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ABSTRACT: Multicolor carbon dots (CDs) have been developed recently and o 10 1030/005c05743r

demonstrate great potential in bio-imaging, sensing, and LEDs. However, the
fluorescence mechanism of their tunable colors is still under debate, and efficient
separation methods are still challenging. Herein, we synthesized multicolor polymeric
CDs through solvothermal treatment of citric acid and urea in formamide. Automated
reversed-phase column separation was used to achieve fractions with distinct colors,
including blue, cyan, green, yellow, orange and red. This work explores the
physicochemical properties and fluorescence origins of the red, green, and blue
fractions in depth with combined experimental and computational methods. Three
dominant fluorescence mechanism hypotheses were evaluated by comparing time-
dependent density functional theory and molecular dynamics calculation results to
measured characteristics. We find that blue fluorescence likely comes from embedded
small molecules trapped in carbonaceous cages, while pyrene analogs are the most
likely origin for emission at other wavelengths, especially in the red. Also important,
upon interaction with live cells, different CD color fractions are trafficked to different
sub-cellular locations. Super-resolution imaging shows that the blue CDs were found
in a variety of organelles, such as mitochondria and lysosomes, while the red CDs
were primarily localized in lysosomes. These findings significantly advance our
understanding of the photoluminescence mechanism of multicolor CDs and help to
guide future design and applications of these promising nanomaterials.

Since the accidental discovery of luminescent carbon fragments in 2004,! CDs have
attracted great research interest due to the diverse synthetic methods, tunable
luminescence, and applicability in a broad range of fields, including bio-imaging,>*
sensing,>® and light emitting diodes (LEDs).”-® Typically, CDs are fluorescent carbon
nanostructures of sizes less than 10 nm, composed of carbon, oxygen, and nitrogen.’-
12 CDs can be produced through bottom-up methods, which involve small molecular
precursors like citric acid, malic acid, urea, ethylenediamine, and so on.!3-1> In a high
temperature reaction, polymerization and dehydration occur among various functional
groups, and the resulting products are usually a mixture of small molecule residues,
oligomers, and long chain polymers.'® The unclear fluorescence mechanisms and
poorly understood internal structure of CDs limit the ability to understand, tune, and
fully exploit their fluorescence properties.

Fortunately, in recent years, breakthrough syntheses of multicolor CDs have been
achieved.!”!? Several different multicolor CDs have been synthesized with aromatic
compounds such as phenylenediamine.*?°-22 However, it should be noted that
precursors such as aniline and phenol may have toxic effects on human health and the
environment,?3->* and thus should be avoided where possible. Colorful CDs
synthesized from non-aromatic compounds such as citric acid and urea often employ
solvothermal methods. Utilizing different solvents such as formamide and
dimethylformamide have been shown to play a significant role in tuning CD
emission.?>2¢ In addition, chromatographic post-treatment of as-made CDs plays a
critical role in obtaining different colored fractions, using techniques such as anion-
exchange column chromatography,?’ normal phase silica chromatography,?® and
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reversed phase silica chromatography.!> Compared with high performance liquid. 1o 1030/00co5745¢
chromatography (HPLC), the aforementioned column chromatography techniques
help to separate CDs on a larger scale. These separations are based on charge?6 or
polarity,?! and are efficient in isolating the desired fractions with distinct colors so
that detailed structural characterization can be performed.

To gain insight into the fluorescence mechanism of these multicolor CDs, researchers
have considered three hypotheses: quantum size effects,? the inclusion of molecular
fluorophores,’® and surface state-induced emission.3! For example, Rogach and
coworkers developed solid-state CDs with tunable fluorescence via the seeded growth
method. They attributed the tunable emissions to the size of the m-conjugated
domains.?? Yang and coworkers synthesized CDs by hydrothermal treatment of citric
acid and ethylenediamine. They identified a small molecule fluorophore, IPCA
(1,2,3,5-tetrahydro-5-oxo-imidazo[ 1,2-a]pyridine-7-carboxylic acid) from CD column
separation fractions, which contributed to the blue fluorescence.!?® Xiong and
coworkers synthesized CDs from urea and p-phenylenediamine that emitted a range
of colors and separated them with silica column chromatography. They found the
degree of carbon oxidation increased as the emission redshifted and thus, they
endorsed the surface state hypothesis.?! In addition to the above mechanisms,
computational methods such as density functional theory (DFT) have also been
applied to analyze the fluorescence origins of CDs. The charge transfer between
functional groups on the polymeric unit of CDs made from citric acid and
ethylenediamine was found to facilitate the blue emission.!®

