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A B S T R A C T

Brightly fluorescent Carbon Dots (CDs) were synthesized by green hydrothermal method using commonly
available biomass (Aloe vera) as carbon precursor. Their physiochemical and optical characterization was done by
standard microscopic and spectroscopic techniques. Photophysical features of their aqueous dispersion were
investigated in detail. The influence of wide pH range (2–12), high ionic load (2M) and temperature on their
photoluminescence behavior was investigated. Their in-vitro cytotoxicity examination was conducted on Human
Cervical Cancer Cells (HeLa) using MTT assay. Testing of their ion-recognition property for common metal ions
was done in aqueous medium. These CDs exhibited preferential interaction with Fe3þ over other tested metal ions,
without any functionalization. Interaction between CDs and Fe3þ was analyzed in the light of Density Functional
Theory (DFT). The work demonstrates that these CDs are acting as nanoprobe for Fe3þ and sensing it at ultra-trace
level (5 nM).
1. Introduction

Iron is among the most abundant elements in earth crust [1]. It is
found in underground and surface waters and also plays a crucial role in
biogeochemical cycle. Low availability of water soluble iron to plants
affects the growth and quality of crops [2, 3]. It is associated with many
industrial processes and is among the heavy metal ions which have been
indiscriminately discharged into environment, particularly in water
bodies. Excess of heavy metal ions such as Fe3þ, Pb2þ, Cd2þ, Co2þ, and
Ni2þ in water resources influences their quality. It is a worldwide envi-
ronmental problem and conservation of the environment is a big chal-
lenge. Government bodies have employed rules and regulations to
control the environment due to excessive presence of hazardous metal
ions. Fe is biologically important as it is essential mineral for good health
and play a vital role in physiological processes such as oxygen transport,
cellular metabolism and enzyme catalysis. Either its excess or deficiency
from normal range can be associated with biological disorders such as
Alzheimer's, Anemia, and Parkinson's [4, 5]. Therefore, from environ-
mental as well as biological perspectives, its selective detection and
continuous monitoring is utmost important.
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Nowadays, research efforts have been devoted towards the analysis of
metal ions by new age chemosensor materials in addition to routinely
used analytical techniques, for example AAS, ICP, and XRF [6, 7]. Che-
mosensors can be prepared from low cost materials. These can be on-site
employable and a common man can perform analysis by mix-and-detect
approach [8, 9]. On the other hand, instrument techniques are associated
with high cost, high maintenance, and requires a professional which are
lab-centric. Thus, low-cost and simple ways of detecting metal ions are
highly desirable. In this direction, engineered nanomaterials, for
instance, metal and carbon-based quantum dots have been explored as
nanoprobes for analysis of various analytes [10, 11, 12, 13, 14, 15, 16,
17]. Carbon nanoprobes (carbon dots) have advantage of their benign
nature over the metal-based nanoprobes (CdSe/CdTe) as these are
associated with environment deterioration and toxicity [18, 19]. Carbon
Dots (CDs) have ignited a great research interest because of their excel-
lent features such as hydrophilicity, stable fluorescence, chemical in-
ternees, low or no cytotoxicity and biocompatibility [20, 21]. Due to
these superior properties, these are preferred choice of nanomaterial.
Exploration of high-performance carbon nanodots that can function in a
simple and effective way is a prime focus of researchers. These are
. Kulshrestha).
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potential material in the field of selective and sensitive sensing of metal
ions in aqueous medium itself contrary to most of organic molecular
sensors that work in organic/mixed mediums [22]. Their photo-
luminescence properties and affinity towards a particular analyte prob-
ably depend on their particle size distribution range, morphology,
preparation methodology, precursor, elemental composition (doping) etc
[23, 24, 25]. Chemical oxidation, laser ablation, electrochemical, hy-
drothermal and microwave methods have been employed for synthesis of
photoluminescent CDs. Environmentally-friendly synthetic routes to
obtain high-quality and high-performance CDs are still need of the hour
to address. Therefore, from environmental and sustainable development
perspective, green methods of synthesis are always preferred over
non-green methods [26, 27]. The utilization of biomass as precursor is a
welcome step since it is inexpensive and renewable. Efforts have been
made in the direction of green synthesis of CDs using biomass and
explored them for analyte sensing ability. For instance, Liu and
co-researchers have synthesised carbon nanodots by green hydrothermal
method using bamboo leaves as carbon precursor and used them as
nanoprobe for Cu2þ [28]. Green hydrothermal method was employed by
Raji and co-investigators for the preparation of CDs using fruit extract
and applied them for selective detection of Fe3þ [29]. Similarly, Wang
and research team demonstrated preparation of CDs with tunable lumi-
nescence from cucumber juice and these dots were able to selective
interact with Hg2þ [30]. In this context, herein, we have carried out
synthesis of photoluminescent CDs from commonly available biomass
(Aloe vera) by one-pot green hydrothermal method and demonstrated
them as nanosensor for Fe3þ. The advantage of the method is that it is
simple, one-pot and environment friendly preparation as there is no any
use of hazardous additive or acid/base is involved. No any treatment
related to functionalization is done. These are characterized by standard
high resolution microscopic technique (TEM) and spectroscopic analysis
(FTIR, XRD, UV-visible, fluorescence). Photoluminescent characteristics
of their aqueous dispersion have been extensively explored. In-
vestigations related to influence of pH, ionic medium and temperature on
their fluorescence property have been undertaken. In-vitro cytotoxicity
examination of these CDs is carried out on Human cervical cancer cells
(HeLa) using MTT assay. These have been applied as the nanoprobe for
Fe3þ in an aqueous medium among the tested metal ions, without any
functionalization. Density Functional Theory (DFT) calculations have
been employed to analyse interactions between CDs and Fe3þ.

