
 

 https://biointerfaceresearch.com/  1 of 17 

 

Review 

Volume 13, Issue 5, 2023, 499 

https://doi.org/10.33263/BRIAC135.499 

 

Immobilization of Biomolecules on Hydroxyapatite and Its 

Composites in Biosensor Application: A Review 

Ratu Shifa Syafira 1, Melania Janisha Devi 1, Shabarni Gaffar 1, Yeni Wahyuni Hartati 1,*  

1 Department of Chemistry, Faculty of Mathematics and Natural Sciences, Padjadjaran University, Indonesia; 

ratu18001@mail.unpad.ac.id (R.S.S.); melania18001@mail.unpad.ac.id (M.J.D.); shabarni.gaffar@unpad.ac.id (S.G.); 

yeni.w.hartati@unpad.ac.id (Y.W.H.); 

* Correspondence: yeni.w.hartati@unpad.ac.id (Y.W.H.);  

Scopus Author ID 57188697659 

Received: 6.01.2022; Accepted: 15.11.2022; Published: 6.01.2023 

Abstract: Hydroxyapatite (HAp) is a calcium phosphate ceramic biomaterial in biomedical devices. 

The composited HAp nanoparticles had better clinical performance than micro size and without 

composites. In addition, it makes it easier for researchers on the electrode surface to design biosensor 

fabrications because of the large surface area of HAp and facilitating the adsorption of biomolecules. 

The immobilization of biomolecules on hydroxyapatite and its composites showed an increase in 

stability and durability for a long period of time due to the high affinity of HAp. This review describes 

several biomolecule immobilization techniques on hydroxyapatite and its composites in biosensor 

applications.  
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1. Introduction 

Researchers develop applications of biomaterials in the treatment of diseases and 

improve the properties of biomedical. Hydroxyapatite, HAp (Ca10(PO4)6(OH)2), has attracted 

the attention of many researchers in the last decade and plays an important role in biomedical 

applications due to its chemical composition in particular calcium and phosphorus, which is 

similar to the composition of human bones and teeth [1]. In addition, HAp has a very good 

affinity for biomolecules. Many studies on HAp found that HAp is formed into various 

structures and sizes, and various nano-sized HAp synthesis methods have attracted much 

attention [2]. 

In the last decade, hydroxyapatite has been used in various electrode surface 

modification strategies and techniques in biosensor applications. Biosensors have experienced 

growth and development in research abroad over the last two decades as analytical devices for 

converting biological responses into measurable signals due to their easy and portable use. 

Currently, several studies of hydroxyapatite in biosensor applications are a component 

of the immobilization matrix of biomolecules as bioreceptors such as proteins, aptamers, and 

DNA [3]. Biomolecules are biological molecules in living organisms, including the proteins, 

carbohydrates, fats, and nucleic acids that build cells. Immobilization is an important step in 

the performance of biosensors in maintaining the conformation and biological activity of 

biomolecules, as well as ensuring the accessibility of bioreceptors' active sites on the target 

analyte. This review aims to review the use and development of hydroxyapatite and also discuss 
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the description of several biomolecular immobilization techniques on hydroxyapatite and its 

composites in biosensor applications. 

2. Hydroxyapatite and its Composites 

Apatite (Ap) is a natural inorganic material that is used as an important mineral 

component in the bones and teeth of humans and animals [4,5]. Hydroxyapatite (HAp) ia a 

ceramic biomaterial that has a calcium phosphate composition (CaP) with the theoretical 

formula (Ca10(PO4)6(OH)2), which is bioactive with the ability to form direct bonds with 

living tissue [2,6]. Minerals used as constituents of HAp can be obtained from raw materials in 

the form of calcium oxide as a source of Ca which is reacted with diammonium hydrogen 

phosphate as a source of phosphate [7]. HAp has distinctive characteristics, such as high 

porosity and the ability to exchange ions, so it has the potential as a base material for sensors 

[8]. 

HAp has attracted a lot of attention from researchers because of its wide application, 

such as bone and dental implants, protein separation, absorbent, and immunosensor. It has 

higher stability than other types of CaP crystalline phases [3,9]. Such as monocalcium 

phosphate monohydrate (MCPM), dicalcium phosphate dihydrate (DCPD), octacalcium 

phosphate (OCP), α-Tricalcium phosphate (α-TCP), β-Tricalcium phosphate (β-TCP), 

amorphous calcium phosphate (ACP), fluorapatite (FA), oxyapatite (OA), tetra calcium 

phosphate (TTC), and calcium deficiency hydroxyapatite (CDHAp) or compared to liposomes 

and micelles which tend to disappear under certain conditions, has a high affinity, and multi-

adsorbing sites [6,10]. The hexagonal crystal structure of HAp consists of a PO4 tetrahedral 

with Ca2+ and OH- ions surrounding it, as shown in Figure 1, with a unit cell of HAp includes 

ten calcium ions (40% Ca), six phosphate ions (18,5% P), and two hydroxyl ions (3,38% OH 

radicals) by weight with 1,67 Ca/P molar ratio and also cell parameters a = b = 9.4225 Å and 

c = 6,8850 Å [10–12]. 

 
Figure 1. The crystal structure of hydroxyapatite. From ref [10] with CC BY license. 

HAp has advantages such as low cost, mild synthesis, and ease of function when 

compared with noble metal nanoparticles such as Pd, Au, Ag, Pt, Os, Ir, Rh, and Ru [13,14]. 

HAp nanoparticles are more desirable for better application in various fields because they have 

a larger surface area. Still, in electrochemical devices, HAp nanoparticles have low 

conductivity and are easy to agglomerate, and they can not be used as a single biomaterial 

[15,16]. Therefore they need to be doped by metal ions such as gold and silver; carbon 

nanoparticles such as carbon nanotube and graphene; or other conductive materials such as 

bioceramic ZrO2 and TiO2, chitosan, or mineral/fibers to form composites with HAp as the 

main constituent of composites [13,15,17,18]. 

Composites are used to improve the properties of HAp by increasing their electron 

conductivity to improve the current response and immobilization of biomolecules on the 

https://doi.org/10.33263/BRIAC135.499
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC135.499  

 https://biointerfaceresearch.com/ 3 of 17 

 

electrode surface. In addition, the multi-adsorbing sites of HAp were successfully applied to 

electrochemistry without the addition of ions for electroanalysis [15] because HAp has a unique 

3D porous network structure and excellent adsorption as a reagent for removing heavy metal 

ions and organic molecules and has an isoelectric point (IEP) at pH 7.3 [19]. Based on Table 

1, when viewed from the limit of detection value, shows that a better composite for 

hydroxyapatite is gold nanoparticles because it is a noble metal nanoparticle with excellent 

electrical conductivity from its electrons and increasing the available surface area for 

immobilization biomolecules [20,21]. Metal nanoparticles have apprehended incredible 

guarantees and are broadly applied in the biomedical field because large surface area, high 

reactivity to live cells, small sizes, and stability over a high-temperature range [22,23]. 

Preparation processes and suitable synthesis methods for preparing nano-sized HAp 

and its composite materials have been continuing to be researchers for many years. Nano-sized 

HAp can increase the efficiency of biomolecule immobilization due to increased adsorption, 

so the sensor system is more sensitive [2,4]. The presence of nanomaterials in the composites 

made a broad interfacial area and can be considered the most adaptable materials in the present 

day [24]. In 2011, HAp was synthesized using chemical precipitation composited with Prussian 

Blue (PB) and incubated with horse radish peroxidase (HRP) and secondary anti-AFP antibody 

(Ab2) to create electrochemical immunosensor labels to improve sensor performance analysis. 

The TEM results found that the nano-HAp was rod-shaped with a size of 20 nm, and when PB 

was composited, it showed that the HAp matrix could strongly bind homogeneous PB [14]. 

The same method was used in making HAp composites with colloidal gold 

nanoparticles and chitosan to detect prostate-specific antigen (PSA). The TEM results showed 

that the HAp nanocrystals were well dispersed with a size of 50 nm as a matrix to hold the 

immobilized antibody accelerated binding, which was more accessible to the antigen. They 

explained that the GNP layers of 10, 16, and 30 nm sizes could be strongly absorbed on the 

surface of HAp, forming a uniform porous structure, which promotes much better 

immobilization of biomolecules due to the formation of a structured film and an increase in the 

biocompatible area for biomolecule adsorption. In addition, with the addition of chitosan, anti-

PSA antibody biomolecules retain their bioactivity after binding to the HAp/GNP surface [25]. 

In addition, in 2019, the synthesis of nano-HAp used a hydrothermal method with 

varying pH, which would be composited with gold nanoparticles and reduced graphene oxide 

to detect urea acid. SEM results showed that a pH of 4.5 produced nano-HAp in the form of 

nanowires with a size of 10-15 nm, which were distributed homogeneously compared to pH of 

3.5; 4; and 5.5, and the TEM results showed that the AuNP were evenly distributed in the 

HAp/rGO composite due to the large specific surface area of HAp and the better film-forming 

ability of AuNP [26]. 

