Quantum-dot-conjugated graphene oxide as an
optical tool for biosensor

Erin Jenrette, Sangram K. Pradhan, Gugu Rutherford, Jasmin Flowers, Duc Ha, and
Aswini K. Pradhan’

Center for Materials Research, Norfolk State University, 700 Park Ave., Norfolk, VA 23504, USA
*apradhan@nsu.edu

Abstract: We have demonstrated a novel platform of quantum dots (QDs)
core-shell conjugated graphene oxide (GO) biosensor for effective protein
detection. The advantage in making core shell nanostructure allows
preserving stable QDs, by improving quantum yield, and lowering the
toxicity of the core. Both QDs and GO are efficient nanoparticle systems
that can potentially be used for drug delivery, diagnosis, and biosensors
scaffolds. However, our study indicates that the conjugation between these
two nanoparticle systems makes their properties even more effective. The
change in fluorescent intensity through fluorescence resonance energy
transfer from quantum dots to GO produced a novel method for detection of
the target and allows for the optimization of the recognition limit of Bovine
serum albumin (BSA) due to efficient fluorescence resonance energy
transfer as observed through time resolved relaxation spectroscopy. It is
observed that the quenching of photoluminescence peak of QDs due to GO
shell produced an applicable strategy and could be conveniently extended
for detection of other biomolecules. We obtained significantly enhanced
spectral signal through successful conjugation of GO with CdSe/CdS core
shell, which can potentially be used for the detection of biomolecules with
high sensitivity and selectivity. Our study underlines the efficiency of QD
conjugated GO core shell in spectral detection of proteins even at very low
concentration (0.25 mmol).
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1. Introduction

Non-invasive diagnosis of a disease at an early stage is essential as a therapeutic intervention,
which is often simpler and more likely to be effective. To make this possible the detection of
biochemical changes in bodily fluids are needed, while avoiding biopsies. The best health
screening method could be the blood test because it contains thousands of biomolecules
coming as by-products from the diseased part of the organism [1-3]. Two-dimensional (2D)
graphene molecule made up of sp” hybridized carbon atoms is becoming a popular nano-
system due to its unique multifunctional properties, such as large surface area [4], high
thermal and electrical conductivity [5,6], and good stability. These properties make graphene
more promising for its application in drug delivery and many other biological applications
[7]. Since graphene has great amphiphilicity and plasmonic properties, it becomes a
prominent candidate for biosensors applications. However, a lot of research is needed to
manipulate graphene to work well with organic materials due to its zero-band gap [8].
Therefore, graphene oxide (GO) is proposed to be an alternative material. GO has oxygen-
functional groups that allow this material to be used as a medium for covalently binding to
protein molecules. This makes GO as a potential candidate for detection of biomolecules with
very low detection limits [9] and specificity. However, GO is known to be a fluorescence
quencher, limiting its effectiveness of its detection [10].

Quantum dots (QDs) have not only unique optical properties but also have a great
potential for biological imaging, visual aids, and bio-sensing [11]. However, the major
problems are that they are easily oxidized and toxic. Yet, unlike other fluorescent molecules
or fluorophores, QDs have sharper photoluminescence (PL) peaks, brighter fluorescence, and
are more resistant to chemical degradation [12]. Since, GO has very low fluorescence energy;
the QDs donate their Forster resonance energy transfer (FRET) to GO [13] as a result the
fluorescence intensity is enhanced due to the receiving of the QDs fluorescence energy by the
GO. Therefore, the detection limit of the analytes is increased, making it a better biosensor,
which is demonstrated in this study by using Bovine serum albumin (BSA) as the protein for
detection. Semiconductor CdSe/CdS materials are used as the QDs due to their good stability,
high luminescence energy, and efficient electron charge transfer [14]. Many QD-based
biosensors have been developed on the basis of FRET phenomenon [13]. Similarly, the
Raman spectroscopy analysis of bio fluids has the capability to serve as a standard tool at the
clinical level. However, these analytes in bodily fluids pose a challenge in recording Raman
spectra due to their low concentration which normally vary in the range of mmol/L to nmol/L
[2, 3]. As Raman technique is an inherently weak process, the detection of small
concentration of biochemical would need amplification of the Raman signal. One of the
promising approaches to achieve amplified signal is the surface enhanced Raman
spectroscopy (SERS) which has opened novel opportunities for chemical and biomedical
analysis. SERS is a nanotechnology based phenomenon that simultaneously removes the
fluorescence background and enhances the weak Raman signatures [15-17] several folds of
magnitude.

