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Pee-dots: biocompatible fluorescent carbon dots
derived from the upcycling of urinef

Jeremy B. Essner,? Charles H. Laber,? Sudhir Ravula,® Luis Polo-Parada® and
Gary A. Baker*®

We have demonstrated an easy, economic, one-step synthetic route to water-soluble fluorescent carbon
dots derived from the thermal upcycling of urine. These “pee-dots” (PDs), which primarily comprise
hydrophile-decorated amorphous carbon, exhibit bright, stable, excitation wavelength dependent fluo-
rescence in aqueous solution and are shown to be useful nanoscale labels in cell imaging applications.
Cytotoxicity studies demonstrate that these PDs are benign toward model cell lines, even at concen-
trations as high as 500 pg mL™%, Notably, this approach converts an otherwise useless, negatively-valued
byproduct of human life into a value-added nanoscale product while simultaneously pasteurizing the
waste stream. The reported PDs proved to be effective nanoprobes for the fluorescence-based detection
of heavy metal ions of environmental concern, particularly Cu?* and Hg?* ions which were found to be
strong quenchers of their fluorescence. Interestingly, the optical properties and nanoscale dimensions of
the PDs are a direct reflection of the diet (e.g., vitamin C or asparagus (sulfur) fortified) followed by the

www.rsc.org/greenchem urine donor.

Introduction

The carbon nanodot (C-dot) is a recently established form of
nanocarbon which displays unique and valuable optical pro-
perties (e.g., excitation wavelength dependent fluorescence,
excellent photostability) compared with its carbonaceous
cousins, the fullerenes, graphenes, carbon nanotubes, and
nanodiamonds."® Variously (and often arbitrarily) referred to
as carbon quantum dots (CQDs) or graphene quantum dots
(GQDs), sometimes depending on their level of crystallinity,
C-dots offer an attractive eco-friendliness (e.g., biocompatibil-
ity, inertness, low cytotoxicity) not shared with other conven-
tional quantum dots, particularly semiconductor-based
quantum dots such as those based on CdX (X = S, Se, Te).
These properties, plus their ability to act as electron donors or
acceptors coupled with their ease of (bio)conjugation, account
for their growing interest as candidates in a number of appli-
cations ranging from sensing and bioimaging'™ to incorpor-
ation within photovoltaic devices."® From the time of their
serendipitous discovery a decade ago during the purification
of crude carbon nanotubes, researchers have increasingly
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explored various synthetic pathways for generating C-dots from
myriad carbon sources using a wide variety of means. Syn-
thetic approaches for making C-dots can broadly be lumped
into two camps: top-down and bottom-up approaches. Top-
down approaches, examples of which consist of arc discharge,”
laser ablation,®° and electrochemical oxidation,'®** involve
the cleavage of “large” (macroscale) relatively-pure carbon frag-
ments into smaller and smaller particles, eventually resulting
in GQDs if the carbon source is highly graphitic in nature to
begin with. Bottom-up approaches, on the other hand, essen-
tially involve assembling the C-dots in an atom-by-atom or
molecule-by-molecule fashion from carbon-containing mole-
cular precursors, an approach that overwhelmingly yields
C-dots that are highly amorphous in nature. Examples of
bottom-up methods include combustion or thermal treat-
ment,"”> and templated,'® microwave-assisted,"” or hydro-
thermal growth.'® Unfortunately, many of these synthetic
procedures (both top-down and bottom-up) involve high temp-
eratures, acidic/alkaline conditions, organic solvents, and/or
extensive pre- and post-treatment steps which do not embrace
the principles of green chemistry. With environmental sustain-
ability becoming an increasing concern, a shift toward devel-
oping greener pathways to C-dots is occurring, both in terms
of the use of more benign carbon sources as well as employing
synthetic methods such as low-temperature thermal treatment
and hydrothermal reactions which do not necessitate sub-
sequent functionalization steps. For instance, it has recently
been shown that C-dots can be generated through the carbon-
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ization of various food wastes, including spent coffee grounds
and certain fruit peels (e.g.,, watermelon, pomelo)."*>" The
recouping of spent foods via carbonization to C-dots could have
the added benefit of reclaiming a waste stream that might
otherwise simply find its way into already-overflowing landfills.

