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Formation of a hybrid system by metallic nanoparticle, protein (or peptide), and a semiconductor QD can be a new and alternate material which may
be used for biological applications including cancer cell detection and treatment. Herein, we report on the colloidal synthesis of metal-protein-QD
hybrid system considering Au NPs, CdSe QDs, BSA and Lysozyme protein. We demonstrate the structural, optical and vibrational properties of
Au-CdSe, Au-BSA-CdSe and Au-Lysozyme-CdSe hybrid systems following their use as cancer cell markers. The study of photoluminescence
spectra reveals the predominance fluorescence resonance energy transfer (FRET) between CdSe QDs and Au NPs, Au-BSA and Au-Lysozyme
complex. The energy transfer efficiency between QDs donor and the Au NPs, Au-BSA, Au-Lysozyme acceptors are estimated to be 46%, 94%
and 64%; respectively. Fluorescence imaging results represent high biocompatibility and fluorescent behavior of the QDs and its hybrid system in
the MDA-MB-231 breast cancer cells. The calculation of corrected total counts of fluorescence (CTCF) predicts the higher uptake of CdSe QDs
as compared to the Au-QDs, Au-BSA-QDs, Au-Lysozyme-QDs by the cells. The significantly varied zeta potential values of the hybrid systems
influence the cellular uptake processes. The fabrication of biocompatible (water soluble, biologically stable, having bioconjugation capability,
low cytotoxic to the normal cells, fluorescent in biological environment) Au-CdSe, Au-protein-CdSe hybrid systems would open up an alternative
strategy in nanobiotechnology, due to their special physical, optical as well as chemical properties.
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1. Introduction

Cancer is becoming one of the leading causes of death and the number of cancer cases worldwide is expected to
reach 22 million in the next two decades [1]. Although different treatment options are available, including, surgery,
chemotherapy, radiation etc., they cannot be considered as completely effective because of lack of high sensitivity and
toxicity response to the non-cancerous normal tissue [2]. However, these treatments result in slow progression of the
disease and hence increasing the duration for the survival of the patient. In this regard, the use of nanotechnology-based
cancer therapies have received considerable attention in recent years because of: early detection with high sensitivity
and efficacy, target specific drug delivery, high in vivo imaging resolution etc. [3,4]. In recent years, metallic nanopar-
ticles in general, and gold nanoparticles (Au-NPs) in particular have attracted considerable interest in nanotherapeutic
cancer cell treatment as targeting ligands, contrast agents for cancer imaging, therapeutic drugs etc. [5–8].This is due
to their unique optical properties, chemical stability, easy synthesis and functionalization, potential biocompatibility,
size and surface-dependent properties etc. [9, 10]. Moreover, Au NPs do not show cytotoxic effect or severe damage
on normal cells even when administered orally for a specific period of time [11].

Semiconductor nanocrystals, or quantum dots (QDs) on the other hand, have been considered as efficient lumi-
nescent probes and labels for numerous biological applications including target specific cancer therapy owing to their
special optoelectronic properties, such as, size-tunable light emission, high signal brightness, long term photostability
and narrow emission line width [12, 13]. Amongst quantum dots (QD), cadmium selenide (CdSe), is remarkable,
because of its various advantages, including band gap tunability and bright emission behavior [14]. Again, the cyto-
toxicity of ionic cadmium (Cd2+) in nanosized CdSe and CdTe has been reported to be appreciably less as compared
to elemental cadmium [15]. In addition, cytotoxicity in the cellular studies is mainly contributed from the surface
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modifier rather than CdSe or CdTe core [16]. Consequently, there exist plentiful scope for safe use of nanoscale CdSe
in biological systems [17–19] without causing severe damage to normal cells.

Metallic NPs-semiconductor QDs, on the other hand, formed as a result of interaction of quantum confined
electrons (excitons) in the QDs and dielectric confined electromagnetic modes (localized surface plasmon resonance
(LSPR)) of metallic NPs, opens up their utilization in various novel technological applications in recent years [20].
This is due to their extraordinary optical properties which includes plasmon-induced fluorescence enhancement and
quenching [21], plasmon-assisted Forster energy transfer [22], induced exciton-plasmon photon conversion [23] gen-
eration of a single plasmons and so on. The study of energy transfer mechanism in metal-QDs systems has great
potential in the areas of luminescence tagging, imaging, medical diagnostics, multiplexing, biosensors etc. Until re-
cently, according to various reports, among various semiconductor QDs, CdSe-QDs were proven to act as an effective
donor in a fluorescence resonance energy transfer (FRET) mechanism [24].

Biocompatibility is the property of a material that describes its compatibility with the biological particles such as,
protein, cells tissue etc. The prerequisites of a NP or a QD to be biocompatible are water solubility, biological environ-
ment stability (low aggregation), bioconjugation capability (biological affinity), low cytotoxicity for the normal cells,
etc. Biocompatible water soluble, stable NPs/QDs can be achieved through surface modification and functionalization.
The different surface modification processes to make biocompatible NPs/QDs are: i) Use of different polymer [25,26],
surfactant [27] ii) Capping of the NPs by suitable ligand molecule [28, 29] etc. iii) Surface silanization [30] etc. The
high adsorption capacity of nanoparticle in biological environment signifies an increased bioconjugation capability
and thus biocompatibility of the nanoparticles. Nanoparticles (NPs) have significant adsorption capacities due to their
relatively larger surface area. Thus, they are able to bind or carry other molecules such as drugs, probes and proteins
attached to their surface by covalent bonds or by adsorption. By attaching specific chemical compounds, peptides
or proteins to the surface, the physicochemical properties including charge, hydrophobicity etc. of the NPs can be
altered. With the exposure of Au NPs to biological fluid environments, proteins are easily adsorbed onto the surface.
This results in a significant variation of the surface property of the Au NPs as well as physiological functions of the
adsorbed proteins [31–33]. Similarly, conjugation of QDs, such as CdSe with different biological molecules, including
proteins can create a system with desirable luminescent and bio-compatible properties [34, 35]. A protein-conjugated
NP or QD, results in various special properties of the protein - NP (or QD) system which is based on the characteris-
tics of the conjugated proteins [36, 37]. Bovine Serum Albumin (BSA) is the most abundant protein (molecular mass
∼66.5 kDa, consisting of ∼583 amino acid) in cow-based plasma. It is extensively used in various bio-nanotechnology
applications including sensing, imaging etc [38]. Moreover, BSA-conjugated NPs are more stable against flocculation,
show better quantum yield and low toxicity. Similarly, Lysozyme proteins (molecular mass ∼14 kDa, consisting of
∼129 amino acids) that are found in cow/human milk, saliva, serum, tears, hen egg whites have various biomedical
applications due to their special antibacterial, anti-inflammatory and anti-cancer properties [39].

