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A B S T R A C T   

Among the most lethal forms of cancer, malignant brain tumors persist as one of the greatest challenges faced by 
oncologists, where nanotechnology-driven theranostics can play a critical role in developing novel polymer- 
based supramolecular nanoarchitectures with multifunctional and multi-modal characteristics to 昀椀ght cancer. 
However, it is virtually a consensus that, besides the complexity of active delivering anticancer drugs by the 
nanocarriers to the tumor site, the current evaluation methods primarily relying on in vitro assays and in vivo 
animal models have been accounted for the low translational effectiveness to clinical applications. In this view, 
the chick chorioallantoic membrane (CAM) assay has been increasingly recognized as one of the best preclinical 
models to study the effects of anticancer drugs on the tumor microenvironment (TME). Thus, in this study, we 
designed, characterized, and developed novel hybrid nanostructures encompassing chemically functionalized 
carboxymethylcellulose (CMC) with mitochondria-targeting pro-apoptotic peptide (KLA) and cell-penetrating 
moiety (cysteine, CYS) with 昀氀uorescent inorganic semiconductor (Ag-In-S, AIS) for simultaneously bioimaging 
and inducing glioblastoma cancer cell (U-87 MG, GBM) death. The results demonstrated that the CMC-peptide 
macromolecules produced supramolecular vesicle-like nanostructures with aqueous colloidal stability suitable 
as nanocarriers for passive and active targeting of cancer tumors. The optical properties and physicochemical 
features of the nanoconjugates con昀椀rmed their suitability as photoluminescent nanoprobes for cell bioimaging 
and intracellular tracking. Moreover, the results in vitro demonstrated a notable killing activity towards GBM 
cells of cysteine-bearing CMC conjugates coupled with pro-apoptotic KLA peptides. More importantly, compared 
to doxorubicin (DOX), a model anticancer drug in chemotherapy that is highly toxic, these innovative nano-
hybrids nanoconjugates displayed higher lethality against U-87 MG cancer cells. In vivo CAM assays validated 
these 昀椀ndings where the nanohybrids demonstrated a signi昀椀cant reduction of GBM tumor progression (41% 
area) and evidenced an antiangiogenic activity. These results pave the way for developing polymer-based hybrid 
nanoarchitectonics applied as targeted multifunctional theranostics for simultaneous imaging and therapy 
against glioblastoma while possibly reducing the systemic toxicity and side-effects of conventional anticancer 
chemotherapeutic agents.   

1. Introduction 

Despite unquestionable progress in recent decades, cancer remains 
one of the most common causes of death in developed countries. Above 

all, malignant brain tumors such as glioblastoma (referred to as GBM) 
are considered one of the most signi昀椀cant challenges because, unfortu-
nately, most patients have an adverse prognosis and high lethality rates 
[1–6]. In recent years, the amalgamation of nanotechnology with 
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medicine (termed nanomedicine) has emerged as an up-and-coming 昀椀eld 
of research for offering innovative alternatives to conventional therapies 
(e.g., chemotherapy, radiotherapy) to treat cancer patients. Conven-
tional chemotherapy usually relies on toxic drugs systemically admin-
istered to cancer patients leading to numerous side effects, with narrow 
therapeutic indexes, and causing multidrug-resistance of brain tumors, 
including GBM rates [1–6]. Fortunately, cancer nanomedicine has been 
enabling new multi-modal therapy strategies, including using hybrid 
nanostructures to develop targeted and optimized drug delivery systems 
(DDS). They are rationally designed and built, merging multiple com-
ponents in an integrated nanostructure, often combining bioimaging, 
targeting, and drug therapy for cancer tumors, while minimizing the 
side effects [3–11]. 

The hybrid nanostructures (nanohybrids) are usually constructed 
based on two or more components of distinct nature, including inorganic 
nanomaterials and organic molecules, rendering a unique set of features 
and properties impossible to be attainable with each one separately. 
Essentially, bearing in mind oncology nanomedicine, the inorganic 
portion of the nanohybrids is made by nanomaterials that can be acti-
vated through external stimuli (e.g., optical, magnetic), such as semi-
conductor quantum dots (e.g., 昀氀uorescent quantum dots), metallic 
nanoparticles (e.g., plasmonic nanometals), metal oxides (e.g., magnetic 
ferrites, MFe2O4) [11–16]. The organic part of nanohybrids, often 
applied as the shell layer, usually comprises bio-chemically stimuli- 
responsive components (e.g., pH, ionic strength), such as polymers and 
biomolecules. They play a pivotal role in the chemical stability as well as 
in the interactions and activity with the complex biological environ-
ment, which can be associated or not with anticancer drugs. More 
importantly, they also ascribe the biological functionalization for af-
昀椀nity recognition for targeting the cancerous cells at the diseased tumor 
tissues and organs [8,10,13,16,17]. 

In this context, as optically active nanomaterials, quantum dots 
(QDs) are one of the most often applied inorganic nanoparticles for 
bioimaging, biosensing, and cellular tracking. Over the past few years, 
compared to 昀氀uorescent dyes, QDs have increasingly gained more 
attention from researchers due to their advantages such as photo-
stability, broad excitation spectra, sharp emission spectra, and signi昀椀-
cant Stocks shifts, which can also be biofunctionalized with af昀椀nity 
molecules in nanomedicine [17–22]. Besides their physicochemical and 
optical properties, QDs should also present biocompatibility and meet a 
more sustainable approach considering a green nanomedicine strategy. 
They have been associated with organic (bio)macromolecules through 
polymer-based aqueous colloidal processes under greener conditions, 
which is favorable for developing innovative nanohybrids for biomed-
ical and environmentally benign applications [12,20,21,23,24]. 

On the other end, considering several possibilities of organic com-
ponents for building nanohybrids, polymer-based nano-assemblies have 
been preferred as they can produce supramolecular structures that 
possess the ability to undergo dynamic/reversible changes of confor-
mation, shape, charge distribution, and with excellent functions in 
response to (bio)chemical stimuli (i.e., pH, concentration, ionic strength, 
charge potential) making them promising candidates for applications in 
cancer nanomedicine [10,11,16,25,26]. In this view, polysaccharides (e. 
g., hyaluronic acid, cellulose, chitosan, and derivatives) have been the 
most common choice of nature-sourced biocompatible polymers for 
biomedical and pharmaceutical applications [27]. Speci昀椀cally, 
carboxymethylcellulose (CMC), a widely commercially available cellu-
lose derivative, 昀椀nds wide-ranging applications in biology, biomedicine, 
and pharmaceutical formulations, including developing nanocarriers for 
the smart delivery of anticancer therapeutic agents [10,12,28,29]. 
Moreover, it presents exceptional biodegradability, non-toxicity, suit-
able reactivity for simple chemical modi昀椀cation associated with global 
availability, and low cost. Besides, CMC polymers possess intrinsic 
amphiphilic behavior associated with reactive chemical groups (e.g., 
hydroxyls and carboxyls), which permit their 昀氀exible functionalization 
with biomolecules and interactions with low water-soluble (or 

insoluble) hydrophobic drugs [28,29] allowing bioconjugates with 
tailored vesicle-like structures. Importantly, CMC has also been 
approved by the United States Food and Drug Administration (FDA) in 
the applications of biotechnology and biomedicine [10,12]. 