Another area of great environmental concern, and one
which relates to the conversion of waste material(s) into more
valuable products (i.e., “upcycling”), is waste remediation,
especially of human sewage. The lack of clean, potable water is
one of the most significant worldwide health issues, affecting
billions of people who do not have access to safe drinkable
water, including devastating numbers who die tragically each
year after consuming contaminated water.”” Even in densely
populated and industrialized areas, contaminates are increas-
ingly entering waste streams due to human activity.”? In
general, conventional wastewater treatments and the further
development of these treatment facilities to generate a cleaner
end-product are intensive and expensive enterprises.** Identi-
fying cheaper means for converting human waste streams into
more environmentally-friendly forms and their upcycle to
value-added by-products are of particular importance. For
example, it has already been shown that biochar and activated
carbon can be produced from cattle manure.**** More
recently, Wei et al. showed that C-dots could be synthesized via
the hydrothermal treatment of shredded office paper.>> Given
these examples, it is entirely plausible that, under the appro-
priate conditions, raw sewage waste, which primarily com-
prises cellulose, fecal matter, and urine, can be converted into
useful carbon-based materials, adding value and rendering the
sewage harmless whilst eliminating certain time-consuming
steps in the purification process.

To this end, it should be pointed out that the solid portion
of sewage waste can be usefully employed as a source of fuel or
fertilizer (indeed, cow/poultry manure has been used as fertili-
zer for centuries),”® however, the remaining liquid portion
(“yellow water” containing urine) currently finds essentially no
useful applications. In fact, despite comprising just 1% of the
volume of domestic wastewater, urine contributes a majority of
the chemical nutrients: 80% of the nitrogen and nearly half of
the phosphates. These nutrients must be removed through
multiple energy-intensive steps before the water is clean
enough to release back into our rivers and oceans, if they are
not to wreck the ecosystem downstream (e.g., algal blooms).
Worse, conventional Western plumbing involves the stagger-
ingly wasteful dilution of urine with vast quantities of drinking
water (which then combines with “grey water” from household
sinks, baths, and wash machines) plus rainwater to make the
removal process unnecessarily inefficient and costly. In order
to close the nutrient cycle, some have proposed “pee
cycling”,>”*® which entails the diversion and pasteurization of
human urine for fertilizer, as a possible option for sustainable
living. Although this is something of a minority pursuit so far,
a number of countries (among them, Sweden, Finland,
Denmark, and the Netherlands) are seriously experimenting
with this concept, highlighting an evolving mindset regarding
how we should utilize energy and resources in our daily lives.
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Urine contains a significant amount of urea (~9 g L") as a
nitrogenous breakdown product of protein metabolism, in
addition to lesser quantities of salts (CI~, Na', K') and hetero-
cyclic species (e.g:, creatinine, uric acid), suggesting potential
as an otherwise discarded carbon source for making nitrogen-
doped C-dots. Indeed, Qu et al. reported on C-dots displaying
a fairly high quantum yield (14% under 420 nm excitation)
produced by microwave irradiation of an aqueous solution of
urea and citric acid.'” Finding a productive use for raw urine is
attractive not only for deriving economic benefit but also for
relieving the current burden placed upon current wastewater
treatment, a problem emerging in developed countries today.

The concept of upcycling of waste to prepare industrially
significant carbon-based materials has gained significant trac-
tion recently. A key early example is the inspiring work of Pol
in which conductive carbon microspheres were prepared from
waste plastics, including high density polyethylene grocery
bags and polystyrene disposable drinking cups, using a
solvent-free autogenic process.>® The Tour group showed that
cheap and even negatively-valued sources ranging from Girl
Scout cookies to a cockroach leg could be transformed into
pristine graphene using a chemical vapor deposition route.*”
Similarly, Miiller et al. showed that well-ordered graphene
monolayers could be grown via liquid precursor deposition
using human fingerprint residues with identical quality as
those derived from ultrapure precursors.>® Other prominent
examples of value-added carbons include hierarchical micro-/
mesoporous carbons produced by pyrolysis of used cigarette
filters®* and C-dots made from the hydrothermal treatment of
grass® and the pyrolysis of hair.>* Most recently, researchers
successfully carbonized dehydrated human urine in a tube
furnace under nitrogen at 700-1100 °C to prepare heteroatom
(e.g., N, S, Si, P) doped porous carbons that were electro-
catalytic for the oxygen reduction reaction (ORR).*> The
current work adds significantly to the scope of these note-
worthy efforts by describing a simple approach for upcycling
urine into useful fluorescent carbon dots which display negli-
gible cytotoxicity and show excellent potential for both cellular
imaging and fluorescence-based sensing applications.

