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A B S T R A C T   

Osteoporosis (OP) is a bone disease involved in dysregulation of one of the bone metabolism arms, formation, or 
desorption cause a porous bone. Osteocalcin (OC) and beta-crosslap (BC), are the well-known markers for OP, 
which are connected to bone formation and desorption, respectively. In addition to the OP biomarker, BC is also 
used as an estrogen replacement therapeutic monitoring. ELISA and other antibody-based detection methods are 
routinely used for measuring OC and BC. These methods have limitations that include thermostability, sensi
tivity, sacrificing animals, and cost of production. However, aptamer-based-assays are of interest to overcome 
these drawbacks and achieve the most specific and robust application. Herein, specific aptamers for OC and BC 
were selected by the systematic evolution of ligands by exponential enrichment (SELEX) method from the pool of 
ssDNA library with 60 random sequences. The binding affinity (Kd) of the selected aptamers were evaluated 
against the respective biomarkers. The high-affinity aptamers of OC and BC showed the Kd values of 59 and 55 
nM respectively. A graphene oxide-based aptasensors were fabricated from the high-affinity aptamers, and the 
detection limits of OC and BC were found to be 0.4 pg/ml and 0.21 pg/ml, respectively. These aptasensors have 
been tested with OC and BC spiked buffer samples and validated using serum samples collected from osteoporotic 
rats.   

1. Introduction 

Osteoporosis (OP) is a progressive metabolic and skeletal disease, 
portrayed by a decrease in bone mass, bone mineral density (BMD), and 
deterioration in the microarchitecture of bone tissue, which leads to an 
increase in the susceptibility to bone fracture and fragility [1]. OP is a 
prevalent health issue, primarily for the aging population. Every year, 
about 54 million women and men are diagnosed with OP worldwide, 
two million of whom develop osteoporosis-related fractures [2]. The 
three most essential fragility fractures associated with OP are hip, spine, 
and wrist [3]. Moreover, 10–20% of hip fractures lead to death during 
the first year of incidence [4]. The prevalence of OP among the Saudi 
population range from 35 to 48% [5]. The economic cost regarding OP 
management and its related fractures is $12.78 million annually in Saudi 
Arabia [6]. Dual Energy Absorptiometry (DXA) has become a gold 
standard tool for measuring BMD and confirm the diagnosis for OP using 

a t-score. Based on DXA, patients with t-score ≤ 2.5 and 2.5 - 1 are 
diagnosed with OP and osteopenia (ON), respectively [7]. Several risk 
factors play a critical role in OP development, including genetics and 
age. Bone turnover markers change with aging fracture history [2,8]. 
Chronic disease conditions, such as diabetes, possess low BMD and high 
risk of fragility fracture [9]. However, moderate physical activity has an 
enhancement effect on bone density [10]. Body mass index (BMI) is 
considered as a complicated factor, where low BMI counts as a risk 
factor for hip fractures and a protective factor for lower leg fractures 
[11]. Various drugs decrease the risk of bone fractures, including es
trogen replacement therapy, selective estrogen receptor modulators 
(SERM), and calcitonin [12]. Calcium, vitamin D and vitamin K2 sup
plementation have been found to influence bone formation [13]. How
ever, several medications have been reported to decrease BMD and 
elevate fracture incidence such as glucocorticoids that stimulate bone 
resorption and decrease bone formation [14]. 
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Osteocalcin (OC) is a 49 amino acid long protein, secreted by oste
oblasts and considered one of the abundant non-collagenous proteins, 
also known as Gla protein. Osteocalcin (OC) is known as a bone for
mation biomarker that has a role in bone mineralization due to its ability 
to bind with calcium and helps in the differentiation of osteoblast. 
Changes in OC serum level indicate a bone turnover, where the level 
reduction in serum indicates a loss in bone formation [15]. Alkaline 
phosphatase (ALP) is another bone remodeling biomarker that is 
considered a non-specific biomarker for the bone disorder because, 
different isoforms are produced by various tissues [16]. A reduction in 
ALP is found when bone formation is reduced by inhibiting the activity 
of osteoblast [17], while a high level of ALP indicates an enhancement in 
bone resorption [18]. ß-Carboxy-Terminal Cross-Linking Telopeptide of 
Type I Collagen; (ß-CrossLaps, ß-CTX) is a specific bone resorption 
biomarker that is released to circulation during the degradation of 
collagen type-1 in bone [19]. An elevation in β-crosslaps serum level 
indicates bone resorption enhancement. 

OC analysis in biological fluids is very challenging, mainly in mass 
spectrometry due to the multiple carboxylations at glutamic residues 
[20]. The glutamic residues usually bind to metal ions, which reduces 
the ionization using electron spray ionization (ESI). Immunological 
methods are the most available and useful techniques for measuring the 
OC in the biological matrices. Recently, a porous silicon competitive 
ELISA was developed with a significant improvement in detection [21] 
compared to previous methods [22]. 

