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Dual-modal fluorescence and magnetic resonance
imaging (FLI/MRI) is important for the early diagnosis of
malignant tumors. However, facile and opportune strategies to o
synergistically enhance fluorescence intensity and magnetic e @
resonance (MR) contrast have rarely been reported. Herein, we ~
present a facile strategy using albumin aggregates (AAs) to AR Hoadiod
synergistically enhance the fluorescence intensity by aggrega- O e
tion-induced emission (AIE) and MR contrast with prolonged AT, @ L
rotational correlation time (zz) of GA(III) chelates and the \"
diffusion correlation time (7p,) of surrounding water molecules.
The amphiphilic dual-modal FLI/MRI probe of NGd was
facilely loaded into albumin pockets and then formed AAs to
generate a supramolecular structure of NGd-albumin aggregates
(NGd-AAs), which show excellent biocompatibility and biosafety, and exhibit superior fluorescence quantum yield and r; over
NGd with 6- and 8-fold enhancement, respectively. Moreover, compared with the clinical MRI contrast agent Gd-DOTA, r; of
NGd-AAs showed a 17-fold enhancement. Therefore, NGd-AAs successfully elicited high-performance dual-modal FLI/MRI in
vitro and in vivo and high contrast MR signals were observed in the liver and tumor after intravenous injection of NGd-AAs at a
dosage of 6 pgmol Gd(III)/kg body weight. This generic and feasible strategy successfully realized a synergistic effect for dual-
modal FLI/MRI.

albumin aggregate, fluorescence, magnetic resonance signal, aggregation-induced emission, synergistic enhancement
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FLI/MRI dual-modal probes can be simply constructed by
conjugating/coupling various fluorescent moieties with Gd
chelates.”™ For MR contrast, Gd chelates mainly contribute to
the T contrast effect, and their contrast ability can be quantified
by relaxivity (r;),” which is positively associated with the
rotational correlation time (7g) of the contrast agents and the
diffusion correlation time (7p) of water molecules around the

Cancer incidence and mortality are rapidly increasing and it is
expected to rank as the leading cause of death worldwide." To
fight against cancer, it is particularly urgent and important to
develop accurate diagnostic techniques to detect lesions as early
as possible. Multimodal imaging plays an important role in the

early and accurate diagnosis of malignant tumors.”” Among the contrast agents.'~'* Therefore, it is very important to ensure
widely used imaging techniques, fluorescence imaging (FLI) that Gd chelates contained in the FLI/MRI dual-modal probes
shows high sensitivity but is limited by tissue-penetration of light can easily access water molecules under physiological conditions
for deep-seated tumors. In stark contrast, magnetic resonance to enhance the contrast effect. However, the fluorescence
imaging (MRI) stands out by virtue of nonionization, unlimited

tissue-penetration depth, and high spatial resolution, but is February 9, 2021

hurdled by low sensitivity due to abundant background signal. June 1, 2021

Integrating FLI and MRI to complement each other with the June 7, 2021

creation of dual-modal FLI/MRI has aroused great interest
among researchers in the development of dual-modal FLI/MRI
probes.”*
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Figure 1. Schematic illustration of the amphiphilic structures loaded with AIE moiety-Gd molecules that generate supramolecular aggregates

with enhanced fluorescence emission and improved MR signal.

intensity of FLI/MRI dual-modal probes is usually affected by a
notorious aggregation-caused quenching effect under physio-
logical conditions. Aggregation-induced emission (AIE) with
restriction of intramolecular motion (RIM) working mechanism
is a meaningful strategy to address this problem.'>™'*
Combining Gd chelates with AIE moieties (AIE-Gd) into
amphiphilic dual-modal probes would not only enhance the
fluorescence intensity but also improve the relaxivity with
prolonged 73.° Unfortunately, owing to the strong hydro-
phobicity of the AIE moieties, the Gd chelates are easily
embedded inside the tightly packed aggregates and cannot get
access to ambient water easily. Opposite strategies for
constructing Gd chelates on the outside and AIE moiety on
the inside need to be precisely designed, which is limited by the
properties of the substrates and the preparation process, making
them not universal and practical.”'® Therefore, to satisfy the
constraint of intramolecular motion in a hydrophilic environ-
ment, we proposed that an amphiphilic structure with
geometrically confined space would be ideal to load AIE-Gd
dual-modal probes for this purpose. Owing to the hydrophobic
interactions and steric hindrance, the intramolecular motion of
the AIE moieties could be restricted to enhance the fluorescence
of FLI. Meanwhile, compared with a single molecule, the larger
size of nanoaggregates with longer 7z would strongly improve
the relaxivity for MRI. Furthermore, the geometrically confined
structure of these nanoaggregates facilitates movement of water
molecules in and out with a slow diffusion rate, that is, it
prolongs 7p, of water molecules, which would further contribute
to the improvement of relaxivity (Figure 1).

