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ABSTRACT: Vaccines are undoubtedly a powerful weapon in

nerma

our fight against global pandemics, as demonstrated in the @ ‘

recent COVID-19 case, yet they often face significant challenges }«q

in reliable cold chain transport. Despite extensive efforts to ;»\\\ Te'g‘gi;aé“re )
monitor their time—temperature history, current time—temper- Vol - EEE
ature indicators (TTIs) suffer from limited reliability and R SEECEEEEE \
stability, such as difficulty in avoiding human intervention, , - \
inapplicable to subzero temperatures, narrow tracking temper- Miﬁgocwstal_*}.‘) u"fvticrocrystal arrays, /_Amorphous |
ature ranges, or susceptibility to photobleaching. Herein, we T » cf)(gc Og%%éé 8§8 Destruction|©

develop a class of structural color materials that harnesses dual
merits of fluidic nature and structural color, enabling thermal-
triggered visible color destruction based on triggering agent-
diffusion-induced irreversible disassembly of liquid colloidal photonic crystals for indicating the time—temperature history of
the cold chain transport. These self-destructive structural color liquids (SCLs) exhibit inherent irreversibility, superior
sensitivity, tunable self-destructive time (minutes to days), and a wide tracking temperature range (—70 to +37 °C). Such self-
destructive SCLs can be conveniently packaged into flexible TTIs for monitoring the storage and exposure status of diverse
vaccines via naked-eye inspection or mobile phone scanning. By overcoming the shortcomings inherent in conventional TTIs
and responsive photonic crystals, these self-destructive SCLs can increase their compatibility with cold chain transport and
hold promise for the development and application of the next-generation intelligent TTIs and photonic crystals.
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INTRODUCTION deteriorate, leading to reduced grotection against diseases
4_

According to the World Health Organization (WHO), the and even serious s.lde effefCtS' Thus, time—temperature
coronavirus pandemic (COVID-19) has infected approxi- monitoring plays a vital role in decreasing the risk of subpotent
pa ) PP vaccines and ensuring a reliable vaccine supply chain.
mately 621 million people around the world, with more than Time—temperature indicators (TTIs) based on electronics
6.5 million deaths reported on October 16, 2022, ruining not and various fnaterials have been developed to indicate the
only lives but also the economies.' Fortunately, the emerging lated infl £ 6 P hi h
COVID-19 . h lich fal accumulated influence of time—temperature history on the
vaccines have come to light as a powerful weapon lity of products.”~° Althoush el ic TTI .
in fighting the global pandemic. According to the United quatity of products. though eectronic LIS can monitor
. s . 1. . the time—temperature information via wireless antenna
Nations’ global vaccine strategy, at least 11 billion vaccine sensors. they suffer from inevitable human intervention and
doses are required to end the pandemic ravages. To ensure that ) They S bl £ el . 10 5
fully potent vaccines can reach target populations in good generate a noticeable amount of efectronic waste. ~As a new
x ] paradigm, material-based TTIs provide convenient visual
conditions, they must be transported through a cold chain that : . . . ) .

; i 53 K ) information on the time—temperature history via chemical
meets stringent requirements.”” Conventional vaccines need . dve diffusi f . dditi hemical
to be stored at 2—8 °C, while the messenger ribonucleic acid reactions or dye diffusion of active additives (chemica
(mRNA) . t, be f t sub 8 ¢ ¢ ¢ reactants, microorganisms, enzymes, or dyes), raising consum-
m vaccines must be frozen at subzero temperatures to
avoid degradation.® In particular, the Moderna and Pfizer- ‘
BioNTech vaccines must be kept at —20 and —70 °C, Received:  January 16, 2023
respectively, throughout transportation, distribution, and AC“‘_Pth: May 9, 2023
storage. However, vaccines may be exposed to abnormal Published: May 31, 2023
temperatures unwittingly due to operational errors or
accidents. Once the exposure temperature and time deviate
from the current regulatory standards, they may rapidly
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Figure 1. Fabrication of self-destructive structural color liquids. (A) Schematic illustration of thermal-triggered structural color destruction
based on triggering agent-diffusion-induced irreversible disassembly of liquid colloidal PCs for indicating the time—temperature history of
the vaccine. (B) Photography of packaged P-TTIs and P-TTIs adhered onto the caps of vaccine vials. (C) Schematic illustration of the
structure of a P-TTI (carbon nanotubes, CNT; polydimethylsiloxane, PDMS). (D) Photograph, optical microscopic, and SEM images of the
liquid colloidal PCs, the microcrystal arrays, and the enlarged surface morphology of the nonclose-packed colloidal crystal array. The liquid
colloidal PCs have been stably stored at room temperature for 180 days. (E) Reflectance spectra and the corresponding optical microscopic
images of the liquid colloidal PCs with different particle concentrations. By decreasing the particle concentration from 69 to 51 to 27 wt %,
the structural color of liquid colloidal PCs shifts from green to red to colorless as evidenced by the corresponding Bragg reflection. Scale bar:
500 pum. (F) “IBMD” letters patterned with liquid colloidal PCs of various particle sizes (173, 190, 235, and 202 nm). (G) QR code
patterned with green liquid colloidal PCs and a white triggering agent.