In the present work, we describe simple colloidal routes for the synthesis of polyvinyl pyrrolidone (PVP) and
sodium dodecyl sulfate (SDS) capped Au NPs and highly fluorescent CdSe QDs; respectively. We report also here
the formation of a Au NPs-CdSe QDs hybrid system. The structural, optical, vibrational properties and zeta po-
tential measurement of the Au, CdSe, Au-CdSe hybrid systems are studied. The influence of protein molecules on
the aforementioned properties was investigated by inclusion of BSA and Lysozyme proteins to the Au-CdSe. In ad-
dition, we have highlighted the energy transfer behavior of the CdSeQDs to Au NPs, Au-BSA, Au-Lysozyme by
considering FRET. Finally, a critical evaluation on the cellular uptake of the CdSe QDs, Au-CdSe s, Au-BSA-CdSe,
Au-Lysozyme-CdSe hybrid systems by MDA-MB-231 breast cancer cells lines are highlighted through studies of
fluorescence imaging and cytotoxicity.

Forming a biocompatible hybrid system with metallic nanoparticle, protein (or peptide), and a semiconductor
quantum dot can be a new and alternate material which may be used for biological applications including cancer cell
detection and treatment [39].

2. Experimental Details

2.1. Synthesis of Au Nanoparticles

Polyvinylpyrrolidone (PVP) is used for the surface modification of the Au NPs to allow their stabilization in the
dispersion media. The polymers cause steric repulsion and prevent aggregation of the colloid particles, making them
good stabilizer. PVP is widely accepted as a biocompatible polymeric material and it can effectively bind to BSA and
Lysozyme proteins [40]. Moreover, PVP can be safely used, as it is nontoxic for normal cells [41].

For the synthesis of PVP surface modified Au NPs, at first, a 1% PVP solution was prepared by dissolving 0.1 g
of PVP in 10 mL distilled water with stirring for 30 min. Then, 3.39 g of gold salt (chloroauric acid, HAuCl4) was
dissolved in 10 mL distilled water to prepare 1 mM stock solution. From the stock solution a 0.2 mM solution was
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prepared and added to the PVP solution. After 10 minutes of stirring, freshly prepared 1 mL of 0.2 mM sodium
borohydride (NaBH4) in ice cold water was added to the above mixture drop wise. With the addition of NaBH4, the
color of the solution spontaneously changes from the light yellow to reddish indicating the formation of the Au NPs
by reduction of HAuCl4 by NaBH4.

2.2. Synthesis of CdSe-SDS QDs

SDS surfactant-modified CdSe QDs has been found to be less cytotoxic to the normal cells as compared to other
surfactants [19]. Here, SDS-capped CdSe QDs (CdSe-SDS) were prepared and washed by reported method [17].
Briefly, a suitable amount of cadmium nitrate-tetrahydrate [Cd(NO3)2·4H2O] and SDS were dissolved in deionized
Millipore water followed by stirring at ∼40◦C for 20 min. At high pH, the selenium precursor, selenium dioxide
(SeO2) was reduced by sodium borohydride (NaBH4) and mixed with the above solution and stirred for 1 h at 80◦C
to get CdSe-SDS QDs.

The synthesized PVP-capped Au NPs, SDS-functionalized CdSe QDs, were found to be water soluble and stable
in the biological environment. The bio-conjugation capability of the synthesized Au NPs and CdSe QDs were studied
by conjugating the nanoparticle/QDs with BSA and Lysozyme proteins as well as by studying their (Au-CdSe, Au-
BSA-CdS, Au-Lysozyme-CdSe systems) fluorescent behavior in the cancer cell environment. Prior to bioconjugation,
Au NPs, CdSe QDs, the colloidal solutions were subjected to centrifugation (∼7000 rpm) separately followed by
several rinses with deionized water.

2.3. Synthesis Au-CdSe, Au-BSA-CdSe, Au-Lysozyme-CdSe hybrid system

For the preparation of Au-CdSe complex, 20 mL Au NPs solution was mixed with 2 mL CdSe QDs solution and
stirred for 1 h. 5 mL Au-BSA (or Au-Lysozyme) were prepared by mixing BSA (or Lysozyme) protein (each protein
concentration 20 µg/mL)to Au NPs in two separate beakers. This is followed by mild stirring and incubation of the
mixtures at 37◦C for 1 h. The CdSe QDs were conjugated to Au-BSA (or Au-Lysozyme) by stirring for 1 h at 500 rpm
to get Au-BSA-CdSe and Au-Lysozyme-CdSe hybrid system.

The pyrrolidone side group of PVP in Au-PVP NPs may interact with the anionic SDS surfactant coated CdSe
QDs. This results the formation of the Au-CdSe hybrid system [42]. Inserting BSA (or Lysozyme) protein in the
Au-CdSe complex, there is a possibility of interaction of H3N+ of group of BSA (or Lysozyme) to the anionic SDS in
one side and in the other side COO- part of BSA to the positively charged PVP molecule resulting Au-BSA-CdSe and
Au-Lysozyme-CdSe hybrid [43, 44]. Fig. 1 shows the schematic figure of possible formation of Au-CdSe (Fig. 1A),
Au-BSA-CdSe and Au-Lysozyme-CdSe (Fig. 1B).

