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Realizing reliable medicine anticounterfeiting with safe and robust materials
remains a challenge. We address this issue by preparing a class of edible

phosphorescent supramolecules (VB10@ca/-CDs) based on easily available o/
B-cyclodextrins (a/B-CDs) and vitamin B10 (VB10). Concisely grinding them
with water or co-crystallization from aqueous solution, the resulting host
—guest complexes VB10@a/B-CDs exhibit a long phosphorescence lifetime of
up to 1.16 s and a high photoluminescent quantum yield of up to 86.5%, The
encapsulation of a/p-CDs reverses the energy ordering of VB10’s excited
singlet states, promotes the formation of the minimum energy crossing point
(MECP) between singlet state and triplet state, and therefore boosts phos-
phorescence. VB10@a/B-CDs are attractive as phosphorescent inks for in-
medicine anticounterfeiting because of the advantages of an edible nature,
good moisture robustness, room-temperature phosphorescence and circu-
larly polarized luminescence. Therefore, the present phosphorescent supra-
molecules as well as the elucidated MECP-involved mechanism would promote
in-depth understanding of phosphorescence enhancement strategy.

Counterfeiting medicines are a tremendous threat to patient safety
and public health'. More than 280,000 children in sub-Saharan Africa
die every year because of counterfeiting and substandard medical
products’. The involved medicine is worth up to US$100 billion all over
the world®>. Chemical analysis and chromatography/spectroscopy
technologies for pharmaceutical ingredient detection, and antic-
ounterfeit methods at the packaging level are commonly used to
combat counterfeiting medicines*®. These methods work well with
preconditions that expensive experiments/skilled personnel were
equipped or that the drugs are not repackaged. In-medicine antic-
ounterfeiting (or in-dose authentication) is a more advanced and
effective method because every individual pill or capsule is verified
independently of the packaging®’*™. Within this set, encrypting and
printing information on the surface of pills and capsules by lumines-
cent materials is particularly attractive due to low cost and intuitive
detection''*. However, there are still no perfect luminescent materials

for ink marking because of the strict requirements of in-medicine
anticounterfeiting, such as non-toxic preferably edible, high signal-to-
noise ratio of luminescence, and good robustness under ambient
conditions.

Cyclodextrins (CDs)""¢ are widely used pharmaceutical excipients
and are recognized as edible macrocyclic molecules”'®. The hydro-
philic surface and hydrophobic cavities make CDs excellent water-
soluble macrocyclic hosts for encapsulating various organic
guests'**2, Pioneering works have demonstrated that the encapsu-
lation can usually alter the physical and chemical properties of
guests? %, Vitamin B10 (VB10) is an essential component of the folate,
which is necessary for cellular growth and differentiation®~°. It is sold
as an essential nutrient when normal synthesis by intestinal bacteria is
insufficient. Although VBIO exhibited a weak blue fluorescence, the
theoretical calculations showed that it has multiple singlet states and
triplet state (Supplementary Figs. 1-6). We postulated that it would be
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Fig. 1| Structures and photoluminescent mechanisms. Schematic illustration for the preparation of edible phosphorescent supramolecules from a/3-CD and VBIO as

well as the photoluminescent mechanisms.

possible to regulate its excited state to induce room-temperature
phosphorescence (RTP) and produce a good phosphorescent ink-
marking material by encapsulating with CDs. RTP has a reputation of
long persistent luminescence after ceasing irradiation, which endow
RTP materials intrinsic advantages for anticounterfeiting>** In par-
ticular, the well-developed constructing strategies for RTP materials
provided enriched toolbox for designing and preparing RTP antic-
ounterfeiting materials, such as crystallization engineering®™*, doping
into matrix*®*, polymerization®*****, self-assembly**’, host-guest
interactions**™*, and etc***,

In addition, quantum chemistry calculations have been proven to
be important tools for expounding on the underlying mechanisms of
luminescent materials®**. The calculation of absorption spectra is well-
established*®, and the HOMO/LUMO energy levels of the ground state
are commonly used to infer the properties of excited states’*%. How-
ever, revealing the luminescence mechanism through calculations,
particularly for large organic molecular systems or even organic
supramolecular systems, remains a significant challenge. Under-
standing the complete photophysical processes and the dominant
decay pathways is essential for identifying the key factors that influ-
ence luminescence and for designing improved luminescent materials.
The interactions between electron spin and orbital angular momen-
tum, as well as between electrons and atomic nucleus, lead to complex
low-lying excited-state crossings and multiple decay pathways for the
excited molecules®**°. Theoretically, while multi-reference methods
offer higher accuracy, they make the quantitative calculation of pho-
tophysical processes for large systems expensive and complex, thus

difficult to accomplish. Therefore, it is of great significance to develop
a computational strategy that is suitable for large organic molecule/
supramolecule system in the solid state.

