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Abstract

Photoluminescence, its excitation power dependence, and Raman scattering spectra
have been studied in CdSe/ZnS and CdSeTe/ZnS QDs for the nonconjugated states
and after the QD conjugation to the anti-Interleukin-10, Human papilloma virus and
Pseudo rabies virus antibodies. The QD bioconjugation to charged antibodies
stimulates the “blue” energy shift of PL bands related to exciton emission in the CdSe
or CdSeTe cores. The “blue” energy shift of PL spectrum in bioconjugated CdSe/ZnS
QDs has been attributed to the electronic quantum confined effects stimulated by
decreasing the effective QD size at its bioconjugation to charged antibodies. It was
shown that the attachment of a charge deals with the antibody to the exterior shell of
CdSe/ZnS QDs, leads to blocking away a fraction of core’s volume. The energy band
diagrams of CdSeTe/ZnS QDs in the nonconjugated and bioconjugated states have
been designed, which permit to explain the types of optical transitions in QDs and
their transformations at the QD bioconjugation. It is shown that the change of energy
band profile and the “blue” shift of QD energy levels, owing to the change of potential
barrier at the QD surface, are the dominant reasons of PL spectrum transformation in
the double core CdSeTe/ZnS QDs conjugated to charged antibodies. Better under-
standing the QD bioconjugation to specific antibodies is expected to produce the major
advances in biology and medicine and can be a powerful technique for early medical

diagnostics.
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1. Introduction

In the last two decades, the colloidal core/shell quantum dots (QDs) of II-VI semiconductors
(CdSe, CdS, CdSeTe, and ZnS) attracted an enormous scientific attention owing to the
fundamental scientific aspects and future promising applications in optoelectronics, photon-
ics, biology, and medicine. The modern developments in nanotechnology allow numerous
promising applications in the field of biology and medicine, which in the future may bring an
unprecedented effect in nanomedicine [1, 2].

The development of biocompatible nanoparticles for molecular imaging and targeted therapy
is an area of enormous current interest. This novel technique as expected will allow targeted
drug delivery to cells with certain parameters, as well as improvements in diagnostics and
localization of affected tissues in the human body. When conjugated with biomolecular affinity
ligands, such as antibodies, peptides, or small molecules, these nanoparticles can be used to
target malignant specific tumors [3-5].

The key issue for nanoparticles intended for biological use is to ensure their stability, which
suggests the formation of core-shell structures with a certain enveloping layer required to
isolate a nanoparticle [6]. The core defines the main properties of the system —it may be the
material with outstanding luminescence or magnetic properties for the precise detection of
particle’s location inside the body. On the other hand, the core can be used as a reservoir for
the medicine used in targeted drug delivery applications. The application of semiconductor
QDs as luminescent markers in biology and medicine is expected to produce the major
advances in molecular diagnostic [1], gene technology [2], toxin detections [7], drag delivery
[8], at obtaining tissue imaging in vivo etc [3, 9].

Note that luminescent markers usually used earlier, such as organic dyes, fluorescent proteins,
or lanthanide chelates, have some restrictions, such as broad spectrum bands, low photo
bleaching threshold, poor photochemical stability, and degradation [10]. In contrary, the II-VI
semiconductor core/shell QDs are characterized by the high-photoluminescence (PL) quantum
yield (up to 75%) [11-13]. Surface-passivized II-VI QDs are highly stable against photo
bleaching and are characterized by narrow, symmetric emission peaks with the half width
about 25-30 nm [6].

New luminescent markers are needed for the better assessment of treatments for many types
of cancers. The antibodies, which can be found in circulating blood, may help in the early
detection of cancer. The development of a blood test, using the optical methods, which permits
early diagnosis, would be a great advance in the management of cancer disease. Note that the
core/shell CdSeTe/ZnS QDs with near-infrared (IR) emission (780-800 nm) are very interesting
for biological applications owing to the possibility of animal imaging in vivo due to the low
absorption of IR light by an animal tissue [6, 14, 15]. At the same time, the chemical behavior
of Cd/Se/Te components of QDs in the biological system is still unclear. The last question is
very important due to the toxicity of these components for the human body [16-18].

The conjugation of biomolecules with semiconductor core/shell QDs has been achieved using
functional groups (linkers) on the QD surface [19-21], and/or with the help of electrostatic
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interaction between the QDs and the biomolecules [12, 22, 23]. A set of publications, related to
the study of QD bioconjugation using PL spectroscopy, revealed that the emission intensity of
QDs decreased [12, 24, 25] or increased [22, 26] owing to the energy exchange between the QDs
and the biomolecules. Thus, the QD luminescence intensity depends on the concentration of
attached biomolecules, promising the QD application as a protein sensor as well [6]. However,
the limits of biomolecule detection are not very sensitive. Moreover, the influence of biocon-
jugation processes on QD optical properties and the bioconjugation mechanisms are not yet
completely understood.

It is desirable to have the additional information concerning the conjugation process such as
a spectral shift of QD emission or changing the PL band half width, or using nonlinear optical
phenomena: two-photon-induced fluorescence, second harmonic generation, or sum frequen-
cy generation [27]. Simultaneously, the other optical methods can be useful for the bioconju-
gation detection such as the Raman scattering method [28] or coherent anti-Stokes Raman
scattering (CARS) [27]. This chapter presents the study of the transformation of PL and Raman
scattering spectra of the core/shell CdSe/ZnS QDs with visible emission (605 or 655 nm) and
CdSeTe/ZnS QDs with near IR emission (780-800 nm) at the bioconjugation to different types
of antibodies.

2. QD bioconjugation process and experimental details

Core-shell quantum dots (QDs) commercially available covered by the amine (NH,)-derivat-
ized polyethylene glycol (PEG) polymer were used in a form of colloidal particles diluted in
a phosphate-buffered saline (PBS) with a 1:200 volumetric ratio. CdSe/ZnS QDs with emission
peaked at 605 nm (2.05eV) and 655 nm (1.89 eV) and CdSeTe/ZnS QDs with emission at 780-800
nm (1.55-1.60 eV) have been investigated. QDs have been studied by means of photolumines-
cence and Raman scattering methods in nonconjugated states and after the conjugation to
different types of antibodies (Ab). All optical measurements are performed on the dried
droplets of the original solution of nonconjugated and bioconjugated QDs. At the first the PL
spectra of QDs are studied in the nonconjugated state. Then some part of QDs has been
conjugated to the antibodies using the QD conjugation kits [29, 30]. These kits contain amine-
derivatized polymer-coated QDs and the amine-thiol cross-linker SMCC. The samples of QDs
(bioconjugated and nonconjugated) in the form of a 5-mm spot were dried on a surface of
crystalline Si substrates (Figure 1) as described earlier by Torchynska [22] and Vega Macotela
et al. [24].

