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Abstract

Nanoscience and nanobiotechnology have aroused great academic and technological
interest. Works relating biomaterials at the nanoscale can reach new biotechnologies
and help in the development and use of tools for bioimage and diagnosis applications.
In this work we demonstrated the advantages of magic sized quantum dots as lumi-
nescent markers and probes to bioimage applications. The visualization of MSQDs bio-
conjugated with biological probes in cells were performed at periods greater than 2 h,
and visualization with no commercial dye would not be possible. Therefore, we dem-
onstrated that theses biocompatible nanocrystals are luminescent markers and probes
to diagnosis.

Keywords: nanocrystals, biocompatibility, luminescence, bioconjugation, probes

1. Introduction

Nanotechnology in life sciences has as one of its objectives to diagnose diseases in a pre-
cise, fast and effective way, offering improvements to the existing diagnostic methods. In
this sense, several nanomaterials have been studied and developed to benefit the biomedical
technologies.
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One of the nanomaterials with high potential for application in nanomedicine is the quantum
dot, which is a semiconductor nanoparticle. This nanoparticle is a promising material for the
diagnosis and understanding of cell biology, being used both for image generation and for
detection of signals through [1-3].

Measures based on fluorescence have biochemical specificity and high sensitivity. There is
considerable interest in the use of quantum dots as inorganic fluorophores because they have
significant advantages over conventionally used fluorescent markers. For this, it is necessary
that these nanoparticles are biocompatible so that they are conjugated properly to biological
molecules, by means of bioconjugation techniques [4-7].

In cell biology it has been a practice to use fluorescent labels such as organic dyes, coordinat-
ing compounds of lanthanide ions and recombinant fluorescent proteins [8-12]. Organic fluo-
rophores are used as molecular markers to identify structural compartments, molecules, or
organelles. These fluorophores can be linked (conjugated) to the target directly or indirectly
through conjugation with antibodies and other molecules that bind secondarily to the tar-
get. The fluorophore DAPI (4'6-diamidino-2-phenylindole), for example, has affinity for DNA
molecules, and is commonly employed for labeling in cell nuclei.

Although they are widely used in the labeling of cellular structures, tissues and organisms, some
limitations of these fluorophores should be considered. An irreversible photochemical reaction
common to fluorophores is the photobleaching or photodegradation caused by the photochemi-
cal destruction of the fluorophore, causing them to irreversibly lose their fluorescence, either after
being excited or after a few minutes, depending on the intensity of the source of excitation [13-15].

In this way, samples stained with such dyes need to be kept in dark environments and the
microscopy section needs to be performed quickly, making it difficult to monitor a whole cel-
lular process. In addition to photodegradation, other disadvantages involved in these types of
labeling are: high toxicity and cell death using ultraviolet (UV) [16-18]. Fluorescent proteins
such as GFP (Green Fluorescent Protein) are apparently non-toxic, but may induce undesired
cellular processes, and it is a laborious technique.

Due to the disadvantages in the use of conventional fluorophores, several researches have
been directed towards the development and reproducibility in the synthesis of nanocrystals
for use in bio detection and bioimaging [19-21]. In particular, quantum dots (QDs) have been
extensively studied because they exhibit high absorption and the absorption and emission
spectra are easily controlled as a function of size, shape and crystalline phase [15, 19, 22], this
enables tuning of the emission length as well as high efficiency. Like this, multicolored images
can be obtained with the same material when it has different diameters [19, 21, 23, 24].

Unlike most conventional dyes which have a narrow absorption spectrum, the QDs have the
additional advantage that a single laser can excite luminescence at different wavelengths while
each organic dye must be excited over a long length of single wave and well defined [25-29].

The studies and applications of QDs reveal their efficacy as new luminescent probes for diag-
nostic purposes, enabling real-time acquisition of a single cell surface receptor, as well as the
development of non-invasive models for the detection of small tumors [30]. Another highlight
is the application of the QDs in living cells and tissues. Depending on the binder attached to
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the quantum dots, they can be injected into cells by the micro injection technique. Once inside
the cells, the QDs biochemical reaction [27, 31-33].

