UDC 621.315.592

A. Tereshchenko, V. Smyntyna

Odesa National I.I. Mechnikov University, Odesa, Ukraine

INTERACTION OF TIO; NANOPARTICLES AND PROTEINS
OF AN IMMUNE COMPLEX IN PHOTOLUMINESCENCE
BASED BIOSENSOR

Interaction between nanostructured semiconductor thin layers and immune complex based proteins is a
fundamental issue of the formation of nanobiointerface in the various biosensors, in particular, optical
biosensors. In this work, the main aspects of the interaction between photoluminescent TiO, nanoparticles
and Bovine leucosis virus (BLV) protein gp5/, used as a model protein, during the formation of photolumi-
nescence based immunosensor have been discussed. The antigens of gp51 were immobilized on the surface
of a nanostructured TiO, thin film formed on the glass substrates. As a result, an increase of the photolumi-
nescence (PL) signal intensity and PL peak shift from 517 nm to 499 nm were observed. An incubation of
TiO./gp51 structure in a solution containing anti-gp5/ antibodies resulted in the backward PL peak shift from
499 nm to 516 nm and decrease of the PL intensity. The main reason of the changes in the PL spectra (i.e. PL
maxima shifts and PL intensity variations) as a result of BLV protein gp5/ adsorption on the surface TiO,
thin film is an electrostatic interaction between negatively charged surface of TiO, and positively charged
atoms and groups provided by the adsorbed gp5/ protein due to the presence of partial uncompensated

charges within the proteins.

Introduction

Nanostructured Titanium dioxide (TiO,) is
a well-known material for biosensors applica-
tion due to its good bio-compatibility and high
chemical stability [1-4]. As a wide band gap
semiconductor that has an intense photolumi-
nescence (PL) at room temperature, TiO; is
broadly applied in optical biosensors and im-
munosensors due to its affinity towards pro-
teins [5,6]. Optical transduction is an attractive
technique for biosensing due to its high sensi-
tivity and specificity, applicability in real-time
monitoring, capability for high throughput and
simple sample pre-treatment. Both label-free
and labelled determination of the target analyte
are possible by TiO, based optical transducers
[7]. Recently, immunosensors based on optical
transducers e.g. photo-luminescence, ab-
sorbance, reflectance etc, are of great interest
since they demonstrate simple, fast and accu-
rate determination of the target analytes [6,7].
Among various optical immunosensors, the
photo-luminescence-based sensors seem to be
the most promising for the improvement in the
diagnosis of virus induced diseases, such as
Bovine leucosis that is a lethal cancerous dis-
ease caused by Bovine leukemia virus (BLV)

[5,8]. Immunosensors are the class of biosen-
sors that based on the reaction between anti-
body and antigen by formation of an immune
complex (Fig. 1) [7]. Interaction between anti-
gen-antibody couple is highly specific and se-
lective one. The main advantage of the optical
systems is that optical signal can detect the
bio-molecular interaction contactless, i.e. with-
out contamination or significant damage of the
bio-samples. Besides, no additional labels
(such as quantum dots or dyes) for the target
analytes and no electrical contacts for mea-
surements are required. However, despite of
many reports on photoluminescence-based im-
munosensors, the interaction of biomolecules
with semiconducting materials, which are used
as analytical signal transducers in the most
promising PL-based immunosensors, is poorly
discussed [4-8]. In this research an optical im-
munosensor based on TiO, thin film which
consisted of TiO, nanoparticles for the deter-
mination of Bovine Leucosis antibodies has
been developed and the origin of the changes
in the photoluminescent properties of TiO»
nanoparticles as a result of the adsorption of
Bovine leucosis proteins have been deter-
mined.



Experimental

The TiO; thin film consisted of TiO, nanopar-

ticles (anatase, d~32 nm, purchased from
Sigma Aldrich) was formed by sol-gel synthe-
sis on the glass substrates. The details of the
deposition procedure and structural characteri-
zation of TiO; thin film are described in some
previous authors’ works [2,8].
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Figure 1. The scheme of photoluminescence im-
munosensor based on TiO2 nanoparticles.

