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Abstract

The rapid determination of human osteopontin (Opid}ein, a potential cancer biomarker,
holds substantial promise for point-of-care diagiessand biomedical applications. To date,
most reported platforms for OPN detection are apardependent, time-consuming, and
expensive.Herein, we established a lateral flow biosensorB)LFor OPN detection. A
biotinylated aptamer was used for OPN pre-captuna fsamples, an antibody for OPN was
immobilized on the test line for a second specifiarget identification, and
streptavidin-modified gold nanoparticles were sprhyon the conjugation pad for color
detection. This LFB achieved as low as 0.1 ng'n@PN sensitivity with a good dynamic
detection between 10-500 ng thlwithin 5 minutes. Intriguingly, the LFB allowed a
gualitative and semi-quantitative detection of OiRNserum at clinically cut-off levels as in
cancer patients, and can discriminate OPN fromrfEri@g proteins with high specificity.
Thus, it is a promising alterative approach fompaif-care OPN screening and detection.
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1. Introduction

OPN protein is considered as a bridge between bameg$lood owing to its localization
in tissues and biological fluids [1]. As one of thmatricellular proteins, OPN has multiple
functional domains regulating various physiologiaatl pathological mechanisms [2]. OPN
is involved in several cellular and extracellulangesses such as cell adhesion [3], apoptosis,
inflammation [4], and diseases [5, 6] especiallyasa [2, 7, 8]. Extensive studies have
associated OPN with tumor progression, metastasisiggravation due to its overexpression
in the lung [9], breast [10], colon [11, 12], livEr3, 14], oral cavity and solid organ [15]. As
a potential cancer biomarker, its targeted supmedsas also gained significant attention in
prevention and alternation of tumor growth as vaslimetastasis [14, 16, 17]. Therefore, the
rapid determination of OPN level is crucial in biedicine researches, cancer prognosis, and
sepsis [18].

Aptamer-based approaches can target OPN for cal@gnosis [19] and therapy [17].
Currently, detection methods such as electrochémigptasensors [19, 20] and
Enzyme-linked immunosorbent assay (ELISA) [21] afeernatives to high-performance
liquid chromatography (HPLC) [22, 23], surface ptas resonance (SPR), and spectrometry
analytical methods [24, 25], etc. and they areiseasHowever, these assays remain tedious
and require complicated procedures and apparat#sms.instance, the electrochemical
aptasensor can achieve a good gquantification atettiten limit of 1.3 £ 0.1 nM for OPN
[19]; however, its aptamer immobilization on theattodes is time-consuming and could be
susceptible to interference with other proteins].[2@oreover, available ELISA-based
detection methods are highly sensitive for OPNdatstill apparatus-dependent and tedious
[21, 27]. Thus, these bottlenecks impede theiritemapplications.

LFB is an ideal platform for the rapid detection \@&rious targets, including cancer

biomarkers [28-30]. LFB integrates four main pasgample, conjugate, and absorbent pads,



and a nitrocellulose membrane, which can detectlytssa in one-step, rapidly and
inexpensively [31] (Fig. 1). In recent years, vasomethods such as SPR, LFB,
electrochemical assays have been combined withpaatdes and streptavidin (SA)-biotin
chemistry to achieve ultrasensitive detection dfedent targets [32-34]. Besides, based on
nanoparticle conjugated to DNA probes and antibedy have previously developed highly
sensitive and specific LFBs for the detection aftpins [35], stem cells and bacteria [36, 37].
However, the direct linkage of aptamers to nanaogast such as gold nanoparticles (AuNPS)
could suffer from steric hindrance, complex fracgbregation, nucleotide preference, and
longer reaction time [38, 39].

Herein, we established a highly sensitive and $peckB for rapid detection of OPN
that relies on a unique property of the combinatibeingle anti-OPN antibody and aptamer.
A Dbiotinylated aptamer was used to capture OPN meatt rapidly and strongly with
AuNPs-SA complex on the conjugate pad. The reguttomplex was subsequently captured
at the test line by OPN-specific antibody withimbnutes (Fig. 1). Thus, this developed
biosensor for OPN determination provides a greatise in cancer prognosis.

