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ABSTRACT: Precise diagnosis of the boundary and grade of tumors is especially Vis-NIR
important for surgical dissection. Recently, visible and near-infrared (Vis—NIR)  photodete
absorption differences of tumors are demonstrated for a precise tumor diagnosis. Here,
a template-assisted sequential printing strategy is investigated to construct lateral
heterostructured Vis—NIR photodetectors, relying on the up-conversion nanoparticles

¢

(UCNPs)/perovskite arrays. Under the sequential printing process, the synergistic 1.0 == Normal s Grade I Grde v
effect and co-confinement are demonstrated to induce the UCNPs to cover both sides ;:: X M . I

of the perovskite microwire. The side-wrapped lateral heterogeneous UCNPs/ 'g I 1 . o
perovskite structure exhibits more satisfactory responsiveness to Vis—NIR light than § L
the common fully wrapped structure, due to sufficient visible-light-harvesting ability. 0 250 532 50 950

The Vis—NIR photodetectors with R reaching 150 mA W' at 980 nm and 1084 A W'
at 450 nm are employed for the rapid classification of glioma. The detection accuracy
rate of 99.3% is achieved through a multimodal analysis covering the Vis—NIR light, which provides a reliable basis for glioma
grade diagnosis. This work provides a concrete example for the application of photodetectors in tumor detection and surgical
diagnosis.

Wavelength (nm)
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high sensitivity and biocompatibility can be applied to the
diagnosis of tumors,”” such as highly infiltrative and
invasive glioma.”" The high incidence and mortality of glioma
require an effective and rapid method for precise diagnosis,
especially for its invasive growth and vague boundary in the
brain.>® Currently, the methods for clinical glioma diagnosis
are mainly magnetic resonance imaging (MRI) and positron
emission tomography (PET).””'® MRI possesses excellent
soft-tissue contrast and high spatial resolution but limited
sensitivity and accuracy in differentiating glioma grades.”’
Despite the high sensitivity, PET has some disadvantages, such
as complex manipulation, poor isotope stability in vivo, and
limited recognition specificity of the tracer.”'? The emergence
of hybrid PET—MRI also brings the disadvantages of
operational complexity, high cost, and technical prob-
lems.”" "> Thus, there is an urgent need to develop alternative
glioma diagnostic strategies with simple operation, low cost,
and high accuracy.
Recently, tissue optical properties vary with the degree of
cancer or tissue lesion severity,'”'* which have the potential to

Intelligent photoelectric materials with the advantages of
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aid in the diagnosis of glioma. In most cases, investigations on
the tissue optics focus solely on the near-infrared (NIR) region
for deep tissue penetration.">'® The differences of morphology
and composition in different tissues can also cause the
specificity of light absorption in the visible region.'’™"" It
should be noted that the combination of multimodal detection
covering the visible and near-infrared light is more suitable for
glioma diagnosis, which facilitates guiding the surgery and
therapy accurately. Thus, variations in the components of
diseased tissues affect the light absorption across the visible
and NIR region, which provide a means for characterizing the
pathological change, especially for the invasive glioma. There is
an urgent need for portable and easy-to-use optoelectronics for
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Figure 1. Printed Vis—NIR CsPbl, ,Br, ;/UCNPs photodetector arrays for glioma grade diagnosis. (a) Schematic illustration of the label-free
glioma grade diagnosis utilizing printed lateral heterostructured Vis—NIR photodetectors. (b) Schematic process of printing CsPbl, ,Br s/
UCNPs photodetector arrays. First step: printing CsPbl,,Br, arrays (yellow) by the template-assisted printing strategy; second step:
printing UCNPs (green) to form the side-wrapped CsPbl,,Br,s/UCNPs 1D structures. (c) Schematic diagram of the Vis—NIR
CsPbl, ,Br,s/UCNPs photodetector arrays. (d) Cross-section scanning electronic microscopy (SEM) images of the 1D side-wrapped
CsPbl, ,Br, ;/UCNPs structure. Scale bars, i: 200 nm, ii: 100 nm. (e) Absorption spectra of 1D CsPbl, ,Br,; arrays and photoluminescence
(PL) spectra of UCNPs dispersed in toluene. (f) Dark current and photocurrent of CsPbl,,Br,s photodetectors and CsPbl, ,Br, ;/UCNPs
photodetectors under the illumination of a 980 nm laser. The inset shows logarithmic I-V curves of CsPbl, ,Br; 3 photodetectors in the dark

and under the illumination of a 980 nm laser.

sensing the subtle change of the visible and NIR (Vis—NIR)
light to achieve point-of-care diagnostics.

