reference. After 66.5 hours (or 88 hours), the flask was quenched in ice bath to terminate 
the polymerization. After removing all the solvents under reduced pressure, the residues were 
dissolved in THF and then precipitated into an excess of cold ethyl ether. This purification cycle 
was repeated twice. And the product was purified by tangential flow filtration. The final 
polymers were obtained as a yellow viscous solid. 

Synthesis of P(APEG-co-DMEA) (PC
+
). Positive polymer chain P(APEG12-co-DMEA12) was 

synthesized in 1,4-dioxane at 75 °C under argon atmosphere. APEG (0.57 g, 1.23 mmol), DMEA 
(0.18 g, 1.23 mmol), TTCA RAFT agent (0.038 g, 0.105 mmol), DMF (0.037 g, 0.50 mmol) and 
ACPA (2.0 mg, 0.007 mmol) were dissolved in 2.5 mL of 1,4-dioxane at room temperature. The 
mixture solution was then purged with argon for 30 min in an ice bath. It was then immersed into 
an oil bath at 75 °C to start the polymerization. Samples were periodically withdrawn from the 
polymerization medium for analyses. To study the kinetics, monomer conversion was determined 
by 1H NMR spectroscopy. DMF, which has no influence on the free radical process, was used as 
internal reference. After 4 h, the flask was quenched in ice bath to terminate the polymerization. 
After removing all the solvents under reduced pressure, the residues were dissolved in THF and 
then precipitated into an excess of cold cyclohexane. This purification cycle was repeated twice. 
The final polymer was obtained as a yellow viscous solid. 

 

Preparation of pH sensitive surface  

Activated glass slides: The glass slides were immersed in piranha solution (H2O2/H2SO4=1:3 
v/v) for 30 min, washed three times with deionized water, and then dried under a gentle stream of 
nitrogen gas. (CAUTION: “Piranha” solution reacts violently with organic materials; it must be 
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handled with extreme care.) 

Fluorescein LbL film surfaces fabrication: The negatively charged glass slide substrate was 
alternatively immersed in charged PC+ solution (12 mL, 8.2×10-5 mol/L, [NaCl] = 0.005 M, pH = 
5.4) and DIBO-PC- solution (12 mL, 5.1×10-4 mol/L or 5.0×10-5 mol/L, [NaCl] = 0.005 M, pH = 
5.5) for 20 min. The final layer was prepared by immersing in a stirring fluorescein azide 
aqueous solution (15 mL, 5.4×10-4 mol/L, 5% DMSO) for 2 hours. As a control, the film surface 
without fluorescein (PC+/DIBO-PC-) was prepared. 

RFPC
- 

+ Fluorescein LbL film surfaces fabrication: The negatively charged glass slide 
substrate was alternatively immersed in charged PC+ solution (12 mL, 8.2×10-5 mol/L, [NaCl] = 
0.005 M, pH = 5.4) and the mixture solution of DIBO-PC- solution and RFPC- for 20 min. The 
final layer was prepared by immersing in a stirring fluorescein azide aqueous solution for 2 
hours. As a control, the film surface without fluorescein (PC+/(DIBO-PC- + RFPC-)) was 
prepared. 

 

Modified M9 minimal medium 

M9 Minimal Medium is a microbial growth medium used for the culture of E. coli. This buffered 
minimal microbial medium contains only salts and nitrogen, so it is traditionally supplemented 
with glucose, amino acids and vitamins as needed. We use a Modified M9 minimal medium with 
a lower concentration of phosphate salts in order to decrease the buffering capacity of the growth 
medium and thus obtain a more sensitive measure of bacterial growth from the response of the 
pH sensitive surface. The modified M9 minimal medium contains 5.9 mM Na2HPO4·2H2O, 4.4 
mM KH2PO4, 3.7 mM NH4Cl, 1.7 mM NaCl, 2 mM MgSO4, 0.1 mM CaCl2, 19.6 μM 
tryptophan, 20.6  μM thymidine, 0.5% casamino acids, 22.2 mM glucose. 

 

Bacteria culture 

Bacteria strain used in this research was Escherichia coli (K-12, BW25113). The strain was 
firstly streaked onto Luria-Bertani (LB) agar plates, and then incubated at 37 °C for overnight. 
An isolated colony of each strain was picked and inoculated in 5 mL of LB medium. After 
incubation at 37 °C for overnight (shaking at 350 rpm and 5% CO2), the bacteria culture was 
then diluted 1:100 in the modified M9 minimal growth medium. After incubation at 37 °C for 2 
hours, the bacteria suspensions were carried out during all experiments. 