3. Biosensor 

Biosensors provide an attractive means as analytical devices in converting biological 

responses into measurable signals generated by chemical reactions. Easy use, cheap, simple, 

small, portable, and can be used by semi-skilled operators has become a public interest in 

developing biosensors [27]. Biosensors' high sensitivity and fast response time solve analytical 

challenges of various common detection methods [28,29]. Biosensors are combined with 

various nanomaterials such as carbon nanotubes, graphene nanosheets, metal nanoparticles, 

metal oxide nanoparticles, or nanoconjugates to improve the performance of the biosensor in 

amplifying signals, increasing surface area, and as stabilizers for biological receptors [30]. 
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Biosensors generally have three important elements, such as bioreceptors, transducers, and 

signal reading devices, as shown in Figure 2 [31,32]. 

 
Figure 2. The schematic diagram shows the components of the biosensor. From ref [33] with Creative 

Commons Attribution License. 

The surface of the electrode where the sensor process is modified using a base material 

such as nanoparticles, then the bioreceptors are immobilized on the base material with different 

techniques. The bioreceptors specifically and selectively bind to the target analyte, causing a 

signal that is detected by the transducer in the form of a biological signal of the altered 

bioreceptor-analyte interaction which is converted into an electronic signal and sent for 

processing using software that will give it a physical form. Biosensors are highly selective for 

specific interactions between biological receptors on the sensor with a specific binding affinity 

for the desired molecule [34]. 

Biological receptor elements (bioreceptors) are the main components in the 

construction of biosensors, and bioreceptors commonly used in biosensors are protein 

biomolecules such as enzymes, antigens, antibodies, nucleic acid biomolecules such as DNA 

and aptamers, or whole cells. Currently, thousands of DNA and RNA aptamers have been 

applied to detect targets such as proteins, peptides, amino acids, antibiotics, small chemicals, 

viruses, whole or part of cells, and even metal ions with high affinity and specificity. Aptamers 

are also applied mainly for diagnosis, treatment, biosensors, and bioanalytics [35]. Although 

enzyme-based biosensors have been the most commonly used over the last two decades, 

antibody-antigen-based biosensors (immunosensors) have high specificity and sensitivity, and 

nucleic acid or aptamer-based biosensors (aptasensors) have high specificity for analytes 

containing nucleic acids and microbial strains [36]. 

4. Immobilization of Biomolecules on Hydroxyapatite and Its Composites 

Biomolecules are biological molecules in living organisms, including proteins, 

carbohydrates, fats, and nucleic acids forming cells. Proteins are multifunctional heteropolymer 

macromolecules containing natural amino acids linked by peptide bonds determined by the 

nucleotide sequence in genes. Proteins depend on the amino acid sequence that determines their 

folding, function, rigidity, stability, flexibility, and interaction with their environment so that 

proteins are folded into a three-dimensional structure that allows them to interact with other 

molecules and carry out their functions [37]. Proteins can be enzymes, antigens, and antibodies. 
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In contrast, nucleic acids are macromolecules in cells in the form of linear polymers composed 

of nucleotide monomers bonded through phosphodiester bonds such as DNA, RNA, and 

aptamers. 

Immobilization is a key step in the performance of biosensors in maintaining the 

conformation and biological activity of biomolecules, as well as ensuring the accessibility of 

bioreceptor active sites on the target analyte [38,39]. Immobilization is a very attractive 

technique, especially in clinical applications, because it is simple, precise, and allows direct 

analyte detection [40]. Some of the methods used to immobilize biomolecules as bioreceptors 

in biosensors include as shown in Figure 3 [38,41]. 

 
Figure 3. Biomolecules immobilization technique on the electrode surface. 

4.1. Physical adsorption. 

Macromolecules such as proteins are able to be physically adsorbed on the surface of 

matrices such as cellulose, silica gel, glass, hydroxyapatite, collagen, polystyrene, and graphite 

[38]. Adsorption is the simplest and fastest immobilization technique that involves binding 

biomolecules to the electrode surface through weak non-covalent interactions such as hydrogen 

bonds, van der Waal interactions, and hydrophobic interactions [42]. However, this technique 

is susceptible to temperature and pH [43]. In 2019, the UAO/HAp-rGO/AuNP biosensor was 

developed to detect urea acid. The immobilization of the uricase enzyme (UAO) as a 

bioreceptor is adsorbed on the matrix surface due to the large surface area on the HAp 

nanowires, thereby holding the enzyme bioreceptor immobilized resulting in a binding site that 

is more accessible to the target urea acid [26]. In addition, in 2009, a HAp/GNP biosensor was 

developed to detect hemoglobin. Immobilized hemoglobin is strongly adsorbed on the surface 

of HAp/GNP due to the porous structure of HAp, which increases protein loading [44]. 

4.2. Cross-linking. 

Cross-linking is a technique that uses a crosslinker agent such as glutaraldehyde (which 

reacts with amino groups in protein), as shown in Figure 4. However, glutaraldehyde can 

inactivate some enzymes, so other alternatives are using polysaccharide dextran, bis-

diaminobenzidine, diazonium salts, and functionally inert proteins such as bovine serum 

albumin (BSA) [43]. Glutaraldehyde is a bifunctional reagent with an aldehyde (-CHO) at each 

end that can react with two primary amine groups. One glutaraldehyde molecule bridges two 
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primary amine groups, ideally one from the biomolecule and the other from the solid surface 

of the matrix [45]. 

Biomolecules are ionically adsorbed on activated surfaces with positively charged 

primary amine groups and preparations that do not cross-slide covalently with glutaraldehyde 

[46]. In 2016, a JF collagen/HAp-NP/TBA biosensor was developed to detect thrombin. 

Immobilization of JF collagen/HAp-NP with TBA (thrombin binding aptamer) through a 

glutaraldehyde linker, where one side of the carboxylate of glutaraldehyde will bind to the 

amine on JF collagen and the carboxylate, on the other hand, will bind to TBA [3]. 

In addition, in 2011, a thionine/graphene sheet (GS-TH) biosensor with a Prussian 

Blue/HAp-HRP-anti-AFP label was developed to detect AFP (α-fetoprotein). Anti-AFP 

antibody immobilized on GS-TH via glutaraldehyde linker and then washed using BSA to 

block non-specific binding sites [14]. The same thing was used in 2009, has been developed a 

piezoelectric biosensor using HAp/glutaraldehyde/glucose oxidase to detect glucose [47]. 

 
Figure 4. Illustration of cross-linking immobilization technique between biomolecules on the surface of the 

hydroxyapatite matrix and its composites using glutaraldehyde. 

4.3. Covalent bonding. 

This technique is very stable so that biomolecules with specific orientations will be 

strongly bound to the matrix on the electrode surface [48]. Generally involves the covalent 

bond between the matrix and protein amino acid chains, such as lysine (amino group), cysteine 

(thiol group), aspartic acid and glutamic acid (carboxylic group), hydroxyl group, imidazole 

group, phenol group, and so on. These groups are nucleophiles and tend to bind to electrophilic 

groups in the matrix to bind biomolecules to the matrix. It is often necessary to activate the 

matrix by adding reactive groups such as aldehydes, carboxylates, epoxies, and N-

hydroxysuccinate (NHS) [49]. The most popular and used modifiers, such as APTES, VTES, 

and CPTES, and activating agents, such as EDC/NHS applied to the grafting process. 

Moreover, functional groups of biomolecules play important roles in the immobilization by 

covalent bonding [50]. 

Usually, this covalent bond occurs with the formation of an amide bond [38]. In 2017, 

has been developed a sandwich immunosensor using HAp/chitosan/anti-AFP as a probe in the 

GO layer. The large specific surface area and good GO conductivity increase the intensity of 

the molybdophosphate redox current. The carboxylate group in GO is activated using EDC-

NHS to give a reactive succinimide ester which will react spontaneously with primary amines 

https://doi.org/10.33263/BRIAC135.499
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC135.499  

 https://biointerfaceresearch.com/ 7 of 17 

 

or other nucleophiles through covalent bonds, one of which is amine coupling, as shown in 

Figure 5 [51]. 

In addition, there was also covalent bonding in the development of aptasensors for 

detecting MCF7 cells (breast cancer) using hydroxyapatite composited with ionic liquid 1-

ethyl-3-methylimidazolium alanine and gold nanoparticles. Immobilization of thiolated 

aptamers to AuNPs by self-assembly via covalent Au-S bonds and ionic liquid 1-ethyl-3-

methylimidazolium alanine with high ionic conductivity was placed on the electrode surface 

[52]. 

 
Figure 5. Illustration of the immobilization technique of covalent bonds between biomolecules on the surface of 

the hydroxyapatite matrix and its composites. 

4.4. Non-covalent bonding with electrostatic interaction. 

This immobilization technique is simple but less stable because it takes advantage of 

the ability to control the charge of the exposed groups for immobilizing biomolecules [38]. In 

2007, has been developed a piezoelectric biosensor using HAp/GNP, HAp with an isoelectric 

point (IEP) at pH of 7.3 with a weak positive charge can be assembled with electronegative 

GNPs at pH of 7.0 through electrostatic interactions. Calcium ion (Ca2+) is the positive surface 

side that can bind negatively charged molecules [11], and the phosphate ion (PO4
3-) has a 

negative charge, and amino acid side chains on the protein are positively charged, which results 

in binding specific [53]. 

