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Combining the superpara-magnetism of Fe;O, nanoparticles and the outstanding
mechanical properties of carbon nanotubes, magnetized carbon nanotube-based |ateral

flow strip biosensor was first used for visua detection of proteins directly in whole

blood avoiding complex purification and sample pretreatment
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Abstract

The authors describe a magnetized carbon nanoMiB&IT)-based lateral flow strip
biosensor for visual detection of proteins directiywhole blood avoiding complex
purification and sample pre-treatments. MCNT wernetisssized by coating @,
nanoparticles on the shortened multiwalled carbanotube (CNT) surface via
co-precipitation of ferric and ferrous ions withandispersion of shorten multiwalled
CNTs. The antibody-modified MCNTs were used to gepttarget protein in whole
blood; the formed MCNT-antibody-target protein cdexgs were applied to the
lateral flow strip biosensor, in which a capturéilady was immobilized on the test
zone of the biosensor. The captured MCNTs on teeziene and control zone were
producing characteristic brown/black bands, and #mabled target protein to be
visually detected. Quantification was accomplishgdreading the intensities of the
bands with a portable strip reader. Rabbit IgG wasd as a model target to
demonstrate the proof-of-concept. After systemagpiimizations of assay parameters,
the detection limit of the assay in whole blood vae$ermined to be 10 ng riiL
(S/N=3) with a linear dynamic range of 10 to 200nmig*. This study provides a rapid
and low-cost approach for detecting proteins inofljoshowing great promise for

clinical application and biomedical diagnosis, maitarly in limited resource settings.

Keywords: Magnetizedarbon nanotube; lateral flow, biosensor; proteiopd
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1. Introduction

Protein, involved in a variety of life events, pdagritical roles in metabolism [1].
To sensitively detect proteins is of enormous ggerfor not only basic discovery
research but also a broad range of applicationd) a8 biology, disease diagnosis,
food safety, and environmental analysis [2,3]. Hesve detecting proteins in
physiological fluid samples, particularly in bload,still a great challenge because of
problems such as biofouling and nonspecific bindiagd resulting need to use
sample purification greatly reduces the clinicalplagations [4]. Traditional
techniques to quantify the protein concentrationslood include Radioimmunoassay
[5,6], Western Blot [7,8], agarose and polyacryldenigel electrophoresis [9],
Enzyme-linked Immunosorbent Assay (ELISA) [10-18HaMass Spectrometry (MS)
[14-15]. However, these technologies are limitedatmoratory use because they rely
on sample purifications and sophisticated instrus)esre time and labour intensive
and expensive, and require highly trained persoridilsnerous immunoassays and
immunosensors in connection with different transusic(electrochemical, optical,
acoustic, piezoelectric, etc.) have been repormedetect proteins in blood [16-23].
Although many of them have been applied at therktboy research level, they have
not been applied in-field or point-of-care deteatioecause of the relatively long
assay time or multiple washing and separation steps

Lateral flow immunoassay (LFI), also known as imneiwmomatographic assay or
lateral flow strip biosensor (LFSB), is a solid-peammunoassay incorporating the
technology of thin layer chromatography and immrgeognition reaction. LFI is one
of rapid, cost-effectiveness and portable detedsmhniques. LFI has been used for
point-of-care or in-field screening of infectioussetses, drugs of abuse, and
pregnancy [24-30]. Gold nanoparticles (GNPs), carbanoparticles, quantum dots
(QDs) and Fg¢D4 nanoparticles have been used as immunochromatugréabels
among which GNPs are the most widely used duedw tmique optical properties
(plasma absorption) and easy surface modificatida3. However, GNP-based
LFIs are not able to detect proteins with low caricions in whole blood due to its

low sensitivities and colour interference. Fluossdc and magnetic LFIs have
3
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attracted considerable interest because of thgir $ensitivities and anti-interferences.
Gerd et al. reported a lateral flow immunoassayngiseuropium (lll) chelate
microparticles and time-resolved fluorescence fosimophils and neutrophils in
whole blood [37]. Own to unigue magnetic separatiproperties, magnetic
microparticles and nanoparticles have been useddasinochromatographic labels
for the detection of analytes in food matrixes [38]. However, fluorescent and
magnetic LFIs still require expensive or compleaders. Therefore, there is still a
great challenge to develop inexpensive, rapid asy-60-use technologies for protein
detection in whole blood.

