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ABSTRACT: Carbon dots (CDs) and G4-G6 (polyamidoamine)-
PAMAM-NH2 dendrimers were self-assembled to produce CDs@
PAMAM nanohybrids for transfection and bioimaging purposes.
CDs were synthesized by the hydrothermal method, using ascorbic
acid as a starting precursor and characterized by transmission
electron microscopy, UV−Vis, and fluorescence (in solution and
solid-state) techniques. CDs were electrostatically combined with
PAMAM dendrimers at room temperature, and the UV−Vis,
fluorescence, and NMR spectroscopies were used to confirm the
self-assembly. When compared to pristine CDs, nanohybrids were
more photostable, resisting high acidic and basic pH. Moreover, they
were considerably internalized by cells, as assessed by flow cytometry
and fluorescence microscopy, and, when excited, displayed multi-
color emission easily quantified and visualized. These nanoscale hybrids, coined hybridplexes, can condense pDNA and transfecting
cells successfully, particularly the G5 CDs@PAMAM nanohybrids. In summary, CDs prepared in mild and smooth lab conditions,
showing good optical properties, were used to prepare elegantly CDs@PAMAM nanohybrids with promising biomedical
applications.

1. INTRODUCTION
With the development of nanoscale materials that exhibit
fascinating properties for applications in health and wellness,1

environmental science,2 engineering, and industry,3−5 nano-
science and nanotechnology are at the forefront of modern
research. The continuous research in nanoscience and
nanotechnology already benefits humanity, and its continuous
development will undoubtedly increase its impact in the long
term. Among nanomaterials, dendrimers have been intensively
studied due to their many potential applications, particularly in
the biomedical field.6−22 These polymeric molecules structured
in a dendritic form were first introduced by Vögtle23 and later
designated as “dendrimers” by Tomalia et al.24 Poly-
(amidoamine) (PAMAM) dendrimers are probably the most
widely known dendritic structures. Due to their captivating
properties of loading capacity, monodispersity, water solubility,
surface functionality, and controlled molecular weight,
biomedical applications have been explored, mostly for drug
and gene delivery.25−33 PAMAM dendrimers are interesting for
gene delivery due to their excellent DNA condensation
properties, forming cationic DNA condensates that interact
with the anionic cell surface, significantly increasing cell
penetration and efficiently delivering DNA.34 However,
PAMAM dendrimers’ cytotoxicity is still a major concern,
increasing with the generation and being dependent on the
type of terminal groups.35 For instance, dendrimers containing
primary amines at the surface are more toxic than those having

secondary or tertiary amines and those with anionic carboxylic
groups.36 Still, the excellent DNA condensation and cell
penetration capability are mostly achieved by the PAMAM
dendrimers having primary amine termini. Another important
limitation of dendrimers when used as bionanomaterials is that
they do not present a traceable signal that allows their
localization inside cells or the physiological environment.
Indeed, although several works revealed that they show
intrinsic fluorescence, the intensity of the emitted light is
extremely low and in the blue region of the spectrum, thus
being shaded by the auto-fluorescence of cells.37

Another nanomaterial that has been receiving increased
attention since its discovery in 2004 by Xu and co-workers38 is
carbon dots (CDs). Carbon dots are a class of zero-
dimensional nanomaterials, mainly composed of carbon, with
sizes normally ranging between 2 and 20 nm. Regarding
structure, three distinct ones were already reported:39 the
graphene quantum dots (GQDs), carbon quantum dots
(CQDs), and carbon nanodots (CNDs). GQDs are well-
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defined sp2 carbon structures, while carbon quantum dots have
crystalline sp2/sp3 carbon structures, and carbon nanodots
have sp3 carbon cores randomly organized.39 All these
nanomaterials are photoluminescent, of low cytotoxicity,
photostable, water-soluble, and biocompatible.40 Moreover,
carbon dots already have an impressive set of potential
applications in biomedicine,41−43 optoelectronics,44 sensing,45

and catalysis.46

Specifically, the synthesis of carbon nanodots seems
interesting since it does not require any additional reaction
steps. In general, it is a one-pot synthesis process, and the
fluorescent properties are as good as the ones in GQDs and
CQDs. Although the fluorescence origin is still a matter of
substantial debate and controversy,39 it is recognized that their
surface plays a crucial role in the observed fluorescent
properties. The electron-rich surface of carbon dots comes
from individual emitters, e.g., small fluorescent entities that act
as emission centers, localized in the nanoparticle surface, and
highly responsible for their peculiar fluorescence properties.39

In the last decade, the fluorescence capability of carbon dots
has been explored for possible biomedical applications with
relative success, especially in combination with polymers.47−57

In this regard, and as expected, CDs-polymer nanohybrids
were shown to be less cytotoxic when neutral polymers were
used, such as polyethylene glycol.49 However, many
applications require the use of cationic polymers, as is the
case of nucleic acid delivery. In this sense, a few works report
the use of poly(ethyleneimine) (PEI) in combination with
CDs for both gene and siRNA delivery.47,48 Being a classical
branched polymer, PEI consists of polydisperse molecules that
make the hybrids less prompt to be applied in a clinical
scenario. Dendrimers, on the contrary, are monodisperse
polymers avoiding this handicap. Nanohybrids of CDs and

dendrimers have also been prepared based on CDs from
different carbon sources and envisaging distinct applications,
most of them in the biosensors and drug delivery fields.50−57

Indeed, a review focused on this subject was very recently
published, highlighting the application of this type of
nanohybrids in biosensing and cancer theranostics.58 Accord-
ing to this review and to the best of our knowledge too, to
date, only a recent work associated CDs with PAMAM
dendrimers having in view gene delivery applications.57 In that
study, CDs were prepared from sweet lemon peel and
chemically bonded to low generation dendrimers (G1, G2,
and G3) to obtain nanohybrids that were promising as targeted
non-viral vectors.
In the present work, engineered CDs@PAMAM nano-

hybrids were prepared from CDs and activated high generation
of PAMAM dendrimers (G4, G5, and G6), and the possibility
of their use as gene delivery vectors was evaluated. CDs were
prepared from ascorbic acid, which corresponds to a consistent
and reliable source of carbon, having in mind the requirements
for future clinical application. Ascorbic acid is also among the
large universe of organic molecules, an inexpensive source of
carbon. Furthermore, the nanohybrids were prepared by direct
self-assembly of CDs and dendrimers. This non-covalent
approach, in the detriment of covalent bonding, is expected to
present some advantages, e.g., lower impact on CDs
fluorescence signal and quite-easy experimental setup. In its
turn, the choice for high-generation dendrimers was based on
their excellent behavior as non-viral transfection agents,
especially after being activated by a heating step.59−61

Although higher generation dendrimers are known to be
more cytotoxic due to their high positive charge, their
combination with anionic CDs may preclude this problem.
Overall, the objective was to take advantage of both

Figure 1. (a) UV−Vis absorption spectra (inset: ambient light/UV light CDs solution images), (b) excitation spectrum for λem = 500 nm), (c)
fluorescence emission spectra, and (d) normalized fluorescence emission spectra of carbon dots in ultrapure water.
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component properties and obtain novel traceable, cytocompat-
ible, and efficient CDs@PAMAM nanohybrids for gene
delivery purposes.