Results and discussion

In this work, we report on the thermal treatment of human
urine to upcycle the negatively-valued waste into useful fluo-
rescent carbon dots, which we will refer to as “pee-dots” (PDs).
In addition to carbonizing raw urine derived from an unmodi-
fied diet, the test subject volunteered to alternatively consume
well-defined quantities of either vitamin C supplements or
asparagus, on separate occasions over the course of several
days, in an attempt to alter the properties of the urine by
doping with excess ascorbic acid or sulfur-containing com-
pounds, respectively. The motivation for this “dietary doping”
experiment was to attempt to alter the optical features of the
resulting carbon dots by either incorporation of an additional
known carbon source in the urine or, in the case of an aspara-
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gus-rich diet, S-doping of the final nanocarbon. Indeed, the
pungent, disagreeable smell associated with asparagus-urine
derives from metabolic breakdown products of asparagusic
acid. Although the precise details by which asparagusic acid is
metabolized are not completely understood, it is known that
asparagusic acid is digested to various sulfur compounds like
methanethiol, dimethyl sulfide, and dimethyl sulfoxide
(Fig. S1 of the ESIT summarizes the primary suspected break-
down products of asparagusic acid).**° Throughout the
remainder of this work, we will refer to C-dots derived from an
unmodified diet as UPDs (“unmodified pee-dots”), those
derived from a diet heavily supplemented with vitamin C as
CPDs, and those upcycled from asparagus-urine as APDs.

Detailed synthetic procedures can be found in the Experi-
mental section. Briefly, collected urine was dehydrated at
atmospheric pressure on a hotplate, followed by a carboniz-
ation step at 200 °C for 12 h to yield a black char-like material
which readily redispersed in water. In addition to these experi-
ments, undoped urine samples were also treated for an
extended period of 24 h with representative results summar-
ized in Fig. S2t (panels A, D, and E). Following PD clean-up,
which comprises centrifugation, filtration, and dialysis steps,
orange to dark brown solutions were obtained depending
upon the precise nature of the initial urine, as shown in the
inset of Fig. 1.

Reports on C-dots generally show featureless UV-vis absor-
bance spectra in which the absorbance sharply rises as the
wavelength decreases toward the UV region,">'® an obser-
vation generally attributed to n-n* transitions of aromatic sp>
domains.'”'®%%"*? The PDs display similar spectral profiles to
these typically reported, although all three samples display two
shoulders (Fig. 1). The UPDs exhibit a shoulder near 330 nm
with a minor shoulder at 390 nm. The CPDs show similar fea-
tures at 330 and 385 nm, as do the APDs at approximately 325
and 400 nm. The citric acid-urea derived C-dots described by
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Fig. 1 UV-Vis spectra of the PDs dispersed in water at a concentration
of 0.1 mg mL™%: UPDs (cyan curve), CPDs (green curve), and APDs
(magenta curve). The inset images show representative samples of (A)
UPDs, (B) CPDs, and (C) APDs at the same concentration viewed under
ambient light.
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Qu and co-workers, which were reported to possess largely gra-
phitic character, displayed two broad absorption peaks at 340
and 405 nm characteristic of an aromatic pi system.'” The
shoulders present in the absorbance spectra of the PDs appear
at similar wavelengths as the characteristic peaks for the citric
acid-urea derived C-dots, pointing to a minor graphitic charac-
ter for the PDs.