2. Experimental section

2.1. Materials

Fresh aloe vera was collected from the nursery of CSIR-CSMCRI,
Bhavnagar and washed thoroughly with ultrapure water before use. Ul-
trapure water was obtained from a plant installed in the institute and it
was used throughout the study. All the metal perchlorates (AR grade) and
other chemicals were purchased from Sigma Aldrich. These were used
without any purification.

2.2. Instrumentation

X-ray powder diffraction (XRD) patterns were recorded on Pan
Analytical EMPYREAN (Cu-Kα radiation) with the pace of 1�/min, in the
range of 5�–70�. The prepared CDs were imaged by transmission electron
microscopy. JEOL (model JEM 2100) Transmission Electron Microscope
was used to record the size, morphology and dispersion of the prepared
CDs. It was operated at an acceleration voltage of 200 kV. The aqueous
dispersion was deposited on the grid and thereafter, it was allowed for air
drying before recording images. The Fourier transform infrared spectra
(FT-IR) was recorded on the PerkinElmer instrument (model GX 2000)
using KBr pellets. For the fluorescence measurements, Edinburgh Xe900
spectrophotometer was used. Cary 500 scan Varian (UV-Visible spec-
trophotometer) was used to record the absorbance spectrum. Thermo
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Scientific Nexsa G2 Surface Analysis System (Voltage: 220–240 V, Fre-
quency: 50/60 Hz) was used to record the XPS measurements.

2.3. Photoluminescence experiments

The light-yellow aqueous dispersion of CDs was always stored at 4 �C
in a refrigerator. Photoluminescence spectral recordings were performed
after allowing of complete warm up of the spectrofluorometer. Important
operational settings of the spectrofluorometer such as bandwidth (3 nm),
dwell time (0.1 s), scan range and others were kept uniform during the
course of this study. Stock solution (100 mM) of each metal ion was
prepared and it was used to prepare experimental solution of required
concentration. The photoluminescence spectra of aqueous dispersion of
CDs for determination of response of respective metal ion were recorded
after 3 h of their addition so that they get enough time for interaction.
Spectral recordings were conducted at room temperature (25 � 2 �C).

2.4. Computational details

Density Functional Theory (DFT) calculations using the Becke-3-
Lee–Yang–Parr hybrid function (B3LYP) and the 6–31G basis set were
used to analyse probability of the interactions between Fe3þ and CDs [31,
32]. The Gaussian 09 package was used to do the DFT calculations [33].
Frontier molecular orbital approach was employed to investigate the
interaction of CDs with Fe3þ. The energies of the highest occupied mo-
lecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) have been determined using complete population analysis [34].
The difference between the energies of HOMO and LUMO is denoted by
HLG (i.e. HUMO LUMO Gap). The density of states (DOS) map was
plotted using the GaussSum package [35].