Recently, it has been shown that the magic-sized quantum dots (MSQDs) present great advan-
tages in the medical and biological area. These MSQDs are quantum dots with extremely
small sizes (<2 nm) and physical properties that are completely different from those pre-
sented by QDs [34, 35]. These MSQDs present thermodynamically stable structures, wide
luminescence range, great size stability over time, relatively narrow absorption spectra, and
heterogenic growth [36, 37]. The term magic size is related to a (magic) number of atoms in
the structure that makes MSQDs extremely stable. The wide luminescence spectrum occurs
because MSQDs have internal atomic defects [38].

The MSQDs can be important tools in the investigation of metastases and have been proposed as
vehicles for administering drugs that can initiate certain photoactivated chemical reactions due
to highly stable luminescence over time [39]. The cultures of cells marked with MSQDs continue
to maintain their functions, remaining viable for analysis for prolonged periods of time [39—42].

In this chapter we highlight the advantages of MSQDs as a biocompatible luminescent marker
and its use as a specific probe. In the biological labeling assays, we use CdSe/CdS MSQDs biocon-
jugated with Pepstatin A, BnSP-6, BthTx-II and a specific BC Fab antibody to allow its tracking
within the cell and, in addition, to verify the specificity of this treatment for breast cancer cells.

2. Magic quantum dots luminescent markers and probes

Figure 1a shows the absorption and emission spectra of CdSe/CdSe MSQDs that observed a
narrow band around 428 nm and a broad emission spectrum, respectively [41]. This broad
emission is characteristics of the MSQDs and that is of great applicability in biological pro-
cesses, enabling their visualization in different detection channels, varying from blue to red
(Figure 1a) [43]. Using the three detection filters, the fluorescence images of the MSQDs in the
cells were recorded (Figure 1b—d) [39-41].

One of the major problems of organic fluorophores besides cytotoxicity is the duration of
luminescence, making it impossible to trace and observe biological assays as a function of
time. Quantum dots present high intensity of luminescence compared to dyes and a monitor-
ing time greater than 2 h, but after this time is observed a drastic decrease of luminescence
intensity, that difficult of monitoring. This occurs because QDs interact with cellular proteins
and decrease the luminescence intensity over time [17]. However, the high stability of MSQDS
allows the highly stable luminescence, even after 36 h, (Figure 2) [39].

The fluorescence images of the CdSe MSQDs in HeLa cells after (a) 24 h and (b) 36 h are
shown in Figure 2. It is verified that even after 36 h it is possible to visualize the luminescence
of MSQDs. In Figure 2(c) it is shown that the observed luminescence is due to a set of MSQDs
and that they were constructed with the CdSe core, a thin layer of CdS and functionalized
with hydroxyl groups. These results show that the MSQDs can be used as biocompatible
luminescent markers [39].
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Figure 1. (a) Absorption and fluorescence spectra of CdSe/CdS MSQDs, (b)—(d) fluorescence images of MSQDS in cells
using the blue, green and red detection filters, respectively [39-41].

Therefore, the photostable MSQDs allow researchers to investigate the distinct cellular pro-
cess, in the form of experiments with phagocytosis and vesicles intracellular traffic [44].
Regarding in vivo experiments, stable luminescence MSQDs could be used for tumor cells
migration since the monitoring could be done for days.

It is crucial the high biocompatibility of MSQDs, in other words, they cannot be harmful to the cells.
It is well known that MSQDs have cadmium ions (Cd*) adsorbed in their superficies. The manipu-
lation of the composition and diameter of core and shell of MSQDs reduce the cellular contact with
Cd*. In this scenario, Cd** could stimulate various noxious effects as apoptosis, necrosis and DNA
damage by the induction of reactive oxygen species production. Such effects extremely change the
biology of the cells. For example, in an experiment with phagocytosis and intracellular traffic, apop-
totic cells present a deficient phagocytose process which can infer misunderstand able results [39].