 

Bacteria growth detection on different fluorescein LbL surface 

Bacteria growth detection: 2 µL bacteria suspensions (1.1 - 5.5×107 cells/mL) were introduced 
onto different types of fluorescein LbL surface and a surface without fluorescein as a control. 
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Meanwhile, 2 µL fresh modified M9 medium was added onto fluorescein LbL surface as control. 
These films were placed as coverslip in a Ibidi μ-Dish with wet tissue to control the humidity of 
the chamber and observed under the epifluorescence microscope at 30 °C. The fluorescence 
images of each film surface were recorded under time-lapse mode of the microscope during the 
bacteria growth. 

Image analysis: A series of images and the corresponding fluorescence intensity from different 
film surface during the time-lapse were analyzed using NIH (National Institutes of Health) 
recommended image processing software, Image J.  
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General conclusion and perspectives 

 

My PhD work aimed at developing fluorescent and sensitive nanostructured polymer films on 
surface for bacterial detection. 

A series of functionalized LbL polymer films were designed for the detection of bacteria: three 
types of BODIPY-based fluorescent LbL films for the first generation study; Au NPs/GFPC LbL 
film based on MEF for the sensitive bacteria detection; “Click”-based LbL antibody 
nanostructured surface for selective bacteria detection and pH sensitive LbL film surface for 
bacterial growth detection. All these LbL surfaces have proved to be biocompatible to E. coli. 

At the beginning, first generation of nanostructured fluorescent LbL films were designed and 
fabricated for bacterial detection (E. coli). Among these three pairs of polyelectrolytes (SW, SS 
and LW FPCs), Short chains and Weak polyelectrolytes (SW FPCs) were chosen as the model 
for the investigation of the concentration of deposition solution to obtain a homogenous LbL 
film. Thanks to the LbL assembly, the activated glass slides were able to adsorb FPCs from very 
low concentration solutions (5.0x10-7 M) and gave homogeneous film surfaces. In addition, from 
the effect of the concentration of the deposition solution on E. coli bacteria detection with SW 
FPC LbL films, we have demonstrated that the E. coli bacteria became labeled on the SW FPC 
film when the concentration of the deposition solution is increased from 5.0x10-7 M to 1.3x10-4 

M. Moreover, the effect of the nature of FPCs on E. coli bacteria detection indicated that the E. 

coli bacteria can be detected by the LW FPC LbL film surfaces more effectively under quite low 
concentration of the FPCs solutions compared to the others (5.0x10-7 M). Finally, we have 
demonstrated that the LW FPC LbL film can not only detect but also kill or inactivate bacteria. 
Such achievement is likely to lead to future advances for pathogenic bacteria detection. 

Based on the emission spectra of FPC LbL films, the fluorescence intensity of the LbL film 
decreased when the number of bilayers increased. For the purpose of obtaining a bright FPC LbL 
film, only one layer of fluorescent polymer should be deposited for further study in our work. In 
addition, we observed that the concentrated polycation containing ammonium groups ( ≥ 8.0x10-

5 M) exhibited cytotoxicity. Therefore, polyanion should be assembled as the outermost layer.  

The effort to increase the films’ sensitivity by using the metal-enhanced fluorescence (MEF) 
principle was performed. The particle size of spherical gold nanoparticles between 22 nm and 48 
nm was deduced from the maximum absorbance which was suitable for the MEF effect. We 
found out that the density of the adsorbed Au NPs on the glass surface could be adjusted by 
changing the concentration of the polymer that is used to coat the Au NPs. Based on the 
conclusion from Chapter 2, the fluorescent weak and long chain polyanion (GFPC-) was selected 
as the fluorophore in this system. Different films containing Au NPs and GFPC- were fabricated 
and the distance between the Au NPs and GFPC- was easily adjusted by changing the number of 
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layers with two oppositely charged polymers (PC+ and PC-). The surface with Au NPs@2 mg/mL 
PAH shows larger amplitude in fluorescence variation. Such surface was chosen for further 
investigations. The spectroscopy study indicated that the presence of Au NPs incorporated into 
the film have a direct impact on the radiative decay rate of GFPC-, achieving a 1.95 increase of 
the radiative decay rate and a 1.87 increase of the quantum yield. Finally, the Au NPs@2 mg/mL 
PAH films (Au NPs/4 layers PCs/GFPC-, Au NPs/6 layers PCs/GFPC- and Au NPs/8 layers 
PCs/GFPC- films) were tested for sensor and bioimging in the presence of bacteria. The results 
shows that this Au NPs/PCs/GFPC- film works as a sensor for the bacteria detection but there is a 
need for a more systematic study to gain a better understanding of the detection mechanism. 
However, if we focus on bacteria imaging on Au NPs/PCs/GFPC- film surfaces both Au NPs/4 
layers PCs/GFPC- and Au NPs/8 layers PCs/GFPC- surfaces indicated that E. coli can be targeted 
by GFPC-, especially for the Au NPs/8 layers PCs/GFPC- surface. The contrast between the 
brighter bacteria and the dark background clearly indicates their presence. 

