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ABSTRACT: To develop multifunctional small-molecule pro-
drugs is highly desirable for cancer treatment but remains
challenging in intrinsic traceability. As an acid-cleavable linkage,
a Schiff bases benefiting from its distinctive fluorescence quenching
ability was selected to prepare a small-molecule prodrug with
cancer-targeted and self-indicating. In this study, we designed and
developed a multifunctional self-assembled nanobomb of amphi-
philic TPE-Lenalidomide prodrug, which comprises a hydrophobic
aggregation-induced emission (AIE) probe 4-(1,2,2-
triphenylvinyl)benzaldehyde (TPE-CHO) and a hydrophilic
anticancer drug Lenalidomide via a Schiff base linkage. We
investigated the synergistic effect of d-PET and C�N isomer-
ization which would keep the fluorescence of TPE-Lenalidomide in
the “always off” state by density functional theory (DFT) calculation. Once reaching the pathological site, such a vesicular
nanobomb of TPE-Lenalidomide will be acidolyzed to release the AIE probe and Lenalidomide molecules simultaneously,
consequently realizing high-efficiency effects of tumor imaging and cancer therapy (cell viability: normal cell L929, ∼79.49%; cancer
cell 4T1, ∼27.08%; p = 0.000118). This work may pave an avenue to prepare small-molecule prodrugs for tumor-targeted diagnosis
and cancer therapy.
KEYWORDS: small-molecule prodrug, Schiff base linkage, aggregation-induced emission, self-assembly,
tumor-targeted diagnosis and therapy

■ INTRODUCTION
Cancer remains as one of the most significant diseases that
seriously threatens human health all over the world.1−3 In
order to effectively inhibit malignant tumor and prolong
survival, varieties of drug delivery systems and polymer
prodrugs have been developed.4−7 However, most of them
are restricted by their low drug loading capacity, and serious
cumulative cytotoxicity.8,9 By comparison, small-molecule
prodrugs9−14 have the advantage of high loading capacity
and easy metabolism for cancer therapeutics. Typically, Yan et
al.15 developed an amphiphilic small-molecule prodrug by
integrating a hydrophilic anticancer drug and a hydrophobic
anticancer drug via a hydrolyzable ester linkage and proposed
the concept of amphiphilic drug−drug conjugate (ADDC),
which opens up a new way for self-delivery systems.
Nevertheless, most small-molecule prodrugs were designed
for chemotherapy only. Besides delivering drugs to patho-
logical sites for therapeutic purposes, tumor-targeted imaging,
especially real-time imaging, of the tumor locations is also of
great significance. Real-time imaging the tumor location and
further indicating the organ accumulation of drugs will

certainly help understanding the pharmacological effects and
then precisely predict the treatment responses.16,17

As one of the noninvasive imaging methods, fluorescence
imaging has the advantage of long-term tracking and in situ
visualization of process in living organisms.18,19 In recent years,
aggregation-induced emission (AIE) materials were widely
studied by Tang and his colleagues in pharmaceutical
field.18,20−22 Different from aggregation caused quenching
(ACQ), AIE compounds show significant fluorescence in the
aggregation state because of the restriction of intramolecular
motion (RIM).23 Among them, propeller-shaped molecule
tetraphenylethylene (TPE) derivatives, which integrate various
advantages including large Stokes shifts, bright emission as
aggregates, and multimodification site, are the extraordinary
indicator candidates.24−27 In some particular cases, a few
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molecules themselves, e.g., doxorubicin,28 deferasirox,29 and
camptothecin,15,30 are fluorescent and can serve as an indicator
toward specific lesion sites. However, most of available
fluorescent small-molecule prodrugs only have “always on”
state,15 which sharply compromises the diagnosis accuracy and
therapy safety due to the lack of activatable functions. To date,
the most commonly available strategy of preparing theranostic
prodrugs is relying on coloading both anticancer drugs and
fluorochromes using a polymeric drug delivery carrier. It is still
a challenge to develop a small-molecule prodrug to endow
prodrug not only with tumor-targeted self-delivery but also
with “off-to-on” switchable fluorescence self-indicating.
It is known that some significant changes inside and outside

