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An efficient single-dye NIR-Il CL system was proposed for the first time
with the longest emission peak around 1000 nm. Biocompatible CL
nanoparticles were developed and a surprising CL intensity enhancement
was found in the presence of the BASZn nanoenzyme by about three
orders of magnitude. Such an NIR-Il CL system was demonstrated for
glucose sensing, tumor therapy and in vivo H,O, imaging. Via theoretical
and experimental analyses, a novel electron transfer model was estab-
lished for such a chemiluminescence system rather than the generally
considered HOMOp,.—~LUMOpop model. These findings provide useful
guidelines for designing efficient single-dye NIR-II CL systems.

NIR-II photons have been demonstrated to dramatically improve
the in vivo imaging resolution in heavily scattering tissue environ-
ments, for instance the NIRII photoluminescence imaging of
mouse intact brain vessels."™* In comparison to photoluminescence
(PL), chemiluminescence (CL) imaging is considered to provide
better signal to noise ratio as no excitation beam-related back-
ground noise is involved.>*® One of the most famous CL systems is
the oxalate ester (CPPO) and dye involved, H,O, triggered system,
which provides the ideal approach to in vivo image the H,O,
metabolic status in tumors, inflamed tissues and the liver during
drug clearance.”" ™ Thanks to the generation of energetic inter-
mediate DOD, such a system is capable of transferring the chemical
energy to excited electronic energy of various dyes via two-step
electron transfer (eT), Scheme 1(a)."”> Most recent studies have
assigned the CL efficiency limiting step as the electron transfer
from the HOMOpy to the LUMOpop (Scheme 1(b)).'>'
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According to such an argument, a multi-dye energy transfer
system was necessary for realizing the NIR CL (Scheme 1(a)),
especially for NIR-II, considering the high energy gap of
LUMOpop-HOMOp,.. " In the last two years, multi-dye NIR-IT
CL systems with luminescence maximum around 950 nm were
reported for H,Oinduced tissue inflammation imaging.'*'*®
However, such a multi-dye energy transfer process might make
the CL system more complicated and less efficient.

Cyanine dyes have been intensively studied not only for
biological research but in clinical medicine as well,’”*® due
to the excellent photo-properties.? For instance, ICG is a unique
FDA approved fluorophore with an emission band beyond 800
nm."® The electronic transition energy of cyanine dyes could be
feasibly tuned from visible to NIR due to the unique electronic
structure of the polymethine bonds.”> NIR-II emission cyanine
dyes have been studied for the past decade as excellent fluores-
cence probes for photoluminescence imaging.'”*%7

Herein, the first efficient single-dye NIR-II CL system with
the longest emission peak over 1000 nm was realized other than
resorting to the complicated multi-dye energy transfer strategy.

'“"\NV“’ [()

(a) 9 Dye Single- LUMOggp
o coocd @ e 9 Single-dye CL
C,Q—o 04@*0 — \i
wd Cooe, o, O X 7 e
o, % \ HOMO,,
CPPO DOD o ~FRET 'Ml\l\/w i v
byel  Dye2 Multi-dye CL  HOMOooo
CPPO, DOS, TritonX-100
’ gLl
2/Q995 in THF prd P
(c) Q842/Q995 in @ crro DOS /T3 w100

°
2lg
MFS
(2
3
i

CL Nanoparticle ‘ 8 a 8
e SN A
\ 2y L7074
BSA . Qsaz, ~
0.22um F a0
ncl, \ | Filter b
Precipitat CL Nanoenzymg Q995

Single-dye NIR-II CL Nanosystem

Scheme 1 (a) The CL mechanism of single-dye CL and multi-dye CL.
(b) The frontier orbitals of DOD and the dye. (c) The preparation of the
single-dye NIR-1I CL nanosystem of cyanine dye Q995 and Q842.
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A BSAZn-based nanoenzyme was developed to dramatically enhance
the NIR-II CL nanosystem for about three orders of magnitude.
Such a single-dye NIR-II CL system was demonstrated for glucose
sensing, tumor therapy and in vivo H,0, imaging. Furthermore, we
found that the NIR-II chemiluminescence intensity was mainly
dominated by the emission QY of the dye, rather than the usually
considered energy gap of LUMOpop-HOMOp,.. Frontier molecular
orbitals were analyzed to reach an electron transfer swing model for
designing novel efficient NIR-II CL systems.

