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ABSTRACT: Lycopene, a natural colorant and antioxidant with a huge
growing market, is highly susceptible to photo/thermal degradation, which
demands real-time sensors. Hence, here a transparent upconversion
nanoparticles (UCNPs) strip having 30 mol % Yb, 0.1 mol % Tm, and f-
NaYF, UCNPs, which shows an intense emission at 475 nm, has been
developed. This strip has been found to be sensitive to lycopene with a
detection limit as low as 10 nM using a smartphone camera, which is due
to static quenching that is confirmed by the lifetime study. In comparison
to previous paper strips, here the transparent strip has minimal scattering
with maximum sensitivity in spite of not using any metal quenchers. An
increase in strip hydrophobicity during the fabrication process comple-
ments the strip to selectively permeate and present an extraction-free
substitute analysis for chromatography. Hydrophobicity endows the strip
with the capability to reuse the strip with ~100% luminescence recovery.

KEYWORDS: UCNPs, sensing, lycopene, tomato, CNC film

Bl INTRODUCTION

Lycopene, the natural colorant and antioxidant, is becoming an
important constituent in the food and beverage, nutraceutical,
pharmaceutical, and cosmetics industries. Its market was $66
million in 2010, which increased to $107 million in 2020 and is
expected to reach $200 million in 2030." It is an expensive
natural compound extracted predominantly from tomatoes,
and the cost can go above $6000 kg™'. Lycopene has been

highest reactive oxygen removal rate among all carotenoids
(Kg: 31 x 10° M~ §71) 11

The cutting-edge technology to control the optical proper-
ties in nanoparticles led to the development of optical sensors
for metal ions and the quantification of organic molecules."> ™"
Such detection is based on fluorescence and absorbance energy
transfer (ET), static/dynamic quenching mechanism, and
fluorescence resonance energy transfer (FRET)/inner filter
effect.'® Other mechanisms like electron/hole annealing,

found to reduce the risk of cardiac diseases, cancers, organ
disorders, metabolic syndrome, and infertility,”* which
emphasizes its role as a nutraceutical in human health.’~*
Importantly, the poorest consumer group of the population has
been found to be in the need of lycopene supplement,” and
supplement in different forms like juice, soup, and sauce has
shown the plasma lycopene content to increase by ~60% (up
to 1.15 uM L7™1)."% Latest regulation in the food industry
emphasizes the labeling of the ingredient to differentiate
natural from artificial ingredients.'’ The concentration of
lycopene in turn controls the flavor as it is the precursor for the
high odor unit value compound 6-methyl-S-hepten-2-one."”
Lycopene is susceptible to light, temperature, and microbial
degradation, which warrants high throughput sensing at
various stages from raw material purchase to processing to
the supply chain, etc. Lycopene is acyclic with 5, 9, 13, and 15
position isomers having three absorbance maxima between 400
and 510 nm, which draws special attention for having the
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aggregation-induced quenching/emission, and chroma re-
sponse have been exlplored for fluorescence change and
colorimetric detection.”>* Recent developments in fluores-
cence-assisted detection use machine learning to analyze the
curve pattern and identify the nucleotide.”” The ubiquitous
access to smartphones gives the convenience of sensor
integration like the piezo etc, for on-the-spot analysis.”*
Similarly, the use of smartphone camera sensors has been
developed for the quantification of metal, glucose, antibiotics,
covid virus, etc.” 72" On the other hand, in the search for more
versatile, low-cost, and reusable sensors, paper-based platforms

EEIAPPLIED wireriais

Received: April 19, 2022 ——
Accepted: May 17, 2022 S
Published: June 6, 2022

https://doi.org/10.1021/acsami.2c06894
ACS Appl. Mater. Interfaces 2022, 14, 27507—-27514


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kamaljit+Kaur"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bandana+Kumari+Sahu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kanchan+Swami"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mahima+Chandel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anshika+Gupta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li-Hua+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeffrey+P.+Youngblood"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeffrey+P.+Youngblood"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Selvaraju+Kanagarajan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vijayakumar+Shanmugam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.2c06894&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06894?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06894?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06894?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06894?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06894?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aamick/14/23?ref=pdf
https://pubs.acs.org/toc/aamick/14/23?ref=pdf
https://pubs.acs.org/toc/aamick/14/23?ref=pdf
https://pubs.acs.org/toc/aamick/14/23?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.2c06894?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

are encouraged.’’ Similarly, fabric-based calorimetric signals
are emerging as a user-friendly technique.”> Very recently,
excellent sensor paper for thiram detection as low as 60 nM
concentration in fruits and vegetables has been fabricated using
fluorescent carbon quantum dots having intense blue
emission.””

