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Abstract  

Immunosensors are typical biosensors using the antibody as the biorecognition element that is 

immobilized on a suitable transducer to qualitatively determine the antigen-antibody interaction. 

An ideal immunosensor with combined advantages including the high sensitivity, easy-to-

operate and cost-effective, would have attributed to the rational selection of appreciating 

bioreceptors carriers and site-oriented antibody immobilization strategy. Achieving the site-

directed immobilization only involves the fragment crystallizable (Fc) region would maximize 

the biofunctionality of tethered antibodies, while it would be a great challenge faced with the 

heterogeneous distribution of amino residues through the antibody surface. Meanwhile, the 

challenge still lies with the selection of bioreceptors carriers bearing desirable surface 

chemistries (antifouling, robustness and stability) for the irreversible conjugation of antibodies. 

In this dissertation, the objective is to evaluate the analytical performance of fabricated 

immunosensors, in which antibody immobilization strategies and bioreceptors carrier types are 

primary considerations mainly in terms of the acceptable sensitivity, storage stability of 

fabricated immunosensors toward the low abundance of analytes and avoiding the undesirable 

interference dealing with clinical diagnosis. 

Antibodies conjugated on the glyoxyl-agarose support results in different orientations by 

simply manipulating the pH of incubation conditions while the inevitable involvement of 

antigen-binding fragment (Fab) during the antibody/glyoxyl-agarose interaction caused the 

deterioration of its biofunctionality. Covalently fixing the uniform and site-directed orientation 

of coupled antibodies following the pre-affinity adsorption demonstrated the obvious advantage 

of controlling the interaction regions, over 75 % of preserved biofunctionality was observed 

with tethered antibodies. 

Magnetic nanomaterials with adequate dextran coverage have demonstrated the equilibrium 

between facile magnetic recovery and sufficient colloidal stability, and magnetic nanoparticles 

bearing the polyaldehyde groups of 139 μmol g-1 nanoparticles were proven a better nanocarrier 

than carboxylic groups and chelate groups functionalized nanoparticles. In addition, the 

multifunctionality of polyaldehyde-dextran@nanoparticles was exploited as the nanoprobes 

and nanocarriers. Over 4-fold higher sensitivity of immunosensors was enhanced when 

horseradish peroxidase-streptavidin/antibody dual functionalized nanoparticles work as the 

nanoprobes, and the reliability of nanoparticles as the nanocarriers to detect biomarker 

concentration in clinical serums was confirmed by its consistency with golden standard-ELISA 

(enzyme-linked immunosorbent assay) analysis. 
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Resumen 

Los inmunosensores son biosensores típicos que utilizan el anticuerpo como elemento de 

biorreconocimiento que se inmoviliza en un transductor adecuado para determinar 

cualitativamente la interacción antígeno-anticuerpo. Un inmunosensor ideal con ventajas 

combinadas, incluida la alta sensibilidad, fácil de operar y rentable, se habría atribuido a la 

selección racional de los portadores de biorreceptores apreciadores y la estrategia de 

inmovilización de anticuerpos orientada al sitio. Lograr la inmovilización orientada del 

anticuerpodirigida solo involucrando la región cristalizable (o región Fc) maximizaría la 

biofuncionalidad de los anticuerpos anclados. No obstante, el reto aún radica en la selección de 

soportes para los biorreceptores que contengan grupos reactivos en sus superficies deseables 

(antifouling, robustez y estabilidad) para la conjugación irreversible de anticuerpos. 

En esta Tesis Doctoral, el objetivo es evaluar el rendimiento analítico de inmunosensores 

fabricados, en los que las estrategias de inmovilización de anticuerpos y los tipos de soportes 

de biorreceptores son los principales aspectos a tener en cuenta, fundamentalmente en lo que 

respeta a una sensibilidad aceptable, a la estabilidad de almacenamiento de inmunosensores 

fabricados frente a la baja abundancia de analitos y para evitar interferencias indeseables 

relacionadas con el diagnóstico clínico. 

Los anticuerpos conjugados sobre el soporte de agarosa glioxil dieron como resultado diferentes 

orientaciones simplemente manipulando el pH de las condiciones de incubación del soporte-

anticuerpo, mientras que la inevitable participación del fragmento de unión al antígeno (Fab) 

durante la interacción anticuerpo/agarosa glioxil provocó el deterioro de su biofuncionalidad. 

La inmovilización covalente orientada y uniforme de los anticuerpos inmovilizados 

previamente por afinidad sobre soportes heterofuncionales glioxil-quelato metálicos demostró 

la ventaja obvia de controlar las regiones de interacción, y además preservóse más del 75% de 

su biofuncionalidad. Los nanomateriales magnéticos con un recubrimiento adecuado de 

dextrano mostraron un equilibrio adecuado entre su estabilidad coloidal y la fácil recuperación 

magnética de los conjugados. Las nanopartículas magnéticas activadas con 139 μmol g-1 de 

grupos polialdehído de demostraron ser mejores nanoportadores que las nanopartículas 

funcionalizadas con grupos carboxílicos y grupos quelatos. Además, se aprovechó la 

multifuncionalidad de las nanopartículas de polialdehído-dextrano como nanoprobetas y 

nanoportadores. La sensibilidad de los inmunosensores se multiplicó por 4 cuando las 

nanopartículas funcionalizadas con peroxidasa de rábano picante-estreptavidina/anticuerpo 

funcionan como las nano-sondas, y la confiabilidad de las nanopartículas como nanoportadores 

para detectar bajas concentracines de biomarcadores en sueros clínicos se confirmó por su 

consistencia con el análisis estándar de oro-ELISA (Enzyme-Linked ImmunoSorbent Assay). 
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1. Introduction 

Biosensors are integrated analytical devices that convert the specific interesting information of 

determined analytes into easily measurable signals via a signal transducer. Due to the obvious 

advantages of biosensors (simplicity, selectivity, cost-effective and quick response against 

complex matrices) than other time-consuming techniques, biosensors have been growing to be 

a portable alternative to the conventional analytical technique since its first appearance in the 

1960s [1]. After the fast development of recent years, it has been utilized to distinct analytes 

(small molecules, e.g., nucleic acid and metal ions; biomarker protein; and whole cells, e.g., 

viruses and bacteria cells) in broad applications relating to in vitro diagnosis, food quality and 

safety industry, environmental and agricultural practices [2].  

The precise quantification and analysis of the targeted analytes are based on the two important 

elements, which are “bioreceptor” and “transducer” elements (Figure 1). Bioreceptors capable 

of the specific recognition of analytes can be categorized into several types, typical 

biorecognition elements are synthetic nucleic acid (single strand DNA and selected aptamers), 

antibodies (Ab) (full-length Ab, Ab fragments and nanobody) and molecular imprinting 

polymers, etc. [3]. Signal transducers that convert the analytical response to the determination 

device can be categorized into electrochemical, optical, thermal and piezoelectric based on their 

working principles. To achieve the real-world application for point-of-care (POC) and satisfy 

the guidelines of the World Health Organization, which are ASSURED criteria (Affordable 

economically, Sensitive, Specific, User-friendly with minimal operator-training requirement, 

Robust and fast determination, Equipment-free and Deliverable to people in need), the smart 

combination and rational selection of corresponding bioreceptors and transducer elements are 

highly important.  

 

Figure 1. Scheme of the structure of the biosensor, including the recognition elements, 

transducer and signal output device. 
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1.1 Antibody as the bioreceptors – high affinity and selectivity 

When selecting the bioreceptor types, different recognition elements have demonstrated distinct 

advantages. Aptamers have attracted the interests of researchers and have been taken as the 

potential great substitution for the antibodies, and aptamers can show extremely high affinities 

toward specific analytes even better than full-length Ab [4]. Due to the development of the 

SELEX (Systematic Evolution of Ligands by Exponential Enrichment) technique, high affinity 

aptamers with analytes can be selected via several steps screening. One of the outstanding 

advantages of aptamers is their small size (~1–2 nm vs. ~10 nm of full-length Ab), which endow 

the high functionalization density on the biosensing support to achieve higher sensitivity and a 

lower limit of detection (LOD) [5]. Aptamers can demonstrate outperformed LOD and response 

time when antibodies were randomly immobilized onto the sensing platform, while oriented 

conjugated antibodies can present comparable results with aptamers (dynamic range and LOD) 

[6]. Another advantage of aptamer over antibodies is its regeneration ability based on the 

morphology transformation, the reversible folding/unfolding change facilitates the facile 

regeneration [7].  

Although aptamers have shown better performance than antibodies with certain analytes, they 

cannot challenge the dominant role in real-world application yet. One of the largest 

disadvantages of aptamer utilization is the time-cost process during the selection of aptamers 

with high affinity and selectivity. Further, its relatively high cost hampers the 

commercialization application [4]. 

Table 1. Comparison of antibody and aptamer as the bioreceptor 

 Advantages Disadvantages 

Aptamer  

Broad stability over variables; 

high regenerability (circulation); 

divided affinity strength; small 

size; controllable coverage 

density; reproductivity  

Time cost for the aptamer selection; 

require nuclease-free condition 

Antibody 

Cost-effective; controllable 

affinity via protein engineering; 

different types with distinct size 

(scFv, Fab’, nanobody) 

Relative lower stability (high storage 

requirement); biofunctionality loss 

during anchoring, limited 

regenerability 

For the efficient biofunctionalization of the biosensing platforms, antibodies are the dominant 

candidates so far due to their quite high sensitivity and affinity. The immunoglobulin G (IgG, 
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~150 kDa) is the most widely applied element, which consists of two heavy chains and two 

light chains, capable of capturing two analytes per IgG molecule theoretically. However, the 

development of antibody fragments has attracted much attention due to their smaller size with 

unaltered recognition capacity toward analytes [8]. Among these, the broad application of 

antibody fragments has been promoted by the recombinant protein engineering technique, such 

as single-chain Fv (scFv) fragment, antigen-binding fragment (Fab) and single-domain Ab 

(sdAb or nanobody) [8] 

Due to the high importance of antibody orientation and coverage density onto the biosensing 

surface, the choice of immobilization strategy corresponding to the Ab types can significantly 

affect the performance.  

1.2 Antibody immobilization strategy  

So far, there are tremendous research have focused on the efficient immobilization of antibodies 

(especially IgGs) to obtain the satisfying performance of fabricated immunosensors [2, 3, 9, 

10]. The IgGs are globular biomacromolecules with approximately 150 kDa molecular mass, 

the crystal fragment regions (Fc) are high conservation across different IgGs types while Fab 

fragments have diversities upon different IgGs types [11]. There are many potential anchoring 

points on the antibodies surface to achieve the interaction with activated support, in which 

amine groups, carboxyl groups, thiol groups, and N-glycan are the most accepted functional 

moieties despite the surface functionality (Figure 2A) [9]. Divided by the different orientation 

of bound IgGs onto the solid support, there are four types of orientation, which are “head-on”, 

“flat-on”, “head-on” and “end-on” orientations, in which “end-on” orientation is the most 

favored choice over others (Figure 2B). 

 

Figure 2. The available amino residues on the antibody surface contributes to the ionic 

interaction or covalent immobilization with surface activated support (A) and its possible 

Lys
His
Arg

Glu
Asp

End-on Head-on Side-on Flat-on

A)

B)
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orientation (end-on, head-on, side-on and flat-on) upon the conjugation is affected by 

different parameters (B). 

Differed from the surface functionalities of support, reactive moieties on the Ab surface and 

their conjugation strategies, the coupling manners have been divided as reversible interaction 

and covalent immobilization, and each of them also divide into two sections depending on the 

Ab orientation, namely random orientation and uniform orientation (Figure 3). 

 

Figure 3. Common strategies to immobilize the antibodies via reversible interaction or 

covalent immobilization. Reprinted with permission from [2]. 

1.2.1 Reversible adsorption 

Physical adsorption is the most classic reversible interaction technique, in which adsorption of 

antibodies is simple and versatile to quantify the concentration of antigens, and enzyme-linked 

immunosorbent assay (ELISA) is the gold standard used in the clinical analysis and reference 

technique [12]. Pre-adsorption of antibodies onto the nanocarriers has been reported to retain 

its specific antigen-recognition functionality when exposed to the plasma fluids, while the 

functional regions of covalently attached antibodies are prone to be shielded [13]. Although the 

physical adsorption may demonstrate good performance in some cases [14], lack of antibodies 

orientation controllability and suffering from tedious procedure make the reversible interaction 

to be further improved. 
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Therefore, oriented interaction antibodies via the Fc fragment to promise the highest exposure 

of Fab regions is more interesting. Boronic acid can interact with the N-glycan on Fc fragments 

to form boronate esters, but such interaction is facing competition with other (mono/poly) 

saccharides [15]. Protein A and G are famous IgGs-type affinity proteins derived from bacteria; 

they have been utilized broadly in immunosensors to link full-length antibodies due to their 

specificity toward the Fc fragment of many IgGs [10]. It has been reported that the combined 

advantages of boronic acid and protein A functionalize the biosensing surface with higher 

coverage density of antibodies, thus to obtain a high signal than single affinity adsorption was 

utilized [16]. 

However, to achieve the effective capture of antibodies, the homogeneously covered Ab-

binding proteins on the support is another challenge faced in the real application. To allow the 

largest Ab adsorption capacity, derived functional domains (A, B and Z domains) instead of 

intact protein A show better orientation-control ability cooperation with genetic engineering 

techniques [17]. Tandem construction, affinity tagged (His, Cys and Halo tag), gold-binding 

peptides coupled domains have been well reviewed [17].  

1.2.2 Covalent immobilization of IgGs 

Direct immobilization of antibodies may result in better coverage density than oriented 

immobilization onto the sensing platforms, while the tethered antibodies may demonstrate even 

10-fold lower recognition capacity [18]. However, oriented immobilization of antibodies can 

be obtained with much higher sensitivity with the highest Ab coverage density than physical 

adsorption and direct covalent interaction [19].  

Amine and carboxyl groups are heterogeneously distributed on the antibodies surface, the large 

functional moieties population make them easy to interact with activated support [9]. 

Glutaraldehyde and carbodiimide chemistry (1-ethyl-3-(-3-dimethylaminopropyl) 

carbodiimide (EDC) and N-hydroxysuccinimide (NHS)) are well-developed methods, their 

main advantages are easy-to-operation and universality across different antibody types, while 

the non-selective interaction results with random conjugation orientations [2]. 

For the oriented immobilization of antibodies, antibody fragments demonstrate better 

advantages to functionalize the support with higher loading density and superior orientation 

controllability instead of full-length antibodies due to their smaller size and better biological 

stability [20]. Typical antibody fragments are single-chain variable fragments (scFv) and 

nanobodies. The first option is to exploit the natural functional moieties of the antibody 

fragments, in which the hinge thiols of Fab’ fragments can be coupled on the maleimide-

functionalized support in a well-oriented manner. Furthermore, different tags can be inserted 
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into the N-/C-terminal of the fusion protein, achieved the site-directed immobilization without 

affecting its functionality and structure, such as Cys-tag incorporation within the terminus of 

the nanobodies to facilitate the covalent interaction with gold surface or maleimide activated 

surface [21], His-tagged nanobodies affinity interact with Co2+-NTA (nitrilotriacetic acid) 

reversibly while the following the H2O2 oxidation fixed this connection [22], the site-directed 

biotinylation instead of random biotinylation promote the efficient interaction with 

streptavidin-coated microplate [23], SpyTagged nanobody achieve irreversible isopeptide bond 

with SpyCatcher functionalized electrical biosensor to enable the label-free detection of 

analytes [24, 25]. 

It is worth mentioning that the antibody fragments are also applicable as the detection probes 

when conjugated with signal generation enzymes to amplify the signal and obtain higher 

sensitivity, HRP linked nanobody (biotin-streptavidin interaction or SpyTag/SpyCatcher pair) 

[26-28] and glucose dehydrogenase linked scFv [29, 30] via the SpyTag/SpyCatcher pairs have 

substantially improved the immunosensor sensitivity. 

However, the rational control of the tethering points on the full-length is a more complicated 

thing because the interaction residues during support-antibodies conjugation can be controlled 

by the surface chemistry while the involved sites are hard to predict. Developing a universal 

methodology suitable for various types of antibodies is quite changeling, but the conservation 

of Fc fragment across different IgGs can be utilized to achieve such a goal [2], and limiting the 

conjugation sites on the Fc fragment can also preserve the antigen-recognition capacity. 

Strategies used to achieve the oriented immobilization of full-length antibodies have been 

summarized and published elsewhere [2]. The common characteristic of those strategies is 

using heterofunctional supports to achieve uniform orientation step-wisely, and two 

functionalized groups play different roles during antibodies conjugation. The first group works 

as the “bait” group, which reversible adsorbing the antibodies with the best orientation toward 

analytes, this is the first while decisive step to link the Fc fragment on the support. The second 

group works as the “hook” group, which fixes the antibodies with their optimal orientation 

covalently. For the heterofunctional support, the “hook” groups have good diversity because 

many reactive moieties can achieve covalent bonds with amino residues. However, the selection 

of “bait” groups is relatively limited due to the reactive sites being restricted on the Fc fragment 

and the interaction condition of “bait” groups should not promote the covalent immobilization 

to prevent the random orientation. Boronic acid, metal chelate groups and EDC/sulfo-NHS 

activated carboxyl groups are the favored “bait” groups so far.  



INTRODUCTION 

 

 7 

Lin’s group has utilized the “bait” functionality of boronic acid to achieve site-directed 

immobilization [31-34]. The “hook” can be photoreactive (phenyldiazirine and alkyl diazirine) 

or nucleophilic substitution (SN2) reactive type (phenylsulfonate (tosylate) ester and tosyl 

moieties), and such reaction has been applied in the Ab microarrays suitable for various support, 

including glass slides (bare and Cu2O NPs functionalized slides) and magnetic nanoparticles. 

EDC/sulfo-NHS activated carboxyl groups have obtained more attention due to its simplicity 

that only controlling the pH of the incubation buffer can manipulate the antibodies orientation 

[35]. For EDC/sulfo-NHS activated surface, the ionic adsorption happens much faster than the 

covalent interaction, thus the positive charged sulfo moieties can interact with negative charged 

Fc fragment when incubation pH is lower than the isoelectric point (pI) of IgGs [36]. This 

strategy is easy-to-operation and cost-effective, while its prerequisite is the known pI of used 

antibodies, which means the pI determination is mandatory. And the colorimetric quantification 

of antigens/Ab ratio is relatively less sensitive, however, the utilization of electrochemical 

measurement has partly solved this problem [37, 38].   

Metal chelates groups also have broad applicability used as the “bait” group, that the unique 

His residues cluster distributed on the Fc fragment can adsorb the Ab to expose its Fab regions 

[39]. Tannic acid, iminodiacetic acid (IDA) and NTA are excellent metal coordination ligands, 

but tetradentate NTA ligands demonstrate better affinity than tridentate IDA ligands due to 

more interaction sites [40, 41]. The further orientation-fixing methods have many choices, such 

as H2O2 oxidation [42], glyoxyl-Lys multipoint interactions [43], photoimmobilization of 

benzophenone [44] and the ring-open reaction of epoxy groups [45]. Recently, the H2O2 

oxidation reaction has been expanded with antibody fragments, such as scFv [46] and nanobody 

[22], further promoting its broad application and decreasing its complexity.   

To conclude, there are no universally acceptable antibody immobilization strategies so far, the 

rational selection of conjugation techniques should take many things into consideration, such 

as antibody type, supporting material properties, reaction condition of the coupling and the final 

target of the fabricated immunosensors. 

1.3 Immobilization platforms – the selection of antibody support 

The immobilization strategy can affect the performance of biosensors, however, to fabricate a 

robust and effective biosensor upon Ab oriented functionalization is still not adequate, the 

rational selection of biosensing platforms and transducers are also of great importance.   

Distinct materials of various origins have been used as immunosensing support for Ab 

conjugation, those supports are diverse with different composition, shape, size, physical 
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characteristics and chemical stability. To our understanding, ideal immobilization support 

should at least contain such advantages: chemical and physical stability, antifouling against 

interference biomolecules, fully inert after Ab conjugation, biocompatibility, reactive groups 

for anchoring points and availability with low price. While for the specific requirement of the 

immunosensors, one important feature of Ab-matrix conjugations is to maintain the biological 

activity of Fab fragment, which means the recognition sites of tethered Ab should be exposed 

toward analytes. 

There are no universally applicable materials for the immunosensor fabrication yet, the 

appropriate selection of suitable matrix is directly affected by the biorecognition element and 

transducer. Thus, in this thesis, only several commonly used immobilization materials will be 

introduced.  

1.3.1 Agarose-based support 

Polysaccharide-based supports are popular options used in immunosensor support, the 

utilization of natural polymers endow such supports with many advantages, such as cost-

effectiveness, biodegradability to harmless small molecules and biocompatibility for in vivo 

determination. The availability of functional moieties (amino and carboxyl groups) on the 

polymer surface facilitates their physical/covalent interaction with biomolecules, and distinct 

functionalities can be grafted on the backbones via the activation process [47]. In addition, due 

to the easy gelation to achieve stable configurations under gentle conditions, encapsulation and 

entrapment of biomolecules are also workable [48]. 

Agarose is the main composition of the agar, which is a Generally Recognized as Safe (GRAS) 

food additive, this neutral linear polymer consists of repeating units including α- and β-

glycosidic bonds. One of its advantages and features is the reversible gelation/solution 

transformation upon the temperature change, which gels solution can be obtained by heating 

up to >80 ℃, while solid gels are likely to be obtained when temperature is lower than 35 ℃ 

[49]. It also demonstrates other advantages, such as high hydrophilicity, lipophilicity, high 

loading capacity due to 3D porous structure, high controllability of particle and pore size and 

high inertness against interference molecules (complicate mediums, e.g. cell lysate and serum) 

[47]. 

Based on the hydroxyl derivatization, the surface activation and chemical functionalization of 

agarose beads need relatively harsh conditions, which high concentration of NaOH is necessary 

in most cases [47]. Monofunctional and heterofunctional supports can be obtained after several 

steps of activation (Figure 4). Among those grafted moieties, glyoxyl agarose has been proven 

with great success in enhancing the thermal stability of enzymes via achieving multipoint 
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covalent interaction [50]. Unlike glutaraldehyde, which achieves single point interaction with 

biomolecules under physiological buffer, the most possible interaction points between highly 

activated glyoxyl agarose and biomolecules are regions with a higher density of amino groups. 

Such reaction is favorable under an alkaline buffer and the whole process is quite fast upon 

multipoint interaction [51].  

 

Figure 4. Agarose derivates with different surface functionalities, include homofunctional 

supports (glyoxyl [51], CNBr [43] and MANAE [52]) and heterofunctional supports (chelate-

epoxy [45], chelate-glyoxyl [43], amine-epoxy [53] and octyl-glyoxyl [54]). 

When utilizing glyoxyl agarose as the immunosensor support, it demonstrates two 

characteristics: multiple points/all subunit interaction and heterogeneously diffusion in porous 

channels. Under the alkaline condition, the richest area in amino groups is the most potential 

anchoring points, which means the most abundant ε-Lys (pKa~10) are the better coupling points 

instead of the most reactive α-amino terminus (pKa~7.5). Due to the homogeneous distribution 

of Lys residues on the antibody surface, therefore, all the four subunits will be involved [55], 

which means “flat-on” is the most possible orientation after conjugation. Under this condition, 

the recognition capacity of the immobilized Abs is near 1 antigen per immobilized antibody, 

possibly due to the recognition sites being close to the support surface after antibody bound 

[45]. However, when polymers and reduction agents (dithiothreitol, DTT) were added as the 

additives, the whole immobilization procedure takes a longer time while lower capture ability 

was observed, which imply the “random” orientation of immobilized Abs is achieved instead 

of “flat-on” orientation [45]. Meantime, the distribution of biomolecules in the agarose porous 

channels are highly dependent on the immobilization rate. The biomolecules diffusion can be 
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regulated by imparting three parameters, which are surface functionality, the density of reactive 

groups or addition of the competitors. Thus, the tunable distribution of the biomolecules is 

highly controllable by rational limiting the immobilization rate [56]. Slowing down the 

immobilization rate causes the better uniform Ab diffusion into the porous and decreases the 

steric hindrances due to the crowded Ab density, almost 2-fold higher recognition capacity was 

observed using this strategy [43].  

As an excellent and well-accepted support for immunosensing, the interaction between agarose 

support and biomolecules can also be affinity adsorption. A β-trefoil lectin domain LSL150 was 

found with sugar-recognition ability, which is capable of binding galactose in solution with 

high affinity [57]. By generically incorporating the affinity domain (LSL150) on the N-terminal 

of enzymes as the binding tag, such LSL150-Enzyme-Agarose interaction is quite robust. The 

support materials can be unaltered agarose beads (crosslinked or un-crosslinked) and agarose 

functionalized magnetic nanoparticles, the bioconjugates can maintain the stability even under 

harsh conditions (heat up to 60 ℃ and 60 % acetonitrile as the incubation buffer) [58, 59]. 

1.3.2 Nanoparticles based support 

Nanomaterials are commonly defined as particles with small size that at least one dimension 

ranging from 1 nm to 100 nm, and they demonstrate extraordinary physicochemical properties 

due to small dimensions, such as high surface-to-volume ratio and tunable surface chemistries, 

which endow them multiple functionalities in the biosensing application [60]. The large surface 

area not only provides many anchoring positions for the bioreceptor labels (e.g. aptamers, 

enzymes and antibodies) but also work as the multiple fluorophores/enzymes carrier to amplify 

the signal, thus improving the sensitivity with the low analytes appearance [61]). Furthermore, 

antibody–nanomaterials conjugates may demonstrate different characterization by rationally 

controlling the properties of the nanostructures (size, shape, surface functionality and synthesis 

conditions), thus it is crucial to prepare monodisperse-sized nanomaterials with distinct 

physicochemical properties [62]. Thus, the nanostructure morphology and properties should be 

taken into serious consideration to obtaining biosensing platforms with satisfying performance. 

Recently, the development and application of different zero-, one-, two- and three-dimensional 

nanomaterials have emerged as remarkable component in the immunosensor area. In this thesis, 

several widely used nanomaterials will be introduced.  

1.3.2.1 Magnetic nanoparticles (MNPs) 

As the hot topic of MNPs application in the immunosensing application, many types of MNPs 

were synthesized and characterized, including single functional particles (iron, cobalt, nickel, 
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magnesium and platinum, etc) and multifunctional particles (core-shell–Fe3O4@Ag/Au, 

SiO2@Fe3O4@AuNPs and nanohybrids–FePt, etc) [60, 63-66]. Superparamagnetic iron oxide 

nanoparticles (SPIONs) are the most welcomed MNPs utilized in the immunosensing 

application so far, including the magnetite (Fe3O4) and its oxidized formation maghemite (γ-

Fe2O3).  

For in vivo application, the superparamagnetic iron oxide nanoparticles (SPIONs) should 

demonstrate nontoxicity and compatibility, small size to penetrate the circulation system while 

high magnetization to control the movement precisely by the external magnetic field [67]. 

However, the restriction for the in vitro application is less, in which the colloidal stability in 

the absence of the magnetic field and the fast magnetic resonance under the applied magnetic 

field are highly important.  

1.   Synthesis of iron oxide nanoparticles  

Because the properties of the MNPs are highly dependent on their dimension, thus the synthesis 

techniques and following surface functionalization are taken as the important variables to obtain 

size-dependent physicochemical properties and tailored surface functionality. 

Among the many strategies to synthesize the SPIONs, top-down (physical attrition) and 

bottom-up (chemical synthesis) are the main choices. Instead of mechanical ball milling that 

hard to control the morphology of the nanocrystals, the utilization of chemical techniques (co-

precipitation, hydrothermal, thermal decomposition, sol-gel and microemulsion) are more 

applicable to control the size and morphology of the SPIONs by manipulating the synthesis 

parameters [68]. The advantages of those preparation methods have been well summarized by 

Wu et al [69]. And the co-precipitation technique is one of the easiest and facile methods, which 

iron oxide MNPs can be synthesized just by adding the Fe2+/Fe3+ mixture into the alkaline 

solution followed by nucleation and growth, as shown as the following equation:  

Fe2+ + Fe3++ 8OH– = Fe3O4 + 4H2O 

Although solvothermal/thermal decomposition method can obtain SPIONs with a superior 

uniform size distribution, co-precipitation method still plays a dominant role for the iron oxide 

nanoparticles preparation due to the least requirement of synthesization condition and less 

toxicity [70]. 

2.   Iron oxide nanoparticles surface functionalization 

The high surface area has endowed the SPIONs with excellent physicochemical properties, 

while they are prone to agglomerate to reduce the surface energy partly because of strong 
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dipole-dipole interaction. Therefore, it is quite necessary to functionalize the SPIONs to 

maintain its colloidal stability and contribute to better dispersibility, in which polymers, 

inorganic materials and bioactive molecules have been well investigated [71]. Meanwhile, the 

functionalized layers can also integrate unique properties to the nanoconjugates [72], limit the 

nonspecific interaction and serve as the anchoring points to increase the loading capacity of the 

target biomolecules [69].  

For the application of immunosensors, one of the most important purposes of functionalization 

is to graft the SPIONs surface with multifunctionalities to couple the bioreceptors. Thus, 

natural/synthetic polymers bearing reactive moieties (or derivate moieties) are popular options. 

Starch [73], cellulose [74], chitosan [75], dextran [76], poly (acrylic acid) [77], alginate [78] 

and polyethylene glycol (PEG) [79] have been evaluated. Instead of in situ surface 

polymerization during nanoparticles synthesis, post-modification method can manipulate the 

grafting density and layers thickness, and multiple layers can be grafted by layer-by-layer 

strategy [80].  

Dextran has been proven a promising organic polymer to functionalize the SPIONs due to its 

high solubility, biocompatibility and high stability, and it has been utilized in molecular 

imaging, molecular diagnostics and drug-carrier/delivery [81]. Co-precipitation with iron 

ions/dextran solution improves the biocompatibility of dextran–SPIONs while post-

modification of dextran polymers with SPIONPs crystals result in better size distribution and 

monodisperse [58, 82]. For dextran coated SPIONs, covalent crosslinking is a necessary step 

to prevent the polymer dissociation during long-term storage and form functional moieties for 

the multivalent interaction. The surface functionality of dextran- SPIONs can derive from the 

epichlorohydrin cross linking followed by ammonia incubation to introduce the abundant 

primary NH2 groups [83], or mild periodate oxidation after dextran coating [84], or use the 

dextran derivate polymers as the coating layers.  

PEGylation of the SPIONs is one of the most favored treatments so far due to their high 

hydrophilicity and the grafted brush-like extensions demonstrate good repulsion against 

interference biomolecules in biological fluids [85, 86]. The heterobifunctional PEG terminals 

not only facilitate the selective interaction onto nanoparticles surface to guarantee its colloidal 

stability, but also activate the functional moieties to target bioreceptors. Multifunctional 

copolymer instead of simple monofunctional PEG polymer has been proven as a better option 

by N’Guyen et al. [87], which trifunctional ligand was synthesized (phosphonic moiety strongly 

bind with SPIONs, hydrophilic PEG polymer improves the antifouling properties and 

dispersibility, and coupling sites for the targets). 
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Silica coating is another classical functionalization technique. It can increase the colloidal 

stability of SPIONs, especially in acidic conditions. After functionalization, the homogeneous 

silica layer provides abundant Si-OH groups to activate the reactive moieties. The first classical 

and well proven method to prepare SPIONs@SiO2 nanostructure is Stöber strategy [88], the 

hydrolysis and condensation of the sol-gel precursor (e.g., tetraethyl orthosilicate, TEOS) can 

tuning the thickness of the silica shell. Utilizing the silanes with distinct functionalities, positive 

and negative moieties can be grafted simultaneously [89]. Another option is the reverse 

microemulsion (water-in-oil) technique, this method demonstrates better controllability with 

the thickness of the silica layer and avoids the appearance of the silica-free nanoparticles [90]. 

Similarly, organosilane ligands can graft uniform SiO2 layer on the SPIONs surface, meanwhile 

tune their surface functionality, among which 3-aminopropyltriethoxysilane [91], (3-

glycidyloxypropyl)trimethoxysilane [92] and 3-mercaptopropyl-trimethoxysilane [93] have 

been proven good application. 

