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As part of our efforts to develop nanomaterials with tunable optical properties, we devised a synthetic
protocol to photoactivate the luminescence of hydrophilic carbon dots by ‘caging’ the nanostructures
with photocleavable 2-nitrobenzyl quenchers. Photoremovable 2-nitrobenzyl groups can be attached co-
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valently to the surface of the carbon dots via amide-bond formation. We show that 2-nitrobenzyls
efficiently quench the emission intensity of the resulting nanoconstructs and that the luminescence can
be activated upon ultraviolet illumination in solution. In addition, the carbon dots can be internalized by
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Introduction

Photoactivatable organic dyes' " and fluorescent proteins'>®

are powerful tools for imaging with high spatiotemporal
resolution in biological systems.'*>* These weakly or non-fluo-
rescent species can be photochemically converted to a fluo-
rescent state when illuminated at the appropriate wavelengths,
where the strategy for fluorescence activation is generally
based on a photoinduced isomerization, proton transfer in the
excited state, or the photoinduced cleavage of appropriate
functional groups. For the latter, 2-nitrobenzyl (2NB) groups
have often been used to quench the fluorescence of compli-
mentary fluorescent dyes,'®>*?® or even semiconductor
quantum dots.>”?° The chemical conjugation (to a dye’s skel-
eton) or surface functionalization (of semiconductor nano-
particles) with 2NB can effectively ‘cage’ the fluorophore, ren-
dering it inactive until pulsed with ultraviolet light, which
frees the luminescent parent species along with a nitrosocar-
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living cells and used as bioimaging agents.

bonyl product.*® Herein, we sought to determine whether 2NB
groups could be used to quench the luminescence of hydro-
philic carbon dots until photochemically released from the
nanoparticles’ surface (Fig. 1).

Over the last few years, carbon dots (CDs) have emerged as
outstanding ‘green’ nanoprobes for fluorescence imaging and
microscopy.®* This is due to numerous benefits, such as the
low cost, sustainability, and availability of the precursors,
facile synthetic protocols and subsequent chemical modifi-
cations (thanks to the presence of COOH, OH and NH, groups
on their surface), tunable emission and excitation, good bio-
compatibility and low toxicity. Moreover, CDs are intrinsically
soluble in water, unlike synthetic dyes and most of their semi-
conductor-based counterparts. Due to these reasons, CDs are
gradually replacing conventional organic dyes and inorganic
quantum dots in a diversity of biomedical applications.**®
Thus, the identification of a mechanism to photoactivate the
fluorescence of CDs can translate into the development of
photoactivatable probes with improved performance. In this
work, we report an easy synthetic method for the bottom-up
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Fig. 1 Photoinduced uncaging and fluorescence activation of 2-nitro-
benzyl carbon dots.
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synthesis of CDs, a viable experimental protocol to couple
2-nitrobenzyl groups to our carbon nanoparticles, and the
photochemical and photophysical properties of the resulting
nanostructured composites before and after photoactivation.