Herein, two edible phosphorescent supramolecules, namely
VB10@a-CD and VB10@B-CD, are facilely prepared by grinding VB10
and o/B-CD with water or co-crystallizing them from aqueous solution
(Fig. 1). The resulting supramolecules show a photoluminescence
quantum yield of up to 86.5%, a lifetime of up to 1.165s, a visible
afterglow lasting for 6 s, and good robustness in ambient conditions.
The edible VB10@a-CD as phosphorescent ink-marking material is
applied in the in-medicine anticounterfeiting. Moreover, we specifi-
cally develop a computational approach that combines single-
reference time-dependent density functional theory (TDDFT) with
the ONIOM model, with a focus on the minimum energy crossing point
(MECP), to investigate the luminescence mechanism of VB10@a-CD.
The computational results not only agree with the experimental data,
but also offer clear insights into the distinct luminescent behavior of
VB10@ca-CD in both solution and the solid state. The crucial roles of
non-radiative processes for phosphorescence are clearly revealed. The
hydrogen bonds provided by CD regulate singlet states (S,,) of VBIO,
promote the formation of MECP between singlet state S, and triplet
state Ty, and therefore boost phosphorescence. Thus, phosphorescent
supramolecules VB10@o/B-CDs are suitable systems that combine
edibility, low cost, high performance, robustness, and a fully eluci-
dated solid-state phosphorescence mechanism. The phosphorescent
supramolecular ensemble represents a paradigm for developing
phosphorescent materials, which may find promising utility in high-
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security anticounterfeiting scenario within the pharmaceutical
industry.

Results

The VBI1O itself exhibited weak blue fluorescence (Aax =404 nm) with
alifetime () of 1.35 ns and a photoluminescence quantum yield (PLQY)
of 1.8% (Supplementary Figs. 2 and 3). After grinding it with a-CD,
which is known as a nonluminous macrocycle, the obtained VB10/a-CD
displayed intense blue emission and a bright blue afterglow lasting up
to 4s with a lifetime of 210 ms and PLQY of 16.5% under ambient
condition (Supplementary Figs. 7 - 10). This result indicated that a-CD
could “turn on” the phosphorescence of VB10. After dissolving the
VB10/a-CD into water and slowly evaporating for 6 days, the obtained
single crystal of VB10/a-CD showed a longer blue afterglow (Fig. 2a and
Supplementary Fig. 11). The photoluminescence (PL) spectra, delayed
PL spectra, and time-resolved PL decay curves indicated that the
afterglow is phosphorescence (An.x=434nm) with a lifetime of
977 ms, along with fluorescence peak at 340 nm (7 = 1.38 ns) (Figs. 2a,b
and Supplementary Fig. 12). Notably, the PLQY of VB10@a-CD is up to
82.1%, indicated the great promotion of a-CD for the phosphorescence
of VB10 (Fig. 2¢ and Supplementary Fig. 13). The longer lifetime and
higher PLQY of crystals than that of grinded samples are probably
because of better encapsulation of a-CD for VB10. The high-
performance luminescence in ambient conditions proved its good
robustness and provided an essential requirement for applications.