2. Materials and methods
2.1 Materials

Human recombinant OPN protein expressed in HEK 288l lines, rabbit
polyclonal/monoclonal anti-OPN were purchased frédocam (Shanghai, China), and
anti-rabbit secondary antibody (with HRP) was pasgd from Bioroyee (Beijing, China).
DNA probe and aptamer were synthesized by Sangban(hai, China). Human serum
albumin (HSA), bovine serum albumin (BSA), ovumutbn (OVA), thrombin, trisodium
citrate, HAuC}.3H,O, and SA were purchased from Sigma—Aldrich (S&imh Germany).
Absorbent and fiberglass papers and nitrocellulosembranes were purchased from

Millipore (Billerica, Massachusetts). Dispenser fantibody, conjugates and probes



immobilization and a paper strip cutter were puseltafrom Shanghai Kinbio (Shanghai,
China). A portable strip reader is from Goldbio fieclogy Co. (Shanghai, China). All buffer
solutions were prepared in our lab. Other reagehtagh analytical grade and purity were
obtained from other commercial sources.

2.2. Preparation of AUNPs and its conjugates

AuNPs of 15 nm average diameter were prepared tgteireduction method as
previously described [35] with slight modificatiorBriefly, 350 mL of 1 mM aqueous gold
chloride solution (HAuG)) was boiled and continuously stirred in a flastllodwed by
subsequent addition of 3.5 mL of 1% sodium citsadkition. The resulting colorless solution
turned to a wine red-like color after 10 minutedibg. The solution was then cooled at room
temperature to form AuNPs and subsequently kept@tuntil use.

AuNPs—SA conjugate was prepared according to [3Bh \wwome modifications.
Briefly, 1 mL of the prepared AuNPs solution wadlexted and concentrated in multiple of
two by centrifugation (12000 rpm, 25 min). The fdé=ti AuNPs red pellets were resuspended
in 1 mL double distilled water (dd@), and subsequently mixed with 6 pL ofGO; (0.1 M
in ddH,0) and 10 pL of SA (50 pg mitin 10 mM phosphate-buffered saline (PBS). The
solution was gently shaken for 3 hours at room &maippire and then centrifuged at 12000
rom, 25 min. The AuNPs-SA complex was resuspendedO0 pL of suspension buffer
(0.1% NaN 0.25% Tween-20, 5% BSA, 10% sucrose, and 20 mMPRg, and then
dispensed on the conjugate pad.

Furthermore, different LFBs were constructed usthfferent concentrations of the
AuNPs-SA conjugates by applying 200 ng Tbf OPN-containing samples [40]. The
six-times concentrated AuUNPs were used for furthgreriments because they displayed a
stable sensitivity and peak areas and tested,ocasnsim Fig. S1.

2.3. Construction of lateral flow biosensor



The recognition molecules were immobilized on LFBpaieviously reported [35] with
slight modifications as follows. 30 pL of both rébbolyclonal anti-OPN (0.7 mg mt) and
SSDNA capture probe 5-AAAAAAAAAAAAAAAATAAAAAAAAAAA AAAAAAATA
A-3’ (50 uM) were dispensed on the nitrocellulosenmbrane of the strip (25 mm in width)
using a LFB dispenser to form a test and contrakzoespectively. The membrane was then
dried at room temperature for 12 h and stored-&t éntil use.

To assemble the detection strip, a fiberglass saumgodl (16 mm in width) was immersed
in sample pad buffer (1% Triton, 1% BSA, 2% glucds®mM boric acid, pH 8.0), dried and
then stored at low-humidity room temperature. Toejugate and absorbent pads (6mm and
17 mm in width, respectively) were used withoutfeutreatment. As shown in Fig. 1b, all
pads were sequentially assembled along the adhpsamteof the nitrocellulose membrane
with an overlap of 2 mm and then cut into 0.4 cnaenstrips.

2.4. Lateral flow biosensor detection of OPN protein

Prior to sample analysis, biotinylated aptamer R@tn-TGTGTGCGGCACTCCA
GTCTGTTACGCCGAOTTTTTTTTATTTT-3’) were used. This aptamer is linkedaiotin
at the 5’ and extended at the 3’-end with TsATdded), a sequence complementary to the
control line of the LFB. To detect OPN by the LR, optimized biotinylated aptamer of 20
nL (AuM) was selected from a wide range of coneioins (Fig. S2). The aptamers were
diluted in aptamer binding (AB) buffer (10 mM TiisH 7.5), 150 mM NaCl, 1 mM Mgg|l
1 mM dithiothreitol (DTT), and 4% glycerol), heaeated at 95C for 2 min, and then
chilled on ice for 5 min. The aliquots were incudzhtvith 20 pL of different concentrations
of purified OPN, OPN-spiked or clinical sampleshiit the AB buffer. The mixtures were
then incubated for 30-60 minutes with gentle agitat500 rpm) at 25C (Fig. S2). Then, 20
pL of the loading buffer (150 mM NaCl, 20 mM Tris€H(pH 8.0)) was mixed with samples