Beyond pristine monolayer and few-layer materials, different
species of materials can also be laterally or vertically stacked
into heterostructures, which offer a universal route to
artificially create hybrid materials to expand the optical sensing
capability of photodetectors.””~>* Traditional heterostructure
construction methods, such as mechanical stripping and
stacking, hinder their practical application due to the poor
scalability.”>*® Thus, solution-processed heterostructures are
anticipated as an alternative strategy for scaling applica-
tions.”>>” Benefiting from the excellent properties of solution
processability and high light absorption efficiency, halide
perovskites have been widely applied in various photo-
detectors.”* ™" Limited by the intrinsic property of the
bandgap, the spectral response can only range from 300 to
850 nm.”>** Up-conversion materials are of great significance
in biomedical applications due to their intrinsic up-conversion
luminescent performance converting two or more low-energy
photons to a higher-energy photon.”* > Thus, it is promising
to integrate the characteristics of perovskite and up-conversion
materials to fabricate heterostructured photodetectors with
response to Vis—NIR light. However, uncontrollable morphol-
ogy and mismatched structures during solution processing
often cause performance degradation.””*”*® The loss of
photon absorption induced by the structural mismatch
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between the perovskite and up-conversion materials further
causes the lower responsivity in the visible and NIR region.””*’
The key is the design of optimized stacking configurations that
consist of the perovskite and up-conversion materials to exhibit
enhanced absorption in the visible to NIR regimes."" Until
now, there are few reports on the structural optimization and
feasible strategy at the micro/nanoscale for heterogeneous up-
conversion materials/perovskite-based optoelectronics.

In this work, we present a template-assisted sequential
printing strategy to construct 1D side-wrapped lateral
heterogeneous photodetectors for achieving a Vis—NIR
response, which can be used to differentiate tumor boundaries
and glioma grade diagnosis. The side-wrapped NaYF,@Yb, Er
nanoparticles/CsPbl, ,Brys perovskite-based heterogeneous
structure can be constructed by utilizing the synergistic effect
and space confinement of the micropillar template and the
barrier of the preprinted 1D perovskite arrays. Owing to the
excellent light-harvesting ability of Vis—NIR light, the side-
wrapped lateral heterogeneous structure exhibits much more
excellent responsiveness to Vis—NIR light than the common
fully wrapped heterogeneous structure. The side-wrapped
lateral heterogeneous photodetectors with R reaching 150
mA W' at 980 nm and 1084 A W' at 450 nm are achieved.
The accuracy of glioma grade diagnosis reaches 99.3% through
multimodal detection, demonstrating the ability of glioma
grade diagnosis. This work provides an efficient approach for
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Figure 2. The preparation process and morphology control of the CsPbl, ,Br,s/UCNPs 1D arrays. (a) Numeral simulation of the flow
behavior of UCNP ink confined between the micropillar-structured template and the substrate. The secondary printed UCNPs (blue) are
densely distributed on both sides of the first printed trapezoid-structured perovskite microwire (yellow). (b) The flow behavior in the
forepart of the liquid bridge during the secondary printing process. (c) In situ fluorescent microscopy observation of flow behavior of the
UCNP ink. As the solvent is evaporated, the three-phase contact line is receding and the UCNPs are confined to both sides of the perovskite
arrays with capillary trailing. Scale bars, 20 um. (d) SEM images of the 1D CsPbl, ,Br, ¢ arrays and 1D of CsPbl, ,Br, ;/UCNPs arrays. Insets
of (d) are magnified SEM images, respectively. Scale bars, 20 um. Inset of (d), 1 um. (e) Phase diagram of different CsPbl, ,Br,;/UCNPs
heterostructures versus the concentration of the CsPbl,,Br,g precursor solution and the pressure applied to the printing system. Cross-
section SEM images of the fully wrapped structure (i), the side-wrapped structure (ii), and half side-wrapped structure (iii). Scale bars, 500

nm.

the fabrication of a portable photoelectronic device and the
application of surgical diagnosis.

RESULTS AND DISCUSSION

Design of UCNPs/Perovskite Vis—NIR Photodetectors
for Glioma Diagnosis. Figure 1a demonstrates the schematic
illustration of the glioma diagnosis utilizing the Vis—NIR
photodetectors. Owing to the difference in the absorbance of
different grades of glioma, the response of the transmitted light
from the histopathologic section at different wavelengths can
be employed to distinguish the grade of glioma. The machine
learning algorithm-assisted analysis will further improve the
accuracy of glioma grade diagnosis. The Vis—NIR photo-
detectors, obtained via a template-assisted sequential printing
strategy, consist of perovskite arrays and UCNPs wrapped on
both sides of the perovskite arrays. The perovskite arrays are
fabricated by constructing a sandwich printing system of the
substrate, ink, and template.*> Due to the hydrophilic state of
the substrate and the capillary force, the precursor solution is
easily filled and confined between the tops of the template and
the target substrate. The template is modified with hydro-
phobic 1H,1H,2H,2H-perfluorodecyltrimethoxysilane to guar-
antee the shrinkage and segmentation of the liquid film and the
construction of the trapezoidal structure. Driven by the
Laplace pressure difference, the three-phase contact line
shrinks.” The liquid film is divided into the individual liquid
column with uniform size and regular orientation under the
guidance of the micropillars. With the further evaporation of
the solvent, the perovskite precursor solution in the liquid
column tends to be supersaturated. Consequently, the
perovskite nucleates, crystallizes, and grows along the micro-
pillar of the template (Figure 1b). 1D perovskite arrays with
consistent size and strict alignment are obtained after total
evaporation of the solvent. Subsequently, the UCNP ink,
prepared from the antisolvent of the printed perovskite arrays,
is continuously injected along the orientation of the micro-

