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Confined Flash Printing and Synthesis of Stable Perovskite

Nanofilms under Ambient Conditions

Yuxin Liu, Tanja Knaus, Zheng Wei, Junfang Zhang, Matteo Damian,
Sebastian Ronneberger, Xingjun Zhu, Peter H. Seeberger, Hong Zhang,*

Francesco G. Mutti,* and Felix F. Loeffler*

The fabrication of stable perovskite nanofilm patterns is important for the
development of functional optical devices. However, current production
approaches are limited by the requirement for strict inert gas protection and
long processing times. Here, a confined flash printing synthesis method is
presented to generate perovskite nanofilms under ambient conditions,
combining precursor transfer, perovskite synthesis, crystallization, and
polymer protection in a single step within milliseconds. A laser
simultaneously prints and induces the flash synthesis, confined in a polymer
nanofilm, under normal ambient conditions. Due to its simplicity and
flexibility, the method enables the combination and screening of many
different perovskite precursor materials on various substrates. Besides for the
development of novel perovskite materials and devices, the nanofilms can be
applied for biodetection. The unique H,O,-responsive property of the
ultrathin perovskite quantum dot film is applied for biomolecule detection

and therefore unstable when exposed to
oxygen or moisture.’ To meet the demands
of various applications, stable polymer-
coated PQD films must be fabricated un-
der inert gas protection.[*®] The most com-
monly used approach today typically in-
volves multiple processing steps in an in-
ert gas-filled glove box, requiring strict
fabrication conditions, high-end settings,
and complex procedures that have long
been considered as the key obstacles for
upscaling.*!!l While a recently reported
approach can enable perovskite formation
under normal lab conditions, it still re-
quires precursor mixing and preparation
steps under strict inert conditions.!'2] Only
one approach circumvents this issue by

based on oxidase-catalyzed enzymatic reactions.

1. Introduction

Perovskite quantum dot (PQD) films have been extensively ex-
plored for the fabrication of advanced optical devices such as solar
cells,["l lasers,?) sensors,’l and light-emitting diodes (LEDs).[*
However, due to their low formation energy, PQDs are fragile

doping the precursors into glass, but this
restricts it to inorganic perovskites with
very limited application as the perovskite
is embedded in glass.'** Thus, all re-
cently reported material-flexible methods
require pre-mixing of precursors under inert gas protection us-
ing anhydrous solvents (Table 1).'>'#! In addition, it is chal-
lenging to fabricate arbitrary PQD films patterns without suf-
fering from slow fabrication in the range of hours, due to low
printing speed (e.g., lithography) or prolonged annealing times
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Table 1. Recently reported methods for fabricating PQD films.
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Method No inert gas and/or anhydrous solvents Patternable Material and application scope
Spin-coating!'?] X p y
cvpll X X "
Press printing!1°] X P /
Doctor bladel '] X , /
Laser heatingl '] Y . '
Squeeze bladel ] X X /
In situ coatingl?"] X X /
Polymer pen lithographyl?2] X y Py
This work v s /

(e.g., doctor blade) (Table 1, column 3).1%-2!l Moreover, most cur-
rent methods do not allow for a nanoscale control of a protective
polymer coating, preventing these PQD films from being used in
applications that require mass transfer (e.g., biodetection). While
a typical micrometer thick protective polymer coating is benefi-
cial for the PQD stability, it also blocks potentially desired inter-
actions with the PQDs.

To address these critical issues, we demonstrate the confined
flash printing (conFlash) synthesis of PQDs within a polymer
nanofilm. Based on laser-induced forward transfer (LIFT) of thin
films with integrated flash heating, our conFlash approach en-
ables the synthesis of organic—inorganic hybrid as well as purely
inorganic PQD nanofilm patterns within milliseconds. This is an
additive manufacturing approach that uses focused laser irradia-
tion to achieve the transfer and in situ mixing of different poly-
mer layers containing the individual precursors. The spatial sepa-
ration of metal ions and halide precursors is the critical step that
allows us to perform the process under normal lab conditions
using standard solvents without the inherent risk of decomposi-
tion when using pre-mixed precursors. Therefore, the much eas-
ier fabrication requirements, the high printing/synthesis speed,
and the wide range of precursors and materials are major ad-
vantages of our conFlash synthesis. Furthermore, our conFlash
approach provides a practical solution to the challenges of pat-
tern generation and controlled polymer protection. By program-
ming the laser scan pattern, speed, and laser power, we can con-
trol the position and amount of transferred precursor-containing
polymer, as well as the confined precursor mixing to synthesize
PQDs. As a result, we can realize the rapid synthesis of arbitrary
PQD nanofilm patterns and tune their thickness at the nanoscale
to enable selective molecular interaction for biodetection.