Since a-CD is a macrocycle possessing a chiral cavity, it is specu-
lated that the chiral transfer between a-CD and VB10 may induce cir-
cular dichroism and circularly polarized luminescence (CPL)
signals?®, The circular dichroism spectrum of solid VB10@a-CD
features a stronger positive Cotton effect at 335 nm compared with
that in aqueous solution (Supplementary Fig. 14). As shown in Sup-
plementary Fig. 15, the VB10@a-CD exhibited positive distinct dual
CPL including fluorescence (Ayn.x=340nm) and phosphorescence
(Amax =440 nm), with |gj,ml| values of 1.5x102 and 7.5x10?, respec-
tively. Considering the high PLQY, long lifetime, and relatively high |
Siuml values, the VB10@a-CD is among the high-performance organic
RTP systems with CPL property (Supplementary Table 1). The phos-
phorescent CPL was further proven by the intense emission of CPL
measurement in phosphorescence mode (Fig. 2d and Supplementary
Fig. 16). These results verified that the chiral transfer from «-CD to
VBI10 could produce CPL. The relationship between the host—-guest
molar ratios and the phosphorescent properties of VB10/a-CD was
further evaluated. When the molar ratios of VB10: a-CD increased from
1:1 to 1:1000, the afterglow remained and the PL spectra showed a
slightly blueshift from 340 nm to 331 nm, which probably due to more
completed encapsulation for VB10 (Supplementary Fig. 17a, b). The
identical PL spectra of VBI0@a-CD at 1:100 and 1:1000 revealed that
VB10 was encapsulated by «-CD in these molar ratios. More a-CD
probably translated more VB10 into the supramolecule VB10@a-CD,
and therefore exhibited stronger emission. The phosphorescence
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Fig. 3 | Host-guest properties of VB10@a-CD. a 'H NMR (400 MHz, D,0, 298 K)
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section of 'H-'H NOESY NMR spectrum (400 MHz, D,0, 298 K) of VB1I0@a-CD ([a-
CD]=2[VB10] =2 x10?mol/L). ¢ ITC titration data of «-CD titrated into VB10 ([VB10]

2 3 4

Molar Ratio

=3.5x10* mol/L, [a-CD] = 8.0 x 10° mol/L). d Single-crystal structures of VBI0O@a-
CD (Front view and top view). a-CD and VBI10 are illustrated as stick and space-
filling representations, respectively.

lifetimes were at a range of 214 -302 ms and PLQY increased from
16.5% for 1:1 to 33.2% for 1:1000, indicating that better encapsulation
might occur by increasing the molar ratio of a-CD (Supplementary
Figs. 17¢,17d and 18). It was hypothesized that this phosphorescence
enhancement could be due to the encapsulation of a-CD for VB10.
The encapsulation of «-CD for VB10 was verified by '"H NMR and
"H-'H NOESY NMR spectroscopy, isothermal titration calorimetry
(ITC), and X-ray single crystal diffraction analysis. The protons H, and
Hyp, in VB10 showed downfield shifts of 0.01 and 0.18 ppm, respectively,
after the addition of 2 equiv &-CD (Fig. 3a and Supplementary Fig. 19).
This is a typical complexation-induced shift because of the hydrogen-
bonding between CD and guests, proving the encapsulation and ver-
ifying that VB10/a-CD is the supramolecular complex VB10@a-CD. In
the '"H-"H NOESY NMR spectra of VB10@a-CD, cross-peaks between
H,-Hss and H, —Hz 56 provided evidence for the close proximity
between the phenyl group of the VB10 and the cavity of the a-CD,
suggesting a deep encapsulation mode (Fig. 3b and Supplementary
Fig. 20). ITC gave a binding constant (K;) of (2.5+0.2) x10*°M?,
accompanying with favorable enthalpy change and positive entropy
contribution (Fig. 3¢c). Diffraction grade single crystals of VB10@«-CD
were obtained as colorless block through the slow evaporation of an
aqueous solution containing the a-CD and VB10 (1:1) at room tem-
perature for 6 days. The resulting single-crystal structures were shown
in Fig. 3d with associated data given in Supplementary Table 2. VB10 is
deeply located into the cavity of a-CD, with COOH and NH, groups
pointing into the primary face and secondary face, respectively. The
dihedral angle between the plane of the phenyl in VB10 and the cross-
section formed by six glycosidic oxygen atoms in a-CD is 86.4°,
revealing a vertical encapsulating manner for VB10 (Supplementary
Fig. 21)°.. The host-guest complexes stacked in register to form
supramolecular structures. Furthermore, the COOH and NH, groups
formed multiple hydrogen bonds with its host a-CD and adjacent o-CD
(1.68, 1.90, 2.00, 2.01, 2.07, 2.12, 2.17, 2.45, 2.54, and 2.91A) (Supple-
mentary Fig. 22). Thus, the reason of robust phosphorescence in
ambient conditions is clearer. Normally, the triplet states T, (n>1) of

phosphor suffer serious quenching even by a very low concentration
of oxygen, water, impurities, or aggregation-caused quenching (ACQ)
because of triplet energy migration. In the case of supramolecule
VB10@«a-CD, host o-CD acted as a good shell to shelter the chromo-
phoric core (VB10) by suppressing the above quenching and therefore
stabilized the triplet states T,, (n>1). Furthermore, every VB10 mole-
cule in the VB10@«-CD supramolecule is in an individual micro-
environment provided by a-CD, making each host-guest complex an
independent phosphor unit. Possible defects (empty «-CD or free
VB10) would not cause serious triplet energy migration and therefore
had little effect on the whole phosphorescent performance. Collec-
tively, these advantages promoted the robust phosphorescence of
VB10@a-CD under ambient conditions.