The beta-crosslap level in serum is mainly measured as a C-terminal 
telopeptide of type I collagen, which is the most reliable serum marker 
for bone resorption and estrogen replacement therapeutic monitoring. 
Mainly, beta-crosslaps is analyzed using an immunoreactivity-based 
technique such as Electrochemiluminescence Immunoassay [23], 
ELISA [24,25]. These immunoassays have drawbacks associated with 
the antibody. Its cross-reactivity, sensitivity to the matrix, and sample 
interference are the major considerations that affect the analyte signal in 
these assays. 

Aptamers are single-strand DNA or RNA which can fold into unique 
complexed three-dimensional structures and bind to the target analytes 
with high specificities and affinities [26–31]. The specific aptamers are 
usually selected from a library of 1012-1015 oligonucleotide sequences 
through a SELEX process (Systematic Evolution of Ligands by Expo
nential Enrichment). The running cost, easy to produce, chemically 
stable, size and flexibility to be chemically modified makes these apta
sensors are an ideal tool to be translated to clinical laboratories. The 
aptamer can bind to its target with high selectivity, affinity, and speci
ficity. The specific aptamers have been proven to bind with high affinity 
to small molecules [26,27,32–34]. Therefore, they are considered as a 
valid alternative to antibodies for biosensors development. The number 
of nucleotides in the aptamer varies between 40 and 100, which form 
suitable unique secondary or tertiary structures and bind to their target 
with high-affinity stable complex. 

Herein, we introduce a biosensor-based method that measures the 
levels of OC and BC in rat serum using specific aptamers. Specific 
aptamers against BC and OC were obtained after twelve rounds of se
lection, and the dissociation constants of each analyte show in sub- 
nanomolar levels. Aptamer based biosensors for these two analytes 
have been developed by fluorescence ON/OFF switching mechanism 
(Scheme 1). These methods were validated by spiking the analytes in the 
buffer, and the percentage recovery was very close with the spiked 
amount. Finally, we estimate the amount of BC and OC in known serum 
samples. As this is very simple and fast, we believe that these sensors 
might be applied for the analysis of clinical samples. 

2. Experimental 

2.1. Materials and reagents 

The target analyte, Rat osteocalcin (OC) was obtained from 

Elabscience (Houston, TX USA; www.elabscience.com). Rat beta- 
Crosslaps was supplied by Abbexa Ltd (Cambridge, UK; https://www. 
abbexa.com/). N-hydroxysuccinimide (NHS) activated sepharose-4B 
was purchased from GE Healthcare (Milwaukee, WI, USA; 
https://www.gelifesciences.com). PBS buffer tablets, sodium chloride 
(NaCl), magnesium chloride (MgCl2), phosphate-buffered saline pH 7.4 
(PBS), tris(hydroxymethyl)aminomethane (tris-base), boric acid, ethyl
enediaminetetraacetic acid (EDTA) disodium dehydrate, acrylamide/ 
bisacrylamide (30% solution), tetramethylethylenediamine (TEMED), 
urea, ammonium persulfate (APS), sodium acetate, sodium bicarbonate, 
sodium azide, hydrochloric acid, bovine serum albumin (BSA), sodium 
carbonate anhydrous, sodium bicarbonate, dipotassium hydrogen 
orthophosphate, potassium dihydrogen orthophosphate ethanol and N, 
N-dimethyl formamide (DMF) were all purchased from Sigma-Aldrich 
(St Louis, MO, USA; https://www.sigmaaldrich.com/united-states.htm 
l). Taq buffer, dNTPs, Taq plus polymerase for PCR amplification and 
100-base pair ladder were purchased from ACE Biotech (Riyadh, Saudi 
Arabia). Bromo-4-chloro(3-indolyl-b-D-galactopyranoside, X-Gal was 
purchased from Bio Basic Inc.(Toronto, ON, Canada; https://www.biob 
asic.com/). Ampicillin lyophilized powder was purchased from Bio-Rad 
(Hercules California, USA). The bacteria culture plates were supplied by 
Saudi Prepared Media Laboratory Company (Riyadh, Saudi Arabia; http 
://www.spml.com.sa/). For carrying out agarose gel electrophoresis, 
50X TAE buffer and agarose powder were procured from Bio-Rad 
(Hercules, California, United States). Spin-X cellulose acetate centri
fuge filter tubes with a pore size of 45 μm were obtained from Corning 
life sciences (Tewksbury, MA USA; http://www.corning.com). Amicon 
Ultra Centrifugal Filter (0.5 ml) was obtained from EMD Millipore 
(Sigma MA USA; https://www.merckmillipore.com). HPLC purified 
labeled, and unlabeled oligonucleotides and random DNA libraries were 
purchased from Metabion International (Planegg, Germany; http 
://www.metabion.com). E-coli competent cells and the TOPO TA clon
ing kit containing the pCR2.1-TOPO vector were bought from Invitrogen 
Inc. (New York, NY, USA). 

For the washing step during the aptamer selection as well as the 
detection experiments, the binding buffer used was prepared as 2 mM 
MgCl2, 50 mM Tris (pH 7.5) and 150 mM NaCl in distilled water. For 
eluting the aptamer sequences bound to the target, elution buffer was 
used, which is 7 M urea in binding buffer. Tris-EDTA (TE) buffer that 
was used to elute the ssDNA from the denaturating gel was prepared by 
mixing 1 mM EDTA and 10 mM Tris (pH 7.4) in distilled water. 0.2 M 
NaHCO3 (pH 8.3) was used as the coupling buffer for the conjugation of 
OC and BC with the NHS-activated sepharose beads. 50 mM Tris, pH 8.0, 
0.5 M NaCl, and 50 mM sodium acetate pH 4.0, 0.5 M NaCl were used for 
washing the OC and BC conjugated beads. 