2.4. Cell culture, fluorescent and cytotoxicity study

Breast cancer cell line MDA-MB-231 was purchased from the National Centre for Cell Science (NCCS), Pune,
India. MDA-MB-231 cells were cultured in L-15 medium (Leibovitz) (HiMedia, Mumbai, India) containing 10% fetal
bovine serum, 100 U/mL penicillin and 100 mg/mL streptomycin. The cells were washed with phosphate buffer solu-
tion (PBS) and harvested with 0.25% trypsin–EDTA solution and seeded at densities of 2×104 cells/well onto cover
glasses placed inside a 6-well tissue culture plate. Cells were treated with 25 µg/mL QDs, Au-QD and Au-protein-QD
complexes separately for 24 h. After this treatment, the cells were washed twice with 1X PBS to remove the unat-
tached cells and then 10 µL of cell suspension were taken into slides and observed in a fluorescence microscope. The
CdSe QDs and its different complexes were used as cancer cell probes by using fluorescent a microscope (Model:
LeicaDM300, USA) equipped with a cooled color CCD camera (Model DP71) with 40× objectives. QD fluorescence
was detected using band-pass (BP) excitation and emission filters.

In vitro cytotoxicity of QDs, Au-protein-QD complexes was assessed using a standard MTT (3-(4,5-dimethyl-2-
thiazolyl)-2,5- diphenyl-2-H-tetrazoliumbromide) assay with cell lines (MDA-MB231 cells) 2×103 cells were seeded
in a 96-well plate and treated with increasing concentrations 5, 10 and 25 µg/mL of QDs, Au-protein-QD complexes
for 24 h at 37◦C, 5% CO2 Cytotoxicity was determined by adding 10 µL of MTT (0.5 mg/mL in PBS) to each well
and incubated for 4 h. The medium was removed and 200 µl DMSO was added to each well and after 10 min of
mechanical shaking, the optical density was measured at 570 nm in plate reader. The viability was determined in
relation to control cells cultured in drug-free media. All experiments were repeated at least three times. SEM values
were less than 10%.

2.5. Characterization Techniques

The structural characterizations of the Au NPs, CdSe QDs and Au-CdSe systems were performed by a high-
resolution transmission electron microscopy (HRTEM), (Model: JEM-2100) at NEHU working at an accelerating
voltage of 200 kV. The optical absorption study was performed by the UV–Visible absorption spectroscopy (Model:
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FIG. 1. Schematic diagram of formation of (A) PVA capped Au NP and SDS coated CdSe QD
complex (B) Au-BSA-CdSe (or Au-Lysozyme-CdSe) hybrid system

MS-11-UV-1800, Shimadzu Corporation), whereas photoluminescence (PL) spectra were obtained by using a spec-
trofluorometer (FluoroMax-4CL, HORIBA Scientific). The zeta potential was measured using a Malvern Zetasizer
(Model: Nano ZS). Furthermore, IR-active vibrational features were assessed through Fourier transform infrared (FT-
IR) (Model: NicoletImpact-410) studies. The QDs were used as cancer cell probe by using fluorescent microscope
(Model: Leica DM300, USA).

3. Results and Discussions

We discuss below the analysis of PVP-capped Au NPs, SDS-coated CdSeQD, Au-CdSe, Au-Protein-CdSe com-
plexes characterized by different techniques.

3.1. Morphological analysis through transmission electron microscopy studies

The HRTEM images of the as-synthesized PVP capped Au NPs, CdSe-SDS QDs, and Au-CdSe metallic semi-
conductor hybrid system are shown in Fig. 2A, 2B and 2C respectively. The Au NPs are found to be fairly hexagonal
in shape and each particle are isolated from each other (Fig. 2A(i)). The magnified image of a Au NP is shown in the
inset of Fig. 2A(i). Whereas, the obtained CdSe-QDs (Fig. 2B(i)) and Au–CdSe (Fig. 2C(i)) NP-QD systems were
nearly spherical in shape. The average size (D) of the Au NPs, CdSe-QDs and Au-CdSe were predicted to be ∼2 nm,
∼4.68 nm and 3.8 nm; respectively as obtained from the size distribution histogram (Insets Fig. 2A(i), 2B(i), 2C(i)).
The SAED patterns revealed the polycrystalline nature of Au NPs (Fig. 2A,(ii)) [45], CdSe QDs (Fig. 2B,(ii)) [46]
and Au-CdSe (Fig. 2C,(ii)) complex. The SAED pattern of Au NPs clearly indicates the growth of lattice planes along
(111), (200) and (220) directions with interplanar distance of ∼0.23, ∼0.20, ∼0.14 nm; respectively. The fast Fourier
transform (FFT) of a selected part was taken to measure the lattice plane distances with increased accuracy. Conse-
quently, it signified the lattice plane distance of 0.23 nm having growth along the (111) direction (upper left inset of
Fig. 2A, (ii)). The value of di of Au NPs resembled the value for the bulk Au system. A magnified, well- resolved
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TABLE 1. Values of Zeta potentials