The types of antibodies (Ab) used for the bioconjugation to the CdSe/ZnS QDs with emission
at 605 nm (2.05 eV) and 655 nm (1.89 eV) are as follows:

i Mouse monoclonal [8C9] antihuman papilloma virus Ab, HPV 16-E7, bacterially
derived fusion protein containing anti-HPV 16 early protein E7 Ab (Invitrogen,
isotype (IgG1))

ii. Anti-interleukin-10 (IL-10) antibodies (antihuman IL-10, Rt IgG1, stock concentration

of 1 mg/ml, clone JES3-9D7, code RHCIL1000)
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iii. Pseudorabies virus (PRV) Ab, immunoglobulin G antibodies (affinity purified with
Protein G Sepharose from rabbit antiserum to pseudorabies virus, stock concentration
of 1 mg/ml in PBS)

Si AB
L/ Substrate
Q
S =
- -CH2—N
/
O/
Amine-thiol-SMCC  Thiol-containing
Amide derivative antibody

PEG

Figure 1. Bioconjugated CdSe/ZnS QDs on the Si substrate.

CdSeTe/ZnS QDs with near IR emission at 780-800 nm (1.59-1.60 eV) have been conjugated to
different types of antibodies as well:

i Mouse monoclonal [8C9] antihuman papilloma virus Ab, anti-HPV 16-E7, bacterially
derived fusion protein containing anti-HPV 16 early protein E7 Ab (Invitrogen,
isotype (IgG1))

ii. Mouse monoclonal [C1P5] antihuman papilloma virus HPV16 E6 + HPV18 E6 Ab,
HPVE6 (Abcam, ab70, isotypelgGl, gel-purified HPV18 E6-betagalacto-sidase fusion
protein)

iii. Pseudorabies virus (PRV) Ab, immunoglobulin G antibodies (affinity purified with
Protein G Sepharose from rabbit antiserum to Pseudorabies virus, stock concentration
of 1 mg/ml in PBS)

iv. Anti-IL-10 antibodies (antihuman IL-10, Rt IgG1, stock concentration of 1 mg/ml,
clone JES3-9D7, code RHCIL1000)

The protocol of bioconjugation details can be found in refs. [29, 30]. Bioconjugated CdSe/ZnS
QDs have been called as 605P+IL-10, 655P+IL-10, 605P +HPV E7, 655P +HPV E7, 605P+PRYV,
and 655P+PRV, and the bioconjugated CdSeTe/ZnS QDs have been called as (i) 800P+HPV E7,
(ii) 800P+HPV ES, (iii) 800P+PRV, and (iv) 800P+IL-10.

The majority of PL spectra were measured at the excitation by a He-Cd laser with a wavelength
of 325 nm and a beam power of 76 mW at 300 K using a PL setup on a base of spectrometer
SPEX500 described by Torchynska [22] and Vega Macotela et al. [24]. Raman scattering spectra
were measured at 300 K by means of the spectrometer Lab-Raman HR800 Horiba Jovin-Yvon
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in the range of Raman shifts of 100-600 cm™ at the excitation by a solid-state laser with a
wavelength of 532 nm and a beam power of 20 mW [26, 28].

3. The bioconjugation study of CdSe/ZnS QDs

3.1. CdSe/ZnS QDs bioconjugated to anti-IL-10 Ab

Figures 2 and 3 demonstrate the PL spectra of the three samples of nonconjugated (605N, 655N)
QDs and three samples of bioconjugated (605P, 655P) QDs.
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0.5-
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E O.O 1 M 1 1 M 1 1
210{605N 23
D 1 b
9
=
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x1 X1 x1
0.04
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Emission energy, eV

Figure 2. Normalized PL spectra of three 605P (a) and three 605N (b) QD samples at 300 K. Numbers at the curves (x1,
x1.4, and x1.8) show the multiplication coefficients used at the normalization of PL spectra.

The PL spectra of CdSe/ZnS QDs are characterized by the Gaussian shape PL band in the
nonconjugated states with the peaks at 2.04 eV (Figure 2) and 1.90 eV (Figure 3) related to
exciton emission in corresponding CdSe cores [31]. At the bioconjugation of studied QDs, the
PL intensity decreases, the emission peak shifts to higher energies, a PL half width increases,
and the shape of PL bands became asymmetric with high-energy tails (Figures 2 and 3). The
PL energy shift at the bioconjugation of QDs to antibodies can be attributed to the following;:
(i) the impact of anti-IL-10 Ab or PBS buffer emission excited by UV light, (ii) the oxidation or
degradation of CdSe cores owing to core/shell atom intermixing [32], (iii) the impact of
compressive strains that appears at the bioconjugation [33, 34], or (iv) the emission of excitons
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Figure 3. Normalized PL spectra of three655P (a) and three 655N (b) QD samples at 300 K. Numbers at the curves (x1,
x1.8, and x2.0) show the multiplication coefficients used at the normalization of PL spectra.

bound to the QD excited states in QDs [31]. To distinguish between proposed reasons, the PL
spectra of anti-IL-10 Ab and PBS were studied at UV light excitation (Figure 4).

PL intensity, arb.un.

16 20 24 28 32
Emission energy, eV

Figure 4. PL spectra of anti-IL-10 Ab (1) and PBS (2) without QDs.
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The PL spectrum of anti-IL-10 Ab is characterized by the PL band with a maximum at 2.21 eV
and a small shoulder in the range 2.4-3.0 eV (Figure 4, curve 1). The PL spectrum of PBS is
shown in Figure 4, curve 2. The PL intensity of PBS in the range 2.2-3.2 eV is 15-fold smaller
than the emission intensity of 2.21 eV PL band related to anti-IL-10 Ab. Simultaneously, the
PL intensity of anti-IL-10 Ab emission (2.21 eV) is 10-fold smaller than the PL band intensity
of CdSe/ZnS QDs at UV excitation. Hence, we can conclude that the “blue” shifts of PL spectra
in bioconjugated QDs (605 and 655P) do not connect with the luminescence of anti-I1-10 Ab
or PBS. However, the emission of anti-IL-10 Ab cans influent on the shape of tails in PL spectra
of bioconjugated QDs.