Since their discovery by lijima, carbon nanotub@&NTs) have been used to
construct various chemical sensors and biosensmaue of their unique physical,
chemical and electronical properties [39,40]. Molsthe CNT-based biosensors and
bioassays still suffered from tedious assay timejtiple washing steps and the
requirement of trained personnel [41-44]. Our groampd others have reported
CNT-based lateral flow nucleic acid biosensors feual detection of DNA and Hg
[45, 46]. In this work, we synthesized a magnetizadbon nanotube (MCNT) by
coating FeO, nanoparticles on the shortened multiwall CNT sefavia
co-precipitation of ferric and ferrous ions withéndispersion of shorten multiwall
CNTs [47, 48]The MCNT was used as an immunochromatographic fabelisual
detection of proteins in whole blood. Rabbit Ig@&ifiunoglobulin G) was used as a
model target to demonstrate the proof-of-concepibld® 1IgG was first detected in
buffer, the detection limit was 0.5 ng ftlunder the optimized experimental
condition, which is two times lower than that oét&NP-based LFSB and magnetic
nanoparticle (MNP)-based LFSB, and forty times low&n that of the latex-based
LFSB. In addition, MCNT-antibody conjugates were renatable compared with
GNP-antibody conjugates because the latter was &asgggregate during the
preparation and test. The optimized MCNT-based LM&B applied to detect rabbit
IgG in whole blood with the detection limit of 1 mL™.

2. Experimental
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2.1. Apparatus

Nucleic Acid Extraction MCB 1200 (Sigris Researthg, Brea, California) was
used to separate magnetic nanoparticles from eaokitiA Hitachi SU8010 field
scanning-electron microscope (SEM; Tokyo, Japars) wged for images taking of the
nanoparticles. Fourier transform infrared (FT-IRjestroscopy was measured by
using a Nicolet iS10 FT-IR Spectrometer (Thermoes8itiic, Rockford, IL)with
attenuated total reflection (ATR) attachment. U¥-vabsorption spectra were
measured with a UV-1800 Spectrophotometer (Shimadapan). The Biojet BJQ
3000 dispenser, Clamshell Laminator, and the Ginkocutting module CM 4000
purchased from Biodot LTD (Irvine, CA) were used grepare lateral flow strip
biosensors. A portable strip reader DT1030 (Shan@édbio Tech. Co.; Shanghai,
China) was used for signal recording. Nikon COOLBK200 camera (Nikon, Japan)

was used to take the photo images of lateral floyy btosensors.

2.2. Reagents

Multiwalled carbon nanotubes (MWCNTs, SN2302, px@5%) were purchased
from Nanomaterial StoréFremont, CA), FeGl4H,0 (purity>99%) was purchased
from Acros Organics BVBA (Geel, Belgium), MWCNTs 558, purity>95%),
carboxylated MWCNTs (755125, purity>95%), ammonidroxide, FeG 6H0,
N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hyalchloride (EDC),
N-hydroxysulfosuccinimide (sulfo-NHS), 2-(4-Morplab) ethanesulfonic acid
(MES), streptavidin, sucrose, Tween 20, bovinersealbumin (BSA) and phosphate
buffer saline (0.01 M PBS, pH 7.4) were purchasedhfSigma-Aldrich (St. Louis,
MO). Glass fibers (GFCP000800), cellulose fibers (@¥HE700), nitrocellulose
membranes (HFO90MC100, HFB18004 and HFB24004) amuinkted cards
(HFOOOMC100) were purchased from Millipore (Billeai MA). Rabbit 1gG, goat
anti-rabbit IgG (AkR) and donkey anti-goat IgG (Ab were purchased from
ThermoFisher Scientific (Rockford, IL).

All the chemicals used in this study were analytieagent grade. Solutions were

prepared with ultrapure (Z18 &) water from Millipore Milli-Q water purification
5
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system (Billerica, MA).