2.5. Cytotoxicity experiment

To explore the potential of aloe vera based carbon dots for biological
application; the cytotoxicity study was carried out on Human cervical
cancer cells (HeLa) using MTT assays, supplied with fetal bovine serum
(FBS) (10% heat-inactivated) and antibiotic-antimycotic solution, which
comprises 1000 units penicillin, streptomycin (1 mg) and amphotericin B
(2.5 μg) per ml. The cell passage number was maximized to 20. Cells were
seeded at 105 cells ml�1 in a 96-well microplate and incubated for 24 h at
37 �C in a humidified atmosphere that accommodate 5% CO2 and 95%
air [36]. These HeLa Cell lines were treated with 10 μl of CDs (1 mg/ml)
for 24 h, the concentration of the CDs was increased (10 μg–500 μg/ml)
accordingly to study the relative effect of the concentration of the CDs on
HeLa cells. The MTT based In-vitro Toxicology Assay Kit was used to
measure the bioactivity at 570 nm (690 nm considered for blank) by
following the labeled instructions by the manufacturer (Sigma-Aldrich,
USA). The viability percent and anti-proliferative activity percent was
calculated by using Eqs. (1) and (2) as given below:

Viable cells ð%Þ¼
�
abs570 ðsampleÞ � abs690 ðblankÞ
abs570 ðcontrolÞ � abs690 ðblankÞ

�
*100 (1)

Anti� proliferative activityð%Þ¼100*
�
1� abs570 ðsampleÞ � abs690 ðblankÞ

abs570 ðcontrolÞ � abs690 ðblankÞ

�

(2)

2.6. Synthesis

The CDs were synthesized by hydrothermal treatment of Aloe vera
employing a modified method [37]. A schematic representation of
preparation method of CDs along with their application is shown in
Figure 1. In this method, a large piece of the plant was taken to the lab
and washed with water. 5 g of it was mixed with 25 mL of water after
making the paste. Afterward, this content was put into a 50 mL



Figure 1. Schematic representation for green synthesis of CDs and their application as nanosensor for Fe3þ.
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Teflon-lined autoclave and was treated hydrothermally at 180 �C for 24
h. After that, the autoclave was cooled down at room temperature
naturally in a fume hood. The purification step involves centrifugation.
The resultant content was filtered using Whatman filter paper followed
by centrifugation for 30 min at 6000 rpm to filter out the large and
unreacted moieties. The resultant dispersion containing fluorescent CDs
was again filtered through a 0.22 μ filter. The final light-yellow disper-
sion containing CDs was collected in a glass bottle and kept at 4 �C for
further use.

3. Results and discussion

Aloe vera is a succulent plant species having various carbon-con-
taining biomolecules such as polysaccharides, proteins, and vitamins
[38]. These biomolecules act as carbon precursor for the synthesis of CDs.
Figure 2. HR-TEM images of the CDs recorded at 1) 20 nm, 2) 10 nm, 3) 4 nm and 4
inset of image 1. Image 2 shows particles highlighted by circles along with size of an
inset. Image 4 shows 0.198 nm as distance between lattice fringes.

