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Cyto-toxicity, biocompatibility and cellular
response of carbon dots—plasmonic based nano-
hybrids for bioimaging+

A. N. Emam, ©2*2® Samah A. Loutfy,® Amany A. Mostafa, 22 H. Awad ¢
and Mona B. Mohamed®'

In this study, hybrid carbon dots—plasmonic nanostructures including carbon dots/polyethyleneimine/gold
(C-dots/PEI/Au), and carbon dots/polyethyleneimine/silver (C-dots/PEI/Ag) have been prepared using
a microwave irradiation method. The prepared hybrid nanostructures have been characterized via optical
spectroscopy, high resolution transmission electron microscopy (HRTEM), and X-ray diffraction (XRD).
A remarkable enhancement in the optical parameters, such as absorptivity and quantum yield (QY),
has been observed for the hybrid nanostructure compared to pure carbon dots. This plasmonic
enhancement was more pronounced in the presence of silver (C-dots/PEI/Ag nanohybrid) than that of
gold (C-dots/PEI/Au nanohybrid). This is referred to the low intrinsic loss and the degree of the overlap
between the absorption spectra of silver nanoparticles and carbon dots. Furthermore, the bio-
compatibility assay and cellular response on epithelial kidney (Vero) normal cell has been investigated.
The results showed that the optimal dose of treatment is about ~200 pg ml™* using both C-dots/PEI/Au

rsc.li/rsc-advances

1. Introduction

Biomedical imaging is a rapidly expanding research area not
only because of its importance in early-stage detection,
screening, and imaging-guided therapies of life threatening
diseases,’ but also because it provides a valuable tool to probe
cellular constituents.> Nowadays, there are numerous organic
dyes such as, charge transfer dyes (CT dyes) and green fluo-
rescent proteins (GFP) used for in vivo sensing and as fluores-
cence tags.>® However, these fluorescent dyes present some
disadvantages, such as, photobleaching, blinking, and short
fluorescence lifetimes, among others. These lead researchers to
search for new alternatives.*” Semiconductor quantum dots
(SQDs) have attracted much attention for their serving as probes
in cell imaging and other biomedical applications. Compared
to conventionally used organic dyes, SQDs have unique
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or C-dots/PEI/Ag, nano-hybrids could be used safely in diagnostic bioimaging applications.

photophysical properties such as tunable emission wave-
lengths, large molar extinction coefficient and quantum effi-
ciencies. Moreover, they have high resistance to both of photo-
bleaching and chemical degradation.*®*™* As widely acknowl-
edged, however, the traditional SQDs have a heavy metal core
that prevents its application for in vivo assays.””* In addition,
the fluorescence blinking in single SQDs, is harmful for
dynamic tracking due to information loss.*>*®

Alternatively, during the last decade studying the photo-
physics of carbon dots (C-dots) as a new class of nanoparticles
became a target for many research groups'*° due to their
biocompatibility,” low toxicity,”* water solubility*®> and high
quantum yield."**** In addition to its advantages are easy to
synthesize'®>*?¢ and functionalization of specific targeting.>”>°
Therefore, C-dots have huge potential as a new generation of
luminescent materials superior to conventionally used fluores-
cent organic dyes or inorganic semiconductor quantum dots
(SQDs).**** The existence of many hydroxyl and/or carboxyl
moieties on their surface facilitates their surface functionali-
zation with various organic, polymeric, inorganic, or biological
species.**** This could influence their fluorescence proper-
ties.>”*® Furthermore, C-dots have non-blinking characteristics,
which allow single-molecule tracking compared to SQDs.>*>*3*
Therefore, nowadays it isn't surprising the use of C-dots in
a multiple assays for bioimaging and optical sensing.'*>"3>°

Plasmonic nanoparticles (i.e. Au and Ag NPs) have unusual
chemical and physical properties that make them suitable for
many potential and promising applications such as optical

This journal is © The Royal Society of Chemistry 2017
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sensing, imaging and biotechnology.*~** By controlling their
particle size and shape let them have the capability of tuning
their optical and electronic properties.** The optical properties
of metallic nanoparticles are originated by the collective
oscillation of conduction electrons that resulted from their
interaction with electromagnetic radiation (i.e. light). This
phenomenon is known as the localized surface plasmon
resonance (LSPR).*** That increases light harvesting and
enhance the collective optical properties in metallic hybrid
nanostructures.*->

The addition of metallic nanoparticles e.g. Au and Ag NPs in
direct contact with the C-dots or graphene quantum dots
(GQDs) enhances the charge separation and the carrier mobility
in these hybrid nanocomposites. Up to the authors' knowledge
the coupling mechanism between the optical properties of the
metallic nanoparticles with the C-dots and their influences on
their absorption cross section and photoluminescence proper-
ties have not been studied yet. A few studies have been devoted
to track the influence of plasmonic nanostructures on the
photoluminescence (PLE) of C-dots.***®

As reported in previous studies, polyethylenimine (PEI) has
been used as an example of polymeric coating agent that able to
aid in generating the C-dots with the strong photoluminescence
properties. This is attributed to the successful introduction of
nitrogen-containing organic molecules onto the surface of C-
dOtS.27’33’57‘58

In this study, water soluble nitrogen doped carbon dots (N-
doped C-dots), and their nano-hybrids plasmonic nano-
particles such as, Au or Ag NPs in presence of PEI e.g. C-dots/
PEI/Au or C-dots/PEI/Ag have been prepared for the sake of
bioimaging application. The effect of the plasmonic nano-
structures on the optical properties such as, optical absorptivity
and the photoluminescence properties including quantum
yield (QY) and full width at half maximum (FWHM) have been
characterized either in presence or absence of PEI as dielectric
polymeric spacer. Furthermore, the biocompatibility test and
the cellular response on Vero normal cell have been tested.
Finally, the live cell imaging has been scanned on human liver
cancerous cells (HepG-2).