Several bioactive molecules can also work as the binding layer to achieve the biomolecules 

immobilization. The quinone groups from tannin molecules can couple the trypsin with SPIONs 

upon pH increment of the incubation buffer [94]. Khramtsov et al [95]. used bovine serum 

albumin (BSA), casein and gelatins A/B as the coating biomolecules to determine the influence 

of functionalization layer on its transverse relativity (R2), results show that protein coating 

improves the storage stability, prevent the bioconjugates agglomeration when exposed with 

complex media.    

1.3.2.2 Other nanoparticles with excellent characterizations 

Gold nanoparticles (AuNPs) are famous noble nanoparticles used in optical biosensing 

application, mostly contributing to their inertness, biocompatibility, easy-of-synthesis and 

functionalization [96]. AuNPs demonstrate remarkable optical and electrochemical properties, 

such characteristics have been used in the lateral flow assay (LFA), surface plasmon resonance 

(SPR) and surface-enhanced Raman scattering (SERS) to promote their broad application. The 

spherical AuNPs are common label reporters used in the LFA due to their high extinction 

coefficient within the visible range [97]. Such immunoplatforms are fast, easy-of-operation and 

cost-effective. AuNPs and gold surface are also excellent support in the SPR, which record the 

refractive index change of surrounding medium, and allow the label-free detection of analytes 

in small quantities [98]. Further, combining the advantages of LFA and SERS can contribute 

even better sensitivity [99-101].  

Carbon nanomaterials are important nanomaterials for the development of immunosensor, 

typical carbon nanomaterials including graphene, graphene oxide (GO), reduced GO (rGO), 
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single–(SWCNTs) and multi-wall carbon nanotubes (MWCNTs) and other emerging 

nanomaterials [102]. Though they have vast diversities, they share many common advantages, 

like high aspect ratios, high surface area and good electronic properties. Further, the perfect 

combination of excellent conductivity and good electrochemical properties promote their 

application as the supporting materials in electrochemical determination [103]. Decorating 

CNTs with other nanoparticles further improved the electrochemical activity of nanohybrids 

[104]. 

Quantum dots (QDs) are typical semiconductor materials with excellent photophysical and 

luminescence properties, main advantages of those QDs nanostructures are high fluorescence 

yields and photostability, size/shape related luminescence characterizations, with broad 

absorbance bands while narrow emission bands that exhibit large Stokes shift [105]. 

Upconversion nanoparticles (UCNPs) are typical anti-Stokes luminescent nanomaterials, that 

emit luminescence with near-infrared light excitation following the opposite mechanize of QDs 

and organic dyes [106]. The upconversion luminescence (UCL) demonstrates many interesting 

features, such as excellent photoexcitation and chemical stability, quite narrow emission bands, 

which make them well-fit applications in biosensing [107].  

1.3.3 Screen-printed Electrodes 

Screen-printed electrodes (SPEs) are well-known and well-proven platforms for the 

electrochemical determination of distinct analytes due to their easy preparation, cost-effective, 

disposable and excellent batch-to-batch reproducibility. In addition, the mature manufacturing 

techniques of relative products suit the customizable requirements from laboratory trials to 

commercial applications, which further promotes its broad application.  

When the grafting and functionalization are directed on the working electrodes, the fabricated 

integrated electrochemical platforms simplify the application requirement and promote the 

decentralized assays [108]. To fabricate the ready-to-use biosensor based on SPEs, the surface 

activation of working electrodes to generate many anchoring points for the bioreceptors 

(aptamers, enzymes or Abs) is the first and crucial step to obtain satisfied device performance. 

Three are three most common strategies used in this functionalization step, which are ink 

printing with the conductive substrates during electrode fabrication (pre-treatment), drop 

casting and electrochemical deposition of precursors/nanoparticles (after ink curing treatment) 

(Figure 5) [109].  
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Figure 5. Common strategies to functionalize the working electrodes of SPEs. Reprinted with 

permission from [110]. 

Besides the properties of electrodes (working electrodes especially), the surface 

functionalization techniques can impart a strong influence on the biosensing performance, 

which promotes its robust application in different areas. The tremendous researches focus on 

efficient functionalization of electrodes have been well illustrated [108, 109, 111, 112], thus in 

this thesis only several typical results have been summarized, which integrated platforms can 

analyze varied analytes (small drug molecules, microRNA, moderate protein biomarkers and 

large bacteria cells or virus), and multiplexing detection is also applicable to achieve reliable 

results (Table S1). 

One functionalization methodology is to covalently graft the reactive moieties on the working 

electrodes of SPEs via electrochemical reduction of diazonium salts [108]. After rational 

regulating the electrografting parameters, the optimal density of deposited carboxylic groups 

(from PB buffer activation, p-ABA, p-aminophenylacetic acid and 4-carboxyphenyl grafting) 

and amino groups (p-phenylenediamine and 4-nitrophenyl diazonium grafting) are perfect 

anchoring points for the bioreceptors [113-118]. This activation step is easy-to-operating and 

cost-effective, meanwhile, the grafted reactive moieties are highly controllable. Multiplexing 

determination of dual analytes can be achieved via multiple channel SPCE arrays [117, 118] or 

dual carbon electrodes [119], and the utilization of dual functionalized nanomaterials (HRP and 

Ab) have been proven with better performance to enhance the sensitivity and LOD. 

Another functionalization strategy is to use AuNPs grafted SPEs, which are obtained from 

commercial gold electrodes [120, 121], electrochemical reduction of HAuCl4 solution [122-

126] or drop casting of AuNPs directly [127-129]. Due to its large surface area, the deposited 

AuNPs are promising carriers for the sulfhydrylated aptamers/peptide nucleic acid and affinity 

ligands (MPBA) via Au-S bonds, or antibodies via the interaction of Au-NH2 [122]. Another 
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advantage is to promote the electron transfer during the electrochemical determination, and 

AuNPs nanohybrids with other nanostructures demonstrate even superior electrocatalysis 

properties and show obvious signal amplification [130-132]. 

Carbon nanomaterials are also welcomed functionalization materials for the SPEs. Graphene, 

GO and rGO are classic carbon nanostructures used in this application, which not only provide 

large coupling sites for the bioreceptors/AuNPs and but improve the electrical conductivity of 

the electrodes [97, 133, 134]. The rational combination of rGO with other nanomaterials to 

form multifunctional nanocomposites bearing multiple functionalities is more appealing in the 

real-world applications [135, 136]. Except as the support material, the carbon nanomaterials 

also can work as the adhesive layers to conjugate other anchoring polymers (e.g., chitosan and 

carboxymethylcellulose) [121, 137]. CNT-functionalized electrodes will obtain an enhanced 

amperometric signal, especially toward H2O2 and NADH, which are the common substrates in 

the electrochemical sensor [103]. Meanwhile, carbon black (CB) is emerging as another 

competitive material that demonstrates improved conductivity and enlarged protein loading 

capacity with better cost-effectiveness [138-140].  

Polyaniline (PANI) is an intrinsically conductive polymer bears plenty of positive groups on 

its backbone chains, it can form a porous nanofiber structure upon electrochemical deposited 

onto the electrodes [141]. PANI can work as the immobilization carrier of redox enzymes due 

to its porosity [141] and adhesive layer to bind other nanomaterial layers exploiting its positive 

charged property [142, 143].  

1.4 Functionalities of nanomaterials during the fabrication of biosensors 

As discussed above, the application of nanomaterials is quite broad, and the performance of the 

biosensors has been greatly enhanced due to the unique characteristics endowed by its small 

dimension. To illustrate the functionalities and roles of the nanomaterials used in the biosensors, 

C-reactive protein (CRP) will be used as the model to be discussed. 

CRP is a well-documented diagnostic biomarker for cardiovascular disease, the precise 

quantification of CRP concentration in human fluids is quite important to diagnose the heart 

attack in the early detection [144]. And the CRP level has been reported with a high correlation 

with the early stage of COVID-19 infection, which can work as the biomarker related to lung 

lesions [145].  

1.   Immobilization support of the capture bioreceptors 

The first and most widely used functionality of nanomaterials is as the immobilization carriers 

of the recognition element to specifically capture the targets. Except for the antibody and 
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aptamer, poly(2-methacryloyloxyethyl phosphorylcholine) have also demonstrated a high 

binding affinity with CRP, and the easy control of the grafting density of this hydrophilic layers 

further promote its application [146, 147]. Meanwhile, the nanomaterial types will affect the 

corresponding detection techniques, thus causing the diversity of the biosensor sensitivity. 

AuNPs with excellent optical properties are good carriers because the nanoparticle size increase 

and wavelength shift can be easily monitored, however, this quantification detection method is 

relatively less sensitive, which LOD with μg mL–1 level is observed [148-150]. The magnetic 

nanomaterials have broader application because of its easy magnetic separation properties 

facilitate the pre-purification when interact with CRP from human serum samples, which 

chemiluminescence, fluorescence and electrochemical detection are applicable, and LOD with 

ng mL–1 level is observed with many cases [151-157].  

2.   Nanocarriers of the signal probes 

When nanomaterials are utilized as the carrier of the signal reporters, the large surface promotes 

its anchoring amount onto the surface of the nanomaterials, which is used as the signal amplifier 

to improve the sensitivity. HRP and detection antibody dual functionalized nanomaterials carry 

multiple signal molecules per nanomaterial to generate higher signal under the same analyte 

concentration, which makes them better detection probes instead of single enzyme molecule 

[144, 158]. Under this condition, improved LOD with pg mL–1 level was observed. When 

recognition aptamers and dsDNA dual coupled nanomaterials were utilized as the detection 

probes, DNA concatemers carry tremendous signal tags from the hybridization chain reaction 

and the amplification CuNPs support have been reported to greatly improve the sensitivity, 

which a LOD with 0.33 fg mL-1 was reported [159].  

Colloidal AuNPs also are well-researched carriers of secondary antibodies used in the 

immunochromatographic assay (ICA), the density of red color facilitates the quantitation of the 

analytes [160, 161], and further application of gold enhancer solution demonstrate higher 

sensitivity [162]. Its main advantages are one-step operation, fast response speed and cost-

effectiveness, while the semi-quantification and lower sensitivity hamper its application in 

precise determination.  

When fluorescent nanomaterials were combined with the ICA technique, easy, observable 

quantification and improved sensitivity were reported. QDs and UCNPs are reported as 

excellent fluorescent nanoparticle carriers, the broad dynamic range of the ICA determination 

was preserved, and enhanced sensitivity was another advantage [93, 97, 163-170]. Hu et al. and 

Huang et al. have utilized the multiple QDs embedded nanospheres instead of single QDs to do 
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the CRP detection–the similar strategy like multiple HRP molecules coupled carriers–can 

obviously enhance fluorescence signals [171, 172].  

Typical ELISA measurement can detect the CRP concentration as low as 1.06 μg mL–1, which 

is not a satisfactory option so far [173], while the combined advantages of ELISA and 

nanoparticles also promote higher sensitivity. The photoluminescence generated from the QDs 

nanoparticles cause a wide dynamic detection range [174-176], and when Ru(bpy)32+ was used 

as the photoredox, the signal was further enhanced via electrochemiluminescent (ECL) 

amplification [177]. When the fluorescence determination using multiple signal molecules 

loaded nanomaterials can obtain over 32-fold higher sensitivity than single dye loading [178], 

over 5 orders of dynamic range with 0.043 pg mL–1 LOD was achieved by this method [179].  

3.   Nanotracers  

Noble metal nanostructures (AuNPs and AgNPs) are excellent substrates for the SERS 

technique due to their unique size/shape-dependent optical properties [180]. For the detection 

of CRP using the SERS technique, the synergic amplification effect of AuNPs and signal probes 

(Nile blue and methylene blue) significantly prong the detection limit which results in this main 

advantage with wide dynamic range and excellent sensitivity, which LOD lower than 1 pg mL-

1 have been observed in most cases [100, 181-183].  

As discussed earlier, the combination between the LFA technique and other determination 

methods can obviously improve the performance while maintaining easy and fast quantification. 

Similarly, when incorporating SERS technique with LFA method, although the detection 

sensitivity was not as good as the SERS determination alone, probably limited by the 

visualization functionality of detection probes labeled nanomaterials on the nitrocellulose 

membranes [184], however, the wide detection range was maintained and even lower LOD was 

obtained [99, 101, 180]  

When immobilizing the recognition bioreceptors on the gold surface, the refractive index 

change of the surrounding medium is monitored by the SPR technique, and using the AuNPs 

labeled detection probes can even amplify the minor change [98].   

4.  Nanocatalysts of enzyme mimics 

The enzyme-like catalytic activity of metal nanoparticles has been discovered and applied as 

the substitution choice of horseradish peroxidase (HRP) [185]. The nanoenzymes can catalyze 

the efficient oxidation of different substrates (3,3,5,5-tetramethylbenzidine (TMB), (2,2′-

azinobis-(3-ethylbenzthiazolin-6-sulfonic acid)) (ABTS) and o-phenylenediamine) with the 
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appearance of H2O2, and the substrate oxidation process can be monitored via colorimetric 

change or the electrochemical current variation.  

A colorimetric reaction is the most common application of such nanoenzymes, Xie et al. [186] 

did very interesting research that recognition antibodies and reactive enzymes were replaced 

by cytidine 5′-diphosphocholine (Citicoline) and AuNP to perform the ELISA determination, 

which phosphorylcholine-BSA coated microplate can specifically capture the CRP analytes and 

lower the background signals, and their corresponding sandwich formation with aptamer 

coupled AuNPs simplified the operation procedure. Except for the AuNPs, AgNPs, N-/B- 

doped rGO, PtNPs, IrNPs and other bimetallic nanocomposites (PtRu NPs and PtAg) also 

demonstrate good peroxidase-like activity in sandwich formation [187-189].  

When using electrochemical determination instead of colorimetric monitoring, the sensitivity 

can even be further improved [190]. The nanomaterials functionalized glassy carbon electrode 

(GCE) can improve the immobilized amount of capture bioelements, thus increase the capture 

capacity of analytes with low abundance, the nanoenzymes can amplifies the current change 

and sensitive quantification of CRP level to pg mL-1 [191-193].  
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2. Objectives 

The general objective of this doctoral thesis was to design and develop satisfactory 

immunosensing platforms for the detection of biomarkers with improved analytical 

effectiveness, in which rapidity, sensitivity and versatility are of great importance. The research 

presented in the dissertation emphasis on the exploration of site-directed bioreceptors 

conjugation strategy and evaluates the compatibility of diverse supporting materials. 

Specifically, different objectives can be summarized as following parts: 

2.  Developing versatile immobilization strategies for full-length bioreceptors in terms of 

uniform orientation and preservation of their biofunctionality.  

3.  Determining the surface coating strategy and functionalization chemistries for 

superparamagnetic iron oxide nanoparticles on the basis of magnetic response speed and 

colloidal stability. 

4.  Evaluating and comparing different analytical techniques (optical and electrochemical 

analysis) with their analytical features, mainly sensitivity and applicability. 

5.  Exploring the multifunctionality of magnetic nanoparticles, including as the bioreceptors 

conjugation platform and dual-functionalized nanocarriers for signal amplification.  

6.  Comprising the different supporting materials in terms of immunosensing response time, 

cost-effectiveness, sensitivity and versatility. 

7.  Characterizing the analytical performance of fabricated immunosensors based on the varied 

supporting matrices and detection probes. 
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3. Materials  

Provider Products 

Biomolecules (enzymes and antibodies) 

Sigma Aldrich (St. Louis, USA) 

Horseradish peroxidase (HRP) 

β-galactosidase (BGL) 

Anti-HRP antibody from rabbit 

Anti-BGL antibody from chicken 

Human serum (from male AB clotted whole 

blood) 

Human hemoglobin 

IgG from human serum 

Human serum albumin (HSA) 

Bovine serum albumin (BSA) 

Streptavidin (Strep) 

Casein 

R &D Systems (Minneapolis, USA) 

(Provided in CRP DuoSet ELISA kit) 

Recombinant human C-Reactive Protein (CRP) 

Mouse capture antibody (cAb-CRP) 

Mouse biotin labelled antibody (B-DAb-CRP) 

N-Terminal Pro-B Type Natriuretic Peptide (NT-

proBNP) 

Cardiac troponin T (cTnT) 

Cardiac troponin I (cTnI) 

Roche Diagnostics GmbH (Mannheim, 

Germany) 

Streptavidin conjugated HRP (Strep-HRP) 

 Antibody immobilization supports 

Agarose Bead Technologies (Madrid, 

Spain) 

Agarose 6% crosslinked beads (BCL) 

Dynal Biotech ASA (Oslo, Norway) 
HOOC-MBeads (magnetic beads), 2.8 µm Ø, 

10 mg mL−1, Dynabeads® M-270 carboxylic acid,  

Metrohm DropSens (Oviedo, Spain) 

SPCEs (DRP-110, 4 mm Ø carbon working 

electrode, carbon counter electrode and Ag 

pseudo-reference electrode) 

Chemical reagents 

Sigma Aldrich (St. Louis, USA) 
Different dextran polymers from Leuconostoc spp. 

(MW ~ 10 kDa, 24.5 kDa, 40 kDa, 70 kDa) 
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Sodium borohydride (NaBH4) 

Sodium (meta) periodate (NaIO4) 

2-Mercaptoethanol 

Sodium dodecyl sulfate (SDS) 

Epichlorohydrin 

Glycidol 

Ethanol 

Iron chloride (III) hexahydrate (≥98%) 

Iron chloride (II) tetrahydrate (≥99%) 

Sodium bicarbonate (NaHCO3) 

Ammonia solution (NH4OH, 30%) 

Iminodiacetic acid (IDA) 

L-lysine disodium salt monohydrate (AB-NTA) 

N-hydroxysuccinimide (NHS) 

Sulfo-N-hydroxysuccinimide (Sulfo-NHS) 

Imidazole  

Polyethylene glycol (PEG) 600 

Dithiothreitol (DTT) 

2-(N-morpholino) ethanesulfonic acid (MES) 

Tris-hydroxymethyl-aminomethane-HCl (Tris-

HCl) 

Hydroquinone (HQ) 

Ethanolamine 

Tetraethyl orthosilicate (TEOS) 

p-aminobenzoic acid (p-ABA) aryldiazonium salt 

GE healthcare UK (Amersham, UK) LMW calibration kit (molecular marker) 

Medicell membrane Ltd (London, UK) Dialysis membrane (12~14 kDa) 

Bio-Rad (Hercules CA, USA) 

30% Acrylamide and bis-acrylamide (N, N’-

methylenebisacrylamide) mix solution 

TMB Liquid Substrate System for ELISA 

Quick Start™ Bradford 1x Dye Reagent 

Fluka (Buchs, Switzerland) Sodium phosphate 

Novabiochem (San Diego, USA) 
1-Ethyl-3-(3′-dimethylaminopropyl) 

carbodiimide · HCl (EDC)  

Sodium hydroxide (NaOH) 
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PanReac AppliChem (Barcelona, 

Spain) 

Potassium iodide (KI) 

Nickel (II) sulfate hexahydrate 

Sulfuric acid 

 Sodium nitrite (NaNO2) 

Substrates of activity determination 

Sigma Aldrich (St. Louis, USA) 2,2’-azino-bis (3-ethylbenz-thiazoline-6-sulfonic 

acid) (ABTS) 

o-Nitro-phenyl-β-D-galactopyranoside (o-NPG) 

Hydrogen peroxide (H2O2) 

Apparatus 

Jasco (Kyoto, Japan) UV-Vis spectrophotometer V-730 

Biotek (Winooski, USA) Epoch 2 microplate reader 

Elma Schmidbauer GmbH (Singen, 

Germany) 

S 30H Elmasonic sonicator 

Malvern Instruments (Malvern, UK) Zetasizer Nano S 

CH Instruments (Austin, USA) 
CHI1140A potentiostat controlled by CHI1140A 

software 

Invitrogen–Thermo Fisher Scientific 

(Waltham, USA) 

Magnetic separator DynaMag®2 

R &D Systems (Minneapolis, USA) Clear polystyrene microplates 

TECAN (Männedorf, Switzerland) Magellan V 7.1 microplate reader for ELISA 

Homemade 
Polymethylmethacrylate (PMMA) casings embed 

neodymium magnets (AIMAN GZ) 
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4. Methods 

4.1.  Antibody immobilization onto the agarose beads–homofunctional and 
heterofunctional support 

4.1.1 Preparation of monofunctional glyoxyl-agarose support 

The glyoxyl-agarose support was prepared by the etherification of the agarose surface, followed 

by the periodate oxidation [51]. Briefly, 105 g 6BCL (crosslinked) agarose beads were 

resuspended in mixture solution (contain 80 mL of distilled water, 3.4 g NaOH and 1.425 g 

NaBH4 solid) under the gentle mechanical stirring, bulk agarose beads were dispersed before 

36 mL of glycidol was added dropwise. This functionalization procedure was stirred at room 

temperature overnight, and adequate distilled water was used to wash the diols-activated 

agarose beads.  

The diol groups functionalized on the agarose beads were further hydrolyzed into glyoxyl 

groups. Briefly, 105 g diols-activated agarose beads were pre-resuspended in 150 mL distilled 

water containing 3.21 g sodium periodate solid until all the bulk beads were broken. Then 1500 

mL distilled water was poured into the suspension under gentle mechanical stirring, the reaction 

was performed at ambient temperature for 2 h. Adequate distilled water was used to wash the 

glyoxyl-activated agarose beads. 

4.1.2 Immobilization of antibody on the glyoxyl-agarose support 

Direct conjugation:1 g of glyoxyl-agarose was incubated with 4 mg anti-HRP dissolved in 10 

mL of sodium bicarbonate (25 mM, pH 10), the immobilization was performed at 25 °C for 1 

h for the fast conjugation. The immobilization amount of anti-HRP at different time intervals 

was monitored by Bradford assay. Upon the finish of antibody immobilization, 1 mg mL-1 

NaBH4 was added and reacted for 30 min to stabilize the reversible imide bonds. The antibody-

glyoxyl bioconjugates were washed with phosphate buffer (PB) buffer to eliminate any 

impurities. 

N-terminus targeted conjugation: 1 g of glyoxyl-agarose was incubated with 4 mg anti-HRP 

dissolved in 10 mL of sodium bicarbonate (25 mM, pH 8.5), the immobilization was performed 

at 25 °C for 24 h for the fast conjugation. The immobilization amount of anti-HRP at different 

time intervals was monitored by Bradford assay. Upon the finish of antibody immobilization, 

1 mg mL-1 NaBH4 was added and reacted for 30 min to stabilize the reversible imide bonds. 

The antibody-glyoxyl bioconjugates were washed with PB buffer to eliminate any impurities. 
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Random immobilization: 1 g of glyoxyl-agarose was incubated with 4 mg anti-HRP dissolved 

in 10 mL of mixture 20% (w/v) PEG 600 and 50 mM DTT dissolved in 25 mM sodium 

bicarbonate (pH 10), the immobilization was performed at 4 °C for 6 h for the efficient 

conjugation. The immobilization amount of anti-HRP at different time intervals was monitored 

by Bradford assay. Upon the finish of antibody immobilization, 1 mg mL-1 NaBH4 was added 

and reacted for 30 min to stabilize the reversible imide bonds. The antibody-glyoxyl 

bioconjugates were washed with PB buffer to eliminate any impurities. 

4.1.3 Preparation of heterofunctional chelate-epoxy agarose support 

The agarose beads were first activated with epoxy groups, then epoxy groups were partly 

substituted by the chelate groups to achieve the heterofunctional support. Briefly, 100 g 6BCL 

agarose beads were resuspended in mixture solution (contain 440 mL of distilled water, 160 mL 

of acetone, 33 g NaOH solid and 2 g NaBH4 solid) under the gentle mechanical stirring, bulk 

agarose beads were dispersed before 110 mL of epichlorohydrin was added dropwise. This 

functionalization procedure was stirred at room temperature overnight, and adequate distilled 

water was used to wash the epoxy-activated agarose beads.  

The second substitution step was performed by using iminodiacetic acid to react with epoxy 

groups. By controlling the reaction time, different proportional epoxy groups were transformed 

to chelate groups. 10 g of wet epoxy activated-agarose beads were resuspended to 100 mL 

0.5 M iminodiacetic acid solution (pH 11) and different time intervals were perform (2 h, 4 h, 

8 h and 24 h) to obtain different heterofunctional support. Adequate distilled water was used to 

wash the heterofunctional agarose beads. The chelate groups on the heterofunctional supports 

were incoordinate with nickel sulfate (30 mg mL-1, m/v) for 1h before adequate distilled water 

washing.  

4.1.4 Immobilization of antibody on the chelate-epoxy agarose support 

Oriented immobilization: This antibody immobilization strategy was performed in a two-step 

manner, which are physical adsorption and covalent interaction [43]. 1 g of chelate-epoxy wet 

support was incubated with 4 mg anti-HRP in 25 mM sodium phosphate pH 7. The 

immobilization was performed at 25 °C for 1 h for the fast affinity adsorption, and the 

immobilization amount of anti-HRP at different time intervals was monitored by Bradford 

assay. Following the affinity adsorption, the supernatant was discarded by vacuum filtration, 

and the antibody-chelate/Ni2+-epoxy bioconjugations were incubated at alkaline buffer (25 mM 

sodium bicarbonate, pH 10) for another 24 h to achieve the irreversible covalent interaction. 

Thus, fully covalent conjugated antibodies were incubated with the EDTA buffer (0.5 M EDTA, 

0.5 M NaCl, and pH 8) to eliminate the coordinated metal ions, affinity coupled antibodies will 
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be desorbed from the support. The residual epoxy groups were blocked with a 3 M glycine 

solution (pH 8.5).  

To determine the adequate incubation time under alkaline buffer that promote the fully covalent 

conjugated antibodies, the antibody-agarose bioconjugates were incubated with EDTA buffer 

(0.5 M EDTA, 0.5 M NaCl, and pH 8) to check the ratio of irreversible connection, the 

bioconjugates were vacuum filtered with different time intervals. And the antibody 

concentration was monitored to evaluate the leaching antibody until there is no antibody 

detected in the supernatant. 

4.1.5 Immunoassay determination of prepared antibody-agarose bioconjugates 

To calculate the captured antigens per μmol immobilized antibody, proteins (HRP or BGL) 

with a concentration of over 20 times higher than the saturated adsorption capacity of 

bioconjugates was prepared, and the protein in sodium phosphate (0.1 M, pH 7) was incubated 

with 1 g of agarose wet support at 4 °C. After incubating for 4 h, the captured antigens were 

measured by the enzyme activity of bioconjugate before washing with the same buffer to 

eliminate the nonspecific interaction and excessive proteins. 

4.1.6 Protein concentration determination 

The protein concentration was determined by Bradford assay using bovine serum albumin 

(BSA) as standard reference protein. Briefly, 5 µL of each standard or sample was pipetted into 

the 96 well microplates, respectively, and 200 µL of the Quick Start™ Bradford 1x Dye 

Reagent was added to each well. After thoroughly mixing for 30 seconds, the mixture was 

incubated for another 10 minutes at 25 ℃ before the absorbance determination at 595 nm using 

a microplate reader (BioTek Instruments, Winooski, USA). 

4.1.7 Enzyme activity determination of the immunoconjugates 

HRP activity determination: The enzyme activity of HRP was determined following the 

protocol described by [194]. Sodium phosphate buffer (0.05 M, pH 6.0) was the reaction buffer, 

ABTS (molar extinction coefficient of ABTS+ is 36000 M−1 cm−1) and H2O2 were the substrates. 

The equal molar concentration of ABTS and H2O2 (final concentration is 1 mM) were mixed 

in the buffer, the absorbance increases of 420 nm at 25 °C were monitored by Jasco V-730 UV–

Visible spectrophotometer (Tsukuba, Japan). One enzyme unit was defined as the generated 1 

μmol of ABTS+ per min/mg enzyme under the reaction conditions. Determination experiments 

were performed in triplicate to calculate the mean values. 
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BGL activity determination: The enzyme activity of BGL was determined following the 

protocol described by [195]. Sodium phosphate buffer (50 mM, pH 7.0) was utilized to dissolve 

the o-NPG (molar extinction coefficient of o-nitrophenol is 3100 M-1 cm-1) to achieve the final 

concentration of 13 mM. Afterwards, the absorbance increases of 405 nm at 25 °C was 

monitored by Jasco V-730 UV–Visible spectrophotometer (Tsukuba, Japan). One enzyme unit 

was defined as the generated 1 μmol of o-nitrophenol per min/mg enzyme under the 

aforementioned condition. 

4.1.8 Quantification of the epoxy groups density on the agarose support 

The epoxy and aldehyde density were calculated by the decrease of the periodate amount in the 

supernatant solution before and after the oxidation reaction [196].  

For the quantification of epoxy groups density on the agarose beads, 1 g wet agarose support 

bearing epoxy groups was incubated with 10 mL of 1N H2SO4 for 2 h to realize the ring-open 

reaction. The diol hydroxyl groups on the agarose support were hydrolyzed to aldehyde groups 

by incubating with 10 mL 100 mM NaIO4 solution. After gentle oxidation, the supernatant of 

the reaction system was used to quantify the residual periodate concentration by the 

colorimetric reaction.   

1 mL Saturated NaHCO3 solution was pre-mixed with 1 mL 10% (w/v) potassium iodide 

solution, then 100 μL stock periodate solution/supernatant was added and the absorbance at 450 

nm was monitored using Jasco V-730 UV–Visible spectrophotometer (Tsukuba, Japan). 

4.1.9 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis 

The protocol of denatured SDS-PAGE analysis was following the detail described by [197]. 

Soluble protein or antibody-support bioconjugates were diluted with 2× lysis buffer (62.5 mM 

Tris-HCl, pH 6.8, 2% SDS, 5% 2-mercaptoethanol, 10 % glycerol and 0.005 % bromophenol 

blue) before being boiled for 5 min. 12% (w/v) polyacrylamide gel was used as the separation 

gel to distinguish the bands between the light chain and heavy chain of the antibody. After color 

development with Coomassie blue, GelQuant NET (1.7.8) was utilized to quantify the gray 

intensity of each band. 

4.2.  Dextran functionalization and further chemistry activation 

4.2.1 Synthetization of the bare magnetic nanoparticles via coprecipitation 

The synthesization of bare MNPs was following the protocol of Massart [198]. Briefly, 0.09 

mol Fe3+ and 0.054 mol Fe2+ were dissolved in 45 mL distilled water to form a homogeneous 

solution with yellow color, then the mixture was gently poured into 75 mL NH4OH solution 
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(30%) under vigorous stirring. The black nanoparticles appeared immediately upon the addition 

of ferrous solution, and the obtained nanoparticles were further heated up to 90 ℃ for 1h to 

obtain nanoparticles with larger particle size. After cooling down to room temperature, the 

nanocomposites were washed with ethanol and distilled water three-time and stored at 4 ℃ for 

further usage.  

4.2.2 Acid treatment to achieve the γ-Fe2O3 synthesis 

To obtain the single phase of maghemite (γ-Fe2O3), another oxidation treatment was performed 

with HNO3 and Fe(NO3)3 [199]. The obtained MNPs were incubated with 2 M HNO3 for 15 

min to dissolve nanoparticles with smaller size, magnetic separation was performed to eliminate 

the extra HNO3. Then 75 mL Fe(NO3)3 (1 M) and 130 mL distilled water were added into the 

above nanocomposites, heated up to 90 °C for 30 min to perform the following acid treatment, 

after cooling down to room temperature, the supernatant was discarded. Afterward, acid 

treatment was performed by incubating with 300 mL 2 M HNO3 for 15 min. Finally, the acid-

treated MNPs were washed three times with acetone and water, and a rotary evaporator was 

used to remove the residual acetone and concentrate the nanocomposites. To distinguish the 

acid-treated nanoparticles and bare nanoparticles, the acid-treated nanoparticles were defined 

as γ-Fe2O3 nanoparticles. 