2.2. Instrumentation 

NanoDrop 2000(Thermo Scientific, Ottawa, Canada)UV–Vis spectro
photometer was used to determine the concentration of the DNA and 

Scheme 1. Schematic diagram of graphene oxide aptasensor working principle 
using BC and OC specific aptamers. 
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protein. Fluorescence analysis for the fluorescein-labeled aptamers was 
achieved by using Nanodrop ND3300 fluorospectrometer (Thermo Sci
entific, Ottawa, Canada). The samples were excited by the light-emitting 
diodes (LEDs), λ excitation = 470 ± 10 nm, and the emission was 
monitored at 515 nm. Experiments were performed in triplicate unless 
otherwise mentioned. All the measurements were recorded in binding 
buffer (pH, 7.4) at room temperature. The fluorescence spectra are the 
average of two measurements. The polymerase chain reaction (PCR) was 
performed in the Bio-Rad T100 Thermal cycler (Hercules, California, 
USA). 

2.3. Preparation of osteocalcin and beta-crosslaps conjugated sepharose 
beads 

Rat osteocalcin (OC) and Rat beta-Crosslaps(BC) were immobilized 
with carboxylic acid-functionalized sepharose beads activated with N- 
Hydroxysuccinimide (NHS) for effective coupling with the free amine 
group in the OC and BC proteins. The sepharose beads were washed with 
10–15 vol of 1 mM HCl using Spin-X cellulose acetate centrifuge filter 
tubes with a pore size of 0.45 μm. The washed beads obtained after 
centrifugation for 5 min at 600 rpm was treated with target molecules. 
100 μg of BC or OC was added to the slurry of the washed sepharose- 
beads and mixed by the end over end for overnight at 4 ◦C in coupling 
buffer (200 mM sodium bicarbonate, pH = 8.3). After conjugation is 
complete, the filter tubes were centrifuged to remove the liquid and the 
beads were washed several times with a coupling buffer to remove the 
unreacted OC or BC. The un-reacted active groups in the beads were 
quenched by the primary amine of 100 mM Tris buffer (pH = 8.0) for 1 
h. The blocked beads were washed six times with 100 mM Tris, 0.5 M 
NaCl pH = 8.0 and 100 mM sodium acetate, 0.5 M NaCl, pH = 4.0-4.5 
alternatively. The washed beads were stored in 10 mM Tris, pH = 7.5, 
containing 0.02% sodium azide at 4 ◦C until further use. The same 
protocol was followed to prepare the blank beads, here Tris-HCl was 
conjugated with the beads instead of target molecules. 

2.4. Library and primer construction 

An artificially synthesized random single-strand DNA library (3 
nmol ~ 2 × 1015 sequences) was used for the systematic evolution of 
ligands by exponential enrichment (SELEX) experiments. The poly
acrylamide gel electrophoresis (PAGE) purified library consists of a 
central random region of 60 nucleotides with two fixed regions of 18 
nucleotides-sequences at the 3′ and 5′ends. These regions are the primer 
binding sites for the amplification of the DNA sequences by polymerase 
chain reaction (PCR). The full-length library is (5′- ATACCAGCTTATT
CAATT - N60 -AGATAGTAAGTGCAATCT-3′, 96-mer). To separate the 
double strand of the PCR product into two single strands, we design a 
fluorescein-labeled forward primer and a reverse primer, which consists 
of 18-atom hexa-ethyleneglycol spacer (to block the PCR amplification) 
followed by 20 A at the end to have a large size of the reverse primer 
extended DNA strand. The forward primer is: 5′-fluorescein-ATAC
CAGCTTATTCAATT-3′ and the reverse primer is: 5′-poly dA20-HEGL- 
AGATTGCACTTACTATCT-3′. The two primer strands with different 
sizes were separated by denatured polyacrylamide gel electrophoresis. 
After the completion of SELEX rounds, unlabeled primers were used for 
PCR amplification before cloning. 

In the first round of aptamer selection processes, 3 nmol of ss DNA 
pool in binding buffer was denatured at 95 ◦C for 5 min, then immedi
ately cooled for 10 min at 4 ◦C then incubated at room temperature for 
10 min to have maximum complex folded ssDNA. The OC and BC 
protein-coupled beads incubated with the pretreated DNA library at 
room temperature for 2 h in Spin-X cellulose acetate centrifuge filter 
tubes. The unbound ssDNA was removed by washing the beads with 300 
μl aliquots of the binding buffer until there is no DNA. The bound DNA 
was eluted by the addition of 200 μl of hot elution buffer followed by 
heating at 90 ◦C for 5 min followed by centrifugation. The bound 

