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Glossary 

ELISA: enzyme linked immunosorbent assay 

Fab: antigen-binding fragment 

AuNPs: gold nanoparticles 

MWCNT: multi walled carbon nanotubes  

CNTs: carbon nanotubes 

CFU: colony forming units 

HPLC: high pressure liquid chromatography 

ATRP: atom transfer radical polymerization   

MIP: molecularly imprinted polymer 

MNPs: magnetic nanoparticles  

SMX: sulfamethoxazole 

SEM: scanning electron microscopy  

TEM: transmission electron microscopy 

FT-IR: Fourier transform infrared spectroscopy 

XPS: X-ray photoelectron spectroscopy 

SPCE: screen printed carbon electrodes. 

DMSO: dimethyl sulfoxide  

MAA: methacrylic acid 

PVP: polyvinylpirrolidone  

Py: pyrrole 

NIP: non imprinted polymer 

EIS: electrochemical impedance spectroscopy  

SDZ: sulfadiazine 

SCT: sulfacetamine  

LOD: limit of detection 

LOQ: limit of quantification 

TBT: tributyltin 

MBT: monobutyltin 
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DBT: dibutyltin 

APTS: aminopropyltriethoxysilane 

EGDMA: ethylene glycol dimethacrylate 

IF: imprinting factor 

GO: graphene oxide 

IgG: immunoglobulin G 

QDs: quantum dots 

LFA: lateral flow immunoassay 

Ab: antibody 

TL: test line 

CL: control line 

ppb: parts per billion 

PBS: phosphate buffer saline 

BSA: bovine serum albumin  
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TESIS OVERVIEW 

This PhD thesis describes the development of innovative nanomaterials-based platforms 

with interest for environment as well as other diagnostics applications. The first platform 

takes advantages of molecularly imprinted polymers (MIPs) and magnetic nanoparticles for 

electrochemical detection of contaminants. The second one consists in a lateral flow 

immunoassay, where quantum dots (QDs) are used as photoluminescence source and 

graphene oxide as quencher to perform fluorescence measurements.  

Chapter 1 is an introduction in the topic and shows the state of the art of nanomaterials 

connected to biological and non-biological receptors for bio/sensing applications. This 

chapter discusses how antibodies (biological receptor) and molecularly imprinted polymers 

(non-biological-receptors) can improve the sensitivity, stability and specificity of the 

bio/sensing systems for a large number of analytes and different transducer methods, ranging 

from optical to electrochemical techniques.  

In Chapter 2, the objectives of the thesis are explained. 

In Chapter 3 and Chapter 4, two different sensors based on magnetic nanoparticles 

decorated with molecularly imprinted polymer (MIP) as non-biological receptor for 

sulfonamide and tributyltin detection are presented.  In both sensors, the electrochemical 

impedance spectroscopy is used as a transduction method.  The first sensor (chapter 3) has a 

related paper in “Anal. Chem. 2016, 88, 3578−3584” and the second sensor (chapter4) is 

related to the paper published in “Electrochem. Commun. 2017, 

10.1016/j.elecom.2017.07.007. Two MIPs are fabricated using: (i) pyrrole and methacrylic 

acid for sulfonamide, and (ii) EGDMA and APTS selective to tributyltin.  Moreover, the 

fabrication methods as well as the analytical performance including their application in real 

samples are explained in detail in each chapter.  

In Chapter 5, is presented a lateral flow immunoassay whose photoluminescent 

properties can be modulated upon protein recognition via the photoluminescence quenching 

capabilities of graphene oxide (GO). The assay is intended for the detection of a model protein 

in human serum, that is, human immunoglobulin G, with the aim to demonstrate a virtually 

universal protein detection platform. The proposed system shows a low limit of detection 

improving the conventional lateral flow with gold nanoparticles for the detection of the same 
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analyte in standard buffer. Also the system is able to achieve excellent limits of detection in a 

complex matrix such as human serum.  

Finally, in Chapter 6, the general conclusions and the future perspectives are discussed. 

In addition, annex reports all the publications resulted during the development of this 

PhD thesis.  
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Nowadays nanomaterials are considered a pivotal tool for different fields such as textiles, 

energy, environment, electronics, photonics, food, agriculture, biomedicine and health care. 

This is due to their advantageous properties coming from their high surface area, among other 

physicochemical properties, compared to their respective bulk forms.  Nanomaterials, while 

used in (bio)detection systems, have shown to be extremely valuable to improve the 

analytical performance of conventional/laboratory methods and move forward biosensing 

technology. The usage of nanomaterials has been widely spread over the last few years mainly 

thanks to the great advantages that they offer in the development of conceptually new 

biosensors or improving the existing ones.  This review focus on how the usage of different 

nanomaterials have impacted biosensing research underscoring two different types of 

receptors, including biological receptors and non-biological receptors. The performance of 

relevant biosensing platforms including lateral flow devices as well as other optical and 

electrochemical approaches integrating nanomaterials and (bio) receptors are also discussed. 

1. Nanomaterials connected to bio/receptors for bio/sensor applications. 

Currently the biosensing field represents an emergent technology with high capabilities and 

versatility to detect a myriad of analytes in different mediums, for instance pesticides in 

food1,2  and water samples 3,4, toxics in food 5,6 and clinically relevant (bio)molecules in urine 

or blood (e.g. the pregnancy test and glucose sensors beside others).7,8 Given the importance 

of this application field, the research and development of biosensing technology has been 

continuously increasing during the last decade. Above all, this has been supported by the rise 

of nanomaterials, which offer interesting building blocks to design innovative biosensors or 

improving those existing ones.9,10 

Nanomaterials are nanometric structures that have outstanding physicochemical 

properties and display a size of 100 nanometers or smaller in at least one dimension, which 

is extremely useful in many areas such as food, agriculture or biomedicine. Regarding the 

environmental field, nanomaterials have shown the potential for highly efficient removal of 

pollutants 11–14 and detection as well. In food processing, the usage of nanomaterials is also 

valuable for the removal of biological contaminants; likewise in agricultural applications for 

plants protection this class of materials lead to improve the productivity and minimize 

losses.15–18  Furthermore, nanomaterials are finding excellent opportunities in the medicine 
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field, including various biomedical applications such as diagnostics, point of care devices, 

theranostics, bioimaging, drug delivery and cancer therapy. 19–2122–25.  

During the last years, there has been an increase of the improvement in the synthesis and 

characterization of different nanomaterials, such as magnetic nanoparticles 26,27, hydrogels 

28,29, polymeric nanoparticles 30 ,carbon-based nanomaterials. 31,32 and two dimensional 

materials.33,34 However, advances related to nanomaterials biofunctionalization are crucial to 

achieve and further high specificity in biosensing. To this end, depending on the target 

analyte, nanomaterials can be decorated with different (bio)receptors such as peptides,35,36 

synthetic oligonucleotides/aptamers,37,38 antibodies, 39,40 enzymes 41,42 or molecularly 

imprinted polymers. 43These (bio)receptors offer different capabilities and specific 

recognition ability, with the possibility to apply them in biosensing 

As it is well-known, nanomaterials have many advantages, being their high specific surface 

area one of the most important features enabling a better efficiency of the immobilization of 

host materials and thus a rich and advantageous amount of (bio)receptor units. Performing 

the right immobilization strategy onto the explored nanomaterial represents a challenge that 

allows for the conjugation of the nanomaterial and the (bio)receptor 44–46. Covalent binding 

is one of the most common strategies to immobilize (bio)receptors onto nanomaterials. 

Depending on the surface chemistry of the involved materials, this type of linking can be 

carried out by a classical amide reaction47,48 or a cross-linking process 49,50 Though, its main 

drawback is that the anchoring of the biomolecule is uncontrolled and the sensing surface can 

be negatively affected hindering the biorecognition phenomenon targeted by the biosensing 

system. Another strategy can be the immobilization of biomolecules due to supramolecular 

or coordinative interactions. Regarding this strategy one of the most utilized is the 

biotin/streptavidin system, whose simple – albeit effective- process is also used in the field of 

biosensors.51,52 

In biosensing technology, the signal of interest is generated by correlating a transducing 

signal with the capture of the analyte using a (bio)receptor. Then, the transducer translates 

this signal into a quantifiable parameter (piezoelectric, optical, electrochemical, etc.), which 

is the output signal. This review is focused on the usage of nanomaterials connected to 

specific (bio)receptors for biosensor applications. Particularly, we are going to focus on two 

classes of (bio)receptors for nanomaterials functionalization, including antibodies, which are 
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biological receptors, and molecularly imprinted polymers, which are biomimetic receptors 

that are excellent candidates to be used in lieu of other biological receptors such as 

antibodies, especially when the target analyte is not an immunogenic agent. 

1.1 Biological receptors antibodies. 

Antibodies represent a very common bioreceptor for different kind of analysis based on 

immunoassays, which are exploited in different techniques being the most common the 

enzyme linked immunosorbent assay (ELISA) or western blot (WB) assays. 

 On the other hand it is important to remember that the conjugation of nanoparticles with 

antibodies combines the outstanding properties of nanomaterials with the highly specific and 

selective recognition ability of the antibodies targeting a myriad of antigens.53–55 

Antibodies are proteins with Y shape, with the ability to recognize a specific molecule; that 

is the antigen, via the antigen-binding (Fab) fragment variable region. This region is highly 

specific and can be tailored, thus each antibody can be produced with a completely different 

specificity. Antibodies have two light chains; exactly the same, and two heavy chain, also 

identical, each component chain contains one NH2-terminal and one or more COOH-terminal, 

both chains are linked by disulphide bridges. Different changes in heavy chain produces 

different immunoglobulins .56 Such immunoglobulins are glycoproteins of 150 kDa and they 

are synthetized by the plasma cells as immune response to neutralize pathogens such as 

bacteria and viruses. There are five immunoglobulin classes found in serum: IgG, IgM, IgA, IgE 

and IgD, the difference between them are the type of heavy chain they contain. IgG have γ-

chains; IgMs μ-chains; IgAs α-chains; IgEs ε-chains; and IgDs δ-chains. The variations in heavy 

chain polypeptides allows each immunoglobulin class to work as a different type of immune 

response or during a different stage of the body’s defense.57,58 

IgA (see structure in Figure 1.1) exists in two forms, as a monomeric form found in serum 

and as a dimeric form. Dimeric IgA is often produced by plasma cells that act near epithelial 

surfaces and other areas where complement is not highly active. IgA can act as a neutralizing 

antibody but commonly can function by blocking pathogens from entering certain tissues. IgE 

is present in the lowest levels and is not really effective except binding mast cells with good 

eficiency. Mast cells secrete a variety of cytokines and other inflammatory compounds useful 

during an immune response. IgE are thought to be useful in combating larger, extracellular 
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pathogens, and are responsible for secreting histamine, which is commonly known to provoke 

allergic responses. The function of circulating IgD is unclear, as it is not known to participate 

in the major antibody effector mechanisms.59–61 

IgM forms large pentamers with 10 antigen binding sites per molecule, allowing it to bind 

antigens with high avidity even during the early immune response when antibody affinity use 

to be low. Due to its large size and structure it is mainly present in the blood and not in 

intercellular spaces, is also very effective at activating the complement system because 

provides a large “target” for the C1 protein to bind. IgG is the main type of antibody found in 

circulation, is much smaller than IgM and is only found in monomers. IgG is generally great 

for opsonizing pathogens and activating complement. IgG is sort of like an all-purpose 

workhorse. 

 

Figure 1.1. Antibody structure (a) and types of immunoglobulin (b) 

 

IgG is the immunoglobulin most used in biosensing among all the different classes. We 

can find two different kind of this antibody, the monoclonal one and the polyclonal, which 

can be differently exploited for hundreds of different analysis, depending conditions and 

needs. The characteristics of each one are summarized in Table 1.1. 
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Table 1.1. Comparison between monoclonal and polyclonal antibodies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.1.1 Antibody and nanomaterials connection for biosensors applications. 

Antibodies are widely used in biosensing62,63  for pollutants , 12,64 biomarkers, pathogens, 

65,66 cancer cells detection;67–69 where antibodies act as highly specific capture probe. Actually, 

the identification and posterior quantification of different biological molecules have high 

relevance in biomedical applications and environmental control. 

Literature reports a great variety of systems that combine antibodies with nanomaterials 

for their usage in biosensors to detect clinically relevant analytes, for example  the work 

developed by Shao et al 70, in which they use nanotube-antibody biosensor arrays for the 

detection of circulating breast cancer cells. They report a novel system based on a single 
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nanotube and a single field effect transistor array, which is functionalized with IGF1 (insulin 

growth factor) and Her2 (protein present in cancer cells) specific antibodies (see Figure 1.2). 

This system exhibits a high sensitivity and selectivity for human breast cancer cells in human 

blood. The device created by this group represents a new technology in cancer cell detection, 

which use a single carbon nanotube as a sensitive platform. Interestingly, the system shows 

a single cell sensitivity, high reproducibility, and high selectivity. Furthermore, compared with 

other methods like nanoscale top-down manufacturing, it is easy to fabricate and with lower 

cost. It should be remarked that immune sensing approaches can be tailored to detect other 

molecules by simply changing the respective antibody. 

Human influenza virus is another example of a clinically relevant target.11,71 An innovative 

biosensor for the recognition of this virus was developed by Arya et al. 72 The authors use a 

specific antibody for hemagglutinin detection and a coiled-coil peptide modifying a 

microelectrode array platform. In this system, the influenza virus was measured using 

electrochemical impedance spectroscopy (EIS) and cyclic voltammetry. The use of coiled-coil 

peptides with HA-antibody creates a platform for the detection of  an immunoglobulin specific 

for influenza virus, with a detection range from 1 pg mL-1 to 100 ng mL-1, showing a detection 

limit of 1 pg mL-1, which is a detection limit extremely low in comparison with other different 

techniques such as MDCK cell culture, complement fixation, hemagglutinin-inhibition, and RT-

PCR.73,74Detection and prevention of different diseases is crucial in our society,75,76 

consequently disease-related proteins need a critical sensitive detection in order to help in 

early detection and facilitate the possibility of successful treatment. In this regard, 

immunoassays using surface plasmon resonance (SPR) represent important advantages, 

including a label free detection, small samples size, reusable sensors chips, suitable 

reproducibility and the involved measurements allow for the real time monitoring. 77,78  

Importantly, it is also amenable to combining with nanomaterials so as to improve its 

sensibility. In the work developed by J. Zhang et al 79, they use surface plasmon resonance 

combined with graphene oxide (GO) and gold nanorods (AuNRs) conjugated with antibodies 

for transferrin detection. Interestingly, the GO properties were smartly used in this approach 

as this carbon-based material is richly oxygenated and is endowed with high specific surface 

area, long-term stability and a hydrophilic character, which enables GO to interact with 

different types of biomolecules by covalent, non-covalent or electrostatic interactions. 
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Moreover, gold is known as an excellent material for bioassays design. In this case, AuNRs are 

used to provide the system for transferrin detection with nanoplasmonic properties. It is 

worth mentioning that the nanoplasmonic properties of AuNRs are more sensitive than those 

of their spherical counterpart,  especially in biosensing approaches.80,81. A concentration 

range between 0.0375 and 40.00 µg mL-1 was obtained for transferrin detection using this 

system. The combination of the highly sensitive nanoplasmonic properties of AuNRs in 

synergy with the high loading capacity for biomolecules of GO was proven valuable for 

improving the SPR performance.   

