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Interstitial Optical Fiber-Mediated Multimodal
Phototheranostics Based on an Aggregation-Induced NIR-II
Emission Luminogen for Orthotopic Breast Cancer
Treatment

Wenguang Zhang, Miaomiao Kang, Xue Li, Hao Yang, Zhijun Zhang,* Zhuorong Li,
Yibin Zhang, Miaozhuang Fan, Changrui Liao, Chengbo Liu, Gaixia Xu,* Dong Wang,*
Zhourui Xu,* and Ben Zhong Tang*

One-for-all phototheranostics based on a single molecule is recognized as
a convenient approach for cancer treatment, whose efficacy relies on precise
lesion localization through multimodal imaging, coupled with the efficient
exertion of phototherapy. To unleash the full potential of phototheranostics,
advancement in both phototheranostic agents and light delivery methods is
essential. Herein, an integrated strategy combining a versatile molecule featur-
ing aggregation-induced emission, namely tBuTTBD, with a modified optical
fiber to realize comprehensive tumor diagnosis and “inside-out” irradiation
in the orthotopic breast tumor, is proposed for the first time. Attributed to the
intense donor-acceptor interaction, highly distorted conformation, abundant
molecular rotors, and loose intermolecular packing upon aggregation,
tBuTTBD can synchronously undergo second near-infrared (NIR-II)
fluorescence emission, photothermal and photodynamic generation under
laser irradiation, contributing to a trimodal NIR-II fluorescence-photoacoustic
(PA)-photothermal imaging-guided phototherapy. The tumor treatment is
further carried out following the insertion of a modified optical fiber, which is
fabricated by splicing a flat-end fiber with an air-core fiber. This configuration
aims to enable effective in situ phototherapy by maximizing energy utilization
for therapeutic benefits. This work not only enriches the palette of NIR-II
phototheranostic agents but also provides valuable insight for exploring
an integrated phototheranostic protocol for practical cancer treatment.

1. Introduction

Light, which has had a profound impact on clinical practice
in theranostics, has illuminated a new era in cancer therapy.[1]
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Among diverse light-driven theranostic
strategies, multimodal phototheranostics
encompassing fluorescence imaging (FLI),
photoacoustic imaging (PAI), photother-
mal imaging (PTI), photothermal therapy
(PTT), and photodynamic therapy (PDT)
have attracted considerable interest in the
research community owing to the real-time
imaging with complementary strengths
and the in situ therapeutic capabilities.[2,3]

Of particular interest are multimodal
phototheranostics based on a single molec-
ular species with a defined structure,
which significantly reduce the complex-
ities in compositional heterogeneity and
intrinsically perform high reproducibility,
consequently demonstrating great poten-
tial in clinical uses.[4] Nevertheless, the
development of such a system remains in
its infancy even though tremendous efforts
have been made. This is primarily due to
the inherently competitive excited-state
energy dissipations of each photothera-
nostic modality in a single molecule.[5]

Moreover, phototheranostics is usually
subjected to the tissue extinction of the
excitation light, typically limiting their use

to superficial and localized tumors.[3,6–8] To overcome this short-
coming, interstitial optical fibers featuring hair-like dimensions,
flexibility, and biocompatibility have emerged as a promising so-
lution. These fibers can transport photons end-to-end without
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energy loss, providing excellent opportunities for the “inside-out”
manner of laser irradiation, thus breathing new life into the field
of phototheranostics.[9] Evidently, exploring advanced photother-
anostic protocols that incorporate both one-for-all phototheranos-
tic agents and the interstitial optical fiber is an appealing yet sig-
nificantly challenging task.

Luminogens with aggregation-induced emission characteris-
tics (AIEgens) have currently emerged as ideal candidates for
the development of multimodal phototheranostic agents. This is
due to the abundance of rational and/or vibrational groups on
the molecular backbone, which serves as a convenient knob to
finely adjust the energy flow upon excitation.[5,10] Specifically, in-
tense intramolecular motions can efficiently dissipate absorbed
light energy as heat[11] while constraints on these motions can
guide the energy toward the intersystem crossing (ISC) process
or photoluminescence.[12] Of particular interest, FLI in the sec-
ond near-infrared window (NIR-II, 1000–1700 nm) has garnered
significant attention due to minimum tissue light extinction, low
autofluorescence interference, minimum collateral damage, and
high sensitivity.[13] These characteristics enabled it to provide
abundant details at the pathological sites.[8,14,15] Therefore, devel-
oping NIR-II AIEgens holds great promise for further advance-
ments in phototheranostics.