oligonucleotide was collected and desalted using an ultrafiltration de
vice (Amicon Ultra Centrifugal filter, 3 KDa cut-off filters) by repeated 
washing with distilled water to remove urea. To follow the target bound 
ssDNA recovery from each round, the fluorescence of the eluted oligo
nucleotide was measured from the second round onwards. After seven 
SELEX rounds, negative/counter selection was carried out by using 
blank beads in which the NHS activated beads were conjugated with 
Tris-HCl instead of target molecules. The aptamers pool from the pre
vious round (round 7) was incubated with the blank beads for 2 h. Then 
the ssDNA from the washes were collected, concentrated, pretreated 
(heat 95 ◦C, cool down 4 ◦C and RT) and then incubated with target 
conjugated sepharose beads (positive beads) and the normal selection 
was resumed. PCR amplification was performed for the selected ssDNA 
pool after each cycle in 23 parallel reaction tubes comprising of 50 μl 
reaction mixture. Each tube containing 200 μM dNTPs, 0.2 μM of for
ward and reverse primers, 2 mM MgCl2, 2 units of Taq polymerase and 
1x Taq buffer. The forward primer: (5′- ATACCAGCTTATTCAATT-3′) 
used is coupled with a fluorophore label, Flu (fluorescein), to perform 
fluorescence measurements after each round to compare the aptamer 
enrichments from each cycle. On the other hand, the reverse primer (5′- 
poly-dA20-HEGL-AGATTGCACTTACTATCT-3′) is coupled with a hexa
ethylene glycol linker extended with a poly-A20 chain. PCR conditions 
were as follows: 10 min at 94 ◦C, subsequently moving to 25 cycles of 
94 ◦C for 1 min, 47 ◦C for 1 min, 72 ◦C for 1 min, and a final extension 
step at 72 ◦C for 10 min. Ethanol precipitation was carried out to 
concentrate/reduce the volume of the PCR product. 0.1 volume of 3 M 
sodium acetate followed by 3 vol of chilled 100% ethanol were added to 
the PCR product and this mixture was thoroughly vortexed. Next, the 
sample was kept at − 80 ◦C for an hour and then centrifuged for 30 min 
at 13,000×g (4 ◦C). The pellet obtained after centrifugation was washed 
with 75% cold ethanol and dried at 90 ◦C for 3–5 min to eliminate any 
ethanol traces. The pellet was suspended in water and formamide so
lution (1:2 v/v) and then heated at 90 ◦C for 10 min. The concentrated 
PCR product was subjected to 12% denaturating polyacrylamide gel 
electrophoresis (PAGE) to separate the desired ssDNA aptamer from the 
dsDNA (PCR product). Due to the molecular mass differences in the two 
strands of the dsDNA, the fluorescein-labeled low mass ssDNA migrate 
faster than the higher mass ssDNA containing poly-dA20-HEGL. After 
completion of the electrophoresis, the fluorescent bands were cut out, 
crushed, and added to the TE buffer solution. The crushed gel and the TE 
buffer mixture was chilled for 30 min at − 80◦C and subsequently heated 
for 30 min at 90 ◦C. It was kept rotating overnight at 37 ◦C to elute the 
ssDNA from the gel. The eluted ssDNA from the TE buffer was concen
trated, desalted with water using an ultrafiltration device, quantified by 
UV, and then used as ssDNA pool for the next round of selection. 

2.5. Cloning and sequencing 

The fluorescence intensity values indicate that the aptamer’s re
covery begins to plateau after12 rounds of SELEX. The target bound 
ssDNA eluted from the last round was PCR amplified using unmodified 
forward and reverse primers. The double-stranded PCR product was 
ligated with the pCR2.1-TOPO vector using the TOPO TA kit according 
to the manufacturer’s protocol. The ligated circular product was trans
formed into E. coli DH5α competent cells by heat shock at 42 ◦C and cool 
down to ice temperature. The heat-treated E. coli cells were transformed 
to the pre-warmed Super Optimal broth with Catabolite repression(SOC) 
medium and incubated with shaking for an hour at 37 ◦C. Variable 
concentrations of the cells were spread on the Lauria Broth (LB) agar 
plate containing ampicillin and X-Gal. White and blue colonies were 
developed after overnight incubation at 37 ◦C. The positive white col
onies were picked and the ssDNA aptamer inserts were amplified by 
colony PCR using M13 forward and reverse primers. The insertion of the 
aptamers sequences was confirmed by the presence of 300 bp using 2% 
agarose gel electrophoresis. The colony PCR product was sequenced and 
aligned by using PRALINE program. 

R. Chinnappan et al.                                                                                                                                                                                                                           



Talanta xxx (xxxx) xxx

4

2.6. Determination of dissociation constant of BC and OC aptamers 

The selected aptamer sequences were chemically synthesized with 
fluorescein label for the determination of affinity constant (Kd). The 
affinity of each aptamer was determined by binding assays. In brief, 
different concentrations of the labeled aptamers in the binding buffer 
were heated to 90 ◦C for 10 min, 4 ◦C for 10 min and then 25 ◦C for 5 
min. Each heat-treated aptamers were incubated with a constant volume 
of BC or OC conjugated sepharose beads for 1 h. Next, the beads were 
washed with binding buffer until there was no fluorescence from the 
washing. The target bound DNA aptamers were eluted using elution 
buffer. The amount of DNA recovered from the elution was reflected in 
the fluorescence intensity. The ssDNA input concentration was plotted 
against the fluorescence intensity. Saturation curves were obtained for 
each aptamer sequence, as shown in the (Fig. 2A and B). The dissociation 
constants were calculated by fitting the curve with nonlinear regression 
analysis using Prism software. 