Raman scattering spectra were investigated with the goal to study the impact of compressive
strains [33, 34] and the oxidation or degradation processes at the QD bioconjugation [32, 35],
as well as to confirm the existence of electric charges in IL-10 Ab. Raman scattering spectra of
605N and 605P CdSe/ZnS QDs present the low-intensity Raman peaks at 211.9, 235.8, 302.8,
345.3, 424.8, 434.6, and 490 cm™ (Figure 5).
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Figure 5. Raman scattering spectra of nonconjugated (a) and bioconjugated (b) QDs.

The peak at 211.9 cm™ (and two phonon overtone at 424.8 cm™) corresponds to LO phonons in
the CdSe core. The shift of LO phonon Raman peak (211.9 cm™) from its position in the bulk
CdSe crystal (213 cm™) has related to the phonon confinement effect in small QDs [6, 35]. The
peak at 345.3 cm™ is due to the LO phonon scattering in the ZnS shell (Figure 5). The shift of
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LO phonon Raman peak (345.3 cm™) from its position in the bulk ZnS crystal (352 cm™) is
related to the phonon confinement effect in thin ZnS shell [6, 35, 36]. Raman spectra in the
diapason of 0-500 cm™ include the peaks related to the Si substrate as well (Figure 1). Raman
scattering spectra of Si present the overtones of acoustic phonons: 235.8, 302.8, 434.6, and 458.6
cm™ (Figure 5). The peaks at 230, 302, 435, and 469 cm~! were attributed early to two TA phonon
overtones at the L, X, and X critical points of the Si Brillouin zone [36-38].

The Raman study shows that Raman peaks related to LO phonons in the CdSe core (Figure 5)
have not varied at the QD bioconjugation. Meanwhile, if the QD bioconjugation is accompa-
nied by the compressive strain applied, and by the degradation or oxidation of cores, the
Raman peaks have to change. Finally, we can conclude that the mentioned processes have not
been realized at the QD bioconjugation to anti-IL-10 Ab.

Note that the CdSe core Raman peak intensity increases twofold in bioconjugated QDs as it is
shown in Figure 5. The enhancement of optical field at the surface of bioconjugated QDs and
increasing the Raman peak intensity can be attributed to the surface-enhanced Raman
scattering (SERS) [28,39]. This fact means that anti-IL-10 Abs have the electric charges (dipoles),
which interact with an electric field of excitation light at the SERS effect [39-41].
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Figure 6. (a,b). Normalized PL spectra of 655N (a) and 655P-IL-10 (b) QDs at different excitation light intensities 100%,
50%, 10%, and 1%, respectively. The 100% intensity corresponds to 76 mW. Coefficients at the normalization of PL
spectra for 655N QDs (a) are x1.00, x1.10, x1.75, and x9.11 and for 655P QDs (b) are x1.28, x1.59, x3.38, and x31.18. (c).
FWHMs of main PL bands in PL spectra of 655N (1) and 655P-IL-10 (2) QDs versus excitation light power.

To study the impact of excitons at QD excited states on the emission of bioconjugated QDs,
the PL spectra were measured at different UV light (325nm) excitation intensities. The PL
spectra of 655N QDs kept a Gaussian shape of PL band (1.90 eV) at all excitation intensi-
ties (Figure 6a). The full width at half maximum (FWHM) of PL band at the first increas-
es with raising excitation intensities owing to the enlargement of the number of excited
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QDs and their size distribution. Then the FWHM saturates at higher excitation intensities
(Figure 6c, curve 1).

The PL spectra of bioconjugated QDs represent a set of PL bands: (i) PL band (I) with a peak
at 2.10 eV connected with QD core emission; (ii) PL band (II) at 2.64 eV, apparently, is related
to PBS emission; and (iii) PL band (III) with the peak at 2.78 eV (Figure 6b).

The high-energy PL band IIl is attributed to a CdSeS alloy appeared at the CdSe/ZnS interface
[31]. The confirmation of the existence of such alloy has been obtained at the Raman scattering
study in CdSe/ZnS QDs (see Figure 5). The formation of high-energy tails of PL band I together
with increasing the PL band II and III intensities have been detected by raising the excitation
light power (Figure 6b). Simultaneously, the intensity of a low-energy part of band I increases
versus excitation power due to the increasing excited QD numbers and QD size distribution,
asithasbeen seen in nonconjugated QDs. The FWHM of band I in bioconjugated QDs increases
monotonously without saturation versus excitation intensity (Figure 6c, curve 2). This study
has shown that the PL band I intensity increases with excitation power owing to the increasing
emission of excitons localized at the excited states in bioconjugated QDs. The mentioned effect
can explain the asymmetric shape of band I and the increasing FWHM (Figure 6c, curve 2) in
bioconjugated QDs. Note that the exciton emission via excited states cannot explain “blue”
shift (~200 meV) in the PL band I peak and appearing the PL band III in the PL spectra of QDs
bioconjugated to anti-IL-10 Abs.

3.2. CdSe/ZnS QDs bioconjugated to HPV E7 and PRV Ab

The PL spectra of CdSe/ZnS QDs with emission 605 nm and 655 nm nonconjugated and
bioconjugated to PRV and HPV E7 antibodies have been presented in Figures 7 and 8,
respectively. The PL spectra of QDs in a nonconjugated state are characterized by the one
Gaussian shape PL band peaked at 2.05 eV (Figure 7a) and 1.90 eV (Figures 7b and 8a) and
related to exciton emission in corresponding CdSe cores. The PL spectra of bioconjugated QDs
have changed essentially: the core PL band shifts into the high-energy spectral range (“blue”
shift). Simultaneously, the PL intensity of core emission decreases at the bioconjugation, its
half width increases, and the shape of PL band becomes asymmetric with the essential high-
energy tails (Figures 7 and 8).