In this sense, polysaccharide-based nanocarriers can be functional-
ized with af昀椀nity biomolecules (e.g., amino acids, peptides, proteins, 
antibodies) for developing targeted nanoconjugates for reaching cancer 
tumor sites [1,10,13,15,30]. Especially, peptides are promising af昀椀nity 
biomolecules for designing and developing the next generation of smart 
anticancer therapeutic conjugates compared to protein or antibodies. 
They possess advantages such as facile synthesis and chemical func-
tionalization combined with lower immunogenicity [1,31]. Yet, as re-
ported in a recent elegant review by Gao et al. [17], the targeted delivery 
of speci昀椀c chemotherapeutic agents to the cancer cell and its subcellular 
organelles is one of the critical dif昀椀culties that persist in being answered 
[32–34]. Thus, the mitochondrion, generally known as the “cell ma-
chinery”, is a subcellular organelle that can activate apoptosis upon 
intrinsic or extrinsic stimuli through triggering cell death signaling 
cascades. Since mitochondrial activities are typically altered in 
neoplastic cells, targeting this organelle allows inducing different cell 
death signaling mechanisms and pathways [1,32,33]. In this view, the 
KLA peptide, an amphiphilic α-helical pro-apoptotic cationic peptide 
sequence, can interact with the highly negatively charged mitochondrial 
membrane and cause its disruption, which can be used for constructing 
active anticancer targeting drugs [32–35]. Due to the inability to enter 
eukaryotic cells, KLA-bearing nanocarriers depend on a membrane- 
permeable vehicle, termed cell-penetrating peptides (CPPs, e.g., 
arginine-rich and cysteine-rich sequences), for ef昀椀cient intracellular 
delivery of the chemotherapeutic component [1,34]. 

Although the research in nano-oncology has remarkably advanced at 
a rapid pace in recent years, relatively minimal clinical translation of 
nanotechnology to human applications has been accomplished 
[9,30,36]. Currently, it is documented that, after the administration of 
the nanocarrier to the patient, it interacts with the complex biological 
system along its journey until reaching the actual target tumor location, 
which forms several barriers that control the delivery process. As a 
result, it causes harmful systemic side effects and decreases the overall 
ef昀椀cacy of the nanoformulations for treating cancer (estimated median 
of ~0.7% of the injected dose) [37,38]. Speci昀椀cally, the dif昀椀culty of 
treating GBM with emerging nanomedicines has proven to be drastically 
more challenging, mainly due to these cancers' unique biological char-
acteristics, which often conspire to hamper the delivery process. GBM 
tumors are not only often inaccessible for treatment using conventional 
neurosurgery, but also, they are located behind the blood-brain barrier 
(BBB), often hindering exposure to conventional systemic chemotherapy 
[39–41]. 

Although many studies have shown the potential utility of nano-
particles for detecting, imaging, and killing cancer cells in vitro and in 
vivo, their resultant clinical translation has been discouraging [40,42]. 
That may be credited to several aspects, but they often involve in vitro 
systems or animal models, which are scarcely standardized or inaccu-
rately performed and, therefore, not directly comparable to other 
related studies [43]. Currently, the mouse model is the most common 
animal model used for screening potential drugs, even though they are 
expensive and time-consuming. Furthermore, more strict regulations 
have been established towards using animal models for research pur-
poses, following the “3Rs” concept (i.e., reduction, re昀椀nement, and 
replacement). Hence, there is an urgent demand for additional models 
for mimicking the tumor microenvironment (TME) [43,44]. In this view, 
the in vivo chick chorioallantoic membrane (CAM) assay (also termed “in 
ovo”) has been considered one of the best preclinical models to study the 
effects of anticancer drugs on the tumor microenvironment TME. It 
provides researchers with a readily available, accessible, self-sustaining, 
high throughput screening in vivo model without requiring sophisticated 
animal facilities or approval from animal research ethics committees 
according to many country regulations [45]. Moreover, the CAM 
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embryo model is a naturally immune-de昀椀cient host, enabling the 
grafting of tissues of several types of malignant tumors. Also, the blood 
vessel network of the CAM provides an excellent environment for pri-
mary tumor formation and a basis for angiogenic blood vessel formation 
[46]. The insertion of malignant cells and tumor tissues into the CAM 
model creates a capable system for investigating cancer growth and the 
ef昀椀ciency of several anticancer targeted-therapy responses [44]. 

Hence, to the best of our knowledge, this is the 昀椀rst study to report 
the in vivo assays using the CAM embryo model supporting the in vitro 
assays with GBM cells, which demonstrated the effective mitochondria- 
targeted anticancer nanotheranostic activities of novel hybrid inorganic- 
organic nanoarchitectures composed of ternary quantum dots (AIS) and 
CMC-Cysteine-KLA biopolymer-peptide macromolecules. 

2. Materials and methods 

2.1. Materials 

Carboxymethylcellulose sodium salt (CMC; degree of substitution, 
DS = 0.7; molecular weight, Mw = 250 kDa; viscosity = 735 cps, at 
25 çC, at 2% in H2O), 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide 
hydrochloride (EDC), N-hydroxysulfosuccinimide sodium salt (sulfo- 
NHS), L-cysteine hydrochloride (CYS), ethanolamine hydrochloride 
(ETA), and doxorubicin hydrochloride (DOX) were purchased from 
Sigma-Aldrich (USA). KLA peptide (sequence LAKLAKKLAKLAK) was 
designed and purchased from GenScript (USA). All of the other mate-
rials, reagents, and precursors used in this study were described in the 
experimental sections. 

2.2. Synthesis of biofunctionalized hybrid nanoconjugates 

Ag-In-S ternary quantum dots stabilized by carboxymethylcellulose 
(AIS@CMC) were synthesized and functionalized with the cell- 
penetrating amino acid L-cysteine based on the experimental proced-
ure developed by our group [14]. Brie昀氀y, Ag-In-S QDs were synthesized 
via an aqueous route using CMC as capping ligand and metal salts 
(AgNO3 and In(NO3)3⋅xH2O, Sigma-Aldrich) and sul昀椀de (Na2S⋅9H2O, 
Sigma-Aldrich) precursors. The main chemical reactions involved are 
shown in Eqs. (1)–(7). After the dissolution of CMC (Eq. (1)), metal 
precursor solutions were added (Eqs. (2) and (3)), which formed com-
plexes with CMC macromolecules in solution (Eqs. (4) and (5)). The 
injection of aqueous sul昀椀de precursor in the medium (Eq. (6)) provoked 
the nucleation and growth of Ag-In-S almost instantaneously, where the 
presence of CMC polymer mediated the stabilization (Eq. (7)), reducing 
surface energy and avoiding further growth. In order to improve the 
optical properties, Ag-In-S QD colloidal suspension (AIS@CMC) was 
submitted to thermal annealing treatment (100 ± 5 çC/10 min) to 
reduce the defects. 
CMC−COO−

/

Na+(s) +H2O⇌CMC−COO−
(aq) +Na+(aq) (1)  

AgNO3(s) +H2O(l)⇌Ag+
(aq) +NO3

−
(aq) (2)  

In(NO3)3(s) +H2O(l)⇌In3+
(aq) + 3NO3

−
(aq) (3)  

CMC−COO−
(aq) +Ag+

(aq)⇌CMC−COO− −Ag+
(aq) (4)  

CMC−COO−
(aq) + In3+

(aq)⇌CMC−COO− − In3+
(aq) (5)  

Na2S(s) +H2O(l)⇌2Na+(aq) +S2−
(aq) (6)  

CMC−COO− −Ag+
(aq) +CMC−COO− − In3+

(aq) +S2−
(aq)⇌Ag− In−

S−CMC−COO−
(colloid)

(7) 
In the sequence, AIS@CMC QDs were bio-functionalized with L- 

cysteine amino acid (CYS) based on the EDC chemistry. This nano-
conjugate was identi昀椀ed as “AIS-CYS” (AIS@CMC-CYS). 