Results and discussion

Synthesis and characterization of hydrophilic carbon dots

N-doped, COOH (surface) functionalized CDs (CDs 1) were syn-
thesized through an easy microwave-assisted treatment of
glucosamine hydrochloride and the amino acid p-alanine in
H,0 (ESIt).*® In recent years, the prominence of N-doped CDs
in the field has increased remarkably, due to their enhanced
emissive properties originating from new electronic states
created by the electron-rich nitrogen groups.*’™** Indeed, elec-
trons trapped by these newly formed surface N-states facilitate
radiative recombination and, as a result, increase average fluo-
rescence in comparison to their undoped counterparts. After
lyophilization, the size and distribution of CDs 1 were charac-
terized by transmission electron microscopy (TEM), which
revealed that the carbon nanoparticles are dispersed uni-
formly, ranging from 2 to 7 nm (Fig. S11). Dynamic light scat-
tering (DLS) indicated a hydrodynamic diameter of approxi-
mately 15 nm (Fig. S2t), consistent with measuring the nano-
particles’ solvation shell and the surface functional groups.
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The mean zeta potential of CDs 1 (Fig. S2}) was measured as
—37.37 mV. The elemental composition of CDs 1 was investi-
gated by X-ray photoelectron spectroscopy (XPS). The survey
XPS spectrum of CDs 1 (Fig. S37) revealed the presence of C,
O, N and Cl, with the elemental composition being C 62.74%,
0 24.95%, N 6.74% and Cl 5.58% and peaks at 286 eV (C 1s),
400 eV (N 1s), 533 eV (O 1s) and 198 eV (Cl 2p). High-resolu-
tion scans of each peak are illustrated in Fig. S4.7 The surface
of CDs 1 was further probed using Fourier-transform infrared
spectroscopy (FT-IR, Fig. S57), which displays the characteristic
carbonyl absorption at 1714 em™" (attributed to C=0 stretch-
ing mode) and a broad absorption between 2900 (sp*® C-H
stretch) and 3320 (O-H and N-H stretch) em™, indicating suc-
cessful passivation. Nuclear magnetic resonance (NMR) plays a
crucial role in the characterization of carbon dots, particularly
in ensuring their proper purification—a critical step, especially
for syntheses involving molecular precursors. Key studies****
have demonstrated the effectiveness of NMR in characterizing
carbon-based nanomaterials, helping to minimize the risk of
attributing properties to molecular impurities rather than the
intended carbon dots, particularly when using water-soluble
organic precursors, as water dialysis may not be effective in
such cases. To address this, CDs 1 were purified by centrifu-
gation instead of dialysis (which was used only for 2NB-CDs 2,
the product obtained after coupling CDs 1 with 2-nitrobenzyla-
mine). Characterization by "H NMR (Fig. S61) reveals the
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Fig. 2 Absorption (A) and emission (B) spectra (10 pg mL™, 20 °C, H,0) of CDs 1. Synthesis of 2-nitrobenzylamine-functionalized 2NB-CDs 2 and
structure of model quencher compound 3. (C) Emission spectra (10 ug mL™, 20 °C, H,0) of modified ‘caged’ 2NB-CDs 2.
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signals expected for the f-alanine linker at 2.72 ppm (triplet)
and 3.19 ppm (triplet), as well as other lower intensity absorp-
tions which have been identified as surface-bound polyhy-
droxylated motifs.>® The singlets observed at 5.08, 8.46 and
8.64 ppm can be attributed to the formation of pyrazine- and
hydroxypyrazine-type architectures. The latter is also evidenced
by the presence of corresponding signals between 142 and
154 ppm in the "*C NMR of CDs 1 (Fig. S71), together with the
signal for sp® carbons of carboxylic groups peak at 175 ppm,
and absorptions at 60-80 and 30-40 ppm indicative of the
occurrence of sp”> domains and sp’® connecting structures,
respectively. We compared the '"H NMR spectrum of CDs 1
against the spectrum of a mixture of the precursors (glucos-
amine hydrochloride and p-alanine in the same ratio used for
MW treatment) in deuterated water (Fig. S8t). We noticed
remarkable differences between the spectra, the most promi-
nent being the appearance of new peaks and patterns between
8.4 and 8.6 ppm, 5 ppm, 4 ppm and between 2.9 and 2.7 ppm
(possibly indicating the formation of bonds). The dis-
appearance of the reagent peaks can also be observed (e.g:, at
5.4 ppm). In addition, the peaks of the carbon dot samples are
broader and decisively less defined than the precursors’,
which suggests that centrifugation was effective in removing
molecular impurities arising from the precursors. The spec-
trum of CDs 1 in CDCl; (Fig. S9t) is very different from that in
D,0, indicating that the choice of solvent can significantly
affect the NMR spectra. If the carbon dots are well-dispersed
in a solvent that minimizes particle interactions (e.g., H,O for
the highly hydrophilic CDs 1), the resulting spectra may show
sharper peaks due to reduced aggregation and better dis-
persion. The UV-Vis absorption of CDs 1 ranges from 200 to
550 nm (Fig. 2A). The absorption band at 275 nm can be
assigned to n—n* transitions, while absorptions at higher wave-
lengths are attributable to n-n* transitions.*> The emission
spectrum of CDs 1 displays the typical excitation-dependent
fluorescence of nitrogen-doped CDs (Fig. 2B).**™** The
quantum yield of luminescence (&) of CDs 1 was calculated to
be 0.08 (8%) using 4',6-diamidino-2-phenylindole (DAPI) as a
reference (see Fig. S10T and related discussion). Note that the
molecular precursors used to synthesize CDs 1 are entirely not
fluorescent (Fig. S117).