As we have shown above, the processes of oxidation, the CdSe material degradation, or the
appearance of elastic strains have been not realized at the bioconjugation of QDs [31, 42]. The
“blue” energy shift of PL bands in bioconjugated QDs can be assigned to the emission of HPV
E7 or PRV antibodies or PBS at high-energy UV excitation and/or the emission of excitons
localized at the excited QD states.

The PL spectra of HPV E7 Ab, PRV Ab, and PBS have been studied at UV excitation as well
(Figure 9). As it is clear from Figure 9, the PL spectra of antibodies and PBS are characterized
by PL bands in the spectral range of 2.0-3.2 eV. The intensity of PL band in the spectral range
2.0-3.2 eV related to PBS is five- or eightfold smaller than the intensity of PL band related to
antibodies. Simultaneously, the intensity of PL band related to the antibodies 10-fold smaller
than the PL intensity of CdSe/ZnS QD emission at the UV excitation. Thus, we can conclude
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Figure 7. (a). Normalized PL spectra of three different 605N (a) and 605P-PRV (b) QD samples measured at 300 K.
Numbers at the curves (x1, x1.8, x3.4, and x3.6) indicate on the multiplication coefficients used at the normalization.
(b). Normalized PL spectra of three different 655N (a) and 655P-PRV (b) QD samples measured at 300 K. Numbers at
the curves (x1, x2.5, and x2.9) indicate on the multiplication coefficients used at the normalization.

as well that the “blue” energy shift of PL spectra in bioconjugated QDs does not connect with
the emission of HPV E7 Ab, PRV Ab or PBS.

To study the role in the emission of excitons, localized at QD excited states in bioconjugated
QDs, the PL spectra were measured at different excitation light intensities (Figure 8a, b). The
PL spectra of nonconjugated 655N QDs kept the Gaussian shape of core PL band (1.90 eV) for
all excitation intensities used (Figure 8a). The FWHM of this PL band at the first increases
versus excitation intensity, due to raising the excited QD numbers and QD size distribution,
and then the FWHM saturates at higher excitation intensities (Figure 8c, curve 1).

The PL band intensity in QDs, bioconjugated to HPV E7 Abs, increases versus excitation light
power together with the formation of high-energy tails (Figure 8b). The PL band intensity at
a low-energy side increases owing to rising the excited QD numbers and QD size distribution
by the same way as in nonconjugated QDs. The FWHM of PL band in bioconjugated QDs
increases monotonously versus excitation intensity without the saturation effect (Figure 8c,
curve 2). Thus, the PL band intensity at a high-energy side increases versus excitation light
power due to raising the role of exciton emission via excited states in bioconjugated QDs. This
effect can explain an asymmetric shape of PL bands and increasing the FWHMs (Figure 8c,
curve 2) in bioconjugated QDs. However, the emission of excitons localized at the excited QD
states cannot explain shifting the main PL peak to higher energy in the PL spectra of biocon-
jugated CdSe/ZnS QDs.
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Figure 8. (a,b). Normalized PL spectra of 655N (a) and 655P-HPV E7 (b) QD samples measured at 300 K at the excita-
tion intensities 100%, 50%, 10%, and 1%. The excitation intensity of 100% corresponds to 76 mW. (c). The FWHM varia-
tion of PL bands in 655N (1) and 655P-HPV E7 (2) QDs versus excitation light power. 100% corresponds to the power
76 mW.
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Figure 9. (a)PL spectra of PRV Ab (1) and PBS (2) without QDs. (b) PL spectra of HPV E7 Ab (1) and PBS (2) without
QDs.

4. Discussion of the CdSe/ZnS QD bioconjugation

The experimental results presented above have shown that the influence of exciton emission
via excited QD states or the emission of antibodies and PBS as well as the oxidation or
degradation processes in QD cores can be avoided from the consideration as the reasons
of “blue” PL peak shift at the QD bioconjugation. Let us discuss other reasons for the PL
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energy shift at the bioconjugation of QDs to antibodies. These factors could be assigned to
(i) the quantum-confined Stark effect stimulated by the charge of antibodies [43, 44], (ii)
the quantum-confined effect related to the shift of QD energy levels and stimulated by the
change of electric potential at the QD surface [45], or (iii) decreasing the effective QD size
in bioconjugated QDs [46].

The Stark effect is shifting and splitting of energy levels in atoms and molecules due to the
presence of external electric field. The Stark shift of energy levels, AE, as a function of electric
field, &, can be presented as a sum of linear (first order Shark effect) and quadratic (second
order Stark effect) functions of an electric field: AE = piop € + 0.5 agp £ +..., where E is an energy
of optical transition, and pgp and agp are projections of excited-state dipole and polarizability,
respectively, along the electric field [43, 44]. This relation includes both the polar and polar-
izable parts of emitting state. Actually, the Stark shift in the emission of QD ensembles was
found earlier to be purely quadratic versus applied electric field [39]. The dependences of the
quantum-confined Stark shift versus QD sizes and electric fields in the CdS, CdSSe, and CdSe
QDs were studied theoretically [44] and experimentally [43] in the early 90th. Only the “red”
Stark energy shift was predicted theoretically for CdS and CdSSe QD ensembles at applying
an external electric field [44]. Thus, we can conclude that the quantum-confined Stark effect
could not explain the observed experimental “blue” energy shift of PL bands at the QD
bioconjugation to studied antibodies.

Another reason for the “blue” shift of PL peak in bioconjugated QDs can be connected with
the change of potential barrier at the surface of QDs bioconjugated to the charged antibodies.
The position of energy levels in QDs for the strong quantum-confined regime depends on the
value of potential barrier [45]. It was shown that the impact of a finite potential barrier on the
electron-hole energy states increases with decreasing the dot radius. The lower potential
barrier reduces and higher potential barrier increases the energy levels and these changes are
more relevant for high-energy states [45]. However, the comparison of the PL spectrum
transformation presented in Figures 2 and 3 or Figure 7a, b has shown that the value of “blue”
PL energy shift at the QD bioconjugation to anti-IL-10 or PRV Abs is more essential for QDs
with the biggest sizes (6.4 nm) and emission at 655 nm. Thus, the “blue” PL band energy shifts
at the CdSe/ZnS QD bioconjugation to antibodies do not connect with the variation of the
potential barrier at the QD surface.

