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A B S T R A C T   

CD44 is a cell matrix adhesion molecule overexpressed on the cell surfaces of the major cancers. CD44 as a 
cancer-related biomarker has an essential role in the invasion and metastasis of cancer. The detection and 
quantification of CD44 can provide essential information useful for clinical cancer diagnosis. In this regard, 
biosensors with sensitive and specific properties, give prominence to the development of CD44 detection plat
forms. To date, various aptamer-based sensitive-enhancers together with nanoparticles (NPs) have been com
bined into the biosensors systems to provide an innovative biosensing method (aptasensors/nano-aptasensors) 
with substantially improved detection limit. This review article discusses the recent advances in the field of 
biosensors, nanobiosensors, and aptasensors for the quantitative determination of CD44 and the detection of 
CD44-expressing cancer cells.   

1. Introduction 

Cancer is the second most extensive disease with a rapidly growing 
mortality rate worldwide over the past decades [1,2]. Nowadays, the 
detection of cancer-specific biomarkers has attracted considerable in
terest for early stage diagnosis and clinical management of a wide range 
of cancers [3,4]. 

CD44 is an extracellular cell matrix adhesion molecule belonging to 
the transmembrane glycoproteins known to be overexpressed on the 
surfaces of several cancers, comprising breast and lung cancers, and thus 
can be frequently employed as a cancer-targeting biomarker for the 
cancer diagnosis and treatment [5]. CD44 may exist as either standard 
(CD44s) or variant (CD44v) isoforms (Fig. 1) [6]. It has crucial roles in 
cellular events such as adhesion, aggregation, migration, and signal 
transduction [7]. CD44 receptor is associated with tumor invasion, 
prognosis, progression, and metastasis. It has been also associated with 
tumor development and progression, and provided many prospects for 
targeting delivery of therapeutics for cancer therapy [7–9]. CD44 is 

known as one of the most popular biomarkers of cancer stem cells (CSCs) 
of various origins especially breast, colon, and pancreas making this 
receptor an ideal target for the delivery of diagnostic and therapeutic 
agents [1,10,11]. CD44 was able to interact with a number of extra
cellular components, including hyaluronic acid (HA/hyaluronan) [5]. 

HA, the main part of the extracellular matrix (ECM), is a natural 
glycosaminoglycans (GAGs) or mucopolysaccharide containing alter
nate repeat of N-acetyl-D-glucosamine and D-glucuronic acid. HA is 
involved in cell growth and structural stability of tissue. It has drawn lots 
of attention in biomedicine, especially for the targeted drug delivery due 
to it non-toxic, non-immunogenic, biocompatible, biodegradable, and 
hydrophilic properties [7]. There are numerous HA receptors overex
pressed on tumor cells surfaces. Cluster of differentiation 44 (CD44), the 
receptor for HA-mediated motility (RHAMM) and lymphatic vessel 
endocytic receptor (LYVE-1) are the common HA receptors. Among 
these, CD44 has a key role in the specific interactions with HA present on 
cancer cells surfaces and has been extensively explored [7]. 

The common methods used for the detection of CD44 including 
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immunohistochemistry, PCR and enzyme-linked immunosorbent assay 
(ELISA), despite having good sensitivity and specificity, are time- 
consuming, have a low shelf-life and need expensive instruments, thus 
limiting their use for patients' care and usually are for research use only 
[13–15]. Therefore, it would be important to develop new techniques 
for specific and sensitive determination of CD44 in the various cancers 
without encountering the restriction imposed by the above-mentioned 
methods. Among new approaches developed for the CD44 detection, 
biosensing methods are practical alternatives for laboratory tests owing 
to their quickness, lower limit of detection (LOD), simplicity, sensitivity, 
being real-time, effective and high quality outcomes [1,16]. 

Biosensors are powerful analytical tools using a biological recogni
tion element coupled to a transducer capable of quantitative detection of 
analytes [17]. Nanomaterials (NMs)/nanoparticles (NPs) have attracted 
great interest in the construction of biosensors with improved perfor
mance. These biosensors are called nanobiosensors which can provide 
more sensitive, robust, and reliable platforms for biomarkers detection 
and offer hopeful capacities for nanomedicine [18,19]. There are 
numerous forms of physicochemical transducers including electro
chemical, optical, piezoelectric, thermometric, and micromechanical- 
based platforms. 

In this review, the recent progress in various types of biosensing 
approaches for the determination of CD44 as a biomarker of cancer, 
their designs, and their working principles are discussed. Moreover, we 
provided a brief outline of the NPs-based biosensors and aptasensors for 
the development of biosensing assays for CD44 detection. 

2. Optical-based biosensors for CD44 detection 

Optical biosensors are the most accessible biosensors which have 
found various applications in biomedicine and pharmaceutics [17,20]. 
In optical biosensors, a signal is produced based on the optical properties 
of waveguide in proportion to the concentration of the analyte [20] and 
they had made rapid advances for real-time, label-free and parallel 

detection of various materials [17]. In this section, we have summarized 
the reported optical biosensors/nano-biosensors for CD44 detection. 
Tables 1 and 2 display the prominent examples of optical-based CD44 
biosensors. 

2.1. Luminescence-based CD44 biosensors 

Luminescence can be described as a phenomenon of producing a 
light emission from other sources of energy except heat [17,21]. It can 
be categorized into diverse kinds of light-emitting processes depending 
upon source of energy. For instance, the chemical and electrochemical 
reactions are the source of light in chemiluminescence (CL) and elec
trochemiluminescence (ECL), respectively [22]. Luminescence-based 
biosensors have been emerged as high selectivity, sensitivity, and 
large linear quantitative range methods, and have a remarkable per
formance in the lab-on-chip approaches [23,24]. Several luminescence- 
based biosensors have been designed for the detection of CD44 
(Table 1). 

A quantum dot (QD)-labeled near-field optical microscopy (NSOM) 
probe was used to demonstrate the localization of CD44 on mesen
chymal stem cells (MSCs). Taking advantage of QD luminance (fluo
rescence), they clearly enhanced the signal-to-noise (S/N) ratio as well 
as the reproducibility of NSOM probe [25]. As they can be optimized in 
the context of biocompatibility, sizes, charges, stability, surface coating, 
and core/shell structure, QDs are being investigated for the construction 
of the biosensing platforms. The size of QDs is one of the most essential 
features, as it determines their optical quality as well as their range of 
interactions with colloidal media [26]. The use of QDs in biosensing 
systems is limited by their toxicity, intrinsic blinking, chemical insta
bility, and poor fluorescence [27,28]. 

Qiu and co-workers fabricated a novel single-cell approach using 
solid-state zinc-coadsorbed carbon-QD (ZnCQDs) nanocomposites as an 
ECL probe together with substrates including graphene oxide (GO)/gold 
nanoparticles (AuNPs) for the identification of CD44-positive breast 

Fig. 1. The gene and morphological structure of CD44 isoforms. Reprinted with permission from [12].  
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cancer cells. The assembled ZnCQDs probes/AuNPs were decorated on 
the magnetic beads (MBs) and further conjugated to HA (Fig. 2A). In this 
regard, ZnCQDs enhanced the ECL intensity. Moreover, the GO/AuNPs 
interface also improved the stability of the platform and ECL perfor
mance. Folic acid (FA)-functionalized GO/AuNPs were used to capture 
the cancer cells. HA-functionalized probes recognized the single cancer 
cell through CD44 on their cell surface. The linear range (LR) of this 
strategy was 1 to 12 single cells of MCF-7 and 1 to 18 of MDA-MB-231 
cells. In addition, the ECL intensity indicated the high expression level 
of CD44 in the MDA-MB-231 cells [8]. The strong quenching capability, 
high aspect ratio for modifications, high spectral resolution and highly 
sharp emission bands make GO a considerable choice for biosensing 
platforms [29–31]. Moreover, in the manufacturing of GO-based bio
sensors, the time-resolved fluorophores are suitable because they reduce 
the background noises and interference of the intrinsic fluorescence of 
serum proteins [32,33]. GO/AuNPs hybrid materials with unique 
physico-chemical properties can act as quencher of fluorescence dye. 
Given its super-quenching feature, GO can be used to improve sensitivity 
and reduce background signals in fluorescent aptasensors [34]. The GO- 
serum proteins interactions alter the sensitivity of the sensing scaffold, 
which is a disadvantage for biosensing systems based on GO. 