2.3. Preparation of magnetized carbon nanotubesraagnetic nanoparticles
2.3.1.Preparation of magnetized carbon nanotubes (MCNTS)

Ten milligrams of MWCNTs were treated with 4.8 mL3®D, and 1.6 mL HNQ@
under vigorous ultra-sonication for 6 h. The shoett CNTs was centrifuged, washed
with water several times until the solution wastreuand suspended in 10 mL water
for further use. The synthesis of MCNTs were irsgiby co-precipitation method
[48]. Certain amount of shortened CNTs, 0.04054 e£l-6H,0 and 0.01491 ¢
FeCb-4H,0O were dissolved and mixed in 10 mL of deionizedewal he mixture was
sonicated and stirred vigorously, and ammonia watas added dropwise under
vigorous stirring till the pH value reached to Hihd kept stirring for 30 min. The
brown MCNT were collected with an external magmnedshed with water for three

times, and suspended in 10 mL water for further use

2.3.2. Preparation of carboxylated magnetic nandiche (MNPS)

MNPs were synthesized according to the hydrothermakhod with slight
modification [50]. Briefly, 0.6 g Fe@l6H,O and 1.5 g NaAc was dissolved in 20 mL
ethylene glycol. After vigorous stirring for 30 mitine mixture was reacted at 200 °C
in a sealed autoclave tube for 16 h. The produasewashed several times with

ultrapure water, and suspended in 20 mL waterudhér use.

2.4. Preparation of MCNT-Aland MNP-AR conjugates

The conjugates were prepared according to the tegpomethod with slight
modifications [45]. Two hundred and fifty microlite of MCNTs or one hundred
microliters of MNPs was mixed with 4.8 mg EDC and ghg sulfo-NHS in 0.5 mL
MES buffer (0.1 M, pH 4.7). After shaking 15 min raiom temperature, activated
MCNTsor MNPs was separated by applying an external ma@wpernatant was
discarded and the pellet was re-suspended in PB®r.blthe above process was

repeated three times to remove the extra reagénén certain amount of anti-rabbit
6
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IgG (Ab;) was added to the activated MCNTs or MNPs, and rtheture was
incubated overnight at 4 °C. This mixture was wastmeee times with the procedure
described in the activation process. Supernataatdisgzarded and the pellet collected
in the final washing step was re-suspended in OL5 eluent buffer (20 mM
NagPOy- 12H0, 5% BSA, 10% sucrose, and 0.25% Tween-20). Thgugate

solutions were stored at 4 °C.

2.5. Preparation of lateral flow strip biosensor &B)

The LFSB was made up of three components: samplaicapon pad,
nitrocellulose membrane and absorbent pad. Unttegéss fibers (GFCP000800) (23
mmx30 cm) were used as the sample application @agture antibody (A and
secondary antibody (Apsolutions were dispensed onto nitrocellulose mamd at 1
cm s' speed to form the test and control zones withaigeof Biojet BJQ 3000
dispenser. Distance between the test and contriészavas about 5 mm. Then the
membrane was dried at 37for 1 h and kept it at 4/. Clamshell laminator was used
to assemble all the three components on a pladtiesitve backing (60 mm x 30 cm)
and each part overlapped 2 mm to ensure the solutigration along the strip.
Finally, the strips with 3 mm width were cut by Beillotin cutting module CM 4000

and stored them ati4 before further use.

2.6. Assay procedure
2.6.1 Detection of rabbit IgG in running buffer

Different concentrations of target IgG and the esppred conjugates were mixed
in one hundred microliters of running buffer (PBS1% BSA + 0.03% Tween
solution). After gentle vortex, the LFSB was dippetb the sample solution and the
solution migrated toward absorption pad. Ten misildger, another 6QL of running
buffer was added to wash the LFSB. The test andralomones were evaluated
visually within 20 min. For quantitative measurenserthe optical intensities of the
test and control zones were recorded with a patatsip reader. The images of the

LFSBs were obtained with Nikon COOLPIX S4200 can{&li&on, Japan).
7
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2.6.2 Detection of rabbit IgG in whole blood

Briefly, 20 pL of human blood spiked with certaioncentration of rabbit IgG was
mixed with 80 pL of PBS buffer and 5 pL of MCNT-Abonjugates. The mixture was
incubated 10 min under general shaking. After apglgn external magnet 2 min, the
MCNT-ADb;-IgG complexes were separated from the whole blaaghed twice with
PBS and re-suspended to the running buffer befopéy/img to the sample pad of the
LFSB. Ten minutes later, another @0 of running buffer was added to wash the strip.

