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Abstract in controlled NP size, distribution, shap@&d stabilityTo date,
chemical reduction is still the most common strategy for the
synthesis of GNPs, most probably because of the simplicity of
the method and apparatus requifgd]. A variety of reducing
?for example, borohydrides, sodium citrate, aminoboranes,

The wse of @ld nanoparticles(GNPs) with a small size
(diameter <10 nmYor the immobilization ofbiomolecules
requires the small area of each nanoparticle and the larg
curvature of the surfac® be taken into accourithe aim of hydrazine, and formaldehyde) and stabilizing agents

this studyis to determinethe optimal conditionsfor the . . ) . . .
bi omol ecul es usingsmalGNRsynithesizddi o n(hydrazme, ascorbic aciadetyltrimethylammonium bromide,

different ways. e GNRB were synthesizeby the two most polylvinyl alcohol, polylvinylpyrrolidond, polylethylene

typical methods using either sodium borohydride or a glycoll, sodium citrate,and tannic acid) can be used to
yp . . 9 . . Y . synthesize GNP[S-10]. Related to thisthesecond important
combination of sodium citrate and tannic acid as reducing

. . point is the coating of nanoparticles with stabilizing molecules
agents The averageliametersveredetermined to be equal to . . o ;
o . that further influence the immobilization of target biomolecules
4.4 +£0.6and6.9 * 1.5nmbytransmission electron microscqpy - -
) . . antibodies, enzymes, streptavidin, et@he methodof GNP
respectivelyBased on these nanoparticles, 24 conjugates wer

synthesizednd characterized at different pH (6.5, Add9.0) ;ynthegs gffects th.e surface featyragich can affect the
. . . . . immobilization of biomoleculed11, 12]. For small GNPs
and different concentrations of immobilized protein

(diameger <§Oonm), theie are partaly relevant issues related

(streptavidin with concentianso f 20, 40, ml§.0, ?hn Pg .
Depending on the synthesis conditiopslydispersity indexes to thesmall area of'each nanoparticle and the large curvature of
the surfacqd13, 14]. In these termsuniform, spherical, small

and formed precipitates varied and the hydrodynamic GNPs can only be oained using a limited number of methods.

diameters of the conjugate_s varied _fr 70 to 15 nmFor Under these conditions, the number of syntheses of small GNPs
both of the GNPs preparations, thenjugates that were ot . N
deserving attention is limited.

monodisperse, stahland without aggregate formation were
obtained at pH 9 with streptavidin concentrationsof 40 One of the most common syntheses for obtainingodisperse
(GNPs by sodium citratt/anni ¢ aci d) and a8d staplegrhath IGNRs 540 nmu diameter)s a chemical
borohydride).The binding properties of the all streptaviein  synthesiswith tannic acidandsodiumcitrate asbothreducing
GNP conjugates synthesized at fH) weretested usindateral and stabilizing agesf{15, 16]. The combined use of sodium
flow tests. All conjugates showdrigh binding properties up to  citrate and tannic acid enables control over the nucleation,
0.004 optical d end Fhiststudy bas dreatr growthy jandg atabdization processes, which leads to
potentialto improve the synthesis of the conjugatéth small reproducible monodisperdBNPs. RanoszekSoliwoda et al.
GNPsfor immunoassay applications showed that the formation of sodium citratetannic acid
complex acts as a reducing agent in the synthesis of NIPs

As a result, NPare stabilized by thexidation products of the
complex[17]. The second typical synthesis for obtaining small
GNPs is based osodium borohydride reductiorf18-20Q].
Although the preparation of GNPs bgthchemical reductios
canprobably make a stable and reproducible colloid containing
sphericalGNPs the surface coverage tie nanoparticles is
Gold nanoparticle@GNPs)and theirconjugatesire some of the  different This factor is of great importander synthesizing
most studied nanomaterials, with promising applications inconjugate biomolecules immobilized on the GNP surface by
manyimmunoanalytical systems for medicine and agriculture nondirectional ad noncovalent physical adsorptidr®, 21]. It

[1, 2]. As in most of these applications, the monodispersity ofis well known that the main active forces of noncovalent
GNPs is a desirable featurmoreover synthesishouldresult  immobilization are donecceptor interactions involving SH