The PL spectrum of TiO, nanoparticles, shown
in figure la, is characterized by broad non-
symmetric maximum around 500 nm, which
can be splinted (using Origin 8.0 Pro) in two
peaks, related to self-trapped exciton (STE)
emission and luminescence caused by oxygen
vacancies (Vo)) [9]. Bovine leucosis antigens
gp51 were immobilized on the surface of a
nanostructured TiO; thin film by direct adsorp-
tion similarly using the process described in
[5,6,8,10]. In brief: a solution of PBS contain-
ing gp51 antigens at a high concentration was
directly immobilized on the TiO, surface
(Fig.1). Then the sample was placed into a
Petri cup for the incubation in a medium satu-
rated with water vapor at 25°C. After 10 min-
utes of incubation, the surface of the sample
was washed with PBS solution in order to re-
move non-immobilized antigens on the TiO,
surface. To prevent a nonspecific interaction
(i.e., binding of anti-gp51 antibodies directly
to unmodified TiO, surface), the surface of
TiO, was further treated with a solution of
bovine serum albumin (BSA) that filled possi-
ble adsorption sites that remained free after the
modification of TiO, surface with gp51.

It was found that immobilization of gp51
leukemia antigens on the surface of TiO, is ac-
companied by an increase of photolumines-
cence signal of the sample as well as the shift
of the photoluminescence peak from 517 nm
to 499 nm was observed after modification of
the TiO, by adsorbed gp51 antigens (Fig. 2).
Further interaction of immobilized gp51 anti-
gens with gp51 antibodies resulted in reversed
changes in TiO2 photoluminescence spectra,
i.e. a decrease in PL intensity and the back-
ward PL peak shift from 499 nm to 516 nm.
The sensitivity of the obtained immunosensor
was in the range of 2-8 mg/ml (Fig. 2) [5,8].
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Figure 2. Photoluminescence spectra of TiO, nanoparti-
cles before and after the immobilization of gp51 anti-
gens on the TiO, surface, subsequent BSA deposition
and after the interaction of TiO./gp51 based im-
munosensor after with analyte (anti-gp51 antibodies) of
different concentrations.

Results and Discussion

Interaction of proteins and semiconductor
nanostructures can take place in a few possible
mechanisms of interaction: charge transfer,
electrostatic interaction, resonance energy
transfer and some others [1]. Since Bovine
Leucosis protein gp51 is not a redox protein,
i.e. it cannot be involved in reduction-oxida-
tion reactions therefore the charge transfer be-
tween gp51 antigens and TiO, nanoparticles is
not possible [11]. Meanwhile, the proteins
consist of amino acids that might contain posi-
tively and/or negatively charged radicals that
are determining the charge of the different pro-
tein domains [12]. A large quantity of nega-
tively charged groups such as aldehyde (-
CHO), hydroxyl (-OH), carboxyl (-COOH)
and primary amine (-NH,) and some other



groups, involved into the structure of amino
acids, are responsible for the partial (6+ and
0-) charges of particular protein domains.
Therefore the proteins are characterized by
electrostatic properties, and sometimes even
significant electrostatic ‘asymmetry of protein
molecule’ because the atoms and functional
groups forming the protein molecules are
charged differently both in their sign and in
absolute charge value. Naturally, the charges
at least partly are compensating each other, but
since the ternary structure of proteins is rela-
tively rigid and the charged groups have only
limited degree of freedom to move within the
protein globule, therefore in some parts of the
protein some uncompensated charge on the
surface and inside of the protein still remains.
It should be taken into account that even if the
structure of the most proteins is at some extent
‘rigid’ there is some degree of flexibility be-
cause both secondary and tertiary structures of
the protein are supported by a large number of
hydrogen bonds but many of them are not very
strong. The electrostatic bonds, which are
based on Coulomb forces, between the oppo-
site charges, van der Waals forces and disul-
fide bonds also play an important role in the
formation of both secondary and tertiary struc-
tures of protein [13,15].