The test and control zones were evaluated viswathin 20 min.

3. Resaults and discussion

3.1. Preparation and Characterization of MCNT

Fig. 1A and 1B presents the typical SEM images of shortened GiMiGsMCNTSs.
One can see the MCNTSs have a length of 3 to 5 |ign {B). Magnetic particles were

coated either on the surface or the ends of CNigs1C shows Fourier transform
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Fig. 1 (A) SEM image of shortened multiwalled CNTs; (B) SEMage of

magnetized CNTs; (C) FTIR spectra of unshortenetiiwalled CNTs (a), shortened
multiwalled CNTs (b) and magnetized CNTs (c). (jo® images of magnetized
CNT suspension after applying an external magnéteatime of O s (left) and 40 s

(right).
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infrared (FTIR) spectra of the unshorten CNTs {lag shortened CNTs (b) and the
MCNTs (c). The peaks of the shortened CNTs and MCHIT1800 and 1682 ¢
indicated that the pretreatment in mixed acids gdgd carbonyl groups on the CNT
surface, which can be utilized for co-precipitatminferric and ferrous ions on CNT
surface, and antibody immobilization. A peak obsdraround 563 cthin MCNT is
attributed to the Fe-O stretching mode of the lbettigal and octahedral sites [49]. As
expected, the magnetized CNTs exhibited superpayastia property at room
temperature, which can be separated from its swoludifter applying an external
magnet within 40 second$-if). 1D). The extinction coefficient of MCNT at the

wavelength of 633 nm was estimated to be 5.25 trg* (Fig. S1).

3.2. Principle of MCNT-based LFSB

The MCNTs were then functionalized with anti-IgG tieady (Ab) by
carbodiimide crosslinker chemistry via diimide-aated amidation between the
carboxylic acid groups on the CNT surface and angroups of the antibody{g.
2A). The formed MCNT-Abp conjugates were used as probes to capture tangfeirp
(rabbit 1gG) in blood Fig. 2B). After magnetic separation, the MCNT-AlgG
complexes were suspended in a running buffer aptieabto LFSB Fig. 2C). In the
presence of target 1gG, the MCNT-AlgG complexes will be captured by the
antibody pre-immobilized on the test zone. The audation of MCNT on the test
zone produced a distinct brown band, whose intgnsiis proportional to the
concentration of target IgG-ig. 2D). The excess of MCNT-Alconjugates continued
to migrate along the strip and were captured bys#wond antibodies on the control
zone to form the second characteristic brown bamthe absence of target IgG, only
one band on the control zone was obtained, indigatie LFSB worked properly.
Qualitative analysis was realized by observingdableur change of the test zone with
the unaided eye, and quantitative detection waaimdd by reading the greyscale of
the brown band on the test zone with the aid obiaple strip reader. It should be
noted that the MCNTs did not move well on cellulddgeer. Therefore, glass fiber

instead of cellulose fiber used in traditional LF&Brication was used as the sample
9
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The concept of using the MCNT as immunochromatdgcapabel for visual
detection of protein and the optimizations of expental parameters were first
studied with sample solutions prepared with puriiebwsolution without bloodFig.
3A presents the typical photo images of LFSBs afteasueng the sample solutions
containing 0 and 10 ng mt target IgG. There was no test band observed in the
absence
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Fig. 2 (A) schematic representation of preparation of ME&AbBE conjugates; (B)
schematic representation of steps to capture rdght in blood; (C) schematic
representation of the configuration of the laterawfl strip biosensor; (D)
measurement principle of the MCNT-based lateral #tnwp biosensor.

of target IgG while a distinct, brown band appedrethe presence of 10 ng riligG.
To compare the analytical performances of the M@E3ed LFSB and the reported

magnetic nanoparticle (MNP)-based LFSB, the resgoid the sample solutions at
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three concentration levels (0, 1, and 5 ng higG) were testedF{g. 3B). When
rabbit IgG was absent in the sample solutions,heeibf the LFSBs showed a
response on the test zon&g( 3B-a). In the presence of 1 and 5 ng thiabbit IgG
(Fig. 3B-b and Fig. 3B-c), the responses of the MCNT-based LFSBs (left)ewer
higher than that of the MNP-based LFSBs (right)g.FBC displayed the
corresponding optical responses of the MCNT- andPMidsed LFSBs and it was
found that the sensitivity of MCNT-based LFSB wage{times higher than that of
MNP-based LFSB. The high sensitivity of the MCNBed LFSB would be ascribed

to the big surface area of CNTs.