Synthesis and spectroscopy of hydrophilic ‘caged’ carbon dots

In order to explore the influence of photocleavable 2-nitro-
benzyl groups on the luminescence of our carbon nano-
particles, we treated CDs 1 with 2-nitrobenzylamine hydro-
chloride (Fig. 2) in the presence of 1,1-carbonyldiimidazole
(CDI). The CDI-mediated reaction enables the facile placement
of caging groups onto our hydrophilic CDs through the coup-
ling between the carboxylic acid surface groups to organic
molecules with pendant primary amines (ESIT). The emission
spectra of the modified carbon dots (labelled 2NB-CDs 2,
Fig. 2C) reveal a negligible change in emission wavelength but
a significant decrease in emission intensity (notice the low
counts on the Y-axis and the Raman scattering signal of
water). We observed an average of 86% decrease in the inten-
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sity of the blue emission of 2NB-CDs 2 excited from 300 to
360 nm in otherwise identical conditions, while quenching is
less effective for higher-wavelength emission (72% at Ae, =
380 nm, 55% at A., = 400 nm, and 38% at A, = 420 nm,
respectively). Quenching is, presumably, a result of photo-
induced electron transfer from the luminescent organic core
to the 2-nitrobenzyl ligand. It has already been observed that
the photoluminescence of carbon dots can be quenched effec-
tively in solution by known electron acceptors such as 4-nitro-
toluene, 2,4-dinitrotoluene, etc.*® Indeed, the emission inten-
sity of a dispersion of CDs 1 decreases significantly upon the
addition of increasing amounts of the model compound
2-nitrobenzyl methyl ether (3) in methanol solution (A in
Fig. S127), in agreement with the expected photoinduced elec-
tron transfer from the nanoparticles to the quencher.
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Fig. 3 (A) Emission spectra (10 pg mL™%, 20 °C, H,O, 1ex = 420 nm, blue
traces) of 2NB-CDs 2 before and after ultraviolet irradiation (365 nm, 0,
20, 40 and 60 min). The red trace is the emission of unfunctionalized
CDs 1 recorded under identical concentration and excitation conditions.
(B) Evolution of the emission intensity at 490 nm of 2NB-CDs 2 (10 pg
mL™%, 20 °C, H,0, Jex = 420 nm, blue bars) recorded before and after
ultraviolet illumination (0-60 m, 5 min intervals). The red bar is the
emission at 490 nm of unfunctionalized CDs 1 recorded under identical
concentration and excitation conditions.
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Additionally, we noted a similar trend in quenching efficiency
for CDs 1 + 3 to what was observed for 2NB-CDs 2 (i.e., quench-
ing is more effective at lower excitation wavelengths). The ana-
lysis of the corresponding Stern-Volmer plot indicates an
association constant of ca. 22 M™" (B in Fig. $12,1 recorded at
Adex = 420 nm), which is coherent with values reported for
similar electron acceptors such as 4-nitrotoluene (Kgy = 38
M) and 2,4-dinitrotoluene (Ksy = 83 M').*’” Electrochemical
measurements of CDs 1 (Fig. S137) show their oxidation poten-
tial to be +1.43 V vs. Ag/AgCl. Knowing that the reduction
potential of the 2-nitrobenzyl group is —1.10 V vs. Ag/AgCl, we
can thus suggest the electron transfer process to be exergonic
with a free energy change of ~—1.27 eV (see ESIt and related
discussion). Our results highlight interesting phenomenologi-
cal similarities between CDs and semiconductor quantum
dots: in fact, the luminescence of both species can be
quenched upon surface functionalization with nitrobenzyl
moieties. The possibility that the emission of carbon dots
might also have a component of radiative recombination of
surface-trapped electrons and holes, similar to the emission
mechanisms of traditional semiconductor quantum dots
(despite carbon not being a member of the semiconductor
family), was suggested.”® This interpretation is also consistent
with the observed quenching of the photoluminescence of
carbon dots upon surface passivation, which disrupts radiative
recombinations. Quenching of the CDs’ emission could also
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be interpreted based on the presence of emitting chromo-
phores within the core formed during nanoparticle synthesis,
which is one of the possible mechanisms of fluorescence for
nitrogen-doped CDs fluorescence.**™*> All of these consider-
ations, and particularly our experimental determination of the
oxidation potential of CDs, point toward quenching by photo-
induced electron transfer from CDs 1 to 2-nitrobenzyl.

