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Abstract

Relevance. Hepatitis E virus (HEV) is a common cause of viral hepatitis not only in areas with low levels of water

supply and hygiene, but also in industrialized countries. Rapid tests development for the infection seromarkers
detection in the absence of special equipment and trained staff remains the most important problem in improving

the diagnosis of hepatitis E.

Aim. To produce conjugates of recombinant ORF2 antigen of HEV genotype 3 with gold nanoparticles (GNP) of
varied sizes and to evaluate their applicability in the immunoassay for the detection of antibodies to HEV.
Materials and methods. Specific polyclonal and monoclonal antibodies, recombinant antigen ORF2 of hepatitis

E virus genotype 3, blood serum samples of people diagnosed with acute hepatitis. Synthesis of GNPs and

their conjugates with recombinant antigen, enzyme immunoassay, dot immunoassay, immunochromatographic

analysis, transmission electron microscopy.

Results. Three samples of colloidal GNP were synthesized using citrate method with varied concentrations of
reducing agent and were subsequently used for preparation of conjugates with recombinant antigen ORF2 of HEV
genotype 3. Immunoreactivity of these conjugates was confirmed by dot-immunoassay with blood serum samples
containing specific IgG. A conjugate based on a 41 nm GNP was chosen for use in immunochromatographic

analysis (ICA). Optimal conditions for preparation of a multi-membrane composite, including formation of analytical

and control lines and the conjugate area were identified, and test strips were developed. The obtained conjugate
was tested by ICA using blood serum samples which had been subjected to preliminarily characterization by the
content of the IgG antibody to HEV. High immunoreactivity of the conjugate was demonstrated. Antibodies to the
virus were identified in 100% of the examined (n = 17) IgG-positive serum samples, while in negative samples

(n=17) they were absent.

Conclusion. The results demonstrated effectiveness of the obtained immunoreagents (recombinant antigen,

antibodies, conjugate) for use in test-systems for rapid diagnosis of hepatitis E.

Keywords: immunochromatographic assay, colloidal gold nanopatrticles, recombinant antigen, hepatitis E virus,

protein ORF2, IgG
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HOHV‘IEHI/IE KOHDIOratoB Ha OCHOBEe HaHO4YacTuny KossniongHoro
3010Ta AnAa 6bICTpOI'0 BbIABJIEHNA aHTUTEJ K BUPYCY renatnuta E

AnartopueBa I1.”, HectepeHnko J1.H., AMnanToBsa WU.U., Mputesoposa J1.H.,
DoueHko B.B., 3sepes B.B., CButnu O.A.

HayuyHo-uccnepnosaTenbCKNin MIHCTUTYT BakUMH M CbIBOPOTOK MMeHun U.W. MeuHnkoBa, Mocksa, Poccusa

AHHOMauyusi

AxTtyanbHocTb. Bupyc renatuta E (BI'E) — 4yacTtas npuynHa BUPYCHbIX renaTtuToB He TOMbKO Ha TEPPUTOPUSIX C
HWU3KUM YPOBHEM BOAOCHABXEHNS U TTMEHbI, HO U B MPOMbILLMIEHHO pa3BUTbIX CTpaHax. BaxHenwen npobnemoi
COBEpPLUEHCTBOBAHUS CUCTEMbI AMArHOCTuKK renatuta E octaértcs paspaboTka TecToB HbICTPOro onpeaeneHns
cepomMapKepoB MHMPEKLMN ANA MPUMEHEHMS B YCNOBUSIX OTCYTCTBUS cneumansHoro o6opyaoBaHus u 06y4eHHOro
nepcoHana.

Llenb paboTbl — nony4eHne KOHbIOraToB HaHOYacTuUL, konnoungHoro 3onota (HY3) Heckonbkmx pasmepos ¢ pe-
KOMBUHaHTHbIM aHTureHom ORF2 BIE 3 reHoTMna 1 oueHKa BO3MOXHOCTU UX MPUMEHEHMS B UMMYyHOAHanmae
ans BbisiBNeHust aHTuten k BI'E.

MaTepuanbl n meToabl. Viccnegosany cneumdunyeckne NonmKNoHanbHble 1 MOHOKIOHAamNbHbIE aHTUTena, pe-
KoMBUHaHTHbIN aHTMreH ORF2 BI'E 3 reHoTuna, obpasupbl CbIBOPOTOK KPOBU N0AEN C AUMArHO30M OCTPOro re-
natuta. OcywecTBnanm cuHTe3 HY3 n nx KOHLIOraToB C PEKOMOUHAHTHLIM aHTUrEHOM, UMMYHOEPMEHTHBIN
aHanus, AoT-MMMYyHOAHanu3, MMMyHOXpoMaTorpadvyeckmin aHanms, UCnonb3oBanu MEeTOA NPOCBEYMBaOLLEN
3MEeKTPOHHOW MUKPOCKONUMK.