In order to achieve the selectivity of LbL films for bacteria detection, recognition element 
(antibody) was introduced on the surface of the film. The polyanion and polycation with DIBO 
functional group were straightforward to synthesize and simply assembled on activated glass 
slides using electrostatic attraction. Then anti-E. coli antibody azide was efficiently introduced 
on the surface in a single step using strain-promoted azide-alkyne cycloaddition (SPAAC) 
reaction. The surface passivation was carried out with 20 mg/mL BSA to eliminate the possibility 
of nonspecific binding on the surface. Subsequently, we tested the anti-E. coli antibody surface 
for E. coli detection under different fluidic condition during the washing step, anti-E. coli 
antibody surface shows good stability. In addition, the number of E. coli captured on the surface 
was shown to be dependent on the amount of antibody on the surface. The specificity of anti-E. 

coli antibody surface for E. coli is 14 times higher than for B. subtilis.  

An alternative approach to detect bacterial growth on thin LbL film by introducing pH 
sensitive fluorophore (fluorescein) was presented. We successfully prepared two single-signal pH 
sensitive surfaces containing fluorescein and one ratiometric pH sensitive surface combining 
fluorescein with insensitive BODIPY and tested the bacterial growth detection. Firstly, the 
different functionalized polyanions (short and long chain DIBO-PC- and red fluorescent 
polymer) was synthesized. Then three types of pH sensitive surfaces containing fluorescein were 
prepared using a combination of LbL assembly and copper-free SPAAC click chemistry: a 
DIBO-SWPC-/fluorescein surface containing high fluorescein content; a more stable DIBO-LW 
PC-/fluorescein surface and a ratiometric RFPC-/fluorescein surface. The spectroscopic 
properties, fluorescence image of each surface and pH effect of DIBO-SWPC-/fluorescein and 
ratiometric RFPC-/fluorescein surfaces were investigated and the results indicated that: i) the 
fluorescein was successfully introduced on each surface by click chemistry between the 
fluorescein azide and DIBO moiety on the LbL surface and ii) its fluorescence intensity changes 
with pH. Finally, the three pH sensitive surfaces were tested for bacteria growth detection. All of 
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the surfaces were biocompatible, the number of E. coli increased after several hours incubation 
on each surface. Unfortunately, the decrease in the percentage of the fluorescence intensity of 
each surface in the absence of E. coli was higher than for the surfaces in the presence of E. coli. 
Such preliminary experiments lead us to develop some perspectives:  

For the bacterial growth detection, as mentioned earlier there are several approaches. 

 (1) single-signal pH sensitive surfaces containing fluorescein. In order to improve the 
fluorescence intensity of fluorescein surface, fluorescein derivative is proposed to introduce into 
polymer as monomer. The molecule structure is shown below;  

 

 (2) Prepare a new ratiometric pH sensitive surface by using another pH sensor (e.g., 
SNARF-4F (5-(and 6-)-carboxylic acid)) which is a long-wavelength fluorescent pH indicator 
(λem = ~580 nm) and the pKa is around 6.4 and couple with green fluorescence BODIPY-based 
polyanion (λem = ~527 nm).  

The above ratiometric approaches introduce the second fluorescence emission by a “physical 
mixture”. Therefore, the performance of ratiometric sensing is associated with the experimental 
conditions and probably leads to inaccurate data acquisition. Another possible strategy is the 
development of a ratiometric sensor by coupling two fluorescence emissions into a polymer. For 
example, designing a dual-single polyanion consists of four repeating units: APEG, AA, red 
BODIPY and fluorescein.  