3

The process of formation of CDs involves dehydration/hydrolysis,
decomposition of polysaccharides and other organic molecules, which
leads to aromatization and formation of aromatic clusters. When the
concentration of aromatic clusters exceeds the supersaturation point then
nucleation starts and finally forms CDs. The applied hydrothermal
treatment (as mentioned in the synthesis section) convert the precursors
to nanostructured carbon as confirmed by the standard characterization
techniques. The method involves the advantages of abundant/easily
available feedstock, low cost and green preparation. Figure 2 shows the
representative TEM images of the CDs recorded at different scales of
magnification and resolution. Information about the particle shape, size
and microstructure is revealed by the TEM images. The images recorded
at high a resolution of 20, 10, 4 and 2 nm clearly show their
quasi-spherical shape along with their well dispersion. The particle size
distribution obtained from statistical analysis is depicted in the
) 2 nm scale. Statistical analysis of particle size distribution shown at left top as
individual particle as 1.98 nm and lattice fringes of a highlighted particle as left
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histogram shown in inset of Figure 2. It reveals the size range of 2–5 nm
and lattice space observed is 0.198 nm. Chemical functionalities present
in CDs are ascertained by their FTIR spectrum (Fig. S1, supplementary
information). The broad intense band around 3424 cm�1 is attributed
due to the existence of hydroxyl group (O–H). The sharp band around
2900 cm�1 arises due to C–H stretching vibrations. The band around
1627 and 1391 cm�1 indicate the presence of C¼O and C–O group. The
XRD pattern obtained for these particles is depicted in Fig. S2 (supple-
mentary information). There is no sharp peak present in it. The presence
of amorphous carbon in their nanostructure is confirmed by the broad
hump around 25.8� (2 theta). Such hump is commonly observed in
amorphous carbon materials [39, 40, 41, 42]. The broadness of the peak
corresponds to the smaller size of the CDs. Smaller size (about 5 nm) is
already evident by high-resolution TEM images (Figure 2). Absorption
spectrum of aqueous dispersion of the CDs is presented in Fig. S3 (sup-
plementary information). It can be seen that these are exhibiting typical
broad absorption in the ultra-violet (UV) region with a tail that extends to
visible region. Strong absorption in the UV region below 260 nm is
assigned to π-π* transition of aromatic C¼C bonds. There is a small
shoulder around 300 nm extending up to 450 nm, indicating themid-gap.
This is associated with n-π* transition of C¼O group. The aqueous
dispersion visibly appears as light yellow while it emits bright blue light
under exposure of 365 nm as shown in inset of Fig. S3 (supplementary
information). The elemental composition information of CDs was
investigated by XPS analyses and given in Figure 3. The C 1s, N 1s and O
1s signals can be observed at 286, 400.2 and 531.3 eV in Figure 3(a). The
C 1s signal (Figure 3b) disclose three peaks, corresponding to the
contribution of C–C (284.7 eV), C–H (285.6 eV) and C¼O/C¼N (288.56
eV). The XPS of O 1s spectrum (Figure 3c) accommodates two compo-
nents for O–H bond in C–OH/C–O–C (532.9 eV), and C¼O (532.05 eV)
The N 1s spectrum (Figure 3d) can be further bisect in two peaks, which
are graphitic N (O¼C–N) (402.1 eV), pyrrolic N (C–N–C) (400.5 eV)
corroborating the successful synthesis of CDs.
Figure 3. (a) XPS full survey spectra of CDs. The high-res
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3.1. Photoluminescence characteristics

Emission of bright blue color infers that they are photoluminescent in
nature, which is further confirmed by evaluation of their optical prop-
erties in detail. There is no generalized excitation wavelength (λex) of
photoactive carbon nanomaterials. Therefore, in order to obtain infor-
mation about λex of these CDs, these were exposed to different excitation
wavelength, ranging from 310 to 390 nm with an increment of 10 nm.
The photoluminescent spectrum corresponding to each λex is shown in
Figure 4. The position of the emission band in these photoluminescent
spectra largely hovers around 420 nm with the applied excitation
wavelengths. Thus, the CDs are showing excitation-independent
behavior. It is to be noted that 360 nm λex generated emission spec-
trum with highest counts at 420 nm (λem) out of the tested excitation
wavelengths. On the basis of this experiment, 360 nm was considered as
an appropriate excitation wavelength and 420 nm as emission wave-
length in further photoluminescent experiments. This excitation wave-
length (360 nm) is matching with that of 365 nm applied under UV lamp,
where its irradiation gives bright blue emission (inset of Fig. S3, sup-
plementary information).