2. EXPERIMENTAL SECTION
2.1. Materials. All chemicals were used as received unless

otherwise stated. L-ascorbic acid (purity = 99%) was bought from
TCI Chemicals, pyrene was from Sigma-Aldrich, and cyclohexane
(NORMAPUR) was purchased from VWR. Thermo Fisher Scientific
supplied sodium hydroxide, sodium chloride, potassium chloride, and
hydrochloride acid (37%). Riedel-de-Hae ̈n supplied potassium
dihydrogen phosphate, while boric acid (AnalaR) was purchased
from BDH. Citric acid and diethyl barbituric acid were bought from
Merck. Ethylenediamine core PAMAM dendrimers G4 (MW 14215
Da, 64 NH2 terminal groups), G5 (MW 28826 Da, 128 NH2 terminal
groups), and G6 (MW 58048 Da, 256 NH2 terminal groups) in
methanol were purchased from Dendritech Inc. The cellulose ester
dialysis membrane (MWCO 100−500 Da) was purchased from
SpectraLabs. Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), phosphate-buffered saline (PBS) solution,
trypsin solution (0.25 w/v), and antibiotic-antimycotic solution 100x
(AA, containing amphotericin B, penicillin, and streptomycin) were
purchased from Life Technologies, while trypan blue, resazurin, and
the plasmid DNA purification kit were bought from Sigma-Aldrich.
The cell lysis buffer and the Quant-iT PicoGreen dsDNA assay kit
were purchased from Thermo Fisher Scientific. The luciferase and
bicinchoninic acid assay kits were from Promega and Sigma-Aldrich,
respectively. Cell culture dishes were from VWR. Ultrapure water
(UPW) used throughout the experiments was filtered by a Millipore
Milli-Q direct water purification system and presented a resistivity
higher than 18.2 MΩ·cm.
2.2. Synthesis of Carbon Dots. Carbon dots were synthesized

using ascorbic acid as the starting material. Briefly, 500 mg of ascorbic
acid was dissolved in 10 mL of UPW, the transparent solution was
then inserted in a 100 mL stainless steel Teflon container, and the
reaction took place in an oil bath at 200 °C for 5 h. Afterward, the
obtained black solution was dialyzed against UPW for 72 h using a
100−500 Da dialysis membrane and centrifuged at 10000 rpm for 10
min to remove the insoluble particles. The purified CDs solution was
stored sheltered from light at room temperature, and a part was
freeze-dried for further tests and characterization.
2.3. Self-Assembly of G4-G6 CDs@PAMAM Nanohybrids.

Dendrimers solutions were first lyophilized to remove the methanol.
Before the self-assembly process, the G4-G6 PAMAM-NH2
dendrimers were activated by heating the solutions in a water bath
at 40 °C for 24 h.61 Typically, 2.5 mL of 4 mg mL−1 aqueous CDs
solution was mixed with 5 mL of 8 mg mL−1 G4-G6 PAMAM-NH2
dendrimers, and 2.5 mL of UPW was added to complete a 10 mL final
volume. The reactions were carried at room temperature under
stirring conditions for 24 h and sheltered from light to produce CDs@
PAMAM hybrids. Then, the solutions of G4-G6 CDs@PAMAM
hybrids were freeze-dried for mass concentration determination and
further characterization.
2.4. Characterization of CDs/CDs@PAMAM Nanohybrids.

2.4.1. UV−Vis Spectroscopy. The UV−Vis absorption spectra were
obtained using a UV−Vis spectrophotometer (Lambda 25) from
PerkinElmer and 1 cm light path quartz cuvettes. Ultrapure water was
used as the solvent. The concentration used to obtain the UV−Vis
absorption spectra of ascorbic acid and CDs (Figure 1a) was 50 μg
mL−1. As for the UV−Vis absorption of G4-G6 CDs@PAMAM
hybrids and respective CDs (Figure 4a), the concentration was 20 μg
mL−1.
2.4.2. Fluorescence Spectroscopy. Photoluminescence (PL)

spectra were collected using a fluorescence spectrometer (LS55)
from PerkinElmer. The range of excitation wavelengths used was
320−500 nm with 20 nm increments. Excitation and emission slits
were 10 and 8 nm, respectively. The scan speed was set at 500 nm/
min, and 1 cm light path quartz cuvettes were used in all the
measurements. The excitation and photoluminescence spectra of CDs

(Figure 1b,c) were obtained using a 1 mg mL−1 concentration.
Regarding the PL spectra of G4-G6 CDs@PAMAM hybrids, the
concentration used was 200 μg mL−1, and for CDs, 40 μg mL−1

(comparison purposes), obtained using a fixed 360 nm excitation
(Figure 4b). Moreover, all emission spectra were collected using the
same experimental conditions.

2.4.3. Fluorescence Lifetime Measurements in the Solid State.
The fluorescence lifetime of CDs was measured using a 375 nm
picosecond pulsed diode laser (Edinburgh Instruments EPL-375),
with a typical pulse width of 80 ps, and recorded using a zero
temporal dispersion fluorescence spectrometer equipped with a single
photon counting multichannel plate photomultiplier and dedicated
acquisition software (Edinburgh Instruments LifeSpec II and F900
software).

2.4.4. Fourier Transform Infrared Spectroscopy (FTIR). The
surface functionalities of CDs and G4-G6 CDs@PAMAM hybrids
were analyzed using an FTIR (Spectrum Two FTIR spectrometer)
from PerkinElmer coupled to an ATR (attenuated total reflectance)
accessory (DuraSamplIR II) from Smiths Detection. The raw
materials were studied in the solid state, and the light detected after
reflectance respected a minimum of 14%; the spectra were collected
using a wavenumber range of 650−4000 cm−1.

2.4.5. Nuclear Magnetic Resonance (NMR) Spectroscopy. The
NMR spectra were obtained using a 400 MHz NMR (UltraShield 400
plus ULTRA LONG HOLD) equipment from Bruker. Briefly, ca. 10
mg of the sample was dissolved in 540 μL of deuterated oxide or
DMSO-d6. The

13C and 1H NMR spectra were used to monitor the
differences before and after synthesis/self-assembly of carbon dots/
G4-G6 CDs@PAMAM hybrids as well as to identify their surface
functional groups.

2.4.6. Transmission Electron Microscopy (TEM). The morphology
of carbon dots and G4-G6 CDs@PAMAM nanohybrids was obtained
using a Hitachi 8100 TEM instrument with digital image acquisition
and a 200 kV acceleration voltage (Marked Grids, 50 mesh, 3.0 mm
O.D., Copper).

2.4.7. Dynamic Light Scattering (DLS) and ς-Potential Measure-
ments. Information on hydrodynamic diameter and ς-potential was
obtained using a Zetasizer Nano ZS equipment from Malvern
Instruments equipped with a He-Ne laser with a 633 nm wavelength.
The hydrodynamic diameter determination assays were made using a
standard polystyrene cuvette, employing UPW in the dilutions. The
samples were previously filtered with a 0.22 μm filter, and the analysis
was carried out at 25 °C using 10 runs/10 s; results shown are from
three independent measurements. The ς-potential measurements
were made using a polystyrene capillary cell, and the data were
analyzed after 20 runs; three independent measurements were also
performed. The concentration used in the DLS measurements for
CDs, hybrids, and dendrimers was 250 μg mL−1.