2. Results

The conFlash synthesis of PQDs by LIFT involves two main steps:
i) stable immobilization of metal ions on a substrate and ii) syn-
thesis of PQDs in a hydrophobic polymer nanofilm. For the first
step, we immobilize metal ions (e.g., Pb**) on the substrate by
an alginate-metal hydrogel.[?}] Therefore, alginate is spin-coated
on a substrate, and then, the Pb?* in polyethylene glycol (PEG) is
laser-transferred to the alginate-coated substrate (Figure 1A). Un-
der the optimal temperature and in presence of water vapor, the
carboxyl groups from the alginate coordinate with Pb**, rapidly
forming a stable hydrogel on the substrate (Figure S1, Support-
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ing Information).l?*-2¢) The PEG serves as both a vehicle (solid
solvent) during laser transfer, as well as a solvent together with
the water vapor, forming a nanoreactor for Pb**-alginate hydrogel
formation. After thorough washing to remove unreacted Pb?*,
significantly more Pb?* could be observed on the patterned hy-
drogel than on the non-patterned regions (Figures S2 and S3,
Supporting Information). Notably, this metal-hydrogel strategy
is universal, allowing the substrate to provide various different
metal ions for the preparation of different PQDs (Figure S4, Sup-
porting Information).

With the metal ion-modified substrate, the second step of
PQD formation is investigated, where methylammonium lead
bromide (MAPDBr;) PQD is chosen as a model (Figure 1B). A
hydrophobic polystyrene-poly(butyl acrylate) copolymer (S-LEC)
layer containing methylammonium bromide (MABI) is selec-
tively transferred to the Pb?*-bearing substrate, which forms
a nanofilm on the substrate and serves as a nanofilm reactor
for the confined synthesis of PQDs. During the LIFT process,
the laser induces a flash heating, reaching 200 °C within mil-
liseconds (Figure S5, Supporting Information), which melts and
transfers the MABr-containing polymer layer and generates a
nanofilm on the Pb?"-modified substrate.l?’] This allows us to
prepare PQD nanofilms in milliseconds, significantly reducing
fabrication time (vs hours or days using traditional methods with
post-processing).[2#2] In addition, since the mixing and reaction
of precursors takes place in the polymer film, there is no need
for inert gas protection or the use of anhydrous solvents as in
conventional spin-coating or blading methods.>!>11 By using
different laser parameters (e.g., laser power density and scan-
ning speed), the microstructure (Figure S6, Supporting Infor-
mation), thickness (2.5-131.5 nm, Figure S7, Supporting Infor-
mation), flatness (0.5-177.6 nm, Figure S8, Supporting Informa-
tion), and fluorescence intensity (Figure S9, Supporting Informa-
tion) of the nanofilm can be modulated to suit various applica-
tions. It is worth noting that above a certain laser energy thresh-
old, the generated fluorescence intensity of the PQD films de-
creases with increasing laser energy/heat because of partial de-
composition of MABr. By tuning the laser parameters, we can ob-
tain PQD nanofilms with or without microstructures and at the
same time realize the patterning of PQD nanofilms for different
application scenarios (Figure 1C,D). Notably, multiple nanofilms
of similar thickness can be generated rapidly and reproducibly,
but each with a physically random microstructure, which allows
for their unique identification (Figure S10 and S11, Supporting
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Figure 1. Confined flash printing (conFlash) synthesis of PQDs in a polymer nanofilm. A,B) Scheme, showing the stepwise conFlash synthesis of PQD: A)
selective immobilization of metal ions on a substrate and B) synthesis of PQDs in a hydrophobic polymer nanofilm. C) Fluorescence images of patterns
without (left) and with microstructure (right) controllably prepared by different laser parameters, represented using the same linear fluorescence intensity
scale. Average film thicknesses without microstructure ~4 nm, with microstructure ~17 nm. D) Fluorescence image (left) and signal distribution (right)
of a patterned PQD nanofilm. Signal distribution paths are indicated in the fluorescence image by a dotted white line. Minimum line feature down to

~18 um.