In this manuscript we discuss the high quenching efficiency of GO to the fluorescence of
QDs which led to high sensitivity for FRET-based bio sensing. This was further demonstrated
by combining with the specific interaction between protein and its aptamer. Similarly, QDs
conjugate GO enhanced Raman signals through SERS effect [18,19]. These results
demonstrate the extensive application possibilities of a detection platform and open new
opportunities for sensitive detection of bio-recognition events.

2. Experiment

Materials. Myristic acid (99%), 1-Octadecene (ODE, technical grade, 90%), Oleylamine
(OLA, technical grade, 70%), Oleic acid (technical grade, 90%), 1-Octanediol (98.5%), 3-
Aminopropyl triethoxysilane (APTAS, 98%), Cadmium oxide powder (CdO, 99.5% trace
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metals basis), Selenium powder (100 mesh, 99.5%), poly (sodium 4-styrenesulfonate) (PSS,
MW 70,000), dimethyl sulfide (DMSO), bovine serum albumin (BSA), sodium chloride
(NaCl, 99.5%), hydrazine (1.0M solution in tetrahydrofuran), cadmium acetate hydrate, argon
gas, nitrogen gas, 0.1M hydrochloric acid (HCI), deionized water, acetone, hexane, ethanol,
isopropyl alcohol, 0.1M butane dithiol, and acetone nitrile. All the chemicals used were
obtained from Sigma-Aldrich and were used without further purification.

Synthesis of CdSe: The quantum dots in this study are synthesized by modifying the
method of Cao et al. [20] by refluxing 0.29 myristic acid, SmL of 1-octadecene, and 0.077g of
CdO at 500 mbar until the temperature reaches 240°C [21,22] The temperature and pressure
are then reduced to 90° C and 44 mbar respectively after adding 32mL of ODE into the
reaction. The solution is allowed to sit for approximately 1 hour and then cooled at room
temperature. Next, 0.024g of the precursor selenium powder is mixed into the solution and
vacuumed for 10 minutes at 50°C. Finally, the nano-crystals are grown at raising the
temperature to 240° C for 1 hour in the presence of oleic acid, oleylamine, and ODE. The
resulting  product, an orange-red colored solution, is processed through
centrifugation/sonication six times in order to remove any impurities and the final product is
re-suspended in hexane.

Synthesis of Core shell, CdSe/CdS: The core shell of CdSe/CdS is synthesized by
modifying the successive ion layer absorption and reaction (SILAR) protocol [21]. With the
CdSe concentration being 0.08 mM, 1.13 mM of the precursor CdO is used to make the core
shell. Under vacuum, CdO is introduced into a solution with 7.5 mL of oleic acid and 30mL
of ODE for 1 hour before heating the solution to 240 °C. The solution is kept under vacuum
for 1 hour at 44 mbar before growing the core shell at 240 °C. After the CDO is completely
dissolved, the solution is kept at 80° C under nitrogen gas. The 0.1M sulfur precursor stock
solution was prepared by dissolving sulfur in ODE at 180 °C. In a separate 3-neck flask, 2mL
of OLA and 200uM CdSe are degassed under vacuum at 70 °C for 1 hour before the solution
is heated to 230 °C under nitrogen flow. Then, the CdO solution and the sulfur solution are
alternatively injected into CdSe at every ten minutes interval. The resulting product is
removed of any impurities by using the same washing procedure previously stated in the
synthesis of CdSe section. Next, 0.1M butane dithiol is prepared in acetone nitrile. The core
shell is then capped with the butane dithiol solution to improve ligand exchange.

Preparation of Graphene Oxide (GO): The graphene oxide was prepared by oxidizing
graphite following the Hummers method [23]. The GO is then coated with 88.63 mg of PSS
by reducing 8.6 mg of GO with 8.6 mL of hydrazine under reflux at 115 °C (1). The solution
is cleaned using centrifugation with 0.IM HCI. Next, the solution is degassed for
approximately 10 minutes using argon. GO-PSS is sonicated in 0.1M HCI for two hours and
then stirred for 48 hours.