All three PD samples displayed fluorescent properties akin
to known C-dots, such as excitation wavelength dependent
emission, with the APDs showing the most red shifted emis-
sion for a given excitation wavelength. As shown in Fig. 2A,
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Fig. 2 (A) Excitation wavelength dependent fluorescence emission

spectra of APDs in water. Magnified emission spectra at longer excitation
wavelengths are displayed in the inset. (B) By plotting the wavelength of
maximum emission against the excitation wavelength for these PDs, a
red shifted emission for CPDs and APDs relative to UPDs can be seen for
shorter excitation wavelengths, particularly below 450 nm. The inset
images show the fluorescence of (C) UPDs, (D) CPDs, and (E) APDs
under blue (405 nm, upper beam) and green (532 nm, lower beam) laser
pointer excitation. (F) Wavelength dependent quantum yields measured
at five different excitation wavelengths.
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APDs show their peak emission intensity at 500 nm which
coincides with 425 nm excitation. In comparison, CPDs
(Fig. S2Ct) and UPDs (Fig. S2Bft) display their highest emis-
sion intensities at 427 nm and 392 nm, which correspond to
350 nm and 325 nm excitation, respectively. This easily obser-
vable red shift in the emission for the APDs can be traced to
the dietary presence and putative incorporation of sulfur into
the PDs. A comparison between the wavelength-dependent
fluorescence features of the PDs can be made on the basis of a
plot illustrating the dependence of the maximum emission
wavelength on the excitation wavelength, as shown in Fig. 2B.
These data reveal that, to a lesser extent, the CPDs also show a
slight red shift relative to UPDs and, moreover, that the red
shift is predominant at lower excitation wavelengths, particu-
larly in the UV. Indeed, when the excitation wavelength
exceeds 450 nm, the emission-excitation profiles for all three
PDs begin to converge.

In order to make direct comparisons with fluorescence
quantum yields (QYs) previously reported in the open litera-
ture, QYs for these samples were determined for 350 nm exci-
tation using quinine sulfate as the reference fluorophore.
Although this is the most popular choice for the determination
of C-dot QYs by a wide margin, it is not a particularly meaning-
ful one given the limitations of 350 nm (i.e., UV) excitation in
prospective bioimaging applications. That is to say, a high QY
value measured for 350 nm excitation does not necessarily
translate to a high QY for excitation at longer wavelengths
better suited to cellular imaging, a feature underlined by the
characteristic drop in the fluorescence intensity from C-dots as
the excitation wavelength increases. In order to better elucidate
this behavior, we performed a multi-excitation wavelength QY
study for the three kinds of PDs using excitation wavelengths
of 350, 421, 470, 514, and 580 nm. To the best of our knowl-
edge, this is the first time such a study has been carried out
for a multiplicity of excitation wavelengths for C-dots. In fact,
only rarely have QYs for C-dots been measured at more than a
single excitation wavelength.'” Our results presented in Fig. 2F
demonstrate a clear trend of diminishing QY values as the exci-
tation wavelength increases. Overall, UPDs display the highest
QYs (5.3% at 350 nm), with CPDs and APDs presenting lower
values, although their maximal QYs similarly occur at 350 nm
excitation, with QYs of 4.3% and 2.7%, respectively. Despite
this situation, at an excitation wavelength of 580 nm, all three
samples display similar QY values (UPDs: 0.50 + 0.05%, CPDs:
0.44 + 0.09%, APDs: 0.43 + 0.07%), an outcome likely related
to the red shifted emission associated with the APDs. It should
also be noted that the fluorescence emission of UPDs prepared
by thermal treatment for 24 h displays a greater red shift com-
pared with samples treated for 12 h. For a 24 h thermal step,
the peak emission was observed at 445 under 350 nm exci-
tation while the corresponding UPDs prepared by a 12 h
thermal process peaks at 392 nm under 325 nm excitation
(Fig. S2,T panel A).

In order to define the nature of the carbon comprising the
different PDs, X-ray diffraction (XRD) patterns and Raman
spectra were collected for the freeze-dried materials. The
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Fig. 3 (A) XRD patterns and (B) FTIR spectra showing the slight graphi-

tic nature and surface functionalities of the PDs, respectively.

powder XRD patterns for all three samples reveal a broad band
at approximately 22° with a d-spacing between the (002) planes
of 0.37-0.38 nm, indicating that the PDs consist of weakly gra-
phitic crystallinity (Fig. 3A). This d-spacing also indicates the
presence of functional groups on the surface of the slightly
graphitic sheets within the dot. This kind of behaviour has
been observed in the literature and shows that the PDs are
highly amorphous in nature but do possess a slight graphitic
nature.”® The Raman spectra (data not shown) gave no evi-
dence for their graphitic nature, consistent with earlier reports
on other C-dots.** Although no Raman peaks were discernible
for the PDs, the steady increase in intensity with increasing
Raman shift has been observed in other C-dots and most cer-
tainly arises from their luminescence which could obscure
weak graphitic signals.*®

