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Iron (Fe) is a required micronutrient in plants for the production of chlorophyll and transport of oxygen. A
commonly used surrogate for measuring nutrient levels is the measurement of electrical conductivity or
total dissolved solids, but this technique is not selective towards any particular dissolved ion. In this
study, using a conventional microwave, fluorescent carbon dots (CDs) are produced from glucose and
a household cleaning product and applied towards monitoring dissolved ferric iron levels in hydroponic
systems through fluorescent quenching. The produced particles have an average size of 3.19 &+ 0.76 nm
with a relatively high degree of oxygen surface groups. When using an excitation of 405 nm, a broad
emission peak is centered at approximately 500 nm. A limit-of-detection of 0.196 + 0.067 ppm (3.51 +
1.21 pM) with minimal interference from common heavy metal quenchers and ions found in hydroponic

systems was determined. Butterhead lettuce was grown while discretely monitoring iron levels via the
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Accepted 30th May 2023 CDs for three separate weeks of growth. The CDs displayed a non-significant difference (p > 0.05) in
performance when compared to a standard method. These results along with a simple and relatively

DOI: 10.1039/d3ra01715¢ low-cost production method make the CDs in this study a promising tool for monitoring iron levels in
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Introduction

Iron (Fe) is an essential micronutrient for nearly all organ-
isms."” In plants, iron is a required trace element for a number
of vital processes including chlorophyll biosynthesis and
nitrogen reduction, with deficiency leading to chlorosis,
reduced crop yields, and lower nutritional quality.® Dietary iron
deficiency is also a global human health concern and, according
to the World Health Organization (WHO), is the main cause of
anemia that disproportionately affects women and children.*
Plants are an important source of iron for humans,® therefore
monitoring iron levels for growth and nutritional quality has an
indirect implication on human health. Sensitive and highly
selective methods for quantifying nutrients are based on
analytical techniques that are costly, require trained
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technicians, and are time consuming due to sample trans-
portation to centralized labs, and sample pretreatment. Elec-
trical conductivity (EC) and total dissolved solids (TDS) are
commonly used methods for monitoring salt (nutrient) levels in
hydroponic systems.®” Although these are quick and inexpen-
sive ways to monitor nutrient levels, these methods don't
provide growers with any insight on the specific levels of each
nutrient in the hydroponic solution.® In lieu of monitoring,
nutrient solutions may also be refreshed on a time basis
according to best management practices.” An inexpensive,
rapid, and accurate sensing system that can monitor specific
ions could provide hydroponic farmers with a useful tool that
allows early intervention of nutrient deficiency/excess and
dosing of appropriate loads of nutrients. Such a system would
optimize growing conditions for crops, potentially increasing
yields, and would likely reduce overhead costs due to more
efficient use of nutrient solutions.

Carbon dots (CDs) have the potential for developing such
a system. CDs are semi-spherical fluorescent carbon-based
nanoparticles that were first described in the scientific litera-
ture in 2004 as an incidental finding during the purification and
separation of single-walled carbon nanotubes (SWCNTs) by
a preparative electrophoretic method.’ CDs possess a carbon
core with various surface groups (e.g., hydroxyl, carboxyl, and
carbonyl), and typically show absorption from 260 to 550 nm
and photoluminescence in the visible to near-infrared (NIR)
range."* Although CDs normally have lower emission intensity

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and less control over the design process, they provide a heavy-
metal-free alternative to traditional semiconductor quantum
dots for sensing and imaging purposes while simultaneously
offering advantages of low toxicity, biocompatibility, and high
water solubility.”>** Various top-down and bottom-up protocols
have been reported for fabricating CDs using carbon precursors
such as graphite,** citrate,”® candle soot,*® and sugars from
various fruit juices,”” among others. Examples of methods for
production of CDs include laser ablation,>** electro-
chemical,®** microwave synthesis,”?® and hydrothermal
treatments.>” > Since their discovery, CDs have been applied
towards several sensing and imaging applications with heavy
metal detection via fluorescent quenching being one of the
most prominent. Several recent reviews have evaluated and
discussed in depth the various fabrication methods and appli-
cations of CDs including those beyond sensing applications.?***

