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ABSTRACT: Cholesterol is a vital compound in maintenance for
human health, and its concentration levels are tightly associated
with various diseases. Therefore, accurate monitoring of
cholesterol is of great significance in clinical diagnosis. Herein,
we fabricated a noncontact biosensor based on photonic crystal-
enhanced upconversion nanoparticles (UCNPs) for highly
sensitive and interference-free cholesterol detection. By com-
pounding LiErF,:0.5%Tm** @LiYF, UCNPs with poly(methyl
methacrylate) (PMMA) photonic crystals (OPCs), we were able
to selectively tune the coupling of the photonic band gap to the
excitation field and modulate the upconversion (UC) lumines-
cence intensity, given the unique multi-wavelength excitation
property of LiErF,:0.5% Tm* @LiYF,. A 48.5-fold enhancement of
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the monochromatic red UC emission was ultimately achieved at 980 nm excitation, ensuring improved detection sensitivity. Based
on the principle of quenching of the intense monochromic red UC emission by the oxidation products of 3,3',5,5'-
tetramethylbenzidine (TMB) yielded from the cholesterol cascade reactions, the biosensor has a detection limit of 1.6 uM for
cholesterol with excellent specificity and stability. In addition, the testing results of the as-designed biosensor in patients are highly
consistent with clinical diagnostic data, providing a sensitive, reliable, reusable, interference-free, and alternative strategy for clinical

cholesterol detection.
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1. INTRODUCTION

Cholesterol is an essential substance that is indispensable for
human tissue cells and plays a critical role in basic cellular life
activities. High cholesterol levels can lead to atherosclerosis,
cardiovascular, and cerebrovascular diseases, while low
cholesterol levels increase the risk of brain hemorrhage and
reduce the body’s resistance. Therefore, the determination of
cholesterol is of great practical significance for maintaining
good health. Many methods have been exploited for
cholesterol detection, such as colorimetry,' > high-perform-
ance liquid chromatography,® electrochemical analysis,™°
chemiluminescence,” and fluorescence-based assays.*” "’
Among them, fluorescence technology has become an
important method for real-time detection of cholesterol in
living cells, serum, and tissues."' 713 Although many advances
have been made in this method, majority of luminescent
materials or organic dyes are excited in the UV—Vis region, in
which biomolecules with strong absorption are prone to
biological autofluorescence, significantly affecting detection
sensitivity. Therefore, it still remains a challenge to explore a
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highly sensitive, interference-free, and recyclable fluorescence
approach to determine cholesterol levels.

As an effective option for fluorescent probes, upconversion
nanoparticles (UCNPs) have attracted much attention in the
construction of fluorescence-based sensors due to their
advantages of no autofluorescence, no bleaching phenomenon,
and deep penetration clepth.14_20 However, the low
fluorescence quantum yield due to the small absorption cross
section of UCNPs limits their further application in
biofluorescent sensors. Therefore, it is important and necessary
to increase the intensity of upconversion (UC) luminescence
to enhance the sensitivity in bioassay applications. There are
several ways to enhance the UC luminescence, including (i)
selecting effective crystalline phases and substrates;”"** (i)
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constructing core—shell structures to separate the lumines-
cence center from the quenching center;”’”>° and (iii)
enhancing by external fields such as the surface plasmon
resonance effect or photonic crystal effect. Among them,
enhancements of tens of magnitudes of UC luminescence have
been obtained by the external field.”>*” The surface plasmon
resonance effect of noble metal structures such as gold or silver
can be used to enhance the local light field,” but is prone to
emission quenching at small distances of less than 10 nm from
the metal particle surface. In contrast, the coupling effect
between the photonic crystal and the excitation field can be
exploited to enhance UC luminescence without the quenching
effect.””*® The photonic crystal is a periodic dielectric
structure with a photonic band gap (PBG), which means
that the wavelength of a certain frequency range cannot
propagate in this periodic structure, i.e., the structure itself has
a “forbidden band”. The PBG can affect the interaction
between light and luminescent material, which in turn affects
the optical absorption and emission characteristics of materials
to achieve the enhancement of UC luminescence. Given this,
the development of fluorescent probes or systems based on
photonic crystal-enhanced UCNPs for highly sensitive
detection of cholesterol is of great practical interest and
application prospects. Unfortunately, little related work has
been reported yet.