2. Results and discussion

2.1.
dots

Physicochemical properties of highly fluorescent carbon

Nitrogen doped water soluble carbon dots (N-doped C-dots) were
prepared via facile synthetic method based on microwave irra-
diation method as mentioned previously. The obtained crude is
attributed to complete polymerization of citric acid as a sole
carbon source. Meanwhile, the existence of nitrogen dopant
leads to increase the glistening of their aqueous solution.”

Fig. 1 presents the absorption and emission spectra of the as-
prepared C-dots. The absorption spectrum (Fig. 1, solid-line)
shows two significant bands, which located at 240 nm corre-
sponding to 5.17 eV and 347.8 nm corresponding to 3.57 €V,
respectively. Generally, the UV-Vis optical absorption in C-dots is
originated from two kinds of optical transitions, as reported
previously.’®***¢” In our experimental results, the absorption
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Fig. 1 The optical properties include both of absorption (solid-line)
and emission spectra (dashed-line) under the steady-state conditions.
The inset is the photograph for an aqueous solution of C-dots illu-
minated by a UV-lamp with A¢, = 366 nm light.

spectra showed two characteristics spectral features, the first one
was at 240 nm that could be assigned to m-m* transition of
aromatic -C=C-, and -C-C- bonds in the sp> hybridized domain
of graphitic core. The second one was at 347.8 nm that attributed
to n-m* transition of -C=0, C-N or -C-OH bonds in the sp®
hybridized domains, which originated from carboxyl (-COOH) or
amine (-NH,) groups exists on C-dots surface. It's reported that
the m-m* transitions couldn't produce any noticeable fluores-
cence signal. However, the n-7* should have more prominent
impact on the photophysical properties especially the PLE
signals.®®® In addition, Qu et al. assumed that the high energy
tail is extended into the visible region of the absorption spectrum
due to Mie scattering caused by nanoparticles.®®

A strong and ultra-bright fluorescence signal at 488 nm is
observed upon their optical excitation using UV-lamp irradia-
tion at 366 nm, as shown in Fig. 1 (dashed circle). Finally, the
large stokes shift between both absorption and emission
spectra about ~140.02 nm was observed. Xiaohui et al. sug-
gested that this large stokes shift may be attributed to the strong
interaction between the excited dipole moments in C-dots, and
the nearby water molecules (i.e. polar solvent).® It's beleived
that, this large Stokes shift might be due to the nature of the
emitting state in carbon dots, which is the triplet state not the
excited singlet state.”

The morphological and structural properties of the as-
prepared C-dots were confirmed by using HR-TEM and XRD as
shown in Fig. 2(a and b). TEM micrograph shows that C-dots are
spherical and relatively narrow size distribution. The average
particle size of the as-prepared C-dots is distributed in the range
from 6.5 + 2 nm (Fig. 2(a)). However, the HR-TEM and the cor-
responding fast Fourier transform (FFT) micrograph show that
most particles are observed to be quasi-crystalline carbon parti-
cles with a slight appearance of lattices (inset in Fig. 2(a)); which
was in a good agreement of other previously reported

RSC Adv., 2017, 7, 23502-23514 | 23503
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Fig.2 (a) TEM micrograph and (b) XRD patterns of the as-prepared C-
dots. The insets into (a) are the HR-TEM (upper left), and the corre-
sponding FFT patterns (lower-left) of C-dots calculated via ImageJ
software.

observations.****"* In these studies, rare particles possess well-
resolved lattice fringes (the insets in Fig. 2(a)).**%* The well-
resolved lattice fringes with an inter-planar spacing about 2.475
A were observed in (Fig. 2(a), upper left inset), which is close to
the (100) facet of sp>-graphitic carbon,**#%7%72 and (1120) facet of
hexagonal patterns of graphene.”

XRD patterns as depicted in Fig. 2(b) display a weak broad
reflection at position of around 26 22.59°, suggesting the lattice-
spacing distance (dp) of 3.93 A, which reveals to (002) crystal-
lographic reflection of the hexagonal bulk-graphite.?*?>%¢%7%74
The reason for the low intensity and broadness for XRD patterns
of the as-prepared C-dots, in addition their shift to lower 26
angle about ~22.59° compared to bulk-graphite around 26.543°
are attributable to the small crystallite size as well as resulting
stress and strain effects. Moreover, the bonding between the
carbon layers is limited to weak van der Waals interactions; the
shift of XRD patterns is most obvious for (%kl) indices of the
(001) type.” Liang and co-workers reported that the weakness in
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the reflection intensity, and larger in inter-planer spacing than
that of graphite (3.36 A) is attributed to the existence of more
functional groups. This indicates increasing in the amorphous
nature attributed to the introduction of more oxygen containing
groups.23,60,73,74