Information).?”) Based on the fluorescence intensity and the

characteristic microstructure, we selected those laser parameters
that generate macroscopically homogeneous and flat nanofilms
with microstructures, which will increase the relative surface area
and benefit certain applications (Figure 2A,B).

Upon flash heating, the PQDs are synthesized and dispersed
in the hydrophobic polymer nanofilm. Benefiting from the con-
fined synthesis in the nanofilm, the synthesized PQDs are ultra-
small (<10 nm) (Figure 2C). The Pb(4f) and N(1s) X-ray pho-
toelectron spectra of the nanofilm show typical signature peaks
of MAPbBr, QDs, as reported by others (Figure 2D; Figure S12,
Supporting Information).l3! Although transparent in the visible
range, the nanofilms absorb at wavelengths <520 nm (Figure 2E)
and show a bandgap of 2.23 eV (Figure S13A, Supporting Infor-
mation), which is similar to a spin-coated MAPbBr; PQD film,
prepared by the conventional method of pre-synthesized PQDs
in a glove box (Figures S13B and S14, Supporting Information).
The PQD nanofilm fluoresces, showing a lifetime of 8.3 ns with
an emission peak at 533.6 nm, and a full width at half maxi-
mum of 27.9 nm (Figures S13C and S15, Supporting Informa-
tion). Therefore, the MAPbBr; PQDs generated by the conFlash
synthesis method show comparable optical properties to the con-
ventionally prepared PQD material (Figure S13B,D, Supporting
Information). In addition, the photoluminescence quantum yield
for the MAPDBr; nanofilm is tested to be 36.4 + 5.1%, which is
comparable to the previously reported materials.[32-34]

Furthermore, the conFlash synthesis method is universally
applicable to other perovskite types, enabling a PQD synthesis
screening approach. The halide anions can be substituted by
other methylammonium halide precursors. A series of PQDs
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from MAPbCI,Br;, to MAPbBr; I, (x =3, 2, 1, and 0) were gen-
erated with different Cl/Br and Br/I ratios (Figure 3A), result-
ing in tunable fluorescence peaks between 432-664 nm. Simi-
larly, different cations can be used for the synthesis (Figure 3B),
such as methylammonium (MA*), formamidinium (FA*), and
cesium (Cs™), indicating that both pure inorganic and hybrid
PQDs can be prepared by the conFlash synthesis method. More
importantly, the PQDs with multiple cations can also be gener-
ated, which further expanded material scope for screening and
applications (Figure S16, Supporting Information). In addition,
this synthesis method is not only applicable to glass substrates,
but also to various functional substrate (e.g., plastic and ITO),
which makes it useful for constructing devices for various ap-
plications in comparison to traditional laser heating/annealing
methods (Figure 3C).[1314]

Since PQDs hydrate and decompose quickly in a humid envi-
ronment, they require a polymer protection (Figure S17, Support-
ing Information). In our case, the PQDs are prepared in situ by
the conFlash synthesis method in a hydrophobic polymer with
a ten times increased half-life, making the PQD nanofilm sta-
ble for >15 days at ambient conditions (Figure 4A,B). Notably,
compared with typical micro- to millimeter-thick protective hy-
drophobic polymer coatings, the nanometer-thin layer only slows
down instead of completely blocking the penetration of water
(Figure 4C). As a result, the PQDs in the nanofilm can interact
with solutes from an aqueous solution, which enables us to use
the PQD nanofilm as a fluorescence sensor for biodetection and
serodiagnostics. This offers a simple approach to fabricate PQD
nanofilms without inert gas protection and expand their applica-
tion field, which is not feasible by previously reported methods.
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Figure 2. PQDs nanofilm generated by optimal laser parameters. A) Photograph and B) vertical scanning interferometry height measurement of a
nanofilm containing MAPbBr; QDs on a glass slide. C) Transmission electron microscopy image of MAPbBr; QDs synthesized in a nanofilm, collected
from a glass slide by solvent washing, and a high-resolution lattice image insert. D) Pb 4f; , and 4f; , X-ray photoelectron spectrum and E) UV—vis-NIR

transmittance spectrum of a nanofilm on a glass substrate.

