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ABSTRACT: Glucose is a major product of photosynthesis and a key energy
source for cellular respiration in organisms. Herein, we enable in vivo optical
glucose sensing in wild-type plants using a quantum dot (QD) ratiometric
approach. The optical probe is formed by a pair of QDs: thioglycolic acid-capped
QDs which remain invariable to glucose (acting as an internal fluorescent reference
control) and boronic acid (BA)-conjugated QDs (BA-QD) that quench their
fluorescence in response to glucose. The fluorescence response of the QD probe is
within the visible light window where photosynthetic tissues have a relatively low
background. It is highly selective against other common sugars found in plants and
can be used to quantify glucose levels above 500 μM in planta within the
physiological range. We demonstrate that the QD fluorescent probe reports glucose
from single chloroplast to algae cells (Chara zeylanica) and plant leaf tissues (
Arabidopsis thaliana) in vivo via confocal microscopy and to a standoff Raspberry Pi
camera setup. QD-based probes exhibit bright fluorescence, no photobleaching,
tunable emission peak, and a size under plant cell wall porosity offering great potential for selective in vivo monitoring of
glucose in photosynthetic organisms in situ.
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1. INTRODUCTION

Photosynthesis harvests and converts solar energy into
carbohydrates such as starch1 which are hydrolyzed at night
into smaller sugar molecules, e.g., glucose2 and maltose.3 The
glucose molecules are then converted into pyruvate for
producing adenosine triphosphate by cellular respiration.4

Glucose is a key signaling molecule in plants that regulates
growth and developmental processes through complex intra-
cellular signal transduction pathways.5 In higher plants, glucose
has been implicated to be the primary sugar signal controlling
seed germination, seedling vegetative growth, primary and
lateral root growth, and leaf development.6 Despite its
importance, there are no optical probes for the detection of
glucose in vivo in wild-type photosynthetic organisms, limiting
the study of photosynthesis, respiration, glucose signaling, and
energy harvesting biomaterials. Furthermore, current methods
to measure photosynthesis in vivo are based on carbon dioxide
fixation7−11 but not on the main photosynthetic product, that
is, carbohydrates.
Previous approaches for in vivo glucose sensing in plants

have been limited to genetically encoded molecular nano-
sensors in a handful of plant model species.12 Bacterial
periplasmic binding proteins (PBPs) allow the detection of a
wide range of analyte concentrations in living cells. The PBP’s
hinge-bending movement in response to sugars leads to
fluorescence changes via resonance energy transfer (FRET)
between two coupled green fluorescent proteins. Although it is
a successful approach to monitor glucose in plant tissues, the

FRET-based nanosensors are only available in genetically
modified Arabidopsis13,14 and rice.15 Several nanoparticle
(NNP)-based optical methods for sensing glucose are available
for in vitro applications16 or in nonplant systems.17 For
instance, 3-aminobenzeneboronic acid-functionalized gra-
phene18 and Ag2S quantum dots (QDs)19 have been used
for monitoring glucose in mammalian cells. However, these
approaches have not been utilized for in vivo sensing of
glucose in plants. A major challenge is that fluorescent
pigments in photosynthetic tissues, including chlorophylls
and carotenoids, introduce a strong background signal that
limits the range of light wavelengths for optical glucose
detection. Furthermore, unlike animal cells, plants have a cell
wall with a porosity lower than 13 nm11 which restricts the
range of existent NNPs used as sensors for glucose. A NNP
platform designed for in vivo glucose sensing in plants could be
widely used across diverse plant taxa in the field.
QDs have attracted increasing interest as fluorescent probes

owing to their bright fluorescence, photostability, continuous
absorption spectra, and tunable emission.20,21 QDs fluores-
cence quenching caused by mediated assembly of QDs by a
small molecular analytes, such as glucose, has yielded a mean
of fabricating QD arrays with tunable optical properties in
response to concentration changes of analytes in living systems.
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Phenylboronic acid (PBA)-modified QDs have been shown to
act as probes for intracellular glucose detection in cancer
cells.22 This QD glucose probe has PBA-functionalized groups
that serve as linkers to form stable boronate complexes with
glucose cis-diols. Using a similar approach, QDs offer the
potential for in vivo plant glucose sensing with the advantages
of having: (1) smaller size than the maximum porosity of cell
walls,23 (2) versatile surface chemistry allowing surface
conjugation of functional groups for targeted delivery or
biosensing within organelles,24,25 and (3) photostability with
tunable and prolonged fluorescence intensity in vivo.26,27

