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A B S T R A C T

Herein, an ultrasensitive aptasensor was developed for monitoring prostate-specific antigen (PSA) levels for the 
first time by incorporating the catalytic activity of CRISPR/Cas12a assembly and directional orientation of liquid 
crystal (LC) molecules. In the absence of PSA, the specific aptamer was hybridized with crRNA segment of the 
CRISPR/Cas12a assembly, which activated it for cleaving the ssDNA strand on the sensing substrate. This 
resulted in a dark background of the sensing substrate. While the assembly was unable to cleave the ssDNA 
sequence in the presence of PSA, due to forming the PSA-aptamer hybrid and disabling the enzymatic assembly, 
visualizing the colorful polarized sensing substrate. By changing the polarized background of the LC aptasensor 
from murky to multicolored, PSA could be detected ranging from 1 ag mL− 1-1 pg mL− 1 and 1 pg mL− 1-1 ng mL− 1 

with a detection limit of 0.28 ag mL− 1. With the potency to determine PSA in the spiked human serum samples 
with the recovery amounts of 97.87–99.57 %, the CRISPR/Cas12a-powered LC aptasensor is a reliable test kit for 
cancer screening. This was also confirmed by comparing the results obtained from the LC aptasensor with those 
of ELISA analysis for human serum samples of some patients. Being ultrasensitive, cost-effective, label-free, and 
user-friendly, the aptasensor can be an efficient future portable gadget for early-stage cancer monitoring.

1. Introduction

Early detection of cancer before metastasis to other organs is one of 
the most important objections in cancer diagnosis. Biomarkers can act as 
molecular signatures of a particular illness, detectable at various con
centrations in urine, blood, saliva, and tissue. The recognition of bio
markers can be a reliable approach for detecting diseases at an early 
stage that are triggered by them. By utilizing such a forecast, it is 
possible to enhance the effectiveness of treatments (Edwards et al., 
2005; Ludwig and Weinstein, 2005). Prostate cancer is reported as a 
prevalent malignancy among men, the sixth leading cause of cancer in 
middle-aged men from 45 to 60 years (Adamaki and Zoumpourlis, 2021; 
Sekhoacha et al., 2022). The efficacy of treatment for late-stage prostate 

cancer is reduced, leading to a higher likelihood of recurrence in pa
tients diagnosed at an advanced stage (Etzioni et al., 2003; Nakhjavani 
et al., 2023). Prostate-specific antigen (PSA) is primarily produced by 
the prostate gland. It has been recognized as a key biomarker for pros
tate cancer and is closely linked to patient outcomes following treatment 
for the disease (Lilja et al., 2008; Madu and Lu, 2010; Taghdisi et al., 
2020b).

Hence, developing analytical approaches capable of sensitive PSA 
detection is very essential. Many traditional methods have been reported 
for PSA determination, including radioimmunoassays (Graves et al., 
1992), immunosensors (Li et al., 2011), enzyme-linked immunosorbent 
arrays (Xuan et al., 2016), and surface-enhanced Raman 
scattering-incorporated procedures (Cheng et al., 2017). These methods 
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frequently rely on immune responses involving antibodies, which face 
challenges associated with their stability, storage, and alteration. Be
sides, these methods are inconvenient, labor-intensive, complicated, 
high-cost, time-consuming and operator-dependent (Li et al., 2023; 
Srivastava et al., 2018; Wei et al., 2023).

As superior sensing approaches, aptamer-included biosensors 
(aptasensors) have received extensive attention because of the benefits 
of great sensitivity, inexpensiveness, repeatability, rapid response, reli
ability, ease of operation, and great stability (Dadmehr et al., 2023; 
Gorgani et al., 2023). As the unique biological recognition elements, 
aptamers are single strands of RNA or DNA oligonucleotides in-vitro 
selected through SELEX process. They are known as nucleic acid ana
logs of antibodies, but with various structures and properties (Fang and 
Tan, 2010; Mohammadi et al., 2024b). Compared to traditional anti
bodies, aptamers are inherently non-immunogenic molecules that are 
suitable for in-vivo studies. In addition, they are chemically and ther
mally very stable and highly active even after denaturation. Unlike an
tibodies, they can be customized with different functional groups, tag 
molecules, etc. (Chen et al., 2023; Lee et al., 2010; Nguyen and Gu, 
2023) For the first time, Savory et al. (2010) used a genetic algorithm as 
an post-SELEX screening approach to introduce an aptamer strand with 
improved specificity toward PSA molecule. As a result of this in silico 
maturation approach, a DNA aptamer was achieved with the high 
binding ability to PSA, 48-times more than that of the parent strand, 
applied in the different studies (Sánchez-Salcedo et al., 2022). According 
to its high affinity and great specificity toward PSA, the developed 
aptamer has been extensively applied to progress sensitive sensing as
says for detection of PSA (Benvidi et al., 2018; Li et al., 2019; Souada 
et al., 2015; Taghdisi et al., 2020a, 2022a).