In 2021, a multi-probe ECL technique was developed for the CD44v6 
detection by means of magnetic glycosyl-imprinted microspheres 
(MGIP) consisting of glycosyl-imprinted polymer//Au@Fe3O4/HA. The 
MGIPs were deposited on magnetron-controlled GCE (MGCE), which 

can selectively capture CD44v6 by the linking of the imprinted cavities 
to the HA (Fig. 2B). Tris (bipyridine) ruthenium (II) (Ru(bpy)3-BO3), as a 
luminophore was captured on the HA/CD44v6. The ECL response 
detected CD44v6 in serum samples with a LOD of 0.08 ng L− 1 [35]. 

The luminescence-based CD44 biosensing performance confirm the 
ECL-based devices could be detected CD44 with high sensitivity at the 
range of nM. The cytotoxicity and weak photo-chemical stability are 
among shortcomings of ECL-based biosensors. Upconversion nano
particles (UCNPs) as recent ECL emitters have exhibited remarkable 
benefits including low toxicity, light stability, high quantum yields, 
narrow emission peaks, and large anti-Stokes shift which make them 
suitable for a variety of area counting biotic imaging, labeling, and 
clinical treatment [36]. 

2.2. Fluorescence-based CD44 biosensors 

The term of fluorescence refers to a kind of photoluminescence 
which is initiated by emit of the photon during the electronic transition 
as energy source [37]. Fluorescence-related approaches are among 
important optical systems and highlighted for a wide range of biosensors 
due to their enhanced sensitivity, reproducibility, less response time and 
non-destructiveness [38,39]. Incidentally, some researchers are inter
ested using the fluorescence-based biosensing for the CD44 detection 
(Table 1). 

A Förster resonance energy transfer (FRET)-based method was 

Table 1 
The summery of the described luminescence and fluorescence biosensors and nano-biosensors for CD44 detection.  

Detection 
method 

Strategy Recognition 
unit 

Target/Cell Sample LOD LR Ref. 

Luminescence HA-functionalized ZnCQDs nanocomposites 
ECL probe 

HA Breast cancer PBS buffer 1 cell 1–12 cells 
1–18 cells 

[8] 

Ru(bpy)3-BO3 labeled glycosyl-imprinted 
microshpheres 

HA CD44v6 Serum 0.08 ng L− 1 0.1–1000 ng L− 1 [35] 

Fluorescence FRET-based PFEP/FA-HA complex HA Breast cancer Serum 3.5 × 10− 8 

g mL− 1 
0–1 × 10− 7 g mL− 1 [40] 

FRET-based of CD44/RHAMM HA Breast cancer PBS buffer – – [41] 
QD-conjugated antibody cytometry HA Breast CSCs 

MCF-7 
Buffer – 0.3–0.6% of 104 

cells 
[45] 

Fluorescence polarization (FP) technique by 
BIO probe 

HA Human cervical 
cancer (HeLa) 

Homogeneous 
solution 

~ 85 cells 
mL− 1 

2.5 × 102 to 1 × 106 

cells mL− 1 
[46] 

NPs-based pH nanosensor HA HeLa cells Buffer – – [47] 
MRI and NIRF techniques for HACE-based 
nanoprobe detection 

HA U87-MG and SCC7 In vivo imaging – – [48] 

FA and HA ligands conjugated with carbon 
nanodots and PEI (FA-PEI-HA-CNDs) 

FA, HA A549 lung cancer PBS – – [49]  

Table 2 
The diagnosis of CD44 based on colorimetric and SPR/SERS biosensing approaches.  

Biosensing 
Method 

Strategy Sample Recognition 
motif 

Cell LOD Linear range Ref. 

Colorimetric Sandwich ELISA using the anti-CD44-exonv3 and anti- 
CD44-exonv6 antibody pairs 

Serum Antibody CD44v3 6.2 ng/mL 125 ng/mL [53] 

HA@Fe3O4@SiO2 microspheres (HA-functionalized 
nanozyme 

Buffer HA HeLa and T98G 
glioma 

2.0 × 106 

cells/mL 
– [54] 

AuNPs immunolabels with plasmon coupling 
microscopy (PCM) 

Buffer HA MCF7 and SKBR3 
breast cancer 

– – [63] 

SPR/SERS Antifouling SPR based on HA grafting to Au electrode Complex 
media 

HA D44 0.6 ng/cm2 0.6–16.1 ng/ 
cm2 

[64] 

Au-PEG-HA NPs based SPR Blood HA MDA-MB-231 or BT- 
474 

0.01% of cell – [65] 

SERS NPs/nanotags consisting of Rh6G, MGITC, and 
Cy5 

PBS Antibody Breast cancer – 0.5 × 106 

cells 
[69] 

Dual-mode-based (DNA-AuNPs probes) Localized-SPR 
(LSPR) biosensor 

PBS Antibody CD44/CD24 450 pM – [72] 

AuNRs-based spectral imaging systems (PARISS) Fresh 
medium 

– CD24, CD44, and 
CD49f 

– – [73] 

AuNR@Ag-based SERS biosensor Blood – Breast cancer 1 cell/100 μl 10–104 cell [9] 
Multifunctional SERS nanotags PBS – Breast cancer – – [74]  
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described for sensitive and naked-eye monitoring of CD44 and CD44- 
containing cancerous cell, by means of a cationic conjugated polymer 
(CCP)-PFEP probe and fluoresceinamine-HA (FA-HA). The formed 
PFEP/FA-HA complex generated a highly effective FRET from PFEP to 
FA-HA. Addition of CD44 resulted in binding of HA to CD44, thereby 
separating FA-HA away from PFEP and thus reducing the emission 
(Fig. 3A). In this method, a fluorescent blue color was visually observed 
by UV lamp from solutions containing a mixture of the sample and 

PFEP/FA-HA complex overcoming the need for a difficult and costly 
protein-labeling for CD44 detection. Above all, the combination of the 
high-amplified PFEP and the specific binding of HA-CD44 would render 
the system high sensitivity and specificity with an LOD of 3.5 × 10− 8 g 
mL− 1, and can be used for valid quantitative detection of CD44. More
over, the CD44-targeted uptake of PFEP/FA-HA NPs by MCF-7 cells 
suggested a dual-color tumor-targeted imaging probe for early diagnosis 
of cancer [40]. In another study, a FRET-based biosensing platform 

Fig. 2. A) The preparation process and the analysis mechanism of CD44-based cancer cells detection by HA-solid-state ZnCQDs nanocomposites ECL probe. B) A Ru 
(bpy)3-BO3 labeled glycosyl-imprinted polymer ECL sensor for CD44v6 determination in serum samples. Reprinted with permission from [8,35]. 
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combined with immunocytochemistry was reported in which HA was 
replaced with the association between RHAMM as donor and CD44 as 
acceptor. In this platform, CD44/RHAMM complexation was assayed in 
breast cancer cells seeded on tissue culture polystyrene (TCPS) supple
mented with soluble and immobilized HA. In the presence of CD44 and 
RHAMM, the FRET signal was observed (Fig. 3B). CD44/RHAMM 
complexation was enhanced in all cell lines upon interaction with 
immobilized HA compared to its soluble form [41]. In the FERT-based 
assays, the optimization of the interference and the distance between 
the donor-acceptor molecules should be noted [42]. 

CSCs are a rare immortal subset of cancerous cells to be found within 
tumors and has self-renewal differentiation capacity similar with normal 
stem cells involving in the onset and relapse of cancers. Findings 
demonstrate that CSCs can possess good potential as a target in the 
detection, treatment and prevention of tumor invasion [1,10,11]. The 
CD44/CD24 ratio is the actual clinical significance in cancer, which is 
applied to categorize stem-like cancer cells. The CD24 is associated with 
adhesion and metastasis and appears at the surface of most B-cell lym
phoma and neuroblastic tumors, while CD44 is required for cell-ligand 
interactions, adhesions of cell and is commonly expressed in different 
mammalian cell types [43]. The high expression of CD44 are observed in 
breast cancer-initiating CSCs and thus, CSCs-related CD44 can be suit
able as a diagnostic biomarker for the breast cancer detection in early 
stage employed for therapeutic purposes. Cho et al. reported that 
polyvalent-directed peptide polymer (PDPP) that precisely identified 
CD44, could be used as a new method to detect breast CSCs [44]. In an 
interesting study, the breast CSCs were colorimetrically identified based 
on concurrent monitoring of QD-conjugated CD24, CD44, and aldehyde 
dehydrogenase 1 (ALDH1) by an acousto-optic tunable filter (AOTF)- 
based cellular imaging (Fig. 3C). The crucial defy for the synchronic 
revealing of several CSCs biomarkers is the overlaps between broad 

emission spectrum of the different fluorescent probes limiting the choice 
of accurate probes. In this study, each breast CSCs biomarker was 
differentiated based on specific fluorescence spectra resulted from an
tibodies of CD24, CD44, and ALDH1 labeled with Q-dot565, Q-dot525, 
and Q-dot625 (fluorescent dye), respectively [45]. 