Analyte detection in complex living systems such as
photosynthetic organisms containing autofluorescent pigments
can be challenging because of the interference of the probe
with other molecules, scattering media, and changes in probe
location within the detector focal plane.28,29 Ratiometric
detection approaches can control these factors in glucose
sensing within photosynthetic living tissues and organelles
using the ratio of two fluorescence emission intensities at
different wavelengths. Ratiometric sensors have allowed
conversion of plants into detectors of nitroaromatics30 and
monitoring hydrogen peroxide and nitric oxide (NO)31 and in
mammalian systems to detect pH,32 oxygen,33 and other
analytes, for example, mechlorethamine.34 Single-walled
carbon nanotubes (SWCNTs) have been used as ratiometric
sensors for in vivo monitoring of NO and hydrogen peroxide
(H2O2) in plant photosynthetic tissues by recording the near-
infrared fluorescence response from two SWCNT electronic
types having distinct emission peaks.31 FRET-based sensors
that monitor analytes in vivo have adopted a ratiometric
approach because they are more stable to external noise and
detection geometry in living systems.35 Current QD
fluorescence-based probes for glucose are single wavelength
intensity modulation-type probes.22,36 Fluorescent QDs
conjugated with BA have been used in this way to sense
glucose in aqueous solution.37

Boronic acid (BA)-based fluorescent probes have been
widely used for glucose sensing.38,39 BA is a compound related
to boric acid40 that reacts with 1,2-diols or 1,3-diols in aqueous
solution to create five- or six-membered cyclic esters.41,42

Glucose detection by BA fluorescent probes is based on the
interaction between surface BA group and glucose two pairs of
rigid cis-diols.17,43 A tetraphenylethene-based fluorescent
sensor modified with BA detects glucose by aggregation-
induced changes in the probe fluorescence emission.44

Synthetic NNP-based fluorescent probes offer a tool to detect
or sense glucose in vivo in diverse photosynthetic organisms
and significantly advance photosynthesis and sugar signaling
research. However, to our knowledge, there are no NNP-based
optical sensors for glucose in vivo sensing in photosynthetic
organisms.
Herein, we developed an in vivo standoff glucose probe for

photosynthetic organisms based on QDs modified with BA-
coated QDs (BA-QDs) and thioglycolic acid (TGA)-coated
QDs (TGA-QDs) (Figure 1). The BA-QD fluorescence
quenches in response to glucose, whereas the TGA-QD
fluorescence remains invariant acting as an internal reference
control. We demonstrate the concept of in vitro, in vivo, and
optical standoff QD detection of glucose in photosynthetic
model organisms including the algae (Chara zeylanica) and the
land plant Arabidopsis thaliana. The QD probe has high
selectivity for glucose based on the covalent binding between
the two pairs of cis-diols of glucose and BA on the QD surface.

The detection range of the QD probe from 100 to 1000 μM in
vitro and from 500 to 1000 μM in photosynthetic tissues and
organelles in vivo is within the expected physiological range of
light-grown plants.13,45 NNP-based approaches for standoff
optical monitoring of plant sugars will be a highly enabling tool
to advance our understanding of plant photosynthesis, biofuels,
sugar transport, and biomaterial research.

2. EXPERIMENTAL SECTION
2.1. Materials. Cadmium chloride hydrate (CaCl2), TGA (99%),

NaBH4 (96%), tellurium powder (99.8%), N-hydroxysuccinimide
(NHS), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydro-
chloride (EDC), and 3-aminophenylboronic acid (APBA) were
purchased from Sigma-Aldrich. Glucose, sucrose, fructose, lactose,
maltose, and galactose were obtained from Fisher Scientific. The algae
(C. zeylanica) (Carolina biological supply, catalog 162120) and four-
week old A. thaliana (Columbia 0) were grown in Adaptis 1000
growth chambers (Conviron) at 200 μmol m−2 s−1 photosynthetic
active radiation, 24 ± 1 °C, 60% humidity, and 14/10 h day/night
regime. Plants were hand-watered with tap water once every two days.
Tap water was replaced in the Algae medium once a week.

2.2. Instruments. The UV−vis absorption spectra were recorded
by a Shimadzu UV−vis spectrophotometer UV-2600. The fluo-
rescence emission spectra were measured by PTI QuantaMaster 400

Figure 1. Schematic diagram of in vivo glucose sensing and standoff
imaging by the QD fluorescent probe using a Raspberry Pi camera
setup. (A) Glucose synthesis by chloroplasts in photosynthetic cells.
Light energy is stored in chloroplasts as starch during daytime and
then converted into glucose and maltose at night. (B) QD signals
from dark adapted Arabidopsis leaves were monitored by two
Raspberry Pi cameras equipped with (C) band pass optical filters
for imaging the QD probe within a visible window of low leaf
background. (D) Monitored QD fluorescence signal is recorded by a
Raspberry Pi.
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(HORIBA Scientific Ltd) using 365 nm excitation for QDs. The
FTIR spectra were recorded by Nicolet 6700 FTIR (Thermo Fisher
Scientific). The dynamic light scattering (DLS) measurements were
performed in a Zetasizer Nano Series from Malvern. The transmission
electron microscopy (TEM) images were collected in FEI Tecnai12 at
120 kV voltage. The confocal images were collected in a Zeiss 510
microscope applying a 458 nm excitation for QDs, 514 nm for FM4-
64, 633 nm for chloroplasts. The emission detection range was set at
480−520 nm for TGA-QD, 535−590 nm for BA-QD, 565−615 nm
for FM4-64, and 685−750 nm for chloroplasts. The fluorescence
intensity of confocal images was analyzed in ImageJ (NIH).
2.3. Synthesis of a QD Glucose Probe. The synthesis of TGA-