In this paper, LiErF,:0.5%Tm**@LiYF, UCNPs were
selected to compound with poly(methyl methacrylate)
(PMMA) opal photonic crystals (OPCs) to explore the
enhancement of fluorescence intensity of the LiErF, system by
the photonic crystal effect. The fluorescence enhancement-
based sensor was then constructed for cholesterol detection. In
contrast to traditional co-doped systems (Yb**/Er**) required
to be excited at a specific wavelength (~980 nm),””?" these
LiErF,:0.5% Tm** @LiYF, UCNPs can exhibit an intense red
UC emission (~660 nm) under multi-wavelength (~808,
~980, and ~1530 nm) excitation attributed to the ladder-like
energy structure of the Er’* ions.”” The unique multi-
wavelength excitation property provides an excellent oppor-
tunity to achieve enhanced luminescence by selectively
modulating the coupling of the photonic band gap to the
excitation field. Through the photonic crystal field enhance-
ment effect, a brighter monochromatic red UC emission with
48.5 times enhancement at 980 nm excitation was ultimately
obtained. A noncontact cholesterol sensor was further
established based on the quenching of the intense mono-
chromic red UC emission by the oxidation products of
3,3,5,5'-tetramethylbenzidine (TMB) derived from the
cholesterol cascade reactions. The biosensor exhibits superior
specificity and stability with an LOD of 1.6 uM for cholesterol.
The potential of the designed biosensor for cholesterol
detection in patients has also been validated with results that
are highly consistent with clinical diagnostic data, demonstrat-
ing a reliable, reusable, interference-free, highly sensitive, and
alternative strategy for clinical cholesterol detection.

2. EXPERIMENTAL SECTION

Materials and instruments are detailed in the Supporting Information.

2.1. Synthesis of LiErF,;0.5%Tm?3* Core UCNPs. The UCNPs
were synthesized in reference to the typical solvothermal method.*®
TmCl;-6H,0 (0.005 mmol), ErCl;-6H,0 (0.995 mmol), 14 mL of
ODE, and 6 mL of OA were mixed in a 50 mL flask and stirred for 30
min. The above solution was heated to 160 °C for 40 min and then
cooled to 50 °C. A 10 mL methanol solution containing LIOH (2.500

429

mmol) and NH,F (4.000 mmol) was introduced and heated to 70 °C
for 40 min. Then, the mixture was heated to 300 °C for 90 min and
cooled to 50 °C, and the core UCNPs were obtained after washing by
centrifugation with acetone and ethanol. Finally, the core UCNPs
were dissolved in 8 mL of cyclohexane to be used. Notice that
continuous N, flow and stirring were necessary throughout the
experiment.

2.2. Synthesis of LiErF,:0.5%Tm>**@LiYF, Core—Shell UCNPs.
A mixture of YCl;-6H,0 (0.750 mmol), 10 mL of ODE, and S mL of
OA were mixed in a 50 mL flask and stirred for 30 min. The above
solution was heated to 160 °C for 40 min and then cooled to 50 °C.
Next, 4 mL of cyclohexane containing LiErF,:0.5%Tm* core UCNPs
was introduced and heated to 85 °C for 30 min and then cooled down
to S0 °C. A S mL methanol solution containing LiOH (1.875 mmol)
and NH,F (3.000 mmol) was added and heated to 70 °C for 30 min.
Then, the solution was heated to 300 °C for 60 min and cooled to 50
°C; the core—shell UCNPs were obtained after washing by
centrifugation with acetone and ethanol. Finally, the core—shell
UCNPs were dissolved in 4 mL of cyclohexane to be used.

2.3. Preparation of PMMA OPCs. PMMA OPCs were obtained
by a vertical deposition method from monodisperse PMMA
microspheres self-assembled onto a glass substrate.”” The PBG
positions of OPCs were finely tuned by controlling the diameter of
PMMA beads. OPCs manufactured from PMMA microspheres of
~345, ~424, and ~667 nm in diameter were denoted as the OPCs-
808, OPCs-980, and OPCs-1530, respectively. First, 20 mL of methyl
methacrylate (MMA) was cleaned seven times with 100 mL of NaOH
(5 mg mL™"), then 6 mL of cleaned MMA and 80 mL of deionized
water were mixed and heated, 36 mg of K,S,0; was added, and the
reaction was carried out at 90 °C for 90 min to obtain a monodisperse
solution of PMMA microspheres. The cleaned slides were inserted
vertically into the PMMA microsphere liquid, kept at 30—40 °C for
24 h, dried, and subsequently heated to 120—140 °C for 60 min, thus
obtaining the PMMA opal crystal structure.