3.2. Response of CDs in presence of metal ions

The detailed experimental procedure for determination of response of
CDs in presence of metal ions is given in the experimental section.
Evaluation of selectivity and sensitivity of these CDs toward different
metal ions have been done. It is explored as a nano-platform for selective
recognition of metal ions on the basis of perturbation of photo-
luminescence feature. The spectral changes in their photoluminescence
behavior in presence of 50 mM of the metal ions is shown in Figure 5a. It
can be seen clearly that there is selective quenching of emission band
(422 nm) of CDs in presence of aqueous Fe3þ ions, whereas there is no
any remarkable impact of presence of other metal ions (namely Liþ,
olution XPS spectra of (b) C1s, (c) O1s, and (d) N1s.
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Figure 4. Evaluation of photoluminescence band and their counts of CDs under
different excitation wavelengths.

Table 1. Carbon dots synthesized from different carbon sources with LOD values
for Fe3þ.

Source LOD (μM) References

Citrus lemon peel 0.01 [43]

Onion waste 0.56 [44]

Phyllanthus acidus 0.90 [45]

Ammonium citrate 0.87 [46]

Indian Gooseberry 1.20 [47]

Glutathione 0.80 [48]

Pesticide 0.35 [49]

Tartaric acid and L-arginine 0.50 [50]

Aloe vera 0.005 This work
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Mg2þ, Ca2þ, Cd2þ, Hg2þ, Ni2þ, Pb2þ, Zn2þ, Cr3þ) on it. It suggests that
Fe3þ is preferentially interacting with CDs. The digital photographs of
CDs upon irradiation of 365 nm in presence of all the tested metal ions is
shown in Figure 5b. The photograph of aqueous dispersion of CDs
without any metal ion (blank) is compared with that of presence of metal
ions. There is disappearance of bright blue emission in presence of Fe3þ

whereas it persists in presence of other tested metal ions as in the case of
blank. It is consistent to the observation noted in photoluminescence
spectral change and therefore corroborates the preferential interaction
between CDs and Fe3þ. This change of color due to selective interaction
provides an opportunity to bare-eye recognition of Fe3þ using a simple
UV lamp (without requirement of sophisticated analytical instrument).
The fluorescence titration experiment was performed after couple of days
of selectivity determination (Fig. S4, supplementary information). Now,
the blank aqueous dispersion of CDs was emitting the band at 440 nm
whereas earlier it was at 422 nm under the same excitation wavelength
(360 nm), however the emission counts were almost the same. The
plausible reason of this minor red shift is given later on in a separate
section related to study of monitoring of the emission counts and band
position. The sensitivity of the CDs were evaluated by conducting pho-
toluminescence titration. The preferential interaction is also evidenced
by the photoluminescence titration experiment wherein progressive
addition of Fe3þ was performed and its corresponding spectra were
recorded as shown in Fig. S4 (supplementary information). The pertur-
bation in the emission counts at 440 nm with progressive addition of
Fe3þwas observed. It shows that the quenching of emission counts occurs
in a linear manner with increasing concentration of Fe3þ. Excellent
Figure 5. (a) Photoluminescent response of CDs in presence of different metal ions
of Fe3þ.

5

correlation coefficient (0.95) strengthen the linear relationship between
concentration and quenching. The data of lower concentration were
plotted as I0–I/I0 as a function of concentration to know the limit of
detection (LOD) as shown in inset of Fig. S4 (supplementary informa-
tion). I0 means the emission counts of blank CDs (i.e. in absence of metal
ion) and I means emission counts upon addition of certain concentration
of Fe3þ. 5 nM is the LOD as this is the concentration responsible for
sudden hike in the value of I0–I/I0. The LOD achieved with these CDs is
quite low and comparable with some of the literature reports [43, 44, 45,
46, 47, 48, 49, 50] as presented in Table 1.
3.3. Mechanism of sensing