In the same method, in 2021, has been developed a DNA biosensor to detect 

Mycobacterium tuberculosis (M.tb) using multi-walled carbon nanotubes (MWCNTs), 

polypyrrole (PPy), and hydroxyapatite nanoparticles (HAp-NPs). There is an electrostatic bond 

between the DNA phosphate group with a negative charge and the calcium group of HAp-NPs 

with a positive surface charge [54]. DNA-based biosensors have been used for many 

applications given their strong detection and functionality within diverse environments and 

have shown robust accuracy and high sensitivity [55]. 

Biomolecules and hydroxyapatite matrices generally interact through non-covalent 

interactions or physical adsorption, such as hydrogen bonding, van der Waals interactions, 

hydrophobic interactions, and ionic bonds. However, they are dominated by non-covalent 

electrostatic interactions [56]. The immobilization of molecules containing carboxyl groups on 

the surface of HAp was found to increase the adsorption of biomolecules. In particular, van der 

Waals, electrostatic, hydrogen bonding, and hydrophobic interactions are the important 

interactions involved in the adsorption of biomolecules to the surface [57]. 
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5. Hydroxyapatite Application in Biosensor 

Hydroxyapatite has an important role in biomedical applications, especially biosensor 

precipitation, because of its properties such as good ion exchangeability, high porosity, multi-

adsorbing sites, and excellent affinity for biomolecules so that it has potential as a base material 

for biosensors. Hydroxyapatite is used as a composite to increase electron conductivity so that 

it can increase the current response and immobilization on the electrode surface. 

Hydroxyapatite in biosensor applications such as electrochemistry, piezoelectric, and optics 

has been widely used in the last two decades, as listed in Table 1. 

5.1. Electrochemical biosensor. 

Electrochemical biosensors have attracted attention and are widely used to detect 

several biomolecules, such as viruses, because they have been shown to possess several 

advantages, such as high sensitivity, specificity, and selectivity, as well as cost-effectiveness, 

fast response, ease of use, commercially portable, and inexpensive instrument [58]. In 

electrochemistry, the observed reaction will produce a measure of the current (amperometric), 

measure the potential or charge accumulation (potentiometric), measure the conductivity 

(conductometric) between electrodes in a measurable manner, measure the impedance or 

resistance (impedimetric), and measure the between current and voltage (voltammetric) [59]. 

Nanomaterials with unique characteristics have been widely applied for signal amplification to 

increase the sensitivity of electrochemical methods [60]. 

The process of detecting electrochemical biosensors can be carried out with a label in 

the form of a redox probe as a marker, as described by Huang et al. [51], and without a label 

where the direct immobilization of biomolecules as bioreceptors on the sensor surface as 

described by Lu et al. developed a tyrosinase biosensor in detecting phenolic compounds using 

HAp-NP/chitosan/AuNP/tyrosine which shows higher peak currents compared to 

AuNP/chitosan/tyrosinase and HAp-NP/chitosan sensors. The limit of detection of this 

biosensor is down to 5 nM [61]. 

In the same method, has been developed an electrochemical aptasensor using 

hydroxyapatite nanoparticles (HAp-NP) composited with jelly-fish collagen (JF collagen) to 

detect thrombin. SPCE modified using HAp-NP/JF collagen composite with drop casting 

showed high current peaks. The results showed a decrease in current proportional to the 

increase in bioreceptor attachment and the detected target analyte, limit of detection down to 

0.25 nM as shown in Figure 6. Thrombin binding aptamer (TBA) was immobilized on the 

surface of SPCE by cross-linking technique between the amine group on the composite and the 

amine group on TBA with glutaraldehyde (aldehyde group) as a crosslinker [3]. Aptamers are 

relatively small compared to antibodies, which can only bind to large molecules. The use of 

aptamers in aptasensors has been of great concern to researchers due to their synthetic 

portability and functional design. Aptamers' functionalization with nanomaterials can change 

their conformation, which will interfere with the aptamers' binding so that the aptamers' binding 

is carried out with unmodified nanomaterials or with the addition of a linker [60]. 

A sandwich-type electrochemical immunosensor to detect AFP using HAp as a probe 

to assist measurements coated with chitosan to introduce amino groups for covalent Ab2 

conjugation was developed in 2017. On the other hand, GCE was modified using GO by drop 

casting, a large specific surface area and good GO conductivity increased the intensity of the 

molybdophosphate redox current, then the carboxylate group on GO was activated using EDC-
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NHS and capture antibody or anti-AFP was immobilized on the surface. Incubated with BSA 

to block non-specific binding to the electrode surface and immobilized the HAp nanoprobe, 

the results showed a significantly higher current peak, indicating the capture of the nanoprobe 

to the electrode surface via antibody-antigen binding. This causes a decrease in an 

electrochemical current proportional to the detected AFP concentration. Detection with this 

immunosensor resulted in a detection limit of 50 fg/mL [51]. Immunosensor is a biosensor that 

involves the interaction of antigen and antibody where the antibody is an affinity biorecognition 

element [36]. 

In addition to immunosensors and aptasensors, electrochemical DNA-based biosensors 

have offered new opportunities since 2017 in the analytical field due to their properties in 

increasing DNA-based molecular diagnostic applications and taking full advantage of the 

existing modified electrode technologies [62]. 

 
Figure 6. Schematic of electrochemical aptasensor to detect thrombin using hydroxyapatite nanoparticles/jelly-

fish collagen. Adapted with modification from ref [3] and created by Biorender. 

5.2. Piezoelectric biosensor. 

In principle, the piezoelectric material works as an oscillator based on the piezoelectric 

effect, and the interaction with its surface is easily detected, so it is very suitable for the 

construction of biosensors that recognize affinity interactions. As a platform for the 

construction of the biosensor, quartz crystal microbalances (QCM) are used with a basic mode 

frequency of 1 – 20 MHz. Generally, a QCM sensor with a base mode frequency of 10 MHz 

and the electrode surface is gold-plated on both opposite sides [63]. Piezoelectric materials 

have also become important biomaterials that can be linked to biological tissues and used in 

bioelectronic devices [64]. 

In 2008, has been developed a piezoelectric immunosensor using a gold-coated 9 MHz 

QCM to detect α-fetoprotein (AFP). The result of the detection limit of this biosensor is down 

to 15.3 ng/ml, as shown in Figure 7. Electrode modification with GNP/HAp-NP using thiol 

self-assembly using cysteamine to produce an amine group on the surface so it can bind to 
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GNP/HAp-NP. Anti-AFP immobilization on the surface of HAp-NP/GNP with electrostatic 

interactions due to the multi-adsorbing sites of HAp [53]. 

 
Figure 7. Schematic of piezoelectric immunosensor to detect α-fetoprotein using hydroxyapatite/gold 

nanoparticles. Adapted with modification from ref [53] and created by Biorender. 

5.3. Optical biosensor. 

Optical detection that utilizes the interaction of optical fields or measurement of light 

emitted or absorbed resulting from the biochemical reaction between analyte and bioreceptors 

is a class of biosensors reported quite frequently [31]. The detection process can be done with 

a label and without a label. Label-free sensor, the detected signal is generated directly by the 

interaction of the target analyte with the transducer. In contrast, labeled sensors involve the use 

of a probe and an optical signal generated by colorimetric, fluorescence, surface plasmon 

resonance (SPR), localized surface plasmon resonance (LSPR), or luminescence methods 

[65,66]. Fluorescence probes and SPR are found widely in various bioassays and bioimaging 

applications due to their high throughput, high sensitivity, and ease of use in vivo by utilizing 

electromagnetic waves to detect changes in the immobilization reaction of bioreceptors and 

analytes [31]. 

Table 1. The use of hydroxyapatite in biosensor applications over the last two decades. 
NO ELECTRODE BIORESEPTOR TARGET LOD REFERENCES 

   Electrochemical   

1 GCE HAp-NP/PPY/ 

MWCNTs/DNA probe 

with methylene blue label 

Mycobacterium 

tuberculosis (M.tb) 

0.141 nM [54] 

2 GCE HAp Cysteine (CySH) 0.03 μmol/L [15] 

3 GCE HApNP/ssDNA/Metilen 

Blue (MB) 

BK polymavirus 41.08 × 10-12 mol/L [68] 

4 GCE Fe-HAp-Ab2 modified 

GCE/TP-COOH 

NCs/ProtA/Ab1 

Cytokeratin 19 fragment 

21−1 (CYFRA21−1) 

0.01471 pg/mL [69] 
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NO ELECTRODE BIORESEPTOR TARGET LOD REFERENCES 

5 GCE HAp/rGO/GNP/Uricase 

(UAO) 

Uric acid 3.9 x 10-6 M [26] 

6 GCE HAp-TBA2 modified 

GCE/MNP-TBA1/SP 

Thrombine 0.40 fM [70] 

7 GCE HAp-TBA2 modified 

GCE/MNP-TBA1 

Thrombine 0.03 fM [71] 

8 GCE HAp/Chitosan/Ab2 

modified GCE/GO/Ab1 

α-fetoprotein (AFP) 50 fg/mL [51] 

9 GCE HAp/Aptamer/anti-PDGF-

BB modified GCE/GO 

Cancer biomarker platelet-

derived growth factor BB 

(PDGF-BB) 

50 fg/mL [72] 

10 GCE Ce-HAp Norepinefrin (NE), uric 

acid (UA), and tyrosine 

(Tyr) 

0.058 μM, 0.39 μM, 

dan 0.072 μM 

[73] 