Fluorescence polarization (FP) as a self-referencing fluorescence 
signal has substantial advances in fluorescence intensity-based sensing 
without depending on fluorophore concentration and environmental 
interferences. However, the common FP probes such as rhodamine, 
fluorescein, and cyanine dyes display a rather shorter excited-state 
lifetimes in comparison with naphthalimide and BODIPY dyes. Jia 
et al., for the first time, applied a naphthalimide, a relatively longer 
excited-state lifetimes, as a FP probe (BIO) for selective, direct, real- 
time, and quantitative detection of CD44-expressing human cervical 
cancer (HeLa) cells in homogeneous solution (Fig. 3D). The LOD was 
~85 HeLa cells mL− 1 with LR from 2.5 × 102 to 1 × 106 cells mL− 1 

within ~25 min. The relatively high photostability of naphthalimide can 
make the HA-modified BIO appropriate for identification of the CD44 
expression live cell with confocal microscopy [46]. 

The NPs-based drug delivery systems that are conjugated to specific 
ligands provide a promising strategy for the therapeutics delivery to 
tumor cells. To determine the role of CD44 in the internalization of NPs 
to cells, a NPs-based pH nanosensor was synthesized that targeted CD44 
on HeLa cells by using polyacrylamide NP matrix bearing HA ligand 
(Fig. 4A). The nanosensors were designed by NPs polymerization 
modified with pH sensitive and insensitive fluorophores and coated with 
HA. The pH distribution in cells was calculated for HA- and cationic- 
coated and neutral nanosensors. The imagining of nanosensor- 
containing cells indicated the CD44-mediated internalization of HA- 
coated nanosensors [47]. In another study, a nanosized HA-ceramide 
(HACE)-based probe was used for optical and magnetic resonance 

Fig. 3. A) Schematic design of the PFEP/FA-HA FRET-based strategy for CD44 detection; B) The scheme of the FRET-based assessment of CD44/RHAMM in breast 
cancer cells cultured on tissue culture polystyrene (TCPS) supplemented with dissolved and immobilized HA; C) The breast CSCs biomarkers detection based on QD- 
conjugated antibody using single cell imaging cytometry; D) The detection of CD44 based on fluorescence polarization (FP) technique by BIO probe. Reproduced with 
permission from [40,41,45,46]. 
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imaging (MRI) of cancer. Herein, HACE nanoprobe was provided with 
its modification by pentetic acid (DTPA) as gadolinium (Gd) chelating 
agent and Cy5.5 as a near-infrared fluorescence (NIRF) imaging dye 
(Cy5.5-HACE-DTPA-Gd). The in vitro and in vivo outcome indicated an 
HA-CD44 interaction in SCC7 cells (CD44 positive) compared to U87- 
MG (CD44 negative) in tumor-bearing xenograft mice by MRI and 
NIRF imaging (Fig. 4B). Thus, this dual-mode imaging method can be 
used as a precise diagnostic system for CD44-positive cancer cells [48]. 
A dual FA/CD44 ligand-decorated nanocarrier was prepared by using 
the covalent conjugation of green-emitted fluorescent carbon nanodots 
(CNDs) with FA, polyethylenimine (PEI) and HA (FA-PEI-HA-CNDs) for 
the cancer cells imaging (Fig. 4C). The coupled FA-PEI-HA with CNDs 
showed the proper fluorescence intensity introducing it for the rapid and 
efficient diagnosis of real-time and noninvasive form of A549 as a lung 
cancer cells which are useful for cancer detection and drug delivery 
[49]. 

Although exciting progress has been made in the detection of CD44, 

using luminescence and fluorescence biosensors, the intrinsic fluores
cence originated from serum proteins may interfere with the sensor 
function, hence fluorophores with time-resolved fluorescence charac
teristics should be utilized [50]. 

2.3. Colorimetric-based CD44 biosensors 

Colorimetric-based biosensors have attracted numerous attentions 
for the detection of biomolecules owning to their output signal (color 
change) which can be easily visualized with naked eye [51,52]. Table 2 
shows some examples of CD44 colorimetric biosensing. 

A colorimetric sensing based on anti-CD44-exonv3 and anti-CD44- 
exonv6 antibody pairs was reported for the determining of serum 
CD44v3 with the LOD of 6.2 ng/mL and the LR of 125 ng/mL [53]. 
Another simple colorimetric procedure for the determination of HeLa 
and T98G glioma tumor cells was established based on a HA- 
functionalized nanozyme. The Fe3O4 NPs-immobilized mesoporous 

Fig. 4. A) Illustration of the nanosensor cellular internalization; B) The MRI and NIRF techniques based on HACE nanoprobe for the detection of CD44 expression 
SCC7 cells; C) The FA/CD44 based detection of cancer cell by with FA and HA ligands conjugated with carbon nanodots and PEI (FA-PEI-HA-CNDs). Reproduced from 
[47–49] with permission from the Elsevier. 
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silica microspheres (Fe3O4@SiO2 microspheres) were conjugated to HA 
via carbodiimide activation (HA@Fe3O4@SiO2 microspheres). This 
complex also acted as a peroxidase-mediated nanozyme, functioning via 
immobilized Fe3O4 NPs by converting the synthetic substance (3,3′,5,5′- 
tetramethylbenzidine, TMB) to a colored oxidized TMB as a basis of 
colorimetric assay. In the presence of CD44 expressing cells, the targeted 
complex was internalized into tumor cells and the peroxidase-like ac
tivity of nanozyme was declined which is related to the cell number. 
Thus, the proposed method determined the CD44-positive cancer cells 
by simply quantifying the visible absorbance of sample which can be an 
alternative for complex platforms [54]. 

In the presented CD44 commercial detection kits, ELISA test as a 
colorimetric assay is commonly used. However, limited researches have 
been done on colorimetric-based CD44 biosensors. Moreover, other 
biosensing methods showing similar performance with viable CD44 
detection kits, are in the nascent stage. The limitation of antibody-based 
assays, for instance high sample volumes, cost of equipment and anti
bodies, timely assay can limit their application [55,56]. AuNPs have 
potential as proper candidate for the design of colorimetric-based bio
sensors for CD44 assays due to their higher sensitivity than organic dyes 
[52]. It should be mentioned that when AuNPs-based sensors are 
employed to identify targets in complex specimens such as serum, a 
phenomenon known as “corona shield effect” commonly occurs. This 
problem can be solved by including PEG molecules into the construction 
of biosensors [57]. Considering the incorporation of an isothermal and 
portable strategy in its framework, colorimetric biosensors can be used 
in the creation of profitable detection systems [58]. Simultaneous target 
identification and signal amplification plus visual target sensing using 
AuNPs, and thermo-stability has led to the straightforward operation of 
this sensor. 

2.4. SPR/SERs-based CD44 biosensors 

Surface plasmon resonance (SPR) as a bioaffinity optical biosensors 
analyzes the binding of targets to its receptors on the sensor surface in a 
label-free manner [59]. The sensing principle of the SPR-based sensors 
includes the reflective index change when the mass of targets bound on 
the surface of the biosensor is detected by SPR via resonance angle 
change of the reflected light [60,61]. NPs improve the sensitivity and 
signal enhancement of SPR sensors through enhancement of the re
flected light index [59]. At present, various SPR-based biosensors are 
reaching a maturity level sufficient for the detection and determination 
of CD44 in clinical samples which are introduced in this section and 
summarized in Table 2. For the improvement of the SPR bioaffinity to 
targets, the sandwich-type SPR biosensors exhibiting excellent 

sensitivity and specificity, can be an ideal option which allows binding 
to different sites of the similar target via a pair of receptors [60,62]. 

A mix of AuNPs immunolabels with plasmon coupling microscopy 
(PCM) was employed to quantify the CD24/CD44 expression on breast 
cancer cells (MCF7 and SKBR3). The membrane distribution of CD24/ 
CD44 was visualized with colors scales from green to orange [63]. 
Antifouling surfaces minimizing the adsorption of nonspecific protein 
are important for the development of the desired SPR biosensors. In a 
study, the covalent bond of a carboxylated HA to Au electrode provided 
an antifouling SPR platform with low protein adsorption of 0.6–16.1 ng/ 
cm2 among nonspecific proteins (Fig. 5). This research provided a 
promising SPR biosensor for the specific monitoring of CD44 biomarker 
and CD44+ cancer cell in complex media due to the resistance of Au 
surface to nonspecific proteins adsorption [64]. 

