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Abstract

Carbon Dots have promising applications in optics, catalysis, sensing,
etc. Single precursor-based white light-emitting carbon dots are very
rare. In the present contribution, we aim to synthesize pH mediated (~8
and <1) histidine carbon dots and their photophysical properties. His-
pH1 CD and His-pH8 showed bluish-white emission and blue emission
behavior in water medium under UV light. His-pH1 CD showed
aggregation-induced white emission in ethanol whereas His-pH8 CD
does not. A sharp decrement in intensity was observed for His-pH 1 CD
as soon as the pH decreased from 7 to 6. So, it can be used as a pH-based
sensor. Furthermore, we have studied the interaction with lipid vesicles
which reveals the discriminatory behavior of lipid vesicles towards as
synthesized pH-mediated carbon dots. White light was obtained through
His-pH1 polymer composites.
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Introduction

1.1 Nanomaterials and Nanopatrticles:

For the past few decades, the development of nanomaterials and
nanotechnology is one of the central fascinating fields of science. The
word nano signifies the dimension which is in nanometers (nm) level
ranging from 1-100 nm. The size and shape of nanomaterials depend
on various synthetic techniques which govern the physical and optical
properties of nanomaterials. One can imagine the dimension of
nanoparticles (NPs) by linearly combining 10 hydrogen atoms which is
1 nm. Talking about the history of NPs, the word nanometre was first
introduced by Richard Adolf Zsigmondy [1]. The specific concept of
nanotechnology was introduced by Sir Richard Feynman in 1959 who
is considered the father of nanotechnology. In 1959 he delivered a
lecture in which he talked about writing the whole Encyclopaedia
Britannica on a tip of a pin [2,3]. The term nanotechnology was first
introduced by Norio Taniguchi in 1974 [4,5]. Based on their size and
morphology, Nanoparticles can be classified into carbon nanoparticles,
metal nanoparticles, inorganic semiconductor nanoparticles, polymeric
nanoparticles [6-12]. Talking about morphology, NPs exhibit unique
morphologies like nanorods, nanoshells, nanocages, nanoflowers,
nanostars, nanofibers [13-16] which are directly connected to synthetic

methodologies.
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Figure 1: Various morphologies of nanoparticles [17].
1.2 Carbon Dots (CDs): A General Overview:

Carbon dots arrived in the modern era of science due to their
luminescent property [18]. It has a diameter of <10 nm and its core
consists of a sp?/sp® hybrid carbon framework along with abundant
functional groups on its surface [19,20]. The advantages that make
carbon dots unique are low toxicity, unique optical properties, tunable
emission  wavelength, excellent photostability, non-blinking,
upconversion emission, excellent biocompatibility, resistance to
photobleaching,  eco-friendly  synthesis, small size, easy
functionalization, high quantum vyield [21-26]. In 2004, fluorescent
carbon nanomaterials were first reported by Xu et al [27] and since
then much research has been done on carbon dots (CD), and CDs have
garnered enormous attraction among researchers, due to the above
factors. Based on the above factors carbon dots have significant
applications such as catalysis, optoelectronic devices such as LED,
solar cells, bioimaging and drug delivery, sensing, security, and anti-
counterfeiting [28-38]. Based on the dimensions CDs can be classified
into four categories. In zero-dimensional CDs, like quantum dots,
Carbon dots, core-shell quantum dots, onions, and nano lenses; all the
dimensions (X, y, z) lie in the manometer range (1-100 nm), which is
none of the dimensions are outside the nanoscale range. In the case of
one-dimensional such as nanowires, nanorods, nanotubes,
nanoribbons; two-dimensional nanomaterials such as nanoplates,
nanosheets, and nanodisks; and three-dimensional nanomaterials such
as nanoballs (dendritic structures), nano coils, nanocones, and
nanoflowers; they are having one, two, and three dimensions outside

the nanoscale respectively [39,40].
1.3 Synthesis of Carbon Dots:

There are mainly, two basic approaches followed for synthesizing

carbon dots:



1.3.1 The Top-Down approach: In the Top-Down approach involves
massive carbon compounds such as graphene oxide sheets, graphene,
carbon fibers, and carbon nanotubes sliced or broken down into
nanosized particles via several methods such as Arc Discharge
Method, Laser Ablation Method, Ultrasonic Method, Chemical
Oxidation Method.

1.3.2 The Bottom-Up approach: In this process selected precursor
molecules to transform into quantum-sized particles through a variety
of methodologies like hydrothermal techniques, microwave techniques,

thermal techniques, and template techniques.
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Figure 2: Different synthetic procedures of carbon dots [41].




