#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

PAPER

Multispectral upconversion nanoparticles for near

i") Check for updates‘
infrared encoding of wearable devicest

Cite this: RSC Adv., 2021, 11, 21897

Gibum Lee,{ Jonghwan Mun,} Hyunsik Choi, Seulgi Han and Sei Kwang Hahn@®*

Individual recognition technology such as iris recognition and bar coding has been extensively investigated
for non-face-to-face authorization. However, there are still strong unmet needs for facile, rapid, and robust
individual recognition. Here, we developed multispectral transparent films of upconversion nanoparticles
(UCNPs) for near-infrared (NIR) encoding of wearable devices including contact lenses and patch
devices. A multispectral UCNP film in a contact lens showed various luminescence colors of patterns
under 980 nm NIR light irradiation and each color could be assigned to a specific code by RGB value

analysis. The encoded film of UCNPs in the contact lens was successfully decoded by the RGB value
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Accepted 15th June 2021 analysis with a charge coupled digital (CCD) camera. Furthermore, the UCNP barcode film could be

applied in the form of attachable barcode patches onto various substrates like porcine skin and paper
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Introduction

Individual recognition systems have been used for various
applications including surveillance, financial transactions,
access management and patient healthcare. For individual
recognition, biometrics systems like iris recognition were
developed for commercial non-face-to-face authorization. Due
to high reliability by the distinct aspect of biometrics, these
systems were used to digitally identify a person for granting
access using physical or behavioral characteristics such as facial
patterns, fingerprints, voice or typing cadence."” However,
biometrics systems are generally cost- and time-consuming for
the recognition of captured images. Moreover, the accuracy in
the recognition of individual biometrics systems depends on
the environment, quality, alignment, and camera performance.?
Accordingly, a facile, fast, robust and inexpensive recognition
system transparent under visible light is highly needed for
various wearable device applications.

Recently, various encoding systems for individual recogni-
tion, such as graphical encoding*® and spectral encoding,® have
been investigated in order to increase coding capacities. Several
particle-encoding methods were proposed for the combination
of graphical and spectral encoding with dramatically expand-
able permutation.”™ For example, micro-polymeric particles
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a facile individual recognition platform for non-face-to-face authorization.

were encoded by continuous flow lithography method for the
detection of DNA oligomers.”> In addition, magnetic particles
were utilized for the encoding of communicating objects.”
Especially, upconversion nanoparticles (UCNPs) are a remark-
able platform as information carriers due to their unique
luminescent properties such as photon upconversion with large
anti-Stokes shifts, broad-spectrum, biocompatibility, ease of
multifunctionality, facile size and phase tunability, and satis-
factory signal output.’? UCNPs have been harnessed for
photomedicine,***” multimodal bioimaging,**?° biomedical
device,**> molecular sensing,* and optical security.**

Here, we designed multispectral transparent films of UCNPs
for simple, fast, reproducible, and highly robust near-infrared
(NIR) encoding of wearable devices including contact lens and
patch devices. To design the graphical/spectral hybrid encoding
platform, we introduced UCNPs as a luminescent material and
a contact lens and a skin patch as model wearable devices with
high accessibility and wearing convenience.***” The multi-
spectral UCNPs were fabricated into transparent UCNPs bar-
code patterned polydimethylsiloxane (PDMS) films with
a specific sequence for encoding with RGB colors. By inserting
this film into the wearable contact lens, we firstly made trans-
parent UCNPs barcode patterned contact lens (UCNPs-BCL).
Upon NIR light irradiation, UCNPs-BCL can emit a specific
barcode sequence of patterns which can be decoded with
a charge coupled digital (CCD) camera for individual recogni-
tion (Fig. 1a). In addition, we prepared an attachable barcode
patch using the transparent UCNPs barcode patterned film and
applied onto various substrates like a porcine skin and a paper
currency. We demonstrated the feasibility of UCNPs barcode
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(a) Schematic illustration for a NIR encoding transparent UCNPs barcode film embedded in a contact lens as a model system for wearable

individual recognition, the decoding process with a CCD camera through RGB value analysis, and the relevant object recognition according to
the assigned codes under 980 nm NIR light. (b) Schematic illustration for the upconversion mechanism of RGB visible light emitting UCNPs.

patterned film as a facile and robust individual recognition
platform for non-face-to-face authorization.