To investigate the true cause of the cytotoxic effect of cadmium chalcogenides QDs, we syn-
thesized CdSe MSQDs with different amounts of Cd?* adsorbed on their surface and have
shown that this quantity is directly related to cytotoxicity (Figure 3 a,b). The biocompatibility
is increased with decrease of Cd* adsorbed on MSQDs surface (Figure 3b). In addition, the
decrease of Cd* is confirmed by the lower expression of the protein (Figure 3c). Thus, based
on this, we developed new synthesis methodologies to develop a CdS shell using the Cd*
adsorbed [45, 46]. Thus, we have shown in our recent studies that this shell increases biocom-
patibility and has no immunological effects [41].

Figure 4 shows fluorescence images of CdSe/CdSe MSQDs alone and bioconjugated Pepstatin A,
BnSP-6, BthTx-II and a specific BC Fab antibody in the MDA-MB-23.1 [40, 41]. The fluorescence
from MSQDs bioconjugated was detected inside the cells’ nuclei compartment of MDA-MB-231.
Notably, we verified that the MSQDs alone were not internalized in MDA-MB-231 (Figure 4a) [40].
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Figure 2. Fluorescent image of incubation with 0.05 M of MSQDs (a) after 24 h and (b) after 36 h. White arrow
indicates MSQDs interacted to cellular membrane. Arrows head indicates MSQDs inside the cells. Scale bar =200 um.
(c) Representation of a set of MSQDs [39].
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Figure 3. (a) Representation of CdSe MSQDs with different amounts of Cd* adsorbed on their surface, (b) Viability in
function of diminution of Cd* and (c) B-action mRNA fold/control in function of diminution of Cd* (increase of Se).
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Pepstatin A BnSP-6 BThtX-II Fab antibody

Figure 4. Fluorescence images of (a) CdSe/CdSe MSQDs, bioconjugated (b) Pepstatin in 6 h after treatment, (c) BnSP-6 in
3 h after treatment, (d) BthTx-II in 3 h after treatment and (e) a specific BC Fab antibody in the MDA-MB-23.1 [40, 41].

This result confirms the bioconjugation of the MSQDs with biological probes and in addition,
all the assays were performed at periods greater than 2 h, and visualization with no commer-
cial dye would not be possible. Therefore, the group presents experience in the development
of new biocompatible luminescent markers specific to each type of treatment.

Author details

Anielle Christine Almeida Silva'®, Lucas Ian Veloso Correia?, Marcelo José Barbosa Silva?®,
Mariana Alves Pereira Zdia* Fernanda Van Petten Vasconcelos Azevedo?,

Jéssica Peixoto Rodrigues?, Luiz Ricardo Goulart?, Veridiana de Melo Avila? and

Noelio Oliveira Dantas!

*Address all correspondence to: aniellechristineas@gmail.com

1 Laboratory of New Insulation and Semiconductor Materials, Institute of Physics, Federal
University of Uberlandia, Brazil

2 Laboratory of Biochemistry and Animal Toxins, Institute of Genetics and Biochemistry,
Federal University of Uberlandia, Brazil

3 Laboratory of Immunoparasitology, Institute of Biomedical Sciences, Federal University of
Uberlandia, Brazil

4 Laboratory of Nanobiotechnology, Institute of Genetics and Biochemistry, Federal
University of Uberlandia, Brazil



Biocompatible Magic Sized Quantum Dots: Luminescent Markers and Probes
http://dx.doi.org/10.5772/intechopen.72841

References

[1]

3]

[4]

[5]

[6]

[7]

[9]

[10]

[11]

[12]

[13]

Du W, Liao L, Yang L, Qin A, Liang A. Aqueous synthesis of functionalized copper sul-
fide quantum dots as near-infrared luminescent probes for detection of Hg*, Ag* and
Au™. Scientific Reports. 2017;7(1):11451

