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ABSTRACT: Reversible switching of photoluminescence
(PL) of carbon nanoparticles (CNP) can be achieved with
counterionic macromolecular caging and decaging at the
nanoscale. A negatively charged uncoated, “bare” CNP
with high Iluminescence loses its PL when positively
charged macromolecules are wrapped around its surface.
Prepared caged carbons could regain their emission only
through interaction with anionic surfactant molecules,
representing anionic amphiphiles of endocytic membranes.
This process could be verified by gel electrophoresis,
spectroscopically and in vitro confocal imaging studies.
Results indicated for the first time that luminescence
switchable CNPs can be synthesized for efficient intra-
cellular tracking. This study further supports the origin of
photoluminescence in CNP as a surface phenomenon
correlated a function of characteristic charged macro-
molecules.

arbon nanoparticles (CNPs) have recently been explored

for multiscale imaging and therapeutic applications due to
their intrinsic resistance to photobleaching, low toxicity,
excellent biocompatibility and rather inexpensive large scale
production.'™® Dissociative process of carrier and payload of
nanomedicine in intracellular spaces have generally been
studied by FRET and evaluated by functional activity, but
direct evidence of payload delivery in case of CNPs requires a
more sensitive and accurate technique. Switchable photo-
luminescence (PL) of CNPs with ability of upsurge in PL in
intracellular spaces could be efficient strategy to follow the
delivery of macromolecules or drugs passivated on CNPs. To
make switchable CNPs, it is important to understand the origin
of PL in CNPs so that a counter strategy can be used to quench
the PL and regain it appropriately. However, a convincing
explanations for origin of PL in CNPs is still lacking.” Among
the four known PL principles,m_14 the origin of surface based
luminescence has been found to delegate optical as well as
biological properties.”®'*~"" PL of quantum-confined elec-
tronic states of graphene oxide (GO) and photothermally
reduced GO were found to be correlated with characteristics
oxygen-containing functional groups,'® and other surface
functionalities but response to charge type and behavior
correlation in CNP is yet to be revealed. In this work, we
demonstrate that encapsulation (“caging”) of bare-surface
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CNPs with positively charged cationic polymers leads to
efficient PL quenching for bare CNPs. Interestingly, this
quenching process is entirely reversible following a counter-
ionic ligand interaction at the CNP nanoscale (Scheme 1).

Scheme 1. Schematic Representation of the Process of
Preparing Luminescence Switchable CNPs Depicting Caging
and Decaging by the Interaction of Counterionic
Macromolecules

ORRC
W Counter-ionic ligand
+ +) -~ interactionat the

¥~_. Luminescence quenched nanoscale

Luminescence
recovered

Pristine-Carbon
Nanoparticle

7 ‘Caging’-removed
Nanoparticle .- F R

‘Caged’-Carbon
_+_ - -

Reversible PL switch-ability can be verified by using three
different types of cationic macromolecules ie., branched
polyethylenimine (PEI), polypeptidic poly r-lysine (polyLys)
and dendritic poly amidoamine (PAMAM+) for caging of
CNPs. The feasibility of “decaging” process can be confirmed
using two different types of amphiphiles, anionic sodium
dodecyl sulfate (SDS) and nonionic polyethylene glycolcety-
lether (PEGCE).