In this contribution, we, for the first time, advanced light-
driven tumor therapy by taking advantage of both the NIR-II
emissive phototheranostic agent and the light delivery method
(Scheme 1). By strengthening the electron donor-acceptor (D‒A)
interaction on a highly twisted conjugate skeleton, we success-
fully synthesized a multimodal phototheranostic AIEgen agent,
namely tBuTTBD, which features NIR absorption, NIR-II emis-
sion, remarkable PA signal, prominent photothermal effect, and
satisfactory reactive oxygen species (ROS) generation under laser
irradiation at 808 nm. Facilitated by amphiphilic polymers and
the surface modification of iRGD, tBuTTBD nanoparticles-iRGD
(NPs-iRGD) could efficiently target tumor sites after intravenous
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injection, as evidenced by the light-triggered NIR-II FLI-PAI-PTI
trimodal imaging. In situ phototherapy of orthotopic breast tu-
mor was initiated using a modified optical fiber (Scheme 1d),
which was fabricated by splicing a flat-end optical fiber with an
air-core fiber end to maximize the laser diffusion within the
tumor. This approach demonstrated superior therapeutic effi-
cacy to conventional phototherapy methods utilizing laser irra-
diation through a collimator. The biosafety of tBuTTBD NPs-
iRGD was further validated through a comprehensive assess-
ment. This work proposes a fantastic combination of photother-
apeutic agents and the light delivery method, not only to circum-
vent the biological light barriers on the body but also to unleash
the full potential of phototheranostics, paving the way for ad-
vancements in clinical applications.

2. Results and Discussion

2.1. Molecular Design and Photophysical Property Studies

Tert-butyl-substituted diphenylamine serves as a strong elec-
tron donor, sterically encumbered hexylthiophene acts as a 𝜋-
bridge and the additional electron donor, and highly electron-
withdrawing benzobisthiadiazole works as the strong acceptor,
thus constructing the compound tBuTTBD (Scheme 1a). There-
into, the propeller-like conformation of tert-butyl-substituted
diphenylamine, the steric hindrance from tert-butyl groups, as
well as the long alkyl chains of hexylthiophene jointly distorted
the whole molecular skeleton that not only restrains the fluo-
rescence quenching during aggregation by significantly dimin-
ishing the intermolecular 𝜋-𝜋 stacking and the interactions with
water but also provides sufficient space for intramolecular mo-
tions, benefiting the non-radiative thermal energy decays. In ad-
dition, the strong D‒A effect along tBuTTBD is expected to re-
duce the electronic band gap and improve the ISC process, lead-
ing to bathochromic-shift absorption and emission wavelengths
as well as good photodynamic potential (Scheme 1b). The syn-
thetic route of tBuTTBD is presented in Scheme S1 (Supporting
Information), and the chemical structure of the product is con-
firmed by nuclear magnetic resonance spectroscopy (1H NMR,
13C NMR) and high-resolution mass spectrometry (HRMS), as
shown in Figures S1–S6 (Supporting Information).

To gain insights into the chemical structure of tBuTTBD, den-
sity functional theory (DFT) calculations with the Gaussian 09
program at the B3LYP/6-31G(d) level were conducted. In Figure
S7 (Supporting Information), large dihedral angles exceeding 50°

are observed between the diphenylamine and hexylthiophene,
as well as between the hexylthiophene and benzobisthiadiazole.
These findings highlight the torsional structure of tBuTTBD and
its capacity to inhibit molecular 𝜋-𝜋 stacking upon aggregation.
The molecular orbitals of tBuTTBD were further studied. As il-
lustrated in Figure S8 (Supporting Information), the highest oc-
cupied molecular orbital (HOMO) is primarily located on the
electron donors, whereas the lowest unoccupied molecular or-
bital (LUMO) is mainly distributed over the acceptor moiety. This
indicates an efficient internal charge transfer (ICT) and the typi-
cal D‒A interaction. Furthermore, the energy gap (ΔEg) of tBuT-
TBD was measured to be 1.38 eV, a value comparable to those
organic molecules exhibiting NIR absorption.[14,16,17]
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Scheme 1. Schematic illustration of molecular design principle, preparation of nanoparticles (NPs), and phototheranostic applications. a) Molecular
structure and b) energy decay pathways of tBuTTBD. c) Preparation process of iRGD-decorated NPs. d) Interstitial optical fiber-mediated phototherapy
guided by trimodal imaging.

The optical properties of tBuTTBD molecules were charac-
terized using UV-Vis-NIR and fluorescence spectroscopies. As
shown in Figure 1a, the maximum absorbance of tBuTTBD in
THF is at 812 nm and the maximal emission peak occurs at
1088 nm. Such a long emission peak of tBuTTBD is attributed
to the exceptionally strong D‒A interaction and extended 𝜋-
conjugation, well matching the concept of molecular design.
The AIE feature of tBuTTBD was then investigated by analyz-
ing the FL spectra in THF/water mixtures with varying water
fractions (fW) (Figure S9, Supporting Information). tBuTTBD
demonstrates rather faint emission in pure THF solvent due to
the energy consumption dominated by the intramolecular mo-
tions. As the fW increases, the emission intensities of tBuTTBD
increase gradually due to the restriction of intramolecular mo-
tions (RIM) effect, showing the typical AIE feature (Figure 1b).
To endow tBuTTBD with water-dispersity and tumor-targeting
ability, amphiphilic polymers DSPE-PEG2K and DSPE-PEG2K-
Mal were employed as the carrier molecules to fabricate AIEgen
NPs using a nanoprecipitation method. Subsequently, the NPs
surface was modified with iRGD (Scheme 1c), known for its
ability to penetrate deep into tumors for enhanced therapeutic
purposes.[18] Dynamic light scattering (DLS) measurements re-
vealed that the hydrodynamic sizes of tBuTTBD NPs-Mal and
tBuTTBD NPs-iRGD were 62.41 and 67.14 nm (Figure S10, Sup-
porting Information; Figure 1c), respectively. The difference in
the hydrodynamic size confirmed the successful attachment of
iRGD on the surface of NPs, a fact further corroborated by the sig-
nificant difference in zeta potential (Figure S11, Supporting In-
formation). The encapsulation efficiency of tBuTTBD was calcu-

