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Lateral flow assays (LFA) are affordable, easy-to-use, qualitative rapid test for clinical diagnosis
in non-laboratory environments and low-resource facilities. The control line of these tests is very
important to provide a valid result, confirming that the platform operates correctly. A clear, non-

diffused line is desirable. The number of coloured nanoparticles that reach the control line in a



positive test can be very small and they should all be trapped efficiently by the molecules adsorbed
there. In this work, we proposed the use of robust biotinylated dendrimers of two different
generations as signal amplifiers in control lines of LFA, able to react with streptavidin modified
gold nanoparticles. Beside the synthesis and characterization, the analytical performance as control
lines will be studied, and their response will be compared with other commercially available
biotinylated molecules. Finally, the utility of the dendrimer implemented in a NALF (Nucleic Acid
Lateral Flow) strip was also demonstrated for the detection of the amplicons obtained by double-
tagging PCR (polymerase chain reaction) for the detection of E. coli as a model of foodborne

pathogen.

INTRODUCTION

Dendrimers are characterized by their monodisperse three-dimensional hyperbranched structures
and by their multiple terminal functions that are generally accessible and easy to modify.! Taking
advantage of the large number of external moieties that increases in higher generations, dendrimers
have been used in sensors for the recognition of different targets, including metal cations (ex. Co*",
Pd**, Cu?', Ba*"),>® small anions (H.POs, ATP?)* toxic gases (SO2),” explosives (TNT),°
oxidants (H20.),” volatile organic compounds,® among many others.! Their use in biosensors has
been also largely developed for the recognition of biomolecules (glucose, avidin, dopamine,
thrombin, etc.) and cell components.!” Among these biosensors, DNA microarrays have received
considerable attention,'® being phosphorus dendrimers (PPH) one of the most studied structures.
However, for other applications, poly(amidoamine) (PAMAM) dendrimers are the most

used.!11213 In these applications, dendrimers are implemented as signal amplifiers upon reaction



with the target, increasing thus the sensitivity of the device. The most common readout approaches
are based on fluorescence, UV-vis-absorption or luminescence emission, electrochemical signal,
surface plasmon resonance, surface enhanced Raman scattering, and mass by using quartz crystal
microbalance.! It has been reported that dendrimer-based platforms also allow not only an
improvement in target capturing ability, but also in sensitivity, specificity, reliability and stability

of sensing and biosensing devices.

However, the accurate identification of patients requiring treatment in low resource settings still
remains a major stumbling block to disease control due to the lack, in some instances, of rapid,
cost effective diagnostic tests that can be handled for unskilled personnel.!* In this direction, the
FDA defines the characteristics that a diagnostic test should ideally have. Low complexity for a
test includes the final-user interpretation and level of training required, the number of manual
manipulations and intervention steps, and the instrumentation requirements.'”> The preeminent
formats under development as rapid diagnostic tests (RDTs) are lateral-flow. The lateral-flow
assay (LFA) introduced in 1988 by Unipath, is the most common commercially available point of
care diagnostic format including the pregnancy test.'® It consists mainly in a porous membrane
able to transport spontaneously fluids containing the analytes. Upon addition of the sample, the
analyte interacts with the visible signal-generating system (generally with antibodies tagged with
colloidal gold, latex spheres or dyed polystyrene). Then, this complex migrates along the strip up
to the test line and interacts with the deposited antibody therein. The affinity reaction occurs while
a visible signal is generated. Excess of tagged antibodies is finally detected in the control line, to
confirm that the device is working properly. Although many methodological advances and
analytical simplification have been done in the field, sensitivity should be improved. Positive

17,18

charged PAMAM dendrimers have been used to generate gold nanoparticle and magnetic



particle!® aggregates, and nanochains®” that have been used as colored tagger to increase sensitivity
in test lines of LFA, compared to individual nanoparticles. Covalent conjugation of latex particles
with antibodies and coumarin-derived dendrimers were the base of a smartphone-based fluorescent
diagnostic lateral flow immunoassay for H5N1 viruses.?! In the four examples, dendrimers are
used in the conjugate pad, interacting with gold nanoparticles. To the best of our knowledge, no
example of dendrimers used as control line reactants has been described up to now. Taking into
account their high number of surface functions, they could interact easily and efficiently with
residual commonly used gold nanoparticles.”? Most frequently used proteins®® and antibodies®*

could be replaced by home-made, cheaper and more robust macromolecules.

Avidin and streptavidin bind four moles of biotin per mole of protein with an extraordinary affinity
(Ka=10"> M 1).252627.28 Some applications in which the strept(avidin)-biotin interaction have been
used include ELISA, immunohistochemical staining, Western, Northern and Southern blotting,
immunoprecipitation, cell-surface labelling, affinity purification, fluorescence-activated cell
sorting (FACS), among many others. The valeric acid side chain of the biotin molecule can be
derivatised to incorporate reactive groups that are used to attach biotin to biomolecules, including
peptides, antibodies, enzymes, receptors, nucleic acids, and lately dendrimers without significantly

altering their biological activity.?

Biotinylated PAMAM dendrimers have been used as: drug delivery nanocarriers for cancer

29.303132.33 yersatile platform for other biomedical applications,* DNA

therapy and diagnosis,
chips,® contrast agents for MR imaging,’® and important components in
electrochemiluminescence biosensors.’’ Other biotinylated dendrimers are rare, only two

examples of (L-glutamic acid) and poly(lysine) internal structures have been used as drug

carriers.*®3? An example of special biotinylated DNA dendrimers has been patented as part of the



conjugate path in lateral flow assays to amplify the desired signal;*

playing similar role as
previously reported positive charged PAMAM dendrimers.!”** Phosphorus dendrimers (PPH)*!
are robust structures also used for sensor applications.**** A micromechanical biosensor based in
DNA-PPH dendrimers hybridized with biotinylated oligonucleotides has been reported, with
biomolecular recognition based on their interaction with streptavidin-conjugated gold
nanoparticles.* It should be highlighted that the solubility of PPH dendrimers can be modulated

by modification of their chemical composition and size.*’

In this work we propose the use of two different generations of biotinylated phosphorus dendrimers
as components of the control line of LFA for the detection of streptavidin-tagged gold
nanoparticles. Signal amplification of different size biotinylated macromolecules at different
concentrations, their performance over time, and the comparison of their analytical performance
with the most commonly used biotinylated species will be also discussed. Finally, the utility of the
dendrimer implemented in a NALF (Nucleic Acid Lateral Flow) strip was also demonstrated for
the detection of the amplicons obtained by double-tagging PCR (polymerase chain reaction) for

the detection of E. coli as a model.