2.4. Fabrication of LiErF,:0.5%Tm3*@LiYF, UCNPs with
PMMA OPCs Hybrids and Construction of the Noncontact
Cholesterol Sensor. The composite films were prepared by the
spin-spray method. Briefly, as-prepared OPCs films were fixed on a
spin table. Then, 1 mL of 0.8 mmol mL™" LiErF,:0.5%Tm>*@LiYF,
UCNPs cyclohexane solution was sprayed onto the OPCs films or
glass through a spray gun, LiErF,:0.5%Tm* @LiYF, UCNPs will self-
assemble onto the surface of OPCs films or glass with the evaporation
of cyclohexane. After depositing LiErF,:0.5%Tm**@LiYF, UCNPs on
photonic crystal films and glass, we denoted the corresponding films
as OPCs-808/UCNPs, OPCs-980/UCNPs, OPCs-1530/UCNPs, and
glass/UCNPs, respectively. For cholesterol detection, we also
designed a noncontact cholesterol sensor, as shown in Scheme 2a.
A 100 pm ultrathin glass sheet was covered with the OPCs/UCNPs
hybrid film to isolate the liquid to be measured, and an acrylic plate
with a hole was glued on top of it to hold the liquid to be measured.

2.5. Detection of Cholesterol. Phosphate buffer (100 uL, 0.1 M,
pH 7.0), cholesterol oxidase (100 uL, ChOx, 0.16 U mL™"), deionized
water (200 uL), and different concentrations of cholesterol (100 xL)
(dissolved in methanol) were mixed and incubated at 37 °C for 30
min, and then acetate buffer (100 uL, 0.1 M, pH 4.0), horseradish
peroxidase (100 uL, HRP, 6 mU mL™"), TMB (100 uL, 20 mM), and
deionized water (1.2 mL) were added to the above mixture at 37 °C
for 30 min. Then, the UC emission spectra of LiErF,:0.5%Tm*'@
LiYF, UCNPs on the noncontact OPCs-980/UCNPs cholesterol
sensor dropped with the above mixture were monitored. To test the
selectivity of cholesterol detection, glucose, urea, uric acid, ascorbic
acid, cysteine, and MgCl, (2 mM) were added to the reaction solution
as substitutes for cholesterol, and then, the same cholesterol assay
procedure was performed separately.

2.6. Detection of Cholesterol in Human Serum. To determine
the total cholesterol level in human serum, cholesterol esterase (ChE)
was used to hydrolyze cholesterol ester into cholesterol. Details of the
operation are as follows: 100 L of phosphate buffer (0.1 M, pH 7.0),
100 uL of ChOx (0.16 U mL™"), 100 L of ChE (0.2 U mL™), 100
UL of clinical patient serum (provided from the Department of
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Figure 1. TEM images of (a) the LiErF,:0.5%Tm* core and (b) LiErF,:0.5%Tm** @LiYF, core—shell UCNPs. (c) XRD patterns of UCNPs. (d)
UC emission spectra of UCNPs dissolved in cyclohexane under 980 nm excitation (5.50 W cm™2).

Respiratory Medicine, The First Hospital, Jilin University) diluted SO-
fold with deionized water, and 100 uL of methanol were mixed and
incubated at 37 °C for 30 min. The next procedures are the same as
those in Section 2.5.