2.2. Influence of plasmonic coupling on the PLE properties
of carbon dots (C-dots)

Plasmonic/polymeric spacer/C-dots hybrid nanocomposites
were prepared via physical conjugation of surface coated C-dots
to polymeric materials (ie. PEI 1200) to plasmonic nano-
structures (i.e. Au or Ag NPs), as shown in Scheme 1. In this
preparative scheme, we followed two steps to fabricate these
hybrid nanocomposites. The first step is the successful coating
of C-dots with dielectric polymeric spacer such as; PEI, based on
Han et al. method.” Whereas, the second step was related to the
incubation of plasmonic NPs with PEI coated C-dots for phys-
ical conjugation in a volumetric ratio (i.e. plasmonic NPs : C-
dots) within a range from 1 : 1 to 1 : 20. Such nanocomposites
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plasmonic—carbon hybrid
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showed a stable and clear solution even after three months after
the preparation (see Fig. S1, ESIt). This is attributed to elec-
trostatic interactions between the plasmonic nanostructures
with hydroxyl, amine, and other functional groups functional-
ized C-dots. Since this type of interactions could be act as the
driving force for the assembly of C-dots/PEI onto plasmonic
nanoparticles. In addition, C-dots/PEI might be playing the role
of a stabilizing agent, which prevent both of Ag NPs or Au NPs
from the aggregation. Moreover, an assembly of well-separated
C-dots on the plasmonic nanostructures can be provided at low
content of the plasmonic nanostructures with a strongly
attached to their surface even after centrifugation.

HR-TEM images and XRD patterns had been recorded for the
hybrid plasmonic-carbon dots nanocomposites as shown in
Fig. 3 and 4. It is very obvious in Fig. 3(a and c) that the metallic
part is in close proximity to the carbon dot. While in the pres-
ence of PEI, a space between the metallic part and the carbon
dot is clear as shown in Fig. 3(b and d). The average thickness of
the spacer is found to be 4-6 nm, Fig. 3(b and d). Furthermore,
the crystallographic structure of these hybrid nanostructures
was compared to pure C-dots, as shown in Fig. 4. XRD patterns
for C-dots/Au hybrid nanostructures exhibits three reflection
patterns within the range from 38 to 64.6°, due to the (111),
(200) and (200) crystallographic plans of gold nanoparticles at
38.01°, 45.07° and 64.63°, respectively. Whereas in case of C-
dots/Ag hybrid nanostructures accompanied with a broad
band at 22.8° due to the (002) crystallographic reflection of sp*
of graphite core, three sharp and significant diffraction patterns
were observed. These reflections were recorded at 38.13, 44.05
and 64.67° corresponding to (111), (200) and (220) reflection
plans of silver nanoparticles.

Furthermore, the hydrodynamic diameter (Hp) in a vehicle
solution, for C-dots, C-dots/PEI, C-dots/PEI/Au and C-dots/PEI/
Ag was determined using dynamic light scattering (DLS)

CDI/Ag

Fig. 3 TEM micrographs of (a) C-dots@Au, (b) C-dots@PEI@Au, (c) C-
dots@Ag and (d) C-dots@PEI@Ag hybrid nanocomposites.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 XRD patterns for (i) pure C-dots (i) C-dots@Au, and (iii) C-
dots@Ag hybrid hanocomposites.

technique, (Fig. S2, ESIf). C-Dots showed the smallest size,
where the hydrodynamic diameter (Hp) was about 56.54 nm
with a polydispersity index (PDI) 0.503, as shown in (Fig. S2at).
However, in the case of C-dots/PEI, the Hp increased and
extended to 85.14 nm with a polydispersity index (PDI) 0.774,
as shown in (Fig. S2bt). When C-dots/PEI conjugated with
plasmonic nanostructures such as, Au and Ag NPs, hybrid
nanocomposites of C-dots/PEI/Au and C-dots/PEI/Ag were
formed. The average diameter was extended to 91.88 with PDI
~0.879 and 132.1 nm with PDI ~0.664, respectively (see Fig. S2¢
and S2dt).

Fig. 5 shows the influence of the plasmonic on the absorp-
tion spectra of carbon dots. Fig. 5(a) shows the absorption
spectra of pure carbon, pure carbon dots capped with the PEI as
spacer, pure silver nanoparticles and pure gold nanoparticles.
The presence of plasmonic nanoparticles close to C-dots has
remarkable influence on the absorption spectra of the carbon
dots either in presence of PEI as spacer or not.

RSC Adv., 2017, 7, 23502-23514 | 23505
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Fig.5 Absorption spectra for each of (a) naked C-dots, Ag and Au NPs,
respectively. (b) C-Dots, C-dots@Ag and C-dots@Au nanohybrid, and
(c) naked C-dots, C-dots@PEl, C-dots@PEl@Ag and C-dots@PEl@Au
nanohybrids.

Fig. 5(b and c) show the effect of the gold or silver nano-
particles on the absorption spectra of carbon dots in absence
and in-presence of PEI as spacer. It is clear that presence of
plasmonic increase the absorption coefficient and absorption
cross-section of the C-dots. This is due to the enhancement of
the interaction with light near the metal surface due to the
enhancement of local fields associated with the surface plas-
mon (SP) of the metallic part. This effect could enhance the
fluorescence of the C-dot part significantly.”®”” The second
process is the dumping of the surface plasmon absorption band
of the metallic part, which could be due to either energy transfer

23506 | RSC Adv., 2017, 7, 23502-23514
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between the C-dots and the metallic parts or electron transfer
from the C-dots to the metal.”