Figure 1.2. Illustration of the preparation process of a label-free electrochemical 

cytosensor biosensor designed by S.Zhang et al. Reprinted with permission from S.  Zhang et 

al. (2014), Copyright 2014 American Chemical Society. 

Another application based on the usage of nanomaterials and antibodies for biosensing 

applications with an important purpose in medicine, is the sensitive recognition of drug-

resistant leukemia cells.82,83 Probably one of the hot topics during the last years in clinical and 

biomedical areas is the efficient diagnosis and therapy of cancer.84–86. In this regard, it is 

theorized that a key point in this field is the detection of P-glycoprotein overexpression 

because it can cause the failure of chemotherapy. There are several conventional methods 

for the detection of this molecule such as  flow cytometry,87 immunohistochemistry, ELISA88 

and fluorescence,89. Though, most of them need multiple steps and are time-consuming 

assays. Moreover, they need highly qualified technical staff. Due to these drawbacks, 

electrochemical methods have been recently applied in cancer cell detection. S Zhang et al. 

developed an electrochemical cytosensor based on P-glycoprotein expression level on a cell 

membrane.90 
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The idea developed by Zhang (see Figure 1.2) and his group relies on the combination of 

gold nanoparticles with polyaniline nanofibers conjugated with anti-p-glycoprotein. This 

molecule can provide a biomimetic interface for the immunosensing of cell surface P- 

glycoprotein and then can capture the overexpression of this protein.   Finally, the sensor 

reported by S Zhang and colleagues was demonstrated to be simple, efficient and can be 

sensitive to the recognition of drug resistant leukemia cells with a low limit of detection (80 

cells/mL). Moreover, this technique does not present the drawbacks of the conventional 

methods for the detection of this kind of analyte.  

1.1.2 Antibodies for point of care applications: Lateral flow immunoassay. 

Lateral flow immunoassays (LFA) can be catalogued within paper-based devices. 91–93 Its 

characteristics like the low-cost technology, good robustness, specificity and low limit of 

detection make them interesting for biosensing applications. 

Lateral flow technique (see structure in Figure 1.3) is mostly used for semi-quantitative and 

qualitative assays, including pathogens detection94, drugs95, hormones96 and metabolites in 

biomedical, phytosanitary, veterinary, feed/food and environmental monitoring97. 

.  

Figure 1.3. Schematic representation of the different parts of lateral flow strip and 

movement of an analyte and label particles across it with (a) standard and (b) competitive 

design. Reprinted with permission from Quesada et al.(2015), Copyright 2015 Elsevier. 
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However, LFA has some drawbacks as the qualitative response with naked eye, that it can 

be solved with some reading devices which transform the qualitative response in a semi-

quantitative signal, or the fact that the samples has to be in liquid state to avoid the clogged 

of the pores size in the lateral flow membrane, that in some cases can be a problem due to 

unspecific absorptions in the membrane 

Nowadays there are different lateral flow assays, the most common and widely used is 

that based-on gold nanoparticles for colorimetric detection.98–100 This kind of nanoparticles 

are employed in this technique due to their easy synthesis and manipulation, their stability 

and biocompatibility.  

Moreover, their intense red colour contrasting the typical white background on to the 

nitrocellulose strip makes them perfect for visually detectable assays, such as LFA 

Currently LFA are reaching new goals by integrating more complex nanomaterials. In this 

regard, the work developed by Tang et al. gives a new step forward for the detection of an 

interesting analyte; aflatoxin, this compound represents a high dangerous problem for 

humans due to is carcinogenic effect and are produced by certain kinds of molds, being easily 

to be found in the environment. The idea developed by this group is based on magnetic 

nanogold microspheres (see Figure 1.4), with nano- Fe2O3 as a core and gold nanoparticles 

(16nm) as a shell and biofunctionalized with monoclonal anti-AFB2 antibodies. 101 

This kind of technique is really useful for food monitoring, and the results obtained by this 

group in different samples such us peanuts, hazelnuts, pistachio and almonds, gives a visual 

limit of detection that is threefold lower than that obtained by the conventional lateral flow 

(using simple gold nanoparticles as reporters). 
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Figure 1.4. (a) Fabrication process of the synthesized magnetic nanogold microspheres, 

(b) schematic illustration of the lateral flow strip and (c) principle of the detection method. 

Reprinted with permission from Thang et al. (2009), Copyright 2009 Elsevier. 

 

We can find different nanomaterials involved in lateral flow-based assays, including carbon 

nanotubes (CNT). The use of this kind of nanomaterial is not really common in lateral flow but 

it has an enormous potential, and exhibits better detection limits in comparison with common 

lateral flow with gold nanoparticles. A relevant example of this approach was developed by 

Qiu et al. 102 The authors achieved a detection limit for DNA sequence 12.5 times lower than 

that of the conventional gold nanoparticle-based LFA (see Figure 1.5) 

A sandwich-type DNA hybridization reaction was performed onto the lateral flow strip, to 

be reported by the multi-walled carbon nanotubes (MWCNTs) on the respective test and 

control lines, obtaining a characteristic black band. Moreover, this system has another great 

advantage in comparison with the gold LFA, it can avoid the aggregation conjugates thanks to 

the MWCNTs. This kind of LFA open a new door to point of care diagnosis of genetic diseases 

and infectious agents detection.  
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Figure 1.5. Typical images of MWCNT-based LFB in the absence and presence of 1 nM 

target DNA and 100nM non-complementary DNA. Reprinted with permission from Qui et 

al.(2015), Copyright 2015 Elsevier 

 

Aside from this, it is possible to combine lateral flow with fluorescent particles such as 

quantum dots (QDs). QDs have been intensively used in different immunoassays for its 

properties; broad and strong excitation spectra, size-tuneable emission, narrow, symmetric 

and strong photoluminescence and robust photo-stability.  It is possible to use QDs in LFA in 

two different forms; the addition of this particles in the test and control line to detect the 

amount of analyte indirectly by quenching effect, or directly conjugating them with antibodies 

or aptamers. An example of that first case is the one developed by Morales-Narvaez et al. The 

authors report how it is possible to detect E. coli using a LF system with QDs conjugated with 

antibodies, printed in the test line, and revealed with graphene oxide (GO) as quencher to 

obtain a detection system for of E. coli present in liquid samples (see Figure 1.6). The system 

can be read in terms of fluorescence quenching effect over the test/control line. The novelty 

of this lateral flow is based on a test line with CdSe@ZnS QDs conjugated with antibody (in 

this case anti-E. coli), the control line made of bare QDs, and the use of GO as revealing-agent 

added after adding the sample to the LF strip. The sensing principle of the system is related 

with the absence/presence of the analyte, if there is no presence of the analyte in the 

analyzed sample, the test and control line are efficiently quenched by GO, due to the small 

distance between QDs-Ab and GO (OFF state). Otherwise, if the sample contains the analyte 
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it is going to be recognized and attached for the antibody present in the test line, in this case 

after addition of GO the distance between this and QDs exceeds the distance where 

resonance energy transfer is observable (around 20nm), leading to an ON state.  With this 

assay, the authors are able to achieve detection limits of up to 10 CFU mL-1. This results 

represent a really good improvement in comparison with other methods, such as microarray 

technique that obtains 104 CFU mL-1,103 immunofiltration assay with 100 CFUmL-1,104,  or a 

conductimetric biosensor; between 0.5-104 CFU mL-1 depending the system used . Moreover, 

the key point of this photoluminescence lateral flow is that it is a cost-effective device being 

also easy-to-use. 

 

Figure 1.6. Schematic representation of photoluminescent lateral flow test revealed by 

graphene oxide (GO) for pathogen detection. Reprinted with permission from Morales 

Narvaez et al. (2015), Copyright2015 American Chemical Society 

 

A lateral flow strip reported by QDs was developed by Yang et al.105 This research team 

performed a QD-based point-of-care device for syphilis detection (see Figure 1.7). To obtain 

a complete strip, they just have to print a mixture of recombinant antigen for syphilis 

(Treponema pallidum) in the test line and IgG as control line, letting both dry and block, and 

then add the conjugate pad with the mixture of colloidal gold and quantum dots. This mixture 

presents better results if we compare it with lateral flow with only colloidal gold, in terms of 

sensitivity, and selectivity. This LF has advantageous features as it is an inexpensive technique, 

it is also easy to fabricate and has been demonstrated to be suitable for in situ syphilis 

screening. Overall, integrating different nanomaterials into LF strips also represents an 
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improvement in conventional LF strips, showing better limits of detection (LODs), reducing 

manufacture costs, and keep the original features of LF strips as they do not need highly 

qualified staff, they are portable and easy to manipulate. 

 

Figure 1.7. Schematic representation of QD-based lateral flow strips. Reprinted with 

permission from Yang et al. (2010), Copyright 2010 Springer 

 

1.2 Non biological receptors: Molecularly imprinted polymers (MIPs) 

Molecularly imprinted polymers are a group of compounds in which the functional and 

crosslinking monomer are copolymerized in the presence of a target analyte, after this, during 

the final step the analyte is removed and the cavities (acting as non-biological receptor) are 

ready (Figure 1.8).106–108  This cavities are a kind of mould complimentary in terms of size and 

shape regarding the imprinted analyte. MIPs also have the ability to recognize and bind 

specific target molecules;109,110 however, in comparison with those techniques that employ 

antibodies in their systems, molecularly imprinted polymer technique has a great advantage 

as MIPs are highly stable and resistant to physical and chemical treatment, including heating, 

acids, bases and organic acids – these polymers are physicochemically stable at extreme pH 

and temperatures levels.111,112 , MIPs are also easy to synthetize and handle, and they have a 

low fabrication cost, high specificity, and excellent reproducibility. The application of MIPs 
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may face major limitations in certain fields, including heterogeneous binding, small binding 

capacity with the analyte, lower selectivity, and poor site accessibility. These factors appears 

as a result of total insertion of the template and binding site into the polymer matrix, which 

depends on the designed synthesis process. Surface imprinting onto a solid support and 

surface-imprinted core-shell particles can be used to reduce the drawbacks of these 

mechanisms, fabricating surface-imprinted materials which can effectively recognize 

template molecules. Situation of the imprinting sites at or near the polymer surface may also 

further improve recognition in these molecules.113–115   

 

 

Figure 1.8. Scheme of molecularly imprinted polymer preparation. (1). The polymerization 

of the resulting system produces a rigid structure bearing imprinted sites (2). Finally, removal 

of the template liberates cavities that canspecifically recognize and bind the target molecule 

(3). Reprinted with permission from Haupt et al. (2003), Copyright 2003 American Chemical 

Society 

 

The characteristics of MIPs mainly depend on the selected functional monomer as this 

defines the polymer matrix structure, its functionality and crosslinking process.116,117 The 

rigidity and flexibility of the supporting polymer is important in the process since the polymer 

structure enables the cavities to retain a specific shape after removing the template, giving 

more selectivity. Some flexibility is necessary to allow a fast binding and splitting of the 

template within the cavities. Other pivotal factors affecting the template are the ratio 

between the monomer and the guest molecule and the polymerisation temperature. In fact 

there are several methods to synthesize MIPs, including covalent, non-covalent and semi-

covalent approaches. 106 The covalent approach, involves the formation of covalent bonds 
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between the template and monomers before polymerization. After the polymerization step, 

the template is separated from the polymer by removing the covalent bonds, for then form 

new covalent bonds again upon rebinding of the analyte. The high stability of the interaction 

between the template and the monomer gives to the system a homogenous population of 

binding sites, and reduces the presence of non-specific sites.  However, the design of a 

template-monomer complex in which covalent bond formation and cleavage are readily 

reversible under mild conditions makes this approach somewhat restrictive. An intermediate 

option is the semi-covalent approach. In this  case,  the  template  is  also  covalently  bound  

to  a  functional  monomer,  but  the  template  rebinding  is  based  only  on non-covalent 

interactions. The non-covalent approach is based on the formation of relatively weak non-

covalent interactions (for example, hydrogen bonds or ionic interactions) between the 

template molecule and the selected monomer before polymerization. The non-covalent 

approach is probably the most used method for the preparation of MIPs.118 

1.2.1 Current trends in MIPs-based biosensing applications. 

Instead of a biomolecule (antibodies, enzyme, etc), MIPs can be used as a recognition 

element in biosensing. 119,120 Certain general properties of the analyte; as stability, solvents in 

which can be used, size, conductivity…etc, or changes in one or more physicochemical 

parameters of the system upon analyte binding can be smartly employed as a detection 

principle. Biomolecules; such as antibodies or enzymes, are widely employed in biosensing, 

environmental monitoring and food safety. However, this kind of molecules have some 

drawbacks, including their poor stability at high temperatures, pH or in the presence of 

organic solvents. MIPs represent an effective alternative to conventional biosensors as they 

are cheaper and easy to manipulate in comparison with enzymes or antibodies and depending 

on their size. MIPs can bear thousands or millions of binding sites, whereas biological 

receptors have a few binding sites.120 

Regarding the synthesis of MIPs as protein-recognizing agents,121 there are only few 

functional monomers; for example methacrylic acid , 2-(dimethylamino)-ethyl-methacrylate, 

N,N-dimethylaminopropyl-acrylamide and others,  reported in the synthesis of MIPs for 

proteins. If we compare this with the protein-based receptors this can be a drawback, because 

only a few monomers can be used to synthetize MIP for proteins. Regarding protein imprinted 
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MIPs in Figure 1. 9 we can see the evolution in this field comparing them with other MIPs, and 

how is increasing the use of this kind of receptors for proteins.  

Imprinting techniques for protein detection (see Figure1. 9 on this field is evolving in terms 

of publications) are challenging and are under active research.122,123. This kind of MIPs with a 

high specificity for proteins are a valuable tool in environmental analysis, sensors, diagnostics, 

proteomics and drug delivery and the biomedical field. 