Initially, highly luminescent bare CNPs were prepared
hydrothermally from a natural carbohydrate source (agave
nectar)."” As-synthesized CNPs were found to be 35 + 5 nm in
hydrodynamic diameter with a negative {-potential of —40 + 6
mV (Figure 1). PEI wrapping resulted in a slightly bigger
hydrodynamic diameter of 75 + 9 nm. When the resultant PEI
“caged” particles were incubated with SDS, formation of
aggregated microstructures of ~1100 nm was noticed likely due
to the counterionic interaction at the nanoscale and freeing up
of CNPs (Figure 1A). Interestingly, this observation was not
noticed when caged-CNPs were postincubated with a non-
anionic surfactant (i.e., PEGCE), presumably due to the lack of
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Figure 1. Physico-chemical characterization. Hydrodynamic diameter
of CNPs at various stages of macromolecule-CNP interactions. (A)
Size of pristine CNPs grew bigger with PEI passivation and further
with SDS mediated PEI coagulations but did not change much with
PEGCE incubations. (B) Change in (-potential of CNPs after
incubation with PEI and further incubation with SDS or PEGCE.
(C) Change in DNA interaction patterns postincubation with CNP-
PEI in absence or presence of various concentration of SDS or
PEGCE. (a) Lanes represent 1, DNA; 2, CNP; 3, DNA+PEI; 4, DNA
+CNP-PEL; 5, DNA+CNP-PEI+SDS (5 M); 6, DNA+CNP-PEI+SDS
(10 M); 7, DNA+CNP-PEI+SDS (15 M); 8, DNA+CNP-PEL+SDS
(20 M); 9, DNA+CNP-PEI+SDS (25 M). (b) Lanes represent 1,
DNA; 2, DNA+PEL; 3, DNA+CNP; 4, DNA+CNP-PE[; 5, DNA
+CNP-PEI+PEGCE (5 M); 6, DNA+CNP-PEI+PEGCE (10 M); 7,
DNA+CNP-PEI+PEGCE (15 M); 8, DNA+CNP-PEI+PEGCE (20
M); 9, DNA+CNP-PEI+PEGCE (25 M).

aggregation induced from counterionic interaction and showed
a nonsignificant change in hydrodynamic sizes (Figure 1A).
The anionic nature of SDS contributes to strong Coulombic
interaction between PEI and SDS to generate aggregates
whereas PEGCE, due to its nonionic nature did not produce
any such aggregate. Use of polyLys and PAMAM+ as caging
macromolecules did also show similar patterns but to a lesser
extent, probably due to lower effective cationic charge on
polyLys and PAMAM+ compared to PEI (abundance of 1°, 2°
and 3° amines), which led to lower surface interaction and
decaging by SDS molecules (Figure SIA—D).

This effect can also be noticed in {-potential patterns where
negative {-potential of CNP (—40 mV) shifts to +35 mV with
PEI caging and SDS incubation brings it back to —30 mV. The
electrophoretic potential was not greatly influenced when
PEGCE was used (+35 mV — +20 mV; Figure 1B).
Interactions with PAMAM and polyLys with postincubation
of SDS or PEGCE followed the same trend (Figure S2A,B).
Furthermore, photoluminescent quantum yield (QY) values
were calculated (Table S1) for CNP, CNP-PEI and CNP-PEI-
SDS according to some previous reports””*! using Quinine
sulfate as reference (& = 0.54). It was observed that CNP had
high QY value (& = 0.23). However, “caging” the nanoparticle
surface with PEI leads to a drastic drop in its QY value (@ =
0.02). Ultimately, on addition of anionic surfactant (SDS), pulls
out PEI from the surface of the CNP, thereby clearing the CNP
surface. This led the CNP to recover its emission to a very high
extent as evident from its high QY value (& = 0.21).