EXPERIMENTAL SECTION

Materials and methods. All commercially acquired reagents were used as received. When required
solvents were dried used standard procedures. Reactions requiring inert atmosphere were
conducted under nitrogen using standard Schlenk techniques. All other reactions were performed
employing standard organic synthesis protocols. Thin layer chromatography (TLC) was performed
using Merck aluminium backed plates of TLC Silica gel 60 F254; the plates were revealed using

UV light. Standard Flash Column chromatography was accomplished using silica gel (60 A pore



size, 230-400 pm mesh size). Molecular sieves were from Sigma-Aldrich 8-12 mesh, 4 A pore

size.

Amine-PEGs-biotin was purchased from Thermo Scientific. InnovaCoat® GOLD 40 nm
Streptavidin gold nanoparticles (streptAv-AuNPs) were purchased from Expedeon (Cambridge,
UK). The concentration of the streptAv-AuNPs was 10 OD (surface plasmon resonance absorption
peak at 530 nm; molar extinction 8.42 10° M™! cm™, molar concentration 1.18 10 mol L™!). Anti-
digoxigenin (anti-DIG, Ref 11214667001) was purchased from Roche Diagnostics, while biotin
(Ref B4501) and albumin, biotin labeled bovine (BSA-biotin, Ref A8549) were from Sigma-

Aldrich. The biotinylated antibody (IgG-biotin, Ref ab69255), was purchased in Abcam.

The buffer solutions were prepared with milliQ water and all other reagents were in analytical
reagent grade (supplied from Sigma and Merck). The composition of these solutions are: a)
conjugate diluting buffer (2 mmol L! borate pH 7, 10 % w/v sucrose); b) sample pad buffer (0.01
mol L' phosphate buffer pH 7.4, 1% BSA, 0.05 % Tween 20); ¢) running buffer (0.01 mol L

phosphate buffer pH 7.4, 1% BSA, 0.05 % Tween 20).

Spectra were recorded using Bruker spectrometers DXP-360 and AVANCE-III 400 (360 MHz
(‘*H); 90 MHz ('*C) and 400 MHz (‘H); 101 MHz (}3C); 162 MHz (*'P) respectively). 'H and *C
chemical shifts are reported in ppm relative to tetramethylsilane, using residual proton and *C
resonances from solvent as internal standards. 3!P chemical shifts are reported relative to H3PO4
85% in water. Infrared spectra were recorded using a Bruker Tensor 27 instrument equipped with
an ATR Golden Gate cell and a diamond window. MALDI-TOF MS were performed in a Bruker
BIFLEX with Reflectus Modus. Elemental analyses were done by the Serveis d’Analisi Quimica

of the Universitat de Autonoma de Barcelona. Elemental analyses of C, H and N were performed



using an elemental analyser EA-1108 CE Instrument of Thermo Fisher Scientific with BBOT as
an internal standard. Atomic force microscopy (AFM) was recorded on an Agilent 5500 AFM/SPM
Microscope. AFM image process and render were done with WSxM software (Nanotech
Electronica S. L. Spain). Transmission electron microscopy has been performed in a HITACHI H-

7000 (100kV). Program ImageJ (Fiji) has been used to measure the diameter of particles.

Glass fiber conjugate pad (GFCP083000) and cellulose fiber sample pad strips (CFSP203000)
were purchased from Millipore. Adhesive Backing Cards were obtained from Kenosha C.V.
(Netherlands) and nitrocellulose membranes (FP120HP) as well as the absorbent pads (CF7) were
purchased from GE Healthcare Europe. Lateral Flow Reagent Dispenser from Gentaur combined
with the KDS Legato™ 200 series siringe pump from KD Scientific Inc. (Holliston, MA) was used
to dispense the test and control line. Software ImageJ was used to quantify the intensity of color

in strips.

Synthesis of organic molecules

146

Compound 1™ and dendrimers G1 and G4, containing 12 and 96 aldehyde groups on the surface

respectively, were prepared following previously described procedures.*’

Synthesis of compound 1.*° A round-bottom flask equipped with a CaCl, tube and magnetic stir
bar was charged with the phosphorodichloridothioic hydrazide, methyl(phenylmethylene) (200
mg, 0.75 mmol, 1 equiv), 4 hydroxybenzaldehyde (183 mg, 1.5 mmol, 2 equiv) followed by the
addition of dry THF (0.1 M). Next, dry cesium carbonate (733 mg, 2.25 mmol, 3 equiv) was added
in one portion. The reaction mixture was stirred at room temperature for 12 h. Upon completion
(checked by *'P NMR) the reaction mixture was filtered and concentrated in vacuo. The residue

was washed with dry pentane, then was dissolved in a minimal amount of chloroform, an excess



of pentane was added, and a brown solid was appeared and discarded. The liquid layer was
concentrated and the purification was accomplished via flash column chromatography over silica
gel (dichloromethane:hexane 1:9) afforded the desired product (175 mg, 54% yield) as a colorless
oil. "H NMR (360 MHz, CDCl3): § 9.95 (s, 2H), 7.87 (dt, J = 8.8 Hz, J = 1.0 Hz, 4H), 7.70 (m,
2H), 7.60 (d, J = 1.8 Hz, 1H), 7.30-7.40 (m, 7H), 3.41 (dd, J = 10.9 Hz, J = 1.0 Hz, 3H) ppm. 13C
NMR (90 MHz, CDCl3): 6 190.9, 155.3,140.9 (d, J=14.1 Hz), 134.4, 133.7 (d,J=2.0 Hz), 131.5
(d, J=2.0 Hz), 129.9, 128.9, 127.1, 122.1 (d, J = 4.9 Hz), 33.0 (d, J = 13.9 Hz) ppm. *'P NMR
(162 MHz, CDCI3): 6 60.4 ppm. IR (ATR): vimax 3066, 3028, 2825, 2737, 1697, 1595, 1499, 1190,
1151, 905 cm™!. HR-MS (MALDI-TOF): m/z caled for C22H19N,O4PS ([M+Na]"): 461.0701,

found: 461.0695 [M+Na"].