Keywords: conjugates with gold nanoparticles; gold
nanoparticles; lateral flow tests; streptavidingsmall
nanoparticles
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groups of molecules, hydrophobic interactioasd Coulomb  Synthesis ofgold nanoparticles usingsodium citrate/tannic
interactions between NHgroups of lysine and ions on the acid

surfaces of GNPE2, 23 GNPs were prepared according to the protocol described by

In this paper, we present the comparison of the conditions foHermansor29] with modification. r the synthesis of 100
the synthesis of GNP conjugates synthesized by reduction witimL of GNPs, 1 mL of % aqueous solution détrachloroauric

the sodium citratéannic acid andhe sodium borohydride acidwas added to 79 mL of deionized water, then heated to 60
method. We synthesized the GNP mjogates under different  °C. Simultaneouslyaqueous solutions d® sodium citrate (4
conditions,andexperimentally defined that the pH affects the mL), 1% tannic acid (0.5 mL), 25 mpbtassium carbona(6.5
characteristics of the resulting conjugdtedifferent waysFor mL), and deionized water (15 mL) were mixed and also heated
immobilization to the GNP surface, we chose streptayidin to 60 °C.Then two solutions at 60 °C were mixed amdluxed
whichformsa highaffinity strong noncovalent interaction with  with slight stirring until thetetrachloroauricacid had been
biotin [24, 25]. We used a lateral flow assay (LFA), the most completely reduced and a stable colloidal solution had formed.
common method using GNPs as a colored labefinth the The solution was then cooled to room temperature.

effective streptavidirGNP conjugatesfor improving the

sensitivity of the assaystreptavidirGNP conjugates can be

used to detect, localize, or quantify the binding of biotinylated Synthesis of gold nanoparticles using sodium borohydride
molecules in the test zone of lateral flow test§he
streptavidirGNP conjugate is a very effective tool as a signal
amplifier and for increasing sensitivjtyarticulaty for the
indirect labelingn LFA [26-28]. Targeting molecules need not
be directly modified with GNPs, only biotinylated #at they
are able to interact with streptavidlBNP conjugatesThe
formation of the GNP-streptavidin complexes with
biotinylated antibodies in the test zookthe lateral flow test
strips leadsto anincreasdn the rumber of bound GNP labels
and improve the sensitivity of LFA

GNPs were prepared according to the protocol described by
Dykman[30] with modification.Aqueous solutions of 30 mM
EDTA (0.5 mL) and potassium carbonate (0.2 mkye added

to an Erlenmeyer flask with deionized water (Z8nL). The
mixture was cooledo 4 °C and all further processes were
carried out at this temperatur@hen 1% (w/v) aqueous
solution of tetrachloroauric acid0.5 mL) was added with
intense stirringFollowing this,0.5%(w/v) agueous solution of
sodium borohydrid€125 pL) was quickly added to the flask.
The reaction mixture was incu
intense stirring.

MATERIALS AND METHODS
Reagents Synthesis ofgold nanoparticle conjugates

Polyclonal antibodies (fraction of IgGpecific to plant virus  Synthesis of streptavidiGNP conjugates was carried out as
were usedfor biotinylation and testing streptavidi@BNP described by Hermanson [29] with modification The
conjugates Streptavidin from Streptomyces avidiniiwas streptavidin conjugates were synthetizeih both kinds of
purchasedrom Imtech (RussiajTetrachloroauric acidannic GNPs at pH 6.5, 7.4, and 9.0o adjust the pH of GNP8.2 M