2.4.8. Quantum Yield Evaluation. The quantum yield was
determined using the slope method and pyrene (Qy = 32%) as the
fluorescence standard. Briefly, pyrene in cyclohexane and carbon dots
in UPW were prepared to have absorbances between 0.01 and 0.1
(five samples of each were used). The absorbance and PL spectra
were obtained by UV−Vis and fluorescence spectroscopies (λex = 317
nm), respectively. The integrated emission spectrum values were
obtained using the FL WinLab software from PerkinElmer, and the
integrated emission spectra against the absorbance of pyrene and
carbon dots’ solutions were plotted. The fluorescence quantum yield
was obtained using the slope method (eq 1): QyR is quantum yield of
the reference molecule, m is the slope of the line, n is the refraction
index of the solvent used, and R denotes the values for the used
reference.

= ×Q Q m m n n R( / ) ( / )y yR R
2 2

(1)

2.4.9. Effect of pH and Ionic Strength on Fluorescence Intensity.
The effect of pH and ionic strength conditions on the fluorescence
intensity of CDs and G4-G6 CDs@PAMAM nanohybrids was
evaluated. The pH was measured using a pH meter model 3510
from Jenway. The studies at different pH values were performed using
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a pH range of 1−14 as follows: 250 μL of a solution containing G4-
G6 CDs@PAMAM nanohybrids at a concentration of 0.8 mg mL−1

and CDs at 0.2 mg mL−1 was added to 750 μL of a universal buffer
solution at a set pH value (the buffer composition comprised 6 g of
citric acid, 3.9 g of monopotassium phosphate, 1.8 g of boric acid, and
5.3 g of diethylbarbituric acid dissolved in 1 L of UPW; the pH of the
buffer was adjusted to the desired value with HCl or NaOH 1 M
solutions). The studies at different ionic strengths were made using
NaCl and KCl as ionic strength agents within a concentration range of
0−200 mM (20 mM increments). Again, 250 μL of a solution
containing carbon dots or G4-G6 CDs@PAMAM nanohybrids at a
concentration of 0.2 mg mL−1 was placed in a 1.5 mL vial. Then, 750
μL of another solution containing the ionic strength agent at an
appropriate molar concentration was placed in the vial (the final
concentration of carbon dots or G4-G6 CDs@PAMAM nanohybrids
was 50 μg mL−1). In the end, for both cases, 100 μL of the final
solutions was added in quadruplicate to a white 96-well plate, and the
fluorescence was read using a microplate reader (PerkinElmer
VICTOR3 1420) and an excitation wavelength of 345 nm.
2.5. Biological Studies. 2.5.1. Cell Viability Evaluation. HEK

293T cells were seeded at 5000 cells/well in 96-well plates and
allowed to incubate for 24 h at 37 °C in a 5% CO2 humidified
atmosphere. The cells were cultured in DMEM supplemented with
10% (v/v) FBS and 1% (v/v) AA 100x solution. Afterward, cells were
exposed to CDs, G4-G6 CDs@PAMAM hybrids, or pristine G4-G6
PAMAM dendrimers dissolved in a supplemented cell culture
medium at concentrations of 1, 10, 25, 50, and 100 μg mL−1

(quadruplicate) for 48 h. After, the culture medium was removed,
and cells were washed twice with PBS. Then, 100 μL of fresh culture
medium was placed in each well followed by the addition of 100 μL of
resazurin solution (0.1% w/v in PBS). Cells were then allowed to
incubate again for 3 h, and, after this period, 100 μL from each well
was transferred to a white 96-well culture plate for resorufin
fluorescence quantification (λex = 530 nm, λem = 590 nm) in a
microplate reader (PerkinElmer VICTOR3 1420). Results are
presented as a percentage of the fluorescence intensity value obtained
for non-exposed cells.

2.5.2. Cellular Internalization Assays. The cellular internalization
of CDs and G4-G6 CDs@PAMAM hybrids was conducted using
HEK 293T cells and the flow cytometry technique. The cells were
seeded in 24-well culture plates at 1.5 × 105 cells per well for 24 h and
incubated at 37 °C and in a 5% CO2 humidified atmosphere.
Subsequently, cells were exposed to 300 μg mL−1 CDs and G4-G6
CDs@PAMAM hybrids for a 24 h incubation time. Then, the cell
culture medium was removed, cells were washed twice with PBS,
detached using a 0.25% (w/v) trypsin solution, and analyzed by flow
cytometry, recording a minimum of 10,000 events. The excitation
laser had 405 nm, and the measurements were performed using two
different detection channels, AmCyan (530 nm) and Qdot 605 (615
nm), in an ACEA-NovoCyte 3000 flow cytometer equipment. The
presence of CDs and G4-G6 CDs@PAMAM hybrids inside HEK
293T cells was also observed by fluorescence microscopy. HEK 293T
cells were seeded in 48-well culture plates at 5 × 104 cells/well and
incubated for 24 h at 37 °C and in a 5% CO2 humidified atmosphere.
Then, 300 μg mL−1 CDs and G4-G6 hybrids were exposed to cells for
a 24 h incubation time, and samples were observed using an inverted
fluorescence microscope TE2000-E from Nikon. The excitation filters
used were 450−490 and 510−560 nm to obtain green and orange/red
fluorescent cells, respectively.

2.5.3. DNA Condensation Assays. A plasmid DNA (pDNA)
encoding enhanced green fluorescent protein and luciferase genes
(pEGFPLuc, 6.4 kb) was amplified in Escherichia coli that was grown
overnight in Luria-Broth medium containing antibiotic. The plasmids
were then extracted and purified using the GenElute Endotoxin-free
Maxiprep Plasmid Purification Kit following the manufacturer’s
instructions. A small amount of plasmid was dissolved in UPW, and
the absorbance was read at 260 and 280 nm to evaluate its purity and
amount produced. The capacity of CDs, G4-G6 CDs@PAMAM
hybrids, and pristine G4-G6 PAMAM dendrimers to condense pDNA
was then studied using the PicoGreen assay. Condensates formed
with pDNA were prepared at different CD/pDNA, nanohybrid/
pDNA, or dendrimer/pDNA weight ratios, namely, 1, 2, 5, 10, 20, 50,
and 100. Briefly, in the preparation of hybridplexes, 10 μL of a 150
μg/mL solution of plasmid DNA (pDNA) was added to each vial

Scheme 1. Representation of the (a) Hydrothermal Synthesis of Anionic Carbon Dots and (b) Their Self-Assembly with
PAMAM Dendrimers (Generations 4 to 6) through Electrostatic Interactions to Produce G4-G6 CDs@PAMAM Nanohybrids

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.1c00232
Biomacromolecules 2021, 22, 2436−2450