4.2.3 Silica coating to functionalize extra SiO2 layer on the surface of the nanoparticles 

The protective silica shell was functionalized on the bare nanoparticles by the Stöber method 

[88]. To achieve sufficient coating and monodispersity, 160 mg of bare MNPs were dispersed 

in 480 mL of a mixture of 2-isopropanol/H2O (2 : 1, v/v) with sonication mixing, followed by 

the addition of 32 mL of NH4OH (30%, v/v) to the mixture, then the addition of 0.32 mL of 

tetraethyl orthosilicate (TEOS) was performed via drop by drop. After 1 h ultrasound treatment 

to achieve the thin layer on the bare MNPs surface, the solution was changed to vigorous stirring 

overnight. The silica-coated nanocomposites (SiO2@MNPs) were washed by centrifugation 

(14000 rpm for 30 min) with ethanol for three times and resuspended with distilled water. 

4.2.4 Surface functionalization with dextran and following the crosslinking treatment 
(Dex@MNPs) 

Mechanical stirring: The dextran coating onto the nanoparticles was based on the physical 

adsorption of dextran polymers onto nanoparticles surfaces under strong alkaline conditions 

[63]. 400 mg dextran (MW = 10 kDa, 22.5 kDa, 40 kDa or 70 kDa) was well dispersed in 2.5 

mL NaOH solution (0.5 M), sonication was performed to obtain homogenous dextran solution. 

Under vigorous mechanical stirring (~800 rpm), 50 mgFe MNPs (dispersed in water) 
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resuspended in 1.6 mL NaOH solution (0.8 M concentration) were added into dextran solution 

drop-wisely. The dextran polymer/nanocomposites mixture solution was mechanically stirred 

for 24 h until there is no agglomeration observed, colloidal dispersion was obtained after 

sufficient coating. After finishing the polymer coating, the color of nanocomposites will change 

to dark brown instead of the initial black color. Dialysis membrane (12 ~ 14 kDa cutoff) was 

used to perform the dialysis against distilled water, several water changes for 24 h to remove 

the unbound dextran polymers. The polymer modified MNPs were magnetically collected with 

a portable magnet and resuspended in distilled water to obtain a homogeneous suspension. 

Sonication: The preparation of the dextran solution and nanoparticles colloidally suspended in 

alkaline condition was following the same protocol as mechanical stirring when using 

sonication treatment. The difference between those two methods is the mixing strategy of the 

dextran/nanoparticles system, in which the bare MNPs were dropped wisely added into the 

dextran solution under the sonication, and the mixed suspension remained under sonication 

treatment for another 6 h at 25 °C. The following purification and dialysis were the same as 

previously stated. 

The dextran crosslinking was performed to strengthen the connection between nanoparticle 

surface and polymers, thus preventing the dissociation of polymer layers. 1 mL dextran 

functionalized MNPs (10 mgFe) were mixed with NaOH solution (final concentration is 2 M), 

sonication was performed for 10 min to get a well-dispersed mixture. Afterward, 1.5 mL 

epichlorohydrin liquid was added into the mixture drop wisely under vigorous stirring. The 

crosslinking reaction finished after 24 h reaction, after dialysis against distilled water, the 

modified MNPs were magnetically collected and resuspended in distilled water to obtain 

colloidal stabilized suspension with a concentration of 10 mgFe mL-1. The crosslinked 

nanoparticles will be defined as Epoxy-Dex@MNPs or Dex@MNPs, the epoxy groups have 

been grafted on the backbone of dextran polymers during the crosslinking treatment. 

4.2.5 Evaluation of the colloidal stability and magnetic separability of surface-modified 
nanoparticles 

Evaluating the colloidal stability of nanoparticles was performed by monitoring the absorbance 

decline tendency in different aqueous buffers (pH range from 3 to 11), and the absorbance 

intensity under 400 nm wavelength was analyzed at ambient temperature.  

Different aqueous buffers were prepared first, 5 types of buffer systems were corresponding to 

the varied pHs, namely glycine-HCl (pH 3.0), sodium acetate-acetate (pH 4.0 and 5.0), MES 

(pH 6.0), HEPES (pH 7.0 and 8.0) and NaHCO3 (pH 9.0, 10.0 and 11.0). Colloidal suspension 

with about 5 μgFe mL-1 nanoparticles (the absorbance range was 0.8–1.2) was pipetted into the 
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UV-transparent disposable cuvettes, then diluted to 2 mL suspension using the prepared 

aqueous buffer. Following the strong ultrasound treatment for 2 min to achieve the 

homogeneous distribution, parafilm was used to seal the cuvettes to prevent solvent evaporation. 

The absorbance was determined with different time intervals using the fixed wavelength (400 

nm) by Jasco V-730 UV–Visible spectrophotometer (Tsukuba, Japan). The nanoparticle 

suspensions were stored at the ambient temperature until the absorbance determination.  

When pure distilled water was used as the incubation system, highly diluted NaOH/HCl was 

applied to change the pH by carefully adding it into the system. 

The magnetic separation capacity of the nanoparticles was quantified using the same strategy, 

the embedded magnets in the cell holder (Jasco STR-773) were used to quantify the absorbance 

variations caused by the magnetic attraction. While this determination was continuously 

recorded instead of periodically monitored. 

4.2.6 Characterization of the Dex@MNPs with sufficient surface coverage 

The particle size and morphology of the nanoparticles were determined by transmission 

electron microscopy (TEM, JEOL JEM 1010) operating at 100.0 keV. The diluted nanoparticles 

in distilled water were dried over Cu TEM grids at room temperature before performing the 

measurement. The size distribution of nanoparticles was determined by using ImageJ digital 

software to calculate the average particle size and standard deviation. 

The ζ-potential, hydrodynamic size and polydispersity index of the nanoparticles were 

determined by dynamic light scattering (DLS, Zetasizer Nano S, Malvern Instruments), and 25 ℃ 

was selected as the experimental temperature. Nanoparticles were highly diluted in distilled 

water and dilute HNO3/KOH solution was used to change the pH of nanoparticles suspension. 

The nanoparticles concentration described in this thesis was the concentration of iron. The iron 

concentration of the nanoparticles in the colloidal statue was determined by inductively coupled 

plasma optical emission spectroscopy (ICP-OES, ICP PERKIN ELMER mod. OPTIMA 2100 

DV), 25 µL colloids were dissolved by HNO3/HCl mixture, 1000-fold dilution with distilled 

water was performed before the measurement. 

Magnetic characterization was carried out in a Vibrating Sample Magnetometer (VSM, 

MagLabVSM, Oxford Instrument). 100 μL nanoparticles were dropped on the cotton pellet and 

heat up at 50 ℃ dried for over 24 h to ensure the full adsorption of the solid nanomaterials. 

After compacted in a capsule following the standard protocol, the saturation magnetization of 

the samples were obtained from hysteresis loops measured at room temperature (300 K). 
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Fourier-transform infrared spectroscopy (FTIR, IFS66V, Bruker) was performed with 

solidified nanoparticles. The colloidal nanoparticle suspension was resuspended in ethanol 

solution, aggregated nanoparticles can be easily separated and dried for over 24 h to eliminate 

the distilled water in the samples. About 1 mg water-evaporated nanoparticles were mixed with 

99 mg potassium bromide (spectroscopic grade) before being compressed into ~1 mm thick 

discs. 

Thermogravimetric analysis (TGA, Q500, TA Instruments) data were recorded in nitrogen flow 

(10 mL min-1) in a temperature range from room temperature (RT) to 800 ℃ (heating increase 

rate of 10 ℃ min-1). The solidified samples were prepared using the same strategy described in 

the FTIR analysis.  

4.2.7 Preparation of HOOC-Dex@MNPs based on the modification with Dex@MNPs 

In this part, carboxylic groups functionalized nanoparticles–HOOC-Dex@MNPs–were 

prepared via the reaction between epoxy groups (grafted during crosslinking treatment) and 

iminodiacetic acid. 10 mgFe Epoxy-Dex@MNPs nanoparticles were washed three times with 

10 mM NaHCO3 (pH 10.0), then 2 mL 0.5 M iminodiacetic acid (IDA) solution prepared in 

NaHCO3 solution was pipetted into the 5 mL glass tube contains the Epoxy-Dex@MNPs. 

Thorough sonication treatment was performed until obtains a homogeneous suspension, and 

the reaction time was controlled from 0.5 h to 24 h. At a specific time interval, the modified 

nanoparticles suspension was withdrawn from the mixture system and separated with a magnet, 

and further purification was performed with distilled water. 

4.2.8 Preparation of the HRP-AbHRP-Alde-Dex@MNPs nanoconjugates 

Before conjugating the antibody, 1 mgFe Alde-Dex@MNPs were washed with 10 mM NaHCO3 

(pH 10.0) three times to achieve the buffer exchange. Then 50 μL 0.2 mg mL-1 anti-HRP 

antibody dissolved in 10 mM NaHCO3 (pH 10.0) was used to resuspend the nanoparticles, brief 

sonication helps to break the agglomeration caused by the magnet adsorption, the 

immobilization treatment was performed at 25 ℃ for 1 h. NaBH4 dissolved in 10 mM ice-cold 

NaHCO3 (pH 10.0) was freshly prepared and pipetted into the suspension with the final 

concentration of 1 mg mL-1 to stabilize the reversible imide bonds and achieve the inert surface 

of nanoconjugates. After washing with PB buffer (10 mM, pH 7.0) three times, the antibody-

MNPs bioconjugates were kept in PB buffer before the further detection immunoassay. 
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4.2.9 Calculation of the functionality of AbHRP-MNPs nanoconjugates with different 
immobilization strategies 

The remaining functionality of the immobilized AbHRP was performed by calculating the 

antigen-recognition capacity of the conjugated antibodies. To calculate the captured antigens 

per μmol immobilized antibody, an enzyme with a concentration of over 20 times higher than 

the saturated adsorption capacity of nanoconjugates was prepared in sodium phosphate buffer 

(0.01 M, pH 7.0). Then the 50 μL HRP protein was incubated with the AbHRP-Alde-

Dex@MNPs (pre-separated with portable magnet), following the brief sonication to break the 

agglomeration, and the incubation was performed under 37 ℃ by a water bath. After incubated 

for 10 min, the HRP-AbHRP-Alde-Dex@MNPs immunoconjugates were washed with sodium 

phosphate buffer three times to eliminate the unspecific interaction and excessive proteins, and 

the enzyme activity of bioconjugate was determined as described in 4.1.7.  

The calculation of the capture capacity of the immobilized AbHRP was following the protocol 

of [35], which means the average HRP molecule captured per immobilized AbHRP molecule. 

Ratio (capture capacity of immobilized	AbHRP)=

IUHRP	* mg MNP-1
AE

MWHRP

mgAb	* mg MNP
-1

MWAb

 

Where, IUHRP * mg MNP-1 is the enzyme unit of the HRP enzyme per mg of AbHRP-Alde-

Dex@MNPs, the unit of enzyme activity has been described in 4.1.7. 

AE is the specific activity of the HRP enzyme. 

MWHRP and MWAb are the molecular weight of the corresponding protein, respectively. 

4.3.  Alde-Dex@MNPs with optimal aldehyde density as the nanocarriers–
colorimetric determination and electrochemical assays  

4.3.1 Characterization of the Alde-Dex@MNPs 

The characterization of the Alde-Dex@MNPs nanoparticles (particle size, surface charge, 

functional groups identification and surface coverage, etc) were following the details described 

in 4.2.6. 

4.3.1.1. Periodate oxidation of the dextran layers on the surface of the nanoparticles 

For the preparation of Alde-Dex@MNPs nanoparticles, 10 mgFe Dex@MNPs were 

magnetically decantated first, and 2 mL sodium periodate solution with different concentrations 
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(2 mM–10 mM) was pipetted into the Eppendorf tubes, briefly sonication for 1 min to break 

down the agglomeration and achieve the homogeneous distribution. The whole oxidation 

condition was performed with gentle rotation at 25 °C and protected from light by covering 

with aluminum foil. After reaction for different time intervals (0.5–5 h), the oxidized 

Dex@MNPs nanocomposites were magnetically separated by a portable magnet, and the 

residual generated aldehyde density was quantified by the decrease of periodate concentration 

by colorimetric reaction. Then the oxidized nanocomposites will be washed with 0.2 M acetic 

acid solution (pH 4.0) and distilled water three times, respectively.  

The supernatant solution from the nanoparticles suspension upon magnetic separation was used 

to achieve the quantification of aldehyde groups density during the oxidation process. 1 mL 

saturated NaHCO3 solution was pre-mixed with 1 mL 10% (w/v) potassium iodide solution, 

then 100 μL stock periodate solution/supernatant was added and the absorbance at fixed 450 

nm was monitored using Jasco V-730 UV–Visible spectrophotometer (Tsukuba, Japan). 

4.3.1.2. Antibody immobilization on the Alde-Dex@MNPs nanoparticles 

To conjugate the AbHRP with high efficiency, 1 mgFe Alde-Dex@MNPs with different oxidation 

degrees were washed with 10 mM NaHCO3 (pH 10.0) three times to achieve the buffer 

exchange. Then 50 μL 0.2 mg mL-1 AbHRP dissolved in 10 mM NaHCO3 (pH 10.0) was used to 

resuspend the Alde-Dex@MNPs nanoparticles, brief sonication was performed to break the 

agglomeration caused by the magnet adsorption, the immobilization treatment was performed 

at 25 ℃ for 1 h. Then NaBH4 dissolved in 10 mM ice-cold NaHCO3 (pH 10.0) was freshly 

prepared and pipetted into the suspension with the final concentration of 1 mg mL-1 to stabilize 

the reversible imide bonds and achieve the inert surface of nanoconjugates. After washing with 

PB buffer (10 mM, pH 7.0) three times, the antibody-MNPs bioconjugates were kept in PB 

buffer before the further detection immunoassay. 

4.3.1.3. Quantification of the preserved functionality of the covalently conjugated AbHRP 

The quantification of the remaining functionality of AbHRP-Alde-Dex@MNPs nanoconjugates 

was followed by the protocol described in 4.2.9. 

4.3.1.4. Optimization of the experimental variables for the fabrication of the immunosensor 

Under the optimal oxidation parameters (5 mM periodate oxidation for 4 h), the generated Alde-

Dex@MNPs were used as the promising carriers for antibody conjugation. Optimization of the 

analyte incubation parameters was performed to achieve the highest capture efficiency, which 

includes the incubation time, AbHRP immobilization time, Alde-Dex@MNPs concentration and 
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compositions of the composition. And antigen-adsorption capacity of developed AbHRP-Alde-

Dex@MNPs nanoconjugates has been quantified using the enzymatic determination method. 

4.3.1.5. Analytical characterization of the fabricated immunosensor with the optimal conditions 

20 mgFe Alde-Dex@MNPs were first magnetic decanted and washed with 10 mM NaHCO3 

(pH 10.0) three times to equilibrium the buffer pH. Then 1000 μL 0.2 mg mL-1 AbHRP dissolved 

in 10 mM NaHCO3 (pH 10.0) was pipetted into the 1.5 mL Eppendorf tube to resuspend the 

concentrated nanoparticles. The antibody immobilization was performed under gentle rotation 

mixing at 25 ℃ for 1 h. Then NaBH4 dissolved in 10 mM ice-cold NaHCO3 (pH 10.0) was 

freshly prepared and added into the suspension with the final concentration of 1 mg mL-1 to 

stabilize the reversible imide bonds and achieve the inert surface of nanoconjugates. After 

washing with PB buffer (10 mM, pH 7.0) for three times, the antibody-MNPs bioconjugates 

were kept in PB buffer before the further detection immunoassay. 

HRP solutions with different concentrations (range from 0–300 μg mL-1) were prepared in the 

PB buffer via serial dilution. AbHRP-Alde-Dex@MNPs nanoconjugates prepared earlier were 

divided into several aliquots that contain 1 mgFe nanoparticle of each part. The aliquot (AbHRP-

Alde-Dex@MNPs nanoconjugates) in the 1.5 mL Eppendorf tube was magnetic decanted and 

HRP solution was pipetted into the tubes, following the brief sonication to prevent the possible 

nonspecific binding caused by the aggregation. Then the mixture containing HRP and AbHRP-

Alde-Dex@MNPs nanoconjugates were incubated in the 37 ℃ (water bath for the better 

temperature equilibrium) for 10 min. Afterward, the HRP-AbHRP-Alde-Dex@MNPs 

immunoconjugates were separated by the portable magnet and washed with PB buffer for 3 

times to eliminate the unabsorbed HRP molecules. Then the specific activity of the 

immunoconjugates was determined by monitoring the kinetic activity of the captured HRP 

molecules until the absorbance curve has fallen out of the linear range.  

The storage stability of the nanoconjugate was also evaluated. Aliquots contain the AbHRP-Alde-

Dex@MNPs nanoconjugates were stored at 4 °C in 50 μL of filtered PB (MF-Millipore™ 

membrane filter with 0.45 µm pore size), the amperometric responses in the absence or he 

presence of the HRP molecules were recorded. 
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4.3.2 Electrochemical measurements using the developed Alde-Dex@MNPs as the 
nanocarriers 

4.3.2.1. Preparation of the HOOC-Dex@MNPs based on the Alde-Dex@MNPs 

The prepared HOOC-Dex@MNPs following the protocols described in 4.2.7 resulted in low 

antibody coverage density, thus another functionalization strategy was selected to improve the 

antibody immobilization capacity on the nanoparticles.  

In this part, the preparation of HOOC-Dex@MNPs was based on the reaction between Alde-

Dex@MNPs and L-lysine disodium salt monohydrate (AB-NTA). 

1 mL Alde-Dex@MNPs nanoparticle suspension containing 10 mgFe was pipetted into a 5 mL 

glass tube, followed by decantation with magnet and washing with NaHCO3 (10 mM, pH 10.0). 

Then 2 mL AB-NTA solution (20 mg) prepared in the former NaHCO3 solution was pipetted 

into the tube, and the pH of the Alde-Dex@MNPs suspension was adjusted to 10.5 after strong 

ultrasonic treatment. With the gentle rotary for 24 h at room temperature, solid NaBH4 was 

added into the suspension with the final concentration of 1 mg mL-1 and kept rotating for 

another 30 min until stable bonds were generated. Following the purification and enrichment 

treatment for several cycles, the prepared HOOC-Dex@MNPs were resuspended in deionized 

water and stored at 4 ℃ until further immunosensing assays. 

4.3.2.2. Immobilization of AbHRP on the surface activated carboxylated micro/nanocarriers 

The covalent immobilization of AbHRP on the EDC/Sulfo-NHS activated supports were 

following the same activation/immobilization protocol, regardless of the particle size. 

HOOC-MBs as the carriers. 3 μL of HOOC-MBs (carboxylic groups) was first suspended 

into homogenous solution via vigorous vertexing, then 50 μL of MES buffer was used to wash 

the particles twice (incubating with wash buffer for 10 min). Then, HOOC-MBs microparticles 

resuspended in 25 μL activation solution (100 mM EDC/sulfo-NHS) prepared in MES buffer, 

and the activation treatment was performed for 30 min. After activation, the particles were 

washed twice with MES buffer to eliminate the residue activation reagents. Then the 

microparticles were resuspended in 25 μL of anti-HRP solution with concentration of 7.5 μg 

mL-1, and the antibody immobilization lasted for 30 min. Following the washing steps (50 μL 

MES buffer), the remaining activated carboxylic groups were blocked. The blocking treatment 

was performed by incubating with 25 μL ethanolamine solution (prepared in 0.1 M phosphate 

buffer of pH 8.0 with the final concentration of 1M), and 60 min was selected to realize the full 

inactivation. The prepared bioconjugates were washed once with Tris-HCl (pH 7.2) and twice 

with Phosphate buffered saline (PBS), 50 μL of buffer was utilized, respectively.  
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The fabricated bioconjugates (AbHRP-HOOC-MBs) were incubated with 25 μL of pure HRP 

solution (prepared in 10 mM phosphate buffer) for 30 min to achieve the successful adsorption 

of HRP analytes. The fabricated HRP-AbHRP-HOOC-MBs immunoassays were washed three 

times with 50 μL phosphate buffer to eliminate the unbound HRP molecules. To determine the 

storage stability of the bioconjugates (AbHRP-HOOC-MBs), the bioconjugates was stored in 25 

μL PBS (filtered by 0.45 μm MF-Millipore™ Membrane Filter) and kept in 4 ℃ condition until 

the further immunoassays. 

HOOC-Dex@MNPs as the carriers. 1 mL HOOC-Dex@MNPs nanoparticle suspension 

containing 10 mgFe was pipetted into a 1.5 mL Eppendorf tube, followed by decantation with 

magnet and washing twice with 50 μL of MES buffer. Then decanted HOOC-Dex@MNPs was 

resuspended in 25 μL activation solution (100 mM EDC/sulfo-NHS) prepared in MES buffer, 

and the activation treatment was performed for 30 min. After activation, the nanoparticles were 

washed twice with MES buffer to eliminate the residue activation reagents. Then the 

nanoparticles were resuspended in 25 μL of anti-HRP solution with concentration of 7.5 μg 

mL-1, and the antibody immobilization lasted for 30 min. Following the washing steps (50 μL 

MES buffer), the remaining activated carboxylic groups were blocked. The blocking treatment 

was performed by incubating with 25 μL ethanolamine solution (prepared in 0.1 M phosphate 

buffer of pH 8.0 with the final concentration of 1M), and 60 min was selected to realize the full 

inactivation of reactive moieties. The prepared bioconjugates were washed once with Tris-HCl 

(pH 7.2) and twice with PBS, 50 μL of buffer was utilized, respectively. 

The fabricated nanobioconjugates (AbHRP-HOOC-Dex@MNPs) were incubated with 25 μL of 

HRP solution (prepared in 10 mM phosphate buffer) for 30 min to achieve the successful 

adsorption of HRP analytes. The fabricated HRP-AbHRP-HOOC-Dex@MNPs immunoassays 

were washed three times with 50 μL phosphate buffer to eliminate the unbound HRP molecules. 

To determine the storage stability of the bioconjugates (AbHRP-HOOC-MBs), the bioconjugates 

was stored in 25 μL phosphate buffer (filtered by 0.45 μm MF-Millipore™ Membrane Filter) 

and kept in 4 ℃ condition until the further immunoassays. 

4.3.2.3. Amperometric measurement of HRP adsorbed micro/nanoconjugates 

Commercial SPCEs were fixed on the PMMA casing assisted by the parafilm first, then the 

bioconjugates suspension containing analytes/Ab/Magnetic nanomaterial were pipetted onto 

the working electrodes of SPCEs by the embedded neodymium magnets. The working electrode 

contains the analytes/Ab/Magnetic nanomaterial bioconjugates was immersed into 10 mL 

reaction buffer, respectively, which consist of 50 mM PB buffer (pH 6.0) and HQ with a final 

concentration of 1 mM, real-time amperometric signals were starting the recording at − 0.20 V 
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upon quick addition of 50 μL H2O2 solution with a concentration of 100 mM. The reaction was 

maintained for about 60 s before a steady-state current was observed. The difference of 

amperometric signal changes upon the addition of H2O2 was calculated, and the high 

reproducibility of the replicates (n = 3) was observed. Error bars were calculated as the standard 

deviation of three replicates. 

4.4.  Dual proteins functionalized Alde-Dex@MNPs–carriers of detection probes 

4.4.1 Surface activation of the working electrodes of SPCEs 

The surface functionalization of SPCEs was performed by electrical grafting of p-aminobenzoic 

acid (p-ABA) aryldiazonium salt on the working electrodes. To achieve the optimal carboxylic 

grafting density, 20 mg of p-ABA was dissolved in 2 mL ice pre-cold HCl (1 M) first, and 

NaNO2 (2 mM) aqueous solution dissolved in distilled water was pipetted into the above-

prepared p-ABA solution (38 μL per 200 μL) under vigorous stirring. After thorough mixing, 

SPCEs were immersed into 1 mL of the mixture solution for 10-round successive cyclic 

voltametric (CV) scans (0.0–1.0 V, ν = 200 mV s-1). After the successful electrochemical 

grafting, carboxylic groups were covalently functionalized on their working electrodes, 

thorough washing with distilled water followed by drying in the air was performed to get ready-

to-use HOOC-Phe-SPCEs. 

4.4.2 Preparation of the dual functionalized Alde-Dex@MNPs nanoprobes 

For the preparation of HRP and CAbCRP dual functionalized HRP/CAb@MNPs nanoprobes, 

10 mgFe Alde-Dex@MNPs were first magnetic decanted and washed with 10 mM NaHCO3 

(pH 10.0) for three times to equilibrium the buffer pH. Then 500 μL protein mixture contains 

1 mg mL-1 HRP and 6 μg mL-1 CAbCRP dissolved in 10 mM NaHCO3 (pH 10.0) was pipetted 

into the 1.5 mL Eppendorf tube to resuspend the concentrated nanoparticles. The antibody 

immobilization was performed under gentle rotation mixing at 25 ℃ for 1 h. Then NaBH4 

dissolved in 10 mM ice-cold NaHCO3 (pH 10.0) was freshly prepared and added into the 

suspension with the final concentration of 1 mg mL-1 to stabilize the reversible imide bonds and 

achieve the inert surface of nanoconjugates. After washing three times with PB buffer (10 mM, 

pH 7.0), the HRP/CAb@MNPs bioconjugates were resuspended in 2000 μL PB buffer before 

the further immunoassay application. 

For the preparation of HRP and Streptavidin dual functionalized HRP/Streptavidin@MNPs 

nanoprobes, a protein mixture containing 3 mg mL-1 HRP and 50 μg mL-1 Streptavidin 

molecules were utilized. Other protein immobilization procedures and purification treatments 

were the same as the preparation of HRP/CAb@MNPs nanoprobes. 
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4.4.3 Bioreceptors immobilization on the SPCEs 

After the electrochemical grafting of the carboxylic groups, the surface activation was 

performed to conjugate the bioreceptors.  

Similar to the carboxylic activation of HOOC-MBs/HOOC-Dex@MNPs, but liquid drops were 

covered on the working electrodes and a humid chamber was used to maintain the humid 

environment. Briefly, 10 μL activation solution (0.1 M EDC/Sulfo-NHS freshly prepared in 25 

mM MES buffer) was dropped on the electrodes to fully cover and activate the working 

electrodes after 30 min incubation. Then the electrodes were rinsed with 2 mL activation buffer 

and dried at room temperature, the activated electrodes are ready for bioreceptors 

immobilization. 

When using the Strep-HRP and HRP/Streptavidin@MNPs for the detection probes, the CAbCRP 

bioreceptors were directed on the electrodes. Namely, 5 μL 50 μg mL-1 AbCRP prepared in 50 

mM MES (pH 5.0) was dropped on the electrodes and kept in the humid chamber at room 

temperature for 60 min until the thorough rinsing with PBS buffer (10 mM, pH 7.4). A blocking 

step was performed by pipetting 10 μL blocking buffer (1 % (w/v) casein prepared in 10 mM 

PBS buffer with pH 7.4) on the electrodes and incubated for 60 min. Following the rinsing with 

PBS buffer, 5 μL of standard CRP solution prepared in BB buffer (1 % BSA suspended in PBS 

buffer) was pipetted on the electrodes and incubated for 60 min at room temperature. After 

rinsing with 10 mM PBS buffer again, 0.5 μg mL-1 Biotin-AbCRP solution prepared in BB buffer 

was covering the electrodes and incubated for 30 min to achieve the antigen-recognition, the 

same PBS washing was performed again.  

To fabricate the Strep–HRP/Biotin-Ab–CRP–CAb–Phe–SPCEs immunosensors, 5 μL of Strep-

HRP with 1/5000 dilution factor was incubated with Biotin-Ab–CRP–CAb–Phe–SPCEs 

bioconjugates for 30 min, two successive rinsing with PBS buffer was performed before the 

addition of 25 μL PBS aliquots for the preservation of electrodes drying. While for the 

fabrication of HRP/Strep@MNPs/Biotin-Ab–CRP–CAb–Phe–SPCEs immunosensors, 5 μL of 

HRP/Streptavidin@MNPs (0.5 mg mL-1 nanoprobes prepared in 10 mM PB buffer, pH 7.0) 

was pipetted on the electrodes for 15 min before the thorough rinsing with PBS buffer. Two 

successive rinsing with PBS buffer was performed before the addition of 25 μL PBS aliquots 

for the preservation of electrodes drying.   

When using the HRP/CAb@MNPs as the nanoprobes, streptavidin was first immobilized on 

the electrodes as the smart layer to conjugate the Biotin-AbCRP as the bioreceptors. Briefly, the 

surface activated electrodes were covered with 5 μL of streptavidin solution (prepared in 25 

mM MES buffer) and the incubation was performed at room temperature for 45 min. following 
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the rinsing with 10 mM PBS of pH 7.4. An aliquot of Biotin-Ab solution with 5 μg mL-1 

prepared in 10 mM PBS of pH 7.4 was pipetted on the functionalized electrodes for 30 min, 

followed by the washing step with PBS solution. Then a blocking step was performed by 

pipetting 10 μL blocking buffer (protein mixture contains 0.5 mg mL-1 biotin and 1 % (w/v) 

casein prepared in 10 mM PBS buffer with pH 7.4) on the electrodes and incubated for 90 min. 

After the rinsing with PBS solution, 5 μL of HRP/CAb@MNPs nanoprobes (0.5 mg mL-1 

nanoprobes prepared in 10 mM PB buffer, pH 7.0) was pipetted on the electrodes for 60 min 

before the thorough rinsing with PBS buffer. Two successive rinsing with PBS buffer was 

performed before the addition of 25 μL PBS aliquots for the preservation of electrodes drying.  

4.4.4 Electrochemical measurements using the developed nanocarriers 

After the dual-functionalized MNPs were recognized by the CRP target/biotin-AbCRP, the 

bioconjugates composites, HRP/CAb@MNPs/CRP–Biotin-Ab–Strep–Phe–SPCEs or 

HRP/Strep@MNPs/ Biotin-Ab–CRP–CAb–Phe–SPCEs, were fixed with the cable connector. 

The working electrodes contain the bioconjugates (HRP/CAb@MNPs/CRP–Biotin-Ab–Strep–

Phe–SPCEs or HRP/Strep@MNPs/Biotin-Ab–CRP–CAb–Phe–SPCEs) were immersed into 

the reaction cells contain 10 mL of 50 mM PB (pH 6.0) and 1 mM HQ, real-time amperometric 

signals were monitored at − 0.20 V upon addition of 50 μL of a 100 mM H2O2 solution. The 

reaction was continued for about 60 s until a steady-state current was observed. The difference 

of amperometric signal changes upon the addition of H2O2 was calculated, the high 

reproducibility of the replicates (n = 3) was observed. Error bars provided in the Figures were 

calculated as the standard deviation of three replicates. 

4.4.5 Analytical characterization of the fabricated immunosensor 

The selectivity of the prepared AbHRP-Alde-Dex@MNPs immunosensors was also determined 

by comparing the amperometric responses recorded with the absence or presence of the HRP 

analytes, but buffer contains interference proteins (human IgG, Hb, HSA) or biomarkers (cTnI, 

cTnT and NT-proBNP) was replaced by the pure aqueous buffer. 

4.5.  Using the Alde-Dex@MNPs as the bioreceptor carriers of AbCRP 

4.5.1 Preparation of the Strep-HRP-Biotin-AbCRP-CRP-AbCRP-Alde-Dex@MNPs 
immunosensor 

For the preparation of Strep-HRP-Biotin-AbCRP-CRP-AbCRP-Alde-Dex@MNPs 

immunosensors, 0.25 mgFe Alde-Dex@MNPs stored in 250 μL distilled water were 

magnetically decantated first, then washed three times with 100 μL 10 mM NaHCO3 (pH 10.0) 

to equilibrium the pH of immobilization buffer. Then 200 μL 25 μg mL-1 CAbCRP dissolved in 
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10 mM NaHCO3 (pH 10.0) was pipetted into the 1.5 mL Eppendorf tube to resuspend the 

magnetically concentrated nanoparticles. The antibody immobilization was performed under 

gentle rotation mixing at 25 ℃ for 30 min. Then NaBH4 dissolved in 10 mM ice-cold NaHCO3 

(pH 10.0) was freshly prepared and added into the suspension with the final concentration of 1 

mg mL-1 to stabilize the reversible imide bonds and achieve the inert surface of nanoconjugates. 

