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ARTICLE INFO ABSTRACT

Keywords: An efficient approach for fabrication of novel near-infrared (NIR) absorbing materials has been developed based
Nea‘r-infrared dyes on stabilization of chromogenic radicals in lipid membranes. Compared with the closed-shell molecules, radicals
Vesicles or radical ions of organic chromophores usually display remarkably red-shifted absorption. However, stabili-
Radicals . . s . L. . . s .

Self-assembly zation and functionalization of these radicals is still a challenging task. Herein, biomimetic membranes were

employed as a platform for stabilization and convenient functionalization of chromogenic radicals. NIR optical
vesicles can be facilely formed by co-assembly of radical-dominated supramolecular chromophores with sur-
factants in aqueous solution. The as-formed dye-interbedded vesicles with biomimetic membrane surfaces dis-
plays strong NIR absorption and electron spin resonance signals, sensitive photoacoustic response upon NIR
excitation, and minimal nonspecific interaction with biological macro-molecules. Furthermore, doping of the
chromogenic interlayers to optimize the optical properties and modification of the membrane surfaces for

Photoacoustic imaging

functionalization towards bioanalytical applications can be carried out under ambient conditions.

1. Introduction

Near-infrared (NIR) light is highly applicable to optical exploring of
biological systems because of its deeper tissue penetration, minimal
photo-damage, and reduced background interference [1-5]. Design of
high-performance NIR dyes [6-12] or nanoprobes [13-18] has been
attracting intense interest in bioanalytical and biomedical researches. In
general, the NIR response of organic dyes arises from a large conjugation
system. Therefore, difficulty in both synthesis and modification of NIR
dyes remains a challenge in their advanced applications [19-24]. It is
known that the band gap between the lowest singly unoccupied mo-
lecular orbital (SUMO) and the singly occupied molecular orbital
(SOMO) of an organic radical is much narrower than that between the
lowest unoccupied molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO) of its closed-shell molecule [25,26]. This has
boosted a new class of NIR dyes based on radicals or radical ions of
common organic chromophores in the ultraviolet-visible region, as
exemplified by the radical anions of aromatic imides with high photo-
thermal conversion efficiency upon NIR irradiation [27-34]. Taking
advantage of the ease in generating organic radicals from their
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closed-shell molecules by chemical or biological methods, novel
stimuli-responsive NIR optical materials can be developed [32,35,36].
However, stabilization and functionalization of radical-based NIR dyes
is still challenging in their biological applications. Herein, biomimetic
membranes were employed as a platform for stabilization and conve-
nient functionalization of organic radicals to give the first example of
radical-interbedded NIR absorbing vesicles.

The radical anion of tetrafluorotetracyanoquinodimethane
(TCNQF4) was investigated as the NIR absorber in this study. The NIR
absorption of the radical anion of tetracyano-p-quinodimethane (TCNQ)
has long been known [37]. Most of the analogues of TCNQ®~ were sta-
bilized in the form of solid salts and research attention has been focused
on their conductivity and magnetism [37-39]. Bioanalytical and
biomedical applications of these radical anions as NIR dyes remain un-
explored because of their low stability in aqueous solution and difficulty
in functionalization. We proposed that degradation of these chromo-
genic radicals would be greatly prevented in lipid membranes and
further functionalization could be easily realized through modifications
of the membrane surfaces. For this purpose, the radical-based NIR
absorber was produced and handled in the form of supramolecular dyad,
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Scheme 1. Illustration of the fabrication of TCNQF3 -interbedded vesicles in
aqueous solution.

following the discovery in 1973 that TCNQ*™~ could be in situ generated
in the conducting donor-acceptor (D-A) complex between tetrathio-
fulvalene (TTF) and TCNQ [40]. Tetrakis(pentyl-thio)tetrathiafulvalene
(TPT-TTF) and TCNQF4 were chosen as the electron donor and the
electron acceptor [41], respectively, to enhance the charge transfer that
leads to radical ions (Scheme 1). On the other hand, the structural
feature that TPT-TTF contains symmetrical four hydrophobic chains
would facilitate co-assembling of the n-aggregated NIR chromogenic
ensembles with amphiphiles in aqueous solutions driven by hydropho-
bic interaction. To improve biocompatibility of the resulting
co-assemblies, the model amphiphiles were designed to bear phos-
phorylcholine, known as the head group of phospholipid, as the hy-
drophilic group.