The grafting of AIS-CYS with the mitochondria-targeting peptide 
(MTP, KLA) was achieved through the conjugation protocol based on 
EDC/sulfo-NHS chemistry. So, 10.0 mL of AIS-CYS suspension previ-
ously prepared was dried in an oven using hot air (at 40 ± 1 çC) to reach 
a volume of 5.0 mL by solvent evaporation. Then, 200 μL of EDC solution 
(19 mg/mL in distilled water) was added to the AIS-CYS suspension and 
stirred for 15 min to activate carboxyl groups of CMC. Under continuous 
stirring, 5 mL of KLA/sulfo-NHS solution (KLA, 0.2 mg/mL, and sulfo- 
NHS, 2.2 mg/mL, in phosphate saline buffer, PBS, 2×, pH = 7.4 ±
0.1) solution was added to the 昀氀ask, and the system was incubated at 6 
± 2 çC for 2 h. The mass ratio of KLA:COO− from CMC was approxi-
mately 1:20 (w/w). After the incubation time, the crosslinking reaction 
was quenched by adding ETA (1.5-fold molar excess to EDC) to the re-
action 昀氀ask and kept under moderate stirring for 10 min. Then, the 
nanoconjugate was dialyzed for 24 h (with two changes of the dialysate; 
4 L of distilled water at pH = 8.0 ± 0.1; NaOH 1 M) using a Pur-A- 
Lyzer™ Mega Dialysis Kit (Sigma-Aldrich, molecular weight cut-off, 
MWCO, of 12 kDa) and the 昀椀nal volume reduced to 10 mL by solvent 
evaporation at 40 ± 1 çC. This MTP-modi昀椀ed quantum dot was identi-
昀椀ed as “AIS-CYS-KLA” (AIS@CMC-CYS-KLA). A schematic representa-
tion of the nanoconjugates is presented in Fig. 1. As a reference, a similar 
procedure was used to covalently bond KLA to AIS@CMC, forming “AIS- 
KLA” conjugates. 

2.3. Characterization of biofunctionalized hybrid nanoconjugates 

Absorption properties of conjugates were obtained using ultraviolet- 
visible spectroscopy (UV–vis) in transmission mode using Lambda EZ- 
210 (PerkinElmer). Photoluminescence studies were performed using 
FluoroMax-Plus-CP (Horiba Scienti昀椀c) based on steady-state spectros-
copy (λexcitation = 350 nm), 3D excitation-emission contour plots 
(λexcitation = 250 to 500 nm; λemission = 500 to 800 nm) and time- 
correlated single-photon (TCSP) for lifetime measurements (Delta-
Diode - pulsed laser, λexcitation = 375 ± 10 nm, λemission = 625 nm). The 
昀氀uorescence quantum yields (QY) for nanoconjugates were calculated 
by using Rhodamine 6G (Sigma-Aldrich) and the comparative method 
(λexcitation = 488 nm). Optical properties were obtained using nano-
conjugate suspensions without dilution. 

Morphological features and size distribution of inorganic core were 
evaluated from transmission electron microscopy (TEM, 200 kV, Tecnai 
G2–20-FEI, FEI Company) coupled with energy-dispersive x-ray spec-
troscopy (EDX, EDAX detector coupled to Tecnai G2–20-FEI) for eval-
uation of elemental composition. Samples were prepared by placing the 
diluted suspension (1:2, suspension:ethanol) on a holey‑carbon copper 
grid. 

High-resolution X-ray photoelectron spectroscopy (HR-XPS) spectra 
were obtained for evaluating oxidation states of AIS QDs using Amicus 
spectrometer (Mg-Kα; 10 sweeps; Kratos Analytical). Samples were 
concentrated by centrifugation (Amicon® Ultra Centrifuge Filter, 30 
kDa MWCO, Sigma-Aldrich) and the retained materials were poured into 
plastic molds and dried in a hot-air oven (40 ± 1 çC). Peak positions 
were corrected based on C 1s adventitious carbon binding energy (284.6 
eV). 

The occurrence of functionalization with KLA peptide was investi-
gated using Nicolet 6700 Fourier-transform infrared spectrometer 
(FTIR) in attenuated total re昀氀ectance (ATR) mode (4000–850 cm−1, 32 
scans; 4 cm−1 resolution; Thermo-Fischer). Samples were prepared as 
described for XPS analysis. 

Characterizations using zeta potential (ZP) and dynamic light scat-
tering (DLS) analyses were performed using ZetaPlus instrument (35 
mW red diode laser λ = 660 nm, Brookhaven Instruments Corporation) 
and nanoconjugate suspensions without dilution. 
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2.4. Biological characterization of biofunctionalized hybrid 
nanoconjugates 

2.4.1. In vitro assays 
Human glioblastoma cells (U-87 MG, ATCC, American Type Culture 

Collection, HTB-14™, malignant human brain tumors) were purchased 
from the Rio de Janeiro cell-bank (BCRJ, Brazil) and cultured as previ-
ously described by our group [10,13]. 

2.4.1.1. Bioimaging – cell uptake. The evaluation of the cell-uptake of 
nanocarriers based on AIS 昀氀uorescent green emission was performed by 
confocal laser scanning microscopy (CLSM) using Eclipse Ti confocal 
microscope (Nikon Instruments) and FITC 昀氀uorescence 昀椀lter cube 
(λexcitation = 488 nm and λemission = 506–550 nm, typical 昀氀uorescein- 
based dyes and conjugates) as previously reported by our group 
[10,13]. U-87 MG cells were treated with the nanosystems using two 
times of incubation (2 h and 6 h). 

2.4.1.2. Cell viability. Cytocompatibility assay based on 3-(4,5-dime-
thylthiazol-2yl-) 2,5-diphenyl tetrazolium bromide, MTT (Sigma- 
Aldrich), was selected for evaluating the toxicity of AIS-CYS, AIS-KLA, 
AIS-CYS-KLA, and DOX (doxorubicin hydrochloride, Sigma-Aldrich) as 
previously reported by our group [10,13,15]. To compare AIS-CYS, AIS- 
KLA, and AIS-CYS-KLA systems, both nanoconjugates were incubated 
with U-87 MG cells for 6 h and 24 h at a QD concentration of 3.5 nM and 
KLA concentration of 0.8 μM (only for AIS-KLA and AIS-CYS-KLA sam-
ple, estimated considering the MTP peptide amount added in the func-
tionalization step). To compare the killing activity of AIS-CYS-KLA and 
DOX chemotherapeutic model drug against U-87 MG cancer cells, MTT 

tests were conducted by incubating cells for 24 h with KLA (in AIS-CYS- 
KLA nanoconjugates) and DOX at concentrations of 0.01, 0,05, 0,1, 0,5, 
1.0, and 5.0 μM at each well. In this experiment, the cell control group 
was based on U-87 MG cell culture (GBM) with Dulbecco's Modi昀椀ed 
Eagle Medium (DMEM) and 10% fetal bovine serum (FBS) (Gibco BRL, 
USA). Positive control (+ control) was designed using Triton™ X-100 
(Sigma-Aldrich), which is the toxic compound to cause cell death (cell 
culture with DMEM, 10% FBS, and 1.0% v/v Triton™ X-100). Negative 
control (− control) was cell culture with DMEM, 10% FBS and chips of 
sterile polypropylene Eppendorf®, 1 mg/mL (Eppendorf, Germany), an 
inert material. 

