Published on 17 februarie 2020. Downloaded on 05.01.2026 23:56:26.

CHEMISTRY & cibica

hEfER OF CHEMISTRY

FRONTIERS

W) Check for updates ‘

Cite this: Mater. Chem. Front.,
2020, 4, 1256

Received 15th January 2020,
Accepted 17th February 2020

DOI: 10.1039/d0gm00031k

ROYAL SOCIETY
-«

Aggregation-induced emission of a 2D protein
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Aggregation-induced emission (AIE) of a 2D protein supramolecular nanofilm exhibiting multiple
functions is achieved for the first time at the air/water interface or on a solid surface at a timescale of
several minutes. The mixture of lysozyme, tris(2-carboxyethyl)phosphine (TCEP) and 9,10-distyrylanthracene
with two ammonium groups (DSAI) results in the rapid synthesis of a phase-transited lysozyme (PTL) AIE
nanofilm, coating or ink from a neutral aqueous solution at room temperature. The multifunctionality of
these waterborne biocompatible DSAI@PTL AIE materials shows some potential applications such as anti-
bacterial and anti-counterfeiting for edible items or living creatures. This strategy combines the advantages
of AIE with a 2D biopolymer suprastructure and provides an eco-friendly interfacial material with biological
functions and applications. By introducing versatile AIE molecules with different functions and emission, the
development of optically active biomimic materials with a wide range of applications could be opened up,

rsc.li/frontiers-materials

Introduction

Aggregation-induced emission (AIE) was discovered by Ben
Zhong Tang in the study of 1-methyl-1,2,3,4,5-pentaphenylsilole,"
and, to date, a series of luminogens with aggregation-induced
emission (AIEgens) have been applied in bio- or synthetic polymers
by the polymerization of AIEgen-containing monomers or post-
polymerization modification of polymers with AlEgens.>™* This
finding has further promoted advances in a variety of topics
such as protein conformation change, protein fibrillation,
enzyme activity, DNA synthesis, DNA sequencing, visualization
of polymerization reactions, polymer self-assembly, response to
multiple stimuli, and energy conversion.” However, the introduction
of AlEgens into 2D biopolymer film systems has not been reported,
although recyclable biopolymer-derived 2D materials have offered
multiple opportunities in various fields of surface modification,
biomaterials, lithography, optics and electronics.® ™ The difficulties
in synthesizing AlEgen@2D biopolymer materials probably lie in
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such as multi-colour polymer coatings.

two aspects. Firstly, unlike self-assembled biopolymer structures in
nature, the fabrication of a macroscopic 2D biopolymer material
through economic supramolecular assembly remains a challenge,
let alone the integration with AlEgens.”>"""'* Secondly, the lack of a
method to chemically or physically encode AlEgens into a 2D array
of biopolymer chains further constrains the development of
AlEgen@2D biopolymer materials.' "

Herein, we report sensitive binding of AIEgens to newly-
developed amyloid-like suprastructures, which present the
promising capability to synthesize highly emissive fluorescent 2D
proteinaceous nanofilms, coatings and water-based inks. In con-
trast to classical ThT staining on amyloid structures, the present
work suggests that 9,10-distyrylanthracene with two ammonium
groups (DSAI) as a typical water-soluble AlEgen having acceptable
antimicrobial capability and good biocompatibility"* could bind
to amyloid-like aggregates of lysozyme to induce a stable AIE
phenomenon. The resultant oligomer nanoparticles carrying
DSAI AlIEgens would further aggregate at the air/water interface
to form a macroscopic fluorescent nanofilm, on the liquid/solid
interface to form a reliable fluorescent coating on a substrate or
in the bulk solution to form a fluorescent water-based ink (Fig. S1,
ESIt). These materials take advantage of both AIEgens and
amyloid-like structures typically including high photostability
AlEgens to resist photobleaching and to give robust interfacial
adhesion of amyloid-like structures on virtually arbitrary sub-
strates. These features, in combination with the intrinsic bio-
compatibility of the proteinaceous nature, ensure the application

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020


http://orcid.org/0000-0002-6576-3370
http://orcid.org/0000-0002-0423-925X
http://orcid.org/0000-0001-5766-8050
http://orcid.org/0000-0002-0463-1024
http://crossmark.crossref.org/dialog/?doi=10.1039/d0qm00031k&domain=pdf&date_stamp=2020-02-29
http://rsc.li/frontiers-materials
https://doi.org/10.1039/d0qm00031k
https://pubs.rsc.org/en/journals/journal/QM
https://pubs.rsc.org/en/journals/journal/QM?issueid=QM004004

Published on 17 februarie 2020. Downloaded on 05.01.2026 23:56:26.

Research Article

5

DSAI 1y )
< ! DSAI@PTL monomer

Incubation

g

o
— R @
3G v

>
® X®Pe  Tcep
DSAI@lysozyme

[ —
substrate | | substrate

DSAI@PTL buffer

View Article Online

Materials Chemistry Frontiers

Robust AIE
£
Self-floating nanofilm 1
Air/water UV (395nm)
interface
Coated substrate
Solid/liquid

UV (395nm)

interface i -

Bulk UV (395nm)

Scheme 1 Schematic illustration of the preparation of the DSAI@PTL coating (film and ink) on a substrate.

of this kind of hybrid material in the field of anti-counterfeiting
on edible items and living creatures, which remains a huge
challenge until now (Scheme 1).