Pe3ynbraThbl. LiuTpaTtHbiM METO4OM C MCMOMb30BaHNEM Pa3NNYHbIX KOHLIEHTPaLWI BOCCTaHOBUTENSI CUHTE3UPO-
BaHbl 3 npenaparta HY3. Ha nx ocHoBe nony4eHbl KOHbOraTbl C PeKOMOUHAHTHBIM aHTUreHom ORF2 BI'E 3 re-
HOTUMAa, MMMYHOPEAKTUBHOCTb KOTOPLIX NOATBEPXAEHa METOAOM AOT-MMMYyHOaHanmsa ¢ obpasuamm CblIBOPOTOK
KpOBM, codepXalumm cneundunydeckme nMMyHornodynuHbl knacca G (IgG). Ons npMeHeHUs B UMMYHOXpoma-
Torpadmyeckom aHanuse otobpaH KoHbtoraT Ha ocHose HY3 anameTtpom 41 HM. OTpaboTtaHbl ycnosus nony4e-
HUS MyNbTUMEMOPaHHOro KOMMNo3uTa, BkroYass OpMMPOBaHNE aHaANMUTUYECKOW U KOHTPOMbHOW FIMHWI U 30HbI
KOHblOraTa, U3roToBfieHbl TECT-MOMOCKN M MPOBeAeHbl UCNbITaHWs NOMyYeHHOro KOHblorata MeTogomM MMMYHO-
XpomaTtorpadmyeckoro aHanmaa ¢ obpasuamu CbiIBOPOTOK KPOBW, NpeaBapuTenbHO OXapaKTepU3oBaHHLIMK MO
copepxanuto lgG-aHTuTen k BI'E. MokasaHa BbiCOKast IMMYHOPEaKTMBHOCTb MNOMYYEHHOro KOHbloraTa: aHturena
K BUpycy BbisiBeHbl B 100% o6cnenoBaHHbIX IgG-nonoxuTenbHbIX NPob CbIBOPOTOK (1 = 17) 1 He oBHapyXeHbI
B OTpuuaTenbHbix npobax (n = 17).

BbiBoabl. [MonyyeHbl MMMyHOpeareHTbl (PEKOMOUHaHTHBIM aHTUreH, aHTUTena, KOHbIoraT), KOTopble MOryT ObITb
MCMOMb30BaHbl MPY CO34aHNM TECT-CUCTEM ANs aKcnpecc-guarHocTuky BrE.

KnroueBble cnoBa: umMMyHOxpomMamoepaguyeckull aHaaus, HaHodacmuubl KOToudHo20 305110ma, pekombu-
HaHMHbIU aHmMuaeH, supyc eenamuma E, 6ernok ORF2, ummyHoanobynuHbi knacca G

Amuyeckoe ymeepxdeHue. VlccnenoBaHve npoBoannock Npu A06POBOILHOM MHGOPMMPOBAHHOM COrflacuu nauw-
€HTOB UINN NX 3aKOHHbIX NpeAcTaBuTenen. ABTOpbI MOATBEPXAAKT cObniofeHne NHCTUTYLIMOHANbHBIX U HauMoHarnb-
HbIX CTaHAAPTOB MO MCMONb30BaHWIO NabopaTopHbIX XMBOTHBIX B cooTBeTCTBUMM C «Consensus Author Guidelines
for Animal Use» (IAVES, 23.07.2010). MNpotokon nccnenoBaHnsa opobpeH JlokanbHbiM coBeTom no atuke HUMBC
um. N.N. Meynwnkosa (npotokon Ne 4 ot 22.02.2023).

BnazodapHocmsb. PaboTa BbiNonHeHa npu omHaHCoBoOW nogaepkke MuHUCTepCTBa Hayku U BbicLLero obpa3oBaHus
Poccuiickon ®egepauumn (yHukanbHbii naeHTudukatop npoekta RFMEFI61319X0091). AsTopbl 6narogapsat Onera
Jlebepesa (Laboratoire CRISMAT, ENSICAEN-CNRS UMRG6508, Caen, France) 3a nomoLLb B U3y4eHUN CTPYKTYpbl
HY3 mMeToaOM TPaHCMWCCUMOHHOM AMEKTPOHHOWM MUKPOCKONUW, HaumoHanbHbIA MHCTUTYT OBLLECTBEHHOIO 340POBbLS
M3 KP 1 Benopycckuii rocyaapCTBEHHbIA MEANLIMHCKUIA YHUBEPCUTET 3a NpefocTaBneHne obpasLoB CbIBOPOTOK KpO-
BUW, COAEPXaLlMX 1 He coaepxallmx cepoMapkepbl MHPULMpPOBaHUS BUPYcoMm renatuta E.

HUcmoyvHuk chuHaHcupoeaHusi. ABTOpbI 3asBMSIOT 06 OTCYTCTBMU BHELLHEro (OMHAHCUPOBAHUSI NPU NPOBEAEHUN UC-
crnefoBaHus.