Identification of rare cells of interest from a mixture of dissimilar 
cells shows the importance of the biomarker-based diagnosis of cancer 
cell. Rauta et al. reported a SPR platform to detect/isolate viable cells in 
human blood samples based on ligand-receptor chemistry using AuNPs 
coated with polyethylene glycol (PEG), conjugated with HA (Au-PEG- 
HA NPs) (Fig. 6A). In the presence of CD44, NPs were attached to cells 
generating a strong colorimetric change in the solution along with an 
additional shift of SPR peak from 521nm to 559nm. This AuNPs-based 
SPR nanosensor can support a point-of-care (POC) diagnostic devices 
[65]. 

Surface enhanced Raman spectroscopy (SERS) is a surface-sensitive 
technique in which inelastic light scattering from molecules in an elec
tromagnetic field, are adsorbed on the nanosized metallic surfaces 
allowing for direct identification of low levels of analytes with an 
excellent sensitivity/specificity [66–68]. SERS technique has a remark
able multiplexing ability owing to the ‘fingerprint’ Raman spectrum 
from each molecule [67]. Dinish et al. applied SERS NPs/nanotags 
consisting of Rh6G, malachite green isothiocyanate (MGITC), and Cy5, 
as an ultrasensitive nanoprobe for the simultaneous detection of bio
markers of breast cancer including epidermal growth factor receptor 
(EGFR), CD44 and TGFβ receptor type II (TGFBRII), respectively. The 
intra-tumoral injection of nanotags-conjugated specific antibodies 
exhibited distinct multiplex Raman peaks (1120 cm− 1 for TGFbRII, 
1175 cm− 1 for CD44 and 1650 cm− 1 for EGFR biomarker) and revealed 
maximum SERS signal after only 6 h. In future, the proposed SERS 
nanotags can help the simultaneous detection of biomarkers and can be 
used as a theranostic probe for monitoring of tumor progression and 
therapy [69]. 

Lee research group identified the CD44 and CD24 biomarkers of 
breast CSCs, especially CD44+/CD24− subpopulation by dual-mode- 
based localized-SPR (LSPR) biosensor. LSPR is produced from the 

Fig. 5. Schematic Illustration of SPR consisting of HA grafted onto the Au surfaces. Reproduced with permission from [64].  
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interaction of light with surface electrons of conductive NPs. In com
parison with SPR, the operation of LSPR platforms are simpler and more 
compact [70,71]. In this innovative study, a LSPR platform based on 
DNA-AuNPs probes was created to detect the CD24 and CD44 bio
markers. The DNA-AuNPs probes had two units including a) a pointer 
particle modified by anti-CD44 or anti-CD24 antibodies and single- 
strand DNA (ssDNA) and b) an enhancer particle consisting of Raman 
tags and complementary ssDNA (Fig. 6B). When pointer particles are 
attached to CD44/CD24, enhancer particles accumulated its surround
ing via DNA hybridization, which provided a detectable signal with SPR 
and SERS. The designed nanosensors can be well-controlled enabling the 
sensitive multiplex detection of cancer cell membrane biomarkers [72]. 
Yu and colleagues provided a spectral imaging system (PARISS) for the 
detection of CD24, CD44, and CD49f biomarkers attached to gold 
nanorods (AuNRs). AuNRs appeared as a light spot in dark field images 
helping the biomarkers detection [73]. Another AuNRs-based SERS 
biosensor was used for the detection of keratin 18, epithelial cell 
adhesion molecule (EpCAM), CD44, and insulin-like growth factor 1 
(IGF-1) receptor β, as breast cancer biomarkers in blood sample using 
silver (Ag)-coated form of AuNR (AuNR@Ag). For the identification of 
each biomarker, AuNR@Ag individually bound to a unique Raman tag 
and a specific antibody. In the CD44 approach, p-aminobenzoic acid 

(PATP) was used as Raman reporter molecule, which was coated with 
PEG and generated a SERS signal at 1372 cm− 1 (Fig. 6C). This SERS- 
based CTC (circulating tumor cell) detection can be considered as POC 
diagnostic system for on-site, simple, high specific and rapid detection of 
cancer [9]. 

Another multifunctional SERS nanotag was used to recognize co- 
expressed breast cancer biomarkers including CD44, ErbB2, and 
EpCAM. In this procedure, three PEGylated Au–Ag hollow nanospheres 
were labeled with distinct tags such as Rhodamine B isothiocyanate 
(RBITC), MGITC and 3,3-diethylthiadicarbocyanine iodide (DTDC) to 
increase the surface electromagnetic fields of Raman reporter molecules. 
The SERS mapping images revealed a red color with a peak at 1646 cm− 1 

in Raman signal spectrum for CD44. The assayed SERS nanotags can 
provide a high-resolution multiplexed live cell image and fast and ac
curate detection of breast cancer cells [74]. 

SPR-based approaches have been accompanied with some short
comings such as their affinity to non-target molecules with similar 
structure of target, insufficient resonance strength, and the background 
refractive index, limiting their use for the detection of CD44 in multiplex 
samples [71]. Therefore, upgrading of the sensitivity and specific 
binding of the SPR, SERS, and LSPR biosensors is an urgent requirement 
for the precise detection of CD44 from coexisting biomarkers in samples. 

Fig. 6. A) AuNPs-based colorimetric and SPR biosensing methods for the detection and isolation of CD44 positive cancer cells; B) The CSCs biomarker detection 
strategy based on ssDNA/AuNPs probes consisting of receptor pointer particle and SERS signal enhancer particle; C) SERS technique for cancer biomarkers detection 
based on Ag-coated AuNRs modified with unique Raman tag and non-overlapping peak of each SERS signal. Reproduced with permission from [9,65,72]. 
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3. Electrochemical-based CD44 biosensors 

An electrochemical biosensor is an amalgam of the bioreceptor and a 
transducer which measures and processes the signal (current) produced 
from a biochemical reaction in close proximity to the electrode surface 
[75]. NPs increase the output signals and the sensitivity of biosensors by 
adjusting the electrodes surface and speeding up the electron transfer 
through the electrode [76]. Amperometric, impedimetric, potentio
metric, and conductometric are known as kind of electrochemical bio
sensors [75,77]. These biosensors are remarkably used for the detection 
of cancer biomarkers because of their fast, robustness, easy miniaturi
zation, excellent sensitivity and selectivity properties [78,79]. This 
section highlights a series of sensitive and specific electrochemical 
platforms, which have been developed for the detection of CD44, alone 
or simultaneously (Table 3). 

Eissa et al. defined a label-free electrochemical immunosensor for 
liver CSCs based on CD90, CD44, OV-6 and CD133/2 biomarkers using 
their specific antibodies. To fabricate the platform, the biomarker- 
specific antibodies were covalently immobilized on Au electrodes via 
isothiocyanate linker. The CSCs binding on the sensor surface prevents 
the transfer of electron between [Fe(CN)6]3− /4− redox probe and the Au 
electrode, thus increasing the detectable charge transfer resistance (Rct) 
via electrochemical impedance spectroscopy (EIS). The developed 
immunosensor can specifically monitor CSCs with a wide LR from 1 ×
101 to 1× 106 cells mL− 1 with LOD of 1 cell mL− 1. This platform showed 
a simple, sensitive, and precise manner for liver CSCs detection, offering 
the opportunity for early diagnosis or screening patients with metastatic 
liver cancer [80,81]. An asymmetric multiplex ligation-dependent probe 
amplification (MLPA)-based electrochemical sensor was fabricated to 
detect CD24, CD44 and some other breast cancer biomarkers. In the 
MLPA reaction, one pair of primer can amplify the multiple targets. In 
this study, a standard printed circuit board (PCB) technique was used for 
the fabrication of Au-based microarray electrodes followed by immo
bilization of the synthetic MLPA probe as a unique barcode sequence, on 
each electrode, which is hybridized with ssMLPA amplicon. The formed 
DNA duplexes were hybridized with a DNA probe-conjugated HRP fol
lowed by the addition of a TMB substrate, which was sensed using 
electrochemical pulse amperometry. The PCB fabricated microarray- 
based electrochemical platform showed the low-cost, specific and 

simultaneous detection of biomarkers as well as enhanced performance 
of sensor, which was equal to planar photolithographically-fabricated 
Au electrodes. The LODs calculated for this sensor were 258 pM and 
161 pM for CD24 and CD44, respectively [43]. 

