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Abstract: A highly sensitive biosensing platform comprised of CdSe-ZnO core–shell nanostructures
for targeted applications in protein detection is demonstrated. This innovative technique uses a
microwave-assisted thermal decomposition method to produce a rapid, less hazardous, and userfriendly procedure to synthesize a semiconductor core surrounded by nanometer-thick metal oxide
shells. The benefit of using a metal oxide shell includes mitigating the toxicity of the CdSe core, thus
increasing its biocompatibility and minimizing its photochemical corrosion and oxidation. We present
a simple one-pot microwave-assisted protocol for the formation of CdSe-ZnO core–shell quantum
dots (QDs). These QDs optimize the recognition limit of bovine serum albumin (BSA) protein through
a spectral signal at a considerably low concentration (2.5 × 10−6 M), thus demonstrating its potential
to become a highly effective surface-plasmon-enhanced Raman spectroscopy (SERS)-like sensing
platform. We report a QD material that can mimic a strong SERS-like behavior due to charge transfer
affecting the local electric field.
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1. Introduction
Due to the limited number of non-invasive detection methods currently available, it
is essential to develop more reliable, non-invasive diagnostic systems with applications
in pre-screening biomolecular detection. Currently, invasive procedures used to detect
analytes can cause pain, discomfort, stress, and false positives. In addition to the adverse
effects on health, the procedures are also time-intensive and cost-ineffective. Thus, there
is a critical need for non-invasive diagnostics that are both accurate and quick. The development of a non-invasive method could potentially replace expensive conventional
methods such as blood testing and biopsies. The core–shell structure described in this
work offers a quick, invasive detection method, similar to nanotechnology-based devices
such as a lab-on-a-chip [1]. This work focuses on the study of semiconductor nanocrystals/nanoparticles, which are known as quantum dots (QDs). Nanoparticles, specifically
QDs, have unique optical properties that provide a strong platform for biological imaging,
visual aids, and biosensing [2]. QDs are semiconducting nanoparticles that have quantumconfined holes and electrons that produce properties such as broad absorption bands,
narrow emission bands, size-tunable emission, and extreme brightness [3]. Unlike other
fluorescent molecules or fluorophores, QDs have sharper photoluminescence (PL) peaks,
brighter fluorescence, and are more resistant to chemical degradation [4].
These unique optical properties of QDs allow them to be used for LEDs, drug delivery,
and electronic and optoelectronic devices [5,6]. Although QDs have bright fluorescence
and band gap tunability, they are quite toxic and oxidize easily. These limitations are
compounded by their high surface-to-volume ratio, which decreases their quantum yield
due to increased surface defects [2,7]. The most common method to prevent surface defects
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and enhance photostability is the synthesis of a metal oxide or semiconductor shell to surround the core. CdSe and ZnO were chosen as the core and metal oxide shell, respectively,
because CdSe has good stability and high luminescence, whereas ZnO is biocompatible
with a similar lattice structure to CdSe [5,8]. An et al. have shown shells of ZnO that can be
successfully deposited by using a time-consuming and hazardous methodology [9]. We
have improved on this process by using an alternative, high temperature, and quicker
deposition method using a one-pot synthesis in the microwave. Furthermore, the detection
limit of analytes has dramatically increased as a result of this new microwave-assisted
method by fabricating a CdSe-ZnO core–shell nanosystem. This was demonstrated by
using the protein (bovine serum albumin) BSA, which is one of the most abundant proteins
found in the circulatory system and heavily contributes to osmotic blood pressure [10].
Raman spectroscopy has been a standard tool for the detection of biomolecules,
including clinical settings [8]. However, due to the interference of fluorescence and the low
detection limit of biomolecules, difficulty exists in identifying the proper structure of the
analytes in the Raman spectra [11]. Thus, there is much room for improvement increasing
the Raman signal by enhancing the detection limit of biomolecules using nanoparticles. The
field of nanoparticles is a heavily researched topic due to their potential of high selectivity
and sensitivity detection that can be achieved by taking advantage of a phenomenon called
surface plasmon resonance (SPR) and localized SPR [12]. SPR can be used to enhance the
detection of protein because it increases the surface sensitivity and enhancement factor,
since each protein has a distinctive surface energy. Hence, the surface-enhanced Raman
spectra (SERs) would allow the identification of analytes in the fingerprint region more
effectively even at low concentrations, which has already been shown to enhance weak
Raman signals as well as decrease the background noise of fluorescence [13–18]. Generally,
SERs are observed in the presence of noble metals (Au, Ag, and Cu) or alkali metal (Na, Li,
and K) surfaces with the excitation wavelength near the visible region [19,20]. However,
other semiconducting materials have been proven to show Raman enhancement such as
InAs/GaAs quantum dots, CuTe nanocrystals, CuO nanospheres, and TiO2 nanostructures
in which charge transfer at the semiconductor–analyte interface plays a major role in
Raman scattering enhancement [20–26].
In this study, we discuss an improved microwave-assisted approach for synthesizing
CdSe-ZnO core–shell QDs, which led to their increased sensitivity for biosensing that was
demonstrated by using a specific interaction between a protein and its aptamer. Additionally, our results further indicated Raman enhancement in semiconducting materials by
protein attachment to a metal oxide shell (ZnO) with CdSe core showing strong SERs-like
behavior through Forster energy transfer (FRET) to ZnO from CdSe QDs. This suggests the
possibility of using this platform as a sensing device for both biomedical as well as other
thin film-based sensor applications.
2. Materials and Methods
The CdSe QDs were prepared by using a one-pot procedure in the microwave. In this
synthesis, the selenium precursor was prepared by adding 0.03 g of selenium powder to 5
mL of 1-octadecene (ODE) and 400 µL of trioctylphosphine (TOP). In a microwave glass
vial, 10 mL of ODE and 600 µL of oleic acid (OA) were added, and the vial was sealed.
Then, the sealed glass vial was transferred to the glove box where 1 mL of the selenium
precursor and 0.013 g cadmium oxide (CdO) were added. Then, the sealed glass vial was
removed from the glove box and transferred into the microwave (Anton Paar monowave
300, Anton Paar, Graz, Austria) where the nanocrystals were grown at 225 ◦ C for 3 min.
During the 3 min synthesis, 2 mL aliquots were taken every 30 s until the reaction was
complete. The two-minute CdSe aliquot was used for ZnO shelling due to its highest
concentration determined from photoluminescence.
The CdSe-ZnO core–shell nanocrystals were produced by the modifying method and
calculations used by Nguyen et al. via a one–pot synthesis protocol in the microwave [6].
The 0.1 M ZnO precursor was prepared by adding 246 mg zinc acteylacetonate ((acac)2 ),
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The optical absorption of the core–shell material was recorded using a Perkin Elmer
methanol. To complete the silanization process, the substrate was allowed naturally to dry.
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microscope (TEM) as well as a Rigaku Dmax 2200 X-ray diffractometer (Rigaku, Tokyo,
Japan). The Raman spectra were acquired using a Horiba LabRam Confocal HR Evolution
micro-Raman system (Horiba, Kyoto, Japan) with a 785 nm laser.
3. Results and Discussions