ers’ awareness and avoiding electronic waste.”'' ™7 However,
these two material-based TTIs possess their own critical
disadvantages, respectively. Chemical-reaction-based TTIs are
usually activated at high-temperature ranges and thus are not
applicable for vaccines that should be kept under subzero
temperatures. In addition, the leakage and deactivation risks
associated with these reactive additives remain a major
concern.” The dye-diffusion-activated TTIs indicate time—
temperature history via melting- and diffusing-induced color
changes when exposed to temperatures above their melting
points (T,,). Although these melting dye-diffusion-activated
TTIs can operate at low temperatures, they still have
significant drawbacks, including susceptibility to photobleach-
ing, less temperature sensitivity, and narrow tracking temper-
ature ranges. Therefore, new materials with high stability,
sensitivity, and wide tracking temperature ranges are urgently
needed for constructing reliable smart TTIs.

Structural color materials are emerging smart bioinspired
materials with periodic structures, of which colors arise from
the interactions between visible light and their periodical
structures,'® such as colloidal photonic crystals (PCs),""™!
inverse opals,””>™>° cholesteric liquid crystals,””*’ and Bragg

10270

wrinkles.”**° Among these smart structural color materials,
responsive colloidal PCs have been intensively explored for
displays, optical devices,”” soft actuators,”>** and chemical-/
biosensors,”"***"** owing to the easy availability of high-
quality colloidal arrays and facile integration of stimuli-
responsive functions.””** Specifically, incorporating stimuli-
responsive polymers or specific liquids into the voids of the
colloidal PCs imparts dynamic tunability of structural color
upon exposure to external stimuli, including chemicals,”"**
mechanical force,22’35’36 electric fields,*>*" % magnetic
fields,**™** and thermal,>** which induce changes in the
refractive indices or/and the lattice constants of colloidal PCs.
As one of the most important responsive colloidal PCs,
thermal-responsive PCs can be created by introducing
temperature-responsive hydrogels or shape memory polymers
into the colloidal PCs, which can show rapid and brilliant color
change when the temperature is increased above their lower
critical solution temperatures or glass transition temperatures.
But inevitably, the incorporation of responsive elements also
brings unwanted issues.”>"> 7>
triggered by the chain movements of thermal-responsive
polymer-based PCs always occur at high temperatures (>0

First, the color changes
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Figure 2. Programmable self-destruction. (A) Schematic illustration of the self-destructive behavior of the structural color liquid. (B)
Variation of structural color and corresponding Bragg reflection of a self-destructive structural color liquid (Vpc/Visiggering agent = 1:2; T Of
triggering agent: 8 °C) as exposure to 25 °C for 120 min. Scale bar: 500 gm. (C) Reflection variations of a self-destructive structural color
liquid (Vpc/ Viriggering agent = 1:2; Ty Of triggering agent: 8 °C) as exposure to different temperatures from 2 to 37 °C for different times. (D)
Variation of destructive time via changing the V;c/ V“.lggermg agent from 1:4 to 9:5 as exposure to 25 °C, and exposure temperature from 2 to 37
°C (Vpc/ Viviggering agent = 1:2; Ty, of triggering agent: 8 °C), respectively. (E) Variation of structural color and corresponding Bragg reflection
of a self-destructive structural color liquid (Vpc/ Viciggering agent = 3:2; Ty of triggering agent: —20 °C) as exposure to 8 °C for 360 min. Scale
bar: 500 um. (F) Reflection variations of a self-destructive structural color liquid (Vpc/ Visiggering agent = 3:2; Ty of triggering agent: —20 °C) as
exposure to different temperatures from —20 to +37 °C for different times. (G) Variation of destructive time via changing the Vyc/
Viiggering agent from 1:4 to 9:5 (exposure to 8 °C) and exposure temperature from —10 to +37 °C (Vpc/ Visiggering agent = 3:25 Ty of triggering
agent: —20 °C), respectively.