Among fluorescent nanoparticles, near-infrared (NIR)-
sensitive materials have gained more attention as they are
free from background interference.””*> In plant metabolite
quantification, samples rich in chromophores often show
background fluorescence in visible light excitation.>*™>® Hence,
the intense fluorescence upconversion nano-biosensor paper
(upconversion nanoparticles (UCNPs)) with NIR excitation
could be a possible solution with smartphone camera-assisted
documentation. Such UCNPs based smart phone camera is
comparatively limited to few demonstrations like drug
counterfeiting and quantification of pesticide in fruits and
other samples.””~*'

In this study, we developed an upconversion sensor paper
having high transparency to detect lycopene levels with high
precision using the overlap of lycopene absorbance with the
UCNPs emission coupled with a smartphone camera-assisted
quantification. To our knowledge, for the first time, here
upconversion sensor paper of high transparency with low
scattering has been developed in contrast to cellulose papers
with regular scattering. The transparent paper has been
optimized by us previously for other packing applications.*”
Also, the increase in the hydrophobicity during cellulose
nanocrystal (CNC) modification and UCNPs addition paves
the way for efficient lycopene mobility and quenching. Further,
this also gives accessibility to the solvent, to wash all of the
lycopene pockets after use, to restore ~100% emission, which
has again not demonstrated previously. As agricultural
products are highly perishable and the level of antioxidants
fluctuates at the fruit maturation stage, these kinds of real-time
sample analysis are needed to speed up the detection and
reduce the dependence on lengthy and costly chromatographic
analysis in food quality control processes.

B MATERIALS AND METHODS

The chemicals and materials used in this study were as follows:
octadecene, oleic acid (Sigma-Aldrich), yttrium acetate (Sigma-
Aldrich), ytterbium acetate (Sigma-Aldrich), thulium acetate (Sigma-
Aldrich), acetone, methanol (high-performance liquid chromatog-
raphy (HPLC) grade), water (HPLC grade), hexane (Merck), 2,6-di-
tert-butyl 4-methyl phenol (Sigma-Aldrich), methyl tert-butyl ether
(MTBE) (Sigma HPLC grade), lycopene (Sigma-Aldrich), poly(vinyl
alcohol) (PVA) (molecular weight (MW) 89,000—98,000), cellulose
nanocrystals (provided by Forest Products Lab Batch 2018-FPL-
CNC-130, 10.0 wt % in water, 1.06 wt % sulfur on dry CNC, sodium
form), C30 column (YMC), ascorbic acid (Sigma-Aldrich), glucose
(HiMedia), naringenin (HiMedia), magnesium sulfate (Thermo
Fisher), sodium carbonate (Merck), calcium hydroxide (Merck),
potassium nitrate (HiMedia), quinoline yellow (TCI), and chloro-
genic acid (HiMedia).

Characterization. Powder X-ray diffraction (PXRD) analysis was
carried out in a Bruker ADVANCE D8 diffractometer that has a Cu
Ka radiation source (4 = 1.5406 A) at 40 kV and 25 mA.
Transmission electron microscopy and high-resolution transmission
electron microscopy (HRTEM) were performed using a JEOL-JEM
2100 with a lanthanum hexaboride filament at an accelerating voltage
of 200 kV. The photoluminescence spectra were measured using a
FluoroMax-4 spectrofluorometer (Horiba) equipped with 980 nm
laser excitation. The contact angle was measured using a Kruss
ADVANCE drop shape analyzer. HPLC was performed in a Waters

instrument having MTBE and 95% methanol as the mobile phase and
C30 (YMC 250 X 4.6 mm” LD.) column in a gradient flow as the
stationary phase. Ellipsometer studies were performed on an
Angstrom Sun Technologies Inc. TF probe to determine the film
thickness and wavelength at 633 nm.