An outstanding NIR-II CL could be realized via two kinds of
cyanine dye Q995 and Q842, respectively (Fig. S1 and S2, ESI¥).
According to the typical molecular structure of cyanine dyes,
the photophysical properties could be substantially adjusted by
altering the length of the polymethine linker and gently varied
by the electronic properties of the heterocyclic groups.> How-
ever, a surprisingly large red shifted fluorescence was realized
for Q995 of about 150 nm (Fig. 1(a) and Table 1) with the same
polymethine linker as Q842 (Fig. S1, ESIt). It might come from
the extended length of the polymethine linker for Q995 via the
quinoline group, Fig. S1 (ESIt). Though the emission maximum of
Q842 is in the NIR-I region, the emission intensity beyond 1000 nm
was found to be similar to that of Q995 and much larger than that of
IR26 (commercial NIR-II dye), Fig. 1(b) and Table 1. The excellent
photophysical properties of Q995 and Q842 render a bright CL in
NIR-I, Fig. S2 (ESIt). Fig. 1(c) shows the CL spectra of Q995 and
Q842 in THF solution, which are of similar emission maximum as
the corresponding photoluminescence.

The biocompatible single-dye NIR-II CL nanoparticle was
prepared, as shown in Scheme 1(c). Briefly, the CPPO, DOS,
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Fig. 1 (a) The PL and absorption spectra of Q995 and Q842 in THF (10% H,O).
(b) The PL spectra of Q995 and Q842 with the same absorbance at 785 nm. (c)
The CL spectra of Q995 and Q842 in THF (10% H,O). (d) The NIR-II CL image of
the Q842 nanosystem. (e) The NIR-II CL image of the Q995 nanosystem. (f) The
CL intensity of Q842 and Q995 at different experimental conditions as in (d) and
(e). (g) The CL kinetics of the Q842 nanosystem. (h) The CL image of the Q842
nanosystem at variation of H,O, concentration. () The CL of the Q842
nanosystem as a function of H,O, concentration as in (g). All experiments were
done with exposure time 1 s and details in Table S3 (ESIT).
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Table 1 The photo-properties of the investigated dyes in THF with 10%
H,O (ICG in MeOH as QY ref. 24)

Absyax  Emyac EC QY QYo00 QY1000
Dyes (nm) (nm) M 'em™") (%) (%) (%)
Q842 825 842 170000 4.03 £ 0.14 0.84 0.17
IR785 785 803 190 000 5.20 £+ 0.45 0.58 0.10
Q995 958 995 145 000 0.26 + 0.05 0.26 0.12
Q1044 1004 1044 89000 0.064 + 0.01  0.064 0.059
IR26 1079 1120 140 000 0.026 £+ 0.005 0.026 0.026
Q1086 1057 1086 76 000 0.020 £+ 0.005 0.020 0.020

TrionX-100 and corresponding dye were dissolved in THF and
then dropwise mixed with water under vortexing. The hydro-
dynamic diameter of the prepared nanoparticles was around
50 nm, Fig. S3 (ESIt). To increase the solubility in THF and the
miscibility with DOS for the preparation of nanoparticles, a
long alkyl chain was introduced to Q995 and Q842. We surpris-
ingly found that the CL intensity of the CL nanoparticles could
be dramatically enhanced by the BSAZn nanocomplexes
(Fig. 1(d)—(g)), which were prepared by dissolving the precipi-
tate from the ZnCl, aqueous solution into BSA solution (details
in the ESIt). For Q842 CL nanoparticles, the CL intensity was
about thousands-fold enhanced in the presence of BSAZn for
observation beyond 900 nm, and about 100-fold beyond
1000 nm, Fig. 1(d) and (f). No observable CL was found for
the THF solution and in the absence of the BSAZn under such
low H,O, concentration and short exposure time. For Q995 CL
nanoparticles, enhancement was also observed in the presence
of BSAZn, Fig. 1(e) and (f). A similar enhancement effect was
observed from ZnO nanoparticles and the corresponding BSA
nanocomplexes, Fig. S4 (ESIt). The XRD measurements indi-
cate the presence of ZnO for the precipitate (ZnCl, aqueous
solution) and BSAZn, Fig. S5 (ESIT). In contrast, no observable
enhancement has been recorded for the Zn*" ion solution, as
shown in Fig. S4 (ESIf). The BSAZn might work as a kind of
nanoenzyme to facilitate the decomposition of H,0,.%>*