In this study, a simple method for producing CDs through
microwave synthesis using a common household cleaning
product, Windex®, and an abundant monosaccharide, b-
glucose, is reported. Ferric iron (Fe**) was shown to act as an
efficient and selective photoluminescent quencher of the fluo-
rescent CDs, which were applied to monitor iron in a deep-water
culture (DWC) hydroponic system growing butterhead lettuce
(Lactuca sativa var. capitata L.). The CDs size, structure, and
surface chemistry were studied using transmission electron
microscopy (TEM), selected area electron diffraction (SAED),
and X-ray photoelectron spectroscopy (XPS), respectively. The
optical properties were characterized by measuring the absor-
bance, emission, fluorescent lifetime, and quantum yield. The
CDs were able to monitor ferric iron in hydroponic solutions for
three separate weeks of growth with statistically non-significant
difference (p > 0.05) in performance when compared to Induc-
tively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)
analysis. The obtained results show that the CDs can act as an
efficient sensor for iron (Fe®*), providing the opportunity to
develop a relatively inexpensive and selective alternative to
traditional methods used to quantify nutrient levels in hydro-
ponic systems.

Methods and materials
Materials

Anhydrous p-glucose was purchased from Acros Organics (Geel,
Belgium). Original formula Windex® (S.C. Johnson, Wisconsin,
USA) and a 20 L microwave (Hamilton Beach, 1000 W) were
purchased from a local supplier. Britton Robinson bulffer,
phosphate-buffered saline (PBS), HEPES buffer, NaOH, mercu-
ry(1) nitrate, and nitric acid were purchased from Fisher Scien-
tific (Thermo Fisher Scientific, Massachusetts, USA).
Fluorescein, iron(m) chloride, and all other salts used for
interferent testing were purchased from Millipore Sigma
(Darmstadt, Germany). A Hydrofarm Root Spa 8 DWC hydro-
ponic system (HydroFarm, California, USA), 250 W full spec-
trum Pro Series P2500 LED light (ViparSpectra, California, USA),
EC meter (HoneForest Model YL-TDS2-A, United States), pH
meter, and hydroponic nutrient solutions with chelated iron
(Fe-EDDHA) were purchased from an online supplier. Lettuce

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

seeds, rockwool germination cubes, and clay pebble growing
media were purchased from a local nursery supplier.

Fabrication of CDs

The fluorescent CDs were synthesized by a one-step microwave
pyrolysis method (Fig. S17). First, stock concentration Windex®
(1.180 mL) was mixed with anhydrous p-glucose (16.560 mL, 200
mM) in a tightly closed Fisher brand screw-cap glass vial (20
mL). The vial was placed near the center of the microwave (with
the rotating plate removed) and treated at 50% power for ~60-
65 seconds. The process was stopped once the originally
transparent liquid sustained boiling and began to change into
a light brown color. The container was removed and allowed to
cool to room temperature for approximately 1 h. Afterwards, 1%
(v/v) of KCI (1 mM) was added and the solution was filtered
through a 0.2 pm surfactant-free cellulose acetate (SFCA)
syringe filter (Corning, AZ, USA). All solutions, unless otherwise
noted, were made with high purity water (18.23 MQ cm).