Synthesis of f-NaYF,, 30 mol % Yb, and 0.1 mol % Tm
Upconversion Nanoparticles. The synthesis has been followed
with the aim to achieve the maximum UCNPs emission intensity that
can have overlap at the wavelength of lycopene absorbance maxima.
For this, the precursor ratio of the activator and emitter were changed
while following the rest of the steps as reported previously.*’ Briefly,
in a S0 mL three-neck flask, Y(CH;COO),, Yb(CH,COO,), and
Tm(CH;COO,) with 2.8, 1.2, and 0.02 mM precursor concen-
trations, respectively, were prepared in 7:3 ratio of octadecene and
oleic acid. The temperature of this mixture was increased to 120 °C in
vacuum and kept in continuous stirring for 30 min. The reaction
temperature was reduced to ~50 °C, followed by the addition of 16
mM NH,F and a 10 mM NaOH solution prepared in methanol. Once
the solution turned turbid, it was allowed to stir for 30 min. The
methanol was then removed from the reaction using vacuum at 90 °C.
Finally, the temperature was further increased to 300 °C with
constant stirring for 1.5 h.

After cooling, the UCNPs were precipitated by the addition of 40
mL of acetone to the resultant solution, followed by centrifugation at
7000 rpm for 10 min. The resultant pellet was washed using a hexane/
ethanol mixture a minimum of three times, and the resultant pellet
was then redispersed in hexane and stored for further use.

Upconversion Luminescence Quenching in Solution with
Lycopene Addition. Using fixed concentrations of upconversion
nanoparticles (0.5 mg mL™"), the quenching efficiency (QE) of the
luminescence was measured with increasing lycopene concentrations
from 80 pM to 2 uM. Here, the maximum titration volume was 10 L,
which does not have luminescence attenuation. A 980 nm laser was
used as the excitation source.

Interference Study. Fruits commonly contain ethanol, ascorbic
acid, glucose, naringenin, magnesium, sodium, calcium, potassium,
quinolone yellow, and chlorogenic acid; hence, these molecules were
considered as the model compounds for an interference study of
UCNPs quenching. These molecules were added to the UCNDPs
solution in a similar volume to arrive at an equimolar lycopene
concentration, and the emission spectra of UCNPs were measured
using 980 nm excitation wavelength.

Fluorescence Quenching in Real Sample Analysis. In case of
real sample analysis, different concentrations of tomato juice were
added to an optimum concentration of UCNPs (0.5 mg mL™") and
centrifuged at 9000 rpm for 10 min. The supernatant was discarded
and the remaining pellet was resuspended in the same volume of
hexane, and the emission spectra were measured at 980 nm excitation
wavelength.

Time-Resolved Decay Measurements. Lifetime decay measure-
ments of UCNPs were carried out both in the presence and absence
of lycopene using 980 nm laser as excitation source for an emission
wavelength at 475 nm. The curves were fitted to single exponentials,
and the average lifetime was calculated.

Sensor Paper Strip Fabrication. The CNC/PVA paper strip was
fabricated using our previous protocol optimized to maximum
transparency.*” Briefly, 11.9 g of PVA powder was added to 88 mL
of water and stirred at 85 °C. This PVA solution was mixed with
CNCs at a ratio of 0.3:0.7. This mixture was sonicated and stirred for
another 2 h, following which it was cast onto glass slides.
Approximately, 1.5 ml of the above CNC/PVA aliquot was shear-
cast at an angle of 45° using a single-edge razor blade. The shear-
casting was repeated approximately three to four times on the glass
slide, and the slide was incubated in a desiccator for 4—6 days. After
this time, the paper strips were peeled off from the glass slide and
stored in a controlled atmosphere at room temperature for further
use. A similar protocol was followed for UCNPs cast paper strip
fabrication by adding 2 mg mL™! UCNPs in the CNC/PVA
suspension.

https://doi.org/10.1021/acsami.2c06894
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Figure 1. (A) UV—vis absorbance spectra of lycopene. (B) XRD pattern of as-prepared NaYF,, Yb**, and Tm** UCNPs matching with JCPDS 16-
0334. (C) Photoluminescence spectra of as-prepared UCNPs and inset showing a photograph of as-prepared UCNPs when irradiated using a 980
nm excitation laser. (D) TEM and HRTEM images of UCNPs showing a lattice d-spacing of 0.52 nm.