The goal of this work is to understand the fluorescence origin of multicolor CDs. The
model multicolor CDs were obtained by reacting citric acid and urea in formamide via
a microwave assisted hydrothermal treatment. An automated chromatographic
apparatus was employed to separate as-made CD mixtures into distinct colored
fractions. The individual separation process took around 20 minutes, and the obtained
CD fractions exhibit discrete illumination-induced emission throughout the visible
region of the spectrum. Interestingly, the sizes of separated CD fractions are not
statistically different from one another, suggesting that the quantum size effects are
not the source of differential emission. Solvatochromism experiments showed that the
blue and green fractions have similar fluorescence behavior as a function of solvent
polarity, but the red fraction behaved differently. Using computational simulations,
three models of the fluorescence origin were constructed and evaluated, showing that
the formation of small blue fluorescent molecules is likely and pyrene analogs could
be the origins for various emission colors. Moreover, two representative CD fractions,
the blue- and red-emitting fractions, were chosen for subsequent cell imaging
experiments. The localization pattern for the CD fractions differed: blue-emitting CDs
were observed in a wide range of organelles, while red-emitting CDs were primarily
enclosed in lysosomes. Understanding the origin and the sensitivity of CD emission
will improve their utility in bioimaging applications.

Results and discussion
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Multicolor CDs were prepared by reacting citric acid and urea in formamide throughy @, 50sc05743¢
microwave-assisted solvothermal treatment. The reaction conditions were optimized
for producing red-emissive CDs (see the experimental section and Figure S1a). The
optimization shows that higher temperature favors the formation of red-emitting
fractions (Figure S1b). Ultimately, the final reaction conditions consisted of a molar
ratio of citric acid to urea of 0.7 and a reaction temperature of 200 °C for 1 h. The
crude product was filtered and separated on a C18 reversed-phase column. After three
rounds of separation, the obtained CD fractions exhibited seven discrete colors under
365 nm UV illumination, covering the entire visible spectrum (Figure 1a). The UV-
vis extinction spectra for blue, green, and red fractions (CD-B, G, and R) are depicted
in Figure 1(b)-(d). Conventionally, typical n—rn*transitions appear at around250 nm
region which originate from sp? carbon in the core.?! The n—n* transitions of C=0
that show up at 375 nm are usually related to doping and surface functional group of
CDs.33-34 Particularly, for CD-G and R, low energy bands are observable in the region
0f' 450 - 600 nm. These low energy bands are attributed to n—n* transitions of the
extended conjugation system that includes C=0 and C=N.3> Excitation-emission
matrix (EEM) measurements were performed to investigate the emission behavior of
the CD fractions. Figure 1(e)-(g) represent the global emission peaks for CD-B, G,
and R, and it can be deduced that for CD-B, G, and R, the excitation/emission
maxima can be achieved at (370 nm, 440 nm), (440 nm, 530 nm), and (560 nm, 600
nm) respectively. We also acquired the excitation/emission maxima for the rest of the
CD fractions, as summarized in Table 1. These CD fractions emitted differently upon
optimized excitation, covering most of the visible spectrum in the 1D fluorescence
spectra (Figure 1h). Moreover, based on the emission data, the chromaticity of CD
fractions can be determined using the CIE 1931 diagram (Figure 11), which
quantitatively defines the color of their emission wavelengths. It is worthwhile to
mention that, even with the aid of an automated chromatographic instrument, it is
extremely challenging to completely separate as-made CDs because the
physicochemical properties of components are highly similar to one another.
Therefore, it is understandable that the peak width for each CD fraction (Table 1) is
quite broad (i.e., larger than 70 nm).
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(nm) (x,) (%)

CD-V 372,443 77 0.167,0.128 60.1

E CD-B 370, 440 77 0.156, 0.107 49.7
CD-C 400, 480 81 0.170, 0.271 4.5

CD-G 440, 530 109 0.338, 0.542 15.1

CD-Y 470, 560 86 0.463, 0.528 13.1

CD-0O 468, 564 87 0.461, 0.528 12.3
CD-R 560, 600 92 0.633, 0.366 9.8

TEM experiments were conducted to investigate the morphology and sizes of CD
fractions. In general, all CDs are apparently spherical, and there are no discernible
crystal lattice fringes, indicative of amorphous carbon (Figure 2 and Figure S2). The
average diameter of CD-B, G, and R fractions are 14.3 + 8.9 nm, 14.1 + 6.0 nm, and
13.9 £ 6.4 nm, respectively. As revealed by subsequent one-way ANOVA tests, there
is no significant difference among these particle sizes (Figure S3). DLS was also
applied to measure the hydrodynamic sizes of CD products (Figure S4).
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Figure 2. TEM images of (a) as-made CDs, (b) CD-B, (¢) CD-G, and (d) CD-R. (e)
FT-IR spectra of as-made CDs and CD-B, CD-G, and CD-R.