Synthesis of compound 3. A round-bottom flask was charged under inert atmosphere with 1 (8 mg,
0.02 mmol, 1 equiv),*® NH,-PEGs;-biotine 2 (19 mg, 0.045 mmol, 2.2 equiv) followed by the
addition of DMF-d7 (0.7 mL, 0.028 M), and 4 A molecular sieves. The reaction mixture was stirred
at room temperature for 4 days. When the aldehyde was consumed (monitored by 'H NMR), the
imine reduction was in situ carried out. To achieve this transformation, BH3;SMe; in CH2Cl> (35uL,
0.2 mmol, 10 equiv) was added over the previous reaction solution, and the resulting mixture was
stirred at room temperature for 36 h (until '"H NMR imine signal was disappeared). The crude was
quenched by addition of methanol (0.3 mL), concentrated under reduced pressure and lyophilized.
The desired product (22 mg, 89% yield) was obtained without further purification as a colorless
oil. "H NMR (400 MHz, DMF-d-): & 8.07 — 7.96 (m, 2H), 7.84 — 7.74 (m, 2H), 7.51 — 7.33 (m,
6H), 7.28 — 7.19 (m, 3H), 6.20 (d, /= 17.4 Hz, 2H), 4.46 (t, J = 6.3 Hz, 2H), 4.35 — 4.23 (m, 2H),
3.66 —3.51 (m, 8H), 3.52 — 3.44 (m, 11H), 3.45 — 3.27 (m, 20H), 3.25 — 3.15 (m, 3H), 2.64 — 2.52

(m, 4H), 2.23 — 2.14 (m, 4H), 1.77 (ddt, J = 12.5, 9.4, 6.2 Hz, 2H), 1.69 — 1.51 (m, 6H), 1.51 —



1.36 (m, 4H) ppm. *C NMR (101 MHz, DMF-d»): § 173.5 , 164.0, 150.8 (d, J = 7.4 Hz), 142.3
(d,J=13.9 Hz), 138.0, 136.5, 131.0, 130.5, 130.4 , 129.8 , 128.0, 121.9 (d, /=4.9 Hz), 121.8
,71.4,71.3,71.2,71.1,70.7,70.5,62.7,62.5,61.1,41.2,40.0,36.6,33.8(d,J=12.1 Hz),
29.6 (d, J = 9.0 Hz), 26.7 ppm. *'P NMR (162 MHz, Acetone-ds): & 63.9 ppm. IR (ATR): Vmax
3272, 2865, 1693, 1636, 1551, 1503, 1450, 1399, 1261, 1191, 1123, 960, 920, 778, 697 cm.
Elemental analysis for CssHg7N10O12PS3 calculated C 56.20, H 7.05, N 11.26; found: C 56.31, H

6.84, N 11.45.

Synthesis of compound G1-biotin. A round-bottom flask was charged under inert atmosphere with
dendrimer G1 (10 mg, 3.5-10° mmol, 1 equiv),*” NH2-PEGs;-biotine 2 (18 mg, 0.042 mmol, 12
equiv) followed by the addition of DMF-d; (0.6 mL, 6.7 mM), and 4 A molecular sieves. The
reaction mixture was stirred at room temperature for 4 days. When the aldehyde was consumed
(monitored by 'H NMR), the imine reduction was in situ carried out. To achieve this
transformation, BH3SMe» in CH2Cl> (40 pL, 0.42 mmol, 120 equiv) was added over the previous
reaction solution, and the resulting mixture was stirred at room temperature for 3 days (until 'H
NMR imine signal is disappeared). The crude was quenched by addition of methanol (1 mL),
concentrated under reduced pressure, and lyophilized. The desired product (18 mg, 66% yield)
was obtained without further purification as a white solid. "H NMR (400 MHz, DMF-d5): § 7.91
—7.71 (m, 24H), 7.58 (d, J = 8.1 Hz, 6H), 7.46 — 7.11 (m, 48H), 6.44 (d, J=33.6 Hz, 12H), 4.46
(t,J=6.2 Hz, 12H), 4.28 (t, /= 6.2 Hz, 12H), 3.87 —3.71 (m, 48H), 3.67 — 3.42 (m, 168H), 3.35
—3.26 (m, 18H), 3.19 (s, 12H), 2.74 — 2.64 (m, 24H), 2.18 (t, J = 8.0 Hz, 24H), 1.77 — 1.68 (m,
12H), 1.67 — 1.49 (m, 36H), 1.47 — 1.33 (m, 24H) ppm. '*C NMR (101 MHz, DMF-d;): § 173.6,
164.2, 163.1, 157.7, 157.3, 156.8, 152.3, 152.2, 152.1, 151.6, 151.6, 151.5, 138.2, 135.3, 133.4,

133.0,131.3,130.8,130.5, 129.6, 129.0, 124.3, 122.2, 122.1, 121.9, 121.6, 119.4,71.4,71.3,71.2,



71.2,71.1,71.1, 70.7, 70.4, 67.4, 64.0, 62.7, 61.03, 59.4, 56.9, 56.9, 53.3, 53.3, 41.2, 41.2, 40.0,
32.8, 29.6, 29.5, 28.0, 28.0, 26.7, 26.6, 23.5, 20.2, 14.7 ppm. *'P NMR (162 MHz, DMF-d-): &
62.8, 8.4 ppm. IR (ATR): vmax 3288, 2921, 2866, 1686, 1649, 1552, 1505, 1459, 1195, 1162, 1138,
1098, 945, 785, 632 cm™'. Elemental analysis for C3asHs16N¢307sP9S1s calculated C 54.38, H 6.77,

N 11.48; found: C 54.49, H 6.95, N 11.68.

Synthesis of compound G4-biotin. A round-bottom flask was charged under inert atmosphere with
dendrimer G4 (10 mg, 3.25: 10* mmol, 1 equiv),*’ NH>-PEG3-biotine 2 (13 mg, 0.03 mmol, 96
equiv) followed by the addition of DMF-d7 (0.6 mL, 6.7 mM), and 4 A molecular sieves. The
reaction mixture was stirred at room temperature for 5 days. When the aldehyde was consumed
(monitored by 'H NMR), the imine reduction was in situ carried out. To achieve this
transformation, BH3SMe,-CH>Cl> (31 pL, 0.33 mmol, 1015 equiv) was added over the previous
reaction solution and the resulting solution was stirred at room temperature for 3 days (until imine
signal is disappeared). The crude was quenched by addition of methanol (1 mL), concentrated
under reduced pressure, and lyophilized. The desired product (18 mg, 82% yield) was obtained
without further purification as a yellow oil. 'H NMR (400 MHz, DMF-d;): § 7.87 (s, 336H), 7.57
(s, 90H), 7.33 (d, J =42.6 Hz, 408H), 6.41 (t, J = 37.5 Hz, 180H), 5.75 (s, 40H), 4.46 (s, 96H),
4.29 (s, 96H), 4.17 —3.07 (m, 1998H), 3.05 — 2.54 (m, 96H), 2.46 (s, 192H), 2.17 (s, 192H), 1.83
— 1.11 (m, 576H). 3C NMR (101 MHz, DMF-d): § 173.7, 173.0, 164.1, 163.1, 133.0, 130.6,
129.7, 129.5, 129.5, 122.9, 122.7, 122.0, 71.2, 71.1, 70.6, 68.7, 68.3, 67.4, 62.6, 61.0, 56.9, 41.3,
41.1, 41.0, 40.0, 40.0, 36.5, 32.1, 31.3, 31.2, 29.6, 29.4, 27.0, 26.4 ppm. *'P NMR (162 MHz,
DMF-d7): & 62.51, 7.48 ppm. IR (ATR): vmax 3292, 2922, 2866, 1639, 1552, 1503, 1452, 1387,
1192, 1096, 962, 921, 841, 783, 637 cm’'. Elemental analysis for C3120H4464N5670666P93S 186