Characterization of CDs

A PerkinElmer LS55 spectrophotometer (PerkinElmer Inc.,
Massachusetts, USA) with a 10% transmission filter and 6.2 slit
widths was used for all fluorescent quenching measurements at
an excitation wavelength of 405 nm and an emission scan from
420 to 600 nm. Quartz crystal cuvettes (Starna Scientific, Atas-
cadero, CA) with a 10 mm pathlength were used in all experi-
ments. A total volume of 3 mL, with 1.5 mL of CDs, Britton
Robinson buffer (pH = 8.95), and stock Fe** solution (5 mM in
HNOj;) with varying ratios of the latter two to reach the desired
final concentration, was used for all measurements. The same
procedure was followed for Pb**, Zn**, Hg>", cd**, Ca®>*, Mn>",
Ni**, cr®, AI*", cu®', Mg**, K', Na*, and Fe*' (100 uM). All
solutions were made in 1% (v/v) HNO;. Emission response of
the CDs was interpreted using the Stern-Volmer equation (eqn
(1)

Fy
f - stC + 1 (1)

where F and F, are the fluorescent intensity in the presence and
absence of the quencher, respectively. C is the quencher
concentration and K, is the Stern-Volmer constant. Trans-
mission electron microscopy (TEM) was carried out in a JEM-
2100 TEM (Jeol Ltd, Peabody, MA, USA). X-ray photoelectron
spectroscopy (XPS) measurements were performed using a Kra-
tos Amicus/ESCA 3400 (Kratos Analytical, Manchester, UK). Zeta
potential and mobility measurements were obtained using
a Malvern Zetasizer Ultra (Malvern Instruments, United
Kingdom).

Quantum yield and fluorescent lifetime

The relative quantum yield (QY) was determined by following
a published protocol* using fluorescein (5 ppm) in NaOH (0.1
M) as the standard and an excitation wavelength of 465 nm. The
QY was calculated using eqn (2):

RSC Adv, 2023, 13,17244-17252 | 17245


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01713c

Open Access Article. Published on 08 June 2023. Downloaded on 2/12/2026 3:55:12 AM.

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

(cc)

RSC Advances

Fx .fél nx2

&y = Oy —"—
tht Jfx ng?

(2)

where, F is the integral photon flux, @ is the quantum yield, 7 is
the refractive index of the solvent, fis the absorption factor, and
subscripts x and st represent the sample and standard,
respectively. Fluorescent lifetime measurements were recorded
with a Horiba DeltaFlex time correlated single photon counting
fluorometer (Horiba, Ltd, Kyoto, Japan) using a 359 nm excita-
tion source, 200 ns time range, peak preset of 10 000 counts,
and emission detection at 455 nm. Lifetime measurements were
interpreted using eqn (3):

=4+ 5 exp(—é) 3)

where B; is the pre-exponential and represent the fraction
contribution of the indicated decay time factors and 7; is the
decay time.

Hydroponics set-up and plant growth

Deep-water culture (DWC) hydroponic systems were used to
grow butterhead lettuce (Lactuca sativa var. capitata L.). Seed-
lings were transferred to the DWC after three weeks of germi-
nation. The plants were kept on a 12-12 light schedule with
a 250 W full spectrum grow light at 30% power. The hydroponic
solution was maintained at an EC of approximately 2.0
mS cm ', pH of 5.5-6.5, and temperature of 22-24 °C. Oxygen
was supplied to the tanks from an external pump included with
the DWC hydroponic system.

Hydroponics iron measurements

Iron detection was performed with CDs using hydroponic
samples from weeks one, three, and five of growth (n = 3 for
each week) that were filtered through a 0.2 um SFCA syringe
filter (Corning, AZ, USA) and acidified with 1% (v/v) HNOj3. The
CDs samples were calibrated with a four-point calibration using
the nutrient solution and samples were analyzed using the
same spectrophotometer settings stated above. Iron levels
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estimated with the CDs were confirmed using a Shimadzu
Inductively Coupled Plasma Optical Emission Spectrometer
(ICP-OES) 9810 (Kyoto, Japan). The system was calibrated using
a five-point calibration and solution standards ranging from 2
to 10 ppm. Both calibration standards and hydroponic samples
were acidified using HNO; (0.1 M) and analyzed at 238.39 nm.
The hydroponic samples were filtered using a 0.2 pm SFCA
syringe filter (Corning, AZ, USA) before ICP-OES analysis.