Upon 60 min of ultraviolet illumination, the emission
intensity of 2NB-CDs 2 excited at dex = 420 nm irreversibly
increases (blue traces in Fig. 3) and, eventually, approaches
that recorded before ligand adsorption (red trace in Fig. 3) up
to 83%."®"° On the contrary, the control irradiation of unmodi-
fied CDs 1 under identical excitation conditions (Fig. S14%)
shows a decrease in the luminescence, likely due to photo-
bleaching. These observations suggest that the photolysis of
the organic ligand removes the quencher from the surface of
the carbon dots, suppresses the electron-transfer pathway and
activates their luminescence.*” The increase in luminescence
observed is analogous to what was reported for photoactivata-
ble semiconductor CdSe-ZnS quantum dots in PBS.

After 60 minutes of ultraviolet illumination at pH 3 (A in
Fig. S151), the emission intensity of 2NB-CDs 2, excited at Aey =
420 nm, shows an irreversible increase. This trend is similar to
what was observed at pH 7, although we should be cautious
about making quantitative comparisons between samples
recorded under different conditions. We also tested the photo-
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Fig. 4 (A) Spinning disc confocal microscopy of RAW 264.7 macrophages exposed to 30 mg ml™ CDs 1 for 30 minutes at different excitation wave-
lengths. The white dashed outline indicates the position of a cell within the same field of view. (B) Mean fluorescence intensity was determined
using ImageJd/FIJI. The different colours and shapes indicate replicates, n = 3 independent experiments. Outlined symbols indicate mean of replicate,
with corresponding smaller symbols representing individual cell value, whereby 30-50 cells were measured per experiment and condition. Data are
shown as mean fluorescence intensity per cell + standard error of the mean after background subtraction. Data was analysed using paired, one-

tailed Student'’s t-test. Significant comparisons used a threshold of p < 0.05;
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chemical activation of 2NB-CDs 2 in a 50:50 mixture of H,O
and DMSO (B in Fig. S15%). The behaviour can generally be
considered reproducible, although we noticed evidence of par-
ticle agglomeration upon the addition of the organic solvent
(this was not noted at spectroscopic concentrations but in
higher concentrated samples during solubility tests). Overall,
however, the photochemical behaviour 1is considered

consistent.