lated to be ≈90% (Figure S12, Supporting Information). In addi-
tion, tBuTTBD NPs-iRGD maintained their absorbance and size
in H2O, PBS, and culture medium solutions over 6 days, suggest-
ing high storage stability (Figure S13, Supporting Information).

The tBuTTBD NPs-iRGD exhibited an absorbance maximum
of 808 nm and an emission peak of 1092 nm (Figure S14, Sup-
porting Information), similar to that of tBuTTBD in THF. tBuT-
TBD NPs-iRGD exhibited exceptional photostability, showing
minimal changes in the absorbance spectrum after continuous
laser irradiation for 30 mins (Figure 1d), much more robust than
AuNRs and ICG (Figure S15, Supporting Information). Such a
feature is satisfactory to light-driven bioapplications. The AIE ef-
fect endows the tBuTTBD NPs-iRGD with a higher fluorescence
quantum yield of 0.8% than the commercial IR-26 dye (0.5%)
(Figure S16, Supporting Information), benefiting the NIR-II flu-
orescence imaging (Figure 1e). A linear relationship between the
NIR-II FL intensities and the concentration of NPs has been fur-
ther concluded, which could roughly indicate the biodistribution
of NPs (Figure S17, Supporting Information).

The photothermal effect of tBuTTBD NPs-iRGD was evaluated
under 808 nm laser irradiation. tBuTTBD NPs-iRGD achieved a
temperature increment of 16 °C at merely 50 μM under a low
power density of 0.4 W cm−2. The heat conversion efficiency
was determined to be 58.9% (Figure S18, Supporting Informa-
tion), surpassing that of most reported photothermal agents.[19]

In addition, the photothermal performance of tBuTTBD NPs-
iRGD can be well-adjusted by varying the power density of the
808 nm laser (Figure S19, Supporting Information) and the
concentration of tBuTTBD NPs-iRGD (Figure S20, Supporting
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Figure 1. a) Normalized absorption and PL spectra of tBuTTBD in THF. b) Plots of the relative emission intensity (I/I0) versus fW, I, and I0 are the PL peak
values of tBuTTBD in the THF and THF/H2O mixture, respectively. c) Size distribution and TEM image of tBuTTBD NPs-iRGD. d) Relative absorbance
of tBuTTBD NPs-iRGD before and after 30 min of laser irradiation (808 nm, 0.4 W/cm2). e) Relative fluorescence quantum yield of tBuTTBD NPs-iRGD.
f) Photothermal stability evaluation of tBuTTBD NPs-iRGD under six on-off laser irradiation (808 nm, 0.4 W cm−2). g) Normalized PA spectrum of
tBuTTBD NPs-iRGD. h) Photodynamic effect of tBuTTBD NPs-iRGD under laser irradiation (808 nm, 0.4 W cm−2). Molecular dynamics simulation
snapshot of i) a single tBuTTBD molecular disperser in THF and j) tBuTTBD aggregates in H2O. k) Dihedral angle (between the hexylthiophene and
benzobisthiadiazole) distributions of the single-dispersed molecule (THF solution) and the innermost molecule of the aggregate (water solution). l)
Simulation of the intermolecular distance of tBuTTBD in nanoaggregates.

Information), implying the high sensitivity of photothermal
transduction. The photothermal stability of tBuTTBD NPs-iRGD
was further assessed in comparison to commercial photother-
mal agents, AuNRs and ICG. This evaluation involved subject-
ing the samples to six consecutive laser irradiation and natural
cooling cycles (Figure 1f). The photothermal profiles of tBuT-
TBD NPs-iRGD were nearly unchanged and reversible in each
cycle, in sharp contrast to the degenerated profiles of AuNRs
and ICG. Encouraged by the great photothermal performance,
the PA properties of tBuTTBD NPs-iRGD were further exam-
ined. The PA spectrum of tBuTTBD NPs-iRGD was well-matched
with the absorption spectrum, peaking near 808 nm (Figure 1g).
A linear relationship between the PA intensities and concentra-
tions of AIEgen has been concluded (Figure S21, Supporting In-
formation) and good PA stability has been verified (Figure S22,
Supporting Information), demonstrating its great potential for