3. RESULTS AND DISCUSSION

3.1. Characterization of the LiErF,:0.5%Tm>3" Core
and LiErF,:0.5%Tm>*@LiYF, Core—Shell UCNPs. The
LiErF,:0.5%Tm* core and LiErF,:0.5%Tm>* @LiYF, core—
shell UCNPs have been successfully synthesized by a high-
temperature solvothermal method as reported previously.”
Figure 1la,b shows the TEM images of UCNPs. It can be seen
from the figure that the UCNPs are in the form of tetragonal
bipyramid. The average sizes of core and core—shell UCNPs
are approximately (14.8 + 1.1) nm X (22.1 + 0.9) nm (short
length X long diagonal length) and (19.8 + 1.3) nm X (33.5 +
1.4) nm, respectively. The XRD patterns of UCNPs are shown
in Figure 2c¢, which are consistent with a pure tetragonal phase
(JCPDS no. 51-1618). The resolution TEM images inserted in
Figure la,b show clear lattice fringes with a fringe spacing of
approximately 0.47 nm, which corresponds to the (101) crystal
plane spacing of tetragonal LiErF,. We next investigated the
UC luminescence properties of UCNPs under the 980 nm
excitation (5.50 W cm™?), as shown in Figure 1d. The results
show a complete absence of emission from the LiErF,:0.5%
Tm?* core due to the concentration quenching effect.
However, the bright and near-monochromatic red UC
emission of the UCNPs could be attained by coating an
inert shell LiYF, to passivate the surface defects and thus
eliminate the concentration quenching. In contrast to conven-
tional co-doping systems stimulated by only a certain
wavelength, the LiErF,:0.5%Tm** @LiYF, core—shell UCNPs
exhibit a monochromic red UC emission (~660 nm, *Fy,, —
*I;5/,) under multi-band excitations (~808, ~980, and ~1530
nm), as indicated in Figure 1d, Figure S1, and Figure S2. The
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luminescence mechanism was described in detail in our
previous work.””

3.2. Morphology and Optical Properties of PMMA
OPCs/LiErF,:0.5%Tm3*@LiYF, (OPCs/UCNPs) Hybrid
Films. Based on the multi-wavelength excitation characteristic
of LiErF,:0.5%Tm>** @LiYF, UCNPs, we focus on the effect of
photonic crystals on enhancing the UC emission of
LiErF,:0.5%Tm* @LiYF, by modulating the matching of
different band gap positions of photonic crystals with the
excitation wavelengths of UCNPs. First, PMMA OPCs were
successfully fabricated on glass substrates by a vertical
deposition method, and then LiErF,:0.5%Tm**@LiYF,
UCNPs were compounded onto the OPCs by the spin-spray
method to prepare the composite films (Scheme 1). The
morphologies of the OPCs fabricated from individual PMMA
microspheres of ~345, ~424, and ~667 nm diameters,
respectively, were investigated by SEM, as shown in Figure
2a—c. The packed PMMA microspheres self-assemble into a
highly ordered face-centered cubic (fcc) structure, where the
(111) plane is parallel to the surface of the glass substrate. It
can also be seen from the inset in Figure 2g that the OPCs
films show different colors under room lighting, mainly
because the OPCs films have different reflective wavelengths
that are determined by the distance between the periodically
arranged PMMA spheres.”* Figure 2g shows the transmittance
spectra of various OPCs tested at a normal to the substrate (0
= 0°). The transmittance spectra show that the OPCs present a
deep and narrow PBG. The PBG positions of OPCs made of
periodic arrangements of PMMA microspheres with dimen-
sions of ~345, ~424, and ~667 nm are located at ~801, ~969,
and ~1521 nm, respectively. We denote these three different
OPCs as OPCs-808, OPCs-980, and OPCs-1530. With the
increase in microsphere sizes, the PBG position of OPCs shifts
significantly toward the long wavelength. In theory, the PBG
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Figure 2. (a—c) SEM images of various OPCs. (d—f) SEM images of various OPCs/UCNPs hybrids. Transmittance spectra of the OPCs (g)
before and (h) after the deposition of LiErF,:0.5%Tm* @LiYF, UCNPs. The inset shows that the OPCs films display different colors under room
illumination. (i) Comparison of actual measured values of photonic band gap positions with theoretically calculated values based on Bragg’s law.