For amphiphilic structures, albumin is the best choice with
incomparable advantages, such as biocompatibility and
biodegradability.””*" Different albumin-based biomaterials
with desired properties have been developed over the past few
decades.””** Due to its amphiphilic structure, albumin has been
widely reported as a superb nanocarrier to either improve the
relaxivity’*** or enhance the fluorescence intensity based on
RIM of AIE moieties.”®?” Therefore, we designed an
amphiphilic FLI/MRI dual-modal probe of NGd by combining
the AIE moiety and Gd-DOTA, which could closely bind to
bovine serum albumin (BSA). Thereafter, we constructed NGd-
Albumin aggregates (NGd-AAs) through desolvation and
glutaraldehyde coupling BSA to load NGd. Compared with
NGd, the fluorescence quantum yield and r; of NGd-AAs had a
more than 6- and 8-fold improvement, respectively, and their r,
was almost 17 times higher than that of the clinical contrast
agent of Gd-DOTA. The phantom images demonstrated that
NGd-AAs showed higher signal contrast than NGd at the same
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concentration. Moreover, the results of cell phantom imaging
and confocal laser scanning microscopy (CLSM) verified that
NGd-AAs were internalized more by Murine breast cancer 4T1
cells and had successfully achieved dual-mode FLI/MRI in vitro.
Furthermore, in vivo T)-weighted MR imaging indicated that
NGd-AAs had a superior ability to contrast the liver and tumors
at a dosage of 6 ymol Gd(III)/kg body weight. Thanks to the
good biocompatibility of NGd-AAs, they have a higher
enrichment at the tumor than NGd, which facilitated them for
FLI. Moreover, a biodistribution study showed that NGd-AAs
were mainly excreted by hepatobiliary metabolism, and
laboratory tests confirmed that they had good biosafety in
vivo. We propose that the “Albumin aggregate” structure would
be an efficient strategy to achieve the synergistic enhancement of
fluorescence intensity and MR contrast effect by combining the
AIE mechanism and prolonging the 7 of Gd chelates and 7, of
water molecules around Gd chelates.

RESULTS AND DISCUSSION

Synthesis and Characterization of NGd-AAs. The
donor—acceptor (D—A) strategy was employed to construct
the fluorescent moiety, in which dimethoxyl triphenylamine and
2H-naphtho[2,3-d] triazole core (NT) were used as the
electron-donating and electron-accepting units, respectively.
With the introduction of undecylic acid to the triazole part, Gd-
DOTA was conjugated with the fluorophore to obtain the FLI/
MRI dual-modal probe of NGd. The detailed synthesis and
characterization of NGd are shown in the Figure 2a and
Supporting Information (Supporting Information (SI) Scheme
S1 and Figures S1—S6), respectively.

NGd shows an absorption maximum at 435 nm and a
fluorescent peak at 570 nm in tetrahydrofuran (THF) (Figure
2b). NGd is AIE active. As shown in Figures 2c,d, its emission
intensity decreased with the addition of water into dimethyl
sulfoxide (DMSO) until water fraction (f,,) reached 20%
because of the twisted intramolecular charge transfer process.
On increasing f,, from 20 to 70%, the fluorescence intensity was
gradually enhanced, but when f,, exceeded 70%, the fluorescence
intensity decreased. This might be ascribed to the formation of
aggregates with large sizes, which sink to the bottom and
decrease the effective concentration of NGd in the detection
beam zone.”® This was also proved by the decrease in the
relaxation rate of NGd in DMSO/water mixtures when f,, was
higher than 50% (SI Figure S7). Notably, the introduction of
Gd-DOTA into the AIE moiety did not affect its AIE property
(SI Figure S8). Due to the amphiphilic characteristics of NGd,
the critical micelle concentration of NGd was determined to be
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Figure 2. (a) Synthesis of NGd. Compounds 1 and 2 were condensed to produce the intermediate 3 followed by deprotection of the tert-butyl
groups of 3 with trifluoroacetic acid (CF;COOH) and coordination with GdCl,. (b) Absorption and photoluminescence (PL) spectra of NGd in
THF (10 uM). (c) PL spectra of NGd (10 gM) in DMSO/water mixtures with different water fractions (f,,). (d) Plot of the relative emission
intensity of NGd versus water fraction. I and I are the peak values of PL intensities of NGd (10 gM) in DMSO/water mixtures with different f,.
(e) Schematic illustration of the synthesis of NGd-Albumin aggregates (NGd-AAs) and the mechanism of synergistic FLI/MRI enhancement.
(f) The morphology characterization of NGd-AAs measured by TEM. Inset: higher magnification of TEM image of NGd-AAs. (g)
Hydrodynamic diameter of NGd-AAs in water measured by DLS. (h) DLS results of NGd-AAs in DI water, PBS, and 10% FBS, respectively, and

10% FBS alone.

25 uM (SI Figure S9) by using emission intensity. This reveals
that NGd molecules are prone to form aggregates.