The process of CNP caging with positively charged
passivating agents was also verified using gel electrophoresis
with CNP, PEI and caged-CNP (CNP-PEI) in presence or
absence of SDS, revealing information on ability of SDS to
interact with surface-bound PEL. DNA was used as a secondary
negatively charged biopolymer for competing interactions with
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positively charged molecules viz. PEI, against SDS. It was found
that 200 ng of DNA could be retorted during gel electro-
phoresis by all the used PEI and CNP-PEI formulations (Figure
S3). Here, lane 2 and 4 represent retarded DNA in the wells
while free DNA, DNA complex with CNP and DNA-CNP
complex incubated with SDS could show the free DNA in the
gel as presented in lane 1, 2, and 7. While in case of lane S and
6 even use of high quantity of SDS (10 L of 10M) could not
release the plasmid DNA from DNA complex with PEI, likely
due to insufficient amount of SDS and not all the used PEIs
could complex with provided SDS. This in-turn did not release
the DNA bound to PEI by competitive binding. Further
experiments were performed to optimize SDS concentration
where different amount of SDS was added to CNP-PEI-DNA
complexes. All the used amounts of SDS (2, 4, 6, 8, and 10 uL
of 50 M) could release DNA from the complex in an increasing
order. This observation signifies the role of interaction of PEI-
DNA interrupted by SDS leading to release of DNA during
electrophoresis. This further confirmed the feasibility of
reversible PEI caging and decaging on CNPs (Figure 1C-a).
To establish if removal of PEI from CNP-PEIs involves the
ionic interactions, an additional gel electrophoresis was
performed using PEGCE replacing SDS (Figure 1C-b). As
expected, at any of the added amount of PEGCE (equivalent to
SDS amount,Figure 1C-b; ie., 2, 4, 6, 8, and 10 uL (S, 10, 15,
20, or 25 M in lane 5—9, respectively) was not able to release
DNA from CNP-PEI-DNA complex. Therefore, gel electro-
phoresis studies further confirmed the requirement of an ionic
surfactant for freeing DNA from caged-CNPs. Raman spec-
troscopy based heat map imaging was performed to identify the
chemical signatures and was successfully correlated with surface
properties of CNPs. (Figure S4Ai—iii) Compositional charac-
terization of CNPs was studied by multiple analytical and
spectroscopic techniques including 'H NMR (Figure S4B and
Figure S5, $6), (Raman (Figure S8), FT-IR (Figure S9) and X-
ray photoelectron spectroscopy (XPS) (Figure S10—S15)
supporting the successful syntheses of the samples. UV—vis
spectroscopic analysis revealed absorption maxima at A, ~
300 nm (Figure S7). Interestingly, carbon particles are known
to exhibit both the absorption and fluorescence patterns
resembled to those of bandgap transitions typically found in
nanoscale semiconductors and are affected with changing
surface passivation’s and chemistries.””

PL lifetime experiments were performed with CNP, CNP-
PEI and CNP-PEI-SDS nanoparticles to reveal time-resolved
decay profiles of the nanoparticles (Figure S16). All the samples
including CNP, caged in PEI, polyLys or PAMAM+ and
control samples were scanned over an excitation range of 300
to 800 nm and an emission range of 246 to 828 nm (Figure
2A). The process was further repeated with postincubation of
SDS and PEGCE (Figure 2Aa—c and Figure 2Ad—f).
Postprocessing of the emission data included inner-filtering
correction with data obtained by simultaneous absorbance
measurements and Rayleigh masking of signals produced
because of light scattering of water. In addition, all emission
intensities were normalized to a 1 mg/L quinine sulfate
solution that was analyzed prior to each assay. As evident, PL of
CNPs was decreased by caging with PEI and regained
interaction with only anionic surfactant SDS (Figure 2Ac)
but not with a nonionic surfactant (Figure 2Ae). To study the
process of reversible switching of PL with macromolecular
caging, further spectroscopic measurements were performed.
All the caged nanoparticles exhibited a decrease in PL with PEI
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Figure 2. Emission studies on various CNP formulations post
incubation with PEI, SDS or PEGCE sequentially. (A) Spectroscopic
emission performed on (a, d) CNP; (b, e) CNP caged in PEI; (c) PEI
caging removed from CNP using SDS and (f) PEI caging remained on
CNP after use of PEGCE. Dotted circle indicates the loss and regain in
PL of CNPs. X and Y-axes in all spectra show wavelength range 300 to
800 nm. (B, C) Emission spectra of CNP lowering the intensity post
PEI caging and regains intensity after incubation with SDS whereas
PEGCE incubation did not affect it to any considerable level.

caging (Figure 2B,C and Figure S17A—D). The order of
decrease in PL postmacromolecular caging was found to be in
order of PEI > Poly-Lys > PAMAM+ with value of ~90, 70 and
40%, respectively (Figure S17E). Regaining of PL in CNP was
achieved by SDS incubation (CNP-PEI+SDS) to a significantly
high extent of ~90% compared to ~30% in both the cases of
SDS incubated with CNP-polyLys and CNP-PAMAMH+,
respectively (Figure 2B, C and Figure S17E). The role of
charged interactions on CNP surfaces in diminishing PL was
also supported by PL regain only in case of anionic surfactant
incubation (SDS) with no significant effect by nonionic
PEGCE (Figure S17E). Similar patterns were achieved by
spectral emission imaging experiments.