capped CdTe/CdS QDs was performed as reported previously with
some modifications.46 First, NaHTe was prepared by adding 40 mg of
NaBH4 to a flask containing 23 mg of tellurium powder and 2 mL of
Milli-Q water. The reaction was maintained for several hours until all
of the tellurium powder was dissolved. CdCl2 (9.2 mg, 0.5 mmol) and
TGA (4.6 mg, 0.5 mmol) were dissolved in 100 mL of Milli-Q water,
followed by adjustment of the pH to 11 (pH meter; Orion Star A211,
Thermo Scientific) by the addition of 1 M NaOH solution. Then,
freshly prepared NaTeH solution (0.062 mmol) was quickly injected
into the mixture under vigorous stirring, followed by refluxing under
open-air conditions. Thioacetamide (3.12 mL, 0.4 mM) as a sulfur
source was added separately to the CdTe QD (100 mL) keeping a
constant 1:1 S/Te molar ratio in the solution. Aliquots of the reaction
solution were taken out at regular intervals for further photo-
luminescence (PL) and absorption characterization. Two TGA-QDs
were synthesized: the TGA-QD (592 nm) for BA-QD synthesis and
the TGA-QD (523 nm) were used as the reference QDs for glucose
sensing in vitro and in vivo. For synthesizing the BA-QD, the TGA-
QD (592 nm) was conjugated with APBA by the reaction between
−NH2 and −COOH.47 Briefly, EDC (0.3 mL, 0.025 mM) and sulfo-
NHS (0.2 mL, 0.015 mM) were added to the TGA-QD solution (10
mL, 100 nM) to activate carboxyl of QDs under stirring for 2 h. Then,
the APBA (0.5 mL, 0.025 mM) was added to the TGA-QD solution
and stirred for 4 h to form the BA-QD. The BA-QDs were collected
by centrifugation. The synthesized TGA-QD (523 nm) and BA-QD
were characterized by UV−vis, FTIR, and DLS.
2.4. Glucose Sensing by a QD Fluorescent Probe in Vitro.

The fluorescence emission spectra were measured in separate
solutions of 100 nM BA-QD and 100 nM TGA-QD in 2 mL 1×
TES buffer (10 mM, pH 7.4) or mixed solutions (TGA-QD: 100 nM,
BA-QD: 100 nM, 2 mL 1× TES buffer, 10 mM, pH 7.4) before and
after 60 min incubation with glucose at different concentrations (0,
100, 200, 500, and 1000 μM). Similarly, incubation time dependence
of fluorescence emission measurements was performed at 0, 20, 40,
60, and 120 min after addition of glucose (1000 μM).
The QD probe selectivity to sugars was determined in a mixed

solution of TGA-QD (100 nM) and BA-QD (100 nM) in 2 mL 1×
TES buffer (10 mM, pH 7.4). The fluorescence emission spectra of
the QD glucose probe were measured before and after incubating with
sugars (glucose, sucrose, fructose, lactose, maltose, and galactose,
1000 μM) for 60 min.
For characterization of BA-QD aggregation in the presence of

glucose, DLS measurements were performed in BA-QD (100 nM)
suspended in 2 mL 1× TES buffer (10 mM, pH 7.4) before and after
adding glucose (1000 μM) at incubation times from 0 to 120 min.
The BA-QD solutions with and without glucose (1000 μM, 60 min
incubation) were imaged by TEM at 120 kV.
2.5. Glucose Sensing by a QD Fluorescent Probe in Vivo.

Glucose detection in vivo was performed in algae of C. zeylanica and
leaves of Arabidopsis plants incubated or infiltrated,48 with the QD
glucose probe suspended in TES buffer solution (TGA-QD 200 nM
and BA-QD 200 nM in 2 mL 1× TES buffer, 10 mM, pH 7.4) and the
cell membrane dye FM 4-64 (2 μg/mL) for 2 h. Because the QD
fluorescent probe is developed for the detection of glucose in planta,
the pH of the buffer (pH 7.4) is similar to that of the chloroplast
stroma (pH 7.5−7.949) and the plant cell cytosol (pH 7.4−7.550).
The algae were washed with 1× TES buffer three times to remove the
QDs that were not internalized and remained in solution. Glucose at

concentrations ranging from 0 to 1000 μM was added to the algae
medium. Leaf discs of Arabidopsis plants were incubated with glucose
(1× TES buffer with 1000 μM glucose). Confocal images were
collected at 0, 20, 40, and 60 min.