calculated C 53.98, H 6.49, N 11.44; found: C 54.15, H 6.63, N 11.71.
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Preparation of lateral flow strips. Commercial streptAv-Au NPs were diluted 20 times in
conjugate diluting buffer and embedded in the conjugate path of the nitrocellulose strips with the
dispenser and dried for 2 h. The antibodies and the positive control biotinylated reporter were also
dispensed on the nitrocellulose membrane and were then dried at RT for 1h. For Bacterial strain
growth conditions and DNA extraction see previous reported results.?? For more detailed data see

SI.

RESULTS AND DISCUSSION

First of all, we decided to prepare three phosphorus derived molecules containing 2, 12 and 96
biotin moieties in their structures (compounds 3, G1-biotin, and G4-biotin respectively, Scheme
1). Compound 3 was prepared as a simple model molecule containing the main chemical structure
of phosphorus dendrimers, in order to compare the existence or not of a dendrimer effect in their
application as control line amplifiers in LFA. Compound 1 was prepared from a reaction of a
previously described phosphonothioic dichloride derivative*® with p-hydroxybenzaldehyde in
basic media at room temperature (see SI). Commercially available amine-PEG;-Biotin ((+)-
biotinyl-3,6,9-trioxaundecanediamine), 2, was used to incorporate biotin moieties on surface of
phosphorus molecules. This derivative containing in its structure a short poly(oxyethylenated)
chain was selected to provide better water solubility of final molecules. Compound 1, and two
phosphorus dendrimers of the first and fourth generation (G1 and G4), created from

47 containing aldehyde groups on the surface, reacted with 2, 12, and 96

cyclotriphosphazene core,
equivalents respectively of biotin derived compound 2, in deuterated DMF, in the presence of

molecular sieves. The formation of the imine derivatives was followed by the evolution of the

signals in the 'H NMR spectra; aldehyde groups (9.90-10.10 ppm) disappeared at the same time

11



that the signals of the proton of imine groups appeared (8.30-8.40 ppm). This process lasted 4 to
5 days. Then a big excess of BH3-SMe, was added, and after three days the reduction of imine
groups was accomplished, as observed by the disappearance of the corresponding proton signal.
The excess of borane was removed by quenching the reaction with an excess of MeOH. The
absence of signal in '°B NMR confirmed its complete elimination. '"H-NMR spectra of both
dendrimers showed large signals, probably due to the high mobility of external functional groups
and the generation of intra and intermolecular hydrogen bonds. Reactions were quantitative, but
after sample extraction/recuperation processes for monitoring the evolution of the reactions (two
consecutive steps) by NMR experiments, and final evaporation, the total isolated yields were 89

% for 3, 66 % for G1-biotin, and 82% for G4-biotin, without isolation of imine derivatives.

The size of G4-biotin dendrimer was studied when deposited on a surface. When dendrimer G4-
biotin was deposited on mica using MeOH as solvent and studied by atomic force microscopy
(AFM), aggregates around 590 nm were observed. When a highly diluted solution of dendrimer
G4-biotin in water/DMF (9:1) was studied by transmission electron microscopy (TEM), using
uranyl acetate as negative stain, small nanoparticles of an average of 8.7 £ 1.2 nm of diameter were
observed (419 particles were measured, see SI). This value is slightly higher than other previously
reported for PPH dendrimers of the same generation with other surface functions.*® Taking into
account the diameter distribution histogram, particles from 6.5 to 12.8 nm were observed, so
probably aggregates of two units could be formed in the preparation of the sample. So, during
deposition process aggregates of different sizes could be formed, depending the experimental

conditions used.

12
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Scheme 1. Synthesis of biotinylated molecules 3, G1-biotin and G4-biotin

We prepared diluted solutions 1 mg mL"! of compounds 3, Gl-biotin, and G4-biotin in
water/DMF (9:1). Some portion of an organic solvent was required to solubilize the internal
structure of dendrimers, part that is hydrophobic.* These solutions were dispensed on the
nitrocellulose membrane and were then dried at room temperature for 1h. Then, the running buffer
was added on the sample pad of the strip containing the streptavidin-modified gold nanoparticles
(as detailed described in SI). When the buffer solution was added to the sample pad and diffuses

through the strip, the streptAv-AuNPs moved also along the strip and were captured by the strong
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affinity interaction (Ka=10'> M !)?® among the streptavidin on the AuNPs and the biotin linked to
the phosphorus dendrimers previously adsorbed on the strip. A clear red line should be observed

as a positive reaction (as shown in Figure 1, design of strips).

First of all, a comparative study of the analytical performance of compound 3 and dendrimers G1-
and G4-biotin was performed compared to free biotin as well as other commercial biotinylated
biomolecules, including BSA (BSA-biotin) and biotinylated antibody (IgG-biotin),**° and the
results are shown in Figure 1, down panel. It is important to highlight that the immobilization of
the molecules on nitrocellulose is due to physical forces, which considered individually, are weak.
However, large molecules as dendrimers and proteins (including BSA and antibodies) can
establish large number of interactions. Accordingly, free biotin molecule gave no signal, as well
as compound 3, probably due to desorption upon the addition of the running bufter (1.560-pumol
mL! dispensed). However, the solubility of modified dendrimers G1-biotin and G4-biotin in
water was very low, and after being deposited on the strip, they did not move when the solution
passed over, and a clear visual readout was thus achieved, showing that both molecules were good

as control line reporters.