FTIR spectra for the three different PDs (Fig. 3B) indicate
that the PDs are functionalized with carboxyl, carbonyl,
hydroxyl, epoxy, and amine moieties. The large, broad absorp-
tion band near 3400 cm™' is assigned to the stretching
vibrations of O-H (vo-n) and N-H (vn-p). The well-defined
absorbance bands at 1712 em ™" and 1670 ecm ™" are ascribed to
the stretching vibrations of C=0O (vc—o) and the skeletal
vibrations of aromatic groups (vc—c) or NH/NH, deformation
(vn-n), Tespectively. The peaks at 1230 and 1070 cm ™" arise
from the different stretching modes of carboxylic, ester, ether,
and alcohol moieties (vc-o-c and vc_oy), while the peaks near
2950 and 1400 cm™' are assigned to aliphatic carbon

This journal is © The Royal Society of Chemistry 2016
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vibrations (vc_y). These chemical functionalities account for
the excellent water dispersibility of PDs while also providing
evidence for some degree of conjugation, consistent with the
slightly graphitic character suggested by the XRD results.
Representative TEM images for the UPDs, CPDs, and APDs,
along with their size histograms are provided in Fig. 4. From
Fig. 4A, it can be seen that the thermal treatment of unmodi-
fied urine results in UPDs varying in size between 10 and
30 nm, with a few errant particles as large as about 55 nm. The
inset provided in Fig. 4A reveals a single large quasi-spherical
dot approximately 55 nm in diameter; due to the fact that no
discernible lattice fringes can be observed, this image further
supports the earlier notion that these PDs are primarily amor-
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Fig. 4 Respective TEM images of (A) UPDs, (B) CPDs, and (C) APDs. His-
tograms with the average particle sizes (x-bar) are also shown. The inset
of image (C) further illustrates the bi-modal particle size distribution of
the APDs.
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phous in nature. The average size of the CPDs is roughly half
that of the UPDs (Fig. 4B). Interestingly, the APDs display a
bimodal size distribution, with one distribution centered near
17 nm and a second particle size near 55 nm (Fig. 4C). An
unanticipated finding, it appears that dietary doping can influ-
ence not only the optical properties of the PDs but their size
distribution as well.

The three different PDs were next explored for bioimaging
studies using mice embryonic fibroblast (MEF) cells (Fig. 5)
and BT-474 human mammary gland breast/duct carcinoma
cells (Fig. S37). Despite their modest QY values for visible exci-
tation (in the range of a few percent), the PDs proved fully
capable of fluorescently staining both cell lines, demonstrating
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Fig. 5 Merged fluorescence micrographs of APD-incubated mice
embryonic fibroblast (MEF) cells showing APD incorporation into the
cellular cytoplasm. The cell images combine the signal from DAPI stain-
ing of the nuclear material with APD-derived signal collected through a
(A) FITC or (B) TRITC filter cube. (C) Summary of BT-474 cell viability for
varying concentrations of the three kinds of PDs using a sulforhodamine
B cell protein dye-binding assay.
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their potential in cell imaging. The fluorescence micrographs
of MEF cells incubated with APDs confirms that APDs can be
endocytosed by MEF cells and that the dots distribute through-
out the cell cytoplasm (Fig. 5A and B). Because PDs are compa-
tible with common excitation sources spanning the visible
spectrum, they offer many options for multicolor and multi-
plex detection. In demonstration of this, we show in Fig. 5A
and B that fluorescence signal can be monitored in either the
green (FITC filter set) or the red (TRITC) spectral regions, pro-
viding contrast to the blue-fluorescing 4',6-diamidino-2-
phenylindole (DAPI) stain known to bind strongly to A-T rich
regions in DNA.

