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Abstract. SAM is known as a tuneable platform through an ultra-thin, biocompatible, 

and controlled organic film formed by self-assembled from a strong chemisorption of 
thiols (R-S-H) or its derivatives (R-OH, R-COO, R-COOH, R-NH2, etc.) onto metal or 

semiconductor substrate. The monolayer is offering hydrophobic-hydrophilic control 

depending on their terminal group. These flexibilities were functionalized in order to 

immobilize the biomolecule like DNA/RNA, antibody/antigen, bacteriophages, and 
aptamers as a selective receptor to capture E. coli selectively as the most dangerous 

microorganism in environmental water into an array system called biosensor. A number 

of methods have been developed to characterize the performance of SAM 

functionalization in immobilizing biomolecule for E. coli rapid detection and real time in 
optical and electrochemical (amperometric, potentiometric, and impedimetric). Till date, 

nano-materials and nanotechnologies has significantly contributed as a key role as in 

basic platform forming the sensor sensitively. Nano materials offer attractive properties 

like shape dependent physical and unique size, easy synthesize, easy surface 
functionalization, and enhancement of an electron transfer. This review will discuss the 

biomolecule immobilization techniques with SAM and the sensing mechanism. 
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1   Introduction 

Escherichia coli (E. coli) bacteria normally live in the human and animal intestines. Most 

E. coli are harmless and actually are an important part of a healthy human intestinal tract. 

However, some E. coli are pathogenic, meaning they can cause illness, either diarrhea or 

illness outside of the intestinal tract like bloodstream, urinary system, and central nervous 

system. The type of E. coli that can cause diarrhea can be transmitted through contaminated 

water or food, or through contact with animals or persons [1]–[3].  

E. coli is a dangerous microorganism till date urgently need to be controlled due to has 

been more spreading out drastically. The disease reported up to May 2017 by The Association 

of World Health Organization is 1.7 billion people in the world died because of contaminated 

water containing E. coli [4]. Urgently, the presence and concentration should be monitored. 
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Conventional method is the most common method to measure the bacteria concentration in 

environment called plate count due to the laboratory’s method in agar plate. However, the 

conventional method demonstrated is time consuming and complicated [5]–[9]. It requires to 

skilled technician and long-time incubation with minimum 48 hours. Additionally, ex situ 

detection is sensitive to contaminant during the movement from the habitat to the laboratory 

affecting to bias result. To accomplish it a biosensor device have been developed, while 

selectivity become a serious issue to be solved. Absolutely biomolecules as a promising agent 

has been explored to be immobilized as a bioreceptor that can transfer the signal to a 

transducer [10]. 

A novel self-assembled monolayer from thiols offer in a nanometer thickness organic film 

as the novel substrates for biological system [11]–[13]. Its terminal functionality can be used 

to enhance nonspecific target adsorption providing desired scaffold with the terminal function 

variation, while its compatibility and stability with metal provide measurement of current and 

potential for electrochemical properties as substrate, sensing layer or even an electrode that 

lead to semiconductor agent [14][15]. Moreover, an ordered wettability (hydrophobic & 

hydrophilic), distance, corrosion, friction, oxidation  are able to control depending on the 

functionalization of the layer [16][17]. 

2   Escherichia Coli  

2.1. Classification and structure of E. coli) 

 

Escherichia coli is characterized as an enterobacteria; mostly motile gram negative, rod 

shaped, and facultative anaerobic which live in the gastrointestinal of normal human  and 

animal as a warm blood (Fig.1A). E. coli consists of a diverse group of bacteria. Pathogenic E. 

coli strains are categorized into pathotypes. Six pathotypes are associated with diarrhea and 

collectively are referred to diarrheagenic E. coli. There are Enterotoxigenic E. coli (ETEC), 

Enteropathogenic E. coli (EPEC), Enteroaggregative E. coli (EAEC), Enteroinvasive E. coli 

(EIEC), Diffusely adherent E. coli (DAEC), and Shiga toxin producing E. coli (STEC),  that 

may also referred to Enterohaemorrhagic (EHEC) as the most commonly known in association 

with foodborne breaks [21][22]. 