The PLE properties of plasmonic@C-dots have been inves-
tigated in presence of dielectric polymeric spacer such as, PEI as
shown in Fig. 6. The PLE parameters such as quantum yield,
FWHM and the enhancement factor are listed in Table 1 in case
of C-dot/spacer/Ag and C-dot/spacer/Au hybrid nanostructures,
respectively. It is clear that, a tremendous enhancement in the
PLE intensity of C-dots upon their conjugation with plasmonic
nanostructures in the presence of PEI as dielectric polymeric

10000
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Fig. 6 Effect of plasmonic NPs on the PLE features of C-dots; (a) in
presence or (b) in absence of spacer (ie. PEl) upon excitation at
steady-state condition (i.e. 366 nm). (c) Spectral overlapping between
PLE spectra C-dots (black line) and the adsorption spectrum of Ag NPs
(green line).
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Table 1 Influence of plasmonic nanoparticles (Au and Ag NPs) on the
PLE properties of C-dots in presence or absence of polymeric spacer
(i.e. PEI)

At 2" 366 nm

QY/QYaye" FWHM®
Sample r I/1,° (steady-state) (steady-state)
CD (1o) 4223.69 — 22.468 33.60484
CD/Au 4683.54 1.11 36.40 86.74477
CD/PEI/Au 7403.64 1.75 55.52 30.56937
CD/Ag 1833.45 0.434 8.723 2.5756916
CD/PEI/Ag 9134.23 2.16 77.213 17.44447

“ Jex: e€xcitation wavelength. 5 Aem: PLE wavelength. °I/I,: relative
enhancement factor. ¢ QY/QYaye: relative quantum yield. * FWHM: full
width at half-maximum.

spacers under steady-state excitation, as shown in Fig. 6(a).
Moreover, it is noticeable that the enhancement factor (1/1,) and
the quantum yield in case of C-dot/spacer/silver hybrid nano-
structure is much more than that of the corresponding gold
hybrid nanostructure as shown in Fig. 6(a). In contrast, C-dot/
silver nano-hybrid showed a dramatic quenching in the fluo-
rescence of carbon dots than in case of C-dot/Au nano-hybrid,
which shows a little enhancement in the fluorescence inten-
sity of the C-dots, as illustrated in Fig. 6(b). This quenching is
owing to Forster resonance energy transfer (FRET) originated
from spectral overlap between the emission spectrum of the C-
dots which act as a donor, and the absorption spectrum of silver
nanoparticles that act as an acceptor. As shown in Fig. 6(c), the
fluorescence emission spectrum of C-dots has a good overlap
with the absorption spectrum of Ag NPs, suggesting that an
efficient energy transfer between them can take place.”

This could be explained as follow; silver is advantageous for
plasmonics because of low intrinsic losses that result in narrow
surface plasmon resonances with high oscillator strengths and
large optical field enhancements.”®® Gold is a very inert metal
but has higher intrinsic losses than silver, especially in the short
wavelength range of the visible spectrum, where inter-band
transitions occur. Intrinsic losses dampen the surface plas-
mon and cause a broadening of surface plasmon resonances
and lower quality factors.*"** A pronounced shoulder within the
blue side of the steady-state PLE asymmetric spectral band
appeared, upon the conjugation of metallic nanoparticles to
polymeric coated C-dots. The enhancement in this shoulder is
due to metal enhancement fluorescence (MEF) effect. This
effect is a result from the combined effects of the creation of an
electric field that induced an intense excitation field around the
plasmonic in the vicinity of the C-dots. An increase in the
intrinsic emission rate of the C-dots, and a strong coupling
between the exciton in C-dots and the plasmons in the metal is
observed.® This strong exciton-plasmonic coupling is due to the
fact that the surface plasmon resonance of Ag NPs is very close
to the absorption band of the C-dots, thus its influence is more
than that of the gold nanoparticles which has absorption band
in the red side of the C-dots absorption (off-resonance).

Additionally, C-dots, C-dots/PEI, C-dots/PEI/Au and C-dots/
PEI/Ag had excellent stability, which their PLE intensity did

This journal is © The Royal Society of Chemistry 2017
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not change even after storage of 3 months and UV-excitation for
3 h (see Fig. S31).

It is obvious that capping C-dots with PEI does not alter the
main absorption peak of C-dots at 348 nm, but affects slightly
the high energy bands at the UV range (shoulder at ~236 nm &
band at 217 nm) due to the strong absorption of the polymeric
material in this region (Fig. 5(c)). This is indicating that
PEI could be act as a secondary excitation source for C-dots,
and facilitates the energy transfer through a plasmon-exciton
coupling process.

To elucidate the rationale behind choosing of PEI over other
polymeric coating agents, six different polymeric spacers have
been used to the PLE properties of C-dots/plasmonic nano-
hybrids, as shown in (Fig. S4t). The PLE parameters such as
quantum yield, FWHM and the enhancement factor are listed in
Table S1t in case of C-dot/spacer/Au and C-dot/spacer/Ag hybrid
nanostructures, respectively. It is clear that, a tremendous
enhancement in the PLE intensity of C-dots upon the conjugation
with plasmonic nanostructures such as, Au and Ag NPs in the
presence of PEI than other used polymeric spacers under the
steady-state excitation, as summarized in Fig. S4a and S4b and
Table S1.7 Where the fluorescence enhancement factor was about
1.75 and 2.16-fold that of C-dots for C-dots/PEI/Au and C-dots/PEI/
Ag nanohybrids, respectively. Also, the FLQY was about 2.21-fold
for C-dots/PEI/Au and 3.44-fold for C-dots/PEI/Ag that of C-dots.