pillars. Similarly, due to the evaporation of the solvent and the
shrinkage of the three-phase contact line, the UCNDPs
accompanied by capillary trailing are deposited on both sides
of the perovskite arrays (Figure 1b). Finally, the 1D UCNPs/
perovskite side-wrapped lateral heterogeneous photodetector
arrays are fabricated on the substrate as the solvent evaporates
completely (Figure 1c). Figure 1d shows the scanning electron
microscopy (SEM) images of the cross-section of the UCNPs/
perovskite lateral heterogeneous structure. The UCNPs
(Figure S1) are only densely distributed on both sides of the
trapezoid-structured perovskite microwire due to the co-
confinement of templates and the first printed perovskite array.

Lanthanide (Ln)-doped rare-earth NaYF,@Yb, Er nano-
particles are employed to convert NIR light to visible light
from the rich energy-level structure of trivalent lanthanide
ions.”* CsPbl,,Bry is employed after the bandgap engineering
to match the absorption band with the up-conversion
luminescent (UCL) band of the UCNPs (Figure
SZ).44’45Figure le shows the photoluminescent (PL) spectrum
of UCNPs dispersed in toluene excited at 980 nm and the
absorption spectrum of CsPbl, ,Br arrays. The UCNPs show
UCL peaks at 520, 540, and 654 nm, which can be assigned to
*Hi1n = s *S32 = *Lisjp, and *Fo)y — Y1), transitions of
erbium, respectively (Figure S3).>* The infrared response of
UCNPs/CsPbl, ,Bry s heterogeneous photodetectors relies on
the introduction of UCNPs. The CsPbl, ,Br,; microwires do
not show any emission peak under the excitation at 980 nm,
while the UCNPs/CsPbl, ,Br, s microwires show distinct peaks
whose positions are the same as that of the UCNPs (Figure
S4). The UCL of 520, 540, and 654 nm can be effectively
absorbed by the CsPbl,,Bryg microwire for the narrower
bandgap (1.86 eV).* Thus, attributed to the overlap between
the UCL spectrum of UCNPs and the absorption spectrum of
the CsPbl,,Br, arrays, the 1D CsPbl, ,Br;s/UCNPs hetero-
geneous structure can respond to both visible and NIR light.
The infrared response of pristine CsPbl,,Br,s perovskite
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Figure 3. Vis—NIR photoresponse performance of CsPbl,,Br;s/UCNPs heterogeneous photodetectors. (a) SEM images of fully wrapped
CsPbl, ,Br,s/UCNPs 1D heterojunction (i) and side-wrapped CsPbl,,Br,s/UCNPs 1D heterojunction (ii). Scale bars, 500 nm. (b)
Logarithmic I-V curves of fully wrapped heterojunction (FWH) and side-wrapped heterojunction (SWH) under the illumination of 450 and
980 nm. (c) I-V curves of the side-wrapped heterogeneous photodetectors in the dark condition and under different illumination powers of
a 980 nm laser. (d) Photocurrent and responsivity of the side-wrapped heterogeneous photodetectors under different incident power of 980
nm laser. (e) I-V curves of the side-wrapped heterogeneous photodetectors in the dark and under different illumination powers of a 450 nm
laser. (f) Photocurrent and responsivity of the side-wrapped heterogeneous photodetectors under different incident powers of a 450 nm
laser. (g) I—t response of the side-wrapped heterogeneous photodetectors under different illumination powers of a 980 nm laser. (h) The
highest detectivity and external quantum efficiency of the side-wrapped heterogeneous photodetectors under the illumination of different

wavelengths (450, 532, 650, and 980 nm).