Exopolysaccharide plays an important role due to in bacterial pathogenicity and the 

microbial population ecology just like colonization, residence, and adaptation mechanism in 

various ecosystem. LPS contains of three different domains, there are lipid A, the core 

oligosaccharide, and the outer domain is the O-lipopolysaccharide, a hydrophilic and 

immunodominant. About 20 different sugar molecules may compose the O antigen, including 

molecules that are often found in nature, such as abequose, colitose, paratose and tyvelose 

(Fig.1B). These components are strain-specific. The O antigen displays a large degree of inter-

species and intra-species variation, which is related to the nature, order and union of the 

different sugars. Therefore, O-antigen is the right target of the host due to the serological 

classification every serotype of negative gram bacteria. The O-antigen will be attached by the 

anti O-antigen as innate immune response. The synthesis of O-antigen is coded by rfb gene 

that is on duty with the biosynthesis of the nucleotide sugars of antigen O, the transfer of the 

sugars to form the polysaccharide chain (glycosyltransferases) and the assembly and transfer 

of antigen O toward the periplasm (Fig.1C) [19][20]. 



 
 

(A)  (B) 

 
 (C) 

Fig. 1. (A) Escherichia coli bacteria attached on a gold electrode in SEM characterization [18], (B) Cross 

section of negative gram bacteria outer membrane and the structure of LPS [19], and (C) genes location 

involved to synthesis of O-antigen for E. coli O55:H7 [20]. 

2.2. E. coli physiology 

 

Bacteria metabolism are closed to the present of enzyme. Purified enzyme ubiquitously 

then functionalized as biological sensing material metabolizing specific chemical compounds 

in a wide range. Due to in remain active enzyme and stable compound, it survives in multi-

condition and detect variative molecules [23]. However, firstly discovered that E. coli produce 

GUD as enzyme catalysing the hydrolysis of β-D-glucopyranosiduronic. Many chromogenic 

and fluorogenic substrates exist for the specific detection of bacterial enzymatic activities and 

various commercial tests based on these substrates are available [24]. Another specialization 

of E. coli is also potentially functionalized. E. coli are also being the suitable host for the 

specific bacteriophage. The infection initiates the viral binding step onto the host cell surface 

[25]. 

3   Self-assembled Monolayer (SAM) 

3.1. Structure of SAM  

 

Briefly, SAMs are desired molecular assembly structured by the naturally adsorption on a 

solid surface by an active surfactant allowed from a solution or gas phase. However, surfactant 

is composed of an active head group surface, a spacer group which generally are alkyl group, 

and a tail group. In the equilibrium approaches system, the interfaces chemical reaction 

produces these dimensional systems from the assembly. Absolutely, the length of alkyl chain 

plays an important role in determining degree of desired molecular assembly [23]. 



The various function can be formed with variating some different length alkyl chain and 

the tail as the terminal group, existence of oligo ethylene glycol, and the formation of thiol and 

disulphide. Broadly known that both thiol and disulphide derivatives are able to form SAM. It 

is well thought that thiol      forms Au-S bond and produce hydrogen. Although there is no 

report development experiment show that hydrogen was detected. Disulphide derivatives are 

lower in solubility than thiol derivative, hence thiol is used more in some applications [23].

 
Fig. 2..  A single-crystalline of alkanethiol SAM schematic diagram [23] 

By the theory described, generally SAM is known as  an organic film in a nanometer 

thickness by a strong alkanethiols and its derivative chemisorption on a solid surface self-

assembled  that was introduced firstly by Nuzzo and Lara in 80s [24]. The film provides high 

orientation degree, packing as order. The crystallinity of SAM is due to a sulphur group 

attached on substrate such as some selected metallic or any semiconductor surface [25], spacer 

group called tail obtained from controlled alkyl group ((CH)n), and a head group with any 

desired chemical group to provide an ordered platform towards surface functionalization 

(Fig.2) [26].  