1.4 Classification of Carbon Dots:
1.4.1 Graphene Quantum Dots (GQD):

These are single-layer or multi-layer flaky crystalline nanoparticles
with conjugated m-electron graphene layers that also exhibit the

quantum confinement Effect.
1.4.2. Carbon Quantum Dots (CQD):

The CQDs are always spherical and have crystal lattices and different
functional groups on their surface, which show intrinsic state
luminescence and quantum confinement effect of the carbon quantum
dots due to different sizes. So, it is important to regulate the
wavelength of photoluminescence through the tuning of the carbon
quantum dot’s size, which opens new avenues in the field of

nanotechnology [42].
1.4.3. Carbon Nanodots (CND):

The CNDs have a high degree of carbonization with different
functional groups on the surface. In general, crystal lattice structure
and polymer features were absent and the luminescence arises from the
defects or surface state and subdomain state within the graphitic carbon
core [43].
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Figure 3: (a) GQD (b) CQD (c) CND structures. HRTEM images of
(d) GQD (e) CQD (f) CND [44].



1.5 Interaction of CDs with Lipid Vesicles:

The lipid membrane is the most significant element of the cells in
biological systems. It maintains the integrity of cells and physiology.
The lipid membrane act as a barrier separating the inner cellular
environment from the outer and typically serves as a boundary between
the life and death of individual cells and helps in the transmission of
signals across the cell boundary. A lipid bilayer is a polar membrane
composed of two layers of phospholipid molecules. Membranes are
sheet-like structures that form a continuous barrier around all the cells.
It is almost impermeable to ions. That is why it can maintain salt
concentration and pH. Lipid bilayers are made up of amphiphilic
phospholipids which contain polar or hydrophilic head groups and
hydrophobic tails. The tail par contains two fatty acid chains. The lipid
bilayer phase also depends on the tail part and the chain length of fatty
acid and the presence of unsaturation in the fatty acid chain. The lipid
bilayer adopts the gel phase at lower temperatures and the fluid phase
at higher temperatures via phase transition. In the presence of polar
solvents like water, phospholipid molecules arrange themselves to
form a lipid bilayer. Due to lipid bilayer formation, hydrophilic head
parts were exposed to polar solvents while hydrophobic tail parts
moved inwards. Therefore, the liposome formed from phospholipid is
called the PC liposome. Lipid bilayers are prepared from lipids using
the thin-film hydration method, reverse-phase evaporation, and solvent
injection method [45-47].

Hydrophilic

head
Hydrophobic \

Figure 4: Structure of Lipid Vesicles.



Carbon dots has been extensively used to explore the membrane probe
property unlike fluorescent organic dyes and inorganic quantum dots
which exhibit cytotoxicity. The interaction of CD and lipid vesicles is
mainly governed by the electrostatic force of attraction between
different functional groups of CD and lipid vesicles. Lipid membrane
fluidity plays an important role to alter the emission property of CD.
Different lipids have different phase transition temperatures like DPPC
(42 °C), DMPC (23 °C), and DOPC (-20 °C), and their fluidity plays
an important role while interacting with CDs. At room temperature,
DPPC is present in the sol-gel phase, DOPC is in the liquid crystalline
phase, and DMPC is between the liquid crystalline and sol-gel phases.
In this context, CD synthesized from DTSA and Melamine exhibit
phase-dependent distinct emission of different lipid vesicles owing to
their different phase transition temperatures [48]. The lipid membrane
showed different interaction behavior with three isomeric carbon dots
prepared from phenylenediamine (PDA) that are ortho, meta, and para-
PDA carbon dots. Ortho PDA CDs are inserted into the lipid bilayer
and act as a potential candidate for bio-imaging. meta-PDA CDs bring
about the fusion of liposomes and para-PDA CDs also bring about
aggregated forms of liposomes [49]. In order to gain the membrane
dynamics of liposomes several methods have been adopted such as
Forster resonance energy transfer (FRET) and bio-imaging. However,
saying that the research on the interaction of liposomes and CD
synthesized from different pH mediums was not explored yet. We
observe Histidine Carbon Dot (HCD) obtained from different pH
mediums interact completely differently with lipid vesicles. We also
performed FRET between CD and NBDPE-tagged lipids to investigate
the relative position of HCD. Lipids having different phase transition
temperatures were also chosen to gain insight into the lipid membrane

fluidity effect and stability of the HCD-liposome system.