The amyloid-like suprastructures, also called phase-transited
lysozyme (PTL), including oligomeric nanoparticles and micro-
particles from protofibril aggregation, are prepared and char-
acterized according to our previous study,">”"” in which lysozyme
undergoes a fast phase transition upon the reduction of its
disulfide bond by tris(2-carboxyethyl)phosphine (TCEP). Unlike
classical amyloidosis to typically produce mature fibrils having
long-range ordered fB-sheet stacking, the PTL oligomeric nano-
particles having short-range ordered f-sheet stacking would
aggregate at air/water or liquid/solid interfaces to form a nano-
film, and no mature fibrils are observed during the process.'® In
the present work, the reaction for hybridizing DSAI with PTL is
initiated by adding TCEP into a mixture of lysozyme and DSAI at
a given condition (2 mg ml~" lysozyme, 50 mM TCEP, pH = 7,
0.1 mg ml~" DSAI, volume ratio 10:10:2, and incubation for
20-60 min). The strategy to fabricate the fluorescent 2D hybrid
proteinaceous nanofilm, coating and water-based inks for anti-
counterfeiting labels on substrate surfaces was then developed
in a controllable manner (Fig. 1A-D). First, a self-floating hybrid
nanofilm composed of a monolayer of oligomer nanoparticles
was formed at the air/water interface of the reaction solution,
and then the resultant film was further readily transferred onto
the solid surface when the immersed material under the solution
meniscus was lifted to pass through the air/water interface
(Fig. 1A). Thus, the DSAI@PTL film is particularly useful for
coating on a water-sensitive material. To accomplish this, the
hybrid film was first formed at the air/water interface and then
transferred onto an agarose hydrogel surface. Subsequently, the
gel-carried film was stamped on a water-sensitive material surface
for 10 seconds to transfer the film from the gel surface onto
the contacted material surface; the film was weakly attached to
the gel surface, which is similar to the static-floating state on the
water surface. By predefining the hydrogel shape, the film could
also attach onto a material surface with a determined shape
(Fig. 1A). Such patterning of the hybrid film allows it to have
broad application prospects, for example, as a pattern design for
the application of anti-counterfeiting described in an upcoming
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section. Alternatively, a similar 2D nanofilm composed of a
monolayer of oligomer nanoparticles was directly formed at the
liquid/solid interface when the material was immersed in the
reaction mixture of lysozyme, TCEP and DSAI. The film coating
was precisely immersion-guided, and the solution-dipped area
was covered by the film (Fig. 1B). Further, with the use of the
amyloid-like hybrid microparticles formed in the bulk solution
as an ink, coating patterning could be also simply achieved by
direct spraying or writing of the ink solution on a substrate
(Fig. 1C and D). In this process, surface patterning was easily
achieved by covering the substrate with a template during the
spraying process from a watering pot or by directly writing on
the substrate with a pen or brush.

Results and discussion

As revealed by the field emission scanning electron microscope
(FE-SEM) cross-sectional images, the thickness of the nanofilm
formed at the interfaces of air/water or liquid/solid could be
adjusted to 20-50 nm by the concentration of lysozyme (Fig. 1E)
and the pH of the TCEP solution (Fig. S2, ESIt)."® Unlike the
opaque or colorful properties of previously reported coating
materials,'®° the hybrid film formed at the interfaces showed
a transmittance of 90-100% between 350 and 800 nm on the
film-coated glass without an intrinsic color, thereby demon-
strating potential as a unique class of stealthy coatings (Fig. 1F
and Fig. S3, ESIt). The invisible coating was highly fluorescent
under a 405 nm laser as the optimized excitation wavelength for
DSAI" (Fig. 1G), while the control samples, including the blank
PTL and blank DSAI solutions at the same concentration as that
used in DSAI@PTL, did not emit obvious fluorescence (Fig. 1H,
I and Fig. S4, ESIf). This contrast indicated that the phase
transition of lysozyme favored embedding and aggregation of
DSAI in PTL to present AIE. The extent of the aggregation and
resultant fluorescence emission could be further enhanced by
increasing the concentration of DSAI, as normally observed in
an AIE system (Fig. S5, ESIt),"* or by increasing the pH of the
TCEP buffer to intensify the extent of the phase transition
(Fig. S6 and S7, ESI})."® The corresponding quantum yields

Mater. Chem. Front., 2020, 4,1256-1267 | 1257


https://doi.org/10.1039/d0qm00031k

Published on 17 februarie 2020. Downloaded on 05.01.2026 23:56:26.