Some definitions of SAM are being discussed in different terminologies: 

1. SAM is formed in a chemical solution, and the formed film is from the random molecules 

motion and the affinity binding sites for one to other. It also means to the complementary 

surfaces joining by the interactions of nano-molecular. 

2. SAM is an integration method which the structure spontaneously assembles, easily by 

mixing an ordered chemical around in solution or a phase of gas until reaching the stable 

state of minimum energy. 

3.  SAM is a process series which one change a non-living chemical system become a living. 

These three highlight terminologies are problems to define self-assembly due to its highly 

developed and interesting topics in science area. Some applications of SAM are spreading 

expanded, such as in implant dentistry, medical, and sensor as the most.  

 

 

 



3.2. Formation of SAM  

 

However, SAM’s formation starts spontaneously with hydrophilic chemisorption of 

terminal sulphur group by driving force of sulphur bond affinity onto substrate forming a 

stable and semi covalent bond. This driving is followed by hydrophobic and Van der Walls 

interactions between the methylene carbons on the alkane chain [26]. The adsorbate will lie 

down to a phase before developing a parallel phase and change to standing-up phase. The last 

phase is re-arrangement to produce a systematic layer both in crystalline or semi-crystalline, 

until the growing is going on and cover all the surface area (Fig.3) [27].  

 
Fig. 3. SAM formation by immerse method into a solution of an active surface substrate [23] 

Nowadays, nanomaterials offer easy synthesis, sensitive, easy functionalization, and 

exhibit electrical properties. These nanomaterials are from metal (Au, Ag, Cu, Al, and Ti), 

oxidized (AlO2, TiO2, and  SiO2), or semiconductor (Si) [28][29]. It is broadly known that 

gold (Au) is the inert substrate mostly used for SAM because sulphur has a high affinity for 

gold [30]. It offers smooth and stable surface, free from oxide contamination in a potential 

range by cycling + 0.5 and -1.4 V vs. SCE in electrolytes like 0.5 M H2SO4 [31]. Although Au 

has been the promised substrate with its stability, foregoing research demonstrated that 

another gold could be SAM’s substrate in fabricating E. coli sensor (Table 1).  

 
Table 1. SAM approach in different substrate 

SAM approach Substrate 

APTES (aminopropyltriethoxy silane) and NAATS (n- (2-

aminoethyl) - 11 –aminoundecyltrimethoxysilane 

Silicon and geranium (SiGe) 

[32]  

Octadecane thiol (ODT) and mercapto acetic acid (MAA) Copper and gold [33]  

EDC 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide and 

NHS (N-hydroxysuccinimide) 
ZnO and PtOx [34][35]  

 

3.3. Synthesis of SAM 

 

SAM plays a role as the substrate with desired long chain of alkanethiols with different 

head group or in a form of mixture. Some long chain of SAM have been developed for 

bacteria detection like mercapto undecanoic acid MUA (carboxyl terminal), mercapto 

propanosulfonic acid (MPS) (sulphur terminal), MCH (6-mercapto-1-hexanol) (hydroxyl 



terminal), DTT (sulphur terminal), and 11-amino-1-undecanethiol hydrochloride (AUT) 

(amine terminal), 1-undecanethiol (UDT) (amine terminal) [28]–[32]. Some approaches were 

mixing SAM with linker like EDC, NHS, and BSA (bovine serum albumin) to improve the 

stability, activate terminal function, and cover unyielding area. In the last decade, mixed SAM 

were preferred then the single alkanethiols due to time saving factor in fabrication. Some 

researchers collaborated the single SAM like MUA/DTT, MUA/MCH), DTSP 3-dithiobis-

(sulfosuccinimidyl-propionate) (amine terminal), DTBA (carboxyl terminal), 16-

mercaptohexadecanoic acid (MHDA) (carboxyl terminal), Mercaptoacetic acid (MACA) 

(carboxyl terminal) [33]–[35].  