Data analysis

All measurements were performed in triplicate and the results
are expressed as mean =+ standard deviation. The data were
submitted to ¢-test or analysis of variance (ANOVA) at a level of
significance of 5% (a« = 0.05) using JMP Pro v.15 statistical
software (SAS Institute, Cary, NC, USA). When necessary,
significantly different means (p < 0.05) were separated by
Tukey's Honest Significant Difference (HSD). Chi-square and
fluorescent lifetime analysis were performed using Horiba
EzTime software (Horiba, Ltd, Kyoto, Japan). The limit of
detection (LOD) was calculated using the 30 method*® and the
Stern-Volmer constant (Ky,)*® was the slope of the calibration
curve.

Results and discussion
Material characterization

Size and morphology of the CDs were studied using trans-
mission electron microscopy (TEM) with imaged particles
(Fig. 1a and b) showing a mostly dispersed quasi-spherical
structure with sizes ranging from 2 to 5 nm and an average
size of 3.19 & 0.76 nm. This size range is similar for recent work
with CDs produced by microwave assisted methods.*”** The
inset in Fig. 1b shows the lattice fringes of an imagined particle
with an estimated lattice spacing of 0.26 nm corresponding to
(100) facets of graphite.®** Fig. 1c shows a selected area
diffraction (SAED) image with large continuous diffuse rings
indicating an amorphous nature of the bulk solution.**~*

Fig. 1

(a) TEM image of the CDs showing semi-dispersed nanoparticles. (b) Additional TEM image of three CDs (red circles) displaying the quasi-

spherical shape. The inset shows the lattice spacing of 0.26 nm corresponding to the (100) facets of graphite. (c) SAED image with large diffuse

rings indicating an amorphous structure for the CDs.
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(a) XPS survey showing peaks at 287.4 eV and 533.7 eV attributed to the Cls and O1s, respectively. (b) Deconvoluted Cls peak showing the

various carbon—oxygen and carbon-hydrogen groups present on the CDs surface. (c) Deconvoluted Ols peak at approximately 533.7 eV. (d)
Deconvoluted S(2p) groups showing the small but present amount of sulfur groups on the CDs surface. The total XPS analysis resulted in 62.4%

carbon, 36.5% oxygen, and 1.1% sulfur.

The surface composition of the CDs was studied with X-ray
photoelectron spectroscopy (XPS) (Fig. 2a-d) and resulted in
62.4% carbon, 36.5% oxygen, and 1.1% sulfur which is likely
from the surfactant sodium dodecylbenzene sulfonate present
in Windex®.*® Two peaks appear at 287.4 eV and 533.7 eV
attributed to C1s and O1s, respectively. The C1s can be decon-
voluted into five different peaks centered at 284.2, 286.0, 287.4,
288.8, 290.1 eV corresponding to C-C, C-O, C=0, O-C=0, and
-CO; bonds, respectively, indicating a carbon core structure
with predominantly oxygen surface groups. The high degree of
oxygen groups is likely from the glycol ether cleaning agent* in
Windex®, as similar result have been published using ethylene
glycol as a dopant. Raman spectroscopy is often employed to
study graphene or graphite-based material by observing the
intensities of the D peak (typically ~1350 cm ™" and indicating
disorder) and G peak (typically ~1580 cm ' and indicating the
degree of graphitization).***” However, due to the strong fluo-
rescent interference from the CDs, no meaningful Raman
spectroscopy results were obtained for this study.