As shown in Figure 1, in all instances in which macromolecules were used, clear visual red lines
were formed on the nitrocellulose membrane of the strip due to the accumulation of functionalized
gold nanoparticles in the control line at a concentration of 5.90 107! mol L' (0.5 OD), as
recommended by the manufactured for this application. It should be highlighted that thinner and
non-diffuse lines were obtained when dendrimers were used. This result confirmed the need of
high molecular weight, low water soluble, biotinylated macromolecules to form the control line.
These dendrimers not only showed the proper solubility, but also they contained, for similar w/v

concentrations (1.00 mg mL!), higher number of biotin moieties, giving better performance (1.38,
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1.56, and 0.17 umol biotin mL™! for G4-biotin, G1-biotin, and BSA-biotin, respectively). This
information is not provided from commercial source for the IgG antibody. The performance of
the control line is thus not only dependant on the number of biotin moieties, but also on the nature
of the macromolecule. It is important to highlight that the cost of the biological reagents is much
higher than the biotinylated dendrimers, and a higher stability for the dendrimers can be also

expected compared to the proteins (BSA or antibody).

streptAv-AuNPs biotinylated
dendrimer

running
[TTITT - —

G4-biotin  G1-biotin BSA-biotin IgG-biotin  biotin

Figure 1. Up: General scheme of design of strips, showing the details of the interaction between
the biotinylated biomolecule (in this instance, the dendrimer) and the streptavidin-modified gold

nanoparticles (streptAv-AuNPs) used as signal generating system. Down: Images of strips of
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LFA tests showing interaction between different biotinylated macromolecules and free biotin
with streptAv-AuNPs at 5.90 10" mol L' (0.5 OD). Concentrations of dispensed solutions: 1.00
mg mL"! for G1-biotin, G4-biotin, BSA-biotin, and IgG-biotin and 0.38 mg mL"! for biotin.

Further results (including replicates) are provided in SI.

In order to compare the performance of dendrimers, further characterization was done at different
concentrations of the dispensed dendrimers, ranging from 0.001 to 1.000 mg mL"'. (as described

in detail in SI). The comparative results are shown in Figure 2.

G1-biotin (mg mL!) G4-biotin (mg mL?)

1.00 12500 - .
-o- Gl-biotin
0.75 100004 -+ G4-biotin
7500 -
0.50 ©
o
< 5000
0.25
2500 -

0.05

o T T T T 1
0.00 0.25 0.50 0.75 1.00 1.25

Biotin-dendrimer (mg mL'1)

0,001

Figure 2. LFA images using different concentration of dispensed dendrimers solutions (9:1
water:DMF) as control line, after interaction with 5.90 10'! mol L™! (0.5 OD) streptAV-AuNPs.
The comparative calibration plot of the dendrimers G1- and G4-biotin are also shown. Further

results (including replicates) are provided in SI.
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As shown in Figure 2, at lower concentration of dendrimers (0.25 and 0.05 mg mL-1) G1-biotin
showed clearly more intense bands compared to G4-biotin. However at higher concentration (1
mg mL™") the intensity given by both dendrimers is quite similar, probably due to the saturation of
the streptavidin binding sites of the our streptAv-AuNPs providing the same visual signal.
Moreover, at this concentration level, and accordingly to the results, clear well defined intense red
control lines were obtained. For that reason, 1 mg mL"! will be considered for further experiments.
Importantly, diffusion of the line was not observed in any case. The results of the tests could be
also estimated by measuring the intensity of the red bands with the software ImageJ (as detailed
explained in SI). The relative areas obtained by processing the images were fitted using a linear
regression (GraphPad Prism Software) (R* = 0.9390 and 0.9770 for G1- and G4-biotin

respectively).

With this experiment, it was confirmed that a higher sensitivity of the biotinylated first generation
dendrimer (G1-biotin) at lower concentration (0.05 mg mL™") was achieved. However, at higher
concentration (> 0.5 mg mL") both dendrimers show similar response and can be interchangeably
used. Despite this, more expensive and difficult to prepare higher generation dendrimers are not

required for this application.

Due to the configuration of a lateral flow strip, it is important to highlight that the signal generating
system, in this instance streptAv-AuNPs, interacts firstly with the test line, and after that with the
control line (as schematically shown in SI, vide infra Figure 5). As a consequence, it is expected
that in the case of a negative result, all the streptAv-AuNPs will arrive to the control line. On the
contrary, in case of a positive results, (and depending on the concentration of the analyte in the
sample), some of the streptAv-AuNPs will interact on the test line and the remaining streptAv-

AuNPs will arrive to the control line. It is thus extremely important to determine the minimum
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amount of streptAv-AuNPs which is able to provide a positive control line and, as such, a valid
test. The results shown in Figure 3 represent the comparative calibration plots for G1- and G4-
biotin dendrimer (1 mg mL™") upon increasing concentration of streptAv-AuNPs.

G1l-biotin G4-biotin

streptAv-AuNPs

(mol LY T
5.90-1011 5000 +
ol -8~ Gl-biotin
R ' 40004 -& Ga-biotin
i
3000 -
. ©
1.48-101 ' E
: < 2000+
7.38:1012
1000 4
3.69:1012
o 1 1 1 1
0 2.0x10"" 4.0x10"" 6.0x10°"" 8.0x10-""
i |
Negative contro streptAv-AuNPs (mol L'1)

Figure 3. LFA images using different concentration of signal generating system (streptAv-
AuNPs) in the conjugation pad and 1 mg mL™!' of dispensed dendrimers solutions (9:1,
water:DMF) as control line. The comparative calibration plot of the dendrimers G1- and G4-

biotin are also shown. Further results (including replicates) are provided in SI.

As shown in Figure 3, both dendrimers showed similar sensitivity (similar slope-value). Regarding
the limits of detection (LODs), both dendrimers are able to clearly distinguish with the naked eye
as low as 7.38 102> mol L' streptAv-AuNPs. However, lower concentration 3.69 1072 mol L'
streptAv-AuNPs can be distinguish by measuring the intensity of the red bands with the software
Imagel. The relative areas obtained by processing the images were fitted using a linear regression

(GraphPad Prism Software) (R = 0.9766 and 0.9960 for G1- and G4-biotin respectively).
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The stability was studied for a period of time of 1 month. This experiment was performed by
preparing 5 strips per each of the dendrimers (G1- and G4-biotin) at a concentration of 1 mg mL"
! (as well as their corresponding replicates). The strips were kept at RT for 1 month and the tests
were performed on a weekly basis. The results are shown in Figure 4. Outstanding stability was

achieved with both types of dendrimers.
G1-biotin G4-biotin
Day 1
Day 7
Day 14
Day 21

Day 33

Figure 4. Stability study at a 1 mg mL™! of dispensed G1- and G4-biotin dendrimers solutions
(9:1, water:DMF) as control line and a concentration of signal generating system (streptAv-
AuNPs) in the conjugation pad of 2.45 10! mol L'(0.2 OD). Further results (including

replicates) are provided in SI.