2. Experimental
2.1. General remarks

All syntheses were performed under a nitrogen atmosphere using
standard Schlenk techniques, unless otherwise stated. Acetonitrile were
distilled from calcium hydride under Ny prior to use. Other reagents
were used as received from commercial sources without further
purification.

Absorption spectra were recorded on a Hitachi U-3900 UV-Vis
spectrophotometer or a Vavian Cary 5000 UV-Vis-NIR spectropho-
tometer. Electrospray ionisation (ESI) mass spectra were recorded on a
Bruker ESQUIRE-3000" mass spectrometer. High-resolution mass
spectra (HR-MS) were recorded on a Bruker Apex ultra 7.0T FT-ICR mass
spectrometer. The nuclear magnetic resonance (NMR) experiments were
performed on a Bruker Avance II 400 MHz spectrometer. 'H and 3C
NMR chemical shifts (5) are relative to tetramethylsilane. The absolute
values of the coupling constants are given in Hertz (Hz). Multiplicities
are abbreviated as singlet (s), doublet (d), triplet (t), multiplet (m) and
broad (br). Dynamic light scattering (DLS) data were collected from a
Malvern Zetasizer Nano-zsMPT-2 particle size and zeta potential
analyzer. Infrared spectra were recorded on a Nicolet AVATAR FT-IR360
spectrophotometer. Morphologic evolutions of the self-assemblies were
studied by a Tecnai G2 Spirit BioTwin transmission electron microscope
(TEM). Photoacoustic responses were examined on a Vevo®3100 pre-
clinical imaging system with a pulsed 850 nm laser.

2.2. Synthesis and characterization of MPC-Cp,

Thiol (0.4 mmol) with a predesigned alkyl group was added to a
solution of 2-(methacryloyloxy)ethyl 2-(trimethylammonio)ethyl phos-
phate (MPC, 0.40 mmol) in anhydrous ethanol (15 mL). The mixture was
stirred at room temperature in nitrogen atmosphere for 20 h in the
presence of 1,3-propanediamine (catalytic amount). The solvent was
then removed under vacuum. The resulting viscous mixture was washed
with n-hexane, acetone and anhydrous ethanol successively in ultra-
sound, and dried under vacuum to give a translucent solid with a high
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yield (> 93%). All of the MPC-Cy, compounds in KBr matrix share a same
absorption profile in FT-IR spectra: Umax/cm ' = 1734 (C=0), 1247
(P=0), 1084 (P-0), 965 (-NMe3).

The selected spectroscopic data of MPC-Cy4 are as follows. 'H NMR
(CD30D, 400 MHz, ppm): § = 0.92 (t, J 7.2, CH3CH,CH,-, 3H), 1.23 (d, J
6.8, —CH(CH3)CO-, 3H), 1.36-1.42 (m, J 7.2, CH3CH>CH,-, 2H),
1.53-1.57 (m, J 7.2, -CH,CH,CH,S-, 2H), 2.51-2.81 (m, J 6.8, 7.2,
-CH,CH2SCH>CH(CH3)-, 5H), 3.23 (s, -N(CH3)3, 9H), 3.63-3.65 (m, J
5.2, -CH,N, 2H), 4.05-4.09 (m, J 5.2, POCHy-, 2H), 4.26-4.29 (m, J 5.2,
OCH,CH50P, 4H). 13¢ NMR (CD3OD, 125 MHz, ppm): 6 = 175.40,
66.08, 63.85, 63.30, 59.04, 53.33, 40.21, 34.90, 31.69, 31.48, 21.48,
15.78, 12.60. ESI-MS: m/z calc. 386.1 [M + H]™; found 386.0 and 408.0
[M + Nal®; HR-MS (ESD): m/z calc. 408.1580 [M + Na]'; found
408.1584 with expected isotopic distribution.