Subsequently, the selectivity antibody functionalized LbL surface can combine with the 
obtained pH sensitive polymer to give a selective and sensitive LbL surface and test for the 
sensitive bacterial growth detection in the presence of a smaller number of bacteria (also can test 
with food and water samples) by combining with microfluidic device. And then drug resistance 
can test by measuring bacterial growth on the functionalized surface. On the other hand, 
pathogenic bacteria detection can be designed by using another specific antibody.  
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Titre : Elaboration de nouveaux films fluorescents par dépôt couche par couche (LbL) et 
fonctionnalisation pour la détection sensibles de bactéries. 

Mots clés : film couche par couche; polymère; fluorescence; BODIPY; detection bacterienne 

Résumé : Les antibiotiques ont été utilisés 
pour le traitement des infections bactériennes 
depuis plus de 70 ans, sauvant des millions de 
vies. Cependant, leur mauvaise et sur-
utilisation ont conduit à l’émergence de la 
résistance bactérienne. Outre le développement 
de nouvelles familles d'antibiotiques, la 
détection rapide et sensible de bactéries est très 
importante pour le diagnostic médical. Les 
polymères fluorescents représentent un grand 
potentiel, car ils sont faciles à fonctionnaliser, 
synthétiser et greffer. Les films sont plus 
pratiques, faciles à manipuler et peuvent être 
réutilisés, ce qui n'est pas le cas des méthodes 
de détection en solution. L’objectif de ce 
travail est de développer un film de polymère 
nanostructuré fluorescent et sensible sur des 
surfaces de verre pour la détection bactérienne. 
Sur la base de la méthode de polymérisation 
radicalaire par transfert de chaîne réversible par 
addition-fragmentation (RAFT), trois types de 
polyélectrolytes fluorescents à base de 
BODIPY (FPC) ont été synthétisés : des 
chaînes relativement courtes à caractère 
polyélectrolyte faible (SW FPC), des chaînes 
courtes à caractère polyélectrolyte fort (SS 
FPC) et enfin des chaînes longues à caractère 
polyélectrolyte faible (FPC LW). Les films 
FPC LbL ont été élaborés sur des lames en 
verre par interaction électrostatique. Les 
propriétés photophysiques et de surface des 
FPC LbL ont été contrôlées en ajustant les 
conditions de dépôt. Les films FPC LbL à base 
de BODIPY ont été utilisés comme dispositif 
de première génération pour la détection de E. 

coli.  
Dans l'étape suivante, la sensibilité des films a 
été augmentée en utilisant le principe de 
fluorescence exaltée par plasmon (Metal 
Enhanced Fluorescence MEF). Un film LbL -
MEF a été préparé et testé pour la détection de 
bactéries. Des nanoparticules d'or sphériques 
(Au NPs) ont été synthétisées et recouvertes de 
poly(chlorhydrate d'allylamine) (PAH). Le FPC 
LW a été sélectionné comme couche 
fluorescente. Différents films contenant des Au 
NPs et LW FPC- ont été fabriqués. La distance  