KoHdbnnukm unmepecos. ABTOPbI AeKNapupyIOT OTCYTCTBUE SBHbIX U MOTEHUManbHbIX KOH(MNKTOB NHTEPECOB, CBSI-
3aHHbIX C Nybnukaumnen HacTosiLLen cTaTbi.

Ansi yumupoeaHusi: Anatopuesa I"W., HectepeHko J1.H., AMuaHtoBa WN.W., Mputeoposa J1.H., OJoueHko B.B., 3Be-
peB B.B., Ceutuu O.A. lNony4eHne KOHbLIOraToB Ha OCHOBE HaHOYaCTWL, KONMOMAHOro 305noTa Ans 6bICTporo BbisiBne-
HWSA aHTUTEen K BUpYycy renatuta E. XKypran mukpobuonoeuu, anudemuonozauu u ummyHobuonozuu. 2025;102(1):7-17.
DOI: https://doi.org/10.36233/0372-9311-620
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Introduction

Hepeatitis E virus (HEV) is a frequent cause of vi-
ral hepatitis not only in areas with low water quality and
supply, but also in industrialized countries [1]. Specific
IgM and IgG antibodies in serum or plasma of patients
serve as serological markers of HEV infection. The Eu-
ropean Association for the Study of the Liver recom-
mends the following criteria for the clinical diagnosis
of acute hepatitis E cases: the simultaneous presence
of HEV RNA and specific IgM and/or IgG antibodies
(anti-HEV AB) in the analyzed samples, increase of
anti-HEV IgG AB titers in the presence of anti-HEV
IgM AB, and the detection of HEV antigen (HEV AG).
The diagnosis of chronic hepatitis E is confirmed by the
detection of HEV RNA and/or HEV AG for more than
3 months. The past infection is indicated by the pres-
ence of IgG anti-HEV AB in the samples [2]. The main
method for the diagnosis of acute and chronic hepati-
tis E is the polymerase chain reaction, which makes it
possible to detect viral RNA at the earliest stages of the
disease and in the absence of AB in chronic HEV pa-
tients with immunodeficiency. In some cases, serologi-
cal methods for diagnosing hepatitis E are more reliable
and specific [3], and in most cases have no alternative
due to the short period of viremia in HEV infection [4].
Each method of hepatitis E serological diagnostics has
limitations that make it difficult to accurately determine
the stage of the disease. Due to problems associated
with virus cultivation, kits for hepatitis E serological
diagnostics most commonly utilize recombinant anti-
gens, or less frequently, synthetic peptides.

The problem of shortening HEV test turnaround
time is solved by using rapid tests based on the immu-
nochromatography assay (ICA) for detect HEV-specif-
ic IgG, IgM, total ABs and HEV AG using colloidal
gold conjugated with recombinant AG or AB to viral
proteins and/or o human or animal immunoglobulins.
Along with quick results (15 minutes), the great advan-
tage of the method is the possibility of testing at the
patient's bedside in the absence of special equipment
and trained personnel. The ICA test systems for the de-
tection of HEV AG and anti-HEV AB developed and
produced by foreign companies showed good reproduc-
ibility with sufficiently high sensitivity, specificity and
good consistency with the results obtained using classi-
cal enzyme immunoassay (ELISA). A number of com-
parative studies have shown that ICA tests for detect-
ing anti-HAV IgM AB manufactured in China ("IgM
antibody to hepatitis E virus (HEV-IgM) rapid test",
"Wantai", cat No. WJ-15) and Singapore ("MP Diag-
nostics ASSURE HEV IgM Rapid Test", "MP Biomed-
icals Asia Pacific Pte. Ltd.", cat. No. 43160-020), have
even higher sensitivity than some traditional ELISA
tests [5]. Canadian companies Citest Diagnostics Inc.
and BiogateLabs produce ICA kits for simultaneous
detection of IgG and IgM AB to HEV (cat No. IHE-
302, cat No. RT-EV1112-C-1, respectively) in serum,

plasma and whole blood. In the Russian Federation and
the countries of the former Soviet Union, there is no
manufacturing of tests for the rapid detection of HEV
serological markers by the I[CA method. Furthermore,
there are no reports of ongoing research in this area.

Besides specific antigens or antibodies, the key
components of such test systems are conjugates of
colloidal nanoparticles with biological macromole-
cules which allow visual or digital recording of re-
action results [6-9]. The unique optical properties of
gold nanoparticles (GNP) provide visible surface plas-
mon resonance (SPR) peaks in synthesized GNP in the
wavelength range of about 520 nm, depending on the
size of the synthesized GNP [10]. The advantages of
using GNP-based conjugates in rapid diagnostic tests
combine the possibility of results visualization due to
high molar absorption coefficients [10, 11] with their
ability to fully restore properties after sorption on the
membrane and subsequent drying [12, 13] in the analy-
sis process. Diagnostic efficiency of ICA-tests is deter-
mined by the ability of the GNP conjugate to interact
specifically with target molecules. It is related to physi-
cal and chemical properties of the GNP, in particular to
their size and shape. It is also determined by antigenic
specificity of the proteins adsorbed on them, which per-
form an additional function of secondary stabilization
of colloidal particles in the conjugates.