Figure 5: Carbon dots exhibit different behavior while interacting with

lipid vesicles [49].



1.6 White Light Generation from CDs:

White light-emitting diodes (WLED) are the next-generation lighting
device owned by their high energy efficiency, fast response, long
lifetime, and high reliability [50]. In this regard, organometallic
complex or organic non-metallic compounds are promising but due to
their toxicity, low optical stability, and high cost restrict their
application. On the other hand, CDs hold the frontier position in the
WLED field thanks to their unique properties [51]. In this situation, it
IS quite urgent to develop a white light-emitting CD from a single
precursor which is very rare. We have synthesized a one-step
hydrothermal synthesis of pH-mediated Histidine CD which emits
bluish-white light emission at pH <1 in water solvent and strong white
light emission in ethanol solvent. However, due to resonance energy
transfer (RET), the as-prepared CD is quenched in the solid state. So,
we do not observe any solid-state fluorescence (SSF) but we have used
a polymer matrix to explore the white light emissive property which

prevents self-quenching of CD.
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Experimental Section

2.1 Materials: L-Histidine was purchased from Sisco Research
Laboratories Private Limited. Phospholipids DMPC(1,2-dimyristoyl-
sn-glycero-3-phosphocholine), DPPC (1,2-dipalmitoyl-sn-glycero-3
phosphocholine), DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine),
14:0-12:0 NBDPC(1-Myristoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]dodecanoyl]-snGlycero-3-Phosphocholine),14:0NBDPE(1,2-
dimyristoyl-sn-glycero-3phosphoethanolamine-N-(7-nitro-2-1,3

benzoxadiazol-4-yl)(ammonium salt)were purchased from Avanti
Polar Lipids. All the chemicals were used as received. We used Mili-Q

water to perform all the experiments.
2.2 Synthesis of Histidine CDs:
2.2.1 Synthesis of Histidine CDs pH<1 (HCD1):

A one-step hydrothermal method was adopted to synthesize pH-
mediated Histidine CDs. In a typical synthesis, 250 mg Histidine was
dissolved in 10 ml Mili-Q water. The mixture was sonicated for about
30 minutes to yield a clear solution. The pH was adjusted to <1 by
using 12(N) HCI. The solution was transferred to Teflon autoclaves
and they were placed in a hot air oven at 200 °C for 12 hours to obtain
CDs. It was then centrifuged at 8000 rpm for 20 minutes to remove
large carbo particles followed by dialysis for 8 hours. The resulting
CDs were lyophilized for about 20 hours to obtain solid HCD1. The
resulting CDs were dispersed in Mili-Q water maintaining a

concentration of 2mg/ml for further experiments.
2.2.2 Synthesis of Histidine CDs pH=8 (HCD8):

In a typical synthesis, 250 mg Histidine was dissolved in 10 ml Mili-Q
water. The mixture was sonicated for about 30 minutes to yield a clear
solution. The pH of the solution was found to be 8 and then the
solution was transferred to Teflon autoclaves and they were placed in a
hot air oven at 200 ‘C for 12 hours to obtain CDs. It was then

centrifuged at 8000 rpm for 20 minutes to remove large carbo particles



followed by dialysis for 8 hours. The resulting CDs were lyophilized
for about 20 hours to obtain solid HCD8. The resulting CDs were
dispersed in Mili-Q water maintaining a concentration of 2mg/ml for

further experiments.
2.3 Preparation of Carbon Dot-Liposomes Assembly:
2.3.1 Preparation of Blank Liposomes (DMPC):

The ethanol injection method was adopted to prepare blank DMPC
liposomes. In a 10 ml RB, 3 ml Mili-Q water was taken and it was
heated for 1 hour at 80 °C. After 1 hour an ethanolic solution of DMPC
(1 mM) was injected into the RB. The stopper of the RB was opened
for 10 minutes to evaporate the ethanol and after 10 minutes the
stopper was closed and the solution was heated for another 1 hour.
After that, the heating was turned off only stirring was on at 640 rpm

for another 8 hours to obtain blank DMPC lipid vesicles.
2.3.2 Preparation of HCD1-DMPC Liposomes Assembly:

The ethanol injection method was adopted to prepare HCD1-DMPC
Liposomes Assembly. In a 10 ml RB, 75uL HCD1 (50 pg/ml) was
added followed by 2.925 ml Mili-Q. The solution was heated for 1
hour at 80 °C. After 1 hour an ethanolic solution of DMPC (1 mM) was
injected into the RB. The stopper of the RB was opened for 10 minutes
to evaporate the ethanol and after 10 minutes the stopper was closed
and the solution was heated for another 1 hour. After that, the heating
was turned off only stirring was on at 640 rpm for another 8 hours to
obtain of HCD1-DMPC Liposomes Assembly.