To further elucidate the origin of phosphorescence in the solid
state, we employed quantum mechanical calculations for VB10@a-
CD (Supplementary Figs. 23-32). The ONIOM model was utilized,
treating a-CD as the surrounding environment, to carry out the
simulations using the PM6 semi-empirical method with D3 dispersion
correction, while the core VBIO was calculated using the
PBEO(GD3B]J)/6-31 G* method. The detailed dynamics of the excited
states were analyzed as follows: First, the ground state structure (So
min) Was fully optimized. Subsequently, vertical excitation energies
were computed using the TDA method, identifying the excited states
corresponding to the main experimental absorption. Finally, the
dynamics of the transition from the main excited states to the triplet
state associated with phosphorescence was quantitatively described.
The dominant electronic transitions of the three important low-lying
excited singlet states are shown in Fig. 4a, and Supplementary
Figs. 33-36, and Supplementary Data 1. Due to the very small energy
differences among them and variable relative location, conventional
naming rules such as S; S, and S, are unsuitable. Therefore, we
designated these states as singlet state A (S5, f= 0.5364), singlet state
B (Sg, f=0.0025), and singlet state C (Sc, f=0.0003) based on their
oscillator strength values (f). Among these, S, corresponds to the
main absorption band.
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Fig. 4 | Calculation results. a Electronic structures (S5 and Sc) of low-lying excited
states involved in relaxation processes calculated at TDA-PBEO/PBEQ/6-31 G* level
of VB10@a-CD in solid-phase ONIOM model. f represents the oscillator strength,
and AE denotes the energy gap in eV. b, ¢ Radiative and nonradiative relaxation

processes of VB10@a-CD in (b) solid-phase ONIOM model and (c) solution phase
(Inset: the minimum energy structures (top view and side view) of VB10@a-CD in
the most stable low-lying excited singlet state of Sa (Sa min)-

The nonradiative relaxation process of VB10@a-CD in the solid-
phase ONIOM model is depicted in Fig. 4b, starting from the Frank-
Condon point, passing through minimum energy crossing points
(MECPss/sp and MECPsg/sc), and crossing two very small energy bar-
riers (1.2 kcal/mol between Sa min (118.6 kcal/mol) and MECPsy/sp
(119.8 kcal/mol), and 0.4 kcal/mol between Sg min (113.4 kcal/mol) and
MECPsg,sc (113.8 kcal/mol)). Based on the small barrier, we infer that
VB10@a-CD is likely to reach the lowest-energy stationary point (S¢
min, 100.1kcal/mol) among all excited singlet states very quickly, and
subsequently emit fluorescence at 375 nm, which is similar with the
experimental data of 340 nm. Subsequently, VB10 can cross a very
small energy barrier of 1.6 kcal/mol via MECPsc/ra (101.7 kcal/mol),
reaching the stable minimum point of low-lying excited triplet state T
(Ta min» 73.2 kcal/mol) (Supplementary Fig. 37). Then, it relaxes from T
min t0 So and emits phosphorescence at 426 nm, which is well matched
with the experimental data of 434 nm. Figure 4b indicates that the
presence of an MECPsc,r4 is a key factor for phosphorescence in the
solid state by facilitating the relaxation from the Sc to T,. In contrast, in
aqueous solution, Sy min is the lowest stationary point among all low-
lying excited singlet states, and MECPsa /4 is not obtained through our
calculations (Fig. 4c and Supplementary Figs. 38-42). This is consistent
with experimental result that no phosphorescence could be detected
in the aqueous solution (Supplementary Fig. 43).