Today, assays for biosensing without the need for labels have 
advanced considerably as a fascinating choice for detecting targets. Due 
to the laborious, time-consuming, complicated, costly, and denaturing 
nature of the labeling process for biomolecules, there has been signifi
cant focus on creating tag-free aptasensors to address these challenges 
(Forouzanfar et al., 2020; Jia et al., 2020; Mohammadi et al., 2024a; 
Song et al., 2022). The labeling process requires complex chemical 
synthesis and purification procedures for attaching tag molecules to 
aptamer strands. This process also adversely affects the aptamer affinity 
toward its target molecule. Furthermore, attaching signal reporter 
molecules covalently to guanine-rich aptamers disrupts the output 
signal by utilizing the quenching ability of the guanine base through 
photoinduced electron transfer from the labeled molecule to it 
(Charbgoo et al., 2016; Cui et al., 2016; Ma et al., 2021). In recent de
cades, liquid crystal (LC)-merged aptasensors have been of great interest 
as novel candidates for label-free optical biosensors due to facile oper
ation, cost-effectiveness, rapid determination function, broad response 
range, and so on (Khoshbin et al., 2022a; Kim et al., 2019).

LCs are soft matters with unique properties of long-range order in 
orientation and fluidity. They also possess extremely low anchoring 
energy, rendering them highly responsive to external stimuli (Hussain 
et al., 2016). Based on the reorientation of LC molecules, these 
responsive materials are able to convert and amplify the interaction of 
target and aptamer into an optical signal visible through polarized light 
microscopy. As extraordinary sensing tools, LC aptasensors allow events 
occurring at the nanoscale to be simply detected even with the naked 
eye; and they are user-friendly devices, preventing expensive, 
operator-dependent, and complex laboratory equipment (Wang et al., 
2017; Zhang et al., 2018). Furthermore, these innovative aptasensing 
tools can be coupled with smartphones to achieve promising lab-on-chip 
gadgets for on-site and real-time applications in people’s daily life and 
the industrial world (Nandi and Pal, 2018).

Clustered regularly interspaced short palindromic repeats (CRISPR)- 
guided proteins (Cas), together abbreviated as CRISPR/Cas systems, 
represent a groundbreaking technology in the realms of biosensing as
says, adaptive transcriptional regulation, and programmable genome 
editing (Cong et al., 2013; Cong and Zhang, 2015). These platforms have 

garnered attention in recent times because of their characteristics, such 
as customizable structure, simple customization, easy use, excellent 
compatibility with living organisms, straightforwardness, and collateral 
cleavage activity (Abnous et al., 2021a; Kadam et al., 2023; Khoshbin 
et al., 2022b). Among CRISPR/Cas assemblies, Cas12a has proven to be 
a highly effective instrument for creating biosensors with enhanced 
sensitivity (Abnous et al., 2021b; Taghdisi et al., 2022b; Wu et al., 
2023). CRISPR/Cas12a is equipped with both a RNA-guided DNase 
function for cutting target DNA (cis-cleavage) and a non-selective sin
gle-stranded DNase function (trans-cleavage) when target DNA is 
recognized by the associated crRNA in a controlled manner (Dehghani 
et al., 2018; Li et al., 2018). CRISPR/Cas12a assemblies are potent to be 
unified in various aptasensing arrays for detecting a wide range of tar
gets, such as viruses, bacteria, cancer biomarkers, toxins, narcotics, food 
pollutants, metal ions, and so on (Hajikhani et al., 2023; Haowei et al., 
2023; Zavvar et al., 2022). Hence, a combination of aptamer science, LC 
technology, and CRISPR/Cas technique can remarkably provide a new 
pathway toward real-time and on-site target recognition. For the first 
time, we introduced a CRISPR/Cas12a boosted LC aptasensor with a 
new design for ultrasensitive detection of PSA biomarker based on the 
change in the homeotropic alignment of LCs directly controlled by the 
immobilized ssDNA strands on the glass substrate after the catalytic 
function of CRISPR/Cas12a assembly. The novel LC aptasensing plat
form reinforced by CRISPR/Cas12a assembly could monitor PSA 
biomarker at the ag mL− 1 levels. This allows the researcher in the clinic 
to eliminate the effects of interfering factors such as proteins and blood 
fats just by diluting the serum samples, which reduces the possible errors 
in detection process.