The selected spectroscopic data of MPC-Cg are as follows. 'H NMR
(CD30D, 400 MHz, ppm): § = 0.91 (t, J 7.0, CH3CH2CH,-, 3H), 1.23 (d, J
7.2, ~CH(CH>)CO, 3H), 1.32-1.41 (m, J 7.2, CH3CH,CH>CH>CH,-, 6H),
1.54-1.58 (m, J 7.2, -CHyCH5CH,S-, 2H), 2.50-2.81 (m, J 6.8, 7.2,
-CH,CH,SCH,CH(CH3)-, 5H), 3.23 (s, -N(CH3)3, 9H), 3.63-3.66 (m, J
5.2, -CH3N, 2H), 4.05-4.09 (m, J 5.2, POCH>-, 2H), 4.26-4.29 (m, J 5.2,
OCH,CH,O0P, 4H). 3C NMR (CDs0OD, 125 MHz, ppm): § = 175.40,
66.08, 64.06, 63.07, 59.32, 54.26, 40.18, 35.38, 32.79, 31.41, 29.64,
28.54, 22.54, 16.94, 14.03. ESI-MS: m/z calc. 414.2 [M + H]"; found
414.0 and 436.0 [M + Nal]™. HR-MS (ESI): m/z calc. 436.1893 [M +
Na]T; found 436.1889 with expected isotopic distribution.

The selected spectroscopic data of MPC-C; are as follows. 'H NMR
(CD30D, 400 MHz, ppm): § = 0.90 (t, J 6.8, CH3CH,CH,-, 3H), 1.23 (d, J
7.2, -CH(CH3)CO-, 3H), 1.30-1.39 (m, J 7.2, CH3CH,CH>CH>CH>CH>-,
8H), 1.54-1.58 (m, J 7.2, -CH,CH>CH,S-, 2H), 2.50-2.81 (m, J 6.8, 7.2,
-CH,CH2SCH>CH(CH3)-, 5H), 3.23 (s, -N(CH3)3, 9H), 3.63-3.66 (m, J
5.2, -CH,N, 2H), 4.05-4.09 (m, J 5.2, POCHy-, 2H), 4.26-4.30 (m, J 5.2,
OCH3CH>0P, 4H). 13¢ NMR (CDsOD, 125 MHz, ppm): 6 = 175.40,
66.08, 63.86, 63.80, 63.26, 59.05, 53.34, 40.21, 34.90, 32.02, 31.54,
29.36, 28.62, 28.41, 22.27, 15.81, 13.04. ESI-MS: m/z calc. 428.2 [M +
H]"; found 428.0 and 450.2 [M + Na]®. HR-MS (ESI): m/z calc.
450.2049 [M + Na]'; found 450.2055 with expected isotopic
distribution.

The selected spectroscopic data of MPC-Cg are as follows. 1H NMR
(CD30D, 400 MHz, ppm): § = 0.90 (t, J 6.8, CH3CH,CH,-, 3H), 1.23 (d, J
7.2, —-CH(CH3)CO-, 3H), 1.30-139 (m, J 7.2,
CH3CH,CH,CH>,CH>CH5CH>-, 10H), 1.52-1.60 (m, J 7.2, -CH,CH>CH>S-
, 2H), 2.50-2.81 (m, J 6.8, 7.2, -CH,CH2SCH,CH(CH3)-, 5H), 3.22 (s, -N
(CHs)s, 9H), 3.63-3.66 (m, J 5.2, -CH3N, 2H), 4.05-4.09 (m, J 5.2,
POCH>-, 2H), 4.28-4.30 (m, J 5.6, OCH,CH,OP, 4H). 13¢ NMR (CD30D,
125 MHz, ppm): § = 175.41, 66.08, 63.86, 63.80, 63.31, 63.26, 59.06,
59.02, 53.38, 53.35, 53.32, 40.21, 34.90, 32.03, 31.59, 29.35, 28.96,
28.90, 28.45, 22.31, 17.05, 15.82, 13.06. ESI-MS: m/z calc. 442.2 [M +
H]"; found 442.1 and 464.1 [M + Na]t. HR-MS (ESID): m/z calc.
464.2206 [M + Nal™; found 464.2206 with expected isotopic
distribution.