Sample Zeta potential (mV)
Au NPs −13.2

CdSe-SDS QDs −54

Au NPs-CdSe QDs −16.9

Au NPs-BSA-CdSe QDs −16.7

Au NPs-Lysozyme-CdSe QDs −9.7

lattice planes of a single Au-NP has been shown as in lower right corner of the Figure. In the case of an isolated
CdSe-SDS QD, the FFT image (upper left inset of Fig. 2B, (ii))) highlight the distinct diffraction spot corresponding
to (101) plane with an inter-planar spacing (di) of ∼0.35 nm. For the composite Au-QD system, the SAED pattern
(Fig.2C(ii)) was found to be different from that of pure Au or pure CdSe QDs system. This indicates that particles are
not the pure Au NPs or pure CdSe QDs. The first diffraction ring of the SAED pattern was predicted to be from (111)
plane of pure Au NPs, while the second is due to the diffraction from (112) plane of CdSe QDs. We have taken FFT
image and produced the intensity plot profile (IPF)[https://imagej.nih.gov/ij/docs/examples/tem/] of the inverse FFT
image considering different sections of the TEM image of a single particle to more clear visualization of interplanar
spacing in this complex. It is to be noted that the corresponding FFT and IPF of the section A (shown in Fig. 2C,(iii))
clearly indicates the di of 0.20 nm of (111) crystallographic orientation of Au NP. Whereas, the section B specifies the
presence of CdSe QDs with lattice plane direction along (102) with di of 0.26 nm. As TEM images are 2D images,
the spatial locations of the QDs in the Au NPs are impossible to identify. However, their presence as attached part in
the outer side can easily be identified. The increase of average diameter of Au NPs from ∼2 nm to ∼3.8 nm supports
this fact. Similar behavior has been observed for CdSxSe1−x/ZnS QDs in Au NPs [47].

3.2. Measurement of zeta potential

The magnitude of the zeta potential gives an indication of the potential electrostatic stability of the colloidal
system. As the zeta (ξ) potential increases (negative or positive), the repulsion between the constituent particles gets
enhanced, resulting in a more stable colloidal dispersion [48]. However, a colloidal solution with nanoparticles having
zeta potential values varying in the range of −30 to ±30 mV is generally considered to be stable [49]. In nano-
drug delivery systems, the zeta potential not only affects the stability of the colloidal system, but also it dramatically
changes their circulation in the blood stream and absorption of the NPs into the cellular membranes [50]. It is to be
noted that particles with negative zeta potential values are less cytotoxic as compared to the positive counterparts.
This is because of their rapid opsonization and hence clearance by the reticuloendothelial system (RES) in the blood
stream [50]. The positively charged NPs, on the other hand, can be cytotoxic due to their cationic charge density and
the molecular weight etc.

While studying the zeta potential (Table 1) behavior of the as synthesized NPs, it was observed that all the
systems showed negative zeta potential values (Table 1), indicating a good colloidal stability. By conjugating Au NPs
with CdSe QDs, the zeta potential values of the Au NPs were improved to −16.9 mV from −13.2 mV. A zeta potential
value of ∼ −15 mV for PVP capped Au NPs has been reported previously [51].

While conjugating BSA protein, the zeta potential of Au-CdSe complex slightly changes to −16.7 mV. On the
other hand, significant variation of Zeta potential of Au-CdSe complex occurs to −9.7 mV from −16.9 mV while
forming the Au-Lysozyme-CdSe complex. The change of the zeta potential values for Au-CdSe system with the
inclusion of BSA and Lysozyme protein, signify the efficient conjugation of the respective proteins to the NP-QD
complex. Moreover, the reduction of zeta potential value of the parent Au NPs with formation of Au-CdSe, Au-BSA-
CdSe, Au-Lysozyme-CdSe complexes signifies the enhancement of the stability of the Au NPs system.

3.3. Molecular vibrations in Au NPs, Au-CdSe NPs-QDs, and Au-BSA-CdSe, Au-Lysozyme-CdSe complex

The FTIR spectra of Au NPs, CdSe-QDs, Au-CdSe, Au-BSA-CdSe, Au-Lysozyme-CdSe complexes are shown
in Fig. 3. The common bands observed around 3411 cm−1 and 1630 cm−1 in all the spectra, reveal O-H stretching
and an O-H bending vibration of water respectively. Whereas, in the case of PVP-capped Au NPs (Fig. 3, curve, (i)),
the sharp band observed at 2122 cm−1 may correspond to the C-H bonding band of Au-PVP NPs which is red shifted
from original peak at 2900 cm−1 of pure PVP [52]. The FTIR band due to the C=O stretching band of PVP has
been observed at ∼1650 cm−1. This band is red shifted from original band at 1667 cm−1 contained in the pure PVP.
This indicates a charge transfer interaction of PVP molecules with Au surface via O-atom of pyrrolidone ring [53].
Similarly, CH2 twisting (1,230 cm−1) vibrations in the pyrrolidone ring of PVP molecules have been observed at
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FIG. 2. HR-TEM image of (A) Au NPs (B) CdSe-SDS QDs (C) Au-CdSe NPs-QDs. Particle size
distribution histogram are shown in lower right corners and single magnified particle in the upper
left corner of the Fig. 1A(i), B(i), C(i). The SAED patterns with of the NPs systems are shown in
(ii). The FFT pattern of the Fig. 1A(ii), B(ii) are shown in the upper left corner. Figure 1C(iii) shows
the FFT patterns with IPF of different parts of a Au-CdSe complex indicating fromation of CdSe
shell on the outer part of Au NPs

1192 cm−1 in PVP-capped Au NPs. Fig. 3, curve (ii) shows the FTIR spectra of SDS capped CdSe QDs. It can be
observed that, with SDS coating, the peak due to the asymmetric -CH2 stretching (νasym(-CH2)) of the SDS surfactant
can be witnessed at ∼2919 cm−1. However, the band at ∼1524 cm−1 is assigned to the scissoring mode of the SDS
surfactant, which is slightly shifted to a higher wave number position wrt 1559 cm−1 of pure SDS molecules. The
spectral region located in 1300–1400 cm−1 in SDS is characteristic of the -CH2 wagging modes. This region contains
features which are related to gauche conformations. Thus, the band observed at ∼1356 cm−1 of the CdSe-SDS QDs
can be assigned to the CH2 wagging mode. Whereas, the band corresponding to νsym (–SO−3 ) stretching mode of the
SO2−