2.6. In Vivo Standoff Glucose Imaging. Flat leaves from four-
week old Arabidopsis plants were infiltrated with 1000 μM glucose
followed by infiltration with a newly prepared mixture of TGA-QD
and BA-QD in TES buffer solution. After 0.5 h dark incubation, the
abaxial leaf surface (infiltrated area) was set to face two Raspberry Pi
cameras (Raspberry Pi NoIR Camera Module V28 MP, 1080P30)
equipped with band pass filters (BP480−520 nm filter for TGA-QD
fluorescence and BP590−660 nm filter for BA-QD fluorescence,
Omega Optical, USA). Measuring time points were set at 0, 5, 10, 20,
30, 45, and 60 min. At each measurement, QDs in infiltrated leaves
were excited by a 365 nm UV lamp (3UV38 UV lamp, UVP, LLC)
for 10 s and fluorescence images were collected through the
Raspberry Pi camera setup. Except for the UV excitation at each
measurement time point, plants were kept under dark. A comparison
between leaves under dark and light (200 μmol m−2 s−1) conditions
was also performed without addition of glucose.

2.7. Ratio Maps by ImageJ Analysis. Ratio maps of TGA-QD
and BA-QD fluorescence intensity (FTGA‑QD/FBA‑QD) in algae and
Arabidopsis in response to glucose in vivo were generated in ImageJ
(NIH). Briefly, TGA-QD and BA-QD fluorescence intensity images at
the same time point were converted from RGB mode to 32-bit format
in ImageJ. The converted images were further processed with a
“Calculator Plus” function of ImageJ. After generating a new ratio
map, a 16-color LUT format was applied to highlight the differences
in glucose detection within photosynthetic tissues and organelles.

2.8. Colocalization Analysis. Colocalization analysis of QDs in
A. thaliana leaf mesophyll cells infiltrated with TGA-QD and BA-QD
glucose probes was performed using ImageJ software. Confocal
images were splitted into TGA-QD, BA-QD, and chloroplasts
channels by using the “Split channels” function in ImageJ. The
COLOC2 analysis package on ImageJ was used to determine
colocalization/overlapping rate between TGA-QD and BA-QD
NNPs and its colocalization rate with chloroplasts. The Manders’
coefficient comparing pixel by pixel was calculated51,52 after
subtracting the background from images using the “Subtract
background” function in ImageJ.

2.9. Cell Viability Staining. Cell viability staining of the algae (C.
zeylanica) and Arabidopsis (Col-0) leaves incubated with TGA-QD
and BA-QD was performed using propidium iodide (PI, 1 mM,
incubate 10 min; plant cell viability assay kit, PA0100, Sigma-Aldrich)
and Hoechst 33342 (10 μg/mL, incubate 10 min53), respectively. We
used Hoechst 33342 to assess cell viability under the presence of BA-
QD because PI fluorescence emission significantly overlaps with that
of BA-QD and chloroplast autofluorescence in leaves. Briefly, algae
and Arabidopsis leaves were incubated with TGA-QD and BA-QD
after 24 h; then, algae cells and leaf discs were stained with either PI
or Hoechst 33342 for 10 min. After rinsing in distilled water for three
times, the stained samples were then mounted on microscopy slides
for confocal microscopy (Leica SP5) as described in our previous
publication.54 The confocal imaging settings for TGA-QD-incubated
leaves were 590−640 nm for PI and 700−800 nm for chloroplasts
under laser excitation of 488 nm. The confocal imaging settings for
BA-QD-incubated leaves were 420−510 nm for Hoechst 33342 and
700−800 nm for chloroplasts under laser excitation of 405 and 514
nm. Algae and Arabidopsis leaves incubated with buffer control
without NNPs were used to determine background PI and Hoechst
33342 levels. The chlorophyll content of Arabidopsis leaves infiltrated
with TGA-QD and BA-QD was monitored using a chlorophyll meter
(SPAD 502, Konica Minolta, Japan).55

2.10. Statistical Analysis. All data were represented as mean ±
SD (n = biological replicates) and analyzed using SPSS 23.0.
Comparison was performed by independent sample t-test (two-tailed)
or one-way ANOVA based on Duncan’s multiple range test (two-
tailed). * and ** represent P < 0.05 and P < 0.01, respectively.
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3. RESULTS AND DISCUSSION