The selected spectroscopic data of MPC-Cy are as follows. 'H NMR
(CD30D, 400 MHz, ppm): § = 0.90 (t, J 7.0, CH3CH2CH,-, 3H), 1.23 (d, J
7.2,  -CH(CH3)CO-, 3H), 1.29-138 (m, J 7.2
CH3CH,CH>CH,CH;CH>CH>,CH>CH5-, 14H), 1.54-1.58 (m, J 7.2,
-CH2CH,CH,S-, 2H), 2.50-2.81 (m, J 6.8, 7.2, -CH3CH,SCH>CH(CH3)-,
5H), 3.23 (s, -N(CH3)3, 9H), 3.63-3.66 (m, J 5.2, -CHN, 2H), 4.05-4.09
(m, J 5.2, POCHy-, 2H), 4.26-4.30 (m, J 5.6, OCH,CH,OP, 4H). 13C NMR
(CD30D, 125 MHz, ppm): 6 = 175.40, 66.08, 63.86, 63.80, 63.31, 63.26,
59.05, 59.01, 53.37, 53.34, 53.31, 34.90, 32.03, 31.67, 29.35, 29.29,
29.05, 28.94, 28.45, 22.34, 15.82, 13.07. ESI-MS: m/z calc. 470.2 [M +
H]*; found 470.1 and 492.2 [M + Na]'. HR-MS (ESD: m/z calc.
492.2519 [M + Na]'; found 492.2516 with expected isotopic
distribution.

The selected spectroscopic data of MPC-Cy are as follows. "H NMR
(CD30D, 400 MHz, ppm): 5 = 0.90 (t, J 6.8, CH3CH,CHy-, 3H), 1.23 (d, J
7.2, —CH(CH3)CO-, 3H), 1.29-1.38 (m, J 7.2,
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Fig. 1. Absorption (A) and ESR (B) spectra of the co-assemblies of TPT-TTF (50
pM), TCNQF4 and MPC-Cg at a molar ratio of 1 : 1 : 4 in aqueous solution at pH
7.4 (buffered by 10 mM 3,3-dimethylglutaric acid-NaOH).
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Fig. 2. Size distributions (A) and absorption spectra (B) of the co-assemblies of
TPT-TTF (32 pM), TCNQF4 (24 pM) and MPC-C,, (128 pM) in aqueous solution
at pH 7.4 (buffered by 10 mM 3,3-dimethylglutaric acid-NaOH).

CH3CH,CH>CH>CH>CH>CH>CH>CH,CH,CH,-, 18H), 1.52-1.58 (m, J 7.2
-CH2CH2CH,S-, 2H), 2.50-2.81 (m, J 6.8, 7.2, -CH,CH2SCHCH(CH3)-,
5H), 3.23 (s, -N(CH3)3, 9H), 3.63-3.65 (m, J 5.2, -CH2N, 2H), 4.05-4.09
(m, J 5.2, POCH>-, 2H), 4.26-4.30 (m, J 5.6, OCH,CH,0P, 4H). 13CNMR
(CD30D, 125 MHz, ppm): 6 = 175.51, 66.09, 63.85, 63.79, 63.31, 63.26,
59.05, 59.01, 53.36, 53.33, 53.31, 40.21, 34.91, 32.03, 31.68, 29.37,
29.35, 29.28, 29.07, 28.94, 28.45, 22.34, 15.81. HR-MS (ESI): m/z calc.
520.2832 [M + Na]™; found 520.2834 with expected isotopic
distribution.