All test systems for the detection of anti- HEV
AB are based on the use of the capsid protein ORF2,
which contains diagnostically significant epitopes, as
the antigenic basis. Previously, we have obtained [14]
the recombinant capsid protein ORF2 of HEV genotype
3 (recAg), which has the widest geographical distribu-
tion in the world [15, 16] and is dominant in Russia
[17]. This recAg has been selected as the basis for the
subsequent development of the rapid test for the simul-
taneous detection of anti-HEV IgG and IgM AB.

The objective of the present study was to synthe-
sise conjugates of recAg with GNPs of varying sizes
and to assess their potential application in an immuno-
assay for the detection of antibodies to HEV.

Materials and methods

Immunoreagents

Polyclonal goat AB against human IgG (GAHIss)
(«Imtek») (hereafter referred as AB), recAg (I.I. Mech-
nikov NIIVS) [18]; polyclonal rabbit IgG AB to recAg
(hereafter referred PAB) obtained by immunizing rab-
bits and subsequent affinity purification (I.I. Mechnikov
NIIVS); a conjugate of mouse monoclonal AB to recAg
(hereafter referred MAB) with horseradish peroxidase
(L.I. Mechnikov NIIVS) obtained by periodate oxida-
tion method [19].

Blood sera of individuals diagnosed with acute
viral hepatitis were provided by the National Insti-
tute of Public Health of the Ministry of Health of the
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Kyrgyz Republic and by the Belarusian State Medical
University. According to the test results obtained with
the DS-ELISA-ANTI-HEV-G reagent kit («Diagnostic
systems») [20, 21] and with the developed at the LI.
Mechnikov NIIVS confirmatory test for the determina-
tion of anti-HEV IgG AB by the line blot method [22];
sera contained (n = 17) and did not contain (n = 17)
anti-HEV IgG AB.

The study was conducted with the informed
consent of the patients or their legal representatives.
Authors confirm compliance with institutional and
national standards for the use of laboratory animals
in accordance with «Consensus Author Guidelines for
Animal Use» (IAVES, 23 July, 2010). The research
protocol was approved by the Ethics Committee of the
I. Mechnikov Research Institute of Vaccine and Sera
(protocol No. 4, February 22, 2023).

GNP colloidal solutions

GNPs with desired particle sizes were prepared
by citrate method using tetrachloroauric (III) acid tri-
hydrate HAuCl,x3H,0 («Aldrich») as a precursor
[11-13]. Taking into account that the average particle
diameter reduces with an increase in citrate concentra-
tion in the reaction mixture [11], varying amounts of
reducing agent allowed to obtain GNP samples with
different particle sizes. One mL of a 1% HAuCl,x3H,0
solution was added to 99 mL of deionized water; the
solution was brought to boil with stirring, then vari-
ous volumes of 1% aqueous solution of sodium citrate
C,H,Na,0 x2H,0 («Merck») were added.

The solution was boiled with a reflux condenser
for 20 min under stirring, then cooled to room tempera-
ture. Absorption spectra within the wavelength range
from 400 to 700 nm were measured using a Multiskan
GO tablet (flatbed) spectrophotometer («Thermo Sci-
entific»). GNP structures were studied using «Jeol JEM
ARM200F» atomic resolution scanning transmission
electron microscope («HAADF-STEM») equipped
with an energy dispersion analysis (EDX) system based
on a «GIF Quantum» spectrometer with a «Centurio
EDX» detector with 0.08 nm resolution at accelerating
voltage of 200 kV in STEM mode («Jeol») [23, 24].
TEM samples for the study were prepared by deposit-
ing a sample of GNP solution pre-diluted to A, = 1.0

520
absorbance onto carbon film-coated copper meshes.

Synthesis of conjugates

Optimal conditions for preparation of GNP con-
jugates with recAg were selected according to the de-
scribed recommendations [25, 26]. Wells 1-11 of a
96-well polystyrene plate («Greiner») were filled with
10 pL of recAg solutions with concentrations varying
from 1 to 50 pg/mL in phosphate buffer (PBS). Then,
100 pL of GNP solutions with pH from 5.5 to 9.0 were
introduced into the wells A-H of the horizontal rows of
the plate so that each column corresponded to a certain

ORIGINAL RESEARCHES

concentration of recAg, and each row corresponded to
a pH value of the solution. After 15 min, 20 uL of 10%
sodium chloride solution was added to all wells, and
after further 10 minutes optical absorption of the solu-
tions was measured at wavelengths of 520 and 580 nm
(A, Ay, As absorbance of the solution at 580 nm in-
creases with the loss of stability in the colloidal system,
the stabilizing concentration of recAg was estimated by
the difference «A,, — A, » [25].