Liu J, Lv G, Gu W, Li Z, Tang A, Mei L. A novel luminescence probe based on lay-
ered double hydroxides loaded with quantum dots for simultaneous detection of heavy
metal ions in water. Journal of Materials Chemistry C. 2017;5(20):5024-5030

Ren D, Wang B, Hu C, You Z. Quantum dot probes for cellular analysis. Analytical
Methods. 2017;9(18):2621-2632

Yukawa H, Baba Y. In vivo fluorescence imaging and the diagnosis of stem cells using
quantum dots for regenerative medicine. Analytical Chemistry. 2017;89(5):2671-2681

Kim J, Biondi M]J, Feld JJ, Chan WCW. Clinical validation of quantum dot barcode diag-
nostic technology. ACS Nano. 2016;10(4):4742-4753

Zhou S, Huo D, Hou C, Yang M, Fa H. Hyaluronan functionalizing QDs as turn-on fluo-
rescent probe for targeted recognition CD44 receptor. Journal of Nanoparticle Research,
2017;19(9):319

Tsuboi S, Sasaki A, Sakata T, Yasuda H, Jin T. Immunoglobulin binding (B1) domain
mediated antibody conjugation to quantum dots for in vitro and in vivo molecular imag-
ing. Chemical Communications, 2017;9450(53):9450-9453

Liu J-J, Chang Q, Bao M-M, Yuan B, Yang K, Ma Y-Q. Silicon quantum dots delivered
phthalocyanine for fluorescence guided photodynamic therapy of tumor. Chinese
Physics B, 2017;26(9):98102

LvY, WuR, Feng K, Li J, Mao Q, Yuan H, Shen H, Chai X, Li LS. Highly sensitive and
accurate detection of C-reactive protein by CdSe/ZnS quantum dot-based fluorescence-
linked immunosorbent assay. Journal of Nanobiotechnology. 2017;15(1):35

Jiang P, Zhu CN, Zhang ZL, Tian ZQ, Pang DW. Water-soluble Ag S quantum dots for
near-infrared fluorescence imaging in vivo. Biomaterials. 2012;33:5130-5135

ZhaoP, Xu Q, TaoJ, Jin Z, Pan Y, Yu C, Yu Z. Near infrared quantum dots in biomedical
applications: Current status and future perspective. Wiley Interdisciplinary Reviews.
Nanomedicine and Nanobiotechnology. 2017;1-16

Zhu Z-], Yeh Y-C, Tang R, Yan B, Tamayo ], Vachet RW, Rotello VM. Stability of quantum
dots in live cells. Nature Chemistry. 2011;3(12):963-968

Zhou ], Yang Y, Zhang CY. Toward biocompatible semiconductor quantum dots:
From biosynthesis and bioconjugation to biomedical application. Chemical Reviews.
2015;115(21):11669-11717

101



102

State of the Art in Nano-bioimaging

[14]

[15]

[16]

[17]

[18]

[21]

[22]

[23]

[24]

[25]

Pelaz B, Alexiou C, Alvarez-Puebla RA, Alves F, Andrews AM, Ashraf S, Balogh LP,
Ballerini L, Bestetti A, Brendel C, Bosi S, Carril M, Chan WCW, Chen C, Chen X, Chen X,
Cheng Z, Cui D, Du J, Dullin C, Escudero A, Feliu N, Gao M, George M, Gogotsi Y,
Griinweller A, Gu Z, Halas NJ, Hampp N, Hartmann RK, Hersam MC, Hunziker P, Jian J,
Jiang X, Jungebluth P, Kadhiresan P, Kataoka K, Khademhosseini A, Kopecek J, Kotov NA,
Krug HF, Lee DS, Lehr CM, Leong KW, Liang X], Ling Lim M, Liz-Marzan LM, Ma X,
Macchiarini P, Meng H, Mohwald H, Mulvaney P, Nel AE, Nie S, Nordlander P, Okano T,
Oliveira J, Park TH, Penner RM, Prato M, Puntes V, RotelloVM, Samarakoon A, Schaak RE,
Shen 'Y, Sjoqvist S, Skirtach AG, Soliman MG, Stevens MM, Sung HW, Tang BZ, Tietze R,
Udugama BN, VanEpps JS, Weil T, Weiss PS, Willner I, Wu Y, Yang L, Yue Z, Zhang Q,
Zhang Q, Zhang XE, Zhao Y, Zhou X, Parak WJ. Diverse applications of nanomedicine.
ACS Nano. 2017;11(3):2313-2381