To ensure the interaction between NGd molecules and BSA,
their binding affinity was estimated by proton relaxation
enhancement (PRE)*’ and isothermal titration calorimetry
(ITC). The result of PRE demonstrated a high affinity between
NGd and BSA with a binding constant of 1.2 X 10° M™" (SI
Figure S10), which was almost at the same order of magnitude
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with the constant of 10.0 X 10° M~" measured by ITC (SI Figure
S11). In addition, as shown in SI Figure S10, the relaxation rate
reached a maximum at a molar ratio of NGd/BSA = 2:1, which
could guide our further synthesis of albumin aggregates. When
NGd was added to the BSA aqueous solution, the NGd-BSA
complexes formed aggregates. To stabilize the disbanded
structure of aggregates of suitable size, desolvation and
glutaraldehyde coupling were applied to synthesize NGd-AAs

https://doi.org/10.1021/acsnano.1c01251
ACS Nano 2021, 15, 9924—-9934


https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c01251/suppl_file/nn1c01251_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c01251/suppl_file/nn1c01251_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c01251/suppl_file/nn1c01251_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c01251/suppl_file/nn1c01251_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c01251/suppl_file/nn1c01251_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c01251/suppl_file/nn1c01251_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c01251?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c01251?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c01251?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c01251?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c01251?rel=cite-as&ref=PDF&jav=VoR

ACS Nano Www.acshano.org
a) b)120
32] 15 .
- Wl PLintensity 100 —_— [Gd] (mM) 0.40 0.20 0.10 0.050 0.025
2 o, 12
< i — - 7
?_24 S 801 B NGd-AAs NGd-ALs . %}J
= lg 2 I NGd + BSA
> = B NGd NGd + BSA
% 16 n 60 [ Gd-DOTA
c e =
o -65: - NGd
< S 404
- 8 Gd-DOTA
o F3 20
| Lo |
| nom W RO
G- W Wo"_ 00
RIM, highly enhanced FL
c)
RIM and precipitation —
oW

Slightly enhanced FL

Tr3 5
f
QS”QO’

Slightly improved Ttz;3 and tp;
Slightly improved r;

tDl 1&

97% 06 (\f'\
o<

o

Low r;

Highly improved Tk and Tp;
Highly improved r,

Figure 3. Exploration of fluorescence and relaxation effect. (a) PL intensity and fluorescence quantum yield (®;) of (I) NGd-AAs and (II) NGd
molecules in BSA solution (the molar ratio of NGd/BSA = 2:1), (III) in water, and (IV) in DMSO, respectively. (b) T, relaxivities of NGd-AAs,
NGd in BSA aqueous solution (the molar ratio of NGd/BSA = 2:1), NGd in water, and Gd-DOTA at 0.5 T, respectively. Data are expressed as
means + SD (n = 3). *P < 0.001. (c) Illustration of the mechanism of simultaneous enhancement of fluorescence and relaxivity. 7y, Tg,, and Tg;
refer to rotational correlation time of NGd molecules, NGd-AAs, and NGd aggregates in BSA aqueous solution, respectively; 7p,,Tp,, and 7p; are
the diffusion correlation time of water molecules around them, respectively. (d) Phantom images of NGd-AAs, NGd in BSA aqueous solution,
NGd in water, and Gd-DOTA at different Gd(III) concentrations, respectively.

with an initial feed molar ratio of NGd/BSA = 2:1 (Figure 2e).
The encapsulation efficiency of NGd was deduced to be ca. 35%,
which was mainly attributed to the fact that parts of NGd
molecules were prone to form aggregates, partially hindering the
interaction of NGd molecules with BSA. To characterize the
morphology of NGd-AAs, transmission electron microscopy
(TEM) and dynamic light scattering (DLS) were employed. As
shown in Figure 2f, NGd-AAs were irregular aggregates with the
size of ~110 nm, which were similar to the result of ~178 nm
measured by DLS (Figure 2g). Moreover, at higher magnifica-
tion, it was observed that NGd-AAs were composed of many
small BSA nanoparticles with size of ~6 nm and the distance of
them was 2—3 nm (Figure 2f). The results of molecular docking
suggested that the aromatic AIE moieties of NGd were inserted
in the pockets of BSA, however the long chain linked with Gd-
DOTA with the spatial distance of about 2.1 nm was free (SI
Figure S12). This could be the main reason to the separation of
each BSA nanoparticles with distance of 2—3 nm. In addition,
NGd-AAs were stable in deionized (DI) water, phosphate buffer
solution (PBS), and fetal bovine serum (FBS) (Figure 2h),
indicative of their high stability in physiological environments,
and feasibility for biological applications.