3.1. QD Glucose Probe Synthesis and Character-
ization. The TGA-QD and BA-QD forming the glucose probe
were synthesized with a CdTe/CdS core/shell structure. TGA
was used as a ligand56 as it enhances the PL of QDs and
stabilizes them in water solution by forming a shell structure of
CdS. The carboxyl group in TGA can be conjugated to amino
BAs (APBA) on the QD surface forming BA-QD. Leaves have
a strong background fluorescence below 500 nm and above
650 nm57 (Figure 2A), and the FM 4-64 dye (ThermoFisher)
used to label cell membranes in QD localization experiments of
confocal microscopy has a significant fluorescence starting
from 600 nm; therefore, we synthesized TGA-QD and BA-QD
with significant fluorescence within this narrow visible window
between 500 and 600 nm (Figure 2B). We synthesized TGA-
QD as an internal reference control having a 523 nm peak of
fluorescence emission to avoid the steep increase in back-
ground fluorescence of Arabidopsis leaves below 500 nm
(Figure 2A). Similarly, we made BA-QD having a fluorescence
peak of emission at 595 nm below the range of significant

fluorescence emission of FM 4-64. The UV−vis absorbance
spectrum of TGA-QD and BA-QD shows a characteristic
absorption spectrum of CdTe QD58 having UV absorption
from 350 to 550 nm (Figure S1A). The hydrodynamic
diameter of TGA-QD and BA-QD was determined by DLS as
10.23 ± 1.32 nm and 11.31 ± 2.13 nm, respectively (Figure
S1C). The BA-QD DLS size smaller than the cell wall
porosity23 is ideal for the transport of the NNPs through plant
cells.

3.2. Glucose Sensing in Vitro by a QD Fluorescent
Probe. We characterized the concentration dependence of
QD glucose probe fluorescence emission to glucose concen-
tration (0−1000 μM). The glucose-induced aggregation of BA-
QD significantly quenches the fluorescence of the resultant
QD assemblies (Figures 2B and S2A), whereas the TGA-QD
remains invariant to glucose (Figures 2B and S2B). The added
glucose leads to the aggregation of the BA-QD based on the
covalent binding between the two pairs cis-diols of glucose and
BA of the BA-QD surface, whereas the TGA-QD-COOH
group does not react with the cis-diol group (Figure 1).22,36 As

Figure 2. Detection of glucose in vitro by QD fluorescent probe and its selectivity against common plant sugars. (A) Fluorescence spectra of TGA-
QD, BA-QD, and leaf background signal under 365 and 458 nm excitation. (B) TGA-QD fluorescence spectra remain relatively constant after
adding glucose, whereas the BA-QD fluorescence quenches steadily in separate solutions or (C) combined QD using a ratiometric approach. (D)
Ratio of fluorescence emission peak of TGA-QD and BA-QD fluorescence (FTGA‑QD/FBA‑QD) in response to glucose. (E) In vitro temporal patterns
of TGA-QD and (F) BA-QD fluorescence after adding glucose. Fluorescence spectra (G) and relative intensity changes (H) of the QD probe to
glucose, sucrose, fructose, lactose, maltose, and galactose. BA-QD DLS size (I) and TEM images in response to glucose at 0 (J) and 1000 μM
concentrations (K). Asterisks denote significance differences relative to no glucose (0 μM) (t-test). Scale bar: 20 nm.
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expected, TGA-QD and BA-QD combined show that in the
presence of glucose, the fluorescence emission of TGA-QD
remains relatively constant, whereas the BA-QD fluorescence
spectrum quenches steadily (Figure 2C). The BA-QD
fluorescence quenching upon the addition of glucose (1000
μM, in 10 mM pH 7.4 TES buffer) was partially recovered
after adding glucose oxidase (10 U, in 10 mM pH 7.4 TES
buffer), indicating the reversibility of BA-QD fluorescence
response to glucose (Figures S2C and 2D). Glucose oxidase
converts glucose to gluconolactone thus removing one of the
pairs of cis-diols in glucose. Catalase (350 U, in 10 mM pH 7.4
TES buffer) was added to the initial mixture to reduce the
generated H2O2 in this reaction. The ratio of the fluorescence
intensity peak of TGA-QD over BA-QD (FTGA‑QD/FBA‑QD) can
be used to determine the QD fluorescent probe response from
100 to 1000 μM glucose in vitro in TES buffer (Figure 2D).
Together our results indicate that BA-QD respond to glucose
in vitro, whereas the TGA-QD acts as an internal reference
control remaining invariant to glucose.