11 GCE Graphene nanosheets/HAp Matrine (MT) 1.2 μM [74] 

12 GCE HAp-rGO-Chitosan Hydrazine 0.43 μM [75] 

13 GCE Fe-HAp/MWCNT L-dopa 0.062 µM [13] 

14 GCE GO/HAp/Ab α-fetoprotein (AFP) 5 pg/mL [76] 

15 GCE HAp/rGO/glucose oxidase Glucose 0.03 mM [77] 

16 GCE Magnetik 

Fe3O4/HAp/MIPPy 

Bilirubin 0.007 μM [78] 

17 GCE Fe-HAp/tirosinase L-tirosin 245 nM [79] 

18 GCE HAp Folic acid 75 nM [80] 

19 GCE Meso-

HAp/TiO2/MWCNT 

Glucose oxidase (GOx) 2 µM [81] 

20 GCE Prussian blue@HAp-HRP-

Ab2 modified 

GCE/Thionine/Graphene 

Sheet/Ab1 

α-fetoprotein (AFP) 9 pg/mL [14] 

21 GCE HAp 

nanowires/chitosan/HRP 

Cyanide 0.6 ng/mL [82] 

22 GCE HAp-MWCNT/Hb Hydrogen peroxidase 

(H2O2) 

0.09 μM [83] 

23 GCE HAp/GNP-Hb Hydrogen peroxidase 

(H2O2) 

0.2 µM [44] 

24 GCE silica/HRP–HAp Hydrogen peroxidase 

(H2O2) 

0.35 μM [84] 

25 GCE HAp/Nafion/glucose 

oxidase 

Glucose 0.02 mM [85] 

26 GCE HAp/PDDA/Hb O2, H2O2, and NO2-  [86] 

27 GCE HAp/L-Lysine Nile blue A (NBA) 5.07 × 10−8 mol/L [87] 

28 SPCE JF collagen/HApNP/TBA/ 

Aptamer 

Thrombine 0.25 nM [3] 

29 SPCE Ag-HAp-Nb19-Ab2 

modified 

SPCE/Au/Nb11/Apo-A1 

Apolipoprotein-A1 0.02 pg/mL [88] 

30 SPCE PB-HAp-HRP Hydrogen peroxidase 

(H2O2) 

7 μmol/L [89] 

31 GE IL/HAp nanorod-AuNP/ 

Aptamer/c-DNA tagged 

AgNP 

MCF7 cells (breast cancer) 8 ± 2 cells/mL [52] 

32 GE HAp-GNP-Chitosan/Anti-

PSA 

Prostate specific antigen 

(PSA) 

2.6 ng/mL 

 

[25] 

33 GE HApNP-chitosan- 

tyrosinase  

Phenolic compounds 5 nM [61] 

34 GE MPA/HAp/Divinylsulpho

ne/ Anti-human transferrin 

Transferrin 0.15 ng/mL [90] 
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35 PGE HAp/double stranded 

DNA (dsDNA) 

Phosphate labelled 

Hepatitis B virus (HBV) 

DNA probe 

12.80 μg/mL [91] 

36 PGE HAp/IL Curcumine-DNA 1.86 µg/mL (equals 

to 5.04 µM) 

[92] 

37 CILE Nafion/Mb-HAp@CNF Myoglobin (Mb) 2.0 mM [93] 

38 CPE 

 

Bio-waste HAp/rGO Dopamine, acetaminophen, 

and uric acid 

0.39, 1.32, dan 0.63 

µM 

[94] 

39 CPE γ-Fe2O3/HAp/Cu(II) Metformine in urine 14 nM [95] 

   Pizoelectric   

40 quartz crystal 

microbalanc 

(QCM, 9 MHz, 

gold electrodes) 

HAp/glutaraldehyde/gluco

se oxidase  

Glucose 0.34 μmol/L [47] 

41 quartz crystal 

microbalance 

(QCM) 

poli-L-lisin/HAp/CNT/ 

anti-CA19-9 

Carbohydrate antigen 19-9 8.3 U/ml [96] 

42 quartz crystal 

microbalance 

(QCM, 9 MHz, 

gold electrodes) 

HAp/γ-Fe2O3/Au/ anti-

hIgG 

hIgG ~15 ng/ml [97] 

43 quartz crystal 

microbalance 

(QCM, 9 MHz, 

gold electrodes) 

Cysteamine/HAp/GNP/AF

P antibody 

α-fetoprotein (AFP) 15.3 ng/ml [53] 

   Optical   

44 Fluorometric HApNP Cysteine and homocysteine 110 nM and 160 nM [67] 

45 Fluorometric HApNP Protein kinase A (PKA) 0.5 U/L [98] 

46 Fluorometric HApNP/TPEHP-CB[6] Spermine and Spermidine 

in urine and blood 

1.4 × 10−8 and 3.6 × 

10−8 M 

[99] 

In 2018, the fluorescence of HAp-NP by doping with Eu3+ and utilizing HAp-NP for 

fluorometric detection of biothiol was synthesized. The synthesized HAp-NP is rod-shaped, 

has two strong fluorescence emission peaks, and has good water solubility, making HAp-NP a 

good candidate for a fluorescence probe. Cu2+ can quench the fluorescence of HAp-NP, while 

the addition of biothiols such as cysteine (Cys) and homocysteine (hCys) can cause 

fluorescence recovery due to the strong bond between Cys and hCys with Cu2+. This detection 

resulted in a detection limit of 110 nM for Cys and 160 nM for hCys [67]. 

6. Conclusions 

Hydroxyapatite and its composites have played an important role in biosensor 

applications with various electrode surface immobilization techniques over the last two 

decades. Hydroxyapatite and its composites are used as matrix components for bioreceptor 

immobilization because of their large surface area, stability, multi-absorbent sites, and affinity 

for biomolecules. Gold nanoparticles show good composites for hydroxyapatite due to their 

high electron conductivity with a small limit detection value of 2.6 ng/mL. Adsorption 

techniques demonstrated good immobilization techniques for bioreceptor on hydroxyapatite 

and its composites in the presence of hydrogen bonds, Van Der Waal forces, hydrophobic 

interactions, and electrostatic interactions. 

Funding 

This research received no external funding. 

https://doi.org/10.33263/BRIAC135.499
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC135.499  

 https://biointerfaceresearch.com/ 13 of 17 

 

Acknowledgments 

The support for this study provided by the Ministry of Education, Culture, Research, and 

Technology (Kemdikbudristek) Penelitian Tesis Magister (PTM) Scheme No. 

1318/UN6.3.1/PT.00/2022 and Universitas Padjadjaran Academic Leadership Grant Scheme 

No. 2203/UN6.3.1/PT.00/2022 that gratefully acknowledged. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Pu’ad, N.A.S.M.; Koshy, P.; Abdullah, H.Z.; Idris, M.I.; Lee, T.C. Heliyon Syntheses of hydroxyapatite from 

natural sources. Heliyon 2019, 5, 1–14, https://doi.org/10.1016/j.heliyon.2019.e01588.  

2.  Mohd Pu'ad, N.A.S.; Abdul Haq, R.H.; Mohd Noh, H.; Abdullah, H.Z.; Idris, M.I.; Lee, T.C. Synthesis 

method of hydroxyapatite: A review. Mater. Today Proc. 2019, 29, 233–239, 

https://doi.org/10.1016/j.matpr.2020.05.536.  

3.  Derkus, B.; Arslan, Y.E.; Emregul, K.C.; Emregul, E. Enhancement of Aptamer Immobilization Using Egg 

Shell-Derived Nano-Sized Spherical Hydroxyapatite for Thrombin Detection in Neuroclinic. Talanta 2016, 

16, 1–37, https://doi.org/10.1016/j.talanta.2016.05.045.  

4.  Ma, G. Three common preparation methods of hydroxyapatite. IOP Conf. Ser. Mater. Sci. Eng. 2019, 688, 

1–13, https://doi.org/10.1088/1757-899X/688/3/033057.  

5.  Halim, N.A.A.; Hussein, M.Z.; Kandar, M.K. Nanomaterials-upconverted hydroxyapatite for bone tissue 

engineering and a platform for drug delivery. Int. J. Nanomedicine 2021, 16, 6477–6496, 

https://doi.org/10.2147/IJN.S298936.  

6.  Lara-Ochoa, S.; Ortega-Lara, W.; Guerrero-Beltrán, C.E. Hydroxyapatite nanoparticles in drug delivery: 

Physicochemistry and applications. Pharmaceutics 2021, 13, 1–24, 

https://doi.org/10.3390/pharmaceutics13101642.  

7.  Noviyanti, A.R.; Haryono; Pandu, R.; Eddy, D.R. Cangkang Telur Ayam sebagai Sumber Kalsium dalam 

Pembuatan Hidroksiapatit untuk Aplikasi Graft Tulang. Chim. Nat. Acta 2017, 5, 107–111, 

https://doi.org/10.24198/cna.v5.n3.16057.  

8.  Mene, R.U.; Mahabole, M.P.; Khairnar, R.S. Surface modified hydroxyapatite thick films for CO 2 gas 

sensing application : Effect of swift heavy ion irradiation. 2011, 80, 682–687, 

https://doi.org/10.1016/j.radphyschem.2011.02.002.  

9.  Wan, W.; Li, Z.; Wang, X.; Tian, F.; Yang, J. Surface-Fabrication of Fluorescent Hydroxyapatite for Cancer 

Cell Imaging and Bio-Printing Applications. Biosensors 2022, 12, 419, 

https://doi.org/10.3390/bios12060419.  