Synergetic Enhancement of Fluorescence and MR
Signals by NGd-AAs in Solution. To check whether the
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albumin aggregates could enhance the fluorescence intensity,
the optical properties of NGd-AAs were explored. As shown in
Figure 3a and SI Figure S13a, the fluorescence intensity of NGd-
AAs is 7 and §S times higher than that of NGd in DMSO and
water, respectively. The fluorescence quantum yield (®g) of
NGd-AAs is almost 6 times higher than that of NGd in water or
BSA aqueous solution, and more than 3 times higher than that of
NGd in DMSO (Figure 3a and SI Table S1). The significantly
enhanced fluorescence intensity and @y of NGd-AAs could be
attributed to the RIM of NGd by inserting into BSA aggregates
(Figure 3c). Meanwhile, the fluorescence intensities of NGd in
the DMSO/water mixture with f,, of 97% and DMSO were
almost at the same level, but much lower than that of NGd in the
DMSO/water mixture with f,, of 70% (SI Figure S13b). The
reason might be that when f,, in the solvent mixture is larger than
70%, the aggregate sediments of NGd become larger and more
in number, thereby decreasing the effective detection concen-
tration, leading to a plateau in fluorescence intensity improve-
ment. Because the aggregation of NGd hindered them from
interacting effectively with BSA, the fluorescence intensity was
not enhanced even after the addition of BSA (Figure 3a,c, and SI
Figure S13). Furthermore, the emission peak had a significant
blue shift for NGd-AAs compared with that of NGd in DMSO
(SI Figure S13a), which was attributed to the noncovalent
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Figure 4. In vitro dual-modal FLI/MRI of NGd-AAs. (a) T;-weighted MRI (up) and fluorescence (down) images of cell pellets. (b) Comparison
of signal-to-noise ratio (SNR) of T;-weighted images (0.5 T, blue) and the average FL intensity (red) of cell pellets in panel (a). L, II, III, and IV
refer to Murine breast cancer 4T1 cells incubated with NGd, NGd-AAs, Gd-DOTA, and PBS, respectively. (c) Quantification of cellular uptake
of NGd-AAs, NGd, and Gd-DOTA, respectively. Data are expressed as means + SD (n = 3). *P < 0.001 (d) CLSM images of murine breast
cancer 4T1 cells incubated with NGd-AAs and NGd. Scale bar: 20 gm, [NGd-AAs] = [NGd] = 10 uM.

binding between NGd and BSA through hydrophobic
interactions and ion pairing between the cationic groups of
the gadolinium complex and amino acid residues.”” Surprisingly,
the fluorescence intensity of NGd-AAs was slightly weaker than
that of NGd in the DMSO/water mixture with an f,, of 70% (SI
Figure S13b). This result indicated that the packing of NGd-AAs
was not as tight as that of NGd aggregates in water.

The slackened structure of NGd-AAs could generate
geometrically confined effects for permitting the water
molecules in and out slowly, thus might prolong 7, of the
water molecules, which is beneficial to the improvement of the
MR contrast effect. Thus, the MR contrast effect of NGd-AAs
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was evaluated and compared with NGd molecules in water or
BSA aqueous solution, and the clinical contrast agent of Gd-
DOTA (Figure 3b and SI Figure S14a). The r; of NGd-AAs was
deduced to be 85.1 + 7.0 mM ™! s} at 0.5 T, which is 17 times
and nearly 8 times higher than that of Gd-DOTA (49 £ 0.5
mM™' s7!) and NGd in aqueous solution (10.9 + 1.2 mM™
s7'), respectively. This result verified that the strategy of the
albumin aggregates could largely improve the relaxivity of
contrast agents. Such a high relaxivity can be ascribed to the
elongated 7y, of large nanoparticles and 7, of water molecules
trapped in the interstices of BSA aggregates (7g;< 7y, and 7p; <
Tpy, Figure 3¢).
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Figure S. Dual-modal in vivo MRI and FLL (a-d) T;-weighted MRI and analysis of mice after intravenous injection of NGd-AAs or Gd-DOTA.
(a) MRI of the liver with the dosage of 6 #M Gd(III)/kg body weight before and after intravenous injection at 1, 3, 7, and 12 h, respectively. The
white dotted lines refer to the liver. (b) MRI of tumors before and after intravenous injection of NGd-AAs (up) and Gd-DOTA (down) at 1, 3,7,
and 12 h, respectively. The red dotted circles indicate the tumors. (c) Quantitative analysis of signal changes (SNR ratio) in liver versus treating
time. (d) Contrast-to-noise ratios (CNR) of tumor and tissue contrast before and at 1, 3, 7, and 12 h after injection of the probes, respectively.

CNR = [SNR,0r —

SNR,,uscte/SNR uscte- (€) FLI in vivo after intravenous injection of NGd-AAs or NGd at 1, 3, 7, 12 h. The white dotted lines

refer to the tumors. (f) Ex vivo fluorescence images of main tissues (heart, liver, spleen, lung, kidney, and intestine) and tumors from mice at 12

h postinjection.

In addition, the relaxivity of NGd in aqueous solution was
higher than that of Gd-DOTA owing to the high molecular
weight of NGd and its aggregate state in water.® Furthermore,
we dispersed NGd into the BSA aqueous solution at a molar
ratio of 2:1, at which the relaxivity increased to 28.4 + 1.0 mM™
s™! which is 2 times higher than that of NGd in water. However,
the value is still 3 times lower than that of NGd-AAs (Figure 3b
and SI Figure S14a). This result could be attributed to the weak
interaction of NGd aggregates (slightly elongated 73;) with BSA
and the slight prolongation of 7p; of water molecules by the
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“water-blocking” function of albumin (7g; < 73 < 7y, and 7p; <
Tps < Tpy Figure 3c). Furthermore, the phantom images of these
four groups also proved that NGd-AAs had the high signal
contrast compared with three other circumstances at the same
Gd(III) concentrations (Figure 3d and SI Figure S14b).