In absence of Fe3þ, the excited electron of CDs relaxes to the ground
state with emission of radiation and it is referred as photoluminescence
‘ON’ state. It is commonly known as radiative relaxation process and is
involved in generation of photoluminescence spectrum of CDs. FTIR
spectrum is the evidence of presence of –OH, C¼O/-COOH functional-
ities at the surface of CDs (Fig. S1, supplementary information). These are
potential functional groups that are having the ability to interact with
metal ion (Fe3þ). There is a preferential affinity of Fe3þ with carbon
nanomaterials and it is reported in literature [29, 51]. So in presence of
Fe3þ, these functionalities from different particles gets assembled and
tend to satisfy the coordination tendency of Fe3þ via adsorption. Ag-
gregation of CDs can be observed by comparing TEM images of blank CDs
(Figure 2) and after the addition of Fe3þ to them (Fig. S5, supplementary
information). The Fe3þ-promoted assembly leads to form cluster/ag-
gregation of CDs. Aggregation of the particles now disallows the radiative
relaxation process as there is transfer of an excited electron from
electron-rich CDs to Fe3þ. Consequently, the quenching of photo-
luminescence was observed as there is involvement of non-radiative
decay. Thus, the CDs acquire non-emissive state (‘OFF’ state) in pres-
ence of Fe3þ.
. (b) Digital images of CDs showing disappearance of blue emission in presence
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3.4. Computational insights for interaction between CDs and Fe3þ

In addition to the extensive experimental work, DFT calculations
were done to investigate the interactions between CDs and Fe3þ. Most of
the computational studies found in literature are related to photophysics
(i.e. HUMO-LUMO gap) and photoluminescence of carbon dots model
[52, 53]. This work involves computational studies giving valuable in-
sights for recognition of Fe3þ by CDs. We have used the graphitic frag-
ment with oxygen-containing functionalities to represent CDs. FTIR
spectrum (Fig. S1, supplementary information) is evidence of the pres-
ence of oxygen rich functional groups (-OH, C¼O/COOH) in CDs as
mentioned above. Fe3þ was positioned at various distances from the CDs
to determine the optimal site of contact. A critical part of the mechanism
is the essence of the relationship between Fe3þ and CDs, which can be
inferred from their optimized geometries (Figure 6). The adsorption
process in the present case is physical in nature and is dominated by van
der Waals attractions [54]. The molecular orbital (HOMO and LUMO)
representation for Fe3þ adsorbed CDs is shown in Figure 7. The energy
differential between HOMO and LUMO (HLG), is a critical concept used
to quantify the chemical affinity of Fe3þ adsorption on CDs. The stronger
the chemical activity, the lower the HLG value. EHOMO and ELUMO were
calculated from the current analysis as -5.09 eV and -4.85 eV, respec-
tively. The HLG was -0.24 eV meaning high chemical activity between
Fe3þ and CDs. The band gap acquired from the DOS plots was used to
investigate the electronic characteristics of the Fe3þ-CDs cluster (Fig. S6,
supplementary information). The band-gap of bare CDs was calculated to
be 1.86 eV, and following Fe3þ adsorption on CDs, the bandgap
decreased to 1.62 eV. The decreased bandgap is due to appearance of
energy levels. It represents that there is mixing of Fe3þ and CD electronic
states. The electron density distribution map reveals that electron density
is concentrated around the O atoms (Fig. S7, supplementary
information).
Figure 6. DFT optimized geometrie
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3.5. Monitoring of emission counts and band position

In case of photoluminescent nanomaterials, it is essential to monitor
their features for a longer period of time. Therefore, in view of it,
monitoring of the emission counts as well as band position was done for
about 4 months. The photoluminescence spectrum shown in Figures 4
and 5 was recorded just after preparation of CDs. The spectral recording
related to the determination of appropriate excitation wavelength
(Figure 4) and selectivity determination (Figure 5) were performed
within few days of the preparation. The emission band was centered at
422 nm under the excitation of 360 nm in those experiments. However,
after couple of days the emission band shift from 422 to 440 nm under
the same excitation (360 nm). This minor red shift is plausibly induced by
their aggregation. Aggregation-induced red shift in carbon dots is also
observed in literature [55, 56]. To ascertain further any change, photo-
luminescent spectra of well shaken aqueous dispersion was recorded on
random days (10th, 20th, 30th, 60th and 120th day) and their emission
counts and band position were compared. These data are presented in
Fig. S8 (supplementary information). It shows that there was no further
change in the number of emission counts as well as band position during
the tested period. It indicates that the aqueous dispersion exhibited photo
luminescent stability. Apparently, there was no indication of aggrega-
tion, sedimentation and precipitation of these particles noted. The sta-
bility of CDs in water is most probably due to the hydrophilicity acquired
by the presence of –OH functionalities at their surface, as revealed by
FTIR spectrum (Fig. S1, supplementary information).