The other reason for the “blue” shift of QD energy levels at the quantum-confined condition,
owing to decreasing the effective QD size in bioconjugated QDs, was considered by Torchyn-
ska et al. [46]. When QD is bioconjugated, its energy balance changes very much. The energy
variation comes from the fact that the attachment of biomolecules to the external QD surface
will result in the generation of van der Waals forces. The extra charge attached to the exterior
shell will form a blocking electric field, which “truncates” the effective volume of QDs (Figure
10). In this situation, it is natural to expect energy varying of emitted light. At the same time,
the stronger confinement will produce a blue shift of the QD emission spectrum.

The question about the accurate calculation of the truncated volume is a complicated one. For
a point charge, the equipotential surfaces will be spheres, which will make the blocked volume
corresponding to a spherical segment. The remaining effective volume will lose its spherical
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Figure 10. A schematic depiction of CdSe/ZnS QD with the 6.4 nm CdSe core, encased in the ZnS and poly-ethylene
glycol (PEG) protective shells. A charge generated upon bioconjugation is shown attached to the PEG shell to the right.
We consider two radii of the blocking sphere of d =3 and 4 nm, respectively.

shape. We proposed to approximate it with a cylinder with a height c and a circular base of
the diameter a. The Schrodinger equation for such system was solved using the mirror
boundary conditions [46, 47], providing the ground state energy relative to the material band

gap [47]:
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The parameters of a cylinder can be estimated for different strength of the blocking field. We
consider two cases with the blocking field extending for the distance d =3 and 4 nm from the
charge attached to the protective PEG layer covering nanoparticle (Figure 9). For these cases,
the parameters of the effective cylinder are as follows: 2 =1.6 R, ¢ = 1.55 R (for 4 nm blocking
radius) and a2 =1.65 R, ¢ = 1.6 R (for 3 nm blocking radius), where R = 3.2 nm is the radius of
the CdSe core of the particle. Using these values, one can obtain the expressions for the ground
state of conjugated nanoparticle with 4 nm blocking [46]:

h2
<"~ g o (2)
and also for conjugated nanoparticle with 3 nm blocking distance [46]:
hZ
)
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In a real system, the absorbed energy that triggered the formation of an exciton can be partially
dissipated, so that the peak of PL spectra will occur at lower energy, producing Stokes shift

163



164  Quantum Dots - Theory and Applications

Es. Therefore, the total blue shift observed in the system can be defined as a ratio between peak
positions of a bioconjugated sample hv, versus nonconjugated sample hvy:

Egs—E, hv +Eq—E,
Ees,—E, M, +Eq—E,

(4)

Using the experimental data shown in Figure 3, one can see that hv, =1.89 eV and ho, = 2.08
eV; the typical Stokes shift is Eg, = 56.0 meV [48]. Using the band gap E, = 1.74 eV for the bulk
CdSe at 300 K [49], one can obtain the ratio for the experimental shift equal to 2.16 from equation
(4). The ratios calculated with Egs. (1), (2), (3), and (4) are 3.30 (for blocking distance d =4 nm)
and 2.88 (for d = 3 nm), which is considerably close to the experimental value in view of
simplifications made in treating the truncation of nanoparticle’s core volume.

Thus, we have proposed to use the mirror boundary condition for simplifying solution of
the Schrodinger equation for a spherical CdSe/ZnS core/shell QDs. It was shown that the
“blue” shift in the PL spectrum observed in the experiment with bioconjugated QDs can
be explained by the attachment of a charge deals with the antibody to the exterior shell of
QDs, blocking away a fraction of core’s volume. Representing the truncated effective part
of core as a cylinder, we obtained a blue shift values with a considerable accuracy in relation
to the experimental data. Thus, the “blue” energy shift of PL spectrum in the bioconjugat-
ed CdSe/ZnS QDs has been attributed to the electronic quantum-confined effects stimulat-
ed by the charged antibodies.

5. The bioconjugation study of CdSeTe/ZnS QDs

5.1. CdSeTe/ZnS QDs bioconjugated to anti-IL-10 Ab

The PL spectra of CdSeTe/ZnS QDs for the nonconjugated (800N) and bioconjugated (800P+
IL-10) states are shown in Figure 11. The PL spectrum of 800N QDs is characterized by Gaussian
shape PL band with a peak at 1.59-1.60 eV (Figure 11, curves 1 and 2) connected with exciton
emission in CdSeTe cores. The PL peak shifts to higher energies (“blue” shift) up to 1.90 eV
(Figure 11, curves 3 and 4), and the shape of PL bands becomes asymmetric with low-energy
shoulders (at 1.75 eV) in the PL spectra of bioconjugated QDs (Figure 11, curves 3 and 4).
Simultaneously, the PL intensity of QDs decreases in the case of the bioconjugation to anti-
IL-10 Ab (Figure 11, curves 3 and 4).

The PL spectra of anti-IL-10 Ab and PBS have been measured at the UV light excitation early
(Figure 4). The PL spectrum of anti-IL-10 Ab is characterized by the PL band with a peak at
2.21 eV and a small PL shoulder in the range 2.3-3.0 eV (Figure 4, curve 1). The intensity of the
PL band related to PBS (Figure 4, curve 2) is 15-fold smaller than the emission intensity of 2.21
eV PL band connected with anti-IL-10 Abs. Note that the 2.21 eV PL band intensity in anti-
IL-10 Abs is 10-fold smaller than the emission intensity of excitons in CdSeTe/ZnS QDs at UV
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Figure 11. Normalized PL spectra of two 800N (curves 1 and 2) and two 800P+ IL-10 (curves 3 and 4) QD samples at
300 K. PL spectra are shifted along y axis to prevent their overlapping. Numbers (x1, x2, x3) indicate the multiplication
coefficients used at the normalization. Excitation light wavelength is 325 nm.

light excitation (Figure 11). Thus, the new PL bands peaked at 1.75 and 1.90 eV that appeared
in the PL spectra of bioconjugated QDs do not related to the emission of anti-Il-10 Abs or PBS.