As the cell-killing mechanism of KLA peptide is mostly based on the 
mitochondrial membrane disruption, to evaluate the cytotoxicity of AIS- 
CYS-KLA nanoconjugates, mitochondria staining with MitoTracker™ 

(MitoTracker™ Deep Red FM, Invitrogen™) was also performed. The 
analysis was conducted by using Eclipse Ti confocal microscope (Nikon 
Instruments) and TRITC 昀椀lter cube (λexcitation = 543 nm and λemission =
545–645 nm, typical use with tetramethylrhodamine isothiocyanate) 
after the contact of cells for 15 min and 6 h with the AIS-CYS-KLA 
nanoconjugates, following the protocols and procedures [10]. 

2.4.2. Chick chorioallantoic membrane (CAM) assay as an in vivo model 

2.4.2.1. Biocompatibility and antiangiogenic activity. Chicken embryo 
CAM assay was conducted to preliminarily assess in vivo antiangiogenic 
potential and biocompatibility of DOX, AIS-CYS-KLA, and AIS-CYS. 
Embryonated chicken eggs (Gallus gallus domesticus) were incubated 
under constant humidity and temperature conditions, 65% and 37.0 çC, 
respectively. On day 3 of egg development, a small window (1 cm2) was 
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opened in the eggshell to allow the removal of the inner shell membrane 
for CAM exposure. The window was sealed with transparent tape, and 
the eggs were over again incubated. On the 昀椀fth day of embryo devel-
opment, eggs were divided into groups of ten (replicates, n = 10), and 
their CAM's were treated with 50 μL of DOX solution and AIS-CYS-KLA 
nanoconjugates, both at concentrations of therapeutic agent (DOX or 
KLA) of 0.01, 0.05, 0.1, and 0.5 μM. Phosphate-buffered saline (PBS) 
was set as the negative control, and AIS-CYS at the same concentrations 
of QD used in the AIS-CYS-KLA biofunctionalized sample was used as the 
reference. After 48 h (day 7 of embryo development) of treatment 
application, the membranes were photographed at a magni昀椀cation of 
0.67 × . 

Using the Angiotool™ software (National Cancer Institute, USA), 
blood vessels of each membrane were quantitatively analyzed to eval-
uate the angiogenic response. Blood vessel percentage area, lacunarity, 
and the total number of intersection points were examined, and the 
treatment groups' results were confronted with the PBS control group, 
set to 100%. 

2.4.2.2. Glioblastoma growth on CAM. Fertilized chicken eggs (Gallus 
gallus dosmeticus) were incubated at 37 çC and 60% relative humidity 

until the 9th embryonic developmental day (EDD). On the 9th EDD, a 
hole of approximately 1 cm2 was opened in the eggshell to allow the 
removal of the inner shell membrane for CAM exposure. The window 
was sealed with transparent tape, and the eggs were over again incu-
bated. On the 11th EDD, the cell culture of 6.0 × 105 U87 cells in 40 μL 
of ice-cold Matrigel (Corning®, Brazil) was inoculated on CAM next to 
the largest caliber blood vessel. On the 13th EDD, eggs were divided into 
groups of six (n = 6), and their CAM's were treated with 50 μL of DOX 
solution and AIS-CYS-KLA at a concentration of 0.5 μM of therapeutic 
agent (DOX or KLA). Phosphate-buffered saline (PBS) was set as the 
negative control, and AIS-CYS nanoconjugate at the same concentration 
of QD in AIS-CYS-KLA was used as the reference. On the 14th EDD of 
embryo development, the membranes were photographed at a magni-
昀椀cation of 0.67×. After the photos, the tumors on CAM were removed 
and 昀椀xed in 10% formaldehyde, dehydrated, and embedded in paraf昀椀n. 
The paraf昀椀n blocks were sectioned into 4 μm thick slices, and the tissues 
were stained with hematoxylin and eosin (H&E). 
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3. Results and discussions 

3.1. Characterization of biofunctionalized hybrid nanoconjugates 

UV–vis absorption spectra of AIS-CYS and AIS-CYS-KLA conjugates 
were presented in Fig. 2A. Both AIS QDs showed a relatively broad 
UV–vis absorption spectrum with an onset at approximately λ = 520nm, 
mainly associated with sub-bandgap states [47]. No signi昀椀cant differ-
ence in bandgap energy (EQD ~ 2.4 eV) was detected between samples 
based on Tauc plots (i.e., Tauc plot is one method of determining the 
optical band gap in semiconductors) for direct-bandgap [47] semi-
conductors (Fig. 2A-inset). In addition, the obtained EQD value was 
higher (blue-shifted) than the bulk value of AgInS2 (Ebulk = 1.85–2.1 eV) 
[47,48], con昀椀rming the effective formation of nanocrystals within the 
quantum con昀椀nement regime (quantum dots). After bioconjugation of 
AIS-CYS with KLA peptide (Fig. 2A(b)), a clear transition was detected as 
a shoulder at approximately λ = 290 nm. According to the literature 
[49], side chains of charged amino acids (Lys, Arg, Asp, Glu, His) and 
peptides containing Lys at different separations in the peptide sequence 
present UV–Vis absorption between 250 and 400 nm due to charge 
transfer transitions involving the NH3+ and COO− groups of their side 
chains and the polypeptide backbone. 

Photoluminescence spectra (Fig. 2B) revealed the green-near 
infrared emission range typical of AIS quantum dots with a maximum 
of intensity (PL max) at 660 nm (λemission). This emission is related to 
defect-related radiative transitions, with full-width at half-maximum 
(FWHM) of about 400 meV and Stokes shift (estimated as EQD-EPLmax) 
of 530 meV. 

PL emission signal of the AIS-CYS QDs was partially quenched after 
the covalent conjugation of KLA peptide observed by the changes in 
spectrum intensity and the digital images under UV light (Fig. 2B-inset). 
This effect was assigned to the interferences in the charge-carrier sep-
aration and energy transfer processes between the excited AIS QD (h+/ 
e−, excitonic transition) and the coupled biomolecule (i.e., KLA peptide) 
upon applying the external irradiation [13,14,24,50]. In this sense, 
these changes in the absorption and emission properties evidenced the 
conjugation of mitochondria-targeting peptide (KLA) to AIS-CYS 
nanosystems. 