The physical interpretation for both of fluorescence
quenching and enhancement has been illustrated in Fig. 7. If
the C-dots based-on fluorophores is located in a close proximity
to the metallic surface, a non-radiative dumping due to either
energy transfer between the C-dots and the metal or the electron
transfer from C-dots to the metal (Fig. 7(a)).** Whereas the C-
dots/plasmonic hybrid nanostructures are separated with
dielectric spacer such as, polymer (i.e. distance increase), light-
mater interactions will be enhanced near metal surface which
based on the enhancement of local fields associated with the
surface plasmon (SP) of the metallic part. This effect could

(a)

Photo induced Electron Transfer e
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Fig. 7 Schematic illustration for possible mechanisms for fluores-
cence (a) quenching, and (b) enhancement in C-dots/plasmonic
nano-hybrids.
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enhance the fluorescence of the C-dots based-on fluorophores
part significantly as shown Fig. 7(b).>*7%7”

It is previously reported in the literature that the presence of
intra-layer spacer between fluorescent C-dots and plasmonic
NPs (e.g. Au or Ag NPs) is mainly responsible for whether it is
PLE enhancement or quenching exists within the C-dots/
plasmonic nanohybrids.***® In the present study our results
indicated that the conjugation to plasmonic gold nanoparticles
shows an enhancement in PLE properties either in presence or
absence of intra-layer spacing (e.g. PEI), which is total opposite
to results reported by Dulkeith et al.®** In contrast, Ag NPs only
demonstrated an enhancement in the PLE properties for C-
dots/PEI/Ag nanohybrids, compared to C-dots/Ag nano-
hybrids, which is contrast to Ran et al.>® Finally, the obtained
FL-QY of C-dots/PEI/Au and C-dots/PEI/Ag hybrid nano-
composites under the UV excitation at 366 nm are determined
to be 55.52 and 77.213%, respectively. These values are
considerably the highest FL-QY reported up till now.

2.3. Biocompatibility assay

Before the C-dots and its plasmonic hybrid nanocomposites
were used for bio-imaging application, cellular biocompatibility
experiments were evaluated using the MTT method. The
purpose of performing biocompatibility test is to determine the
fitness of these nanocomposites for biomedical imaging use,
and to see whether use of the nanocomposites as a bioimaging
contrast agents can have any potentially harmful cytotoxic
effects.

Thus, biocompatibility assay was performed by the treat-
ment of normal cell lines Vero cells as an in vitro test model of
normal cell line to confirm this concept. In such study various
concentrations of C-dots and their hybrid nanocomposites (200,
400, 600 and 800 pg ml™') are subjected to MTT screening
colorimetric assay at 48 h time interval. In addition, plasmonic
nanostructures (Au NPs & Ag NPs) were also screened for their
cytotoxic effect at different concentrations (6.3, 12.5, 25, 50 and
100 pg ml™%), (see Fig. $51). Our results showed that C-dots/PEI
nano-hybrids at concentration of 600 pg ml™* could kill about
39% of cells, whereas when applied at concentration of 200 and
800 pug ml ™" killed only 8% of cells after 48 h of cell exposure
(Fig. S5at). Treatment of cells with 100 ug mI~" Au NPs did not
reveal any toxic effect, whereas treatment of cells with Ag NPs
dramatically affected cells at the same concentration and
became safe at concentration of 6 pug ml~' after 48 h of cell
exposure (Fig. S5b¥).

Then, various concentrations of C-dots/PEI nano-hybrids
conjugated with plasmonic nanostructures were also assessed
in the same cell line. Results showed that C-dots/PEI nano-
hybrids when conjugated with Ag NPs (C-dots/PEI/Ag nano-
hybrids) was more toxic on cells than its conjugation with Au
NPs (C-dots/PEI/Au nano-hybrids). Data are presented in
Fig. S5c.1 Treatment of cells with 200 pg ml~" of C-dots/PEI/Au
nano-hybrids could kill 10.5% of cells versus killing of 34% of
cells when treated with C-dots/PEI/Ag nano-hybrids. Further
insight analysis was performed to evaluate how much concen-
tration of Ag NPs was associated with toxic effect of C-dots/PEI/
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Ag nano-hybrids. Results showed that when cells treated with
6.9 ug ml~ "' of Ag NPs that used in the fabrication of 200 ug ml1™*
C-dots/PEI/Ag nano-hybrids, could kill 34% of the cells. In
contrast, cells treated with Au NPs at double concentration that
used for Ag NPs (12.3 ug ml~ ') in the fabrication of 200 pg ml™*
C-dots/PEI/Au nano-hybrids, it killed only 10% of cells. This
indicates that the cytotoxic effect of C-dots/PEI/Ag nano-hybrids
is due to toxic effect of Ag NPs, as demonstrated in Table 2. The
cytotoxic effect of cells treated with Ag NPs could be due to
disturbances in cyto-skeletal functions as a result of release of
Ag'" ions, which involves disruption of the mitochondrial
respiratory chain by Ag NPs leading to production of ROS and
interruption of ATP synthesis, and ultimately DNA damage.*>*°
Thus, we can concluded that the exposure to lowest dose about
200 pg ml~ " possess good biocompatibility and low toxicity that
are needed for bio-imaging.