Materials and methods
Materials

SYLGARD 184 silicone elastomer and curing agent were
purchased from Dow Corning (Midland, MI) and MED-6015
silicone elastomer and curing agent were purchased from
NuSil Technology (Carpinteria, CA). Lanthanide chloride hexa-
hydrates (YCl;-6H,0, GdCl;-6H,0, YbCl;-6H,O and TmCl;-
-6H,0), oleic acid (OA), octadecene-1 (ODE), ammonium fluo-
ride (NH,F), and cyclohexane were purchased from Sigma
Aldrich (St. Louis, MO).

Methods

Synthesis of UCNPs. NaYbF,:Er**,Tm*" (69% Yb**, 30% Er**
and 1% Tm>" molar ratio), NaYF,:Yb*" Er*" (78% Y*, 20% Yb**
and 2% Er’" molar ratio), NaYF,:Yb*", Tm*" (79.5% Y**, 20%
Yb*" and 0.5% Tm®" molar ratio) core nanoparticles were
synthesized as reported elsewhere.**** One mmol LnCl; (Ln:Y,
Yb, Tm, Er as above ratio) was dissolved in 5 mL methanol in
a 250 mL three-necked flask, which was mixed with a magnetic
stirrer to evaporate methanol at 70 °C. After evaporating
methanol completely, 6 mL OA and 15 mL ODE were added into
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the flask. The mixture was heated up at 110 °C for 10 min to
evaporate the remaining water under N, gas flow. Then, the
mixture was heated up to 150 °C for 30 min to make a clear core
precursor solution. After cooling down to 50 °C, 100 mg of
NaOH and 160 mg of NH,F were added, which was maintained
for 30 min. The mixture was heated up again to 120 °C and
maintained under N, gas flow for 15 min and under vacuum for
10 min to evaporate the residual water. Subsequently, the
mixture was heated to 300 °C for 1 h under N, atmosphere and
cooled down to room temperature. After centrifugation, the
products were precipitated by the addition of acetone and
stored in 10 mL cyclohexane for further use.

UCNPs@NaYF, core-shell nanoparticles were synthesized as
reported elsewhere.**° One half mmol of YCIl; was dissolved in
5 mL methanol in a three-necked 250 mL flask, which was
mixed with a magnetic stirrer to evaporate methanol at 70 °C.
After evaporating methanol completely, 6 mL OA and 15 mL
ODE were added into the flask. The mixture was heated up at
110 °C for 10 min to evaporate the residual water under N, gas
flow. Then, the mixture was heated up to 150 °C for 30 min to
make a clear shell precursor solution. After cooling down to
70 °C, 5 mL of core UCNPs dissolved in cyclohexane were added
into the mixture, which was maintained for 10 min to evaporate
cyclohexane. After cooling down to 50 °C, 100 mg NaOH and
160 mg NH,F were added, which was maintained for 30 min.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Then, the mixture was heated again up to 120 °C and main-
tained under N, gas flow for 15 min and under vacuum for
10 min to evaporate the residual water. Subsequently, the
mixture was heated to 300 °C for 1 h under N, atmosphere and
cooled down to room temperature. After centrifugation, the
products were precipitated by the addition of acetone and
stored in 5 mL cyclohexane.

Characterization of UCNPs. The core and core-shell struc-
tures of UCNPs were analyzed by TEM and the composition of
the UCNPs was determined by EDS (JEM-2200FS, JEOL Co.,
Akishima, Japan). The uniform crystal lattice of UCNPs were
analyzed by XRD (8 kW D/MAX-2500V, Rigaku, Japan). The
emission spectra were collected with a Fluorolog modular
spectrofluorometer (FL-1039, Horiba Scientific Co.) using the
excitation light source of infrared diode laser at 980 nm (SDL-
980-LM-2000T, Shanghai Dream Lasers Technology Co.).
UCNP emission images were taken with a Nikon D200 digital
camera. The elemental mapping image of UCNPs was obtained
by electron energy loss spectroscopy (EELS). The mean particle
size and the shell thickness were measured by dynamic light
scattering (DLS).

Preparation of UCNPs barcode film. The UCNPs solution in
0.2 mL cyclohexane was added into 1 mL silicone elastomer.
Subsequently, 0.1 mL curing agent was added into the mixture,
which was mixed well until generating bubbles. After the
bubbles were removed in vacuum, the blended mixture was
poured into a mold and aged at 80 °C for 30 min. This procedure
was repeated with different emission spectral UCNPs according
to the specific sequence of code and number of digits.

Encoding and decoding of UCNPs barcode film. The RGB
values of UCNPs emission spectra were analyzed with a CCD
camera (D7000, Nikon) and an Image] software. The code was
assigned according to the analyzed RGB values. The images of
barcode pattern with a specific sequence were taken with a CCD
camera and transferred into Image] software to analyze RGB
values in sequence. The analyzed RGB values of barcode
patterns were compared with the UCNPs RGB values which
previously analyzed, and the barcode pattern was decoded into
the assigned code in a specific sequence under 980 nm laser
(SDL-980-LM-2000T, Shanghai Dream Lasers Technology Co.).