SAM allow variation in synthesis desired organic and biocompatible layer. Terminal 

group of SAM will affect to physical quality of the layer, especially for the wettability. 

Faucheux et.al investigated different terminal group of SAM (CH3, PEG, NH2, COOH and 

OH) on a gold substrate. The result showed that CH3 refers to hydrophobic ( a > 80º), while 

carboxyl and amine lead to wettable surface ( a = 48-62º), and ethylene glycol and hydroxyl 

correspondence to wettable substrata ( a < 35º). Dramatically, when the surface contained of 

polar and non-polar component, the polar compartment preferred to hydrophilic, in point if its 

concentration is low. Bain et.al measured water contact angle for different terminal function 

(CH3 and OH) of alkanethiols from different solvent. The result showed that alkanethiols with 

methyl lead to hydrophilic ( a < 90º) and hydroxyl terminal function referred to hydrophobic 

( a > 100º) [29][36]. 

 

3.4. Characterization of SAM 

 

Some methods can be used to characterize the quality of SAM on the surface. Atomic 

force microscopy (AFM) can be used to monitor roughness, Fourier transform infra-red 

(FTIR) to characterize the nature and formation, X-ray photoelectron spectroscopy (XPS) to 

know the hydroxylation and binding energy, and water contact angle to see wettability [37], 

[39]–[44].  

 

Fig. 4. N-H, C=O, and CH2 peaks in Fourier transform spectroscopy of SAM contains of 

Au/MUA/EDC/NHS assembly [37]. 
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Fig. 5. (A) Surface roughness comparison of a) bare gold film, b) coated with alkanethiol, and c) tri 

hexane thiol [47], (B) Voltammogram comparison for a) a bar gold, b) gold coated naphthalene 
disulphide in 1-hour immersion, and c) 2-hours immersion [15], and (C)  Nyquist plots of impedance 

spectra obtained for a) free bare gold electrode, b) gold electrode immersed with SAM MUA/UDT, c) 

antibody immobilization, d) E. coli conjugated, and e) gold electrode coated with E. coli [38]. 

. Singh et al characterized Au electrode coated MUA/EDC/NHS using FTIR and the 

result showed that N-H, C=O, and CH2 peak presents (Fig.4). Absolutely, it is confirmed 

mean that those three components of SAM are formed. However, Dibenedetto et al used AFM 

to characterize roughnesity of SAM formation. The difference could be viewed from the 

visualization, that free gold film is not fully compact grain surface than both Au/alkanethiol 

and Au/tri hexane thiol, and tri hexane thiol has more compact grain size than alkanethiol 

(Fig.5A). It has to show that SAM affect Au roughness due to its different roughness [45].  

Electrical properties are also used to characterize SAM performance on an active surface 

substrate especially in biosensor application. Cyclic voltammetry is one of electrochemical 

technique to monitor the monolayer quality of biosensor. Sometime, some deposited 

monolayers are not fully cover the metal surface, some lack defects appear and this lack will 

inhibit contact between redox active molecule and the electrode. Here is the voltammogram 

comparison of the free bar of gold (a), gold coated naphthalene disulphide after immersion in 



1 hour (b) and 2 hours (c) using K3Fe(CN)6 in 0.1 M aqueous KCL (Fig.5B). The redox 

activity showed decreasing at the time the monolayer become compact [15]. Nyquist plot 

impedance spectra is also part of electrochemical monitoring on a biosensor application. The 

formation of SAM 11-mercaptoundecanoic acid (MUA) and 1-undecanethiol (UDT) are 

proved by the shift of impedance value shown in figure 5C [38] 

4   Biosensor 

Biosensor is a detector device which functionalize biological reactions connected to a 

transducer. When biological component interacted with specific molecule target, a signal 

(analyte) is received by a transducer and produced detectable readout data, according to the 

concentration of the substance (Fig.6) [46]. Its broadly developed for cell detection, bacteria, 

molecule, and chemical component in food control, medical analysis and environment 

application [47].  