Scheme 1. Formation Process for OPCs/UCNPs Hybrids
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position of fcc PMMA could be well depicted by the modified used in the calculation. Vpyps and V;, are the volume fractions
Bragg’s law:**7%7 of the PMMA microspheres and the air, which are
approximately 74 and 26%, respectively. The n,; value was
A=24 2/3D("§(f — sin’ 9)1/2 (1) cgliulated toybe 1.383. Based (?n the Zbove dag, the PBG
positions for all the OPCs were calculated. Figure 2i shows a
ne% = "1§MMAVP s n:-irv;, ' @) con}}‘)arison of the measu‘red PBG positions with the PBG
positions calculated according to Bragg’s law. The results show
A is the center wavelength of the PBG position. D is the that the measured values are slightly larger than the calculated
center-to-center distance between the microspheres, and the values. In the calculation, we have replaced D (i.e., the center-
diameter of PMMA microsphere was used for D in the to-center distance between the microspheres) with the
calculation. € is the angle between the incident light and the diameter of PMMA. Figure 2a—c shows that there is a small
normal to the substrate surface; 6 = 0° was used in the gap among the PMMA microspheres so that the actual value of
calculation. ny is the effective refractive index. Here, npypya D is larger than the diameter of the microspheres, resulting in a
and n,;, are the refractive indices of PMMA microspheres and smaller theoretical value than the measured value, but the
the air, respectively, where npyps = 1.494 and n ;. = 1.000 were difference is not significant.
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Figure 3. UC emission spectra of four types of luminescent films under (a) 808 nm (10.36 W cm™2), (b) 980 nm (2.3 W cm™), and (c) 1530 nm
(1.34 W cm™2) excitation. (d) Enhancement factor (EF) values of different OPCs/UCNPs hybrids under 808, 980, and 1530 nm excitation. (e)
Reflectance spectra of OPCs/UCNPs hybrids. (f) Power-dependent red UC emission integrated intensity of the *Fo/, — *I,5,, transition of Er** on
OPCs/UCNPs hybrids under the 980 nm excitation (the integrated range is ~640—680 nm).

To explore the effect of the PBG on the UC emission
characteristics of the UCNPs, LiErF,:0.5%Tm’**@LiYF,
UCNPs were further deposited on the surfaces of various
photonic crystals and glass. Figure 2d—f shows the SEM
images of OPCs films compounded with LiErF,:0.5%Tm* @
LiYF, UCNPs, and it can be seen that the UCNPs are regularly
embedded in the surface gaps of the PMMA microspheres over
a large area. The driving force for the formation of this
structure should be ascribed to the electrostatic attraction
between the PMMA microspheres and the LiErF,:0.5% Tm>*@
LiYF, UCNPs during the volatilization of the solvent
(cyclohexane). The force drives the UCNPs toward the lowest
potential energy on the surface of the PMMA microspheres.
The transmittance spectra of OPCs/UCNPs hybrids are
shown in Figure 2h, and the results show that the PBG
positions of OPCs do not shift after the deposition of UCNPs,
indicating that the deposition of LiErF,:0.5%Tm**@LiYF,
UCNPs on the OPCs surface does not affect the position of
the PBG.

3.3. UC Emission Enhancement and Mechanism of
LiErF,:0.5%Tm**@LiYF, UCNPs by the PMMA OPCs/
LiErF,:0.5%Tm3*@LiYF, (OPCs/UCNPs) Hybrids. To in-
vestigate the effect of the PBG on the UC emission properties
of LiErF,:0.5%Tm* @LiYF,, the UC emission spectra of
UCNPs on various OPCs films as well as on glass substrates
under the 808 (10.36 W cm™), 980 (2.3 W cm™2), and 1530
(1.34 W cm™) nm excitation were examined. As indicated in
Figure 3a—c, the bright and near-monochromatic red (~660
nm) UC emission assigned to the *Fy,, = *I;/, transition of
Er’* in LiErF,:0.5%Tm** @LiYF, UCNPs was observed.
Meanwhile, the UC emission of LiErF,:0.5%Tm**@LiYF,
UCNPs on various OPCs films was enhanced to various
degrees compared to the UCNPs on the glass substrate,
whereby the corresponding enhancement factor (EF) values
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for the red UC emission were also obtained. Here, the EF is
the ratio of the integrated intensity of the red UC emission
(~640—680 nm) on various OPCs/UCNPs films to the
intensity on the glass film (control film), as shown in Figure
3d. The EF values of the OPCs/UCNPs composite films
varied with the PBG position from 6.2 to 48.5 times under the
excitation of 980 and 1530 nm. The maximum enhancements
of 48.5- and 16.8-fold were obtained for OPCs-980 and OPCs-
1530, respectively, only when the excitation field wavelength
matched well with the PBG position of OPCs. As the PBG
position of the OPCs gradually deviates from the excitation
field wavelength of UCNPs, the EF values of the red UC
emission on the corresponding composite film also decrease
rapidly. This indicates that the coupling between the OPCs
and the excitation field of the UCNPs is the strongest. The UC
luminescence enhancement observed on OPCs/UCNPs
composite films at other PBG positions is mainly due to
light amplification caused by random scattering from the
surface of PMMA microspheres.