in vivo PA imaging and semi-quantitative analysis. A good pho-
todynamic effect has also been realized by tBuTTBD NPs-iRGD
under 808 nm laser irradiation. 2′,7′-dichlorodihydrofluorescein
(DCFH) was used to examine the production of the overall ROS.
As demonstrated in Figure 1h, the fluorescence of DCFH in-
creases obviously under laser irradiation (0.4 W cm−2) in the
presence of tBuTTBD NPs, demonstrating its good ROS pro-
duction. Such a production rate is superior to the commercial
photosensitizer Ce6 (Figure S23, Supporting Information). Fur-
thermore, the ROS type was examined by Electron Spin Res-
onance (ESR) spectroscopy. As shown in Figure S24 (Support-
ing Information), hydroxyl, and superoxide radicals are the dom-
inant ROS generated by tBuTTBD NPs-iRGD under laser ir-
radiation. The additional photodynamic feature makes tBuT-
TBD an efficient phototherapeutic agent for collaborative cancer
therapy.
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A molecular dynamics simulation was conducted to decipher
the superiority of the photothermal response of tBuTTBD NPs-
iRGD. The dihedral angles of tBuTTBD in THF (Figure 1i) and
water (Figure 1j) were calculated and compared. As depicted in
Figure 1k, the dihedral angles between the hexylthiophene and
benzobisthiadiazole in both monodisperse and aggregate states
are notably large and almost identical, suggesting strong resis-
tance to 𝜋-𝜋 stacking upon aggregation. A similar situation has
also been observed at the dihedral angles between the hexylth-
iophene and tert-butyl-substituted diphenylamine of tBuTTBD
(Figure S25, Supporting Information). Subsequently, an assess-
ment was carried out on the distribution of the nearest distance
between the center of tBuTTBD in its aggregated state within
a water-filled environment was evaluated. Back to the equilib-
rium state after 800 ns, tBuTTBD molecules were randomly ag-
gregated in the simulation space with a distance of the maxi-
mum proportion at 6.61 Å (Figure 1l). Such distance is excep-
tionally large compared to the previously reported AIEgens[16,20]

and is believed to be related to tert-butyl groups and hexyl chains,
which provide significant spatial hindrance. The dihedral an-
gles observed in the aggregated states, coupled with the notably
large intermolecular distances, support the presence of active in-
tramolecular motions of tBuTTBD within the NPs. This dynamic
behavior ensures efficient heat dissipation upon irradiation, con-
tributing to the photothermal and PA responses.

2.2. Preparation of Modified Optical Fiber for Light Delivery

Thorough light irradiation in biological tissues is essential to
boost the phototheranostics. To achieve this goal, a flat-cut end
fiber was spliced with an air-core fiber end to efficiently pro-
mote laser diffusion, due to the mismatch in the light guiding
modes. To further promote the light diffusion to the air, epoxy
resin was used and coated on the fiber end (Figure 2a). As shown
in Figure 2b, such structure configuration enables efficient light
diffusion after multiple internal reflections and refractions. Fur-
thermore, air-core fiber with different diameters was used to op-
timize the performance of the modified optical fibers. Numeri-
cal simulations of the light field revealed that a larger amount of
light energy can diffuse out of the fiber end as the diameter of
the air-core fiber increases (Figure 2c). The experimental results
were coincident with the simulation predictions (Figure 2e). In
addition, the epoxy resin coating significantly increased the light
diffusion extent at the fiber end (Figure 2f). It should be noted
that only half of the energy from the side surface can be captured
owing to the configuration of the optical power meter. Thus, the
overall light power from the fiber end was nearly the same as that
from the collimator, implying that almost all the laser light was
emitted. The optimized optical fiber is subsequently fabricated
and emits laser light as demonstrated in Figure 2d.

The photothermal responses of tBuTTBD NPs-iRGD irradi-
ated through a modified optical fiber were subsequently con-
ducted (Scheme S2, Supporting Information). The temperature
increments were increased as the laser power and the concen-
tration of tBuTTBD increased (Figure 2g,h), similar to the pho-
tothermal profiles of tBuTTBD NPs-iRGD irradiated through a
collimator. However, it should be noted that the maximum tem-
peratures of samples after 10 min of irradiation through the mod-

ified optical fiber were always slightly smaller than that achieved
using a collimator with the same laser power of 300 mW and
NPs concentration. Further careful observation under the ther-
mal imaging system found that extensive heat is generated at only
the upper half of the sample under laser irradiation using a col-
limator. By sharp contrast, homogeneous heat generation in the
sample solution was realized under the laser irradiation from the
modified optical fiber (Figure 2i). This phenomenon can be well
explained by two reasons: 1) the “inside-out” manner of laser irra-
diation through a modified optical fiber is capable of illuminating
a greater space; 2) heating more liquid volume with the same irra-
diation energy will inevitably lower the final equilibrium temper-
ature. Therefore, we anticipate a greater potential and opportu-
nity for phototherapy using a modified optical fiber, since a larger
volume in target tissues becomes accessible for treatment.