3 group is located at ∼1207 cm−1. The observed shifting of the νsym(–SO−3 ) mode from a value of 1084 cm−1

(pure SDS) to a value of ∼1207 cm−1 (for CdSe-SDS QDs), is presumably due to an improved interaction of the
headgroups with plentiful Na+ counterions. The band observed at ∼632 cm−1 is assigned to an effaceable bending of
the Cd-Se itself. It can be anticipated that, the enhancement of interaction of the headgroups, as observed in case of
SDS-capped QDs may create a stable dispersion of the QDs in the aqueous medium, thereby resulting in the formation
of smaller sized QDs with good surface passivation [17, 54].
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FIG. 3. FTIR spectra of (i) Au NPs (ii) CdSe-QDs (iii) Au-CdSe (iv) Au-BSA-CdSe and (v) Au-
Lysozyme-CdSe hybrid system

The FTIR spectrum of Au-CdSe hybrid system can be depicted from Fig. 3, curve (iii). In this case, the band arises
due to C-H bonding of PVP in Au-PVP NPs is slightly blue shifted to ∼2360 cm−1 from the original 2122 cm−1 of
the parent Au NPs. The band corresponding to the νsym (–SO−3 ) stretching mode of the SO2−

3 group of SDS molecule
was observed at 1268 cm−1 in this case.

Fig. 3,(iv), (v) shows the FTIR spectra Au-BSA-CdSe, Au-Lysozyme-CdSe complex; respectively. In this, the
band raised due to C-H bonding of PVP can be observed at 2103 cm−1. Whereas, the band at 1654 cm−1 is due to the
C=O stretching vibration of peptide bond, while the bands at 1535 cm−1 and 1240 cm−1 are due to C-N stretching
vibration/N-H bending vibration which are called the amide II band and amide III band, respectively. The band due
to the asymmetric -CH2 stretching (νasym(-CH2)) of the SDS surfactant can be witnessed at ∼2842 cm−1. While
conjugating Lysozyme proteins to Au-CdSe NPs-QDs system, the bond due to amide I and amide II appears with
lower intensity along with the appearance of C-H bond vibration of PVP and CH2 stretching (νasym(-CH2)) related
to SDS. Note that the amide I band has a correlation with the secondary structure of the protein, whereas the amide II
is indicative of the amount of protein adsorbed on surfaces. Thus, the arisen of FTIR peaks for amine groups of BSA
in addition to the band due to PVP and SDS predicts the conjugation/absorption of BSA and Lysozyme protein to the
Au-CdSe metal-semiconductor system [55].

3.4. UV-Vis spectra of Au NPs, Au-CdSe NPs-QDs, and Au-BSA-CdSe, Au-Lysozyme-CdSe hybrid system

Fig. 4 depicts the UV-Vis absorption spectra of Au NPs, CdSe QDs, Au-CdSe NPs-QDs and different protein
conjugated systems. As can be found, Au NPs shows SPR band at ∼539 nm arising from the collective oscillation of
free conduction electrons induced by an interacting electromagnetic field. Whereas, a prominent absorption band at
∼300 nm (4.13 eV), has been observed for CdSe-SDS QDs with a blue shifting of ∼2.39 eV from the bulk value of
1.74 eV. This shows effective quantum confinement of charge carriers in the SDS capped CdSe QDs. In the Au-CdSe
hybrid system NPs, the SPR band assigned to Au NPs is observed at ∼545 nm with a red shifting of ∼5 nm from
the parent Au NPs system. Moreover, this peak is found to be broadened than the original peak in Au NPs. On the
other hand, a slight red shifting to ∼303 nm has been observed for CdSe-QDs peak in the hybrid metal semiconductor
NPs system. This broadening of the SPR peak may be due to multipolar excitations and radiative damping in hybrid
system [56]. While, the red shifting of plasmonic bands due to the conjugation to QDs suggests a strong interaction
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between the Au NPs and the CdSe QDs [57]. The covering of Au (RI:0.20) NPs core with CdSe (RI:2.5) QDs having
larger refractive index (RI) may cause the observed red-shifting of the excitonic feature [58].

FIG. 4. UV-Vis spectra of Au NPs, CdSe-QDs, Au-CdSe NPs-QDs and their different protein con-
jugated hybrid systems

Note that, with conjugation of BSA protein, the absorption spectrum shows excitonic features at wavelengths of
277 nm and 545 nm. The absorption peak at ∼277 nm is attributed to absorption feature of tryptophan molecule of
BSA. Similarly, the Lysozyme protein conjugation results in absorption maxima at ∼279 nm and at ∼544 nm. The
appearance of hump at ∼277 and 279 nm in case of Au-BSA-CdSe and Au-Lysozyme-CdSe complex can be related
to the interaction between serum albumin and AuNPs through a ground state complex formation, caused by the partial
adsorption of BSA/Lysozyme proteins on the surface of NPs. Such an adsorption leads to a partial unfolding of the
proteins due to the breaking of disulfide thus causing conformational changes [59].