°C), implying poor temperature sensitivity and limited Here, we develop a class of structural color material, termed
temperature range. Second, the existence of thermal-responsive self-destructive structural color liquids, that harnesses advan-
elements also causes reversibility to recover their initial colors tages of both fluidic nature and structural color, imparting

thermal-triggered visible color destruction based on triggering
agent-diffusion-induced irreversible disassembly of liquid
colloidal PCs for indicating the time—temperature history of
the cold supply chain (Figure 1A). Different from conventional

after removal of external stimuli. Therefore, developing
thermal-responsive PCs with intrinsic structural color irrever-
sibility and high sensitivity at low temperatures remains a big

challenge, which limits their applications in cold-chain melting dye-diffusion-activated strategies, the self-destructive
scenarios. structural color liquids consist of two core units: (1) nontoxic
10271 https://doi.org/10.1021/acsnano.3c00467
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polyethylene glycol (PEG) or ethylene glycol (EG) aqueous
solutions owing to their high sensitivity to specific temper-
atures and widely tunable T, termed as a triggering agent and
(2) brilliant liquid colloidal PCs owing to its fluidic nature and
nonphotobleaching structural color, termed as an indicating
agent (Figure 1B,C). Leveraging on the synergy of these two
units, the self-destructive structural color liquids possess an
excellent capability of indicating time—temperature history,
including notable irreversible color change, superior sensitivity,
largely tunable self-destructive time (40 min~$ days), and a
wide tracking temperature range from —70 to +37 °C. Due to
the inherent fluidic nature of both triggering agents and
indicating agents, such self-destructive structural color liquids
can be facilely packaged into flexible liquid colloidal photonic
crystal-based TTIs (P-TTIs) with diverse forms (e.g, round
labels, QR codes). More importantly, we further extend these
P-TTIs to monitoring diverse products of the cold supply
chain, ranging from conventional vaccines (storage temper-
ature: 8 °C), mRNA vaccines (storage temperature: —20 and
—70 °C) to the transported organ (storage temperature: 0 °C).
Our self-destructive structural color liquids overcome the
disadvantages inherent in conventional TTIs and responsive
PCs, bringing them one step close to the cold supply chain,
and hold promise for the next-generation intelligent TTIs and
PCs.

RESULTS AND DISCUSSION

Fabrication of Self-Destructive Structural Color
Liquids. To fabricate self-destructive structural color liquids,
we first prepared the temperature-sensitive triggering agents
and tuned their T s. Typically, PEG and EG aqueous solutions
were chosen as the triggering agents, aiming to impart tunable
T, and strong molecular interaction with the following
indicating agents. According to the well-known solution
theory, a series of triggering agents with on-demand melting
temperatures (e.g, —70, —20, and +8 °C) can be customized
by facilely varying the ratio of PEG/water and EG/water,
respectively (Figure S1). These triggering agents can be facilely
frozen and kept in solid states (T < T,,) and then melted into
liquid states as exposed to a temperature above their
corresponding T, enabling high sensitivity to a specific
temperature.

Second, we prepared the structural color indicating agent,
that is, liquid colloidal PCs (i.e., microcrystal arrays dispersed
in glycerol), by concentrating colloidal suspension above a
critical concentration (Figure S2). Briefly, monodiszperse SiO,
particles were synthesized by the Stober method™ and then
washed, concentrated, and finally self-assembled in nontoxic
and recyclable glycerol (see the Materials and Methods
section). Different from traditional responsive PCs and dyes,
liquid colloidal PCs exhibit fluidic nature and nonphotobleach-
ing structural color. Figure 1D shows that the liquid colloidal
PCs contain numerous glycerol-wrapped microsized colloidal
microcrystal arrays, which are stabilized by the synergistic
interaction of van der Waals attraction and electrostatic
repulsion of neighboring SiO, particles within the microcrystal
arrays.”*> Such microcrystal arrays can maintain stable
periodic structures not only over a wide temperature range
from —70 to +25 °C but also for several months at room
temperature (Figure 1D and Figure S3). Notably, this
outstanding stability of liquid colloidal PCs at a wide
temperature range attributed to the rational choice of glycerol
with a high boiling point and high viscosity, which inhibit the