 
Fig. 6. Schematic diagram of biosensor working principle 

 

Biosensor require to some main figures to achieve valid sensor. Some descriptions are 

mentioned below: 
 

Table 2. Some required figures for a compact biosensor 

Figure Definition 

Sensitivity 

An analytical system is sensitive. When 

the concentration of analyte changes, 

even though in a small change, by the 

time it will response in a certain change 

Selectivity 

The system is selective. When the 

analyte is differentiated, it will respond 

in different responds 

Repeatable 

Closeness respond when system tested 

in the same condition of operators, 

laboratories, apparatus, and/or time 

analysis interval  

Limit of 

detection 

Analytical system can detect the 

smallest signal in a certain quantity with 

an acceptable degree 

Reproducible  Closeness agreement when the system 



built up in the same condition of 

operators, laboratories, apparatus, and/or 

time analysis interval  

Signal to 

noise ratio 

Background noise of the analyte are 

measured as a blank signal 

 

Essentially, biosensor contains of a bio-receptor and a transducer [10]. It’s known that 

biomolecule has specific interaction with another molecule, part of cell or chemical 

component. It can be functionalized become specific receptor to detect bio component or 

chemical detection. The potential biomolecule will be discussed later. Then these interactions 

will be detected by the transducers to produce a signal which can be measured by some 

mechanisms.  

There are some developed transducers, like optical, piezoelectric, and electrochemical. 

Generally, optical mechanism is based on measuring the variation of refractive index or light 

emission/absorption, upon binding with the bacteria to be quantifiable data. While 

piezoelectric crystal’s resonance oscillation frequency will reflect the mass change at the 

surface of sensor when bacteria and the receptor bond. Fundamentally, electrochemical 

produce an electrical charging between electrode and electrolyte of oxidation-reduction 

reaction (redox) when the receptor recognized the target [48]. 

 

4.1. SAM and Biomolecules Attachment in E. coli Biosensor System 

 

Biomolecule is a promising selective agent one can functionalize. E. coli are categorized 

in negative bacteria  in standard size 2 - 3 µm  which allow some component of their cell 

structure or lifecycle become a receptor agent in a biosensor [3] [10] . As negative gram 

bacterium, there are some components like polymer of sugar and peptide on the cell wall, 

namely   lipopolysaccharides (LPS) (Fig.7A). LPS may bind to protein like lectin by lectin 

glucose interaction which can be hybridized from plant or animal [19]. On the other hand, 

antibody is specific recognition with antigen as specific and extensive glycoprotein either 

monoclonal or polyclonal which get involved in immune system (Fig.7B) [49][50].   

Nucleic acid like DNA/RNA are another E. coli component that can be functionalized by 

hybridization for recognition component of biosensor. Generally, In order to produce protein, 

cells transcript the genes producing nucleic acid called mRNA, those are complementary with 

DNA (Fig.7C) [58]. Additionally, bacteriophages are also a promising receptor agent. It is 

generally known that phages are type of obligate viruses as parasites host specific onto 

bacteria for multiplication and propagation (Fig.7D). T2 and T4 phages are the examples of 

phage that lack specifically to E. coli [59] [60].  