 

Figure 1.9. Number of publications on protein-imprinted (circles) and all MIPs (triangles) 

until 2015. Reprinted with permission from Menger et al. (2016), Copyright 2016 MDPI 

 

Bulk imprinting of proteins or surface imprinting are probably the most important 

approaches for MIPs synthesis aiming at detecting proteins. The technique of bulk imprinting  

is well established in MIPs synthesis, 124,125 but this technique is designed for low molecular-

weight compounds, and their extrapolatation to the macromolecules imprinting process  

represents a challenge due to their mobility in the polymeric network. It is possible for 

macromolecule to be entrapped within the polymeric network, and due to the high size the 

removal or rebinding of the protein is impossible. But, nowadays bulk imprinted hydrogels  

with low density and bigger pores has been developed as MIPs precursor in protein detection 

126,127. On the other hand, surface imprinting represents a technique with greater advantages 

and promising results in MIPs production. The key-point to perform this process relies on 

controlling the binding site generation only onto the surface of the polymer, which can be 

easily accomplished using highly cross-linked polymer films. The resulting MIP presents an 

extremely thin layer that is comparable with the hydrodynamic radius of the protein, then 



30 
 

only half part of the cavities is filled and presents in the MIP and thus complete entrapment 

of the guest molecule is avoided. Consequently, these nanofilms have the potential of a 

successful removal and rebinding for a specific analyte.   

Literature reports two approaches related to surface imprinting, including top-down and 

bottom-up approaches (see Figure 1.10).128 In the top-down approach the target protein is 

attached onto a support or template, and then the analyte is removed to obtain a polymer 

layer over the surface. In the bottom-up approach, first of all the protein is immobilized onto 

the substrate in which the polymer is going to be deposited, then next steps occur in the same 

conditions as top down, adding the template and functional monomer to proceed with the 

polymerization.  

 

Figure 1.10. Surface imprinting approaches for the synthesis of MIPs films. A) Polymerization 

of a mixture of monomer/protein. B) Binding of the protein to a self-assembled anchor layer. 

Reprinted with permission from Menger et al. (2016), Copyright 2016 MDPI. 

 

MIPs preparation is also reaching new possibilities using techniques like 

photopolymerization,129. Comparing this technique with other conventional techniques, such 

as classic thermal polymerization, 130,131, photopolymerization has more versatility  as it can 

be much more easily controlled, it has softer conditions and is easy to manipulate.  

Regarding this new MIP tendency, photoinitiated atom-transfer radical polymerization 

(ATRP) has been limited thus far, because it has an incompatibility with acidic monomers, 

such as methacrylic acid, 132 and this is  still a great challenge. ATRP is widely used to obtain 
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MIP nano and microstructures, and there are developed work probed to be good synthesis 

even solving the problem with acidic monomers. For example the group of Hawker et al 133 

employed fac-[Ir(ppy)3] (ppy=2-phenylpyridine) as an photoredox catalyst ,maintaining and 

excellent control over the polymerization reaction  of methacrylates even in the presence of 

methacrylic acid in the media, solving with this the biggest drawback of this kind of reaction.  

Another work in which ATRP is employed was reported by Zeynep et al.134. The authors 

describe a new method to synthesize MIP nanomaterials using this procedure at room 

temperature. The method has a wide range of different monomers with diverse possibilities 

avoiding higher temperatures and giving the possibility to increase the stability of the 

template complex letting us obtain multiple composite forms (monoliths, nanoparticles, and 

surface-bound films). The possibility to obtain different MIPs with different shapes and forms 

gives a high variety of opportunities in sensing field. Thanks to this new method for MIPs 

production, it is possible to solve the problems regarding acidic monomers with softer 

conditions if we compare with traditional thermal polymerization. 

After the synthesis process, the last parameter to be considered is the imprinting factor 

(IF). This factor is the ratio of the signal between the MIP and the non-imprinted polymer 

(NIP) after the conjugation with the analyte present in the sample. IF reflects the ratio of 

specific binding of the MIP in comparison with the non-specific binding of the NIP, and is 

affected by the preparation method of the imprinted polymer. All in all, the conditions of the 

template removal mechanism are crucial in order to obtain a good imprinting factor in the 

MIP.  

The critical part in MIPs-based biosensng is the integration with the transducer, this part 

can be achieved by different ways; for instance, polymerization,135,136 spin coating,137 

electropolymerization,138 open sandwich MIP (using antibodies combined  with MIP 

technology), 139 and other procedures, with excellent results. The most MIP-based biosensing 

approaches are fluorimetry,140 conductometry,141 chromatography,142  or different 

electrochemical techniques.143 A common example found in literature can be glucose 

detection. Glucose is one of the most common analytes targeted with with MIPs. 144,145 These 

approaches can be performed with electropolymerization techniques for the imprinted 

material fabrication. Nowadays, modification of electrode surfaces seems to be a current 

trend in glucose detection based on MIPs. Capacitance, impedance, voltammetry or other 
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electrochemical tools are used to quantify the involved signal. Moreover, other innovative 

tools have been developed for glucose sensors, which are based on electrodeposition of 

molecularly imprinted polymeric micelles.146 

Regarding environmental applications, MIPs also represent a useful tool in prevention, 

extraction and detection of harmful compounds, such as pesticides. 147,148 The typical 

methods to detect pesticides are based on chromatography separation,149 gas 

chromatography,150 electron-capture detector,151 flame ionization detector,152 and mass 

spectrometry.153 These techniques reach low LODs with a high reproducibility, but require 

extensive purification, expensive equipment and trained staff. During the last few years, 

electrochemical sensors have been reported to be a user-friendly and miniaturized 

alternative for pesticides detection. Nevertheless, they normally use bio-receptors (aptamers, 

antibodies, enzymes), which can be instable, non-specific, and expensive. However, new and 

active fields devoted to biosensing are evolving and using MIPs for the development of 

specific, stable and low cost pesticide detection systems, for instance fenitrothiol,154 

organochlorine, 155 tributyltin[43] and heptachlor156 detection systems showing excellent 

results.  

Solid phase extraction represents one of the most common methods for pre-concentration 

and purification of pesticides contained in a complex matrix using MIPs. Binsalom et al. 

reported the synthesis of different MIPs for solid phase extraction of chlorpyrifos  using 

various pyrogens (such us acetonitrile, and toluene among others), a thermal polymerization,  

methacrylic  acid   as  monomer  and  ethylene  glycol  dimethacrylate   as  cross  linker.157 The 

preparation of the composite requires a couple of days, that in fact represents a normal 

synthesis time for MIPs, including purification step of the bulk material. They studied different 

solvents in different conditions in order to obtain optimized conditions for the solid phase 

extraction. Finally, they were able to confirm that MIP prepared with acetonitrile has the 

highest affinity to chlorpyrifos when tested in water, and in comparison, with MIPs made with 

other organic solvents. In this investigation, they test how the type of solvent used during 

polymerization step effects on the affinity of the polymers. Successful extraction and pre-

concentration of the pesticide in real samples of water were achieved by this team using MIP 

and acetonitrile as solvent. Finally, the MIP was tested with other pesticides and achieved 

good results in terms of selectivity, demonstrating that the developed MIP with the 
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appropriate solvent is a good candidate for solid phase extraction of this pesticide. This work 

developed by Binsalom et al. has an enormous potential in terms of selectivity and sensibility 

for a given analyte. 

 Organophosphorus pesticides are one of the most problematic and common compounds 

we can find in the environment. Zhu et al. have developed a method in which a MIP is used 

for organophosphorus detection in water and soil using solid phase extraction.158 The MIP 

used in this work is a conventional template obtained with the analyte, methacrylic acid and 

ethilenglycoldimethacrylate using azobisisobutyronitrile as radical initiator. They obtained 

interesting results in extraction of the analyte from water-based samples (77.5–99.1%) and 

soil (79.3–93.5%).  

Liu et al create a MIP combined with fluorescence properties and magnetic nanoparticles 

for detection of atrazine.159 Atrazine is an herbicide of the triazine class, after 2001, 160 was 

the most commonly detected pesticide contaminating in drinking water on the United States. 

Liu’s method for the detection of atrazine in tap water relies on the direct competition 

between atrazine and 5-(4,6-dichlorotriazinyl) using MIP technology to selective recognition 

of atrazine. The limit of detection (LOD) of atrazine determined in spiked tap water was 0.86 

µmol/L, this limit is within the range of contaminant of this type that can be present in 

drinking water. The method is user friendly and is easy to manipulate in terms of equipment 

and techniques.  

MIPs can be extrapolated to be used in other classical analytical methods, including high 

pressure liquid chromatography (HPLC). In fact, Bakas et al. developed a MIP for the detection 

of fenthion in olive oil using HPLC as detection system and they are able to achieve detection 

limits of 0,41 ng·g-1 . 161 If we compare the LOD obtained by Bakas et al. with other methods, 

for example, with square wave voltammetry it is possible to achieve until 78,8 ng·g-1, whereas 

gas chromatography achieves detection limits of 0.002 ng·g-1. Although the detection limit 

achieved by analytical methods such as gas chromatography are lower than those obtained 

with MIP technique, the usage of MIPs in HPLC decreases the cost and it becomes easy to 

handle given other advantageous points to considerer, as for example stability, can be used 

for different analyte size, and stronger to extreme conditions; as pH, temperature. 

 



34 
 

1.2.2 Nanomaterials and Molecularly Imprinted technology. 

Molecular imprinted nanomaterials are excellent candidates to fabricate sensing layers. 

There are two great advantages to considerer using this couple of materials, including high 

surface area and small size. In fact, precipitation, emulsion, free radical polymerization and 

core-shell approaches are the most common techniques for synthesizing MIPs at the 

nanoscale. 

If we move on to a practical example, it is worth mentioning that currently the fabrication 

of imprinted nanospheres can be achieved via precipitation polymerization. In fact, Wei et al. 

were are able to synthesize micro and nanospheres in a one-step reaction for the detection 

of 17β-estradiol (see Figure 1.11). Wei et al., controlled the size of the sphere (ranging from 

3µm to 400 nm) during the polymerization reaction, with different monomer concentration 

and temperature162. They also demonstrated the potential of the nanomaterial in HPLC 

separation and achieved sufficient molecular selectivity for the separation of optical isomers 

and analogue structures. Moreover, the developed imprinted microspheres demonstrated a 

better behavior compared to other conventional methods to prepare bulk polymers or 

microspheres, for instance they use the multi- step polymerization. The microspheres 

developed by Wei et al represent a perfect alternative for separation of estradiol, and can be 

extrapolated to other compounds.  

 

Figure 1.11. Scanning electron microscopy images, of micro (A) and nanospheres (B). 

Reprinted with permission from Wei et al. (2006), Copyright 2006 Elsevier 
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Other alternative to combine nanomaterials with MIPs is the surface imprinting technique, 

where it is possible to print the complex over surfaces such as screen printed electrodes,163 

plastics,164 or other biological/inorganic particles.165  

     Surface imprinting is also an emerging technology in chemical sciences, with applications 

in many different fields, ranging from medical diagnostic to environmental monitoring. The 

work developed by Cumbo et al. (see Figure 1.12) established a novel imprinted polymer by 

using a strategy starting from an artificial organic-inorganic nanoparticle material which 

possesses the virus imprinted on to the surface (silica nanoparticles), thus creating a virus 

imprinted polymer. 166 The developed MIP has an excellent selectivity through its recognition 

elements for icosahedral plant viruses. The MIP also has a sensitivity at the pM order and the 

possibility to export this technique to all the icosahedral viruses. 

 

Figure 1.12. Scheme of composite preparation imprinted over silica nanoparticles. Reprinted 

with permission from Cumbo et al. (2013), Copyright 2013 Nature Publishing Group 

 

All these examples show us how nanomaterials involved with MIPs technique represent a 

great advantage for many fields, thanks to its great sensibility and selectivity. Nowadays MIPs 

can be improved in so many aspects, regarding monomers, temperature, solvents…etc, and 

use more broadly with biological compounds to go one step further in detection, separation, 

etc. 
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1.2.3 Electrochemical sensing applications. 

Taking advantages of the previously discussed features, the usage of MIPs combined with 

electrochemistry can give excellent results in terms of detection limits. Furthermore, 

electrochemistry is a low cost technique and can be easily miniaturized.167–169 In fact, 

compounds representing a risk for human health such as pesticides, pollutants, food 

contaminants, proteins or different chemical compounds can also be detected using 

electrochemistry as a detection technique and MIPs as biomimetic receptors with excellent 

results. For instance, Lakshmi et al. reported the detection of catechol and dopamine using 

an electrochemical sensor based in a catalytic molecular imprinted polymer (see Figure 1.13). 

170 Combining a catalytic MIP with a conductive polymer they were able to solve the lack of a 

direct path for the conduction of electrons from active sites to the electrode. In the scheme 

of the preparation of this novel MIP, the monomer NPEDMA (N-phenylethylene diamine 

methacrylamide, used as the interface between the MIP catalyst and gold electrode, is 

electrochemically deposited onto the electrode surface. With this technique, the LOD 

obtained by this group was 228 nM of catechol, which is an impressive improvement if we 

compare this LOD with others obtained by different methods, generally in a range of µM.  

 

Figure 1.13. Schematic representation of Catalytic MIP-Hybrid Electrodes Imprinted with 

Catechol. Reprinted with permission from Lakshmi et al. (2009), Copyright 2009 American 

Chemical Society. 

The exposition by short/long term periods to explosive compounds has consequences in 

health, environment and security risk. Hence, there is also a need to measure and quantify 
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these compounds. Alizadeh et al. reported an electrochemical approach for the detection of 

2,4,6-trinitrotoluene.172 Common techniques for the detection of this molecule relies on the 

use of chemically modified electrodes (with moderate selectivity) or electrochemical 

immunosensors, but this kind of sensors have the problem of a high cost for antibodies and 

poor stability. As discussed above, in order to solve these drawbacks, MIPs are introduced 

instead of antibodies. The MIP developed by this group was formed onto a carbon paste 

electrode by conventional methods using methacrylic acid, ethylene glycol dimethacrylate 

and AIBN (azobisisobutyronitrile) as radical initiator to start the polymerization reaction.  

This method has a LOD of 0.3 ppb and compared with other approaches based on 

chemiluminescent immunoassays (with a LOD of 1 µg/mL, that is, 1000ppb) or wave fiber 

optic (with a LOD of 8 ppb), one can note the contribution of MIPs in biosensing.  