To study the impact of the excitation quanta energy on the shape of PL bands, the PL spectra
of nonconjugated and bioconjugated QDs have been measured using the different excitation
wavelengths of 532 nm, 488 nm, and 325 nm (Figure 12). The difference in PL intensities is
related to the power of lasers used, but the shape of PL bands in the nonconjugated and
bioconjugated QDs is similar. Note that the PL intensity of QD emission is higher at the UV
excitation (325 nm).

The Raman scattering spectra of CdSeTe/ZnS QDs are investigated as well. The Raman
spectrum of nonconjugated CdSeTe/ZnS QDs represents a complex Raman peak of QDs at
202.5 cm™ and the Raman peak at 519.6 cm™ connected with the first-order Raman scattering
involving optic phonons in the Si substrate (Figure 13a). The Raman peak of QDs is a super-
position of two Raman peaks at 191.2 and 202.5 cm™ (Figure 13a), which correspond to the LO
phonons in the CdSes;Tes, core and CdSegTe,, core’s cover layer [31, 50]. In addition, the
Raman spectrum represents two peaks at 177.0 and 280 cm™. The peak at 177.0 cm™ could be
assigned to a surface phonon (SP) in QD cores [6]. The Raman peak at 280 cm™ is probably due
to the CdZnSeS alloy that appears at the CdSeTe/ZnS interface at the temperature of ZnS shell
growth [6, 50-52].

165



166  Quantum Dots - Theory and Applications

1.0-
0.54
=
-
o
< 0.0 -
51.0—
‘m
o
I= —kex325nm
7 0.5 —_488nm
—kex532nm
X2.5
0.0+

1.4 16 18 20 22 24
Emission energy(eV)

Figure 12. PL spectra of 800N (a) and 800P+ IL-10 (b) CdSeTe/ZnS QDs measured at 300 K and excited by the light with
wavelengths: 532 nm (1), 488 nm (2), and 325 nm (3).

The Raman scattering investigation shows (Figure 13a, b) that the Raman peaks related to the
LO phonons in the double CdSeTe core and in the alloy at the interface did not vary at the QD
bioconjugation. This fact testifies that the “blue” PL energy shift in bioconjugated CdSeTe/ZnS
QDs (Figures 11 and 12) has been not connected with compressive strains or with the degra-
dation of CdSeTe QD core owing to core/shell intermixing or core oxidation at the QD
bioconjugation.

5.2. CdSeTe/ZnS QDs bioconjugated to the HPV and PRV antibodies

Normalized PL spectra of nonconjugated and bioconjugated CdSeTe/ZnS QDs have been
presented in Figures 14, 15, and 16 for the different antibodies used: (i) mouse monoclonal
anti-HPV E7 Ab, (ii) mouse monoclonal HPV E6 Ab, and (iii) pseudorabies virus (PRV) Ab.

QD emission spectra in nonconjugated state are characterized by the two Gaussian shape PL
bands. The main PL band (I) with a maximum at 1.57-1.60 eV (Figures 14-16, curve 1) is
connected with exciton emission in the CdSeTe core. The small intensity PL band (II) with a
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Figure 13. Raman scattering spectra of 800N (a) and 800P+ IL-10 (b) QDs.

peak at 2.50 eV is attributed to exciton emission in the intermediate alloy CdZnSeS layer at the
core/shell interface [50-52]. This intermediate layer was introduced at the process of QD growth
with the aim to decreasing the mismatch between the CdSeTe and the ZnS crystal lattices. The
PL intensity of 2.50 eV band varies owing to the variation, apparently, a volume of intermediate
alloy layers in the different QD ensembles (Figures 14-16). The small intensity PL band at
2.50-2.90 eV (Figure 15) can be connected with the emission of PBS (see Figures 4 and 9) that
exists in the nonconjugated QD ensembles as well.

The main PL peak (I) shifts to higher energy in the PL spectra of bioconjugated QDs up to:
1.881 eV (Figure 14, curve 2), 1.887 eV (Figure 15, curve 2), or even 1.937 eV (Figure 16, curve
2). Simultaneously, the PL band shape becomes asymmetric with essential low-energy
shoulders. The analysis has revealed that the main PL band in bioconjugated QDs is complex
and can be represented by a superposition of two PL bands (Figure 15, curves 3 and 4): the
low-energy band with a peak at 1.60 eV and the high-energy band centered at 1.887 eV in
Figure 15. At the same time, the PL intensity of main PL band I decreases and the additional
PL band appears in the spectral range 2.2-3.0 eV.
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Figure 14. Normalized PL spectra of nonconjugated 800N (1) and bioconjugated 800P (2) QDs to HPV E6 Ab measured
at 300 K. Numbers at the curves (x1.0 and x2.5) present the multiplication coefficients used at the normalization of ex-
perimental PL spectra.

6. Discussion of the CdSeTe/ZnS QD bioconjugation

Let us discuss again the physical reasons of PL spectrum transformation at the QD bioconju-
gation to antibodies. As we mentioned above, these reasons can be related to (i) the emission
of antibody molecules or PBS at UV excitation; (ii) the compressive strain applied to QDs at
the bioconjugation [33]; (iii) the compound material degradation owing to core/shell inter-
mixing [53] or oxidation [32] at the QD bioconjugation; (iv) the quantum-confined Stark effect
[43, 44], stimulated by electric charges of antibodies; (v) the dominated emission of excitons
localized at the excited QD states; (vi) the change of energy band profile at the application of
electric field of charged Abs; and (vi) the quantum-confined effect owing to the shift of QD
energy levels stimulated by the change of potential barrier at the QD surface [45] or by
decreasing the effective QD size in bioconjugated QDs [46]. To make the decision concerning
the most probable physical reasons of the PL transformation in CdSeTe/ZnS QDs, let us analyze
all of these factors in details.

(i) The emission of HPV or PRV antibodies and PBS can be excited together with QD emission
at the PL excitation by UV light (325 nm). The PL spectra of pure HPV and PRV antibodies,
and PBS without QDs have been investigated (Figure 17).