The CL kinetics of the Q842 nanoparticles was depicted in
Fig. 1(g). We may find that the CL intensity decays exponen-
tially with a lifetime of about 180 s. The addition of fresh Q842
nanoparticles was found to restore the CL intensity to a similar
level as at the beginning and the morphology of the BSAZn
nanoenzyme remained stable throughout the CL reaction,
Fig. S11 (ESIT). These observations indicate that the BSAZn
exhibits mild catalysis that is quite stable in the system. The
Q842 NIR-II CL nanosystem exhibits remarkable sensitivity to
H,0,, as illustrated in Fig. 1(h) and (i). At high Q842 concentration,
the linear response detection limit was found to be as low as 5 uM of
H,0,, Fig. S7 (ESI}). Moreover, the CL nanosystem demonstrates
excellent selectivity towards H,0,, as observed in Fig. S12 (ESIt).%2>¢
Interestingly, we also found that the CPPO would spontaneously
decompose in the CL nanoparticles at 37 °C with a lifetime of
approximately 35 min, Fig. S6 (ESIt). Such decomposition has been
previously reported for CPPO in the CTAB micelle system.>*

The remarkably efficient single-dye NIR-II CL observed
herein encouraged us to pursue the underlying mechanism
for low energy single-dye CL systems. A series of carefully
designed dyes with the photon excitation energy from NIR-I

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Electronic properties and CL of the designed dyes. (a) The mole-
cular structure of the investigated dyes. (b) The CL image of NIR dyes, with
exposure time 1 s, NIR-Il camera 900 nm long pass filter, dye concen-
tration about 0.03 pmol ml™%, and H,0,, 50 mM (v/v 10%). (c) The
normalized CL of the investigated dyes. (d) The normalized CL as a
function of the quantum yield of the investigated dyes. (e) The normalized
CL as a function of the LUMOpop—HOMOgy. energy gap. (f) The energy
level of the HOMO and LUMO of the investigated dyes and DOD.

to NIR-II (785 nm to 1057 nm) are shown in Fig. 2(a), Fig. S8 (ESIY)
and the corresponding absorption and PL spectra in
Fig. S9 (ESIT). With richer electron density of heterocyclic groups
and a longer polymethine linker, the corresponding electronic
transition energy would be lower, Fig. S8, S9, ESIf and Table 1.
Furthermore, a relatively broad shoulder absorption was observed
for Q995 in THF with 10% H,O, which well overlaps with the
absorption of IR785 and Q842. On account of such broad absorp-
tion spectrum, Q995 was able to be taken as the fluorescence
reference for both IR785 and Q842 at the excitation wavelength of
about 785 nm and for Q1086, IR26, and Q1044 at excitation around
980 nm. This provides the right approach for direct comparison of
the emission quantum yield in such an extended wavelength range
from 800 nm to 1100 nm, Table 1. The intensity calibrated emission
spectra of the investigated dyes beyond 900 nm are shown in Fig.
S10 (ESIt) and the emission quantum yields (QYs) at different
wavelength regions are shown in Table 1. For emission wavelengths
above 1000 nm, the Q842 gives a higher QY than all other
investigated dyes, about 0.17%. The total QY of Q995 was found
to be about 10-fold higher than that of IR26.

Fig. 2(b) shows the CL image of the investigated dyes
recorded via NIR-II camera in the THF solution. A bright CL
was observed for the Q842, IR785, Q995 and Q1044. The CL
image was conducted under the condition that CPPO is about 1
molar equivalent to dye avoiding multi-excitation of single
dyes. Furthermore, 2.5 mM NaOH solution was applied to burst
the CL.*® The basic condition could accelerate the H,O, dis-
sociation and generate a large amount of DOD in a short time
span.”® Fig. 2(c) gives the relative CL intensity of the investi-
gated dyes, normalized to that of Q842. A linear correlation
between the emission QY of the investigated dyes and the CL

This journal is © The Royal Society of Chemistry 2023
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intensity was established in the wavelength range beyond
900 nm, as shown in Fig. 2(d) and Fig. S13, S14 (ESIt). Never-
theless, we did not find any reasonable correlation for the CL
intensity to the corresponding LUMOpop-HOMOy,. €nergy gap,
as shown in Fig. 2(e) and (f). This indicates that the CL of the
investigated cyanine derivatives is dominated by the emission
quantum yield rather than the LUMOpop-HOMOyy. energy gap.