10.  Fiume, E.; Magnaterra, G.; Rahdar, A.; Verné, E.; Baino, F. Hydroxyapatite for biomedical applications: A 

short overview. Ceramics 2021, 4, 542–563, https://doi.org/10.3390/ceramics4040039.  

11.  Lin, K.; Chang, J. Structure and properties of hydroxyapatite for biomedical applications. Hydroxyapatite 

Biomed. Appl. 2015, 4214, 3–19, https://doi.org/10.1016/B978-1-78242-033-0.00001-8.  

12.  Awasthi, S.; Pandey, S.K.; Arunan, E.; Srivastava, C. A review on hydroxyapatite coatings for the biomedical 

applications: Experimental and theo retical perspectives. J. Mater. Chem. B 2021, 9, 228–249, 

https://doi.org/10.1039/d0tb02407d.  

13.  Kanchana, P.; Radhakrishnan, S.; Navaneethan, M.; Arivanandhan, M. Electrochemical Sensor Based on Fe 

Doped Hydroxyapatite-Carbon Nanotubes Composite for L-Dopa Detection in the Presence of Uric Acid. J. 

Nanosci. Nanotechnol. 2016, 16, 6185–6192, https://doi.org/10.1166/jnn.2016.11645.  

14.  Dai, Y.; Cai, Y.; Zhao, Y.; Wu, D.; Liu, B.; Li, R.; Yang, M.; Wei, Q.; Du, B.; Li, H. Sensitive sandwich 

electrochemical immunosensor for alpha fetoprotein based on prussian blue modified hydroxyapatite. 

Biosens. Bioelectron. 2011, 28, 112–116, https://doi.org/10.1016/j.bios.2011.07.006.  

15.  Vladislavic, N.; Rončević, I.Š.; Buzuk, M.; Buljac, M.; Drventic, I. Electrochemical / chemical synthesis of 

hydroxyapatite on glassy carbon electrode for electroanalytical determination of cysteine. J. od Solid State 

Electrochem. 2020, 1–17, https://doi.org/10.1007/s10008-020-04856-z.  

16.  Afifi, M.; El-Naggar, M.E.; Muhammad, S.; Alghamdi, N.A.; Wageh, S.; Salem, S.R.; Alhashmialameer, D.; 

Taleb, M.A. Nanocomposites based on hydroxyapatite/lithium oxide and graphene oxide nanosheets for 

medical applications. J. Mater. Sci. 2022, 57, 11300–11316, https://doi.org/10.1007/s10853-022-07342-1.  

17.  Noviyanti, A.R.; Akbar, N.; Deawati, Y.; Ernawati, E.E.; Malik, Y.T.; Fauzia, R.P. A novel hydrothermal 

synthesis of nanohydroxyapatite from eggshell-calcium-oxide precursors. Heliyon 2020, 6, 1–6, 

https://doi.org/10.1016/j.heliyon.2020.e03655.  

18.  Safavi, M.S.; Walsh, F.C.; Surmeneva, M.A.; Surmenev, R.A.; Khalil-Allafi, J. Electrodeposited 

https://doi.org/10.33263/BRIAC135.499
https://biointerfaceresearch.com/
https://doi.org/10.1016/j.heliyon.2019.e01588
https://doi.org/10.1016/j.matpr.2020.05.536
https://doi.org/10.1016/j.talanta.2016.05.045
https://doi.org/10.1088/1757-899X/688/3/033057
https://doi.org/10.2147/IJN.S298936
https://doi.org/10.3390/pharmaceutics13101642
https://doi.org/10.24198/cna.v5.n3.16057
https://doi.org/10.1016/j.radphyschem.2011.02.002
https://doi.org/10.3390/bios12060419
https://doi.org/10.3390/ceramics4040039
https://doi.org/10.1016/B978-1-78242-033-0.00001-8
https://doi.org/10.1039/d0tb02407d
https://doi.org/10.1166/jnn.2016.11645
https://doi.org/10.1016/j.bios.2011.07.006
https://doi.org/10.1007/s10008-020-04856-z
https://doi.org/10.1007/s10853-022-07342-1
https://doi.org/10.1016/j.heliyon.2020.e03655


https://doi.org/10.33263/BRIAC135.499  

 https://biointerfaceresearch.com/ 14 of 17 

 

Hydroxyapatite-Based Biocoatings : Recent Progress and Future Challenges. Coatings 2021, 11, 1–62, 

https://doi.org/10.3390/coatings11010110.  

19.  Rodriguez-Lorenzo, L.; Vallet-Regm, H.; Ferreira, J. Colloidal processing of hydroxyapatite. Biomaterials 

2001, 22, 1847, https://doi.org/10.1016/S0142-9612(00)00366-5.  

20.  Zakiyyah, S.N.; Eddy, D.R.; Firdaus, M.L.; Hartati, Y.W. Application of Gold Silica Nanocomposites in 

Electrochemical Biosensors: A Review. PENDIPA J. Sci. Educ. 2021, 5, 122–132, 

https://doi.org/10.33369/pendipa.5.2.122-132.  

21.  Teeparuksapun, K.; Hedström, M.; Mattiasson, B. A Sensitive Capacitive Biosensor for Protein a Detection 

Using Human IgG Immobilized on an Electrode Using Layer-by-Layer Applied Gold Nanoparticles. Sensors 

2022, 22, 1–15, https://doi.org/10.3390/s22010099.  

22.  Nejati, K.; Dadashpour, M.; Gharibi, T.; Mellatyar, H.; Akbarzadeh, A. Biomedical Applications of 

Functionalized Gold Nanoparticles : A Review. J. Clust. Sci. 2021, 9, 1–16, https://doi.org/10.1007/s10876-

020-01955-9.  

23.  Zhao, S.; Cui, W.; Rajendran, N.K.; Su, F.; Rajan, M. Investigations of gold nanoparticles-mediated carbon 

nanotube reinforced hydroxyapatite composite for bone regenerations. J. Saudi Chem. Soc. 2021, 25, 101261, 

https://doi.org/10.1016/j.jscs.2021.101261.  

24.  El-Morsy, M.A.; Awwad, N.S.; Ibrahium, H.A.; Alharbi, W.; Alshahrani, M.Y.; Menazea, A.A. Optimizing 

the mechanical and surface topography of hydroxyapatite/Gd2O3/graphene oxide nanocomposites for 

medical applications. J. Saudi Chem. Soc. 2022, 26, 101463, https://doi.org/10.1016/j.jscs.2022.101463.  

25.  Shen, G.; Cai, C.; Yang, J. Fabrication of an electrochemical immunosensor based on a gold – hydroxyapatite 

nanocomposite – chitosan film. Electrochim. Acta 2011, 56, 8272–8277, 

https://doi.org/10.1016/j.electacta.2011.06.090.  

26.  Chen, Y.; Zhou, W.; Ma, J.; Ruan, F.; Qi, X.; Cai, Y. Potential of a sensitive uric acid biosensor fabricated 

using hydroxyapatite nanowire / reduced graphene oxide / gold nanoparticle. Microsc. Res. Tech. 2019, 1–8, 

https://doi.org/10.1002/jemt.23410.  

27.  Grieshaber, D.; MacKenzie, R.; Voros, J.; Reimhult, E. Electrochemical Biosensors - Sensor Principles and 

Architectures. Sensors 2008, 8, 1400–1458, https://doi.org/10.3390/s80314000.  

28.  Mi, F.; Guan, M.; Hu, C.; Peng, F.; Sun, S.; Wang, X. Application of lectin-based biosensor technology in 

the detection of foodborne pathogenic bacteria: A review. Analyst 2021, 146, 429–443, 

https://doi.org/10.1039/d0an01459a.  

29.  Reyes-Retana, J.A.; Duque-Ossa, L.C. Acute Myocardial Infarction Biosensor: A Review From Bottom Up. 

Curr. Probl. Cardiol. 2021, 46, 100739, https://doi.org/10.1016/j.cpcardiol.2020.100739.  

30.  Hartati, Y.W.; Topkaya, S.N.; Gaffar, S.; Bahti, H.H.; Cetin, A.E. Synthesis and characterization of nanoceria 

for electrochemical sensing applications. RSC Adv. 2021, 11, 16216–16235, 

https://doi.org/10.1039/d1ra00637a.  

31.  Nagraik, R.; Sharma, A.; Kumar, D.; Mukherjee, S.; Sen, F.; Kumar, A.P. Amalgamation of biosensors and 

nanotechnology in disease diagnosis: Mini-review. Sensors Int. 2021, 2, 1–8, 

https://doi.org/10.1016/j.sintl.2021.100089.  

32.  Bedi, N.; Srivastava, D.K.; Srivastava, A.; Mahapatra, S.; Dkhar, D.S.; Chandra, P.; Srivastava, A. Marine 

biological macromolecules as matrix material for biosensor fabrication. Biotechnol. Bioeng. 2022, 1–18, 

https://doi.org/10.1002/bit.28122.  

33.  Patel, S.; Nanda, R.; Sahoo, S.; Mohapatra, E. Biosensors in health care: The milestones achieved in their 

development towards lab-on-chip-analysis. Biochem. Res. Int. 2016, https://doi.org/10.1155/2016/3130469.  