cells will happen when normal cells transform into cancer cells
through a complex process.31−35 One of the typical changes is
the increase of acidity around cancer cells, which is because
cancer cells have a higher rate of CO2 production and higher
metabolism than normal cells.34,35 It is reported that
extracellular pH values in cancerous tissues is 6.8, and pH
values of intracellular compartments such as the endosomes
and lysosomes are 4.5−6.5.36 Therefore, some acid-cleavable
linkages such as acetals, hydrazones, esters, ketals, or Schiff
bases have been utilized as tumor-targeted components for
developing prodrugs.37−39 With the help of these acid-
cleavable linkages, those linked inclusions can be released in
the sites of action in vivo via the acidolysis reaction. Recently,
Wang et al.40,41 reported that C�N isomerization in Schiff
base compounds is the predominant decay process of excited
states with an unbridged C�N structure, which would induce
the “always off” state of prodrug. Based on this work, Schiff
bases, as an acid-cleavable linkage, could become good
candidates for precisely manipulating the fluorescence of
small-molecule prodrug. That is, once reaching the patho-
logical site, a probe-drug structural prodrug with Schiff base
linkage would be acidolyzed and the C�N bond would be
broken, along with the fluorescence probe and the anticancer
drug releasing.
In this work, a cancer-targeted nanobomb of small-molecule

prodrug TPE-Lenalidomide was designed and synthesized
through integrating a hydrophilic anticancer drug Lenalido-
mide42,43 with a hydrophobic aggregation-induced emission
(AIE) probe, 4-(1,2,2-triphenylvinyl)benzaldehyde (TPE-
CHO), by a Schiff base linkage (Scheme 1). Owing to its
amphiphilic structure, TPE-Lenalidomide could self-assemble
into a vesicle for self-delivery. When the nanobomb is
“detonated” by more acidic conditions around cancer cells,
the quenched fluorescence will rapidly emit, indicating the real-
time process of releasing Lenalidomide molecules. This work
brings fresh insight into the exploration of versatile nanobombs
of small-molecule prodrugs with both functions of self-delivery
and self-indication.

■ EXPERIMENTAL SECTION
Synthesis of TPE-CHO.47 A 500 mL flask charged with 300 mL of

tetrahydrofuran (THF) and 12.8 g of Zn powder (196 mmol) was
placed in an ice-salt bath under continuous stirring. Then, TiCl4 was
added dropwise under N2 protection below 0 °C. Consequently, the
mixture was stirred at room temperature for 30 min, and then the
mixture was refluxed for 3 h. After that, 4 mL of pyridine, 2.0 g of
benzophenone (11 mmol), and 2.1 g of 4-benzoylbenzaldehyde (10
mmol) were added into the flask. The reaction continued to reflux for
about 1 day. After the reaction mixture cooled to room temperature,
the solvent was removed using rotary evaporation. The residue was
added to water and extracted twice with dichloromethane (DCM).
Finally, the obtained mixture was purified by column chromatography
using DCM/PE (1/3, V/V) as eluent. The target molecular 4-(1,2,2-
triphenylvinyl)benzaldehyde (TPE-CHO) was obtained in about 45%
yield based on benzophenone. 1H NMR (600 MHz, chloroform-d) δ
9.93 (s, 1H), 7.65 (d, 2H), 7.24 (d, 2H), 7.11 (m, 15H). Q-Exactive
LC-MS calcd for [M + H]+: 361.15869. Found: 361.15891. 1H NMR,
13C NMR and mass spectra of TPE-CHO were shown in Figures S1−
S3, respectively.
Synthesis of TPE-Lenalidomide.36 A portion of TPE-CHO (0.1

g, 0.28 mmol), Lenalidomide (0.1 g, 0.39 mmol), formic acid (50 μL),
and 30 mL of ethanol were combined into the flask. The mixture was
stirred under reflux conditions overnight. Then, solvent was removed
under reduced pressure, followed by chromatography using a silica gel
column (PE: EA, 2:1, v:v). The product was further heated at 65 °C
under high vacuum for 4 h to afford TPE-Lenalidomide as a yellow
solid in about 50% yield based on TPE-CHO. 1H NMR (600 MHz,
DMSO-d6) δ 10.98 (s, 1H), 8.64 (s, 1H), 7.74 (d, 2H), 7.60 (d, 2H),
7.45 (s, 1H), 7.15 (m, 12H), 7.01 (m, 5H), 5.13 (t, 1H), 4.47 (s, 1H),
4.35 (d, 1H), 2.91 (q, 1H), 2.57 (q, 1H), 2.44 (q, 1H), 1.98 (q, 1H).
Q-Exactive LC-MS calcd for [M + H]+: 602.24381. Found:
602.24408. 1H NMR, 13C NMR and mass spectra of TPE-CHO
were shown in Figures S4−S6, respectively.
Preparation of TPE-Lenalidomdie Nanobomb. In brief, about