2439

https://pubs.acs.org/doi/10.1021/acs.biomac.1c00232?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00232?fig=sch1&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c00232?rel=cite-as&ref=PDF&jav=VoR


followed by the addition of the needed volume of solution containing
the CDs, G4-G6 CDs@PAMAM hybrids, or pristine G4-G6 PAMAM
dendrimers to prepare condensates at the set ratios. Then, using Tris-
EDTA (TE) buffer (pH 8.0, present in the kit), the solution was
completed to 1 mL of the final volume. The final content of pDNA in
each vial was 1.5 μg. The solutions were then mixed in the vortex and
allowed to incubate for 20 min at room temperature. Subsequently,
100 μL of each solution was transferred to white 96-well plates
(quadruplicate), and 100 μL of a diluted PicoGreen solution (200x
dilution) was added to each well followed by incubation at room
temperature for 5 min, protected from light. The PicoGreen
fluorescence was read in a microplate reader (PerkinElmer, model
VICTOR3 1420, λex = 485 nm, λem = 535 nm). The blank solution
was composed of 100 μL of PBS mixed with 100 μL of PicoGreen.
2.5.4. Transfection Assays. HEK 293T cells were seeded in a 24-

well culture plate at 2 × 104 cells/well and incubated for 24 h at 37 °C
and in a 5% CO2 humidified atmosphere. Then, CDs/pDNA, G4-G6
CDs@PAMAM/pDNA, and G4-G6 PAMAM/pDNA condensates at
weight ratios of 2, 10, and 20 were placed in the respective wells at a
final content of pDNA of 1.5 μg per well. A supplemented cell culture
medium containing FBS was then added to the wells, and cells were
left inside the incubator. Non-transfected cells and cells transfected
with naked pDNA were used as negative controls. Forty-eight hours
post-transfection, cells were observed in an inverted fluorescence
microscope (TE2000-E from Nikon) to detect GFP expression. Later,
the cell culture medium was removed, and the cells washed twice with
PBS and added 100 μL of lysis buffer to release their content. The
total content in protein and luciferase activity was then quantified in
each well using the bicinchoninic acid kit (absorbance was read at 562
nm) and the luciferase assay kit, respectively, following the supplier’s
instructions. Luminescence intensity was quantified using a micro-
plate reader (PerkinElmer, model Victor3 1420) set for a 3 s delay
with signal integration for 10 s. The luciferase activity results were
normalized with respect to the total protein content and expressed as
relative light units (RLU) per mg of protein.
2.6. Statistical Analysis. The results obtained are presented as

mean ± standard deviation (StDev), and the data were analyzed using
the Student’s t-test to evaluate the statistical significance, and the p-
values used are represented as *(p < 0.05), **(p < 0.01), and ***(p <
0.001).

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of Carbon Dots.

The first step of the present work was to synthesize CDs from
ascorbic acid using a hydrothermal process (Scheme 1a).
Beyond the advantages mentioned before, ascorbic acid is an
interesting precursor for the synthesis since the chemical
groups present in this molecule, namely, those containing
oxygen, can result in CDs having unique properties. The use of
ascorbic acid was previously considered for CDs synthesis by
others using high temperatures and different reaction times,
either in combination with other organic molecules or using it
from natural extracts.62−65 In our case, the synthesis of carbon
dots was carried out using only ascorbic acid as the reaction
precursor and milder reaction conditions that were original and
optimized. Namely, 200 °C and a 5 h reaction time were
applied in a stainless steel Teflon container inside an oil bath.
During the synthesis, ascorbic acid experienced degradation,
forming new structures and chemical groups, generating small
oxygen-rich fluorescent molecules. Part of the fluorescent
molecules was carbonized to generate carbon cores, and the
remaining were chemically bonded, forming the fluorescent
carbon dots. The black solution containing CDs was subjected
to dialysis for 3 days to remove free small fluorescent
molecules generated during the process and centrifuged to
isolate the insoluble particles from the CDs solution (yield of
10%).

The photophysical properties of carbon dots were evaluated
and are shown in Figure 1, which comprises their UV−Vis
absorption spectrum and their excitation and emission
fluorescence spectra, including normalized fluorescence
emission spectra. The UV−Vis spectrum of ascorbic acid
(Figure 1a) presents its typical absorption band centered at
264 nm due to π−π* (CC) transitions. The CDs exhibit
two characteristic absorption bands: one shoulder at 227 nm
and a maximum at 275 nm assigned to π−π* (CC) and
n−π* (CO, conjugated system) transitions. CDs’ solutions
at ambient light show a typical light brown color and, after UV
excitation, the characteristic blue color of the dots (inset in
Figure 1a). An excitation spectrum was registered using an
emission wavelength of 500 nm (Figure 1b). The resulting
excitation band’s position concerning the emission wavelength
shows a large Stokes shift of around 100 nm. The prepared
CDs’ fluorescence emission spectra were obtained employing
excitation wavelengths between 320 and 500 nm with 20 nm
increments (Figure 1c). These spectra displayed red shifts in
the maximum emission wavelength accompanied by fluo-
rescence emission intensity reductions upon increasing the
excitation wavelengths. The CDs have shown their strongest
fluorescence in the blue region of the visible spectra. More
importantly, the normalized intensity spectra (Figure 1d)
clearly show that these CDs can emit either in the blue, green,
or orange/red region of the visible spectra.
Moreover, the quantum yield of the prepared CDs,

determined using the slope method,66 was 20.0%, a value
higher than the obtained by Cailotto et al. for CDs also
obtained by using ascorbic acid as a precursor (QY of 1.5%
calculated using as standard quinine sulfate)62 (Figure S1 and
Table S1 in the Supporting Information).
Photoluminescence studies were further performed with

CDs in powder form. The fluorescence decay of CDs solid
powder was measured using a high repetition rate UV diode
laser at 375 nm. The detection wavelength was tuned at the
maximum of the emission band, around 455 nm. The obtained
fluorescence decay is given in Figure 2, together with the

instrumental response function (IRF) of the experimental
setup. The fluorescence decay of CDs showed a non-
exponential behavior, which can be expected for CDs that
present a very broad emission band due to the superposition of
several emissions from diverse emitter centers.39 In order to
quantify the average lifetime value of the fluorescence, the

Figure 2. Decay of the fluorescence of CDs measured at 455 nm upon
excitation at 375 nm (IRF: instrumental response function). The
average lifetime of CDs fitting to a third exponential decay was 0.10
ns.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.1c00232
Biomacromolecules 2021, 22, 2436−2450

2440

https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00232/suppl_file/bm1c00232_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00232/suppl_file/bm1c00232_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00232?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00232?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00232?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00232?fig=fig2&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c00232?rel=cite-as&ref=PDF&jav=VoR


decay curves have been successfully fitted to a three
exponential decay curve of the type.

= + +τ τ τ− − −I t A A A( ) e e et t t
1

/
2

/
3

/1 2 3 (2)

where A1, A2, and A3 are the pre-exponential factors, and τ1,
τ2, and τ3 are the decay constants. The fitting was made using
IRF reconvolution analysis with FAST (Fluorescence Analysis
Software Technology) by Edinburgh Instruments.
The average lifetime was then calculated using the following

equation:67
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The obtained average lifetime of the CDs excited state was
about 0.1 ns (Figure 2). The average lifetime value obtained in
the solid samples was notably shorter than those reported for
CDs dispersed in water solutions68,69 and was similar to those
reported in CDs solid forms, in which aggregates are formed,
and energy transfer processes compete with the radiative
transition and nonradiative transition paths, leading to shorter
average lifetimes.70