Wegner KD, Hildebrandt N. Quantum dots: Bright and versatile in vitro and in vivo fluo-
rescence imaging biosensors. Chemical Society Reviews. 2015;44(14):4792-4834

Panchuk-Voloshina N, Haugland R, Bishop-Stewart ], Bhalgat M, Millard P, Mao F,
Leung W, Haugland R. Alexa dyes, a series of new fluorescent dyes that yield excep-
tionally bright, photostable conjugates. Journal of Histochemistry and Cytochemistry.
1999;47:1179-1188

Resch-Genger U, Grabolle M, Cavaliere-Jaricot S, Nitschke R, Nann T. Quantum dots
versus organic dyes as fluorescent labels. Nature Methods. 2008;5:763-75

Akinfieva O, Nabiev I, Sukhanova A. New directions in quantum dot-based cytome-
try detection of cancer serum markers and tumor cells. Critical Reviews in Oncology/
Hematology. 2013;86(1):1-14

Bera D, Qian L, Tseng TK, Holloway PH. Quantum dots and their multimodal applica-
tions: A review. Materials (Basel). 2010;3(4):2260-2345

Biju V, Mundayoor S, Omkumar RV, Anas A, Ishikawa M. Bioconjugated quantum
dots for cancer research: Present status, prospects and remaining issues. Biotechnology
Advances. 2010;28(2):199-213

Matea CT, Mocan T. Quantum dots in imaging , drug delivery and sensor applica-
tions. International Journal of Nanomedicine. 2017;12:5421-5431

McBride JR, Dukes AD, Schreuder MA, Rosenthal S]J. On ultrasmall nanocrystals.
Chemical Physics Letters. 2010;498(1-3):1-9

Xing Y, Rao J. Quantum dot bioconjugates for in vitro diagnostics & in vivo imaging.
Cancer Biomarkers. 2008;4(6):307-319

Petryayeva E, Algar WR, Medintz IL. Quantum dots in bioanalysis: A review of applications
across various platforms for fluorescence spectroscopy and imaging. Applied Spectroscopy.
2013;67(3):215-252

Alivisatos AP. Semiconductor clusters, quantum nanocrystals, quantum dots. Science
(80-.). 1996;271(5251):933-937



[26]

[27]

[28]

[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Biocompatible Magic Sized Quantum Dots: Luminescent Markers and Probes
http://dx.doi.org/10.5772/intechopen.72841

Sagar D, Cooney R, Sewall S, Dias E, Barsan M, Butler I, Kambhampati P. Size depen-
dent, state-resolved studies of exciton-phonon couplings in strongly confined semicon-
ductor quantum dots. Physical Review B. 2008;77(23):235321

Sukhanova A, Nabiev I. Fluorescent nanocrystal quantum dots as medical diagnostic
tools. Expert Opinion on Medical Diagnostics. 2008;2(4)

Deerinck TJ. The application of fluorescent quantum dots to confocal, multiphoton, and
electron microscopic imaging. Toxicologic Pathology. 2008;36(1):112-116

Banyai L, Koch SW. Semiconductor Quantum Dots. Singapore: World Scientific; 1993

Goldman ER, Balighian ED, Mattoussi H, Kuno MK, Mauro JM, Tran PT, Andersont GP.
Avidin: A natural bridge for quantum dot-antibody conjugates. Journal of the American
Chemical Society. 2002;124(22):6378-6382

Alivisatos AP, Gu W, Larabell C. Quantum dots as cellular probes. Annual Review of
Biomedical Engineering. 2005;7(1):55-76