Materials Chemistry Frontiers

A Film

A
Lifting up \~

* i |

\/‘

Transfer

N

View Article Online

Research Article

, UV (395nm)
>

\/ A== -

DSAI@PTL film
B Coating 6/ :
Immersion Taking out UV (395nm)
P> ~—
’\N ~ g L > p=
| |
DSAI@PTL buffer
C Ink 6«/ f '
- i ; Removing .
% g Praying : template v (395'"")
a2 \// » TG \w

= -

DSAI@PTL

D Ink

.} v
4 Writing /
/’/T > :
2 DSAI@PTL

T (%)

100
20.
80
70.
60.
50
40.
30

200 300 400 500 600 700 800
Wavelength (nm)

) e
UV (395nm)
) > &,,;MM;?

150 — Tk
=991 —Free DsAl J S “]—DSAIGPTL film 00—
1,120 —PTL s 6k{— DSAI@PTL solution 3
81201 _psai@pL = 60k
@ 5k e
8 o 3 50k @
Q £ 4k-
H o 40k ©
8 0 in)’ 3k 30k ©
o & 2k 20k @
5 30 2 s
3 21 10k 3
— [ [™
450 500 550 600 0 5 10 15 20 25 30
DSAI PTL' DSAI@PTL Wavelength (nm) Time (min)

Fig. 1 The preparation of a self-floating 2D DSAI@PTL nanofilm and ink coating on a material surface. (A—D) Schematic strategies to form the DSAl@PTL
nanofilm and ink coating on a material surface by (A) transfer from the liquid phase (contact-printing), (B) direct immersion, (C) spray coating and
(D) direct writing. (E) The effect of the concentration of lysozyme on the thickness of the DSAI@PTL nanofilm. (F) UV/visible transmittance of the nanofilm
coated on glass. (G) Confocal laser scanning images of the hybrid nanofilm under a 405 nm laser as the optimized excitation wavelength.
(H) Fluorescence images and (I) corresponding spectra of free DSAI in water, free PTL in water and the DSAI@PTL hybrid in water under excitation
with a 395 nm UV lamp (0.01 mg ml~* DSAI was used in this case). (J) The time-resolved fluorescence spectra of the DSAI@PTL solution and hybrid film

after exposure to a 340 W xenon lamp for 30 min.

for the DSAI@PTL solution and hybrid film were 18% and 11%,
respectively (Fig. S8, ESIt). Due to the possible restriction of
intramolecular rotations (RIR) of DSAI caused by the aggregated
state of the molecules located in PTL, the DSAI@PTL solution
and hybrid film resisted photobleaching when observed
under a confocal microscope, and the corresponding fluores-
cence intensity after exposure to a 340 W xenon lamp for an
extended time (30 min) changed slowly (Fig. 1] and Fig. S9,
ESIt). This anti-photobleaching capability is desirable for
practical use.

1258 | Mater. Chem. Front., 2020, 4,1256-1267

Amyloid-based adhesion is a type of important bioadhesion
in nature, which has been widely utilized by microbes and
marine creatures to adhere themselves on a solid surface.*'?
Owing to the general and multiplex surface bonding affinity of a
series of functional groups expressed on a PTL film surface to
virtually arbitrary materials,?'? the amyloid-like lysozyme assembly
in the hybrid PTL film could produce robust interfacial bonding
with various substrates, including inorganics, organics, metals,
micro/nanoparticles and living organisms, like plants and
animals.'®'” As a result, the direct formation of the DSAI@PTL

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 2 (A) Bar graph representing the WCA of bare substrates and DSAI@PTL nanofilm-coated substrates. (B) Photograph displaying the fluorescence of
star-shaped DSAI@PTL nanofilms under UV irradiation after 3 M adhesive tape testing and ethanol treatment for 2 h. (C) Photograph displaying the
fluorescence of the DSAI@PTL nanofilm under UV excitation after ultrasonic treatment for 20 min. (D) TEM image of the DSAI@PTL nanofilm stained with
2% (w/v) phosphotungstic acid for 5 min. (E) The deconvolution of the amide | and Il band of the hybrid nanofilm. (F) Far-UV CD spectra of the native
lysozyme, PTL in solution (the pH of the TCEP buffer at 5.0, reaction time 2 h), and DSAI@PTL in solution (the pH of the TCEP buffer at 5.0, reaction time
2 h). (G) Photographs of a bare glass coverslip without any coating (control), glass coverslip with the PTL nanofilm coating (PTL) and glass coverslip with
the DSAI@PTL nanofilm (DSAI@PTL) after Congo red staining. (H) The fluorescence spectra of DSAI@PTL evolving with the phase transition time. (I) The
effect of the phase transition time on the fluorescence intensity and position of the maximum emission peak shown in (H). 2 mg ml~* of lysozyme, 50 mM
of TCEP (pH 7.5) and 0.01 mg ml™ DSAI were used in these cases (volume ratio of lysozyme : TCEP: DSAI = 10:10: 2). (J) The fluorescence spectra of
lysozyme (2 mg ml~?) evolving with the phase transition time (50 mM TCEP, pH 4.5) as revealed by staining the sample with ThT or DSAI. (K) Fluorescence
spectra for the traditional amyloidosis of lysozyme (2 mg ml™Y), as revealed by ThT staining (100 pM) and DSAI (133 uM). (L) ITC results for the interaction

between DSAI and lysozyme, lysozyme and TCEP, DSAI and TCEP, and DSAI and PTL.