Fluorescence imaging of live cells

We assessed the ability of our carbon dots to undergo cellular
internalization. To determine the uptake of the nanoparticles
in cells, we first pulsed RAW 264.7 macrophages with 30 mg

Blank (No CDs)
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2NB CDs 2
Before Irradiation
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ml™" of CDs 1 for 30 min, followed by a 30 min chase in a
CDs-free medium. We then imaged the living cells using spin-
ning disc confocal microscopy operating at an excitation wave-
length of 405 nm, 488 nm, or 561 nm. Under these labelling
and imaging conditions, we observed that cells that pinocy-
tosed CDs 1 readily fluoresced under excitation at 488 nm
compared to unlabelled cells or when excited at 405 (due to
photobleaching under laser excitation) and 561 nm (Fig. 4).
Moreover, the fluorescence appeared as puncta within cells,
supposedly labelling lysosomes (Fig. 4A).

The photoinduced luminescence enhancement observed in
aqueous environment (Fig. 3), combined with the established
ability of CDs 1 to be internalized in cells, prompted us to

2NB CDs 2
After Irradiation

Fig. 5 Brightfield (A), luminescence (B, 1ex = 488 nm) images and three-dimensional surface projections (C) of RAW 264.7 macrophages without
(first column) and with (second and third column) 2NB-CDs 2 before and after ultraviolet irradiation for 30 minutes. All images were processed iden-

tically. The scale bar is 10 pm.
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explore the intracellular behaviour of their caged counterparts
that carry photocleavable quenchers on their surface and
investigate the viability of their photochemistry. We thus
attempted to label cells with 2NB-CDs 2 and image them
before and after photoactivation. After ultraviolet illumination,
the emission intensity of the internalized carbon dots within
cells increased (particularly at Ao, = 488 nm where emission is
stronger, Fig. 5) but not significantly enough (Fig. S16) before
causing phototoxicity, presumably due to the long
(30 minutes) exposure times. The in vitro pre-activation of
2NB-CDs 2, followed by endocytosis of the uncaged nano-
particles, also did not lead to a significant level of fluorescence
in cells (results not shown). However, we emphasize that the
cellular internalization of carbon dots that have been photo-
chemically uncaged in vitro might require different conditions
than those used for CDs 1 since the photoreleased particles
are expected to be structurally different on their surface.*’
Indeed, while the interaction of nanoparticles with cells is
known to be significantly influenced by particle size, there is
still limited understanding of the role that surface chemistry
and charge have on the cellular internalization and intracellu-
lar trafficking of nanostructures.

Conclusions

We have endowed carbon dots with the ability to be switched
on under optical stimulation. The hydrophilic surface of
carbon dots was functionalized with photocleavable 2-nitro-
benzyl groups through amide-bond formation. The 2-nitro-
benzyl caging groups efficiently quench carbon dots’ lumine-
scence. Control experiments indicate that the quenching
occurs through photoinduced electron transfer from the
carbon dots to 2-nitrobenzyls. Upon ultraviolet illumination of
the resulting nanoconstructs in water, the 2-nitrobenzyl appen-
dages are removed from the nanoparticle surface. This process
disrupts the electron transfer pathway responsible for quench-
ing and results in the enhancement of the nanoparticle
luminescence. The photolysis of 2-nitrobenzyl groups can thus
be exploited to activate the luminescence of carbon dots in
aqueous solutions. Moreover, the hydrophilicity of the nano-
particles facilitates their intracellular internalization, and bio-
logical imaging experiments demonstrate that our carbon dots
can accumulate and emit fluorescence within living cells.
Ultraviolet illumination of photocaged carbon dots interna-
lized in cells presumably triggers the intracellular cleavage of
the 2-nitrobenzyl quenchers, yielding a weak luminescent
enhancement. While further modifications to the photocleava-
ble nanoconstructs are indeed required for their effective use
in a biological context, our findings highlight the potential of
exploiting the photolysis of 2-nitrobenzyl groups to activate the
luminescence of hydrophilic carbon dots. The inherent bio-
compatibility and synthetic sustainability of carbon dots make
them excellent candidates for the development of new photo-
activatable probes for biological imaging with improved spatial
and temporal resolution.
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