Additional experiments were conducted with mice skin and
chicken breast tissue as the light barriers to simulate heat gener-
ation inside the body (Scheme S3, Supporting Information). The
mice’s skin was first used to cap on the solution surface of sam-
ples to block the “outside-in” irradiation. As shown in Figure 2j,
the photothermal response triggered by modified optical fiber is
not affected at all owing to the “inside-out” manner of irradiation.
Conversely, the temperature increments of samples irradiated us-
ing a collimator were significantly lower due to the severe light at-
tenuation. Then, chicken breast tissue was used as another light
barrier to simulate the biological tissue of mice. In the collimator
group, a tissue layer with a thickness of 1 mm was capped on the
sample surface. In the fiber group, a modified optical fiber was
penetrated inside a cylindrical shape of tissue with a diameter of
1 mm. It should also be mentioned that the surface coating of
epoxy resin can strengthen the toughness and increase the bio-
compatibility of the optical fiber, facilitating in vivo photothermal
therapy. As demonstrated in Figure 2k, the fiber group still out-
performs the collimator group according to the thermal infrared
images. These results manifested the great potential of the mod-
ified optical fiber in photothermal therapy. In addition, the pho-
todynamic effect of tBuTTBD NPs-iRGD was also examined via
a modified optical fiber. As shown in Figure 2l, evident ROS pro-
duction was enabled by the NPs, which is also much more potent
than that achieved by Ce6.

2.3. Cellular Uptakes, Cytotoxicity Assay, and In Vitro
Phototherapy

iRGD peptide was used to endow tBuTTBD NPs with tumor-
targeting ability.[18,21] Flow cytometry analysis was performed to
evaluate the cellular uptake of tBuTTBD NPs and tBuTTBD NPs-
iRGD by 4T1 cells across diverse concentrations in order to as-
sess the targeting capability. Due to the mismatch between the
NIR-II emission of tBuTTBD and the detection wavelength range
of the flow cytometer, both tBuTTBD NPs and tBuTTBD NPs-
iRGD were co-loaded with 20% of DPTA-BT, a highly emissive
AIE molecule designed by our previous work.[7] As shown in
Figure 3a, the mean fluorescence intensities (MFI) of cells in-
crease either with a higher concentration of NPs or the existence
of iRGD. The targeting ability of tBuTTBD NPs-iRGD was fur-
ther confirmed across a broader range of NPs concentrations
(from 1 to 50 μM based on tBuTTBD) (Figure S26, Supporting
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Figure 2. a) Images of spliced optical fiber without and with epoxy resin coating. Scale bar: 1 mm and 200 μm. b) Numerical simulation of light
transmission path from the fiber end. Scale bar: 100 μm. c) Numerical simulation of light field emitted from the fiber end. d) Laser emission from
the optimized optical fiber. Scale bar: 5 mm. The power of laser light emitted from the fiber end e) without and f) with epoxy resin coating. Photothermal
profiles of tBuTTBD NPs-iRGD g) irradiated with different power densities and h) at different NPs concentrations through a modified optical fiber (808
nm, 300 mW). i) Schematic illustration of heat generation induced by the collimator and modified optical fiber in the presence of tBuTTBD NPs-iRGD.
Temperature increment of tBuTTBD NPs-iRGD samples under laser irradiation through a collimator and modified optical fiber with j) skin or k) chicken
breast tissue as the light barrier. l) Photodynamic effect of tBuTTBD NPs-iRGD under laser irradiation through a modified optical fiber (808 nm, 300
mW).

Information). The confocal laser scanning microscopy (CLSM)
showed that tBuTTBD NPs-iRGD exhibited stronger red fluores-
cence than tBuTTBD NPs, indicating more efficient cellular up-
takes by 4T1 cells (Figure 3b; Figure S27, Supporting Informa-
tion). Furthermore, the red fluorescence emitted by NPs over-
lapped with the green fluorescence of LysoTracker Green, pro-
ducing yellow spots in the merged pictures. The intensity line
profile of the region indicated by a red arrow in Figure 3b, re-
vealed a comparable diameter between the red and green dots,
suggesting that endocytosis is responsible for cellular uptake
(Figure 3c). The endocytic pathways were then evaluated by
flow cytometry analysis using various pathway inhibitors (Figure
S28, Supporting Information). An energy-dependent endocyto-
sis procedure of the NPs has been observed since the cellular
uptake efficiency can be efficiently inhibited at 4 °C, by chlor-

promazine (clathrin-mediated endocytosis inhibitor) and nys-
tatin (caveolae/lipid-mediated endocytosis inhibitor) (Figure 3d).
What is more, the inhibitory effect of chlorpromazine was more
effective than that of nystatin, indicating the dominant pathway
of clathrin-mediated endocytosis.