2.7. Graphene oxide-based fluorescence assay for OC and BC detection 

Graphene oxide (GO) is used as a sensing platform for the detection 
of BC and OC by fluorescence assay. The amount of labeled aptamer used 
in this study was optimized based on the measurable fluorescence sig
nals with a significant signal to noise ratio in the presence of GO. The 
optimal GO to aptamer ratio was optimized by titrating the different 
concentration GO (rage of 0–50 μg/m) with a fixed concentration of the 
labeled aptamer. From the fluorescence intensity, the concentration of 
the aptamer was optimized to 25 nM. After the addition of GO to the 25 
nM of fluorescent aptamer, the solution was incubated for about 30 min 
for the maximum adsorption of the DNA aptamer on the graphene oxide 
sheet surface. The dynamic range of 0–150 pg/ml of the OC or BC was 
incubated with the GO-aptamer mixture (15 μg/ml-25 nM) for about 
30–35 min in binding buffer. The fluorescence of each sample was 
measured with the excitation and emission wavelengths of 470 ± 10 nm 
and 515 nm, respectively. The fluorescence intensities of each sample 
were plotted against the corresponding concentrations of the BC or OC 
used. 

2.8. Cross-reactivity and real sample analysis 

The GO-based aptamer sensor was incubated with specific concen
trations of different kinds of non-specific proteins such as bovine serum 
albumin (BSA) and Tropomyosin(TPM). After 30 min of incubation, the 
fluorescence was measured for each sample to find the cross-reacting 
protein with the sensors. For the BC aptasensor, OC was used as one 
of the non-specific protein and vice versa. To validate the sensors, we 
spiked the known concentrations of BC and OC in PBS buffer and 
incubated with the respective sensors for an hour. The changes in the 
fluorescence signals were used to calculate the percentage of recovery 
from the standard plot. The serum samples from the healthy and oste
oporotic rats were diluted 100 times in binding buffer and mixed with 
the sensor. After 30 min of incubation, the fluorescence of each sample 
was measured. The osteoporosis rat model was developed after long- 
term treatment with a glucocorticoid drug (Dexamethasone) as re
ported in another study [35]. The animal study was carried out ac
cording to a protocol approved by the animal care and use committee 
(ACUC) at KFSHRC (RAC# 2150016). 

3. Results and discussion 

3.1. Immobilization of BC and OC on the sepharose beads surface 

OC and BC are an essential bone formation biomarkers for bone 
formation and resorption used mainly for osteoporosis therapeutic 
monitoring and diagnosis. Developing biosensors for detecting BC and 
OC is very crucial, where we selected the specific aptamers for these 

target molecules. In the SELEX processes, the target molecules were 
immobilized using solid support to be used for the separation of bound 
and free ssDNA. Carboxylic acid-functionalized sepharose beads were 
activated with N- Hydroxysuccnimide (NHS), which can react with a 
free amine group in the target molecules in an aqueous medium without 
affecting any other functional groups [26]. The target molecules, BC and 
OC proteins, have free amine groups that can react with NHS activated 
sepharose beads and covalently linked in the presence of amine-free 
buffer (bicarbonate pH = 8.3) at the slightly basic condition. The reac
tion was carried out at 4 ◦C to maintain the functional properties of the 
target molecules. The non-reacted active sites with the NHS group were 
blocked with Tris-HCl to avoid any non-specific adsorption of ssDNA 
molecules during the SELEX process. 

3.2. Selection of specific aptamers for BC and OC 

The in vitro selection of a specific aptamer is mainly achieved in 
multiple steps, as shown in the Scheme- S1. In the first step, a pool of 
ssDNA library with 2 × 1015 sequences, consist of 60 random nucleo
tides and 18 fixed primer binding sites in both 3′ and 5’ ends, was 
incubated with target molecules conjugated to the beads (positive 
conjugation). The second step is the unbound ssDNA removal by 
washing the beads with an excess amount of binding buffer. In the third 
step, the high-affinity target-ssDNA complex was eluted using the 
elution buffer, desalted, and DNA amplification of bound DNA using 
PCR (Scheme- S1). The last step is the separation of the complementary 
aptamer ssDNA strand and PAGE purification of ssDNA. After seven 
cycles of SELEX, blank beads were incubated with a pool of ssDNA to 
remove the non-specific ssDNA, which binds to the sepharose beads, the 
spacer between the beads and the target molecules [33]. 