prior for subsequent loading to the LFB sample pdter 5 minutes, the LFB was read using



a portable LFB reader and peak intensities werdyaed using ImageJ (NIH Research
Services, US), which provided peak areas for pigtind sensitivity calculation as described
previously [41, 42]. Clinical breast cancer patiant normal serum samples were collected
from the biological sample bank of Central Southvérsity. The normal serum was used to
prepare a batch of six different concentration®BN-spiked serum and heated serum-(G0
30 min).
2.5. Statistical analysis

Each result presented is the mean + SE of thedaiel samples from three independent
experiments. Student's T-test was performed usimgeEand the differences between
samples were considered significant @&*0.05 or *p < 0.01.
3. Resultsand discussion
3.1. Principle of the OPN lateral flow for detection

AuNPs was conjugated to SA and then dispensedcomjagate pad. The OPN antibody
and an ssDNA probe complementary to one part obitben-labeled aptamer sequence were
dispensed at the test and control zone of the galitdose membrane, respectively. OPN
containing samples incubated with biotinylated ayga results in aptamer-OPN complex
samples (Fig. 1). Upon loading samples on the URB,OPN was captured on the LFB by
the AuNPs-SA complex on the conjugated pad andesuently by an anti-OPN antibody
immobilized at the test line, generating visibld tmes (Fig. 1c). The semi-quantitation was
analyzed using a portable strip reader that pravitlee plotted test lines’ intensities
responding to the concentration of OPN in purifi@PN and OPN-spiked serum.
Furthermore, the reproducibility of the assay weseased by analysis of each sample three
times at last twice.

3.2. Sensitivity of the OPN lateral flow biosensor



OPN overexpresses in cancer patients ranging fi@@rtd 336 (or 495) ng mtin serum
and plasma [18, 43], and this dramatic increaselaged with tumor progression and severity
[40, 44]. However, recent reports show that pla€IiR& levels is associated with poor cancer
prognosis [26]. Therefore, to investigate the desisi of the LFB, different concentrations
of commercial OPN (0, 0.01, 0.1, 1, 10, 50, 10@ B§ mLY), as well as OPN-spiked serum
were subjected to the LFB. As shown in Fig. 2a,positive result was observed in the
controls. The purified OPN higher than 0.01 ng hulisplayed a red test line optical response
on the LFB within 5 minutes. The test line direattyrrelated with the concentration of OPN
with a detection as low as 0.1 ng t{Fig. 2b). Consistently, the band intensities @ thst
lines increased with the concentration of OPN Jiitlear relationship between peak areas
and OPN concentration in tested range of 0-500 hg and the Rvalue was 0.89 (Fig. 2c).
The calculated mean peak areas from imageJ of testhine loaded with 3 controls (0 ng
mL™) was 7.3+0.5, which was used to calculate theiteisaccording to LOD = Mean (M)

+ 3* standard deviation (SD) [41, 42]. The calcetal.OD value of 8.8 ng mitwas then
taken into the equation y= 332.74x - 780.87 to iobéam approximate LOD concentration of
11.1 ng mL*. Notably, the sensitivity of the LFB was confirmey SDS-PAGE, which was
less sensitive but showed a similar trend of bamdnsity that changed with the loaded
concentrations of OPN (Fig. S3).

The sensitivity of our biosensor was confirmedngsserum spiked with different
concentrations of OPN (0, 5, 10, 50, 100, 500 ng"mlAs shown in Fig. 3a, this LFB
detected as low as 10 ng thin spiked serum with visible detection bands frd8a500 ng
mL™, and the corresponding peak areas are shown in3bigThe LOD was calculated as
previously described, which provided an estimat&dDLconcentration of 10.3 ng riL
according to the equation y= 571.01x - 893.01. Tdessitivity was obtained within 5

minutes, and is much faster than previously reponethods for OPN detection [20, 45].