From the phantom images, it was seen that NGd-AAs at a low
Gd(III) concentration (0.025 mM) could reach the same
contrast effect of Gd-DOTA at a 16-fold higher concentration
(0.4 mM) (SI Figure S14b), which indicated that a lower dose
could generate a satisfactory effect for NGd-AAs. Thus, the
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Figure 6. Biodistribution and biosafety assessment. (a) Biodistribution of NGd-AAs at 1, 3, 7, 12, and 24 h after injection in 4T1 tumor-bearing
mice evaluated by ICP-MS (n = 3). (b) Serological test results of mice injected with NGd-AAs (30 umol Gd(III)/kg body weight), PBS was as
the control (n = 3). (c) H&E stained tissue sections from mice after intravenous injection of NGd-AAs (30 gmol Gd(III)/kg body weight) for
one month, and PBS was used as a control. Scale bar: 50 um for all images.

results of relaxivity and T-weighted images illustrate that these
albumin aggregates loaded with NGd can also significantly
improve the MR contrast effect. Combined with the enhanced
fluorescence intensity, NGd-AAs would have great potential as a
high-performance FLI/MRI dual-modal probe for in vitro
imaging.

In Vitro Dual-Modal FLI/MRI of NGd-AAs. We explored
the dual-modal FLI/MRI of NGd-AAs in vitro. T,-weighted MR
images of Murine breast cancer 4T1 cells incubated with NGd-
AAs,NGd, and Gd-DOTA with the same Gd(III) concentration
of 100 uM were acquired. As shown in Figure 4a,b, the cells
treated with NGd-AAs exhibited the strongest positive contrast
signal among the NGd, Gd-DOTA, and PBS groups. Mean-
while, the fluorescence intensity of cells incubated with NGd-
AAs was brighter than that with NGd. Because Gd-DOTA and
PBS are nonemissive, no fluorescence signal was found in the
cells treated with them. These results indicated that NGd-AAs
could realize in vitro dual-modal FLI/MRI.

To quantify the amount of these probes per cell, inductively
coupled plasma mass spectroscopy (ICP-MS) was employed
(Figure 4c). The cellular uptake of NGd-AAs, NGd, and Gd-
DOTA was about 195.6 + 5.3, 116.1 + 4.8, 74.5 + 8.5 fg
Gd(III)/cell, respectively. Furthermore, CLSM was employed
to observe the intracellular accumulation of NGd-AAs and NGd.
The results indicated that NGd-AAs were taken up more than
NGd by 4T1 cells (Figure 4d). These results could be attributed
to the gp60 albumin receptor distributed on cell surfaces, which
can bind albumins to induce clustering of gp60-albumin and
association with caveolin-1 and further complete the trans-
cytosis process.”’ Moreover, 3-(4,5-dimerthylthiazol-2-yl1)-2,5-
diphenyltetrazolium bromide (MTT) assay showed that 4T1
cells had 100% viability after incubation with NGd-AAs for 24 h
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even at a Gd(III) concentration of 100 yM, while only 70%
viability was obtained when incubated with NGd (SI Figure
S15). These results suggest that NGd-AAs have better
biocompatibility than NGd.

Dual-Modal FLI/MRI In Vivo of NGd-AAs. Considering
the results of T)-weighted contrast ability in the solution state,
NGd-AAs were intravenously injected into 4T1 tumor
containing mice with a low dose of 6 ymol Gd(III)/kg body
weight for in vivo imaging. The T-weighted contrast capability
of NGd-AAs in the liver and tumors of tumor containing mice
was explored. The clinical contrast agent Gd-DOTA was used
for comparison. T,-weighted images at different interval were
collected on a 1 T MRI scanner. As shown in Figure Sa,
compared with preinjection, a high contrast signal in the liver
can be easily seen over time, with a peak at 3 h postinjection, and
the signal weakened at 12 h postinjection. For the control group
with the same Gd(III) content, a faintly contrast signal was
observed at 1 h postinjection and disappeared quickly owing to
the rapid renal clearance and weak contrast effect of Gd-DOTA.
Subsequently, we analyzed the contrast capability of NGd-AAs
in the tumor region. As illustrated in Figure Sb, the positive
signals of the tumor became more obvious than the preinjection
signals and peaked at 7 h after injection. In contrast, there were
few positive signals at different interval after injection of Gd-
DOTA apart from the inferior bright signal at 1 h after injection.