Fluorescein-labeled forward primer was used in the PCR amplifica
tion, which will be the ssDNA aptamer after PCR amplification, followed 
by strand separation and purification. The enrichment in the target 
bound ssDNA sequences was monitored by increasing the fluorescence 
signal from each round. In general, there may not be a significant 
fluorescence signal for the first few rounds. Therefore, we did not 
measure the fluorescence for the first four rounds of SELEX. We followed 
the ssDNS recovery and fluorescence enrichment from the 5th round of 
OC and BC, respectively. As shown in Fig. 1A, and Fig. 1B, the fluores
cence signal increases for each successive round, and significant 
enrichment was observed in the seventh round. After counter selection 
with the blank beads, a significant decrease in the fluorescence was 
observed in the eighth round of SELEX in both analytes due to the 
elimination of non-specific aptamer bound to the sepharose beads. The 
fluorescence recovery was increased after subsequent rounds, indicating 
that the enrichment in the high-affinity aptamer pool with the increase 
in the number of SELEX rounds. The SELEX process was quenched after a 
minimal increase in the fluorescence recovery in the 12th round. The last 
round ssDNA was amplified and cloned in the E. coli DH5α competent 
cells. After overnight incubation at 37 ◦C, about 25 white colonies were 
picked up followed by colony PCR and sequencing. The extracted se
quences were analyzed by the multiple sequence alignment program 
PRALINE (Fig. S1). 

3.3. Determination of the dissociation constants (Kd) of aptamers 

The binding affinity of the aptamer for the respective target mole
cules was studied by fluorescence-based assay. The sequences resulted 
from the cloning for OC were grouped, and four different aptamers 
(OC2, OC10, OC12, and OC17) were selected for dissociation constant 
(Kd) measurements. For BC, two aptamers (BC1 and BC2) were selected 
for the determination of Kd values. These measurements have been 
performed by incubating a fixed amount of a positive target (BC or OC) 
beads with different concentrations of fluorescently labeled aptamers in 
the dynamic range of 0–300 nM. The unbound aptamers were removed 
by washing with binding buffer after 1 h of incubation. The BC and OC 
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bound ssDNA aptamers were eluted using hot elution buffer. The fluo
rescence intensities of samples were measured and plotted against their 
respective ssDNA. The Kd of each aptamer was obtained by fitting the 
saturation curve using non-linear regression analysis(Fig. 2A and 
Fig. 2B). The BC1 and BC2 aptamers show high affinity in the nanomolar 
range, 69 and 59 nM, respectively (Table-S1). The four aptamers 
selected for OC analytes show Kd values in the range 50–150 nM (Table- 
S1). As BC1 has a slightly higher Kd value, it was considered to be used 
for further studies due to the best fitting and less standard deviation in 
the Kd values. In the case of OC aptamer, OC2 was used for further 
studies due to its high-affinity. 

3.4. Graphene oxide-based ON/OFF fluorescence assay 

Unlike small molecule, protein and whole-cell targets are working 
very well with Graphene oxide-based fluorescence assay, in which a 
simple fluorescence on/off strategy is involved. The high-affinity 
aptamer for each analyte was used to construct aptasensors for the 
detection of BC and OC. As depicted in the Scheme-1, when the 
fluorescent-labeled aptamer is incubated with GO sheet, the aptamers 
are adsorbed on the GO surface by π stacking interactions between π 
electrons in GO and nucleotide bases in the ssDNA backbone. This 
interaction results in complete quenching of fluorescence due to fluo
rescence resonance energy transfer (FRET) from fluorescein to GO (off 
state), Scheme-1B. When the target molecule is introduced into the 
aptamer-GO complex, the aptamer gets detached from the GO surface 
due to its high affinity for the target. Therefore, in the presence of a 
target molecule, the fluorescence intensity increases rapidly (on the 
state) Scheme-1C. 

3.5. Optimization of graphene oxide/aptamer ratio for fixing the off state 
of the sensor 

The amount of GO required for maximum quenching of the fluo
rescent aptamer was determined by incubating different concentrations 
of GO with a fixed concentration of the fluorescently labeled aptamers. 
Fluorescent labeled BC1 and OC2 ssDNA aptamers were used for the 
optimization experiments, in which 25 nM aptamer was titrated against 
various concentrations of GO ranging from 0 to 50 μg/ml. In the absence 

of GO, a strong fluorescence of the fluorescein-labeled aptamer was 
observed. While the addition of GO with increasing concentrations, the 
fluorescence intensity was quenched rapidly as shown in Figs. 3A and 
4A. More than 80% of the fluorescence was quenched, as the concen
tration of GO reached 20 μg/ml (Figs. 3B and 4B). There was no sig
nificant decrease in the fluorescence intensity by increasing the 
concentration of GO further. This was considered as the optimal off state 
with the minimal fluorescent signal. From the above results, the GO to 
BC1 or OC2 aptamer optimal ratio was fixed to be 20 μg/ml GO for 25 
nM aptamer. 