We further determined the temporal patterns of QD
fluorescent probe incubation with glucose on the QD
fluorescence emission intensity. Figure 2E shows the
fluorescence of TGA-QD remains relatively constant over the
2 h incubation period in the presence of different
concentrations of glucose. Compared to TGA-QD, the BA-
QD exhibits a significant and steady fluorescence quenching in
the presence of glucose reaching a plateau after 60 min of
reaction time (Figure 2F). This reaction time is shorter than
other sensing systems such as gold NNPs requiring about 200
min.59 The reaction time previously reported for QD probes
for glucose is about 1 h, similar to our QD glucose probe.36

Selectivity is also a critical parameter to evaluate the
performance of a fluorescent probe. We studied the
fluorescence response of BA-QD to potential interfering
sugars, including glucose, sucrose, fructose, lactose, galactose,
and maltose. These sugars (1000 μM, 60 min incubation) have
very little effect on the BA-QD fluorescence quenching except
for glucose (Figure 2G). This is in agreement with previous
studies showing that glucose but not other common sugars

Figure 3. In vivo sensing of glucose in algae (C. zeylanica) by TGA-QD and BA-QD probes. (A) Confocal images of algae stained by FM 4-64
(orange, cell membrane) and incubated with TGA-QD (green) and BA-QD (yellow). In the presence of glucose (1000 μM), the fluorescence
intensity of TGA-QD remains relatively constant, whereas the fluorescence of BA-QD quenches steadily over time. Scale bar: 35 μm. Temporal
patterns of relative fluorescence intensity changes of TGA-QD (B) and BA-QD (C) after the addition of glucose to algae in vivo. (D) Changes in
the ratio of TGA-QD and BA-QD fluorescence intensity (FTGA‑QD/FBA‑QD) in response to glucose. Asterisks denote statistical significance relative to
control (0 μM glucose) (t-test).
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caused quenching of BA-conjugated NNPs.18,60−62 The BA-
QD fluorescence quenching is based on the cross-linking effect
with glucose by the unique reaction between BA groups on the
surface of BA-QD and two pairs of cis-diols on glucose. Other
sugars such as fructose, galactose, and mannose having only
one pair of cis-diols with no additional cis conformational diol
unit do not lead to the aggregation of BA-QD and
corresponding fluorescence quenching.44 The existence of
two pairs of cis-diols in glucose is the key structural feature that
confers BA-QD a glucose-specific response.62 Figure 2H shows
a significant increase in the ratio of FTGA‑QD/FBA‑QD in vitro in
the presence of glucose but not for sucrose, fructose, lactose,
maltose, and galactose.
DLS and TEM analysis indicate BA-QD aggregation after

adding glucose because of the reaction between BA group on
the surface of BA-QD and two pairs of cis-diols on glucose
(Figure 2I−K). The DLS hydrodynamic diameter measure-
ments show that BA-QD does not aggregate in water, whereas
there is a significant increase in the assembly of BA-QD in the

presence of glucose (1000 μM) (Figure 2I). Upon the addition
of glucose to the BA-QD, the average DLS value increased
gradually within 1 h of reaction time until an equilibrium state
was reached. To examine the morphology of the glucose-
mediated assembly of the BA-QD, TEM was used to image the
BA-QD in the absence and presence of glucose (1000 μM)
after 60 min incubation. In the absence of glucose, the BA-QD
remains dispersed as a single NNP on the TEM grid (Figure
2J). After adding glucose to BA-QD, the glucose-induced
assembly of BA-QD was observed in TEM images (Figure 2K),
further confirming that glucose can lead to the assembly of BA-
QD and consequent fluorescence quenching. The fluorescence
quenching of QDs upon aggregation can be explained by
exciton energy transfer and electron coupling between
QDs.63,64 Energy transfer occurs during the migration of
excitons from higher to lower band gap QDs in close proximity
(<10 nm).64,65 Electronic coupling is mediated by the
hybridization of band edge orbitals between neighboring
QDs.66

Figure 4. Glucose sensing in vivo in Arabidopsis photosynthetic tissues by the QD fluorescent probe. (A) Confocal images of leaf tissues stained by
FM4-64 (orange, cell membrane), chloroplast pigment autofluorescence (red), TGA-QD (green), and BA-QD (yellow). After addition of glucose
(1000 μM) to Arabidopsis leaf mesophyll cells, the fluorescence of TGA-QD remains relatively constant, whereas the fluorescence of BA-QD
quenches steadily over time. Scale bar: 20 μm. (B) Temporal changes in relative fluorescence intensity of TGA-QD and BA-QD probes in the
presence of 0 and 1000 μM glucose. (C) Steady increase in the ratio of TGA-QD and BA-QD fluorescence intensity (FTGA‑QD/FBA‑QD, F:
fluorescence) over time. (D) Similar relative fluorescence intensity patterns were observed in randomly selected chloroplasts for TGA-QD and BA-
QD, and (E) ratio of TGA-QD and BA-QD fluorescence intensity (FTGA‑QD/FBA‑QD). Asterisks denote significant differences between 0 and 1000
μM glucose (t-test).
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3.3. In Vivo Glucose Sensing by a QD Fluorescent
Probe in Photosynthetic Organisms. We detected the
presence of glucose in the algae C. zeylanica by confocal
microscopy using the QD probe fluorescence emission.
Confocal images showed that the QD probe enters into the
algae cell cytosol after 2 h incubation (Figure 3A). A strong
fluorescence signal can be observed from TGA-QD and BA-
QD channels before adding glucose to the algae in water. Upon
increasing incubation time of algae cells with glucose at 1000
μM concentration, the fluorescence signal from TGA-QD
remain constant and strong, whereas BA-QD fluorescence
decreases gradually indicating aggregation of BA-QD (Figure
3B,C). The quenching of BA-QD is not significant at
concentrations of glucose below 200 μM after 60 min
incubation time (Figures 3C and S3−S5). The QD probe
can detect glucose in living algae when the concentration of
glucose is 500 μM after 40 min incubation (Figure S6). The
ratio of FTGA‑QD/FBA‑QD increases linearly with time at glucose
concentrations of 500 and 1000 μM (Figure 3D). No cell
damage in algae incubated with TGA-QD and BA-QD (200
nM) was observed after 24 h (Figure S7A).
We also used Arabidopsis, one of the most well-studied