After washing three times with PB buffer (10 mM, pH 7.0), the AbCRP-Alde-Dex@MNPs 

bioconjugates were resuspended in 200 μL PB buffer, thoroughly vertexing and sonication were 

performed to obtain the homogeneously suspension. Afterwards, the bioconjugate suspensions 

were divided into 10 Eppendorf tubes (20 μL suspension per aliquot), following the magnetic 

separation and resuspended with 25 μL of 3 %(w/v) BSA solution for 60 min to prevent the 

unspecific binding. With thorough washing, 25 μL CRP standard prepared in BB buffer 

(1 %(w/v) BSA prepared in PB buffer) was incubated with blocked bioconjugates for 60 min. 

After three washing treatments with PB buffer, 25 μL 0.5 μg mL-1 Biotin-Ab prepared in BB 

buffer was mixed with prepared bioconjugates for 45 min. Then Biotin-AbCRP-CRP-AbCRP-

Alde-Dex@MNPs conjugates were washed three times with PB buffer, and 25 μL 1/100 Strep-

HRP solution prepared in BB buffer was used to achieve the sandwich detection formation. 

And Strep-HRP-Biotin-AbCRP-CRP-AbCRP-Alde-Dex@MNPs immunosensors were kept in PB 

buffer until the further detection immunoassay. 

4.5.2 Analysis of the real samples using the human serum 

To explore the real-world application of the fabricated immunosensor, AbCRP-Alde-

Dex@MNPs were applied for the detection of clinical samples instead of CRP standard samples 

prepared in aqueous buffer. The clinical samples were the human serum collected from the 

hospital, including the serum samples from healthy individuals and heart failure samples, and 

those samples were stored at -80 ℃ until further use. 

The determination of the possible matrix effect caused by the high complexity of serum samples 

was performed first, in which negative samples (serum samples from healthy individuals) with 

different dilution factors were used to prepare CRP solution, and the amperometric responses 

were compared until no signal difference was observed. 1/1000 Dilution factor was selected as 

the optimal option to realize the CRP concentration distributed in the detection range of AbCRP-

Alde-Dex@MNPs immunosensor while preventing the possible matrix effect. 

4.5.3 Enzyme-linked immunosorbent assay (ELISA) determination 

When CRP was the detection analyte, the results obtained from the Alde-Dex@MNPs as the 

immunosensing support were compared with the typical ELISA method (the golden standard), 

and all the reagents are the same as described, the concentration of biomolecules have changed 
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according to the suggestion of the provider. Unless otherwise stated, all the operation was 

performed under room temperature and the Reagent Diluent solution was used as the 

preparation buffer of all the proteins (CAbCRP, standard CRP protein, human serum samples, 

Biotin-AbCRP and Strep-HRP). 

1.  The microplate well was coated with 50 μL of a 4.0 μg mL-1 capture antibody (CAbCRP) per 

well dissolved in PBS buffer and incubated overnight at room temperature. 

2.  Each microplate well was washed with 400 μL of Wash Buffer (10 mM PBS, pH 7.4), 

followed by a blocking step to incubate with 150 μL of Reagent Diluent (10 mM PBS contains 

1 % BSA, pH 7.4) solution each well for 1 h.  

3.  Repeated washings were performed, followed by incubation with 50 μL of CRP 

standard/human serum samples, 2 h of incubation time was used. 

4.  Repeated washings were performed, then incubated with 50 μL of 1 ng mL-1 Biotin-AbCRP 

solution for 2 h.  

5.  After three times washing, 1/1,000 Strep-HRP dilution was pipetted into each well and 

incubated for another 20 min. 

6.  The colorimetric reaction was performed after washing steps, 50 μL of Substrate Solution 

(TMB Liquid Substrate System for ELISA) was pipetted into each well and incubate for 20 min 

to develop the color (the colorimetric reaction was protected from light by covering with 

aluminum foil).  

7.  25 μL of Stop Solution (1N H2SO4) was pipetted into each well, and the absorbance values 

at 450 nm of each well were measured immediately with ELISA plate reader (Magellan V 7.1, 

TECAN). 
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5.1 Heterofunctional agarose support–A better antibody carrier to control the orientation 
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INTRODUCTION 

Crosslinked agarose beads are porous hydrogels with high controllable particle diameters and   

porosity, and the typical 3-dimension structures promote its application as biomolecules carriers 

with high loading density (enzymes and antibodies, etc) also facilitate for the chromatography 

matrix (size exclusion and affinity interaction, etc) [47]. Due to its hydrophilicity advantage 

and excellent inert surface toward non-target proteins, it has been developed with different 

surface chemistries (glyoxyl, maleimide, chelate, chelate-glyoxyl, and amino-epoxy, etc) to be 

utilized as the antibody carriers [43, 55, 159, 200].  

Glyoxyl agarose supports are exceptionally promising candidates for the antibody carriers, 

because highly activated reactive groups can facilely achieve multipoint interaction in very 

short time and maintain high stability in alkaline condition [55]. While to achieve the 

immobilized antibodies with appreciated orientation upon covalent conjugation is not very easy, 

because their non-selective interaction with NH2 groups may result in random orientation. 

RESULTS 

In this section, agarose beads were used as the antibody immobilization supports to evaluate 

the preserved biofunctionality of immobilized antibodies, which include monofunctional 

support (glyoxyl support) and heterofunctional support (chelate-epoxy). In addition, two 

analytes (horseradish peroxidase, HRP and β-galactosidase, BGL) with 10-time molecular 

weight differences were utilized to validate the effectiveness of developed tail-made antibody 

carriers.  

5.1.1 Antibody immobilization rate on the agarose beads 

Three antibody immobilization strategies were applied on the glyoxyl agarose supports, by 

controlling the pH of the incubation buffer (Figure 5.1-1). When antibody immobilization 

condition was controlled at pH 8.5, due to the neutral pKa of α-NH2 (~ 7.5) of N-terminus, only 

the four N-terminus on the antibody surface were reactive for the covalent conjugation, thus it 

took about 16 h to achieve the antibody immobilization with half of initial concentration (0.4 

mg mL-1 anti-HRP) (Figure 5.1-2). Another consideration of antibody immobilization rate on 

the glyoxyl support is its weaker reactivity under less alkaline condition, which glyoxyl groups 

demonstrate better reactivity toward NH2 when pH > 10.0 while much decreased reactivity 

maybe observed with pH 8.0/9.0 [201].  

When controlling the antibody immobilization at pH 10.0, much higher reactivity toward 

nucleophilic ε-NH2 can be observed, and many accessible Lys residues on the outer surface of 

antibody promote the fast antibody-glyoxyl support interaction, thus 30 min was adequate to 

achieve the full conjugation of anti-HRP. 
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Figure 5.1-1.  Scheme of antibody immobilization protocols using agarose beads as the 
carriers. When glyoxyl-agarose supports were utilized as the antibody carriers, antibodies with 

different oriented manners can be manipulated by changing the pH of the incubation buffer (A). 

Antibody immobilization at pH 8.5 results with “head-on” orientation, immobilization at pH 

10 results with “flat-on” orientation and immobilization at pH 10 with the presence of additives 

(DTT and PEG polymers) results with “random” orientation. Antibody immobilization on the 

chelate-epoxy agarose support via two-step immobilization strategy (affinity interaction and 

covalent immobilization) results with “end-on” orientation (B). 

While the same immobilization pH (10.0 in this case), with the presence of viscous PEG 

polymers suspension, the diffusion and interaction of antibody with supports will be hindered. 

In addition, the DTT will interact with glyoxyl groups first before conjugating with NH2, and 

“one- point” interaction was the dominant reaction instead of multipoint interaction, thus a 10-

fold slower antibody immobilization rate was observed. 

For the heterofunctional supports (chelate-epoxy), the antibody immobilization was performed 

at two steps and incubation pH exchange was performed after the previous interaction (Figure 

5.1-3). The first interaction was the affinity interaction between chelate groups (Ni2+) and His 

cluster distributed on the Fc fragment, this procedure was also achieved within a short time, 

and antibodies are prone to be immobilized on the outer part of the agarose beads [43]. 
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Figure 5.1-2.  Antibody immobilization rate on the glyoxyl-agarose supports. By controlling the 
pH of antibody immobilization buffer, antibody can be immobilized on the glyoxyl support with 

varied rate, which “multipoint” immobilization under pH 10.0 promoted the fast 

immobilization rate, “one point” immobilization under pH 10.0 with the presence of additives 

(DTT and PEG polymers) slowed down the immobilization rate, while N-terminus oriented 

immobilization under pH 8.5 showed the slowest immobilization rate. 

The following treatment was to realize the covalent immobilization of adsorbed antibodies on 

the agarose beads via the epoxy groups interacting with NH2 groups near the His cluster. Due 

to the low reactivity of epoxy groups toward NH2, incubating for 24 h can contributes to the 

irreversible conjugation of antibodies on the chelate-epoxy agarose supports. 

 

Figure 5.1-3.  Antibody immobilization rate on the chelate-epoxy groups via affinity interaction 
(A) and the evaluation of incubation time under alkaline buffer to realize the covalent 

immobilization (B). The affinity interaction of chelate groups with His cluster on the Fc 

fragment was performed at pH 7.0, and the following covalent immobilization of Lys residues 

nearby the His cluster was performed at pH 10.0 to achieve the irreversible conjugation.  
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5.1.2 The biofunctionality of immobilized antibody on the agarose beads 

By performing the antibody immobilization with different strategies, the preserved 

biofunctionality of tethered antibodies have demonstrated varied levels (Figure 5.1-4). In 

general, the remaining biofunctionality of conjugated antibodies on the chelate-epoxy agarose 

supports was outperformed by the glyoxyl supports. 

 

Figure 5.1-4.  Determination of the antigen-binding capacity of immobilized anti-HRP using 
the different immobilization protocols. Four antibody immobilization protocols using the 

glyoxyl agarose supports and heterofunctional support (chelate-epoxy) were performed, in 

which pH 8.5 and pH 10.0 with and without the presence of additives (DTT and PEG polymers) 

were coupled with glyoxyl supports, while antibody immobilization on the chelate-epoxy 

supports was following the stepwise conjugation strategy. The determination of HRP analytes 

adsorption rate was performed under 4 ℃ with the presence of over 20-fold saturated HRP 

concentration. 

Even using the carriers with the same surface chemistries–glyoxyl supports, the difference of 

involved NH2 during the covalent immobilization not only affects the variation of 

immobilization rate but also results in antibodies with different orientation, thus obtaining 

varied antigen-recognition efficiency. Under pH 8.5, only the N-terminus were available for 

the covalent conjugation, antibody was likely to be immobilized via the “head-on” orientation. 

Majority of the antigen-recognition sites were blocked due to the N-terminus being close to the 

antigen-binding sites, and 0.2 moles HRP per mole immobilized anti-HRP was recognized.  

Antibody immobilization directly under pH 10.0 using the glyoxyl support would probably 

results in “flat-on” orientation. Even though over 80 Lys residues distributed on the outer areas 

of antibody are accessible, glyoxyl groups will react with the regions bearing the highest density 

of Lys residues, and four subunits of the antibody are involved in the reaction simultaneously 

[55]. In this condition, 1.16 moles HRP was captured by per mole immobilized anti-HRP. 
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The addition of the PEG polymer and DTT slowed the antibody conjugation rate though with 

an equal amount of accessible NH2 groups. The slower immobilization rate enhanced the 

interaction possibility of N-terminus with glyoxyl moieties, in case of N-terminus and Lys 

residues both demonstrate excellent reactivity under this condition. Thus, instead of “flat-on” 

orientation, the immobilized antibodies show the “random” orientation, and worse antigen-

binding capacity of 1.01 moles HRP per mole AbHRP on glyoxyl agarose was calculated.  

Using the stepwise immobilization of antibody on the chelate-epoxy support, the pre-adsorption 

of antibody with the “end-on” orientation followed by the covalent immobilization fixed the 

optimal orientation towards antigens. The His residues distributed on the Fc fragments and its 

interaction with chelate groups will not involve the Fab fragment although their interaction 

strength was not as strong as the His-tag/chelate groups [45]. With the adsorption, the following 

covalent immobilization was targeting the accessible Lys residues near to the adsorption sites 

instead of randomly targeting the heterogeneously distributed Lys residues. With the correct 

orientation, the immobilized antibody demonstrates the highest biofunctionality that 1.43 moles 

HRP per mole AbHRP was achieved (Figure 5.1-4). 

However, different from the involvement of four subunits during the antibody conjugation on 

the glyoxyl agarose supports, the antibody coupling on the chelate-epoxy support was not via 

the simultaneous interaction of whole antibody molecules (Figure 5.1-5). Calculated from the 

SDS-PAGE images, 1.56-fold higher gray intensity of heavy chain/light chain was observed 

with soluble antibody, ratio of supernatant of Ab-agarose bioconjugates decrease to 1.32 using 

the room temperature immobilization protocol (room temperature at pH 10 for 24 h), and the 

ratio even decreased to 1.11 after immobilization at 4 ℃ for 7 days.   

This phenomenon can be explained by the spatial selectivity of epoxy groups toward the Lys 

residues, that the 2nd covalent immobilization happened on the Fc fragment (close to the His 

cluster), thus light chains were not interacted in this procedure. However, the slower reactivity 

of epoxy groups is only able to covalently anchor the single heavy chain instead of multipoint 

interaction via glyoxyl groups [43]. Prolonged incubation under alkaline pH promoted the 

interaction of epoxy groups with heavy chains, but the spatial conformation of pre-fixed/rigid 

antibodies structure was not able to achieve the simultaneous immobilization of both heavy 

chains.  
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Figure 5.1-5.   SDS-PAGE analysis of the supernatant of antibody-supports bioconjugates 
using the chelate-epoxy supports as the carriers, 12 % separation gel was used to give clear 

illustration of heavy chain and light chains of the antibody. Lane 1: low molecular weight 

protein markers, lane 2: soluble anti-HRP with 0.4 mg mL-1, lane 3 and 4 are the supernatant 

of anti-HRP/agarose support bioconjugates with the difference of 2nd step of covalent 

immobilization, lane 3 was performed under 25 ℃ for 24 h to achieve the irreversible 

interaction while lane 4 was following the covalent immobilization under 4 ℃ for 7 days. The 

gray intensity of each band (heavy chains and light chains were measured, respectively) was 

determined with GelQuant NET (1.7.8) to calculate the ratio between heavy chain and light 

chain. 

5.1.3 The optimization of functional groups density on the chelate-epoxy agarose 
support 

The two functional groups on the heterofunctional support play distinct functionalities and 

interact with different accessible residues at controlled conditions, respectively. Chelate groups 

on the chelate-epoxy supports were modified from the activated epoxy groups, which means 

the increased density of chelate groups was accompanied with the decrease of epoxy groups 

(Table 5.1-1). The affinity adsorption of chelate groups with His clusters was hardly affected 

by the density of chelate groups, 30 min was enough to achieve the fast interaction even with 2 

h modification time [45]. However, the biofunctionality of conjugated antibodies were different 

from the density ratio of [chelate]/[epoxy], the highest antigen-recognition capacity was 

obtained with 4 h modification time. Good biofunctionality of 1.53 moles HRP per mole AbHRP 

was achieved with 10.7-μmol mL-1 wet support and 24.6-μmol mL-1 wet support of chelate 

groups and epoxy groups, respectively (Figure 5.1-6). 

1 2 3 4
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With the optimization of the density ratio between chelate groups and epoxy groups, another 

larger analyte-BGL with 10-fold higher molecular weight than HRP- was determined (Figure 

5.1-7). BGL is a tetramer protein that its catalytic activity can be facilely determined using the 

o-NPG as the colorimetric substrate [202]. In theory, four-fold higher antigen-binding capacity 

than HRP was expected under the optimal condition (without the steric hindrance) due to its 

homomultimericity. 

Table 5.1-1 The density of functional groups on the chelate-epoxy agarose support upon the 

different IDA modification time (0-24 h) with epoxy-activated support. 

Modification time 
of IDA, h 

Epoxy groups density,  

μmol mL-1 wet support 

Chelate groups density, 
μmol mL-1 wet support 

[Chelate] : 
[Epoxy] 

0 35.29 a - - 

2 31.10 4.19 b 0.13 

4 24.56 10.73 0.43 

8 13.12 22.17 1.68 

24 12.51 22.78 1.82 

All the data presented in the table was the average value of duplicate experiments (n = 3). 

a: the density of epoxy groups was determined using the colorimetric method described in 

section X.X.  

b: the density of chelate groups were derives from activated epoxy groups on the agarose 

support, its calculation was performed by subtracting the remaining epoxy groups density after 

the IDA functionalization. 

 

Figure 5.1-6.  The effect of IDA modification time (2-24 h) on the antigen-recognition capacity 
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of immobilized AbHRP on the porous chelate-epoxy agarose supports. The determination of HRP 

analytes adsorption rate was performed under 4 ℃ with the presence of over 20-fold saturated 

HRP concentration.  

In contrast, even lower biofunctionality of immobilized AbBGL was determined, in which the 

antigen/AbBGL ratios were decreased for three different immobilization protocols. Fortunately, 

the immobilized anti-BGL on the chelate-epoxy still demonstrates the highest biofunctionality, 

and 2-fold higher antigen-binding capacity than the suboptimal immobilization protocol 

(glyoxyl agarose beads under pH 10.0 incubation).  

 

Figure 5.1-7.  The antigen-recognition capacity of immobilized anti-BGL on the glyoxyl 
agarose support (under the pH 10.0 immobilization condition) and chelate-epoxy agarose 

support (two-step immobilization strategy with the IDA modification time of 4 h). The 

determination of BGL analytes adsorption rate was performed under 4 ℃ with the presence of 

over 20-fold saturated BGL concentration.  

The possible reason for decreased biofunctionality of immobilized anti-BGL was caused by the 

steric hindrance of overcrowded antibodies on the outer surface of agarose beads. The antibody 

immobilization was too fast to realize the effective diffusion of antibodies into the agarose pores 

[43], and the limited distance of heterogeneously distributed antibodies caused the self-

sheltering of neighboring antibodies. In this case, antigens with larger molecular weight will 

cause the even worse results due to the pre-adsorbed antigen would block the accessible 

antigen-recognition sites of antibodies. Slowing down the antibody immobilization rate would 

be a better strategy to achieve the free accessible antibody molecules [43]. 
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5.1.4 Antigen recovery experiments from diluted human serum    

To explore the potential application of the developed chelate-epoxy supports as the antibody 

carriers, the anti-HRP conjugated chelate-epoxy carriers with the optimal group density were 

utilized to recovery the spiked HRP prepared in diluted serum samples (Table 5.1-2).  

Table 5.1-2 Recovery experiments of spiked HRP analytes in the human serum by the chelate-

epoxy support.  

Entry 
Dissolve 
solvent 

Add concentration, 
mM 

Detected concentration, 
mM 

Recovery, 
% 

1 
Aqueous 
buffer 

0.125 0.124 ± 0.011 99.4 

2 0.25 0.251 ± 0.018 100.6 

3 0.5 0.512 ± 0.031 102.3 

4 
Human 
serum 

0.125 0.121 ± 0.006 96.8 

5 0.25 0.246 ± 0.051 98.5 

6 0.5 0.544 ± 0.023 108.7 

The HRP recovery efficiency from aqueous buffer demonstrated good applicability, which HRP 

with three concentrations were successfully recovered and recovery rate of 99.4 %-102.3 % 

were calculated. When recovering the HRP analytes from diluted human serum, a lower 

recovery rate was observed with lower HRP concentration (96.8 %), while the applicability of 

higher concentrations validated the effectiveness of the developed chelate-epoxy supports as 

the promising candidates for the immunosensing carriers. 
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INTRODUCTION 

Faced with the limited analytes diffusion ability in the porous agarose beads, antibody carriers 

with non-porous structures are quite appealing substitutes to solve this problem. Non-porous 

iron oxide nanoparticles are specifically interesting protein immobilization carriers for those 

unique properties endowed by their ultra-small dimension, and their fast magnetic response 

with a permanent magnet facilitate the purification/recovery treatment [64]. However, the 

colloidal stability of MNPs is a big challenge before further application, extra coating layers on 

the nanoparticles have been reported to significantly improve their dispersion stability [66]. 

When dextran–polysaccharides with excellent biocompatibility and water-solubility– is used as 

the functionalization layer, it has been proven to prevent the self-agglomeration, narrow the 

particle size distribution and enhance the physicochemical properties of bare IONPs, although 

saturation magnetization of coated IONPs may be decreased [203-205]. For the dextran 

modification treatment on the IONPs surface, the dextran molecular size and loading amount 

need to be taken into consideration to obtain a good equilibrium between colloidal stability and 

magnetic response [206].  

RESULTS  

As stated above, the aim of this chapter is to synthesize surface modified IONPs using varied 

strategies, the dispersion stability in different physiological pH and magnetic separation 

abilities were evaluated.  

5.2.1 Comparison of four nanoparticles with their colloidal stability and magnetic 

separability in distilled water 

Bare MNPs were first synthesized by the conventional co-precipitation method, and the surface 

modification treatment was performed using a post-functionalization strategy. Three surface 

treatment strategies were used to obtain different nanoparticles, including γ-Fe2O3 nanoparticles 

via the Fe(NO3)3/HNO3 treatment, silica layer coated nanoparticles (SiO2@MNPs) and dextran 

functionalized and further crosslinked nanoparticles (Dextran@MNPs) (Figure 5.2-1). The 

detailed surface functionalization strategies have been described in section 4.2 of “Method”, 

and dextran modification treatment was performed using the mechanical stirring strategy if not 

specifically stated.  
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Figure 5.2-1.  Scheme of synthesis and further surface functionalization of bare iron oxide 
nanoparticles. 

The colloidal stability of different nanoparticles was evaluated by monitoring the absorbance 

change (400 nm) of nanoparticles suspension in the distilled water, pH of distilled water was 

adjusted with NaOH/HCl (Figure 5.2-2).  

 

Figure 5.2-2.  Colloidal stability of different nanoparticles in distilled water with different pH. 
The distilled water was adjusted to specific pH (3–11) with NaOH/HCl, and the absorbance 

values of the supernatant nanoparticle solutions were monitored under 400 nm (ambient 

temperature) with a spectrophotometer at different time intervals. 
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Bare Fe3O4 MNP demonstrated superior dispersion stability in the pH range of 3–9, negligible 

absorbance decrease was observed in this pH range. While instability was observed with 

alkaline pH (pH 10 and pH 11), self-agglomeration of nanoparticles caused the fast absorbance 

to descend in the first 3 h, afterward, the decreasing tendency was slowed down. For the γ-

Fe2O3 nanoparticles, bare surface contributes to the quite similar performance with bare Fe3O4 

MNP, although minor absorbance decreases with pH 3–9 and slightly improvement of stability 

at pH 10–11 was observed. When the bare surface was modified with dextran and silica layer, 

the steric repulsion force can prevent the self-agglomeration and maintain the colloidal 

suspension for a relatively long period (Figure 5.2-2). Although SiO2@MNPs and 

Dextran@MNPs demonstrated the absorbance decline in all the pH ranges, 80–90 % of 

absorbance in the supernatant was maintained over 96 h. In addition, the colloidal stability of 

SiO2@MNPs and Dextran@MNPs in the alkaline range was highly improved.     

The magnetic separation ability of different nanoparticles was evaluated for the following step 

(Figure 5.2-3), as it is also a crucial parameter for their application as nanocarriers. Instead of 

the portable neodymium magnet, the integrated magnet in the spectrophotometer (Jasco STR-

773) was used to record the continuous absorbance alternation. Due to the weaker magnetic 

attraction force of the integrated magnet, the nanoparticles separation procedure was 

significantly slower, but it is a useful tool to quantify the potential magnetic response ability of 

magnetic nanoparticles.  

 

Figure 5.2-3.  Evaluation of the magnetic separation ability of different nanoparticles using the 
integrated magnet in the spectrophotometer (Jasco STR-773). The nanoparticles suspension 

was prepared in distilled water without the pH adjustment (pH ~ 6.5 in this case).  

Out of our expectation, there was no noticeable absorbance decrease for γ-Fe2O3 nanoparticles, 

Fe3O4 MNPs and SiO2@MNPs, while Dextran@MNPs showed good magnetic response with 

the weak magnetic field. The reason may be because the small size of single nanoparticles 
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(~13.54 nm) is not separable with the weak magnetic field, directed magnetic forces are not 

comparable with randomly directed Brownian forces in such case, even with the presence of 

external magnet [207]. This result gives the hint that Dextran@MNPs is the cluster formation 

instead of individual nanoparticles like other types of nanoparticles. 

5.2.2 The evaluation of colloidal stability of bare MNP and Dextran@MNPs in aqueous 

buffer 

Although the great colloidal stability of nanoparticles was maintained in distilled water, the 

requirement of real-world application places great emphasis on their stability under an aqueous 

buffer. Thus, the anti-aggregation performance of bare Fe3O4 MNPs and Dextran@MNPs were 

monitored, respectively (Figure 5.2-4).  

 

Figure 5.2-4.  Colloidal stability of bare Fe3O4 nanoparticles (MNPs) in different aqueous 
buffer (pH range from 3 to 11). pH 3: 50mM Glycine-HCl; pH 4-5: 50mM NaAc-HAc; pH 6: 

50mM MES; pH 7-8: 50mM HEPES; pH 9-11: 50mM NaHCO3. The pictures were taken at 

different time intervals. 

When bare Fe3O4 MNPs were exposed to the aqueous buffer, they show different aggregation 

rates and sedimentation performances with varied pHs. Observed with a similar phenomenon 

in the distilled water, bare Fe3O4 MNPs showed the highest instability in the alkaline buffer 

(pH 8–11) that obvious aggregation and following sedimentation can be achieved within 10 

min. Although slower self-agglomeration was shown in acidic conditions (pH 4–7), the bare 

nanoparticles were still prone to form aggregates after 30–60 min incubation, while extreme 

stability was observed with pH 3, probably due to the abundant protonated Fe-OH under acidic 

pH provide adequate negative charge for the self-repulsion against neighboring nanoparticles. 
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With the dextran coating, the possible self-interaction of neighboring nanoparticles was 

prevented by the external dextran layer, thus omitting the potential of self-agglomeration 

(Figure 5.2-5). Dextran@MNPs demonstrated great homogeneous dispersion across all the 

detected pH range, there were no observable aggregation or sedimentation for at least 16 h, 

which prove their better potentiality as the nanocarriers over bare nanoparticles.  

 

Figure 5.2-5.  Colloidal stability of dextran coated Fe3O4 nanoparticles (Dextran@MNPs) in 
different aqueous buffer (pH range from 3 to 11). The dextran (40 kDa) coating was performed 

with 1:1 (m/m) of MNPs: Dextran. The pictures were taken at different time intervals. 

Due to the presence of abundant hydrogen bonds, dextran polymers can easily interact with 

nanoparticles under strongly alkaline solution, the following crosslinking treatment is essential 

to prevent the dissociation and functionalize the epoxy groups on the surface of the 

nanoparticles (Figure 5.2-6) [76].  

 

Figure 5.2-6.  The simplified dextran structure (A) and crosslinking with epichlorohydrin 
contributes the epoxy groups functionalization on the nanoparticles surface (B). 
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5.2.3 The optimization of dextran coating parameters to achieve better coating efficiency 

As the dextran molecular size and grafting ratio can affect the properties of coated nanoparticles 

[205, 208], the molecular weight of dextran and the ratio of MNP/dextran were investigated. 

Dextran with different sizes (10, 22.5, 40 and 70 kDa) was functionalized on the bare 

nanoparticles and be evaluated for their stable performance under aqueous buffers (Figure 5.2-

7). Results showed that the dispersibility of Dextran@MNPs is highly related to the dextran 

molecular weight, dextran with larger molecular weight is likely to provide better suspension 

performance. For 10 kDa dextran coating, the instability was more obvious that only ~20–70 % 

nanoparticles were remained in the supernatant after 72 h incubation, especially for the pH 

range over 9.0. With 22.5 kDa dextran coating, Dextran@MNPs demonstrate better stability 

while 50 % nanoparticles were sedimented when prolonging the incubation time. With the even 

higher molecular weight of dextran (40 and 70 kDa), the stability evaluation was not 

significantly improved as expected, thus 40 kDa dextran was selected in this case.  

 

Figure 5.2-7.  The influence of molecular size of dextran layers (10–70 kDa) on the colloidal 
stability of functionalized nanoparticles. The dextran coating was performed with 1:1 (m/m) of 

MNPs: Dextran and the absorbance values of the supernatant nanoparticle solutions were 

monitored under 400 nm (25 ℃) with spectrophotometer at different time intervals. 

It’s worth noticing that Dextran@MNPs (40 kDa) had the best colloidal stability at pH 3.0 

while demonstrating the worst stability at pH 5.0/6.0. In order to investigate the sufficient 
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weight ratio of dextran to magnetite, the dispersity of Dextran@MNPs (40 kDa) was compared 

with different MNP:Dextran ratios (from 4:1 to 1:8) under the most stable and unstable pH to 

determine the minimum coating amount (Figure 5.2-8). When incubating under pH 6.0, MNP: 

Dextran (m/m) with 4:1 was not enough to promote the sufficient coating on the nanoparticles, 

aggregation was observed within 10 min. With the increase of dextran coverage to 2/1, the 

colloidal suspension will last less than 1 day, the stabilized status able to last for ~ 5 days when 

the dextran coverage is higher than 1/1. 

 

Figure 5.2-8.  The stability evaluation of dextran functionalized nanoparticles 

(Dextran@MNPs) with controlled MNPs: Dextran ratio (40 kDa dextran with m/m from 4:1 to 

1:8) during surface coating, aqueous buffer with pH 6.0 was monitored. The pictures were 

taken at different time intervals. 

The results above showed the necessary coverage density of dextran to achieve the steric 

hindrance stabilization, further the absorbance change was used to quantify the stabilization 

index of Dextran@MNPs (Figure 5.2-9). As expected and consistent with previous results, the 

increased surface coverage density of dextran contributed to the less tendency of self-

aggregation or sedimentation, and MNP: Dextran with a 1:8 ratio was the most positive ratio to 

achieve the stable colloidal suspension for at least 8 days. Therefore, dextran with 40 kDa 

molecular weight and 8-time loading concentration of dextran on the nanoparticles coating 

process were the optimized parameters.  
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Figure 5.2-9.  The stability evaluation of dextran functionalized nanoparticles (mechanical 
stirring) with controlled MNPs: Dextran ratio (40 kDa dextran with m/m from 1:1 to 1:8) 

during surface coating, the absorbance values of the supernatant nanoparticle solutions were 

monitored under 400 nm (ambient temperature) with spectrophotometer at different time 

intervals. The dextran functionalization was performed under ambient temperature with the 

continuous mechanical stirring treatment for 24 h. 

5.2.4 The dextran functionalization strategy: mechanical stirring or sonication 

Afterward, instead of using the mechanical stirring to perform the dextran functionalization, 

sonication treatment was utilized as another substitute and compared the performance of 

Dextran@MNPs (Figure 5.2-10). Results indicated that sonication functionalized nanoparticles 

outperformed the mechanical stirring to obviously improve its colloidal stability in all the four 

MNP: Dextran loading ratios (1:1 to 1:8). Four-fold of dextran loading concentration was 

enough to maintain the colloidal suspension of Dextran@MNPs for over 8 days that absorbance 

of Dextran@MNPs suspension was recorded higher than 90 % in most cases. 

To satisfy the requirement of real-world and facilitate further immunosensor fabrication, the 

Dextran@MNPs were tested for their magnetic separability using a portable neodymium 

magnet (Figure 5.2-11). Though less dispersion and stability were observed with mechanical 

stirred Dextran@MNPs, all the Dextran@MNPs can be easily separated and recovered from 

the suspension with a portable neodymium magnet within 2 min. In contrast, the sonication 
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treatment promotes the more efficient surface coverage, while demonstrating lower magnetic 

separability that 2 h separation was not able to achieve sufficient recovery.  