The as-made CDs and separated CD-B, CD-G, and CD-R exhibit similar
Fourier-transform infrared (FT-IR) spectra (Figure 2¢). The broad feature between ~
3500-2800 cm™! contains contributions from N-H, O-H, and C-H stretching modes.3¢
The sharper feature between 1600 cm™! - 1500 cm™! contains peaks associated with
C=0 stretching (1644 cm™') and N-H bending (1560 cm!) that are typically observed
for carbon dots.3” At lower wavenumber, the peaks at 1455 cm™' and 1090 cm™! can be
attributed to C-N= stretching®® and O-C-O bending modes, respectively. Although the
FT-IR peaks are generally similar, slight changes are observed between the different
fractions and between the fractions and the as-made CDs. For example, the as-made
CDs feature a resolvable C-H stretching mode centered at 2965 cm! which becomes
progressively less intense in green, blue, and red fractions. In CD-B, the peak at 1590
cm™!, which is tentatively assigned as an N-H bending mode, is noticeably more
intense than in other fractions.?’-38 CD-B also displays a pronounced peak at 1340 cm-
I, aregion characteristic of C-N stretching.’’

Raman spectroscopy also shows similar peaks in as-made CDs and in CD-B,
CD-G, and CD-R, with all spectra containing prominent D and G bands at 1373 cm’!
shift and 1645 cm™! shift, respectively (Figure S5a). The D and G bands indicate the
presence of sp3 and sp? hybridized carbon.?* Additional features are present at 1490,
1110, and 980 cm! shift, indicating a disordered system.*? Based on the precursors,
the 1110 cm! shift band is most likely due to an NH, symmetric rocking mode, and
the 1490 and 980 cm! shift bands are attributable to additional C-Cstretching
modes.?*#1-43 Similarities in Raman and FT-IR spectra indicate CD structures are
comparable across color fractions, suggesting the different fluorescent properties are
not from large structural deviations. Raman spectra of the CDs over time indicate that
separated and as-made CDs may degrade at different rates (Figure S5b). As-made
CDs and CD-B show minimal shifts in D and G band locations, while CD-G and CD-
R show a red shift and broadening in the G band over time. Discrepancies in G band
shifts and broadening point to CD-G and CD-R experiencing a change in the number
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and type of functional groups surrounding graphitic sp? carbons.**-46 It is plausible, 1030/ boscossasr

that CD-R fraction initially contains the greatest number of functional groups
proximate to sp? carbons as this effect is most prominent in CD-R spectra (Figure
S5 C).45'46

Elemental analysis of as-made CDs shows that the formula is Cg goHgN3,0605.26. X-ray
photoelectron spectroscopy (XPS) analysis of the CD-B, CD-G, and CD-R shows that
there is a slight increase in nitrogen content as the emission red shifts (Table S1). The
high resolution XPS spectra reveal that the CD-G has a distinct and more complex
composition than CD-B and CD-R. The carbon in the CD-G is dominated by the C-
O/C-N peak, and both graphite nitrogen and amide nitrogen are significant. Yet
oxygen presents more in the form of O-C than O=C. For the blue and red fractions,
the peak areas of O=C-O and C-O/C-N are higher in red fractions than in blue
fractions.
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Raw data
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—— Background
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—— Raw data Raw data —— Raw data
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Figure 3. High resolution C 1s, N Is and Ols XPS spectra for raw as-synthesized
CDs (a, e, 1), blue CDs (b, f, ), green CDs (c, g, k) and red CDs (d, h, 1).

Figure 4 shows the 'H NMR spectra of as-made and blue, green, red fractions of CDs
in DMSO-d¢. We observed both broad and sharp peaks in 'TH NMR spectra before
dialysis (Figure 4a). The peaks between 1 to 2 ppm correspond to protons in aliphatic
chains. The peaks between 2 to 4 ppm correspond to the protons of hydroxyl groups
and/or carbonyl a-hydrogens. The peaks between 6 to 9 ppm correspond to the amide
protons, aromatic and vinylic protons. The peaks beyond 10 ppm correspond to
protons on aldehydes and carboxylic acids. Compared to small molecules, large CDs
tumble slowly in solution, which significantly broadens the NMR signal of the proton
species on the CD backbone.*”3® The sharp peaks likely come from free small
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molecules in the solution and mobile small molecules within the CD structure.;Ehe, {Hs boscosisr
NMR, BC NMR (Figure S6) and 'H-13C HSQC spectra (Figure S7) of the CD-B is

significantly different than those of the CD-G and CD-R in terms of the sharp peaks.

Small molecules can be removed from the carbon dot structures by dialysis using

dialysis membrane of 10k MWCO. The fluorescence of CDs remained with decreased
fluorescence intensity. We observed a significantly decreased sharp peaks in 'H NMR

spectra after dialysis (Figure 4b), suggesting that small molecules are mostly removed

by dialysis. The remaining broad peaks do not show significant differences among the

as-made CDs, CD-B, CD-G and CD-R, suggesting that the CD backbone structures

are similar across different samples (Figure S8).

(@)

As-made CDs

CD-B

(b)

- _MM% N QAJ‘AAMUA*M
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Figure 4. '"H NMR spectra of as made CDs, CD-B, CD-G, and CD-R in DMSO-dg

before dialysis (a) and after dialysis (b).