Revon LB, Chiang H-J, Huang Y-W, Chan M-H, Chen H-H, Lee H-J. Cellular inter-
nalization of quantum dots mediated by cell-penetrating peptides. Pharmaceutical
Nanotechnology. 2013;1(2):151-161

Parak WJ, Gerion D, Pellegrino T, Zanchet D, Micheel C, Williams SC, Boudreau R, Le
Gros MA, Larabell CA, Alivisatos AP. Biological applications of colloidal nanocrystals.
Nanotechnology. 2003;14:R15-R27

Bowers MJ, McBride]R, Rosenthal S]. White-lightemission from magic-sized cadmium sel-
enide nanocrystals. Journal of the American Chemical Society. 2005;127(44):15378-15379

Kudera S, Zanella M, Giannini C, Rizzo A, Li Y, Gigli G, Cingolani R, Ciccarella G, Spahl
W, Parak W], Manna L. Sequential growth of magic-size CdSe nanocrystals. Advanced
Materials. 2007;19(4):548-552

Dukes AD, McBride JR, Rosenthal S]. Synthesis of magic-sized CdSe and CdTe nano-
crystals with diisooctylphosphinic acid. Chemistry of Materials. 2010;22(23):6402-6408

Nguyen KA, Day PN, Pachter R. Understanding structural and optical properties of
nanoscale CdSe magic-size quantum dots: Insight from computational prediction.
Journal of Physical Chemistry C. 2010;114(39):16197-16209

Ouyang ] et al. Multiple families of magic-sized CdSe nanocrystals with strong bandgap
photoluminescence via noninjection one-pot syntheses. Journal of Physical Chemistry
C. 2008;112:13805-13811

Silva ACA, de Deus SLV, Silva MJB, Dantas NO. Highly stable luminescence of
CdSe magic-sized quantum dots in HeLa cells. Sensors & Actuators, B: Chemical.
2014;191:108-114

Silva ACA, Azevedo FVPV, Zbéia MAP, Rodrigues JP, Dantas NO, Melo VRA, Goulart
LR. Magic sized quantum dots as a theranostic tool for breast cancer. In: Recent Studies
& Advances in Breast Cancer. Wilmington: Open Access eBooks; 2017. pp. 1-10

103



104  State of the Artin Nano-bioimaging

[41]

[43]

[44]

[45]

[46]

Silva ACA, Freschi APP, Rodrigues CM, Matias BF, Maia LP, Goulart LR, Dantas
NO. Biological analysis and imaging applications of CdSe/CdSxSel-x/CdS core-shell
magic-sized quantum dot. Nanomedicine: Nanotechnology, Biology, and Medicine.
2016;12(5):1421-1430

Silva ACA, Dantas NO, Silva MJB, Span6 MA, Goulart LR. Functional nanocrystals:
Towards biocompatibility , nontoxicity and biospecificity. In: Advances in Biochemistry
& Applications in Medicine. 1st ed. Wilmington: Open Access eBooks; 2017. pp. 1-27

Harrell SM, McBride JR, Rosenthal S]. Synthesis of ultrasmall and magic-sized CdSe
nanocrystals. Chemistry of Materials. 2013;25(8):1199-1210

Kosaka N, McCann TE, Mitsunaga M, Choyke PL, Kobayashi H. Real-time opti-
cal imaging using quantum dot and related nanocrystals. Nanomedicine (London).
2010;5(5):765-776

Silva ACA, Neto ESF, da Silva SW, Morais PC, Dantas NO. Modified phonon confinement
model and its application to CdSe/CdS core-shell magic-sized quantum dots synthesized
in aqueous solution by anew route. Journal of Physical Chemistry C.2013;117(4):1904-1914

Silva ACA, da Silva SW, Morais PC, Dantas NO. Shell thickness modulation in
ultrasmall CdSe/CdSxSel—x/CdS core/shell quantum dots via 1-thioglycerol. ACS Nano.
2014;8(2):1913-1922