Conjugates of GNP with recAg were obtained
by dropwise addition of 10 mL of GNP solution with
pH 8.0 to the recAg solution until recAg concentration
reached 25 pg/mL for GNP-1, 30 pg/mL for GNP-2,
and 40 pg/mL for GNP-3. Subsequently, the mixtures
were shaken at room temperature for 30 min using a
Multi-Reax device («Heildorf»); then a 10% solution
of bovine serum albumin (BSA) («Sigma») was add-
ed to a final concentration of 0.25%. Suspensions were
incubated for 15 min under the same conditions and
following that, centrifuged for half an hour at 4°C at
811 x 10° rpm, depending on the size of the GNPs.
The resultant precipitate was suspended in 1 mL of PBS
with 0.1% BSA, 10% sucrose and 0.01% sodium azide,
and absorption spectra were recorded as described ear-
lier. The obtained conjugates of GNP with recAg were
stored at 4°C.

The result of recAg seeding on the surface of GNP
was controlled by enzyme-linked immunosorbent as-
say (ELISA) [25]. PAB solution with a concentration
of 5 ug/mL in 0.1 M carbonate-bicarbonate buffer pH
9.6 was adsorbed in wells of a plate. The plates were
blocked with 0.02 M phosphate-salt buffer pH 7.2 with
0.05% Tween-20 (FSB-T), 5% sucrose, 0.09% sodium
caseinate. The wells were filled with 100 pL of super-
natants obtained after centrifugation of the GNP conju-
gates with recAg. Horseradish peroxidase-labeled MAB
was used as conjugate in ELISA; 0.5 mM 3,3',5,5'-te-
tramethylbenzidine solution was used as chromogen.
Calibration samples were produced via serial dilutions
of recAg (5, 2.5, 1.25, 0.625, 0.31 and 0.15 pg/mL)
in the supernatant liquid obtained after centrifugation
of colloidal gold solution. recAg concentration in the
samples of interest was determined using a calibration
plot of optical density values at 450 nm wavelength vs
recAg concentration in calibration solutions.

Dot immunoassay reaction

To perform dot immunoassay in sandwich format,
AB in the amounts of 0.1; 0.05; 0.025 and 0.0125 pug
were sorbed onto 13 mm nitrocellulose membrane discs
(0.45 um). As a negative control, 0.1 pg of BSA solu-
tion in 0.02 M phosphate-salt buffer pH 7.2 (PSB) was
applied. Free areas of the membranes were blocked with
0.09% sodium caseinate solution in PBS. The mem-
branes were incubated with serum containing anti-HEV
IgG AB for 1 hour in a thermo-shaker («Eppendorf») at
37°C, followed by 30 min with solutions of GNP conju-
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gates with recAg (A,,, = 0.5 0.u.) at room temperature.
Staining intensity of experimental and control spots on
the membranes was evaluated visually.

Immunochromatographic analysis

AB solutions were applied to membranes for im-
munochromatography using an automatic IsoFlow dis-
penser («Imagene Technology») at a rate of 0.2 pL per
1 mm of membrane length. PAB was used in a control
zone and AB — in analytical (test) zone. A conjugate
of GNP with recAg was sorbed on the glass fiber mem-
brane at the optimal concentration of A,, = 4 optical
density (OD) units, which was determined by changing
the dilutions of conjugates in the range of A, values
from 2 to 8 OD units with three positive serum samples
tested for each dilution.

Assembly of a multimembrane composite and cut-
ting of test strips was performed using an MTB 300
hand laminator («Kinbio Tech Co. Ltd.») and a guillo-
tine type «Cutter ZQ2002» («Kinbio Tech Co. Ltd.»).
When performing the ICA, 20 pL of blood serum was
applied to the sampling area of an immunochromato-
graphic test strip, then the edge of the strip was dipped
into 80 uL of PBS; after 2—3 minutes the test strip was
places horizontally and after further 15 minutes the
result was evaluated. Result was considered positive
when any intensity of staining of the control and ana-
lytical zones was observed, and as negative when there
was no staining of the analytical zone. In the absence
of staining of the control zone, the result was not taken
into account.

For digital evaluation of the assay results, the test
strips were scanned using a Gel DocTM XR device
(«Bio-Rady») with Image LabTM Software. Positivity
coefficient (PC) was calculated as a ratio of staining in-
tensity of an analytical area to background staining of
a test strip.

Statistical data processing was performed using R
and «Excel 2013» software.

Results

Methods for obtaining colloidal gold are well de-
scribed in the scientific literature [11, 26-29]. In pres-
ent work, we used a modified Frens citrate method for
producing GNPs with particle diameters in the range
from 15 to 40 nm, which is optimal for effective anti-
body sorption. Specifically, GNP samples with average
particle sizes of 16 nm (GNP-1), 25 nm (GNP-2) and
41 nm (GNP-3) were synthesized. Synthesis of GNP
was carried out via addition of 1% sodium citrate solu-
tion in volumes of of 1 mL, 0.75 mL and 0.5 mL to
50 mL of 0.01% tetrachloroauric(Ill) acid trihydrate
solution. Mixing was conducted using magnetic stirrer
at 300 rpm and temperature of 100°C. Once solution
color changed to red, stirring speed was increased to
500 rpm [27]. While the excess of citrate anions on the
surface of nanoparticles stabilizes the gold sol, it is not

preventing further interactions of GNPs with protein
macromolecules during preparation of immunometric
conjugates. It was demonstrated that the obtained col-
loidal solutions maintained their stable characteristic
during storage at 4°C in the absence of light for at least
six months.