2. Experimental part

The details of the experimental tests are included in the ‘Supporting 
Information’ file.

3. Results and discussions

3.1. Detection mechanism

Scheme 1 clarifies the identifying principle of the CRISPR/Cas12a- 
powered LC aptasensor for PSA detection. Treating the glass substrate 
with Piranha solution inserted hydroxyl (-OH) groups on it for subse
quent attachment of APTES molecules. The molecules were immobilized 
on the glass substrate by forming Si-O bridge on it. With leaving free 
amine (-NH2) groups, APTES molecules could be an anchorage for GL 
linkers through trapping their aldehyde (-CHO) groups (Syga et al., 
2018). Finally, the amine-modified ssDNA was attached onto the 
APTES-treated glass by interacting with free -CHO segment of GL linker 
(Wu et al., 2018). In the absence of PSA, the specific aptamer was hy
bridized with the crRNA strand and activated the Cas12a-crRNA system. 
It resulted in the trans-cleavage of the ssDNA on the sensing substrate, in 
addition to the cis-cleavage of the aptamer strand. With cleaving to short 
sequence with a length of about 5 base units (Khoshbin et al., 2023a), 
the remaining ssDNA on the detection surface, together with DMOAP as 
a control agent, caused the liquid crystals to align perpendicularly. As a 
result, a notably dark background was observed on the aptasensing 
substrate. By adding PSA, the aptamer was complexed with PSA, which 
prevented its hybridization with the crRNA strand. Consequently, the 
inactive Cas12a-crRNA system could not cleave the ssDNA sequence on 
the sensing platform. The intact ssDNA with a length higher than 24 base 
units disturbed the homeotropic direction of LCs to random (Verdian 
et al., 2023), which changed the polarized vision of the sensing platform 
from dark to chromatic.
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3.2. Optimization step

3.2.1. APTES and DMOAP amount
Since the amounts of DMOAP and APTES can affect the orientational 

direction of LCs, the glass substrate was modified with various amounts 
of the modifiers to determine the optimum value. Fig. S1 illustrates the 
polarized vision of the slides and their quantitative analysis. Based on 
Fig. S1, the completely murky background of the substrates was ob
tained by the APTES/DMOAP mixture with the volumetric ratio of 1:1 
and less than that. A volumetric ratio of APTES/DMOAP more than 1:1 
induced color background of the sensing substrates as a sign of pertur
bation in vertical order of LCs. Hence, the ratio of 1:1 was the optimum 
of the modifiers, resulting in the uniformly homeotropic alignment of 
LCs.

The DMOAP amount on the topcoat glass can also alter the 
arrangement of LCs (Khoshbin et al., 2022b). Fig. S2 shows the polarized 
view of glass substrates comprising the different amounts of DMOAP. As 
a result, a completely dark view of the substrate was attained by a 
DMOAP concentration of 0.35 % v/v, proving the perpendicular direc
tion of LCs. Hence, it was the optimum for modifying the topcoat slide.

3.2.2. GL linker amount
Amount of GL molecule as bridge for fixing the aptamer on the glass 

platform can change the vertical direction of LCs (Verdian et al., 2022). 
Therefore, its optimum value was achieved by visualizing the platforms 
modified by the various amounts of GL, as depicted in Fig. S3. A dark 
view was obvious for the glass platform treated by GL with the con
centration of 0.5 % v/v, which aligned all LCs homeotropically. Hence, it 
was specified as the optimum.