Conjugation of Core Shell and Graphene Oxide: Before conjugating the core shell
(CdSe/CdS) with GO coated PSS, the graphene oxide solution pH is first adjusted to a pH of
7 using 0.1M HCI. Next, 2mL of the GO coated PSS was conjugated with 2mL of the core
shell using 0.2M of NaCl.

Characterizations. The UV-VIS spectra are recorded using a Perkin Elmer Lambda 950
UV-VIS-IR spectrophotometer. The Photoluminescence (PL) spectra are measured using
Hitachi F-7000 fluorescence spectrophotometer. The Raman spectra are measured on a
Horiba LabRam Confocal HR Evolution microRaman system with a 785 nm laser.
Transmission electron microscope (TEM) images are obtained from Hitachi 4700 TEM
system. Field emission scanning electron microscopy (FESEM) images are obtained from
Hitachi SU81010 Scanning Electron Microscope.

3. Results and discussion

Figure 1 (a-i) shows the schematic diagram for protein detection technique using FRET
mechanism. The photo-excited fluorescent energy is transferred from CdSe/CdS QDs to GO
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suffering the quenching of PL through FRET, and consequently enhancing the imaging of
biomolecules, such as BSA. Optical surface morphology studies of GO-PSS and QD-
conjugate-GO-PSS are shown in Fig. 2. During the process of functionalization of QDs with
GO-PSS, we first coated graphene oxide with PSS, which is shown in Fig. 2(a). GO-PSS
exhibits a three-dimensional network of randomly oriented plate-like structures with a
wrinkled texture and hierarchical pores with a wide size distribution. From the top-view
image, the composites have a uniform and dense surface, composed of particles with slightly
scrolled edges ranging from several tens of nanometers to several hundreds of nanometers in
the lateral dimension. This image shows evidence that the PSS is well attached and assembled
onto the graphene oxide surface. FESEM image of QD-conjugated-GO-PSS are shown in Fig.
2(b).

(d)

(c)
(b)

(a) (f)
eo— AN
Cdse cdSe/cds CdSe/CdS conjugate GO
Core-shell

i

Fig. 1. (a)-1(i) shows the schematic diagram for protein detection technique using FRET
mechanism. Figure 1(a) to 1(c) represents the image of nano-crystals of CdSe, CdSe coated
with CdS QDs and its sharp PL obtained from the core shell of CdSe/CdS QDs, respectively.
Figure 1(d) and 1(e) show the conjugation of core shell with GO as a result of quenching of the
PL peak observed due to strong absorption of GO towards the excited light source (Fig. 1(f)).
Figure 1(g) represents the distribution of core shell conjugated GO onto the Si substrate with
illumination of laser source. Fig. 1(g)-1(h) signify the photo-excited fluorescent energy that is
transferred from CdSe/CdS QDs to GO suffering from the quenching of PL through FRET,
and consequently enhancing the imaging of biomolecules, such as BSA.
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Fig. 2. (a) FESEM image of GO-PSS, (b) QD-conjugate-GO-PSS, (c) -(d) TEM images of GO-
PSS.

The FESEM image illustrates that well-defined spherical QD core shell with uniform
average particle sizes distribution of 5 nm are assembled with GO-PSS. The surface is much
rougher and distinctly enfolded with gauze-like structure and can be attributed to the covalent
linkage of QDs with GO-PSS sheet. TEM image of GO-PSS with different magnification are
shown in Fig. 2 (c¢) and 2 (d). It is seen that, GO sheet is well distributed in PSS matrix which
favors to formation of QD-conjugate-GO-PSS by the subsequent addition of QDs during
chemical process.

Figure 3 shows the TEM images of QDs core shell, Graphene oxide and of QD conjugated
GO-PSS for different magnification. From TEM image it is seen that the QDs core shell are
spherical in shape and uniformly distributed on the surface. Similarly, TEM image of
Graphene oxide is highly electron transparent even in comparison to the thin-film of carbon.
However, the contrast dark image shows the overlapping of few layers of graphene oxide
sheet. Furthermore TEM (Fig. 3 (c) and 3 (d)) images with different magnification provided
direct evidence for the well-assembled QDs and the conjugation of the QDs conjugate-GO-
PSS. The HRTEM image clearly showed well-defined individual CdSe/CdS QDs (Fig. 3(d)),
in the GO-PSS matrix. Moreover, the average size of individual CdSe/CdS QDs was
estimated to be 4-5 nm.
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Fig. 3. (a) TEM image of CdSe/CdS (Inset shows high magnification), (b) TEM image of QD
conjugated GO-PSS, (¢) TEM image of QD conjugated GO-PSS, (d) TEM image of QD
conjugated GO-PSS 5nm magnification.