Extensive evaluation to our fabricated nano-hybrids was
performed to investigate response additivity approach using
response additivity model (linear interaction effect),” which
shows that a positive drug combination effect occurs when the
observed combination effect (E,g) is greater than the expected
additive effect given by the sum of the individual effects (E, +
Eg). The Combination Index (CI) was calculated as in following
equation:**

_ Er+Eg

CI
Exp

(1)
where, E, and Ejy are referring to the effect of each composite-
individual, and the E,g indicates to the effect of their combina-
tion. The resulting combination index (CI) theorem offers
quantitative definition for additive effect (CI = 1), synergism (CI <
1), and antagonism (CI > 1) in drug combinations.®>** Such
analysis was performed to confirm toxic effect of Ag NPs when
combined with C-dots PEI nano-hybrids. Our analysis showed
that at concentration of 600 pg ml~" where concentration of Ag
NPs used in nanohybrids fabrication was 20.6 pg ml~", CI was >1
and hence can be interpreted as antagonism confirming toxic
effect of Ag NPs. Such CI showed to be decreased to <1 indicating
synergetic effect at lower concentration (200 ug ml~ ") of C-dots/
PEI nano-hybrids, where effect of Ag NPs was very low (6.8 pg
ml™") (Table 3). This indicates that applying of C-dots/PEI nano-
hybrids conjugated with plasmonic nanostructures will be safe if
applied at concentration of 200 ug ml™* (see Fig. S51). We
concluded from these results that at the highest concentration of
C-dots/PEI nano-hybrids (800 ug ml~") when conjugated with Au
NPs, it showed a synergetic effect (i.e. CI <1 (CI = 0.15)) (Table 3,
Fig. S61). This indicates that it can be used safely in diagnostic
applications. In contrast to this figure, treatment of cells with the
lowest dose of C-dots/PEI nano-hybrids conjugated with Ag NPs
(~200 pg ml™ ") revealed a synergetic effect too (i.e. CI < 1 (CI =
0.61)), and then be used also in the diagnosis purposes.

2.3.1. Live cell imaging. To validate the fluorescence
property and imaging application, C-dots, C-dots/PEI/Au and C-
dots/PEI/Ag nanohybrids were used as the probes for fluores-
cence microscopy imaging with HepG2 human liver carcinoma
as a targeted model cancer cell lines. In such study both of
bright and fluorescence for live cells stained with nitrogen

This journal is © The Royal Society of Chemistry 2017
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Table 2 Effect of the content of plasmonic NPs in CD-plasmonic nanohybrids on the cell viability

Sample Control 800 pg ml~* 600 pg ml~* 400 pg ml* 200 pg ml~*

Case 1. Au NPs contents in CD/PEI/Au nanohybrids

Au content 0 49.36 37.02 24.68 12.34

Viability (%) 100 74.4554 69.6287 69.5545 89.5297

Case 2. Ag NPs contents in CD/PEI/Ag nanohybrids

Ag content 0 27.592 20.694 13.796 6.898

Viability (%) 100 46.5846 50.417 52.363 66.7197

Table 3 Combination index of carbon dots and their hybrid nanocomposites

Concentration Sum effect% Combination effect% Combination

(ng m1™) Sample Effect% (A) Effect% (B) (Ex + Eg) (Exp) index (CI)

800 CD/PEI —41.9668 (CD) 37.399 (PEI) —4.5678 7.8222 (CD/PEI) —0.58395
CD/PEI/Au 7.8222 (CDPEI) —3.82224 (Au) 3.99996 25.5446 (CD/PEI/Au) 0.156587
CD/PEI/Ag 69.350 (Ag) 77.1722 53.4154 (CD/PEI/Ag) 1.444756

600 CD/PEI —74.1469 (CD) 38.052 (PEI) —36.09 38.8181 (CD/PEI) —0.92972
CD/PEI/Au 38.8181 (CDPEI) 9.64775 (Au) 48.4659 30.3713 (CD/PEI/Au) 1.59578
CD/PEI/Ag 69.350 (Ag) 108.1681 49.5830 (CD/PEI/Ag) 2.181556

400 CD/PEI —62.5118 (CD) 31.3796 (PEI) —31.1322 22.7713 (CD/PEI) —-1.36717
CD/PEI/Au 22.7713 (CDPEI) 23.1177 (Au) 45.889 30.4455 (CD/PEI/Au) 1.507251
CD/PEI/Ag 69.946 (Ag) 92.7163 47.6370 (CD/PEI/Ag) 1.946309

200 CD/PEI —48.2464 (CD) 15.5095 (PEI) —32.7369 8.6168 (CD/PEI) —3.79919
CD/PEI/Au 8.6168 (CDPEI) 19.572 (Au) 28.1888 10.4703 (CD/PEI/Au) 2.692263
CD/PEI/Ag 11.7338 (Ag) 20.3506 33.28038 (CD/PEI/Ag) 0.611489

doped carbon dots and carbon dots/plasmonic nano-hybrids
have been investigated after incubations for 24 h, (see
Fig. S71). It's clear that a uniform staining and a bright fluo-
rescence for the live cells were observed. Moreover, an increase in
the brightness/intensity of fluorescence imaging has been
observed upon the existence of plasmonic nanostructures than
that of pure carbon dots, as depicted in Fig. S7. An intense blue
emission was detected after incubation with C-dots/PEI/Ag
nanohybrids solution under the excitation of 366 nm, without
showing any auto-fluorescence behaviour. The lowest emission
intensity is detected after incubation with C-dots solution without
showing any auto-fluorescence behaviour, as shown in Fig. S7.}
For the present study, the cyto-toxicity has been estimated using
MTT assay, as illustrated in Fig. S87 indicated that no obvious
variation of the cell viability is observed at exposure to a very lowest
concentration of 200 ug ml~* for each of C-dots; C-dots/PEI, C-
dots/PEI/Au and C-dots/PEI/Ag nanohybrids. At a concentration
of 200 ug ml~* C-dots showed cell viability to ca. 95%. Moreover,
the treatment with C-dots/PEI remains virtually unchanged in the
cell viability as C-dots ca. 92%. Upon the conjugation with plas-
monic nanoparticles such as, gold and silver nanoparticles, the cell
viability was significantly dropped to ca. 89 and 70%, respectively.