Optical properties

The optical properties of the CDs were studied first by UV-vis
adsorption shown in Fig. 3a. A broad adsorption peak is

© 2023 The Author(s). Published by the Royal Society of Chemistry

observed at ~286 nm, which is attributed to the n-7* transi-
tions of the C=0O bonds and the m-m* transitions of the
aromatic sp> carbons (aromatic C=C bonds).**** The fluores-
cence lifetime (Fig. 3b) was measured by a time correlated single
photon counting (TCSPC) fluorometer. Deconvolution analysis
of the lifetime measurements was done using Horiba EzTime
software and was interpreted using eqn (3). A three-component
decay model was fit to the curve (x> = 1.06) and provided the
following lifetimes: t; = 2.71 £ 0.21 ns (42.02%), 1, = 9.02 £
0.20 ns (33.18%), 75 = 0.63 % 0.03 ns (24.80%), and Toyy = 1.71 £
0.30 ns. 1, is attributed to the electronic transitions in the
surface state or defect sites, while 7, and 15 are attributed to
electronic transitions in the carbon core.*® The CDs exhibited
cyan colored emission at approximately 500 nm when excited at
405 nm (Fig. 3c). The CDs showed excitation-dependance as the
emission becomes slightly redshifted with increases in excita-
tion wavelength from 345 to 425 nm. Further, when the exci-
tation was below 375 nm a bimodal peak was observed. It is
evident from Fig. 3c that the maximum emission peak is dis-
played when particles were excited at 405 nm (dark red curve),
therefore, this excitation wavelength was used for subsequent
quenching experiments.

RSC Adv, 2023, 13, 1724417252 | 17247
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(a) Absorbance spectra of the CDs showing a peak at ~286 nm likely due to n—m* and w—7t* transitions. (b) Photoluminescence decay

profile of the CDs giving an average lifetime of 1.71 £+ 0.30 ns (blue curve) and the instrument response function (IRF, red curve). (c) Fluorescent
emission peaks at various excitation wavelengths spanning from 345 to 425 nm showing the highest peak emission at excitation 405 nm (dark red
curve). (d) Zeta potential measurements in water (blue bar), KCl (red bar), PBS (green bar), and HEPES buffer (purple bar).

The surface charge of the CDs was studied using zeta potential
(£) measurements in water, 1 mM KCIl, 1 mM PBS, and 1 mM
HEPES (Fig. 3d). For measurements in water and KCl, the CDs
displayed a negative zeta potential of —27.31 + 1.52 mV and
—34.79 + 3.18 mV, respectively, which is advantageous for storage
and long-term use of the CDs due to the electrostatic repulsion
and consequently preventing agglomeration.*"** This was further
confirmed by the minimal difference between peak emission from
freshly prepared CDs and CDs stored in a dark drawer for one and
two years (Fig. S31). The zeta potential for CDs in the two buffers,
PBS and HEPES, was 6.07 + 6.11 mV and 4.40 + 1.30 mV,
respectively. The negative charge in water and 1 mM KCl is likely
due to the presence of negatively charged oxygen groups, which
are protonated in the two buffers leading to the large shift in {.>*>*

Fluorescent quantum yield (QY) is a common characteriza-
tion of fluorescent materials and is typically defined as the
number of photons emitted per photons absorbed.** The CDs
displayed a modest QY of ~13.0% against the standard of
fluorescein (5 ppm, QY ~ 89% in 0.1 M NaOH). QY measure-
ments are highly dependent on the method and conditions
during testing (e.g., standards and excitation wavelengths used
for measurements); however, the CDs here displayed similar QY
when compared to other fabrication methods (QY typically
range from 3 to 30% for CDs)."”** Some groups have recently
reported producing highly efficient CDs, with QY ranging from
~70-90%.°¢"8

17248 | RSC Adv, 2023, 13, 17244-17252

The pH of hydroponic solutions affects the availability of
certain nutrients. A lower pH (e.g., 5.5) will keep most nutrients
in solution while a higher pH (e.g., >6.5) is likely to cause
nutrient deprivation.** Temperature is another influential
factor in hydroponic growing operations, and is tightly
controlled with previous studies showing optimal growing
temperature (i.e., air and solution temperature) being 24 °C.*°
The effect of pH at 25 °C on the fluorescence of the CDs was
studied at pH levels of 5.5 and 6.5 along with a high pH (7.9) to
determine any dependence of the photoluminescence on pH
levels. As shown in Fig. S2,1 a non-significant difference (p >
0.05) in peak emission was observed for all pH levels tested. The
minimal effect for relevant pH levels at 25 °C, show the CDs
produced in this study are well-suited for iron detection in
hydroponic growing operations.