model plant species, as a system to demonstrate the detection
of glucose by the QD probe in vivo (Figures 4 and S8). We
infiltrated the QD probe (TGA-QD and BA-QD) through the

lamina of Arabidopsis leaves, allowing 2 h incubation before
confocal imaging. Similarly, no cell damage nor changes in
chlorophyll content index in Arabidopsis leaves were observed
after 24 h incubation with TGA-QD and BA-QD (200 nM)
(Figure S7B,C). Without glucose addition, the fluorescence
signal of TGA-QD and BA-QD does not change after 60 min
observation in excised leaves (Figures 4A,B and S8). In
contrast, adding 1000 μM glucose to Arabidopsis leaf
mesophyll cells leads to the gradual decrease of BA-QD
fluorescence intensity, whereas the fluorescence intensity of
TGA-QD remains relatively constant (Figure 4A,B). The
gradual increase in the ratio between the fluorescence intensity
of TGA-QD and BA-QD (FTGA‑QD/FBA‑QD) reflects the
interaction of the QD probe with glucose in Arabidopsis leaves
(Figure 4A,C). The overlay between TGA-QD and BA-QD
confocal images in algae and Arabidopsis indicates a highly
even distribution of these two QDs in vivo (Figure S9). The
TGA-QD and BA-QD distribution patterns in leaf mesophyll
cells have an average overlay rate from 86.9 ± 2.0% to 89.4 ±
3.9% over the duration of the experiments (Figure S9D). No
significant difference of colocalization rate with chloroplasts in
Arabidopsis plants was found between TGA-QD and BA-QD
(Figure S10A,B). The similar subcellular localization of TGA-
QD and BA-QD in leaf mesophyll cells and chloroplasts
indicates that this QD ratiometric approach is adequate for

Figure 5. Standoff detection of glucose in Arabidopsis leaves using the QD fluorescent probe. (A) TGA-QD and BA-QD fluorescence signals were
monitored by two Raspberry Pi cameras equipped with band pass optical filters (BP 480−520 nm and BP 590−660 nm for TGA-QD and BA-QD,
respectively). The QD fluorescence emission was recorded under UV excitation of 365 nm and 10 s exposure time. (B) Background fluorescence
signal from leaf without NNPs. (C) Temporal patterns of BA-QD and TGA-QD fluorescence intensity from 0 to 60 min after adding glucose (1000
μM) and without glucose (0 μM) for whole leaf and (D) selected regions of interest. Mean ± SD.
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monitoring glucose levels at scales ranging from organelles,
tissues to whole leaves. Metabolite FRET nanosensors have
been successfully used to characterize and monitor glucose in
yeast and in Arabidopsis.14,67 However, the detection of glucose
has been challenging in nonmodel plant systems because it
requires the use of mutants or coexpression of the FRET
nanosensor.28 Compared to metabolite FRET nanosensors, the
QD probe does not require special genetic modification for
glucose sensing in plants. Thus, this plant nanobiotechnology
approach for detecting glucose has the potential to be
translated from model organisms to wild-type photosynthetic
organisms.
Chloroplasts, the main plant organelles responsible for