arrays and CsPbl,,Brys/UCNPs arrays at an illumination
power density of 0.85 W cm™ is shown in Figure 1f. The
pristine CsPbl,,Br,g arrays exhibit very low photocurrent
(5.74 x 107" A) under 980 nm light illumination. The
CsPbl, ,Br,s/UCNPs arrays show significantly enhanced
photocurrent (1.08 X 107® A), which is 188 times higher
than that of the pristine perovskite with the same illumination
power at a drain voltage of 5 V. It is worth mentioning that the
wrapped UCNPs will not significantly affect the response of
the perovskite to visible light because of the side-wrapped
structure. There is little difference between the photocurrent of
the CsPbl, ,Br,3/UCNPs microwire (496 nA) and
CsPbl, ,Brys microwire (522 nA) under the illumination
power (18.20 mW cm™2) of a 450 nm laser (Figure SS). The
lateral heterostructured CsPbl,,Br,s/UCNPs can broaden the
response band to the infrared band without affecting the
intrinsic visible-band response of the perovskite.
Preparation of 1D UCNPs/Perovskite Arrays. To
demonstrate the fluid flow behavior of UCNP ink during the
secondary printing process, a pseudopotential two-phase lattice
Boltzmann model combined with a nanoparticle transport
model is applied to simulate the hydrodynamic behavior of
UCNP ink.*”** The evaporation occurring at the two open
ends of the channel is induced by a pressure difference
between the saturated vapor pressure at the liquid—gas
interface and the open ends. Owing to the difference in the
wettability between the substrate and the template (Figure S6),
the liquid bridge in contact with the substrate shrinks more
slowly. The UCNPs are aggregated at the front end of the
meniscus in contact with the substrate. The liquid film remains
due to the capillary flow from the bulk, which can be termed as
capillary trailing.”” Due to the co-confinement of the first
printed perovskite arrays and the template, capillary trailing
only remains on both sides of perovskite microwires during the
meniscus shrinking. As a result, the UCNPs are distributed on
both sides of the perovskite microwire as the solvent
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evaporates completely (Figure 2a and Figure S7 and Movie
S1). The flow lines of the capillary trailing are shown in Figure
2b, where the arrows illustrate the direction of the fluid flow.
The UCNP ink flows to the capillary trailing in contact with
the substrate and the perovskite arrays, confirming that
UCNPs will be deposited on both sides of the perovskite
structure. In situ fluorescent microscopy observation is also
performed to visualize the printing process of the
CsPbl, ,Brys/UCNPs arrays. Figure 2c-i—iii show the fluo-
rescence images of the perovskite arrays, the shrinkage of the
UCNPs liquid, and the CsPbl,,Brys/UCNPs arrays, respec-
tively. The detail of the sequential printing process is recorded
in Figure S8. Figure 2d-i and Figure S9 show the SEM and
fluorescence microscope images of the CsPbl, ,Br,g perovskite
arrays with strict alignment and a smooth surface. The
representative image of the CsPbl,,Br,s/UCNPs microwire
shows that the UCNPs are only densely distributed on both
sides of the perovskite (inset of Figure 2d-ii). The energy-
dispersive X-ray spectrometry (EDS) mapping images confirm
that the Na, F, and Y elements are only distributed on both
sides of the CsPbl,,Brys microwire (Cs, Pb, I, and Br
elements), suggesting the successful fabrication of the 1D
CsPbl, ,Br,s/UCNPs side-wrapped lateral heterogeneous
structure (Figure S10).

Morphology Control of UCNPs/Perovskite Hetero-
structures. The morphology of the CsPbl,,Br,s/UCNPs
heterogeneous structure is controlled by the liquid flow
behavior of UCNP inks during the sequential printing process,
which is affected by the concentration of the perovskite
precursor solution and the pressure applied to the printing
system. It is noted that successful printing can be achieved
easily when a certain pressure is applied to the printing system.
Printed 1D perovskite arrays can only be obtained on the
substrate with appropriate contact angles at fixed temperatures
and without extra applied pressure (Figure S11). However, the
perovskite arrays can be obtained easily when the printing
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system is applied with proper pressure (>0.5 KPa). The gap
between the template and the substrate can stay uniform
during the liquid shrinkage process under pressure, which is
beneficial to the stable shrinkage of the liquid bridge. Figure
S12 shows the uniform height of the perovskite microwires
under pressure, which is the prerequisite for printing uniform
CsPbl, ,Brys/UCNPs arrays. Figure 2e shows the phase
diagram of different heterostructures versus the concentration
of the CsPbl, ,Br s precursor solution and the pressure applied
to the printing system. All the points in the diagram are
obtained at the same ambient temperature and the same
contact angle of the substrate and the template. To obtain the
side-wrapped lateral heterogeneous structure, the width and
the height of the perovskite arrays should be regulated
appropriately to ensure the UCNPs are wrapped on the sides
of the perovskite arrays. The width of the perovskite microwire
can be controlled by changing the concentration of the
perovskite precursor solution. The width (W) increased from
755 nm to 2.51 um with the concentration changing from S
mg mL™" to 80 mg mL™" (Figure S13). When the width of the
perovskite microwire is large (W > 1.0 um), the UCNP ink
cannot cross over the microwire, forming the side-wrapped
lateral heterogeneous structure. However, the perovskite
microwire with a small width (W < 1.0 ym) cannot prevent
the UCNP ink from covering both sides and the top of the
perovskite microwire during the sequential printing process.
Thus, the top and both sides of the perovskite arrays will be
covered by UCNPs (Figure 2e-i). The height of the perovskite
arrays can be tuned by changing the pressure applied to the
printing system. When the applied extra pressure changes from
0 KPa to 1 KPa, the height (H) of perovskite arrays decreases
from 1.41 pm to 245 nm (Figure S13). When the height of the
perovskite microwire obtained by the first assembly process is
lower (H < 1.2 um), the UCNPs can cover the sidewall of the
perovskite microwire totally (Figure 2e-ii). When the height is
relatively higher (H > 1.2 yum), UCNPs cannot completely
occupy the sidewall of the perovskite microwire (Figure 2e-iii).