Compared with water, H,0, decomposes PQDs much more ef-
fectively due to a synergistic decomposition effect: hydroxyl radi-
cals and ions are simultaneously produced by the PQD-catalyzed
decomposition of H,0,, which oxidizes the MA* and precipi-
tates the Pb**, respectively.*>3¢ Therefore, the fluorescence of
the PQD film is quenched in response to H,O, in aqueous so-
lution (Figure 4D) and is hardly affected by the solvent or other
typical biomolecules in serum (Figure S18, Supporting Informa-
tion). Since lead ions mainly precipitate in the form of hydroxides
(Figure S19, Supporting Information), the possibility of lead ion
leakage as well as the risk to the environment and operators is
minimal. The quenched fluorescence intensity is logarithmically
related to the H,O, concentration in the typical biologically rel-
evant range (0-50 um), which allows the quantification of H,0,
(Figure 4E,F).

Owing to their selective H,O,-responsive fluorescence, the
PQD nanofilms can detect H, O, in biological samples. The films
can be printed as an array or arbitrary patterns for simulta-
neous quantification of multiple samples, while the incubation
with a sample does not affect its morphology (Figure S20, Sup-
porting Information). On the one hand, its unique microstruc-
ture can serve as a unique (unclonable) label, which helps to
identify the samples and reduces mistakes (Figure 5A). On the
other hand, the PQD nanofilm can also be used to detect other
biomolecules by using various enzymes that produce H,0O, as
a by-product (Figure 5B). As a proof of concept, a 3 x 3 array
of PQD nanofilm was printed and incubated with multiple sam-
ples. The fluorescence image allows direct and rapid screening
of the H,0, concentration (Figure 5C), while the fluorescence

Adv. Mater. 2024, 36, 2409592 2409592 (4 of 9)

profiles provide a quantitative result (Figure 5D). Next, the PQD
nanofilms were used for the detection of uric acid, nicotinamide
adenine dinucleotide phosphate (NADPH), and phenethylamine,
by using engineered uric acid oxidase from Bacillus sp. (PDB
No. 5AY], abbreviated BTUO), NADPH oxidase from Bacillus
subtilis (PDB No. 1ZCH, abbreviated YcnD), and an engineered
monoamine oxidase from Aspergillus niger (PDB No. 2VVM, ab-
breviated MAO-N-D5) as biocatalysts, respectively (Figure SE;
Figure S21, Supporting Information). Due to the generation of
H,0, in the enzymatic reactions, the fluorescence of the PQD
nanofilms is quenched in response to the studied model disease
biomarker, co-enzyme factor, and molecular medicine, indicat-
ing a wide applicability of the PQD nanofilm in biodetection and
serodiagnostics.

3. Conclusion

In conclusion, we propose the first practical method for fabri-
cating stable PQD nanofilms in situ without inert gas protec-
tion or the use of anhydrous organic solvents. PQDs are syn-
thesized in a nanometer confined film within milliseconds by
a laser-induced flash heating process and simultaneously pro-
tected by a hydrophobic polymer nanofilm. By varying the laser
parameters, the thickness and flatness of the PQD nanofilm can
be modulated, which will be useful for various applications. In
addition, the nanometer thin polymer only slows down the wa-
ter penetration, instead of completely blocking it, thus allowing
the interaction between the PQDs and solutes from an aque-
ous solution. Therefore, biodetection can be realized with a PQD

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Universality of the conFlash synthesis method. A) Fluorescence image and fluorescence spectra of MAPbCl,Br;, (x =3, 2, and 1), MAPbBr;,
and MAPbBr; I, (x = 1, 2, and 3). The fluorescence image was derived from a single raw image. B) Fluorescence image and fluorescence spectra of
MAPbBr3, FAPbBr3, and CsPbBr; on a glass substrate. C) Fluorescence image and fluorescence spectra of MAPbBr; on transparent plastic, glass, and

ITO substrates.