3.2.3. Concentration of ssDNA strand
To attain the highest efficiency of the designed aptasensor, it is 

requisite to have the maximum number of ssDNA strands on the sensing 
substrate for inducing the highest directional irregularity of LCs 
(Scheme 1). Hence, the concentration of ssDNA strand was optimized, as 
depicted in Fig. S4. It is evident that the intensity of the colored back
ground on the substrate increased as the ssDNA concentration reached 
200 nM, and remained stable when increased to 300 nM. This indicates 
that the most significant disruption in the vertical alignment of liquid 
crystals (LCs) occurred at an ssDNA concentration of 200 nM, which was 
deemed to be ideal.

Scheme 1. Schematic illustration of the LC aptasensor mediated by CRISPR/Cas12a assembly for ultrasensitive monitoring of PSA biomarker.
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3.2.4. Reaction buffer components and cleavage time for CRISPR/Cas12a 
assembly

The recent study proves that the components of the reaction buffer 
can affect the trans-cleavage catalytic efficiency of CRISPR-CA12a sys
tem (Deng et al., 2022). To have the highest cleavage potency of 
CRISPR/Cas12a assembly for ssDNA digestion, it is essential to apply the 
most efficient reaction buffer. Consequently, the optimal levels of DTT 
and PVA compounds were determined for the reaction buffer. At the 
same time, the ideal duration was identified to achieve the highest 
cleavage efficiency of CRISPR/Cas12a (referred to as cleavage time). For 
this aim, CRISPR/Cas12a assembly was prepared in a reaction buffer 
containing DTT (1 mM), NaCl (50 mM), MgCl2 (15 mM), and Tris-HCl 
(10 mM, pH 7.5). After 20 min incubation time and centrifugation 
step, 10 μL of it was added to the aptamer solution (final concentration 
of 50 nM), injected onto the ssDNA-modified platform, and kept for 30 
min. Visualizing the platform by a polarizing microscope highlighted 
that DTT with a concentration of 1 mM caused only 15 % darkness of the 
sensing platform (Fig. S5B). Moreover, extending the duration from 30 
min to 2 h for cutting a greater quantity of ssDNA molecules did not 
impact the color intensity of the surface (Fig. S5C). The test was repeated 
for the system containing DTT (10 mM), NaCl (50 mM), MgCl2 (15 mM), 
and Tris-HCl (10 mM, pH 7.5). The findings suggest that treating the 
platform with 10 mM of DTT and an incubation period of 30 min 
resulted in a 35 % increase in its darkness (Fig. S5D). The platform 
darkness remained unchanged with passing time from 30 min to 2 h, 
clarifying that increasing time had no effect on the cleavage potency of 
CRISPR/Cas12a assembly (Fig. S5E). In the following, a reaction buffer 
containing DTT (10 mM), PVA (1 % w/v), NaCl (50 mM), MgCl2 (15 
mM), and Tris-HCl (10 mM, pH 7.5) was applied for the test, which 
resulted in 75 % darkness of the sensing substrate (Fig. S5F). Extending 
the duration of the cleavage process from 30 min to 90 min resulted in 
the platform reaching 85 % darkness (Fig. S5G), with no further change 
observed thereafter (Fig. S5H). Through the utilization of DTT at a 
concentration of 20 mM in combination with 1 % w/v of PVA and a 
cleavage time of 30 min, a darkness level of 89 % was reached (see 
Fig. S5I). Extending the cleavage time to 45 min resulted in a consis
tently dark sensing platform, suitable for aligning all LCs vertically. 
Hence, a buffer reaction comprising DTT (20 mM), PVA (1 % w/v), NaCl 
(50 mM), MgCl2 (15 mM), and Tris-HCl (10 mM, pH 7.5), and also, a 
cleavage time of 45 min was considered for the further tests.

3.2.5. Formation time of CRISPR/Cas12a assembly
In order to create the highest possible number of CRISPR/Cas12a 

assemblies, it is necessary to incubate the Cas12a protein with the 
crRNA sequence for an appropriate period of time. Hence, Cas12a (final 
concentration of 250 nM) and crRNA (final concentration of 500 nM) 
were mixed in the optimal reaction buffer, and incubated for different 
times (10, 20, and 30 min). After mixing with aptamer, injecting onto a 
ssDNA-modified platform, and allowing for a cleavage period of 45 min, 
the polarized perspective of the surface was captured, as shown in 
Fig. S6. The results prove that the most digestion of ssDNA strands was 
achieved for the formed CRISPR/Cas12a assembly during 20 min, 
inducing a completely dark platform. So, 20 min was chosen as the 
optimum time for the creation of the highest number of the assembly.