film on the substrates, including silicon wafers, metals, and
polymers, was verified by simply incubating these surfaces in
the lysozyme phase transition buffer with DSAI added, in which
the versatile modified substrates covered by the DSAI@PTL film
had a uniform water contact angle (WCA) of approximately 60°
(Fig. 2A and Fig. S10, ESIt). The simultaneous exposure of polar
and nonpolar groups on the PTL surface afforded multiplex
interfacial bonding with the underlying substrate,> which
enabled the DSAI@PTL coating to resist mechanical peeling
in the 3M adhesive tape peel test and ultrasonic treatment
(Fig. 2B, C and Fig. S11, ESIY). The robustness of the film on
the substrate was also reflected by the thermostability of the
coating under different temperatures, which showed an intact

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

coating morphology and fluorescence intensity without obvious
degradation after the film-coated glass slide was exposed to a
temperature range from —20 to 200 °C (Fig. S12, ESIY).

The long-term endurance of the film was further evaluated
by an accelerated aging experiment, in which the film coating
showed negligible changes in the surface morphology and
fluorescence after being incubated in hot air at 80 °C and being
exposed to ultraviolet irradiation or a microbial environment
for 60 days (Fig. S13, ESIt). The fluorescence intensity of the
DSAI@PTL coating remained stable in a series of organic
solvents, including ethanol, hexane, and DMF (Fig. 2C and
Fig. S14, ESI{), and then showed a 40% (for the DSAI@PTL ink
formed in the bulk solution) and 75-90% (for the DSAI@PTL

Mater. Chem. Front., 2020, 4,1256-1267 | 1259
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nanofilm formed at the interface) decrease in an aqueous solution
(Fig. S15, ESIY). This phenomenon might be due to an environment-
induced migration of DSAI from the inside to the outside of the
hybrid material, which was effectively overcome by crosslinking
the DSAI@PTL coating in 2% glutaraldehyde. This process then
strengthened the coating and suppressed the diffusion of DSAI
from inside the coating to the outside; as a result, stable
fluorescence with a slight decrease was observed in polar and
nonpolar solvents as well as extreme pH conditions, as char-
acterized by the corresponding confocal microscopy images and
fluorescence spectra (Fig. S16 and S17, ESI¥).

As revealed by transmission electron microscopy (TEM) and
atomic force microscopy (AFM), the DSAI@PTL hybrid film
comprised densely packed oligomer nanoparticles with an
average diameter of approximately 30 nm (Fig. 2D and Fig. S18,
ESIf).'® The size of the oligomer nanoparticles was close to the
nanofilm thickness, which also indicated a possible 2D monolayer
distribution of oligomer nanoparticles inside the nanofilm. The
amide I and II regions of the infrared (IR) spectra of the hybrid
film indicated a contribution of antiparallel B-sheets in the film
(Fig. 2E and Fig. S19, ESI{).** Consistently, the far-UV circular
dichroism (CD) spectra of the reaction solution showed that the
negative o-helix peak of the native lysozyme at 208 and 222 nm
was shifted to a single peak at 216 nm for the anti-parallel -sheet
structure after the phase transition (Fig. 2F),”* which was further
supported by B-sheet-directed Congo red staining of the hybrid
film (Fig. 2G).>* The hybridization process was then monitored by
Thioflavin T (ThT) and 1-anilinonaphthalene-8-sulfonate (ANS)
staining, which showed a successive increase in the fluorescence
intensity of the reaction solution as the phase transition pro-
ceeded (Fig. S20, ESIt). These results indicated that the transition
process involved a continuous increase in the B-sheet structure, as
identified by the B-sheet-specific dye ThT.>® The transition was
assisted by the hydrophobic exposure and aggregation of the
unfolded protein (after reduction of its intramolecular disulfide
bond by TCEP), as reflected by hydrophobic residue-specific dye
ANS.*° Interestingly, it was found that DSAI could also be utilized
as a dye to monitor the phase transition process, indicating
specific binding of DSAI to the B-sheet structure (Fig. S20, ESIT).
Unlike the slow fluorescence intensity increase at the beginning of
the phase transition (Fig. S20, ESIt) and the results of traditional
amyloidosis revealed by ANS and ThT staining,**?> the fluores-
cence intensity of the PTL system with DSAI (without addition of
ANS and ThT) increased significantly from the beginning of the
reaction, with the maximum emission peak shifting to a lower
wavenumber (Fig. 2H-J and Fig. S20, ESIt). This level of
recognition was effective in a wide range of DSAI concentrations
(e.g., from 0.01 to 1 mg ml™ ') (Fig. S21, ESIf) and could be
further utilized to monitor traditional amyloidosis by incubating
lysozyme at a pH of 2 for 12 h (Fig. 2K). At roughly the same
concentration, DSAI showed a much higher sensitivity than
ThT from both the slope (50-75-fold increase) and the strength
(10-100-fold increase) of the curve (Fig. 2], K and Fig. S20, ESIT).
The above results reflected that DSAI-based AIE may provide a new
method for monitoring conformational changes of proteins*®>®
with a much higher sensitivity than the traditional ThT dye.