Transmission electron microscopy was used to confirm the
presence of CDs and to observe their morphology. The
obtained results are presented in Figure 3, which shows a TEM

micrograph of the CDs with its respective size distribution (see
also Figure S2 in the Supporting Information). The results
show carbon dots with an apparent round shape and an
average size of around 4 nm.
In addition, carbon dots were characterized by NMR

spectroscopy to evaluate the differences between ascorbic
acid and the obtained CDs before and after synthesis as well as
to identify the chemical groups likely existent at their surface.
1H NMR and 13C NMR spectra of ascorbic acid and carbon
dots were recorded in DMSO-d6. The results are shown in
Figures S3 and S4 (in the Supporting Information). The
precursor (ascorbic acid) presents its typical signals in both 1H
and 13C NMR spectra, which can be easily attributed to each of
the hydrogen and carbon atoms, respectively, in the molecular

structure. As for the 1H NMR spectra of carbon dots (Figure
S3), signals at chemical shifts of 9.2/9.4, 10.3, and 12.4 ppm
may be ascribed to different surface functional groups such as
aldehyde, alcohols, and carboxylic groups, respectively. The
signals at chemical shifts of 5.6 and 6.9/7.1 ppm are assigned
to protons bonded to sp2 carbon and aromatic ring structures,
respectively, whereas signals with chemical shifts between 3
and 4 ppm are from protons near carbon-heteroatom groups.
Lastly, the signal at a chemical shift of 1.3 ppm is attributed to
protons bonded to a sp3 carbon. The 13C NMR spectrum of
CDs (Figure S4 in the Supporting Information) shows a signal
at a chemical shift of 30 ppm assigned to alkyl carbons and
several other signals at chemical shifts between 60 and 80 ppm
that are ascribed to carbons in C−O, C−OH, and CCO
groups.
The aromatic and sp2 carbons are assigned to the signals at

chemical shifts from 120 to 150 ppm. The signal at the
chemical shift of 175 ppm corresponds to carbon in carboxylic
groups. The infrared spectrum of the produced CDs was also
obtained to identify the different surface functionalities (Figure
S5 in the Supporting Information). Ascorbic acid exhibits its
typical absorption bands with the most relevant signals at 1024
cm−1, attributable to the C−O group, at 1750 cm−1, assigned
to the stretching vibration of CO, and three sharp bands
between 3308 and 3524 cm−1 ascribed to structural −OH
groups, free −OH from hydrogen bonding, and dimer
formation. In the case of carbon dots, the infrared spectrum
shows a broad band centered at 3360 cm−1 assigned to −OH
groups and a stretching vibration at 1707 cm−1 assigned to the
CO from the carboxylic group. Bands at 1188 and 1021
cm−1 were attributed to C−O−C and C−O groups,
respectively.
In summary, based on these results, pure fluorescent carbon

dots with an oxygen-rich surface having different functional
groups, such as carboxylic and different types of alcohol
groups, with an average size of 4 nm and emitting in the blue,
green, or orange/red region of the visible spectra, with the
optimum excitation wavelength in between 360 and 400 nm,
and the strongest emission occurring amid 450−500 nm (blue
or light blue), were successfully synthesized.

3.2. Self-Assembly of CDs@PAMAM Nanohybrids.
The prepared carbon dots were self-assembled with G4-G6
PAMAM-NH2 dendrimers to form G4-G6 CDs@PAMAM
nanohybrids (Scheme 1b). The process was made by mixing
carbon dots and G4-G6 PAMAM-NH2 dendrimers at a 1:4
mass ratio, and the reaction occurred at room temperature for
24 h and under stirring conditions. The dendrimers activation
was previously done using a heat treatment since it is reported
to improve their action as gene delivery agents.59−61 The
interaction between carbon dots and PAMAM dendrimers is
dependent on the nature of the surface groups and takes
advantage of the anionic surface of carbon dots to interact
electrostatically with the cationic surface of the PAMAM-NH2
dendrimers.
The CDs@PAMAM nanohybrids characterization by UV−

Vis and fluorescence spectroscopies was also performed, and
the obtained spectra are presented in Figure 4.
As discussed in the previous section, the UV−Vis absorption

spectrum of carbon dots has two absorption bands with
maximum wavelengths at 227 and 275 nm. After self-assembly
with G4-G6 PAMAM-NH2 dendrimers to form the nano-
hybrids, all spectra presented an absorption band at 279 nm,
characteristic of the PAMAM dendrimers structure (Figure

Figure 3. TEM images of carbon dots and their average size
distribution.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.1c00232
Biomacromolecules 2021, 22, 2436−2450

2441

https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00232/suppl_file/bm1c00232_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00232/suppl_file/bm1c00232_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00232/suppl_file/bm1c00232_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00232/suppl_file/bm1c00232_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00232/suppl_file/bm1c00232_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00232/suppl_file/bm1c00232_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00232/suppl_file/bm1c00232_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00232?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00232?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00232?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00232?fig=fig3&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c00232?rel=cite-as&ref=PDF&jav=VoR


4a).71 This band presence in all nanohybrid spectra absorption
suggests that the dendrimer will be most probably surrounding
the carbon dots. The emission spectra of carbon dots and G4-
G6 CDs@PAMAM nanohybrids were obtained using a fixed
360 nm excitation wavelength. Since the G4-G6 CDs@
PAMAM hybrids contain 20% CDs, the pristine CDs
concentration was leveled at 40 μg mL−1 for comparison
purposes. The obtained results (Figure 4b) have shown that
the dendrimers had a slight quenching effect over the CDs
fluorescence. Depending on the dendrimer generations, a slight
3 nm red shift was also observed, clearly confirming the
establishment of interactions between both structures as
previously reported by Shi et al.55 Furthermore, the quantum
yield was also determined for the G4-G6 CDs@PAMAM
nanohybrids, being evident that their formation decreased the
fluorescence quantum yield significantly when compared with
the CDs. Quantum yield values were 11.9, 10.5, and 7.72% for
the G4, G5, and G6-based nanohybrids, respectively (Figure
S1 and Table S1 in the Supporting Information) vs 20.0% for
new CDs. This observed fluorescence quantum yield reduction
also suggests a strong interaction between the CDs and
PAMAM dendrimers.
The nanohybrids, along with their respective G4-G6

PAMAM-NH2 dendrimer and carbon dots, were further
characterized by NMR. Since DMSO interferes with the
PAMAM dendrimer signals due to its characteristic peak at a
chemical shift of 2.5 ppm, all spectra were obtained using D2O
as the deuterated solvent instead of DMSO-d6. The

1H NMR
spectra of G4-G6 PAMAM-NH2 dendrimers are very similar
among them (see also Figures S6−S8 in the Supporting
Information for all generations), showing characteristic signals
attributable to the different −CH2 groups in the dendrimer
scaffold. As for the 1H NMR of carbon dots, it was made in
D2O for comparison with the hybrids and respective pristine
PAMAM dendrimers. The signals at chemical shifts of 5.7 and
7.1−7.3 ppm can be assigned to protons bonded to sp2 carbon
and aromatic ring structures, respectively. Moreover, signals at
chemical shifts of 3.5−4.5 ppm are due to protons near the
heterogroups (such as C−O and C−CO). The signals at
chemical shifts of 1−2.6 ppm arise from protons bonded to sp3

carbon. The protons from the surface functional groups, the
aldehyde, alcohol, and carboxyl (at chemical shifts of 9−12
ppm, Figure S6), disappeared due to protonation by D2O.
After self-assembly of CDs with PAMAM dendrimers, the
NMR spectra are dominated by the dendrimers’ signals. Slight
shifts in these signals were observed in relation to those
present in pristine dendrimers’ spectra, indicating the

occurrence of interaction and the formation of the expected
nanohybrids.
The infrared spectra of CDs and G4-G6 CDs@PAMAM

hybrids were also obtained (Figure S9 in the Supporting
Information), and, as previously discussed, the IR spectrum of
carbon dots indicated a surface rich in carboxylic and
hydroxylic groups. After interaction with the PAMAM
dendrimers to form G4-G6 nanohybrids, a stretching vibration
band at 3260 cm−1 was obtained and ascribed to the amine
groups of the PAMAM structure. Furthermore, bands at 1627
cm−1 corresponded to the stretching CO of amides and, at
1544 cm−1, to the N−H bending mode. Overall, the FTIR
results show, as expected, the prevalence of the PAMAM
dendrimer absorption bands.
The morphology of the G4-G6 CDs@PAMAM nanohybrids

was also evaluated by TEM, as presented in Figure 5. The

micrographs show amorphous G4-G6 CDs@PAMAM nano-
hybrids with the dark and grey regions corresponding to
agglomerated carbon dots and the surrounding PAMAM
dendrimers, respectively. Due to its small size and fragile
organic composition, the PAMAM dendrimer structure is very
sensitive to the microscope electron-beam. As so, its
observation is difficult to be achieved.72 However, the self-
assembly of CDs with dendrimers forms a dark condensed
structure with no need to use contrast agents or staining
methods to visualize all the hybrids.
The hydrodynamic diameter of CDs and G4-G6 CDs@