Fabrication of contact lens with a UCNPs barcode patch. The
UCNPs color lenses were fabricated by thermal polymerization
of contact lens precursor solutions. The contact lens precursor
solution was prepared by mixing silicone elastomer and
a curing agent at a ratio of 10: 1. The UCNPs solution in
cyclohexane was added into the contact lens precursor solution
at 20% (v/v). The final mixed solution (80 puL) was injected in
a contact lens mold and cured at 100 °C in an oven for 30 min.
In addition, the UCNPs barcode patch was fabricated and cut to
fit the curvature of the contact lens for embedding at the edge of
the contact lens. The precursor solution was loaded onto
a contact lens shape female mold and the fabricated barcode
patch of UCNPs was put at the edge of the mold. Then, the male
mold was fitted to the female mold, which was cured in a 100 °C
oven for 30 min. After curing, the contact lens was removed
from the mold and washed with ethanol and DI water.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

We synthesized red (R), green (G), and blue (B) spectral emis-
sion UCNPs by modulating the doping concentrations of
lanthanide rare-earth elements for the particle encoding. To
enhance upconversion efficiency with surface passivation for
more clear barcode patterns,** red (R), green (G), and blue (B)
emission core-shell structured UCNPs (rUCNPs, bUCNPs, and
gUCNPs) were synthesized at a high temperature of 300 °C. The
emission spectra of UCNPs were well tuned by changing the
doping concentration of Yb, Er and Tm. The lanthanide ion was
doped through substitutional process. Y** ion in the host lattice
was substituted for other Ln®*' ions.**** UCNPs doped with
a combination of sensitizer (e.g., Yb*", Tm**) and activator (e.g.,
Er*", Tm®") can be excited by 980 nm NIR light to emit upcon-
verted light. Multiple sensitizers are excited and the energy is
transferred to activators. When Yb is a sensitizer and Er or Tm is
an activator, UCNPs emit green or blue light spectra, because
the energy state of Er or Tm is known to produce the green or
blue light, respectively. However, when coupled with both Er
and Tm, Tm serves as a sensitizer with Yb, because Tm is
a transient energy trapper, and an activator of Er emits red light
spectra.*

Fig. 2 shows the characterization of UCNPs by transmission
electron microscopy (TEM), electron energy loss spectroscopy
(EELS), spectro-fluorometry and X-ray diffraction (XRD). TEM
images show the morphology of synthesized nanoparticles of
rUCNPs, gUCNPs, and bUCNPs. In addition, EELS elemental
mapping images show that the particles had a core-shell
structure of UCNPs with a different core element and a NaYF,
inert shell (Fig. 2a—c). Dynamic light scattering (DLS) analysis
showed a uniform mean core particle size of ~21 nm and
a mean core-shell particle size of ~33 nm (PDI < 0.2) with
a shell thickness of ~12 nm (Fig. S17). According to the analysis
by EDS, the compositions of synthesized particles were well
matched with the precursor ratio (Fig. S21). We confirmed that
the synthesized UCNPs could emit sufficient RGB light upon
980 nm NIR irradiation (500 mW cm?). Fig. 2d-f show the
photoimages of upconversion emission spectra of UCNPs under
980 nm NIR light (500 mW c¢cm ™). The UCNPs converted 980 nm
NIR light to 350-450 nm range of blue spectra, 550 nm green
spectra and 660 nm red spectra depending on the doped ratio of
Er and Tm (Fig. 2g). We compared the photoluminescence (PL)
intensity to confirm the upconversion luminescence enhance-
ment by the surface passivation of NaYF, inert shell. The core-
shell particles had more than 2-fold of PL intensity than core
particles (Fig. S31). According to the XRD analysis, the diffrac-
tion peaks of UCNPs (blue, green and red line) were well
matched with the standard B-NaYF, diffraction peaks (black,
JCPDS no. 16-0334). The XRD analysis verified the hexagonal
crystal structure of rUCNPs, gUCNPs and bUCNPs. The average
diameters of rUCNPs, gUCNPs and bUCNPs derived from the
XRD experiments using the Scherrer's equation were about
27.6 nm, 28.3 nm and 27.9 nm, respectively.