However, at 808 nm excitation, the enhancement of OPCs-
980 and OPCs-1530 is stronger than that of OPCs-808,
although the PBG position of OPCs-808 best matches the
wavelength of the excitation field. To explain this phenomen-
on, we tested the reflectance spectra of several OPCs, as shown
in Figure 3e. The results show that OPCs-980 and OPCs-1530
have a relatively high reflectance at ~808 nm, which can lead
to a larger enhancement of the 808 nm excitation field
intensity. On the other hand, OPCs-980 and OPCs-1530 also
have a much higher reflectance at ~660 nm than OPCs-808,
and thus the enhancement of the ~660 nm UC emission field
by OPCs-980 and OPCs-1530 is more obvious. Overall, the
combined effect of OPCs-980 or OPCs-1530 on both
excitation and emission field enhancement is greater than
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Scheme 2. (a) Construction of the Noncontact OPCs/UCNPs Cholesterol Sensor; (b) Schematic Illustration of the Oxidation
of Cholesterol Catalyzed by ChOx and Oxidation Color Change of TMB Catalyzed by H,0, in the Presence of HRP; and (c)
Principle of the Noncontact Cholesterol Sensor for Cholesterol Detection
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that of OPCs-808 under 808 nm excitation, yielding a stronger
red UC emission enhancement.

We further systematically investigated the red UC emission
of OPCs/UCNPs composite films as a function of 980 nm
excitation power. Typically, the red UC emission integrated
intensity (I,,) (the integrated range is ~640—680 nm) is
proportional to the n™ power (P) of pumping power, which
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could be defined as I, & P"I,,  P". n represents the number
of infrared photons to be absorbed to emit a visible photon.
Figure 3f is the log—log plot of red UC emission integrated
intensity as a function of the pumping power of LiErF,:0.5%
Tm*>* @LiYF, UCNPs on various OPCs under the 980 nm
excitation. The plot of log(Iup) against log(P) results in a line
with slope n. The slope values of OPCs-808/UCNPs, OPCs-
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Figure 6. (a) Plot of the UC emission change of LiErF ,:0.5%Tm** @LiYF, UCNPs on the biosensor versus the concentration of cholesterol from 2
to 200 M under the 980 nm excitation (6.68 W cm™2). The inset shows the corresponding photographs of the colored products. (b) Plot of F/F,
of LiErF,:0.5% Tm* @LiYF, UCNPs on the sensor at ~640—680 nm versus the concentration of cholesterol from 2 to 200 yM under the 980 nm
excitation (6.68 W cm™2). The inset shows the linear curve for cholesterol detection in the range 2—30 uM. (c) F/F, of LiErF,:0.5%Tm* @LiYF,
UCNPs on the sensor with different substances for verifying the selectivity of the sensor. The concentrations were 20 uM and 100 yM for
cholesterol and 2 mM for the other interfering substances. The inset shows the corresponding photographs of the solutions containing different
substrates. (d) Photostability of the noncontact biosensor under 980 nm (6.68 W cm™) excitation within 80 min.