Figure 1 displays the schematic of the CdSe/ZnO core–shell nanostructure synthesis
with 1 monolayer (ML) to 4 MLs of ZnO shelling. The UV−VIS absorbance spectra of the
CdSe QDs are shown in Figure 2A. In order to evaluate the CdSe QDs microwave-assisted
synthesis method, the absorbance spectra were monitored as a function of the reaction
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time. After thirty seconds of allowed reaction time, the first aliquot was removed, and the
resulting absorbance spectrum was acquired, displaying a peak wavelength at 494 nm
(Figure 2A and Figure 3). As the reaction continued, subsequent aliquots were removed
at thirty second intervals to produce a range of CdSe QDs with absorbance peak wavelengths ranging from 504 to 527 nm, which are represented in Figure 3. In all cases, as the
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peak
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andaliquots
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A very similar trend is also observed in the photoluminescence of the aliquots. Figure 2B
shows a monotonic red shift of the optical emission of the QDs as a function of their size
due to extended reactions times, where photoluminescence peak wavelengths range from
552 to 578 nm and are represented in Figure 2B. The two-minute CdSe aliquot was used for
ZnO shelling due to having the highest concentration determined by photoluminescence.
The emission and absorption of color range with varying QDs size under white light and
(E) UV light (365 nm) is shown in Figure 2C,D.
To further study the core–shell synthesis of CdSe-ZnO, the absorbance and photoluminescence spectra were monitored as a function of the ZnO shell monolayer thickness
(Figure 4A,B) using the two-minute CdSe core aliquot. There is a monotonic red-shifting
Figure 4. UV-VIS and PL characterizations of the CdSe-ZnO core–shell systems. (A) The normalized absorbance spectra
and (B) the normalized photoluminescence spectra of the core–shell CdSe-ZnO with 1, 2, 3, and 4 MLs of ZnO. (C) Photographs of the CdSe core and the respective CdSe-ZnO solutions under white light and (D) UV light (365 nm) in consecutive
order of ZnO MLs from left to right.
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photoluminescence range of 450–550 nm. The photoluminescence spectra of ZnO nanoparticles have characteristically displayed exciton emission approximately between 350 and
380 nm with some trap emission between 450 and 550 nm [5]. Consequently, the lattice mismatch between CdSe and ZnO can also attribute to the increase of full-width half-maxima
(FWHM) due to the strain on the CdSe core upon the addition of ZnO shell thickness.
Table 1. Peak absorbance and photoluminescence wavelengths along with average particle sizes for
the CdSe core (0 ML of ZnO) and CdSe-ZnO core–shell nanoparticles.
Number of ZnO
Monolayers