Cytotoxicity screening versus the BT-474 cancer cell line was
also carried out using a sulforhodamine B colorimetric assay
for PD concentrations ranging from 0.05 to 1.5 mg mL™"
(Fig. 5C). There was full retention of cell viability at concen-
trations of 0.15 mg mL ™" for all three types of PDs. Further,
the cytotoxicities of UPDs and CPDs were found to be negli-
gible at PD concentrations as high as 0.5 mg mL™". Even at the
highest PD concentration studied (1.5 mg mL™"; it should be
noted that prior studies of C-dot cytotoxicity have rarely
included concentrations beyond 0.1-0.5 mg mL™"), BT-474 cell
cultures retained 90% of their viability. In fact, some of this
apparent decrease in cell survival can be attributed to the
osmotic shock associated with addition of relatively large
volumes of the PD stocks (which were prepared in deionized
water) to the 96-well plates used in the cytotoxicity screen. The
resulting change in cell culture media osmolality can induce
cell rupture which is not related to PD toxicity as such.
Measurements at the lower PD concentrations were not subject
to this artifact since miniscule volumes of PD solution were
required for these concentrations. Regardless, the PDs appear
to be highly biocompatible, even at high concentrations well in
excess of those required for cellular imaging studies.

A final set of experiments investigated the utility of PDs in
fluorescence-based metal ion sensing (Fig. 6 and S4t). In these
experiments, PD fluorescence quenching behaviour was
screened against 11 different metal ions: Zn>", Sr**, Ba*',
Mn**, Ca**, sn*", Ni**, Fe’", Cu®", Pd**, and Hg>". All three
types of PD responded in a similar manner to each particular
metal ion. The metal ions zn*', Sr**, Ba*', Mn®*", and Ca*"
showed no quenching of PD emission whilst Sn*" and Ni**
showed relatively weak quenching. The remaining metal ions
(Fe**, Cu®*, Pd*", and Hg>") all produced much stronger fluo-
rescence quenching, with Pd*" and Hg>" displaying the stron-
gest quenching capabilities of the metals tested, irrespective of
the PD identity. Since the strongest quencher (Pd**) is an un-
likely environmental contaminant in most waters, we focused
our attention on investigating Hg”>* detection. Fig. 6A provides
a representative Stern-Volmer plot of Hg>* induced quenching
of APD fluorescence, where F, and F represent the fluorescence
intensities in the absence and presence of Hg>", respectively.
Following the 3¢ convention, the limit of detection (LOD) for a
particular metal ion was determined as the [Hg>'] concen-
tration corresponding to a signal that differed from that of the
metal-free result by thrice the standard deviation of the signal
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Fig. 6 (A) Representative plot of Hg?* quenching of APD emission. (B)
Metal screening test for all three PD types (0.05 mg mL™?) against 11
different metal ions (Zn?*, Sr®*, Ba®*, Mn**, Ca®*, Sn®*, Ni**, Fe**, Cu®*,
Pd?*, and Hg?"), each present at a concentration of 100 pM.

in the absence of metal. LOD values were estimated in the low
micromolar range for both Hg** and Cu®" ions. For UPDs, the
calculated LODs were 2.7 pM and 3.4 pM for Hg®" and Cu*",
respectively. The corresponding Hg** (Cu®*") LOD values for
CPDs and APDs were 1.8 pM (1.7 pM) and 2.7 pM (2.9 uM),
respectively.

In addition to showing quenchometric sensing capabilities
for priority heavy metal ion pollutants, the fluorescence signal
was almost completely (94-97%) recoverable through the
addition of the strong metal-chelating agent ethylenediamine-
tetraacetic acid (EDTA) to Hg>"-quenched samples (Fig. S571).*
An excess of EDTA (>4:1 EDTA: Hg®" molar ratio) is required
to achieve the greatest signal recovery, indicating that while a
majority of the Hg>" ions may be loosely interacting with the
functional groups at the PD surface, some fraction are appar-
ently bound with a high affinity.

Experimental

Roughly one liter of urine was collected for each of the three
different dietary conditions investigated: unmodified diet,

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5gc02032h

Open Access Article. Published on 21 September 2015. Downloaded on 12/4/2025 8:16:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

vitamin C supplemented, and asparagus-rich diet. Since mul-
tiple excretions were required to acquire this volume, multiple
fractions were pooled over the course of several days (collected
between mid-morning and mid-afternoon) and homogenized
to ensure a representative sample. In order to fortify the diet
with vitamin C, four 500 mg vitamin C tablets (Nature Made
Nutritional Products) were taken at 2 h intervals, with vitamin
C-enriched urine collected 4 h and 6 h after consumption of
the first tablet. To set the conditions for asparagus-urine,
approximately one pound of lightly steamed locally-sourced
fresh asparagus was consumed and urine collected within 6 h
of its consumption. This exercise was repeated several times
over the course of a couple days, much to the student’s
chagrin.