Finally, the implementation of the G4-biotin dendrimer as a control line for the detection of
double-tagged amplicon of E. coli was also demonstrated. The double-tagged DNA from E. coli
was obtained as previously described by our research group.’!>? The procedure for the detection

of E. coli by NALF is schematically described in Figure 5.
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Biotin
(BIO)

antiDIG
antibody G4-biotin
(test line) (control line)

Digoxigenin
(DIG)

1 :
streptAv-AuNPs
Double-tagged

DNA

test line

control line

Figure 5. Up: General scheme of design of strips for a NALF test for the detection of double-
tagged DNA, showing the details of the interaction between the biotinylated biomolecule (in this
instance, the double-tagged DNA and the dendrimer) with streptAv-AuNPs used as signal
generating system. Down: Images of strips of NALF tests for the detection of 300 ng mL!
double-tagged amplicon from E. coli with streptAv-AuNPs at 5.90 10! mol L"!(0.5 OD).
Concentrations of dispensed solutions: 0.50 mg mL! for G4-biotin (control line), and 0.50 mg

mL! for antiDIG antibody (test line). The negative control is also shown, n=3.
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Upon the addition of the double-tagged DNA from E.coli (labelled each 5’ end with biotin and
digoxigenin), the streptAv-AuNPs thus reacted with the BIO-tag of the DNA from E. Coli (as
shown in Figure 5). As the products moved along the strip, the streptAv-AuNPs/amplicons were
captured by the specific antibodies adsorbed on the test line (antiDIG). A valid test was considered
when the remaining streptAv-AuNPs reacted with a G4-biotin dendrimer as a positive control at
the control line. The visual readout was thus achieved as well as the interpretation of the results.
The specificity of the NALF was performed by challenging a positive sample as well as a negative
control (n=3), as also shown in Figure 5. In this instance, only one line was observed as expected

(the control line), since no DNA interacted in the test line.

CONCLUSIONS

Two phosphorus dendrimers of the first and four generation containing in their surface 12 and 96
biotin moieties (G1- and G4-biotin) have been synthesized and have shown an excellent
performance when used as control line signal amplifiers in lateral flow assays, when using
streptAv-AuNPs as a signal generating system. Smallest molecules such as free biotin and a model
molecule containing similar structure of dendrimer branches and two biotin moieties, 3, diffused
in the same conditions. The hyperbranched structures of the dendrimers, the availability of
numerous external biotin groups and their low solubility in buffer aqueous solution could be the
responsible of their outstanding performance when compared with other biotinylated molecules
such as BSA-biotin conjugate and IgG-biotin. In these cases, diffusion of the control line was
observed. The behaviour of the dendrimers dispensed at different concentrations showed that G1-
biotin provided more sensitive readout with the naked eye at lower concentrations (0.05-0.25 mg
mL"), however both dendrimers could be used interchangeably working at concentration over 0.5

mg mL"'. We recommend future users to deposit concentrations ranging 0.5 to 1 mg mL™"! of
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dendrimers, either G1- or G4-biotin, in the control line in order to achieve clear valid results with
the naked eye, as it is mandatory in this kind of tests. Nucleic acid lateral flow test prepared to
detect E. Coli as a model has been performed using successfully the new dendrimers as signal
amplifiers in the control line, showing an outstanding performance either in positive as well as in
negative test. In addition to their proper performance, the dendrimers, especially G1-biotin, are
cheap, very robust, can be stored for at least one month at room temperature, and are prepared
using an animal-friendly procedure. These are the main advantages for their use in LFA as control
line compared to more expensive biological molecules such as proteins (f. ex. BSA or antibodies)
that should be conserved refrigerated and have expiration dates. This strategy will open a wide

range of applications for different LFA.

ASSOCIATED CONTENT

Supporting Information. The supporting information is available free of charge on the ACS
Publications website. Additional data on synthesis of precursor of compound 1. NMR, IR and
HRMS, AFM and TEM images, Intensity colour measurements (tables and graphics),

preparation of lateral flow strips.

AUTHOR INFORMATION

Corresponding Author

*(R.M.S.) E-mail: rosamaria.sebastian@uab.es

*(M.LP.) E-mail: Isabel.pividori@uab.es

Author Contributions

R.M.S. and M.L.P. contributed equally.

22



Notes

The authors declare no competing financial interest.

ACKNOWLEDGMENT
Financial support by MINECO/FEDER (CTQ2015-65439-R, CTQ2014-53662P, 2016-81797-
REDC, BIO2016-75751-R, RTI2018-097853-B-100 projects) and by Generalitat de Catalunya

(2017SGR00465 project). We also thank UAB for the financial support for J.J.J and J.S. contracts.

ABBREVIATIONS
LFA, lateral flow assay; DMF, dimethyl formamide; streptAv-AuNPs, InnovaCoat® GOLD 40

nm Streptavidin gold nanoparticles, BSA bovine serum albumine, Ig antibody.

REFERENCES

(1) Dendrimers: towards catalysis, material and biomedical uses; Caminade, A. M., Turrin, C.
0., Laurent, R., Ouali, A., Delavaux-Nicot, B., Eds.; Wiley-VCH, Chichester, 2011.

(2) Balzani, V.; Ceroni, P.; Gestermann, S.; Kauffmann, C.; Gorka, M.; Vogtle, F. Dendrimers
as fluorescent sensors with signal amplification. Chem. Commun. 2001, 853-854.

(3) Camponovo, J.; Ruiz, J.; Cloutet, E.; Astruc, D. New polyalkynyl dendrons and
dendrimers: “click” chemistry with azidomethylferrocene and specific anion and cation
electrochemical sensing properties of the 1,2,3-triazole-containing dendrimers. Chem. Eur.
J. 2009, 15,2990-3002.

(4) Daniel, M. C.; Ruiz, J.; Nlate, S.; Blais, J. C.; Astruc, D. Nanoscopic assemblies between

supramolecular redox active metallodendrons and gold nanoparticles: synthesis,

23



)

(6)

(7

®)

©)

characterization, and selective recognition of H;PO4, HSO4, and adenosine-5’-
triphosphate (ATP(2-)) anions. J. Am. Chem. Soc. 2003, 125,2617-2628.

Albrecht, M.; van Koten, G. Gas sensor materials based on metallodendrimers. Adv. Mater
1999, /1, 171-174.

Cavaye, H.; Shaw. P. E.; Wang, X.; Burn, P. L.; Lo, S. C.; Meredith, P. Effect of
dimensionality in dendrimeric and polymeric fluorescent materials for detecting
explosives. Macromolecules 2010, 43, 10253-10261.

Li, N. B.; Park, J. H.; Park, K.; Kwon, S. J.; H. Shin, Kwak, J. Characterization and
electrocatalytic properties of Prussian Blue electrochemically deposited on nano-
Au/PAMAM dendrimer-modified gold electrode. Biosens. Bioelectron. 2008, 23, 1519-
1526.