In vitro phototherapy of tBuTTBD NPs-iRGD was assessed
subsequently using 4T1 cells. First, four cell lines (4T1, 293T,
HS578bst, and GL261) were cultured and incubated with tBuT-
TBD NPs-iRGD for 12 or 24 h to evaluate the dark cytotoxic-
ity. The survival rates of all the investigated cells reached more
than 87% at different concentrations of NPs and incubation
time (Figure S29, Supporting Information), demonstrating the
great biocompatibility and negligible dark cytotoxicity of tBuT-
TBD NPs-iRGD. In vitro phototherapy induced by an 808 nm
laser with an output power of 300 mW was then performed on
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Figure 3. a) Flow cytometry analysis of cellular uptakes of tBuTTBD NPs and tBuTTBD NPs-iRGD. I: PBS; II: tBuTTBD NPs of 10 μM; III: tBuTTBD
NPs-iRGD of 10 μM; IV: tBuTTBD NPs of 50 μM; V: tBuTTBD NPs-iRGD of 50 μM. b) Intracellular localization of tBuTTBD NPs and tBuTTBD NPs-iRGD
co-loaded with a reported red probe named DPTA-BT for convenient observation by CLSM. Scale bar: 20 μm. c) Line profile of selected endosomes. d)
Relative uptake efficiency of 4T1 cells with different treatments. CP: chlorpromazine. e) Cell survival rate of 4T1 cells incubated with various concentrations
of tBuTTBD NPs-iRGD with different laser treatments. f) Live/dead cell staining of 4T1 cells after various treatments. Scale bar: 100 μm. g) Apoptosis
analysis of 4T1 cells after various treatments.

4T1 cells in the presence of tBuTTBD NPs-iRGD (Scheme S4,
Supporting Information). Using the conventional way of irradi-
ation through a collimator with the same output power of 300
mW, tBuTTBD NPs-iRGD can efficiently inhibit the growth of
cancer cells even at a relatively low concentration (less than 10
μM) (Figure 3e). The mouse’s skin was further covered on the
culture plate to simulate the light barrier during the photother-
apy. In this case, the treatment efficacy of tBuTTBD NPs-iRGD
triggered through a collimator was attenuated significantly, with
over 62.1% of cells remaining alive even at a higher concentra-
tion of 50 μM. In sharp contrast, a modified optical fiber can ig-
nore light obstruction by the skin, thereby maintaining the strong
curative effect of tBuTTBD NPs-iRGD. The Calcein-AM/PI dou-
ble staining was used to further demonstrate the therapeutic out-
comes of tBuTTBD NPs-iRGD across various concentrations irra-
diated under different conditions (Figure S30, Supporting Infor-

mation). As exhibited in Figure 3f, nearly all cells were eradicated
under laser irradiation through a collimator with strong and mas-
sive red fluorescence appeared. As the mouse’s skin blocked the
incident light, extensive green fluorescence remained, implying
the sharply weakened treatment efficacy of tBuTTBD NPs-iRGD.
These results simultaneously proved the excellent therapeutic ef-
ficacy of tBuTTBD NPs-iRGD and highlighted the superiority of
a modified optical fiber.

Annexin V-FITC/PI detection assay was further employed on
4T1 cells after different treatments to elucidate the cell death
mechanism. Almost all the 4T1 cells remain viable in the absence
of tBuTTBD NPs-iRGD or in the group treated with the tBuTTBD
NPs-iRGD group but without laser irradiation (Figure 3g). This
suggests that all the light delivery methods and the NPs them-
selves were biocompatible enough to avoid undesired cell dam-
age. When phototherapy was introduced via a collimator, early

Adv. Mater. 2024, 36, 2406474 © 2024 Wiley-VCH GmbH2406474 (7 of 11)
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and late apoptosis of 4T1 cells was observed, and over 97% of
late apoptosis dominated the cell death mode when 50 μM of
AIEgens was used. Such cell apoptosis was largely weakened as
the mouse’s skin blocked the laser from the collimator. However,
the modified optical fiber can avoid light blockage by the skin and
induce 99% late apoptosis after treatment.

2.4. Multimodality Imaging of Tumors and In Vivo Phototherapy

Encouraged by the excellent versatility of tBuTTBD NPs-iRGD,
multimodal imaging, including NIR-II FLI, PAI, and PTI, was
performed on tumor-bearing mice to study the biodistribution of
the NPs after intravenous injection. As illustrated in Figure 4a,
the fluorescence intensities at the tumor site increased signifi-
cantly in the first 24 h, followed by a slight decay attributed to
the tissue metabolism. It can be noted that the tumor vascula-
tures were distinguished well right after the injection of the NPs
(Figure 4b; Figure S31, Supporting Information). Blood vessels
with 2.2 and 3.6 μm diameters and signal-to-background (SBR)
ratios of 7.5 and 6.6 were clearly visualized, showing good imag-
ing quality of NIR-II light (Figure 4c,d). However, at 24 h post-
injection, these vessels became indistinguishable, and strength-
ened fluorescence at the tumor region was observed, suggest-
ing the enhanced permeation and retention (EPR) effect of tBuT-
TBD NPs-iRGD. At 36 h post-injection, the mice’s major organs
and tumors were collected for NIR-II imaging. Bright fluores-
cence is still emitted from the tumor (Figure S32, Supporting
Information), confirming the good targeting ability of tBuTTBD
NPs-iRGD toward tumor tissues. Attributed to the remarkable
photothermal effect of tBuTTBD NPs-iRGD, PAI and PTI were
performed on the tumor-bearing mice after NPs injections. As
shown in Figure 4f, the PA signals were gradually strengthened
at the tumor sites in the first 24 h and then slightly decayed in the
next 12 h. Such intensity dynamics are similar to those observed
under NIR-II FLI (Figure 4e). In addition, the tumor vasculatures
can be distinguished well through the PAI at 5 min post-injection
of tBuTTBD NPs-iRGD (Figure S33, Supporting Information).
For PTI, mice were irradiated with an 808 nm laser (300 mW)
and monitored via a thermal camera. Efficient therapeutic tem-
perature at the tumor site was observed between 12 h and 36 h
post-injection after laser irradiation (Figures S34 and S35, Sup-
porting Information). Taken together, the results of multimodal
imaging not only confirmed the tumor-targeting ability of tBuT-
TBD NPs-iRGD but also suggested the appropriate time to per-
form phototherapy.