2.3.3 Preparation of HCD8-DMPC Liposomes Assembly:

The ethanol injection method was adopted to prepare HCD8-DMPC
Liposomes Assembly. In a 10 ml RB, 75uL HCD8 (50 pg/ml) was
added followed by 2.925 ml Mili-Q. The solution was heated for 1
hour at 80 °C. After 1 hour an ethanolic solution of DMPC (1 mM) was
injected into the RB. The stopper of the RB was opened for 10 minutes

to evaporate the ethanol and after 10 minutes the stopper was closed

10



and the solution was heated for another 1 hour. After that, the heating
was turned off only stirring was on at 640 rpm for another 8 hours to
obtain of HCD8-DMPC Liposomes Assembly.

2.3.4 Preparation of HCD1l-Head Tagged NBDPE DMPC

Liposomes Assembly:

The ethanol injection method was adopted to prepare HCD1-Head
Tagged NBDPE DMPC Liposomes Assembly. In a 10 ml RB, 75uL
HCD1 (50 pg/ml) was added followed by 2.925 ml Mili-Q. The
solution was heated for 1 hour at 80 ‘C. After 1 hour an ethanolic
solution of DMPC (1 mM) and 35uL head-tagged NBDPE DMPC (1
mg/ml) was injected into the RB. The stopper of the RB was opened
for 10 minutes to evaporate the ethanol and after 10 minutes the
stopper was closed and the solution was heated for another 1 hour.
After that, the heating was turned off only stirring was on at 640 rpm
for another 8 hours to obtain HCD1-Head Tagged NBDPE DMPC

Liposomes Assembly.

2.3.5 Preparation of HCD8-Head Tagged NBDPE DMPC

Liposomes Assembly:

The ethanol injection method was adopted to prepare HCD8-Head
Tagged NBDPE DMPC Liposomes Assembly. In a 10 ml RB, 75uL
HCD8 (50 pg/ml) was added followed by 2.925 ml Mili-Q. The
solution was heated for 1 hour at 80 ‘C. After 1 hour an ethanolic
solution of DMPC (1 mM) and 35uL head-tagged NBDPE DMPC (1
mg/ml) was injected into the RB. The stopper of the RB was opened
for 10 minutes to evaporate the ethanol and after 10 minutes the
stopper was closed and the solution was heated for another 1 hour.
After that, the heating was turned off only stirring was on at 640 rpm
for another 8 hours to obtain HCD8-Head Tagged NBDPE DMPC

Liposomes Assembly.
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2.3.6 Preparation of HCD1-Tail Tagged NBDPE DMPC

Liposomes Assembly:

The ethanol injection method was adopted to prepare HCD1-Tail
Tagged NBDPE DMPC Liposomes Assembly. In a 10 ml RB, 75uL
HCD1 (50 pg/ml) was added followed by 2.925 ml Mili-Q. The
solution was heated for 1 hour at 80 ‘C. After 1 hour an ethanolic
solution of DMPC (1 mM) and 35pL tail-tagged NBDPE DMPC (1
mg/ml) was injected into the RB. The stopper of the RB was opened
for 10 minutes to evaporate the ethanol and after 10 minutes the
stopper was closed and the solution was heated for another 1 hour.
After that, the heating was turned off only stirring was on at 640 rpm
for another 8 hours to obtain HCD1-Tail Tagged NBDPE DMPC

Liposomes Assembly.
2.4 Instrumentation:
2.4.1 Fluorescence Spectroscopy:

FluoroMax-4p spectrofluorometer from Horiba Jobin Yvon (model:
FM100) was used to record all the fluorescence spectra of HCD1 and
HCDS8 carbon dots and lipid-CDs assembly.

2.4.2 UV-Vis Spectrophotometer:

A Varian UV-vis spectrophotometer (Cary 100 Bio) in a quartz cuvette
(10 x 10 mm?) was used to record all the absorption spectra of HCD1
and HCD8 Carbon Dots.