34.  Chaubey, A.; Malhotra, B.D. Mediated biosensors. Biosens. Bioelectron. 2002, 17, 441–456, 

https://doi.org/10.1016/S0956-5663(01)00313-X.  

35.  Nur, Y.; Gaffar, S.; Hartati, Y.W.; Subroto, T. Applications of electrochemical biosensor of aptamers-based 

(APTASENSOR) for the detection of leukemia biomarker. Sens. Bio-Sensing Res. 2021, 32, 100416, 

https://doi.org/10.1016/j.sbsr.2021.100416.  

36.  Naresh, V.; Lee, N. A review on biosensors and recent development of nanostructured materials-enabled 

biosensors. Sensors (Switzerland) 2021, 21, 1–35, https://doi.org/10.3390/s21041109.  

37.  Nelson, D.L.; Cox, M.M. Lehninger : Principles of Biochemistry; Michael, A., Ed.; Sixth Edit.; W. H. 

Freeman and Company: New York, 2013, https://www.amazon.com/Principles-Biochemistry-David-L-

Nelson/dp/1429222638.  

38.  Prieto-Simón, B.; Campàs, M.; Marty, J. Biomolecule Immobilization in Biosensor Development : Tailored 

Strategies Based on Affinity Interactions. Protein Pept. Lett. 2008, 15, 757–763, 

https://doi.org/10.2174/092986608785203791.  

39.  Mikula, E.; Silva, C.E.; Kopera, E.; Zdanowski, K.; Radecki, J.; Radecka, H. Highly sensitive electrochemical 

biosensor based on redox - active monolayer for detection of anti-hemagglutinin antibodies against swine-

origin influenza virus H1N1 in sera of vaccinated mice. BMC Vet. Res. 2018, 14, 1–9, 

https://doi.org/10.1186/s12917-018-1668-9.  

40.  Makaraviciute, A.; Ramanaviciene, A. Site-directed antibody immobilization techniques for immunosensors. 

Biosens. Bioelectron. 2013, 50, 460–471, https://doi.org/10.1016/j.bios.2013.06.060.  

41.  Mollarasouli, F.; Kurbanoglu, S.; Ozkan, S.A. The Role of Electrochemical Immunosensors in. Biosensors 

https://doi.org/10.33263/BRIAC135.499
https://biointerfaceresearch.com/
https://doi.org/10.3390/coatings11010110
https://doi.org/10.1016/S0142-9612(00)00366-5
https://doi.org/10.33369/pendipa.5.2.122-132
https://doi.org/10.3390/s22010099
https://doi.org/10.1007/s10876-020-01955-9
https://doi.org/10.1007/s10876-020-01955-9
https://doi.org/10.1016/j.jscs.2021.101261
https://doi.org/10.1016/j.jscs.2022.101463
https://doi.org/10.1016/j.electacta.2011.06.090
https://doi.org/10.1002/jemt.23410
https://doi.org/10.3390/s80314000
https://doi.org/10.1039/d0an01459a
https://doi.org/10.1016/j.cpcardiol.2020.100739
https://doi.org/10.1039/d1ra00637a
https://doi.org/10.1016/j.sintl.2021.100089
https://doi.org/10.1002/bit.28122
https://doi.org/10.1155/2016/3130469
https://doi.org/10.1016/S0956-5663(01)00313-X
https://doi.org/10.1016/j.sbsr.2021.100416
https://doi.org/10.3390/s21041109
https://www.amazon.com/Principles-Biochemistry-David-L-Nelson/dp/1429222638
https://www.amazon.com/Principles-Biochemistry-David-L-Nelson/dp/1429222638
https://doi.org/10.2174/092986608785203791
https://doi.org/10.1186/s12917-018-1668-9
https://doi.org/10.1016/j.bios.2013.06.060


https://doi.org/10.33263/BRIAC135.499  

 https://biointerfaceresearch.com/ 15 of 17 

 

2019, 86, 1–19, https://doi.org/10.3390/bios9030086.  

42.  Gao, S.; Guisán, J.M.; Rocha-martin, J. Oriented immobilization of antibodies onto sensing platforms- A 

critical review. Anal. Chim. Acta 2021, 1–90, https://doi.org/10.1016/j.aca.2021.338907.  

43.  Górecka, E.; Jastrzębska, M. Immobilization techniques and biopolymer carriers. Biotechnol. Food Sci. 2011, 

75, 65–85, https://doi.org/10.34658/bfs.2011.75.1.65-86.  

44.  You, J.; Ding, W.; Ding, S. Direct Electrochemistry of Hemoglobin Immobilized on Colloidal Gold-

Hydroxyapatite Nanocomposite for Electrocatalytic Detection of Hydrogen Peroxide. Electroanalysis 2009, 

21, 190–195, https://doi.org/10.1002/elan.200804446.  

45.  O'Connell, L.; Marcoux, P.R.; Roupioz, Y. Strategies for Surface Immobilization of Whole Bacteriophages: 

A Review. ACS Biomater. Sci. Eng. 2021, 7, 1987–2014, https://doi.org/10.1021/acsbiomaterials.1c00013.  

46.  López-Gallego, F.; Guisan, J.M.; Betancor, L. Immobilization of Enzymes on Supports Activated with 

Glutaraldehyde: A Very Simple Immobilization Protocol; 2020, 2100, https://doi.org/10.1007/978-1-0716-

0215-7_7.  

47.  Zhang, Q.; Chen, C.; Xie, Q.; Liu, P. Electrodeposition of a biocompatible hydroxyapatite matrix to 

immobilize glucose oxidase for sensitive glucose biosensing. Microchim Acta 2009, 165, 223–229, 

https://doi.org/10.1007/s00604-008-0124-0.  

48.  Lapponi, M.J.; Méndez, M.B.; Trelles, J.A.; Rivero, C.W. Cell immobilization strategies for 

biotransformations. Curr. Opin. Green Sustain. Chem. 2022, 33, 100565, 

https://doi.org/10.1016/j.cogsc.2021.100565.  

49.  Jung, Y.; Jeong, J.Y.; Chung, B.H. Recent advances in immobilization methods of antibodies on solid 

supports. Analyst 2008, 133, 697–701, https://doi.org/10.1039/b800014j.  

50.  Kujawa, J.; Głodek, M.; Li, G.; Al-Gharabli, S.; Knozowska, K.; Kujawski, W. Highly effective enzymes 

immobilization on ceramics: Requirements for supports and enzymes. Sci. Total Environ. 2021, 801, 1–24, 

https://doi.org/10.1016/j.scitotenv.2021.149647.  

51.  Huang, Y.; Tang, C.; Liu, J.; Cheng, J.; Si, Z.; Li, T.; Yang, M. Signal amplification strategy for 

electrochemical immunosensing based on a molybdophosphate induced enhanced redox current on the 

surface of hydroxyapatite nanoparticles. Microchim. Acta 2017, 184, 855–861, 

https://doi.org/10.1007/s00604-016-2069-z.  

52.  Farzin, L.; Shamsipur, M.; Samandari, L.; Sheibani, S. Signalling probe displacement electrochemical 

aptasensor for malignant cell surface nucleolin as a breast cancer biomarker based on gold nanoparticle 

decorated hydroxyapatite nanorods and silver nanoparticle labels. Microchim. Acta 2018, 2, 1–9, 

https://doi.org/10.1007/s00604-018-2700-2.  

53.  Ding, Y.; Liu, J.; Wang, H.; Shen, G.; Yu, R. A piezoelectric immunosensor for the detection of α-fetoprotein 

using an interface of gold/hydroxyapatite hybrid nanomaterial. Biomaterials 2007, 28, 2147–2154, 

https://doi.org/10.1016/j.biomaterials.2006.12.025.  

54.  Rizi, K.; Hatamluyi, B.; Rezayi, M.; Meshkat, Z.; Sankian, M.; Ghazvini, K.; Farsiani, H.; Aryan, E. Response 

surface methodology optimized electrochemical DNA biosensor based on HAPNPTs / PPY / MWCNTs 

nanocomposite for detecting Mycobacterium tuberculosis. Talanta 2021, 226, 1–10, 

https://doi.org/10.1016/j.talanta.2021.122099.  

55.  Khan, S.; Burciu, B.; Filipe, C.D.M.; Li, Y.; Dellinger, K.; Didar, T.F. DNAzyme-Based Biosensors: 

Immobilization Strategies, Applications, and Future Prospective. ACS Nano 2021, 15, 13943–13969, 

https://doi.org/10.1021/acsnano.1c04327.  

56.  McClements, D.J. Non-covalent interactions between proteins and polysaccharides. Biotechnol. Adv. 2006, 

24, 621–625, https://doi.org/10.1016/j.biotechadv.2006.07.003.  

57.  Lee, W.H.; Loo, C.Y.; Van, K.L.; Zavgorodniy, A. V.; Rohanizadeh, R. Modulating protein adsorption onto 

hydroxyapatite particles using different amino acid treatments. J. R. Soc. Interface 2012, 9, 918–927, 

https://doi.org/10.1098/rsif.2011.0586.  

58.  Labib, M.; Zamay, A.S.; Muharemagic, D.; Chechik, A. V.; Bell, J.C.; Berezovski, M. V. Aptamer-based 

viability impedimetric sensor for viruses. Anal. Chem. 2012, 84, 1813–1816, 

https://doi.org/10.1021/ac203412m.  