Then, tBuTTBD NPs-iRGD was used as the phototherapeutic
agent for tumor therapy. BALB/c mice bearing 4T1 tumors were
randomly divided into five groups: VI: PBS; VII: tBuTTBD NPs-
iRGD; VIII: PBS plus NIR laser via a modified optical fiber; IX:
tBuTTBD NPs-iRGD plus NIR laser via a collimator; X: tBuTTBD
NPs-iRGD plus NIR laser via a modified optical fiber. A single
intravenous administration was carried out during the treatment
session, followed by a single session of laser irradiation (808 nm,
300 mW, 10 min) at 12 h post-injection. In groups VIII and X, the
modified optical fibers were penetrated into tumors with an aver-
age depth of 5 mm (Figure 4g). The whole tumor was illuminated
when the laser was turned on. Ultrasound imaging revealed the
spatial position of the modified optical fiber inside the tumor

(Figure S36, Supporting Information). Remarkably, intense tem-
perature increment on the tumor site has been observed in group
X with a maximum temperature of 54 °C, in contrast to the max-
imum temperature of 50 °C in group IX (Figure 4h). The inser-
tion of the modified optical fiber into the tumor can efficiently
avoid light attenuation by the skin and healthy biological tissues.
Therefore, more light energy can be utilized by tBuTTBD NPs-
iRGD for heat generation. In addition, the temperature incre-
ment in group VIII only reached 39 °C, implying the negligible
photothermal effect of the modified optical fiber in the absence
of tBuTTBD NPs-iRGD. The detailed thermal infrared images
are summarized in Figure S37 (Supporting Information). More-
over, the mice’s weight and tumor volume in each group were
recorded every 2 days during the therapeutic process. No signif-
icant difference in body weight has been observed among dif-
ferent groups (Figure S38, Supporting Information), indicating
no severe side effects caused by the therapeutic procedures. The
tumor growth curves in Figure 4i solidly demonstrated the re-
markable therapeutic outcomes in group X. Specifically, tumors
in group X barely grew after phototherapy assisted with a modi-
fied optical fiber. In sharp contrast, groups without phototherapy
effect grew totally out of control (Figure 4j). It should be noted
that the tumor growth in group IX was inhibited to a relatively
mild extent. Such therapeutic outcomes matched well with the
temperature increment in Figure 4b and implied the negative in-
fluence of biological tissue on phototherapy. The tumor weights
further confirmed the highly efficient therapeutic effect of tBuT-
TBD NPs-iRGD activated by NIR laser via a modified optical fiber
(Figure S39, Supporting Information).

After complete treatment of 12 days, all mice were sacrificed,
and tumors were collected for histological analysis. As demon-
strated in Figure S40 (Supporting Information), hematoxylin and
eosin (H&E) staining of tumor slices clearly shows that tBuTTBD
NPs-iRGD activated by NIR laser (group IX and X) could induce
severe damage to the tumor tissues due to local hyperthermia
and ROS. This resulted in loosely arranged tumor cells with sig-
nificantly increased cavities and remarkable conspicuous kary-
opyknosis. By contrast, group VI-VIII exhibited an abundance of
densely arranged tumor cells. TdT-mediated dUTP nick end la-
beling (TUNEL) immunofluorescence staining assay further con-
firmed serious apoptosis in the tumor tissues of mice treated
with NIR laser irradiation in the presence of tBuBBTD NPs-
iRGD. In addition, Ki67-positive proliferating cells and CD31-
positive vessel formation signals were nearly absent in groups
IX and X, further revealing the efficient phototherapeutic ef-
fect and tumor-inhibited growth. In sharp contrast, massive cell
proliferation and angiogenesis appeared in the negative control
groups (groups VI-VIII). Histological analysis with a larger field
of view of the tumor was performed to study the death mecha-
nism of phototherapy. As shown in Figure 4k, tumor cells with-
out photothermal and photodynamic treatments (groups VI-VIII)
demonstrated good proliferation, as indicated by the extensive
Ki67-positive green fluorescence. In the case of phototherapy in-
duced by laser through a collimator (group IX), the outer region
of the tumor did not exhibit any Ki67 fluorescent signals. Con-
versely, the inner portion of the tumor, which was expected to
receive less laser exposure, remained Ki67 positive. Remarkably,
all cells were killed in group X without Ki67-positive green flu-
orescence throughout the view. These results again highlighted
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Figure 4. a) Time-dependent NIR-II FLI of 4T1 tumor-bearing mice after intravenous injection of tBuTTBD NPs-iRGD. b) NIR-II FLI of tumor region right
after (i) and 24 h post-injection (ii) of tBuTTBD NPs-iRGD. Scale bar: 5 mm. Line profile intensities of selected blood vessels are indicated by c) red and
d) purple lines in Figure b-i. e) Average NIR-II FL and PA intensities of tumor tissues at different monitoring times corresponding to panels (a) and (f).
f) Time-dependent PAI of 4T1 tumor-bearing mice after intravenous injection of tBuTTBD NPs-iRGD. g) The therapeutic setup of phototherapy guided
by a modified optical fiber. h) Temperature variation of tumor sites irradiated with the laser of different treatments. i) Tumor growth curves after various
treatments for 12 days (n = 5). j) Images of the tumors after different treatments on day 12. Scale bar: 10 mm. k) Representative Ki67 and H&E-stained
images of the tumor tissues in different treatment groups. Scale bar: 200 μm. VI: PBS; VII: tBuTTBD NPs-iRGD; VIII: PBS + NIR laser via a modified
optical fiber; IX: tBuTTBD NPs-iRGD + NIR laser via a collimator; X: tBuTTBD NPs-iRGD + NIR laser via a modified optical fiber.