 

Figure 5.2-10.  The stability evaluation of dextran functionalized nanoparticles (sonication) 
with controlled MNPs: Dextran ratio (40 kDa dextran with m/m from 1:1 to 1:8) during surface 

coating, the absorbance values of the supernatant nanoparticle solutions were monitored under 

400 nm (ambient temperature) with spectrophotometer at different time intervals. The dextran 

functionalization was performed under 25 ℃ with the continuous sonication treatment for 6 h. 

 

Figure 5.2-11.  The evaluation of magnetic separation ability of Dextran@MNPs (40 kDa) with 
different functionalization strategies, mechanical stirring (A) and sonication (B) were 

compared using neodymium magnet. The pictures were taken at different time intervals. 
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5.2.5 Quantification of remaining functionality of immobilized antibody with grafted 

reactive groups on the Dextran@MNPs surface  

With the optimization of the dextran functionalization parameters (coating technique, dextran 

molecular weight and loading ratio), the determination of the functionality of immobilized 

antibody was compared with different reactive groups (Figure 5.2-12). Derivate from the epoxy 

groups grafted via the dextran crosslinking treatment, aldehyde-Dex@MNPs, HOOC-

Dex@MNPs and chelate-Dex@MNPs were fabricated, respectively. 

 
Figure 5.2-12.  The scheme of surface functionalization treatment to graft different functional 
groups on the Dex@MNPs surface, aldehyde groups, chelate groups and carboxylic groups 

were grafted, respectively. 

Firstly, the crosslinking parameters (concentration of NaOH, NaBH4 and epichlorohydrin) were 

optimized to achieve the highest epoxy groups density on the Dextran@MNPs surface, the 

quantification was performed indirectly via the determination of ζ-potential value after reacting 

with IDA (Figure 5.2-13).  

 

Figure 5.2-13.  Optimization of crosslinking parameters (concentration of NaOH, NaBH4 and 
epichlorohydrin) to achieve a higher density of epoxy groups on the Dextran@MNPs surface. 
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Crosslinked Dextran@MNPs (epoxy-Dextran@MNPs) were reacted with IDA to grafted 

carboxylic groups, and the zeta-potential of modified HOOC-Dextran@MNPs were evaluated 

and compared. Strategy 1 was 1M NaOH, 0.225 mL mgFe-1 epichlorohydrin; strategy 2 was 1M 

NaOH, 10 mg mL-1 NaBH4, 0.45 mL mgFe-1 epichlorohydrin; strategy 3 was 1M NaOH, 0.45 

mL mgFe-1 epichlorohydrin and strategy 4 was 2M NaOH, 10 mg mL-1 NaBH4, 0.225 mL mgFe-

1 epichlorohydrin. 

Results indicated that epichlorohydrin concentration was a bigger influence on the epoxy 

density, and the optimized crosslinking condition is 1M NaOH with 0.45 mL of epichlorohydrin 

per mgFe. 

The modification time of Epoxy-Dextran@MNPs with IDA was controlled from 0.5 h to 8 h, 

results revealed that 2 h modification time was likely to reach the highest carboxylic group 

density (Figure 5.2-14A). AbHRP was used as the model to determine the antibody 

immobilization capacity corresponding to the varied modified Ni2+-chelate-Dextran@MNPs 

nanocarriers (Figure 5.2-14B). Unmodified Dextran@MNPs were hardly to anchor the 

antibody due to the poor reactivity of epoxy groups under neutral pH [53]. With the increase of 

modification degree, the immobilized antibody was gradually improved while the highest 

antibody coverage density was achieved after 4 h functionalization with about 4 μg AbHRP per 

mgFe Ni2+-chelate-Dextran@MNPs.  

 

Figure 5.2-14.  The effect of IDA modification time of HOOC-Dextran@MNPs on its zeta-
potential (A) and immobilization capacity of antibody on Ni2+-chelate-Dextran@MNPs (B). 

The antibody immobilization condition was controlled with 10 mM HEPES, pH 7.0 for 30 min 

incubation time. 

To explore the higher antibody coverage and better functionality of immobilized AbHRP, the 

effect of metal ion types and pH of the incubation buffer were investigated (Figure 5.2-15).  
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Figure 5.2-15.  The antibody immobilization capacity (A) and antigen-recognition ability of 
immobilized anti-HRP on the chelate-Dex@MNPs were evaluated. IDA modification time was 

selected as 4 h and the antibody immobilization time was 30 min. Different incubation pHs (pH 

5.0–7.0) were evaluated with four metal ions (Zn2+, Cu2+, Co2+ and Ni2+), Cu2+-chelate-

Dex@MNP caused obvious aggregation during incubating with antibody, the abnormal 

concentration of adsorbed antigens was observed. 

The immobilization ability of different Me2+-chelate-Dextran@MNPs was varied, however, 

Cu2+-chelate-Dextran@MNPs caused self-aggregation during the incubation with antibody, 

which achieved about 18 μg AbHRP per mgFe MNPs and irrational density of analytes (HRP) 

was absorbed via non-specific adsorption. Ni2+-chelate-Dextran@MNPs outperformed other 

metal ions (Zn2+ and Co2+) with all four incubation pHs, and incubation pH had a significant 

influence on the immobilization capacity of chelate-Dextran@MNPs that acidic pH prone to 

adsorb the higher antibody than neutral or alkaline pH. However, the antigen-recognition ability 

of immobilized AbHRP has achieved the highest remaining functionality at pH 8.0 for Zn2+/Ni2+-

chelate-Dextran@MNPs. Unfortunately, the chelate-Dextran@MNPs was only capable of  

capturing 0.9-mole analyte per immobilized mole AbHRP under the optimized condition. 

The carbodiimide chemistry (EDC/NHS) activated HOOC-Dex@MNPs was further 

investigated (Figure 5.2-16). Activated HOOC-Dex@MNPs immobilized with negative 

controls (BSA, rabbit IgG and sheep IgG) were not able to recognize the HRP analytes, which 

demonstrated good specificity of the AbHRP.  
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Figure 5.2-16.  The protein immobilization density (A) and antigen-recognition ability of 
immobilized antibodies/protein on the EDC/NHS activated HOOC-Dex@MNPs (B) were 

evaluated. BSA, rabbit IgG and sheep IgG were used as the negative controls, the antibody 

immobilization time was 2 h and blocked with ethanolamine after protein immobilization. The 

EDC/NHS concentration was 1 mM (EDC/NHS ratio of 1:4) and the activation pH was 10 mM 

MES, pH 5.0, the anti-HRP immobilization condition was varied from pH 5.0 to pH 7.0.  

Similar to chelate-Dextran@MNPs, pH 5.0 promoted the highest AbHRP immobilization density 

while resulting in the lowest antigen-recognition functionality, and the optimized functionality 

was observed with pH 7.0 immobilization condition that 0.9-mole analyte per immobilized 

mole AbHRP was captured. To facilitate the partly activated carboxylic groups to achieve the 

pre-physical adsorption before covalent interaction [35], the EDC/NHS concentration was 

optimized (1–50 mM) (Figure 5.2-17).  

 

Figure 5.2-17.  The effect of EDC/NHS concentration (fixed 1:4 ratio) on the antibody 
immobilization density (A) and antigen-recognition ability of immobilized antibodies/protein 

on the EDC/NHS activated HOOC-Dex@MNPs(B) were evaluated. The antibody 

immobilization time was 2 h and incubated at 10 mM HEPES, pH 7.0. 
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Results demonstrated that concentration of activation reagents had a minor effect on the 

antibody immobilization amount that 35 % higher AbHRP was tethered even EDC/NHS 

increased for 50-fold times. However, only 0.9-mole analyte per immobilized mole AbHRP can 

be recognized under the optimized condition (25 mM EDC/NHS). 

The applicability of Aldehyde-Dex@MNPs as the antibody nanocarriers was examined (Figure 

5.2-18). Aldehyde-Dex@MNPs demonstrated good antibody coverage with 11.4 μg AbHRP per 

mgFe MNPs under pH 10 incubation via the heterogeneously distributed Lys residues, while 5.4 

μg AbHRP per mgFe MNPs was achieved with N-terminus under pH 8.5 incubation. And the 

results about the determination of remaining functionality of conjugated AbHRP showed 

consistency with previous outcomes [45], that Lys residues achieved better antigen-binding 

capacity with 1.0-mole analyte per immobilized mole AbHRP can be quantified. While N-

terminus gave the worst accessibility of immobilized antibodies, only 0.36-mole analyte per 

immobilized mole AbHRP was applicable, and random orientation results with the presence of 

DTT gave moderate functionality of tethered antibody. 

  

Figure 5.2-18.  The protein immobilization density (A) and antigen-recognition ability of 
immobilized antibodies/protein on the Aldehyde-Dex@MNPs(B) were evaluated. The 

Aldehyde-Dex@MNPs were prepared under the controlled oxidation condition (5 mM NaIO4, 

1 h) with protection from light. For pH 8.5 immobilization, the antibody immobilization time 

was 24 h and incubated at 10 mM sodium borate, pH 8.5; For pH 10.0 immobilization, the 

antibody immobilization time was 1 h and incubated at 10 mM sodium bicarbonate, pH 10.0; 

For pH 10.0+DTT immobilization, the antibody immobilization time was 6 h and incubated at 

10 mM sodium bicarbonate contains 50 mM DTT. 

Overall, the aldehyde-Dex@MNPs demonstrated the highest potential as the antibody 

nanocarriers to fabricate the immunosensor. However, the periodate oxidation parameters 

should be further optimized to obtain the immunosensors with optimal performance. 
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INTRODUCTION 

Dextran aldehyde has shown broad application due to its highly controllable reactive groups 

density, including the drug carriers [209], fabrication of hydrogels [210], crosslinker of 

crosslinked enzyme aggregates (CLEAs) [211], stabilization enhancer of immobilized protein 

[212], co-immobilization of multiple enzymes [213] and facilitate inert surface with conserved 

antibody functionality [194].  

The Aldehyde-Dex@MNPs demonstrated the best capacity to protect the antigen-binding 

functionality, while there are still many spaces for us to optimize the parameters, thus obtain 

immunosensor with even higher sensitivity. The antibody functionalization degree on the 

Aldehyde-Dex@MNPs is highly controlled via the aldehyde density on its surface, while the 

influence of antibody coverage and aldehyde density on the possible antibody orientation is still 

unknown. 

RESULTS  

In this chapter, the periodate oxidation conditions (periodate concentration and oxidation time) 

were controlled and evaluated for their antibody-conjugation amount, the functionality of 

conjugated antibodies was highly appreciated. With the optimized variables, the fabricated 

immunosensors was utilized to detect the analytes using different quantification strategies, 

which are colorimetric method and electrochemical techniques. 

5.3.1  Colorimetric detection of HRP– The controlled oxidation extent with better 
analytical performance 

5.3.1.1. Determination of the aldehyde groups density and AbHRP immobilization rate 
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Figure 5.3-1.  Scheme of the controlled oxidation of dextran layers on the MNPs surface to 
conjugate the AbHRP with different coverage density and orientation.  

Using the optimal dextran coating strategy (mechanical stirring functionalization of 8-fold 

loaded dextran with 40 kDa size), the oxidation parameters of the dextran layer (time range 

from 0.5–5 h and NaIO4 concentration range from 2–10 mM) was first investigated (Figure 5.3-

1).  

The generated aldehyde groups are derived from the functionalized dextran layers, thus it is 

highly correlated with the loading amount onto the MNP surface, and Dex@MNPs with two 

different loading concentrations were determined with their aldehyde density (Figure 5.3-2).  

 

Figure 5.3-2.  Controlled aldehyde groups density on the Dex@MNPs surface by changing the 
periodate concentration and oxidation time, lower dextran coating coverages (A) and high 

dextran coating coverage (B) of dextran polymer on the MNPs surface were investigated. 

Results showed the clear relevance between grafted aldehyde density with initial loading 

amount of dextran. For Dex@MNPs with a high loading density (1:8 ratio of MNP:Dextran), 

2 mM periodate oxidize for 0.5 h has produced 62.4 μmol gFe-1 Dex@MNPs, which is 

comparable with 5 mM periodate for 5 h oxidation while with lower loading density (68.2 μmol 

gFe-1 Dex@MNPs). Furthermore, the influence of oxidation duration was not linearly related 

with aldehyde density, high periodate concentration (10 mM) was likely to observe a more 

obvious growth curve with the time proceeding, that aldehyde density in the range of 129–205 

μmol gFe-1 Dex@MNPs was determined for 10 mM periodate while 109–150 μmol gFe-1 

Dex@MNPs was calculated for 5 mM periodate. 

The AbHRP immobilization rate on the Aldehyde-Dex@MNPs with different oxidation levels 

was determined, 5 h oxidation duration for 5 mM and 10 mM were selected to achieve the 

whole antibody coverage, respectively (Figure 5.3-3). Although the Ab loading amount had 

minor differences for low and high periodate concentrations, they shared a similar Ab 

immobilization rate, which 18.8 and 18.1 μg mgFe-1 Aldehyde-Dex@MNPs had achieved the 
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full coverage, respectively. For both concentrations, the first 30 min interaction achieved about 

50 % coverage, the following 30 min further promoted the surface coverage to near 65 % and 

3 h incubation was enough to achieve the total coverage. To avoid the possible steric hindrance 

caused by the overcrowded AbHRP for following capture ratio calculation, the AbHRP 

immobilization time was selected as 60 min incubation for the following determination. 

 

Figure 5.3-3.  AbHRP immobilization rate on the Alde-Dex@MNPs, the oxidation time for both 
periodate concentrations (5 mM and 10 mM) was set as 5 h. 

5.3.1.2. The effect of oxidation parameters on the Ab functionality 

Due to the high importance of Ab functionality to fabricate highly efficient immunosensor, the 

Ab coverage density on the nanocarriers should not be the only consideration [6]. Thus, how 

the periodate concentration and oxidation time affect the antibody functionality were 

investigated (Figure 5.3-4).  

 

Figure 5.3-4.  The AbHRP immobilization density on the Alde-Dex@MNPs with the prolonged 
oxidation time (0.5–5 h), the AbHRP immobilization time was set as 1 h. 

Consistent with the anticipation, the Ab loading density on the Aldehyde-Dex@MNPs had 

shown a high correlation with generated aldehyde density that 5 h oxidation enabled 5.2, 11.6 
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and 12.4 μg mgFe-1 Alde-Dex@MNPs grafting concentration, respectively. However, the 

differences of Ab loading with high periodate concentration (5 mM and 10 mM) were not 

significant, the increase of Ab loading concentration with oxidation time was relatively slow. 

Taking 5 h oxidation as the reference time, they both reached over 90 % loading density after 

2 h oxidation, which means aldehyde density was not the leading principle for the Ab 

immobilization afterward though aldehyde groups continuous substantial growth. 

The functionality of immobilized AbHRP was further determined and compared (Figure 5.3-5).  

 

Figure 5.3-5.  The capture ability of covalent immobilized AbHRP on the Alde-Dex@MNPs with 
different periodate concentrations: 2 mM (A), 5 mM (B) and 10 mM (C). The capture ability of 

fabricated immunosensors was calculated as the mole captured HRP per mole immobilized 

AbHRP. 

Results showed the clear correlation between aldehyde density and the preserved functionality 

of tethered Ab, that higher aldehyde density promoted the increasing functionality retention of 

AbHRP. For the low periodate concentration (2 mM), this tendency was very explicit that the 

antigen-binding ability of immobilized Ab has increased from 0.51 to 1.16-mole analyte per 

immobilized mole AbHRP with the increasing of aldehyde density. The highest antigen-

recognition functionality was obtained with the medium periodate concentration (5 mM), 

although the shortest oxidation time was observed with the lowest functionality, there was a 

limited increment after oxidation time reached over 2 h. The optimal oxidation time was 4 h for 

medium periodate concentration, longer oxidation time caused the capture ability to decrease 

from 1.33 to 1.24-mole analyte per immobilized mole AbHRP maybe lead by the steric hindrance 

of overcrowded antibody and the spatial conformation variation includes antibody orientation 
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changes. Similarly, high periodate concentration (10 mM) did not promote even better 

functionality preservation, the highest functionality of immobilized was obtained for 3 h 

oxidation with 1.25-mole analyte per immobilized mole AbHRP and the minor decrease was also 

observed after extending the oxidation time. 

5.3.1.3. The optimization of experimental variables to achieve better biosensing efficiency 

The oxidation parameters of dextran layers to prepare the Aldehyde-Dex@MNPs with the 

optimal antigen-binding functionality were defined, thus we continued to optimize the variables 

to capture the analytes with better efficiency (Figure 5.3-6).  

 

Figure 5.3-6.  Optimization of experimental variables using the fabricated immunosensor with 
the optimal oxidation condition (5 mM periodate, 4 h oxidation time): HRP incubation 

temperature (A), AbHRP immobilization time (B), Alde-Dex@MNPs concentration during 

incubation time HRP (C) and incubation buffer composition (D) were investigated. The 

adsorption capacity of immunosensors with 10 min incubation was taken as the 100 % 

reference in all the experiments, respectively, in which 37 ℃ incubation temperature, 30 min 

incubation time, 20 mg mL-1 Alde-Dex@MNPs concentration and PB incubation buffer were 

taken as the reference parameter, respectively. 

The incubation temperature (25 and 37 ℃) was the first parameter to be determined, results 

showed a good antigen adsorption rate with the 37 ℃ incubation temperature that 10 min is 

adequate to achieve the full antigens adsorption. While it took 30 min for the Alde-Dex@MNPs 

to reach their saturated capacity when incubation under 25 ℃, which revealed the significance 

of incubation temperature. Thus, 37 ℃ was selected for the following trials. 
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Followed by the optimization of antibody immobilization time (30–180 min), however, unlike 

the determination of antigen-recognition functionality, adequate coverage and correct 

orientation of conjugated antibodies are essential for the adsorption of the sufficient analyte 

[214]. It was good to see that immunosensors were able to achieve the full capacity within 10 

min even with the relative lower Ab coverage (AbHRP immobilize for 30 min), while about 50 % 

surface coverage (Figure 5.3-6) limited its immunosensing capacity, that 1.2-fold capacity was 

observed with longer Ab incubation time. Due to the slight enhancement of antigen-adsorption 

capacity between 60–180 min, the Ab immobilization time was set at 60 min instead of an even 

longer time to find the equilibrium between functionality and cost-effectiveness. 

The working concentration of Alde-Dex@MNPs was further optimized (2–20 mgFe mL-1). 

Similarly, the nanoparticles concentration only affected the antigen-recognition capacity while 

the fast adsorption rate was preserved. Using the 10-fold higher nanoparticles concentration (20 

mgFe mL-1 vs 0.2 mgFe mL-1), the immunosensing capacity was improved to 1.5-fold higher. 

To determine the possible interference of additives in the incubation buffer, BSA, Tween 20 

and PEG 600 were added into the incubation buffer, respectively. Results demonstrated that 

soluble BSA has no influence on the immunosensing performance, neither on the capture 

capacity or response rate, 1% Tween 20 had a minor negative effect on the immunosensing rate 

while over 96 % capacity was observed within 10 min incubation. However, 5 % PEG 600 

caused the lower immunosensing velocity that only 88 % immunosensing capacity was 

achieved. Fortunately, the same adsorption capacity can be fulfilled even it takes 60 min to 

complete.   

5.3.1.4. Analytical characterization of the fabricated immunosensors 

With the optimization of experimental variables, the immunosensing performance of the 

immunosensor has been determined (Figure 5.3-7). Serial diluted HRP (0.3–300 μg mL-1) 

prepared in the PB buffer was captured under the optimal condition and the immunosensing 

ability of AbHRP-Aldehyde-Dex@MNPs immunosensors was quantified by the specific 

colorimetric reaction of HRP (ABTS as the color developing substrate).  

Results demonstrated clear linear relationship between increased HRP concentration and 

detected specific activity of nanobioconjugates in the range of 0.3–7.5 μg mL-1 (R2=0.995) and 

fitting the equation of specific activitynanoconjuagtes (IU gFe-1) = (93.59 ± 2.68) [HRP] (IU gFe mL 

μg-1) + (8.08 ± 0.87) (IU gFe-1). The immunosensor AbHRP-Aldehyde-Dex@MNPs had an 

undetectable catalytic activity with the absence of analytes through light blue color can be 

developed after 15 min colorimetric reaction, the main reason is we have detected the kinetic 

catalytic activity instead of the absorbance of developed color. Therefore, the LOD value was 

taken as 0.3 μg mL-1 using the aqueous buffer as the dissolution system. 
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Figure 5.3-7.  Analytical characterization of the fabricated immunosensor under the optimal 
condition for the detection of HRP. The wide range of HRP concentration (0.3–300 μg mL-1) 

were determined (A) and the fabricated immunosensor demonstrated a good linear relationship 

between 0.3–7.5 μg mL-1 HRP prepared in an aqueous buffer. 

To further verify the anti-interference ability of fabricated immunosensor, the recovery of the 

analytes experiments from diluted human serum were performed, and the information has 

presented in Table 5.3-1. HRP spiked in the 1 % human serum gave more “real” results, the 

HRP concentration detected was highly related to the spiked concentration, which revealed the 

credibility of the fabricated immunosensor. Results obtained from the 10 % serum 

demonstrated more variable data, maybe contributing to the complexity of serum solution, in 

which the detected concentrations were still able to reflect the “real” concentrations.  

Table 5.3-1 Recovery of HRP from the diluted human serum with the fabricated 

immunosensors. 

Spiked HRP 
(μg mL-1) 

1 % serum 10 % serum 

Detected concentration 
(μg mL-1) 

Recovery 
value, % 

Detected concentration 

(μg mL-1) 

Recovery 
value, % 

1 1.06 ± 0.043 105.8 0.94 ± 0.042 93.9 

2 2.01 ± 0.203 100.3 2.12 ± 0.025 106.4 

5 4.95 ± 0.37 99.1 5.11 ± 0.15 102.1 

5.3.2  Electrochemical detection of HRP with lower LOD – The comparison of magnetic 
particles size and functional groups  

Instead of the colorimetric method to detect the HRP concentration, the electrochemical 

technique was applied for the sensitive detection of analytes with hydroquinone (HQ) as the 

mediator (Figure 5.3-8). In addition, three particles (Alde-Dex@MNPs, HOOC-Dex@MNPs 
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and HOOC@MBs) of different sizes or chemistry functionalities were determined and 

compared with their analytical performance. 

 

Figure 5.3-8.  Scheme of the using Alde-Dex@MNPs, HOOC-Dex@MNPs and HOOC-MBs as 
the carriers to perform the electrochemical determination of HRP. 

5.3.2.1. Optimization of the experimental variables to obtain Alde-Dex@MNPs with the better 

S/N ratio  
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the amperometric responses of the immunosensors for 0 ng mL-1 (white bar, N) and 100 ng mL-

1 HRP (black bars, S) and the corresponding S/N ratio (red line). CAbHRP loading concentration 

was determined with the range of 0–50 μg mL-1, 60 min; CAbHRP incubation time was 

determined with the range of 15–120 min, 7.5 μg mL-1 (B) and MNP amount were determined 

with the range of 0.1–5 mg mL-1, 7.5 μg mL-1 CAbHRP with 30 min incubation (C). All the error 

bars were calculated as the standard deviation (n = 3) of duplicate experiments. 

Alde-Dex@MNPs was utilized as the model nanocarriers to optimize the involved parameters, 

including the AbHRP concentration, AbHRP immobilization time with nanocarriers and MNP 

amount for each electrochemical reaction (Figure 5.3-9). Taking the signal-to-noise (S/N) ratio 

as the primary consideration, 7.5 μg mL-1 AbHRP of 30 min incubation time with Alde-

Dex@MNPs gave the highest S/N ratio, and 0.25 mg per sample even promoted the higher 

sensitivity. The summary of optimized experimental variables is also included in Table 5.3-2. 

Table 5.3-2 Optimization of the experimental variables affecting the immunosensing sensitivity 

of fabricated sandwich configuration on the Alde-Dex@MNPs to perform the electrochemical 

determination of HRP. 

Experimental variables Tested range Selected value 

[CAbHRP], μg mL-1 1–50 7.5 

CAbHRP incubation time, min 15–120 30 

MNPs amount, mg 0.1–5 0.25 

 

5.3.2.2. Analytical characterization of the fabricated immunosensors using electrochemical 

technique 

Under the optimized conditions, the analytical characterization of Alde-Dex@MNPs were 

determined (Figure 5.3-10). The fabricated immunosensor demonstrated different calibration 

performance with the detected concentration range. During the HRP concentration within the 

1.47–30 ng mL-1 range, good relationship was observed (R2 = 0.9971), which fitting the 

equation i (nA) = (64.67 ± 1.73) [HRP] (nA mL ng-1) + (72.82 ± 22.76) (nA). Meanwhile, in 

the HRP range of 30–200 ng mL-1 (R2 = 0.9915), a much less sensitivity was determined, which 

fitting the equation i (nA) = (3.21 ± 0.21) [HRP] (nA mL ng-1) + (1890 ± 24.40) (nA). 
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Figure 5.3-10.  Analytical characterization of the immunosensor using Alde-Dex@MNPs (25 
μgFe per sample) as the carriers to perform the electrochemical determination of HRP. The 

calibration plot demonstrates a different linear relationship with different HRP concentration 

ranges (0–30 ng mL-1 and 30–200 ng mL-1). 

When using higher Alde-Dex@MNPs amount as the nanocarrier (100 μg vs 25 μg), a similar 

analytical performance with wider linear range while less sensitivity was obtained (Figure 5.3-

11). During the HRP concentration within the 1.95–100 ng mL-1 range, good relationship was 

observed (R2 = 0.9975), which fitting the equation i (nA) = (44.68 ± 1.46) [HRP] (nA mL ng-1) 

+ (117.69 ± 60.89) (nA). Meanwhile, in the HRP range of 100–400 ng mL-1 (R2 = 0.9908), a 

much less sensitivity was determined, which fitting the equation i (nA) = (5.979 ± 0.408) [HRP] 

(nA mL ng-1) + (3758 ± 111.77) (nA). 

Using the same AbHRP immobilization parameters with the 25 μg, HOOC-Dex@MNPs were 

utilized as the nanocarriers to detect its performance (Figure 5.3-12). The fabricated 

immunosensors with HOOC-Dex@MNPs as the nanocarriers demonstrated less sensitivity 

than AbHRP-Alde-Dex@MNPs, while promoting a better linear range. The calibration plot for 

the target HRP exhibited a linear relationship (R2 = 0.995) between 0.98 ng mL-1 and 50 ng mL-

1, with slope value of (41.42 ± 1.16) nA mL ng-1 and intercept value of (96.91 ± 22.64) (nA). 
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Figure 5.3-11.  Analytical characterization of the immunosensor using Alde-Dex@MNPs (100 
μgFe per sample) as the carriers to perform the electrochemical determination of HRP. The 

calibration plot demonstrates a different linear relationship with different HRP concentration 

range (0–100 ng mL-1 and 100–400 ng mL-1). 

 

Figure 5.3-12.  Analytical characterization of the immunosensor using HOOC-Dex@MNPs as 
the nanocarriers to perform the electrochemical determination of HRP. The amperometric 

response of the fabricated immunosensors during the determined HRP range (A) and its linear 

range (B) were demonstrated.  

With the optimal conditions as previously stated, HOOC@MBs have shown as the best carriers 

of AbHRP, and the highest sensitivity was obtained in Figure 5.3-13. In the range of 0.14–50 ng 
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mL-1 HRP, a linear relationship was observed (R2 = 0.998), the slope and intercept values of 

(109.62 ± 2.46) nA mL ng-1 and (94.18 ± 56.95) nA, respectively. 

 

Figure 5.3-13.  Analytical characterization of the immunosensor using HOOC@MBs as the 
microcarriers to perform the electrochemical determination of HRP. The amperometric 

response of the fabricated immunosensors during the determined HRP range (A) and its linear 

range (B) were demonstrated.  

Limit of determination (LOD) of Alde-Dex@MNPs, HOOC-Dex@MNPs and HOOC@MBs 

were 0.44 ng mL-1, 0.78 ng mL-1 and 0.14 ng mL-1, respectively, following the criteria of 3 × 

sb/m, where m is the slope of the linear calibration plot and sb was the standard deviation of 10 

amperometric measurements without the presence of the HRP analytes. In addition, the limit of 

quantification (LOQ) was calculated according to the 10 × sb/m criteria, which with 1.47 ng 

mL-1, 2.59 ng mL-1 and 0.48 ng mL-1, respectively.  

Performing the amperometric measurements using the HRP concentrations described in Table 

5.3-3, a relative standard deviation (RSD) value of 5.14 % – 8.76 % was obtained with those 

four immunosensors, respectively. Those results proved the acceptable reproducibility of the 

whole immunosensing procedure and confirmed the reliability of the fabricated immunosensors. 
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Table 5.3-2 Analytical characteristics for the determination of HRP in buffered solution using 

different magnetic carriers to perform the electrochemical determination. 

Parameters 

Alde-Dex@MNPs HOOC-
Dex@MNPs 

 

HOOC@MBs 

 
0.25 mg c 1 mg d 

Linear range, ng mL-1 1.47–30 1.95–100 2.59–50 0.14–50 

r 0.997 0.997 0.995 0.998 

Slope, nA/ng mL-1 
64.67 ± 

1.73 

44.68 ± 

1.46 
41.42 ± 1.16 109.62 ± 2.46 

Intercept, nA  
72.82 ± 

22.76 

117.69 ± 

60.89 
96.61 ± 22.64 94.18 ± 56.95 

LOD a, ng mL-1 0.44 0.59 0.78 0.14 

LOQ b, ng mL-1 1.47 1.95 2.59 0.48 

RSD 8.76% e 5.21% f 6.56% g 5.14% h 

a, b: calculated according to the 3 × sb/m and 10 × sb/m criterion, respectively, sb: standard deviation (n 

= 10) for measurements performed in the absence of HRP, m: slope value of the calibration plots. 

c: the initial MNPs concentration used for the CAbHRP immobilization amount is 0.25 mg, and the final 

MNPs amount for each sample is 25 μgFe MNPs. 

d: the initial MNPs concentration used for the CAbHRP immobilization amount is 1 mg, and the final 

MNPs amount for each sample is 100 μgFe MNPs. 

e: the determination was performed with 15 ng mL-1 HRP (n = 10). 

f: the determination was performed with 50 ng mL-1 HRP (n = 10). 

g: the determination was performed with 25 ng mL-1 HRP (n = 10). 

h: the determination was performed with 30 ng mL-1 HRP (n = 10). 

It’s worth mentioning that the storage stability of the AbHRP conjugated carriers was also 

evaluated by storing in the PB or PBS buffer at 4 ℃, and the amperometric values were 

determined with different time intervals (Figure 5.3-14). All the prepared immunosensors have 

no significant decrease of the amperometric measurements, indicating the stability of 

immunosensor able to last at least over 26 days. 
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Figure 5.3-14.  Storage stability of immobilized CAbHRP on the MNPs or MBs for the detection 
of HRP, the biofunctionalized MNPs/MBs were stored in filtered PB buffer at 4 ℃. The 

amperometric responses of the immunosensors without (gray bars) or with the presence of 

HRP, in which Alde-Dex@MNPs for 50 ng mL-1 (A), HOOC-Dex@MNPs for 25 ng mL-1 (B) 

and HOOC@MBs for 30 ng mL-1 (C) were measured with the prolonged storage time. 
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INTRODUCTION 

The electrochemical immunoassays have been proven with good sensitivity for the analytes 

determination in the previous results, human C-reactive protein (CRP) was used as the target 

to explore the availability of the nanocarriers in different applications. For the typical sandwich-

type electrochemical immunoassays, the report enzyme-Ab conjugates as the detection probes 

have been well accepted while multifunctional nanocarriers as the detection probe are 

demonstrating higher sensitivity [144, 158, 172]. The dual functionalized nanocarriers improve 

the performance of the immunosensors by the exploitation of signal amplification strategy, in 

which much lower detection limits can be obtained and enhanced sensitivity can be predicted 

[215, 216].  

RESULTS  

In this part of dissertation, CRP will be utilized as the analytes to check the analytical 

performance of different immunosensors, in which those immunosensors have the same 

bioreceptors carriers (SPCEs) while three different detection probes were utilized and 

compared. The surface functionalization of the working electrodes is the first step to 

functionalize sufficient carboxylic groups via electrochemical grafting [217], following the 

activation of carbodiimide chemistry (EDC/sulfo-NHS) to immobilize the bioreceptors (Figure 

5.4-1). The differences of bioreceptors immobilization strategy and the compositions of those 

three detection probes have been demonstrated in Table 5.4-1. 