Characterization of Optoelectronic Performances.
The Vis—NIR photodetectors are fabricated by depositing a
100 nm Au layer on 1D CsPbl,,Br,s/UCNPs arrays using
thermal evaporation through a mask.”® The photoresponse
difference of a side-wrapped CsPbl,,Brys/UCNPs hetero-
junction (SWH) and a fully wrapped CsPbl,,Br,,/UCNPs
heterojunction (FWH) to visible light and infrared light (980
nm) is investigated. The photocurrents of the side-wrapped
CsPbl, ,Brys/UCNPs heterojunction at 450 and 980 nm are
125 X 1077 A and 5.40 X 107° A, respectively, which is 36
times (fully wrapped heterojunction, 3.43 X 10~ A@45S nm)
and 29 times (fully wrapped heterojunction, 1.86 X 107" A@
980 nm) those of the fully wrapped CsPbl,,Br,s/UCNPs
heterojunction under the same illumination power (Figure
3a,b). The wrapped UCNPs weaken the absorption of visible
light. On the other hand, the blocking of UCNPs in the fully
wrapped CsPbl,,Br;s/UCNPs structure causes poor ohmic
contact between electrodes and the perovskite microwires.
Therefore, the side-wrapped CsPbl,,Br,s/UCNPs structure
satisfies the light absorption efficiency in both the visible and
infrared regions.

Besides, the wrapped width of UCNPs is investigated to
achieve the optimal performance for the light detection. As
shown in Figure S14, the side-wrapped heterostructure with
different wrapped width from about 50 to 400 nm can be
obtained by adjusting the concentration of the secondary

printed UCNP ink. The infrared response performance
benefits from the luminescence intensity of the wrapped
UCNPs. Compared with the wrapped width of 50 nm, the
heterostructure with a wrapped width of 200 nm possesses
more UCNPs for sufficient luminescence, resulting in a
stronger infrared response. However, when the wrapped
width is too large (400 nm), the infrared and visible response
performance deteriorated due to the poor contact between
electrodes and the perovskite wires (Figure S14). Therefore,
the UCNPs/perovskite photodetectors with the wrapped
width of about 200 nm achieve the optimal performance.

For the side-wrapped CsPbl,,Br,s/UCNPs photodetectors
with optimal wrapped width, the photoresponse performance
for the Vis—NIR light is investigated. Figure 3c shows the
current—voltage (I-V) curves under dark and 980 nm light
illumination with different incident powers from 0.013 W cm ™
to 1.595 W cm™ The photocurrent is significantly increased
under the increasing illumination intensity. The low dark
current (9.90 X 107'* A) observed at the voltage of 5 V
indicates a low intrinsic carrier concentration of perovskite.
The responsivity (R) is calculated by R = I, /P, where I, is
the photocurrent and P is the incident light intensity,
respectively.”’ Light current and responsivity curves that
depend on the incident light power are presented (Figure
3c). Figure 3d shows the relationship among the light power
density, photocurrent, and R. With the incident 980 nm light
power density increasing from 0.013 W cm™ to 1.595 W cm ™2,
the photocurrent increases significantly from 3.83 X 107'° A to
1.73 X 107® A. The R can reach 150.5 A mW™" under a light
power density of 0.013 W cm™ As the incident power
increases, the responsivity gradually decreases, which can be
ascribed to enhanced exciton recombination at high carrier
concentration.”” The photoresponse characteristics of the side-
wrapped lateral heterogeneous photodetectors are further
investigated over typical visible illumination wavelengths
(450, 532, and 650 nm) to confirm the excellent visible light
response performance of the structure (Figure 3e and Figure
S15). The maximum R response under excitation at 450, 532,
and 650 nm is 1084 A W™, 604 A W', and 102 A W,
respectively (Figure 3f and Figure S15). The high responsi-
bility and detectivity can be ascribed to both the strict
alignment and high crystallinity of the perovskite microwire
and the side-wrapped CsPbl, ,Br, 3/UCNPs structure. The I—t
temporal response of the side-wrapped heterogeneous photo-
detectors is evaluated by two light pulses with gradually
increasing laser power and a time interval of 10 s, as shown in
Figure 3g and Figure S16. Under the excitation of various
wavelengths of light, the photocurrent increases with the
increase of the incident power. The printed photodetectors
exhibit excellent sensitivity and stability of response to the
dynamic change of the illumination.

The detectivity (D*) and external quantum efficiency (EQE
) of PDs are an important figure-of-merit of photodetectors.

The detectivity (D*) is obtained by D* = RS

, , where S is
NELo

the effective area of the device and I, , is the dark current of
the PDs.”’ The external quantum efficiency (EQE) is
calculated according to the following equation:

EQE = (R% X 100)%, where h is Planck’s constant, ¢ is the
velocity of light, 4 is the wavelength of the incident light, and €
is the elementary charge.”’ Maximum D* and EQE at different
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Figure 4. Glioma grade diagnosis ability based on the photoelectric response of the side-wrapped lateral heterogeneous photodetectors. (a)
Optical image of the testing system. Lasers of typical wavelengths (450, 532, 650, and 980 nm) were irradiated on the Vis—NIR
photodetectors after transmitting through different regions of the tissue sections. Scale bars, 1 cm. (b) Optical images of the normal tissue,
grade II glioma tissue, and grade IV glioma tissue. Scale bars, 1 mm. (c—f) Reconstructed imaging of three different tissues by the
photoelectric conversion of the side-wrapped heterogeneous photodetectors. The data are normalized by the maximum photocurrent
extracted under the illumination of different wavelengths of 450, 532, 650, and 980 nm, respectively. (g) The normalized absorbance
histogram of normal tissue, grade II glioma tissue, and grade IV glioma tissue at different wavelengths. (h) The principle of the detection
accuracy based on the SVM algorithm. (i) The detection accuracy of glioma diagnosis. Based on the multimodal detection covering the Vis—