nanofilm, which is not feasible for films prepared by previously
known methods. As a result, our conFlash synthesis method
combines the advantages and avoids the drawbacks of the typi-
cal PQD synthesis methods. This largely simplifies and reduces
PQD production requirements, shortens fabrication times, ex-
pands their application field, and gives a universal approach to
produce various PQDs on different substrates. Together with
robotic automation approaches, the conFlash method will enable
reproducible high-throughput synthesis of PQDs by screening a
variety of different precursors and substrates.’’] Yet, there are
several issues that should be addressed. As shown in Figure 2C,
the size distribution of the PQDs is wider than obtained by the
well-established solution-based synthesis, due to the weak inter-
action of our currently used polymers with the precursors, re-
sulting in the widening of fluorescence peaks. In the future,
we will try to emulate the liquid-phase synthesis using differ-
ent polymers or doping ligands into the polymer(s) to obtain
more homogeneous PQDs. This will be beneficial to obtain PQD
nanofilms with narrower emission peaks. Based on our previ-
ous mechanistical studies of our laser-induced forward transfer
process,[3¥40 we want to further explore advanced variants of
light-matter interaction and modify the parameters of this con-
Flash technique to precisely control the morphology of PQDs. In
addition, the amount of PQDs in the nanofilms prepared by the
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conFlash technique is low. We will address this in our future work
by investigating other coating approaches for the donor and ac-
ceptor substrate to increase the material layer thicknesses and
to study the crystallographic characteristics and optoelectronic
properties of the conFlash synthesized PQDs. For biodetection
applications, future work should focus on minimizing the impact
of the physiological environment on the detection performance
of the PQD nanofilms. Therefore, the interaction between the
nanofilm and different biomolecules in the physiological envi-
ronment should be thoroughly investigated, especially potential
analytes. Although the analytes studied in this work did not have
a significant effect on the fluorescence detection performance of
the nanofilms (Figure S22, Supporting Information), it should
be advantageous to rationally modify nanofilms (e.g., hydrophilic
and hydrophobic modifications by LIFT) and to use more effi-
cient biorecognition groups. In addition, the interaction between
biorecognition groups (e.g., enzymes and/or nucleic acids) and
PQD nanofilms should be studied in more detail to ensure high
sensitivity and selectivity in biodetection.

4. Experimental Section

Materials: The halide precursors MACI, MABr, MAI, and FABr were
prepared following previous reports.[32] S-LEC was purchased from

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85UB01 SUOWWOD) dAIEBID 3|gedl|dde au Ag pauieno a1e sajolie VO 88N JO SNl 40y Afiq1T 8UI|UO A1 UO (SUOHIPUOD-PUR-SLLIBY WD A8 | 1M AReuq1Bul|UO//SdIY) SUOIIPUOD PUe SWid | 8U} 885 *[G202/20/52] Uo ARiqiauliuo AB|IM SeauiolqiastslSAIUN BAN A 26560202 BLIPR/Z00T OT/I0P/W0D A8 | I Akeiq U1 UO'paoUeApe//Say Woiy papeojumoq ‘gt ‘720 ‘S607T2ST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

600 1800 _
A 0 day 15 days B 1800 m  confined flash synthesis
550 1500 spin-coating (without polymer)
2 1500+ LM
B 1200 2
£ 500 2
15 900 = 1200 - *
kot - 2 k=0.0060
E 450 3
] 600 2
w 9
£ 900+
300
0 600 T T T T T T T T !
525 550 575 550 575 o 2 4 6 8 10 12 14 16
Emission (nm) Emission (nm) Days
C . . D E .l
H,0 / H,0, Limited penetration 50 UM H,0, - 200 0
<100 =
-~ < [%} |
25 - z w g 10 H:0;]
= E 2 @ G_f;_ pm - mm & 60 .E 120 y
O o 3 £ 50
o 2 g . 4 s 8 p
S c T 204 o 804
5% £ % :
= 0o 5 10 15 25 30 § 40
Time (min) i
o 4
water T T T T 1
H.O Slow penetration g 1004 480 500 520 540 560 580
: g 2z 807 Wavelength (nm)
2 ¥ S 60
0 Q “%, e nm £ 4]
2 = . L ° B
3 T_N f £ 20 F 25
s € o
g 0 5 10 15 25 30 _ 2.0
[7) Time (min) S
< 3
[7] ~ 154
Ko H,0, -OH + OH- —100] x
= cat S 50 UM H,0, =
B ¥ > 80 o104 Y = 2436.7 - 2248.3 exp(-X / 8.5)
c i “ 2 60 3 2
= =" . . T nm 8 o R2 =0.9919
5 e B T < 40 < o5
o 2
FI [
P S S e 00+— : : : . ,
s on 0 5 10 15 25 30 0 10 20 30 40 50
Ynergistic decompositio Time (min)

[H;0] (uM)