acid, and sodium borohydridaere purchased from Fluka potassium carbonate solution a0® M HCI were used.To
(Taufkirchen, Germany)Tris(hydroxymethyl)aminomethane, determine the minimal stabilizing concentrationof the
nitric acid (70% w/w, purified by redistillationlpovine serum  streptavidin for the conjugatiofflocculation method) the
albumin (BSA), biotin amidohexane@aminohexanoic acid obtained GNP solution (1.0 mL portionsyas added to
N-hydroxysuccinimide ester,and sodium citrate were solutions (0.1 mL) oftreptavidin in concentrations from 1 to
purchased from Sigmaldrich (USA). The Au standard for 2 5 0/mi. §he mixture was incubated at room temperature for
inductively coupled plasma mass spectrometry {M3F) (999 10 min. Then we added a 10% NaCl solution (0.1 mL) to each
+ 2 mgiL in 5% HQ [w/w]) came from Fluka, Switzerland; sample, stirred the mixtures for 10 min, and measuregkddD
ICP-MS internal standards came from Bruker Daltonics plotting its dependence in the pemce of 10% NaCl against the
Chemical Analysis, USA; hydrochloric acid (38% wi/w, ultra streptavidin  concentration (flocculation curves). The
pure) came from Reactieomponent, Russidll acids, alkali, concentration corresponding to the beginning of the plateau in
salts, and solvents were purchased from Khad (Moscow, the flocculation curve was determined, and a concentration
Russia). The compounds used in buffer solutions were ofxceeding this value by 205% was chosen for spevidin
analytical or chemical grade. Solutions were prepared usingonjugation.

water deionized by a MilQ system produced by Millipore

(USA). Lateral flow test strips were fabricated usjlgstic added to GNPs (at pH 6.5, 7.4nd 9.0) to the final

suppors with a nitrocellulose membrandCNPC 12) and : .
. . trat 20, 40, 6 d &0 T t
absorbent pads (AP045) produced by Advanced MlcrodewcegogcfnuriI(;ntoe d w IOStl r;] out s ?6?1':,:;(;1?3;/ ;S at

(India). was added to each sample to the final concentratfob00
M g/ e separation of unbound streptavidin was carried out

To synthesize streptavidGNP conjugatesstreptavidin was
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using Beckman Coulter Optima-100XP ultracentrifuge  solutions (0.35.0ppb in 1% HCI [w]) were prepared before
(USA) at 45000 g for 25 min. Afterthe removal of the  each experiment. Scandium was used as the internal standard,
supernatant, the predigte was resuspended 10 mM Tris eliminating the fluctuations coming from the measuring
HCI buffer, pH 85. The spectra of the GNPs and their conditions. All samples were prepared in triplicate. Quantum
conjugates were recorded with a Biochrom Libra S60 doublesoftware (Bruker Corp., version v.3.1) was used fatad

beam spectrophotometer (Biochrom, UK). collection and processinhe measurements and calculations
were carried ouas described previously Byzova et al[31,
32.

Transmission electron microscopy The ICP-MS measurements were carried out on eqeiptat

The size and shape of GNPs were determined usinghe Shared Acces s Equi pment Cen

transmission electron microscopyTEM) (Jeol CX100 Bi otechnteFedget abf Research Cen
electron microscope, Japaraccelerating voltage 80 kV; o f Bi ot e ofhthheoRussigny Academy of Sciences
magnification of 3,300,005,000,000x TheGNPssamples  (Moscow, Russia).

for TEM measurementsvere dropped ontacaboncoated

coppergrids (300 mesh, Pelco International, USA) coated with

polyvinyl formal support film. The obtained images of GNPs Biotinylation of antibodies

and their conjugates were digitalized with Image Tool softwqreFor testing streptavidi®lGNP conjugates, polyclonal antibodies

(University of Tex_as Health Science Center_ m_Sap Antonlo,Were biotinylatedas described by Hermansd®g. The
USA). To approximate TEM data abotite distribution of S . .
; . . antibodies were dialyzed against a 1;60d volume of 50
GNPs di a rpeak Sauss,appmxim@ation was used. :
i~ L .~ mM potassium phosphate, pH 70414 M NaCl (PBS), for at
The fitting was calculated by OriginPro 9.0 software (Origin - .
Lab, USA) least 14 hours at £C. Then, biotin amidohexanoy6-

' ’ aminohexanoic acid ydroxysuccinimide est€¢10 mgmL in
dimethyl sulfoxide) was added to the antibodies in a gtathr
ratio. The mixture was incubated for 1 hour at room
temperature under intensive stirring and then dialyzed against
PBS overnight.