In order to encode the unique spectroscopic characteristics
of UCNPs-PDMS composites, we assessed the RGB value of each

RSC Adv, 2021, 11, 21897-21903 | 21899
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Fig. 2 Characterization of RGB emission core—shell UCNPs. TEM
images of (a) NaYbF4:Er,Tm@NaYF, (69% Yb, 30% Er and 1% Tm,
rUCNPs), (b) NaYF4:Yb,Er@NaYF, (78% Y, 20% Yb and 2% Er, gUCNPs)
and (c) NaYF4:Yb,Tm@NaYF, (79.5% Y, 20% Yb and 0.5% Tm, bUCNPs)
(scale bar = 30 nm) with EELS image insets of Y (yellow), Yb (red), Er
(green), and Tm (blue). The upconversion emission images of (d)
rUCNPs, (e) gUCNPs and (f) bUCNPs under indoor-room light field and
dark field. (g) Upconversion emission spectra of rUCNPs, gUCNPs and
bUCNPs. (h) XRD diffraction peaks analysis of rUCNPs, gUCNPs and
bUCNPs (red, green, blue) and B-NaYF,4, JCPDS no. 16-0334 standard
diffraction peaks (black).

rUCNPs-PDMS, gUCNPs-PDMS and bUCNPs-PDMS composite.
The RGB spectral emitting UCNPs-PDMS composites showed
sufficient transmittance and upconversion emission patterns
under 980 nm NIR as shown in Fig. 3a and b. In addition, we
prepared UCNPs color lenses which could emit RGB color upon
980 nm NIR irradiation (Fig. 3c and d). These UCNPs color

21900 | RSC Adv, 2021, 1, 21897-21903
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Fig. 3 (a) The photoimages and (b) the upconversion emission images
under 980 nm light (500 mW cm™2) of (i) rUNCPs-PDMS, (i) gUNCPs-
PDMS and (ii) bUNCPs-PDMS composites. The photoimages of
UCNPs embedded color lenses: (c) side view and (d) top view under
980 nm light (500 mW cm™2).

lenses would be harnessed for the beauty lens business, emit-
ting luminescence in a dark room. Subsequently, we analyzed
the optical properties by commission internationale de
l'eclairage (CIE) color coordinates and the RGB value of each
UCNPs-PDMS composite under 980 nm NIR light. As shown in
the CIE plot, we confirmed that rUCNPs, gUCNPs and bUCNPs
showed each unique spectroscopic-property (Fig. 4a). In addi-
tion, we analyzed the RGB values of UCNPs-PDMS and plotted
each value in the 3D RGB channel map (Fig. 4b). We assigned
unique code 1, code 2 and code 3 to rUCNPs-PDMS, gUCNPs-
PDMS and bUCNPs-PDMS for each color according to the
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Fig. 4 (a) CIE color coordinates of rUCNP, gUCNP and bUCNP-PDMS
composites. (b) The RGB values plot of red (rUNCPs-PDMS), green
(QUNCPs-PDMS) and blue (bUNCPs-PDMS) in 3D RGB channel map
and the assigning codes (n = 10).
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(a) Schematic illustration for the fabrication process of transparent UCNPs barcode films. (b) Photographs showing (left) the fabricated

UCNPs-PDMS composite layers in a cylindrical mold, the UCNPs barcode patch (middle) without and (right) with 980 nm NIR light irradiation

(500 mW cm™2).

analyzed RGB values, and code 0 to the blank (PDMS only). The
embedded UCNPs emitted distinct RGB colors, indicating the
feasibility for the application to barcode systems.

UCNPs barcode films were fabricated by a simple stacking
method of UCNPs-PDMS composite layer with a specific
sequence of multispectral patterns under 980 nm NIR (Fig. 5).
Using this simple and fast fabrication method, it was possible to
produce many of transparent barcode films with a specific
sequence. As a model prototype, we fabricated a barcode film
with the order of green-blue-red-blank-blue-red-green specific
sequence of pattern by the simple stacking method. Fig. 5a
shows the fabrication process of the barcode film by 4 steps.
First, bUCNPs were dispersed in the silicone elastomer and
crosslinked with a curing agent in a circular mold for 30 min.
After that, gUCNPs and rUCNPs embedded PDMS were
sequentially fabricated on the bUCNPs-embedded PDMS. The
fabricated PDMS layers were taken out from the mold and cut
into thin films using a laser cutter. We confirmed that UCNPs-
PDMS composites were cured in the predetermined order in the
cylindrical mold. The UCNPs-PDMS composites layer was in the
order of green-blue-red-blank-blue-red-green under 980 nm NIR
(Fig. 5b). In addition, we confirmed that the film had high
transparency without NIR light, indicating the feasibility for the
application to contact lens.