—— CdSe «= Core Shell
— CdSe/Cds conjugated Go-PSS

Cdse. CdSGIIS NSGMQ

2.5+

2.0
1.54

1.0

Absorbance (a.u)

0.5

0.0 . . ; (b)
450 500 550 600 650 400 500 600
Wavelength (nm) Wavelength (nm)

700

Fig. 4. The UV-VIS absorption Spectra of CdSe, CdSe-CdS and core shell conjugated GO-
PSS. Insertion: photograph of respective solution.

The UV-VIS absorption spectra were also used to characterize the formation of CdSe
QDs, core shell (CdSe/CdS) and the QD conjugated GO -PSS are shown in Fig. 4. The CdSe
QDs and CdSe/CdS core shell displayed well-resolved maxima in absorption peak at about
537nm and 555nm, respectively, indicating a sufficiently narrow size distribution of the QDs.
The result was also confirmed by the PL spectra. The observed darker reddish color in the
CdSe/CdS core shell solution as compared to CdSe solution indicates the successful coating
of CdSe QDs by CdS. As a result, its absorption peak is shifted towards higher wavelength
region (red shift), representing a larger particle size besides a well-assembled core shell.
However, the appearance of broad absorption peak after modification of the core shell (core
shell-conjugated GO-PSS) decreased from 2.0 to 0.23, which provides strong evidence for
quenching of the quantum dots by GO. Furthermore, a red shift is observed from 555 nm to
560 nm, indicating a successful conjugation due to the bigger particle size.

Degree of oxidation within the chemically exploited graphene was used to isolate the
influence of the electron transfer pathway during excited state deactivation of CdSe/Cds QDs
by GO in QDs conjugate-GO-PSS composite. Since GO is an extremely good electron
acceptor, it has a strong capability to consume more electrons due to its oxidation state. This
behavior of GO is more favorable for the fluorescence quenching of CdSe/CdS core-shell as a
probe to distinguish the extent of excited state electron transfer to GO [24].
Photoluminescence spectra of CdSe, CdSe/CdS and QD conjugate-GO-PSS composite are
shown in Fig. 5. The PL spectrum of CdSe QDs shows a strong peak at 576 nm. In the
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meanwhile, the characteristic peak intensity in the PL spectrum of the core shell of CdSe/CdS
decreases and shifts towards higher wavelength (red shift) region as compared to the CdSe
QDs. However, the PL intensity of QDs conjugate-GO-PSS suppresses drastically, about 95%
of the original intensity of CdSe QDs. The shift of PL peak position of CdSe/CdS and QDs
conjugate-GO-PSS is mainly attributed to the change of the surface charge as well as charge
transfer of QDs upon GO-PSS modification [25, 26].

@) o (b)

] T ERIER m
4000 1 —— CdSe/CdS_GO

i dSe/Cds
3000 - hv

000e00ee

] kRD = kelectron
2000

P

mmé < 000000

Intensity (a.u)

T Cdse/cds

hv

(R
500 550 600 650 kNRD = kenergy + kelectror
Wavelength (nm)

Fig. 5. (a) The PL spectra of CdSe, CdSe/CdS and CdSe/CdS conjugated GO, (b) Schematic
PL spectra of core shell QDs, (c) Initial illumination of CdSe/CdS conjugated GO leads to
electron transfer from core shell conduction band to GO.

The strong interactive characteristic of GO reveal that GO serve as effective quenchers of
excited CdSe/CdS core-shell even at the smallest GO concentrations. The degree of energy
transmission between the donor (CdSe/CdS) and the acceptor GO is dependent on the
proximity as well as spectral overlap between the two compounds which most likely the
consequence of GO’s electron accepting ability combined with its highly interactive nature.
The charge transfer events between photoexcited QDs and GO can sequentially be explained
as follows. We have taken into account the example of CdS/CdSe core-shell system as one
described for CdSe QDs [27].

