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ARTICLE INFO ABSTRACT

Article history Lateral flow paper-based biosensors merge as poltedis in point-of-care diagnostics since
Received they are cheap, portable, robust, selective, fadeasy to use. However, the sensitivity of this
Received in revised form type of biosensors is not always as high as reduafen not permitting a clear quantification.
Accepted To improve the colorimetric response of standaterda flow strips (LFs), we have applied a
Available online new enhancement strategy that increases the ségifi LFs based on the use of cellulose

nanofibers (CNF). CNF penetrate inside the pordd=sfnitrocellulose paper, compacting the
pore size only in the test line, particularly nde surface of the strip. This modification retains
the bioreceptors (antibodies) close to the surfdidbe strips, and thus further increasing the

Keywords density of selectively attached gold nanoparti¢fg\Ps) in the top part of the membrane, in
Lateral flow the test line area, only when the sample is pasifiwis effect boosts in average a 36.6% the
Biosensor sensitivity of the LFs. The optical measurementthefLFs were carried out with a mobile
Cellulose phone camera whose imaging resolution was imprbyeattaching microscopic lens on the
Gold nanoparticles camera objective. The characterization of CNF paper and their effect was analyzed using
Nanofiber: atomic force microscope (AFM) and scanning electmicroscope (SEM) imaging techniques.

2019 Elsevier Ltd. All rights reserved

1. Introduction been proposed during last years, as they are:ddliéan of extra
o amplification steps (Fu et al., 2010, 2011; Fridktyal., 2012;
The World Health Organization (WHO) urges the poqriguez et al., 2016), secondary chemical reast{dnfossi et
dev_elopment of afforc_iable, sensitive, se!ectlveeruisendly, al., 2013; Parolo et al., 2013a; Chapman et alL52Qoynachan
rapid and robust, equipment-free and derivablehto @nd-user ot 5| 2018), architecture modifications (Parotoag, 2013b:
dey|ces (ASSURED criteria) (LgBarre et al,, 2011)etaltflow  Riyas et al., 2014), new labels (Quesada-Gonzaldz €049) or
strips (LFs) are paper-based biosensors that enargmwerful o\ exploring alternative signal translation methbeyond the
devices since they ft_JIflII all the demands (ang:l drse, 20Q9; optical response (Tang et al., 2009; Marquina et28112; Li et
Parolo a}nd Merkogi, 2013; Que_sada-GonzaIez and MerkogaL’ 2014; Zhu et al. 2014; Khiebtsov et al., 2019)
2015; Lopez-Marzo and Merkoci, 2016; Zhan et aDl12
Quesada-Gonzalez, 2018). Paper substrate is inexpensi The porosity of paper is a key factor regarding gaesitivity
recyclable, tunable and allows the storage of beptws (e.g. Of the strips (Wong and Tse, 2009). Small pores iei#id to
antibodies [Wu et al., 2014]) and nanomaterials €ade- higher sensitivity, as we demonstrated in a previsask (Rivas
Gonzélez and Merkogi, 2015; Zhan et al., 2017) ip state. €t al., 2014), nevertheless the sample may haviudifes to
These capabilities make LFs suitable for pointarfec (PoC) flow, increasing the assay time and the probabdfthaving a
diagnostics (Burns, 2002; Kratz and Lewandrowski, 3200 flow stop or membrane defects, further provoking low
Quesada-Gonzalez and Merkogi, 2018). However, in samesc reproducibility. Herein, we propose to decrease e size of
LFs may present not enough sensitivity levels, whides not the membrane only on the test area, where the rézogn
allow or makes it difficult to perform quantitativanalysis. —antibodies are dispensed. To accomplish this roiestin this
Therefore, many studies and signal enhancemenegiga have work we have included for the first time cellulosenafibers
(CNF) in the test area. CNF are a nanomaterialnofteed as
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reinforcement additive on papermaker pulps (Gonzéteal.,