For the first time, a photoelectrochemical (PEC) platform was 
fabricated for the detection of CD44 in serum based on the antifouling 
effect of immobilized HA/PEG on the polydopamine (PDA)-coated TiO2 
substrate (Fig. 7A). The soluble CD44 was recognized with immobilized 
HA which decreased the TiO2 PEC signal with a wide LR from 5 to 5 ×
105 pg mL− 1 and a LOD of 0.44 pg mL− 1 of CD44. The development of a 
biosensor capable of detecting soluble CD44 can pave the way for the 
recognition and handling of malignant cancers [82]. In a report, Zhao 
et al. described multiple signal amplification strategy based on the self- 
assembled supramolecular diphenylalanine (FF)-AuNPs nanocomposites 
for the electrochemical detection of CD44 on breast CSCs. In this plat
form, an Au electrode was functionalized by trypsin-digestive CD44 
binding peptide (CD44BP). When CD44 was added to the system, 
CD44BP was protected from enzymatic degradation. The bound CD44 
was replaced with cucurbit[8]uril (CB [8]) followed by conjugation of 
FF-AuNPs (Fig. 7B). After Ag enhancement, EIS signal was obtained with 
a LOD of 2.17 pg mL− 1 for CD44 and 8 cells mL− 1 of CD44+ breast CSCs 
[83]. The amount of serum level of CD44 is linearly related with some of 
cancer-specific clinicopathological factors. 

A sandwich-type electrochemical cytosensor is designed to quantify 
the CD44-positive HeLa cells. Herein, the conjugated HA into multi- 
walled carbon nanotubes (MWCNTs)-modified indium tin oxide (ITO) 
electrode along with HA-modified fluorescent probe (named as BIO) 
were used to form an appropriate sandwich sensing platform (Fig. 8A). 
The 3D-MWCNT speeds up the electron transfer ratio and surface 
chemical reactivity. The signal amplification was measured by chro
nocoulometry (CC) differential pulse voltammetry (DPV). The attach
ment of CD44-positive HeLa cells to the HA@MWCNT/ITO decreased 
the CC and DPV response, whereas adding the BIO-labeled HA exhibited 
a maximum response with a LOD of 70 cell mL− 1 [84]. A label-free 
electrochemical sensor for CD44 was introduced based on assembled 
MWCNTs composites on the electrode surface to progress the conduc
tivity. HA was coupled to MWCNTs by using poly(dia
llyldimethylammonium chloride) (PDDA) (Fig. 8B). The CD44-positive 
cells were directly detected in human serum with a LR of 0.01–100 

Table 3 
Electrochemical biosensors for the detection of CD44.  

Approach Recognition 
unit 

Cell Sample LOD LR Ref. 

Label-free immunosensors based on antibody-immobilized 
on Au electrodes 

Antibody Liver CSCs Buffer 1 cell mL− 1 1 × 101 to 1× 106 cells mL− 1 [80,81] 

MLPA-based sensor by Au-based microarray electrodes MLPA probes Breast cancer Buffer 258 pM CD24 
161 pM CD44 

– [43] 

Diphenylalanine (FF)-AuNPs nanocomposites CD44BP Breast cancer Buffer 2.17 pg mL− 1 

CD44 
8 cells mL− 1 

0.01–100 ng mL− 1 [83] 

PEC biosensor based on Co-immobilized HA and PEG HA – Serum 0.44 pg mL− 1 

CD44 
0.005 to 500 ng mL− 1 [82] 

HA@MWCNT/ITO HA HeLa cells Buffer 70 cells mL− 1 2.1 × 102 to 2.1 × 107 cells 
mL− 1 

[84] 

ITO-MWCNTs-PDDA-HA sensor HA – Serum 5.94 pg mL− 1 0.01–100 ng mL− 1 [85]. 
Magnetic particles functionalized with antibodies Antibody Breast cancer Serum 105 exosomes 

μL− 1 
– [86] 

LbL assembled Fe3O4@SiO2@HA HA CD44 Serum ~0.6 ng mL− 1 1 ng mL− 1 to 10 μg mL− 1 [87] 
Label-free impedimetric based on HA and CHI LbL films HA Prostatic tumor 

cells 
PBS 50 cells μL− 1 50 to 600 cells μL− 1 [88] 

HA/L-Cys AZIS QDs/FePc-based PEC platform HA A549 cells Buffer/ 
Serum 

15 cells mL− 1 2 × 102 to 4.5 × 106 cells 
mL− 1 

[89] 

HA-TiO2/Ti3C2Tx/BiVO4 heterojunction based PEC 
biosensor 

HA CD44 Buffer 1.4 × 10− 2 pg 
mL− 1 

2.2 × 10− 4 ng mL− 1 to 3.2 
ng mL− 1 

[90] 

MNFs-bounded DBCO-AgNPs CD44BP Breast CSCs Buffer 6 cells mL− 1 10 to 5 × 105 cells mL− 1 [91] 
Bifunctional DBCO/QDs DNA probes-based biosensing Antibody Breast CSCs Serum 0.0792 ng mL− 1 0.1–1000 ng mL− 1 [92] 
HA-BSA-AuNPs nanocomposites label-free EIS sensor HA MDA-MB-231 Buffer 128 cells mL− 1 2 × 102 to 3 × 105 cells 

mL− 1 
[93]  
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ng mL− 1 and a LOD of 5.94 × 103 ng mL− 1 without requiring any la
beling for signal amplification. The sensor showed reproducibility, high 
selectivity, and long-time stability [85]. 

An amperometric immunomagnetic sensing platform was developed 
to identify the breast cancer-derived exosomes by magnetic NPs modi
fied with antibodies for exosome tetraspanins CD9, CD63 and CD81 and 
cancerous biomarkers CD24, CD44, CD340, CD54, and CD326. Exo
somes are nano-sized vesicles, may serve as possible analytical approach 
for the detection of biomarkers related to various illnesses as well as 
cancers. In the serum of breast cancer cases, 105 exosomes μL− 1 was 
detected via this procedure [86]. In other work, the layer-by-layer (LbL) 
assembled HA-functionalized magnetic particles (Fe3O4@SiO2@HA) 
was used for the isolation and detection of CD44 in serum by mass 
spectrometry and electrochemical biosensing. The electrochemical 
sensing by means of HA-modified electrodes verified the HA-CD44 
binding in buffer and serum samples with a LOD of ~0.6 ng mL− 1 and 
a LR from 1 ng mL− 1 to 10 μg mL− 1 [87]. A impedimetric label-free 
sensing platform, as a POC method, was employed to detect prostatic 
tumor cells based on interdigitated electrodes modified with HA and 
chitosan (CHI) LbL films (Fig. 9A). Despite the low selectivity of the 
multilayer films, EIS assay showed that this platform could detect 50 to 
600 prostate tumor cells μL− 1 due to the specific interaction of HA on the 
outer layer of HA/CHI/HA films with CD44+ cells, which was confirmed 
by the information visualization methods. Therefore, the processing of 

the CD44-HA interactions data by computational methods is useful for 
the analysis of LbL chip data and POC diagnosis of cancer [88]. 

In another research, L-cysteine-modified Ag–ZnIn2S4 QD (L-Cys AZIS 
QDs)-based PEC analytical platform was prepared to quantify CD44- 
positive cancer cell. To develop the PEC performance, iron phthalocy
anine (FePc) was mixed with L-Cys AZIS QDs to form a L-Cys AZIS QDs/ 
FePc amalgam with an efficient photoelectric conversion. The PEC re
sponses were obtained under the irradiation of near-infrared range 
(NIR) light. Cancer cells are immobilized onto HA/L-Cys AZIS QDs/FePc 
hybrid via HA-CD44 linkage, thus decreasing the photocurrent intensity 
(low PEC signal) (Fig. 9B). The PEC platform was capable of determining 
of 15 A549 cells mL− 1. This PEC method was also able to detect other 
cancer cells expressing CD44 [89]. Interfacial charge-carrier recombi
nation can restrict the efficiency of PEC biosensors in wearable clinical 
electronics. In a study, Soomro et al. proposed an approach based on 
photoactivity of BiVO4, and conductive 2D-Ti3C2Tx (titanium carbide/ 
MXene) nanosheets for PEC biosensing of CD44. In this platform, a PEC 
heterojunction (TiO2/MX-BiVO4) was made between in-situ formed 
TiO2-Ti3C2Tx and lysine-functionalized BiVO4 adsorbed on MXene 
nanosheets with minimal interfacial recombination and then function
alized with HA (HA-TiO2/MX-BiVO4) (Fig. 9C). The robust interaction of 
lysine-functionalized BiVO4 and HA exhibited the antifouling features 
for mimic proteins e.g. PSA and NSE. The CD44 binding to platform 
inhibited the signal of ascorbic acid as a redox mediator. The biosensor 

Fig. 7. A) A PEC-based biosensor for the determination of soluble CD44 using a co-immobilized HA as a detector unit and PEG as antifouling unit; B) An EIS method 
for CD44 detection based on FF-AuNPs nanocomposites and Ag enhancer. Reproduced with permission from [82,83]. 
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recognized CD44 with LR in the range of ng mL− 1 and a LOD of 1.4 ×
10− 2 pg mL− 1. The quantification of CD44 in real samples (blood/ 
serum) can justify this PEC biosensor as ideal candidate for clinical 
purposes [90]. 