Quenching of CDs fluorescence

Quenching of the CDs fluorescence was demonstrated in the
presence of Fe®" ions, as shown in Fig. 4a. Moreover, the
quenching follows the Stern-Volmer equation® (eqn (1)).

A linear relationship is observed from approximately 0.14-
11.17 ppm (Fig. 4b) with a calculated LOD of 0.196 + 0.067 ppm
(3.51 + 1.21 uM) using the 3¢ method, and an average Stern-
Volmer constant (Ki,) of 0.0052/ppm-Fe*". The quenching
induced by the Fe*" ions is likely due to coordinate bonding of
the Fe®* ions with the oxygen surface groups of the CDs.”* The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Fluorescent quenching of the CDs in the presence of ferric iron with concentrations ranging from 0.06 to 11.17 ppm. (b) Stern—Volmer
plot displaying the linear (R> = 0.9972) quenching of the CDs by ferric iron with a K, value of 0.0052/ppm-Fe®* and an LOD of 0.196 +
0.067 ppm (3.51 £ 1.21 uM). (c) Selectivity testing of the CDs using common heavy metal quenchers of CDs and various cations present in
hydroponic solutions displaying minimal quenching from interfering cations and high selectivity towards ferric iron. Data represents mean +
standard deviation (n = 3).

LOD is quite high when compared to recently published work During static quenching, the CDs form a nonfluorescent complex
on ferric iron sensing with CDs,*>* however, the LOD is still ~with the quencher. This is typically determined through observing
below the Environmental Protection Agency (EPA) limit of iron changes in the absorbance spectra with no changes in the fluo-
in drinking water (0.3 mg L™')° and is well within the range rescent lifetime in the presence and absence of a quencher.”
commonly used in hydroponic systems (~1-2 ppm),*”*® which Dynamic quenching refers to the collisional or close-contact
demonstrates the value of the proposed technology in agricul- quenching of CDs fluorescence facilitating energy transfer and
tural applications. Fourteen cations were selected to test the allowing a non-radiative return to the ground state.” This typically
selective quenching ability of the CDs for Fe*" including Pb*>*, results in changes of the fluorescent lifetime in the presence of
Zn**, Hg>*, cd**, Ca*', Mn*", Ni**, Cr’**, AI*", Cu®*, Mg**, K*, a quencher while no observable changes in the absorbance
Na*, and Fe®" (100 uM). As shown in Fig. 4c, Ni*", Cu®>", and Fe®"  spectra are detected.” Absorbance and fluorescent lifetime data
induced a slight quenching of the CDs fluorescence but was still ~ were collected in the presence and absence of the quencher with
considerably lower than the quenching induced by Fe*" while no changes occurring in the absorbance spectra but a reduction in
the remaining cations induced negligible effects on the fluo- the average fluorescent lifetime from 1.71 ns to 0.77 ns (x* = 1.65).
rescence of the CDs. These results support the dynamic quenching of the CDs fluo-
The form of quenching (static or dynamic) can be determined rescence in the presence of ferric iron.
by measuring fluorescent lifetimes and absorbance spectra.*
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Fig. 5 (a) Series of DWC hydroponic set-ups used to grow lettuce. (b) ICP-OES calibration curve (R? = 0.9999) using the hydroponic nutrient
solution for testing. (c) CDs calibration curve (R? = 0.9992) using the hydroponic nutrient solution for testing. (d) Results for both CDs (black bars)
and ICP-OES (red bars) using hydroponic samples from week one, three, and five of plant growth showing a non-significant difference (p > 0.05)
between ICP-OES and CDs performance in Fe** quantification. Data represents mean =+ standard deviation (n = 3).
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Hydroponic sample testing