The solvatochromism of CDs was explored to observe the nature of shifts in the
absorption or emission spectra in different solvents. These studies aim to reveal the
hydrogen bonding or dipole-dipole interaction nature of the luminophores responsible
for the varied emission characteristics.*® CD-B, G, and R were dissolved in a series of
polar aprotic or polar protic solvents: acetone, methanol, ethanol, water, DMF, and
DMSO (solvent parameters listed in Table S2). Similar to previous reports,*3-! there
is a shift in the fluorescence spectra when CDs are dispersed in solvents of different
polarity. A maximum red shift of 0.1567 eV (1263 cm!) was observed from CD-B
when going from acetone to water. CD-B and CD-G have a similar trend in
fluorescence shift as the solvent polarity changes. Figure 5D shows the correlation of
Stokes shift to EtN, a normalized parameter taking account of the overall solvation
capacity of solvents, including non-specific interactions (e.g. dipole-dipole) and
specific interactions (e.g. hydrogen bonding).’> CD-B and CD-G have a clear
dependence on EtN, suggesting a similar structure of the fluorescence center. Their
Stokes shifts also show some correlation to a (hydrogen bond donating ability), with R?
values of 0.65 and 0.85 for CD-B and CD-G, respectively (Figure S9). However, there is
no correlation between the Stokes shift and EN; for CD-R. In addition, CD-R has poor
correlation to a, B (hydrogen bond accepting ability), n* (polarizability), and dielectric
constants (Figure S9). The solvatochromic experiments show that the fluorescence
center of CD-R probably has a very different structure or local environment than the
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other two fractions, and as a consequence CD-R are least affected by solvents.;Ehi§ 1030/005c05743¢
conclusion is supported by dialyzing filtered raw product through film of molecular

weight cut-off (MWCO) 500 Da and 3500 Da. The fluorescence spectra (Figure S10)

shows small molecules of MW less than 500 Da could contribute to the blue and

green fluorescence of CDs, while the red fluorescence probably comes from a

chemical structure of MW 500 Da to 3500 Da. The CDs left inside the dialysis bags

still have multicolor fluorescence.

(a)
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Figure 5. PL spectra of CD-B (A), CD-G (B), and CD-R (C) dispersed in acetone,
DMF, DMSO, ethanol, methanol, and water. (D) Stokes shift of CD-B, CD-G, and
CD-R plotted against EtN.

Characterizations via NMR, FT-IR, and other methods demonstrated that CD-B, CD-
G, and CD-R have similar structures. However, their fluorescence behaviors are
different in solvents with different polarity. Since CD-B and CD-G share a similar
trend and most likely derive from molecules of 100-500 Da, small aromatic molecules
were modeled, and extensive geometry optimization, molecular dynamics, and excited
state calculations were conducted. The fluorescence origin of CD-R is least affected
by solvent polarity and is attributed to a larger structure. Therefore, an extended n
system with doped graphitic nitrogen as pyrene analogs?® were modeled to find out if
the emission could occur at these long wavelengths. In addition, polyamides are
thought to be important components of CD structures and have been proposed in
precedent work to be the luminescence source.!® DFT calculations were also
conducted to evaluate this possibility. While these models have been studied
computationally in previous work,'®2¢ analysis here involves considerably more
extensive conformational sampling and aims to compare different models with
consistent computational methodologies.

Small molecule chromophores have been proposed to form through condensation
reactions in previous studies of carbon dots formed with citric acid and amine
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precursors.!333-34 Following a similar reaction scheme, we propose that several,smalhzs,boccosasr
aromatic molecules might be produced with citric acid, urea, and formamide under the
optimized synthesis conditions (Figure S11). As shown in Table S3, while the

formation of these small molecules is enthalpically unfavorable, the reactions are

entropically favored (due to release of water during dehydration). Under the high-

temperature condition, therefore, the formation of these small molecule chromophores

is, in fact, favored and competitive with polyamide formation (Table S4).
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Figure 6. Calculated UV-Vis absorption, fluorescence spectra, and natural transition
orbitals (NTOs) of candidate small molecule chromophores (for their structures, see
Figure S11). The absorption and fluorescence spectra were calculated at the level of
TD-0B97XD/6-31+g(d,p) for a) product 1, ¢) product 2, and e) product 3; b), d), and
f) are the corresponding dominant NTO pairs. Negative values correspond to holes in
red, and positive values correspond to particles in blue. To generate the
absorption/emission line shapes in this and subsequent figures, a line width of 0.4 eV
(default in Gaussview) was used; for absorption, we consider the three lowest excited
states, while for emission, we consider only the first excited state.
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TD-DFT calculations were performed for the three small molecule chromophores in
the gas phase (Tables S5-S7). As summarized in Figure 6, both small molecules 1 and
3 show strong absorption and emission around ~350 nm and ~450 nm, respectively.
Such features are consistent with the 1 — ©* nature of the excitation (as reflected by
the NTOs shown in Figure 6) and are qualitatively similar to the [IPCA molecule
discussed in previous study of carbon dots formed with citric acid and amines.!3 By
comparison, small molecule 2 shows weaker absorption and emission in the relevant
energy range. A few other small molecules are also considered in Figure S12-13, with
similar absorption/emission spectra as those shown in Figure 6.
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Figure 7. Hydrogen-bonding effect on the photoactivity of small molecule
chromophore 1 (see Figure S11 for structure). Optimized geometries at the ground
state and first excited state: a) urea and product 1, d) formamide and product 1, g) two
formamide and product 1, and j) stacked dimer of product 1; b), e), h), and k) are
corresponding absorption and fluorescence spectra computed at the level of TD-
®oB97XD/6-31+g(d,p); ¢), 1), 1) and 1) are corresponding dominant NTO pairs.
Negative values correspond to holes in red, and positive values correspond to particles
in blue.