NIR light, the detection accuracy is improved to 99.3%.

wavelengths are summarized in Figure 3h. The D* values of
the CsPbl, ,Brys/UCNPs arrays under excitation at 450, 532,
650, and 980 nm are 2.72 X 10", 1.51 x 10'%,2.58 X 10", and
3.78 x 10" Jones, respectively. The EQE of the CsPbl, ,Br,,/
UCNPs arrays under excitation at 450, 532, 650, and 980 nm
are 299 414%, 141095%, 19 586%, and 19.1%, respectively.
The large EQE is attributed to the excellent photoresponsivity
of the Vis—NIR photodetectors. The response time is obtained
with the current increasing from 10% to 90% for rising and
decreasing from 90% to 10% for decay.”' As shown in Figure
S17, the response time of the side-wrapped heterogeneous
photodetectors is 6.31 ms for the rise and 6.39 ms for the
decay. The satisfactory optoelectronic properties of visible light
and NIR light are mainly attributed to the side-wrapped
structure. Thus, the light response of the side-wrapped lateral
heterogeneous structure is much better than the fully wrapped
structure.

Glioma Grade Diagnosis. The accurate judgment for the
boundary and invasive growth of glioma in the brain is the
premise of precise diagnosis and treatment. The cell
morphology and component of the normal brain tissues and
different grades of glioma are inconsistent and dynamically
changing, which leads to differences in their absorption of light
at different wavelengths.''” Based on the sensitive photo-
electric response in the wide band, our Vis—NIR photo-
detectors can be employed to distinguish normal tissues from
glioma, as well as glioma grades.

16568

The glioma information can be converted into electrical
signals collected by Vis—NIR photodetectors, which is
beneficial for the rapid and precise diagnosis of glioma. A
simple microscopic test system can be built to perform the
grading diagnosis of glioma (Figure 4a). Typical wavelengths
of laser lights (450, 532, 650, and 980 nm) are irradiated on
the Vis—NIR photodetectors after transmitting through
different regions of the tissue sections. Figure 4b shows the
optical photos of normal tissue, grade II glioma tissue, and
grade IV glioma tissue, respectively. Normal tissue, grade II
glioma tissue, and grade IV glioma tissue are isometrically
divided into matrix regions. Every region is illuminated by laser
lights with different wavelengths. The contour images of
different tissue sections are obtained by normalizing the
photocurrents of typical regions at 450, 532, 650, and 980 nm,
respectively (Figure 4c—f). The number of pixels of the
contour images can reach 400 pixels cm™ Based on the high
performance of the photoelectric response, the reconstructed
contour maps are nearly identical to the physical maps of
different tissues, indicating the potential for tissue boundary
identification. Under the irradiation of four typical wave-
lengths, the photocurrents of normal tissue are significantly
weaker than that of grade II and grade IV glioma. This
distinction suggests that the device can differentiate between
normal and glioma tissue. As the incident light changes from
the visible region to the NIR region, the photocurrents of
different tissues increase gradually, which also confirms the
penetrating capability of NIR light. Figure 4g shows the
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normalized absorbance statistics histogram of normal tissue,
grade II glioma, and grade IV glioma at different wavelengths.
Obvious differences in the absorption of different light by
different tissues are observed from Figure 4g, which can be
used to diagnose glioma.

Accuracy is the most critical parameter in cancer diagnosis,
which represents the ability to distinguish normal tissue from
glioma tissue with different grades. To demonstrate the
accuracy to distinguish between the normal tissue and different
grades of glioma tissue via the Vis—NIR photodetectors, the
machine learning method is adopted to explore the recognition
accuracy under single-wavelength detection and multiwave-
length detection. The support vector machine (SVM) was
chosen because of its reliability and accuracy in small sample
data set training.”>>” The data were collected by recording the
photocurrents of the photodetectors under S V bias as typical
wavelengths of light passing vertically through various regions
of different tissue sections. Photocurrent data were further
normalized by L. ive/ Lonton Where L. i 1S the photocurrent
obtained by incident light passing through the tissue area and
I ool i the photocurrent obtained by incident light passing
through the blank area of the sections (Table S1). For single-
model detection, four SVM models were trained using
normalized photocurrent data at 450, 532, 650, and 980 nm
as features, respectively. After shuffling the order of the data,
60% of the data was used for training, and the remaining 40%
of the data was used to test the model accuracy (Figure 4h).
This process was carried out 100 times in total. The results
show that the accuracy of glioma tissue differentiation under a
single wavelength is 98.7%, 77.1%, 84.5%, and 93.3%,
respectively. After comprehensively using the data of the four
typical wavelengths of light as features, the multimodal
detection accuracy increases to 99.3% (Figure 4i). Sensitivity
and specificity are another two important parameters for
evaluating diagnostic performance. The diagnostic sensitivity
under a single wavelength detection is 98.1%, 65.6%, 76.7%,
and 90.0%, respectively (Table S2). The specificity of the Vis—
NIR photodetectors under all four single-modal detections is
100%. The sensitivity and specificity under multimodal
detection are 99.0% and 100%, respectively (Table S3).
Besides accuracy, the multimodal detection effectively
improves the sensitivity and specificity, as more features can
be integrated and analyzed to enhance the distinction of
different tissues. The high accuracy, sensitivity, and specificity
demonstrate the potential of the side-wrapped lateral
heterogeneous photodetectors with multimodal detection for
rapid classification of glioma. The validation of the sensor and
model was undertaken with a small number of clinical
specimens. To realize the clinical glioma diagnosis, it is
necessary to use a large number of double-blind specimens for
clinical validation in future work.