An electrochemical biosensor was designed to identify CD44- 
expressed breast CSCs in complex sample using the multifunctional 
nanofibers (MNFs) consisting of Aβ peptide and CD44BP (Fig. 10A). 
MNFs are involved in specific targeting of CD44, recruiting dibenzocy
clooctyne (DBCO)-AgNPs as source of electrochemical response, and 
exhibiting the reaction sites to enhance the signals. The captured breast 
CSCs by AS1411 aptamer were detected by binding of CD44 to CD44BP 
unit of MNFs. Afterwards, the azide groups of MNFs contributed to the 
ligation of AgNPs as the signal labeling. Regarding the MNF-bounded 
DBCO-AgNPs signal, the platform selectivity detected minimum 6 cells 
mL− 1 [91]. Another DBCO-based study followed a similar method, was 

designed based on bifunctional DNA probes for the recognition of CD44. 
In this project, an immune-complex was formed by hybridization of 
capture probes (DNA-CD44 antibody) after binding of probes with CD44 
(Fig. 10B). The subsequent cyclic strand displacement reactions created 
the dual-labeled signaling probes with DBCO and CdTe-QD. These 
signaling probes play a role as bifunctional probes, not only specifically 
augmented on azide-coated MBs (azide@MBs) but also generated the 
electrochemical amplification of QDs. This approach provided a specific 
platform for the detection of serum-containing CD44 and CD44-positive 
breast cancer cells as well as for the monitoring of CD44 expression. In 
this assay, the LR of 0.1 to 10− 3 ng mL− 1 and LOD of 0.0792 ng mL− 1 

were obtained providing a robust instrument for the CD44 detection and 
offered a promising prospective for breast CSCs assessment in the future 
[92]. 

In 2021, a new label-free EIS sensor was constructed based on 

Fig. 8. A) The HA-MWCNT-based biosensing process for fluorometric and chronocoulometric assessment of CD44+ Hela cells; B) A label-free sensing process for 
recognition of CD44+ cells by ITO-MWCNTs-PDDA-HA sensor. Reproduced with permission from [84,85]. 
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conjugation of HA with bovine serum albumin (BSA)-modified AuNPs 
nanocomposites (HA-BSA-AuNPs) for the analysis of CD44 expression 
and cancer cell quantification. The CD44+ cancer cells were deposited 
on the HA-BSA-AuNPs-functionalized GCE electrode by HA, enhancing 
the electron-transfer resistance (Ret). On the basis of quantified Ret by 
the EIS, the cancer cell number and CD44 expression level were esti
mated. Under optimum conditions, the EIS response was observed from 
200 to 3.0 × 105 cells mL− 1 with a LOD of 128 MDA-MB-231 cells mL− 1. 
Besides, the high expression rate of CD44 was observed in the MDA-MB- 
231 cells in comparison with L02 and HCT116 cells. This showed that 
the MDA-MB-231 cells had a greater metastatic potential as CD44 plays 

a critical role in metastasis process [93]. 
As claimed in previous studies, the LOD in the range of ng mL− 1 

obtained by electrochemical CD44 nanosensors indicates similar results 
compared to the commercial CD44 kits, which employ ELISA method. It 
should be noticed that the detection of low levels of CD44 in laboratory 
can guaranty its detection in real samples thus highlights the prospects 
of cancer detection in the early stages when CD44 is present in trace 
amounts. 

Fig. 9. A) The comparison of CHI/HA functionalized multilayer chip with uncoated electrode as well as the curves of CHI/HA electrodes after interaction of HA and 
CD44-positve tumor cell in various concentrations; B) A L-Cys AZIS QDs/FePc-based PEC cytosensor for CD44 detection; C) A TiO2/MX-BiVO4 (TiO2/Ti3C2Tx/BiVO4 
heterojunction)-based PEC biosensor for CD44 detection. Reproduced with permission from [88–90]. 
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4. Piezoelectric-based CD44 biosensors 

Piezoelectric biosensors, for example, surface acoustic wave (SAW) 
sensors and quartz crystal microbalance (QCM) sensors as a mass-based 
devices are associated with the assessment of the mass variation on the 
surface of sensor, which leads to a shift in the resonance frequency (f) on 
a quartz. Structurally, in QCM, a quartz electrode is packed in the middle 
of metal (Al, Au, Ti, etc.) layers for electrical contact [94]. By attachment 
of analyte or any other mass on the surface of electrodes, an alternating 
electrical field is applied across the crystal resulting in change of oscil
lation frequency of the QCM device which can be detected by an accu
rate analyzer system [95]. The QCM-based bioassays have been 
commonly applied for various target detections including cancer and 
tumor marker detections [96]. The QCM sensor is best suited for 
biomarker detections (e.g. CD44) owing to portability, high sensitivity, 
short response time, ease of operation, low-cost, and real-time and label- 
free detection capabilities [97,98]. 

A QCM sensor was reported based on synthesized HA-modified 
magnetic NPs (HA-MNPs) for screening and detection of leukemia 
cells (CCRF-CEM). The cells were extracted from samples of human 

plasma based on particular binding of HA-CD44 with a LOD of 8 × 103 

cells mL− 1 [99]. Given the cellular communication upon mechanical 
stimuli, the single molecule devices were used to assay the mechanical 
forces arising from GAGs/protein bonds. Bano et al. developed QCM- 
based sensor, by combining of immobilized HA as a GAGs polymer on 
surfaces and CD44 at organized nanoscale system with single molecule 
force spectroscopy (SMFS) to study the interaction of HA/CD44, in 
vascular endothelium. Single HA-CD44 bond with low binding affinity 
showed high strength to rupture force in contrary to multiple bonds with 
low tensile resistance. It is also demonstrated that the strong non- 
covalent bonds, which are useful for HA immobilization, are consid
ered as molecular anchors in SMFS [100]. 

Yang et al. defined a QCM-based sensing device for the investigation 
of metastatic potential of MDA-MB-231 (M-231) and MCF-7, as breast 
cancer lines by using HA, polydopamine and PEI composite film (HA/ 
PEI/PDA), capturing CD44-positive cancer cells via HA-CD44 binding 
(Fig. 11A). The LOD for MDA-MB-231 and MCF-7 cells was obtained to 
be 300 and 103 cells mL− 1, respectively. The CD44 expression level on 
MB-231 cells was as twice as that of MCF-7 cells, representing its higher 
metastatic potential. Moreover, the metastatic potential of cells was 

Fig. 10. A) The multifunctional nanofiber-based electrochemical detection of breast CSCs; B) Bifunctional DBCO/QDs DNA probes-based biosensing for identifi
cation of breast CSCs biomarker CD44. Reprinted with permission from [91,92]. 
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assayed based on the rigidity of cancer cells by poly-L-lysine adjusted 
QCM sensor. The data revealed the high stiffness of MCF-7 in compari
son with M-231 cells, indicating higher metastasis potency of M-231 
cells [96]. A signal recovery-based QCM cytosensor was developed for 
the monitoring of multiple biomarkers including EGFR, FA receptors 
(FR), and CD44. In this study, the ligand-functionalized mass nanop
robes were obtained with conjugation of ligands (EGF, FA, and HA) with 

AuNPs (Fig. 11B). The elution of mass of nanoprobes linked to the sur
face of cell with glycine-HCl buffer, resulted in a fast recovery of reso
nance frequency. A LR of 3 × 104 to 106 cells and a LOD of 5 × 103 MDA- 
MB-231 cells were obtained by this method. Additionally, the sensor 
displayed three sensitive and recoverable frequency shifts, indicating 
the expression levels of EGFR, FR, and CD44 on cell membrane, 
demonstrating the mean of molecules of EGFR, FR, and CD44 per MDA- 

Fig. 11. A) The HA/PEI/PDA film-based QCM biosensor for assessing metastatic breast cancer cells; B) The simultaneous detection of FR, CD44 and EGFR by 
multianalyte QCM cytosensor using a signal recovery strategy. Reproduced with permission from [96,101]. 
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MB-231 cell were 1.4 × 105, 0.5 × 106, and 0.2 × 106, respectively. 
Compared with monolithic multichannel QCM, the single microbalance- 
based cytosensor for multi-analyte analysis, acoustic interference can be 
excluded and thus introducing a modern tool for early cancer detection 
[101]. 