MIPs related to electrochemical methods can be applied for pesticide detection. There are 

different families inside pesticides, such us fungicides, herbicides, insecticides…. etc. Inside 

each type of the pesticide family, exist hundreds of different categories, one of the most 

common are organophosphorus, chlorinated or phenoxy groups. These three classes are 

present in a wide range of pesticides spectra and an environmental/health necessity to 

control this kind of compounds exists.  

Regarding chlorinated pesticides, one of the most common is dicloran. This molecule is 

used as fungicide, inhibiting the fungal spore germination. An exposition to dicloran can 

produce hyperpyrexia, liver damage and corneal opacities. One example for dicloran 

detection was developed by Khadem et al173. The MIP synthetized by this group is made of 

MAA, EGDMA and AIBN as radical initiator, mixing this with different parts of graphite and 

introducing it onto the surface of a carbon paste electrode and without any special 

pretreatment being directly measured by voltammetry technique. The detection limit 

obtained by this method was 4.8·10-10 mol·L-1. Comparing this LOD with other methods this 

represent an improvement in terms of selectivity and handling/cost effectiveness.  

There are many examples of organophosphorus detection using MIPs and 

electrochemistry. For example glyphosate detection, maybe the most used herbicide in the 

world; the group of  Huy Do et al 174developed a MIP with a high sensitivity for glyphosate, 

being able to quantify 0.8 pg/L even in real samples.  
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Methidathion, is another insecticide really common nowadays. This kind of compounds has 

the ability to inhibit the action of acetylcholinesterase, in consequence may result in 

respiratory malfunctions. Idriss Bakas et al175 developed an impedimetric sensor based on 

molecular imprinted polymer/sol-gel chemistry. They combine the MIP and sol-gel technique 

with screen printed carbon electrodes; an inexpensive, portable and disposable technology. 

The developed sensor of this group exhibits excellent analytical performances in terms of 

selectivity and sensibility and possess high stability.  

Continuing with organophosphorus compounds, diazinon pesticide is a non-synthetic 

organophosphate used as insecticide in agriculture. The problem with this pesticide is the 

inhibition of acetylcholinesterase and causes headache, dizziness, convulsion, delirium and 

depression.  Motaharian et al 176synthetize a conventional MIP using MAA and EGDMA and 

mixed with carbon paste electrodes. The experiment was performed by square wave 

voltammetry and tested in real samples as well water and apple fruit. The sensor presented 

by Motaharian et al has long term stability, easy preparation and electrode regeneration 

providing rapid and economical method to measure.  

The last example of organophosphorus we are going to present is methyl parathion.  This 

pesticide is widely used in agriculture production, and has a high toxicity, and the regulations 

for maximum amount of this compound are 0,1 mg/kg in the case of China. The group of  

Lijuan Zhao et al 177develop a composite of graphene/ MIP in coated electrode for 

electrochemical detection. The glassy carbon electrode combines advantages of MIP, ionic 

liquid and graphene oxide. The composite was tested in two ways, cyclic voltammograms (CV) 

and differential pulse voltammograms (DPV) exhibiting excellent reproducibility, sensibility 

and high stability, in buffer and in real samples, and for the last one they tested cabbage and 

apple peel and the recovery obtained for each one is acceptable. 

 1.2.4 Optical applications of molecularly imprinted polymers. 

Optical techniques involving MIPs-based sensors are scarcely explored. However, they 

also have some important advantages, such as cost-effectiveness, they are fast and do not 

necessarily need well-trained staff, while they can also be easily converted in portable 

devices.  
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Zhor et al. designed a composite material incorporating nanomaterials such as graphene 

quantum dots embedded in a MIP matrix coating magnetic silica beads (see Figure 1.14). 178. 

The composite was created to detect tributyltin, which is a hazardous antifouling compound 

(see Figure 1.14).  

The sensing principle of this analytical approach is based on energy transfer. Tributyltin, 

an organometallic compound, quenches the photoluminescence of the graphene quantum dots, 

upon binding on the MIP, thus obtaining an off state in the presence of the analyte and an on 

state in absence of the target. Based on this, high concentrations of the analyte present a lower 

photoluminescent intensity, whereas low concentrations of the analyte yield a weak quenching 

phenomenon. The composite was also tested in real sample analysis, including seawater with 

good recovery (between 92-114%) and without any sample pretreatment process. With the aim 

to investigate the specificity and selectivity, the analytical system was tested using possible 

interferences, including monobutyltin and dibutyltin, observing that the composite offers 

excellent selectivity. This approach achieved a LOD of 12.78 ppb in water and 42.56 ppb in 

seawater. This is also an excellent example of how the integration of (optically active) 

nanomaterials and MIPs into biosensing technology leads to outstanding analytical approaches. 

Figure 1.14. Schematic representation of the mSGP composite and its sensing mechanism. 

      MIPs can be used as substitutive for antibodies or enzymes in ELISA measurements, as 

an example of this idea is the work developed by Piletsky et al 179 for detection of atrazine in 
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which they perform an oxidative  polymerization,  in  the  presence  of  template; monomers:  

3-aminophenylboronic  acid  (APBA),  3-thiopheneboronic  acid  (TBA)  and  aniline  were  

polymerized  in  water  and  the polymers  were  grafted  onto  the  polystyrene  surface  of  

the  microplates. With this system they use the MIP grafted on to microplate to perform 

fluorescence measurements, the idea is that the atrazine binding  was  measured  using  a  

competitive reaction  between fluorescent  triazine  derivative  5-(4,6-dichlorotriazinyl)amino 

fluorescein (FT) conjugate and  free analyte. The LOD of this developed system was 0.7 µM, 

this limit of detection not represents and improvement in this field, but is possible to say that 

is a beginning of a really promising technique.  

It is possible to say that the use of MIPs with optical techniques, as it could be the 

fluorescence, is not very exploited, however combining these two techniques can obtain very 

interesting results, being a technique of future. 

1.4. Conclusions  

This chapter gives a brief overview of the usage of nanomaterials combined with different 

receptors with interest in building sensors and biosensors. Two important receptors, 

antibodies and MIPs, and their connection with some interesting nanomaterials are 

discussed.  The synergy between nanomaterials and mentioned receptors is clearly shown in 

the improvement of different existing detection systems in terms of reproducibility, 

selectivity and sensibility in addition of the design of brand new detection systems with 

certain advantages.  

 In the chapter are described two main technologies that have been already combining 

nanomaterials and receptors, lateral flow immunoassay and molecular imprinting polymers. 

LFA is an excellent biosensing technology to be used as a point of care device. It represents a 

cost efficient platform as it is related to a rather cheap technology, quick assay in addition of 

being robust enough and doesn’t need washing steps. In parallel MIPs has one important 

advantage compared to antibodies or enzymes, because these non-biological receptors are 

cheaper in comparison to antibodies, stable and robust.   

The developed LFA and MIPs-based detection systems are applied in different areas that 

include health and environment diagnostics as well as safety and security. Although results in 

the lab are satisfactory further efforts must be shown in the integration of all the sensing 
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components so as to achieve compact and easy to use devices. Issues related to sensors 

reproducibility are strongly related to nanometrology affecting nanomaterials in addition to 

biometrology that control the quality of receptors. All these aspects are critical for further 

industrialization/mass production of these devices.   
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The main objective of this PhD thesis is the development of innovative electrochemical and 

optical sensing platforms through the use of nanoparticles (Fe3O4 NPs and quantum dots, 

QDs) and 2D materials (graphene oxide, GO) connected to non-biological and biological 

receptors with interest for diagnostics applications.  

More in details the objectives of this thesis can be summarized as following:  

 Synthesis and characterization of magnetic nanoparticles to be used as template 

for molecularly imprinted polymers (MIPs) production. 

 Fabrication and study of two different MIPs specific for tributyltin and sulfonamide.   

 Implementation of tributyltin and the sulfonamide electrochemical sensors using 

the corresponding MIPs and electrochemical impedance spectroscopy (EIS) as a 

transduction method. 

 Study and evaluation of the analytical performance of tributyltin and the 

sulfonamide electrochemical sensors in terms of reproducibility, range of response, 

selectivity, and sensitivity including their applicability in real samples.  

 Development of an innovative lateral flow immunoassay (LFA) based on the use of 

QDs, GO and photoluminescence measurements for protein detection. 

 Optimization and evaluation of the developed LFA in a complex matrix including a 

human serum  

 

 

 

 

 

 

 

 

 



55 
 

CHAPTER 3 
 

 

 

 

 

 

 

 

 

 

Development of a molecularly imprinted 

polymer decorated with magnetite nanoparticles 

for selective sulfonamide detection. 
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3.1 Introduction  

Since the mid-twentieth century, sulfonamides have been extensively exploited as 

antimicrobial agents in humans and animals.1–3 On the one hand, it is well-known that the use 

of antibiotics leads to antimicrobial resistance, which is an international serious concern.4 On 

the one hand, sulfonamides have been reported not only to elicit dermatological eruptions,5 

but also to be potentially carcinogenic among other health consequences.2,3 On the other 

hand, medical treatments, livestock and aquaculture operations of an exponentially growing 

human population have a great demand for sulfonamides compounds, which may reach the 

environment through wastewater from pharmaceutical or food chains involving human and 

animal waste. In fact, it is estimated that every year more than 20 thousand tons of 

sulfonamides reach the global environment.1 Therefore, as a potential health threat, highly 

sensitive monitoring of sulfonamide residues is relevant to enforce food safety and 

environmental quality. 

Dmitrienko et al. have recently performed a broad study on the recent trends towards 

sulfonamides detection.1 Sulfonamide residues are generally screened using time-consuming 

but highly sensitive, robust and reliable methods involving complex apparatus operated by 

skilled personnel; for instance, liquid chromatography,6,7 mass spectrometry8,9or capillary 

electrophoresis.10,11 Consequently, alternative antibiotic residues screening methods such as 

immunoassays and biosensing platforms are rising considerably.3 These alternatives are 

leading to a promising analytical performance in terms of sensitivity; for example, they bear 

limits of detection of up to 5 x 10-2 ppb.1 However, they have not been reported to be as 

sensitive and have limits of detection as those achieved by solid-phase extraction working in 

synergy with liquid chromatography/mass spectrometry, which has been reported to be up to 

9 x 10-5 ppb.1  

Biosensing technology incorporates biorecognition elements integrated with a transducing 

system that leads to a specific signal upon analyte recognition. The signal can be optical, 

electrochemical or mechanical among others; whereas enzymes, antibodies, oligonucleotides 

or other biomolecules can be exploited as biorecognition elements. However, biosensing 

technology is also taking advantage of biomimetic recognition elements such as molecularly 

imprinted polymers (MIPs),12,13 for example when biorecongition elements targeting small 

molecules are technically difficult to obtain.14 MIPs are synthetic polymers typically obtained 



57 
 

by copolymerization of a monomer with a cross-linker in the presence of a template 

molecule.15 The shape, size, and functionalities of MIPs are complementary to the target 

analyte, which is used as template molecule. Consequently, they can selectively recognize and 

bind specific target molecules through non-covalent strength interactions between the host 

matrix and the guest molecule, including Van der Waals force, hydrogen bonding, electrostatic 

features, hydrophobic phenomena and metal-ion coordination.16 

 

 

Figure 3.1.  Schematic representation of the proposed nano-enabled sensing system. 

The proposed system operates via electrochemical impedance spectroscopy. Abbreviations: 

Rs is the electrolyte resistance, Cdl is the interface capacitance, Rct is the charge (electron) 

transfer resistance and Zw is the Warburg impedance. 

 

Herein, a composite material based on molecularly imprinted polymer (MIP) and Fe3O4 

superparamagnetic nanoparticles (MNPs) that is designed to specifically detect 

sulfamethoxazole17–21 (SMX) with extraordinary sensitivity is reported. Scanning electron 
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microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron 

spectroscopy (XPS) and Fourier transform infrared spectroscopy (FT-IR) have been utilized to 

characterize the proposed hybrid material. The superparamagnetic properties of the 

composite are utilized to pre-concentrate, separate and manipulate the analyte which is 

selectively captured by the MIP onto the surface of the composite. On the other hand, 

disposable screen printed electrodes, have been used to monitor the impedance levels of the 

whole material, which is related to the amount of the captured analyte via electrochemical 

impedance spectroscopy, facilitating a simple and label-free sensing platform (see Figure 3.1). 

3.2 Experimental section. 

3.2.1 Reagents and materials 

Sulfamethoxazole, sulfadiazine,sulfacetamide, dimethyl sulfoxide, acetic acid, methacrylic 

acid, iron chloride (II), iron chloride (III), ammonium hydroxide, polyvinylpyrrolidone, oleic 

acid, 2,5-Bis(tertbutylperoxy)-2,5dimethylhexane, potassium hexacyanoferrate (II) and 

potassium hexacyanoferrate (III) were purchased from Sigma-Aldrich (Madrid, Spain). 

Methanol was purchased from Labbox (Vilassar de Dalt, Barcelona, Spain). Stock solutions of 

sulfamethoxazole, sulfadiazine and sulfacetamide were prepared in methanol/water (1:1, 

v/v). Seawater samples were extracted from Poblenou Beach (Barcelona, Spain). Seawater 

samples were filtered using filter paper and then a nitrocellulose membrane (0.025 μm, 

Millipore, Billerica, Massachusetts, USA). TEM analysis was performed using a FEI TECNAI G2 

F20 (Hillsboro, Oregon, USA). XPS analysis was carried out with a Phoibos 150 analyzer (SPECS 

GmbH, Berlin, Germany) in ultrahigh vacuum conditions (1 × 10−10 mbar) with a 

monochromatic aluminum K-alpha (Kα) X-ray source (1486.74 eV). The energy resolution (0.58 

eV) was measured by the full width at half-maximum intensity of the Ag 3d5/2 peak for a 

sputtered silver foil. SEM analysis was performed using a FEI Magellan (Hillsboro, Oregon, 

USA) and FT-IR analysis was carried out by IR-ATR (attenuated total reflectance) for direct 

measuring, model IR Tensor 27 (Bruker, Billerica, Massachusetts, USA). A computer-controlled 

Autolab PGSTAT-12 (302N-High performance) (potentiostat/galvanostat) with a general 

purpose electrochemical impedance software operating system (Frequency Response 

Analysers, FRA, v.4.9.006, Solartron Metrology, Leicester, England) was used for impedance 

measurements. BET (Brunauer−Emmett− Teller) measurements were performed with an 
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ASAP-2000 instrument from Micromeritics and were carried out for N2 relative vapor pressure 

of 0.05−0.3 at 77 K. 