Dynamic light scattering and electrophoretic light
scattering

All experiments were performed with a Zetasizer Nano ZSP
(Malvern Instruments, UK), which features a 4 mW-Ne

laser (633 nm)The temperature was stabilized at 25°C, and thePreparation of lateral flow test strips
scattering angle was 173Rll measurements were performed

. A binding zone was formed on the nitrocellulose membrane
at least 80 times.

CNPC 12 using biotinylated antibodiesVe dispensed
A disposable cell (DTS0012; Malvern Instruments, UK) was biotinylated antibodies (1 mg/mL) at 0.15 pL per mm
used fordynamic light scatteringOLS) measurementsThe membrane width in PBS containing 5% glycef88] usng
hydrodynamicsizesof GNPsandstreptavidirGNP conjugates IsoFlow dispenser lifntagene Technology, USA). The
were measured by DL he plydispersity index (Pdl) was nitrocellulose membranes were dried at 32 for 8 h.
calculated as(standardleviation/mearvalue)?. Following this, we attacheddsorbed pad8P045 to plastic
supports with the nitrocellulose membranafter assembling
the membranes, we used andrdCutterl (Gibbstown, NJ,
USA) to cut multimembrane composites into 3.5 1wide
strips and used an FB00 continuous band sealer (Wenzhou
Dingli Packing Machinery, China) to seal the strips
E?1ermetica||y into bags composed of laminated aluminum foil
with silica gel as a desiccant. We carried out the cutting and
packing at 2622 °C in a separate room with a relative humidity
of no more than 30%.

For determiningthe streptavidin isoelectric poinfpl), zeta
potentials of thestreptaidin were measureat different pH
(4.0, 5.0, 6.0, and 7.0) using electrophoretic light scattering
(ELS) accordingto the Malvern Instrumentseconmendation
[31]. For ELS measurements, samples were loaded into
disposable clear zeta cell (DTS1060; Malvern Instruments
UK). Statistical processingwas performed using Malvern
software ver. 7.11.

Measurements of Au by inductively coupled plasma mass Lateral flow assay and data processing
spectrometry

The synthesized streptavilBNP conjugates were adjusted to
thesamo pt i cal dxasmglD inM TrigHCI buffer,
pH 8.5. Then, PBS with 0.05% Triton-X00 (PBST) was
added to final optical density ( Q) Of conjugates
corresponding 0.2, 0.07, 0.02, and 0.0DHe test strip were

dipped intathe obtained conjugatsolutiors. Ten minutes after

To edimate of GNPs and conjugate amouimghe solutions,
Au concentrations were obtained by HS. The ICRMS
measurements were carried out with a quadrupoleMGP
instrument Aurora M90 (Bruker Corp., USA) equipped with a
MicroMist low-flow nebulizer. A series of Au standard
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beginning the assay, the result wésually checked, a digital  (Figure 2).According to DLS, the synthesized GsiRvere
image of the test strips was obtained with a CanoScan LIDE 9®nonodispersed and their average diameter &g 1.8 and
scanner, and the integrated intensities ottiierin thebinding 5.7 + 1.1nm. Becausethe hydrated shell around the GNP
zones were calculated as desalilpeeviously by Safenkova et contributed to the data of DLS measuremgths average
al.[34]. hydrodynamic diameter of GNSC-TA was largethan GNPs
BH. For both GNPspolydispersites werecloser: a Pdl of
0.248for GNPs SGTA and 0.217 for GNPs BH. Here and
RESULTS AND DISCUSSION further to evaluate thd>dl values, we proposeising the
manufacturer'secommendatiorf35], which indicates &dl
smaller than 0.05 rérely seeh for highly monodisperse
GNPssynthesizedy reduction with sodium citratannic acid  standardsand aPdl greater than 0.7or sampls with a very
(SG-TA) were of an average diameter df4 + 0.6nm (n = broad size distribution.
133), and the form factor (ratio of maximum and minimum
axes) was 1.1 + 0.0%igure XA) by TEM. GNPs synthesized
by reduction with sodium borohydrigBH) were of an average
diameter 06.9 + 1.5nm (n = 205)andthe form factor was 1.1

+ 0.1 (Figure 1B) by TEM. Thus, the obtained sizes were . . .