This discrepancy can be clarified by two factors: First, Sc min is the
lowest stationary point among all low-lying excited singlet states in the
solid state, while S, min is the lowest-energy excited singlet state in the
aqueous solution. The reversed energy order of Sp min and Sc min in the
solid-phase ONIOM model and solution phase can be understood by
examining the structures of Sp min in both phases. In the solution
phase, the orbital responsible for electron donation in S, excitation
exhibits a pronounced antibonding characteristic in the C-N region
(Supplementary Fig. 38), leading to a shortening of the C-N bond
(1.35A) in Sa min compared to the ground state (Sg min) (1.36 A) (Sup-
plementary Figs. 44 and 45). The structure of Sx min Shows that the
amino and phenyl groups are in a coplanar arrangement due to con-
jugation, which is energetically favorable compared to the distorted
conformation of S¢ min (Supplementary Fig. 46). Therefore, Sy min is the
lowest stationary point among all low-lying excited singlet states in the
solution phase. In the solid-phase ONIOM model, the amino group in
the ground state (So min) formed three hydrogen bonds with the a-CD
(Supplementary Fig. 47). These hydrogen bonds inhibited the forma-
tion of a stable conjugated structure of Sy min, thereby increased its
energy and reversed the energy order of Sc min and Sa min (Supple-
mentary Figs. 48-51). Second, under the solid-phase ONIOM model,
the Sc min can undergo relaxation to the T min via the MECPsc/a
pathway. However, in aqueous solution, our calculations show that the
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Sa min lacks any accessible low-energy MECPsa 14 route, thereby pre-
venting this relaxation process. Speculative analyses of the possible
reasons why the MECPsa 4 point could not be located are provided in
the Supplementary Information (Supplementary Figs. 41 and 42). It is
evident that in the solution state, the main absorbing excited state Sy
min iS also the lowest stationary point among all low-lying excited
singlet states, making the fluorescence process a more favorable
process (the relative energy is 102.5 kcal/mol for Ss min and 110.7 kcal/
mol for Sc min)- In the solid state, the hydrogen bonds between the host
«-CD and the guest VBI1O raise the energy of Sx min, making the lower-
energy Sc min more readily relax to the T, state via MECPsc/r4, thereby
promoting the phosphorescence process.

Since VB10 (G1) possessed an electron-donating group of amino
group and an electron-withdrawing group of carboxyl group, we eval-
uated other guests (G2 - G10) to further reveal the relationship between
structures and phosphorescence properties (Fig. 5a). After replacing the
carboxyl group by carboxylic ester (G2) and sulfoacid (G3), the resulted
G2/a-CD showed a dual emission of fluorescence (Amnax=335nm,
7=0.90ns) and phosphorescence (An.x=420nm, 7=96.3ms) and a
PLQY of 34.6%, which is inferior to the VB10@a-CD both in lifetime and
quantum yield (Supplementary Figs. 52-54). For G3/a-CD, no phos-
phorescence was observed (Fig. 5b and Supplementary Figs. 55 and 56).
These results revealed that carboxyl group is crucial for the phosphor-
escence of supramolecules. We then replaced amino group by hydroxyl
(G4), carboxyl (G5), and removed it (G6). Both G4/0-CD and G5/a-CD
showed obvious phosphorescence (An.x=414nm, 7=324 ms, PLQY =
20.8% for G4/a-CD; Amax =417 nm, 7=95.6 ms, PLQY =9.2% for G5/a-
CD) (Supplementary Figs. 57-62). While G6/a-CD have no phosphores-
cence (Supplementary Figs. 63 and 64). These results indicated that
amino group can be replaced by other groups but cannot be removed.
We further investigated the influence of positional isomerization of
functional groups by comparing m-aminobenzoic acid (G7) with VB10
(p-aminobenzoic acid) and comparing o/m/p-benzenedicarboxylic acid

(G8, G9 and G5) with each other. It should be pointed out that o-ami-
nobenzoic acid is unavailable because of its one of role as drug raw
materials. Different from the intense phosphorescence of VB10@a-CD,
the G7/a-CD have no phosphorescence (Supplementary
Figs. 65 and 66). This also occurred in the G8, G9 and G5. Both G8/a-CD
and G9/a-CD have no phosphorescence, while G5/a-CD exhibited blue
phosphorescence (Supplementary Figs. 67-70). These results verified
that positional isomerization of functional groups have great influence
on the phosphorescence of supramolecules, and the para-position is the
best. As a comparison, the photophysical properties of guests (G2 - G9)
were also investigated and all of them showed weak emission without
any phosphorescence excepted G4 (Supplementary Figs. 71-87 and
Supplementary Table 3).