3.5. PL spectra of Au-CdSe hybrid NPs/QDs, and Au-BSA-CdSe, Au-Lysozyme-CdSe complex

FIG. 5. PL spectra of CdSe-QDs, Au-CdSe NPs-QDs and their different protein conjugated hybrid systems

The PL spectra of Au NPs, CdSe QDs, Au-CdSe NPs-QDs and different protein conjugated systems are shown
in Fig. 5 (excitation wavelengths, λex = 300 for all the samples). When Au NPs form a hybrid system with CdSe-
QDs, the emission maxima intensity of the QDs showed a quenching of intensity by 20%. Similar behavior has
been observed with the formation of Au-Lysozyme-CdSe NP- protein-QD system. In this case, the intensity has been
reduced to 57% as compared to bare CdSe-SDS QDs. On the other hand, while replacing Lysozyme with BSA protein,
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a sharp decrease of PL intensity of the QDs (up to ∼15%) has been observed. In addition, a significant blue shifting of
the peak from ∼416 nm for the CdSe QDs to ∼344 nm has been observed in this system (Au-BSA-CdSe). In this case,
the blue shifting of the emission peak in Au-BSA-CdSe hybrid system may signify a change in the tertiary structure
of the BSA molecule with flexible conformation on the QDs surface by the SDS surfactant [60]. However, no blue
shifting and hence, no effect of SDS surfactant on the modification of secondary has been observed for Lysozyme
protein case. This is may be due to the highly stable behavior of the Lysozyme proteins [61].

While forming Au NPs-CdSe QDs system, a strong interaction between the plasmons of the metallic NPs and
the excitons of the semiconductor QDs can be predicted to occur from the observed luminescence quenching of the
QDs [57]. The conjugations of protein(s) with the Au NPs-CdSe QDs system(s) significantly influence the quenching
phenomena by absorption of photons with their tryptophan moieties. The quenching of fluorescence intensity of the
CdSe-QDs with conjugation of Au NPs and BSA or Lysozyme protein is due to the nonradiative energy transfer from
QDs to metallic-semiconductor Au NPs and protein conjugated Au NPs [62].

The energy transfer efficiency can be measured experimentally by using the following equation [63]:

E = 1− FDA

FD
, (1)

where FDA is the integrated fluorescence intensity of the donor (CdSe-SDS QDs) in presence of the acceptor (Au NPs/
Au-BSA/ Au-Lysozyme NPs-protein complex) and FD is the integrated fluorescence intensity of the donor alone. In
the present case, the energy transfer efficiency of the CdSe-SDS QDs to the Au NPs was 46%. The corresponding
value for the Lysozyme-conjugated Au NPs (Au-Lysozyme) was found to be 60%, whereas, for the BSA conjugated
Au NPs (Au-BSA), the transfer efficiency was 94%.

In the classical Förster energy transfer mechanism, there should be significant overlapping between acceptor
absorption spectra and donor emission spectra. In the present case(s), the overlapping can be possible by coupling of
dipole of the QDs with the dipole of the LSPR field created by the Au NPs (or Au-protein complexes) [64]. As the
LSPR is highly sensitive to the small changes in the surface environment, the coupling of CdSe QDs with the Au NPs
and Au-BSA/Lysozyme significantly regulates the QDs fluorescent emission behavior.

FIG. 6. (A) overlapping behavior (B) overlapping integral spectra between the normalized absorp-
tion spectra of Au NPs/ Au-BSA/ Au-Lysozyme complex and emission spectra of CdSe-SDS QDs

Fig. 6(A) shows the overlapping feature of the normalized absorption spectra of Au NPs/Au-BSA/Au-Lysozyme
system and emission spectra of CdSe-SDS QDs. The corresponding overlapping integral spectra are shown in Fig. 6(B).
The expression for overlapping integral is given by:

J(λ) =

∫∞
0
FD(λ)εA(λ)λ

4dλ∫∞
0
FD(λ)dλ

(2)

Here, FD(λ) is the integrated fluorescence intensity of the donor, εA is the molar extinction coefficient of the acceptor,
and λ is the wavelength in nanometers. The required values of the εA of the acceptors were calculated by using power-
law expressions for the dependence of the maximum extinction coefficient on particle diameter [65]. Whereas, the
diameter of acceptors, Au NPs, Au-BSA and Au-Lysozyme complex were obtained by using the Haiss equation [66].

The theoretically calculated values of size of the acceptors are depicted in the Table 2. The size of Au NPs
(∼1.63 nm) is found to be comparable with the average size obtained from HRTEM (∼2 nm). The calculated values
of J(λ) are obtained as 3.45×1016, 8.5×1015, 1.19×1017 M−1cm−1nm4 for independent Au-CdSe, Au-BSA-CdSe
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TABLE 2. Parameters calculated for FRET

Sample D(theoretical), (nm) εA J(λ) E d0 (Å), FRET
Au 1.63 23.56×104 3.45×1016 46 73.5

Au-Lysozyme 1.07 5.87×104 8.5×1015 60 58
Au-BSA 2.38 82×104 1.19×1017 94 90

and Au-Lysozyme-CdSe donor acceptor-pairs respectively. Thus, the overlap integral between the emission spectrum
of the QD and the extinction spectrum of the Au NPs increases as the gold particle size increases. The overlapping
integrals as well as the transfer efficiency are found to be highest in case of Au-BSA-CdSe FRET pair due to increased
spectral overlap of the plasmonic band with the luminescence band of QDs. The coupling behavior of the QDs and
the Au NPs (or Au-Protein) could be changed not only by the overlapping of the absorption spectra of Au NPs (or
Au-Protein) and emission spectra of the QDs, it is also affected by the distance between absorber (Au, Au-BSA,
Au-Lysozyme) and the emitter (CdSe QDs) [67].

To verify further the mechanism of energy transfer from the QDs to the Au NPs, we have examined the separation
distance (d0) at which the energy transfer efficiency is 50%

For FRET, d0 can be expressed as:

d0 = 0.211(k2J(λ)n−4QD)1/6. (3)

Here, k2 is the dipole orientation factor and its value is 2/3 for randomly oriented dipole, n∼1.33 is the RI of the
solvent, while QD is the quantum yield of the donor. The calculated d0 values for Au NPs, Au-BSA complex and
Au-Lysozyme complexes are calculated to be 73.5, 90, 58 Å; respectively. Here, it is important to mention that for an
ideal FRET pair, the typical Forster distance is in the range of 20–100 Å [67]. Hence, FRET can be likely to occur in
all the systems.