2012, 2013, 2014, 2017; Alcala et al. 2013; Delgadatlag et

al.,, 2015, 2016; Tarrés et al., 2016). This nanensltcan be
produced as a gel that is easily dispensed and drgde the
paper pores. In addition to the structural modiftega CNF are
biocompatible with antibodies, thus increasing theas where
they can be attached, so that more of them arseetanear the
paper surface, where it is best appreciated the oblvansducer
particles (Fig. 1A). Gold nanoparticles (AuNPs) witheege

diameter of 18.0 + 0.5 nm (Fig. S1) have been ahosse
transducer particles since they are easy to syméhé€turkevich

et al., 1951), bioconjugate (Shyu et al., 2001; ReHscosura-
Mufiiz et al., 2010; Parolo et al., 2013c; Rivaalgt2015; Ngu et
al., 2019) and have a strong red color readilyadatde (Fu et al.,
2016; Quesada-Gonzélez et al., 2018). Furthermore, Allde
demonstrated their applicability in the evaluatadnreal samples
with LFs (Shim et al., 2009; Xie et al., 2015; Ques&bnzéalez
et al., 2018; Liu et al., 2018). Our LFs designapresented in
Fig. 1B.

The functionality of our LFs devices is finally atigly
dependent on the color contrast detection of tkediipe lines.
In this sense, mobile phones become important stippols in
nowadays’ biosensing (Mudanyali et al., 2012; Coslktral.,
2013a, 2013b; Roda et al., 2014, 2016; Berg et 2015;

was added under continuous vigorous stirring. THetiso was
kept boiling for 10 more minutes and then alloweddol down
to room temperature. The AuNP solution was adjustedgbl of
9.0 by addition of 0.01 mM BB. AuNPs were charactetiby
transmission electron microscope (TEM, Tecnai R29)shown
in Fig. S1.

2.3.Gold nanoparticles conjugation.

100 pL of goat anti-human 1gG antibody (1o&/mL in PB)
were added to 1.5 mL of AuNP solution and incubated2fd
minutes at room temperature. BSA solution (0.1 % w0
pL) was then added to the mixture, which was incub#&bed
another 20 minutes and then centrifuged at 4°C qaaef, 20
minutes). The supernatant was discarded and thet peths
reconstituted in 0.5 mL BB (2 mM, pH 7.4) containit %
sucrose.

2.4.Lateral flow strips preparation.

The conjugate pad was prepared by dipping the dlbes
into the AuNP-antibody conjugate suspension. Ther fibas
dried in a vacuum chamber for 3-4 hours, and thered in
barrier zip-lock pouches with drying pearls at 4 T@e sample
pad was prepared by dipping the cotton membran® Buffer
containing 0.05 % Tween 20 and 5 % BSA. The pad wiasl @n

Quesada-Gonzéalez and Merkoci, 2016; Alvarez-Diduk et althe oven at 60°C for 2 hours and stored in barzigrlock

2017; Kihnemund et al., 2017; You et al., 2017; Beret al.
2018), not only due the capacity to record andestioe data, but
also because of the portability, cloud storagegessibility and
software capabilities that these devices offer.his twvork we
attach microscopic lenses (Blips Microlenses [Snislitro
Lenses, online reference]) to the mobile phone canmeproving
the quality of close-up images taken of the tesman LFs,
therefore increasing the number of pixels that banread and
demonstrating the operability of the device in cgajtion with
standard camera-based detection.

2. Experimental section
2.1.Materials.

Tetrachloroauric acid (HAu@), bovine serum albumin
(BSA), goat anti-human IgG antibody, human IgG, trisod
citrate, sucrose, Tween 20, phosphate buffer séifB&S) tablets
and the reagents to prepare phosphate buffer rimesgeB;
sodium phosphate basic and dibasic) and borateetb(BB;
sodium tetraborate and boric acid) were purchasam fsigma
Aldrich. Chicken anti-goat antibody was purchasedfisbcam.

Nitrocellulose membrane (HF180), cotton
(CFSP001700), glass fiber (GFCP00080000) and stipgor
adhesive cards were purchased from Millipore.

CNF (0.92 %) were provided by LEPAMAP group, fabricht
following a reported protocol (Delgado-Aguilar et &Q15) by
using commercial bleached pine tree pulp as raw najte
provided by Ence: Celulosas y Energia S.A.

Blips Lens Basic Kit, from Smart Micro Optics (Smbticro
Lenses, online reference), was purchased in a Kidkst
campaign.

2.2.Synthesis of gold nanopatrticles.

Following Turkevich method (Turkevich et al., 195AyNPs
of approximately 20 nm diameter were synthesizedcitnate
reduction of HAuCJ. 50 mL of a 0.01 % (w/v) solution of

pouches with drying pearls at 4 °C. The detectiah ywas made
assembling nitrocellulose membrane onto a supppauthesive
card.