Morphological and chemical features of the AIS-CYS nanoconjugates 
were assessed by transmission electron microscopy (TEM) coupled with 
energy-dispersive X-ray spectroscopy (EDX). A typical TEM image of the 
AIS-CYS conjugates (Fig. 2C) evidenced the formation of fairly mono-
dispersed spherical nanoparticles. The continuous lattice fringes 
observed by electron diffraction (high-resolution transmission electron 
microscopy, HR-TEM, inset image) demonstrated their single-crystalline 
nature. The interplanar distance of 0.22 ± 0.02 nm is compatible with 
the (204) diffraction plane of chalcopyrite AgInS2 (JCPDS-International 
Centre for Diffraction Data, card 32–0483) [51]. The histogram of the 
nanoparticle size distribution of Ag-In-S inorganic core (Fig. 2D) indi-
cated a lognormal distribution, which is characteristic of nanoparticles 
[52], with an average size of 2.7 ± 0.4 nm. This result endorsed the 
formation of nanoparticles in the quantum size regime as the Bohr 
diameter (2RBohr) of AgInS2, consistent with the literature reported by 
Torimoto et al. (2012) as 7.2–7.3 nm [53] and by Hamanaka et al. 
(2011) as 11.0 nm [54]. EDX measurements showed the presence of Ag, 
In, and S as predominant chemical elements of the QDs (Fig. S1). 
Additionally, chemical elements C, O, and Na (sodium salt form) were 
also detected in the EDX spectra from the CMC polymer ligand. The 
copper (Cu) and silicon (Si) elements are associated with the grid used as 
solid support for sample deposition and the microscope detector, 
respectively. 

Moreover, a high-resolution X-ray photoelectron spectroscopy (HR- 
XPS) analysis was also performed to assess the oxidation states of the 
chemical elements of the AIS inorganic core (Fig. S2). The XPS spectrum 
of the Ag 3d region revealed a doublet at 373.7 eV (Ag 3d3/2) and 367.8 
eV (Ag 3d5/2) that was assigned to Ag (3d) transitions in Ag+, evidencing 

a spin-orbit splitting of 5.9 eV. Regarding the In 3d region, the peaks at 
452.0 eV and 444.4 eV match the 3d3/2 and 3d5/2 levels, respectively, 
typical of In3+ transitions. A binding energy interval of 7.6 eV separated 
the spin-orbit components. Moreover, S 2p signals displayed two over-
lapped peaks, 162.6 eV (S 2p1/2) and 161.4 eV (S 2p3/2), with energy 
differences of Δ = 1.2 eV, characteristic of sul昀椀des (S2−) [47]. 

In addition to optical, morphological, and compositional properties, 
surface chemistry characterization and the supramolecular conforma-
tion of the colloidal nanostructures plays a pivotal role in applications in 
the biomedical 昀椀eld. Thus, Zeta potential (ZP) and dynamic light scat-
tering (DLS) analyses were performed. CMC polymer at pH = 7.0 pos-
sesses a ZP value of about – 50 mV that agrees with the presence of 
carboxylate (COO−) species above pKa (~ 4.5). Upon the formation of 
AIS QD and functionalization with L-cysteine, a signi昀椀cant lowering of 
ZP was observed (ZP = −18 ± 1mV) as a consequence of the overall 
balance of the conformation of CMC ligand surrounding the QDs, the 
consumption of carboxylates groups upon conjugation with CYS amino 
acids, and the addition of a negative charge from deprotonated amino 
acid. After biofunctionalization with KLA, despite the introduction of a 
positively charged peptide chain (isoelectric point ~11, simulated using 
PepCalc.com, Innovagen AB) and the reduction of anionic groups of 
CMC, associated with the formation of amide bonds, only a slight 
reduction in ZP was measured (−13 ± 1mV). This behavior may be 
interpreted based on the overall geometry of molecules after the EDC- 
based conjugation reaction. It should be noted that the ZP values 
measured for both conjugates were in the range where steric hindrance 
is assumed as the primary mechanism of nanosystem stabilization. The 
DLS analysis gives information regarding the size (hydrodynamic 
diameter, DH) of the nanoconjugate colloidal suspensions. DH is the sum 
of the contributions of the inorganic core and the organic shell and its 
interaction with the surrounding aqueous medium. A DH of 66 nm (PDI 
= 0.247) was calculated for AIS-CYS and, after covalent bonding with 
KLA (AIS-CYS-KLA), a signi昀椀cant increase of about 110% (DH = 139 nm, 
PDI = 0.311) was detected, as a result of a new supramolecular colloidal 
structure. Fig. 3A summarizes the surface chemistry and supramolecular 
features of the supramolecular nanocolloids. 

The structural characterization by infrared spectroscopy (FTIR) was 
performed to evaluate the changes in the CMC polymer compared to 
AIS-CYS and AIS-CYS-KLA nanoconjugates. In all of the spectra (Fig. 3B), 
the typical bands of CMC capping ligand related to carboxylate/car-
boxylic (–COO−/–COOH), hydroxyls (-OH), methylene (-CH2), alcohols 
(C-OH), and β1–4 glycoside bonds were detected [12,13]. The grafting 
of CMC (Fig. 3B(a)) with CYS in AIS-CYS (Fig. 3B(b)) nanoconjugates 
and of KLA in AIS-CYS-KLA (Fig. 3B(c)) was mainly identi昀椀ed by the 
presence of the vibrations of Amide I band (mostly ν C––O) at 1650 
cm−1, Amide II (δ NH and ν CN) at 1530 cm−1, and Amide III (in-plane δ 

NH and ν CN) at 1240 cm−1. Amide bonds were formed between 
carboxylate groups of CMC and amine groups of CYS or KLA based on 
the EDC-chemistry process through chemical functionalization. The IR 
band associated with the thiol side groups (~ 2550 cm−1) of cysteine is 
frequently very weak, and so, it is scarcely observed by FTIR. For AIS- 
CYS-KLA nanoconjugate, after conjugation, the presence of unreacted 
amine (−NH2) groups in lysine amino acid residues was recognized by 
the signi昀椀cant increase of absorbance at 3000–3300 cm−1 and at 1555 
cm−1 associated with νNH and δNH vibrations, respectively. The relative 
intensi昀椀cation in the absorbance values also detected at 2900–3000 
cm−1 was assigned to νCH3 groups present in alanine and leucine amino 
acids of KLA peptide [55]. 

3.2. Biological experiments with biofunctionalized hybrid nanoconjugates 

3.2.1. In vitro tests 

3.2.1.1. Bioimaging – cell uptake. Bearing in mind the potential use of 
AIS-CYS and AIS-CYS-KLA nanobioprobes for 昀氀uorescent bioimaging of 
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tumor cells, the characterization was performed through a 3D excitation- 
emission plot, lifetime measurements, and quantum yield evaluation. The 
typical result of 3D contour curves for the AIS systems (Fig. 4A) revealed 
emissions in the visible range from green to red over a wide range of 
excitation, which is appropriate for bioimaging. The values of intensity 
averaged lifetimes (τav) obtained for AIS-CYS (312 ± ns) and AIS-CYS- 
KLA (211 ± ns) con昀椀rmed the signi昀椀cant contribution of electron-hole 
recombination mechanisms based on defect points/intra-bandgap levels 
that are longer than band-to-band recombination. These results are much 
higher than those typically observed for organic 昀氀uorophores (<10 ns) 
[56]. These lifetimes favor bioimaging applications due to better temporal 
separation of the QD signals from cellular auto-昀氀uorescence, boosting 
bioimaging sensitivity [56], as well as permitting long-term tracking in 
biological studies [57]. Additionally, the quantum yield (QY) of AIS 
quantum dots was measured, showing a QY = 0.6% for AIS-CYS and 0.1% 