     3.2.2 Screen printed carbon electrodes (SPCE).  

The SPEs consist of a single plastic strip containing three electrodes: working, reference 

and counter electrode. They were produced by screen-printed technology using a screen-

printed machine (DEK 248). Masks galvanized steel frames (580 x 580 x 35 x 25 mm) with 

4xM6, photolithograph masks, polyester substrate and thermostatic oven were also utilized. 

Three different inks were used: graphite ink for the working and counter electrode, 

silver/silver chloride for the reference electrode layer and finally an insulating layer to define 

the working electrode area and avoid the undesirable contacts of the liquid with the internal 

connections. The fabrication procedure involves three printing process. In the first process, 

the graphite layer was printed onto a polyester sheet by using the first stencil and the graphite 

ink. After this, the ink was cured at 60 °C for 15 minutes. The silver ink layer was printed and 

cured at the same conditions, to be used as the reference electrode. Then, an insulating ink 

printing process was carried out. After this step the SPEs were stored in dry environment prior 

to be used. It is noteworthy that the graphite ink, is a conductive screen printable ink 

containing carbon nanoparticles dispersed in a thermoplastic resin. 

3.2.3 Synthesis of magnetite nanoparticles. 

Magnetite nanoparticles were prepared by co-precipitation method,22–25 mixing 0.05 mol 

of FeCl3· 6H20 and 0.025 mol FeCl2·4H20 in 250 mL of ultrapure water, using a 500 mL three 

neck flask. The mixture was stirred under nitrogen atmosphere and heated until 80oC, and 

then 20 mL of NH4OH from the stock solution, was added (drop by drop). The reaction 

remained under reflux for 40 min and was cooled down at room temperature. The black 

product was separated and washed with ultrapure water three times. Lastly, the product was 

dried under vacuum at 45oC. In order to evaluate the influence of the nanoparticles size on 

the sensing properties of MIPs, bigger magnetite nanoparticles were also synthesized 

following the same experimental conditions, but changing the molar ratio between Fe2+/Fe3+ 

from 1:2 to 1:0.25.26,27  

3.2.4 Synthesis of molecularly imprinted polymer-decorated magnetite nanoparticles. 

To synthesize the MIP-decorated MNPs for SMX detection, two solutions were prepared. 

Firstly, 1 mL of sulfametoxazole (10 mmol) was solubilized with 10 mL of DMSO and 4 mmol 
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of methacrylic acid (MAA) and the solution was stirred for 30 min. Fe3O4 MNPs were mixed 

with 1 mL of oleic acid and 10 mmol of pyrrole (Py). Secondly, the solution made of DMSO, 

MAA and SMX was added to the Fe3O4 MNPs/Py solution and immersed in an ultrasound bath 

for 30 min. Under nitrogen atmosphere, 150 mL of DMSO/water (9:1, v/v), 1g of PVP 

(polyvinylpyrrolidone), the Fe3O4 MNPS/Py/SMX solution and 0.3 mmol of radical initiator 

(2,5-Bis(tertbutylperoxy)-2,5 dimethylhexane) were added in a two neck flask. The mixture 

was allowed to react for 24 h at 60oC. The final product was separated and washed with a 

mixture of methanol/acetic acid (4:1, v/v) and purified using a Soxhlet extractor with 

methanol/water (1:1, v/v), and dried under vacuum. The non-imprinted polymer (NIP) was 

synthesized using the same method in the absence of the analyte (SMX). 

3.2.5 Binding experiments. 

A range of different concentrations of SMX, starting from 1x10-2 mol L-1 until 1x10-10 mol L-

1 was prepared in a mixture of methanol and water (1:1, v/v), and then 20 mg of MIP-

decorated Fe3O4 MNPs was added into each sample. The solutions were incubated for 2 hours 

at 700 rpm. After that, three successive centrifugation processes were made during 5 min at 

10000 rpm, removing the supernatant and replacing the solvent with new methanol/water 

solution. The final solution was reconstituted in ultrapure water. Seawater samples were 

collected from Barcelona Mediterranean Sea (Poblenou Beach) and treated through filtration 

to remove potential interfering species contained within the original matrix. Various seawater 

sample solutions containing SMX with concentrations from 1x10-2 to 1x10-10 mol L-1 were 

prepared by spiking method. Then, 0.5 mL of extraction media (methanol/acetic acid 1:1, v/v) 

was added in each sample in order to extract interfering compounds presents in the matrix of 

the sample, and incubated for 10 min at 650 rpm. In each pre-treated sample to be analyzed, 

20 mg of MIP-decorated Fe3O4 MNPs was added, and then 2-hour incubation was performed 

at 25oC and 700 rpm. Finally, in order to remove the template, a centrifugation step was done. 

Three successive centrifugations were carried out, each one during 5 min at 10000 rpm, 

removing the supernatant and replacing for methanol/water solution. The final solution was 

reconstituted in 2 mL ultrapure water. The electroanalytical performance of the proposed 

sensing system was investigated using electrochemical impedance spectroscopy (EIS). The 

measurements were performed using home-made screen printed carbon electrodes (SPCE) 

and 1 mmol L-1 [Fe(CN)6]3-/4- with 0.1 mol L-1 KCl as redox probe. MIP-decorated MNPs were 
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fixed over the working electrode using a magnet underneath the SPCE to perform impedance 

measurements. The resulting data was fitted in a regular Randles circuit to extract the value 

of charge transfer resistance (Rct) using FRA (v.4.9.006) software. 

3.3 Results and discussion.  

3.3.1 Characterization of Fe3O4 MNPs and MIP-decorated Fe3O4 MNPs. 

Fe3O4 MNPs and MIP-decorated Fe3O4 MNPs were first characterized by TEM. As shown in 

Figure 3.2A, the magnetite nanoparticles have a sphere-like shape and an average size of 11 ± 

2 nm (Figure 3.3A). After being coated with the MIP, due to the polymerization process, the 

resulted MIP-decorated Fe3O4 MNPs were observed to be arranged in clusters with an average 

diameter of 30-50 nm (Figure 3.2B and Figure 3.3B), suggesting that the MIP was successfully 

deposited onto the surface of the nanoparticles.   

Figure 3.2. TEM images of (A) Fe3O4 MNPs and (B) MIP-decorated Fe3O4 MNPs. 

 

Figure 3.3. Sizes distributions of (A) Fe3O4 MNPs and (B) MIP-decorated Fe3O4 MNPs. 
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Aiming at confirming the composition of the synthetized materials, XPS analysis was 

performed. The spectrum presented in Figure 3.4A shows two peaks at 711 and 725 eV 

corresponding to Fe2p3/2 and Fe2p1/2. The Fe2p doublet peaks involve the presence of typical 

magnetite Fe–O bonds, confirming the formation of the magnetite. The spectra of the MIP-

decorated Fe3O4 MNPs (Figure 3.4B) do not display the iron signals; this is probable due to the 

fact that the polymeric layer surrounding the magnetite exceeds the maximum depth that XPS 

can analyze (around 20 nm).  Knowing that, it is possible to see on Figure 3B the signal for C1s 

at 277 eV, corresponding to C-C signal, and another smaller peak at 281eV, related to the C-

O-C bond from the different compounds used in the synthesis process. The peaks at 525 eV 

and 392 eV are ascribed to O1s and N1s, respectively. 

FT-IR experiments were also carried out to investigate the formation of MIP-decorated 

Fe3O4 MNPs. Figure 3.4C shows the FT-IR spectra of Fe3O4 MNPs (black line) and MIP-

decorated Fe3O4 MNPs (red line). Fe3O4 MNPs display a main absorption band at 539 cm−1 

assigned to Fe−O stretching. Regarding the spectra of MIP-decorated Fe3O4 MNPs, it is possible 

to observe a broad band centered at 3300 cm-1 ascribed to the stretching vibration of −OH 

and–NH groups from the methanol. The peaks at 1636 cm-1 and 949 cm-1 are related to C=C 

from the pyrrole aromatic ring. The multiple peaks from 1457 to 1320 belong to the pyrrole 

backbone ring. The peak at 3400 cm-1 corresponds to N-H, the peak 1248 cm-1 corresponds to 

C-N, and the peak at 1145 cm-1 is ascribed to S=O bonds, these groups belongs to 

sulfamethoxazole. These results confirm that the MIP was successfully imprinted on the 

surface of the Fe3O4 MNPs. 
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Figure 3.4. X-ray photoelectron spectroscopy, (A) Fe3O4 MNPs, (B) MIP-decorated Fe3O4 

MNPs and (C) FTIR spectra of Fe3O4 MNPs (black line) and MIP-decorated Fe3O4 MNPs (red 

line). 
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3.3.2 Electrochemical impedance responses of the MIP-decorated Fe3O4 MNPs toward 

SMX.  

Electrochemical impedance spectroscopy (EIS) is an effective tool to analyze changes that 

take place at an interface during a recognition event.28 In brief, EIS measurements can be 

performed in two ways: Faradaic EIS and non-Faradaic method. Faradaic impedance 

measurements were usually carried out by using a reversible redox probe while non-Faradaic 

impedance measurements are done without using any redox probe.29 Both Faradic 30,31 and 

non-Faradic 32,33 impedance spectroscopy have been applied for the studies of the recognition 

events involved in MIP.  The typical impedance data are presented in the form of the Nyquist 

plot and relies on a semicircular region at higher frequencies corresponding to the interfacial 

charge-transfer process and a linear part at lower frequency range representing the diffusion 

process. The semicircle diameter in the Nyquist plot corresponds to the charge transfer 

resistance (Rct), which reflects the electron-transfer kinetics of the redox probe at the 

electrode surface.29 EIS measurements were performed through SPCEs in a 1 mmol L-1 

[Fe(CN)6]3-/4- solution containing 0.1 mol L−1 KCl using a potential of 0.24 V over the frequency 

range from 0.1 Hz to 100 kHz and a voltage amplitude of 50 mV. Comprising MIP-decorated 

Fe3O4 MNPs was carried out in ultrapure water in the absence and presence of different 

concentrations of SMX (from 1 x 10-2 mol L-1 to 1 x 10-10 mol L-1) in the frequency range from 

0.1 Hz to 100 kHz (Figure 3.5). The obtained results were analyzed using a Randles equivalent 

circuit (see Figure 3.4 inset i), where: Rs is the electrolyte resistance, Cdl is the interface 

capacitance, Rct is the charge (electron) transfer resistance and Zw is the Warburg impedance. 

Different Rct values were obtained for each SMX concentration. The Rct of the electrode in the 

absence of SMX is 68 Ω; this relatively small Rct value can be attributed to the free electron 

transfer from the electrode surface to the solution.30 The Rct value increases due to the 

presence of the analyte, as the SMX molecule present in the solution gets bound via the 

recognition sites or cavities of the MIP. The magnitude of the change in Rct increases as a 

function of SMX concentration in a logarithmic way in a wide range between 1 x 10-2 mol L-1 

to 1 x 10-10 mol L-1, as displayed in the inset. The linear regression equation was adjusted to 

Rct (kΩ) = 0.01 log [SMX] (mol L-1) + 0.31 (R2 = 0.98), with an estimated detection limit of 1 x 

10-12 mol L−1 (2.8 x 10-4 ppb), calculated as the concentration of SMX corresponding to the 3 

times “S/N” ratio, where “S” is the standard deviation of the blank impedance signal (three 
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replicates) and “N” is the slope of the related calibration curve. This sensing platform offers 

an advantageous performance in terms of limit of detection when compared to other 

methods for SMX determination (see Table 3.1).  

 

Figure 3.5. Nyquist plots of EIS of MIP-decorated Fe3O4 MNP-modified SPCE electrode in 

the presence of different SMX concentrations. EIS measurements were performed in a 1 

mmol L-1 [Fe(CN)6]3-/4- containing 0.1 mol L−1 KCl at a potential of 0.24 V over the frequency 

range from 0.1 Hz to 100 kHz, using a voltage amplitude of 50 mV. The insets are related to: 

(i) the Randles equivalent circuit model for the impedance data and (ii) the calibration curve 

obtained by plotting the Rct values vs log of SMX concentration in the range of 1 x 10-2 mol L-

1 to 1 x 10-10 mol L-1. 
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 Table 3.1. Comparison of Composition, Detection Limit and Linear Range of Different 

Modified Electrodes for Determination of SMX.  

 

 

 

 

 

 

 

 

 

The electrode reproducibility and stability were also investigated by impedimetric 

responses of sample solutions containing 10-6 mol L-1 SMX. The relative standard deviations 

(RSDs) of the same sensor for five successive measurements were found to be 3.6% and for 

three different electrodes it was 6.8%. These results confirm the electrode reproducibility. The 

imprinted sensor also exhibited satisfactory stability. In fact, the results show that after 3 

weeks 82% of the initial response was preserved. 

3.3.3 Characterization of the NIP-composite and selectivity studies. 

To confirm the specificity of the MIP-decorated Fe3O4 MNPs, its performance was 

compared with the performance of a non-imprinted polymer (NIP)-composite.31–33 Figure 

3.6A shows the Rct values obtained for both materials in the absence and presence of 1 x 10-2 

mol L-1 SMX. The difference observed on Rct values for the imprinted sensor (160 Ω) and non-

imprinted sensor (110 Ω) is related to the imprinted cavities presented on the MIP-composite, 

which facilitate the diffusion of the  [Fe(CN)6]3-/4- probes into the electrode surface, decreasing 

the charge  transfer resistance.34 Analyzing the Rct values corresponding to the sample 

containing SMX, the MIP-composite shows a value that is 3 times higher than the blank, 

whereas the NIP-composite displays a value that is 1.4 times higher than the blank. These 

large separation factors suggest that the MIP-composite possesses a high specificity towards 

SMX when compared with the NIP-composite behavior.  

Method Detection 
Limit 

Linear range Reference 

MMIP (Fe3O4) 1.5 ng g-1 1.5 - 4.3 ng g-1 17 

MIP-OPPya 3.59 x 10-

4 mM 
25 x 10-3 - 0.75 

mM 
18 

MIP-EDMAb 3.0 x 10−7 
mol L−1 

3.0 x 10−7 - 4.0 
x 10−4 mol L−1 

19 

Broad specific 
immunoassay 

65.2 µg L-1 
0.2 - 65.2 µg L-

1 
20 

LC-MS 5–10 ng g-1 50 - 200 ppb 21 

MIP-decorated 
Fe3O4 MNPs 

1 x 10-12 mol 
L−1 

1 x 10-2 - 1 x 
10-10 mol L-1 

This work 

a OPPy - Overoxydized 

polypyrrole. 

b EDMA - Ethylene 

glycol dimethacrylat 
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Interferences of other sulfonamides were also studied aiming at exploring the selectivity 

of the sensing system based on the proposed MIP-decorated Fe3O4 MNPs. In particular, the 

performance of the sensing system was evaluated in the presence of two kinds of structurally 

similar sulfonamides such as sulfadiazine (SDZ) and sulfacetamide (SCT). In a typical 

experiment, the electrochemical impedance of the electrode modified with the composite 

was measured in the presence of 1x10-8 mol L-1 of each analyte. As shown in Figure 3.6B, the 

Rct values obtained for SDZ and SCT show practically no difference between them and the 

blank. These results suggest that the sensor exhibits good selectivity, which is attributed to 

the specificity of the MIP toward SMX. 