Brownian motion-induced disassembly of colloidal crystals.
Furthermore, the abundant hydroxyl (OH) groups in glycerol
also endow robust moisture absorption of the liquid colloidal
PCs. As shown in Figure S4, the liquid colloidal PCs appear
colorless at a very low relative humidity of 40 RH%. Increasing
the relative humidity from 40 to 70 RH%, the liquid colloidal
PCs exhibit colorless, blue, blue-green, and brilliant green
colors, respectively, because the absorbed small amount of
water molecules enhances the interaction of negatively charged
SiO, particles and facilitates their assembly, which provides a
universal strategy for assembling particles in a high-viscosity
solvent, which is deemed impossible in the previous work.”
Under an appropriate humidity (~70 RH%), the liquid
colloidal PCs display uniform and bright structural color,
attributing to the strong coherent diffraction of visible light in
the nonclose-packed colloidal crystal arrays as revealed by
optical microscopic and scanning electron microscopy (SEM)
images (Figure 1D). Notably, these glycerol-wrapped non-
close-packed colloidal crystal arrays are highly sensitive to
glycerol variation (Figure SS). By increasing the glycerol
concentration (i.e., decreasing the particle concentration from
69 to S1 to 27 wt %), the structural color of liquid colloidal
PCs shifts from green to red and finally to colorless owing to
the increased interparticle distance (Figure 1E). In addition,
the liquid colloidal PCs can be facilely cast into various brilliant
patterns (Figure 1F,G and Figure S6), such as “IBMD” letters
with various colors, and a QR code filled with both frozen
triggering agent and liquid colloidal PCs.

Self-Destructive Behaviors. We next investigate the self-
destructive behaviors of the combined system composed of
both highly temperature-sensitive triggering agents and
solvent-sensitive liquid colloidal PCs. When exposed to a
certain temperature (T > T, of triggering agent), the triggering
agent flows to the liquid colloidal PCs, causing noticeable time-
related color change owing to the irreversible solution mixing
of the combined system (Figure 2A). Figure S7 shows that the
self-destructive structural color liquid (T,: 8 °C, Vpc/
Viriggering agent = 1:2) can be stably stored at a temperature
range of 2—8 °C and exhibits brilliant green color. As exposed
to a temperature of 25 °C, the structural color of the self-
destructive structural color liquid turns blue within S min and
gradually decays to colorless in 120 min (Figure 2B).
Increasing the exposure temperature from 25 to 37 °C leads
to a faster color change of the self-destructive structural color
liquid, thus shortening the destructive time from 120 to 40 min
(Figure 2C,D and Figure S7). Such results suggest the self-
destructive progress is highly dependent on the exposure time
and temperature of the self-destructive structural color liquid
because the mixing degree between the PEG aqueous solution
and the liquid colloidal PCs increases with extending the
exposure time or increasing the exposure temperature, based
on diffusion kinetics. Notably, the destructive time of the self-
destructive structural color liquids can be tailored by tuning
the volume ratio of the liquid colloidal PCs and the triggering
agent (Vpc/ Viriggering agem). Figure 2D and Figure S8 show that
decreasing the volume ratio of the PEG aqueous solution from
1:4 to 9:5 extends the self-destructive time from 60 to 360 min.
It is worth noting that not only the tracking temperature of the
self-destructive structural color liquids can even be facilely
programmed to subzero (—20 and —70 °C) but also the self-
destructive time can be extended to days by tuning both T,
volume ratio, or the molecular weight of the triggering agent,
thus meeting the time—temperature indicating requirements of
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Figure 3. Self-destructive mechanism. (A) Schematic illustration of the abuse temperature-induced melting and diffusing of triggering agent,
finally leading to collapse of the microcrystal arrays. (B) Interface color change by exposing liquid colloidal PCs to PEG aqueous solution.
Scale bar: 200 gm. (C) Dynamic reflectance spectra of the self-destructive progress and enlarged dynamic reflectance spectra in the early 30
min. (D) SEM and the inserted fast Fourier transformation images show the periodic structure variations of the colloidal crystal arrays at the
interface, corresponding with bright green color (left, nonclosed crystal array), blue color (middle, closed crystal array), and colorless (right,
amorphous structures), respectively. The SEM images share the same scale bar.

both conventional and mRNA vaccines (Figure 2E—G and
Figures S9—S12).* Such results suggest the self-destructive
structural color liquids exhibit inherent irreversibility, notice-
able color change, tunable self-destructive time, and program-
mable tracking temperature. Theoretically, the self-destructive
time and temperature can be customized to meet the specific
requirements of various temperature-sensitive products.

Self-Destructive Mechanism. We then reveal the self-
destructive mechanism of structural color liquids. As schemed
in Figure 3A, the frozen triggering agent in the top layer begins
to melt when exposed to a temperature higher than its T,,. The
molecules of the melted triggering agent then interact with
glycerol molecules in the liquid colloidal PCs in the bottom
layer, thus disturbing the periodic structures of colloidal crystal
arrays at the interface. Correspondingly, the liquid colloidal
PCs change color and finally turn colorless. Such triggering
agent melting-to-diffusing induced periodical structure changes
can be described by Bragg’s law. The maximum characteristic
reflection peak quantifying the periodic structures can be
expressed via the following equation:

D
Anax = 1.633— n’¢ — sin’ @
PR

where A, is the reflection wavelength, D is the interparticle
distance, m is the diffraction order, n; and ¢, are the refractive
index and volume fraction of the suspension, and @ is the angle

between the sample normal and incident light.*® Theoretically,
D, n;, and ¢; would change as the triggering agent mixes with
the liquid colloidal PCs, resulting in the final structural color
change of the liquid colloidal PCs.