As summarized in Figure 7, explicit hydrogen-bonding interactions or stacking effects
may have a notable impact on the absorption and emission of the small molecule
chromophore. The largest observed effect is on the order of 30 nm on the emission,
with tails extending into the green region of the electromagnetic spectrum. Compared
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to monomer 1, the absorption peak of the stacking dimer red-shifts by about 185m,1030/005c05743¢

and the calculated fluorescence spectra show a weak emission peak at 807 nm.
Calculations have also been conducted to explore whether larger spectral shifts can be
observed when the small molecule chromophore is engaged in more extensive
interactions with polyamide models of different lengths (dimer and decamer). In each
case, ten structures were collected from a replica exchange molecular dynamics
simulation of at least one nanosecond. Photoactivities of these molecules were then
evaluated at the TD-DFTB and TD-DFT levels. As shown in Tables S8-9 for the
dimer model and Table S10 for the decamer model, interactions with the polyamide
lead to red-shifts in the emission to ~470 nm, still in the blue spectral range. As
illustrated in Figure 8, the excitation remains local 1 — ©* in nature, despite extensive
hydrogen bonding interactions with the polyamide.

Figure 8. An example for the structure of a small molecule chromophore surrounded
by a decamer polyamide. Also shown is the nature of the excitation, which largely
involves excitation from HOMO-1 to LUMO with an amplitude of 0.957.

Calculations at LC-TD-DFTB2 and TD-wB97XD levels are consistent in the nature of
excitation (see Table S10 for details).

In short, our calculations suggest that the small molecule chromophores can be
formed from citric acid, urea, and formamide through condensation under the
synthesis conditions, and they exhibit intense absorption/emission in the relevant
UV/vis energy range. Hydrogen bonding and stacking interactions with other small
molecules or polyamides can lead to further red-shift of the emission spectra to the
region of 470 nm. Therefore, small molecule chromophores embedded in a polyamide
matrix can indeed contribute significantly to the blue fluorescence observed in the
CDs. Considering the similar solvatochromic properties of CD-B and CD-G, it’s
highly likely that green fluorescence also originates from small molecules of similar
structures.

With all the computational models considered so far, no strong emission is observed
in the red region. Therefore, the red fluorescence observed in the carbon dots
synthesized here is likely from a different origin. Indeed, with the local excitations
observed so far, it is difficult to lower the emission to less than 2.5 eV. For the longer-
wavelength fluorescence, more extended © systems are likely involved and Hola ef al.
proposed that pyrene analogs that contain graphitic nitrogen are plausible
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analogs starting from citric acids, urea, and formamide are not clear, we estimated the
thermodynamic stability of the four pyrene-type of compounds (NPx, x=1-4)2¢ with
the same level of DFT calculations as for polyamides and the small molecule
chromophores. As shown in Table S11, the formation of these pyrene-type of
compounds is thermodynamically favorable. The stability of the four doped NPx
decreases progressively as x increases from 1 to 4. Similar to the calculations
reported,?® TD-DFT calculations (Table S12-13) suggest that the pyrene analogs
indeed have strong absorption and emission in the relevant UV/vis energy ranges
(Figure 9). For example, with the model compound NP4, there are strong absorptions
in the 200-360 nm range and emission around 690 nm, the nature of the excitation is ©
— 7t*, as illustrated in Figure 9.
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Figure 9. Chemical structures, calculated UV-Vis absorption, fluorescence spectra,
and natural transition orbitals (NTOs) for the pyrene-based model. (a-¢) The chemical
structures of the nitrogen-free system (P0) and nitrogen-doped models (NP1, NP2,
NP3, NP4). (f-j) The corresponding absorption and fluorescence spectra calculated at
the level of TD-0B97XD/6-31+g(d,p). (k-0) The corresponding dominant NTOs.
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In addition to the above, polyamides have also been proposed to form when citric acid
and ethylenediamine undergo condensation reactions.!® Here, we anticipate that
polyamides are also formed with citric acid and urea, as depicted in Figure 10. As
shown by the DFT results in Table S4, the condensation reaction between citric acid
and urea is indeed thermodynamically favored in the synthesis conditions. The
subsequent dehydration is enthalpically unfavorable but entropically favored, leading
to an overall drop in free energy of ~ 5 kcal/mol. The polyamides have absorptions in
the range of 250 — 270 nm (at the ®B97XD level of theory, Table S14), while
emission from S1 occurs in the range of 420 — 520 nm. With the dehydrated
polyamide model (Figure S14, Table S15-S16), substantially red-shifted emission is
observed in some cases. However, the oscillator strength for both absorption and
emission is extremely low (typically 10-3 or less) for all the cases analyzed (also see
Table S17). This observation is consistent with the fact that the nature of the
electronic excitation is n— ©* (Figure S15), which is known to have a small transition
dipole due to the poor overlap of the relevant orbitals. Along this line, the recent study
by Vallan et al. suggested that the low-energy excitation in polyamide is charge
transfer in nature.'¢ However, this finding was likely due to the use of B3LYP in the
TD-DFT calculations, which are known to underestimate the energy of charge transfer
states due to the delocalization error of commonly used functionals. Indeed, as shown
in Table S18 and Figure S16, the nature of excitation in S1 changes from charge
transfer to local n— m* excitation once range-separated functionals are used.
Therefore, charge transfer in polyamides is unlikely to contribute to the blue
fluorescence.
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Figure 10. Proposed formation pathway for polyamide and dehydrated polyamide.