3.6. Detection of BC and OC using GO-based fluorescence assay 

The ideal concentration ratio of GO and aptamer was used for 
detecting the BC and OC proteins. In the off state, more than 80% 
fluorescence of the fluorescein-labeled BC1 and OC2 were quenched as 
shown in Figs. 5A and 6A, respectively. Upon addition of proteins, the 
fluorescence of the aptamer recovered gradually with increasing con
centration of BC or OC in the range of 0–144 pg/ml and 0–100 pg/ml for 
BC and OC, respectively, as shown in Figs. 5A and 6A. The calibration 
plots were obtained by plotting the percentage change in the fluores
cence intensity versus the respective concentrations of the BC or OC as 
shown in Figs. 5B and 6B respectively. The limit of detections (LOD) of 
both aptasensors was calculated to be 0.21 pg/ml and 0.4 pg/ml for BC 
and OC, respectively. LOD was calculated from the standard deviation of 
the aptasensor signal in the absence of the analytes and the slope (m) 
obtained from the linear calibration plot using 3STD/m. The results 
showed that the GO-based fluorescence assay is highly sensitive and can 
detect BC and OC with the sub-picogram levels in the solution. The 
serum, OC levels of the healthy rats have been reported in the range of 
0.6–1.66 ng/ml [36,37]. Other research groups have reported different 
levels of serum OC levels of unhealthy rats in the range from 50 to 180 
ng/ml [38,39]. Ramanathan et al. have developed an electrochemical 
impedance spectroscopic immunosensor using an array of gold-coated 
vertically aligned carbon-nanotube(VACNT) electrodes for the 
label-free detection of bone resorption biomarker C-terminal telopeptide 
(cTx). The cTx antibody was immobilized on the gold modified CNT 
electrodes which favors the fabrication of the sensitive cTx immuno
sensor with the limit of detection 0.05 ng/ml [40]. An electrochemical 

Fig. 1. Enhancement of beta-crosslaps (A) and 
osteocalcin (B)specific aptamers in the successive 
steps of SELEX procedure. (A) The bar graphs repre
sent the fluorescence intensity of the bound ssDNA 
eluted from BC conjugated sepharose beads in each 
round. The sepharose bound ssDNA was eliminated 
by counter selection (CS) at the 8th cycle. (B)) The bar 
graphs represent the fluorescence intensity of the 
bound ssDNA eluted from OC conjugated sepharose 
beads in each round. The sepharose bound ssDNA was 
eliminated by counter selection (CS) at the 8th cycle.   

Fig. 2. Determination of affinity/dissociation constant (Kd) of from the saturation binding curve.  
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biosensor has been developed for the sensing application of osteocalcin 
using the gold nanoparticle(GNps) modified gold electrode. The OC 
specific antibody was immobilized on the surface of the GNPs using 
L-glutathione and sulpho-NHS as coupling agents. The sensitivity of the 
immunosensor was 0.65 ng/ml [41]. Another group has developed an 
electrochemical immunosensor using an anti-osteocalcin antibody 
which is covalently immobilized on the gold electrode surface using 
6-mercaptohexanol, 1,4-butanedioldiglycidyl ether, ethanolamine, and 
glutaraldehyde as coupling agents for the fabrication of self-assembled 
monolayer (SAM) based immunosensor with the sensitivity of 1.1 
ng/ml [42]. Claudon et al. have fabricated an automated multiplex assay 
for the sensitive detection of four different born turnover biomarkers for 
osteoporosis diagnostic. The fully automated protein array chip could 

detect serum C-terminal cross-linked telopeptide of type I collagen 
(CTX-I), N-terminal propeptide of type I collagen (PINP), osteocalcin 
(OC) and intact parathyroid hormone(PTH) biomarkers in 20 in μl of 
serum simultaneously. The sensitivity of multiplex assay for each 
biomarker was 0.002 ng/ml, 0.26 ng/ml, 0.51 ng/ml, and 0.39 ng/ml 
for serum CTX-I, PINP, OC, and PTH, respectively [43]. Another 
multiplex assay platform was used for the simultaneous detection of 
osteocalcin and collagen type 1 cross-linked C-telopeptide. The platform 
integrates microfluidic technology with electrochemical sensing which 
could detect the serum levels of different biomarkers. The corresponding 
antibodies of the antigens were functionalized to immobilize the 
micro-fabricated Au electrodes which lead to the signal change upon 
capturing the respective antigens. The limit of detection for osteocalcin 

Fig. 3. (A) Fluorescence intensity of BC1 (25 nM) with increasing concentration of graphene oxide (GO (B) Plot GOconcentration vs fluorescence intensity of BC1 at 
515 nm (λ-max). The fluorescence spectra were recorded by exciting at 470 ± 10 nm and the emission intensity 515 nm was used for the plots. The error bars 
represent the standard deviation of three different measurements. 

Fig. 4. (A) Fluorescence intensity of OC2 (25 nM) with increasing concentration of graphene oxide (GO) (B) Plot GO concentration vs fluorescence intensity of OC2 
at 515 nm (λ-max). The fluorescence spectra were recorded by exciting at 470 ± 10 nm and the emission intensity 515 nm was used for the plots. The error bars 
represent the standard deviation of three different measurements. 