In addition, we also used the values of SNR,./ SNRPre3O‘31
and contrast-to-noise ratios (CNR)”*” to quantitatively evaluate
the change in enhanced contrast in the liver and tumors. In the
liver, the SNRo/SNR,,. values of T)-weighted images were
deduced tobe 1.6 +0.2,2.7 +0.1,2.1 +0.1,1.4 +0.1,at 1, 3,7,
and 12 h after administration of NGd-AAs, respectively (Figure
Sc). Moreover, the peak signal at 3 h after injection was ~2.7-
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fold higher than that of the preinjection. In contrast, the
SNR,./ SNR,,, value of the control group showed a peak of 1.2
+ 0.1 at 1 h after injection, which was more than 2 times lower
than that 3 h after injection of the NGd-AAs group. The highest
CNR for tumors of NGd-AAs at 7 h after injection was ~56%,
which was almost 6 times and more than 3 times higher than that
of prescan (~9%) and the control group at 1 h after injection
(~17%), respectively (Figure 5d). These results suggest that
NGd-AAs hold potential for T,-weighted tumor imaging
because of their large size, which could accumulate and retain
them in the tumors owing to the enhanced permeability and
retention effect.””**

Then we tried to explore the FLI capability of NGd-AAs or
NGd in the tumors. As shown in Figure Se, the signal peaked at 7
h after injection of NGd-AAs and weakened over time, which
was consistent with results of MRI in tumors (Figures Sb,d). As
comparison, no signal was found at the tumor site for NGd
groups. At 12 h after injection of NGd-AAs or NGd, heart, liver,
spleen, lung, kidney, intestine, and tumor were collected for ex
vivo FLI. As Figure 5f shows, for the NGd-AAs group, the liver
exhibited the strongest fluorescence signal followed by intestine.
While for NGd group, the strongest fluorescence signal
belonged to the liver and lung, which could be attributed that
NGd molecules with poor biocompatibility aggregated to
oversized particles in the blood and blocked in the lung and liver.

Biodistribution and biosafety of NGd-AAs. The
biodistribution of NGd-AAs in 4T1 tumor containing mice
was explored at different intervals with a high dose of 30 ymol
Gd(III)/kg body weight. To quantitatively assess the biodis-
tribution of NGd-AAs, the heart, liver, spleen, lung, kidney,
intestine, and tumors were collected and analyzed for Gd(III)
content by ICP-MS. Unlike the ex vivo fluorescence signals,
NGd-AAs showed the highest accumulation in the spleen, liver,
and intestine, followed by the tumors, lung, and kidney (Figure
6a). The high accumulation of NGd-AAs in the spleen and liver
could be attributed to the reticuloendothelial system (RES),*
whereas enrichment in the intestine likely signifies the clearance
of nanoparticles. Surprisingly, with similarly high contents of
NGd-AAs in the spleen and liver at 12 h after injection (Figure
6a), weak fluorescent signal was observed in the spleen, but a
strong fluorescent signal was detected in the liver (Figure 5f).
This could be ascribed to the disparities in light absorption and
scattering between the liver and spleen.”*® Uptake by tumors
indicates that the large size of NGd-AAs extends their residence
time in the body, which is conducive to the enhanced
permeability and retention effect. All organs showed signifi-
cantly decreased Gd(III) content after 12 h, further suggestive of
the clearance of NGd-AAs. These data confirm that NGd-AAs
are mainly taken up by RES and eliminated over time, probably
by hepatobiliary metabolism.”

To evaluate long-term biosafety of NGd-AAs, serological and
histological examinations were carried out. NGd-AAs were
injected into healthy nude mice via the tail vein at a dosage of 30
umol Gd(IIT) /kg body weight. For comparison, PBS buffer with
the same volume was used under the same experimental
conditions. After one month, all mice were sacrificed and
dissected to collect the blood and main organs. Alanine
aminotransferase (ALT) and aspartate aminotransferase
(AST) are typical serum biochemical indices. As shown in
Figure 6b, these two indices of mice treated with NGd-AAs were
at a similar level to those of the PBS group, suggesting that NGd-
AAs do not affect liver function. Moreover, hematoxylin and
eosin (H&E) stained images showed no significant inflamma-
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tion or cell necrosis in the main organs (Figure 6c), indicating
that NGd-AAs have good biosafety.

CONCLUSION

A facile and straightforward strategy to synergistically enhance
@ and r by an albumin aggregated dual-modal FLI/MRI probe
of NGd-AAs was presented. This probe possesses good
biocompatibility and AIE activity owing to the combination of
RIM and prolonging the 7 of Gd(IIl) chelates and 7, of
surrounding water molecules. Compared with NGd and the
clinical contrast agent Gd-DOTA, NGd-AAs exhibited improve-
ment in both fluorescence and T)-weighted contrast, which
endowed a high-performance dual-modal FLI/MRI in vitro and
in vivo. This albumin-aggregate strategy realized a “1 + 1 > 2”
effect for dual-modal FLI/MRI, which might be of valuable
reference for researchers to develop biocompatible near-infrared
(NIR) or NIR-II FLI/MRI dual-modal probes for accurate
diagnosis and surgical navigation.