close, taking into account standad#viations. The TEM spectroscqp_y |sra5|mplen_1th0d for d(_atectlng GNPs because
provided data regarding the true dimensions of GNP cores,GNPS gxh|b|'Facharacter|st|c absorption pea_k a.t about 520 nm,
facilitating their characterization.However, difference WhICh. 'S atmbuFEd o surface plasmon excitation FJue to.the
betweerthetwo methodwf synthesisveredetermine, among combined vibration of fr_ee electrons in resonance with the light
other thingspy the surface features of the nanoparticles, Whichwave[36]' The absorption band maximum for GNPs-S&

. and GNPs BH was observed at )
arebetter characterized by the DLS. . . . .
y respectivelyFigure3 shows the UMVis absorption spectra of

The colloidal state and the hydrodynamic size of GNPs in theGNPs synthesized using a mixture of b&B-TA andBH.
case of all samples wereeasured and calculateding DLS

A summary of GNP characterizatioissshown in Table 1As

can be seenGNPs of homogenous shape and size were

obtained in syntheses carried out uddogh reducing agents

Characterization of gold nanoparticles

Tofurtherassesthe amourgof GNPs and their conjugataad
to evaluatethe changes occurring during the synthesis of
conjugatesGNP solutions were characterizedth respect to
their absorbance by UWIS spectrophotometryUV—-Vis
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Figure 1: TEM imagés and size distribution Histograms of GNPs synthesized using a mixture of sodium citrate and tannic acic
(A) and sodium borohydride (B).
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Figure 2: DLS size distribution histograms of GNPs synthesized using a mixture of sodium citrate
and tanrg acid (A) and sodium borohydride (B).

1.2

Absorbance

024———

0.0 —— 1 —
400 450 500 550 600 650 700

Wavelength (nm)

Figure 3: UV-Vis spectra of GNP<urves 1 and 2 represent ggectra of GNPsynthesized using a mixture
of sodium citrate and tannic acid, and sodium borohydripectively.
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Table 1: The overall resultfor the syntheses of GNPs using a combination of sodium citrate/tannic acid, and sodium

borohydride.
Reagent TEM diameter, nm Form factor DLS diameter, nm Pdl  [&max, NmM
Sodium citrate / tannic acid mixturg 4.4 +0.6 1.1+£0.05 88+18 0.248 521
Sodiumborohydride 6.9+15 1.1+0.10 57+1.1 0.217 507
Choice of conditions for conjugate synthesis A 4.
The main factors for effective conjugation by nondirectional
and noncovalent immobilization by physical adsorption are the c
conjugation pH and concentration of biomolecules c 0.3
(streptavidin).Native dreptavidinfrom Streptomyces avidinii %
usedfor conjugate'ssynthesefias no carbohydrate and has an + 3
acidic isoelectric poinft24]. The exact value of pl was found to Q
be equal to 5.2by ELS measuringzeta potentials of the & i
streptavidin at different pHDue tothe symmetric tetrameric -g A
structure of the streptavid[24], theorientation of streptavidin 4 '
upon immobilization is minimally responsible fothe =
efficiency of the biotirfbinding. These circumstances 0.0 1 . . : .
determine the choice of the pH rang&he dassical 0 5 10 15 20 25
recommendationregarding the functionalization of GNPs Streptavidin (ug/mL)
argues thathe pH of the medium should be at least 0.5 units
higher than the pl of the immobilized protdi®7], at which
0.4~

point the transition of the protein from the dissolved to the
aggregated state is energetically favorablberefore, the
conjugation was performed at three pH values (6.5, ahd,
9.0).

The choice of streptavidin concentration was associated witt
full coverageof the GNP surfacel-or the starting point, &
used a typical flocculation method determining tminimal
stabilizing concentration of streptavidin (sééaterials and

Absorbance at 580 nm

methods, section 2.4Y¥his means thathe addition of 10% 0.1+

NacCl solution results in changes in the electric double layer of

GNP and a shift in the equilibrium between the electrostatic

repulsion and attrdion of particles[38] and, correspondingly, 0.0 0 5 10 15 20 25

the flocculation of the GNPand the changein the solution o

color. The aggregation of GNPs in tpeesence of excess salt Streptavidin (ng/mL)