CONCLUSION

In summary, we have fabricated side-wrapped lateral
heterogeneous UCNPs/perovskite-based photodetectors
through the sequential template-assisted printing strategy.
The side-wrapped heterogeneous structure with UCNPs
exhibits excellent responsiveness to Vis—NIR light compared
with the fully wrapped structure due to the sufficient photon
absorption. Superior NIR and visible photodetection capa-
bilities with R reaching 150 mA W' at 980 nm and 1084 A
W™ at 450 nm are demonstrated. The printed Vis—NIR

photodetectors are employed for glioma grade diagnosis by
utilizing multimodal analysis for the absorbance of different
grades of glioma across the Vis—NIR region. They provide a
precise diagnosis with a detection accuracy of 99.3%. The
printed biomedical photoelectric detection strategy can be
further developed to assist clinicians in identifying the origin of
tumors, which facilitates achieving surgical diagnosis and
precise resection.

EXPERIMENTAL SECTION

Materials. Cesium iodide (Csl, >99.999% purity), lead(1I) iodide
(PbL,, >99.999% purity), and lead(II) bromide (PbBr,) were
purchased from Xi’an Polymer Light Technology Corp. Dimethyl
sulfoxide (DMSO) and 1,2-dichlorobenzene (0-DCB) were pur-
chased from Sigma-Aldrich. All chemicals were used as purchased
without further purification. The CsPbl, ,Br, s precursor solution (5—
80 mg mL™") was prepared by dissolving CsI, PbBr,, and Pbl, into a
certain amount of DMSO in a molar radio of 5:2:3 and stirring on a
hot plate at 60 °C for 2 h. The up-conversion particle dispersion
liquid (dispersed in toluene, S mg mL™") was purchased from Xi'an
Ruixi Biological Technology Co., Ltd. and concentrated twice
(dispersed in 0-DCB, 10 mg mL™'). The intraoperative frozen
sections including normal tissue sections, grade II glioma tissue
sections, and grade IV glioma tissue sections in this work were from
the Chinese PLA General Hospital. There were five slices for each
type. All experiments were performed in compliance with relevant
Chinese and institutional laws and guidelines and were approved by
the medical ethics committee of Chinese PLA General Hospital.
Informed consent was obtained from all patients.

Fabrication. The 1D CsPbl,,Br,g arrays and 1D CsPbl,,Br,s/
UCNPs arrays were prepared as follows. The line-shaped micropillar
template (2 ym in width and 20 ym in separation) modified with
1H,1H,2H,2H-perfluorodecyltrimethoxysilane (80 °C, 2 h) was
constructed to guide the assembly process. The Si/SiO, substrate
covered by the as-prepared template was placed horizontally, and the
pressure was applied to the printing system. A S uL CsPbl,,Brgg
precursor solution was carefully injected into the sandwich structure
formed by the substrate and template along the groove orientation.
The sandwich system was kept in a vacaum oven heated at 110 °C for
2 h. The 1D CsPbl,,Brys arrays were obtained on the substrate
directly after detaching the template. For the generation of 1D
CsPbl, ,Br;s/UCNPs arrays, the up-conversion particle dispersion
liquid was continuously injected along the groove orientation before
the template was detached. The whole system was subsequently
heated at 120 °C for 3 h and 150 °C for 3 h to ensure the total
evaporation of the 0-DCB solvent.