for AIS-CYS-KLA, which has already proven suitable to be used as quan-
tum dot-based 昀氀uorophores for bioimaging applications [58] and 
consistent with the literature regarding QD produced by aqueous colloidal 
low temperatures routes [18,21]. This characteristic was con昀椀rmed by 
the confocal scanning microscopy images (CLSM) of GBM cancer cells (U- 
87 MG) after incubation for 2 h and 6 h with AIS-CYS (Fig. 4B(a)) and AIS- 
CYS-KLA (Fig. 4B(b)) nanoconjugates. QD internalization by the brain 
cancer cells was distinguished by the green 昀氀uorescent emission of AIS 
QDs under laser excitation, which is absent in control samples (without 
incubation with quantum dots). The 昀氀uorescent emission was predomi-
nantly observed scattered in the cytosol without accumulation in the cell 
nucleus, allowing for intracellular bioimaging and cell tracking. Thus, 
these features offer the possibility of using the nanoconjugates for diag-
nosis applications and assessing mechanisms of targeting and killing 
cancer cells in vitro. 
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3.2.1.2. Cytotoxicity assays. The cytotoxicity results for AIS-CYS 
compared to AIS-CYS-KLA are summarized in Fig. 5A. As anticipated, 
the AIS-CYS sample was non-toxic to cancerous cells (cell viability 
>90%), which was ascribed to the inherent biocompatibility of the CMC 
biopolymer and L-cysteine amino acid as well as the minor toxicity of 
AIS QDs (core). In addition, no signi昀椀cant difference (ANOVA One Way, 
Bonferroni Test, level of signi昀椀cance, α = 0.05) was observed between 
the two incubation times, indicating that no toxicity was veri昀椀ed even 
for longer times. These 昀椀ndings give additional proof of the potential 
application of the nanosystems as biomarkers and drug nanocarriers in 
future clinical translation for cancer nanotheranostics. That could 

indicate a longer circulation time in the body after administering the 
nanomedicine without eliciting signi昀椀cant toxicity or side effects. 

Conversely, KLA peptide covalently bonded to nanoconjugates (AIS- 
KLA and AIS-CYS-KLA) reduced the cell viability. The cell viability of 
cells in contact with AIS-KLA was 80% and 76% after 6 h and 24 h of 
incubation, respectively, compared to 57% (6 h) and 52% (24 h) 
observed for the AIS-CYS-KLA. These results showed that AIS-CYS-KLA 
nanosystems are considered cytotoxic (i.e., cell viability <70%) and 
that, based on statistical analysis (ANOVA One Way, Bonferroni Test), 
for the AIS-CYS-KLA (α = 0.01) and AIS-KLA (α = 0.05), the results are 
signi昀椀cantly different when comparing incubation times of 6 h and 24 h. 
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That means, although relevant effects of KLA (i.e., mitochondria- 
targeting peptide) cytotoxic were already observed for the 昀椀rst 6 h, 
the nanoconjugates maintained cytotoxic by reducing the cell viability 
up to 24 h of incubation. These results also evidenced that the grafting 
-CYS functionality conjugated with CMC ligand showed a boosting effect 
on the cytotoxicity of the bioconjugates with a reduction of cell viability 
higher than 30% after 24 h. The cellular uptake of AIS-CYS-KLA nano-
conjugates may have triggered the therapeutic activity of the KLA 
peptide based on mitochondrial dysfunction pathways [1,32–35]. Thus, 
although KLA pro-apoptotic peptide possesses poor cell membrane 
permeability, this cytotoxic behavior was credited to the capability of 
this innovative nanocarrier of CMC polymer modi昀椀ed with L-cysteine to 
facilitate cellular internalization. The thiolation of CMC with L-cysteine 
(i.e., thiol-bearing biomolecule) in the bioconjugates was designed as 
cell-penetrating moiety for augmenting KLA internalization. A similar 
trend has been reported for cell-surface thiol-bearing biomolecules that 
actively intermediate the cellular internalization processes through the 
dynamic balance of redox species (SH/S-S) [59–61]. Although the exact 
mechanism is still unidenti昀椀ed, the most accepted concepts encompass 
the formation of disul昀椀de complexes involving thiol moieties from the 
delivery nanoagents and the cell membrane (i.e., balance of oxidized/ 
reduced species) at the bio-interfaces. In the sequence, the internaliza-
tion of the complex takes place, and, at the last stage, the payload is 
released within the cytosol environment [59–61]. However, it is still a 
matter of intensive research regarding the speci昀椀c activity of cysteine 

residues in affecting cell-death mechanisms and pathways, besides the 
already recognized effect of a cell-penetrating agent. It should be noted 
that the AIS-KLA (without CYS) also acted as a vehicle for intracellular 
delivery of the KLA, due to the presence of CMC, even on a minor scale 
compared to the thiol-based-cell-penetrating agent. This effect 
regarding the cell uptake of CMC-stabilized nanostructures was already 
well established [12,13,24,58]. 

In addition to the MTT test, considering that the major cell-killing 
mechanism of KLA-based peptides involves the mitochondrial mem-
brane disruption, the in vitro toxicity of nanoconjugates was evaluated 
by MitoTracker™ biomarker based on the mitochondria staining 
method. Thus, as actively functional mitochondria concentrate this dye 
昀氀uorophore (MitoTracker™), it was used to track the action of KLA- 
modi昀椀ed hybrid nanocarriers. Hence, GBM cells (U-87 MG) were incu-
bated with the labeled nanoconjugates (MitoTracker™ Deep Red FM) 
and analyzed using confocal laser scanning microscopy (Fig. 5B). In a 
general view, the 昀氀uorescence confocal images showed a signi昀椀cant 
reduction of the red emission with the incubation time, assuring the 
mitochondria dysfunction provoked by KLA peptides conjugated to the 
nanohybrid nanosystems consistent with the MTT cell viability 昀椀ndings 
of the previous section. 

To validate that the triggering of cell-death induction by the pro- 
apoptotic KLA peptide was concentration-dependent, different concen-
trations of AIS-CYS-KLA conjugate were tested (Fig. 6, from 0.01 to 5.0 
μM). The results validated the death-inducing activity of KLA, the cell- 
penetrating action of CYS residues, and the enhanced lethality by 
grafting KLA peptides to the nanoconjugates. For comparison with a 
model anticancer drug, the same concentrations of DOX were added to 
GBM cancer cells. The results indicated that, for concentrations of KLA 
and DOX below 0.1 μM, the lethality of KLA-modi昀椀ed nanoconjugates 
was approximately 23–36% higher than DOX. The killing activities of 
both systems (i.e., DOX and nanohybrids) were similar to the other 
concentrations. These results are outstanding for developing new anti-
cancer agents once it permits decreasing the therapeutic dosages while 
maintaining the killing effectivity against cancer cells. Consequently, 
these smart nanoconjugates would prevent the generally observed 
adverse collateral effects associated with high doses of anticancer drugs 
that are often administered to patients in conventional chemotherapy 
[17]. 