(10% NacCl) will stop if the GNP surface is covered with Figure4 Fl occul ati on curves of st
streptavidin in large partAn absorption change at the on t he GNP’ s surface. Depende

wavelength of 580 nm (Figure 4) indirectly indicates the nm in the presence of excess salt (10% NaCl) GdiPs

presence of aggregates in the prepamnadf GNPsHowever
thetypical flocculationview was observednly for GNPsBH
(Figure 4B). For GNPs SETA, no changein color or
corresponding change of @f3 were observed (Figure-A4).
The reason is probably associated with good stabilizafitire
GNPs’ s ur fomper of bxigizet praducts of STA
[17]. Obviously, the flocculation method is not very
informative for GNPs synthesized with STA.

synthesized using a mixture of sodium citrate and tannic acid
(A), and sodium borohydral(B) after the addition of different
concentrations of the streptavididurves 1, 2, and 3 represent
the plots for the used pH 6.5 (A), 7.4 (B), and 9.0 (C),
respectively.

The rangeof concentration dependence, starting from a
concentration of 3 y gnL (point on plateau curvdpr GNPs
BH at pH 9.0(see Figure 4B), correspongdto the stabilization

of the GNP bystreptavidin With the addition of excess salt,
conjugates synthesized &wer streptavidin concentrations
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were not stableAt the same timethe outlet to the plateau did
not occurat pH 6.5 and 7.4 (see FigureB4. Taking into
accountthe diameter of streptavidin (5 nii89, 40]) andthe
average size of theangarticles determined by TEM (see
section 3.1), approximately two to three molecules of
streptavidin can be placed onenanoparticle. This means that

scatteringA summaryof thedatais shown in Table Z-or GNP
SG-TA, precipitate formation and high Pdl were observed for
all streptavidin concentrations at pH 6.5 (Jeble 2).At pH

7.4 these effects were less pronouncethd at high
concentrations of streptavidithe precipitate did not fall out,
andthe agglomerates formed became smaller. At pH 9.0, large

at 100% streptavidin binding to the GNP surface, all GNPs inaggregates were absent, and with an increase in streptavidin

the solution would be streptavidin covereds e n a't
However, the percentage sifeptavidinbonded to the surface
of GNP depends orthe equilibrium constaatand curvesn
Figure 4B, confirming the pH effect on the immobilization
For this reason, we synthesized conjugates with BNRt pH
6.5, 7.4,and 9.0 using streptavidinwith concentrations more
than that of the flocculation poin2@, 40, 60, an@ 0 g/rpL).
For GNP SETA, the same synthesis conditions were chosen.

Characterization  of

conjugates

Each of the 24 conjugate$2 GNP SGTA and 12 GNP BH)
werecharacterized before ultracentrifugatioy dynamic light

streptavidini gold  nanoparticle

. 15c oungc/emmLt r at i on

from 20 +to 80
hydrodynamic diameters from 25 (98.3%) to 15.6 nm (99.1%)
occurred.The same effect was observed for GNP BH (see
Table 2) Some difference in the synthesis of conjugates
appeared at pH 7.4, at which conjugates with GNP BH had a
lower polydispersity The reulting distributions of the
hydrodynamic diameteifer streptavidirGNP SG-TA (Figure

5-A, B, C) and streptavidilGNP BH (Figure 6A, B, C) well
confirm the values presented in TableThe formation of
aggregatesunder different conditions was visualizedsing
TEM. Figure 7-A, B and C present the typical images of
conjugate aggregates with different sizes, and Figui2
presens the streptavidirGNP conjugatef the monodisperse
state according DLS

Table 2 Properties of thetreptavidirGNP conjugates obtained under different conditions.