2.4.3 Time-Correlated Single Photon Counting (TCSPC):

A Picosecond TCSPC machine from Horiba (Fluoro Cube- 01-NL)
was used for lifetime measurements. Here we excited the samples at
405 nm using a picosecond diode laser and collected decays of the
sample at 480 nm. A filter of 500 nm on the emission side was also
placed to eliminate the scattered light. The signals were collected at a
magic angle (54.75°) polarization using a photomultiplier tube (TBX-
07C) as the detector. The data analysis was performed using IBH DAS

12



version 6 decay analysis software. We fixed the temperature at 25 °C
throughout all titration experiments. The decays were fitted with a

multiexponential function.

D(t) = z:;l a; exp {— Til}

where D(t) denotes normalized fluorescence decay and ai is the
normalized amplitude of the decay component t;. The average lifetime

was obtained from the equation
(1) = Xin 4Ty

The quality of fit was judged by reduced y? values and corresponding

residual distribution. The acceptable fit has a ¥ near unity.
2.4.4 Confocal Laser Scanning Microscopy (CLSM):

For confocal imaging, OLYMPUS model no. IX-83 microscope was
used. A multiline Argon Laser with an excitation wavelength of 405
nm was used for carbon dot-lipid assemblies. The emission was
recorded by employing three different emission filters: blue region
filter EM410/480, green region filter EM 490/560, and red region filter
EM 565/630. A freshly prepared sample was used for this process. The
slide that contained the carbon dots-liposome assembly was fixed in

the right way before imaging.
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Result and Discussion

3.1 Synthesis of CDs in different pH mediums and their properties:

Carbon dots synthesized from a single precursor in different pH
mediums which exhibit completely different photophysical properties
are found to be very rare. Herein, we have used histidine, a simple
amino acid as a source of carbon. Now, one can ask instead of using
other amino acids why did we choose histidine? To answer that
question, we must talk about the research work performed by Yang et
al in which they have synthesized pH-dependent carbon dots from
serine and tryptophan [53] which exhibit completely different
photophysical properties compared to each other. Furthermore, they
have generated white light by fabricating CDs into polymers which
prevents the self-quenching of CDs. The tuneable photophysical
properties of CDs can be explained by doping of nitrogen atoms in the
carbon dot core. It is to be mentioned that among serine and
tryptophan, tryptophan forms the core of the carbon dot as it has an
aromatic ring. The aromatic ring plays an important role to form the
core of carbon dots compared to aliphatic hydrocarbons and
furthermore, three nitrogen atoms defect the lattice causing multicolor
emission of CDs. Similarly, histidine has an aromatic ring that can
form a stable carbon dot core and it also has three nitrogen atoms that
can defect the core causing multicolor emission. It is to be noted that,

the pH of the medium plays an important role to synthesize carbon

dots.
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Figure 7: Reaction scheme of synthesizing pH-mediated histidine
CDs.

3.2 Photophysical properties: Excitation-dependent Emission

Spectroscopy:

Carbon dots synthesized from two different pH mediums pH 1 (HCD1)
and pH 8 (HCDS8) exhibit completely different photophysical
properties compared to each other. In normal daylight, HCD1 shows
dark chocolate black color whereas HCD8 shows brown color
explaining the fact that acidic medium facilitated more carbonization
process in case of HCD1. In highly acidic medium and hydrothermal
process at high temperature and pressure leads to the dehydration of
the molecule causing a large polymeric chain. While irradiating by a
365 nm UV lamp HCD1 shows bluish-white fluorescence and HCD8
shows blue fluorescence confirming the formation of different CDs in
different pH mediums. In steady-state fluorescence spectroscopy, both
the CD shows excitation-dependent emission. The emission spectra of
HCD1 is broad ranging from 382 nm to 518 nm having a full-width
half maxima (FWHM) of 136 nm upon excitation with 340 nm
whereas FWHM of HCD8 is 115 (ranging from 367 nm to 452 nm)
indicating the fluorescence color difference. The UV-Visible
absorption reveals the absorption of HCD1 is broad compared to
HCDS8 justifies the broad emission spectra of HCD1. The absorption
peak at 285 nm (HCD1) and 296 nm (HCDS) is due to II-IT" transition
of C=C band whereas HCD1 has an additional absorption peak at 368

nm due to n-IT" transition of C=0 band.
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Figure 8: Excitation-dependent emission of (a) HCD1 (b) HCD8 (c)
UV-Visible Spectra.