3.2.6. Cas12a and crRNA ratio
To have the highest trans-cleavage activity of CRISPR/Cas12a as

sembly, it is crucial to optimize the concentration ratio of Cas12a protein 
and crRNA strand. For this purpose, the different ratios of the compo
nents were applied to form CRISPR/Cas12a assembly; after mixing with 
the specific aptamer, the trans-cleavage potency was examined, as 
illustrated in Fig. S7. Based on Fig. S7, the murky platform was observed 
when the cleavage function was carried out by a CRISPR/Cas12a as
sembly with the Cas12a:crRNA concentration ratio of 1:2. As a result, 
the ratio of 1:2 was considered for forming the CRISPR/Cas12a assembly 
with the highest trans-cleavage enzymatic function.

3.2.7. Cas12a and crRNA concentration
One additional important factor was the adjustment of the levels of 

Cas12a protein and crRNA strand to maximize the catalytic efficiency of 
the CRISPR/Cas12a assembly. Hence, the different concentrations with 
the optimum Cas12a:crRNA concentration ratio were applied to form 
the assembly; and the results of trans-cleavage activity are given in 
Fig. S8. The results highlight that Cas12a with the concentration of 50 
nM induced a completely dark substrate, and increasing the concen
tration beyond that point showing no impact on the darkness of the 
platform. This demonstrates that utilizing 50 nM of Cas12a protein and 
100 nM of crRNA sequence was the optimal combination for con
structing the assembly.

3.2.8. Aptamer concentration
The concentration of the aptamer can significantly impact the per

formance of the aptasensor. When the concentration exceeds the optimal 
level, the aptamer is left unbound in the solution. As a result, some of the 
catalytic function of the CRISPR/Cas12a system is utilized to cleave the 
unbound aptamers, leading to a decrease in its catalytic efficiency on the 
ssDNA strand, which is an unfavorable outcome. On the other hand, 
when the concentration of the aptamer falls below its ideal level, there 
are insufficient molecules available to bind with the crRNA strand and 
create the most effective CRISPR/Cas12a complex. As a result, a lower 
number of activated complexes leads to reduced trans-cleavage activity 
on the ssDNA sequence, which is an additional disadvantage. To opti
mize the aptamer concentration, CRISPR/Cas12a system was hybridized 
with the aptamer strand with the different concentrations, and applied 
for trans-cleavage activity. The results are given in Fig. S9, proving that 
the colored vision of the platform diminished by an increase in the 
aptamer concentration from 12.5 nM to 50 nM. A dark view of the 
sensing platform was obtained by applying 50 nM of the aptamer solu
tion, confirming the complete cleavage of all ssDNA strands on the 
platform. Interestingly, an increase in the aptamer concentration more 
than 50 nM restored the color view of the substrate, proving a decrease 
in the catalytic function of CRISPR/Cas12a assembly by interference of 
the free aptamer strands. Therefore, 50 nM was the optimum aptamer 
concentration.

3.2.9. Target incubation time
In order for the aptasensor to function correctly, it is essential to 

allow sufficient time for PSA incubation to ensure optimal interaction 
between the aptamer and the target. If the incubation time of PSA is less 
than its optimal value, the maximum number of the aptamer-target 
complexes will not be formed. Consequently, the unbound aptamer 
strands will bind with the crRNA sequence, activating the CRISPR/ 
Cas12a system. This activation causes the assembly cleaves ssDNA 
strands on the sensing substrate, resulting in an incorrect response of the 
aptasensor. Hence, different times were allocated for the incubation of 
PAS with the specific aptamer, and after adding to CRISPR/Cas12a as
sembly, the cleavage process was proceeded on the sensing substrate. 
The polarized vision of the substrate is indicated in Fig. S10, illustrating 
that the brightness of the material decreased over time up to 30 min, and 
then stabilized. This demonstrates that a 30-min incubation period is 
necessary for optimal capture of the aptamer strands through full 
interaction with all PSA molecules.

3.3. Detection of PSA molecules

The aptasensor’s ability to detect PSA was assessed across different 
concentrations. The polarized illustration of the sensing platform after 
analyzing the PSA concentrations is shown in Fig. 1. The results clarify 
an increase in the color mode of the aptasensing platform by changing 
the PSA concentrations from 1 ag mL− 1 to 1 ng mL− 1. Clearly, as the 
level of PSA increases, there is a corresponding increase in aptamer-PSA 
complexes, resulting in decreased activation of CRISPR/Cas12a systems 
and ultimately fewer cleaved ssDNA strands. This demonstrates the 
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superior performance of the newly developed aptasensor, which induces 
a colorimetric change on the glass platform.