Figure 4. Stability and H,0O, response of PQD nanofilm. A) 2D fluorescence spectra of a PQD nanofilm prepared by conFlash synthesis before (left)
and after (right) 15 days of storage. B) Fluorescence intensity of PQD nanofilm prepared by conFlash synthesis method and spin-coated PQD film
without polymer coating during 15 days storage. The decomposition rate constants were calculated according to the equation of first-order reaction. C)
Schematic representation of the H,O, response mechanism of the PQD nanofilm prepared by our conFlash method, in comparison to spin-coated PQD
film with polymer coating. D) Relative fluorescence intensity of the PQD nanofilm during 30 min in water (center) and 50 um H,O, solution (bottom).
For comparison, a PQD film with polymer, prepared by conventional pre-synthesis and spin-coating, in 50 um H,O, solution (top). E) Fluorescence
spectra of a PQD nanofilm reacted with different H,O, concentrations. F) Logarithmic relationship between the H,O, concentration in the range from
0 to 50 um and absolute intensity (Abs(I-ly)) of a PQD nanofilm. Data are presented as mean = SD (n = 3).

Sekisui Chemical Co. Ltd. Uric acid, NADPH, and phenethylamine were
purchased from Sigma Aldrich. Other chemicals were purchased from Alfa
Aesar Chemical Co. Ltd. All chemical reagents were of analytical grade and
were used directly without further purification. Deionized (DI) water was
used throughout.

Donor Slide Fabrication: Glass donor slides with a hematite nano-
absorber layer were fabricated using standard microscope glass slides
(Marienfeld, Germany) according to our standard protocol.[4l The slides
were spin-coated with halide precursor solution using 500 pL solution at
80 rounds per second. For the preparation of halide precursor solution, ex-
emplified for the MABr, 50 mg MABr and 300 mg S-LEC were fully dissolved
in a 5 mL mixture of methanol and dichloromethane (v/v=3:7), forming a
homogeneous and clear solution. The MACI, MAI, FABr, CsBr, and mixed
halide precursor solutions were prepared with the same formulation at a
same molar concentration. The methanol/dichloromethane ratio was opti-
mized before use. The donor slides spin-coated with a Pb(NO;), solution
were fabricated with the same parameters: 120 mg Pb(NO;), and 120 mg
polyethylene glycol (PEG, MW = 5000) were fully dissolved in 1 mL DI wa-
ter and spin-coated on glass. The MnCl,, FeCls, CoCl,, NiCl,, Zn(NO3),,
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and Y(NO;); solutions were used with a same formulation at a same mo-
lar concentration. All solutions were used immediately after formulation.

Acceptor Substrate: Three different types of substrates were tested,
including standard microscope glass slides, transparent PET sheets
(Sigma Aldrich), and ITO-coated glass (Sigma Aldrich). All substrates
were used without additional processing except for cutting. The alginate-
coated substrates were obtained by spin-coating the substrate with Twt%
sodium alginate solution using 500 L solution at 80 rounds per sec-
ond. The alginate-coated substrates were dried overnight (>10 h) before
use.

ConFlash Synthesis of PQDs:  The LIFT laser setup was constructed and
optimized according to our standard protocol.[*?] In a typical experiment,
the donor slide, spin-coated with Pb(NO3), solution, and the dry alginate-
coated substrate were cleaned by compressed air and fixed on the platform
for laser transfer (0.63 mW um~2, 50 mm s~"). Then, the substrate slide
was heated in a self-established glass oven to 100 °C for 60 min under a
humid environment of 6 mg cm™3, and washed with 5 mL methanol three
times to obtain a substrate with alginate hydrogel patterns. Afterward,
the as-obtain substrate with alginate hydrogel patterns and donor slide

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 5. Detection of H,O, and enzyme-based biomolecules by PQD nanofilm. Schematic representation of two functions of PQD nanofilm as A)
unique microstructure sample label by and B) biosensor by H,0O,-responsive fluorescence. C) Fluorescence image and D) fluorescence intensity pre
and post reaction of a 3 x 3 PQD nanofilm array responding to different concentrations of H,0,. The experiment was double-blind (n = 9). Center line,
median; square, mean; box limits, upper and lower quartiles; whiskers, 1.5X interquartile range. E) Detection of uric acid, NADPH, and phenethylamine
via H,0, quenching of PQD nanofilms functionalized with an engineered urate oxidase (BTUO), a nicotinamide adenine dinucleotide phosphate oxidase

(YenD), or a monoamine oxidase (MAO-N-D5).

spin-coated with halide precursor solution were cleaned by compressed
air and fixed on the platform for laser transfer (0.50 mW um=2,
50 mms~T).