One major use of brightly-emitting, water stable nanomaterials is bioimaging.
Because it appears that there are some chemical and functional distinctions between
the varied carbon dot fractions, the uptake and distribution of multi-color CDs were
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evaluated in rainbow gill trout epithelial cells. The as-made CDs were incubated with:o,n0scos/43¢
gill cells for 2 h, and it was noted that abundant as-made CDs were taken up by cells.
As shown in Figure 11, when excited with different laser wavelengths, the emitted
fluorescence signals localized to distinct intracellular positions, which indicates that
as-made CDs of different excitation/emission properties might transport to different
locations upon uptake. As-made CDs excited with shorter wavelengths (blue color in
Figure 11) appeared to be more diffuse than CDs excited with longer wavelengths
(red color in Figure 11) inside cells. In light of this finding, we further used CD
fractions to investigate their distribution patterns. Two groups of CD fractions with
separate spectra were selected, namely CD-B (excited by 405 nm laser) and CD-R
(excited by 561 nm laser). In addition, we also introduced a variety of organelle-
specific stains to probe possible co-localization with CDs. As shown in Figure S17,
the red dots mainly co-localized with lysosomes. In comparison, part of the CD-B co-
localized with lysosomes (Figure S18) while part of them co-localized with
mitochondria (Figure S19). Moreover, upon exposure to CD-B, enlarged lysosomes
were formed in cells (Figure S18), suggesting impaired lysosomal fusion-fission
balance and higher toxicity induced by the blue-emitting CDs.>> CD-B, albeit at
higher concentrations than used for imaging (100 pg/mL), was the only fraction of
CDs to induce a significant decrease in cell viability (Figure S20). We reported before
that CDs made from malic acid were found predominantly in mitochondria after cell
internalization.>® Taken together, we conclude that the different CD fractions localize
in distinct subcellular regions where some particles tend to penetrate into more
organelles (e.g., lysomsomes and mitochondria) and the rest are primarily trapped in
lysosomes. We propose the localization difference is a result of hydrodynamic size, as
CD-B has a smaller hydrodynamic size, while CD-R tend to aggregate and thus has a
larger size as measured by DLS (Figure S3).The measured toxicity may arise from the
broader intracellular distribution of CD-B and damaged lysosome functions.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D0SC05743F

Open Access Article. Published on 22 December 2020. Downloaded on 12/22/2020 3:27:32 PM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science Page 16 of 33

View Article Online

Blue CACD I DOI: 10.1039/D0SC05743F

Red CACD

Figure 11. Distribution of unseparated CDs in living gill cells.

Conclusions

In summary, multicolor CDs were synthesized with simple solvothermal treatment of
citric acid and urea. The mixture was separated with reversed-phase column
chromatography into fractions with varied emission wavelength. TEM shows that
there is no statistical difference in size among different fractions. Elemental analysis
shows the formula is Cg 09HgN2.0605.26, and there is slight increase in nitrogen
percentage from blue to red. By dispersing these CDs into a series of solvents, CD-B
and CD-G show similar solvatochromic effects on luminescent emission. CD-R,
however, shows strong deviation in solvatochromic behavior. By dialyzing, it was
found that small molecules of MW 100-500 Da have blue and green fluorescence, and
some structures of MW less than 3500 Da have red fluorescence. Computational
modeling reveals that small molecules are possible contributors to blue fluorescence.
Pyrene analogs could be responsible for emissions of a broader range, however, the
exact chemical structures are not yet obvious. In addition, super-resolution imaging
shows the difference in CD localization in cells for the blue- and red-emitting CD
fractions. Our combined experimental and theoretical work suggests that the quantum
confinement effect is less likely to be the source of polymeric CD fluorescence. The
more likely source are fluorescent molecules formed and integrated into the polymer
backbone. Nevertheless, it remains challenging to assert that the small molecules
analyzed here computationally are the only dominant chromophores for the
fluorescence. Therefore, moving forward, it is of critical importance to fully analyze
the structures of those small molecules and nanostructures by additional experimental
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and computational studies, thereby elucidating the relationship between the o 10 1030/005c05743¢
fluorophores and the polymer structure that make up the CDs.