The wide emission bands have been detected in the spectral range 2.0-3.2 eV in PL spectra of
both the antibodies and PBS (Figure 17). The PL intensity of PBS emission is 50-fold smaller,
and the PL intensities of antibody’s emissions are 5- or 10-fold smaller in comparison with the
PL intensity of the main PL bands I in bioconjugated CdSeTe/ZnS QDs. Thus, the emission of
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Figure 15. Normalized PL spectra of nonconjugated 800N (1) and bioconjugated 800P QDs (2) to PRV Ab measured at
300 K. Numbers (x1.0 and x1.6) present the coefficients used at the normalization of PL spectra. Dashed curves (3 and
4) show the deconvolution of curve 2 on two PL bands.

antibodies or PBS at the high-energy UV light excitation cans influent only on the shape of
high-energy tails in PL spectra of bioconjugated QDs. This impact is seen clearly in Figures
14, 15, and 16 (curve 2), where the high-energy PL band appears in the spectral range 2.2-3.2
eVv.

Raman spectra in comparison with those for nonconjugated QDs. The Raman scattering
spectrum of nonconjugated CdSeTe/ZnS QDs represents a complex Raman peak of QDs at
202.5 cm™ and another Raman peak at 519.6 cm™ related to the Si substrate (Figures 13a and
18a).

The QD peak is a superposition of Raman peaks at 191.2 and 202.5 cm™ (Figure 18a), which
correspond to Raman scattering involving the LO phonons of the CdSes Tes, core and
CdSeg Te,, core’s cover layer [31, 50]. The detailed estimations of material compositions in the
double CdSeTe QD core on the base of Raman peak analysis were published earlier by Quintos
Vazquez et al. [31]. The Raman spectrum demonstrates as well the peak at 280 cm™, which can
be assigned to light scattering by LO phonons in the CdSeZnS intermediate alloy layer. The
Raman peak at 406 cm™ is related to two-phonon Raman scattering in the CdSeTe core [50].
The intensity of Raman signals in bioconjugated CdSeTe/ZnS QDs increases in comparison
with those in nonconjugated QDs [54]. This effect was attributed early to the surface-enhanced
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Figure 16. Normalized PL spectra of nonconjugated 800N (1) and bioconjugated 800P QDs (2) to HPV E7 Ab at 300 K.
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Figure 17. PL spectra of PBS (1), HPV E6 Ab (2), PRV Ab (3), and HPV E7 Ab (4) without QDs.
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Figure 18. Raman scattering spectra of nonconjugated 800N (a) and bioconjugated 800P (b, c) QDs to HPV E6 (b) and
HPV E7 (c).

Raman scattering (SERS) [22, 39, 54] due to the interaction of the electromagnetic field of
excitation light with the electric charges (dipoles) of antibodies. The realization of the SERS
effect at Raman scattering in bioconjugated QDs testifies that the antibodies have the electric
charges.

The SERS effect is responsible for appearing the low-intensity Raman peaks (463 and 580 cm™)
in Raman spectra of bioconjugated QDs (Figure 18c). These Raman signals are related to the
Si substrate and were assigned early to scattering involving TO phonons (463 cm™) and the
combination of TA and TO phonons at the X direction in the Si Brillouin zone [36]. The Raman
scattering study shows (Figure 18b, c) that the positions of Raman peaks in Raman spectra of
the double CdSeTe core and intermediate CdSeZnS layer have not been varied at the CdSeTe/
ZnS QD bioconjugation. Permanent positions of Raman signals in QDs testify that the
bioconjugation process has not connected with the compressive strains to QDs, with the
compound degradation owing to core/shell intermixing or the QD core oxidation at the
bioconjugation.
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(iv) The quantum-confined “red” Stark energy shift was predicted theoretically for emission
in the ensembles of CdS or CdSSe QDs [43, 44]. The quantum-confined Stark effect can be
avoided from our discussion as well because the “blue” PL energy shift is detected in studied
CdSeTe/ZnS QDs at the bioconjugation.

(v) To analyze the role of excitons bounded at the excited states in the CdSeTe core, the
dependence of PL spectrum transformation versus excitation light intensities has been studied
(Figure 19a-c). As it is clear from Figure 19a, the shape of PL bands in nonconjugated CdSeTe/
ZnS QDs (800N) has not changed at varying the excitation light intensities.
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Figure 19. Normalized PL spectra of nonconjugated (a) and bioconjugated QDs to PRV Ab (b) and to HPV E7 Ab (c)
measured at different excitation light powers at 300 K.

Meanwhile, the shape of the PL spectra of bioconjugated QDs varies versus excitation light
power (Figure 19b, c). The PL intensity decreases mainly in the low-energy (1.60 eV) and high-
energy (2.50 eV) ranges that have been seen clearly. The mentioned PL bands do not connect
with the emission of excitons localized at the excited states in the CdSeTe core. Thus, the
emission of excitons localized at the excited states in bioconjugated CdSeTe/ZnS QDs is not
responsible for the transformation of PL spectra versus excitation light power.

(vi) Let us consider the energy band diagram of CdSeTe/ZnS QDs with the aim to analyze the
varying energy band profile at the bioconjugation. The energy diagram of the double core
CdSeTe/ZnS QDs with emission at 800 nm was calculated early by Quintos Vazquez et al. [31].
The band gaps and electronic affinities for the CdSe;,Tey, CdSeg Te,, and ZnS bulk crystals
[31, 55] have been represented in Figure 20.
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Figure 20. Energy band diagram for the CdSeTe alloys and ZnS bulk crystal.

To create the energy diagram of nonconjugated CdSeTe QDs (Figure 21), the variation of
energy band gaps for the CdSe;Tes, core and CdSeqTe,, core cover layer with their sizes is
estimated using the effective mass approximation model [31]. The big size of the double core/
shell CdSeTe/ZnS QDs (emission, 800 nm) permits to apply the effective mass approximation
approach [6].

The ground energy of electron-hole pairs and the energy of the first absorption transition are
estimated as follows [56]:
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where E, is the energy band gap of bulk material, a is a QD radius, y is the reduced mass,

-1 -1

pt=m, t+m, ", m* and m,* are the effective masses of electrons and holes, and ¢ is the high-

frequency permittivity. The term — in Eq. (5) describes the electron-hole Coulomb interaction,

and the fourth term is a minor correction.