Ti0, (anatase) is known as a semiconductor
of n-type conductivity, usually with an ‘up-
ward’ band bending of the energy levels when
closing the surface of TiO,, which indicates
the accumulation of a negative charge (bound
at surface levels) on its surface [12]. The ad-
sorption of the most of molecules is known to
introduce an additional charge on the solid
state surface and it can change the existing sur-
face energy levels or form the additional ones
that are involved in the exchange of charges
with the volume of a solid material [14]. The
presence of the mentioned above partial
charges "6-" and "6 +" suggests that the elec-
trostatic influence on the surface charge of
TiO, from the side of partially uncompensated
charges in those parts of the gp51 protein that
located on the surface of TiO, is responsible
for the adsorption of this protein on the TiO»
surface. The Coulomb interaction takes place
between charged groups in the gp51 protein
and the negatively charged surface of the TiO,
because such electrostatic interactions are very

strong at small distances ranging from several
Angstroms to few nanometers. Therefore,
among the other interactions such as hydrogen
bonds, disulfide bonds, Van der Waals interac-
tion, etc, which also have significant role dur-
ing the adsorption of proteins, the electrostatic
interaction plays one of the most important
role during the adsorption of proteins to elec-
trically charged surfaces, such as TiO,. In ad-
dition, the local electric fields of charged do-
mains of adsorbed proteins are affecting the
PL-centers of TiO, and it causes the shift in
the photoluminescence spectra of TiO,
nanoparticles (Fig. 3). Therefore, the photolu-
minescence maximum caused by STE shifts
from 517 to 499 nm (i.e., to 18 nm), which
corresponds to ~ 0.086 eV that is less than 0.1
eV, and it is one of the proofs of electrostatic
interaction based physical adsorption of gp51
[10,13].
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Figure 3. Energetic levels of TiO»/gp51 immunosensing
structure.

Further interaction of TiO,/gp51 structure with
anti-gp51, which is also a protein, led to the
inverse changes in the photoluminescence
spectra, i.e., to UV-shift of the spectrum and
decrease the photoluminescence intensity to
the value that corresponds to the pure TiO,
(Fig.2). The latter effect is based on the forma-
tion an immune complex between immobilized
antigens gp51 and anti-gp51 antibodies, which
were present in aliquot. Formation of this im-
mune complex, besides of the van der Waals
interaction and other interactions, at a very
high extent is based on the interaction between
oppositely charged domains, functional groups
and atoms in gp51 and anti-gp51 antibody
molecules (including the formation of number
of hydrogen bounds, which can be estimated
as specific kind of electrostatic interaction). It



can be assumed that uncompensated charges
(0+ and &-) of both proteins are involved in
electrostatic interactions during the formation
of immune complex (Fig. 3). As a result, some
of the charged groups that were originally in-
volved in the interaction between gp51 and
TiO, are at least partially compensated by the
opposite charge of the anti-gp51 protein
groups, thereby reducing the direct electro-
static effect from immobilized gp51 proteins to
the charged surface of TiO, and to light emit-
ting centers. The effects described above have
an effect on the shift of PL-maximum and on
the decrease in the potential barrier on TiO,/
gp51 interface due to the charge-charge inter-
action between TiO, and gp51. The potential
barrier at the interface between TiO, and gp51
has greater value in TiO,/gp51 structure in
comparison with that in TiO,/gp51/anti-gp51
due to partial compensation (decrease in value)
and/or delocalization of charges, which were
initially involved into interaction between
TiO, and gp51 after formation of TiO./gp51
structure [13,15].

The distribution of charges in TiO./gp51
structure can also be interpreted as a model
based on an ‘imaginary flat capacitor’, formed
as a result of the electrostatic interaction be-
tween oppositely charged protein gp51 layer
and the TiO, surface (Fig. 4). The capacitor is
formed as a result of protein gp51 adsorption
on TiO, surface, after which the charges are
distributed in energetically most favorable
way, partially compensating each other. Con-
sequently, the positive ‘imaginary capacitor
plate’ is based on the positive charges, which
are predominant in the protein gp51 area that
after adsorption appears in close proximity to
TiO,/gp51 interface and/or due to the negative
electrostatic effect of TiO, are induced/at-
tracted closer to negatively charged surface.
These charged atoms/groups/domains of gp51
that are localized in the close proximity to the
Ti0O, surface and they electrostatically affect
the TiO, emission centers and the energy value
of the surface potential barrier. Hence, the po-
sition of the energy levels of the TiO, emission
maximum depends on TiO, surface modifica-
tion stage (TiO, or TiO./gp51) shifts from/
backwards the initial position of the demarca-
tion level. Figure 4a demonstrates an imagi-
nary flat capacitor consisting of a negatively