Absorbance
Wavelength (nm)

Photoluminescence
Wavelength (nm)

Average Particle
Size (nm)

0

520

571

2.57

1

537

572

2.80

2

548

581

3.00

3

554

583

3.12

4

561

589

3.29

The photoluminescence spectra of the core–shell CdSe-ZnO systems also revealed
a strong enhancement and consistent red shifting of the CdSe QDs with increasing shell
thickness. The core–shell CdSe-ZnO system with four MLs of ZnO displayed the highest
intensity (see Figure S2). The strong enhancement and red shift indicate effective surface
passivation of the core and an increased particle size upon the addition of ZnO MLS. The
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red shifting also confirms the lack of oxidation or reduction in the CdSe-ZnO system,
which is normally exhibited in the CdSe-ZnS systems [27]. This clearly exhibits that the
Nanomanufacturing 2021, 1, FOR PEER REVIEW
7
core CdSe QDs are intact. Therefore, further release of Cd and Se to the particle surface
is not evident in the core–shell CdSe-ZnO, mitigating the toxicity of this QD system and
indicating better photostability than CdSe-ZnS. ZnS, a chalcogenide, is very susceptible to
showed similar Raman peaks, the CdSe-ZnO-4 MLs system displayed the highest Raman
photoanodic oxidation, which can cause the shell layer to degrade. In addition, CdSe-ZnS
intensity, and therefore, it was used for the biosensing platform in this study. The Raman
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(seeofFigure
5). aYu
et al. have of
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−4 M was used as a control (baseline) to thoroughly characterize the core–shell QDs
×
10
calculations of CdSe nanocrystal size by using empirical fitting functions [18]:
and its viability as a SERS sensor. Figure 6B shows that this BSA control has only four
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−3Figure
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D = (1.6122
× 10
λ4 −
(2.6575
10−very
+ (1.6242
× 10
) λ2 −7).
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that the
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ing biomolecules. Using the core–shell QD system attached to the silicon substrate, we see
where D (nm) is the size of a given nanocrystal sample and λ (nm) is the wavelength of the
an increase in the peak intensities observed in the control, as well as an increase in the
firsttotal
excitonic
peak to
[18].
numberabsorption
of peaks specific
the biological molecule, BSA.

5. TEM images of the core CdSe, and the CdSe-ZnO core–shell systems. (A) CdSe core, and CdSe-ZnO core–shells
FigureFigure
5. TEM
images of the core CdSe, and the CdSe-ZnO core–shell systems. (A) CdSe core, and CdSe-ZnO core–shells
with (B) one ML, (C) two MLs, (D) three MLs, (E) four MLs, and (F) five MLs of ZnO with corresponding high-resolution
with (B)
one ML,
(C)Atwo
MLs,
(D) three
MLs, (E)
fourforMLs,
andshows
(F) five
of ZnO with
corresponding
images
(insets).
typical
electron
diffraction
image
the QDs
theMLs
polycrystalline
hexagonal
structureshigh-resolution
with preimagesferred
(insets).
A typical
electron
orientations
(inset
in A). diffraction image for the QDs shows the polycrystalline hexagonal structures with
preferred orientations (inset in A).