Characterization. The structures of 1D CsPbl, ,Br,¢ arrays and
1D CsPbl, ,Brys/UCNPs arrays were characterized by SEM (54800,
Japan) at an accelerating voltage of 10.0 kV. The elemental analysis
for the CsPbl, ,Brys/UCNPs 1D structure was carried out by EDS at
an accelerating voltage of 15.0 kV. The UV—vis absorption spectrum
was recorded on a UV—vis—NIR spectrophotometer (Shimadzu, UV-
2600). The PL emission spectra were obtained by a fluorescence
spectrometer (Edinburgh Instruments Ltd., FLS980) with an
excitation wavelength of 980 nm. The optical images and fluorescence
images were obtained by an optical microscope (Nikon, LV1I00ND)
coupled to a charge-coupled device (CCD) camera. Confocal
fluorescence images were obtained on a laser confocal microscope
(NIS-Elements) by using excitation wavelengths of 488 and 561 nm.
To distinguish the fluorescence of UCNPs from perovskite arrays,
sodium fluorescein (a green fluorescent dye) was added to the UCNP
dispersion, while rhodamine B (a red fluorescent dye) was added to
the perovskite precursor solution to enhance the fluorescence
intensity. Contact angles were measured using a contact angle
measurement device (OCA20, Germany) with DMSO on the SiO,
surface. The height of 1D CsPbl,,Br,s/UCNDPs arrays was tested
using an optical profiler (ContourGT-K1).

Simulation. A pseudopotential two-phase lattice Boltzmann
model combined with a nanoparticle transport model was applied

https://doi.org/10.1021/acsnano.2c06004
ACS Nano 2022, 16, 16563—16573


https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c06004/suppl_file/nn2c06004_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c06004/suppl_file/nn2c06004_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c06004/suppl_file/nn2c06004_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c06004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

to simulate the evaporation and resultant secondary printing
processes.”*® To save computational resources, only one channel
was modeled as a representation. The mechanism of multiple
separated channels is the same. The bottom substrate and the
solution are in light gray and blue, respectively. The first printed
trapezoidal configuration is in yellow, while the template is in dark
gray (with top). The evaporation occurring at the two open ends of
the channel was induced by a pressure difference between the
saturation vapor pressure at the liquid—gas interface and the open
ends. The contact angle of the substrate and the first printed
configuration was around 20°, while the rest is 80°. During the
evaporation process, the liquid—gas interfaces receded at both ends.
In the gap between the bottom substrate, the first printed
configuration, and the template, the liquid film remained due to the
capillary flow from the bulk. Meanwhile, the nanoparticles were
transported to the capillary trailing and accumulated over there. The
capillary trailing stayed until the complete evaporation of the bulk
liquid. Afterward, the capillary trailing was gradually evaporated and
the nanoparticles deposited upon the first printed configuration,
forming the side-wrapped lateral heterogeneous structure.

Optoelectronic Performance Measurement. The photo-
detectors were fabricated by depositing a 100 nm Au layer on 1D
CsPbl, ,Brys/UCNPs arrays through a mask.’® The channel is § ym
in length and 4 pym in width. The number of pixels of the
photodetectors can reach 2 X 10* pixels cm™. The optoelectronic
performances of 1D CsPbl,,Br,s/UCNPs photodetector arrays at
different wavelengths were recorded by a semiconductor system
(Keithley 4200A-SCS) on a four-probe station (Ideaoptics Inc.). The
power intensity of the incident laser was measured by an optical
power meter (PM100D, Thorlabs).

Data Collection for Machine Learning. Typical wavelengths of
laser lights (450, 532, 650, and 980 nm) were irradiated on the Vis—
NIR photodetectors after transmitting through different regions of the
three types of tissue sections. There were five slices for each type. The
photocurrent data were collected under a S V bias. Data of 164 cases
were collected from the effective area of the normal tissue section (64
cases with 450 nm, 36 cases with 532 nm, 36 cases with 650 nm, and
28 cases with 980 nm). Data of 186 cases were collected from the
effective area of the tissue section of grade II gliomas (59 cases with
450 nm, 25 cases with 532 nm, 38 cases with 650 nm, and 64 cases
with 980 nm). Data of 170 cases were collected from the effective area
of the tissue section of grade IV gliomas (53 cases with 450 nm, 29
cases with 532 nm, 36 cases with 650 nm, and 52 cases with 980 nm).
The photocurrent data were normalized by ILg yve/Ionwor The
normalized photocurrent data were used as the data for training and
testing.

Glioma Diagnosis by Machine Learning. Tissue recognition
can be powered by various machine learning algorithms (Random
Forest, Hidden Markov Models, Convolutional Neural Network, etc.).
All can serve our purpose. Among them, SVM was chosen because of
its reliability and accuracy in small sample data set training, which was
a great fit for the demand. Features and information for training and
classification were based on the different data of various wavelengths
we collected. Under the single-model detection, four SVM models
were trained using normalized photocurrent data at 450, 532, 650,
and 980 nm as features, respectively. The multimodal detection model
was trained by comprehensively using the data under four conditions
of 450, 532, 650, and 980 nm as features. After shuffling the order of
the data, 60% of the data was randomly selected for training and 40%
for testing. This process was carried out 100 times in total. In this
work, the accuracy rate, sensitivity, and specificity are defined as the
ratio of the number of data judged to be correct to the total number
of data collected from all tissues, the ratio of the data number
correctly determined as glioma tissues (among the data collected from
all glioma tissues) to the data number collected from all glioma
tissues, and the ratio of the data number correctly determined as
normal tissues (among the data collected from all normal tissues) to
the data number collected from all normal tissues, respectively. The
code for machine learning has been disclosed in Code S1.
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