Their micro size allows to be miniaturized in biosensor system that need to be 

immobilized for easy fabricating, enhanced from any degradation, and tailored reusable 

material to lower the cost. However, an ordered SAM can be modified to attach with the 

biological components by covalent or non-covalent binding [61]. Covalent binding form 

amines group through formation of amide linkage or through cross linker binding and non-

covalent binding with the head group of monolayer surfaces by hydrophobic, hydrophilic, and 

electrostatic interactions. Physical adsorption and bio affinity immobilization are also common 

techniques used [39]. The example is protein A as a component of bacteria cell wall which can 

easily bond with the fc region (tail region) of antibody and streptavidin-biotin as protein and 

vitamin specific interaction which have the stable affinity even though in pH stress or 

temperature [43][62]. Generally, biosensor device transforms the signal produced by 



biomolecule-target binding into analytical. Basically, bacteria have a negative charge, while 

biomolecule binding have an affinity. These advantages unlocked the potential to be 

recognized by some detector to process the signal called transducer. Due to different signal 

recognition, some methods have been developed.  
 

Table 3. SAM design approaches for E. coli detection 

SAM approach Head group/ 

tail group 

Substr

ate 

Linker Bioreceptor Range 

detection 

Transducer Refer

ences 

16-

mercaptohexadecanoi

c acid (MHDA) 

S/COOH Au EDC/NHS 

compared to 

protein A 

Antibody 103–108  

CFU/mL 

Electrochemical 

(Piezoelectric) 

[51] 

Polyethylene glycol 

terminated 

alkanethiol 

S/OH Au EDC/NHS 

compared to 

protein G 

Antibody 104 -106 

 CFU/mL 

Optical (SPR) [52] 

Mercaptoacetic acid 

(MACA) 

S/COOH Au EDC/NHS Antibody 3 x 103 – 3 x 

107 
CFU/mL 

Electrochemical 

(EIS) 

[53] 

Mercaptoundecanoic 
acid (MUA) and  

dithiothreitol (DTT) 

S/COOH Au EDC/NHS Lectin 102 - 105 
cells/mL 

Electrochemical 
(EIS) 

 

[9] 

3-dithiobis-

(sulfosuccinimidyl-

propionate) (DTSP) 

S/NHS Au Biotin-avidin Wheat germ 

agglutinin 

102 - 107  

CFU/mL 

Electrochemical 

(EIS) 

[6] 

11-

mercaptoundecanoic 

acid (MUA) and  
1-undecanethiol 

(UDT) 

S/COOH Au EDC/NHS Antibody - Electrochemical 

(EIS) 

[38] 

11-amino-1-

undecanethiol 

hydrochloride (AUT) 

S/NH Au GNPs/CHIT–

MWNTs–

SiO2-THI n 

Antibody 4.12 x 102 –

4.12 x 105 

CFU/mL 

Electrochemical 

(Amperometric) 

[40] 

16-

mercaptohrxadecanoi

c acid (MHDA) 

S/ COOH Au EDC/NHS Antibody Limit 

detection 

2.0 x 10 2 

CFU/mL 

Electrochemical 

(QCM) 

[54] 

Thiol terminated 

oligoethylene glycol 

S/(OCH2CH2)

3OH 

Au - α-mannoside 102 - 103 

CFU/mL 

Electrochemical 

(EIS) 

[18] 

11-

mercaptoundecanoic 

acid (MUA) 

S/COOH Au Protein G Antibody 104 

cells/mL 

Optical (SPR) [55] 

11-

mercaptoundecanoic 

acid (MUA) 

S/COOH Au EDC/NHS Phage 104 

CFU/mL 

Electrochemical 

(EIS) 

[37] 

Biotinylated disulfide 

monolayer, 
biotinylated thiol 

S/NH Au Biotin-avidin DNA 1000 cells  Electrochemical 

(Amperometric 

[56] 

  



  
(A) 

  

(B) 

 

 

 

 

 
(C)   

(D) 
Fig. 7. (A) Outer cell wall of negative bacteria [20], (B) Antibody structure, (C) Base nitrogen 

complementary, and (D) Phage structure [50] [57]. 