A series of three deep-water culture (DWC) hydroponic systems
(Fig. 5a) were used to grow butterhead lettuce (Lactuca sativa
var. capitata L.) to test the CDs in real samples. DWC water
samples were collected during weeks one, three, and five of
growth and analyzed on the same day with a calibrated ICP-OES
(calibration Fig. 5b, sample analysis Fig. 5d red bars). CDs were
prepared and calibrated with the nutrient solution using a four-
point calibration from 2.5 to 10 ppm (Fig. 5c). The collected
DWC water samples were acidified with 1% (v/v) HNO; before
analysis with the CDs and analyzed on the same day (Fig. 5d
black bars). For all samples over the three sampling times,
representing start, middle-point, and end of lettuce cultivation,
the CDs displayed a non-significant difference in iron concen-
tration when compared to the ICP-OES analysis (p > 0.05).

These results demonstrate the CDs ability to act as inex-
pensive (~$0.03 of material costs (Windex® and glucose) per
analysis with ~12 sample analysis per batch) iron sensor for
hydroponic systems. Potential combination of the CDs in this
study with a portable spectrophotometer””* could provide the
ability for growers or researchers to perform iron quantification
on-site significantly reducing analysis time for nutrient moni-
toring. Using a portable spectrophotometer (Vernier spectro-
photometer, Ocean Optics Inc., Florida, USA) equipped with
a fiber optic cable (P400-2-UV-VIS, Ocean Optics Inc., Florida,
USA) a broad emission peak centered around 550 nm is
observed. Quenching of the fluorescence in the presence of
ferric iron was also observed with the portable set-up demon-
strating the ability to mobilize the sensing platform (Fig. S47).
In the future, the CDs could also be developed into colorimetric
test strips, such as those used to measure pH, to facilitate easier
and lower cost analysis of hydroponic samples.””* Further-
more, some groups have demonstrated the ability to attach
specific recognition agents to the surface of CDs, which could
potentially be used to design a complete system for monitoring
ions relevant to hydroponic farming.”

Conclusions

Hydroponic growers typically use electrical conductivity or total
dissolved salts measurements to estimate nutrient levels in
their growing systems. These methods, while rapid, do not
provide the grower any insight on particular nutrient levels
causing growers to apply all relevant nutrients when defi-
ciencies arise or apply nutrients in a time-based manner.
Selective, sensitive, and user-friendly rapid sensors for relevant
nutrients are needed to support precision agriculture efforts to
accurately determine what particular nutrient is deficient or in
excess, thus increasing their productivity and reducing their
overhead cost. Such a sensing system would also allow
researchers insight on nutrient mobility and uptake by plants
leading to better understanding, and potentially more control,
of plant growth in hydroponic systems. Iron is one of the most
important micronutrients to plant health and lacks inexpen-
sive, rapid, and portable sensors that are useable in hydro-
ponics. In this study, CDs were produced with a standard
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household microwave, glucose, and Windex® with ~1 min
pyrolysis time. The CDs were then applied to accurately monitor
ferric iron (Fe®") in water samples from a DWC hydroponic
system where butterhead lettuce was grown. The CDs were able
to accurately measure iron levels during three separate weeks of
growth with a non-significant (p > 0.05) difference in perfor-
mance when compared to analysis with ICP-OES. The calculated
LOD was 0.196 + 0.067 ppm (3.51 + 1.21 uM) with a linear
response from 0.14 to 11.17 ppm, which is well-within the
typical concentration ranges for iron in hydroponic systems.
Furthermore, the CDs demonstrated high selectivity to iron
with minimal quenching from other cations present in hydro-
ponic solutions and common heavy metals quenchers. The
simple production and accurate sensing capabilities of the CDs
make them appealing for the development of iron monitoring
in hydroponic systems.
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