Though less than 5 ng MLOPN were not recovered, the LFB met the cut-ofties: for
OPN biomarker-based cancer detection [26, 44, W&).furthermore validated the assay by
conventional ELISA according to the antibodies’ meh using the serum samples spiked
with OPN. As expected, the absorbance increased wwidreasing the amount of OPN in
spiked serum samples (Fig. 3c), and the trend waitas to that of the LFB test lines (Fig.
3a). The resulting plots of both our LFB and ELISAowed a linear relationship between
plots and the spiked OPN concentrations of 0.91 @®dl, respectively. Although the
conventional ELISA showed higher sensitivity, ougthod met the cut-off level with a much
fast performance (within 5 minutes) than ELISA (k@urs) and other methods for OPN
detection [21].

Finally, our essay was validated using clinicaldstecancer serum and normal samples.
As shown in Fig. 3 d, e; no detectable test lins whserved from normal people, while a
visible red line was observed at the test line breast cancer patient. This activity was also
confirmed using ELISA, which showed a similar treaslour biosensor but slighly increased
signals in the normal sample (Fig. S4). This robpstformance of our LFB could be
attributed to the stable reaction between AuNPshaotinylated aptamer through SA-biotin
linkage on the conjugate pad. Distinct from ourvpres finding [35], this LFB was
leveraged to use an inbuilt conjugate pad contgiinNPs-SA complex, allowing direct
loading of samples without pretreatment with AuNfRstinylated aptamer complex. Thus,
this method does not require the storage of AuNBsjugates, which could cause
aggregation or dissociation of the complex. Morepvkis linkage is stable and doesn’t
depend on nucleotide base contents of affinity @splas for direct linkage of DNA probes to
AuNPs have more affinity to adenine and cytosirentthymine [47]. Furthermore, apart
from fluorescent dyes, the usage of AUNPs enalliedrisualization of the results by naked

eye. Nevertheless, further assays from variousaalddional cancer patient’s serum samples



would be indispensable to validate the proposed.LH#is, it may be useful for rapid and
reliable on-site diagnosis of other biomarkers.
3.3. Specificity of the OPN lateral flow biosensor

This LFB showed high specificity towards variougenfiering compounds, including
OVA, BSA, HSA, thrombin, and heated serum. Therfetence test was performed using
200 pg of interfering proteins dissolved in PBSiserThe red test line was only observed in
the OPN spiked solution, rather than in the nogedaproteins and heated serum (Fig. 4a).
Consistently, a detectable peak was only observéiaei OPN containing solutions (Fig. 4b).

As OPN is found in various complex body fluids sashblood [48, 49], we furthermore
investigated the interference of other componerggigu OPN spiked with the same
interfering proteins in serum. As shown in Fig. Hae red test line was observed in all
OPN-interferants spiked serum, and the correspgnoiak areas test lines signals are shown
in Fig. 5¢. The results suggest that only OPN wascaptured by the aptamer, and visually
detected after binding to the OPN antibody on tha liest line. This LFB performance
showed no observable interference of serum compsra@nthe test line, thus discounting
steric hindrance as found in electrochemical aptsms for OPN [19]. The specificity of this
LFB can be attributed to two main reasons: onéhés AuNPs-SA complex that captures
OPN-Aptamer complex through biotin-SA reaction witla short time of conjugation, and
another factor could be the OPN antibody spedificitmobilized on the test line. Thus, OPN
is captured by both aptamers and its antibodyyioffea dual specificity.

Noteworthy, OPN possesses multiple sites of paststational modification and cleavage
[50]. OPN is prone to be cleaved, in particular,thsgombin, which is detected in high level
(360-611 nM) in cancer patients with different tumnsdes and stages; and monitored patients
undergoing treatment (surgery, chemotherapy, radrapy) presented lower concentrations

[51]. Thus, patients with cancer are at high riskleveloping venous thromboembolism (an



increase of thrombin), with a hazard ratio of tbatawuous peak thrombin are given per 100
nM increase. Interestingly, the biosensor was ehgkd with additional concentrations of
thrombin in OPN/serum and the interferant protenesained the actual activity (Fig. 5a).
However, weak test line signals were observedgtdriconcentrations of thrombin (Fig. 5b,
c). The specificity of the LFB was maintained bessathe used anti-OPN targets peptide
corresponding to human OPN amino acfCKSKKFRRPDIQYPD® rather than at thrombin
cleavage site®R and'®®s. Of main interest, thrombin couldn't interfergrsficantly with the
OPN aptamer owing to its specific targeting of @BN N-terminal [19]. Thus, this assay
could be important for sepsis, intensive care s@iting, and emergency departments as it is
quick, easy, and reliable for osteopontin quantitat
4. Conclusion