Consistent with the above theoretical analysis, our experi-
ments demonstrate that the structural color of the liquid
colloidal PCs is closely related to the particle concentration
and interparticle distance. As shown in Figure 3B, the initial
interface exhibits brilliant green color of the liquid colloidal
PCs owing to the transparency of the PEG aqueous solution.
Rapidly, the green interface turns into blue color and then
becomes transparent. Such color transformation finally spreads
to the whole liquid colloidal PCs within 60 min, attributing to
both solvent diffusion and Brownian motion of colloidal
particles at the interface (Movie S1). Specifically, owing to the
difficult mobility of the water-bound PEG 1000,”” the PEG
1000 aqueous solution extracts glycerol molecules from the
liquid colloidal PCs, leading to an increase in the particle
concentration, thus decreasing the interparticle distance and
causing instability of the glycerol-wrapped colloidal crystal
arrays on one hand>® On the other hand, the extracted
glycerol molecules break the binding of water molecules and
PEG chains, and these released molecules then disturb the
metastable crystal arrays at the interface, leading to
significantly increased Brownian motion of the SiO, nano-
particles and the final collapse of crystal arrays. Interestingly,
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Figure 4. Advantages of the self-destructive structural color liquids. (A and B) A, ,—time—temperature relationship of the self-destructive
structural color liquids with T, of +8 and —20 °C, indicating the tunable destructive time and programmable tracking temperature. (C)
Comparisons of the time window and triggered temperature with previous materials-based TTIs. (D) Comparisons of time window and
triggered temperature with previous temperature-responsive structural color materials (blue region, polymer-based temperature-responsive
structural color materials; yellow region, reversible polymer-based temperature-responsive structural color materials).

using PEG 600 solely as the triggering agent leads to a similar
green-to-blue transformation of the liquid colloidal PCs, and
the final blue color can remain for more than 21 days without
collapse, indicating the formation of new metastable crystal
arrays. By contrast, owing to the high viscosity feature of
glycerol, small molecule-based triggering agents (e.g., water,
EG aqueous solution, EG, PEG 200, and PEG 400) diffuse into
glycerol (Figures S12 and S13), leading to a decrease in the
particle concentration, an increase in the interparticle distance,
and thus the green-to-red transformation and final collapse of
the crystal arrays.”**” Such solvent diffusion disturbs the
balance between the van der Waals attraction and electrostatic
repulsion of neighboring negatively charged SiO, nano-
particles,”% causing irreversible transformation and collapse
of the colloidal crystal arrays that can be evidenced by dynamic
reflectance spectra, SEM, and fast Fourier transformation
images (Figure 3C,D). Notably, using pure EG or PEG as the
triggering agent or increasing the molecule weight of the
triggering agent (e.g., EG, PEG 200, to PEG 400) decreases the
molecule mobility, both of which will extend the diffusion-
induced final destruction time to days (Figure S12).

Notably, the triggering agent diffusion-induced structural
color destruction can be further revealed by the 4, -time—
temperature relationship, which demonstrates that the self-
destruction progresses within a shorter time as exposure to a
higher temperature based on diffusion kinetics and Brownian
motion (F'égure 4A,B). Compared to previous material-based
TTIs''~'7°" and temperature-responsive structural color
materials,””>** ™% our structural color liquids for visibly
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indicating time—temperature history demonstrate outstanding
overall performances in inherent irreversibility, high sensitivity,
tunable self-destructive time (40 min ~ S days), and wide
tracking temperature range (—70 ~ +37 °C) even at low
temperatures (Figure 4C,D), which are critical for indicating
the time—temperature history of vaccines yet is impossible for
conventional TTIs (Tables S1 and S2).