Figure 3.6. Rct values obtained for (A) imprinted (MIP) and non-imprinted (NIP) sensor 

and (B) the MIP-decorated Fe3O4 MNPs in the presence of SMX, SDZ and SCT. Results 

obtained from the EIS measurements performed in a 1 mmol L-1 [Fe(CN)6]3-/4- containing 

0.1 mol L−1 KCl at a potential of 0.24 V over the frequency range from 0.1 Hz to 100 kHz, 

using a voltage amplitude of 50  
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3.3.4 Real sample measurements.  

In order to evaluate the applicability of the proposed sensor in real environmental samples, 

determination of SMX was carried out in spiked seawater samples. Prior to the analysis, the 

samples were mixed with extraction media (see experimental description) in order to 

minimize matrix complexity and spike the samples with different SMX concentrations. It was 

observed from the EIS data (Figure 3.7) that the Rct value increased on spiking with SMX. 

Hence, from the Rct values obtained for three different SMX concentrations (10-4, 10-6 and 10-

8 mol L-1), recovery was calculated and the results obtained are given in Table 3.2. The 

recoveries of the samples are 87 - 106 % with the RSD in the range of 1.2 - 4.5 %, which 

indicates that the developed assay can be performed for the accurate determination of SMX 

in real samples analysis. 

 

Figure 3.7. Rct values obtained for MIP-decorated Fe3O4 MNPs in seawater in the absence 

and presence of different spiked SMX concentrations. Results obtained from the EIS 

measurements performed in a 1 mmol L-1 [Fe(CN)6]3-/4- containing 0.1 mol L−1 KCl at a 

potential of 0.24 V over the frequency range from 0.1 Hz to 100 kHz, using a voltage 

amplitude of 50 mV. 
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Table 3.2. Determination of SMX in seawater. 

 

3.3.5 Fe3O4 MNPs size effect study. 

MIP-composite was also synthesized using bigger magnetite nanoparticles. The new 

magnetite nanoparticles were characterized using TEM, which shows the formation of 

nanoparticles with diameter around 27 nm (Figure 3.8A). 

Figure 3.8. (A) TEM image and (B) size distribution of 27nm-Fe3O4 MNPs. (C) Calibration 

curve obtained by plotting the Rct values vs log of SMX concentration in the range of 1 x 10-2  

mol L-1 to 1 x 10-10 mol L-1 for the MIP-composite based on particles of an average diameter 

of 27 nm. 

SMX Spiked (mol L-1) Rct (kΩ) Recovery (%) RSD (%) 

10-4 0.233 92 1.2 

10-6 0.174 87 4.5 

10-8 0.115 106 2.3 
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 Binding experiments for the new MIP was carried out following the same procedure. From 

the EIS data obtained for the composite containing Fe3O4 MNPs of 27 nm, a new calibration 

curve was constructed (Figure 3.8B) and a new limit of detection was also determined (S/N = 

3). The LOD for the new MIP-composite shows a different performance when compared with 

that of the original one, obtaining 5 x 10-12 mol L−1 (1.4 x 10-3 ppb), being 5 times higher than 

that obtained with the composite based on particles of an average diameter of 11 nm (1 x 10-

12 mol L-1). 

Since the new-proposed sensing system was found to offer a different performance in 

terms of limit of detection by changing the size of the particles embedded in the composite, 

the specific surface area of both composites was explored via Brunauer-Emmett-Teller (BET) 

technique in order to verify the influence of this parameter in the limit of detection of the 

developed sensing system. Hence, the limit of detection of the proposed sensing system 

using the MIP-decorated Fe3O4 MNPs containing two different sizes of particles, 11 and 27 

nm respectively, was systematically studied in parallel with the BET analysis. The composite 

decorated with 27 nm Fe3O4 NPs showed a surface area of 64 m2g−1, whereas the composite 

of 11 nm displayed a larger surface area of 184 m2g−1 due to the smaller size of MNPs. From 

this data, it can be concluded that smaller nanoparticles can improve the surface area, 

increasing the number of the recognition sites for SMX which improves the electrochemical 

response of the sensing system. Table 3.3 summarizes the obtained results. 

 

Table 3.3. The influence of the specific surface area on the limit of detection of the proposed 
sensing system. 

 

Particle size 
(nm) 

LOD  

(mol L-1)a 

SSA  

(m2 g-1)b 

11 1 x 10-12 64 

27 5 x 10-12 184 

a. Limit of detection (S/N = 3), b. Specific surface area 
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3.4 Conclusions. 

A selective, specific and highly sensitive composite-based sensing system has been 

engineered aiming at detecting the potentially hazardous chemotherapeutic agent SMX in a 

label-free fashion via electrochemical impedance spectroscopy. The proposed sensing system 

(i) bears selectivity and specificity, due to its biomimetic receptor; (ii) facilitates pre-

concentration, separation and manipulation of the analyte, due to its magnetic properties; 

(iii) showing a high surface area (184 m2 g−1), this composite-based sensing system exhibits a 

high sensitivity (LOD around 1 x 10-12 mol L-1 ≈ 2.8 x 10-4 ppb), which is comparable with that 

of sulfonamides monitoring using liquid chromatography/mass spectrometry. Moreover, this 

sensing system has been proved to be useful in seawater monitoring, where sulfonamides 

content is minimum compared to other environmental samples and may be extended to other 

compounds by changing the MIP. 
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4.1 Introduction  

    For decades, the pesticide tributyltin (TBT) has been an important additive in antifoulant 

paints to prevent the growth of marine organisms on the hulls of large ships. Eventually, this 

highly toxic pesticide leaks in the aquatic environment causing immuno-suppression and 

imposex in snails and bivalves, inhibiting the growth of several marine organisms, and 

inducing immunotoxic, hepatotoxic, and neurotoxic effects in fish and mammals, with 

potential effects even for humans 1–3. 

    Nowadays, the typical methods to detect pesticides, including TBT, are chromatography 

separation 4–6, gas chromatography 7–9, electron-capture detector 10, flame ionization 

detector and mass spectrometry 11. These techniques reach low limits of detections (LOD) and 

have high reproducibility, but require extensive purification, expensive equipment and 

trained users 12. During the past few years, electrochemical sensors showed to be a user-

friendly and miniaturized alternative for pesticides detection.13 Nevertheless, they normally 

use bio-receptors (aptamers, antibodies, enzymes) 13–15, which can be instable, non-specific, 

and expensive. Recently, our group and others used molecular imprinting polymers (MIPs) for 

the development of specific methods for the detection of different kinds of molecules such 

as fenitrothiol, organochlorine, and heptachlor 14–16.  

   Here a new sensing platform for the detection of TBT based on MIP technology is presented. 

Our system is based on the use of screen printing electrodes in conjunction with MIP-Fe3O4 

nanoparticles (NPs) composite 15–17 as a specific receptor for TBT. Thanks to the use of 

electrochemical impedance spectroscopy, TBT was detected qualitatively in fresh and sea 

water (see scheme in Figure 4.1A) 14,16–18.  
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Figure 4.1. Schematic representation of the proposed TBT sensor (A). TEM images of 

Fe3O4NPs (B) and MIP-Fe3O4NPs (C). Scale bar: 20 nm. 

 

4.2 Experimental section. 

4.2.1 Reagents and materials 

Tributyltin hydride, (3-Aminopropyl) trimethoxysilane, acryloyl chloride (C3H3ClO), 

FeCl2•4H2O, FeCl3•6H2O, ammonium hydroxide (NH4OH), toluene anhydrous, potassium 

carbonate (KCO3), ethanol, acetonitrile, ethylene glycol dimethacrylate 98%, 2,5-Bis(tert-

butylperoxy)-2,5-dimethylhexane 90%, sodium hydroxide and methanol were purchased 

from Sigma Aldrich. Transmission electron microscope (TEM) FEI TECNAI G2 F20 (USA), X-ray 

photoelectron spectrometer Phoibos 150 analyzer (SPECS GmbH, Berlin, Germany) in ultra-

high vacuum conditions (base pressure 1x 10-10 mbar). The infrared spectroscopy was 

performed by IR-ATR model IR Tensor 27 (Bruker). Homemade SPE, which fabrication method 

was reported previously 14. 

 

 



78 
 

4.2.2 Synthesis of molecular imprinted MIP-Fe3O4NPs composite. 

For the synthesis of the MIP-Fe3O4NPs composite,  modification of a protocol previously 

reported by Zhu et al. 19 was performed. A mixture of FeCl2•4H2O 0.02 g/mL and FeCl3•6H2O 

0.054 g/mL was prepared and stirred under nitrogen to prevent the formation of Fe2O3. After 

that, 20 mL of ammonium hydroxide 25 M was added and the reaction was refluxed at 80 °C 

for 40 min. The solution was decanted and washed three times with MilliQ water to remove 

any unreacted reagent. The Fe3O4NPs were dried in a vacuum at 45 °C. All the next steps were 

performed under Schlenk line, to increase the stability of the compounds. Then, 0.1 g of Fe3O4 

NPs was dissolved in 150 mL ethanol/water 14:1 and 50 μL 4.27 mM of amino propyl 

triethoxysilane (APTS) was added drop by drop, under continuous stirring during 7 h at room 

temperature and nitrogen ambient. Following by washing steps with absolute ethanol (5 

times), and dried in vacuum. 0.1 mg of APTS- Fe3O4NPs and 0.5 g of K2CO3 were dispersed in 

50 mL of toluene under ultrasonic ice bath during 30 min and 1 mL 0.012 M of acryloyl chloride 

was added and the flask was sealed, the mixture was under vigorous stirring for 12 h at room 

temperature. Next, the product was collected by application of an external magnetic field and 

rinsed three times with toluene, ethanol and acetonitrile, then the product was dried in 

vacuum conditions.  

The modified Fe3O4 NPs (0.1 g) and 269 µL of tributyltin hydride (TBTH) were dissolved in 

40 mL 19 M of acetonitrile and stirred for 6 h until the template-monomer was formed. Then 

4.14 mL at 5.3 M of ethylene glycol dimethacrylate (EGDMA) and 9.35 µL 3M of 2,5-

bis(tertbutyl peroxy)–2,5 dimethyl hexane were added in the solution. The solution was 

placed in the ultrasonic ice-bath for 5 min then was heated at 50 °C for 5 h and polymerized 

at 65 °C for 20 h. Finally the mixture was heated at 85°C for 5 h to assure complete 

polymerization. The reaction was purged with nitrogen and stirred. The resultant product was 

rinsed five times with a mixture of methanol-dichloromethane (4:1) and finally the resulted 

product was extracted using Soxhlet for 60 hours in presence of 0.3 M NaOH dissolved in 

methanol, the final product was dried under vacuum conditions. Although the synthesis of 

the MIP-Fe3O4NPs composite requires long time, the final amount that is obtained (ca. 5 

grams) is enough to perform over 100 measurements. 
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4.2.3 Electrochemical measurements. 

For TBT detection, different TBT concentrations were incubated with 10 mg/mL of MIP-

Fe3O4NPs composite under stirring conditions for 2 h at room temperature. Afterward, 10 µL 

of the above suspension was drop casted onto the working electrode area of the SPE and 

TBT/MIP-Fe3O4NPs composite was accumulated onto the working electrode area with the 

help of a permanent magnet placed underneath. Then electrochemical impedance 

spectroscopy (EIS) was performed in 1 mM [Fe(CN)6]3/4 with 0.1 M KCl adding 50 µL of this 

solution over the working electrode. A sinusoidal potential modulation of ±20 mV amplitude 

in the 0.1 Hz to 100 kHz frequency range was superimposed onto the formal potential (0.24 

V vs. Ag/AgCl) of the redox couple, [Fe(CN)6]3/4. For sea water measurements, samples were 

filtered using a 0.05 µm VMWP filter to extract bigger compounds and impurities. 

4.3 Results and discussion. 

4.3.1 Characterization of the composite  

Before applying MIP-Fe3O4NPs composite for TBT detection, was characterized using TEM, 

IR, XPS.  TEM  was used to study the synthetized Fe3O4NPs, which had a diameter of 20.05 ± 

4.37 nm and a good homogeneity (as shown in Fig. 4.1B), in line with previously reported 

synthesis 20,21. Upon modification with the MIP, some Fe3O4NPs aggregation was observed 

(probably due to the polymerization process) 22, which increased the apparent diameter of 

the Fe3O4NPs to 59.77±7.15 nm (Fig. 4.1C). The aggregation of Fe3O4 NPs should not 

negatively affect the sensor behavior, since their only role is to accumulate the MIP on the 

working electrode surface (upon inducing a magnetic field with a permanent magnet), for this 

reason we refer to MIP-Fe3O4NPs composite, rather than just MIP-Fe3O4NPs. In order to 

confirm the incorporation of the Fe3O4NPs into the MIP, it was magnetically separated the 

samples from their solutions before characterizing them with IR spectroscopy. Figure 4.2A 

shows how the characteristic peaks of the MIP in the IR spectra (i.e. C-H, C=O, Si-O, C=C-H δ 

and Si-CH) appeared just in the MIP- Fe3O4NPs composite spectrum and not in the one of bare 

Fe3O4NPs, suggesting that the Fe3O4NPs were included into the polymer structure. Composite 

and the bare nanoparticles was also characterized with X-ray spectroscopy. The survey 

spectrum (Fig. 4.2B) of MIP- Fe3O4NPs composite shows the enhanced signals from O 1s, C 1s 

and Si 2p peaks in comparison of survey spectrum of Fe3O4NPs, confirming the formation of 
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MIP- Fe3O4NPs composite. Fig. 4.2C shown the high resolution signals for the regions of O 1s, 

C 1s, Si 2p, Fe 2p and Ni 1s of MIP- Fe3O4NPs composite. Moreover, the specific surface was 

investigated by BET analysis and the obtained surface area for the MIP- Fe3O4NPs (59.77±7.15 

nm) is 65 m2/g (see Fig. 4.2D).  