charged plate on the surface of TiO, and an
‘imaginary positively charged plate’ formed in
gp51 protein in close proximity to TiO»/gp51
interphase. Hence, the interaction of TiO»/
gp51 with anti-gp51 antibodies and the forma-
tion of gp51/anti-gp51-based immune complex
leads to a ’deformation® and the reduction of
charge ‘stored’ on ‘the positive imaginary ca-
pacitor plate’ (Fig. 4b).
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Figure 4. Flat capacitor based model of the charges in-
teraction between TiO, surface and gp51 proteins: a)
electrostatic interaction of partial uncompensated
charges of immobilized gp51 antigens with negative
charges located on the surface of TiO»; b) model of in-
teraction that takes into account the electrostatic interac-
tion of charges within gp51 antigens and anti-gp51 anti-
bodies of BLV immune complex.

This is mainly due to the redistribution and
partial compensation of charges during the for-
mation of the gp51/anti-gp51 immune com-
plex, which in turn reduces the charge of ‘the
imaginary capacitor plate’ based on gp51 (q»
<q1). Due to this reduced charge it can be in-
terpreted as the reduction of the area of the
same plate (S,) and/or the increase of the dis-
tance (d,) between the two imaginary capacitor
plates based on gp51 and TiO, which leads to



the decrease of capacitance according to equa-
tion (1).

C =¢egoS/d (1)

This effect is observed because some of the
gp51 protein charges move from the TiO,/
gp51 interface towards interacting anti-gp51
protein and are partially compensated by the
charge present in anti-gp51, whereby an imag-
inary positive gp51-based capacitor plate of
the capacitor is reduced in imaginary surface
area and/or correspondingly moving apart
from the negative TiO, plate. This effect leads
to a decrease in the capacitance of this imagi-
nary capacitor and the electric field induced by
gp51 becomes reduced. Therefore, after the in-
teraction of TiO,/gp51 with anti-gp51 antibod-
ies and the formation of gp51/anti-gp51 com-
plex, which is involved into TiO,/gp51/anti-
gp51 structure, the electrostatic effect of gp51
initially adsorbed on TiO, towards the TiO,
surface significantly decreases. The PL shifts
are attributed to the variations in the self-
trapped exciton energy level, which were in-
duced by the changes of electrostatic interac-
tion between positively charged atoms and
groups, provided by the adsorbed gp51 protein
and negatively charged surface of TiO,
[10,13,15].

Conclusions

The main aspects of the interaction mecha-
nism between nanostructured TiO, layer and
BLV proteins gp51 have been evaluated dur-
ing the formation of photoluminescence-based
immunosensor. Bovine leucosis protein gp51
was adsorbed on the surface of a nanostruc-
tured TiO, thin film, formed on glass sub-
strates. A photoluminescence (PL) peak shift
from 517 nm to 499 nm was observed after
modification of the TiO, by adsorbed gp51
(i.e. formation of the biosensitive layer gp51/
Ti0O,). An incubation of gp51/TiO; in a solu-
tion containing anti-gp51 resulted in the for-
mation of a new structure (anti-gp51/gp51/
Ti0,) and the backward PL peak shift from
499 nm to 516 nm. The PL shifts are attributed
to the variations in the self-trapped exciton en-
ergy level, which were induced by the changes
of electrostatic interaction between positively
charged atoms and groups, provided by the ad-
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sorbed gp51 protein and negatively charged
surface of TiO,. The charge—charge-based in-
teraction in the double charged layers gp51/
Ti0O, can also be interpreted as a model based
on ‘imaginary capacitor’, formed as a result of
the electrostatic interaction between oppositely
charged protein gp51 layer and the TiO, sur-
face. Development of advanced bioanalytical
systems based on photoluminescence im-
munosensors seems to be very promising di-
rection in the development of new biosensors.
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INTERACTION OF TIO; NANOPARTICLES AND PROTEINS OF AN IMMUNE
COMPLEX IN PHOTOLUMINESCENCE BASED BIOSENSOR

Summary.