59.  Subbaiah, G.B.; Ratnam, K.V.; Janardhan, S.; Shiprath, K.; Manjunatha, H.; Ramesha, M.; Prasad, N.V.K.; 

Ramesh, S.; Babu, T.A. Metal and Metal Oxide Based Advanced Ceramics for Electrochemical Biosensors-

A Short Review. Front. Mater. 2021, 8, 1–9, https://doi.org/10.3389/fmats.2021.682025.  

60.  Hartati, Y.W.; Komala, D.R.; Hendrati, D.; Gaffar, S.; Hardianto, A.; Sofiatin, Y.; Bahti, H.H. An aptasensor 

using ceria electrodeposited-screen-printed carbon electrode for detection of epithelial sodium channel 

protein as a hypertension biomarker. R. Soc. Open Sci. 2021, 8, https://doi.org/10.1098/rsos.202040.  

61.  Lu, L.; Zhang, L.; Zhang, X.; Huan, S.; Shen, G.; Yu, R. A novel tyrosinase biosensor based on 

hydroxyapatite – chitosan nanocomposite for the detection of phenolic compounds. Anal. Chim. Acta 2010, 

665, 146–151, https://doi.org/10.1016/j.aca.2010.03.033.  

62.  Gaffar, S.; Nurmalasari, R.; Yohan; Hartati, Y.W. Voltammetric DNA Biosensor using Gold Electrode 

Modified by Self Assembled Monolayer of Thiol for Detection of Mycobacterium Tuberculosis. Procedia 

Technol. 2017, 27, 74–80, https://doi.org/10.1016/j.protcy.2017.04.034.  

63.  Pohanka, M. The Piezoelectric Biosensors : Principles and Applications , a Review. Int. J. Electrochem. Sci. 

https://doi.org/10.33263/BRIAC135.499
https://biointerfaceresearch.com/
https://doi.org/10.3390/bios9030086
https://doi.org/10.1016/j.aca.2021.338907
https://doi.org/10.34658/bfs.2011.75.1.65-86
https://doi.org/10.1002/elan.200804446
https://doi.org/10.1021/acsbiomaterials.1c00013
https://doi.org/10.1007/978-1-0716-0215-7_7
https://doi.org/10.1007/978-1-0716-0215-7_7
https://doi.org/10.1007/s00604-008-0124-0
https://doi.org/10.1016/j.cogsc.2021.100565
https://doi.org/10.1039/b800014j
https://doi.org/10.1016/j.scitotenv.2021.149647
https://doi.org/10.1007/s00604-016-2069-z
https://doi.org/10.1007/s00604-018-2700-2
https://doi.org/10.1016/j.biomaterials.2006.12.025
https://doi.org/10.1016/j.talanta.2021.122099
https://doi.org/10.1021/acsnano.1c04327
https://doi.org/10.1016/j.biotechadv.2006.07.003
https://doi.org/10.1098/rsif.2011.0586
https://doi.org/10.1021/ac203412m
https://doi.org/10.3389/fmats.2021.682025
https://doi.org/10.1098/rsos.202040
https://doi.org/10.1016/j.aca.2010.03.033
https://doi.org/10.1016/j.protcy.2017.04.034


https://doi.org/10.33263/BRIAC135.499  

 https://biointerfaceresearch.com/ 16 of 17 

 

2017, 12, 496–506, https://doi.org/10.20964/2017.01.44.  

64.  Narita, F.; Wang, Z.; Kurita, H.; Li, Z.; Shi, Y.; Jia, Y.; Soutis, C. A Review of Piezoelectric and 

Magnetostrictive Biosensor Materials for Detection of COVID-19 and Other Viruses. Adv. Mater. 2021, 33, 

1–24, https://doi.org/10.1002/adma.202005448.  

65.  Damborsky, P.; Svitel, J.; Katrl, J. Optical biosensors. Essays Biochem. 2016, 60, 91–100, 

https://doi.org/10.1042/EBC20150010.  

66.  Kumar, S.; Singh, R. Recent optical sensing technologies for the detection of various biomolecules: Review. 

Opt. Laser Technol. 2021, 134, 1–18, https://doi.org/10.1016/j.optlastec.2020.106620.  

67.  Li, Y.; Shen, C.; Li, X.; Yang, M. Hydroxyapatite nanoparticle based fluorometric determination and imaging 

of cysteine and homocysteine in living cells. Microchim. Acta 2018, 2, 1–7, https://doi.org/10.1007/s00604-

018-2801-y.  

68.  Vakili, S.N.; Rezayi, M.; Chahkandi, M.; Meshkat, Z.; Fani, M.; Moattari, A. A Novel Electrochemical DNA 

Biosensor Based on Hydroxyapatite Nanoparticles to Detect BK Polyomavirus in the Urine Samples of 

Transplant Patients. IEEE Sens. J. 2020, 20, 12088–12095, https://doi.org/10.1109/JSEN.2020.2982948.  

69.  Xue, J.; Yang, L.; Du, Y.; Ren, Y.; Ren, X.; Ma, H.; Wu, D.; Ju, H.; Li, Y.; Wei, Q. Electrochemiluminescence 

sensing platform based on functionalized poly- ( styrene-co-maleicanhydride ) nanocrystals and iron doped 

hydroxyapatite for CYFRA 21-1 immunoassay. Sensors Actuators B  Chem. 2020, 321, 1–8, 

https://doi.org/10.1016/j.snb.2020.128454.  

70.  Zhang, Y.; Xia, J.; Zhang, F.; Wang, Z.; Liu, Q. A dual-channel homogeneous aptasensor combining 

colorimetric with electrochemical strategy for thrombin. Biosens. Bioelectron. 2018, 120, 15–21, 

https://doi.org/10.1016/j.bios.2018.08.031.  

71.  Zhang, Y.; Xia, J.; Zhang, F.; Wang, Z.; Liu, Q. Ultrasensitive label-free homogeneous electrochemical 

aptasensor based on sandwich structure for thrombin detection. Sensors Actuators, B Chem. 2018, 267, 412–

418, https://doi.org/10.1016/j.snb.2018.04.053.  

72.  Jiang, W.; Tian, D.; Zhang, L.; Guo, Q.; Cui, Y.; Yang, M. Dual signal amplification strategy for 

amperometric aptasensing using hydroxyapatite nanoparticles . Application to the sensitive detection of the 

cancer biomarker platelet-derived growth factor BB. Microchim Acta 2017, 1–7, 

https://doi.org/10.1007/s00604-017-2471-1.  

73.  Kanchana, P.; Navaneethan, M.; Sekar, C. Fabrication of Ce doped hydroxyapatite nanoparticles based non-

enzymatic electrochemical sensor for the simultaneous determination of norepinephrine, uric acid and 

tyrosine. Mater. Sci. Eng. B 2017, 226, 132–140, https://doi.org/10.1016/j.mseb.2017.09.015.  

74.  Zhang, J.; Wang, Y.; Zheng, W. Development of a Novel Electrochemical Sensor for Determination of 

Matrine in Sophora flavescens. Molecules 2017, 22, 1–10, https://doi.org/10.3390/molecules22040575.  

75.  Gao, F.; Wang, Q.; Gao, N.; Yang, Y.; Cai, F.; Yamane, M. Biosensors and Bioelectronics Hydroxyapatite / 

chemically reduced graphene oxide composite : Environment-friendly synthesis and high-performance 

electrochemical sensing for hydrazine. Biosens. Bioelectron. 2017, 97, 238–245, 

https://doi.org/10.1016/j.bios.2017.06.005.  

76.  Sun, J.; Tian, D.; Guo, Q.; Zhang, L.; Yang, M. A label-free electrochemical immunosensor for the detection 

of cancer biomarker a -fetoprotein ( AFP ) based on hydroxyapatite induced redox current. Anal. Methods 

2016, 1–5, https://doi.org/10.1039/C6AY02555B.  

77.  Bharath, G.; Madhu, R.; Chen, S.M.; Veeramani, V.; Balamurugan, A.; Mangalaraj, D.; Viswanathan, C.; 

Ponpandian, N. Enzymatic electrochemical glucose biosensors by mesoporous 1D hydroxyapatite-on-2D 

reduced graphene oxide. J. Mater. Chem. B 2015, 3, 1360–1370, https://doi.org/10.1039/c4tb01651c.  

78.  Yang, Z.; Shang, X.; Zhang, C.; Zhu, J. Photoelectrochemical bilirubin biosensor based on 

Fe3O4/hydroxyapatite/ molecularly imprinted polypyrrole nanoparticles. Sensors Actuators B. Chem. 2014, 

14, 1–29, https://doi.org/10.1016/j.snb.2014.05.021.  

79.  Kanchana, P.; Lavanya, N.; Sekar, C. Development of amperometric L -tyrosine sensor based on Fe-doped 

hydroxyapatite nanoparticles. Mater. Sci. Eng. C 2014, 35, 85–91, 

https://doi.org/10.1016/j.msec.2013.10.013.  

80.  Kanchana, P.; Sekar, C. Development of electrochemical sensor for folic acid based on hydroxyapatite 

nanoparticles. Spectrochim. ACTA PART A Mol. Biomol. Spectrosc. 2014, 14, 1–28, 

https://doi.org/10.1016/j.saa.2014.07.087.  