Solvothermal Pre-Synthesis and Spin-Coating of PQDs as Control:  Con-
trol PQDs were prepared by a typical solvothermal approach. 3.5 mg
of these as-obtained PQDs were dispersed in 5 mL dichloromethane.
Standard microscope glass slides were spin-coated with this PQDs dis-
persion using 500 uL of solution at 80 rounds per second to obtain
PQD films without polymer coating. To obtain control PQD films with
polymer coating, the as-obtained PQD films were additionally spin-
coated with a dichloromethane solution of a styrene-butyl acrylic copoly-
mer (S-LEC, 60 mg mL™"), using 500 uL of solution at 80 rounds per
second.

Characterization: The scanning electron microscopy study was carried
out using a Zeiss LEO 1550 microscope equipped with a field emission
gun and with an Oxford Instruments X-MAX SDD. Energy-dispersive X-
ray spectra and surface mapping of the samples were performed during
SEM measurements. The morphology of the PQDs formed in the polymer
nanofilm was determined using a FEI Tecnai G2F30 transmission elec-
tron microscope. The PQDs were removed from the substrate with an-
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hydrous dichloromethane in a N,-filled glove box and drop casted on the
surface of a copper grid. X-ray photoelectron spectroscopy spectra were
performed on Thermo escalab 250Xi. UV—vis—NIR transmittance and dif-
fuse reflection spectra were determined on a Hitachi U-4100 UV-vis spec-
trophotometer. A vertical scanning interferometer (smartWLI compact,
Gesellschaft fiir Bild- und Signalverarbeitung mgH, Ilimenau, Germany)
was used with 5x and 50X objectives for topographic measurements.
Data analysis was carried out in MountainsMap Version 8.0 (Digital Surf,
France). The fluorescence images and fluorescence spectra were obtained
by Leica TCS SP8X confocal microscopy. The 2D fluorescence spectra and
fluorescence lifetimes were taken on a FLS980 lifetime and steady state
spectrometer (Edinburgh Instruments). The absolute quantum yield was
detected with an integrated sphere executed at the 390 nm. The bare glass
slide and pure MAPbBr; QDs film prepared by pre-synthesis and standard
spin-coating method were tested as reference (Figure S23, Supporting In-
formation).

Recombinant Enzyme Expression and Purification:  Enzymes sequences
and structures are available in the protein data bank (PDB) repository un-
der the accession codes: 5AY) for BTUO, 1ZCH for YcnD, and 2VVM for
MAO-N-D5.

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Expression and Purification of Engineered Urate Oxidase from Bacillus
sp.TB-90 (BTUO): The synthetic gene encoding for the urate oxidase
variant R298C from Bacillus sp. TB-90 (BTUO) was subcloned into a
pET21a(+) plasmid between Ndel and Xhol restriction sites.[*3] The se-
quence contained a flexible linker (LQNAPAHG) before the Xhol site. E.
coli BL21(DE3) cells were used as the host organism.

The BTUO expression and purification were performed according to
the following procedure. For recombinant expression, 800 mL of lysogeny
broth (LB) medium supplemented with ampicillin (100 ug mL~") were in-
oculated with 15 mL of an overnight culture of E. coli BL21(DE3) cells har-
boring the desired plasmid DNA. Cells were grown at 37 °C until an ODg
of 0.8-0.9 was reached, and the protein expression was induced by the ad-
dition of IPTG (0.5 mm). Protein expression was carried out overnight at
25 °C. After harvesting of the cells (4 °C, 10 min, 8944 X g), the remaining
cell pellet was resuspended in lysis buffer (50 mm KH,PO,, 300 mm NacCl,
10 mm imidazole, pH 8.0) prior to cell disruption by ultrasonication. The
protein purification was performed by Ni-NTA affinity chromatography us-
ing pre-packed Ni-NTA HisTrap HP columns (GE Healthcare), previously
equilibrated with lysis buffer. After loading of the filtered lysate, the column
was washed with sufficient amounts of washing buffer (50 mm KH,PO,,
300 mm NaCl, 25 mwm imidazole, pH 8.0), and bound protein was recov-
ered with elution buffer (50 mm KH,PO,4, 300 mm NaCl, 200 mm imida-
zole, pH 8.0). After SDS-PAGE, fractions containing the desired proteins
in a sufficient purity (>90%) were pooled and dialyzed against 50 mm
K,HPO,/KH,PO, buffer (pH 8.0) overnight and concentrated using Cen-
tripreps (Millipore). The purified enzyme solution was stored at —80 °C as
aliquots after shock-freezing in liquid nitrogen. The final concentration of
the protein was determined at 280 nm (€550 = 36 390 M~' cm™"). A typical
protein yield of 75 mg L™ cell culture was obtained.