CdS/CdSe =h## — CdS/CdSe(e+h).. €))
CdS/CdSe(e) + GO — CdS/CdSe + GO(reduced).. 2)
CdS/CdSe(e) + GO(R) — CdSe + GO(R)(e).. 3)

The quenching of photoluminescence of QDs by GO follows the above three steps as,
reduction and electron storage and quenching by GO. The electron transfer and/or energy
transfer of the excited state of the QDs are responsible for the quenching of emission.

#246749 Received 27 Jul 2015; revised 9 Sep 2015; accepted 9 Sep 2015; published 15 Sep 2015
© 2015 OSA 21 Sep 2015 | Vol. 23, No. 19 | DOI:10.1364/0E.23.025017 | OPTICS EXPRESS 25024



CdSe/Cds (a) D (b)

Intensity (a.u)

Si peak

AR RARAE LARLE AR RARRY LALLE IRARRL) IRARRNRARRN RAREY} WAL LA AL ALY RULLLLALLS LA ARARE LARAE LAY
200 300 400 500 _(1500 700 1000 1200 1400 1600 1890 2000
Raman Shift (cm ) Raman Shift (cm™)

Fig. 6. (a) The Raman Spectra of CdSe/CdS core shell on a silicon substrate, (b) Raman
Spectra of Graphene oxide.

In the core shell of CdSe/CdS QDs, CdSe QDs with a diameter of 3.8 nm have been used
as cores for the core shell NCs. In order to study the more complicated core shell system for
the analysis of the core features, Raman spectra of the sample is taken with an excitation
wavelength of 785 nm CdSe/CdS core shell NCs as shown in Fig. 6(a). The TO mode of
CdSe QDs is not observed in core shell structures because all the core-related Raman features
have lower intensity in core shell QDs due to strong absorbance of the shell at the excitation
wavelength. The Raman band for CdSe QDs with the core shifts to higher frequency due to
capping by CdS shell. It is recognized to the scattering of CdSe longitudinal optic phonons;
the peak at 228.8 cm™' is noticeable as LO. In addition to the first-order Raman line, the high-
order Raman peaks are also observed showing a difference mode: 2LO1, the second-order
phonon frequency of CdSe around 425cm™" and also the overtones of the longitudinal optical
phonon around 611 cm™ (3LO1). Similarly, the frequency of the Raman active LO phonon in
CdS is shifted down to 300 cm™ from 305 cm™ as compare to its bulk counterpart [28]
represents the thin layer of superlattices by the combined effect of strain and phonon
confinement [29].

Figure 6(b) shows the Raman spectra in the region 1100-1800 cm™' for GO. As expected,
GO shows a broadened and blue-shifted G band at 1590 cm™" and a broad, intense peak at
1330 cm™', the disorder-induced D band. The blue-shifted, broadened G band and intense D
band are consistent with previous Raman investigations of GO [30] and are indicative of the
severe disruption or disorder induced into the sp® carbon lattice by the oxidative synthesis of
GO.

Raman spectroscopy is an essential tool for the structure determination of the
biomolecules. The effects of fluorescence and lower sensitivity on the normal Raman spectra
of these molecules make more difficulties to identify the proper structure which led to the
extension of research in more appropriate way to enhance the Raman signal. Hence, surface
enhanced Raman scattering (SERS) effect favor to recognize the fingerprint of different
biomolecules more efficiently. Albumin is the most abundant protein in the circulatory
system and contributes 80% to colloid osmotic blood pressure. The Raman spectra of BSA on
core shell in the spectral range of 6001700 cm™ are presented in Fig. 7. The spectral region
between 1200 and 1300 cm™ is poorly represented, indicating the dominant presence of a-
helix content. The secondary structure of BSA (a helix, b-pleated sheet, and random coil) is
observed in the Raman spectra through the contribution of strong amide I band (1656 cm™)
and weak amide III band (1270 cm™") [31-34]. Similarly, bands at 1007, 1027, and 1604 cm™
are corresponding to the phenyl stretching mode shown in the Raman spectra, indicates the
aromatic amino acid residues. The scissoring modes of CH, and CHj; are located at 1447 and
1462 cm™, respectively. Moreover, the bands from the side chains of some of the amino acids
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residues (tyrosine, tryptophan, phenylalanine, etc.) are present. Besides the common amide
bands, the supplementary disulfide bridges are characteristic for BSA [35]. The characteristic
frequencies of COS and SOS groups are present as weak—medium bands in the 600~750 cm™
spectral region.