entre les NPs Au et LW FPC- a été ajustée par 
l'ajout de deux polymères de charge opposée 
(PC+ et PC-). Les deux surfaces de AuNP / 4 
couches PC / LWFPC- et Au NPs / 8 couches 
PC / LWFPC- ont montré que E. coli peut être 
ciblée par LW FPC-. 
La sélectivité des films LbL a été ajoutée en 
introduisant un anticorps comme site de 
reconnaissance spécifique. Le polyanion et le 
polycation avec le groupe fonctionnel 4-
dibenzocyclooctynol (DIBO) ont été assemblés 
sur des lames de verre activées. L'anticorps 
anti-E. coli a ensuite été introduit sur la surface 
en une seule étape via la réaction de 
cycloaddition azide-alcyne (SPAAC). Le 
nombre d'E. coli capturées dépend de la 
concentration d’anticorps sur la surface. La 
surface a montré une sélectivité significative 
pour E. coli, comparée à B. subtilis. 
La croissance bactérienne peut être détectée sur 
un film mince LbL en introduisant un 
fluorophore sensible au pH (fluorescéine). En 
effet, la croissance des bactéries est souvent 
associée à une diminution du pH du milieu due 
à une libération de métabolites acides. Nous 
avons préparé avec succès différents types de 
films LbL sensibles au pH. Dans un premier 
temps, la synthèse de différents polyanions 
fonctionnalisés (chaîne courte et longue de 
DIBO-PC et polymère fluorescent rouge) a été 
achevée. Ensuite, trois types de surfaces 
sensibles au pH contenant de la fluorescéine 
(DIBO-SWPC- / fluorescéine, DIBO-LW PC- / 
fluorescéine et ratiométrique RFPC- / 
fluorescéine) ont été préparés sur la base 
d'assemblage LbL et de chimie click. Enfin, 
trois surfaces sensibles au pH ont été étudiées 
pour la détection de la croissance des bactéries. 
Toutes les surfaces étaient biocompatibles, le 
nombre de E. coli augmentait même après 
plusieurs heures d'incubation sur chaque 
surface. La détection par le changement de 
fluorescence est en cours de développement. 
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Abstract : Antibiotics have been used for the 
treatment of bacterial infections for over 70 
years, saving millions of lives. The current 
antibiotic resistance crisis has been attributed 
to the overuse and misuse of these medications. 
Therefore, the prevention of infection 
transmission by the rapid and sensitive 
detection of antibiotic resistant strains is 
needed in managing this crisis. Fluorescent 
polymers show great potential for bacteria 
detection, because they are easy to 
functionalize, reproduce and graft. Compared 
with the methods used for bacterial detection in 
liquid, bacterial detection on a film surface is 
more convenient, easier to handle and is 
applied in devices that can be easily reused. 
The goal of my PhD work is to develop 
fluorescent and sensitive nanostructured 
polymer films on surfaces for bacterial 
detection.  
Three types of BODIPY-based fluorescent 
polyelectrolytes (FPC) with different features 
were synthetized based on reversible addition-
fragmentation transfer (RAFT) polymerization: 
relatively Short chains and Weak 
polyelectrolytes (SW FPCs), Short chains and 
Strong polyelectrolytes (SS FPCs) and Long 
chains and Weak polyelectrolytes (LW FPCs). 
FPC LbL films were fabricated on activated 
glass slides by means of electrostatic attraction. 
The photophysical and surface properties of 
FPC LbL fims were easily controlled by 
adjusting the deposition conditions.  
The following step aimed at increasing the 
films’ sensitivity by using the metal-enhanced 
fluorescence (MEF) principle. A MEF based 
LbL film was prepared and tested for bacteria 
detection. Spherical gold nanoparticles (Au 
NPs) were synthesized and coated with 
poly(allylamine hydrochloride) (PAH). The 
LW FPC- was selected as the fluorescent layer. 
Different films containing Au NPs and LW 
FPC- were fabricated and the distance between 
the Au NPs and LW FPC- was adjusted by 
changing the numbers of layers with two 
oppositely charged polymers (PC+ and PC-). 
Both Au NPs/4 layers PCs/LWFPC- and Au 
NPs/8 layers PCs/LWFPC- surfaces indicated 
that E. coli can be detected by LW FPC-.  

The selectivity of LbL films was added by 
introducing an antibody on the surface of the 
film to provide specific recognition of a chosen 
bacterial strain. This LbL surface achieved a 
rapid, effective and specific detection of E. coli 
bacteria. The polyanion and polycation with a 
4-dibenzocyclooctynol (DIBO) functional 
group were assembled on the activated glass 
slides and an anti-E. coli antibody containing 
an azide group was efficiently introduced on 
the surface in a single step based on the azide-
alkyne cycloadditions (SPAAC) reaction. The 
number of E. coli captured on the surface was 
shown to be dependent on the amount of 
antibody on the surface. The anti-E. coli 
antibody surface showed significant selectivity 
for E. coli, compared with B. subtilis. 
An alternative approach is to detect bacterial 
growth on thin LbL film by introducing pH 
sensitive fluorophore (fluorescein). The growth 
of bacteria is often associated with a decrease 
in pH of the growth medium due to a release of 
acidic metabolites. Different types of pH 
sensitive LbL film were prepared and tested for 
the detection of bacterial growth. Firstly, the 
synthesis of different functionalized polyanions 
(short and long chain of DIBO-PC- and red 
fluorescent polymer) was carried out. Three 
types of pH sensitive surfaces containing 
fluorescein (DIBO-SWPC-/fluorescein, DIBO-
LW PC-/fluorescein and ratiometric RFPC-

/fluorescein surfaces) were prepared based on 
the combination of LbL assembly and copper-
free click chemistry. Finally, three pH sensitive 
surfaces were studied for bacteria growth 
detection. All the surfaces were shown to be 
biocompatible, the number of E. coli increased 
after several hours of incubation on each 
surface, as detected by brightfield microscopy 
imaging. The application for the fluorophore-
dependent detection of bacterial growth 
remains to be developed. 
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