3.6. Photoluminescence under acidic and basic medium

The effect of wide pH range (2–12) on position of emission band and
its counts was studied. The pH of the aqueous dispersion was adjusted by
addition of few droplets of HCl (0.06 M) or NaOH (0.06 M) and the
s of CDs upon sensing of Fe3þ.



Figure 7. LUMOþ1, LUMO, HOMO, and HOMO-1 representations of molecular orbitals for the optimized structure of CDs upon sensing of Fe3þ.
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resultant spectra recorded are shown in Figure 8. The band position still
remains centered at 442 nm and maintains the photoluminescent nature
under all tested acidic as well as basic conditions therefore, these are
termed as acid and base resistant CDs. Only emission counts at 442 nm
vary with pH and these are relatively higher in neutral and basic as
compared to acidic condition. Such type of pH resistant property of CDs
has been limited found in literature and provides an opportunity to uti-
lize them in different pH environment [57, 58].
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Figure 8. Photoluminescence behaviour of CDs under the influence of wide pH
range (2–12).
3.7. Photoluminescence under ionic load conditions

Effect of presence of NaCl (0.25, 0.5, 1 and 2M) on photo-
luminescence characteristics (emission band position and counts) was
examined and presented in Fig. S9 (supplementary information). It in-
dicates that CDs exhibited good fluorescence stability, as there is no any
perturbation in band position and its count is observed, even at high ionic
load of 2M NaCl. The emission counts are same as that of blank (without
ionic load in deionized water). There are some literature reports wherein
fluorescence stability is observed up to 1M NaCl concentration, however,
these CDs showing it under double ionic load i.e. 2M [59, 60]. Therefore,
it can be said that these CDs have the ability to maintain the photo-
luminescence features under extreme ionic-load condition.
3.8. Influence of temperature on photoluminescence

Influence of temperature on photoluminescence features was exam-
ined by subjecting the aqueous dispersion of CDs to different tempera-
tures (10, 25, 37, 45 and 60 �C) before recording the spectra. The spectral
data related to this experiment is shown in Fig. S10 (supplementary in-
formation). It shows that there is no any influence of temperature on
7

emission band position and its counts. These all are comparable and
hence these CDs are temperature-stable up to 60 �C [60].
3.9. Cytotoxicity study

The probable cytotoxicity of various amounts of CDs was examined by
MTT assay. MTT is generally used to measure the cell metabolic activity
like cell viability test, cytotoxicity studies or proliferation [61]. The
microscopic images show the effect of CDs on the HeLa cells at different
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concentrations i.e. 10-500 μg/ml (Fig. S11 (i)–(v), supplementary in-
formation). Although, it appears that as the concentration of the CDs
increases, proliferation remains the same. The statistical variation of CDs
can be seen at the concentrations of 200 μg/ml and 500 μg/ml after being
treated the cells with CDs for 24 h. Most of the cells were viable (94.2%)
at higher concentrations, too (Fig. S11 (vi), supplementary information).
The size of these CDs and the oxygen content present cause less distortion
to the cell membrane [62]. Studies related to biocompatibility, low
toxicity and imaging of CDs have been done by other researchers [63,64].

4. Conclusions

The mentioned one-pot, simple and green hydrothermal method
yielded brightly fluorescent CDs, derived from commonly available and
natural source (Aloe vera). TEM, FTIR, XRD, UV-visible and fluorescence
analysis revealed their physiochemical and optical features. The size of
these CDs is up to 5 nm. Their fluorescence behavior is stable under wide
pH range (2–12), high ionic medium (2M) and temperature. Such wide
pH stability and high ionic stability of photoluminescence are not
commonly found in literature reports. Their preferential interaction with
Fe3þ demonstrated that these are acting as its fluorescent nanosensor by
effective quenching. In-vitro cytotoxicity evaluation shows their benign
nature and biocompatibility. DFT investigations have shown the inter-
action between CDs and Fe3þ.
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