PAMAM nanohybrids was determined by dynamic light
scattering. The obtained results are shown in Figure S10 in
the Supporting Information. The average hydrodynamic

Figure 4. (a) UV−Vis absorption and (b) fluorescence emission (λex
= 360 nm) spectra of CDs and G4-G6 CDs@PAMAM nanohybrids
obtained in ultrapure water. The fluorescence emission spectra were
obtained using G4-G6 hybrids with a fixed 200 μg mL−1

concentration and the respective CDs at 40 μg mL−1.

Figure 5. TEM micrographs of (a) G4-based, (b) G5-based, and (c)
G6-based CDs@PAMAM nanohybrids. Scale bars: 100 nm in (a) and
(b); 200 nm in (c).
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diameter of carbon dots was around 9 nm, whereas those for
G4-G6 CDs@PAMAM nanohybrids ranged between 20 and
40 nm. The ς-potential was measured as well (Table S2 in the
Supporting Information). The ς-potential of the prepared
carbon dots is −5.72 ± 0.62 mV, corresponding to an anionic
surface particle. The ς-potential values of the G4-G6 PAMAM-
NH2 dendrimers were 2.72 ± 0.56, 5.93 ± 1.15, and 8.89 ±
1.29 mV. The formed G4-G6 CDs@PAMAM nanohybrids
presented ς-potentials of −0.414 ± 0.50, −0.765 ± 0.31, and
+1.63 ± 0.29 mV, respectively. This increase in the ς-potential
when compared with the free CDs confirms the self-assembly
with the positively charged PAMAM dendrimers.
In summary, results from photoluminescence, 1H NMR,

FTIR, TEM, DLS, and ς-potential measurement techniques
indicate that fluorescent G4-G6 CDs@PAMAM nanohybrids
were successfully prepared, having average hydrodynamic
diameters between 20 and 40 nm. Moreover, the quenching
of fluorescence after self-assembly, the prevalence of the
absorption bands from the dendrimers observed in the UV and
FTIR spectroscopy characterization, as well as the dominance
of 1H NMR signals from the PAMAM dendrimers in the
correspondent nanohybrids spectra, confirms that nanohybrids
are formed by CDs surrounded by a shell of dendrimers.
3.3. Effect of pH and Ionic Strength on G4-G6 CDs@

PAMAM Nanohybrids Fluorescence Intensity. In nano-
medicine applications, pH is an important parameter to
consider since it may substantially change during the
nanomaterial path toward the biological target. Unless the
idea is to use the nanomaterial as a probe for pH
determination, the fluorescence intensity should be maintained
at high enough levels for its effective tracing in the biological
system. In this regard, the pH effect on the fluorescence
intensity of CDs and G4-G6 CDs@PAMAM nanohybrids was
evaluated (Figure 6 and Figure S11 in the Supporting

Information). In these experiments, a universal pH buffer
was used (constant composition), and fluorescence intensity
was measured by adjusting the pH to the desired value.
The results obtained for carbon dots show that the

fluorescence drops 50−60% at strong acid and basic environ-
ments, almost reaching a plateau between pH 3 and 8. As for
the G4-G6 CDs@PAMAM nanohybrids, their fluorescence
intensity does not present this behavior, and, on the contrary,
fluorescence emission has maxima at pH values between 3 and
4. The fluorescence drops and reaches near the same PL
intensity at neutral pH values compared to pristine CDs,
increasing their fluorescence intensity between pH 10 and 11.

In fact, we can consider that the self-assembly of the CDs with
the dendrimers results in nanohybrids that globally present a
higher fluorescence intensity in all pH ranges, making them
better nanomaterials for bioimaging purposes. Likely, PAMAM
dendrimers protect the emission centers present in CDs from
high and low H+ concentrations. If we consider that CDs have
different emission centers, some of which can be affected at
low pH values, others at high pH values, then it is clear that
dendrimers’ presence protects these emission centers from the
surrounding environment. In fact, dendrimers can act as
proton sponges, a feature that has been reported in the
literature and that is partly responsible for their good behavior
as vehicles for the delivery of nucleic acids. Here, it is likely
that the dendrimers, also acting as proton sponges, decrease
the acidic environment around the CDs at low pH values. On
the other hand, at high pH values, dendrimers can release the
protons immobilized in their structure, thus reducing the
alkaline environment surrounding the CDs. The dendrimers
act as buffer systems around the CDs, helping maintain and
even enhance their emissive properties.
The effect of ionic strength on the fluorescence intensity of

CDs and G4-G6 CDs@PAMAM nanohybrids was also studied
using NaCl solutions at different concentrations (Figure S12 in
the Supporting Information). The used salt concentrations
varied between 0 and 200 mM with 20 mM increments. The
results indicated good stability in the emission of CDs and G4-
G6 CDs@PAMAM nanohybrids at all salt concentrations. CDs
fluorescence only drops 30% at 200 mM NaCl, and, as for the
G4-G6 CDs@PAMAM nanohybrids, fluorescence drops
between 10 and 20% at 200 mM NaCl, depending on
dendrimer generation. Results were very similar when changing
the Na+ cation for the K+ one (Figure S13 in the Supporting
Information). So, it seems that PAMAM dendrimers also
protect CDs from quenching at high salt concentrations. This
finding is relevant since it is known that the ionic strength can
significantly vary in the physiological environment.73

3.4. Cell Viability Studies with the CDs@PAMAM
Nanohybrids. The effect of CDs, G4-G6 PAMAM-NH2
dendrimers, and G4-G6 CDs@PAMAM nanohybrids on cell
viability was studied in vitro using HEK 293T cells and the
concentrations of 1, 10, 25, 50, and 100 μg mL−1 for an
exposition time of 48 h (Figure 7). A metabolic activity assay
(resazurin reduction assay) was used as an indirect measure of
cell viability. In this assay, resazurin is converted to resorufin in
the mitochondria of viable cells. Then, resorufin fluorescence
intensity is assumed as being directly proportional to the
number of viable cells in culture. Results are expressed as a
percentage of the average value obtained for non-exposed cells
(control). Importantly, CDs and G4-G6 CDs@PAMAM
nanohybrids’ fluorescence does not interfere with this assay
since these absorb until a maximum of 500 nm, and the
fluorescence over 550 nm is inconsequential.
The results show that CDs are of low cytotoxicity toward