Conditions for conjugate | Streptavidin DLS diameter (% Pdl Precipitate
synthesis concentration, volume), nm
pg/mL
Sodium citrate / |pH 6.5 20 1570 (100%) 0.316 yes
tannic acid mixture 40 1990 (37.4%) 0.507 yes
1020 (45.4%)
257 (1%)
60 1727 (26.3%) 264.9 (31% 0.422 yes
48 (25.4%)
80 44.5 (77.3%) 0.269 no
131.8 (22.7%)
pH 7.4 20 283.9 (100%) 0.254 yes
40 143.5 (63.8%) 0.197 no
36.8 (36.2%)
60 30.6 (82%) 0.268 no
13 (13.5%)
80 28.9 (93.1%) 0.296 no
pH 9.0 20 25 (98.3%) 0.207 no
40 17.8 (87.8%) 0.306 no
8.3 (10.6%)
60 16.5 (98%) 0.308 no
80 15.6 (99.1%) 0.304 no
Sodium borohydrid{pH 6.5 20 39 (87.7%) 0.242 no
40 1305 (100%) 0.442 yes
60 1001 (72.6%) 0.437 yes
80 26.2 (98.5%) 0.263 no
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pH 7.4 20 23.2 (82.4%) 0.276 no
9.7 (17.6%)

40 57.7 (93.2%) 0.266 no

60 46.5 (94%) 0.246 no

80 26.2 (98.5%) 0.263 no

pH 9.0 20 8.3 (28%) 0.366 no
16.4 (70.7%)

40 21.2 (96.8%) 0.285 no

60 18.3 (97.4%) 0.34 no

80 16.9 (99.1%) 0.303 no
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Figure 5: DLS data of the distribution ofydrodynamic diameters of streptaviddBNP conjugates
(with GNP SG-TA) before ultracentrifugation at pH 6.5 (A), 7.4 (B), and 9.0 (C) and after ultracentrifugation at (i8).9.0
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Figure 6. DLS data of the distribution ofyldrodynamic diameters of streptavid@NP conjugates (with GNBH) before
ultracentrifugation at pH 6.5 (A), 7.4 (B), and 9.0 (C) and after ultracentrifugation at pH 7.4 (D), 9.0 (E).
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For ultracentrifugation, all conjugates of streptavidiNP The conjugates (pH 9.0) synthesized at different streptavidin
SC-TA at pH 9.0 and all streptavidk&NP BH conjugates at concentrations were compareatcording tobiotin binding
pH 7.4 and 9.0 were chosen to separate unbound streptavidproperties inLFA. In LFA with GNP labe| the detectable
molecules. A&er ultracentrifugationthe distribution of the  signal is the color in the binding zani¢ is affected by the
hydrodynamic dimneters of streptavidbGNP conjugates affinity of the conjugate and the optical properties of the
showed more polydispersity for pH 7.4 (see Figur®)6  conjugate with GNPTo correcly compare conjugate binding
Thereforethe conjugates that were most monodisperse, stablepropertiesoptical properties were studied witie absorption
and without aggregate formation were obtained at pH&.0 spectra of the conjugates (Figure 8% can be sen inFigure
both of the GNP preparation€onjugats with streptavidin 8, the maximaof the absorption bamsdwere close between
concentrations of 40 (GNP STA) and 80 g/ ndifferept@onjBgatBsHapdhifted to longe wavelengthsA =
have the narrowest distributions (see Figure® sand 6E, 519523 nm for GNP SGTA, 513-516 nmfor GNP BH
respectively). However, the peaks of the conjugates diffetdsing the ICP

MS (seeMaterials and methods, section 2w confirmed that

the optical densities of the conjugates correlate with the Au
Biotin binding properties of streptavidini gold nanopatrticle concentratior{Table 3) which means that differences in peaks
conjugatesin lateral flow assay are most likely associalewith losses of the conjugate during

theultracentifugation.

Figure 7. TEM images oftreptavidirGNP conjugatedefore ultracentrifugation: (A) GNP STA and 60 pug/mL of
streptavidin at pH 6.5; (B) GNP BH and 60 pg/mL of streptavidin at pH 6.5; (C) GNP/A&nd80 pg/mL of streptavidin at pH
7.4; and (C) GNP SE€I'A and 80 pg/mL of streptavidin at pH 9.0.
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Table 3. Primary data of ICAMS measurements carried out with a quadrupoleM3Pinstrument
Aurora M90 (Bruker Corp., USA).