Methods

Materials. Citric acid (Sigma-Aldrich, > 99.5%), urea (Mallinckrodt, > 99.6%),
formamide (Alfa Aesar, 99%) were used without further purifications. DI water was
from Direct-Q® 3, 5, 8 laboratory water purification system by MilliporeSigma.
Synthesis. The as-made CDs that contain multicolor components were synthesized by
fine tuning the reactants ratio, reaction temperature, and reaction duration in a CEM
Discover® SP microwave reactor. Citric acid and urea were mixed in molar ratios of
0.1,0.3,0.5,0.7,and 0.9, in 15 mL formamide. The extent of carbonization was
controlled by the adjusting reaction temperatures from 120 °C to 200 °C, incremented
by 20 °C. The reaction time was held to be 10 min, 30 min, 1 h, 2 h, and 4 h. As such,
the total screening process involved 125 reactions. After each reaction, the UV-vis
and fluorescence spectra were measured, and the blue, green, and red emission peaks
were integrated. A summary chart of the fluorescence of the raw products can be
found in Figure S1. As the red-emissive CDs will provide better tissue penetration
depth in imaging experiments, the reaction conditions were optimized for the highest
red peak integration ratio. The as-made CDs used for separation were obtained by
reacting 7 mmol citric acid with 10 mmol urea in 15 ml of formamide under 200 °C
for 1 hour. The products were further filtered to remove bulk carbon residue before
column chromatographic separation was performed.

To achieve an efficient separation, a CombiFlash® automated chromatography
instrument was utilized in combination with a reversed-phase silica column,
RediSep® Rf C;g Aq (size: 50 g). Specifically, after a default column equilibration, 1
ml of as-made CD solution was injected into the column, and the separation program
started automatically. At the beginning of the separation, pure water (solvent A) was
used as the mobile phase and as the separation proceeded, the volume% of acetone
(solvent B) increased from 0% to 40% in 14 minutes when all colored components
were collected. After the separation, the column was washed with pure acetone and
pure water, successively, to completely remove non-fluorescent residue. In some
cases, additional separations were performed on collected CD fractions once or twice
more to further purify the components.

Material characterization of CDs

The particle size distribution of carbon dots was determined by TEM (FEI Tecnai G2
F30 TEM at 300 kV) and DLS (Microtrac NANO-flex® 180° DLS System). UV-vis
extinction spectra were obtained using a Mikropack DH-2000 UV-Vis-NIR
spectrometer. Fluorescence spectra and EEMs were measured with a PTI
QuantaMaster™ 400 and ISS K2™ multifrequency cross-correlation phase and
modulation fluorometer respectively. ATR-FTIR spectra were obtained using a
Thermo Scientific Nicolet 1S5 Fourier Transform Infrared Spectrometer with an iD5
Attenuated Total Reflectance attachment. XPS was measured with PHI 5000
VersaProbe II. CHN elemental analysis was performed on an Exeter Analytical
CE440 CHN Analyzer. For NMR analysis, the as-made and red, green, blue fractions
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Slide-A-Lyzer dialysis cassettes), lyophilized, and redispersed in 600 pL of DMSO-
d6 before the NMR measurement. 'H NMR spectra were recorded at 25 °C on a
Carver-Bruker 500 NMR spectrometer. '"H NMR spectra were referenced using the
solvent signal. Raman spectra were recorded on a Witec Alpha 300R confocal Raman
microscope using a frequency doubled Nd:YAG 532 nm laser with UHTS300
spectrometer and DV401 CCD detector. Power was 25 mW or less, with 2
accumulations and integration times between 5-15 seconds.

Computational Methods

The energetics for the formation of different polyamide models, small molecule
chromophores and pyrene analogs starting from citric acid, urea and/or formamide are
done with DFT?7 calculations following standard procedures. Geometries are fully
optimized at the B3LYP3860-D36!/Def2TZVPP%2-63 [evel of theory; vibrational
frequencies are computed at the same level of theory and used to estimate the
vibrational contributions to enthalpy and Gibbs free energy within the harmonic-
oscillator-rigid-rotor framework.%

To obtain structural models for the polyamides (e.g., dimer and decamer) formed
from citric acid and urea, molecular dynamics simulations are conducted at the
DFTB3-D3/30B%-%7 level, which avoids the need to parameterize classical force
fields for these polymers. To enhance conformational sampling, replica exchange
molecular dyenamics (REMD®®) simulations in the NVT ensemble are conducted
using 16 replicas with a temperature profile exponentially spaced between 300K and
900K. In the REMD simulations, a time step of 1 fs is used, and exchanges are
attempted every 1000 MD steps, which leads to an acceptance ratio of about 0.3;
simulations are conducted typically for one nanosecond.