Subramanian et.al immobilized antibody by covalent amide bonds on a mixed SAM hexa-

ethylene glycol terminated thiol onto a sensor chip which were built on 50 nm gold with S 

bonding. The biosensor system is based on surface plasmon resonance, a reflection of light 

from thin metal film that will shift the reflectance index when any binding occurred on the 

sensor. Antibody were immobilized by physical adsorption the result showed that the 

reflectance indexed unit were dramatically increased in different concentration of antibody 

immobilization with SAM, 10, 20, and 30 µg/ml variation increase the RIU from 1960, 2361, 

and 2647 µRIU. The response of antibody and E. coli binding increase reflectance index 

followed by increasing the serial dilution of bacteria. However, this investigation is urgently 

developed because the bacteria checked were mixed with Staphylococcus enteridis that 

absolutely lead to be non-selective device [52]. 

Wang et.al functionalized lectin on the sensor chip using EDC to tailor carboxyl terminal 

layer, with NHS to activate the SAM (Fig.8A). Lectin were immobilized with amide covalent 

binding. The result showed that the limit detection could reach 3 x 103 CFU/ml. This 

biosensor is also less selective affected of lectin generally bond with any carbohydrate. 

Lipopolysaccharides are negative gram bacteria component that allow another bacteria from 

E. coli can be detected [63]. 

Another SPR was also explored to detect E. coli selectivity and sensitivity by Keun and 

co-workers to detect E. coli selective and sensitively. A monoclonal antibody is immobilized 



using bio affinity of protein G on 11-mercaptoundecanoic acid by covalent amide binding 

(Fig.8B). The refractance index shifted since immobilizing the SAM, protein linker, antibody, 

and followed by E. coli serial dilution. This SPR could detect E. coli in limit detection 104 

CFU/ml compared with another bacteria like Salmonella, Shigella, Vibrio, and Yersinia [55]. 

However, electrochemical is also another approach explored for E. coli detection. They 

miniaturize the sensing electrode generally less expensive, less complicated and more 

sensitive. Electrochemical produce an electrical charging between electrode and electrolyte of 

oxidation-reduction reaction (redox) [64]. Mixed SAM MUA (mercaptoundecanoic acid) and 

EDC-NHS were used by Singh in immobilizing the isolated bacteriophage by covalent 

binding with NHS cross linked to gold scaffold (Fig.8C) [15]. As known that the electron 

properties connected from the basis substrate to the surface, when the bacteria attached the 

electron transfer are blocked, that can increase the impedance. This biosensor could detect E. 

coli in limit detection 104 CFU/ml  [37]. 

 

 
(A) 

  
(B) 

 

 
(C) (D) 

  

Fig. 8. (A) Sensor arrangement of Au/thiol/EDC-NHS and detection mechanism of surface plasmon 
resonance [67], (B) Sensor arrangement 11-MUA/protein G/antibody and the flow of SPR detection 

method [58], (C) Au/MUA/EDC-NHS/phage sensor arrangement schematic diagram [40], and (D) 

Comparison of streptavidin-biotin approach in different scaffold: bare gold, Au/thiol-biotinylated, and 

Au/disulphide-biotinylated [59] 
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Fig. 9. (A) Schematic diagram of impedimetric sensor MUA/DTT/EDC-NHS/lectin-based 

biosensor for E. coli detection [9], (B) Sensor arrangement of DTSP/biotin-

avidin/antibody/BSA/WGA/bacteria attachment schematic diagram [6], Sensor reaction 

arrangement in bacterial detection schematic diagram (C) Au/MHDA/EDC-NHS/antibody 

[54], and (D) Au/MACA/EDC-NHS/antibody [56]. 