In the context of quantitative analysis, the average Gray parameter as 
a criterion of the darkness of the aptasensing substrate in the presence of 
the different PSA concentrations was computed by ImageJ software as 
presented in the SI, and inversely correlated with the mean brightness 

parameter; so that the higher the Mean Gray value, the less the mean 
brightness parameter and the higher the platform’s darkness. A cali
bration curve was created to show the relationship between the average 
Gray parameter and PSA levels ranging from 1 ag mL− 1− 1 ng mL− 1 

(Fig. 2). The mean Gray parameter was proportional to the PSA con
centration with a regression equation as follows: 

Fig. 1. The polarized view of the LC aptasensor powered by CRISPR/Cas12a system upon addition of different PSA quantities: (A) 0 ag mL− 1 (blank sample); (B) 1 ag 
mL− 1; (C) 100 ag mL− 1; (D) 1 fg mL− 1; (E) 10 fg mL− 1; (F) 100 fg mL− 1; (G) 200 fg mL− 1; (H) 400 fg mL− 1; (I) 1 pg mL− 1; (J) 10 pg mL− 1; (K) 100 pg mL− 1; (L) 200 pg 
mL− 1; (M) 400 pg mL− 1; (N) 800 pg mL− 1; (O) 1 ng mL− 1. Scale bar: 100 μm. The related surface plots are shown in Fig. S11.
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Mean-Gray Parameter (a.u.) = − 4 × 10^-5 (±2.16 × 10^-8) [PSA] (ag/ 
mL) + 95.28 (±0.02); R^2 = 0.992 in the PSA concentration range of 1 
pg mL− 1− 1 ng mL− 1                                                                           

Mean-Gray Parameter (a.u.) = − 4 × 10^-8 (±4.71 × 10^-11) [PSA] (ag/ 
mL) + 52.90 (±0.06); R^2 = 0.992 in the range of 1 pg mL− 1− 1 ng mL− 1

Besides, the detection limit (LOD) was computed 0.28 ag mL− 1 ac
cording to the literature (Schmitteckert and Schlicht, 1999) by using the 
formula of 3σS− 1 (S and σ are the slope of the calibration curve and 
standard deviation of control sample, respectively). Consequently, the 
proposed aptasensor can be an efficient diagnostic tool in the field of 
healthcare monitoring.

To further validate the effective development of the aptasensor, its 
functionality was evaluated utilizing the agarose gel electrophoresis 
technique (2.5 %). Fig. S12 illustrates the unaltered band of ssDNA 
alongside the slowed band for the PSA/Aptamer conjugate (lane 4) in 
contrast to the individual strands of the specific aptamer (lane 1). This 
observation is attributed to the increase in molecular weight of the 
aptamer following its interaction with PSA within the CRISPR/Cas12a 
system, which comprises crRNA, aptamer, and ssDNA strands in the 
presence of PSA (1 ng mL− 1). This finding confirms the inhibition of the 
cleavage activity of the CRISPR/Cas12a complex when the target is 
present. Conversely, the absence of the ssDNA band (Lane 5) for the 
CRISPR/Cas12a system that includes crRNA, aptamer, and ssDNA 
strands without PSA corroborates the catalytic capability of the CRISPR/ 
Cas12a system for trans-cleaving ssDNA strands.

As another confirmation, the surface topography of the platform was 
analyzed at various stages of preparation. This included the modifica
tion with APTES/DMOAP mixture, binding of ssDNA strand, activation 
of CRISPR/Cas12a system, and interaction with inactivated CRISPR/ 
Cas12a in the presence of PSA, as depicted in Fig. S13. Significantly, the 
platform roughness increased after attaching ssDNA strand on it. By 
exerting activated CRISPR/Cas12a assembly, the roughness of the 
platform surface decreased impressively, proving the high efficiency of 
CRISPR/Cas12a system for the cleavage of ssDNA strands. In the pres
ence of PSA, the platform roughness was almost the same as that ob
tained for the modified surface with ssDNA sequence. It confirmed 

maintaining of the strands on the surface in the presence of PSA through 
inactivation of CRISPR/Cas12a assembly.