 

Figure 4.2. Comparison of the IR (A) and wide-scan X ray photoelectron (B) spectra of 

Fe3O4NPs (blue) and MIP-Fe3O4NPs composite (red). High-resolution X-ray photoelectron 

spectra of Fe 2p, O 1s, N 1s, C 1s and Si 2p regions of the MIP-Fe3O4NPs (C). N2 adsorption 

isotherms (left) and dynamic curve (right) of MIP-Fe3O4NPs (D). Inset: MIP-Fe3O4NPs 

structure. 
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4.3.2 Impedance measurements in buffer and sea water. 

Once proved the formation of the MIP- Fe3O4NPs composite, MIP was verified that it could 

bind the TBT using EIS. Figure 4.3A shows the Nyquist spectra of bare (SPE), MIP- Fe3O4NPs 

and MIP- Fe3O4NPs incubated with 5 µM TBT. The resulted Rct for the MIP- Fe3O4NPs 

composite is 0.65 kΩ, which indicates a low resistivity compared with the Rct of the bare 

electrode of 15-20 kΩ. We think that there are two main components inducing this low Rct: 

the catalytic activity of Fe3O4NPs 23,24 and the enhanced electrode effective area due to the 

presence of Fe3O4NPs. After the incubation of MIP-Fe3O4NPs with 5 µM TBT, the recorded 

signal is 1.66 kΩ. This enhanced Rct confirms the binding between of MIP-Fe3O4NPs and TBT, 

because the negative charge from the tributyltin hydride25 acts as an electrostatic barrier 

between SPE and the redox mediator. This was confirmed by Zeta-potential experiments (Fig. 

4.3B). A gradual shift to negative values was observed when the MIP-Fe3O4NPs is connect with 

TBT. 

After proving that the sensors responded to the presence of TBT, it was challenged with 

different TBT concentrations. The calibration curve of the Rct values as a function of TBT 

concentration is shown in Figure 4.3D, a linear range spanning 6 orders of magnitude, from 5 

pM to 5 µM (r2=0.97) with a limit of detection (LOD) of 5.37 pM and a limit of quantification 

(LOQ) of 17.9 pM are obtained. The LOD and the LOQ was calculated by 3 times or 10 times 

the s/m criteria respectively, where s is the standard deviation of the Rct of the lowest 

concentration of the TBT (3 repetitions) and m is the slope of the corresponding calibration 

graph. Both the LOD and LOQ of our sensor are smaller than the values recommended by the 

US Environmental Protection Agency: 1.45 nM (acute criterion) and 25 pM (chronic criterion) 

26. Moreover, the high concentration tested is 100 times upper than the maximum allowable 

concentration indicated by international agencies. 

On the other hand, the sensor revealed high reproducibility with a relative standard 

deviation (RSD) of 17.8%, calculated as the mean of RSD obtained from five TBT 

concentrations and three replicates for each concentration. The selectivity of our sensor is 

tested using 5 µM monobutylin dichloride (MTB) and dibutylin dichloride (DTB). MTB and DTB 

represent a potential interference in the detection of TBT. The Rct values for MBT and DBT are 

considerably lower than the one obtained using TBT, respectively: 0.44 ± 0.176 and 0.81 ± 
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0.066 kΩ. The TBT produced a signal 377% and 200% higher than the ones obtained using 

MBT and DTB, proving the high selectivity of our sensor for TBT (see Fig.4.3E). 

Finally, MIP-Fe3O4NPs composite was challenged with a recovery test. Two different 

concentrations was compared of TBT (5 pM and 5 µM) in pre-filtered sea water samples (n = 

3 for each sample) with the same concentrations of TBT in MilliQ water. The recovery 

percentages (eqn. 2) were 110.33% and 78.18%, respectively for 5 pM and 5 µM. The recovery 

percentages were particularly good considering the complexity of sea water matrix. 

 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 =
[𝑇𝐵𝑇]𝑆𝑒𝑎 𝑤𝑎𝑡𝑒𝑟

[𝑇𝐵𝑇]𝑀𝑖𝑙𝑖𝑄 𝑤𝑎𝑡𝑒𝑟
𝑥100          (2) 
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Figure 4.3. Nyquist plot of bare SPE, SPEs modified with MIP-Fe3O4NPs and MIP-Fe3O4NPs + 

5 µM TBT (A). Zeta-potential diagram from the dispersion of MIP-Fe3O4NPs and MIP-

Fe3O4NPs + TBT (B). Rct values obtained for MIP-Fe3O4NPs and NIP-Fe3O4NPs with and 

without 5 µM TBT (C). Calibration curve for Rct values as a function of the TBT concentration 

(D). Nyquist plot of TBT, MBT and DBT at the same concentration (5µM) (E). 
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4.3.3 Study of the selectivity  

To verify that the signal change upon addition of TBT was specific, the same measurements 

were performed using NIP- Fe3O4NPs composite (non-imprinted polymer). Our sensor was 

challenged with four different solutions:  MIP- Fe3O4NPs composite, NIP- Fe3O4NPs 

composite, MIP- Fe3O4NPs composite with 5 µM TBT, and NIP- Fe3O4NPs composite with 5 

µM TBT (see Figure 4.3C). The Rct obtained using NIP- Fe3O4NPs composite, both in the 

absence (0.63 ± 0.176 kΩ) and presence (0.82 ± 0.066 kΩ) of 5 µM TBT, were very similar to 

the one obtained using MIP- Fe3O4NPs composite in the absence of TBT (Fig. 4.3C) and the 

imprinted factor using the equation (1) is 5.315. These observations suggest that the change 

observed is induced by the specific binding of TBT to the MIP and not by non-specific 

adsorption of the TBT onto the working electrode or the composite. The Rct is obtained using 

Randles model modified with Warburg impedance (Zw).  

𝐼𝐹 =
𝑅𝑐𝑡𝑀𝐼𝑃+𝑇𝐵𝑇−𝑅𝑐𝑡𝑀𝐼𝑃

𝑅𝑐𝑡𝑁𝐼𝑃+𝑇𝐵𝑇−𝑅𝑐𝑡𝑁𝐼𝑃
     (1) 

4.4 Conclusions 

We presented the development of the first impedimetric sensor for detection of TBT based 

on MIP-Fe3O4NPs composite. This low cost and user-friendly sensor shows excellent analytical 

performance thanks to the synergy between magnetic nanoparticles and MIPs. Such coupling 

allowed an efficient separation and preconcentration of the analyte. On one side, it 

responded specifically to TBT, in comparison to similar compounds (MBT and DBT), on the 

other its LOD (5 pM) and LOQ (18 pM) were below the values recommended by the US 

Environmental Protection Agency: 1.45 nM (acute criterion) and 25 pM (chronic criterion). 

Compared to other TBT detection systems, it showed the widest range of response and one 

of the lowest LOD found in the literature27,28]. The high sensitivity of this system is attributed 

to high selectivity of MIP implemented previously by Zhu et.al 19 and the high sensitivity of 

the EIS as reported before 29-33.  The results demonstrate that the MIP-Fe3O4NPs composite is 

a robust and stable receptor for the electrochemical detection of pesticides.  
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CHAPTER 5 
 

 

 

 

 

 

 

 

 

Development of a photolumincescent lateral 

flow based on non-radiative energy transfer for 

protein detection in human serum. 
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5.1 Introduction  

Lateral flow (LF) represents a powerful technique with high relevance in biosensing as it 

achieves the requirements needed for biosensor devices, including low cost, small amount of 

the sample, robustness and stability.  

Taking into account that in lateral flow strips the samples are driven by capillary forces, lateral 

flow strips are generally built with four parts, (i) the sample pad in which the sample is added 

in the strip; (ii) the conjugate pad, where specific antibodies targeting the analyte are 

conjugated with nanoparticles (most commonly gold nanoparticles); the detection pad that 

includes two different lines where the main immunoreactions take place, that is to say the 

control and test line. The test line is typically printed with antibodies targeting the analyte, 

while the control line is printed with other antibodies that capture the antibody that is tagged 

with an optically active material and comes from the conjugate pad. (iv) The absorbent pad, 

which operates as the pump of the system. Thus, after adding the sample, the labeled 

antibodies of the conjugate pad flow throughout the detection pad until they reach the test 

line, where a sandwich immunocomplex is performed provided the analyte is present in the 

sample, giving a signal depending of the analyte concentration. On the other hand, as 

mentioned above, the antibodies coming from the conjugate pad are always captured onto 

the control line to report that the analysis has been carried out correctly. Consequently, this 

technology can perform fast measurements and does not need qualified staff to be 

manipulated. 1–3 However, LF has some drawbacks, for example at low concentrations of 

analyte this technology may present problems in terms of sensitivity. Furthermore, its 

membrane can saturate at high concentrations of the analyte and false negatives may appear 

as the membrane can be obstructed by different compounds presents in the analysed matrix 

and provoke unspecific absorptions. In this work, we strive to further LF technology by 

tackling the drawback of this technique related to its sensitivity.  

There is a high demand for the rapid and low-cost determination of proteins, 4,5 particularly 

for medical applications. In this context, the most widely used tests are based on colorimetric 

procedures in which proteins react to produce colorimetric complexes, but nowadays other 

methods such as fluorimetry, 6,7 chemiluminescence 8 and spectrophotometry 9 are being 

implemented for protein detection. These techniques represent an improvement in terms of 

sensitivity and selectivity in comparison with classical methods, such as colorimetric assays. 
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In particular, we focus on photoluminescence measurements for the detection of a model 

protein, that is human immunoglobulin G. Photoluminescence has great advantages, 10,11 

including a great sensitivity and excellent specificity, given that the devices intended for 

photoluminescence measurement are highly specific and less susceptible to interferences as 

few materials can absorb and emit light. Furthermore, this technique is simply to perform and 

is fast to measure. 

Our research team possesses experience in the usage of photoluminescent techniques and 

lateral technology flow-based devices.12,13 In a previous work, our team reported a 

photoluminescent LF for the detection of Escherichia coli (E. coli) using graphene oxide (GO) 

as a pathogen-revaling agent14. In that work, E coli was employed as a spacer avoiding non-

radiative energy transfer between photoexcited quantum dots (decorated with anti-E. coli 

antibodies and printed on the test line) and GO, which is known to be an excellent quencher 

of quantum dots.15 Importantly, using graphene related materials, non-radiative energy 

transfer is observable up to ~30 nm.16 In this regard, bacteria is an excellent spacer facilitating 

the successful operation of the previously reported LF,17 whereas this LF configuration is not 

applicable to protein detection since proteins are nanoscaled analytes (around 10 nm). 

Hence, in this research we engineered a new LF configuration and sought to achieve a highly 

sensitive photoluminescent lateral flow device for protein detection. 

The proposed biosensor consist in a paper-based strip, this approach combines anti-human 

immunoglobulin G (IgG) antibodies with quantum dots nanocrystals (CdSe@ZnS) as a highly 

specific photoluminescence probe (Ab-QDs) onto the test line and bare QDs printed onto the 

control line. Aiming at designing an integrated device, we also employ SiO2 beads 

functionalized with anti-human IgG antibodies (Ab-SiO2) in the respective conjugated pad. 

Importantly, these SiO2 beads are able to operate as a powerful spacer between photoexcited 

QDs and GO, avoiding non-radiative energy transfer as their diameter is greater than the 

nanoscale (300 – 600 nm). Once the sample is added in the strip, the analyte is selectively 

captured by the Ab-SiO2 beads onto the conjugate pad and the sample flows by capillarity 

throughout the strip until reaching the test line, where a sandwich-like immunocomplex takes 

place due to the presence of Ab-QDs onto the test line. Eventually, GO is added as a revealing 

agent and the photoluminescence of those sites protected by the complex Ab-

SiO2/Antigen/Ab-QDs will not be quenched, whereas those photoluminescent sites directly 
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exposed are expected to be quenched by GO, including the control line reporting that the 

assay occurred successfully. Hence, the photoluminescence of the test line is modulated by 

the formation of sandwich-like immunocomplexes (see Figure 5.1).  

 

Figure 5.1. Scheme of the developed lateral flow 

 

 

5.2 Experimental section 

5.2.1 Reagents and materials 

Streptavidin-Quantum dots 655 were purchased from Life Technologies (Eugene, OR, 

USA). Anti-human IgG (whole molecule, I1886), Human immunoglobulin depleted serum was 

purchased from Celprogen (Torrance,CA, USA) , IgG (I4506), PBS tablets and Tween 20 were 

purchased from Sigma Aldrich (Madrid, Spain). Polyclonal antihuman IgG antibody conjugated 

with biotin (ab6869) and monoclonal Antihuman IgG antibody (ab99759) was pu0rchased 

form Abcam (Cambridge, UK). SiO2 beads were purchased from Microparticles GmbH (Berlin, 

Germany). Graphene oxide was purchased from Angstron Materials (Dayton, OH, USA), 

bovine serum albumin, laminated cards (HF000MC100), nitrocellulose membranes 



93 
 

(SHF1800425), sample and adsorbent pads (CFSP001700) were purchased from Millipore 

(Billerica, MA, USA). 

An ESEQuant lateral flow reader from Qiagen GmbH (Stockach, Germany) was used to 

perform measurements on the LF strips. Biospot Bt-500 reagent dispersing system from 

Biofluidix (Freiburg, Germany). TS-100 thermoshaker from Biosan (Riga, Latvia) was utilized 

to perform the conjugation of QDs with antibodies. JP Selecta 2000210 oven from JP selecta 

(Barcelona, Spain) was used to dry lateral flow strips. SEM analysis was performed using FEI 

Magellan (Hillsboro, Oregon, USA). 

5.2.2. Lateral flow strip preparation. 

Conjugation of QDs with antibodies. Biotinylated antibodies were easily conjugated with 

streptavidin-QDs. Streptavidin-QDs and biotinylated anti-IgG, were mixed at final 

concentrations of 8nM (QDs) and 300 µg mL-1 (anti-IgG), respectively, using a thermosshaker 

set at 600 rpm and 4 °C for two hours. This conjugation was carried out in immunobuffer (that 

is, PBS + 1% BSA + Tween 20 0.5%). 

The conjugate pad was impregnated with antibody-decorated SiO2 beads with anti-IgG. 

Firstly, the conjugate is created by applying successive washing steps in a suspension the SiO2 

beads. To do that, 75 µL of the stock suspension of the beads was added in 925 μL of PBS 

buffer. The suspension was then shaken at 650 rpm during 10 minutes and centrifuged at 

5000 rpm for 1min in order to precipitate the particles, and facilitate the subsequent removal 

of the supernatant. To complete the particle washing, the process is repeated three times 

using PBS, once using PBS supplemented with Tween 20 at 0.05% (PBST) and once with 

Immunobuffer. Next, 1 mL of anti-human IgG concentrated at 500 µg mL-1 in Immunobuffer 

is added in the pellet of the previously washed particles and this suspension was shaken at 

600 rpm for 2h at 4ºC. After this process is finished, a glass fiber strip was soaked by drop 

casting with the Ab-SiO2 beads conjugate suspension, and dried at room temperature 

overnight.  