1260 | Mater. Chem. Front., 2020, 4,1256-1267
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The fluorescence mechanism of DSAI@PTL was further studied
by a series of experiments. First, because it is an amphiphilic
molecule, the critical micelle concentration (CMC) of DSAI in
pure water was measured in the 0.02-0.04 mg ml ™" range using
its fluorescence spectra (Fig. S22, ESIT). As a result, the DSAI in
water at 0.01 mg ml~ " (or lower) typically utilized for hybridization
with PTL would not substantially self-aggregate in the solution and
thus not contribute to the strong fluorescence of DSAI@PTL
(Fig. S4, ESIt). Second, the native lysozyme was not capable of
causing obvious fluorescence enhancement of DSAI, as reflected
by the fluorescence intensity tests of the mixture solution of
native lysozyme and DSAI (Fig. S23, ESIT). Moreover, the strong
fluorescence from the hybrid film was not mainly from the
adsorption of the DSAI on the PTL product surface, since weak
fluorescence due to the adsorption of DSAI on the as-prepared
PTL surface would be easily diminished by simple desorption
via a fast water rinse (Fig. S24 and S25, ESIf). Based on the
above results, it was hypothesized that the DSAI molecule was
embedded within the short-range ordered B-sheet structure
inside PTL, which then showed stable fluorescence after water
or centrifugation rinsing as well as dialysis (Fig. S26, ESIt). Such
a model was then supported by isothermal titration calorimetry
(ITC), in which the interaction between DSAI and PTL released
substantially more heat (10-fold increase) than those of the
interactions between DSAI and the native lysozyme, DSAI and
TCEP or the native lysozyme and TCEP, indicating a specific
interaction between DSAI and PTL (Fig. 2L and Fig. S27, ESI¥).

In addition to its fluorescent properties, the DSAI@PTL
hybrid coating also showed good bactericidal function and
biocompatibility, which would provide an important foundation
for its use in the counterfeiting of biological species, foods and
pharmaceuticals. The PTL and the DSAI moiety carrying two
ammonium groups both contributed to the bactericidal function,
which was more noticeable than that in the blank PTL film.*" High
killing ratios of 99% towards typical Gram-positive bacteria
S. aureus (Staphylococcus aureus, ATCC 6538), Gram-negative
bacteria E. coli (Escherichia coli, ATCC 8739), and fungus
C. albicans (Candida albicans, ATCC 10231) were readily obtained
through sufficient contact between the DSAI@PTL coating surface
and the microbes (Fig. 3A and B).

Furthermore, in addition to the good intrinsic biocompatibility
of the PTL film found previously by our group,** a low cytotoxicity
of DSAI towards mammalian cells at different concentrations was
then shown using HL-7702 (normal liver cells) and HepG2 (liver
cancer cells) as model cells, showing a weak influence on the cell
viability (Fig. 3C). The survival curve of mice after direct feeding of
DSAI at a maximum of 0.1 mg ml " (far higher than the dose used
in the synthesis of the hybrid DSAI@PTL material) in a routine
drug dose of 0.4 mL g@1 (mouse weight) exhibited a 100%
survival ratio until the end of the feeding period (>14 days)
(Fig. 3D). At the end of feeding, the histological evaluation of
the group of mice fed with DSAI showed clear, neat and well-
organized cells in the heart, liver, spleen, lungs, kidneys, small
intestine and colon as revealed by H&E and Masson staining,
which was consistent with the control group; bleeding,
degeneration, hemorrhage, necrosis or inflammatory exudation

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 3 Evaluation of the anti-microbial performance of the DSAI@PTL nanofilm toward E. coli, S. aureus, and C. albicans and the toxicity of the
fluorescent ultrathin DSAI@PTL nanofilm. (A) The killing ratio of the DSAI@PTL nanofilm toward different concentrations of E. coli, S. aureus, and
C. albicans. The DSAI@PTL film was prepared by the strategy given in Fig. 1B. 2 mg ml™* of lysozyme, 50 mM of TCEP (pH 7.5) and 1 mg ml~* of DSAI were
used in these cases. The volume ratio is 10:10: 2. (B) The corresponding plate spreading results of E. coli, S. aureus, and C. albicans treated with pure

DSAI (0.01 mg ml™Y). (C) The cytocompatibility of DSAI towards HL-7702 and

HepG2 cells. (D) The survival curve of mice as a mammalian animal model

by feeding 0.1 mg ml™ DSAI to the mice. (E) The cytocompatibility of the DSAI@PTL coating towards Hela cells. 2 mg ml~* of lysozyme, 30 mM of TCEP
(pH 7.0), and 0.1 mg ml™* or 0.01 mg ml™* DSAI were used in these cases. The volume ratio was 1:1: 0.2 and the incubation time was 20 min.