Fig. 5. (A) Aptamer (BC1) release from the GO surface by the addition of BC. Increase in the fluorescence intensity with increase in the concentration of protein. (B) 
The calibration plot fluorescence intensity against BC concentration (μg/mL) of BC1 at 515 nm. The fluorescence spectra were recorded by exciting at 470 ± 10 nm 
and the emission intensity 515 nm was used for the plots. The error bars represent the standard deviation of three different measurements. 
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and collagen type 1 cross-linked C-telopeptide were 1.94 ng/ml and 
1.39 ng/ml respectively [44]. In comparison with the reported bio
sensors, Our results showed that the new aptamer-based detection 
method is much more rapid and highly sensitive to detect serum OC 
levels from both healthy and infected rats. The unhealthy rats have 
higher values of serum OC values compared to the healthy rats. The 
serum BC levels of the healthy rats have been reported as 7.0–7.5 ng/ml, 
whereas the infected rats have higher values compared to the intact one 
[45]. The high affinity of the aptamer and the optimized ideal sensor 
platform resulted in the fabrication of highly sensitive aptasensors. 

3.7. Selectivity of the GO-aptasensor and application to real sample 
analysis 

The specific binding of the fabricated aptasensors with BC was fol
lowed by testing the sensor with other related proteins such as BSA, 
tropomyosin, and OC. Similarly, OC specific aptasensor was tested with 
BSA, tropomyosin, and BC. There is no significant increase (10% or less) 
was observed in the fluorescence signal upon the addition of non- 
specific proteins, as shown in Fig. 7A and B. From the results, it is 
believed that simple GO-based fluorescence assay is selective and highly 
sensitive for the detection of BC or OC at deficient concentrations. Based 
on the performance of the BC1 and OC2 aptasensors, we validate their 
sensing ability of OC and BC in buffer spiked with respective analytes. 
The percentage recovery of analytes was compared with the standard 
calibration plot. As represented in the Table-S2, a good recovery per
centage was obtained. Finally, we used the sensor to detect the amount 
of OC and BC in serum from the healthy rats using this sensor. The 
amount of serum OC and BC are found to be 151 ng/ml and 528 ng/ml 
from the healthy rats. We could not perform the OC and BC measure
ments without dilution, due to interference from autofluorescence and 
scattering from the biomolecules in the serum. Recently, Malkawi et al. 
have reported the OC and BC in serums levels of untreated rats as 140 
and 500 ng/ml respectively using ELISA [35], which are close to our 
values obtained from the new aptasensors. From the results, we are 
confident that the sensor can be used for the real sample analysis. 

Though it is a sensitive method for monitoring the real sample, it has 
certain limitations. Nevertheless, the lack of homogeneity and trans
parency of clinical samples necessitates their proper dilution before their 
fluorescence intensities are monitored. 

4. Conclusions 

ssDNA specific aptamers for rat-osteocalcin and rat beta-crosslaps 
were selected by the SELEX technique for the first time. The target 
molecules were immobilized on the sepharose beads as solid support. 
The enrichment in the ssDNA aptamer binding to the target was moni
tored by an increase in the fluorescence intensity. The selected aptamers 
from the last round were cloned and sequenced. The high-affinity 
aptamers were identified by their Kd values (50–150 nM). The high- 
affinity aptamers for each analyte were used to fabricate the graphene 
oxide-based fluorescence assay for the sensitive detection of BC or OC. 
The assay is highly sensitive which can detect OC and BC in the pico
gram range. This assay can selectively detect the target molecules 
against other non-specific proteins. This simple fluorescence assay is 
potentially applicable for the rapid detection of BC and OC biomarkers 
osteoporosis and bone resorption cases. 
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Fig. 6. (A) Aptamer (OC2) release from the GO surface by the addition of OC. Increase in the fluorescence intensity with increase in the concentration of protein. (B) 
The calibration plot fluorescence intensity against OC concentration (μg/mL) of OC2 at 515 nm. The fluorescence spectra were recorded by exciting at 470 ± 10 nm 
and the emission intensity 515 nm was used for the plots. The error bars represent the standard deviation of three different measurements. 

Fig. 7. The cross-reactivity response of GO- BC1 
aptamer and GO- OC2 aptamer (20 μg/ml-25 nM). 
The fluorescence assays GO-BC1 aptasensor with BC 
and other irrelevant samples OC, BSA, and tropomy
osin(A). The fluorescence assays GO-OC2 aptasensor 
with OC and other irrelevant samples BC, BSA and 
tropomyosin(B) The fluorescence intensity of each 
sample obtained by exciting at 470 ± 10 nm and the 
emission intensity 515 nm was used for the plots. The 
error bars represent the standard deviation of three 
different measurements.   
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.talanta.2020.121818. 

Obtained from the titration of fluorescein-labeled aptamers and 
scrambled ssDNA with constant amount BC conjugated sepharose beads 
(A) and OC conjugated sepharose beads(B). The fluorescence spectra 
were recorded by exciting at 470 ± 10 nm and the emission intensity 
(515 nm) was used for the plots. The dissociation constants were 
calculated by nonlinear regression analysis. The error bars represent the 
standard deviation of three different measurements. 

References 

[1] H. Lv, F. Jiang, D. Guan, C. Lu, B. Guo, C. Chan, S. Peng, B. Liu, W. Guo, H. Zhu, 
X. Xu, A. Lu, G. Zhang, Metabolomics and its application in the development of 
discovering biomarkers for osteoporosis research, Int. J. Mol. Sci. 17 (2016) 17, 
https://doi.org/10.3390/ijms17122018, 2018. 
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