Lycopene Content Validation in a Real Sample Using HPLC.
Lycopene was extracted and analyzed using HPLC. Briefly, tomato
juice was dehydrated using 65 mL of methanol, followed by filtration
through a glass Buchner funnel.* The filtrate was mixed with a
mixture of carbon tetrachloride and methanol in a separating funnel to
extract the lycopene to the organic phase and repeated three times.
Then, a few drops of hot methanol and benzene were added to the
resultant before solvent evaporation and redispersed into hexane for
further analysis.

HPLC analysis was carried out using MTBE:95% methanol as the
mobile phase and C30 as the stationary column using a PDA detector
having 400—530 nm as the detection wavelength. Lycopene standards
were injected for the calibration plot.

Contact Angle Measurement. The contact angle was measured
on a dried paper strip using a drop shape analyzer (Kruss advance
drop shape) equipped with a high-resolution charge-coupled device
(CCD) camera. A small rectangular sensor paper strip was placed on
the sample holder, a drop was placed onto the surface of the sensor
paper strip, and the contact angle was measured.

Image Analysis. A simple in-house system was fabricated to
house the laser and sensor paper strip at different compatible
positions for smartphone camera (OnePlus 8T; Qualcomm
Snapdragon 865 chipset)-assisted imaging. The fabricated sensor
paper strips were peeled off from the substrate after drying and cut
into 0.5 cm X 0.5 cm pieces. The laser was illuminated at an angle of
45° with respect to the paper strip position, and a NIR filter was
placed in front of the camera, which was vertically above the sensor
paper strip. Different dilutions of lycopene were added to the
fabricated sensor paper strip, and images were captured using a
OnePlus 8T smartphone camera. Further images were analyzed using
Image] software, and the respective blue intensity was measured at the
desired area.

Real Sample Analysis Using the Sensor Paper Strip. Real
sample analysis was performed on sensor paper strips by diluting
tomato fruit juice 10 times and adding 10 uL of diluted juice onto the
sensor paper strip. Following this, the strips were air-dried and imaged
using the smartphone camera for image analysis.

B RESULTS AND DISCUSSION

This study aimed to develop an upconversion sensor paper to
quantify the lycopene present in fruits and vegetables. The

lycopene has absorbance maxima at 475 nm (Figure 1A);
hence, to detect this, UCNPs with the emission maxima in the
same range have been synthesized and characterized with
minor modifications. From the literature, it was clear that this
emission arises from a band corresponding to the 'G, — *Hj
transition from the Tm*" activator in the NaYF, host having
Yb3" as the sensitizer. Further, the ratio of Yb*" and Tm>* has
to be optimized to avoid cross-relaxation and nonradiative loss,
which may compromise the desired maximum of 475 nm
emission.” ™" Therefore, UCNPs with different Yb** and
Tm®" ratios were synthesized with Yb** at 30% and varying
Tm?" ion concentrations by the thermal decomposition
method reported by us previously for the vitamin D
fortification in mushrooms.*®

Synthesized UCNPs were characterized using XRD and
emission spectrophotometry at 980 nm excitation. The XRD
pattern confirms the presence of hexagonal f-NaYF, phase
material by matching with the JCPDS standard card 16-0334
(Figure 1B). In the case of emission spectra, the UCNPs with
0.1% Tm?" exhibited an emission maximum at 475 nm, which
was 9 times larger than the 650 nm emission (Figure 1C). The
photograph of the UCNPs illuminated by the 980 nm NIR
laser at 2 W is given in Figure 1C inset, contrary to our
previous study that shows 475 nm emission ~2 times the 650
nm emission while having 30% Yb** with 0.5% Tm®*. Thus,
this material with the maximum emission at 475 nm qualifies
for the high sensitivity by maximum quenching at a minimum
lycopene concentration. The TEM image of the sample with
the selected emission spectra shows the average particle size to
be 25 nm (Figure 1D). The HRTEM image of the particles
shows the “d” spacing between the lattice to be 0.52 nm
(Figure 1D inset), which corresponds to the (100) hexagonal
phase of NaYF, host nanocrystals.