were also not observed (Fig. S28-S31, ESIt). Based on the above
results, a low cytotoxicity of the DSAI@PTL coating towards
mammalian cells could be expected and was further confirmed
using an MTT assay, which showed a weak influence on the
viability and morphology of HeLa cells (Fig. 3E and Fig. S32,
ESIT). In this context, the hybrid material made of the pure
proteinaceous substance and a low amount of DSAI, in combi-
nation with mild coating conditions (fast, room temperature,
neutral aqueous solution), might show great potential in bio-
logical counterfeiting. These features are distinctive from those
in conventional synthetic anti-counterfeiting systems,"®>°
which is demonstrated in the following examples.
Counterfeiting is an increasing global challenge. In particu-
lar, counterfeiting in the fields of medicine and edible items
can severely endanger human health.**** To combat counter-
feiting, the packaging of an increasing number of goods is
being protected by radio frequency tags, barcodes, watermarks,
fluorescent inks, and chemical or biological tags (e.g,
DNA).*****% However, manufacturers often ship goods directly
to wholesalers or distributors rather than consumers, which
provides a means for counterfeit goods to enter the legitimate
goods supply chain. Hence, labeling the goods themselves, such
as tablets, instead of package labeling, could be a powerful
strategy to protect consumers from fake goods.*>>® This idea
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was demonstrated using a DSAI@PTL coating. For instance, we
simply wrote on glass with the DSAI@PTL ink, and there was
no sign of the writing under ambient light, while the writing
clearly appeared under ultraviolet light (Fig. S33, ESIt). In
another example, we easily transferred the patterned DSAI@
PTL hybrid film onto a tablet, which did not display any
differences compared with the uncoated tablet under ambient
light but there was obvious fluorescence under ultraviolet light
(Fig. 4). It was further demonstrated that the DSAI@PTL
nanofilm could readily adhere to various kinds of goods,
such as capsules, foods, general merchandise, cherished
animals and plants, precious artifacts, currency and colloids
(e.g., living HeLa cells as shown in Fig. S32B (ESIT) and CaCO;
microparticles as shown in Fig. S34 (ESIt) due to the easy
applicability of PTL onto micro/nano-particles'’?), which was
invisible in ambient light but consistently displayed well-
defined fluorescence signals under ultraviolet light (Fig. 4).
A fluorescent anti-counterfeiting label could be easily erased
by vitamin C (Fig. S35, ESIT) as a result of specific insertion of
vitamin C into the B-sheet inside the PTL leading to dis-
assembly, which is likely a unique feature of DSAI@PTL.?”
Overall, the above results proved that DSAI@PTL offers a
convenient, effective, universal and reliable anti-counterfeiting
strategy.
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Fig. 4 The universality of the anti-counterfeiting strategy based on a fluorescent ultrathin DSAI@PTL nanofilm. Photographs under a UV lamp and
ambient light (inset) for the DSAI@PTL coating on medicines, foods, general merchandise, cherished animals and plants, precious artifacts and currency.
For ginseng, 3D resin, fish and seed, a DSAI@PTL nanofilm without a pattern was formed on these surfaces; for other items, a nanofilm pattern was

formed on the surfaces.

Conclusions

In conclusion, by combining the advantages of PTL (rapid and
simple processing, straightforward operation and application
at a large scale, low cost, high biocompatibility, being colorless
and the ability to remain transparent under ambient light) with
the advantages of an AIE molecule (sensitive to aggregation,
good resistance to photobleaching, and strong fluorescence),
we prepared a highly fluorescent amyloid-like ultrathin nanofilm

1262 | Mater. Chem. Front., 2020, 4,1256-1267

and ink integrated with AIE luminophores with excellent stability
by a simple one-step DSAI-doped amyloid-like assembly. The
strong fluorescence of the DSAI@PTL film was attributed to the
aggregation of DSAI embedded in the B-sheet-rich amyloid-like
structure. The good interfacial adhesion of the DSAI@PTL nano-
film on the surfaces of various substrates, fluorescence stability,
and robustness under a series of extreme conditions support its
promising use in the anti-counterfeiting of various kinds of
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edible items and living creatures, such as microparticles (even
living cells), general merchandise, medicines, fruits, foods,
precious commodities, and living plants and animals.

Experimental
Materials

Lysozyme was purchased from Sigma-Aldrich. 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid (HEPES pH = 7.2-7.4,
sterilized), MHB medium, YM medium polyimide (PI), phos-
phate buffered saline (PBS) and agarose powder were purchased
from Solarbio. Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP) and Congo red were purchased from TCI. E. coli (ATCC
8739), S. aureus (ATCC 29213) and C. ablicans (ATCC 10231) were
obtained from American Type Culture Collection (USA). Dulbecco’s
modified Eagle’s medium (DMEM), penicillin-streptomycin
solution, fetal bovine serum and trypsin were purchased from
GE Healthcare Life Sciences. Ultrapure water was used in all
experiments and was supplied by a Milli-Q Advantage A10
(Millipore, USA). Super flat glass (the grade for the electronics
industry) and indium tin oxide (ITO)-coated glass plates were
obtained from NanBo Co., Ltd. High-quality commercial
poly(ethylene terephthalate) (PET) slabs, polycarbonate (PC)
slabs and poly(methyl methacrylate) (PMMA) slabs with a
protective film covering (for the nanofilm coating process, the
protective film was carefully detached from the slab) were
obtained from Taobao. Gold (45 nm Au with 5 nm Cr as the
adhesion promotion layer) coatings were prepared by magnetron
sputtering deposition on cleaned silicon wafers. The PC slabs,
PMMA slabs, PET slabs, gold wafers, glass and ITO-coated glass
were subjected to ultrasonic cleaning with ethanol. The silicon
wafers (Si) were purchased from Resemi Co., Ltd. The Si wafers
and flat glass were cleaned with piranha solution (concentrated
H,S50,:35% H,0, = 7:3 v/v) at 80 °C for 8 h (Caution: piranha
solution reacts violently with organic materials; it must be handled
with extreme care, followed by copious rinsing with ultrapure water).