The fabrication of the strips is divided in three parts, (i) assemblage of the detection pad 

onto the laminated card and and printing of the test and control line onto the detection pad 

using the Isoflow reagent dispensing system. Antibody-decorated QDs are printed onto the 

test line, while bare QDs are printed onto the control line and these laminated cards are 

stored overnight in the fridge (at 8 °C). (ii) Blocking of the detection pad by adding 5 mL of 

immunobuffer in the laminated card and storing the strip for 15 min in the fridge. Next, the 
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strip is dried in an oven at 37ºC for 90 min. (iii) Sample and absorbent pads are washed and 

assembled onto the laminated card. This washing procedure involves a washing procedure 

through ultrapure water, PBST and immunobuffer and a drying process overnight at room 

temperature. After that the sample and absorbent pads can be assembled onto the laminated 

card along with the conjugate pad. We normally manufacture strips that are 6 mm with size. 

5.2.3 Overall measurement procedure 

Human IgG protein was analyzed at different concentrations ranging from 65 ng mL-1 to 

1 µg mL-1 in immunobuffer. The starting intensity of the lateral flow strip was determined 

using the ESEQuant lateral flow reader. After adding 100 µL of the sample onto the sample 

pad, 15 minutes are given for the sample to flow throughout the strip and arrive in the 

absorbent pad, which is the last part of strip. Next, the strip is dried using an oven at 37ºC for 

1 hour, and 100 µL of an aqueous dispersion of GO concentrated at 90 µg mL-1 (see Figure S) 

was added in the sample pad as a revealing agent using the same aforementioned drying 

procedure (37 ºC for 1 hour). Eventually, the strips are measured using the lateral flow reader. 

The assays implying human serum analysis may require a washing step before GO addition. 

To this end, 100 µL of immunobuffer were added in the sample pad in order to eliminate 

impurities and minimize the matrix effect. 

 

5.3 Results and discussion. 

5.3.1 System Optimization  

As the assay depends on photoluminescent signals, we firstly optimized the concentration 

of the involved QDs. To this end, a strong photoluminescent signal hindering saturation of the 

LF reader should be chosen, whereas weak photoluminescent signals should be avoided. 

Consequently, as depicted in Figure 5.2, we printed different QD concentrations (from 4 to 11 

nM) onto various strips and measured their intensities utilizing a lateral flow reader (excitation 

wavelength of 365 nm, emission filter centered at 670 nm). Through these experiments we 

determined that 8 nM was an optimal concentration of this reagent as it displays a strong 

intensity of up to 75% of the dynamic range of the LF reader, thus avoiding saturation. 
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Figure 5.2. Optimization of QDs concentration. 

We then explored different concentrations of GO so as to reach the maximum quenching 

of QDs in terms of the ratio initial intensity (before GO) / final intensity (after GO). To this end, 

different water-based suspensions of GO were directly added in the sample pad of several 

strips printed with QDs concentrated at 8 nM. Among several concentrations of GO, ranging 

from 70 to 120 µg mL-1, a GO concentration of 90 µg mL-1 was picked to yield a maximum 

quenching efficiency around 85% in both lines, test and control line, avoiding saturation of 

the flow due to a saturation of GO in the strip as it occurs with higher GO concentrations (see 

Figure 5.3). It is worth mentioning that according to the manufacturer’s characterization, the 

GO monolayer we are employing has an average lateral size of 500 nm and a carbon / oxygen 

ratio around 1. 
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Figure 5.3. Optimization of graphene oxide concentration. 

 

In order to optimize the spacer agent avoiding highly efficient non-radiative energy 

transfer, we also investigated two sizes of SiO2 beads utilized as spacers between 

photoexcited QDs and GO, including monodispersed beads of 300 and 650 nm respectively 

(see Figure 5.4). To this end, SiO2 beads were previously conjugated to anti human IgG 

antibodies and embedded into the conjugation pad as described in the experimental section. 

We carried out our LF approach using a standard buffer as a matrix, from now and the termed 

as immunobuffer, that is a mixture of phosphate-buffered saline 0.01M, bovine serum 

albumin 1% w/v, and Tween 20 0.5%, and different concentrations of the analyte, ranging 

from 65 to 1000 ng mL-1. Blank samples were also analyzed.  
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Figure 5.4. SEM micrographs of SiO2 NPs of (A) 300nm and (B) 650 nm 

 

Figure 5.5 Overall sensitivity achieved by these assays, shows that the usage of SiO2 beads 

of 650 nm facilitates a better sensitivity in the assay probably due to its better efficiency as a 

bigger spacer that simultaneously amplifies the protected area that will not be quenched by 

GO.  

Figure 5.6 shows the relationship between the analyte concentration and the quenching 

effect in the proposed LF approach, in where the highest concentrations of the analyte trigger 

the strongest photoluminescent signals, as quenching is avoided due to the operational 

principle of this biosensing approach. Hence, the quenching of the test line; QTL, defined as 

the final intensity of the test line divided by the initial intensity of the test line, has maximum 

values around 0.8 units, whereas the quenching of the control line; QCL, similarly defined as 

QTL, remains constant with values of less than 0.2 units. On the contrary, the lowest 

concentrations of the analyte give rise to highly efficient non-radiative energy transfer since 

SiO2 beads are scarcely present and thus GO is able to interact directly with the 

photoluminescent probes, mainly by physical adsorption forces, pi-pi stacking interactions 

and hydrogen bonding forces that can occur between GO and biomolecules such as proteins 

17. Consequently, the QTL values tend to approximate to those values of the QCL.  

 

 



98 
 

 

Figure 5.5. Optimization of SiO2 NPs size, a) 300 nm, b) 650nm and c) comparative 

graphic 
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Figure 5.6. Profile of the photoluminescent intensity of the explored lateral flow strips at 

different concentrations of IgG. 

 

5.3.2 Characterization 

In order to confirm the operational principle of the proposed LF strip, we investigated its 

different components via scanning electron microscopy (SEM). The SEM micrographs in Figure 

5.3 reveal how SiO2 beads are efficiently anchored onto the test line (Figure 5.7A) and absent 

onto the control line (Figure 5.7B) due to the highly specific aforementioned immunoreaction. 

Panels B and D in Figure 5.7 display GO-coated LF strips, confirming that GO is able to flow 

throughout the strip and interact with the control and test line. 
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Figure 5.7. SEM micrographs of the lateral flow strip. Test line before adding GO (A) and 

after GO addition (B). Control line before adding GO (C) and after GO addition (D). 

 

5.3.3 Protein measurement in buffer and in real samples.  

Figure 5.8B displays a normalization in terms of the QTL/QCL ratio and the limit of 

detection (LOD) was calculated using this ratio in the analyzed blank sample plus 3 times its 

standard deviation. The LOD was determined to be c.a. 3.64 ng mL-1 (Figure 5.10A). At this 

point, this LF approach starts becoming advantageous in terms of LOD when compared with 

other LF approaches targeting IgG as it can be observed in Table 5.1.  However, we sought to 

improve the LOD of the LF approach even further. To this end, we replaced the capture 

polyclonal antibody of the test line by a monoclonal antibody. It is well- known that 

monoclonal antibodies are able to improve both, sensitivity and specificity in 

immunoassays.18 Hence, we tested this new configuration following the methods detailed in 

the experimental section and found that the usage of such a monoclonal antibody benefited 

the LOD of the LF approach. Figure 5.8C-D depicts the overall biosensing performance of this 
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 new configuration exhibiting a LOD of c.a. 1.35 ng mL-1, obtaining a significant improvement 

in the system sensitivity compared with the conventional methods.   Figure 5.10B displays the 

corresponding calibration curve.  

 

Figure 5.8. Representation of measurements in standard buffer for test and control line of 

each concentration of IgG (a), the bars represents % of quenching (coefficient of final 

intensity and initial), (b) normalized values (QTL/QCL) and (c) same experiment using 

monoclonal antibody, (d) normalized values. 

 

Moreover, in order to prove that this approach can be applied in real sample analyses, 

the resulting LF strip was also employed in human serum analysis. We employed human 

immunoglobulin (IgG/IgM/IgE)-depleted serum as a complex matrix that we spiked with 

different concentrations of IgG, ranging from 1000 ng mL-1 until 16 ng mL-1(see Figure 5.9). 

Blank samples of this matrix were also analyzed. The prepared solutions can be directly added 

in the strip, though a washing step is necessary in order to remove possible interferences 
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contained in such a complex matrix. This washing process was performed by adding 100 µL of 

immunobuffer once the sample is dried in the strip. After performing a calibration curve, the 

limit of detection this approach in human serum was 6.30 ng mL-1, calculated using the 

aforementioned definition of LOD (see Figure 5.10C). It is obvious that the matrix effect 

affects the overall analytical performance; however, this effect is well known in 

immunoassays, 19 and these experiments demonstrate the high sensitivity and selectivity of 

the proposed lateral flow approach even in a complex matrix.  

 

Figure 5.9. Results of measurements in human serum. (A) Comparison of TL and CL of each 

strip (B) normalized values 
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Figure 5.10. Calibration curve of IgG measurements with polyclonal (a) and monoclonal (b) 

antibody and in human serum (c). 
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Table 5.1. Comparison of LOD for IgG detection.  

 

LF strategy Range LOD Technique REF 

Conventional LF 5-500 ng mL-1 8-12 ng/mL Colorimetric 
20 

LF with wax pillars 

onto the detection 

pad 

5-500 ng mL-1 6,6 ng/mL Colorimetric 
21 

gold nanoparticles 

loaded with 

enzymes 

2-10 ng mL-1 2 ng mL-1 Colorimetric 
20 

LF QDs-GO (this 

work) 

1-20 ng mL-1 1,35 ng mL-1 Fluorescence - 

 

5.4 Conclusions. 

A novel design based on lateral flow technology in combination with quantum dots and 

the usage of graphene oxide as revealing agent for specific, selective and highly sensitive 

protein detection has been explored.  The overall analytical performance of the system was 

successfully explored in different matrices, including standard buffer and human serum, 

showing an advantageous limit of detection of 1.35 ng mL-1 and 6.30 ng mL-1, respectively. In 

comparison with other lateral flow immunoassays targeting human IgG, the developed 

biosensor presents excellent results in terms of LOD and its adequate behavior in human 

serum analysis proves that it can be a valuable tool in real sample analysis. 

Besides, LFA is a versatile and easy adaptable technique. Each component of the system 

can be easily modified with the aim of adapting the assay to a different target, obtaining the 

possibility of a multidetection platform. The good point of paper-based diagnostics is that 

there are suitable for large scale production, making them a very cheap and efficient 

technology. This result could open the way to the use this LF in more diagnostics applications, 

especially in a medical or laboratory context, due to the lower limit of quantification obtained 

and improvement of the actual techniques for immunoglobulins detection with lateral flow.  
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6.1 General conclusions.  

Since the specific conclusions are exposed for each one of the different technologies / 

chapters, in this part some general conclusions are reported.  

Different innovative and advantageous platforms for sensing different kinds of analytes 

such as pesticides, sulfonamides and proteins have been developed. First group of platforms 

is based on molecularly imprinted polymers (MIPs) for the detection of tributyltin and 

sulfamethoxazole. The detection system is based on screen printed carbon electrodes (SCPE) 

and electrochemical impedance spectroscopy (EIS) as transduction method.  The resulted 

sensors based on MIPs have shown better analytical performance in terms of sensitivity, 

selectivity and stability in comparison to detection systems reported so far for the same 

analytes.  

The other designed platform is a lateral flow immunoassay (LFA). This is based on an 

innovative detection principle combining quantum dots with the usage of graphene oxide as 

revealing agent for specific, selective and highly sensitive protein detection. The developed 

strategy represents an improvement regarding a conventional lateral flow method reported 

before using QDs and GO and restricted to rather big size analytes (ex. bacteria). The new LFA 

can now be applied to any kind of analyte, independently of its size, with interest for 

diagnostics (environment or health).  

The platforms designed and fabricated during this thesis have been shown to be: 

 Sensitive: Low limits of detection in ppb, pM and ng mL-1 levels are obtained, 

which represent an important improvement in their respective research fields for 

the bio/sensors developed here.  

 User friendly sensors: Each detection system requires only few steps.  

 Cost efficient: given the relatively cheap materials used (plastic, paper etc.) the 

production cost of the developed bio/sensors may be too low (less than 1 €)  

 Portability: The developed bio/sensors can be easily miniaturized and are related 

to hand held instruments.  
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6.2 Future perspectives. 

Thanks to the unique properties that the nanomaterials exhibit, the possibility to develop 

new (bio)sensing strategies with improved analytical performance is continuously increasing. 

Combination of nanomaterials with chemical and biological receptors is offering 

unprecedented sensing systems with interest for various fields.  

Of great interest are molecularly imprinted polymers that can be implemented in real time 

monitoring of pesticides in sea or river water. Currently these materials applied in 

chromatography separation1,2 or treatment of hazard compounds in sea water or direct 

determination3 also can be implemented in continuous monitoring4 . This is related to the 

high benefits offered by these materials, their high stability, the resistance to elevated 

temperature and pressure, inertness toward acids, metal ions or organic solvents.  

Another challenge to the future of molecular imprinted technology is their use in 

biomedical assays. Nowadays is not quite common the use of MIPs for biological purpose, but 

for example in the case of proteins, more publications showing the use of MIPs for proteins 

detection are appearing. Given the development of molecular computational techniques and 

the use of nanomaterials MIPs may be an alternative to expensive biological receptors (ex. 

antibodies) for future biomedical applications. 

Regarding lateral flow platform for immunoglobulin detection it its easy modification can 

be previewed with the aim of adapting the assay to different other targets. In addition the 

possibility exist to perform multidetection of proteins, cells etc. by using different receptors. 

This will open the way to interesting clinical and biotechnological applications.  

The developed platforms still need further integration so as to be more compact, stable 

and easy to be applied reducing the necessary assay steps. This will require further efforts in 

nanomaterials immobilization (ex. graphene oxide in the paper-based platforms) in addition 

to materials standardization that is crucial for the mass production and commercialization of 

the developed devices. A deeper study of the interferences in real sample applications is 

another important issue that would deserve further efforts.      
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