One example of exchange profiles is plotted in Figure S21 for the case of a decamer
polyamide. The radius of gyration for the replica at the lowest temperature (300 K) is
shown in Figure S22 which illustrates that the polyamide rapidly collapses from an
extended structure to a compact structure with the final radius of gyration of 7.26 A.
For subsequent excited state calculations, cluster analysis is conducted to identify ten
structures, which are then optimized locally prior to TD-DFT(B) calculations.

For the small molecule models (polyamide monomer/dimers and small molecule
chromophores), excited state calculations are conducted with TD-DFT% methods
using a range of functionals (B3LYP, ®B97XD and CAM-B3LYP) and basis sets (6-
31+G(d,p) and Def2TZVPP) (see, for example, captions of Table S14-S15 in the
Supporting Information); as shown in Table S5, the effect of basis set on the
computed absorption and emission energies is very modest, thus most of the TD-DFT
calculations are conducted with the 6-31+G(d,p) basis set. For absorption, structures
are first optimized with the respective functional in the ground state and vertical
excitation energies are computed with the standard linear-response and adiabatic
approximations. For emission, structures are optimized for S1 and the vertical de-
excitation energies are recorded.
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For larger model systems, such as the case with a small molecule chromophore,. 1 1039/005c05743¢
interacting with polyamide models, structures are first optimized at the LC-DFTB270-
"I'level and then single point energy calculations are conducted at both LC-TD-
DFTB27? and TD-DFT levels for absorption. The use of the LC variant of the TD-
DFTB approach is essential here as otherwise the low-lying excited states are
contaminated with charge transfer states. Even then, comparisons in the
Supplementary Information indicate that the lowest bright excited state with LC-
TD-DFTB?2 is usually not S1, in contrast to TD-DFT calculations with a reliable
functional (e.g., ®B97XD73). Nevertheless, the results for the lowest bright excited
state at the LC-TD-DFTB2 level compare favorably with TD-oB97XD in terms of
energetics, nature of excitation and oscillator strength. Therefore, for probing
emission, we first optimize the structure at the LC-TD-DFTB2 level for the bright
state, which is often not S1 (see, for example, Table S8); single point vertical de-
excitation energy calculations are then conducted at the TD- ®B97XD level of theory.
For the small molecule-polyamide dimer model, we compare this protocol with TD-
®B97XD S1 optimization and the results are largely consistent, as shown in Table S9-
10.

All MD simulations are done using CHARMM?’# v44. DFT and TD-DFT calculations
are done using Gaussian 16 rev. B.”> For the LC-TD-DFTB2 calculations,
GAMESS(US)’¢ with the latest TD-DFTB implementation’’ is used; in the LC-TD-
DFTB2 calculations, the o parameter is set to 0.30 unless otherwise indicated.
Toxicity and imaging experiments

Oncorhynchus mykiss (rainbow trout) epithelial gill cells (ATCC, CRL-2523) were
cultured with Leibovitz’s L-15 media supplemented with 10% fetal bovine serum and
1% antibiotics (complete media). Cells were grown at 19°C in ambient atmosphere;
subcultures from passage 5-10 were used for all imaging experiments. After reaching
75% confluence, cells were incubated with 5 pg/mL CDs (unseparated or separated)
in phenol-red free medium for 2 h (Thermo Fisher Scientific, A14291DJ). For co-
localization analyses, the following staining reagents were used: LysoTracker Blue
(Invitrogen L7525), LysoTracker Red (Invitrogen L7528), MitoTracker Deep Red
(Invitrogen M22426). The staining process followed the manufacturer’s protocols.
Images were taken with a Zeiss LSM710 confocal microscope and a 60x (NA 1.4) oil
immersion objective. 1-5 mW laser power was used for live-cell imaging.

The cell viability of the different fractions of CDs was determined using the MTS
proliferation assay (Promega, G3580). Trout gill epithelial cells were seeded in 96
well plates at 50,000 cells per well in 200 pL of complete media. Cells reached 100%
confluency overnight. A stock solution of each type of carbon dot was prepared by
bath sonicating the carbon dots for 30 min in 18 MQecm water (Advantage A10,
Millipore)). CDs were diluted in complete media and cells were exposed to a range of
concentrations of CDs for either 1 or 24 h. Control cells were exposed to media
diluted with nanopure water equivalent to the amount used for exposure to carbon
dots. For negative controls, lysis solution (Promega) was added 45 min before the end
of the carbon dot exposure period. Following the exposure period, cells were rinsed
3x with 100 pL of media without FBS or phenol red, which were found to interfere
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with the absorbance measurements, to remove any unbound carbon dots. Cellsowiet 030/005c05743
incubated with 20 uL of MTS solution in 100 puL of media (without FBS or phenol

red) for 4 h at 19°C in ambient atmosphere and then the absorbance at 485 nm was

determined using a Beckman Coulter DTX 880 Multimode Detector.
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