3. Results and discussion
3.1. Fabrication of the NIR absorbing vesicles

NIR absorbing nanovesicles were facilely fabricated via self-
assembly. The chromogenic D-A dyads were formed by self-assembly
of TPT-TTF and TCNQF4 in acetonitrile. This solution was next mixed
with aqueous solution of different types of amphiphiles to yield nano-
structured co-assemblies after evaporation of the organic solvent.
Fig. 1A shows the absorption spectrum of a solution of the co-assemblies
of 1: 1 D-A ensemble with MPC-Cg with peaks at 407, 670, 749 and 850
nm, respectively, indicating the formation of TCNQFZ~ [39,42].
Accompanying the characteristic NIR absorption, a strong electron spin
resonance (ESR) signal was observed at g = 2.0029 with hyperfine
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100 nm

Fig. 3. TEM images of the vesicles resulting from the co-assembly of TPT-TTF
(40 pM), TCNQF,4 (30 pM) with different surfactants or dopants in aqueous
solution at pH 7.4 (buffered by 10 mM 3,3-dimethylglutaric acid-NaOH). Sur-
factants and dopants: (A) 160 uM MPC-Cg, no dopant; (B) 160 yM MPC-Cg, 14
uM PPhg; (C) 160 pM DDM, no dopant; (D) 128 pM MPC-Cg + 32 pM DDM, no
dopant. The images were obtained via negative staining of the samples by 2.0%
tungstophosphoric acid at pH 6.5. All of the four types of co-assemblies were
found to degrade in different degrees before TEM imaging because of des-
olvation involved in the sample preparation process, despite of their stable and
narrowly-dispersed particles sizes in original solutions revealed by DLS. The
degradation degree shown in C is relatively low because of the high moistur-
izing capacity of saccharides.
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Fig. 4. Comparisons of the absorption behaviour (A), pH dependence (B) and
solution stability (C) of the NIR absorbing vesicles before and after TPP doping.
Inset of A: the absorbance increase induced by TTP doping. The initial con-
centrations of TPT-TTF, TCNQF4, MPC-Cg and TPP were kept at 40 pM, 30 pM,
160 pM and 14 pM, respectively. Solutions for A and C were buffered at pH 7.4
by 10 mM 3,3-dimethylglutaric acid-NaOH. Buffer solutions for B: pH 3.4-7.4:
buffered by 10 mM 3,3-dimethylglutaric acid-NaOH; pH 7.4-9.0: buffered by
20 mM Tris-HCl; pH 9.0-10.5: buffered by 20 mM Na;CO3-Na;HCO3. The so-
lutions in C were kept at 4 °C before test.
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Fig. 5. Comparisons of the ESR (A) and PA (B) performances of the NIR
absorbing vesicles before and after TPP doping in aqueous solution at pH 7.4.
The molar ratio of TPT-TTF, TCNQF4 and MPC-Cg was kept at 4 : 3 : 16. The
initial concentration of TPT-TTF in A is 40 uM and the doping molar ratio was
kept at 35% (vs TPT-TTF).

splitting (Fig. 1B) [43,44]. The NIR absorption of TCNQF4~ was much
stronger than that of the control solution without amphiphiles (Sup-
plementary Fig. S1). However, involvement of the TCNQF~ dianions
(Amax = 330 nm) in this system was inevitable, and the D-A ratio was
then optimized at 4 : 3 to obtain a relatively high yield of TCNQF3~
(Supplementary Fig. S2). The impact of alkyl chain length of MPC-Cp,
was investigated and MPC-Cg was chosen to obtain stable co-assemblies
with strong NIR absorption and narrowly-dispersed sizes (Fig. 2).
Common surfactants, such as sodium dodecyl sulfate (SDS) and
dodecyl f-p-maltopyranoside (DDM), can be used instead of MPC-Cy, to
stabilize the chromogenic D-A dyads. TEM imaging revealed that co-
assembly of the TPT-TTF-TCNQF4 D-A complex with different surfac-
tants in aqueous solution resulted in the formation of vesicles with
particle sizes ranging from 80 nm to 140 nm (Fig. 3). The coordination of
n-stacking induced aggregation of the D-A cores with hydrophobic
interaction between the lipid chains was concluded to contribute to the
low critical vesicle concentrations at 10" M - 107> M (TPT-TTF) level.