Amorim et al. reported an advanced LbL film by using poly-L-lysine 
(PLL) as well as different size and/or crosslinked HA for investigating 
the specific HA-related interactions. In this study, the assembled HA and 
its interaction with CD44 was characterized by QCM with dissipation 
(QCM-D), atomic force microscopy (AFM) and SPR. The existence of 
CD44 led to the cleavage of the non-crosslinked multilayers, while cross- 
linked films remained stable [102]. Table 4 presents QCM-based CD44 
detection strategies. 

5. Miscellaneous biosensing methods for CD44 detection 

An AFM-based biosensor was designed based on HA-functionalized 
PEG-based hydrogel particles as soft colloidal probes (SCPs) for AFM 
to study the interaction between HA and CD44 (Fig. 12A). The selective 
binding of SCPs to CD44-positive cells was confirmed through AFM 
adhesion measurements [103]. Another SCP-AFM sensor was used to 
assay the effect of molecular weight (MW) of HA on the CD44-HA 
interaction (Fig. 12B). In this system, the 3D collagen (Coll I) matrices 
were modified with either low or high molecular weight HA (LMW-HA 
and HMW-HA) and then were exposed to CD44-positive and CD44- 
negative BRO melanoma cell lines. The cell adhesion measurements 
revealed the specific interaction of LMW-HA with CD44+ cells [104]. 

6. Aptasensor-based CD44 detection 

Aptamers are artificial single-stranded oligonucleotides selected 
from repeated cycles of an in vitro random sequences isolation called 
SELEX (Systematic Evolution of Ligands by Exponential Enrichment) 
suggesting as interesting alternatives to antibodies [105,106]. Aptamers 
offer special features for analytical aims e.g. cheap and fast production, 
vast specificity and sensitivity, target-based flexibility as well as stability 
in regards to unfolding, denaturation, and non-physiological situations 
[105,107]. In general, a conformational change in aptamers structure 
without need for extra labeling was observed when interacting with 
their targets [108]. Aptamers have recently successfully applied for the 
diagnosis of various biomarkers of cancer [109,110]. The isoforms of 
CD44, CD44s and CD44v, demonstrated different structures in cancer 
and normal cells (Fig. 1) [6]. CD44s consists of exon 1–5 (or S1-S5) and 
16–20 (S6-S10), while CD44v carries the exon v1–10 (Fig. 1) [12,111]. 
This phenomenon may be important in the design of CD44 aptamers 
(AptCD44) and related aptasensors to differentiate tumor from normal 
cells. On this note, some anti-CD44 aptamers have been isolated based 
on different isoforms structure of CD44 (Table 5). 

Ababneh et al. introduced an amended RNA aptamer, known as 
Apt1, against human CD44s isoform. In this study, a RNA aptamer was 

isolated by human recombinant full-length CD44 protein and 2¢-F-py
rimidine modified RNA library. The binding specificity of the selected 
RNA aptamer (2’-F-pyrimidine-containing Apt1) towards CD44- 
expressed cell lines including MCF7, MDA-MB-231, and T47D was 
confirmed by fluorescent microscopy and flow cytometry. It was also 
demonstrated that certain aptamers can be applied to target CD44- 
positive CSCs [112]. Two DNA aptamers developed against CD44v10 
named as Apt#4 and Apt#7 were able to prevent the breast cancer cell 
migration. Further assays confirmed that these aptamers inhibited the 
interaction between the exon with EphA2. EphA2 involved in promoting 
tumor invasion and metastasis [113]. 

Breast CSCs are considered as a challenge in anticancer therapies due 
to their role in drug resistant of mammary tumor. The cell-SELEX 
approach was carried out to isolate ssDNA oligonucleotides with high 
affinity and specificity towards mammosphere cells as enriched stem 
cells, using MCF-7 as a positive target cell and source of mammosphere 
cells. Normal breast epithelial, MCF-10A and non-stem like MCF-7sal 
cells (salinomycin-treated MCF-7 cells) were used as negative target 
cells. Herein, the MS03 aptamer with good affinity and specificity for 
mammosphere cells was isolated. Majority of MS03 aptamer-selected 
cells (63.3%) revealed the CD44+/CD24− /low phenotype. Therefore, 
the MS03 aptamer can be used as a breast CSCs biomarker similar to 
CD44/CD24. The MS03 aptamer may become a favorable molecular 
probe for breast cancer diagnosis and therapy due to its easy synthesis 
and non-immunogenic properties [114]. 

It is demonstrated that the HA binding domain (HABD) is highly 
conserved in different CD44v [116]. Thus a monothiophosphate- 
modified aptamer (thioaptamer, TA aptamer) with binding affinity in 
the range of 180–295 nM for HABD of CD44 was identified which was 
remarkably more potent that of HA. While the nominated thioaptamer 
interacted with CD44-positive human ovarian cancer cell lines (SKOV3, 
IGROV, and A2780) but it was not successful in binding to the CD44- 
negative NIH3T3 cell line. The site-specific thio substitution at the 
DNA phosphate backbone initiated a precise and high-affinity binding of 
thioaptamers to CD44. These aptamers can be regarded as imaging or 
targeting agents for cancer treatment [115]. Subramanian et al. used 
thioaptamer-based truncated CD44 aptamers named as TA1 and TA6 (24 
and 26 nucleotides) against CD44 as a CSCs marker in CD44-positive 
retinoblastoma (RB) primary cells and MCF7-sphere. Truncated CD44 
aptamer exhibited particular binding and higher affinity towards cancer 
cells [111]. In another research using in vitro selection, a DNA apta
sensor named as s5 (s5rev) was developed for recognizing a HABD of 
CD44 with nanomolar affinity and specificity which efficiently pre
vented the growth of CD44-overexpressed leukemic cancer cells. The 
selectivity of platform is verified by an irrelevant interaction with low 
CD44-expressing cells. The selected aptamers open pave the way to
wards developing new antitumor strategies based on inhibition of the 
CD44 [5]. 

Among the described aptamers for CD44, the modified TA aptamer 
introduced by Somasunderam research group [115] was chosen for 

Table 4 
QCM biosensors for CD44 detection.  

Strategy Recognition 
unit 

Target Sample LOD LR Ref 

HA-coated MNPs HA Leukemia cells Human 
plasma 

8 × 103 cells mL− 1 – [99] 

SMFS based on immobilized HA and CD44 HA Vascular 
endothelium 

Blood – – [100] 

PDA/PEI/HA film-based QCM biosensor HA Breast cancer Buffer M-231: 
300 cell mL− 1 

MCF-7: 103 cells 
mL− 1 

M-231:1 × 103 to 5 × 105 cells 
mL− 1 

MCF-7: 5 × 103 to 4 × 105 cells 
mL− 1 

[96] 

Multi-analyte QCM cytosensor using signal 
recovery strategy 

FA, HA, EGF Breast cancer Buffer 5 × 103 cells 3 × 104 to 
106 cells 

[101] 

LbL film by using PLL and different size of 
crosslinked HA 

HA CD44 Buffer – – [102]  
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designing aptasensors. In another work, tetramethyl-6-carboxy- 
rhodamine (TAMRA)-tagged CD44 aptamers were conjugated with 
GO/AuNPs (GO/AuNPs–TAMRA-Apt) which could specifically deter
mine 1 × 101 to 1 × 107 CFU/mL CD44-positive cancer cells with a LOD 

of 1 × 101 CFU/mL (Fig. 13A). After hybridization between aptamer and 
CD44, the fluorescence intensity of TAMRA was induced via FRET 
phenomenon [117]. In a new study, a facile, label-free EIS aptasensor 
was constructed for serum CD44 determination using a TA aptamer 

Fig. 12. A) The SCP-AFM technique for the assessment of HA/CD44 interaction with cells; B) The quantification of CD44-HA interaction via SCPs approach and 
typical force-deformation graph of LMW-HA modified SCPs on CD44− (black) and CD44+(blue) melanoma cells at 30 s. Reprinted with permission from [103,104]. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 5 
The presented aptamers for detection of CD44 isoforms.  