To analyze the energy band gap, the following parameters have been used for the bulk CdSe:
E,=1.730 eV at 300 K, m.* = 0.13 m,, my,* = 0.45 m,, and the high-frequency permittivity ¢ = 8.2
[50, 51]. Using the parameters for the bulk CdTe: E, =1.50 eV at 300 K, m.* = 0.11m,, and m,,* =
0.35m, [50, 57], the values of energy band gaps and effective masses for the bulk CdSe,Te,,
and CdSe,sTe, 5 alloys have been obtained by the linear interpolation. To estimate the position
of PL excitation peaks connected with the electron-hole ground states in QD, the value of Stokes
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shift is taken in account, which equals 50 meV [6]. Estimated energy band gaps for the
CdSe,5Te,5 and CdSe,sTe,, alloys have been used for the design of the energy diagram of the
double core/shell QDs (Figure 21).

nonconjugated QDs
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Figure 21. The energy band diagram of nonconjugated double core CdSeTe/ZnS QDs.

The energy band diagram of nonconjugated CdSeTe/ZnS QDs (Figure 21) explains the types
of the optical transitions and emission energy of 1.60 eV detected in the PL spectra of noncon-
jugated QDs. As it is clear from Figure 21, owing to the type II quantum well (CdSeg,Te,/
CdSes Tes/CdSeg Te,y) in double core QDs, the wide band gap core and the core’s covered
quantum well layer with the energy band gaps of E, = 1.93 and 1.88 eV, respectively, enable
to emit IR emission with a PL peak at 1.60 eV in nonconjugated QDs (Figures 11, 14, 15, and
16). This 1.6-eV emission owes to the recombination of electrons, from the CdSeg,Te,, conduc-
tion band, with holes localized in the CdSe;,Tes, valence band (Figure 21).

To explain the PL band “blue” shift into the higher energy range (1.88-1.94 eV) in bioconjugated
CdSeTe/ZnS QDs (Figures 11, 14, 15, and 16), let us to consider the transformation of band
diagram at applying the external electric field of charged antibodies. In this case, the energy
band profile varies as it is presented in Figure 22. Actually, in the bioconjugated QDs, the two
types of optical transitions are possible: the recombination of excitons located at the ground
states in the CdSe; Te;, core and/or the recombination of electrons, from the CdSegTe,,
conduction band, with holes localized in the CdSes Te;, valence band (Figure 22).

The transformation of PL spectra versus excitation light intensities (Figure 19) has confirmed
the proposed QD energy band diagrams. Actually, at low excitation light intensity, the
recombination (1.88 eV) of excitons at the ground CdSes,Tes, core states dominates in the PL
spectrum (Figure 22). At obtaining the last value (1.88 eV), the Stock shift of 50 meV is taken
into account [6, 29, 30]. When excitation intensity increases, the indirect recombination
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Figure 22. Energy band diagram of QDs bioconjugated to 800P+HPV E6 Ab.

transition (electrons from CdSeg,Te,, with holes in CdSes;Te;)) and exciton emission in the
intermediate CdSeZnS layer can be realized. Hence, the energy band profile variation in the
double core CdSeTe/ZnS QDs at the bioconjugation to charged antibodies permits to explain
the PL spectrum peculiarities of bioconjugated QDs.

(vii) Finally, let us discuss the difference in PL band positions in CdSeTe/ZnS QDs bioconju-
gated to different antibodies (Figures 14-16, curve 2). The main PL peaks in bioconjugated QDs
are as follows: 1.881 eV for 800P+HPV E6 Ab (Figure 14, curve 2), 1.887 eV for 800P+PRV Ab
(Figure 15, curve 2), and 1.937 eV for 800P+HPV E7 Ab (Figure 16, curve 2). The difference in
PL peaks can be related to the difference in electric potentials (potential barriers) at the surface
of bioconjugated QDs. It is known that the position of energy levels in QDs, for the strong
quantum confinement regime, depends on the value of potential barriers at the surface [45].
The comparison of PL intensities, detected for the pure antibodies (Figure 17), and the
corresponding PL peaks in bioconjugated QDs (Figures 14-16, curve 2) have shown that the
antibody HPV E7 with highest emission intensity (Figure 17, curve 4) stimulates the biggest
PL band shift up to 1.937 eV (Figure 16, curve 2). The PL intensity, measured for the pure
antibodies (Figure 17), depends on their concentrations in PBS. Thus, it is possible to conclude
that the shift of PL spectra depends on a number of charged antibodies bioconjugated to
CdSeTe/ZnS QDs [58]. Moreover, this PL shift increases by enlarging the antibody concentra-
tion in PBS. The potential barrier increasing at the QD surface has shifted the QD emission into
the higher energy range owing to the shift of QD energy levels [58].

Thus, the PL spectrum transformation of CdSeTe/ZnS QDs, bioconjugated to studied anti-
bodies, is related to the two effects: (i) the change of energy band profiles and (ii) the quantum-
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confined effect owing to the shift of QD energy levels stimulated by the change of electric
potentials (potential barrier) at the surface of QDs bioconjugated to charged antibodies. The
potential barrier increasing has shifted the QD energy levels and QD emission into the higher
energy range.

7. Conclusion

Photoluminescence, its excitation power dependence, and Raman scattering spectra have been
studied in CdSe/ZnS and CdSeTe/ZnS QDs for the nonconjugated states and after the QD
conjugation to the anti-IL-10, human papilloma virus, and pseudorabies virus antibodies. The
QD bioconjugation to charged antibodies stimulates the “blue” energy shift of PL bands related
to exciton emission in the CdSe or CdSeTe cores.

The “blue” energy shift of PL spectrum in bioconjugated CdSe/ZnS QDs has been attributed
to the electronic quantum-confined effects stimulated by decreasing the effective QD size at
its bioconjugation to charged antibodies. It was shown that the attachment of a charge, deals
with the antibody, to the exterior shell of CdSe/ZnS QDs leads to blocking away a fraction of
core’s volume.

The energy band diagrams of CdSeTe/ZnS QDs in the nonconjugated and bioconjugated states
have been designed, which permit to explain the types of optical transitions in QDs and their
transformations at the QD bioconjugation. It is shown that the change of energy band profile
and the “blue” shift of QD energy levels, owing to the change of potential barrier at the QD
surface, are the dominant reasons of PL spectrum transformation in the double core
CdSeTe/ZnS QDs conjugated to charged antibodies. A better understanding of the QD
bioconjugation to specific antibodies is expected to produce the major advances in biology and
medicine and can be a powerful technique for early medical diagnostics.
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