 

Figure 5.4-1.  Illustration of the steps to sequentially achieve the surface functionalization and 
chemistry activation of the working electrodes on SPCEs.  
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Table 5.4-1 The utilization and comparison of three different detection probes in this chapter 
when using the SPCEs as the carriers. 

 SPCEs as the carriers 

Strep-HRP a 

 

HRP/CAb@MNPs b 

 

HRP/Streptavidin@MNPs  

Bioreceptors 
carrier  

SPCEs 

Bioreceptors 
types 

CAb Biotin-Ab (B-DAb) CAb 

Bioreceptors 
immobilization 
types 

Direct covalent 
interaction 
(Carbodiimide 
chemistry) 

Affinity interaction 
(Streptavidin–biotin 

interaction) 

Direct covalent 
interaction (Carbodiimide 

chemistry) 

Detection probe 
carriers 

– Alde-Dex@MNPs Alde-Dex@MNPs 

Detection probe 
types  

Mono-enzyme 
Dual proteins  
(HRP + CAb) 

Dual proteins  
(HRP + Streptavidin) 

a: Strep-HRP used in this thesis is the commercially available streptavidin-HRP conjugate. 

b: HRP/Streptavidin@MNPs are biofunctionalized MNPs materials with streptavidin and HRP 

co-immobilization. 

5.4.1 Investigation of experimental variables effect on the analytical performance of 

immunosensors 

5.4.1.1 Strep-HRP as the detection probes 

Using this strategy, CAbHRP will be first immobilized on the SPCEs as the antigen recognition 

element, and strep-HRP bioconjugates work as the detection probes (Figure 5.4-2).  

The experimental variables involved in the electrochemical immunoassays will be optimized 

before performing the analytical determination. The CAbHRP loading concentration and 

incubation time were first optimized, results showed that mild concentration of CAbHRP (50 μg 

mL-1) with 60 min incubation gave the best S/N ratio (Figure 5.4-3). 
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Figure 5.4-2.  Strep-HRP as the detection probes. Biofunctionalization procedures to prepare 
the CAbCRP immobilized SPCEs as the carriers. 

 

Figure 5.4-3.  Strep-HRP as the detection probes. Effect of CAb loading concentration and its 
incubation time on the amperometric responses of the immunosensors for 0 ng mL-1 (white bar, 

N) and 10 ng mL-1 CRP (gray bars, S) and the corresponding S/N ratio (red line). CAb loading 

concentrations were determined with the range of 10–250 μg mL-1 (60 min) (A) and CAb 

incubation time was determined with the range of 30–90 min (50 μg mL-1) (B). All the error 

bars were calculated as the standard deviation (n = 3) of duplicate experiments.  

The concentration and incubation time of blocking reagent was further optimized, casein has 

been proven with better efficiency to prevent the non-specific adsorption on the electrodes 

[218]. In this specific case, 1 % (w/v) casein with 60 min promised the best S/N ratio (Figure 

5.4-4).  
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Figure 5.4-4.  Strep-HRP as the detection probes. Effect of casein loading concentration and 
its incubation time on the amperometric responses of the immunosensors for 0 ng mL-1 (white 

bar, N) and 10 ng mL-1 CRP (gray bars, S) and the corresponding S/N ratio (red line). Casein 

loading concentration was determined with the range of 0–3 % (w/v) (60 min) (A) and casein 

incubation time was determined with the range of 30–90 min (1 % (w/v)) (B). All the error bars 

were calculated as the standard deviation (n = 3) of duplicate experiments. 

The electrochemical signals of the immunosensors corresponding to the different Biotin-AbHRP 

concentration were determined (Figure 5.4-5). The results demonstrated the 0.5 μg mL-1 Biotin-

AbHRP gave the lowest unspecific interaction with electrodes while providing a good 

amperometric response. Besides, 30 min incubation time promoted the best S/N ratio. 

 

Figure 5.4-5.  Strep-HRP as the detection probes. Effect of B-DAb loading concentration and 
its incubation time on the amperometric responses of the immunosensors for 0 ng mL-1 (white 

bar, N) and 10 ng mL-1 CRP (gray bars, S) and the corresponding S/N ratio (red line). B-DAb 

loading concentration were determined with the range of 0.25–1 % μg mL-1, 30 min (A) and B-

DAb incubation time were determined with the range of 15–60 min (0.5 μg mL-1) (B). All the 

error bars were calculated as the standard deviation (n = 3) of duplicate experiments. 
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The effect of Strep-HRP concentration and incubation time were well investigated (Figure 5.4-

6). Unlike the expectation, the lowest dilution of Strep-HRP did not give the best specific signal 

while the highest background interference was observed with 2000-fold dilution, further 

dilution of Strep-HRP even promotes better specificity. Although the prolongation of 

incubation time (15–60 min) showed higher electrochemical response, 30 min was a better 

option. 

 

Figure 5.4-6.  Strep-HRP as the detection probes. Effect of Strep-HRP concentration (A) and 
its incubation time (B) on the amperometric responses of the immunosensors for 0 ng mL-1 

(white bar, N) and 10 ng mL-1 CRP (gray bars, S) and the corresponding S/N ratio (red line). 

Strep-HRP loading concentrations were determined with the range of 1/10000–1/2000 dilution 

factor (30 min) (A) and Strep-HRP incubation time was determined with the range of 15–60 

min (1/5000 dilution factor) (B). All the error bars were calculated as the standard deviation 

(n = 3) of duplicate experiments. 

Including all the optimized variables, the sensitivity of the fabricated immunosensor has 

reached the highest value, which gave the highest S/N ratio under the experimental condition 

described above, and optimized condition has been summarized in Table 5.4-2. 

Table 5.4-2 Optimization of the experimental variables affecting the immunosensing sensitivity 
of fabricated sandwich configuration on the SPCEs as the carriers and Strep-HRP as the 
detection probes. 

Experimental variables  

Tested range Selected value 

[CAbCRP], μg mL-1 10–250 50 

CAbCRP incubation time, min 30–90 60 
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Casein incubation time, min 30–90 60 

[B-DAbCRP], μg mL-1 0.25–1 0.5 

B-DAbCRP incubation time, min 15–60 30 

[Strep-HRP], dilution factor 1/10000–1/2000 1/5000 

Strep-HRP incubation time, min 15–60 30 

5.4.1.2 HRP/CAb@MNPs as the probes 

With the EDC/sulfo-NHS activated SPCEs as the bioreceptors carriers, there were two 

differences with earlier when Strep-HRP as the detection probes, namely the Biotin-AbHRP was 

selected as the bioreceptors, meanwhile, HRP and CAbHRP dual functionalized Alde-

Dex@MNPs carriers were substituted Strep-HRP for the detection probes (Figure 5.4-7).  

 

Figure 5.4-7.  HRP/CAb@MNPs as the detection probes. (A) Preparation of HRP and CAb 
co-immobilized MNPs as the detection probes, dual protein mixtures were used. (B) 

Functionalization of Biotin-AbCRP on SPCEs via the pre-immobilization of streptavidin linkers. 

In this strategy, the bottom-up optimization sequence was utilized. The parameters involving 

with the HRP/CAb@MNPs carriers were first investigated, namely the concentration of HRP 

and CAbHRP, and the incubation time of mixtures with nanocarriers (Figure 5.4-8). Varied 

concentration of HRP and CAbHRP did not demonstrate significant electrochemical signals in 

the presence of 10 ng mL-1 CRP, while 1 mg mL-1 HRP and 6 μg mL-1 CAbHRP gave the lowest 

background values. Similarly, 30 min incubation time facilitated the adequate analytes 

adsorption. Thus 1 mg mL-1 HRP and 6 μg mL-1 CAbHRP with 30 min immobilization duration 

were selected as the optimal condition for the preparation of HRP/CAb@MNPs probes. 
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Figure 5.4-8.  HRP/CAb@MNPs as the detection probes. Effect of HRP/CAb loading 
concentration and their incubation time on the amperometric responses of the immunosensors 

for 0 ng mL-1 (white bar, N) and 10 ng mL-1 CRP (gray bars, S) and the corresponding S/N 

ratio (red line). HRP loading concentrations were determined with the range of 0.5–2 mg mL-

1
 (6 μg mL-1 CAb, 30 min incubation) (A) and CAb loading concentration were determined with 

the range of 3–12 μg mL-1 (1 mg mL-1, 30 min incubation) and incubation time of CAb/HRP 

mixture with MNPs were determined with the range of 30–180 min (2 mg mL-1 HRP and 6 μg 

mL-1 CAb) (C). All the error bars were calculated as the standard deviation (n = 3) of duplicate 

experiments.  

The working concentration of HRP/CAb@MNPs probes and its sufficient incubation time with 

analytes were further explored (Figure 5.4-9). With the increasing of HRP/CAb@MNPs 

nanocarriers, the S/N ratios were gradually increased, taking the lower unspecific interaction 

given by 0.5 mg mL-1 nanoprobes, it was selected for the further study. With the incubation 

time consideration range between 15–120 min, 60 min showed the best S/N ratio.  
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Figure 5.4-9.  HRP/CAb@MNPs as the detection probes. Effect of HRP/CAb@MNPs loading 
concentration and their incubation time on the amperometric responses of the immunosensors 

for 0 ng mL-1 (white bar, N) and 10 ng mL-1 CRP (gray bars, S) and the corresponding S/N 

ratio (red line). HRP/CAb@MNPs conjugates loading concentration were determined with the 

range of 0.1–1 mg mL-1 (30 min incubation) (A) and HRP/CAb@MNPs conjugates incubation 

time were determined with the range of 15–120 min (0.5 mg mL-1) (B). All the error bars were 

calculated as the standard deviation (n = 3) of duplicate experiments. 

Based on the research results from earlier [119], the immobilization condition for the 

streptavidin was following the optimal condition without further modification. Then the 

optimization of bioreceptors–Biotin-AbHRP in this case– was performed (Figure 5.4-10). 5 μg 

mL-1 Biotin-AbHRP provided the highest specific signal and also the highest S/N ratio. And 30 

min was adequate for the effective immobilization of the bioreceptors. 

 

Figure 5.4-10.  HRP/CAb@MNPs as the detection probes. Effect of Biotin-Ab loading 
concentration and its incubation time on the amperometric responses of the immunosensors for 

0 ng mL-1 (white bar, N) and 10 ng mL-1 CRP (gray bars, S) and the corresponding S/N ratio 

(red line). Biotin-Ab loading concentration were determined with the range of 0–20 μg mL-1 
(30 min incubation) (A) and Biotin-Ab incubation time were determined with the range of 15–

0

1

2

3

4

5

0

200

400

600

800

1000

1200

0.1 0.25 0.5 1

S/
N

-i,
nA

[HRP/CAb@MNPs], mg mL-1

0

1

2

3

4

5

0

200

400

600

800

1000

15 30 45 60 90 120

S/
N

-i,
nA

Incubation timeHRP/CAb@MNPs, min

A) B)

0

1

2

3

4

5

0

200

400

600

800

1000

0 2 5 10 20

S/
N

-i,
nA

[Biotin-Ab], μg mL-1
0

1

2

3

4

5

0

200

400

600

800

1000

15 30 45 60

S/
N

-i,
nA

Incubation timeBiotin-Ab, min

A) B)



RESULTS                          5.4 Nanoprobes role of Alde-Dex@MNPs 

 92 

60 min (5 μg mL-1) (B). All the error bars were calculated as the standard deviation (n = 3) of 

duplicate experiments.  

The blocking reagents consist of two composites (casein and biotin) were determined to provide 

the suppress the unspecific interaction, due to the prevention of the cross-interaction with pre-

immobilized streptavidin (Figure 5.4-11). 2 % (w/v) casein suppressed the nonspecific 

interaction with the highest efficiency, so was the 0.5 mg mL-1 biotin. The blocking 

effectiveness with the prolongation of incubation time (15–120 min) was evaluated, and 90 min 

was considered as the optimal choice to give the ideal outcome. 

 

Figure 5.4-11.  HRP/CAb@MNPs as the detection probes. Effect of casein/biotin loading 
concentration and their incubation time on the amperometric responses of the immunosensors 

for 0 ng mL-1 (white bar, N) and 10 ng mL-1 CRP (gray bars, S) and the corresponding S/N 

ratio (red line). Casein loading concentrations were determined with the range of 0.2–3 % 

(w/v) (1 mg mL-1 biotin, 60 min incubation) (A) and biotin loading concentrations were 

determined with the range of 0.2–2 μg mL-1 (2 % casein, 60 min incubation) and incubation 

time of CAb/HRP mixture with MNPs were determined with the range of 15–120 min (2 % 

casein and 0.5 mg mL-1 biotin) (C). All the error bars were calculated as the standard deviation 

(n = 3) of duplicate experiments. 

The incubation time of analytes with the immobilized bioreceptors was assessed (Figure 5.4-

12). Results showed that the electrochemical signal raised with the increase of incubation time 

and reached the highest value with 60 min, therefore, it was selected as the optimal option. 
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Figure 5.4-12.  HRP/CAb as the detection probes. Effect of CRP incubation time on the 
amperometric responses of the immunosensors for 0 ng mL-1 (white bar, N) and 10 ng mL-1 

CRP (gray bars, S) and the corresponding S/N ratio (red line). CRP incubation time were 

determined with the range of 15–90 min. All the error bars were calculated as the standard 

deviation (n = 3) of duplicate experiments.  

To better illustrate the optimized condition for the immunoassays using HRP/CAb@MNPs as 

the detection probes, the condition was summarized in Table 5.4-3. 

Table 5.4-3 Optimization of the experimental variables affecting the immunosensing sensitivity 

of fabricated sandwich configuration on the SPCEs as the carriers and HRP/CAb@MNPs as 

the detection probes. 

Experimental variables 

 

Tested range Selected value 

Biotin-Ab, μg mL-1 0–20 5 

Biotin-Ab incubation time, min 15–60 30 

Biotin, mg mL-1 0.2–2.0 0.5 

Casein, % (w/v) 0.2–3.0 2.0 

Incubation time of casein/biotin, min 15–120 90 

CRP incubation time, min 15–90 60  

[CAb], μg mL-1 3–12 6 

[HRP], mg mL-1 0.5–2.0 1.0 

Incubation of HRP/CAb mixture with MNPs, min 30–180 30 
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HRP/CAb@MNPs incubation time, min 15–90 60 

[HRP/CAb@MNPs], mg mL-1 0.1–1 0.5 

5.4.1.3 HRP/Streptavidin@MNPs as the detection probes 

With the same Alde-Dex@MNPs as the nanocarriers for the detection probes, nanoparticles 

functionalized with HRP, and streptavidin were utilized as the detection probes. The 

immobilized bioreceptors were the same type when strep-HRP was used as the detection probes, 

and single HRP molecule were replaced by multiple HRP reporters to provide higher signals 

under the same condition (Figure 5.4-13). 

 

Figure 5.4-13.  Biofunctionalization procedures to prepare the CAbCRP immobilized SPCEs as 
the carriers and HRP/Streptavidin@MNPs as the detection probes. 

Due to the optimal condition has been previously studied in the previous determination, only 

the parameters involving the variation about the HRP/Streptavidin@MNPs nanocarriers were 

further determined. 

To develop the most appropriate nanoprobes, the concentration of HRP and streptavidin were 

the first of its priorities (Figure 5.4-14). Although the background signals have been increased 

when HRP concentration has raised from 0.5 mg mL-1 to 3 mg mL-1, the amperometric response 

also demonstrated increasing tendency, thus the S/N ratio has been pushed to its highest value. 

And 50 μg mL-1 streptavidin also met the high signal with the presence of 10 ng mL-1 CRP. 
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Figure 5.4-14.  HRP/Streptavidin@MNPs as the detection probes. Effect of HRP/Streptavidin 
loading concentration on the amperometric responses of the immunosensors for 0 ng mL-1 

(white bar, N) and 10 ng mL-1 CRP (gray bars, S) and the corresponding S/N ratio (red line). 

HRP loading concentrations were determined with the range of 0.5–4 mg mL-1 (10 μg mL-1 

Streptavidin, 60 min incubation) (A) and Streptavidin loading concentrations were determined 

with the range of 5–1000 μg mL-1 (3 mg mL-1 HRP 60 min incubation) (B). All the error bars 

were calculated as the standard deviation (n = 3) of duplicate experiments. 

The working concentration of HRP/Streptavidin@MNPs nanocarriers and its interaction time 

with Biotin-AbCRP revealed that 0.5 mg mL-1 HRP/Streptavidin@MNPs nanocarriers gave the 

highest S/N ratio, and 15 min incubation also promoted the best specificity (Figure 5.4-15). 

 

Figure 5.4-15.  HRP/Streptavidin@MNPs as the detection probes. Effect of 

HRP/Streptavidin@MNPs loading concentration and its incubation time on the amperometric 

responses of the immunosensors for 0 ng mL-1 (white bar, N) and 10 ng mL-1 CRP (gray bars, 

S) and the corresponding S/N ratio (red line). HRP/Streptavidin@MNPs loading 

concentrations were determined with the range of 0.25–1 mg mL-1 (30 min incubation) (A) and 

HRP/Streptavidin@MNPs incubation time was determined with the range of 10–60 min (0.5 
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mg mL-1 HRP/Streptavidin@MNPs) (B). All the error bars were calculated as the standard 

deviation (n = 3) of duplicate experiments.  

The listed experimental variables involved in the optimization procedure are shown as Table 

5.4-4. 

Table 5.4-4  Optimization of the experimental variables affecting the immunosensing 

sensitivity of fabricated sandwich configuration on the SPCEs as the carriers and 

HRP/Streptavidin@MNPs as the detection probes. 

Experimental variables 

 

Tested range Selected value 

Streptavidin loading, μg mL-1 5–1000 50 

HRP loading, mg mL-1 0.5–4.0 3.0 

[HRP/Streptavidin@MNPs], mg mL-1 0.1–1 0.5 

Incubation of HRP/CAb mixture with MNPs, min 10–60 15 

5.4.2 Characterization of the fabricated immunosensors with each functionalization step 

5.4.2.1 HRP/CAb@MNPs as the detection probes 

Each step during the preparation of HRP/CAb@MNPs-CRP-Biotin-Ab-Streptavidin-Phe-

SPCE immunosensors were characterized using electrochemical impedance spectroscopy (EIS) 

and cyclic voltammetry (CV) (Figure 5.4-16). Figure 5.4-15A, B revealed that the 

electrochemical grafting of diazonium salts hampered the electron transfer, and chemistry 

activation promoted the higher electron transfer efficiency (Rct was 1.17 kΩ, 6.08 kΩ and 0.38 

kΩ, respectively). While the immobilization of streptavidin caused the significant increase of 

Rct due to the conformational hindrance and the reduction of the available active sites on the 

electrodes. The following coverage of Biotin-Ab and biotin/casein contribute to the high 

conductivity. The interaction between adsorbed biomolecules and nanoprobes provided higher 

surface area for the electron-transfer process, thus the Rct was slightly decreased compared with 

the last step (0.28 kΩ vs 0.20 kΩ). 
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Figure 5.4-16.  HRP/CAb@MNPs as the detection probes. The validation of the sequential 
biofunctionalization steps during the immunosensors fabrication via cyclic voltammograms 

(CV) (A, B) and electrochemical impedance spectroscopy (EIS) (C, D) were monitored after 

each modification step. 5 mM Fe(CN)63-/4- prepared in 0.1 M KCl work as the redox probe: 

Bare SPCE, p-ABA/SPCE, activated p-ABA/SPCE, Streptavidin-Phe-SPCE, biotin-Ab-

Streptavidin-Phe-SPCE, biotin/casein blocked Streptavidin-Phe-SPCE, CRP-Biotin-Ab-

Streptavidin-Phe-SPCE and HRP/CAb@MNPs-CRP-Biotin-Ab-Streptavidin-Phe-SPCE. 

The obtained CV results (Figure 5.4-16C, D) were in good agreement with the EIS results. The 

determined results from EIS and CV confirm that the HRP/CAb@MNPs-CRP-Biotin-Ab-

Streptavidin-Phe-SPCE immunosensors has been successfully prepared. 

5.4.2.2  HRP/Streptavidin@MNPs as the detection probes 

Using the same recording strategies, the layer-by-layer immobilization of different 

biomolecules on the EDC/NHS activated electrodes have been characterized (Figure 5.4-17). 

Similarly, the EIS results (Figure 5.4-17A) gave clear indication that the direct covalent 

conjugation of CAbHRP lead to the partly hindered the electron transfer from the probes to the 

working electrode, and the adsorption of CRP caused a barrier on the electrodes.  

Consistent with the aforementioned EIS results, the recorded CV results also confirmed the 

successful construction of the HRP/Streptavidin@MNPs-CRP-Biotin-Ab-Streptavidin-Phe-

SPCE immunosensors. 
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Figure 5.4-17.  HRP/Streptavidin@MNPs as the detection probes. The validation of the 
sequential biofunctionalization steps during the immunosensors fabrication via cyclic 

voltammograms (CV) (A, B) and electrochemical impedance spectroscopy (EIS) (C, D) were 

monitored after each modification step. 5 mM Fe(CN)63-/4- prepared in 0.1 M KCl work as the 

redox probe: Bare SPCE, p-ABA/SPCE, activated p-ABA/SPCE, CAb-Phe-SPCE, casein 

blocked CAb-Phe-SPCE, CRP-CAb-Phe-SPCE, Biotin-Ab-CRP-CAb–Phe and HRP/ 

Streptavidin@MNPs-CRP-biotin-Ab-CRP-CAb–Phe. 

 5.4.3 Analytical characterization of the fabricated immunosensors 

The analytical application of the fabricated immunosensors using three different detection 

probes were shown in Figure 5.4-18A, and the analytical curves using the nanoprobes were 

specifically highlighted in Figure 5.4-18B for better illustration. 

For the application of Strep-HRP as the detection probe, the prepared immunosensor has been 

observed with gradually increased amperometric signals in the range of 0–100 ng mL-1 CRP, 

and the recorded signals was linearly increased over a range from 2.77 to 100 ng mL-1 CRP. A 

regression equation with i (nA) = (9.87 ± 0.1) [CRP] (nA mL ng-1) + (105.07 ± 0.003) (nA) 

(R2 = 0.995) was found, with a LOD of 0.83 and LOQ was estimated at 2.77 ng mL-1, 

respectively (according to 3 × sb/m and 10 × sb/m).  
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Figure 5.4-18.  Analytical characterization of the immunosensor using SPCEs as the 
carriers. The wide range of CRP concentration (0–100 ng mL-1) was measured when Strep-

HRP as the detection probes (A), while 0–10 ng mL-1 CRP were measured for 

HRP/Streptavidin@MNPs and HRP/CAb@MNPs as the detection probes (B), CRP prepared 

in aqueous buffer was utilized. 

While for the nanoprobes (HRP/CAb@MNPs and HRP/Streptavidin@MNPs), multiple HRP 

reporters have been grafted on the nanocarriers instead of single reporter. Both nanoprobes 

demonstrated a similar dynamic range, while HRP/CAb@MNPs show higher sensitivity. For 

HRP/CAb@MNPs-CRP-Biotin-Ab-Streptavidin-Phe-SPCE immunosensors, the regression 

equation was i (nA) = (46.43 ± 0.02) [CRP] (nA mL ng-1) + (257.17 ± 0.0006) (nA) (R2 = 0.996) 

in the range of 0.50 to 10 ng mL-1 CRP. When HRP/Streptavidin@MNPs were utilized, a 

slightly less sensitive curve was observed, which fitting the equation of i (nA) = (41.76 ± 0.024) 

[CRP] (nA mL ng-1) + (118.87 ± 0.001) (nA) (R2 = 0.993) in the range of 0.61 to 10 ng mL-1.  

It is obvious that nanoprobes contain multiple HRP molecules significantly enhanced the LOD 

with at least 4.6-fold, this improved sensitivity can be ascribed to the signal-amplification of 

nanoprobes. The adequate aldehyde groups and higher surface area of nanocarriers improved 

the immobilization concentration of HRP molecules. The interaction probability between 

nanoprobes with CRP or Biotin-Ab had been significantly enhanced (even at very low 

concentration of analytes). In addition, the efficient adsorption of nanoparticles on the 

electrodes also improves the electron transfer efficiency, thereby leading to the enhanced 

sensitivity. 

Storage stability and reproducibility of fabricated immunosensors was examined (Figure 5.4-

19). The reproducibility of those three immunosensors were determined by recording 10 

bioreceptors functionalized electrodes using the CRP concentration shown in Table 5.4-5. An 

acceptable reproducibility with 3.11 %, 4.15 % and 4.93 % was obtained for Strep-HRP, 

HRP/CAb@MNPs, and HRP/Streptavidin@MNPs, respectively. The bioreceptors conjugated 
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electrodes were stored at 4 ℃ and periodically monitored for the CRP capture, the S/N ratio of 

prepared immunosensors using the nanoprobes have maintained over a period of 16 days, 

indicating the good stability of the functionalized electrodes. 

 

Figure 5.4-19.  Monitoring the storage stability of bioreceptors of immobilized immunosensors 
stored in filtered PBS at 4 °C, HRP/CAb@MNPs (A) and HRP/Streptavidin@MNPs (B) were 

measured, respectively. The amperometric responses were measured in the absence (gray bars, 

N) or in the presence (yellow bars for HRP/CAb@MNPs and black bar for 

HRP/Streptavidin@MNPs, S) of 5 ng mL-1 CRP prepared in aqueous buffer, and the 

corresponding S/N ratio (red line). The calculated S/N ratios are displayed as red squares. 

Table 5.4-5 Analytical characteristics for the determination of CRP in buffered solution using 

the SPCEs as the carriers and comparison of different detection probes. 

Parameters 

SPCEs as the carriers 
 

Strep-HRP 

 

 
HRP/CAb@MNPs 

 

 
HRP/Streptavidin@MNPs  

Linear range, ng mL-1 2.77–100 0.50–10 0.61–10 

r 0.995 0.996 0.993 

Slope, nA/ng mL-1 9.87 ± 0.1 46.43 ± 0.02 41.76 ± 0.024 

Intercept, nA  
105.07 ± 

0.003 
257.17 ± 0.0006 118.87 ± 0.001 

LOD a, ng mL-1 0.83 0.15 0.18 

LOQ b, ng mL-1 2.77 0.50 0.61 

RSD 3.11 % c 4.15 % d 4.93 % e 

Storage stability, days N. D f 19 16 
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Selectivity against 

interferents  
N. D YES g YES 

a, b: calculated according to the 3 × sb/m and 10 × sb/m criteria, respectively, sb: standard 

deviation (n = 10) for measurements performed in the absence of CRP, m: slope value of the 

calibration plots. 

c: the determination was performed with 5 ng mL-1 CRP (n = 10). 

d: the determination was performed with 50 ng mL-1 CRP (n = 10). 

e: the determination was performed with 5 ng mL-1 CRP (n = 10). 

f: Not determined. 

g: BSA, HSA, human IgG, cTnI, cTnT and NT-proBNP were utilized as the interferents to 

measure the potential non-interference performance of the fabricated immunosensor using 

different detection probes. 

 

Figure 5.4-20.  Determination of the potential interference effect without (0) or with the 
appearance of several interferents (1–7). The amperometric responses of the immunosensors 

for 0 ng mL-1 (white bar, N) and 5 ng mL-1 CRP and the corresponding S/N ratio (red line) were 

monitored. HRP/CAb@MNPs (A) and HRP/Streptavidin@MNPs (B) were determined 

respectively. 5.0 mg mL−1 BSA (1), 5.0 mg mL−1 HSA (3), 1.0 mg mL-1 human IgG (4), 500 ng 

mL-1 cTnI (5), 500 ng mL-1 cTnT (6) and 7.5 ng mL-1 NT-proBNP (7) were measured and 

compared, respectively. All the error bars were calculated as the standard deviation (n = 3) of 

duplicate experiments.  

Selectivity of the immunosensors against other interferents was also investigated for the 

nanoprobes (Figure 5.4-20). The variation of the S/N ratio and amperometric responses induced 

by the non-specific interaction upon the addition of interferents were not obvious for both 
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nanoprobes, which the S/N ratios were maintained within the ± 3 SD range. Therefore, the 

prepared immunosensing platforms and nanoprobes have acceptable performance.  
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INTRODUCTION 

SPCEs as the bioreceptors carriers demonstrated great advantages with enhanced sensitivity 

toward CRP analytes, and both the dual-functionalized nanocarriers show better detection 

efficiency than single HRP enzyme reporter. While the short linear range (0–10 ng mL-1 of CRP) 

of dual-functionalized nanocarriers limit the possible application for the possible real-samples 

determination. When SPCEs were replaced by magnetic beads as the carriers, the analytical 

performance may demonstrate diversity with different analytes. The same linear range with 

better sensitivity was reported for interleukin-13 receptor α2 [116, 219], while 100-fold 

enhanced dynamic range with worse sensitivity was observed for cadherin-17 [116, 220].  

RESULTS  

In this part, the Alde-Dex@MNPs were utilized as the nanocarriers instead of SPCEs to 

sensitively detect the CRP analytes (Figure 5.5-1). The differences between those two strategies 

are the functionality of nanoparticles (detection probes or bioreceptor nanocarriers) and the 

bioreceptors immobilization chemistries (activated carboxylic or aldehyde moieties).  

 

Figure 5.5-1.  Illustration of the preparation and signal detection involved in the fabricated 
immunosensor using Alde-Dex@MNPs to perform the CRP detection.  
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5.5.1  Optimization of experimental variables to achieve the immunosensor with the 
highest sensitivity 

To obtain the immunosensors with the highest sensitivity, the electrochemical signal responses 

against different experimental variables at the same analytes concentration were observed.  

The amount of Alde-Dex@MNPs used in the CAbCRP immobilization step was first evaluated 

from 10–200 μg per sample (Figure 5.5-2). In the range of 10–50 μg MNPs, the unspecific 

signals maintained minor change while specific interaction was enhanced with the increase of 

MNPs concentration. While the even concentrated MNP concentration caused obvious 

increased background signal, 25 μg was selected for the following amount when taking the S/N 

ratio as the major decision factor. 

 

Figure 5.5-2.  Effect of Alde-Dex@MNPs amount on the amperometric responses of the 
immunosensors for 0 ng mL-1 (white bar, N) and 30 ng mL-1 CRP (gray bars, S) and the 
corresponding S/N ratio (red line). Alde-Dex@MNPs amounts were determined with the range 
of 10–200 μg. All the error bars were calculated as the standard deviation (n = 3) of duplicate 
experiments.  

When evaluating the CAbCRP immobilization parameters on the analytical performance, its 

immobilization concentration and incubation time were investigated (Figure 5.5-3). The 

CAbCRP immobilization amount did not have obvious differences in the absence of target 

analytes, the specific response contributed by the analytes revealed that 25 μg mL-1 was the 

optimized option, and 30 min incubation time promoted the desired S/N ratio. 

As stated in Chapter 5.2, when using the colorimetric method to evaluate the fabricated 

immunosensors, it was not necessary to block the unspecific interaction. However, the CRP 

recognition system with the sandwich format may cause the unspecific interaction with pre-

immobilized biomolecules. Thus, the concentration and the corresponding incubation time of 

BSA was determined to suppress the unspecific binding (Figure 5.5-4). The S/N ratio reached 

the highest value with 3 % (w/v) BSA while even higher BSA inhibited the signal with the 
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presence of analytes. Similarly, the specific signals did not have an obvious increase when 

incubation time was over 45 min, and 60 min was selected as the best choice. 

 

Figure 5.5-3.  Effect of CAb loading concentration and its incubation time on the amperometric 
responses of the immunosensors for 0 ng mL-1 (white bar, N) and 30 ng mL-1 CRP (gray bars, 
S) and the corresponding S/N ratio (red line). CAb loading concentrations were determined 
with the range of 0–100 μg mL-1, 30 min (A) and CAb incubation time was determined with the 
range of 15–90 min, 25 μg mL-1 (B). All the error bars were calculated as the standard deviation 
(n = 3) of duplicate experiments. 