3.3 Excitation and Emission Spectra of Carbon Dots:

3.3.1 Excitation and Emission Spectra of Carbon Dots in water

medium:

In excitation and emission spectra of HCD1, it was found that the
maximum emission intensity peak was obtained at 428 nm, and the
maximum excitation wavelength peak was obtained at 347 nm in water
medium. Similarly, we also recorded the excitation and emission
spectra of HCD8 in water medium, and it was found that the maximum
emission intensity peak was obtained at 410 nm, and the maximum

excitation wavelength peak was observed at 334 nm.

3.3.2 Excitation and Emission Spectra of Carbon Dots in ethanol

medium:

In excitation and emission spectra of HCDL1, it was found that the

maximum emission intensity peak was obtained at 444 nm, and the
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maximum excitation wavelength peak was obtained at 360 nm along
with an excitation peak at 283 nm in ethanol medium. The emission of
HCD1 in ethanol medium is much broader than that of water medium
causing strong white light emission. Similarly, we also recorded the
excitation and emission spectra of HCD8 in ethanol medium, and it
was found that the maximum emission intensity peak was obtained at
400 nm, and the maximum excitation wavelength peak was observed at
334 nm.
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Figure 9: Excitation and Emission of HCD1 (a) in water medium (c)
in ethanol medium Excitation and Emission of HCD8 (b) in water

medium (d) in ethanol medium.
3.4 Solvent Dependent Study:

We also investigated the role of different solvents on the emission
spectra of pH-mediated histidine carbon dots. We took a series of
solvents of different polarities, namely, water, methanol, ethanol,
acetonitrile, DMF, acetone, THF. We recorded their fluorescence
spectra on a single irradiation wavelength of 340 nm. The solvent
polarity effect was more prominent for HCD1 resulting in tuneable

fluorescence emission spectra. Interestingly, HCD1 exhibits strong
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white fluorescence in EtOH solvent with FWHM of 184 nm (ranging
from 378 nm to 562 nm). The mechanism of this solvent-dependent
emission is directly related to the synthesis of carbon dots in different
pH mediums. In highly acidic medium and hydrothermal process at
high temperature and pressure leads to the dehydration of the molecule
causing a large polymeric chain. In TEM images it is clearly observed
the presence of both aggregated and non-aggregated particles in HCD1
but on the other hand, HCD8 only contains non-aggregated particles
(figure 10 a, b). EtOH is being less polar solvent than H2O, the
aggregated particles soluble more generating a fluorescence emission
peak at 520 nm. The combination of both emission peaks at 428 nm
and 520 nm resulting strong white fluorescence in EtOH solvent. In
case of methanol solvent, the FWHM is 172 nm (ranging from 375 nm
to 547 nm) and for DMF solvent, the FWHM is 164 nm (ranging from
376 nm to 540 nm). Ethanol, methanol, DMF solvents exhibit much
broader emission spectra leading to white light emission for those
solvents. We do not observe any significant solvent effect in case of
HCD8 which confirms the presence of only non-aggregated particles.
This study indicates that HCD1 contains both hydrophobic and
hydrophilic parts whereas HCD8 contains only a hydrophilic part.
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Figure 10: HR-TEM Images of HCDL1 (a, b) and HCD (c, d). Solvent-
dependent emission spectra of HCD1 (e) and HCD8 (f).
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3.5 Concentration-Dependent Study:

As we are claiming HCD1 contains both aggregated and non-
aggregated particles while on the other hand, HCD8 contains only non-
aggregated particles, the concentration-dependent study is going to be
very much significant in this regard. In both cases, we have adopted
steady-state fluorescence spectroscopy to investigate concentration-
dependent emission. We start with a very high concentration of 2
mg/ml in a 3 ml cuvette and make it half diluted in every case all the
way to 0.03 mg/ml and record fluorescence emission spectra in every
concentration in water solvent. In case of HCD1 concentration-
dependent emission is much more prominent compared to HCD8. For
HCD1 the maximum emission intensity peak was obtained at 476 nm
(FWHM 171 nm) for 2 mg/ml concentration. While half diluted the
solution with water the maximum emission intensity peak was
observed at 452 nm (FWHM 156 nm) for 1mg/ml concentration
followed by 433 nm (FWHM 145 nm) for 0.5 mg/ml and 138 nm
(FWHM 138 nm) for 0.25 mg/ml concentration. So, from this
observation, we can conclude that the emission peak was blue-shifted
along with an increment in the intensity and shrinking of FWHM
confirming the presence of aggregates. As mentioned earlier HCD1
contains both aggregated and non-aggregated particles so, while
diluting the solution the aggregated particles disintegrated into non-
aggregated particles resulting in a blue shift. This kind of effect was
not observed in case of HCD8 which confirms the presence of only

non-aggregated particles.
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Figure 11: Concentration-dependent emission spectra of (a) HCD1 (b)
HCDS.