CNF gel (0.92%) was diluted by half (to 0.46% CNF)hwit
Milli Q water to make it less viscous and able todiEpensed
using a Biofluidix Biospot Workstation. It was disped over
nitrocellulose membrane forming a line. The line wéspensed
repeatedly on the same position to increase theetdration of
CNF within nitrocellulose pores (from one to six ¢ispi.e. 0.46
to 2.76 %, respectively). After drying the membrawernight at
room temperature, goat anti-human IgG antibody figdmL in
PB) was dispensed over the previous line, formirgtdst line
(TL). Chicken anti-goat antibody (1.0 mg/mL in PByjas
dispensed at 5.5 mm of distance from the TL (Fig.f@ming
the control line (CL). The detection pad was drie@#C for 2
hours and stored at room temperature under dryittonsl

As represented on Fig. 2, the conjugate pad was assgm
onto the adhesive card with a 1 mm overlap overdétection
pad, on the farthest side from the detection lifiée sample pad
was assembled overlapping the conjugate pad atrtieolethe
card. An absorption pad (untreated cellulose meng)ravas

membrane,ssembled on the other end of the card, overlapghimgletection

pad, at 4 mm away from the CL. The strips were catwdth of
6 mm using a guillotine and stored at room tempeeatvith
drying pearls.

2.5.Assay performance.

Human IgG solutions, from 0.01 to 1.00 pg/mL, were
prepared in pH 7.4 PB (buffer that was also used laskb
sample). 200uL of each concentration were dropped on the
sample pad of the strips. After 5 minutes, TL and @Wé&re
observed. Images of the strips were taken at 6 mmulisthnce
using a Moto Z mobile phone camera (13 megapixelvhich
Micro Lens, from Blips Lens Basic Kit, were stickes the
objective (Fig. S2). A 3D-printed tool was made usB@N-3D
Sigma printer (melting polylactic acid filament) @amder to keep
the distance between the strips and the cameraamnsideo

HAuCI, were prepared in Milli-Q water. This solution was take /1),

to boiling point and 1.25 mL of 1 % (w/v) sodiumraie solution



Image J software (Alvarez-Diduk et al., 2017; Kiihnethen
al., 2017; Quesada-Gonzalez et al., 2018) was useddotify
the TL intensity of color in the images. The intign®f white
pixels (maximum value 255, being O the blackesbolas
measured in 8-bit black-and-white format reconveri@ages
(Fig. S3 illustrates the software and the area whiah selected
in a TL). Data was normalized into % color where 08d 400
% equal to 255 and 0 values respectively by thegou

% color = 100-(100 - IMGJ)/255

Where “IMGJ” is the value measured with the softwéreng
0 to 255).

2.6.Characterization of CNF on nitrocellulose.

After the assay, two positive LFs were selected apdateas
corresponding to the TL were cut for its study. Tdwmple
concentration added in both strips was the samaghmie strip
made with CNF gel on the TL and the other withoutthBo
samples were observed on scanning electron micrgg&ip\V;
FEI Magellan 400L XHR).

The same samples were observed in atomic force stopy
(AFM). AFM imaging was performed with a MFP-3D Asylum
AFM (Oxford Instruments, Scotts Valley, CA). In alhet
experiments, PPP-EFM tips (Nanosensors;
Switzerland) with a stiffness constant k=2 N/m andtedavith
Ptir5 were used. Multi-Frequency AFM is based in tise of
multiple excitation modes with different characticis
frequencies. In this case, the fundamental excitathode was
used together with the second eigenmode.

In simple bimodal AFM operation mode, the tip i<iéed at
both frequencies, with amplitudes A2 < Al. A remarkdi®@aefit
of MF bimodal imaging is the fact that the forcetvizeen the tip
and the sample are very small while still allowinglear non-
destructive differentiation of composition, whiclakes it a very
convenient way to investigate samples composed fééreint
materials. The excitation at the fundamental mods used to
measure the topography in amplitude-modulation ARdhjle
changes in amplitude and phase for the second rei@s not
affected by the feedback loop restrictions, are itooed. The
contrast obtained for the second eigenmode ariséslyron the
different composition of the sample and change etmanical
properties such as stiffness of the material. Megeo this
technique is depth sensitive and allows to obsérm@etesence of
structures embedded in a matrix such as a gel, bew the
surface.