Spectroscopic Analysis. Before the sensor paper
fabrication, the suitability of the nanoparticles to show
luminescence quenching through energy transfer (ET) by
the overlap of the UCNP emission with the lycopene

27509 https://doi.org/10.1021/acsami.2c06894

ACS Appl. Mater. Interfaces 2022, 14, 27507—-27514


https://pubs.acs.org/doi/10.1021/acsami.2c06894?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06894?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06894?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06894?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c06894?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

A) —— UCNP
——20 nM l
’;-\ ——40 nM t
= [——60nm
Z[——80uMm
%’ —— 120 nM. \
=
<
=
=
=
400 450 500
Wavelength (nm)
o g
o)
S
Fd L& S & 2D
S T SIS
S ITITSFT TN S ¥
FOULLTEs &
& A ] »
# TS
(SXed

B)_ 30]
g }
2 251 S
E -
E 20 P
.
E" 15 j/
= ,/
£ 104 }/
= ///
g 54 &«
&
04— . . . . .
2 4 6 8 10 12
Concentration (nM)
D) ——UCNPs
| —10uL
:i ——20 uL
= | ——30uL
ol
F | ——50uL
=
2
2
-
29}

300 350 400 450 500 550
Wavelength (nm)

Figure 2. (A) Fluorescence quenching of UCNPs on the addition of different lycopene concentrations (nM); inset shows the corresponding
fluorescence photo. (B) Linear calibration plot showing fluorescence quenching efficiency (%) at different lycopene concentrations (nM). (C)
Quenching efficiency with other possible interfering molecules in fruit juice shows the selectivity of the material to lycopene. (D) Real sample
analysis showing an increase in gradual fluorescence quenching in proportion to the increase in the fruit juice concentration.
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Figure 3. (A) Image of in-house custom-designed accessory with a cross-sectional view for smartphone/laser housing. (B) Luminescence image of
the as-prepared UCNPs sensor paper strip under 980 nm laser excitation captured using a smartphone camera. (Left) Photograph of the as-
prepared UCNPs-embedded transparent sensor paper strip showing the transparency of the strip on the institute emblem (right). (C) Contact
angle measurement of the UCNP-embedded sensor paper strip. (D) Luminescence image of the UCNP sensor paper strip with the addition of
increasing lycopene concentrations. (Red line depicts the linear fit of the sensor paper strip to the increasing lycopene concentration.) (E)
Reusability of the UCNP sensor paper strip shown with the luminescence image restoration with each washing (corresponding normalized blue

intensity is plotted).

absorbance has been examined. Different UCNPs concen-
trations were titrated with 10 uM lycopene and found that 0.5
mg mL™' UNCP was suitable to show measurable quenching
efficiency. Following this, the fluorescence stability and
maximum quenching signal of the UCNPs in response to

lycopene concentrations were determined in different solvents
like hexane, tetrahydrofuran (THF), toluene, benzene, ether,
and chloroform. Here, benzene, ether, and chloroform showed
aggregation; hence, the fluorescence signals were poor,
whereas in THF and toluene, the quenching was not

https://doi.org/10.1021/acsami.2c06894
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Figure 4. (A) Limit of detection optimization of a transparent UCNPs sensor paper strip showing a linear plot of quenching efficiency as low as 10
nM lycopene. (B) Limit of detection optimization of a UCNPs sensor paper strip prepared on regular cellulose paper. (C) Lifetime analysis of
UCNPs fluorescence decay in the presence and absence of lycopene with its corresponding fit. (D) Representative HPLC spectra of extracted
lycopene in a C30 column and inset showing real sample analysis on the transparent strip.

proportional (Figure S2). In hexane, lycopene concentration-
dependent quenching of 450 and 475 nm UCNP emission
peak with a detection limit of 80 pM lycopene to 120 nM using
0.5 mg mL™" UCNPs was observed (Figure 2A, B). This
optimization of UCNP concentration allowed us to reach a
detection limit of 80 pM (Figure S3). The same amount of
blank solvent was titrated in 0.5 mg mL™" UCNPs to ensure
the absence of quenching by the solvent. (Figure S4). Here,
the UCNPs did not show any measurable quenching with the
addition of control solvent without lycopene, which confirms
that the quenching is due to the analyte addition.