3. Experimental
3.1. Materials

Citric acid monohydrate (CA, C¢HgO,-H,0, 99.0%) and tri-
sodium citrate dihydrate (CsH;Naz;O,-2H,0) were purchased
from LOBA Chemie. Ethelyenediamine (EDA, NH,CH,CH,NH,,

This journal is © The Royal Society of Chemistry 2017

99.0%) was purchased from Alpha Chemika. Sodium borohy-
dride (NaBH,, 85%) was purchased from WinLab Ltd. Silver
nitrate (AgNOj3, 99%), hydrogen tetrachloroaurate(m) (HAuCl,-
-3H,0, 99.99%) and polyethyleneimine (PEI, 50 wt% solution in
water, M, 1200, M,, 1300) were purchased from Sigma Aldrich.

3.2. Methodology

3.2.1. Synthesis of highly fluorescent carbon dots. Nitrogen
doped carbon dots (NC-dots) was prepared based on the
microwave irradiation method that developed previously by He
et al.®® Briefly, mixture of citric acid (CA, 0.02 M) and ethyl-
enediamine (EDA, 0.82 M) was dissolved ultrasonically into
100 ml of distilled water. A clear and light yellow solution was
obtained. This mixture was transferred into a microwave oven
(Olympic Electric, Model: KOG-1A4H) operated at 2450 MHz
frequency, and power 1000 W. The reaction was carried out at
power of 600 W for 13 minutes. Dark brown crude has been
obtained at the bottom of the vessels. The product was purified
for further characterization by dissolving into 100 ml distilled
water, and then lyophilized using freeze dryer (Christ, ALPHA 2—-
4 LD plus, Germany) for 48 h to produce brownish powder.

3.2.2. Formation of plasmonic@spacer@C-dots hybrid
nanocomposites. Plasmonic nanoparticles such as, gold (Au
NPs) and silver (Ag NPs) nanoparticles were prepared via
chemical reduction method, as described previously.>»**
Carbon dots were coated with polyethylenimine (PEI) solution
in water (50 wt%) under vigorous stirring for 180 min at 80 °C.”

Different stoichiometric ratios as a preliminary study from
(1:1 to 1:20) of plasmonic nanostructures such as, gold and
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silver nanoparticles have been used to fabricate the proposed
nanocomposites from C-dots/plasmonic nano-hybrids. A
selected ratio of (1 : 14) has been used in this study. Then the
mixture was aged for 24 h with gentle shaking. The as prepared
nano-hybrids were ready for characterization.

3.3. Characterization

Optical properties in terms of UV-Vis absorption and fluores-
cence spectra were obtained using a T80 (PG Instruments)
double beam spectrophotometer and Shimadzu RF-5301PC
Spectrofluorimeter, respectively. The absorption spectra were
recorded in the range from 200 to 900 nm, with an increment of
the wavelength about 0.2 nm. Also, the fluorescence spectra
were recorded on range from 200 to 900 nm, with an increment
of the wavelength about 0.2 nm, where samples were excited at
wavelength of 366 nm using UV-lamp as excitation source. The
quantum yields (QYs) of the prepared samples was determined
by comparing the measured intensity compared to quinine
sulphate in 0.1 M H,SO, solution (QY = 54%) as a ref. 96-98.
The quantum yield of samples were calculated according the
following equation:

I gots ndyez
QYC-dots = QYdye X X ) (2)

I dye Nc-dots

where, QYc.qots is the quantum yield of the C-dots and (QYagye) is
the quantum yield of dye. (Ic.qots) integrated emission band of
the C. Dots and (I4y.) is the integrated emission band of dye, and
(Mc-dots) s the refractive index of the C-dots and (ngye) the
refractive index of dye at the excitation wavelength.*”
Transmission Electron Microscope (TEM) JOEL-JEM 2100
was used to investigate the micrograph of obtained samples
under operating voltage 200 kV. The size distribution of steril-
ized C-dots, C-dots/PEI, C-dots/PEI/Au and C-dots/PEI/Ag were
measured by Malvern zetasizer Nano ZS instrument with He/Ne
laser (633 nm) at an angle of 173° collecting backscatter optics.
In addition, X-ray diffraction (XRD) measurements have been
carried out using a Philips X'Pert-Pro Powder Diffractometer
operating with a Cu target with K,,; = 1.54060 A, K, = 1.5444 A.