An important characteristic of the GNP is the po-
sition and configuration of the SPR band. Absorption
spectra for all obtained GNP samples were recorded
and results are presented in Fig. 1. As it can be seen
in the figure, an increase in particle size led to an in-
crease in color intensity of the solutions and a shift of
absorption maximum to a region of longer wavelengths
(518 nm, 522 nm and 528 nm for GNP-1, GNP-2 and
GNP-3, respectively).

The average size and shape of nanoparticles
were assessed using transmission electron microscopy
(TEM) (Fig. 2). In high-resolution images, the relative
homogeneity of particles in shape and size in each group
is evident. The smaller particles have a predominantly
spherical shape; the presence of nanoparticles deviat-
ing from the regular spherical shape is observed in the
preparation of the GNP-3 sample, which is consistent
with the classification of the structure of nanoparticles
depending on their size [30].

The average particle sizes determined using TEM
were 16 for GNP-1, 25 for GNP-2 and 41 nm for GNP-3
samples, respectively, which corresponded well with
the values set by the synthesis conditions, and indicat-
ed that the method used was highly reproducible. The
present study was focused on obtaining GNPs of three
sizes in order to compare results obtained herein with
the existing data [31-33].

Statistical difference between three groups of
GNPs was assessed by constructing dispersion plots us-
ing the R software package Box Plot function (Fig. 3).
The degree of dispersion was found to be highest for the

A
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Fig. 1. Absorption spectra of GNP-1, GNP-2, GNP-3
solutions and their conjugates with recAg.
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GNP-3 sample with the largest particle sizes ranging
from 30 to 56 nm. On contrary, dispersion was minimal
(14 to 18 nm) for GNP-1 and the size range for GNP-2
was 20 to 37 nm. Quantitative data was confirmed to be
normally distributed by using Shapiro—Wilk criterion
(p £0.05), and together with the position of the medi-
ans for GNP-1, GNP-2 and GNP-3 a conclusion was
drawn that for all GNP samples, the size distribution is
close to normal.

Most common method for production of GNP-
based markers for use in immunochemical reactions is
based on non-covalent (adsorption) conjugation of pro-
teins on the surface of nanoparticles. This approach is
technologically simple and preserves the native struc-
ture and properties of macromolecules in resulting
complexes, in particular their immunoreactivity [27,

Fig. 2. Photographs of GNP obtained by means of TEM.
a — GNP-1; b — GNP-2; ¢ — GNP-3

Particle size, nm
100 —
90
80
70
60
50
40 ——
30
20
10 H

GNP-1 GNP-2 GNP-3

Fig. 3. Size distribution diagrams for GNP-1, GNP-2,
and GNP-3 (Box Plot functions).
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34, 35]. In this case, non-covalent bonds formed as a
result of events such as electrostatic interactions be-
tween negatively charged nanoparticles and positively
charged sites on protein surface, as well as hydrophobic
attraction between protein and metal surface, donor-ac-
ceptor interactions between metal and electrons of ni-
trogen and sulfur atoms in protein composition [26]. It
is also confirmed, that in the process of formation of
GNP complexes with proteins a stabilizing protein shell
is formed around them [35, 36]. In the present work,
passive immobilization technique was also employed
to obtain conjugates of three GNP samples with recAg.

In order to obtain a stable sol, conditions of recAg
adsorption on the surface of GNP were optimized tak-
ing into consideration physicochemical properties of
the protein important for stabilization of colloidal sys-
tem, such as molecular weight, solubility, isoelectric
point (pI = 5.43) and its concentration. Stabilizing con-
centration of recAg was determined in pH range from
5.5 t0 9.0 for all three sizes of GNP. Figure 4 demon-
strates the dependence of indicator «A,, —A, » on pro-
tein concentration at different pH values for GNP-2.

The addition of sodium chloride to GNP solutions
with low recAg concentrations led to aggregation of
protein-unstabilized GNPs, resulting in an increase of
absorption at A = 580 nm. At the same time, a solu-
tion color change from red to grey-blue was observed.
Reaching stabilizing concentrations of recAg led to an
increase and further plateauing of the «A, — A, » in-
dex value, as well as sol stability and solution color in
the presence of electrolyte.