Quenching efficiency was calculated with respect to each
analyte according to the equation

QE (%) =1, - I/],

where I, is the fluorescence intensity before and I is the
fluorescence intensity after the addition of the analyte.
Ultimately, the aim of the study was to use this sensor design
for real sample analyses, specifically for fruit quality
determination, which have the major constituents like ethanol,
ascorbic acid, glucose, naringenin, magnesium, sodium,
calcium, potassium, and chlorogenic acid. So, to ensure the
selectivity of 450 and 475 nm peak quenching to lycopene, the
effect of the above compounds that belong to sugar, alcohol,
vitamins, polyphenols, and ions along with artificial food
colorant quinolone yellow was investigated at yM concen-
tration and found to have no interference (Figures 2C and S5—
S13). After this confirmation, real sample analysis was pursued
using tomato juice, which is rich in lycopene. Figure 2D shows
that with an increase in the real sample concentration, there is
a proportional decrease in the 450 and 475 nm emission
intensity of UCNPs, which has not been observed in the
control addition. The proportional reduction in the 350 nm
peak may be due to the minor absorbance in the lycopene.
Transparent UCNP Sensor Paper Strip Preparation
and Characterization. With the above encouraging results

27511

that show the UCNPs to be sensitive and selective to ~pM
concentration of lycopene, a transparent UNCPs sensor paper
strip was optimized with the aim of highest sensitivity. To
fabricate such a sensor, a 98% transparent paper optimized by
us using cellulose nanocrystals (CNCs) and PVA (due to the
matching refractive index)® was tested with different amounts
of UCNPs. The luminescence image of the fabricated UCNPs
paper was captured using a smartphone placed in such a way
that the camera fits the window of an in-house custom-
designed accessory (Figure 3A). This accessory holds a 980
nm portable laser at an angle of 45° with respect to the sensor
paper at a convenient distance along with the band pass filter
placed in front of the smartphone camera. The CNC + PVA
composite with 2 mg mL™' UCNPs was found suitable for
maximum transparency and optimum luminescence at 450
mW of laser power (Figure 3B). To ensure that the composite
containing UCNPs has the same elasticity as that of our
previous CNC/PVA mixture,42 the loss and storage modulus
has been measured. The composite results showed ~3.5 times
improvement in the storage modulus than that of the CNC/
PVA mixture, thereby proving it to have more elasticity, which
may be due to the role of UCNPs as a reinforcement agent
(Figure S14). The higher concentration of UCNPs causes
intense emission that becomes insensitive to the low analyte
concentration, whereas a lower concentration does not cause
detectable emission. Therefore, the UCNPs concentration was
optimized to 2 mg mL ™", so that it has readability as low as 10
UM lycopene quenching in the smartphone camera.

The prepared sensor strip is desired to have a hydrophobic
surface to have high lycopene mobility; therefore, the water
contact angle of the strip was measured. The contact angle
measurement shows that the contact angle of the sensor paper
increased to 80° (Figure 3C) from 40° in the UCNPs-free
transparent paper (40° can be referred from our previous
publication, which is also a significant increase compared to the
regular cellulose paper). This increase may be due to the
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complementary effect from the oleic acid coating on the as-
prepared UNCPs, which is desired to enhance the hydro-
phobic interaction with lycopene.

Quantification of the Sensitivity. The UCNPs sensor
paper strip in Figure 3D shows the luminescence quenching
sensitive to a proportional increase in the lycopene
concentration when illuminated with a 980 nm portable laser
at 450 mW. The numerical count of the blue channel was
measured using Image] software. Following this, to check the
suitability of the UCNPs sensor strip to be reused multiple
times, the sensor strip was quenched with the maximum
amount of lycopene, i.e., 100 M was washed with hexane and
tested if the blue channel count was restored at every washing.
In this experiment, for five repetitions, the sensor strip was
shown to restore the luminescence to the original value each
time (Figure 3E). The transparent paper was found compatible
since it is comparatively hydrophobic and thus allows the
hexane to reach all of the micropores to wash away the
hydrophobic lycopene. To check the stability of the strip, the
thickness of the strip was measured using an ellipsometer,
which showed the thickness to be stable at ~1700 nm (Figure
S15a,b).