Selected aptamer Recognition 
motif 

Target Aptamer sequence (5′ to 3′) Ref 

Apt1 with 2’-F- 
pyrimidines 

RNA aptamer CD44-expressed breast 
cancer 

GGGAUGGAUCCAAGCUUACUGGCAUCUGG 
AUUUGCGCGUGCCAGAAUAAAGAGUAUAACGU 
GUGAAUGGGAAGCUUCGAUAGGAAUUCGG 

[112] 

Apt#4 and Apt#7 DNA aptamer CD44v10 Apt#4: GGGAGACAAGAATAAACGCAACTCCCAGCCCCT 
CACGTCAGCCCGCTTCGACAGGAGGCTCACAACAGGC 
Apt#7: GGGAGACAAGAATAAACGCAACCGCGAACCCCC 
CCCCTTAATGTCATTCGACAGGAGGCTCACAACAGGC 

[113] 

MS03 aptamer DNA aptamer Mammosphere cells GCATGGGGTTTCGGCGTTTCGT 
CTATCTTGTTTCTGTTAGCGTCT 

[114] 

Thioaptamers DNA aptamer CD44's HABD SH-GAGATTCATCACGCGCATAGTC 
CCAAGGCCTGCAAGGGAACCAAGGA 
CACAGCGACTATGCGATGATGTCTTC 

[115] 

Truncated aptamers TA1 
and TA6 

DNA aptamer CD44 TA1: CCAAGGCCTGCAAGGGAACCAAGG 
TA6: GGACGGTGTTAAACGAAAGGGGACGACC 

[111] 

s5 (s5rev) DNA aptamer HABD of CD44 ACCGGGCGTACACCGTCGCGGCACA 
TGTCTGAATGCGTTTAGTCTCTGTG 

[5]  
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(CD44 thioaptamer) which was immobilized on Au electrodes. When the 
target was presented, CD44 was conjugated to the immobilized aptamer 
resulting in the aptamer structure change, which facilitated the trans
mission of [Fe(CN)6]3− /4− through the electrode and the reduction of 
the impedance of aptasensor (Fig. 13B). The reduced degree of the 
impedance had a suitable LR for CD44 concentration in the range of 
0.1–1000 ng mL− 1 with a LOD of 0.087 ng mL− 1 [118]. 

There is much work to be done to declare the CD44 aptasensors as a 
valid approach for the POC diagnosis. The CD44 aptamers capable of 
identifying CD44 in real-case sample and modified against nuclease 
degradation can probably be nominated for in vivo study or preclinical 
trial phase. Moreover, the degradation, cross-reactivity, interaction with 
intracellular target, limited metabolism, and clearance of aptamers in 
biological conditions should be considered [119]. 

In the present review, we comprehensively discussed the details of a 
diverse structural design and the performance of existing optical, elec
trochemical, and QCM-based CD44 biosensors. Tables 1-4 reports a 
comparison between the methodologies and applications of these bio
sensing platforms for CD44 detection. The discrepancies in the meth
odologies might be attributed to a variety of factors that influenced the 
applicability of the biosensors. The nature of sample (buffer/serum), the 
recognition motif, framework arrangement, and measurement tech
niques are among factors to be considered. Individually tweaking these 
parameters or employing nanomaterials may be able to ameliorate the 
function of these biosensing scaffolds. Table 6 shows the common ad
vantages and disadvantages of CD44 biosensors approaches. 

7. Conclusions and future perspectives 

Currently, biosensors have become the interesting choice for an ac
curate, rapid and single or simultaneous recognition of a wide range of 
cancer biomarkers like CD44 due to their unique features, including 
high specificity, sensitivity, and stability under different conditions. 
Another aspect of biosensor-based methods is their optimization from 
design to application. The improvement of the specificity of the HA and 
AptCD44 to CD44 along with the modification of the sensor surface by 
multiple recognition elements can overcome the simultaneous detection 
concern in real samples. The evidence suggests that employing 
biomarker panels with “high predictive value” can increase the accuracy 
of cancer diagnosis using a biosensing design. As a suggestion, survivin 
(Sur) and Sur mRNA, both of which are identified in all cancer cells, can 
be combined with CD44 in a single platform to enhance reliability of 

diagnosis [125,126]. 
Over recent years, the incorporation of NPs with biosensing plat

forms as nanobiosensors, has received considerable attention for 
enhancement of the sensitivity and specificity of biosensors. NPs have 
large surface/volume ratio improving the efficiency of target in
teractions, thus nano-biosensors showed low detection limit, which 
would promise for a new era for accurate diagnosis of different cancers. 
However, another challenge for NPs is related to their bio-safety and 
protein corona under in vivo conditions, which can affect outcome of 
CD44-biosensing nanosensors. Most CD44 biosensors reported in pre
vious studies, have been employed in vitro while only few studies have 
been performed for in vivo imaging of cancer cells based on CD44 as 
targeting agents. In one such a work, HA-modified magnetic 

Fig. 13. A) Schematic representation of GO/AuNPs sensing-based CD44-positive cancer cell detection; B) An electrochemical impedance aptasensor for CD44 
detection. Reproduced with permission from [117,118]. 

Table 6 
Advantages and disadvantages of optical, electrochemical, and QCM-based 
biosensors used for the CD44 detection.  

Platform Advantages Limitations Ref. 

Optical biosensor Real-time biosensing 
and quantitative 
measurements 
Straightforward and 
label-free recognition 
No demand for 
amplification and 
sophisticated apparatus 
Naked-eye readout in 
colorimetric-based 
assays 
Numerous promising 
utilization for 
colorimetric-based 
assays in portable 
devices 

High production 
costs 
Low transferability 
for fluorescence- 
based sensing 
platforms 
No progress in 
clinical use 
Time-intensive 
assembly 

[17,120] 

Electrochemical 
biosensor 

Quantitative 
Utilizable 
Not requiring high 
sample/reagent volume 

Not validated for 
clinical application 
Electrolyte-derived 
false positive data 

[120–122] 

Piezoelectric- 
based biosensor 

Wide frequency 
bandwidth 
High signal-to-noise 
ratio 
Reliable operation 
Constant sensitivity in a 
wide temperature range 

Some piezoelectric 
materials need 
moisture proof 
measures 
Poor output of DC 
response 

[123,124]  
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nanoclusters (HA-MNCs) could detect the CD44-positive breast cancer 
cells in tumorized mice model using MRI [127]. 

To date, there has been no report on clinical application of CD44 
biosensors. Given the progress of on-chip and microfluidic-based devices 
in clinical diagnostics, the-miniaturized nanosensors can be designed 
and developed as new versatile advanced sensing platforms for the 
future biomarker-based cancer diagnosis and therapy. 

Abbreviations 

AuNPs gold nanoparticles 
AFM atomic force microscopy 
ALDH1 aldehyde dehydrogenase 1 
AgNPs silver nanoparticles 
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AOTF acousto-optic tunable filter 
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CSCs cancer stem cells 
CCP cationic conjugated polymer 
CD44 Cluster of differentiation 44 
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CD44BP CD44 binding peptide 
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DTDC 3,3-diethylthiadicarbocyanine iodide 
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FRET Förster resonance energy transfer 
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GAGs glycosaminoglycans 
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MRI magnetic resonance imaging 
MLPA multiplex ligation-dependent probe amplification 
NMs Nanomaterials 
NIRF near-infrared fluorescence 
NSOM near-field optical microscopy 
NIR near-infrared range 
NPs nanoparticles 
PDPP polyvalent-directed peptide polymer 
PATP p-aminobenzoic acid 
PEI polyethylenimine 

PEC photoelectrochemical 
PCM plasmon coupling microscopy 
PEG polyethylene glycol 
POC point-of-care 
PDDA poly(diallyldimethylammonium chloride) 
QCM quartz crystal microbalance 
QD quantum dot 
RB retinoblastoma 
RBITC Rhodamine B isothiocyanate 
RHAMM receptor for HA-mediated motility 
Rct charge transfer resistance 
SAW surface acoustic wave 
SCPs soft colloidal probes 
S/N signal-to-noise 
SELEX Systematic Evolution of Ligands by Exponential Enrichment 
SERS Surface enhanced Raman spectroscopy 
CTC Circulating tumor cell 
TAMRA tetramethyl-6-carboxy-rhodamine 
TMB tetramethylbenzidine 
TGFBRII TGFβ receptor type II 
TCPS tissue culture polystyrene 
UCNPs Upconversion nanoparticles 
ZnCQDs zinc-coadsorbed carbon-QD 
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