3.4. Bio-compatibility test

3.4.1. Cell culture. Kidney epithelial cells (Vero cell line)
derived from African green monkey as a model of normal cell
line was obtained from ATCC (American tissue culture collec-
tion) and supplied by from the Holding Company for Biological
Products & Vaccines (VACSERA), Cairo, Egypt. A monolayer of
this cell line was maintained in Dulbecco's Modified Eagle's
Medium (DMEM) supplemented with 10% fetal bovine serum
(Biowest), antibiotics (2% penicillin-streptomycin (100 IU
ml™")), and 0.5% fungizone (Biowest). Then the cells sub-
cultured by trypsinization (0.025% trypsin and 0.0025% EDTA;
Biowest), and maintained in tissue culture laboratory at
Virology & Immunology Unit, Cancer Biology Department,
National Cancer Institute, Cairo, Egypt with cryogenic banking
of low-passage cells to maintain uniformity of cell properties
through the pervious study as reported by Schmidt and
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Emmons.”” For each experiment, cells were sub-cultured,
counted with hemo-cytometer and plated onto 96-well plates.*®

3.4.2. Cell treatment and MTT assay. All materials were
sterilized under UV irradiation for 3 h before their application
in tissue culture. Serial dilutions were prepared in 2% DMEM
giving concentrations at 200, 400, 600 and 800 pug ml~* for
plasmonic carbon dots hybrid nanocomposites (i.e. CD, CD/PEI,
CD/PEI/Ag and CD/PEI/Au NPs) and at concentrations of 6.32,
12.5, 50 and 100 pg ml~" for Au and Ag NPs, respectively. The
cytotoxicity of all materials was tested against Vero cells by MTT
assay (3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyltetrazolium
bromide dye (Serva electrophoresis, Germany)) that is based
on the reduction of the dye by mitochondrial dehydrogenases of
metabolically active cells to insoluble formazan crystals.'***
Exponentially growing cells were collected using 0.025%
Trypsin-EDTA and plated in 96-well plates at 4000-5000 cells
per well. Cells were exposed to all tested materials for 48 h. At
the end of exposure, MTT solution in PBS (5 mg ml~") was then
added to all wells including no cell blank and left to incubate for
90 min. Then DMSO (100 pl per well) was added to dissolve the
formazan crystals with shaking for 10 min after which the
absorbance was read at 590 nm against no cell blanks on
a microplate reader (Biotek Model: ELX 800, USA).

Positive and negative controls were run in each plate.
Negative controls (cells with media only; untreated cells) were
set as 100% viable. Cells were subjected to osmotic shock
(treated with distilled water) and served as positive controls
(zero viability) and were used to subtract background from all
OD values. The morphological changes of the cells were moni-
tored by phase contrast microscopy (40 x magnification).'® The
relative cell viability (%) related to control wells containing cells
without nanomaterials was calculated by:

A €S
Cell viability (%) = —=—

control

x 100 (3)

where [Aces] is the absorbance of the test sample and [Acontrol] 1S
the absorbance of control sample. Each result was the average
of three wells, and 100% viability was determined from the
untreated cells.

3.5. Live cell imaging

HepG-2 human liver cancerous cells obtained from the Holding
Company for Biological Products & Vaccines (VACSERA), Cairo,
Egypt, were cultured with high RMPI-1640 medium supple-
mented with 10% fetal bovine serum in a humidified incubator
at 37 °C in which the CO, level was kept constant at 5%. For in
vitro imaging based-on fluorescence microscopy, HepG-2
human liver cancerous cells were seeded in 6-well plate for
12 h before use. Then, the culture medium was replaced by
2.5 ml fresh medium containing 200 ug ml~" of CDs, CD/PEI/Au
and CD/PEI/Ag nano-hybrids. The cells were incubated for
another 24 h then washed with isotonic PBS at pH 7.4 three
times, and fixed with 4% paraformaldehyde solution in PBS at
4 °C overnight. The samples were examined using an epifluor-
escence microscope (Nikon) equipped with specific filters and
a 100 W mercury lamp, and then directly observed with
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fluorescence microscopy (Nikon, ECLIPSE Ti) under a 20X
objective by UV light excitation at a wavelength ~366 nm.

4. Conclusions

Highly luminescent N-doped carbon dots was prepared via
microwave irradiation method, and used to prepare C-dots/
plasmonic nanohybrid such as, C-dots/PEI/Au and C-dots/PEI/
Ag hybrid nanocomposites as an excellent candidates for
biomedical imaging. The effect of plasmonic gold or silver
nanoparticles on the optical properties of carbon dots in
absence and in presence of six different polymeric dielectric
spacers has been investigated. Our data show that the presence
of PEI as surface passivation agent for the carbon dots enhances
their emission properties due to the capping of surface defects
and the traps. In addition, presence of plasmonic nano-
structures such as, Au and Ag NPs displayed a significant
enhancement in the optical absorptivity, quantum yield due to
local field enhancement associated with the surface plasmon
resonance in the metallic nanoparticles. The plasmonic-exciton
coupling is more pronounced in the case of C-dots/Ag than that
of the C-dots/Au nanocomposites due to the fact that there is
a degree of overlap between the frequency of the surface plas-
mon resonance of silver nanoparticles and the carbon dots,
while the SPR of gold nanoparticles is resonating far from the
absorption of the carbon dots. Furthermore, biocompatibility
assay and the response additivity showed that up to 800 ug ml~*
of C-dots/PEI/Au nano-hybrids could be used safely in diag-
nostic applications. This is indicated that the lowest dose of
treatment using C-dots/PEI/Ag nano-hybrids (~200 pg ml™)
could be used also in the diagnosis purposes. In addition, the
cyto-toxicity based-on MTT assay showed that there is no
significant sign of toxicity observed at exposure to a very low
concentration 200 ug ml~" using of C-dots, C-dots/PEI, C-dots/
PEI/Au and C-dots/PEI/Ag nanohybrids. Our approach allows
designing of multi-modal nano-hybrids combine properties for
each of plasmonic nanostructures such as, Au and Ag NPs with
C-dots to be used in a wide range of applications such as,
chemical/biological sensing, probing and theranostics (i.e.
therapy and imaging).
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