Miller, L. L.; Kunugi, Y.; Canavesi, A.; Rigaut, S.; Moorefield, C. N.; Newkome, G. R.
“Vapoconductivity”. Sorption of organic vapors causes large increases in the conductivity
of a dendrimer. Chem. Mater. 1998, 10, 1751-1754.

Satija, J.; Sai, V. V. R.; Mukherji, S. Dendrimers in biosensors: concept and applications.

J. Mater. Chem. 2011, 21, 14367-14386.

(10)Caminade, A. M.; Turrin, C. O.; Majoral, J. P. Dendrimers and DNA: combinations of two

special topologies for nanomaterials and biology. Chem. Eur. J. 2008, 14, 7422-7432.

(11) Bahadir, E. B.; Sezguinturk, M. K. Poly(amidoamine) (PAMAM): an emerging material

form electrochemical bio(sensing) applications. Talanta 2016, 148, 427-438.

(12) Sorsak, E.; Valh, J. V.; Urek, S. K. Lobnik, A. Application of PAMAM dendrimers in

optical sensing. Analyst 2015, 140, 976-989.

24



(13) Grabcheyv, I.; Staneva, D.; Betcheva, R. Fluorescent dendrimers as sensors for biologically
important metal cations. Curr. Med. Chem. 2012, 19, 4976-4983.

(14) Mabey, D.; Peeling, R.W.; Ustianowsky, A. Diagnostics for the developing world. Nat.
Rev. Microbiol. 2004, 2, 231-240.

(15) LaBarre, P.; Hawkins, K.R.; Gerlach, J.; Wilmoth, J.; Beddoe, A.; Singleton, J.; Boyle,
D.; Weigl, B. A simple inexpensive device for nucleic acid amplification without
electricity-toward instrument-free molecular diagnostics in low-resource settings. PLOS
One 2011, 6, 19738 (DOI: 10.1371/journal.pone.0019738)

(16) Moczula, K. M.; Gallotta, A. Lateral flow assays. Essays Biochem. 2016, 60, 111-120.

(17) Shen, G.; Xu, H.; Gurung, A. S.; Yang, Y.; Liu, G. Lateral flow immunoassay with the
signal enhanced by gold nanoparticle aggregates based on polyamidoamine dendrimer.
Anal. Sci. 2013, 29, 799-804.

(18) Casta, L. J.; Kadushin, J. M.; Getts, L. A.; Getts, R. C. Lateral flow assays and test devices
using DNA dendrimers as signal amplifiers. US 20140017704 A1 20140116, 2014.

(19)Markwalter, C. F.; Corstjens, P. L. A. M.; Mammoser, C. M.; Camps, G.; van Dam, G. J.;
Wright, D. W. Poly(amidoamine)-coated magnetic particles for enhanced detection of
Schistosoma circulating anodic antigen in endemic urine samples. Analyst 2019, 144, 212

(20) Ruiz-Sanchez, J. A.; Parolo, C.; Miller, B. S.; Gray, E. R.; Schlegel, K.; Mckendry, R. A.
Tuneable plasmonic gold dendrimer nanochains for sensitive disease detection. J.
Mater.Chem. B 2017, 5, 7262-7266.

(21) Yeo, S. J.; Choi, K.; Cuc, B. T.; Hong, N. N.; Bao, D. T.; Ngoc, N. M.; Le, M. Q.; Hang,

N. L. K.; Thach, N. C.; Mallik, S. K.; Kim, H. S.; Chong, C. K.; Choi, H. S.; Sung, H. W_;

25



Yu, K.; Park, H. Smartphone-based fluorescent diagnostic system for highly pathogenic
H5N1 viruses. Theranostics 2016, 6, 231-242.

(22) Peng, Y.; Jiang, J.; Yu, R. A sensitive electrochemical biosensor for microRNA detection
based on streptavidin-gold nanoparticles and enzymatic amplification. Anal. Methods
2014, 6, 2889-2893.

(23) Magiati, M.; Myridaki, V. M.; Christopoulos, T. K.; Kalogianni, D. P. Lateral Flow test
for meat authentication with visual detection. Food Chem. 2019, 274, 803-807.

(24) Razo, S. C.; Panferow, V. G.; Safenkova, I. V.; Varitsev, Y. A.; Zherdew, A. V.; Dzantiev,
B. B. Double-enhanced lateral flow immunoassay for potato virus X based on a
combination of magnetic and gold nanoparticles. Anal. Chim. Acta 2018, 1007, 50-60.

(25) Bioconjugate Techniques; Hermanson, G.T., Ed.; Academic Press, California, 1996, (pp.
570-580).

(26) He, Y.; Jiao, B. Detection of biotin-streptavidin interactions via terminal protection of
small molecule linked DNA and the formation of fluorescent DNA-template silver
nanoclusters. Microchim. Acta 2016, 183, 3183-3189.

(27) Hu, Q.; Yang, H.; Wang, Y.; Xu, S. Quantitatively resolving multivalent interactions on a
macroscopic scale using force spectroscopy. Chem. Commun. 2016, 52, 3705-3708.

(28) Avidin-biotin chemistry. A handbook; Savage, D.; Mattson, G.; Desai, S.; Nielander, G.;
Morgensen, S.; Conklin, E., Eds.; Pierce Chemical Company: Rockford, Ilinois, 1992 (pp1-
25).

(29) Uram, L; Szuster, M.; Filipowicz, A.; Zar¢ba, M.; Walajtys-Rode, E.; Wotowiec, S.

Cellular uptake of glucoheptoamidated poly(amidoamine) PAMAM G3 dendrimer with

26



amide-conjugated biotin, a potential carrier of anticancer drugs. Bioorg. Med. Chem. 2017,
25, 706-713.

(30) Hemmer, R.; Hall, A.; Spaulding, R.; Rossow, B.; Hester, M.; Caroway, M.; Haskamp,
A.; Wall, S.; Bullen, H. A.; Morris, C.; Haik, K. L. Analysis of biotinylated generation 4
poly(amidoamine)(PAMAM) dendrimer distribution in the rat brain and toxicity in a
cellular model of the blood-brain barrier. Molecules 2013, 18, 11537-11552.

(31) Yellepeddi, V. K.; Kumar, A.; Maher, D. M.; Chauhan, S. C.; Vangara, K. K.; Palakurthi,
S. Biotinylated PAMAM dendrimers for intracellular delivery of cisplatin to ovarian
cancer: role of SMVT. Anticancer Res. 2011, 31, 897-906.