3.6. CdSe QDs, Au-CdSe Au-BSA-CdSe, Au-Lysozyme-CdSe systems as cancer cell probe

Fig. 7A shows a series of imaging snap-shots of MDA-MB231 cancer cell treated with QDs and its different
complex. The snapshots represent high biocompatibility and fluorescent behavior of the QDs and its complex in the
cancer cellular environment.

Using image J-1.46r software, the quantitative analysis of the fluorescent counts can be predicted presuming
complete localization of the QDs inside the cell. Fig. 7B highlights the areas of interest and selected background area
of fluorescent images, marked with encircled regions. The corrected total counts of fluorescence (CTCF) intensity
value can be calculated using the relation given by:

CTCF= Integrated density − (Area × mean fluorescent of background setting). (4)

Here, the integrated density (Int.Den.) of a fluorescent image is the sum of the values of the pixels in the selected
regions. As shown in Fig. 7B(a-d), different selected fluorescent areas are labeled as A, B, C, D.... etc. and different
selected background regions (region without fluorescence) are represented as bk1, bk2, bk3.........etc. Fig. 7C signifies
a comparative view on representative histograms of the average CTCF and average Int.Den. obtained for different
QDs system. These predict the biocompatibility and fluorescent behavior of the QDs with the treatment of cancer cell.
Moreover, the fluorescence intensity indicates the level of the internalization of QDs by cells.

Note that, the fluorescence efficiency (CTCF) of semiconductor QDs(Q) in the cancer cellular medium is dramat-
ically quenched while conjugating (AQ) with metallic Au NPs (by factor of ∼31.4). Further reduction of the intensity
of the QDs has been observed with formation of Au-Lysozyme-CdSe (AQL, by factor of ∼74) and Au-BSA-CdSe
(AQB, by factor of 400), complex. The reduction of flourescence in the cancer cell environment is strongly resem-
bled with the photoluminiscence quenching behavior as described above. Thus, the cellular uptake and bioimaging
aspects are significantly affected by the metallic-semiconductor system and its bio complex. The significantly varied
zeta potential values of the complex systems over the QDs (Table 1) is largely responsible for altering the cellular
uptake processes [68, 69]. Although the fluorescent intensity of the hybrid metal NPs-protein-QDs are found to be
reduced as compared to a CdSe-SDS QD, the former will be more favorable than the latter ones. This is because of
the higher cytotoxicity of the protein conjugated Au-CdSe systems against cancer cells relative to normal cells [70].
In presence of protein, there is elevation of reactive oxygen species (ROS) levels in cancer cells in the hybrid NP-
protein-QDs [71–73]. At low levels, ROS may play an important role in molecular signaling, regulating fundamental
biological processes such as cell viability, proliferation, migration, and differentiation. Increase of ROS levels may
result in interference with basic cellular functions, leading to DNA damage and finally cell death. By using pro-
teins in different concentrations and exposure times, the ROS elevation and hence the cancer cell death can precisely
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FIG. 7. Fluorescent imaging (using violate filter) of cancer cells with A(a) CdSe-SDS QDs (b) Au-
CdSe QDs (c) Au-Lysozyme-CdSe QDs(d) Au-BSA-CdSe QDs. The lower panel B shows selected
fluorescent and background areas of fluorescent images respectively. Histograms representing the
average value of Int.Den. and CTCF of different types QD systems is shown in C(D) cell viabil-
ity study of cancer cellswith the treatment of CdSe-SDS QDs (sample Q), Au-BSA-CdSe (sample
ABQ) and Au-Lysozyme-CdSe (ALQ) hybrid system

controlled [72]. While studying cell viability of the MDA-MB231 cancer cells (Figure 7D) with the treatment of
CdSe-SDS QDs (sample Q), Au-BSA-CdSe (sample ABQ) and Au-Lysozyme-CdSe (ALQ) hybrid system, it was
observed that cell viability decreases with the inclusion of BSA or Lysozyme proteins into protein unconjugated CdSe
QDs. For 5 µg/mL QDs, the cell viability obtained as 50%. Whereas, in the same concentration, the cell viabilities
are decreased to 42% and 48% for Lysozyme and BSA conjugated Au-QDs samples; respectively. Similarly, with
increase of concentration up to 10 µg/mL of Au-Lysozyme-QDs and Au-BSA-QDs, the cell viability decreased by the
factor of ∼1.12 and ∼1.07 as compared to protein unconjugated QDs. These factors are ∼1.04 and 1.14; respectively
for the concentration of 25µg/mL. Thus, it signifies the higher efficiency of cancer cell death by inclusion proteins in
the Au-CdSe system.

4. Conclusions

A simple colloidal route has been followed for the synthesis of Au NPs, CdSe QDs and their hybrid system (Au-
CdSe). A special emphasis was given to the conjugation of BSA and Lysozyme proteins to this metal-semiconductor
complex. HR-TEM data revealed the enhancement of average diameter of Au NPs while conjugating with CdSe QDs
from 2 nm to ∼3.8 nm. Moreover, considering different sections and their corresponding FFT and IPF of HRTEM
image of Au-CdSe hybrid, the presence of CdSe QDs as outer shell of Au NPs can be predicted. The zeta poten-
tial measurement signifies the enhancement of stability of Au NPs while forming Au-CdSe, Au-BSA-CdSeandAu-
Lysozyme-CdSe hybrid system. Multipolar excitations and radiative damping along with strong interaction between
plasmons of Au NPs and excitons of CdSe QDs in hybrid Au-CdSe system may cause the appearance of red shifted
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and broadened absorption peaks at ∼545 nm and ∼303 nm as compared to parent Au and CdSe QDs. Photolumi-
nescence study shows significant reduction of peak maxima intensity of CdSe QDs while conjugating with Au NPs
and Au-BSA or Au-Lysozyme complex. There is expected to occur high probability of FRET phenomenon in be-
tween the donor CdSE-SDS QDs and acceptor(s) Au-PVP NPs (or Au-BSA, Au-Lysozyme). The energy transfer
efficiency from acceptor to donor was found to be as high as 94% for the FRET pair CdSe and Au-BSA. From the
fluorescence microscopy imaging data, it can be observed that, the synthesized QDs and its complex with Au NPs and
Au-BSA/Lysozyme are highly biocompatible with a high fluorescent contrast in cancer cell environment. The signifi-
cantly varied zeta potential values of the complex systems over the QDs influenced the cellular uptake processes.