 

Figure 5.5-4.  Effect of BSA loading concentration and its incubation time on the amperometric 
responses of the immunosensors for 0 ng mL-1 (white bar, N) and 30 ng mL-1 CRP (gray bars, 
S) and the corresponding S/N ratio (red line). BSA loading concentrations were determined 
with the range of 0–10 % (w/v), 30 min (A) and BSA incubation time were determined with the 
range of 15–90 min, 3 % (w/v) (B). All the error bars were calculated as the standard deviation 
(n = 3) of duplicate experiments. 

Following the determination of CRP incubation time from 15 min to 90 min (Figure 5.5-5), 

results confirmed that 60 min incubation can achieve the low unspecific interaction while 

maintaining the high specific electrochemical signal. 
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Figure 5.5-5.  Effect of CRP incubation time on the amperometric responses of the 
immunosensors for 0 ng mL-1 (white bar, N) and 30 ng mL-1 CRP (gray bars, S) and the 
corresponding S/N ratio (red line). CRP incubation time were determined with the range of 15–
90 min. All the error bars were calculated as the standard deviation (n = 3) of duplicate 
experiments. 

The concentration and the incubation time of Biotin-AbCRP were investigated further (Figure 

5.5-6), the S/N ratio was obviously enhanced with concentration of 0.5 μg mL-1 and incubated 

for 45 min. 

 

Figure 5.5-6.  Effect of B-DAb loading concentration and its incubation time on the 
amperometric responses of the immunosensors for 0 ng mL-1 (white bar, N) and 30 ng mL-1 
CRP (gray bars, S) and the corresponding S/N ratio (red line). B-DAb loading concentrations 
were determined with the range of 0.25–2 % μg mL-1, 30 min (A) and B-DAb incubation time 
were determined with the range of 15–90 min, 0.5 μg mL-1 (B). All the error bars were 
calculated as the standard deviation (n = 3) of duplicate experiments. 

As shown in Figure 5.5-7, the concentration of Strep-HRP had great influence on the obtained 

electrochemical signals, which over 1500 nA were observed when Strep-HRP was diluted with 

low dilution factor (≤ 250). 250-fold diluted Strep-HRP with incubation for 30 min were 

selected via comprehensive consideration of S/N ratio and amperometric responses. 
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Figure 5.5-7.  Effect of Strep-HRP concentration and its incubation time on the amperometric 
responses of the immunosensors for 0 ng mL-1 (white bar, N) and 30 ng mL-1 CRP (gray bars, 
S) and the corresponding S/N ratio (red line). Strep-HRP loading concentrations were 
determined with the range of 1/4000–1/50 dilution factor, 30 min (A) and Strep-HRP incubation 
time were determined with the range of 15–90 min, 1/100 dilution factor (B). All the error bars 
were calculated as the standard deviation (n = 3) of duplicate experiments. 

Taking the sensitivity of the immunosensor as the key consideration, the optimal experimental 

variables for the fabrication of immunosensors has been summarized in Table 5.5-1.  

Table 5.5-1  Optimization of the experimental variables affecting the immunosensing 

sensitivity of fabricated sandwich configuration on the Alde-Dex@MNPs for the detection of 

CRP. 

Experimental variables Tested range Selected value 

[MNP], μg 10–200 25 

[CAbCRP], μg mL-1 0–100 25 

CAbCRP incubation time, min 15–90 30 

CRP incubation time, min 15–90 60 

BSA, %(w/v) 0–10 3 

BSA incubation time, min 15–90 60 

[B-DAbCRP], μg mL-1 0.25–2 0.5 

B-DAbCRP incubation time, min 15–90 45 

[Strep-HRP], dilution factor 1/4000–1/50 1/100 

Strep-HRP incubation time, min 15–90 30 
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5.5.2  Analytical characterization of the fabricated immunosensors using Alde-
Dex@MNPs as the carriers. 

With the optimization of experimental variables, the electrochemical responses corresponding 

with the different concentration of CRP prepared in the aqueous buffer have been determined 

(Figure 5.5-8). The CRP target with the concentration range from 0 to 500 ng mL-1 have been 

evaluated, while a linear relationship which fitting the equation i (nA) = (42.09 ± 0.023) [CRP] 

(nA mL ng-1) + (194.60 ± 0.006) (nA) has been observed in the range of 4.7-250 ng mL-1 (R2 = 

0.9947). Though an even wider dynamic range was also observed in the range of 4.7-300 ng 

mL-1, the diminished relevance between amperometric signals with CRP concentration 

occurred when a coefficient of determination with 0.991 was calculated in this case. 

 

Figure 5.5-8.  Analytical characterization of the immunosensor using Alde-Dex@MNPs as 
the carriers. The wide range of CRP concentration (0–500 ng mL-1) were determined (A) and 
the fabricated immunosensor demonstrated a good linear relationship between 0–250 ng mL-1 

CRP prepared in aqueous buffer. 

The anti-interference of the fabricated immunosensors was further investigated to prevent the 

possible influence on its analytical performance (Figure 5.5-9). The results demonstrated that 

the presence of human IgG and HSA in the incubation buffer entailed a reduction in the 

immunosensor ability of the amperometric response when 50 ng mL-1 CRP was spiked in the 

determination system. However, the amperometric signals were also weakened with the 

absence of CRP analytes, therefore, the S/N ratios have been maintained in the reasonable range 

(± 3 SD) with the presence of all the detected interferents. 
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Figure 5.5-9.  Determination of the potential interference effect without (0) or with the 
appearance of several interferents (1–7). The amperometric responses of the immunosensors 
for 0 ng mL-1 (white bar, N) and 50 ng mL-1 CRP (gray bars, S) and the corresponding S/N 
ratio (red line) were monitored. 5.0 mg mL−1 BSA (1), 5.0 mg mL−1 HSA (3), 1.0 mg mL-1 human 
IgG (4), 500 ng mL-1 cTnI (5), 500 ng mL-1 cTnT (6) and 7.5 ng mL-1 NT-proBNP (7) were 
measured and compared, respectively. All the error bars were calculated as the standard 
deviation (n = 3) of duplicate experiments.  

The storage stability of the immunosensors were investigated with the long-term reservation 

(Figure 5.5-10). Using the amperometric response determined in the first day as the reference, 

the electrochemical signals with the absence of CRP have maintained the high stability after 28 

days storage that all the determined signals were in the range of ± 3 SD, so as the performance 

with the presence of CRP analytes.  

 

Figure 5.5-10.  Storage stability of immobilized CAbCRP on the Alde-Dex@MNPs for the 
detection of CRP, the functionalized MNPs were stored in filtered PB buffer at 4 ℃. The 
amperometric responses of the immunosensors without (gray) or with the presence of 50 ng 
mL-1 CRP (cyan) were measured with the prolonged storage time. 

The reproducibility of the immunosensors determination with the presence of 50 ng mL-1 CRP 

with nice parallel measurements was tested (Table 5.5-2). The immunosensors were prepared 

in the same manner and the same day, and a relative standard deviation (RSD) value of 2.99 % 
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was calculated. These results indicated the good reproducibility of the immunosensors, and also 

proved the versatility of the developed protocols and experiment parameters during the 

preparation of immunosensors. 

Table 5.5-2 Analytical characteristics for the determination of CRP in buffered solution using 

the Alde-Dex@MNPs as the carriers. 

Parameters Alde-Dex@MNPs 

Linear range, ng mL-1 4.7–250 

r 0.9947 

Slope, nA/ng mL-1 42.092 ± 0.023 

Intercept, nA  194.6 ± 0.006 

LOD a, ng mL-1 1.41 

LOQ b, ng mL-1 4.7 

Relative standard deviation (RSD), % 2.99 % c 

Storage stability, days 28 

Selectivity against interferents  Yes d 

a, b: calculated according to the 3 × sb/m and 10 × sb/m criterion, respectively, sb: standard 

deviation (n = 10) for measurements performed in the absence of CRP, m: slope value of the 

calibration plots. 

c: the determination was performed with 50 ng mL-1 CRP (n = 9). 

d: BSA, HSA, human IgG, cTnI, cTnT and NT-proBNP were utilized as the interferents to 

measure the potential non-interference performance of the fabricated immunosensor using 

MNPs as the carriers. 

5.5.3  Determination of the CRP biomarkers in the real samples 

Instead of the CRP determination in the spiked aqueous buffer, the precise quantification of the 

CRP concentration in the unknown real samples will be more appealing. Therefore, the 

developed immunosensors were tested for their potential application of CRP proteins in healthy 

individuals and patients have been diagnosed with heart failure.  

Serial dilution of the human serum was performed and the corresponding amperometric 

determination were validated to prevent the possible matrix effect of the nanoparticles, 1/1000 

dilution factor was proven to effectively eliminate the interference of the complex biological 

condition. 

Results from the amperometric determination revealed the great variability of the healthy 

individuals and heart failure patients. All the samples from healthy individuals have been 

measured with the CRP concentration were in the range of 1–3 μg mL-1, which are the 



RESULTS                        5.5 Nanocarriers role of Alde-Dex@MNPs 

 112 

demarcation lines of low and moderate heart failure risk, respectively. While the samples from 

the heart failure patients gave strong indication of heart failure risk with the CRP range of 8.74–

45.93 μg mL-1 (Figure 5.5-11).  

 

Figure 5.5-11.  Application of the fabricated immunosensor for the detection of CRP in human 
serum samples using Alde-Dex@MNPs as the carriers. Samples from healthy individuals 
(orange dots) and samples from heart failure patients (cyan dots) demonstrated obvious CRP 
concentration in the serum samples. 

To verify the versatility of the developed immunosensors, the “gold standard” determination 

method–ELISA–was also performed. As shown in Table 5.5-3, texp had distributed in the range 

of 0.33–0.99, which indicate that no significant differences have been observed with all the 

measures between amperometric determination and ELISA quantification. 

 

 

Table 5.5-3  Measurement of the CRP concentration in real samples (human serum) with the 

fabricated immunosensor using Alde-Dex@MNPs as the carriers, the obtained results were 

compared with the results from commercial ELISA kit. 

Sample 

types 

Sample 

No. 

ELISA 

(RSD) 

MNPs-based immunoassay 

(RSD) 
texpa 

Healthy 

individuals 
1 

1.04 ± 0.08 

(3.68 %) 

1.10 ± 0.05 

(4.17 %) 
0.41 

2 
1.66 ± 0.18 

(3.28 %) 

1.74 ± 0.13 

(7.68 %) 
0.58 

3 
1.95 ± 0.16 

(2.46 %) 

1.91 ± 0.12 

(11.98 %) 
0.70 

4 
1.53 ± 0.13 

(2.59 %) 

1.70 ± 0.2 

(6.51 %) 
0.28 
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Heart failure 

patients 
1 

45.93 ± 3.65 

(2.73 %) 

44.34 ± 1.25 

(7.52 %) 
0.82 

2 
8.74 ± 1.45 

(7.88 %) 

8.77 ± 0.33 

(3.82 %) 
0.99 

3 
12.50 ± 1.79 

(7.73 %) 

12.31 ± 0.35 

(2.81 %) 
0.84 

4 
14.40 ± 1.17 

(4.80 %) 

14.69 ± 0.49 

(3.13 %) 
0.84 

5 
11.79 ± 1.68 

(7.79 %) 

12.41 ± 0.31 

(8.38 %) 
0.33 

a: texp means student's t-test 

 

In addition, ELISA analysis demonstrated lower standard deviation (2.46 %–7.79 %) than 

amperometric measurements (2.81 %–11.98 %), while the developed immunosensors can be a 

better option in terms of preparation time, easy-of-operation to the non-trainers and potential 

multiplexing determination of multiple biomarkers [221]. 
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6.  Discussion  

For the fabrication of effective immunosensors with high sensitivity and good robustness 

against complex biofluids, the rational selection of antibody immobilization strategy and the 

corresponding supporting materials would promote better immunosensing performance. 

While faced with the tremendous selections of supporting materials with distinct reactive 

functionalities, how to develop a universal strategy to achieve the site-directed antibody 

conjugation is the first challenge, and high versatility with the different full-length antibodies 

would further contribute to its attractiveness. The second challenge is to find the optimal (or 

suboptimal option considering the priorities and emphasis of specific immunoassay) 

bioreceptors carrier, which affects the antibody immobilization technique and the proper 

preservation of its biological functionality. In addition, it contributes to the selection of signal 

transmission techniques, for example, colorimetric assay or electrochemical determination. 

To address those two challenges described above, in this dissertation, the following discussion 

will be separated into several themes: 

6.1 Antibody immobilization strategies targeting the amine groups (NH2) 

Different reactive sites within the antibody structure or exposure out on the antibody surface 

are preferred targets for stable conjugation [222]. While taking population and accessibility of 

the amino residues, limited options can be selected. In addition, the distribution of accessible 

amino residues is highly heterogeneous, which not only affects the surface coverage density 

but also the interaction sites [222].  

Nucleophilic NH2 groups including the N-terminus and lysine residues are the most welcomed 

options, because of the large number of reactive sites (over 80 accessible sites per antibody) 

but also their preferable exposing characterization (Figure 1). As it can be clear seen, the front 

plans have the highest density of Lys residues despite of the IgG types, which means it has the 

most possibility to interact with reactive functionality via this side. With the quantification of 

the ionized residues, the front plane has the about 2-fold higher density than top planes and the 

bottom plane has the lowest density [35]. Moreover, different chemistry options targeting the 

NH2 moieties have been developed to achieve irreversible conjugation with high efficiency and 

specificity [3, 9]. 

In this dissertation, two groups of chemistry functionalities (aldehyde/glyoxyl groups and 

carboxylic groups) have been grafted on the supporting materials. Moreover, the performance 

of fabricated immunosensors using those conjugation strategies have been compared 

concerning their better control ability of site-specificity and biofunctionality of immobilized 

antibody.   
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Figure 1．Three typical antibody structures (PDB ID: 1IGY for A, 1IGT for B and 1HCH for 

C, respectively) and their three-dimension formats. Antibody structures were generated and 

colored by PyMOL 2.4.1, and Lys residues were colored in blue color for the better illustration. 

6.1.1 Glyoxyl and aldehyde moieties–achieving the multipoint interaction via the regions 

with most abundant NH2 

Highly activated glyoxyl agarose supports are likely to realize the fast multiple interactions 

with proteins within a very short time at suitable alkaline pH, and the reaction will be directed 

through the regions with the highest density of lysine residues [50]. The immobilization rate of 

the antibody is highly managed by the incubation pH (Figure 5.1-2), incubating at pH 10.0 has 

about 100-times higher immobilization rate than conjugation at pH 8.5. These distinct 

immobilization rates were contributed by two factors, which are the reactivity of glyoxyl groups 

and the accessibility of NH2 groups. Glyoxyl groups demonstrate excellent reactivity when 

incubation pH > 10.0, in contrast, they may not able to immobilize the protein at lower pHs 

[201]. Even 1000-fold higher reactivity of amino terminus residues than Lys has been reported 

at the neutral condition and a much lower quantity of accessible sites (100 Lys vs 4 N-terminus) 

will significantly cause the much lower immobilization rate [223]. Meantime, even 

immobilization under the optimal pH, the presence of polymers slows down antibody 

conjugation due to its high viscosity of PEG solution. And the DTT are prone to react with 

glyoxyl groups before interacting with NH2 groups, thus “one-point” interaction instead of 
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“multipoint” interaction will achieve, although the presence of DTT will not affect the 

functionality of glyoxyl groups [224]. 

Meantime, the antibody immobilization rate is not the only element affected by the incubation 

pH, it also determines the biorecognition functionality of immobilized antibody (Figure 5.1-4), 

Antibody immobilization at pH 8.5 will cause the interaction via N-terminus, the “head-on” 

orientation has caused the great loss of antibody biofunctionality. The fastest immobilization 

rate has increased the chance to interact with the Fc fragments (with the highest Lys density), 

however, “flat-on” rather than “end-on” due to the simultaneous conjugation of four subunits 

(Figure 5.1-5). Weaken antibody immobilization rate increased the interaction chance of N-

terminus with glyoxyl groups and the resulting “one-point” coupling manner contributed to the 

unfavorable orientation of immobilized antibodies. 

The polyaldehyde groups derived from the Dex@MNPs demonstrate similar characteristics 

with glyoxyl groups, which can achieve multipoint interaction with NH2 residues at alkaline 

pH [225]. However, there are three advantages of polyaldehyde-Dex@MNPs over glyoxyl-

agarose materials. The first advantage is the high controllability of aldehyde density, just 

regulating the oxidation parameters (periodate concentration, oxidation time or even 

temperature) is able to obtain activated carriers with different aldehyde densities (Figure 5.3-

2). The second advantage is its high NH2 reactivity in a wide pH range, including the neutral 

pHs, which facilitate its application in the preparation of cross-linked enzyme aggregates 

(CLEA) and surface covering linkers for multimeric proteins [47, 226]. The third advantage is 

the aldehyde groups are grated from the long and flexible polymer surface, without the presence 

of the steric hindrance during the interaction with NH2 groups while achieving the inert surface 

to prevent the unspecific adsorption after NaBH4 reduction [225]. But the crosslinking ligand 

with a longer arm is not always beneficial to preserve the biofunctionality of conjugated 

antibody though significantly higher coverage density was observed with heterobifunctional 

ligand (N-γ-maleimidobutyryloxy-succinimide ester) [227]. 

The aldehyde groups onto the nanoparticles have been proven to affect the biofunctionality of 

immobilized antibodies (Figure 5.3-5), aldehyde groups of 139 μmols gFe -1 MNPs were 

determined with the highest biofunctionality of AbHRP after covalent immobilization.  

When considering the NH2 reactive linkers, glutaraldehyde is a very important and versatile 

ligand to achieve stable antibody-support conjugates. Glutaraldehyde is able to immobilize 

proteins in a wide range of pHs (pH 6-10), and the immobilization rate is dependent on the 

whole aldehyde concentration in the suspension instead of the activated functional groups 

density on the supports [201]. While it will decrease the reactivity and stability at alkaline pH, 

thus in this case antibodies are prone to be site-specific immobilized via the “head-on” 

orientation under neutral pH.  
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6.1.2 Carbodiimide chemistry activated carboxylic groups–typical Ab immobilization 

strategy for random orientation  

The carbodiimide coupling of antibodies are taken as the typical random orientation technique, 

due to the uncontrollability over the orientation/spatial distribution of immobilized antibodies 

and unsatisfied reproducibility [36]. However, even using EDC/NHS activated carriers, the 

oriented immobilization of full-length antibodies can be achieved by changing the 

immobilization pH [37]. As the isoelectric point (pI) of polyclonal anti-HRP distributed in the 

pH range of 5.2-6.55 (the most concentrated band shows around pH 7.0) [35, 37], the ionic 

interaction will happen first before the covalent interaction if the immobilization pH is lower 

than its pI [2].  

In this dissertation, two parameters have been explored to achieve the possible ionic interaction 

before irreversible immobilization, which was controlling the EDC/NHS concentration and the 

antibody immobilization pH (Figure 5.2-16 and Figure 5.2-17). However, different from earlier 

research [36], immobilization of the AbHRP at pH 5.0 resulted in the highest antibody density 

on the nanoparticles than pH 6.0 and 7.0, but the biofunctionality of AbHRP was the best when 

immobilized at pH 7.0. Probably ionic interaction was the main driver when using the 

insufficient EDC/NHS concentration, thus adsorbed antibodies were eluted from the 

nanoparticles before performing the immunosensing assays. While exploring the EDC/NHS 

concentration can realize the equilibrium between adequate (yet partial) activation for the 

covalent immobilization and the remained ionized carboxylic groups for the ionic interaction 

on HOOC-Dex@MNPs, the optimal option was 25 mM EDC/NHS.  

The preserved biofunctionality of immobilized antibodies can affect the detection sensitivity of 

fabricated immunosensors. When comparing the immunoassay performance of prepared 

immunosensors with different surface chemistries, Alde-Dex@MNPs nanocarriers 

demonstrated 1.8-fold lower LOD than HOOC-Dex@MNPs nanocarriers (Table 5.3-3), despite 

that HOOC-Dex@MNPs were modified from the Alde-Dex@MNPs (Figure 5.3-8). This result 

emphasizes the importance of spatial orientation of conjugated antibodies during the 

immunosensors fabrication, and immunosensor with higher sensitivity can be obtained with 

better antibody orientation. 

While the antibody orientation is not the only consideration of immunosensing sensitivity, the 

size of spherical carriers also contributes different performance, HOOC-MBs demonstrated the 

highest sensitivity (2.6- and 1.7-fold than above-mentioned nanocarriers, respectively) and the 

lowest LOD (0.14 ng mL-1) (Table 5.3-3). This result is consistent with earlier research that 3-

time higher sensitivity was determined with microparticle carriers than nanoparticles with the 

same carboxylic chemistry [228].  
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6.1.3. Chelate groups against histidine cluster–less stable interaction 

The interaction of His cluster distributed on Fc fragments with chelate groups will contribute 

uniform and site-directed antibody orientation [229], however, the lower stability of this 

bioconjugates interaction may suffer the possible dissociation [45].  

The chelating interaction has driven reversible adsorption promise the correct orientation of 

immobilized antibodies, and the following the NH2-epoxy covalent interaction further fixed the 

appreciated orientation (Figure 5.1-1). Though the reversible His cluster-chelate support 

interaction is less stable than 6×His residues-chelate support, it is enough to achieve the 

coupling before the epoxy-NH2 covalent immobilization [45]. The correct orientation of the 

immobilized antibody on the chelate-epoxy agarose support results in the highest preserved 

biofunctionality (1.54 units HRP per unit AbHRP). 

The types of metal ions coordinated by the chelate groups will affect the density and 

biofuncitonality of adsorbed antibodies, Cu2+ seems the worst choice than other ions [43]. 

During the fabrication of chelate nanocarriers, the Cu2+ caused the unknown nanoparticles 

aggregation while other ions (Zn2+, Co2+ and Ni2+) coordinated chelate supports still have the 

colloidal stability. 

Nevertheless, the correction immobilization of the antibody on the Epoxy-Dex@MNPs was not 

achieved. Due to the necessity of the simultaneous existence of epoxy groups and chelate 

groups, the initial epoxy should be high enough to bear the high density of chelate groups (for 

the fast physical interaction) while remaining enough epoxy groups for the following covalent 

immobilization. While the Ni-Chelate-Dex@MNPs nanocarriers only demonstrate the 

antibody-binding capacity of 3.7 μg mgFe-1 nanoparticles at pH 7.0, in contrast, about 18 μg 

mgFe-1 was determined with aggregated Cu-Chelate-Dex@MNPs (taken as the full adsorption 

capacity of antibody coverage density), which indicates the insufficient epoxy density grafted 

onto the nanoparticles, though the epoxy grafting strategies have been optimized (Figure 5.2-

13). 

6.2 The porous structure of supporting materials——a double-edged sword for the 

immunosensing 

6.2.1 The inner surface of porous materials promotes higher antibody loading capacity 

while with heterogeneous distribution 

Cross-linked agarose beads are classical polysaccharides-based supporting materials, the highly 

controllable particle size and porosity facilitate its broad application, and excellent antifouling 

advantage combined with easy activation makes it quite an appealing candidate for the 

immunosensing [47]. Thanks to the porosity, the protein binding capacity can achieve over 80 

g Lbeads (protein binding capacity provided by the manufacturer), which contributes to the well-



DISSUSION                        

 119 

accepted chromatographic supports. The increasing concentration of agarose beads (2 %- 6 %) 

and their crosslinking degrees will cause the noticeable decrease of pores diameter (116 nm to 

54 nm), over 25 % decreases of its accessibility with antibody was calculated [230].  

However, the porosity of the agarose materials also causes some disadvantages in the 

immunosensing applications. 

The antibody immobilization rate on the agarose beads is fast (Figure 5.1-2A and Figure 5.1-

3A), including the IgGs-chelate-agarose interaction (pH 7.0) and IgGs-glyoxyl-agarose 

interaction (pH 10.0), that 30 min was able to conjugate the entire input antibody. This fast 

immobilization procedure facilitates the fabrication of immunosensors in a short time, however, 

it caused the heterogeneous distribution of antibody molecules that only the outer part of the 

agarose beads was visualized [43]. In this case, the accessibility of antigen-binding sites will 

be hindered because of the overcrowded antibody distribution, thus about 65 % antibody 

coverage (60 min incubation time to conjugate with Alde-Dex@MNPs) was used to prevent 

the steric hindrance caused by high density of antibodies. 

To eliminate the steric hindrance caused by the high antibody density, controlling the antibody 

immobilization protocols (initial antibody concentration, immobilization time and reactive 

groups density on the supports) is a good strategy [56]. For the immunosensor fabrication with 

high antibody coverage on the carriers to improve its interaction chances with low 

concentration of analytes, homogeneously distributed antibodies within the porous structures is 

more suitable. Another alternative strategy is to slow down the antibody immobilization rate 

via the addition of competitive reagents. The appearance of 50 mM imidazole in the incubation 

buffer contributes to the over 70-fold slower immobilization time (0.25 h vs 16 h), the 

thoroughly distributed antibody was visualized via this strategy and near 2-fold higher antigen-

recognition functionality was also improved [43].  

Another interesting strategy to slow down the protein immobilization rate is through the 

decreased density of functional groups, 12-fold lower reactive groups density has caused the 

over 350-fold lower immobilization rate [56]. In both cases (lower reactive group density and 

addition of competitors), a more homogeneous distribution of antibodies was achieved within 

the agarose beads. 

Another consideration is the adsorption capacity will drastically be decreased when the 

molecular weight of the protein is larger than 100 kDa (while it is also affected by the 

crosslinking degree of the agarose beads), thus the immobilization of full-length antibody 

(about 150 kDa in many cases) will obviously be limited, and an immobilization capacity of < 

3 g Lbeads was reported with virus-like particles ( ≈ 20 nm) [231]. The antibody immobilization 

would happen on the outer side of particles followed by penetration into the inner channels via 



DISSUSION                        

 120 

the pore diffusion, this means the immobilization of the antibody will irreversibly narrow the 

diameters of the pores (Figure 3).  

 

Figure 3．The dynamic change of the pores size with the biomolecules immobilization and 

antigen biorecognition. The initial pores size (D1) of the crosslinked agarose supports has been 

narrowed because of antibody immobilization and the decreased porosity (D2) partly hampers 

the efficient recognition of antigens with larger molecular size.  

It is worth noting that the porous structure may help to prevent the protein inactivation during 

the direct and strong interaction with gas bubbles [232]. Biomolecules immobilized in the inner 

channels of agarose beads will not directly interact with bubbles, thus preventing the 

inactivation observed with proteins in soluble status or immobilized on the MNPs (non-porous). 

However, another coating layer of dextran derivatives (aldehyde-dextran and aspartic-

aldehyde-dextran) on the immobilized enzyme/antibody will substantially improve their 

stability and biofunctionality [194, 232]. 

6.2.2 Nonporous nanoparticles improve the response time of antigens recognition 

While things are different with nonporous magnetic nanoparticles, without the diffusion 

limitation, the antibody immobilization rate only varied with the immobilization capacity while 

the functional group density did not affect the immobilization rate (Figure 5.3-3). Though 

higher aldehyde density (5 h oxidation resulted in 150 μmol/gFe MNPs for 5 mM periodate, 205 

μmol/gFe MNPs for 10 mM periodate) with different periodate concentrations, the antibody 

immobilization rate demonstrates a similar antibody coverage with 50 % and 70 % were 

calculated with 0.5 h and 1 h incubation with Alde-Dex@MNPs, respectively.  

Although the aldehyde density did not affect the antibody immobilization rate, the antigen-

binding functionality was varied with different aldehyde densities (Figure 5.3-5). The aldehyde 

group density is the dominant factor for the antibody immobilization coverage with low 

periodate concentration (2 mM), higher antibody immobilization concentration was 

accompanied by the increased capacity of biofunctionality. For the low periodate concentration, 
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steric hindrance of overcrowded antibodies will not be the problem even if oxidation time has 

been controlled with 5 h. However, when higher aldehyde group density did not promote the 

increase of antibody coverage, the conformation of immobilized antibodies may be varied. 

There are two properties that contribute to the conformation variation, which are flexibility and 

functional group density [233].  

Because the reaction between aldehyde groups and antibodies is via multipoint interaction, four 

subunits will be involved during the immobilization, and then the binding constant would be 

enhanced greatly due to the increased number of interaction points [234]. 

For antibody immobilization with lower density, the multipoint interaction of aldehyde groups 

are prone to results in “flat-on” orientation, dramatically reduced binding activity happened due 

to the Fab fragments were restricted to twist away from the nanoparticle surface, thus loss its 

accessibility with antigens [235]. Antibody surface with 1 mg m-2 is the most appreciated 

density, the binding capacity dropped to <0.1 units per immobilized IgGs when antibody 

density was reached to 2 mg m-2.  

With high surface charge density, the lower ionic strength contributes to the “end-on” 

orientation of adsorbed antibodies, in which electrostatic interaction plays the dominant role. 

Oppositely, van der Waals will dominate the antibody-supports interaction and “lying-flat” 

orientation is predicted [236].  

6.3 Surface functionalization of iron oxide nanoparticles–grafting the stability and surface 

chemistry 

6.3.1 Providing the colloidal stability upon sufficient coverage 

The development of MNPs synthesis strategies has achieved high controllability over its shapes, 

material types and surface multifunctionality. Stabilization characteristic is critical for the 

application of different fields, however, the colloidal stability (without aggregation or 

sedimentation) during long-term storage is still a challenge.  

The typical strategies to achieve the magnetic colloidal suspension can be divided into two 

groups, which are electrostatic repulsion and steric hindrance. However, the addition of salts 

(especially with high ionic strength) would cause the break of intermolecular equilibrium, then 

steric hindrance via the sufficient surface coating is prone to obtain dispersible suspension and 

achieve the colloidal status in different kinds of media. 

SiO2 coating is a typical surface modification treatment to obtain the colloid nanoparticle 

suspension, and the high tunable thickness of the silica layer making it quite an appealing choice, 

porous structure or multiple layers can also achieve [237]. The grafting of organic silanes 

bearing distinct reactive groups (-SH, -epoxy, -COOH and -NH2, etc) on the SiO2@MNPs 

would facilitate its covalent interaction with biomolecules via several exposed residues on the 
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antibody surface [238]. The silica functionalization was achieved with single-core coating, and 

the protection role of the silica layer improves its toleration against alkaline conditions (Figure 

5.2-2). However, the response toward the external magnetic field still does not fit the 

requirement of bioseparation application, partly due to the small size of nanoparticles core 

(13.54 nm) is not adequate for the fast magnetic response and the silica layer (or the oxidation 

when exposed in the air) further contribute to the reduced magnetization [239, 240]. 

In contrast, the formation of small aggregates in Dex@MNPs nanocomposites during the 

functionalization of the nanoparticles can achieve the fast magnetism-driven separation (Figure 

5.2-3). The bare spherical MNPs were agglomerated in an aqueous buffer due to the lack of 

external protective layers against the instability. The semi-transparent layers in the TEM image 

indicate the existence of polymer covering, the Dex@MNPs also appear in the agglomeration 

status most likely because of the self-attraction of nanoparticles during the water evaporation 

for the preparation of nanoparticles grafted grids. Due to the significantly increased magnetic 

response against the portable magnet, it is convincing that the nanoparticles were coated in the 

clusters form instead of monodispersed status during the preparation of Dex@MNPs. Therefore, 

the surface coverage density is crucial to achieving the full coating. 

In addition, the surface coating parameters involved with the properties of dextran also 

contribute to different performance of Dex@MNPs.  

Dextran polymers with varied molecular weights will demonstrate different macromolecular 

conformations. Dextran with small molecular weight (>10 kDa) has a fully stretched chain-like 

structure while larger molecular weight (> 20 kDa) promotes to achieve the random coiled 

status [241] and dextran polymers larger than 50 kDa will present the random-coiled 

conformation with spherical shape [242].   