METHODS AND EXPERIMENTAL

Equipment and Methods. 'H and '*C NMR spectra were
measured on a Bruker AV 500 spectrometer. High resolution mass
spectra (HRMS) were recorded on an Acquity UPLC/XEVO G2-XS
QTOF operating in MALDI-TOF mode. UV—vis absorption spectra
were measured on a Shimadzu UV-2600 spectrophotometer. Photo-
luminescence spectra were recorded on a Horiba Fluoromax-4
spectrofluorometer. Photoluminescence (PL) quantum yields were
measured using a Hamamatsu absolute PL quantum yield spectrometer
C11347 Quantaurus QY. Confocal laser scanning microscope (CLSM)
characterization was conducted with a Zeiss LSM 710 (Germany)
confocal laser scanning biological microscope. The absorbance for
MTT analysis was recorded on a Thermo Fisher microplate reader
(USA) at a wavelength of 490 nm. The element analysis of Gd was also
carried out by inductively coupled plasma mass spectroscopy (ICP-
MS). The morphology and structure of NGd-AAs with phosphotungs-
tic acid staining (1 wt %) were characterized by transmission electron
microscopy (TEM) using a JEOL JEM-2100 transmission electron
microscope. The dynamic light scattering (DLS) measurements were
performed on a Malvern Zetasizer nano ZS instrument. The T
relaxation time measurements were performed on 0.5 T NMI20-
Analyst NMR Analyzing & imaging system (Niumag Corporation,
Shanghai, China), in vivo MR imaging was performed on a 1 T MRI
System (Aspect M3, Israel). In vivo and ex vivo fluorescence imaging
was carried out on Vital River Laboratory Animal Technology Co. Ltd.
(Beijing, China).

Synthesis of Intermediate 4. The intermediate 4 was ;)repared by
the bromination reaction according to previous literature.”® A mixture
of 1.7 mL of bromine (10.4 g, 43 mmol) and S0 mL of glacial acetic acid
was gradually added into 70 mL of glacial acetic acid solution
containing 2,3-dihydronaphthalene-2,3-diamine (NA) (2.5 g, 16
mmol), and then the solution was stirred at room temperature for 4
h. The deionized water was added into solution, and the precipitate was
filtered off and washed with glacial acetic acid and water. The brown
powder was obtained after drying (3.8 g, 81%).

Synthesis of Intermediate 5. The intermediate S was synthesized
according to previous literature.”” NaNO, aqueous solution (3.0 g, 33.0
mmol, 15 mL) was added dropwise to 30 mL of glacial acetic acid
containing compound 4 (3.16 g, 10 mmol). After vigorous stirring for
30 min at room temperature, the precipitate was filtered off and washed
with water to obtain brown powder. The crude product was directly
used without further purification. The obtained brown powder (2.5 g,
7.6 mmol) was dissolved in dry DMF (30 mL) and NaOH (11.4 mmol,
456 mg) was added with vigorous stirring within 1 h. 11-
Bromoundecanoic acid (4.1 g, 15.2 mmol) in DMF (20 mL) was
added dropwise and the solution was stirred at room temperature for 24
h. Afterward, the solution was adjusted to faintly acid by dilute
hydrochloric acid. Then, the solution was extracted with DCM/water
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to remove DMF, the organic layer was dried over anhydride MgSO,.
After filtration and solvent evaporation, the crude product was purified
by column chromatography using ethyl acetate/petroleum ether
mixture as eluent to afford orange powder (2.8 g, 73%). 'H NMR
(DMSO-d,, 500 MHz): & 11.88 (s, 1H), 8.33 (m, 2H), 7.70 (m, 2H),
491 (t,2H), 2.17 (m, 4H), 1.32—1.20 (m, 14 H). '*C NMR (DMSO-
dg 125 MHz): & 174.9 142.4, 130.9, 128.1, 126.9, 108.5, $8.1, 34.1,
29.8, 29.2, 29.1, 28.9, 28.7, 26.3, 24.9. HRMS calculated for
CyHy6Br,N,0, [M + H] m/z: 510.0392, found: 510.0387.

Synthesis of Compound 1. The compound 1 was synthesized by
Suzuki coupling reaction. The mixture of [4-(bis(4-methoxyphenyl)-
amino)phenyl]boronic acid (2.1 g, 6 mmol), intermediate 5 (1.53 g, 3
mmol) and Pd(PPh;), (116 mg, 0.1 mmol) were dissolved in 20 mL
toluene and 12 mL K,CO; (2 M) aqueous solution. Then, the mixture
was refluxed under nitrogen for 24 h. After solvent evaporation, the
crude product was purified by column chromatography using ethyl
acetate/petroleum ether mixture as eluent to afford orange powder (1.7
g,89%). "H NMR (DMSO-d,, 500 MHz): 5 8.04 (d, 2H), 7.45 (d, 2H),
7.35 (d, 2H), 7.19 (d, 2H), 6.96 (d, 2H), 8.92 (d, 2H), 4.80 (t, 2H),
3.76 (s, 12 H), 1.98 (t, 2H), 1.87 (t, 2H), 1.26—1.15 (m, 14H). 13C
NMR (DMSO-d,, 125 MHz): 8 174.9, 156.5, 148.3, 141.8, 140.3,
133.6,132.8,132.5,132.3,132.0,131.9,129.2,127.8,118.3, 115.5, 55.6,
34.1,30.1,29.2, 28.9, 26.4, 24.9. HRMS calculated for C4,Hg,NsOg [M
+ H]* m/z: 960.4700, found: 960.4717.