HEK 293T cells, with cell viability only dropping to 80% at
100 μg mL−1. Similar to what was observed by Ghosh et al.57

regarding G1-G3 CDs@PAMAM nanohybrids, the toxicity of
our G4-G6 CDs@PAMAM nanohybrids and that of the G4-
G6 PAMAM-NH2 dendrimers was dependent on dendrimer
generation. Results showed that the G4 and G5 CDs@
PAMAM nanohybrids were less toxic than the respective G4
and G5 PAMAM dendrimers. For instance, the G4 CDs@
PAMAM nanohybrid presented cell viability of 76% at 100 μg/
mL, whereas that for G4 PAMAM-NH2 was 25% for the same

Figure 6. Effect of pH on the fluorescence intensity of CDs and G4
CDs@PAMAM nanohybrids.
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concentration. The same behavior was also observed for G5
CDs@PAMAM nanohybrids. In summary, although less
cytocompatible than CDs alone, the nanohybrids formed by
the self-assembly of CDs with PAMAM dendrimers led to
more favorable dose-effect profiles than pristine dendrimers.
3.5. Cellular Internalization Studies with the CDs@

PAMAM Nanohybrids. In view of their biological applica-
tions, studies were made to evaluate CDs@PAMAM nano-
hybrids ability to be internalized by cells, and results were
compared with those obtained using CDs alone. These assays
were based on both nanomaterials fluorescence properties and
were performed using HEK 293T cells after an incubation time
of 24 h. The extent of CDs or G4-G6 CDs@PAMAM
nanohybrids cellular uptake was determined by flow cytometry,
whereas fluorescence microscopy was used to confirm the
possibility of using these nanomaterials as bioimaging agents,
that is, to make sure they can effectively be visualized in a
biological environment.
The flow cytometry studies were carried out using a fixed

number of cells (10000), and the fluorescence was detected
using an excitation laser of 405 nm and two detection channels,
530 nm (AmCyan) and 615 nm (Qdot 605). Figure 8 shows
the mean fluorescence intensity detected by flow cytometry for
the control (no exposed cells) and for cells exposed to
solutions of CDs or G4-G6 CDs@PAMAM nanohybrids. The
fluorescence emission detected in the control is due to the
auto-fluorescence of cells as they possess organic molecules
that also emit in the green and red region of the visible spectra.
As for the CDs, for both green and red emissions, the detected
fluorescence intensity was slightly higher than for the control
but significantly lower than for the G4-G6 CDs@PAMAM
nanohybrids. These results indicate a less effective accumu-

lation of CDs inside HEK 293T cells due to their anionic
surface that does not favor cell internalization. On the contrary,
nanohybrids cell uptake was likely favored by their positive
charge. Since, at neutral pH, the dendrimers presence in the
nanohybrids induced quenching in the CDs fluorescence (as
seen in Section 3.3), the extent of nanohybrid cell uptake
should be even higher than that reflected in the results shown
in Figure 8. Regarding the G4-G6 CDs@PAMAM nano-
hybrids, it seems that there is a dendrimer generation-
dependent internalization, which a slight increase in the ς-
potential can explain, but not only, once cell uptake may
depend on several other factors, like, for example, nanohybrid

Figure 7. Effect of CDs, G4-G6 PAMAM-NH2 dendrimers, and G4-G6 CDs@PAMAM nanohybrids on HEK 293T cell viability by the resazurin
reduction assay. Results are expressed as a percentage of the average value obtained for non-exposed cells (control). The results obtained are mean
± StDev (n = 3), and statistical significance is represented as *(p < 0.05), **(p < 0.01), and ***(p < 0.001); comparisons were made between CDs
vs G4-G6 CDs@PAMAM nanohybrids and G4-G6 CDs@PAMAM nanohybrids vs G4-G6 PAMAM-NH2 dendrimers.

Figure 8. Mean fluorescence intensity of CDs and G4-G6 CDs@
PAMAM hybrids was detected using flow cytometry after 24 h of
incubation time. Green and red bars were obtained with the detection
channel AmCyan (530 nm) and Qdot 605 (615 nm), respectively.
The data are represented as mean ± StDev (n = 3), and the statistical
significance as ***(p < 0.001); the comparisons were made against
the control and CDs.
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morphology.74 Finally, it should be noticed that green
fluorescence intensities are higher than red ones since, for
the excitation wavelength used (405 nm), fluorescence is
higher at 530 nm than at 615 nm (see Figure 1c).
As for fluorescence microscopy, the samples with cells

exposed to CDs and G4-G6 CDs@PAMAM nanohybrids were
excited with a blue and green light, which resulted in green and
red emissions, respectively (Figure 9). As expected, samples

with non-exposed HEK 293T cells (control) emitted weak
fluorescence, and they were not observed by fluorescence
microscopy. In the case of samples exposed to carbon dots, as
their cellular internalization was difficult due to their anionic
surface, fluorescence signals were missing too.
Concerning the samples exposed to G4-G6 CDs@PAMAM

nanohybrids, both green and red fluorescence were observed
when excitation was done at two different wavelengths. For the
nanohybrids, there was an evident increase in fluorescence with
dendrimer generation, confirming the quantitative results of
flow cytometry, that is, the cell uptake follows the trend G4

CDs@PAMAM nanohybrid < G5 CDs@PAMAM nanohybrid
< G6 CDs@PAMAM nanohybrid.
Thus, our results indicate that the produced fluorescent

nanohybrids are suitable for bioimaging applications and that
their cellular internalization can even be tuned by playing with
the PAMAM dendrimer generation.

3.6. DNA Condensation. As our objective was to test the
nanohybrids as gene delivery vehicles, their capacity to
condense plasmid DNA (pDNA) forming electrostatic
complexes (hybridplexes) was studied and compared with
those of CDs and G4-G6 PAMAM-NH2 dendrimers. Experi-
ments were done using the PicoGreen assay and CD/pDNA,
nanohybrid/pDNA, or dendrimer/pDNA (w/w) ratios of 1, 2,
5, 10, 20, 50, and 100 in complex preparation (Figure 10). The
PicoGreen assay can be applied to evaluate the nanomaterials
capacity to condense DNA by using a fluorochrome with a
maximum fluorescence emission when bonded to DNA.
If the fluorescence intensity decreases, it means that

PicoGreen fluorochrome is not bonded to DNA and that the
nanomaterial understudy is condensing it.75 Importantly, even
if interferences between the CDs fluorescence and the
PicoGreen assay could occur as CDs also emit in the blue
region, the used quantity of CDs or G4-G6 CDs@PAMAM
nanohybrids was small enough for that to happen. The analysis
of the results in Figure 10 shows that the pristine CDs cannot
condense DNA, probably due to their anionic surface and the
establishment of repulsion forces between them and the
anionic pDNA molecule. For both the pristine dendrimers and
the nanohybrids, DNA condensation was successful already at
dendrimer/pDNA or nanohybrid/pDNA (w/w) ratios of 2,
achieving full condensation for ratios ≥10. As for the pristine
dendrimers, the higher generations were more efficient in the
process, which can be explained by the higher number of
amine groups present at their surface and protonated at neutral
pH. In nanohybrids’ case, pDNA condensation was also
generation-dependent, with G4 and G5-based nanohybrids
being better condensation agents. This dendrimer generation
dependency of the nanohybrids is in line with the findings
reported by Ghosh et al.57 using lower generations of PAMAM
dendrimers (G1-G3) in the nanohybrid formulation.
The PicoGreen assay reveals the extension of pDNA

condensation but does not give information concerning the
size of the formed complexes. The G4-G6 CDs@PAMAM/
pDNA complexes at a ratio of 20 were then analyzed by TEM
(Figure 11). The results show spherical morphologies for the
hybridplexes, which are well separated from each other. The
G4-based nanohybrids formed DNA complexes having an
average diameter of 164 nm that show some polydispersity. In
turn, the G6-based nanohybrids were less polydisperse and
presented an average diameter of 43 nm. As for the G5-based
nanohybrids, their condensates with pDNA were much
smaller, having an average diameter of 21 nm. In this case,
the hybridplexes were almost monodisperse, which makes
them more suitable for pharmaceutical applications. So, overall,
considering the results from the PicoGreen assay and TEM,
one can conclude that the G5-based nanohybrids not only lead
to a high pDNA condensation but also to the formation of
nanohybrid/pDNA complexes that are small and uniform,
possibly more capable of being internalized by cells and more
prone to deliver DNA efficiently.