The higher adsorption of dextran on the MNPs was observed with higher initial grafting dextran 

concentration, evidence revealed by the lower saturated magnetism because of the higher 

surface coverage, and TGA values further gave more direct evidence about the increased 

coverage (Figure S1C of ANEXO). However, the dextran polymers higher molecular weight 

demonstrate higher viscosity and hindered diffusion in the dextran/nanoparticles suspension, 

thus higher amount of dextran adsorption with lower molecular weight (40 kDa vs.20 kDa) was 

reported [65]. In this case, higher water volume and vigorous stirring would help to disperse 

the viscous dextran into the water/nanoparticles system and improve their sufficient interaction. 

Cross-linked dextran polymers with longer chain length (40 kDa in this case) are prone to 

achieve better steric hindrance of nanoparticle core from interaction with aqueous buffer and 

easier to graft the functional groups than 10 kDa [243], 

During the physical adsorption of dextran polymers on the surface of the nanoparticles, a slower 

diffusion rate caused by its high viscosity means the formation of Dex@MNPs nanocomposites 
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needs several hours to allow the polymer to interact with Fe-OH. It has been reported that 5 h 

interaction time is the minimum duration to obtain the MNPs with high coverage, while dextran 

desorption is also observed during this process, indicating the necessity of following 

crosslinking treatment to prevent the dissociation [65]. In addition, the crosslinking treatment 

also contributes to the alternation of polysaccharide structure to alleviate the anaphylactic 

reactions induced by the dextran polymer chains with higher size [243]. 

Different from the post-modification strategy, in situ synthesis of dextran-coated iron oxide 

nanoparticles is also appealing. With the appearance of dextran polymer during the preparation 

of iron oxide nanoparticles, the superparamagnetic behaviors (saturation magnetization and 

nanoparticles size) would be highly affected by the dextran/MNPs ratio [205]. Although the 

saturation magnetization of the Dex@MNPs was decreased due to the appearance of non-

magnetic dextran shells and reduced nanoparticles size, a higher weight ratio of 

dextran/nanoparticles (2:1) can better decrease the cytotoxicity of bare MNPs and improve the 

stability at physiological pH (over several months) [205].  

One-pot co-precipitation (Fe2+/3+ ions and dextran mixture) of Dex@MNPs was obtained with 

the highest stability partly because of the higher coating efficiency and larger dextran coating 

density on the nanoparticles [206]. Opposite with the post-modification strategy, dextran in a 

full extension conformation has a higher possibility to interact with Fe ions than random-coiled 

status, thus smaller molecular weight dextran is better to prepare larger particle size in this case 

[244]. 

6.3.2 Grafting the functional groups and antifouling characterization  

Although single -OH in polysaccharide polymers is weak, the large number of repeated subunits 

(glucose) contribute to the high density of –OH on the dextran chains, thus obtaining with 

strong interaction energy with supporting materials. The large number of hydroxyl groups (Fe-

OH) on the bare nanoparticles allows its surface to be readily functionalized with 

polysaccharides by synergy physical interactions (dextran in this case) under the strong alkaline 

condition. Physical grafting of dextran polymers onto the nanoparticles surface was 

documented by the FTIR results because the spectra of Dex@MNPs is the conjugation of 

dextran polymer and MNPs and no novel peaks have been detected (Figure S1E of ANEXO). 

Besides contributing to the higher binding energy, the grafted –OH also provides a larger 

number of potential functional groups that can be derived from chemical modification, such as 

carboxymethyl, acetal and aldehyde functionalization [245, 246]. 

However, the different molecular weights of the dextran polymers was reported not the 

dominant elements of its antifouling characterization [247], although dextran with higher 

molecular weight contributes to the higher stability under the same dextran/MNP ratio (Figure 

5.2-8). In contrast, a oxidation level of 25 % demonstrate the highest antifouling advantage, the 
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main reason is the conformation transition upon the oxidation treatment that aldehyde groups 

favors the interaction with water molecular instead of anchoring surface, and polymer show 

higher extension level with higher oxidation level [247]. 

Instead of the physisorption of the dextran layer under alkaline condition followed by the 

crosslinking treatment to fulfill the stable interaction with bare nanoparticles, the covalently 

grafting of dextran molecules on the surface of the nanoparticles is another option. One good 

example is presented by Lix et al. [248] that amine-modified dextran reacts with carboxylic-

activated nanoparticles upon the carbodiimide activation, partial oxidation of dextran chains 

with periodate followed by amination was performed in this case. Another example was 

demonstrated by Creixell et al. [249], carboxymethyl dextran was utilized to form irreversible 

bonds with aminated nanoparticles after the carbodiimide activation, and much higher 

stabilization than simple adsorbed Dex@MNPs was observed when incubating with cell culture 

media in the appearance of cells.   

Another interesting materials to achieve the antifouling advantage is using the polymer brushes, 

the densely packed hydrophilic polymers modified on the supporting materials are especially 

appealing due to its controllable surface chemistry, and the zwitterionic colloids can effectively 

prevent the non-specific interaction and enhance the specificity and sensitivity of the 

immunoassays [250].  

6.4 Multifunctionalities of nanoparticles: nanocarriers and nanoprobes 

Detecting analytes with low abundance has placed greater demand on the sensitivity of the 

immunosensors, using tracer (HRP, alkaline phosphatase, etc) functionalized nanomaterials as 

the signal amplifier becomes a well-accepted trend (Table S1 of ANEXO).  

The common characterize of this functionalized SPEs is nanomaterials can both be modified 

on the capture probes or used as the detection probes, which the functionalization as the capture 

probes can increase the anchoring density of bioreceptors and can achieve the signal 

amplification as the detection probes due to the high loading of signal reporters. 

The nanostructures functionalization on the SPE working electrode is facile while an important 

strategy to improve the performance of fabricated biosensors. In addition, for the CRP 

determination application, nanomaterials play a not negligible role when modifying the SPEs. 

Their functionality can be divided into two types, which are nanocarriers of the signal probes 

and functionalization layers to improve the electrical properties. 

6.4.1 Nanoprobes with high loading of reporter enzymes contribute to better sensitivity 

When using the flat platforms as the bioreceptor carriers, which are SPCEs in this case, the 

commercially available detection probes (Strep-HRP or enzyme-labeled antibodies) have good 

accessibility toward the recognized antigens due to the firmly anchored supporting carrier. Thus, 
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a long detection range of 2.77-100 ng mL-1 (Table 5.4-5) was found with Strep-HRP. However, 

due to the recognition ratio of signal probes toward analyte is 1:1, the sensitivity of the 

immunosensors using this probe was not satisfied. Therefore, immunosensing with multiple 

reporters will generate much higher signals, thus improving the sensitivity under the same 

analytes concentration. The co-immobilization of reporting enzymes and biorecognition 

elements (HRP reporters take the major proportions of bioconjugates) would contribute to 

linking a large number of enzymes on the nanomaterials, thus improving the catalytic 

performance [251].  

In this dissertation, two different nanoprobes were determined and compared with their 

analytical performance. One is the nanoprobes with HRP with antibodies co-immobilized onto 

the Alde-Dex@MNPs. The antibody works as the recognition element to interact with captured 

CRP antigens and over 160-fold higher initial concentration of HRP over Ab (1 mg mL-1 vs μg 

mL-1) would definitely contribute to the higher HRP molecules on the nanomaterials. A 4.4-

fold higher slope value demonstrated the noticeable enhancement of nanoprobes toward the 

sensitivity of immunosensors (Figure 5.4-18) and over 5.5-fold lower LOD further proved its 

functionality and advantages (LOD of 0.15 ng mL-1). 

The second nanoprobes are also based on the Alde-Dex@MNPs as the nanocarriers of dual 

proteins, which are HRP enzyme and streptavidin. The antigen-recognition function was 

achieved through the specific interaction between biotinylated antibodies and immobilized 

streptavidin molecules. It was interesting to find the sensitivity of the fabricated immunosensors 

without significant differences using HRP/CAb@MNPs and HRP/Streptavidin@MNPs 

(Figure 5.4-18). Two LODs with minor discrepancy were found (0.15 ng mL-1 vs 0.18 ng mL-

1), the difference was the intercept of the calibration plot, which indicates the lower unspecific 

interaction between HRP/Streptavidin@MNPs with electrodes. 

The differences between those nanoprobes may be contrite by the specificity of biorecognition 

elements and ionic interaction between blocking reagents (casein/biotin) with nanoprobes. The 

lower background signals in the absence of the CRP target were found when using strep-HRP 

and HRP/Streptavidin@MNPs as the detection probes, their common characteristic is to utilize 

the biotin-streptavidin interaction to realize the biorecognition which is one of the most specific 

interactions so far [252]. Owing to the higher specificity of these biorecognition elements than 

antibody-antigen interaction, a lower background can be expected. Meantime, when using the 

HRP/CAb@MNPs nanoprobes, due to the dextran layer on the nanoprobes has demonstrated a 

good antifouling advantage to prevent the interference of non-target protein, including the 

acceptable S/N ratio by the presence of BSA, HSA, human IgG and other inflammatory 

biomarkers.  
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6.4.2 Surface functionalization layers to improve the electrical properties 

The first appealing property of nanomaterials functionalization is to improve the electrical 

properties of fabricated electrochemical biosensors, the nanostructures modification facilitates 

the electrons transfer during analytes determination thus obtaining lower LOD [253]. The 

functionalization of nanomaterials is crucial, the AuNPs is one of the most appreciated 

modification layers due to its unique physical and chemical properties [215, 254].. In addition, 

the large surface area and strong, facile Au-S bond facilitate the high-density immobilization 

of bioreceptors or connection ligands [253, 255-257].  

Besides the single AuNPs functionalization, the hybrid nanostructures composed of several 

elements are of great interest, which can demonstrate synergic advantages of distinct materials. 

The utilization of AuNPs/carbon materials (graphene or rGO) hybrid is appealing [253, 258, 

259]. There are three advantages of such hybrids, one advantage is the graphene/rGO coating 

obviously improves the electrical conductivity and electrons transmission, which are the most 

appreciated properties utilized in this application. The second advantage of the grafted 

carboxylic groups after surface activation treatment, this provides many anchoring points for 

the antibody immobilization. The third advantage is the porous structure of the graphene/rGO 

can adsorb many AuNPs on its surface, which further enhance the advantages of AuNP instead 

of functionalization of AuNPs alone on the electrode surface.  

The utilization of HRP-Ab conjugates coupled AuNPs as signal amplifiers to perform the 

typical ELISA analysis resulted in doubled immunosensing sensitivity, while this enhancement 

was not obvious for low concentration of CA15-3 biomarkers [260]. While using the polymer 

brushes (3-dimensional structure with high flexibility) to substitute the spherical SiO2 

nanoparticles, it demonstrated better characterizations, which with 48-fold higher HRP loading 

and over 13-fold preserved biofunctionality upon conjugation on the nanoprobes, thus near 3-

order of enhancement factor was observed [261]. 

Other hybrid nanostructures also demonstrate great advantages according to the distinct 

materials utilized [262-264]. Cheng et al. [265] have reported a dual signal amplification 

strategy to sensitively detect the CRP by using melamine/AuNPs composition as the 

immobilization carrier of electrochemical probes (ferrocene derivatives). The LOD was 56-fold 

lower than the chitosan and ferrocene functionalized SPE sensor, indicating the improved 

efficiency of such amplification strategy. Nickel sulfide/AuNPs/p-COFs composites show the 

combined advantages of the different part, which 2D porphyrinic COF have great 

photocatalytic properties and electrical conversion efficiency, and nickel sulfide has short 

electrons transmission due to its 2D morphology [266]. 

Recently, the covalent organic frameworks–highly ordered porous nanomaterials with multiple 

anchoring sites for the nanoparticles–have emerged as an alternative nanostructures [216]. The 
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grafted high electronic conductivity is quite interesting for the electrochemical biosensing 

application. In addition, when nanomaterials as the carriers of signal reporters, high loading 

capacity of signal molecules is benefited from their large surface area. The typical results have 

been reported by Wang et al. [254] that over 5 orders of dynamic range with 1.7 pg mL-1 LOD 

was obtained after the signal amplification.  
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7.  Conclusions  

1.  Glyoxyl agarose facilitates the high controllable antibody immobilization orientation via 

regulating the incubation pH. Immobilization of antibodies at pH 8.5 is a facile option while 

results in the “head-on” orientation, only 0.15 units of BGL/ unit AbBGL-Agarose were 

recognized. In contrast, direct conjugation under pH 10 promoted the “flat-on” orientation with 

1.1 units of HRP / unit AbHRP-Agarose were captured, while the presence of polymers and 

thiolated reagents lead to more “random” orientation with 1.0 units and 0.6 units antigens per 

unit of AbHRP-Agarose and AbBGL-Agarose immunoconjugates, respectively. 

2.  Antibody immobilized on the heterofunctional (chelate-epoxy) agarose support maintained 

the highest biofunctionality via the smart regulation of incubation pH, thus managing the 

interacted amino residues on the antibody surface. With the regulation of the density of reactive 

groups (chelate and epoxy with 10 μmols mL-1 and 25 μmols mL-1, respectively) allows the 

recognition of 1.54 units HRP/ unit AbHRP-Agarose. This heterofunctional support specially 

demonstrates better advantages over glyoxyl agarose for larger antigens (425 kDa BGL), with 

2-time biofunctionality than smaller analytes (40 kDa HRP) were observed.  

3.  Dextran coating (40 kDa molecular weight and 8-fold coating density) endows the 

hydrophilicity and antifouling characterization of iron oxide nanoparticles, promises the 

colloidal stability over 2-week (absorbance ≥ 80 % of initial values) against wide range of 

aqueous buffer (pH 3–11). Polymer functionalization using mechanical stirring instead of 

sonication allows the formation of small aggregates to facilitate the 100 % recovery of 

nanoparticles within 2 min with a portable magnet while preventing sedimentation.  

4.  The anchored AbHRP on the Dex@MNPs with different surface chemistries result in distinct 

performance. 0.89 units HRP/ unit AbHRP-Zn2+-IDA-Dex@MNPs was adsorbed under pH 8.0 

incubation. 0.76 units HRP/ unit AbHRP-HOOC-Dex@MNPs (with EDC/NHS activation) was 

achieved after controlling the activation reagents concentration and conjugation pH. The 

highest biofunctionality performance was illustrated by Alde-Dex@MNPs with 1.03 units HRP 

per Ab-Alde-Dex@MNPs unit, while the oxidation condition needs to be optimized.  

5.  The oxidation parameters affect the aldehyde density on the Dex@MNPs and the 

biofunctionality of immobilized AbHRP. Aldehyde density with 139 μmol gMNPs-1 (5 mM sodium 

periodate oxidation for 4 h) promoted the optimal orientation and recognition capacity of 

covalently conjugated AbHRP. 1.32 Units HRP/ unit AbHRP-Alde-Dex@MNPs was achieved 

with antibody coverage of 11.1 μg mL-1 HRP (about 70 % maximal coverage) within 10 min 

adsorption time at 37 ℃. 
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6.  Under the optimal parameters, colorimetric determination revealed that the prepared 

immunosensors–AbHRP-Alde-Dex@MNPs–have high efficiency of antigen-recognition within 

a wide dynamic range of 0.3–7.5 μg mL-1 (LOD: 0.3 μg mL-1 HRP), and also showed acceptable 

recovery ability from spiked serum samples (93.9 %–106.4 %) due to the inertness of grafted 

polymer on nanoparticles surface. However, electrochemical assays demonstrated over 500-

fold higher sensitivity with a 10-fold shorter linear range using Alde-Dex@MNPs nanocarriers 

(LOD: 0.44 ng mL-1 HRP), while HOOC-Dex@MNPs nanocarriers show 1.8 times lower 

sensitivity under the same condition and HOOC@MBs further reached the highest sensitivity 

with the lowest LOD of 0.14 ng mL-1 HRP. 

7.  When surface functionalized SPCEs as the bioreceptors carriers of AbCRP, three detection 

probes demonstrated varied sensitivity and dynamic range. Commercial Strep-HRP probes 

were observed with a wide linear range (2.77–100 ng mL-1) and mild sensitivity (LOD with 

0.83 ng mL-1). Though faced with shorter dynamic range (0.5–10 ng mL-1) for dual-

functionalized nanoprobes, over 4.6-fold higher sensitivity was observed due to the amplified 

signals by the multiple functionalized reporters (HRP) on the nanoparticles surface (LOD with 

0.15 and 0.18 ng mL-1, respectively).    

8.  Nanoparticles are more promising antibody carriers for CRP immunosensing instead of 

SPCEs, which achieve the longest linear range with high sensitivity. With a LOD of 1.41 ng 

mL-1 CRP, the wide linear range 4.7–250 ng mL-1 facilitates the accurate quantification of 

biomarkers in human fluids. The facile determination of CRP biomarkers concentration in 

human serum demonstrates the significant difference between healthy individuals and heart 

failure patients, and the results are highly consistent with ELISA analysis– the golden standard 

of clinical diagnostic technique. 
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ANEXOS                                                              Figure S1. Characterization of the Dextran@MNPs nanoparticles. TEM image 
of the dextran coated nanoparticles (A), DLS data of bare nanoparticles (66 nm 

with PDI of 0.165) and Dex@MNPs (204 nm with PDI of 0.034), TGA curve (C) 

and room temperature magnetic hysteresis loops of Dextran@MNPs with different 

MNPs:Dextran ratios (D), FTIR spectra of the dextran and MNP derives (E). 
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Table S1 Various CRP detection techniques using the multifunctionalities of nanomaterials.  

Biosensor type 
Biorecept
ors type 

Immobilizatio
n support 

Detection 
probes with 
nanomaterials 

Signal amplification 
strategy 

Linear range LOD Real sample Ref. 

Immobilization support 

Chemiluminescence Ab Magnetic beads – – 0.0125–10 μg mL–1 12.5 ng mL–1 Clinical 

human serum 

[152] 

Chemiluminescence  Ab PAA-Au/Fe3O4 

NPs 

– Zwitterionic 

glycerophosphoryl 

choline blocking 

1-250 ng mL–1 0.26 ng mL–1  Clinical 

human serum 

[157] 

Visualization–TEM PMPC-b-

PMAT 

AuNPs – AuNPs aggregation upon 

analytes addition 

– Between 20–40 

nM 

– [147]  

UV/vis-spectrum O-

phosphoryle

thanolamine 

AuNPs – AuNPs aggregation upon 

analytes addition 

50–450 ng mL–1 50 ng mL–1 Clinical 

human serum 

[150] 

UV/vis-spectrum Ab AuNPs – AuNPs aggregation upon 

analytes addition 

– 

 

– Spiked human 

serum 

[149] 

UV/vis-spectrum ssDNA 

aptamers 

AuNPs – AuNPs aggregation upon 

analytes addition 

0.889–20.7 μg mL−1 1.23 μg mL–1 – [148]  

DLS PMPC Fe3O4 

nanoparticles 

– – 0–600 nM (69 

μg mL−1) 

10 nM (1.15 μg  

mL–1) 

– [146]  

CRET Ab Graphene – Graphene as the energy 

acceptor of 

chemiluminescence 

1–1000 ng mL–1 1.6 ng mL–1 Spiked human 

serum 

[267]  
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FRET Ab AuNPs – Nanomaterial-surface 

energy transfer effect 

3.5–455 nM (0.4–52 

μg mL–1) 

– Clinical 

human serum 

[268] 

Fluorescence  RNA 

aptamer 

Bio-Plex 

magnetic beads 

– – 0.4–100 mg L–1 0.4 mg mL–1 Clinical 

human serum 

[151] 

Amperometry Ab Dynabeads® M-

280 Streptavidin 

– – 0.005–1.0 µg mL–1 1.5 ng mL–1 Clinical 

human 

serum/whole 

blood 

[156] 

Amperometry Ab rGO/Ni/PtNPs 

micromotors 

– – 2–100 μg mL–1 0.80 μg mL–1 Preterm 

neonate 

plasma 

[153] 

Amperometry Ab rGO/Ni/PtNPs 

micromotors 

– – 1–100 μg mL–1 0.40 μg mL–1 Preterm 

neonate 

plasma 

[154] 

Amperometry Ab Dynabeads M-

280 Streptavidin 

– – 0.01–5 μg mL−1 8 ng mL−1 Clinical 

human serum 

[155] 

EIS Ab poly deep 

eutectic 

solvents@GO@

AuNPs 

– Multiple signal molecules 

loading (AuNPs) 

0.001–50 ng mL−1 0.3 pg mL− 1 Spiked human 

serum 

[269] 

Nanocarriers of signal probes 

DPV Ab AuNPs@GCE dsDNA@CuNPs, 

Ab2-aptamers 

Hybridization chain 

reaction of aptamers 

1.0 fg mL−1–100 ng 

mL−1 

0.33 fg mL−1 Spiked human 

serum 

[159] 

QCM Ab Fe3O4@SiO2 HRP@Ab@Protei

n A@AuNPs 

Multiple signal molecules 

loading (HRP)  

0.001 – 100 ng 

mL−1 

0.3 pg mL-1 Clinical 

human serum 

[144] 
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Piezoelectric Ab Microtiter plate Fe3O4@SiO2@Au 

NPs@HRP 

Multiple signal molecules 

loading (HRP) 

0.01–200 ng mL−1 5 pg mL−1 Clinical 

human serum 

[158] 

Plasmonic imaging Ab Plasmonic gold 

nanohole array 

AuNPs Visualization signal 

generation probes 

36–1E5 pg mL–1 36 pg mL–1 Clinical 

human serum 

[270] 

Photoluminescence  Ab Microplate CdSe/ZnS/CdZnS

/ZnS core/shell 

QDs 

Signal generation probes 0.5–1000 ng mL–1 0.41 ng mL–1 Clinical serum [175] 

FLISA–

Photoluminescence  

Ab Microplate ZnCdSeS/ZnS 

QDs 

Signal generation probes 10–1000 ng mL–1 6.37 ng mL–1 Spiked human 

serum 

[174] 

LFISA- 
photoluminescence  

Ab Microplate InP/GaP/ZnS QD

@SiO2 nanopartic

les 

Signal generation probes 1–1000 ng mL–1 0.9 ng mL–1 Spiked human 

serum 

[176] 

ICA Ab Lateral flow test 

strip 

AuNPs Gold enhancer solution 

(NH2OH⋅HCl) 
0.1−5 µg mL–1 1 ng mL–1 Spiked human 

serum 

[162] 

ICA Ab Lateral flow test 

strip 

AuNPs Signal generation probes 119 ng mL–1– 100 

µg mL–1 

43 ng mL–1 Clinical 

human serum 

[160] 

ICA Ab Lateral flow test 

strip 

AuNPs Signal generation probes 1 ng mL–1 – 500 μg 

mL–1 

– Clinical 

human serum 

[161] 

ICA-fluorescence Ab Lateral flow test 

strip 

Tetraethylene 

glycol@fullerene 

nanoparticles 

Signal generation probes 0.1–10 ng mL–1 – Spiked human 

serum 

[165] 

ICA-fluorescence Ab Lateral flow test 

strip 

Nile-red doped 

fluorescent 

nanoparticles 

Signal generation probes 0.1–160 μg mL−1 0.091 μg mL−1 Clinical 

human plasma 

[163] 

ICA-fluorescence Ab Lateral flow test 

strip 

Fluorescent 

hollow 

Signal generation probes – 1 ng mL–1 (visual) Spiked fetal 

bovine serum 

[97] 
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ZrO2@CdTe 

nanoparticles 

ICA-fluorescence Ab Lateral flow test 

strip 

UCNPs@mSiO2 Signal generation probes 0.1–50 ng mL–1 0.05 ng mL–1 Clinical 

human serum 

[164] 

LFA–fluorescence Ab Lateral flow test 

strip 

CdSe/ZnS QDs Signal generation probes 0.5 ng mL–1–

1 μg mL–1 

0.3 ng mL–1 Clinical serum [169] 

LFA–fluorescence Ab Lateral flow test 

strip 

CIZS/ZnS//ZnS 

QDs 

Signal generation probes 0–800 ng mL–1 5.8 ng mL–1  – [168] 

LFA–fluorescence Ab Lateral flow test 

strip 

Multiple 

CdSe/ZnS 

QDs@nanosphere

s 

Signal generation probes 

and carriers multiple QDs  

0.025–1.6 μg mL–1 3.89 ng mL–1 Spiked serum [171] 

LFA–fluorescence Ab Lateral flow test 

strip 

QDs @ dendritic 

SiO2 spheres 

Signal generation probes 

and carriers multiple QD 

0.3–6.25 pg mL–1 90 pg mL–1 Clinical 

human serum 

[172] 

LFA–fluorescence Ab Lateral flow test 

strip 

Hydrophobic 

CdSe/ZnS QDs 

Signal generation probes 50–250 μg mL–1 1 ng mL–1 Clinical blood [166] 

LFA–fluorescence Ab Lateral flow test 

strip 

QDs Signal generation probes 556.4 nM 52.9 nM Spiked human 

serum 

[167] 

LFA–fluorescence Ab Lateral flow test 

strip 

SiO2@quantum 

dot (QD) 

Signal generation probes 0.5–103 ng mL–1 0.5 ng mL−1  Clinical 

human serum 

[170] 

LFA–ECL Ab Lateral flow test 

strip 

Ru(bpy)32+@AuN

P 

Signal generation probes 0.01–1000 ng mL−1 4.6 pg mL−1 Clinical serum [177] 

MEC Ab Aldehyde 

functionalized 

glass chips 

Aptamer-

hemin@AgNPs 

Signal generation, MEC 

and CL signal 

amplification 

0.7–7× 104 ng⋅mL–1 0.05 ng mL–1 Clinical 

human serum 

[271] 
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Fluorescence Ab Magnetic beads AgNPs AgNPs dissolution 

generate signals   

0.1 – 10 ng mL–1 30 pg mL–1 Clinical 

human serum 

[272] 

Fluorescence Ab MNPs CdSe/ZnS@SiO2 

NPs 

Signal generation probes 1.18 ng mL–1 – 11.8 

μg mL–1 

1 ng mL–1 Spiked human 

serum 

[273] 

Immunofiltration 

assays– Fluorescence 

Ab Porous 

nitrocellulose 

membrane 

PEG 

functionalized 

QDs 

Signal generation probes 0.79–200 μg mL–1 0.79 μg mL–1 Clinical 

human blood 

[274] 

ELISA–Colorimetric 

and Fluorescence 

Ab Microplate well PDDA@curcumin 

NPs 

Curcumin releases 

generate signal 

0.1 pg⋅mL–1–
10 ng⋅mL–1 

0.043 pg mL–1 

(colorimetric), 

0.038 pg mL–1 

(fluorescence)  

– [179] 

ELISA–

Fluorescence 

Ab Microtiter plate Cyanine5 doped 

SiO2 NPs 

Signal generation probes 

and multiple signal 

molecules loading 

(Cyanine5) 

0–10 μg mL–1 0.59 ng mL–1 – [178] 

Nanotracers  

SERS Ab Rhodamine B@

PEI@CaCO3 

microcapsule 

Porous 

magnetic Ni@C 

NP 

Magnetic purification  0.1 pg mL−1 – 1 μg 

mL−1 

0.01 pg mL–1 

 

Spiked serum [183] 

SERS Ab Nanoporous 

anodic 

aluminum oxide 

membrane 

AuNPsu@Nile 

blue A@Ag 

nanotags 

Signal generation probes 

and multiple signal 

molecules loading 

0.01–1000 ng mL–1 53.4 fg mL–1 

 

Spiked human 

serum 

[181] 

SERS Ab Photonic crystal 

beads 

PEG 

functionalized 

Signal generation probes 

and multiple signal 

molecules loading 

10 pg mL–1–10 μg 

mL–1 

672 fg mL–1 Clinical 

human serum 

[100] 
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Au@Nile blue A 

@AgNPs 

SERS Aptamer Au-Te 

nanoworm 

DNA three-way 

junction@porous 

AuNPs 

Signal generation probes 

and multiple signal 

molecules loading 

(methylene blue) 

100 nM–1 pM 2.23 pM 

(0.51 pg mL–1) 

Spiked human 

serum 

[182] 

SERS-LFA Ab Lateral flow test 

strip 

Mesoporous SiO2 

NP/AuNPs 

Signal generation probes 0.5–1000 ng mL–1 0.05 ng mL–1 – [123] 

SERS-LFA Ab Lateral flow test 

strip 

Fe3O4 NP/AuNPs Signal generation probes 

and magnetic pre-

purification 

0.01–500 ng mL–1 0.01 ng mL–1 Clinical 

human blood 

[180] 

SERS-LFA Ab Lateral flow test 

strip 

AuNP@DTNB@

Ag NPs 

Signal generation probes 

and multiple signal 

molecules loading 

0.01 – 500 ng mL–1 0.01 ng mL–1 Monkey blood 

plasma 

[101] 

SPR DNA 

Aptamer 

Au surface Ab coated AuNPs AuNPs amplify the signal 10 pM–100 nM 10 pM Spiked human 

serum 

[275] 

Nanocatalysts of enzyme mimics 

ELISA Citicoline Citicoline-BSA 

coated 

microplate 

Aptamer coupled 

AuNP 

nanoenzymes 

Enzyme mimics  0.1 –200 ng mL−1  8 pg mL−1 Rat blood [186] 

Pressuremeter Ab Magnetic beads PtNPs 

nanoenzymes 

Enzyme mimics 0.25–25 ng mL–1 0.2 ng mL–1 Clinical 

human serum 

[276] 

Colorimetric Ab SiO2@Fe3O4 

NP 

Bimetallic PtRu 

alloy NPs 

nanoenzymes 

Enzyme mimics 0.01–180 μg mL–1 10 μg mL–1 Spiked human 

serum 

[187] 
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Colorimetric Ab Microplate well N- and B-codoped 

rGO 

nanoenzymes 

Enzyme mimics 0.001–5 μg mL–1 5 ng mL−1 – [188] 

Colorimetric Ab Microplate well AgNPs 

nanoenzymes 

Enzyme mimics 1.5–25 ng mL−1 1 ng mL−1 Spiked human 

serum 

[189] 

Amperometry Ab Au NPs/ionic 

liquid-

MoS2@GCE 

Ir NPs/GO-DN 

nanoenzymes 

Enzyme mimics 0.01–100 ng mL−1 3.3 pg mL−1 Spiked human 

serum 

[193] 

Amperometry Ab Au/COF-LZUl Bimetallic 

Pt/Ru/C NP 

nanoenzymes 

Enzyme mimics 0.2–20 ng mL−1 0.1 ng mL−1 Spiked human 

serum 

[190] 

Amperometry Ab Chitosan/Au 

NPs/COF-TpPa-

1@GCE 

Co3O4 NPs 

nanoenzymes 

Enzyme mimics 0.05–80 ng mL−1 0.017 ng mL−1 Spiked human 

serum 

[192] 

Amperometry Ab GO/Chitosan@

GCE 

hollow Ag/Pt NPs 

nanoenzymes 

Enzyme mimics 0.5–140 ng/ mL−1 0.17 ng mL−1 Spiked human 

serum 

[191] 

Abbreviations: Chemiluminescence resonance energy transfer (CRET), Covalent organic frameworks (COFs), Cytidine 5′-diphosphocholine (Citicoline), 1,5-

diaminonaphthalene (DN), Differential pulse voltammetry (DPV), Dynamic light scattering (DLS), 5,5′-dithiobis (2-nitrobenzoic acid) (DTNB), 

Electrochemical impedance spectroscopy (EIS), Electrochemiluminescent (ECL), Fluorescence-linked immunosorbent assay (FLISA), Förster resonance 

energy transfer (FRET), Glassy carbon electrode (GCE), Gold nanoparticles (AuNPs), Graphene oxide (GO), Immunochromatographic assay (ICA), Metal-

enhanced chemiluminescence (MEC), Molybdenum disulfide (MoS2), poly(acrylic acid) (PAA), poly(diallyldimethylammonium chloride) (PDDA), poly(ether 

imide) (PEI), poly(2-methacryloyloxyethyl phosphorylcholine)-b-poly(N-methacryloyl-(L)-tyrosine methylester) (PMPC-b-PMAT), Quantum dots (QDs), 

Quartz crystal microbalance (QCM), reduced GO (rGO), Surface-enhanced Raman scattering (SERS), Surface plasmon resonance (SPR), Transmission electron 

microscopy (TEM). 
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