Expression and purification of nicotinamide adenine dinucleotide phosphate
(NADP) oxidase from Bacillus subtilis (YenD):  Nicotinamide adenine din-
ucleotide phosphate oxidase, YcnD, was expressed and purified as previ-
ously reported by us.[44]

Expression and Purification of Engineered Monoamine Oxidase from As-
pergillus niger (MAO-N-D5):  E. coli BL21(DE3) cells harbouring a pET28a
plasmid encoding for the MAO-N-D5 enzyme were used to prepare an
overnight culture (5 mL LB medium supplemented with ampicillin 100 ug
mL~").145] Next day, 100 uL of the overnight culture were used to inocu-
late 10 mL of LB medium supplemented with ampicillin 100 pg mL~". This
secondary culture was grown at 30 °C until the ODg reached 0.7-1. Next,
8 mL of this culture were used to inoculate the main culture (800 mL of
LB medium supplemented with ampicillin 100 ug mL™") that was grown
at 30 °C overnight without the addition of IPTG (i.e., optimized procedure
after expression trials using different conditions).

The solubility tests were performed as follows. The samples were cen-
trifuged at 4500 rpm at 4 °C for 15 min. The supernatants were discarded,
each pellet was resuspended in 3 mL Lysis buffer and sonicated (5 min
of total sonication time, 10 s pulse on, and 10 s pulse off). In total T mL
of each lysate was centrifuged for 20 min at 4 °C (14 534 X g). The super-
natants and the pellets were analysed with SDS-PAGE. Sample 1 (1000 pL)
was taken before overnight expression from the secondary culture when
ODggp was 0.92. Sample 2 (1000 L, after 1:5 dilution) was taken after
overnight expression from the main culture in absence of IPTG. Samples
3 and 4 were taken from the soluble and insoluble fractions, respectively,
after disruption of the cells. Based on the reported molecular weight of
MAO-N-D5 (MW: 55.617 Da), it was observed that although the expres-
sion of the enzymes seems to be low, the enzyme was found to be in the
soluble fraction. Moreover, no enzyme is present in the insoluble fraction.
Attempts of purification of MAO-N-D5 with Ni%*-affinity chromatography
revealed that the enzyme only eluted in the flowthrough. Due to this fact
and the low expression level, the crude lysate was used in this work.

H,0,-Response Study: A 50 um H, O, solution was prepared by dilut-
ing 30% H, O, solution in DI water and was used immediately after formu-
lation. 10 uL of 50 um H, O, solution was deposited on the PQD nanofilm
and observed under the microscope. Every 5 min, the fluorescence inten-
sity of the nanofilm was determined. The PQD nanofilm covered with DI
water and the spin-coated PQD film covered with 50 um H, O, solution
was used for comparison.
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H,0, Determination: The standard solutions of H,O, were prepared
by diluting 30% H,0O, solution with DI water. All standard solutions
were used immediately after formulation. For a typical determination,
10 pL H,0, standard solutions (2.5-50 um) were deposited on the
PQD nanofilms and observed under the microscope. After incubation for
30 min, the fluorescence spectra of all nanofilms were determined, respec-
tively.

Uric Acid, NADPH, and Phenethylamine Determination: The standard
solutions (50 um) of uric acid, NADPH, and phenethylamine were pre-
pared by dissolving analytes in DI water. All standard solutions were used
immediately after formulation. As for uric acid determination, 10 pL uric
acid standard solution was deposited on the PQD nanofilm modified with
BTUO and observed under the microscope. After incubation for 30 min,
the fluorescence image of the nanofilm was obtained after removing the
uric acid standard solution and drying with compressed air. The fluo-
rescence image for NADPH and phenethylamine determination were ob-
tained by a similar procedure using the PQD nanofilms modified with YcnD
and MAO-N-DS5, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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