3.7. Transfection Studies. Transfection studies were
conducted in HEK 293T cells using CD/pDNA, hybridplex
(nanohybrid/pDNA), or dendrimer/pDNA ratios (w/w) of 2,

Figure 9. Fluorescence microscopy images of HEK 293T cells after 24
h of exposure to 300 μg/mL solutions of CDs and G4-G6 CDs@
PAMAM nanohybrids. Excitation was produced with blue and green
light for the observed green and red emission, respectively.
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10, and 20 in complex preparation. The cells were exposed to
the complexes, and results were accessed after 48 h. The
pDNA used in the assays carried the green fluorescence
protein (GFP) and the luciferase (Luc) reporter genes.
Whereas GFP expression was used for a qualitative evaluation
of transfection by fluorescence microscopy (cells expressing
GFP appear with green color), luciferase activity (normalized
in relation to the protein content) was determined for
obtaining quantitative data of the process. Moreover, the
protein content was used as an indirect measure of cell viability
after exposure to the CD/pDNA, nanohybrid/pDNA, or
dendrimer/pDNA complexes. Regarding the complexes effect
on cell viability (Figure S14 in the Supporting Information),
those prepared with CDs or G4 CDs@PAMAM nanohybrids
were not more toxic than using naked pDNA. For all other
cases except hybridplex or dendrimer/pDNA ratios of 2,
cytotoxic effects were observed with increasing nanohybrid/
pDNA or dendrimer/pDNA ratio values. In particular, the
complexes formed with G6 CDs@PAMAM nanohybrids
achieved high cytotoxicity levels at a nanohybrid/pDNA
ratio of 10 and 20, for which reductions in cell viability of

about 53% and 74% (in relation to naked pDNA) were
respectively attained.
This cytotoxic effect was softer for the complexes prepared

with G5 CDs@PAMAM nanohybrids.
As for fluorescence microscopy results, Figure 12 clearly

shows that the CDs alone could not act as gene delivery agents
since no GFP was expressed by cells (no green cells were
observed). This finding was expected as CDs could not
compact pDNA due to the presence of carboxylic acid groups
on the surface. However, both the nanohybrids and the
dendrimers were able to assume that role at all nanohybrid/
pDNA or dendrimer/pDNA ratios tested. A clear observation
from the experiments was that the transfection level always
increased with an increase in these ratios. Also, out of the three
types of nanohybrids, G5- and G6-based ones presented the
best transfection performance, as evidenced by the higher
extent of cells expressing GFP.
Figure 13 presents the results for normalized luciferase

activity. Here, we can observe that the transfection efficiency
achieved using CDs alone as gene delivery agents was residual.
Additionally, and in general terms, the complexes prepared

Figure 10. pDNA condensation using the PicoGreen assay. Experiments were done for CD/pDNA, nanohybrid/pDNA, or G4-G6 PAMAM/
pDNA (w/w) ratios of 1, 2, 5, 10, 20, 50, and 100.

Figure 11. TEM micrographs of (a) G4 CDs@PAMAM/pDNA, (b) G5 CDs@PAMAM/pDNA, and (c) G6 CDs@PAMAM/pDNA condensates.
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with the nanohybrids were much more efficient in gene
delivery than those that used the pristine dendrimers (except
for the G4 PAMAM-NH2 dendrimer at dendrimer/pDNA
ratios of 2 and 10). In fact, the G5 CDs@PAMAM
nanohybrids were shown to be the best systems for the
envisaged objective, with transfection efficiencies surpassing all
other materials under study. Likely, the excellent performance
of G5 CDs@PAMAM nanohybrids as gene delivery agents is
associated with their excellent capacity to condense pDNA,
forming small and monodispersed complexes.

4. CONCLUSIONS
In summary, anionic fluorescent CDs with an apparent round
shape and the average size of 4 nm emitting in the blue, green,
or orange/red region of the visible spectra were successfully
synthesized using ascorbic acid and mild and original reaction
conditions. For the first time, stable fluorescent CDs were self-
assembled with PAMAM dendrimers generation 4 to 6 (G4-
G6) to form G4-G6 CDs@PAMAM nanohybrids without
compromising the physical and chemical characteristics of the
pristine CDs and PAMAM dendrimers. Like the others
presented below, this aspect is important considering the

Figure 12. Fluorescence microscopy images showing GFP expression in HEK 293T cells 48 h post-transfection. Experiments were done for
increasing CD/pDNA, nanohybrid/pDNA or dendrimer/pDNA ratios (w/w) (2, 10, and 20). Control experiments were performed using non-
exposed cells and cells only exposed to free pDNA.

Figure 13. Transfection efficiency expressed as normalized luciferase activity (48 h post-transfection). Transfection assays were done at CD/
pDNA, nanohybrid/pDNA, or dendrimer/pDNA ratios (w/w) of 2, 10, and 20 in HEK 293T cells. RLU/mg means relative light units per mg of
total protein. The results obtained are mean ± StDev (n = 3), and statistical significance is represented as **(p < 0.01) and ***(p < 0.001), and
comparisons were made between the G4-G6 CDs@PAMAM hybrids and the respective G4-G6 PAMAM dendrimers at the same ratios.
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design and preparation of dendrimers/CDs nanohybrids for
biomedical applications.
Unlike the new isolated CDs, the fluorescence emitted by

these nanohybrids remains high at pH values that are far from
neutrality, which is due to the presence of dendrimers in their
composition and the buffering effect they exert on the global
structure. The nanohybrids cytocompatibility was located
between that of CDs (non-toxic in the range of concentrations
tested) and pristine dendrimers. Notably, the nanohybrids
were easily internalized by cells in culture (much better than
CDs alone) and, in addition, be detected through fluorescence
emission in different colors, depending on the excitation
wavelength used.
Furthermore, the G4-G6 CDs@PAMAM nanohybrids could

compact pDNA, forming a type of complexes, coined
hybridplexes, acting as gene delivery agents with transfection
capabilities that surpassed those of pristine dendrimers. In
particular, the nanohybrids based on G5 PAMAM dendrimers
were shown to form small and uniform complexes with pDNA
that only had mild cytotoxicity and presented very high
transfection efficiencies. Overall, and although this work opens
the way for more in-depth studies (e.g., related to the
mechanism of action and localization of CDs@PAMAM
nanohybrids/hybridplexes), in this exploratory study, we
demonstrated that the new G4-G6 CDs@PAMAM nano-
hybrids present the necessary properties to justify their
exploration in nanomedicine, particularly for theranostics.
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