Applications of self-destructive structural color
liquids. The big challenge hindering the practical applications
of current TTIs for indicating the time—temperature history of
vaccines is the limited reliability and stability owing to their
inapplicability for subzero temperatures, narrow tracking
temperature ranges, and poor sensitivity. Leveraging on the
distinctive advantages, we harness the self-destructive struc-
tural color liquids to indicate the time—temperature history of
diverse cold-chain scenarios. Owing to the fluidic nature and
stable structural color (Movie S2), the triggering agent and
liquid colloidal PCs can be facilely integrated into a closed
system, that is P-TTI (Figures S14 and S1S). As shown in
Figure SA, the P-TTI can be facilely prepared by filling the
triggering agent and liquid colloidal PCs into the outer and
inner rings of the round CNT@PDMS label, respectively,
followed by sealing with a transparent PDMS film (see the
Materials and Methods section). Three types of P-TTIs
(storage temperature: +8, —20, and —70 °C) were adhered to
vaccine vial prototypes for indicating the status of normal and
mRNA COVID-19 vaccines, respectively. Such P-TTIs can be
stably stored at the recommended temperatures (+8, —20, and
—70 °C) of the WHO for more than 2 weeks without apparent
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Figure S. Time—temperature indicating applications. (A) Schematic illustration of the triggering agent melting-to-diffusing induced
destruction of a P-TTI for indicating the time—temperature history of a vaccine. (B) Optical photographs and reflectance spectra of a P-TTI
for monitoring the storage status (8 °C) and exposure to 25 °C for 120 min. Scale bar: § mm. (C) Optical photographs and reflectance
spectra of a P-TTI for monitoring the storage status (—20 °C) and exposure to 8 °C for 360 min. Scale bar: S mm. (D) Schematically
illustrating the structure of a P-TTI with a QR code that can be scanned via a mobile phone. (E) Optical photographs of a porcine heart with
an intact QR code stored in an ice box (0 °C) and a destructive QR code as exposed to an abuse temperature (25 °C) for 360 min.

color change (Figures S11 and S16). As exposure to 25 °C for
120 min, the P-TTI (8 °C) showed noticeable color change
(Figure SB), which meets the strict requirements of time—
temperature history of the WHO recommendation for the
normal vaccine, Oxford-AstraZeneca.” Furthermore, the P-
TTI (—20 °C) can be used for monitoring the status of mRNA
vaccine. Specifically, the P-TTI with initial brilliant green color
turns colorless when exposed to 8 °C for 360 min (Figure SC),
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which corresponds to the use requirements of Moderna
according to WHO recommendation.®> Similarly, the P-TTI
(=70 °C) with initial red color showed the noticeable color
change upon exposure to —20 °C for 60 min, which can be
used for monitoring the status of Pfizer-BioNTech (Figure
S17). Notably, the gradual color changes and reflectance
spectra shift provide a synergistic strategy for qualitatively and
quantitatively revealing the accurate time—temperature history
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of various vaccines. Such results suggest that our P-TTIs not
only possess superior high stability at the recommended
storage temperature for a long time but also can be used for
vividly indicating the time—temperature history with high
sensitivity for both normal and mRNA vaccines. Moreover, the
exposure status of a P-TTI can be clearly recorded even after
being refrozen or remelted (Figure S18).

Aside from indicating the status of diverse vaccines, the P-
TTI can also be customized into a QR code for monitoring the
temperature history of an isolated organ, which plays a vital
role in organ transplantation.”® To demonstrate high sensitivity
to nonuniform thermal alteration, the triggering units are
located at three separate sites of the QR code. Figure SD shows
that a P-TTI adheres to a plastic bag with a porcine heart,
which is stored in a specific box with an ice bath to mimic the
transported organ storage. Normally, the QR code information
on “valid” in the P-TTI can be facilely scanned via a mobile
phone, suggesting nonexposure to ambient temperature.
However, the QR code information would finally lose after
the organ exposure to 25 °C for 6 h owing to the thermal-
triggered destruction of the QR code, indicating the “invalid”
status of the transported organ (Figure SE). Such P-TTI
containing both color and digital information not only avoids
human intervention but also provides great convenience for
users. Incorporating 3D-printing technology, various P-TTI
with diverse digital information can realize low-cost mass
production.

CONCLUSION

In summary, we developed a distinctive strategy for indicating
time—temperature history that harnesses the distinctive
advantages of self-destructive structural color liquids, which
comprise a triggering agent and liquid colloidal PCs. We
demonstrate that the self-destructive structural color liquids
impart a wide tracking temperature range due to the facilely
tunable melting point of triggering agents (=70 ~ +8 °C).
Leveraging on its fluidic nature, we also show that the self-
destructive structural color liquids eliminate the inherent
reversibility, low sensitivity, and narrow tracking temperature
in conventional temperature-responsive PCs at low temper-
atures. Compared with previous TTIs, our strategy endows
high flexibility and superior reliability in time—temperature
indicating, including outstanding stability (4 months), high
sensitivity, wide tracking temperature range (=70 ~ +37 °C),
and largely tunable time window (minutes ~ days). Out-
performing existing methods in terms of tracking temperature
range, sensitivity, and user-friendly, self-destructive structural
color liquids with thermally triggered destruction capabilities
have established a general design rule for next-generation
intelligent indicators, holding promise for reliable cold chains.
In addition, we anticipate that structural color liquids will
benefit various areas such as wearable sensors, droplet robots,
and photonic display.*”**~¢”