According to the above fabricating and encoding process, we
designed a graphical/spectral-hybrid decodable platform. We
prepared four 7-digit barcode films fabricated by the simple
stacking method and encoded each film with unique codes as

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Photoimages of 7-digit barcode patches under 980 nm light
(500 MW cm~2) and the assigned codes. (b) The decoding plot for the
assigned code of ‘3210312 in the 3D RGB channel map.

RSC Adv, 2021, 11, 21897-21903 | 21901



RSC Advances

specific spectral barcode patterns for 0 to blank (PDMS only),
code 1 (rUCNPs-PDMS), code 2 (gUCNPs-PDMS), and code 3
(bUCNPs-PDMS) under 980 nm NIR light (Fig. 6a). One of the
fabricated transparent UCNPs barcode film, ‘code 3210312’ was
decoded with a CCD camera. The emission spectra of UCNPs
barcode film were converted to a unique code which was
previously assigned by the RGB value analysis. Subsequently,
the order of each code was recognized with the previously
fabricated sequence in 3D RGB channel map as shown in
Fig. 6b. Based on 4 digits of codes (code 0, 1, 2, 3), this decod-
able UCNPs barcode platform could increase the scale of
encoding capacities exponentially [>N* where N: the number of
selected colors, x: the number of code digits] depending on
selected color numbers and sequence numbers. For example,
we demonstrate 7 digits of codes with selected 3 of colors and
blank [Fig. 6a]. In addition, our UCNPs barcode film could be
readout under 980 nm NIR irradiation without interference to
the visible light.

As a compact wearable individual recognition platform, we
applied UCNPs barcode films in a contact lens. The UCNPs-BCL
was fabricated to contain the UCNPs barcode film. The fabri-
cated UCNPs barcode film was cut into small size and
successfully embedded in the edge of the contact lens mold
during the fabrication of contact lens. The prepared UCNPS-
BCL showed sufficient transparency and upconversion emis-
sion of fabricated pattern under 980 nm NIR. As shown in
Fig. 7a, the letters under the fabricated contact lens were clearly
visible with transparency. In a dark condition, the 7-digit RGB
light combination barcode was observed on the contact lens
under 980 nm laser irradiation (Fig. 7b). This fabricated contact
lens showed a green-blue-red-blank-blue-red-green color in the
ordered sequence, and this barcode pattern was interpreted as
‘code 3210312’ by the CCD camera. Since each code can be

(a) (b)
)INH,, 98%), and PLI
rchased from Sigma

-~,7’;dic orodit
‘e purchased from Sig
im (DMEM) and 47,6

(c) (d)

Fig. 7 Photoimages of UCNPs-barcode patterned contact lens on
letters under (a) indoor-room light and (b) 980 nm NIR light (500 mW
cm™2) in the dark field. Photoimages of UCNPs barcode patch on (c)
porcine skin and (d) paper currency under indoor-room light and
980 nm NIR light.
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assigned to a specific subject, a human recognition system
would be developed by analyzing the code in a contact lens. In
addition, because each individual has a distinctive iris shape
just like fingerprints, the combination of our UCNPs barcode
film platform and iris recognition system would be used as
a robust wearable individual recognition platform. Further-
more, to assess the feasibility of our UCNPs barcode film for
practical applications, we applied UCNPs barcode films to
attachable patch and various substrates. They were successfully
applied on the porcine skin and a paper currency as shown in
Fig. 7c and d. The UCNPs barcode patches on various substrates
were clearly readable with the CCD camera under NIR light
irradiation. In addition, the sequences of barcode color patterns
were recognizable enough to decode by using a CCD. All these
results demonstrated the possibility of multispectral UCNPs
transparent films for the applications to wearable individual
recognition and non-face-to-face authorization.

Conclusions

We successfully developed the transparent multispectral UCNPs
films as a potential encoded platform for individual recogni-
tion, livestock classification, counterfeit currency and so forth.
TEM, EELS, DLS, spectrofluorometry and XRD analyses made
clear the successful synthesis of multispectral RGB UCNPs. The
transparent UCNPs barcode film was fabricated by simple
stacking methods with high productivity and reproducibility at
a low cost. The fabricated transparent UCNPs barcode film was
encoded with specific codes for each color as unique optical
properties of RGB values. Upon 980 nm NIR illumination, the
barcode pattern could be successfully decoded with a CCD
camera through RGB value analysis in sequence according to
the assigned codes. Finally, we could apply this transparent
UCNPs barcode film to wearable devices including a contact
lens and a skin patch for facile individual recognition. Taken
together, we could confirm the feasibility of multispectral
UCNPs transparent films for the individual recognition and
non-face-to-face authorization.
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