The preparation of the DSAI@PTL buffer

In order to obtain DSAI@PTL, the phase transition buffer of
DSAI@lysozyme was freshly prepared by mixing the stock
buffer of lysozyme (2 mg ml~" in 10 mM HEPES buffer at pH
7.2), DSAI (0.1 mg ml ™' dispersed in water) and TCEP buffer
(50 mM TCEP in 10 mM HEPES buffer at pH 5.0) at a volume
ratio of 1:0.2: 1. Unless otherwise specified, the typical condition
for the lysozyme buffer was 2 mg ml™" lysozyme in 10 mM of
HEPES buffer, pH 7.2, and the typical condition for the TCEP
buffer was 50 mM TCEP in 10 mM of HEPES buffer, pH = 5.0
(adjusting the pH with 5 M NaOH). A lysozyme concentration
higher than 2 mg ml~" was not utilized since the concentration of
2 mg ml~ ! was enough to offer a dense and smooth nanofilm
on a surface that had a 50 nm thickness and fully covered the
underlying substrate. The assembly of lysozyme and DSAI was
initiated sponteneously upon the mixing of them with TCEP added,
and the DSAI@PTL product in the form of a 2D DSAI@PTL
nanofilm was formed at the solution surface after 10-60 minutes.
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The attachment of the DSAI@PTL nanofilm via lift-up
transferring

The preparation strategy is given in Fig. 1A. In brief, the
DSAI@PTL solution was dropped on a hydrophobic surface
such as a Petri dish substrate to ensure a solution with a certain
thickness. Then the solution on the substrate was incubated in
a humid environment for a given time (generally for 60 min) at
room temperature. Then, a free-floating DSAI@PTL nanofilm
that covered completely the whole solution surface area could
be formed at the air/liquid interface. By carefully transferring
the substrate holding the DSAI@PTL solution into a tank with
ultrapure water inside, the DSAI@PTL nanofilm was then
floated on the surface of the ultrapure water. The target sub-
strate was lifted from the bottom of the tank to pass through
the DSAI@PTL nanofilm. During this process, the DSAI@PTL
nanofilm was inherently transferred onto the substrate surface.
In the lift-up process, a pH higher than 5 in the TCEP buffer
before mixing with DSAI@lysozyme was recommended since a
pH lower than 5 easily produced a very thin nanofilm that was
hardly observed by eye. The coated material was then dried at
room temperature.

The attachment of the DSAI@PTL nanofilm via in situ soaking

The preparation strategy is given in Fig. 1B. Simple soaking is
enough to transfer efficiently the DSAI@PTL nanofilm onto the
immersed target substrate surface to form a solid-supported
nanofilm. For this aim, the target material was fully contacted
with the freshly prepared DSAI@PTL buffer, and after incubating
for a given time (typically within 5-50 min) a conformal PTL
nanofilm was stably attached onto the immersed solid surfaces.
The coated material was then taken out and rinsed with clean
water to wash away remaining native lysozyme and other salts. The
coated material was then dried with nitrogen for the next purpose.

The attachment of the DSAI@PTL nanofilm via contact-printing

The preparation strategy is given in Fig. 1C. In this method, the
DSAI@PTL nanofilm was firstly floated on the ultrapure water
surface, and then transferred onto an agarose gel (prepared by
dissolving 1% wt agarose in boiling water and cooling the
solution to room temperature at ambient conditions) surface
with a defined shape by the lift-up transferring technique (2.3).
For transferring the DSAI@PTL nanofilm onto a target sub-
strate, the DSAI@PTL nanofilm-coated gel stamp was evenly
touched with the underlying substrate, and after a gentle pressure
on the stamp for 5 seconds, the gel stamp was carefully peeled off
from the substrate. In this way, the DSAI@PTL nanofilm orignally
carried by the gel stamp would be transferred onto the underlying
target substrate.