The origin of these differences in phosphorescence properties
caused by replacing substituents or changing positions were further
clarified by '"H NMR and ITC methods. After titrating with «-CD, guests
G2, G4 -G6 and G9 showed obvious chemical shifts and K, range of
(0.68 - 5.2) x10*°M?, indicated the formation of host-guest complexes
guests@a-CD (G2@a-CD, G4@a-CD, G5@a-CD, G6@a-CD, and
G9@a-CD) (Supplementary Figs. 88-97 and Supplementary Table 4).
For G3, G7 and G8, no thermal change was observed in the ITC mea-
surements although there were tiny chemical shifts in the 'H NMR
spectra, revealing the non-bonding between these guests and «-CD
(Supplementary Figs. 98-103 and Supplementary Table 4). Interest-
ingly, only guests (G1 - 2, G4 — G5 and G9) that can be encapsulated by
«-CD showed phosphorescence, confirming that the formation of
supramolecule with «-CD is the essential requirement for the turning
on the phosphorescence (Fig. 5¢).

«-CD was replaced by larger hosts of 3-CD and y-CD to evaluate
the influence of size effect for the phosphorescence of supramole-
cules. In the solid state, VB10/B-CD exhibited a bright blue lumines-
cence and displayed a persistent blue afterglow up to 6 s after ceasing
the 254 nm UV irradiation (Supplementary Fig. 104). The PL spectra,
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Fig. 6 | Medicine anticounterfeiting by three methods of surface coating,
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onto the surface of pills by aqueous solution of VBI0@p-CD. b Doping into

c@=== O
@ Spray with VB10 @ @

Doping into medicine

AM+ MTZ
VB10@B-CD

MTZ+
VB10@B-CD

o o

No luminescence Intense RTP

medicine: dope powder of VB10@p-CD into capsule or pills. ¢ Spray display: dope
B-CD into pills and then spray aqueous solution of VB10).

delayed PL spectra, and time-resolved PL decay curves proved the dual
emission of phosphorescence (An.x=434nm, t=1.16s) and fluores-
cence (Anax =335 nm, 7=1.17 ns), with a PLQY of 86.5% (Supplementary
Figs. 105-107). The identical emission peaks, and similar lifetime and
quantum yields revealed that the larger host 3-CD could also provide
similar circumstance for VB10 with that of a-CD. The circular dichro-
ism spectra of VB10/B-CD showed opposite Cotton effect both in the
solid state and in aqueous solution (Supplementary Fig. 108). More-
over, VB10/B-CD exhibited positive CPL, with a |gj,m| value of 3.6 x10?
(Supplementary Fig. 109). For y-CD/VB10, no phosphorescence could
be observed, possible because of unfavorable complexation (Supple-
mentary Figs. 110 and 111). These hypotheses were further proven by 'H
NMR spectra and ITC experiments. 3-CD could encapsulate VB10 to
form a supramolecule VB10@B-CD and showed a K, of
(7.5+0.4) x10°M? (Supplementary Figs. 112 and 113). No detectable
thermal change was observed after titrating VB10 with y-CD, although
there were chemical shifts in 'H NMR spectra, indicating the weak
interaction between them (Supplementary Figs. 114 and 115). These
results verified the importance of size matching between hosts and
VB10 and further confirmed the requirement of host-guest com-
plexation for turning on phosphorescence.

The obtained edible phosphorescent supramolecules VB10@a/[3-
CD have the advantages of high performance, low cost, and good
robustness. Therefore, we verified their applications in medicine anti-
counterfeiting. As aforementioned, encrypting and printing informa-
tion on or into pills and capsules is an advanced and effective method
because medicines can be authenticated independent of the packa-
ging. We explored three methods of surface coating, doping into
medicine, and spray display to verify medicine anticounterfeiting. For
surface coating, aqueous solution of VB10@p-CD was utilized as a
phosphorescent ink to paint on the surface of pills, and no information
could be found under daylight. Under the irradiation of 254 nm,
labeled “2025” and “LR” appeared (Fig. 6a). They are clearer after
ceasing irradiation because background autofluorescence inter-
ference from medicine no longer exists. Similarly, this phosphorescent
ink can also be used for labeling capsules. Printing the “AM” and “CA”
on the surface of amoxicillin (AM) and cephalosporin (CA) capsules by
VB10@p3-CD, the authenticity of the medicines can only be identified
after ceasing irradiation and neither under daylight nor UV lamps
(Fig. 6a and Supplementary Fig. 116a). In addition, doping VB10@{3-CD
into capsule or pills is another method for medicine anticounterfeiting.
After mixing small amount (2mg) of VBIO@pB-CD powder into
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medicine AM or MTZ, the obtained capsule and pill displayed persis-
tent blue afterglow after removing the UV irradiation, while the unla-
beled contrasts have no such afterglow (Fig. 6b). Interestingly, the
afterglow can only be excited by UV wavelength below 320 nm but not
long wavelength such as 365 nm, which provided additional guarantee
for anticounterfeiting (Supplementary Fig. 116b). Even the pill was
chopped, each part of the pill emitted a persistent blue light (Fig. 6b
and Supplementary Fig. 116c). The third method is spray display on
medicine. Since the encapsulation is the requirement for turning on
RTP, 3-CD as one of components can be premixed into the pills and the
prepared medicine cannot be detected with luminescence except the
autofluorescence. Then the medicine authenticity can only be identi-
fied by spraying aqueous solution of another component (VB10) which
can be co-packaged with medicine (Fig. 6¢). This anticounterfeiting
cannot be cloned by other methods such as premixing phosphor-
escent materials into medicine, therefore ensuring high safety. More-
over, the good CPL phosphorescence qualified the supramolecules as
useful systems for chiral anticounterfeiting.