(32) Uram, L.; Filipowicz, A.; Misiorek, M.; Pienkowska, N,; Markowicz, J.; Watajtys-Rode,
E.; Wotowiec, S. Biotinylated PAMAM G3 dendrimer conjugated with celocoxib and/or
Fmoc-L-Leucine and its cytotoxicity for normal and cancer human cell lines. Eur. J.
Pharm. Sci. 2018, 124, 1-9.

(33) Rompicharla, S. V. K.; Kumari, P.; Bhatt, H.; Ghosh, B.; Biswas, S. Biotin functionalized
PEGylated poly(amidoamine) dendrimer conjugate for active targeting of paclitaxel in
cancer. Int. J. Pharm. 2019, 557, 329-341.

(34) Maly, J.; Stanek, O.; Frolik, J.; Maly, M.; Ennen, F.; Appelhans, D.; Semeradtova, A.;
Wrobel, D.; Stofik, M.; Knapova, T.; Kuchar, M; Stastna, L. C.; Cermak, J.; Sebo, P.; Maly,
P. Biocompatible size-defined dendrimer-albumin binding protein hybrid materials as a
versatile platform for biomedical applications. Macromol. Biosci. 2016, 16, 553-566.

(35) Lim, S. B.; Kim, K. W.; Lee, C. W.; Kim, H. S.; Lee, C. S.; Oh, M. K. Improved DNA
chip with poly(amidoamine)dendrimer peripherally modified with biotin and avidin.

Biotechnol. Bioproc. Eng. 2008, 13, 683-689.

27



(36) Zhu, W.; Okollie, B.; Bhujwalla, Z. M.; Artemov, D. PAMAM dendrimer-based contrast
agents for MR imaging of her-2/neu receptors by a three-step pretargeting approach. Magn.
Reson. Med. 2008, 59, 679-685.

(37) Chandra, S.; Mayer, M.; Baeumner, A. J. PAMAM dendrimers: a multifunctional
nanomaterial for ECL biosensors. Talanta 2017, 168, 126-129.

(38) Pu, Y.; Chang, S.; Yuan, H.; Wang, G.; He, B.; Gu, Z. The anti-tumor efficiency of poly(L-
glutamic acid) dendrimers with polyhedral oligomeric silsesquioxane cores. Biomaterials
2013, 34, 3658-3666.

(39) Sarantseva, S. V.; Bolshakova, O. 1.; Timoshenko, S. I.; Kolobov, A. A.; Schwarzman, A.
L. Dendrimer D5 is a vector for peptide transport to brain cells. Bull. Exper. Biol. Med.
(Biophys. Biochem.) 2011, 150, 429-431.

(40) Casta, L. J.; Kadushin, J. M.; Getts, L. A.; Getts, R. C. Lateral flow assays, test deviced,
and kits using DNA dendrimers as signal amplifiers. WO2014012077 A1, Jan. 16, 2014.

(41) Caminade, A. M.; Maraval, V.; Laurent, R.; Turrin, C. O.; Sutra, P.; Leclaire, J.: Griffe,
L.; Marchand, P.; Baudoin-Dehoux, P.; Rebout, C.; Majoral, J. P. Phosphorus dendrimers:
from synthesis to applications. C. R. Chimie 2003, 6, 791-801.

(42) Caminade, A. M. Phosphorus dendrimers for nanomedicine. Chem. Commun. 2017, 53,
9830-9838.

(43) Caminade, A. M.; Delavaux-Nicot, B.; Laurent, R.; Majoral, J. P. Sensitive sensors based
on phosphorus dendrimers. Curr. Org. Chem. 2010, 14, 500-515.

(44)Nicu, L.; Guiraldel, M.; Chambosse, F.; Rougerie, P.; Hinh, S.; Trevisiol, E.; Francois, J.

M.; Majoral, J. P.; Caminade, A. M.; Cattan, E.; Bergaud, C. Resonating piezoelectric

28



membranes for microelectromechanically based bioassay: detection of streptavidin-gold
nanoparticles interaction with biotinylated DNA. Sensor Actuator 2005, 110, 125-136.

(45) Sebastian, R. M.; Magro, G.; Caminade, A. M.; Majoral, J. P. Dendrimers with N,N-
disubstituted hydrazines as end groups, useful precursors for the synthesis of water-soluble
dendrimers capped with carbohydrate, carboxylic or boronic acid derivatives. Tetrahedron
2000, 56, 6269-6277.

(46) Franc, G.; Badetti, E.; Duhayon, C.; Coppel, Y.; Turrin, C. O.; Majoral, J. P.; Sebastian,
R. M.; Caminade, A. M. An efficient synthesis combining phosphorus dendrimers and 15-
membered triolefinic azamacrocycles: Towards the stabilization of platinum nanoparticles.
New. J. Chem. 2010, 34, 547-555.

(47) Launay, N.; Caminade, A. M.; Majoral, J. P. Synthesis of bowl-shaped dendrimers from
generation 1 to generation 8. J. Organomet. Chem. 1997, 529, 51-58.

(48)Slany, M.; Bardaji, M.; Casanove, M. J.; Caminade, A. M.; Majoral, J. P.; Chaudret, B.
Dendrimer surface chemistry. Facile route to polyphosphines and their gold complexes. J.
Am. Chem. Soc. 1995, 117, 9764-9765.

(49) Ying, N.; Ju, C.; Li, Z.; Liu, W.; Wan, J. Visual detection of nucleic acids based on lateral
flow biosensor and hybridization chain reaction amplification. Talanta 2017, 164, 432-438.

(50) Razo, S. C.; Panferow, V. G.; Safenkova, I. V.; Varitsev, Y. A.; Zherdev, A. V.; Dzantiev,
B. B. Double-enhanced lateral flow immunoassay for potato virus X based on a
combination of magnetic and gold nanoparticles. Anal. Chim. Acta 2018, 1007, 50-60.

(51) Lermo, A.; Campoy, S.; Barbe, J.; Hernandez, S.; Alegret, S.; Pividori, M. L. In situ DNA
amplification with magnetic primers for the electrochemical detection of food pathogens.

Biosens. Bioelec. 2007, 22,2010-2017.

29



(52) Ben Aissa, A.; Jara, J. J.; Sebastian, R. M; Vallribera, A.; Campoy, S.; Pividory, M. L.
Comparing nucleic acid lateral flow and electrochemical genosensing for the simultaneous

detection of foodborne pathogens. Biosens. Bioelec. 2017, 88, 265-272.

30



For Table of Contents only

Biotinylated
phosphorus
dendrimers

streptAv-AuNPs

Running
buffer

Test line Control line

31