It has been investigated an interaction between nanostructured semiconductor thin layers and
immune complex based proteins that is a fundamental issue of the formation of nanobiointerface
in the various biosensors, in particular, optical biosensors. In this work, the main aspects of the
interaction between photoluminescent TiO, nanoparticles and Bovine leucosis virus (BLV)
protein gp5/, used as a model protein, during the formation of photoluminescence based
immunosensor have been discussed. The antigens of gp5/ were immobilized on the surface of a
nanostructured TiO, thin film formed on the glass substrates. As a result, an increase of the
photoluminescence (PL) signal intensity and PL peak shift from 517 nm to 499 nm were
observed. An incubation of TiO,/gp5! structure in a solution containing anti-gp5/ antibodies
resulted in the backward PL peak shift from 499 nm to 516 nm and decrease of the PL intensity.
The main reason of the changes in the PL spectra (i.e. PL maxima shifts and PL intensity
variations) as a result of BLV protein gp5/ adsorption on the surface TiO, thin film is an
electrostatic interaction between negatively charged surface of TiO, and positively charged

11



atoms and groups provided by the adsorbed gp5/ protein due to the presence of partial
uncompensated charges within the proteins.
Key words: TiO, nanoparticles, photoluminescence, biosensor.
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B3AEMOIISA HAHOYACTHUHOK TIO; TA BUIKIB IMYHHOI'O KOMILVIEKCY Y
BIOCEHCOPI HA OCHOBI ®OTOJIIOMIHECIHEHIIII

Pesrome.

JocmipkeHa B3aeMoOJiss MDK TOHKMMHM HAaHOCTPYKTYPOBAHHMMH  HamiBIPOBITHUKOBUMHU
niapamMu Ta OUIKaMH Ha OCHOBI IMyHHUX KOMIUIEKCIB, fiKa € (yHJaMEHTaJbHUM HUTAHHIM
¢dopmyBaHHs HaHOOIOIHTEepdelicy B pi3HUX OioceHcopax, 30KpeMa, B ONTUYHUX OloceHcopax. B
po0OOTI 0OTOBOPEHO OCHOBHI aCHEKTH B3aeMOAIl (OTOTIOMIHECIIEHTHUX HaHouyacTHHOK Ti0; 3
oinkom gpS51 Bipycy neiko3y Benukoi poraroi xyaoou (BLV), skuii BUKOPHUCTOBYETBHCS SIK
MOJACIBbHUM OUIOK, miag dYac (opMyBaHHS IMYHOCEHCOpa Ha OCHOBI (POTOIFOMIHECIICHIIII.
AnTurenu gp51 Oynu iMMOOLTI30BaHI HAa MOBEPXHI HAHOCTPYKTYpoBaHOi TOHKOI MiBKU TiO»,
chopMOoBaHOi HaA CKISHHUX MiOKIaAkax. B pesynbrari crnocrtepiranocs —30UIbLICHHS
iHTeHCUBHOCTI curHainy (otomominecuenuii (PJI) ta 3cyB miky PJI 3 517 am g0 499 HMm.
InkyOanis ctpykrypu TiO»/gp51 y po3uuHi, 010 MICTUTh aHTUTLIA 10 gpS1, nmpusBena 10 3CyBY
niky ®JI y 3BopoTHOMY HampsMKy Big 499 HM 10 516 HM Ta 3HMXKeHHs iHTeHCUBHOCTI DJI.
OcHoBHOW0O npuuuHOIO 3MiH y crekrpax @PJI (tobro 3cyBiB MakcumyMiB DJI Ta 3MiHH
iHTeHcuBHocTi DJI) B pesynbrati agcopouii 6uika BLV gp51 na noepxHi ToHkoi miiBku TiO; €
€JIEKTPOCTaTUYHA B3a€EMOJIS MK HETaTUBHO 3apsKeHOI moBepxHero TiO, Ta MO3UTHBHO
3apsDKEHMMH aTOMaMM Ta Tpynamu ajacopOoBaHoro 6Oinka gpS51 depe3 HasBHICTh YaCTKOBHUX
HECKOMIIEHCOBAaHUX 3aps/IiB BcepeInH1 OUIKIB.