The successful core–shell synthesis is further supported by the real-space TEM images
of the CdSe core and CdSe-ZnO core–shells shown in Figure 5. The QDs become larger
in size with each additional ZnO layer, which corroborates to the red shift observed in
Figures 2 and 4. Electron diffraction images (inset of Figure 5A) showed a polycrystalline
hexagonal structure with preferred orientations, as expected for both CdSe and ZnO, which
were also observed from powder X-ray diffractometer (XRD) θ–2θ scans (not shown). Upon
the addition of four MLs of ZnO (Figure 5E), the quantum dots have a clearly defined
spherical shape, whereas CdSe coated with the five MLs of ZnO (Figure 5F) displays the
expected tetrahedral morphology due to free wurtzite ZnO particles [5]. It is noted that the
absolute intensity decreases slightly with the increase of ZnO monolayers.
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Raman spectroscopy was used to study the core–shell system of CdSe-ZnO QDs,
since it is a standard tool to detect biomolecules. The Raman spectra of the CdSe-ZnO-4
MLs QDs on a silicon substrate are shown in Figure 6A. Although all CdSe-ZnO samples
showed similar Raman peaks, the CdSe-ZnO-4 MLs system displayed the highest Raman
intensity, and therefore, it was used for the biosensing platform in this study. The Raman
modes of CdSe and ZnO are compared to previous literature in Table 2 [29–36] and are
slightly shifted due to the shelling mechanism of the QDs [8]. For instance, the lower order
longitudinal Raman modes of CdSe (210 cm−1 and 228 cm−1 ) are weakened and in some
cases not observed due to the four MLs of ZnO. Higher-order Raman peaks of CdSe are
observed (425 and 607 cm−1 ), which represents the second-order phonon frequency and
phonon mode 3LO1, respectively (Table 2). Correspondingly, the Raman features of ZnO
are observed at 300, 360, 415, 590, and 657 cm−1 , which indicate the successful shelling of
CdSe with ZnO (Table 2). The normal Raman spectrum of BSA with a concentration of
2.5 × 10−4 M was used as a control (baseline) to thoroughly characterize the core–shell
QDs and its viability as a SERS sensor. Figure 6B shows that this BSA control has only
four identifiable peaks (940, 980, 1130, and 1244 cm−1 ) with very weak intensity (see
Figure 7). Similarly, this trend was noticed in the lower concentrations of BSA, which
included 2.5 × 10−5 M and 2.5 × 10−6 M, thus indicating that the normal Raman has
difficulties in identifying biomolecules. Using the core–shell QD system attached to the
silicon substrate,
weREVIEW
see an increase in the peak intensities observed in the control, as well8
Nanomanufacturing
2021, 1, FOR PEER
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Figure
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−4 M, as shown in Figure 7. The
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mechanism.
4

Compared to 2.5 × 10 M BSA on a CdSe/ZnO-4 MLs core–shell QD-coated silicon
substrate vs. 2.5 × 10−4 M BSA on a bare silicon substrate, the Raman intensity varies from
20,000 (a.u.) to 1000 (a.u.) under the same conditions. It is very distinct that the Raman
intensity significantly increases with the increase of BSA to 2.5 × 10−4 M, as shown in
Figure 7. The Raman intensity is enhanced by order of magnitude, which is discussed
below under the Forster energy transfer (FRET) [3,8] mechanism.
In Figure 8, we observe that utilizing our core–shell QD system successfully detected
approximately eight peaks specific to BSA as opposed to just four peaks without the
employment of our QD system. The Raman band assignment peaks of BSA without and
with the presence of the CdSe-ZnO-4 MLs core–shell system is shown in Table 3. The
corresponding BSA peaks were strongly enhanced on our biosensing platform even at
the considerable low concentration of 2.5 × 10−6 M. This enhancement can be attributed
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4. Conclusions
We have demonstrated the detection of low concentrations of BSA using a CdSeZnO biosensing platform that was formed by a novel microwave-assisted procedure. Our
experimental results prove that this procedure produces highly crystalline core–shell QDs
with varying ZnO monolayers. A monotonic red shifting was observed in the absorbance
and photoluminescence spectra of the core–shell system due to an increase in the overall
particle size upon the addition of increasing concentrations of ZnO, which directly related
to increasing MLs. The addition of the ZnO MLs could be visually seen under both white
and UV light. The addition of four MLs exhibited a clearly defined, spherical shape that
measured 3.29 nm in diameter. The uniform distribution of these QDs created hot spots in
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the spaces in between, making them ideal for SERs-like detection, which became evident
in the Raman spectra. To test the SERs-like capabilities of this platform, we optimized the
detection limit of BSA and detected concentrations as low as 2.5 × 10−6 M using Raman
spectroscopy. The intensity of the spectral signal of BSA alone was drastically enhanced
when it was on the core–shell QD platform due to efficient energy transfer from the core to
the ZnO shell. This nanoparticle core–shell system has the potential to become a highly
sensitive SERS-like substrate and has also demonstrated extended capabilities to be used
for thin film applications.
Supplementary Materials: The following are available online at https://www.mdpi.com/2673-687
X/1/1/2/s1, Figure S1: The absorption spectrum of CdSe two-minute aliquot QDs and the core–shell
CdSe-ZnO with four MLs of ZnO, Figure S2: The PL spectrum of CdSe two-minute aliquot QDs and
the core–shell CdSe-ZnO with one and four MLs of ZnO.
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