A colocalization with endosomal tracking dye (red channel,
Figure 3Aa) confirmed the presence of CNPs within the
intracellular space (Figure 3Ac) and seen interacting with
endosomal membranes at longer time points. Results indicated
unwrapping of cationic macromolecules from CNP-PEIs in situ
at a longer incubation time point allowing stronger
luminescence from free CNPs justifying the role of endosomal
membranes interacting with PEI available on the surface of
CNPs. This model system verified the role of cationic
macromolecules on CNPs in delegating the level of PL in
vitro. The PL switch-ability and trafficking of CNPs in an
intracellular compartment was studied by confocal microscopy.
Bare CNPs and CNP-PEIs (1 mg/mL) were incubated with
breast cancer MCF-7 cells at 24 h (growth density of ~80%)
followed by fixing after 1 and 2.5 h of postincubation and
imaged. A significantly low level of emission was seen in cells
treated with caged-CNP-PEI samples compared to cells treated
with bare CNPs at lower time point (1 h). Interestingly, CNPs
were found to regain their luminescence at a longer time point
(2.5h) (Figure 3B). A possible explanation for this behavior
could be that at a longer time point, CNP-surface bound
cationic branched macromolecular amines form complexes with
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Figure 3. (A) Emission imaging on CNP and CNP-PEI formulations
post incubation in vitro. MCF-7 cells were incubated with CNP and
CNP-PEI (1 mg/mL) for 1 and 2.5h. Here a, b and c represent cell
panels acquired under red (endosomal tracking dye), blue (DAPI in
cell nucleus) and overlapped red and blue channels with green from
CNPs. (B) Quantified PL from CNPs in MCF-7 incubated with
formulations for different time points. (C) Schematic of plausible band
gap diagram for the “caging” and “decaging” process.

anionic cellular lipids abundant in endosomal inner membranes,
resulting in decaging of CNP-PEI delivered to cells. This
process in turn results in a recovery of “masked” PL from
CNPs.

A representative study on band gap of prepared CNPs
(Figure 3C) was performed to understand the effect of “caging”
and “decaging” phenomenon on CNP emission using Planck’s
quantum energy equation applied on absorption spectrum of
CNPs. A low band gap value could be probable reason for
allowing relatively easy absorption-emission transitions in CNP
(AE = ~2.63 €V). Interestingly, on tuning the nanoparticle
surface with PEI, the ionic interactions between PEI and
anionic surface of pristine CNP might have enhanced the band
gap (AE = ~3.12 eV), presumably due to the surface
pacification”* and thereby quenching its emission. However,
once the PEI coating was removed by counterionic interactions
with SDS, the band gap (AE = ~2.70 eV) drops back to lower
value allowing efficient absorbance-emission transitions, and
consequently allowing the CNP to regain its original emission.
Furthermore, the local polarity around CNPs may also dictate
their photoluminescence properties.”> Amines present on the
nanoparticle surface modulate the local polarity.”*** The
abundance of primary, secondary and tertiary amines on the
surface of CNPs, may effectively reduce the local polarity at the
nanoscale, thereby allowing the slower relaxation of solvent.”®
This might also lead to an inhomogeneous broad emission
peak, which ultimately lowered the emission intensity. We
postulate both of these processes are presumably contributing
simultaneously to the cationic macromolecular-caging mediated
drop in the observed CNP emission. The process of PL
quenching was found to be significantly repeatable. (Figure
S18A; I-V; B and C).

In conclusion, we demonstrated that reversible switching of
photoluminescence of CNPs could be achieved efficiently with
counterionic macromolecular “caging” and “decaging” at the
nanoscale. This study further tries to delve mechanistically into
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understanding the principle behind the origin of photo-
luminescence in CNP. Our results further supported that
luminescence in CNPs are primarily a surface phenomenon®”**
that can be reversibly turn on and off by a simple counterionic
nanoscale chemistry. Our hypothesis was correlated as a
function of characteristic charged macromolecules. A negatively
charged uncoated, “bare” CNP with high luminescence loses its
PL when positively charged macromolecules wrapped around
the nanoscale surface. Non/-weakly luminescent caged carbons
could regain their emission only through interaction with
anionic surfactant molecules. This process could easily be
applied in mammalian cells in vitro, where endocytic membrane
abundant amphiphiles presumably represented anionic surfac-
tants. This study indicated for the first time that luminescence
switchable CNPs can be synthesized for efficient intracellular
tracking.
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