3.2. Doping of the NIR absorbing vesicles

Doping of the chromogenic D-A ensemble was carried out to improve
the spectral performances of the vesicles. Inspired by the molecular
doping mechanism of organic transistors [45], the NIR absorption of the
vesicles could be modulated by straightforward involvement of hydro-
phobic n-type dopants, such as triphenylphosphine (TPP) and tri
(1-naphthyl)phosphine (TNP), in the radical-generating interlayers. As
shown in Fig. 4A, TPP doping significantly enhances NIR absorption of
the typical co-assemblies of TPT-TTF, TCNQF4 and MPC-Cg. The con-
ditional absorption coefficient for TCNQF,4 at 850 nm increases from
1.50 x 10* M~! em™! to 2.28 x 10* M~! em™!, while the average
diameter of the vesicles increases from 96 nm to 127 nm at an optimal
doping ratio of 35% at pH 7.4 (Supplementary Fig. S3). A reduction of
the absorption of TCNQFZ~ at 330 nm was observed to accompany the
enhancement of the TCNQFZ -dominated absorption upon TPP doping.
The significant doping effect was attributed to the steric effect and
electron donating ability of TPP in modulating the electron transfer
between TPT-TTF and TCNQF,. Because of the strong steric effect of
TPP, excessive doping with TPP led to degradation of the vesicles and
final disappearance of the NIR absorption (Supplementary Fig. S4).
Similar phenomenon has been observed upon doping with lower con-
centration of TNP.

Stability of the vesicles before and after TPP doping in aqueous so-
lution was further examined. The NIR absorption of the vesicles was
found almost constant in acidic and near-neutral solutions, while grad-
ually decreasing with increasing pH in basic solutions (Fig. 4B). This was
mainly attributed to the saponification of MPC-Cg and the resulting
degradation of the NIR absorbing vesicles. Consistent with this
assumption, no obvious difference was observed between the pH
depending profiles before and after TPP doping, presumably because
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Fig. 6. Changes of absorption (A) and particle sizes (B) of the co-assemblies of
TPT-TTF (40 pM), TCNQF, and MPC-Cg at a molar ratio of 4 : 3 : 16 in aqueous
solution at pH 7.4 upon addition of different biological substances (100 mg/L)
including bovine serum albumin (BSA), immunoglobulin (IgG), ovalbumin
(OVA), RNA from yeast, DNA from fish sperm, concanvalin A (ConA), lens
culinaris agglutinin (LCA) and wheat germ agglutinin (WGA). The mass con-
centration of the stimuli was equal to that of TPT-TTF. Incubation conditions:
37 °C; 60 min.

that the dopant molecules were embedded in the D-A interlayer. By
contrast, the stability of acidic or near-neutral solutions of the vesicles
was enhanced after TPP doping. DLS study revealed that the sizes of the
vesicles in a near-neutral solution remained almost unchanged within
one month. However, the NIR absorption was observed to decrease by
ca. 20% in one week even though the solution was stored at 4 °C. This
was effectively improved after TPP doping when the decrease in one
week was lower than 5% at a TPP doping ratio of 35% (Fig. 4C). These
results indicate that a moderate doping creates a new chemical micro-
environment good for both the generation and stabilization of TCNQF3 ™.