3.6 pH-Dependent Study:

Another exciting phenomenon pH dependent study was performed by
using steady-state and time-resolved fluorescence spectroscopy. The
fluorescence intensity and lifetime steeply decreased in case of HCD1
while changing the pH from 6 to 7. This effect is less prominent in
case of HCD8. So, HCD1 can potentially be used as a pH sensor. This
phenomenon is mainly governed by the various functional groups on
the surface which are accountable for the steep decrease in
fluorescence intensity and lifetime of HCDL1.
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Figure 12: Steady-state and time-resolved fluorescence spectra of
HCD1 (a, b) and HCDS (c, d) respectively.
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3.7 Interaction of Carbon Dots-Liposome System:

To gain a photophysical insight into the interaction between HCD and
DMPC liposome the emission property of HCD was exploited through
steady-state and time-resolved fluorescence spectroscopy. HCD1
showed a significant blue shift of 7 nm (from 457 nm to 450 nm)
whereas HCD8 barely showed any shift. This study indicates that
HCD1 experiences a distinctly less polar chemical environment while
interacting with DMPC liposome. The fluorescence lifetime decreased
from 2.89 ns to 2.66 ns indicating a more confined environment. This
trend was not observed in case of HCD8 signifies the discriminatory

behavior of lipid vesicles towards HCD.
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Figure 13: Steady-state and time-resolved fluorescence spectra of
HCD1-DMPC liposome system (a, b) and HCD8-DMPC liposome

system (c, d) respectively.

To support the spectroscopic data, imaging techniques such as CLSM
and SEM were adopted. In CLSM (figure 14) the fluorescence signal
coming from the bilayer region in case of HCD1 indicates that HCD1
is located in the bilayer region of DMPC lipid vesicles. However,
while interacting with HCD8 the lipid vesicles undergo aggregation

resulting increase in size of lipid vesicles. We did not observe any
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fluorescence signal in case of HCD8-DMPC system. The
morphological changes in lipid vesicles upon interacting with HCD
were studied by SEM images (figure 15). SEM images reveal that lipid
vesicles hold their morphology upon interacting with HCD1 but

undergo aggregation while interacting with HCD8 which supports the
CLSM data.

Figure 14: CLSM Images of DMPC liposome and His CD pH =1 in
(a) Bright Field (b) Blue (c) Green (d) Red (e) Merged. CLSM Images
of DMPC liposome and His CD pH = 8 in (f) Bright Field (g) Blue (h)
Green (i) Blank DMPC Liposome (j) Blue region.

The discriminatory behavior of lipid vesicles toward HCD can possibly
be explained by the hydrophobicity of HCD and the electrostatic force
of attraction of different functional groups in HCD-DMPC system. As
mentioned earlier HCD1 contains both hydrophobic and hydrophilic
parts that help to penetrate into lipid vesicles and locate in the bilayer
region. On the other hand, HCDS8 is being extremely hydrophilic, the
electrostatic force of attraction of different functional groups in HCD8-
DMPC system results in cross-linking with more than one lipid vesicle
causing aggregation. After causing aggregation of lipid vesicles, HCD8
aggregates themselves resulting in fluorescence turn-off in CLSM
measurement due to the self-quenching phenomenon of CD in solid-
state. However, we do get confocal fluorescence signal for HCD1-
DMPC system as HCD1 is located in the bilayer region preventing

self-quenching. To gain an insight into the possible location of HCD in
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HCD-DMPC system we performed FRET between NBDPE-tagged
lipid vesicles and HCD. This combination was chosen due to the large
spectral overlap where HCD acts as a donor and NBDPE acts as an

acceptor (figure 16).

Figure 15: SEM Images of (a) Blank DMPC liposome (b) His pH1-
DMPC liposome and (c) His pH8-DMPC liposome.
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Figure 16: Spectral Overlap between (a) His pH 1 — NBDPE and (b)
His pH 8 — NBDPE.