It was further determined that the system was less
stable in the acidic medium. A possible reason for that
might be lower stability of sols in solutions with pH
close to isoelectric point of recAg (5.36). At pH > 7, the
difference between the obtained curves was negligible,
therefore conjugation of GNP with recAg was carried
out at pH 8. Stabilizing concentrations of recAg were
determined by the values at which the curves reached
a plateau (20 pg/mL for GNP-1, 25 ng/mL for GNP-2,
and 30 pg/mL for GNP-3). Concentration of recAg, re-
quired for stabilization of the colloidal system increased
with an increase in the GNP particle size. Subsequently,
recAg concentrations higher than the stabilizing con-
centration by 10—15% were used to obtain conjugates,
as it had been recommended elsewhere [33].

To investigate interaction of protein with GNP in
the samples of conjugates, the absorption spectra of
GNPs and their conjugates with reqAg were compared.
Binding of nanoparticles from the solution to protein
molecules immobilized on the gold surface results in a
noticeable shift in the SPR peak. The magnitude of this
shift is determined by the particle size and can be used
as a parameter for assessing binding activity of the ad-
sorbed protein [35]. A method for determining compo-
sition of GNP conjugates with proteins that is based on
evaluation of intrinsic fluorescence of unbound protein
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molecules is described in the literature [36]. Depend-
ing on the size of GNPs, the orientation of proteins on
the surface of GNP may vary, which in turn, can lead
to different biological activities of conjugates. Thus,
the nanoparticles size can affect reactivity of adsorbed
proteins. In the present study, the absorption spectra of
solutions of GNP conjugates with recAg demonstrated
a shift of the absorption maximum to the long-wave-
length region, which was more pronounced for smaller
GNPs as can be seen in Fig. 1. The efficiency of protein
macromolecules’ binding to the surface of the GNPs
was evaluated by measuring the amount of residual
protein remaining in the supernatants after conjugate
samples’ centrifugation [25]. Concentrations of residu-
al protein in the supernatant liquids measured after two
cycles of centrifugation averaged 2.0 and 1.0 pg/mL
for GNP-1, 3.0 and 0.8 pg/mL for GNP-2, and 4.6 and
2.2 pg/mL for GNP-3. The amount of bounded recAg
was 88% for GNP-1, 87% for GNP-2, 84% for GNP-3,
indicating a high efficiency of the process.

The immunoreactivity of conjugates was con-
firmed by dot immunoassay with human serum samples
containing IgG antibodies to HEV. Staining of spots
with sorbed AB was observed on all membranes, with
the intensity of staining decreasing slightly with serial
dilutions of sorbed AB (0.1; 0.05; 0.025 and 0.0125 pg).
These results confirmed reactivity of all of the obtained
conjugates as well as the possibility of their applica-
tion using a nitrocellulose membrane as a solid phase
(Fig. 5). The specificity of conjugates was confirmed by
the absence of staining in negative control spots (BSA).

Among the tested samples, GNP-3 conjugate with
recAg demonstrated the most stable bright staining of
the reaction zone in dot immunoassay. Thus, it was se-
lected for conducting model experiments on ICA on
both positive (n = 17) and negative (n = 17) blood se-
rum samples which had been pre-tested in ELISA. It is
also worth noting that ELISA commonly has a high-

er sensitivity compared to ICA. The «DS-IFA-ANTI-
NEV-G» reagent kit («Diagnostic Systems»), one of the
best kits for the diagnostics of HEV worldwide [37],
was chosen as the «gold» standard.

Further, the conditions for formation of control
and analytical zones of the test strip have been selected.
This included varying parameters such as concentra-
tions of sorbed AB and PAB, the speed of their appli-
cation and conditions for drying the membranes. Based
on the obtained results, a dilution of the conjugate with
A,,, = 4 was chosen, as it demonstrated sufficiently
bright coloring of the test and control bands and there
was no background staining of the membrane in reac-
tions with blood serum samples. Increasing the AB con-
centration in the analytical zone (0.25, 0.5, 1 mg/mL)
and PAB concentration in the control zone (0.5, 1,2 mg/
mL) resulted in an increase of staining intensity. At AB
concentration of 0.5 mg/mL and PAB concentration of
2 mg/mL, the intensity of the control and test bands was
sufficient for visual detection, so these concentrations
were selected as optimal. It should also be mentioned
that with a significant increase in the concentration of
sorbed antibodies, there is a possibility of their partial
desorption and migration with the flow across the mem-
brane [26, 28].

The analytical characteristics of the obtained im-
munochromatographic test strips were evaluated in re-
actions with blood serum samples containing (n = 17)
and not containing (n = 17) IgG antibodies to HEV
(Fig. 5). The study demonstrated 100% sensitivity and
100% specificity of the test strips on the 34 samples
that were analyzed. All results were divided into three
groups according to the strength of staining of the an-
alytical zone: «1+» (7.8-15.1; Me = 9.6); «2+» (26.7—
35.1; Me =31.0); «3+» (58.3-77.7; Me = 62.8). For the
majority (73%) of the positive samples staining inten-
sity was «2+» and «3+» making it applicable for visual
detection.
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Fig. 5. Results of dot immunoassay using (A) GNP conjugated with recAg (a — GNP-1; b — GNP-2; ¢ — GNP-3) and
immunochromatographic analysis of positive (B) and negative (C) serum samples using GNP-3 conjugated with recAg.