The attachment of the DSAI@PTL nanofilm via direct writing
or spraying

The preparation strategy is given in Fig. 1D. In this method, the
DSAI@PTL buffer could be written with using a writing brush
or sprayed on the substrate through a watering pot and after
that the DSAI@PTL nanofilm could be patterned easily through
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a template. For this aim, the freshly prepared DSAI@PTL
solution was infused into a pen or a spray bottle, and then
one can use the pen to write any security label on a substrate
surface with a designed pattern. By placing the template on the
substrate to be modified, one can use a spray bottle to spray any
type of security label on the substrate. In this process, due to
the rapid phase transition process, a patterned DSAI@PTL
nanofilm could be formed on the substrate after spraying. If the
substrate is water-resistant, the reaction residue can be washed
away by ultra-pure water. In this method, a pH maintained at 5 in
the TCEP buffer before mixing with DSAI@lysozyme (2 mg ml ™"
lysozyme, concentration of DSAI dependent on requirements as
show in Fig. S4, ESIf) was recommended since under this
condition the system will maintain a stable and non-separated
state for several days.

Cell viability assay

Firstly, DSAI solutions with different concentrations were prepared:
0.1 mg ml™%, 0.05 mg ml", 0.025 mg ml™ ", 0.0125 mg ml
0.01 mg ml™*, 0.005 mg ml™*, 0.0025 mg ml*, 0.00125 mg ml %,
0.000625 mg ml~*, and 0.000375 mg ml~*. HL7702 and HepG2 cells
in the logarithmic growth stage were taken, washed with PBS,
digested with trypsin, and centrifuged for 5 min at 1000 rpm, and
the supernatant was removed. After adding the appropriate medium
and blending it into a single-cell suspension, the cell liquid was
transferred into a 15 ml centrifuge tube and centrifuged for 5 min at
1000 rpm. After centrifugal cleaning, the medium was added to
make it a single-cell suspension. The cells contained in the single
cell suspension were counted with a blood cell count plate, and the
cell density was regulated to 5 x 10* ml™'. After the cells were
adhered to the wall, we set the blank group, control group and
experimental group. After culture for 24 h, the supernatant was
discarded, and 200 pL with a final concentration of 0.5 mg ml™"
MTT was added to each well. After incubation for 4 h for the culture
plate at 37 °C and 5% CO,, the supernatant was abandoned and
inject 150 ul DMSO in each group, followed by the oscillation
for 10 min with avoiding light. Finally, the incubated solution
was studied using a spectrophotometric microplate reader (Bio-
Rad 680, USA) at a wavelength of 492 nm. The MTT assay was
also used for HeLa cells, PTL coated HeLa cells and DSAI@PTL
coated HeLa cells.

The toxicity evaluation for DSAI by recording the survival curve
of Kunming mice

The experiment was divided into four groups. There were 10
mice in each group, including 5 males and 5 females. Before
feeding chemicals, the mice were forbidden to eat for 4-5 h.
After that 0.01 and 0.001 mg ml ™' DSAI solution were respectively
intragastrically administered according to 0.4 ml/20 g (body
weight of the mice) every day. Every physiological behavior of
the mice was observed within 1 h after injection of the DSAI
solution. Finally, the mice were switched to a healthy diet at 2 h
after the dosing. We recorded the number of deaths in the mice
every day. After 14 days of research, the heart, liver, spleen, lungs,
kidneys, small intestine and colon were subjected to histological
evaluation.
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Characterization

The Attenuated Total Reflectance Fourier Transform Infrared
(ATR-FTIR) spectrum was recorded on a Vetex 70v spectrometer
(Bruker Inc., Germany). The UV/vis spectrum was collected
using a U-3900/3900H (Hitachi). The fluorescence spectrum
was collected using an FLS-920 fluorescence spectrophotometer
(Edinburgh Instruments). Scanning electron microscopy (SEM)
was performed using an FEI Quanta 200. Field Emission SEM
(FE-SEM) observations were conducted on an SU8020 (Hitachi).
Atomic Force Microscopy (AFM) was performed using a CSPM
5500 (MultiMode, NanoScope IV from Benyuan Inc, China) and
silicon cantilevers with resonance frequencies of f0 = 300 kHz
and spring constants of k = 40 N m ' were used. The nanofilm
coating on the silicon wafer was scanned by using the tapping
mode, and the mean diameter and root mean square (RMS)
roughness were analyzed using software CSPM Imager 4.7. For
Transmission Electron Microscopy (TEM) measurements, the
DSAI@PTL nanofilm was deposited on a copper grid (with a
carbon support film) by the strategy given in Fig. 1B and further
negatively stained with 30 pl of 2% (w/v) phosphotungstic acid
aqueous solution (pH 7.0) for about 5 min. Then, we let it
naturally dry for TEM measurements. TEM was performed on a
JEM-2100 (JEOL, Japan) at 200 kV. Particle size distribution
measurements of the colloids were performed by Dynamic
Light Scattering (DLS) on a Malvern Zeta sizer Nano-ZS90. Laser
confocal microscopy was performed on an OLYMPUS FV1200.
Optical microscopic observations were carried out on a Nikon
Ti-U (Tokyo, Japan). The water contact angle (WCA) was measured
on an OCA 20 (Dataphysics, Germany). The far-UV CD spectrum was
collected by using a Chirascan spectrophotometer (Applied Photo-
physics Ltd, England).
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