It must be highlighted that, in a previous work (Earet al.,
2017), CNF were characterized by XRD exhibiting theidgl
Cellulose | crystalline structure, with peaks copawding to
(110), (110) and (200) reflection planes and amagye diameter
around 20 nm.

3. Results and discussion

AuNPs-based LFs were prepared for the detection ofahum

immunoglobulin (HIgG) (as described in methods segfia

protein often used as model on the optimizatiortatéral flow

assays (Parolo et al., 2013a, 2013b; Rivas e2@14; Quesada-
Gonzélez et al., 2019). CNF gel was dispensed onlthaf TFs,

before adding the antibodies, to increase the temdi these
retained near the surface of the strip and thubamee the
colorimetric response observable. Atomic force mnicapy

(AFM) images shown in Fig. 3 demonstrate the preseficCNF

on nitrocellulose samples.

3

To further analyze the role of the CNF on the enbarent

of AuNPs binding, the same samples were also obsdiyed
AFM. Initially, AFM was tested as a useful tool thatacterize
the presence of CNFs. A sample of CNF gel was studjed b
bimodal AFM and the presence of CNF was clearly oleskdue
to mechanical stiffness contrast with respect tontleelium (Fig.
S4). They show an average diameter of ~ 20 nm {@ mmention
that due to the density of the sample, the fibezseatangled and
it is not possible to have them isolated). The digmnfits with
the results previously observed (Tarrés et al.,/20h which the
CNF were characterized by XRD. To further prove thisterce
of CNF on nitrocellulose membranes, two differentauiellulose
samples with and without CNF were analyzed by bimaédzV,
as shown in Fig. 3. An area of 1 um of the surfaceaof
nitrocellulose membrane was scanned — maximum pfesaik
limited by the degree of curvature of these sudadee to the
mean radius of the nitrocellulose fiber. The toppdy image
shown in Fig 3a gives evidence of the intrinsic sitoof the
nitrocellulose membrane. Still, these features dad imduce
significant contrast in the bimodal AFM images shawifrig. 3b
and 3c, indicating the homogeneity of the matetizdtead, Fig
3d clearly demonstrates the presence of CNF deubsih the
nitrocellulose membrane as evidenced by both,ehtifes in the
topography and their further contrast in bimodalVAkmages

Schaffhause(Garcia and Proksch, 2013; Gonzélez-Dominguez €Gi6). In

this case, the CNF seem to be retained mainly insae of the
fiber, the one where TL antibodies are dispensedt, which is
visible at bare eye.

To demonstrate that CNF gel can increase the gewos$it
antibodies near the paper surface, thus enhankingignal (i.e.
quantity of AuNPs retained on positive samples), four
concentrations of this nanomaterial were dispensed o
nitrocellulose. Different concentrations of HIgG weregped on
the distinct LFs, without CNF and with the differeouf CNF
concentrations, and the intensities were recorded byobile
phone camera with magnification lens attached orotijective.
Results obtained are shown on Fig. 4. It can bereedéow, the
higher the concentration of CNF within nitrocellugshe higher
is the color enhancement of TL up to a CNF conegiom of
1.84%. At higher concentrations of the gel the isignstops
being enhanced. Seemingly an excess of CNF imp&de®s to
attach on nitrocellulose pores. Thus, 1.84% of CNE wlosen
as optimal for the signal enhancement of LFs arglieg on the
further experiments. Also, it is observed how thes#aity
seems to increase especially at lower concentratimetause of
that, on the following experiments more concentretibetween
0-0.5 pg/mL were evaluated.

Standard LFs versus CNF-LFs (containing 1.84% QOiNthe
TL) were compared. Different concentrations of HIgG were
added on the strips and the intensities were medsase
explained at methods section. As shown in Fig. 5,r ave
concentration of 0.05 pg/mL HIgG the signal of theFELFs is
increased by an average of 36.6 % in comparisahdse strips
without CNF gel. In absence of HIgG (i.e. blank sarspl¢he
response of CNF-LFs and standard LFs is comparalle.
demonstrates that there is no unspecific adsorptietween
HIgG and the CNFs. So that, AuNPs only stop on TL dwe t
interaction of antibodies and the analyte.