The aptasensor capability for sensitive monitoring of PSA biomarker 
was compared to some previously developed aptasensors, as summa
rized in Table S3. Table S3 highlights the superiority of the developed LC 
aptasensor in the term of sensitivity rather than the others. Obviously, 
nanoparticle-tuned aptasensors could monitor PSA in the nanomolar 
levels. While the LC aptasensor could identify PSA in the concentration 
range of attomolar to nanomolar with no involvement of nanoparticles, 
which converts it to a cost-effective, simple, and facile-to-operate 
sensing approach. In our recent study (Khoshbin et al., 2023b), we 
produced a simple and low-cost LC-included aptasensor to detect PSA 
levels based on the orientational variation of LCs in the 
surfactant-ordered interface. The LC aptasensor that was developed 
earlier was able to detect PSA in concentrations ranging from 1 to 1200 
pg mL− 1 with a detection limit of 0.148 pg mL− 1. By combining CRISPR 
technology with the LC aptasensing strategy, PSA detection at attomolar 
levels was achieved, showing great potential for early-stage cancer 
diagnosis.

3.4. Selectivity test

The aptasensor response toward some other biomarkers as the 
interference compounds including SNCA, HSA, cTnI, AFP, Mb, TH, 
rCRP, and SST was investigated to prove its selective response. Fig. 3
indicates the polarized aptasensing platform in the presence of the 
different biomarkers in the buffer medium. A relatively dark background 
of the aptasensor was obtained in the presence of the interferences, 
clarifying the right function of CRISPR/Cas12a assembly activated by 
the free aptamers for cleaving ssDNA strands. While PSA formed a 
complex with the specific aptamer, which inactivated CRISPR/Cas12a 
assembly, resulting in a multicolored sensing platform. As a conse
quence, the CRISPR/Cas12a-powered LC aptasensor could detect PSA 
selectively.

3.5. Spiked sample analysis

The aptasensor feasibility for PSA detection in complex biological 

Fig. 2. The calibration curve of the Mean Gray factor and PSA quantity (n = 3).
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matrix was tested in human serum samples. The aptasensor was used to 
analyze spiked human serum samples (taken from a healthy man, age =
42) containing various concentrations of PSA. The polarized images, 
mean brightness values, and surface plots are shown in Fig. S14; and the 
quantitative findings are presented in Table 1. The obtained recovery 
values ranged from 96.10 % to 99.02 %, affirming the effectiveness of 
the aptasensor for clinical use as a reliable diagnostic tool.

To validate the aptasensing assay for measuring PSA in serum sam
ples, its accuracy was examined against an accepted laboratory method 
(Immunoassay system). The results are given in Table 2. Based on 
Table 2, the developed aptasensor can be an accurate assay for highly 
sensitive detection of PSA levels in both cancerous human serum as the 
real samples and spiked ones.

3.6. Reproducibility and stability tests

In order to validate the reproducibility of the developed aptasensor, 
its reaction was evaluated in the presence of PSA on three separate days, 
involving three repeated measurements. Fig. S15 illustrates that the 
aptasensor exhibited a consistently similar response both in the absence 
and presence of PSA across the three different days, with an insignificant 
coefficient of variation (CV) of 0.010 and 0.011, and relative standard 
deviation (RSD) values of 0.0020 and 0.0009, respectively. These find
ings confirm the excellent reproducibility of the aptasensor.

To assess its stability, the aptasensor treated with PSA (1 ag mL− 1) 
was stored at a temperature of 4 ◦C for varying durations (24, 48, and 72 
h), and polarized images were captured for quantitative evaluation. 
Fig. S16 presents the polarized image of the aptasensor along with the 
corresponding quantitative results. According to Fig. S16, the brightness 
of the aptasensor remained stable for 48 h, exhibiting only a slight 

decrease of approximately 0.17 %. However, a significant reduction in 
brightness was observed after 72 h. Therefore, the LC aptasensor dem
onstrates reliable functionality and satisfactory stability over a period of 
48 h.