3.3 Optimization of Experimental Parameters

To obtain the best performance of MCNT-based LRBB,following experimental
parameters were optimized: (a) CNT resources an@l &Nount used to prepare the
MCNTs; (b) running buffers; (c) types of nitrocétlee membranes; (d) antibody
amount for preparing MCNT-antibody conjugates; @@ncentration of capture
antibody on the test zone; (f) the volume of coajeg per assay. Respective data and
Figures (Fig. S2 and Fig. S3) are given in the tEb@ic Supporting Information. We
found the following experimental conditions to gilest results: (a) using 10 mg
SN2302 multiwalled CNT (Nanomaterial Store) to @EepMCNT; (b) using PBS + 1%
BSA + 0.03% Tween solution as running buffer; (sjng HFO90MC100 membrane
(Millipore) to prepare LFSB; (d) using 20 pg of eéetion antibody to prepare MCNT-

A TZ CZ
1 1
0 ng mL"! rabbit IgG l ! — _,.__Jﬁ‘L_,,
10 L rabbit IgG N\
ngml ' abbicTeG [N~ N
B C
Az B
OngmLt 40
TZ = ™
: 300
b o 2z
1ngmL? £ 2004
TZ = &
| E
100+ e
C [ ‘

TZ= 0 1 5
Rabbit IgG concentration / ng mL1

z=pm B n
E spgmit ol

11
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Fig. 3 (A) Typical images of MCNT-based LFB in the abseaad presence of 10 ng
mL*target IgG; (B) Photo images of the MCNT-based LE$Bft) and the magnetic
nanoparticle-based LFSBs (right) in the presenadiloérent concentrations of rabbit
lgG: (a) 0 ng mC%, (b) 1 ng mL?, and (c) 5 ng mL*; (C) corresponding intensity of
the peak areas of the test zones of (B). CZ: cbatnoe; TZ: test zone.

antibody conjugates (The immobilized Aln MCNT surface was around 80 ng per 1
g MCNT); (e) dispensing 1.6 mg nilof capture antibody on the test zone; (f) using
2.5 uL MCNT-Ahk per assay.

3.4. Analytical performance

Under the optimal experimental conditions, the genfance of the MCNT-based
LFSB was examined with sample solutions contairdiferent concentrations of
target 1gG.Fig. 4A presents the typical photo images and correspgndptical
responses in the presence of 0 to 10 ng'mabbit IgG. The photo images recorded
by a digital camera would be used for visual judgetnThe peak areas in the left
column would be used for quantitative detectioneQan see that no band was
observed on test zone in the absence of rabbit(tg@trol), indicating negligible
nonspecific adsorption. The test band can be &ifirly observed in the presence of
0.5 ng mL* rabbit IgG, which was used as the visual detediioit of rabbit IgG
without instrumentation. The intensity of the teshe increased with the increase of
the IgG concentration and arrived at a plateaw@trig mLC* (Fig. 4B). As shown in
the inset of Fig. 4B, the corresponding calibratibots of the greyscales of test bands
(peak area) had a linear correlation with the raldgs concentration range over
0.5-10 ng mC*. The limit of detection (based on S/N=3) (LOD) veadculated to be
0.34 ng mC* (~2.3x 10* mol L™). The LOD is two times lower than that of the
GNP-based LFSB and forty times lower than thathef fatex-based LFSB [51,52].
Moreover, the use of MCNT labels avoided the agafieg of conjugates, sample
pretreatment and purification, which were often rnethe traditional protein test in

blood with GNP-based LFSB.