In conclusion, a simple, rapid, sensitive, and lyigipecific biosensor was developed for
human osteopontin (OPN) detection. The biosensaressfully detected both purified OPN
and OPN-spiked complex samples such as serum. Gethpeith other available OPN
methods such as ELISA [21] and electrochemicaldriser [19]. It is reasonable to conclude
that this biosensor is of low cost, straightforwasomple to use, and provides a fast-visual
detection response within 5 min. In addition, ithighly specific given that no background
was obtained on the test line in the presenceteffaring proteins, which can be explained
by the pre-binding of aptamer on the target OPNtaerdspecific OPN antibody fixed on the
test line. Our biosensor can be employed for catalg and semi-quantitative detection of
OPN in simple and complex samples such as serume Mwortantly, the developed method
can be used to detect rapidly and convenientlyraéwather biomarkers by replacing target
recognition elements (antibody, aptamer, etc.).
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Figures
Fig. 1. lllustrative scheme of the OPN LFB) The biotinylated aptamer was incubated with

OPN-containing samples to obtain a stable aptanf-Gomplex and applied on the sample
pad (reversed arrow). (b) The OPN LFB assembly WititNPs-SA on the conjugate pad,
immobilized OPN antibody and a probe complementarthe aptamer on the nitrocellulose
membrane. (c) OPN-aptamer complex containing sasrgéjected to the LFB sample pad
flow and react with AUNPs-SA on the conjugate ghdn subsequently captured by the anti-
OPN antibody at the test line. Then, the excestnylated OPN aptamers are captured by

the partially complementary ssDNA probes immobdins the control line.
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Fig. 2. (ab) Side-by-side analysis of LFB images (left) @odresponding intensities (right)
loaded with buffer and different concentrationgpafified OPN (0, 0.1, 1, 10, 50, 100, 500
ng mLY). (c) LFB portable reader peaks correspondinght ltFB test line intensities at
different concentrations of purified OPN. The pea&as of the LFB test lines of the purified
OPN in (a) were calculated and plotted. Data preserare the mean + SE of three

independent samples.p(x 0.05, **p < 0.01; n=3).
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Fig. 3. Biosensor sensitivity for OPN concentrations sdikn serum and clinical samples. (a)
From top down is the gradual increase of the test intensity respective to the applied
concentrations of OPN and clinical samples. (b) pleak areas of the LFB test lines in (a)
corresponding to the concentrations of OPN spikethé serum. (c) Conventional ELISA
detection for the purified OPN (standard OPN) arfeNcspiked serum. (d) Photo images
(left) and corresponding intensities (right) of thiesensors loaded with clinical serum. (e)
The peak areas of the LFB test lines in (d) comadmg to serum samples of breast cancer
patient, normal people and buffer (0). Data presstare the mean + SE of three independent

samples. (p < 0.05, *p < 0.01; n=3).
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Fig. 4. (a) Side-by-side analysis of LFB images loadecdhwiiterfering proteins such as

OVA, BSA, HSA, thrombin, serum dissolved in PBS dmhted serum containing 200 ng

mL™ purified OPN solutions. (b) Portable LFB reademlpéntensities corresponding to

different concentrations of interfering proteinsRBS and purified OPN on the test line. (c)

The peak areas of the LFB test lines in (a) werasued and plotted. The absence of OPN

and usage of heated serum generated neitherrtestdr a peak. Data presented are the mean

+ SE of three independent sampleq €0.05, **p < 0.01; n=3).
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Fig. 5. (@) The reaction mixture of 200 ng mlpurified OPN solutions mixed with
interfering proteins such as OVA, BSA, HSA, andothbin within the heated serum. (b)
Portable LFB reader peaks on the test line corredipg to detectable OPN in the presence
of interferants. (c) The peak areas of the LFB bests in (a) were measured and plotted.
Data presented are the mean + SE of three indepesdeples. (3 < 0.05, **p < 0.01;

n=3).
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Highlights

1. Specific aptamer and antibody for Osteopontin was used in this study;
2. Thelimit of detection isaslow as 10 ngmL™;

3. Results can be observed by naked eyes in less than an hour;

4. The latera flow strip can be used in biomedicine research and cancer prognosis.
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