Another biomolecule component used is oligonucleotide (ssDNA) which is reported by 

Gau et.al (Fig.8D). They investigated free biotin thiolated gold, biotin thiolated gold, and 

biotin disulphide gold. The result showed that biotin thiolated gold (12-mercapto (8-

biotinamide -3, 6-dioxaoctyl) dodecanamide) ~80% coverage with ~3000 RU SPR index 

compared to the free one that only covered ~52% with ~2400 RU, and biotinylated disulphide 

covered ~10% with ~1500 RU. Then followed by amperometric test with three electrodes in 

redox reaction till the potential occurred. However, the amperometric signal decreased 

followed by the number of serial dilutions of E. coli and Bordetella the lowest signal occurred 

showed as negative control. This E. coli biosensor could detect 103 CFU/ml in limit detection 

[56]. 



Lectin was also functionalized on the different mixed SAM. The combination was 

mercapto undecanoic acid (MUA) with every single MCH, MCE, and DTT (Fig.9A) 

MUA+DTT dramatically performed the optimize one than others in the value of electron 

transfer resistance when conjugated to mannan (monosaccharide). When the biosensor is 

tested using the E. coli sample, result showed that the limit detection reached 75 cell/ml [9].  

Mixed SAM briefly explored today, preferred then single thiol with desired terminal 

function (Fig.9B). Li et.al investigated DTSP compared to MPA with common carboxyl 

activator EDC+NHS. The carboxyl terminal function of MPA had to be tailored with EDC, 

and then NHS just activated and resulting covalent amide bonds. It was the classic method that 

require extra time then. Antibody monoclonal was the biomolecule agent applied in different 

concentration to achieve the optimum one. Biosensor performed 102 CFU/ml in limit 

detection [6]. 

Another single thiol is 16-mercaptohexadecanoic acid (MHDA) and MACA 

(Mercaptoacetic acid). MHDA was developed for biocompatible scaffold for antibody 

immobilization. Alkanethiol with a long-chain carboxylic acid terminal form an ordered and 

oriented monolayer self-assembled onto Au (Fig.9C). A definitely aqueous solution succeeds 

to be formed in room temperature, and it was more stable than the short chain thiols or 

disulphide [51]. MACA is a short chain of alkanethiol with carboxylic acid terminal also 

(Fig.9D). Both MHDA and MACA were mixed with EDC-NHS not only to build amine 

linkage, but also could improve the stability of the linker compounds. MACA need to at least 

60 min activation time while molecules immobilization with single thiol require many 

reactions that could not pack densely for steric hindrance [53]. MHDA approach showed 

better limit detection, with 103–108 CFU/ml than MACA approach which was 3 x 103-3 x 107 

CFU/ml. 

 

4.2. SAM-Biosensor advantages and limitation 

 

SAM is being developed increasingly due to its advantages as an ordered platform to link 

the biomolecules either using some immobilization biomolecule or chemical linker or direct 

adsorption: 

1. Stable platform and easy to form as an ordered free lack 

2. SAM provide a scaffold like microenvironment cellular and it is necessary for 

immobilization of biomolecule.  

3. Various head group can be flexibly designed to provide the suitable wettability both 

hydrophobic or hydrophilic. 

4. The amount of biomolecule that will be immobilized on SAM substrate is in a minimum 

amount.  

5. Stable and long-lasting storage which is reliable in several measurements 

6. Allow for biological identification such as protein adsorption, antibody-antigen interaction, 

DNA hybridization etc using some sensitive equipment like AFM, FTIR, and SEM. 

However, some cases limit SAM performance for biomolecule immobilization: 

1. In case the composition of biomolecule is protein, an immobilized protein is susceptible 

being contaminated due to its sensitivity to the changes of pH, temperature, and ionic 

strength: a few changes in it will affect to loss of the biological activity. 

2. Oxidation can happen in sensitive chemical compounds of SAM approach during the 

formation, characterization, and the investigation. 

3. The replaced electric field on a material by SAM adsorption and thermal desorption will 



decrease biosensor quality. 

4. Through the hydrophobicity and high surface energy of SAM, it will block contaminant to 

contact within and accumulate the contaminants then block the recognition site of analyte. 
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