4. Conclusion

For the first time, we designed a promising CRISPR/Cas12a incor
porated LC aptasensor to monitor the ultralow levels of PSA. By exam
ining the arrangement of LCs guided by the fixed ssDNA molecules 
serving as an orientation controller of LCs on the detection surface 
following the enzymatic action of CRISPR/Cas12a complex, the levels of 
PSA could be accurately measured. So that, the presence of PSA inacti
vated the cleavage function of CRISPR/Cas12a assembly for shredding 
ssDNA sequences, resulting in disordered orientation of LCs and subse
quently, a multicolor polarized view of the sensing substrate. A change 
in the polarized view of the aptasensor substrate was used to monitor 
PSA in the concentration ranging from 1 ag mL− 1− 1 ng mL− 1 with the 
LOD of 0.28 ag mL− 1. Based on its ability to detect PSA in the spiked and 
real human serum samples, the developed approach is effective in the 
field of cancer diagnosis and treatment. With providing the superiorities 
of high sensitivity, facility, easy-to-operate, and cost-effective, the pro
posed aptasensor can be upgraded as a portable gadget for on-site 
monitoring of PSA by using a handheld polarized light microscope. 
However, applying the aptasensor in a high-temperature laboratory 
environment is restricted due to loss of the contrast of LC molecules. 
Besides, bright texture of LCs limits application of the developed apta
sensor in laboratory with lots of light (O’Neill and Kelly, 2003; Paga
no-Stauffer et al., 1986). Hence, designing an LC-based aptasensor with 
peripherals useable in inhibitory environmental conditions (high 

Fig. 3. The CRISPR/Cas12a-powered LC aptasensor was analyzed quantitatively in the presence of various biomarkers, namely A) HSA, B) TH, C) SST, D) cTnI, E) 
Mb, F) rCRP, G) AFP, H) SNCA, I) PSA (The concentration in each sample: 800 pg mL− 1) in the buffer medium. Scale bar: 100 μm.

Table 1 
PSA levels were quantified in the spiked samples by using the CRIPR/Cas12a powered LC aptasensor (n = 3).

Sample Found Initial 
PSAa (ng 
mL− 1)

Found Initial 
PSAb (ng 
mL− 1)

Added PSA 
(ng mL− 1)a

Total Recovered 
PSA (ng mL− 1)c

Total Recovered 
PSA (ng mL− 1)d

Total Recovered 
PSA (ng mL− 1)e

Mean of Total 
Recovered PSA (ng 
mL− 1)f

Recovery 
(%)

RSD (%, 
n = 3)g

1 0.69 0.65 0.01 0.638 0.651 0.648 0.646 97.83 1.05
2 0.69 0.65 0.05 0.669 0.671 0.678 0.673 96.10 0.70
3 0.69 0.65 0.1 0.748 0.742 0.738 0.743 99.02 0.68
4 0.69 0.65 0.2 0.821 0.835 0.846 0.834 98.12 1.50

a Measured by Immunoassay system.
b Measured by the aptasensor.
c Measured PSA from test 1.
d Measured PSA from test 2.
e Measured PSA from test 3.
f Average value of three recovered PSA amounts.
g Obtained by dividing the standard deviation of three recovered PSA amounts to mean of total recovered value, multiplied to 100.

Z. Khoshbin et al.                                                                                                                                                                                                                               Biosensors and Bioelectronics 287 (2025) 117651 

7 



temperature and light) could be a goal for future studies.
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Table 2 
PSA levels were measured in the real and spiked samples by using the LC aptasensor and IMMULITE 2000 Immunoassay system.

No. Source of 
Samplea

Age of 
Candidate

Real/Spiked 
Type

Spiked PSA Amount (ng 
mL− 1)

Measured by Immunoassay system (ng 
mL− 1)

Measured by Aptasensorb (ng 
mL− 1)

1 Cancerous 
patient

64 Real 0 35.1 35.351

2 Cancerous 
patient

64 Real 0 15.9 16.128

3 Cancerous 
patient

56 Real 0 >100 106.841

4 Healthy person 32 Real 0 2.7 2.816
5 Healthy person 32 Spiked in sample 

4
5 8.3 7.725

6 Healthy person 32 Spiked in sample 
4

100 96.3 102.841

a The volunteers’ name is not permitted to be mentioned.
b Since the aptasensor can quantify PSA levels in the ranges of 1 ag mL− 1− 1 pg mL− 1 and 1 pg mL− 1− 1 ng mL− 1, appropriate dilution process was applied based on 

the upper threshold of the aptasensor linear range (1 ng mL− 1).
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