980/UCNPs, and OPCs-1530/UCNPs are 1.12, 0.94, and
1.00, respectively. All values of n are far smaller than the
required photon numbers (n = 2) to populate the
corresponding levels, which can be ascribed to the saturation
effect as well as the local thermal effect caused by laser
irradiation.”* ™" Under a comparatively weak excitation power,
the intermediate state has a linear decay rate much higher than
the UC rate, and the saturation effect does not occur. At this
point, the UC rate of the intermediate state is proportional to
the excitation power and the EF value gradually increases with
the increase in excitation power. Once the excitation power is
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sufficiently high, the saturation effect occurs, leading to the EF
values tending to stabilize or even decrease with the increase in
the excitation power, as shown in Figure 4a—c. It also directly
demonstrates the existence of the local thermal effect with the
increase in excitation power.39’40

In addition, to further explore the nature of the PBG on the
UC fluorescence enhancement, we measured the fluorescence
decay times of the *Fy, — *I;5, transition of Er’* on all
OPCs/UCNPs composite films and glass substrates at room
temperature under 808, 980, and 1530 nm excitation,
respectively, as shown in Figure 4d—f. The decay times of
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the *F,;, — )5, transition of Er’* on all OPCs/UCNPs
composite films were reduced to different degrees compared to
that on the glass substrate. It is noteworthy that the UC
luminescence intensity is enhanced, while the lifetime becomes
shorter. This is because the luminescence becomes stronger
due to the enhancement of the excitation field caused by the
photonic crystal effect, but simultaneously, the enhancement of
the excitation field induces a local thermal effect, which results
in a significant increase in the nonradiative transition rate of
LiErF,:0.5%Tm*> @LiYF, UCNPs. As a result, the lumines-
cence decay process of the UCNPs on the OPCs/UCNPs films
is accelerated and the decay time is reduced.

3.4. Detection of Cholesterol by the Noncontact
OPCs-980/UCNPs Cholesterol Sensor. Based on the 48.5-
fold red UC emission enhancement performance of the OPCs-
980/UCNPS composite, as a proof-of-principle demonstration,
we further constructed a noncontact sensor for cholesterol
detection, as shown in Scheme 2a. The cholesterol can be
catalyzed by ChOx to generate hydrogen peroxide (H,0,) and
choleste-4-en-3-one. The resulting H,O, could oxidize the
colorless TMB to the blue oxidization product (Ox TMB)
catalyzed by HRP. The Ox TMB exhibits an intense absorption
at ~652 nm, which overlaps with the monochromic red UC
emission of LiErF,:0.5%Tm* @LiYF, UCNPs, as shown in
Figure S3. Thus, the monochromic red UC emission could be
quenched by Ox TMB, and the intensity of red UC emission
quenched by Ox TMB is proportional to the cholesterol
concentration, as shown in Scheme 2b,c. Based on this
principle, a highly sensitive detection of cholesterol could be
achieved. In addition, this noncontact design makes the sensor
durable, reusable, and noncontaminating to biological samples,
which is desirable for detecting biomolecules in fluids.

We first measured the absorption spectra of various mixture
solutions. As shown in Figure Sa, the mixture has a high
absorbance at ~652 nm only when cholesterol and ChOx
coexisted with the TMB-HRP system, which is due to the
formation of Ox TMB. The formation and absorption of Ox
TMB led to a significant decrease in the red UC emission of
the sensor (Figure Sb).

Based on the above conditions, the cholesterol quantifica-
tion was performed by detecting the red UC emission of the
sensor containing different cholesterol concentrations (2—200
uM), as shown in Figure 6a. As the cholesterol concentration
increases, the red UC emission of the LiErF,:0.5%Tm* @
LiYF, UCNPs is gradually quenched. The relative intensity F/
F, of the red UC emission in a range of 2—30 uM shows a
good linear relationship with the cholesterol concentration (R*
=0.994), satisfying the equation F/F, = 0.942 — 0.023C (uM).
F/F, is the ratio of the red UC emission integrated intensity
(the integrated range is ~640—680 nm) with different
cholesterol concentrations to the luminescence intensity
without cholesterol. C represents the concentration of
cholesterol (uM). The limit of detection (LOD) for the
cholesterol assay is 1.6 uM (LOD = 36/IKl). o is the relative
standard deviation obtained from 20 blank tests, and IKl is the
absolute value of the slope of the fitted curve. Compared to
other methods for cholesterol detection, our method has a
higher sensitivity with a LOD as low as 1.6 uM, as shown in
Table 1.