Synthesis of Compound 3 (N-DO3AtBu). Compound 1 (100 mg,
0.1 mmol), 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide hydro-
chloride (EDC) (28.7 mg, 0.15 mmol), N-hydroxysuccinimide (NHS)
(17.3 mg, 0.15 mmol) were dissolved in dry DMF (10 mL) and stirring
at room temperature for 1 h. The DMF solution (2 mL) of compound 2
[tritert-butyl 2,2',2”-(10-(2-((2-aminoethyl)amino)-2-oxoethyl)-
1,4,7,10-tertraazacyclododecane-1,4,7-triyl)triacetate, 67.5 mg, 0.11
mmol], which was synthesized according to the previous procedures,'®
was added and the mixture was stirred at 50 °C for 10 h. Afterward, the
solution was extracted with DCM/water, the organic layer was dried
over anhydride MgSO,. After filtration and solvent evaporation, the
crude product was purified by column chromatography using
methanol/DCM mixture as eluent to afford light-yellow powder
compound 3 (99.5 mg, 64%). 'H NMR (500 MHz, CD,CL,): § 8.14
(dd, 2H), 7.49 (d, 4H), 7.30 (dd, 2H), 7.21 (d, 8H), 7.07 (d, 4H), 6.91
(d, 8H), 4.80 (t, 2H), 3.81 (s, 12H), 3.34—3.19 (m, 4H), 2.83—2.08 (m,
26H), 1.84 (s, 2H), 1.71-0.96 (m, 41H). C NMR (125 MHz,
CD,CL): 6 177.82, 177.57, 175.02, 172.94, 170.64, 157.45, 149.82,
143.82, 141.63,133.36, 131.33, 129.18, 128.42, 128.04, 127.87, 127.72,
125.63,121.71,120.37,116.12,91.90, 56.78, 54.75, 45.25, 43.64, 39.49,
37.49, 36.54, 35.73, 33.21, 32.4S, 31.67, 31.01, 30.96, 30.86, 30.70,
30.59, 30.44, 30.36, 29.98, 29.24, 27.95, 26.24, 24.01, 15.93, 15.20.
HRMS calculated for CoH,;sN;;O;, [M + H]* m/z: 1556.8961,
found: 1556.8981.

Synthesis of NGd. Compound 3 (90 mg, 0.06 mmol) was dissolved
in 3 mL trifluoroacetate acid (TFA) at room temperature for
deprotection. After stirring for 6 h, excess TFA was removed by rotary
evaporation. And then, the resultant brown oily product was dissolved
in methanol, and the pH of the solution was adjusted to S—6 with dilute
sodium hydroxide solution. Anhydrous gadolinium chloride (24 mg,
0.09 mmol) was dissolved into 3 mL methanol, and added dropwise
into the above brown solution. After reaction overnight at 60 °C, the
methanol was removed by evaporation. The crude product was
redissolved in DCM, and the excess gadolinium ions were washed off
with water to obtain the brown solid product (92.5 mg, 90%). HRMS
(m/z) calculated for C,oHy GdN;;0;, [M + H]" m/z: 1542.6011,
found: 1542.6017.

Preparation of NGd-AAs. NGd molecules were dissolved in DMSO
at a Gd(III) concentration of 16.7 mM and kept in 4 °C refrigerator.
NGd-AAs were prepared by desolvation followed by glutaraldehyde
coupling.””40 NGd (181.4 uL) was diluted with 20 mL. THF and
dropwise added into SO mL of BSA (~20 mg/mL) aqueous solution.
The molar ratio of BSA/NGd is 1:2. The resultant mixture was stirred
for 30 min at room temperature. Under a stirring at 400 rpm, additional
THF was added dropwise to the above mixture until the solution
became slightly turbid. Then 100 uL of 2.5% glutaraldehyde aqueous
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solution was added, and the reaction was covered with aluminum foils
and stirring at room temperature for 4 h. Afterward, the mixture was
concentrated in vacuum to remove organic solutions at room
temperature. And the NGd-AAs were purified three times by
ultrafiltration with Amicon centrifuge tubes (MWCO = 30 kDa) and
redispersion in DI-water under sonication. The Gd(III) concentration
was measured byinductively coupled plasma atomic emission spec-
troscopy (ICP-AES). The encapsulation efficiency (EE) of NGd was
calculated according to the following eq 1.

mass of encapsulated NGd
total mass of added NGd

EE = X 100%

(1
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