6 h 24 h 6 h 24 h 6 h 24 h

0

20

40

60

80

100

- control

AIS-CYS-KLAAIS-KLA

)
%(

ytili
b

ai
v

ll
e

C

AIS-CYS

+ control

(B)

(A)

15 min 6 h

Fig. 5. (A) Cell viability responses of AIS-CYS, AIS-KLA, and AIS-CYS-KLA after 
incubation for 6 h and 24 h with U-87 MG cell line and [peptide] = 0.8 μM (n =
6); (B) CLSM images of U-87 MG cells after incubation for 15 min and 6 h with 
AIS-CYS-KLA to evaluate red emission of MitoTracker™ (TRITC channel, scale 
bar = 10 μm). (For interpretation of the references to colour in this 昀椀gure 
legend, the reader is referred to the web version of this article.) 

Fig. 6. Cell viability responses comparing the AIS-CYS-KLA nanoconjugates 
and DOX chemotherapeutic agent (n = 6). 
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3.2.2. Chick chorioallantoic membrane (CAM) assay as an in vivo model 

3.2.2.1. Biocompatibility and antiangiogenic activity. Chicken embryo 
CAM assay was conducted to preliminarily assess in vivo antiangiogenic 
potential and biocompatibility of DOX, AIS-CYS-KLA, and AIS-CYS. 
Fig. 7 shows representative images of the CAM after treatment with 
PBS (negative control), AIS-CYS (reference), DOX and AIS-CYS-KLA at 
0.01, 0.05, 0.1, and 0.5 μM of therapeutic agent (DOX or KLA). The 
results obtained for the groups treated with AIS-CYS were similar to 
those from the control group (PBS). Conversely, the sample groups 
treated with DOX and AIS-CYS-KLA demonstrated a signi昀椀cant reduc-
tion in the CAM vessels. 

To con昀椀rm the qualitative data observed in Fig. 7, the area of the 
vessels, the number of junctions, and lacunarity were measured (Fig. 8). 
AIS-CYS at 1.2 nM of AIS showed a small but signi昀椀cant reduction in 
vessel area (21%). Although AIS-CYS treated groups did not lead to a 
statistical reduction in vessel area, a lower number of junctions (* ~ 
33%) than the PBS group was observed. Antiangiogenic activity of AIS- 
CYS-KLA was con昀椀rmed by quanti昀椀cation of the blood vessel area. AIS- 
CYS-KLA demonstrated antiangiogenic activity, with reduction of per-
centage of vessels of 32% (0.01 μM), 30% (0.05 μM), 30% (0.1 μM), and 

27% (0.5 μM). The vessel percentage area presents a reduction similar to 
the positive control (DOX) (23% at 0.01 μM). As expected, a decrease in 
the vessels' number of junctions at the same levels of DOX 0.01 μM 
(34%) was observed in AIS-CYS-KLA treated groups at 0.01 μM (45%), 
0.05 μM (34%), 0.1 μM (29%), and 0.5 μM (45%). Moreover, AIS-CYS- 
KLA treated groups increased lacunarity (>100%) at all tested concen-
trations. This disorder was only for the group that received DOX at 0.5 
μM. 

Angiogenesis is a process that involves the formation of blood vessels 
from pre-existing vessels, which can occur under physiological and 
pathological conditions. Neovascularization is crucial for the develop-
ment of tumor cells because it contributes to the growth and prolifera-
tion of the tumor, and glioblastomas have a rich network of vessels 
[62,63]. Therefore, recent studies have developed therapeutic strategies 
to reduce angiogenesis in treating these tumors [64,65]. Our study 
demonstrated the antiangiogenic activity of AIS-CYS-KLA in the chicken 
embryo CAM assay. The evaluated concentrations of AIS-CYS-KLA 
showed a signi昀椀cant reduction in the vessels, similar to doxorubicin 
[66–69]. 

In addition, the CAM assay is a valuable tool to pre-screening the 
biocompatibility of different biomaterials [70]. No signs of toxicity such 
as lysis, bleeding, and clotting, or acute in昀氀ammatory response, were 
observed; thus, we can conclude AIS-CYS and AIS-CYS-KLA, in the 
analyzed concentrations, were non-toxic under the investigated 
conditions. 

3.2.2.2. Glioblastoma growth on CAM. In our work, CAM tumor assay 
was used to assess the anti-tumor effect of AIS-CYS-KLA. Because it has 
an immature immune system until the 14th embryonic developmental 
day, CAM has been used successfully as a tumor growth model from a 
cell suspension or graft tumor explants. Besides that, it presents a 
favorable microenvironment for tumor development, and it allows 
tumor evaluation cell invasion, angiogenesis, and expression of 
signaling molecules [71,72]. After the growth of the glioblastoma tumor 
in the CAM, the membranes were treated with PBS (negative control), 
AIS-CYS, DOX, and AIS-CYS-KLA. 

The negative control (PBS) showed a white mass consistent with 
tumor growth (Fig. 9A(a)). The group that received AIS-CYS (1.2 nM of 
AIS, Fig. 9B(a)) did not show a tumor reduction and did not present 
vascular changes such as hemorrhages, thrombosis, 昀椀brosis, or even 
destruction of the CAM. The group treated with DOX (0.5 μM, Fig. 9C(a)) 
morphologically showed a reduction in the tumor white mass, but it was 
not statistically signi昀椀cant. In addition, some membranes of this group 
showed bleeding points. The AIS-CYS-KLA treated group (0.5 μM, 
Fig. 9D(a)) showed a statistically signi昀椀cant reduction in tumor white 
mass (p = 0.0087) when compared with the other groups (Fig. 9 - inset). 
The area of the tumor was signi昀椀cantly reduced (41%) in the AIS-CYS- 
KLA group when compared with the vehicle (no reduction), and a bet-
ter reduction than the DOX-treated group (35%). Thus, it is suggested 
that AIS-CYS-KLA can be a potential treatment for tumor glioblastoma. 

Glioblastoma U-87 MG cells treated with PBS solution were able to 
grow on CAM (Fig. 9A(a-e)). Histological analyzes of the membrane 
revealed the presence of two main cell subpopulations (P1 and P2), 
necrotic areas that are usually seen in acellularity pattern (ne), in the 
tumor formed by the grafted (Fig. 9A(b)). The presence of necrosis is one 
of the histologic characteristics of glioblastoma. We also observed glo-
meruloids with microvascular endothelial proliferation (MV) within the 
CAM (Fig. 9A(d-e)). After exposure to treatment with AIS-CYS suspen-
sion (1.2 nM of AIS), we observed the growth of a tumor with three 
distinct cell populations, with an extensive CAM invasion region (Fig. 9B 
(b-c)). 