The calibration curve (Fig. S5) obtained for CNF-L{6bows
the equation:

% color = 5.688 In [HIgG (ug/mL)] + 57.768

The r value for the equation was 0.995. The limitlefection
(LOD) was calculated as % colgp = blank + 3oy, i.€., the
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corresponding value of blank sample plus 3 timesiandard
deviation (Armbruster, 2008). The value obtained wa®.01
pag/mL in both cases. Even though the LOD is sintdasstandard
LFs (since it only depends on the antibodies dffirfor the
HIgG, not on the CNF), the sensitivity is highly iroped with
the CNF (the slope was almost two-times higher tharskbpe of
standard LFS, 5.7 £ 0.1 vs. 3.2 + 0.1). The metkbdws a
reproducibility (relative standard deviation, RSH)20% (n=6)
for a HIgG concentration of 0.05 pg/mL.

These results reflect what was observed when charzater
the strips by SEM and AFM (Fig 6). In SEM imagesadin be
observed how, for the same amount of HIgG, the poipalaif
AuNPs on the TL is greater on the CNF-LFs. It denmmaiess that
more AuNPs are being retained, at least on the surdache
strip. Still, SEM does not allow the imaging of CNdise to lack
of SEM contrast against the CNFs.

Finally, the binding of AuNP on the TL was also stuldi®y
AFM. It was demonstrated that for a NFC-LFs the qiyamf
AuNPs is significantly greater than the case of ths Without
CNF (Fig. 6). The high roughness level of the cdreairfaces
impeded to selectively analyze the binding mechmasibetween
single AUNP and the CNF, but it was possible to ddtesrthat
the higher density of AUNP were placed on the sidasad
nitrocellulose for which also higher density of CNRgere
observed to deposit, for the CNF functionalizedstrwhile for
the non-functionalized ones, the attachment of Aubd#sned to
be randomly dispersed on the nitrocellulose surface

4. Conclusions

We have devised a new signal enhancement stratedy-o
consisting in the addition of CNF on paper nitrddeke to
decrease the pore size in the TL, thus increasiagatmount of
bioreceptors (capture antibodies) near the surfeicanks to this
modification, on positive samples we observed anreme
increase of 36.6 % of the colorimetric signal, whinkans that
effectively we succeed increasing the amount of Aui¢Rsned.
This allows to increase the sensitivity of the LAmiomoassay

PhD Programme in Chemistry. Ch.S. thanks the BIST &o
preBIST Grant (No. 754558). We thank Marcos Rosadd a
Belén Ballesteros for the support given on SEM &rEM
imaging. The music used on video V1 is “Convergiriges” by
David Hilowitz, used under the Creative Commons Attitiu
Non-Commercial 4.0 International License (CC BY-N®)4.
https://bit.ly/2LxhpAJ.
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Supplementary Material

Supplementary material (TEM characterization of AuNPs
Image J software screenshot; AFM imaging of CNF;bcation
curves; a video of a 3D printed tool used to contnel distance
between mobile phone camera-BLIPS Lens and the l$s)
available in the online version of this article at
Rt //XXXXXXXXXXXXXXKX.
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Figure 1. A) Schematic representation of a positive TL notlified (up) and modified with cellulose nanofibeisgensed (down).
B) Schematic representation of a LFs with all itsmponents.
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Figure 2. Representation of a LFs construction; the diffepers that compose it and its position (in gre&re of the adhesive
card; in orange, size of the pads; in purple, spostioning parameters).



Figure 3. AFM imaging of sample without and with CNF. (a) to (glers to the sample without NFC and (d) to (ferefto the
sample with CNF (a) and (d) AFM 3D topography imagifiny.and (e) Second amplitude (A2) images of bimédall, corresponding
to the dynamics of the first excited eigenmode @)énd (f) correspond to the second frequencydé2prdingly. The dimension of all

images is 1 pum. From phase and amplitude imagevimas the existence of an extra material (CNF).
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Figure 4. Comparison, at different concentrations of HIgGthef effect of adding different concentrations of GNfhe TL of LFs.
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Figure 5. Data obtained from LFs assay performed with bothdsted and CNF-LFs and the images of the strips,talen with
Blips Micro Lens (inset).

Figure 6. SEM (up) and AFM 3D topography (down) images of migdtulose corresponding to the TL of a standardleff) and of
a CNF-LF (right).



Highlights

e Enhanced colorimetric signal on gold nanoparticle-based lateral flow assays.
e Cellulose nanofibers included for the first time on a paper-based biosensor.

* Single extra step during paper strips development leads to the signal boost.
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