Discussion

The principle underlying ICA is the movement
of the analyte across the membrane, which results in
the formation of specific immune complexes in desig-
nated areas of the membrane. These are then detected
by staining. In the majority of cases, conjugates of an-
tigens and antibodies with GNP are employed in ICA
tests. The extant literature provides comprehensive
coverage of methodologies for synthesizing GNP with
varying particle sizes, as well as conjugating these par-
ticles with biological macromolecules [9, 12, 13]. The
present study concentrated on the synthesis of GNPs
of varying sizes, with the understanding that their op-
tical properties are contingent on their size and shape.
A range of GNP sizes were synthesized and their phy-
sico-chemical properties investigated. Conjugates of
GNPs with HEV recAG were then obtained, and the
reactivity of the obtained conjugates was evaluated by
dot immunoassay and ICA.

As the diameter of the particles increased, the
wavelength of maximum absorption has shifted slight-
ly to longer wavelengths (518 and 522 and 528 nm for
GNP-1, GNP-2 and GNP-3, respectively), that is con-
sistent with the extant literature [23]. The color of the
solutions changed from orange-red at the smallest size
particles up to purple in a colloidal gold solution with
a particle size of about 41 nm. As demonstrated by ex-
tant literature data, an augmentation in the particle size
to 50 nm or more has the potential to result in a diminu-
tion of the analytical signal [32, 33]. Therefore, the pres-
ent study was limited to the acquisition of three sizes of
GNP: 16, 25 and 41 nm. The synthesized GNPs have siz-
es according to scanning electron microscopy are com-
parable to those calculated using the Frens method [11].

A plethora of methodologies have been proposed
for the experimental estimation of the number of mole-
cules adsorbed on the surface of a nanoparticle [35, 38]

and for the calculation of the protein concentration for
planting macromolecules on GNP. Synthesis of a con-
jugate of GNP with antigen molecules is contingent on
the resolution of two principal tasks: the generation of
a stable sol and the preservation of the antigenic activ-
ity of protein molecules. The synthesis conditions that
have been determined as optimal in this study take into
account the effect of antigen concentration and pH of
the solution on the sol stability. The minimum protein
concentration at which the color of the mixture did
not change was considered to be stabilizing, i.e. deter-
mining the limits of sol stability. The protein shell sur-
rounding the colloidal nanoparticles is hydrated, which
ensures that after application to a porous glass fiber
membrane and subsequent drying, the particles, when
interacting with the sample and buffer, are returned
to the solution without compromising their reactivity.
Consequently, antigen conjugates with GNP of three
sizes were obtained, demonstrating stability over a pe-
riod of six months.

A preliminary evaluation was conducted in order
to ascertain the capacity of the synthesized conjugates
to interact specifically with AB. This investigation em-
ployed the dot immunoassay technique in the capture
format, a method that facilitated the determination of
the products' remarkable activity and suitability for uti-
lization in assays employing nitrocellulose membranes
as a solid phase. In the ICA reactions, an increase in the
size of the GNP resulted in a significant increase in the
analytical signal, and the brightest band in the test zone
was observed when using a conjugate with a particle
size of 41 nm. This confirmed an increase in the extinc-
tion coefficient of GNP solutions with an increase in
particle size. The enhancement of the analytical signal
upon utilization of large-diameter GNP conjugates for
preparation may be attributed to the higher sensitivity
of the human eye to the more contrasting purple hue.
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Conclusion

During the course of this work, GNPs with three
particle sizes (16, 25, and 41 nm) were obtained and
characterized, and optimal conditions for preparation
of GNP conjugates with recAg were determined. The
resultant GNP conjugates demonstrated high efficiency
and specificity of their interaction with anti-HEV IgG
AB. Also, a possibility of application of GNP-3 conju-
gate with recAg in ICA was demonstrated.

The resulting conjugate is intended for use in the
development of a test system for the rapid simultaneous
detection of IgG and IgM AB to HEV. The appearance
of IgG AB in the patient blood occurs a few days af-
ter the appearance of IgM AB. Anti-HEV IgM AB has
been observed to persist for six to nine months. By way
of contrast, serum anti-HEV IgG AB has been shown to
persist for decades following the virus exposure [16].
In the early stages of the disease, the simultaneous de-
tection of anti-HEV IgG and IgM AB is an additional
tool of the diagnostic algorithm. Detection of anti-HEV
IgG AB alone may indicate both acute or past infection
and post-vaccination immunity. A significant area of
utilization for the rapid anti-HEV IgG test pertains to
epidemiological studies, particularly in scenarios where
laboratory equipment is absent.

The results obtained in this study represent novel
data and could be used as a foundation for the develop-
ment of a new efficient ICA test for rapid diagnostics of
hepatitis E.
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