Adv. Mater. 2024, 36, 2406474 © 2024 Wiley-VCH GmbH2406474 (9 of 11)

 15214095, 2024, 38, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202406474 by Shenzhen U
niversity, W

iley O
nline L

ibrary on [29/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadma.202406474&mode=


www.advancedsciencenews.com www.advmat.de

the superiorities of the modified optical fiber in overcoming the
limitation in light penetration and realizing larger space for pho-
totherapy.

2.5. Biosafety Assessments of tBuTTBD NPs-iRGD

Considering the importance of biocompatibility for a photother-
anostic agent in cancer treatment in vivo, the potential systemic
toxicity of tBuTTBD NPs-iRGD was further investigated. First,
the hemolysis rate of the NPs was assessed using the diluted
erythrocytes. Figure S41 (Supporting Information) demonstrates
negligible hemolysis in all groups within a wide range of con-
centrations from 1 to 100 μM. Such results clearly indicated the
bio-inertness of tBuTTBD NPs-iRGD, which is favorable for ex-
tending the circulation time in the mouse body and enhancing
the targeting of NPs to tumors. Then, tBuTTBD NPs-iRGD of 10
mg kg−1 was injected intravenously into healthy BALB/c female
mice with mice treated with PBS as a negative control. As illus-
trated in Figure S42 (Supporting Information), the body weight
of the mice in both PBS and tBuTTBD NPs-iRGD treated groups
grew steadily and showed negligible discrepancy over two weeks
of feeding. It can be concluded that tBuTTBD NPs-iRGD would
not induce acute toxicity in healthy mice, reflecting the safe use of
the as-proposed NPs. At 15 days postinjection, all mice were sacri-
ficed with the blood and major organs collected for further analy-
sis. As shown in Tables S1 and S2 (Supporting Information), the
blood routine and biochemistry indexes appeared normal with
no significant difference between PBS and tBuTTBD NPs-iRGD
groups, suggesting no obvious systemic side effect toward the
immune system, hepatic, and renal functions. Furthermore, the
organ coefficient values of the two groups showed no significant
difference (Figure S43, Supporting Information), and no appar-
ent organ damage or inflammatory lesions were noticed in all
the H&E-stained slices of major organs (Figure S44, Supporting
Information). This clearly indicates the excellent biocompatibil-
ity of tBuTTBD NPs-iRGD in vivo. All results mentioned above
convincingly validated that tBuTTBD NPs-iRGD are promising
bio-safe nanomaterials for multimodal phototheranostic bioap-
plications.

3. Conclusion

In conclusion, this work elucidates an integrated strategy to en-
able full phototheranostic potential in orthotopic breast cancer
treatment. A multimodal phototheranostic AIEgen, namely tBuT-
TBD, was successfully designed by synchronously realizing ef-
ficient intramolecular motions and partial RIM at a highly dis-
torted molecular skeleton with strong D‒A relationship, thus
showing numerous fascinating features, including maximum ab-
sorption at 808 nm, maximum emission at 1092 nm, excellent
PA signals, prominent photothermal response, and satisfactory
ROS generation. After being formulated into NPs and modified
with iRGD, preferential accumulation of tBuTTBD NPs-iRGD in
the tumor site was observed according to the trimodal imaging
of NIR-II FLI-PAI-PTI. Aiming to implement in situ laser deliv-
ery without the light blockage of biological tissues, a modified
optical fiber that could efficiently diffuse light was fabricated by

splicing a flat-end fiber with an air-core fiber. Accordingly, highly
efficient and thorough phototherapy on orthotopic breast tumor-
bearing mice was enabled by tBuTTBD NPs-iRGD under laser
irradiation guided by a modified optical fiber. This work presents
the first example combining multimodal NIR-II emissive AIEgen
with interstitial optical fiber for cancer treatment and would trig-
ger state-of-the-art development of phototheranostics in clinical
trials.
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