Discussion

In summary, we have successfully prepared a class of edible phos-
phorescent supramolecules, namely VB10@a/B-CD, through the host
—guest complexation between easily available o/3-CD and VB10. These
phosphorescence supramolecules could be obtained via concisely
grinding a/B-CD and VB10 with water or co-crystallization from aqu-
eous solution. They exhibit a long phosphorescence lifetime of up to
1165, a high PL quantum yield of up to 86.5%, and a bright blue
afterglow lasting up to 6s after ceasing the irradiation of UV light.
Moreover, VB1I0@a-CD shows dual circularly polarized luminescence
of fluorescence and phosphorescence, with |gi,m| values of up to
1.5x10? and 7.5x1073, respectively. The phosphorescence remains
even when the ratio of VB10 to CD is as low as 1:1000 because of the
excellent encapsulation of o/B-CD for VBI1O. Both the structures of
guests and size effect of hosts have an important influence on the
phosphorescence performance of host—guest complexes. The crucial
roles of non-radiative process for the phosphorescence in the solid
state are clearly revealed by complete theoretical calculations. The
encapsulation of o/f-CD reverses the energy ordering of VB10’s exci-
ted singlet states, promotes the formation of the minimum energy
crossing point (MECP) between singlet state and triplet state, and
therefore enhances phosphorescence. Our case study demonstrates
that: 1) By combining the ONIOM method with the MECP-efficient
locating algorithm, TDDFT can achieve at least semi-quantitative
accuracy. 2) It is feasible to provide a detailed description of the
photophysical processes in large organic molecular/supramolecular
systems in the solid state and to elucidate their luminescence
mechanisms. Moreover, the good moisture robustness, room-
temperature phosphorescence and circularly polarized luminescence
make VB10@pB-CD edible phosphorescent inks for in-medicine antic-
ounterfeiting. Three anticounterfeiting methods of surface coating,
doping into medicine, and spray display are well verified for both pills
and capsules. Thus, the present set of phosphorescent supramolecules
provide a typical example for constructing phosphorescent materials
and may see use in high-safety medicine anticounterfeiting.

Methods

Materials

All reagents and solvents were obtained commercially and used with-
out further purification, unless otherwise noted.

Measurements

'H NMR spectra were recorded on Bruker Avance Il 400 MHz instru-
ment. Single crystal X-ray data were collected by direct methods using
a Bruker SMART APEX II diffractometer. Photoluminescence spectra
and lifetime were obtained on FLS 1000 and HAMAMATSU C16361-01.

Fluorescence and phosphorescence quantum yields were measured
on HAMAMATSU Quantaurus-QY plus. ITC experiments were per-
formed on MicroCal PEAQ-ITC instrument. CPL spectra were measured
on JASCO CPL-300 spectrophotometer. CD spectra were measured on
JASCO J-815 spectrophotometer.

Crystal structure of VB10@«-CD

A mixed aqueous solution (2mL) of VB10 (5x10?mol/L) and a-CD
(5x10%mol/L) was passed through a 0.22 um filter. After a slow eva-
poration of the solution for 6 days, colorless block crystals were
obtained.

Data availability

The authors declare that the data supporting the findings of this study
are available within the article and its Supplementary Information.
Data are available from the corresponding author upon request.
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