Subsequently, to test the selectivity of our sensor, various
interferences such as glucose, urea, uric acid, ascorbic acid,
cysteine, and MgCl, were added to the solution instead of
cholesterol to test the quenching degree of the red UC
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Table 1. Performance Comparison of Various Cholesterol
Sensors

limit of
detection detection detection
sensors techniques range (uM) (uM) ref

PB/ChOx/GRE amperometric 50—800 3.7 6

CS/ChOx/Au amperometric ~ 1—45 0.5 S
NPs/ITO

MoS, NRs—Au NPs  colorimetry 400—1000 15 41

graphene quantum colorimetry 20—-600 6 1
dots

Fe;O, magnetic colorimetry 2-50 0.8 42
nanoparticles

Mo, S co-doped colorimetry 10—600 7 43
carbon quantum
dots

Fe;0,@C/Ni colorimetry 5-200 0.17 2
nanotubes

polypyrrole colorimetry 10—-100 3.5 3
nanoparticles

bio@AgNP fluorescence 1-40 5.50 44
nanohybrids

noncontact fluorescence 2-30 1.6 this
cholesterol sensor work

emission of UCNPs. As shown in Figure 6c, we can easily
distinguish the difference in color with the naked eye (inset).
Also, only the addition of cholesterol (20 or 100 gM) can
significantly quench the red UC emission, while other
interferences have little effect, even if their concentration (2
mM) is 100 or 20 times higher than that of cholesterol. This
suggests that our sensor can be used for highly selective
cholesterol detection.

Photostability is one of the most important factors in
measuring the properties of a device. Therefore, we have also
tested the photostability of the sensor under prolonged
irradiation with 980 nm laser (6.68 W cm™). As shown in
Figure 6d, the UC emission spectra of the biosensor were
tested at S min intervals over 80 min. It can be seen that the
red UC emission integrated intensity of the UCNPs at ~640—
680 nm does not fluctuate significantly with the duration of
980 nm laser irradiation, which indicates the good photo-
stability of the sensor.

We further applied the designed sensor to the detection of
cholesterol in actual serum samples, and we collected sera from
three patients for the cholesterol assay by our method. The
concentrations of cholesterol were calculated according to the
linear regression equation F/F, = 0.942 — 0.023C (uM), as
shown in Table 2, with a relative standard deviation of no more

Table 2. Determination of Total Cholesterol in Serum

clinical data this method (mM) relative deviation

sample (mM) (mean, n = 3) (100%)
Serum 1 4.49 4.78 + 0.18 6.46
Serum 2 6.39 6.98 + 0.24 9.24
Serum 3 5.29 5.71 + 0.24 10.80

than 11.00% compared to the clinical diagnostic data
(obtained by an enzyme-linked immunosorbent assay
(ELISA)). These results indicate that our sensor is an effective
and reliable method for the determination of cholesterol in
complex serum samples, providing a highly sensitive and
alternative tool for clinical cholesterol detection.
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4. CONCLUSIONS

In summary, we have chosen LiErF,:0.5%Tm’**@LiYF,
UCNPs compounded with photonic crystals to investigate
the influence of photonic crystal effects on UC luminescence.
The unique multi-wavelength excitation (~808, ~980, and
~1530 nm) property of UCNPs allows us to selectively tune
the coupling of the PBG with the excitation field to modulate
the UC luminescence. When the excitation field wavelength is
well matched to the PBG position of the OPCs, maximum EF
values of 48.5 and 16.8 times were obtained for OPCs-980 and
OPCs-1530 under 980 and 1530 nm excitation, respectively.
The enhancement is dominated by the strong coupling
between the photonic band gap and the excitation field. At
808 nm excitation, although the PBG position of OPCs-808
well matched the excitation field wavelength, the high
reflectance of the OPCs-980 and OPCs-1530 photonic crystals
at ~808 and ~660 nm resulted in a greater combined effect of
excitation and emission field enhancement than for OPCs-808,
yielding a stronger red UC emission enhancement. Based on
the 48.5-fold red UC emission enhancement performance of
the OPCs-980/UCNPS composite, combined with the
cholesterol cascade reactions, we developed a noncontact
sensor for the sensitive and selective determination of
cholesterol. The assay showed good linearity in the range of
2—30 uM with an LOD of 1.6 uM at 980 nm excitation. In
addition, the method has been successfully used for patients’
cholesterol detection with results highly consistent with clinical
diagnostic data, indicating that this photonic crystal-enhanced
upconversion luminescence biosensor could have broad
potential in the biological and analytical fields.
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