6 mg of TPE-Lenalidomide was dissolved in 1 mL of dimethyl
sulfoxide (DMSO) and stirred at room temperature for 1 min to
produce a solution with a concentration of 10−2 mol/L. Then, 0.03
mL of solution was slowly added to 2.97 mL of deionized water or
PBS with different pH values (pH = 7.4, 6.0, 5.5, and 5.0) for further
experiments, respectively.
CMC Measurement.12 To investigate the self-assembly in

nanoscale behavior of TPE-Lenalidomide in water, the critical micelle
concentration (CMC) was measured by using pyrene as a fluorescent
probe (Figure S7). The fluorescence intensities of the first (I1) and
third (I3) bands of pyrene are sensitive to the surrounding medium.
When the concentration of TPE-Lenalidomide was less than 10 μg/
mL, the I1/I3 value remained nearly unchanged. Once the
concentration of TPE-Lenalidomide reached the characteristic level
of pyrene in a hydrophobic environment, the ratio of I1/I3 started to
increase dramatically. According to the fitted curves, the CMC value
of the TPE-Lenalidomide is about 13.60 μg/mL.
Density Functional Theory (DFT) Calculation. The molecular

structure map was plotted by GaussView 6.0.16.48 The geometry
optimization and frequency analyses were finished via density
functional theory (DFT) with the M06-2X exchange−correlation

Scheme 1. Schematic Illustration of Amphiphilic Small-Molecule Prodrug TPE-Lenalidomide Nanobomb from Fabrication to
Self-Assembly at the Nanoscale

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.3c03611
ACS Appl. Nano Mater. 2023, 6, 19807−19817

19808

https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c03611/suppl_file/an3c03611_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c03611/suppl_file/an3c03611_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c03611/suppl_file/an3c03611_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c03611/suppl_file/an3c03611_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c03611?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c03611?fig=sch1&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.3c03611?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


functional49 in conjunction with the def2-TZVP basis set50 in N,N-
dimethylformamide. To give direct information on the C�N
isomerization, the constrained energy profiles of trans-TPE-
Lenalidomide varying with dihedral angle C−C−N−C were explored
via time-dependent (TDDFT) with the B3LYP exchange−correlation
functional51 in conjunction with the 6-31G(d) basis set52 in a
vacuum. All calculations were performed using the Gaussian 16 C.01
code.53 The isosurface maps of the article were rendered by virtue of
the VMD visualization program54 based on the files exported by
Multiwfn 3.7 code.55

Culture Conditions. Mouse breast cancer cells (4T1) were
cultured in DMEM medium with high sugar containing 10% FBS and
1% penicillin-streptomycin; mouse epithelioid fibroblasts (L929) were
cultured in MEM medium containing 10% FBS and 1% penicillin-

streptomycin. The incubator temperature was 37 °C and the CO2
content was 5%.

In Vitro Cellular Uptake. 4T1 cells and L929 cells were
inoculated at a cell density of 50,000/dish and cultured overnight
in confocal dishes, and then the prepared TPE-CHO and TPE-
Lenalidomide were added to the dishes and incubated for 1.5, 6, and
24 h in the medium of pH 7.4 and 5.0, respectively. Then the medium
was aspirated off and washed with PBS buffer, DAPI solution (1 μg/
mL) was added and incubated, and finally the cells were washed with
PBS buffer and observed using a confocal laser scanning microscopy
(Zeiss LSM 980) with the excitation wavelengths of 488 nm for TPE-
CHO and 405 nm for DAPI, respectively.

In Vitro Cytotoxicity. The 4T1 cells and L929 cells were
inoculated in 96-well plates at a cell density of 8000/well overnight,

Figure 1. (A) TEM image of TPE-Lenalidomide nanobomb formed in DMSO/water mixture with fw = 99 vol %. (B) DLS measurement of the
TPE-Lenalidomide nanobomb. The polydispersity index is about 0.100. Inset: the amplified image of a nanoparticle. (C) Relationship between the
fluorescence intensity ratio (I1/I3) and TPE-Lenalidomide concentration. The CMC value is about 13.60 μg/mL. (D) Time-dependent stability of
the TPE-Lenalidomide nanobomb. (E) PL spectra of TPE-CHO (10−4 M) in DMSO/H2O with different fractions of water ( fw). Inset: maximum
emission peak of TPE-CHO (10−4 M) at 500 nm versus water fraction. (F) PL spectra of TPE-CHO (10−4 M) and TPE-Lenalidomide (10−4 M)
in DMSO/H2O (V/V 1:99).
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and the prepared Lenalidomide, TPE-CHO, and TPE-Lenalidomide
were sterilized and added to the corresponding medium with different
gradient concentrations at a volume of 100 μL per well and then
incubated for 48 h. After that, the medium was aspirated, 100 μL of
MTT solution with a concentration of 0.5 mg/mL was added to each
well, and the incubation was continued for 4 h. Finally, the MTT
solution was aspirated, 150 μL of DMSO solution was added to each
well, and the cell viability was calculated by measuring the absorbance
value at 490 nm using a microplate reader (Synergy H1). The
calculation formula was as follows:

= ×Cell viability (%) (As Ab)/(Ac Ab) 100%

where As is the absorbance of samples wells, Ac is the absorbance of
control wells, and Ab is the absorbance of blank wells. Data are shown
as means ± standard deviation (SD) on the basis of independent
experiments.