Consistent with absorption spectral evolution, the ESR and photo-
acoustic (PA) signals of the fabricated vesicles were also improved upon
TPP doping. The doped system displays the same ESR spectral profile as
that of the undoped one yet with significantly enhanced intensity
because of higher concentration of TCNQF: (Fig. 5A). Both of the
doped and undoped systems displayed well-resolved hyperfine splitting
in their EPR spectra, indicating that the D-A aggregate interlayers of the
assembled vesicles are highly ordered that the TCNQF3 ™~ radicals exist in
low spin-exchange regimes. Fluorescence emissions from a series of ar-
omatic fluorophores has been found to be quenched completely when
they were employed as the dopants, high PA effect of the fabricated
vesicles being therefore expected. Study on the PA performance was
carried out in vitro and it revealed that TPP doping resulted in a signif-
icant enhancement of the PA response upon excitation at 850 nm
(Fig. 5B). In both of the doped and undoped systems, NIR PA intensity of
the vesicles increased linearly with the concentration of TCNQF, in
aqueous solution at physiological pH. The 35% TPP doped system dis-
played PA response adequate for imaging at a TCNQF4 concentration of
ca. 160 pM, suggesting the potential for bio-imaging application of these
NIR absorbing vesicles.

3.3. Functionalization of the NIR absorbing vesicles towards bioanalytical
application

Before modification of the fabricated vesicles for anchoring biolog-
ical targets, the interactions between the unmodified vesicles and bio-
logical macromolecules including DNA, RNA and different types of
proteins were tested at pH 7.4 and 37 °C. The particle sizes were found to
remain almost constant, despite a slight reduction of the NIR absorption
after incubation because of the accelerated decay of radicals under
biological disturbances (Fig. 6). This indicates that the nonspecific
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Fig. 7. Absorption spectra (A) and size distributions (B) of the co-assemblies of
TPT-TTF (40 uM), TCNQF, (30 uM), MPC-Cg (128 pM) and DDM (32 pM) in
aqueous solution at pH 7.4 after incubation with different lectins (16 mg/L) at

37 °C for 60 min. The mass concentration of the stimuli was equal to that
of DDM.

Fig. 8. TEM images of the LCA- (A&B) or ConA-stimulated vesicles (C&D)
described in Fig. 7. The samples were negatively stained by 2.0% tung-
stophosphoric acid at pH 6.5.

adsorption of the fabricated vesicles with biomimetic membrane sur-
faces is very low.

Compared with the unmodified vesicles, vesicles assembled from
mixed amphiphiles of MPC-Cg and DDM displayed high affinity towards
lectins. Serious scattering disturbance appeared in absorption spectra of
the ConA- or LCA-titrated solutions while WGA did not induce scattering
disturbance (Fig. 7A). This was attributed to the occurrence of cross-
linking of the maltopyranoside-modified vesicles by LCA or ConA, since
DLS analysis revealed the formation of large particles upon stimulation
with LCA or ConA (Fig. 7B). Consistently, the spectral insensitivity to-
wards WGA can be explained by the carbohydrate specificity of lectins
that WGA is specific to N-acetyl glycosylamine and therefore of low
affinity towards maltopyranoside-modified vesicles [46]. The proposed
interaction between the modified vesicles and lectins was confirmed by
TEM imaging where the LCA-stimulated (Fig. 8A/B) or ConA-stimulated
vesicles (Fig. 8C/D) were crosslinked into large aggregates. These results
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thus exemplify the successful functionalization of the NIR optical vesi-
cles towards bioanalytical applications via surface modification.
Importantly, this pattern of surface modifications can be easily realized
by incubation of the vesicles with amphiphiles bearing a bioactive head
group in water.

4. Conclusions

In this work, an efficient approach for fabrication of novel NIR
absorbing materials has been developed via stabilizing chromogenic
radicals in interlayers of lipid membranes. NIR optical vesicles were
facilely formed by co-assembly of TCNQF4 -dominated hydrophobic
supramolecular chromophores with surfactants in aqueous solutions.
The as-formed dye-interbedded vesicles with biomimetic membrane
surfaces displays strong NIR absorption and ESR signals, sensitive PA
response upon NIR excitation, and minimal nonspecific interaction with
biological macromolecules. Doping of the chromogenic interlayers to
optimize the optical properties and modification of the membrane sur-
faces for anchoring biological targets can be carried out under ambient
conditions. This study represents a strategy for developing biological
applications of functional ensembles with unique properties yet low
stability or solubility in aqueous solution.
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