MATERIALS AND METHODS

Materials. Glycerol (99%), polyethylene glycol (PEG 200, 400,
600, and 1000, M,,: 200, 400, 600, and 1000), and aqueous ammonia
(28%) were purchased from Sigma-Aldrich. Ethanol (99.9%) and
ethylene glycol (EG, 99.5%) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Tetraethyl
orthosilicate (TEOS, > 99.9%) was purchased from Aladdin
Biochemical Technology (Shanghai, China). Polydimethylsiloxane
(PDMS, Sylgard 184 silicone elastomer kit) was purchased from Dow

Corning Co., Ltd. (Midland, MI). Multiple-wall carbon nanotubes
(CNTs, average length: 20 um) were purchased from Xianfeng Nano
Co., Ltd. (Nanjing, China). Isolated porcine heart was purchased
from the local market (Shenzhen, China). Ultrapure water (18.2 MQ-
cm) was produced by a water purification system (Arioso Power II,
Human, Korea) and used throughout this study.

Fabrication of PDMS Molds. PDMS molds of diverse types
(cylinder labels, inner diameter X depth = 2.5 mm X 2.5 mm;
“IBMD” pattern, 5 mm length and 1.5 mm height for each letter; QR-
code labels, length X width X height = 25 mm X 25 mm X 1.5 mm,
length X width X depth = 1 mm X 1 mm X 0.95 mm for each pixel;
round labels with an outer ring and an inner ring at different depths,
outer ring diameter X depth = 13 mm X 1 mm, inner ring diameter X
depth = S mm X 2 mm; and slope angle of the outer ring, ~ 12°) were
fabricated by filling precursor mixtures (curing agent/prepolymer =
1:10 (w/w), 1 wt % CNTs) into the predesigned poly(methyl
methacrylate) (PMMA) or resin molds and then cured at 70 °C for 2
h. Afterward, the black CNT@PDMS molds were then peeled off
from the PMMA or resin molds for the following experiments. Noting
that the addition of CNTs is to enhance the color contrast of the
subsequently added liquid colloidal PCs.

Preparation of Triggering Agents. The triggering agents with
various T,,s were prepared by mixing PEG 1000 or EG with water in
appropriate ratios (Figure Sl).17 Typically, triggering agents with
melting points of —70, —20, and +8 °C were obtained by preparing
EG/water (70.0 wt %), PEG 1000/water (64.5 wt %), and PEG
1000/water (69.0 wt %) solutions, respectively, which were used for
the following experiments. In addition, pure EG, PEG 200, PEG 400,
and PEG 600 were also used as the triggering agent, respectively.

Preparation of Liquid Colloidal PCs. Monodispersed SiO,
particles with various sizes (173, 190, 202, and 235 nm) were
synthesized by the classical Stéber method.”® The as-synthesized
particles were purified by centrifugal washing in water and ethanol (at
least 3 times for each), respectively. Then, the colloidal suspension
(25 wt % in ethanol) was mixed with a predetermined weight of
glycerol. Consequently, the colloidal suspension with various solid
contents (27, 43, 47, 51, 60, and 69 wt %) were obtained after
evaporating ethanol at S0 °C for 12 h. Finally, the liquid colloidal PCs
with bright structural colors were prepared after assembling at 25 °C
for 24 h (70 RH%). For example, the brilliant “IBMD” letters were
prepared by filling the colloidal suspension (10 uL for each letter)
with different particle sizes (I, 173 nm; B, 190 nm; M, 235 nm; D, 202
nm) into the former PDMS mold at 25 °C for 24 h (70 RH%).

To assess the temperature stability, 69 wt % liquid colloidal PCs
(particle size: 235 and 190 nm) were added into the former cylinder
PDMS molds, then sealed with 100-um-thick transparent PDMS
films, and finally exposed to various environmental temperatures
(=70, =20, +8, +25, and +37 °C) for 24 h. In addition, 69 wt % liquid
colloidal PCs (particle size: 190 nm) were exposed to different
environmental humidity (40, 50, 60, 70, and 80 RH%) at 25 °C for 1
h to investigate the humidity sensitivity. Thus, the following labels
were sealed with 100-um-thick transparent PDMS films to avoid
humidity disturbance.

Unless specifically mentioned, the liquid colloidal PCs (69 wt %)
were assembled at 25 °C for 24 h for the following experiments (70
RH%).