Acknowledgement

The author R Sarma thanks DBT-New Delhi for financial support under DBT-RA scheme, Material Science Di-
vision, CSIR-NEIST, Jorhat for providing me nanoparticle synthetic lab facility and UV-Vis, Zeta potential mea-
surement. The authors gratefully acknowledge Analytical Chemistry Group, CSIR-NEIST for FTIR data, SAIF,
NEHU, Shillong for HR-TEM measurements, Department of Physics-IIT Guwahati for PL study and Dr. Manash
Jyoti Kashyap for providing important inputs in restructuring and editing the manuscript extensively.

5. Conflict of interest

On behalf of all authors, the corresponding author states that there is no conflict of interest.

References
[1] Wild C.P. Cancer control: a reminder of the need for a balanced approach between prevention and treatment, 2014.
[2] Yang C., et al. Gold nanoparticle mediated combined cancer therapy. Cancer Nanotechnology, 2018, 9(1), P. 4.
[3] Hartshorn C.M., et al. Nanotechnology Strategies To Advance Outcomes in Clinical Cancer Care. ACS Nano, 2018, 12(1), P. 24–43.
[4] Grodzinski P., et al. Integrating Nanotechnology into Cancer Care. ACS Nano, 2019, 13(7), P. 7370–7376.
[5] Vines J.B., et al. Gold Nanoparticles for Photothermal Cancer Therapy. Frontiers in Chemistry, 2019, 7(167).
[6] Singh P., et al. Gold Nanoparticles in Diagnostics and Therapeutics for Human Cancer. International journal of molecular sciences, 2018,

19(7), P. 1979.
[7] Riley R.S., Day E.S. Gold nanoparticle-mediated photothermal therapy: applications and opportunities for multimodal cancer treatment. Wiley

interdisciplinary reviews. Nanomedicine and nanobiotechnology, 2017, 9(4), P. 10.
[8] Xiao W., et al. Normalizing Tumor Vessels To Increase the Enzyme-Induced Retention and Targeting of Gold Nanoparticle for Breast Cancer

Imaging and Treatment. Molecular Pharmaceutics, 2017, 14(10), P. 34890–3498.
[9] Lara-Cruz C., et al. Gold nanoparticle uptake is enhanced by estradiol in MCF-7 breast cancer cells. International journal of nanomedicine,

2019, 14, P. 2705–2718.
[10] Hoshyar R., et al. A novel green one-step synthesis of gold nanoparticles using crocin and their anti-cancer activities. Journal of Photochem-

istry and Photobiology B: Biology, 2016, 159, P. 237–242.
[11] Connor E.E., et al. Gold nanoparticles are taken up by human cells but do not cause acute cytotoxicity. Small, 2005, 1(3), P. 325–327.
[12] Dimitri A., et al. Semiconductor nanostructures in biological applications. Journal of Physics: Condensed Matter, 2005, 17(26), P. R637.
[13] Sarma R., et al. Physical and biophysical assessment of highly fluorescent, magnetic quantum dots of a wurtzite-phase manganese selenide

system. Nanotechnology, 2014, 25(27), P. 275101.
[14] Chu M., et al. The therapeutic efficacy of CdTe and CdSe quantum dots for photothermal cancer therapy. Biomaterials, 2012, 33(29), P. 7071–

7083.
[15] Zayed J., Philippe S. Acute oral and inhalation toxicities in rats with cadmium telluride. International journal of toxicology, 2009, 28(4),

P. 259–265.
[16] Hardman R. A toxicologic review of quantum dots: toxicity depends on physicochemical and environmental factors. Environmental health

perspectives, 2006, 114(2), P. 165–172.
[17] Sarma R., Mohanta D. Luminescence and bio-imaging response of thio-glycolic acid (TGA) and sodium dodecyl sulfate (SDS)-coated fluo-

rescent cadmium selenide quantum dots. Journal of Luminescence, 2015, 161, P. 395–402.
[18] Chen F., Gerion D. Fluorescent CdSe/ZnS Nanocrystal-Peptide Conjugates for Long-term, Nontoxic Imaging and Nuclear Targeting in Living

Cells. Nano Letters, 2004, 4(10), P. 1827–1832.
[19] Guo G., et al. Probing the cytotoxicity of CdSe quantum dots with surface modification. Materials Letters, 2007, 61(8), P. 1641–1644.
[20] Achermann M. Exciton-Plasmon Interactions in Metal-Semiconductor Nanostructures. The Journal of Physical Chemistry Letters, 2010,

1(19), P. 2837–2843.
[21] Feng A.L., et al. Distance-dependent plasmon-enhanced fluorescence of upconversion nanoparticles using polyelectrolyte multilayers as tun-

able spacers. Scientific reports, 2015, 5.
[22] Govorov A.O., Lee J., and Kotov N.A. Theory of plasmon-enhanced Förster energy transfer in optically excited semiconductor and metal

nanoparticles. Physical Review B, 2007, 76(12), P. 125308.
[23] Fedutik Y., et al. Exciton-plasmon-photon conversion in plasmonic nanostructures. Physical review letters, 2007, 99(13), P. 136802.
[24] Medintz I.L., et al. Proteolytic activity monitored by fluorescence resonance energy transfer through quantum-dot–peptide conjugates. Nature

materials, 2006, 5(7), P. 581–589.
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