—— Core shell conjugated GO -1mM BSA
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Fig. 7. The Raman spectra of core shell with ImM BSA, core shell conjugate GO-0.25 and
ImM BSA.

However, GO conjugate core shell BSA is strongly enhance from their corresponding
Raman spectra (Fig. 7) in both the band positions and relative intensities even at the very low
concentration of BSA (0.25mM). These differences could have at least two possible
explanations: SERS and normal Raman probably span a different portion of the protein
structure, and thus the bands of different wavenumbers and relative intensities are observed;
further, based on SERS theory [33,36], the molecules can be physisorbed or chemisorbed, the
last case being characterized through the drastic spectral change on passing from Raman to
SERS. When the chemisorption takes place, the molecule of interest together with the
nanometric surface builds a socalled “Core shell conjugate graphene oxide—molecule SERS
complex” where a charge transfer contribution to the total enhancement mechanism [36] is
present. The amide I bands corresponding to the a-helix, b-sheet, and random coil
conformations occur in the 1640-1658, 1665-1680, and 1660-1666 cm™ ranges [37],
respectively. On the other hand, the amide III band positions of these conformations were
localized in the 1260-1310, 1235-1242, and 1240-1250 cm™'regions, respectively.

The QDs exhibit a variety of advantages, such as high quantum yield due to strong
photolumescence; narrow, symmetric and stable fluorescence; and size-dependent and tunable
absorption and emission. Owing to broad absorption and narrow emission spectra the QDs are
excellent donors of fluorescence for FRET. The excited state decay from photogenerated
electrons in QDs or Ncs on adjacent entities can takes place via FRET [38]. Relaxation via
this pathway does not involve electron transfer and hence it is very effective to a
semiconductor NCs and GO composite system designed for improved electron transfer. The
FRET between QDs and GO and the strong interaction between the biomolecules and GO can
be combined to develop a novel ultrasensitive and selective platform for fluorescence-
quenching detection of biomolecules. Therefore, Emission decay traces of CdSe/CdS and
CdSe/CdS-GO composites shown in Fig. 8. It is observed that, the CdSe/CdS PL lifetimes
(8.53ns) is more and nearly constant as excited state electron transfer from CdSe is very slow.
However, in case of CdSe/CdS-GO composite, the PL lifetime (0.42ns) is observed to be very
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little and approximately 20 times less than the CdSe/CdS QDs. Hence, with the electron
transfer pathway unavailable, PL lifetimes necessarily increase as energy transfer becomes
the only available route for conduction band electrons undergoing non-radiative excited state
decay. This effect is confirmed by the increasing PL lifetimes observed in core shell QDS
composites with prolonged visible light irradiation.
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- Core shell-GO life time= 0.42 ns
- Core shell life time= 8.53 ns
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Fig. 8. Photoluminescence lifetimes of Core shell and Core shell conjugated GO .
4. Conclusion

We have demonstrated the detection of low concentrations of protein using core shell
conjugated graphene oxide as a new biosensor. Our experimental results are evidence of the
fact that GO is the most powerful acceptor of QDs FRET donors. The demonstrated
properties can be of exceptional importance for several kinds of applications in nano-
biotechnology. The Raman spectroscopy data demonstrated that the QDs -GO conjugation
can detect low concentration of BSA at a higher intensity compared to BSA on a silicon
substrate. The data suggests that this novel dual nanoparticle system integrates the advantages
of both QDs and GO and demonstrates a very promising future for not only detecting proteins
but also being functionalized for selectivity for specific biomolecules with a low detection
limit. With the high fluorescence energy of QDs being used as a donor for GO, only low
concentrations of QDs and GO are needed for an efficient bio-sensing. The application of
such GO based QD-FRET quenching platforms may bring new advantages in the analytical
performance of future bio-sensing systems beside opening the door to the design of novel
sensing strategies with interest for diagnostics, safety and security, environmental and other
industrial applications. The QDs fluorescence quenching by GO may open unprecedented
imaging flexibility and become a general tool for characterizing graphene based materials for
several other applications. It can also be extended to several other fluorescent materials with
interest for optoelectronic or bio-sensing applications.
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