energy harvesting and conversion,68 use energy from sunlight
to convert carbon dioxide and water into energy-rich organic
molecules, such as glucose.69 Glucose plays a key role as a
signaling molecule in plants, controlling several aspects of plant
physiology and development.2,5 Detection of glucose within
subcellular compartments is important for understanding its
role as a signaling molecule.5 The QD probe has the spatial
resolution for detecting glucose in single chloroplast of
Arabidopsis leaf mesophyll cells (Figure 4D,E). Three
chloroplasts were chosen randomly for monitoring the
fluorescence intensity changes in TGA-QD and BA-QD in
leaf mesophyll confocal images (Figure 4A). As expected, the
fluorescence intensity of TGA-QD remains stable after 60 min
incubation (Figure 4D). In contrast, the fluorescence of BA-
QD quenches rapidly. The increase in intensity of FTGA‑QD/
FBA‑QD ratio maps indicated glucose detection by the QD
probe in single chloroplast after glucose addition (Figure 4E).
Without addition of glucose, the ratio of fluorescence intensity
between TGA-QD and BA-QD does not change significantly
in single chloroplasts exposed to light (Figure S11). The
subcellular resolution of our QD glucose probe has potential
applications in tracking glucose production and transport
within cells, tissues, or whole leaves. Understanding the spatial
distribution of glucose in plant cells is fundamental to dissect
its role in signaling transduction and regulation of plant growth
and reproduction.70 Our results indicate that besides
chloroplasts, the highest increase in FTGA‑QD/FBA‑QD signals is
in the vacuole (Figure 4A), in agreement with previous
studies.71 As the site of glucose synthesis, chloroplasts are
expected to exhibit the largest changes in glucose levels under
dark conditions.72 NNP glucose sensing approaches with high
spatial resolution will significantly improve our understanding
of the role of this key signaling molecule in planta.5 Together
these results indicate that glucose can be detected at the single
chloroplast level in living photosynthetic tissues by using the
QD probe developed in this study.
3.4. In Vivo Standoff Imaging of BA-QD Fluorescence

Changes in Response to Glucose in Plant Leaves. To
monitor glucose in vivo in whole leaves of Arabidopsis plants,
we created a Raspberry Pi camera system that images and
records the visible fluorescence signal of BA-QD and TGA-QD
in the presence of glucose (Figure 5). The Raspberry Pi
camera system is a low-cost and robust approach to image
NNP fluorescence signals in planta.30,73 After topical delivery
of glucose (1000 μM) to the leaf lamina, the fluorescence
emission of TGA-QD from dark-adapted Arabidopsis leaves is
relatively stable from 0 to 60 min (Figure 5A,C), whereas the
BA-QD fluorescence decreases by 53% (P < 0.001) (Figure
5A,C). A similar response of QD fluorescence signal was found
in three selected regions of the leaf lamina (Figure 5D). Leaves

without NNPs exhibited a low and stable background signal
within the selected QD fluorescence emission after applying
glucose (Figure 5B). In experiments, without the addition of
glucose, reductions of BA-QD fluorescence intensity are
observed in leaves under dark compared with stable TGA-
QD fluorescence signals (Figure S12A,C). However, the BA-
QD fluorescence intensity changes are relatively lower and not
homogeneous compared with leaves exposed to 1000 μM
glucose. No significant changes of BA-QD and TGA-QD
fluorescence signal were found in Arabidopsis leaves under light
(200 μmol m−2 s−1) except at the leaf tip where light-driven
evapotranspiration could have promoted the movement of QD
(Figure S12B,D).74,75 Together, these results point out that the
QD glucose probe is well suited to monitor glucose under dark
when chloroplasts are synthesizing and exporting glucose, and
there is no evapotranspiration. Overall, our results demonstrate
that imaging a QD probe by a Raspberry Pi camera system is a
practical tool for monitoring glucose in plant leaves. This in
vivo standoff QD glucose imaging approach has the potential
to be utilized for directly monitoring changes in glucose levels
of photosynthetic organisms in the field.

4. CONCLUSIONS
We developed an in vivo standoff glucose imaging system
based on a QD fluorescent probe designed for photosynthetic
tissues. The TGA-QD acts as a reference fluorescence probe
which does not respond to glucose, whereas the BA-QD
fluorescence successfully monitors the presence of glucose
above 100 and 500 μM in vitro and in vivo. To our knowledge,
the starting analytical range of in vivo glucose QD detection
has been reported to be within 100−400 μM.62 Glucose levels
in photosynthetic tissues of light-grown plants have been
estimated to range between 300 and 2000 μM.13,45 Thus, the
BA-QDs synthesized in this study are within the reported
sensitivity range of glucose detection of 500 μM (in planta).
The ratio of FTGA‑QD/FBA‑QD can be used to detect glucose in
vivo both in algae and land plants such as Arabidopsis within
this physiological range. The unique glucose-mediated
assembly and fluorescence quenching of BA-QD enable a
selective response to glucose against other common sugars in
plants such as maltose, fructose, galactose, and sucrose. The
response of the QD fluorescent probe in algae and Arabidopsis
plants in vivo was similar to in vitro tests corroborating the
robustness of the QD-based ratiometric approach for biological
research applications. Previously reported in vivo glucose
sensing approaches in plants require genetic modifica-
tion.13−15,28 Therefore, they are not currently practical tools
for enabling in vivo standoff detection of glucose in nonmodel
plant species. In contrast with laboratory-based methods, our
portable QD glucose sensing approach has the potential of
allowing research in nonmodel plant species both in the
laboratory and the field. This QD-based probe for in vivo
standoff imaging is a highly enabling tool for glucose sensing in
solar energy conversion biomaterials and photosynthesis
research.
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