Further, to compare the limit of detection of the transparent
strip with that of the regular cellulose filter paper, which is
commonly used, an equal amount of optimum concentration
of UCNPs was dropped on both materials and tested against
lycopene. The strips were titrated with a reducing nM
concentration of lycopene, showing the limit of detection of
the transparent sensor strip to be 10 nM (Figure 4A), whereas
the regular cellulose filter paper with the UCNPs cast showed
the detection limit to be 250 nM (Figure 4B). This
improvement in detection may be due to lower scattering in
the transparent paper that allows the maximum blue channel
count to reach the camera, whereas in the regular paper, the
quenching limit of the trace is undetected due to scattering.
Thus, in the regular paper, to improve the limit of detection,
metal or strong organic dye with a high absorbance index is
needed.

Sensing Mechanism behind the Limit of Detection.
To understand the mechanism behind quenching, the UCNPs
fluorescence lifetime was measured. In fluorescence lifetime
measurement, T, is the UCNP lifetime, i.e., ~0.23 ms, and
the 7,,,, is the UCNPs lifetime after lycopene addition, i.e.,
~0.238 ms (Figure 4C). There was no significant change in the
lifetime, and hence, the 7,,,,/7,,, Was nearly 1, which confirms
that the ET is static rather than dynamic.*””° This means there
is a spectral overlap between the UCNPs emission and
lycopene absorbance range, and fluorescence quenching is due
to an inner filter effect. This is a vital phenomenon of a
spectrofluorometer as it does not require any particular
orientation of fluorophores and quenchers. Therefore, ET
occurs by the completion of fluorescence emission and
reabsorption. The dynamic ET occurs only if there is a
nonradiative transfer of energy from the donor to the acceptor,
which occurs with the close proximity of the donor and
acceptor that is recommended for photodynamic applications.

In this condition, the regular cellulose paper that causes
scattering of the emission may not give enough emission for
metal-free molecules, which suffer from poor quenching
coeflicients to cause significant quantifiable quenching at low
concentrations. Further, the hydrophobicity of the fabricated
sensor paper strip may also have allowed the analyte to reach
closer to effective quenching at low concentrations. Although

the donor/acceptor distance is a minor factor in the static
quenching, it cannot be ignored with a significant increase in
the contact angle.

Real Sample Analysis and Luminescence Quenching
Mechanism. The evidence observed above shows that the
sensor strip method developed may not require sample
extraction, as the emission peak and the hydrophobicity are
selective to the lycopene. Hence, for the real sample analysis,
tomato juice was diluted to tenfolds, since the sensor strip is
highly sensitive with a detection limit in the range 10 nM. This
may be due to the ability of the NIR excitation to overcome
the background autofluorescence. Thus, diluted samples
showed concentration-dependent quenching, which has been
crosschecked using the HPLC (Figure 4D). The reading was
very close, with a difference of ~7%.

B CONCLUSIONS

Lycopene is an important carotenoid with the highest
antioxidant potential and its quantification is gaining more
importance in the food and agriculture industry. A portable
smartphone camera-based cost-effective UCNPs sensor strip
with a detection limit of 10 nM free of metal quenchers has
been developed, which has better resolution compared to other
recently published excellent studies (Table 1). Due to the use

Table 1. Performance Comparison with Previous
Publication of Upconversion Paper Using Quenching and
Recovery Principles

minimum
analyte reference concentration
thiram (thiram copper complex as a 41 100 uM
quencher)
sulfite 39 60 nM
cocaine with gold nanoparticles as S2 S oM
quenchers
fluoride ion (complex formation using 53 S uM
curcumin)
no metal quenchers present 10 nM

work

of a smartphone and nanopaper-based sensor, the method can
be used with little to no skill. The sensitivity of detection is
significantly higher than that of a regular cellulose paper,
probably due to the minimum scattering in the transparent
paper. The strip also shows ~100% luminescence recovery
with simple washing, allowing for reusability, which renders the
strips convenient for the Internet of things-assisted data
pooling from different locations, which is emphasized for
future agriculture.”’
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