To investigate the possible position of HCD we have used both head
and tail-tagged NBDPE-DMPC lipids. The decrease in emission
intensity of HCD1 along with a concurrent increase in emission
intensity of NBDPE suggests energy transfer phenomenon. The energy
transfer efficiency of tail-tagged NBDPE-HCD1 is calculated 11%
from time-resolved and 17% from steady-state fluorescence
measurement. Similarly, in case of head-tagged NBDPE-HCD1, the
energy transfer efficiency is 15% from time-resolved and 21% from
steady-state fluorescence spectroscopy. This result signifies HCD1
may be located somewhere between the membrane bilayer and
interfacial region. In case of HCD1-liposome system, both static and
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dynamic quenching happening which can be proved via steady-state
and time-resolved fluorescence spectroscopy while on the other hand
in HCDB8-liposome system, only static quenching is happening. In case
of HCD1-head tagged DMPC liposome the energy transfer efficiency
is higher than that of HCD1-tail tagged DMPC liposome. The FRET

equation is:

E = ! L
1+ (R/Rp° Iy Fo

Here E is energy efficiency, R is the distance between donor and
acceptor, Ro is the Forster distance, F is the fluorescence intensity in
presence of quencher, Fo is the fluorescence intensity in absence of
quencher, 1 is the lifetime of fluorophore in presence of quencher and

lo is the lifetime of fluorophore in absence of quencher.

This result matched our confocal images where HCDL1 slightly
penetrates into the liposome and closer to the interfacial region
compare to the bilayer region. On the other hand, HCD8 caused
aggregation of DMPC liposomes so in the time-resolved fluorescence
data there is no change in lifetime was observed while in the steady-
state measurement the quenching is 11% indicating only static
quenching with the head tagged NBDPE dye and HCD8 carbon dot.
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Figure 17: Energy Transfer of His pH 1-NBDPE (Head-Tagged) (a)
Steady-State (b) Time-Resolved Fluorescence Spectroscopy. Energy
Transfer of His pH 1-NBDPE (Tail-Tagged) (c) Steady-State (d) Time-
Resolved Fluorescence Spectroscopy. Energy Transfer of His pH 8-
NBDPE (Head-Tagged) (e) Steady-State (f) Time-Resolved

Fluorescence Spectroscopy.
3.8 Generation of White-Light: Carbon Dot-Polymer Composite:

HCD1 exhibits bluish-white emission in water medium and strong
white light emission in ethanol medium. However, saying that in the
solid state, HCD1 do not show any fluorescence due to self-quenching
of carbon dot which restricts their application in white light generation
in solid state. But carbon dot-polymer system can solve the problem as
polymer resists carbon dots from self-quenching which brings us to the
generation of white light in solid state. Here we used
polyethyleneimine (PEI) as a polymer to prevent the self-quenching of
HCD1 which allows us to generate white light emission in the solid
state. We have also recorded the fluorescence emission spectra of
HCD-PEI system. In steady-state fluorescence measurement,
excitation-independent emission was observed and maximum emission
intensity peak was observed at 573 nm. The FWHM of the HCD1-PEI
system covers the whole visible spectrum ranging from 474 nm to 679
nm (FWHM 204 nm) which is accountable for the strong white light

emission (figure 18). The maximum excitation wavelength peak was

26



obtained at 366 nm along with an excitation peak at 437 nm. The
excitation spectrum is extremely broad accountable for the broadness

of the emission spectra of the HCD1-PEI system.
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Figure 18: Confocal image of HCD1(a), picture of HCD1-PEI system
under 365 nm UV lamp (b), excitation-independent emission spectra of
HCD1-PEI system (c), Excitation and emission spectra of HCD1-PEI
system (d).
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Conclusion

In summary, we have synthesized pH-mediated Histidine carbon dots
which exhibit completely different photophysical properties compared
to each other. From the above studies, we summarized the following

important observations:

(1) The pH of the medium play an important role in the preparation of

different emissive carbon dots.

(2) His-pH1 CD showed bluish-white emission behavior in water but
was strongly white emissive in ethanol due to the aggregation of the
CDs in ethanol. But the His-pH8 CD showed blue emission in both

ethanol and water medium.

(3) His-pH1 CD emission drastically changed (decreased) as soon as
the pH of the solution was decreased from pH 6 to pH 7. So, it can act

as pH-based sensor.

(4) The concentration-dependent emission spectra of His-pH1 CD
showed that the emission peak was blue-shifted along with the
increment in the intensity which suggests the presence of the

aggregates.

(5) Lipid membranes (DMPC) exhibit discriminatory behavior toward
CDs synthesized from different pH mediums. His pH1 CD is located in
the bilayer region whereas, His pH8 caused aggregation of lipid

vesicles.

(6) White light emission was obtained by embedding His pH1 CD into
PEI polymer matrix which resist quenching of CD, unlike in the solid

state.
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