12
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Fig. 4 Typical optical responses and photo images of th8RBs with an increasing
rabbit IgG concentration (0.5 to 10 ng ML (B) calibration curve of the LFSB. The
inset shows the linear response for rabbit IgG hEata point represents the average
value obtained from three different measuremenssa time: 20 min. CZ: control
zone; TZ: test zone.

3.5. Reproducibility and specificity

The reproducibility of MCNT-based LFSB was stud®dtesting sample solutions
containing 0, 1.0 and 5.0 ng Mltarget IgG. Each concentration level was measured
six times with six different LFSBs (Fig. S4). Theresponding RSD values were
7.72 %, 8.51% and 5.02 % respectively, demonsgadesirable analytical stability
and reproducibility. The specificity of the MCNTd®d LFSB was examined in the
presence of an excess of non-target proteins (E&%, CA-19-9, mammoglobin). A
high response was observed when 5.0 ng giG was tested, whereas the negligible
signals were obtained from other proteins, indigatihe excellent specificity of the

MCNT-based LFSB (Fig. S5).

3.6. Detection of rabbit IgG in whole blood

The optimized MCNT-based LFSB was then applieddtect rabbit IgG in whole
blood Fig. 2). The volume of MCNT-Ap conjugates, the volume of blood used per
assay, the capturing time of MCNT-Am blood and magnetic separation time were
optimized to obtain the best results (Fig. S6)efdyj 20 uL of human blood spiked
with certain concentration of rabbit IgG was mixgith 80 uL of PBS buffer and 5
pL of MCNT-Ab; conjugates. The mixture was incubated 10 min urgisreral
shaking. After applying an external magnet 2 e, MCNT-Ab-IgG complex were

separated from the whole blood, washed twice wi#s Rind re-suspended to the

13
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running buffer before applying to the sample padhef LFSB.Fig. 5A presents the
typical photo images of LFSBs in the presence ofedéent concentrations of rabbit

IgG in blood. No

Intensity

A BCDH
300

2 200

100

0

m

10 20 50 100 200

Rabbit IgG concentration in blood / ng mL? 50 100 150 200

Rabbit IgG concentration in blood / ng mL™*

Fig. 5 (A) typical photo images of the MCNT-based LFSBhaan increasing rabbit
lgG concentration in blood samples (10 to 200 ng™*nLB) corresponding
calibration curve. Each data point represents tlezage value obtained from three
different measurements. Running buffer: PBS+1% B&BA3% Tween;
concentrations of rabbit IgG antibody on the testez 1.6 mg mL:; concentration of
rabbit IgG antibody on the conjugate: gQ; conjugates volume: pL; blood stock
sample: 2QuL; incubation time: 10 min; separate time: 2 missay time: 20 min. CZ:
control zone; TZ: test zone.

band was observed in the absence of the targeinigf®od and the intensities of the
test bands increased with the increase of rablitdgncentration in blood. It has a
linear range from 10 to 200 ng mi_and the visual limit detection was 10 ng faf
rabbit 1gG in blood Fig. 5B).

4. Conclusions

In summary, we have developed a magnetized carbootube-based lateral flow
strip biosensor for visual detection of protein whole blood. Combining the
superparamagnetism of 4& nanoparticles and the outstanding mechanical
properties of carbon nanotube, the antibody madliffreagnetized carbon nanotubes
have three functions: (1) capturing target protginwhole blood; (2) magnetic
separating the magnetized carbon nanotube-antitavdgt protein complexes from
the whole blood and reducing the matrix effect; {Bualizing and quantifying the
concentration of target protein on a lateral flosvide. To the best of our knowledge,
this is the first time of the successful applicatainrmagnetized carbon nanotube as
immunochromatographic labels for visual detectibprotein in whole blood without

any complex purification or sample pre-treatmentss Btudy provides a rapid and
14
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low-cost approach for detecting proteins in blosiipwing great promise for clinical
application and biomedical diagnosis, particulanlyimited resource settings. Future
work will aim to use the MCNT-based LFSB for debegtcancer protein biomarkers

in blood.
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Highlights

Magnetized carbon nanotube isfirst used as an immunochromatographic label.
Visual detection of protein in whole blood avoiding complex purification and
sample-pretreatment.

The method israpid, simple, low-cost and portable.