AIS-CYS samples (Fig. 9B(d)) showed a disorganized tissue by the 
presence of CAM extensive invasion forming lacunar structures that 
intertwine between tumor and CAM tissue. After treatment of DOX (0.5 
μM, Fig. 9C(b-e)), the presence of the region of invasion of the tumors 

Fig. 7. Representative photographs of CAM after 48 h (day 7 of embryo 
development) of treatment with (A) PBS (negative control), (B) AIS-CYS 
(reference), (C) DOX, and (D) AIS-CYS-KLA at therapeutic agents (DOX or 
KLA) concentrations of 0.01, 0.05, 0.1, and 0.5 μM (n = 10; 0.67×
magni昀椀cation). 
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was observed on CAM (yellow arrows, Fig. 9C(c)). We observed in 
higher magni昀椀cation the presence of glomeruloids appearing in micro-
vascular proliferation clusters (MV) within the CAM (Fig. 9C(e)). The 
treatment with AIS-CYS-KLA (0.5 μM) showed glomeruloids appearing 
in microvascular proliferation clusters (MV) within the CAM (Fig. 9D(b- 
c)). Fig. 9D(d) showed an extensive area of the tumor formed three 
subpopulations morphologically distinct and a clear delimitation be-
tween the tumor and the CAM (dotted red lines). Both samples showed 
clusters of tumor cells within the CAM. 

Histological analysis of some glioblastoma samples that received the 
AIS-CYS-KLA treatment showed the presence of some histologic hall-
marks of glioblastoma, such as structures similar to glomeruloid vessels 
and the presence of three subpopulations morphologically distinct from 
the tumor [73,74]. The presence of typical features of glioblastoma in 
tumors developed on CAM reinforces the importance of this in vivo assay 
as a valuable tool for the preliminary assessments of the ef昀椀ciency of 
GBM targeted therapy responses for the development of new treatments 
[75]. These histopathological features were also found in the PBS, AIS- 
CYS, and DOX samples. However, the PBS (negative control) presented 
disorganized tissue by the presence of CAM extensive invasion forming 
lacunar structures that intertwine between tumor and CAM tissue. In 
contrast, the three subpopulations showed a clear delimitation between 
the tumor and the CAM when treated with AIS-CYS-KLA. When analyzed 
together, the results of tumor size and histopathological analysis suggest 
that treatment with AIS-CYS-KLA is a promising alternative for the 
treatment of glioblastoma. Thus, compared to the mouse animal model, 
the CAM in vivo assay can be considered a viable alternative [76]. 
Nonetheless, despite all these advantages, the CAM assay is not endorsed 

to be directly applied as a model for simulating the unique features of 
the blood-brain barrier (BBB), which is far more complex, considerably 
limiting the effectiveness of advanced nanocarriers as anticancer drug 
delivery systems [5,77]. Therefore, a comprehensive investigation of 
BBB transposing by these nanohybrids would require more profound 
research, with additional experiments, such as the bEnd3 endothelial 
cells model derived from mouse brain in vitro assay [78], which is 
beyond the main scope of the current study. It will undoubtedly be 
considered for future studies in the development process of these hybrid 
supramolecular nanosystems before the clinical trial, including inno-
vative escaping alternatives to surpass the BBB (e.g., nose-to-brain de-
livery) for evaluating anticancer drugs, as recently reported [79,80]. 

Hence, based on these results and the important considerations 
highlighted, the CAM in vivo model satis昀椀es the current requirements, 
which should be relatively rapid, cost-effective, and “3Rs” compliant to 
support the identi昀椀cation of new prospective cancer nanotheranostics. 
In this sense, they would possibly progress to practical preclinical/ 
clinical trials and, more importantly, demonstrate a substantial anti- 
neoplastic action against glioblastoma cancer cells. 

The complete representation of the nanosystem successfully 
designed, produced, and comprehensively characterized through in vitro 
and in vivo bioassays in this research is depicted in Fig. 10. 

4. Conclusions 

We designed, produced, and comprehensively characterized inno-
vative nanohybrids composed of peptide-functionalized carboxymeth-
ylcellulose as a macromolecular-based shell conjugated with a 

Fig. 8. Graphs show the (a) vessel area (%), (b) the number of junctions, and (c) lacunarity after treatment with PBS (negative control, black columns), (A) AIS-CYS 
(reference), (B) DOX, and (C) AIS-CYS-KLA at therapeutic agents (DOX or KLA) concentrations of 0.01, 0.05, 0.1, and 0.5 μM. Treatment groups were compared with 
the PBS group, set to 100%. The data are represented by mean ± standard deviation (SD) (n = 10). *Signi昀椀cant difference compared with PBS group (*p < 0.05, **p 
< 0.01, ***p < 0.001, ****p < 0.0001). 
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昀氀uorescent Ag-In-S semiconductor quantum dot (AIS QD) core. These 
nanosystems were synthesized through a strictly green chemistry pro-
cess. These hybrid supramolecular nanosystems were successfully bio-
functionalized with L-cysteine amino acid (CYS) as the cell-penetrating 
moiety combined with KLA peptide as mitochondria-targeted pro- 
apoptotic agent for potential application in brain cancer nano-
theranostics. In vitro assays demonstrated that, before grafting KLA 
peptides, they were non-toxic and suitable for glioblastoma cell bio-
imaging assessed through 昀氀uorescent microscopy analysis. Notably, the 

grafting of CYS amino acid combined with KLA peptide (AIS-CYS-KLA) 
was highly active in enhancing the nanohybrids' cellular internalization 
and radically boosting their lethality towards brain cancer cells relying 
on targeting mitochondrial dysfunction. Through the in vitro cytotox-
icity assays, the nanohybrids proved to be more effective in killing brain 
cancer cells than “free” DOX, used as a model anticancer drug. More-
over, these results were corroborated by in vivo chicken embryo CAM 
assay. Our study demonstrated the antiangiogenic activity of AIS-CYS- 
KLA nanosystems based on the signi昀椀cant reduction in the blood 

Inset

Fig. 9. Representative photographs of glioblastoma growth on CAM on the 14th EDD of embryo development (a) and histological analysis of longitudinal sections of 
CAM after 24 h of treatment with (A) PBS 1×, (B) AIS-CYS, and (C) DOX and (D) AIS-CYS-KLA (DOX or KLA at 0.5 μM). (b-e) Different cell subpopulations 
morphologically distinct between tumors formed are indicated by P1, P2, P3; GBM (tumor); CAM (chorioallantoic membrane); Glomeruloids appearing in micro-
vascular proliferation clusters (MV); dotted red line (region of cell transition between the tumor and the CAM); green arrows (extensive CAM invasion); yellow 
arrows (presence of the area of invasion of the tumors on CAM). Macroscopic aspects: 0.67× magni昀椀cation. Inset: The graph shows the tumor area (cm2) after 
treatment with PBS (negative control), AIS-CYS (reference), and DOX and AIS-CYS-KLA at therapeutic agents (DOX or KLA) concentrations of 0.5 μM. The data are 
represented by mean ± SD (n = 6). *Signi昀椀cant difference compared with PBS group (*p < 0.05). (For interpretation of the references to colour in this 昀椀gure legend, 
the reader is referred to the web version of this article.) 
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vessels, similar to that observed for DOX samples. More importantly, the 
area of the malignant tumor was signi昀椀cantly reduced by ~41% in the 
AIS-CYS-KLA nanohybrids compared to the control group (no reduc-
tion), and a more considerable decrease than the DOX-treated group 
(~35%). This is a crucial result when considering the toxic side-effects 
provoked by DOX used in cancer treatments. Thus, these novel nano-
theranostic systems are anticipated to be suitable for simultaneously 
imaging and mitochondria-targeted therapy against brain cancer while 
protecting normal tissues and minimizing the highly potential systemic 
toxicity and collateral effects of conventional anticancer drug-based 
chemotherapy. 
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