To initiate carbon dot synthesis, 450 g of a particular urine
sample was dehydrated within a heated round-bottom flask
immersed within an improvised sand bath consisting of an
anodized aluminum round cake pan (Fat Daddio’s) filled with
copper-coated airgun BBs (0.177 caliber; Crosman Copper-
head). Temperature control was achieved to within 2 °C using
a digital stirring hotplate (Super-Nuova™; Thermo Scienti-
fic™) connected to a J-type thermocouple immersed in the
BBs. Stirring was provided at 300 rpm using a PTFE-coated
magnetic stir bar. The dehydrated residues were heated for an
additional 12 h at 200 °C to yield a black char which readily re-
suspended in water. As the liquid evaporated, the urine gradu-
ally darkened from yellow to dark orange and, finally, a viscous
brown solution. Throughout the carbonization process, the
material evolved in appearance, eventually becoming a coal
black. Following the carbonization step, the solid was re-
constituted using 60 mL of water. The suspension was
centrifuged at 5000 rpm for 30 min to remove large particles,
filtered using a 0.45 pm nylon syringe filter (Fisherbrand,
#09-719D), and then dialyzed for 12 h against 1.5 L of water
(changing the dialysis water three times throughout) using
1 K MWCO cellulose dialysis tubing (Spectrum Labs Spectra/
Por 7 Dialysis membrane, #132105). A portion of each dialyzed
sample was freeze-dried in order to obtain a solid product for
XRD analysis. Additional experimental details can be found in
the ESL.}

Conclusions

To sum, we have shown that analytically useful and biocompa-
tible fluorescent carbon dots can be facilely derived from the
thermal upcycling of human urine. The synthesized pee dots
were found to be effective nanoscale labels, illustrated in the
multiplexed fluorescence imaging of mice embryonic fibro-
blast cells, whilst showing no apparent cytotoxicity at concen-
trations approaching 1.5 mg mL™". These dots also proved to
be excellent nanosensors for the fluorescence quenching-
based detection of priority heavy metal ion pollutants of
environmental interest like mercuric ion (Hg>"). The fluo-
rescence signal was fully recoverable using EDTA as a chelator,
suggesting the potential for immobilization of the dots within
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reusable paper test strips for water quality monitoring, for
example.

The current work represents one of the few instances where
fluorescent quantum yields have been measured for a multi-
plicity of wavelengths for C-dots. Our findings reveal a marked
decrease in quantum yield with excitation wavelength,
suggesting a need to shift away from reporting quantum yields
at a single excitation wavelength (e.g., 350 nm) or, at the very
least, to employing visible excitation wavelengths better
matched to target applications such as bioimaging, sensing,
and photovoltaics for which the C-dots are being proposed for
immediate exploitation. Moreover, this observation points to
the need to specify the precise optical conditions employed
when making meaningful comparisons between quantum
yields and other optical properties commonly reported in the
literature, a guideline not always followed. Pragmatically,
another consequence of these findings is that C-dots that yield
the highest emission under ultraviolet or blue emission may
not necessarily be those best suited for practical bioimaging,
particularly given the excitation of cellular autofluorescence in
these spectral regions.

Intriguingly, we have also demonstrated that the fluo-
rescent, size, and sensory characteristics of the carbon dots
can be modulated by simple dietary modifications of the urine
donor. For instance, intentional consumption of sulfur-
containing foodstuffs (i.e., asparagus) was shown to lead to
measurable red shifts in the fluorescence emission from the
dots. Although highly speculative, this result suggests the enti-
cing notion that an extension of this approach might possibly
be used to assess the diet and general health of urine donors
in resource-limited settings, as such will be reflected in the
optical features of the subsequent dots produced to some
extent. In any case, we provide compelling evidence that urine
can be upcycled into a useful carbonaceous product in a
process that could potentially combine, simplify, or remove
steps in wastewater treatment. Within a larger context,
the work adds momentum to research aimed at upcycling
low or negatively-valued waste into useful and compelling
nanocarbons.
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