81.  Li, J.; Kuang, D.; Feng, Y.; Zhang, F.; Liu, M. Glucose biosensor based on glucose oxidase immobilized on 

a nanofilm composed of mesoporous hydroxyapatite , titanium dioxide , and modified with multi-walled 

carbon nanotubes. Microchim Acta 2012, 176, 73–80, https://doi.org/10.1007/s00604-011-0693-1.  

82.  Wang, S.; Lei, Y.; Zhang, Y.; Tang, J.; Shen, G.; Yu, R. Hydroxyapatite nanoarray-based cyanide biosensor. 

Anal. Biochem. 2010, 398, 191–197, https://doi.org/10.1016/j.ab.2009.11.029.  

83.  Zhao, H.Y.; Xu, X.X.; Zhang, J.X.; Zheng, W.; Zheng, Y.F. Carbon nanotube – hydroxyapatite – hemoglobin 

nanocomposites with high bioelectrocatalytic activity. Bioelectrochemistry 2010, 78, 124–129, 

https://doi.org/10.1016/j.bioelechem.2009.08.009.  

84.  Wang, B.; Zhang, J.; Pan, Z.; Tao, X.; Wang, H. A novel hydrogen peroxide sensor based on the direct 

electron transfer of horseradish peroxidase immobilized on silica – hydroxyapatite hybrid film. Biosens. 

Bioelectron. 2009, 24, 1141–1145, https://doi.org/10.1016/j.bios.2008.06.053.  

https://doi.org/10.33263/BRIAC135.499
https://biointerfaceresearch.com/
https://doi.org/10.20964/2017.01.44
https://doi.org/10.1002/adma.202005448
https://doi.org/10.1042/EBC20150010
https://doi.org/10.1016/j.optlastec.2020.106620
https://doi.org/10.1007/s00604-018-2801-y
https://doi.org/10.1007/s00604-018-2801-y
https://doi.org/10.1109/JSEN.2020.2982948
https://doi.org/10.1016/j.snb.2020.128454
https://doi.org/10.1016/j.bios.2018.08.031
https://doi.org/10.1016/j.snb.2018.04.053
https://doi.org/10.1007/s00604-017-2471-1
https://doi.org/10.1016/j.mseb.2017.09.015
https://doi.org/10.3390/molecules22040575
https://doi.org/10.1016/j.bios.2017.06.005
https://doi.org/10.1039/C6AY02555B
https://doi.org/10.1039/c4tb01651c
https://doi.org/10.1016/j.snb.2014.05.021
https://doi.org/10.1016/j.msec.2013.10.013
https://doi.org/10.1016/j.saa.2014.07.087
https://doi.org/10.1007/s00604-011-0693-1
https://doi.org/10.1016/j.ab.2009.11.029
https://doi.org/10.1016/j.bioelechem.2009.08.009
https://doi.org/10.1016/j.bios.2008.06.053


https://doi.org/10.33263/BRIAC135.499  

 https://biointerfaceresearch.com/ 17 of 17 

 

85.  Ma, R.; Wang, B.; Liu, Y.; Li, J.; Zhao, Q.; Wang, G.; Jia, W.; Wang, H. Direct electrochemistry of glucose 

oxidase on the hydroxyapatite/Nafion composite film modified electrode and its application for glucose 

biosensing. Sci. China, Ser. B Chem. 2009, 52, 2013–2019, https://doi.org/10.1007/s11426-009-0248-z.  

86.  Zhang, H.; Xu, J.; Chen, H. Electrochemically Deposited 2D Nanowalls of Calcium Phosphate - PDDA on a 

Glassy Carbon Electrode and Their Applications in Biosensing. J. Phys. Chem. 2007, 111, 16564–16570, 

https://doi.org/10.1021/jp073212s.  

87.  Ngouoko, J.J.K.; Tajeu, K.Y.; Temgoua, R.C.T.; Doungmo, G.; Doench, I.; Tamo, A.K.; Kamgaing, T.; 

Osorio-Madrazo, A.; Tonle, I.K. Hydroxyapatite/L-Lysine Composite Coating as Glassy Carbon Electrode 

Modifier for the Analysis and Detection of Nile Blue A. Materials (Basel). 2022, 15, 4262, 

https://doi.org/10.3390/ma15124262.  

88.  Wang, H.; Li, G.; Zhang, Y.; Zhu, M.; Ma, H.; Du, B.; Wei, Q.; Wan, Y. Nanobody-Based Electrochemical 

Immunoassay for Ultrasensitive Determination of Apolipoprotein-A1 Using Silver Nanoparticles Loaded 

Nano Hydroxyapatite as Label. Anal. Chem. 2015, 1–25, https://doi.org/10.1021/acs.analchem.5b04063.  

89.  Li, Y.; Lv, X.; Wu, D. Screen Printed Biosensor for Hydrogen Peroxide Based on Prussian Blue Modified 

Hydroxyapatite. J Inorg Organomet Polym 2013, 23, 917–922, https://doi.org/10.1007/s10904-013-9869-y.  

90.  Yang, L.; Wei, W.; Gao, X.; Xia, J.; Tao, H. A new antibody immobilization strategy based on 

electrodeposition of nanometer-sized hydroxyapatite for label-free capacitive immunosensor. Talanta 2005, 

68, 40–46, https://doi.org/10.1016/j.talanta.2005.04.038.  

91.  Erdem, A.; Congur, G. Hydroxyapatite Nanoparticles Modified Graphite Electrodes for Electrochemical 

DNA Detection. Electroanalysis 2017, 29, 1–9, https://doi.org/10.1002/elan.201700462.  

92.  Uca, M.; Eksin, E.; Erac, Y.; Erdem, A. Electrochemical Investigation of Curcumin – DNA Interaction by 

Using Hydroxyapatite Nanoparticles–Ionic Liquids Based Composite Electrodes. Materials (Basel). 2021, 

14, 1–15, https://doi.org/10.3390/ma14154344.  

93.  Liu, J.; Weng, W.; Xie, H.; Luo, G.; Li, G.; Sun, W.; Ruan, C.; Wang, X. Myoglobin- and Hydroxyapatite-

Doped Carbon Nano fi ber-Modi fi ed Electrodes for Electrochemistry and Electrocatalysis. ACS Omega 

2019, 4, 15653−15659, https://doi.org/10.1021/acsomega.9b02151.  

94.  Gopal, T.V.; Reddy, T.M.; Shaikshavali, P.; Venkataprasad, G. Eco-friendly and bio-waste based 

hydroxyapatite / reduced graphene oxide hybrid material for synergic electrocatalytic detection of dopamine 

and study of its simultaneous performance with acetaminophen and uric acid. Surfaces and Interfaces 2021, 

24, 1–13, https://doi.org/10.1016/j.surfin.2021.101145.  

95.  Mirzajani, R.; Karimi, S. Preparation of γ -Fe 2 O 3 / hydroxyapatite / Cu ( II ) magnetic nanocomposite and 

its application for electrochemical detection of metformin in urine and pharmaceutical samples. Sensors 

Actuators B. Chem. 2018, 270, 405–416, https://doi.org/10.1016/j.snb.2018.05.032.  

96.  Ding, Y.; Liu, J.; Jin, X.; Lu, H.; Shen, G.; Yu, R. Poly-L-lysine/hydroxyapatite/carbon nanotube hybrid 

nanocomposite applied for piezoelectric immunoassay of carbohydrate antigen 19-9. Analyst 2008, 133, 184–

190, https://doi.org/10.1039/b713824e.  

97.  Zhang, Y.; Wang, H.; Yan, B.; Zhang, Y.; Li, J.; Shen, G.; Yu, R. A reusable piezoelectric immunosensor 

using antibody-adsorbed magnetic nanocomposite. J. Immunol. Methods 2008, 332, 103–111, 

https://doi.org/10.1016/j.jim.2007.12.019.  

98.  Zhang, K.; Zeng, K.; Shen, C.; Tian, S.; Yang, M. Determination of protein kinase A activity and inhibition 

by using hydroxyapatite nanoparticles as a fluorescent probe. Microchim. Acta 2018, 2, 1–7, 

https://doi.org/10.1007/s00604-018-2754-1.  

99.  Çiçek, Ç.; Yilmaz, F.; Özgür, E.; Yavuz, H.; Denizli, A. Molecularly imprinted quartz crystal microbalance 

sensor (QCM) for bilirubin detection. Chemosensors 2016, 4, 1–13, 

https://doi.org/10.3390/chemosensors4040021.  

 

  

https://doi.org/10.33263/BRIAC135.499
https://biointerfaceresearch.com/
https://doi.org/10.1007/s11426-009-0248-z
https://doi.org/10.1021/jp073212s
https://doi.org/10.3390/ma15124262
https://doi.org/10.1021/acs.analchem.5b04063
https://doi.org/10.1007/s10904-013-9869-y
https://doi.org/10.1016/j.talanta.2005.04.038
https://doi.org/10.1002/elan.201700462
https://doi.org/10.3390/ma14154344
https://doi.org/10.1021/acsomega.9b02151
https://doi.org/10.1016/j.surfin.2021.101145
https://doi.org/10.1016/j.snb.2018.05.032
https://doi.org/10.1039/b713824e
https://doi.org/10.1016/j.jim.2007.12.019
https://doi.org/10.1007/s00604-018-2754-1
https://doi.org/10.3390/chemosensors4040021