Kuarouosi cioBa: TiO, HaHOUAaCTUHKH, (POTOTIOMIHECHIEHIIiS, 010CEHCOP.
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B3AMMOJIEICTBUE HAHOYACTHMI] TIO; U BEJJKOB UMMYHHOI'O
KOMIIVIEKCA B BUOCEHCOPE HA OCHOBE ®OTOJTIOMUHECHEHIIUU

Pe3rome

HccnenoBano B3aMMOJEHCTBHE MEXIYy TOHKUMH CIIOSIMH  HAHOCTPYKTYpPHUPOBAHHBIX
MOJYIPOBOJTHUKOB U OelKaMd Ha OCHOBE HMMYHHBIX KOMIUIEKCOB, KOTOpPOE SIBISETCS
dyHnameHTanpHOW — mpobnemoit  GopmupoBaHusS  HaHOOWoMHTepdelica B pa3IMUYHBIX
OWoceHcopax, B YaCTHOCTH, ONTHYECKHUX OnoceHcopax. B pabore 00CyXmarOTCsS OCHOBHBIE
ACTMEeKThl B3aUMOJACUCTBUSA (OTONMIOMUHECIICHTHRIX HaHodacTul] TiO, ¢ Oemxom gpS51 Bupyca
Jeiiko3a KpynmHoro poraroro ckora (BLV), ucnonb3yembiM B kKauecTBe MOJAEIBHOTO OelKa, Mpu
(dbopMUPOBaHNM UMMYHOCEHCOpa Ha OCHOBE (DOTOMOMHHECHEHIIMH. AHTUTeHBI gpS51 ObuTH
MMMOOWJIM30BaHbl Ha TIOBEPXHOCTH HAHOCTPYKTYpPUPOBAaHHOW TOHKOW TuIeHKH Ti0,,
c(OpMUPOBAHHON Ha CTEKISIHHBIX TMOJIOKKaX. B pesynbrare HaOMIOIANOCh yBEIHYCHHE
WHTEHCUBHOCTU curHaia ¢otomomuHectieHIuu (DPJI) u cuur muka OJI ¢ 517 am 1o 499 HMm.
WNukybamus cTpyktypel  TiO./gp51 B pacTBOpe, comepkamieM aHTUTela MpoTuB gpSl,
npuBoAwiIa K oopatHoMy casury muka DJI ¢ 499 um 10 516 HM ¥ CHI)KEHHIO WHTEHCUBHOCTH
@®JI. OcHOBHOI NpuunHON nM3MeHeHui crnekTpoB DJI (T.e. cCABUroB MakCMMyMOB M BapHUalMi
unteHcuBHoctH DJI) B pesynbrare ampcopobumm Oenka gpS1 BLV Ha moBepxXHOCTHOW TOHKOH
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wieHke TiO, sBAseTCs  AJIEKTPOCTATUYECKOE B3aUMOJCHCTBUE MEXKIY OTPHUIATENBHO
3apsokeHHOM MoBepXHOCThI0 TiO, M MONOXKHUTENBHO 3apsDKEHHBIMH aTOMaMU U TpyIamMu
azcopbupoBanHoro Oenka gpS1 u3-3a HaANWYKMS YaCTUYHBIX HECKOMIICHCHPOBAHHBIX 3apsJiOB
BHYTpU OEIKOB.

Karwuessie ciioBa: TiO, HaHOYaCTUHKY, (POTOTFOMHHECIICHIINS, OMOCEHCOD.
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