Parameters
OD i) | Au  concentration| GNP concentration, nM
pg/mL
GNPswith sodium citrate / tannic acid mixtur| 0.83 14.2 28
GNPssodium borohydride 0.67 11.5 6
StreptavidirGNP conjugate at pH 9.0 Parameters
_ Streptavidin OD mhdA | Au  concentration, GNP concentration, nM
Reducing agent concentration, pg/mL Hg/mL
Sodium  citrate 20 0.65 8.8 17
tannic acid mixture | 40 0.53 8.2 16
60 0.63 9.0 18
80 0.50 7.9 15
Sodium borohydride | 20 0.44 7 3
40 0.35 6.5 3
60 0.35 5.9 3
80 0.49 7.5 4

Streptavidin concentration for nanoparticles with

sodium citrate/tannic acid sodium borohydride
(o 20 pug/mL 20 pg/mL
1 ——40 pg/mL ——40 pg/mL
0.8 —— 60 pg/mL —60 pg/mL
—380 pg/mL —80 pg/mL
0.6 -

0.4

Absorption

0.2

0.0 —T
400 450

500 550 600 650 700
Wavelength (nm)

Figure 8. Absorptionspectraf streptavidirGNP conjugatesfter ultracentrifugation at pH 9.0.

All conjugates showedtainingin the binding zonesand high (see Figure 9, E).However, alarge concentrans (0.2, 0.07
binding properties up to 0.004 optical densitebmax (Figure of optical density), the binding zonas 20 and 8Qqug/mL of
9). Differencesin the color intensity in the binding zones were streptavidinwere blurred and wide for both kind§ GNP (see
very weak at high conjugate concentrations and slightly moreFigure 9A, B). Therefore, the most effective streptavidBNP
intense for 40 and 6QAg/mL of streptavidinat low conjugate  conjugates for LFA with indirect labdag were synthesized
concentrations (0.02, 0.004 of optical dendity)GNP SGTA using pH 9.0 and0-60 pg/mL of streptavidin
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Figure 9. Lateral flow assayA, B, C, D: Test strips after analysis with conjugates at different optical densities (0.2, 0.07, 0.02,
0.004, respectively). For test strips @ANP SGTA and 20 pg/mL of streptavidin; (2) GNP BH, 20 pg/mL; (3) GNP-$8&, 40
pg/mL; (4) GNP BH, 40 pg/mL; (5) GNP STA, 60 pg/mL; (6) GNP BH, 60 pg/mL; (7) GNP STA, 80 pg/mL; and (8) GNP
BH, 80 ug/mL.E, F: Dependences of the color intensity in the test zone of the test strip on the optical density of conjugates witl
GNP SETA (E) or with GNP BH (F). Fo0 (1), 40 (2) 60 (3), and 80 (4) pg/mL of streptavidin.

CONCLUSION for the choice of the synthesis conditions for GNP-$&. In
carrying out a fbcculation experiment, the nanoparticles
obtained byreduction with BH showed stability at three
different pH (6.5, 7.4, 9.0), but the characteristics of the
conjugates by the DLS method showed significant differences.
For the synthesis of monodisperse asthble conjugates of

The results confirm thahroughthe use obothreagents-SG-

TA and BH—is it possible to obtain monodisperse, spherical
GNPs. The optimal conditions of the conjugate synthesis did
not differ for small GNPs synthesized by different methods.
The paper shows thtte flocculation method is not informative

13858



International Journal of Applied Engineering Research ISSN-@%82 Volume 12, Number 23 (2017) [43847-13860
© Research India Publications. http://www.ripublication.com

small GNPs (irrespective of the synthesis method) with
streptavidin (pl = 5.2)apH 9.0 isoptimal TEM and DLS data
confirmed the presence of aggregates for both types of GNP in [9]

synthesis of gold nanoparticled.angmuir, 30 (35),
pp. 1077910784.

Huang, D. S, Yang, G. Y., Feng, X. Wail.X. C.,

the synthesis under conditions of pH 6.5 and Th& binding
properties of the all streptavidiGNP conjugates synthesized
at pH9.0werehigh. In LFA, conjugates showed binding up to
0.004 optical densitie$Amay. Thus, for LFA with indirect
labeling and small GNP we recommend synthesig the
streptavidirGNP conjugates using pH.@ and40-60 pg/mL

of streptavidin
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