In viewing the HOMO and LUMO energy level of the
designed cyanine dyes, we found a huge energy gap between
the HOMOgy. and LUMOpop, as shown in Fig. 3(a) and Table S1
(ESIY). Such an energy gap is even much higher than the direct
electronic transition energy from HOMOg,. to LUMOgy. It
might not be reasonable for the HOMO electron of dyes
bypassing the LUMOgy. to populate the LUMOpop. As a result,
directly correlating the LUMOpop-HOMOgy. energy gap with
the CL efficiency might lack theoretical support. In order to
investigate the electron transfer mechanism of such an efficient
single-dye NIR-II CL system, the transition state (TS) along the
DOD dissociation path was found, Fig. 3(b), and the geometry
coordination in ESLt The dissociated state (DOD@D) was
taken with a largely elongated C-C bond. An interesting varia-
tion of the LUMO orbital energy was observed along the
dissociation pathway of DOD, first descending significantly to
the DOD@TS and then rising dramatically to DOD@D,
Fig. 3(b). Nevertheless, there is no significant variation in the
HOMO orbital energy. The LUMO orbital energy of the
DOD@TS was found to be lower than the HOMO energy of all
investigated dyes (Fig. 3(b)). On passing through the transition
state, the LUMO orbital was lifted dramatically to even higher
than the LUMO energy of the investigated dyes, as the LUMO of
the DOD@D state, Fig. 3(b).

Fig. 3(c) illustrates the possible electron transfer mechanism of
such an efficient single-dye NIR-II CL system. The HOMO electron of
the dye may first transfer to a lowered LUMO orbital of a certain state
around DOD@TS, and then pass through the transition state to gain
energy. Eventually, an excited state of dye would be formed at a certain
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Fig. 3 Electronic properties of the CL system. (a) The relative HOMO and
LUMO energy levels of the DOD and cyanine dyes. (b) The relative HOMO
and LUMO energy levels of the DOD, DOD@TS (Transition State), DOD@D
(Dissociated state) and cyanine dyes. (c) Orbital swing scheme for the
electron transfer of the single-dye NIR-II CL system.
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Fig. 4 The NIR-II CL nanosystem for in vivo application. (a) The CL image
of the Q825 nanosystem in the presence of GOx at different glucose
concentrations. (b) The CL intensity as a function of glucose concen-
tration. (c) The scheme of the H,O, tumor therapy via Gox-Glucose and
the NIR-II CL nanosystem. (d) The image of the Gox-Glucose therapy
effect for treating with and without BSAZn nanoenzyme. (e) The in vivo CL
image of mouse left hind limb before and after injection of 10 uL 1 M H,0O,,
with exposure time 1 s. Experimental details are in Table S3 (ESIT).

point where the back electron transfer is favourable (from the LUMO of
DOD@D to the LUMO of the dye). It is notable that during such
electron transfer pathways, the electron always undergoes an exergonic
process, instead of the endergonic pathway overcoming the large
energy gap (LUMOpopn-HOMOgy) as usually considered.'>'* Therefore,
the electron transfer steps would not limit the NIR-I CL efficiency.

The excellent single-dye NIR-II CL nanosystem was demonstrated
for certain biological applications as the glucose sensor, in vivo H,O,
imaging and cancer therapy, Fig. 4. It is well known that the glucose
oxidase enzyme (GOx) is able to convert glucose into H,O, in the
presence of 0,.**’ The NIR-II CL intensity as a function of the glucose
concentration was shown in Fig. 4(a) and (b). With increasing the
concentration of glucose, the CL intensity was gradually increased. As
the glucose concentration exceeds 100 mM, the NIR-II CL reached a
plateau. The plateau region might indicate that the number of Gox
enzymes limits the generation of H,0,. Despite the fact that H,O, is
one of the most energetic species, it is quite inert in comparison to the
more reactive species, like *OH, 'O, and *OOH. As shown in Fig. 4(c)
and (d), with the BSAZn nanoenzyme, the Gox-Glucose could introduce
significant damage on the tumor tissue. A burn scar could be observed
on the first day after administration, and the tumor almost shrunk
away within 8 days. Furthermore, iz vivo NIR-II CL was performed via
subcutaneous injection of 1 M H,0,, Fig. 4(e). A clear CL could be
observed after the injection of H,O,.

In summatry, we carefully designed a series of cyanine dyes with
excellent photo-properties, via which a bright single-dye NIR-II CL
system was realized. Both theoretical and experimental evidence
suggests that the electron transfer processes would not be the
efficiency-limiting step for such a single-dye NIR-II CL system.
Furthermore, a surprising enhancement was found for the BASZn
nanoenzyme involved CL nanosystem by about three orders of
magnitude. Such an efficient NIR-II CL nanosystem was demon-
strated for in vivo H,O, imaging and the sensing of glucose. The
proposed electron transfer mechanism would provide a reasonable
guideline for the design of novel single-dye NIR-II CL systems.
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