In Situ Monitoring of Destructive Behaviors of the
Structural Color Liquids (SCLs). The self-destructive SCLs consist
of two units, including the triggering agent and indicating agent (i.c.,
the liquid colloidal PCs). First, self-destructive SCLs with different
triggering agents (T,,: +8 and —20 °C) and various Vpc/ Viriggering agent
values (1:4, 1:2, 1:1, 3:2, and 9:5; Vpe: 3 uL) were exposed to an
environmental temperature of 25 °C to reveal the relationship
between the Vpc/Viiggering agent 30d  the self-destructive time,
respectively. Second, self-destructive SCLs with a certain triggering
agent (69.0 wt % PEG 1000/water solution, T,: 8 °C) and Vpc/
Visiggering agent = 1:2 (Vpc: 3 L, 69 wt %) were exposed to 2, 8, 15, 25,
and 37 °C to study the relationship between the exposed temperature
and the self-destructive time. In addition, self-destructive SCLs with a
certain triggering agent (64.5 wt % PEG 1000/water solution, T,
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—20 °C) and Voc/ Visiggering agent = 3:2 (Vpc: 3 pl, 69 wt %) were
exposed to —20, —10, 0, +8, +25, and +37 °C to study the
relationship between the abuse temperature and self-destructive time.
Furthermore, the self-destructive dynamics of the self-destructive
SCLs have also been investigated. Specifically, 3 uL of suspension of
liquid colloidal PCs (69 wt %) was added into the channel of a PDMS
mold (length X width X depth = 10 mm X 2 mm X 1 mm) first.
Then, 40 uL of triggering agent (64.5 wt % PEG 1000/water solution,
T,: —20 °C) was added to the other side of the channel. As the
triggering agent flowed into the liquid colloidal PCs, the color of the
liquid—liquid interface finally changed.

Self-Destructive SCLs for Indicating Time—Temperature
History. P-TTIs were prepared by adding 10 yL liquid colloidal PCs
(particle size: 190 nm, 69 wt %) into the inner ring of the round labels
and then assembled at 25 °C for 7 days. Afterward, 30 yL triggering
agents with different T,, values (—20 °C for 64.5 wt % PEG 1000/
water solution; 8 °C for 69.0 wt % PEG 1000/water solution) were
then added into the outer ring of the round labels, respectively. The
sealed P-TTIs (T,, of triggering agent: —20 and +8 °C) were obtained
after freezing the triggering agents into solid states by using dry ice as
a cooling agent. Similarly, the P-TTIs with a T,, of =70 °C (70.0 wt %
EG/water solution) were also prepared as mentioned above. These P-
TTIs (T, of triggering agent: —70, —20, and +8 °C) adhered onto
vaccine vial prototypes (filled with 1.5 mL water) were then exposed
to —20, +8, and +25 °C, correspondingly. Note that the triggering
agent is not in direct contact with liquid colloidal PCs to ensure
structural color stability of the P-TTI via a rational design of the
round CNT@PDMS label. Specifically, the design of the outer ring
and inner ring at different depths of the label avoids the direct contact
of the triggering agent and liquid colloidal PCs. The slope angle of the
outer ring assistants the flowing of melted triggering agent into the
liquid colloidal PCs by gravity.

For QR-code P-TTI, 150 uL of liquid colloidal PCs (particle size:
190 nm) was added into the data area, and then assembled at 25 °C
for 14 days. Subsequently, 30 uL of triggering agent (69.0 wt % PEG
1000/water solution, T,: 8 °C) was added into each of the three
position detection patterns. Finally, the sealed QR-code P-TTI was
frozen in a —20 °C refrigerator for 30 min. For monitoring the time—
temperature information on an isolated porcine heart, the QR-code P-
TTI was adhered onto a plastic bag with a porcine heart, which is
stored in a specific box with an ice bath to mimic the transported
organ storage.

Characterization. The colloidal assemblies’ images were recorded
by a field-emission scanning electron microscope (SEM, Sigma 300,
Carl Zeiss) after a freeze-drying process for 24 h. The digital
photographs were captured by a digital camera (Canon EOS 6D Mark
II). The in situ reflection spectra were measured by a fiber optical
spectrometer (HR 2000+, Ocean Optics) that was coupled with an
optical microscope (Ni—U, Nikon). The microscopic optical images
were captured by an optical microscope (dark field mode, Olympus
GX 51). The interface color changes at the triggering agent and the
liquid colloidal PCs were recorded by a stereo microscope (SZ 69,
Olympus). A homemade hot bench was used to provide a specific
temperature of 37 °C. The A, —time—temperature relationship of
the self-destructive SCLs were calculated using MATLAB.
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