■ RESULTS AND DISCUSSION
Construction and Characterizations of TPE-Lenalido-

mide. In this case, a multifunctional TPE derivative TPE-
Lenalidomide was designed and prepared through nucleophilic
addition (Scheme S1), and the details are described in the
Experimental Section. The chemical structure and molecular
weight of TPE-CHO and TPE-Lenalidomide were fully
characterized by 1H and 13C nuclear magnetic resonance
spectroscopy and mass spectrometry (Figures S1−S6).
TPE-Lenalidomide was designed as an amphiphilic structure

(Figure S7), which would endow it with the ability to self-
assemble for self-delivery. As shown in Figure 1C, the critical
micelle concentration (CMC) is about 13.60 μg/mL, which
confirms that the inherent amphiphilicity of TPE-Lenalido-
mide provides the ability for itself to form self-assembly in
nanoscale. Moreover, the size and morphology of TPE-
Lenalidomide nanobomb are confirmed by transmission
electron microscopy (TEM). As expected, the TPE-Lenalido-
mide “nanobombs” have a spherical shape, with an average size
of 88.82 nm (Figure 1A). According to dynamic light
scattering (DLS) particle size analysis (Figure 1B), average
hydrodynamic diameter of TPE-Lenalidomide (10−4 M) is
approximate 81.96 nm, which is close to the TEM measure-
ment. No significant change in diameter of TPE-Lenalidomide
nanobomb was observed at different time intervals within 1
day, which demonstrates that TPE-Lenalidomide nanobomb is
suitable for in vivo drug metabolism (Figure 1D).

The fluorescence properties of TPE-Lenalidomide and its
precursor TPE-CHO were confirmed by PL spectra. As shown
in Figure 2E, TPE-CHO presents as highly emissive and its
fluorescence intensity gradually increases with the growth of
the volume fraction of water ( fw) in DMSO/H2O. When water
fraction is less than 60%, TPE-CHO is almost nonfluorescent.
Once the water fraction increases from 60% to 99%, the
fluorescence intensity dramatically increases. Once the water
fraction reaches 99%, the fluorescence intensity of TPE-CHO
is nearly 82-fold stronger than that of pure DMSO, which
reveals that TPE-CHO is a typical AIE type molecule. On the
contrary, TPE-Lenalidomide is almost nonfluorescent even if
the water fraction reaches 99% (Figure S8). The fluorescence
intensity of TPE-CHO was nearly 48-fold stronger than that of
TPE-Lenalidomide in the same water fraction ( fw = 99%,
Figure 2F). The PL quantum yield of TPE-CHO in the solid
state is found to be 30.31%, and TPE-Lenalidomide is almost
nonfluorescent (ΦFS 0.08%). Obviously, the above results
demonstrate that the fluorescence of the TPE unit was
quenched after Lenalidomide was modified to TPE-CHO via
Schiff base linkage.
DFT Calculation of Signaling Mechanism. In order to

get deep insight into the signaling mechanism of Schiff base
compounds, we verified the possible PET effect and energy
consumption during C�N isomerization in TPE-Lenalido-
mide by DFT calculations. The selective electron transition
energies, oscillator strength, and configuration interaction
contributions of TPE-Lenalidomide are reported in Table 1.
Interestingly, oscillator strengths for the absorption to the S3
state (HOMO → LUMO+1) are large ( f = 0.3928). The
LUMO and LUMO+1 of TPE-Lenalidomide mainly distribute
in the fluorophore TPE unit (electron donor) and the receptor

Figure 2. (A) Schematic of the signaling mechanism of the d-PET effect. Carbon, nitrogen, oxygen, and hydrogen atoms are colored in golden,
blue, red, and white, respectively. (B) The potential energy curve of the dihedral angle C−C−N−C of the trans-TPE-Lenalidomide form to the cis-
TPE-Lenalidomide form. Carbon and nitrogen are colored in gray and blue, respectively.

Table 1. Selective Electron Transition Energies, Oscillator
Strength ( f), and Configuration Interaction (CI)
Contributions (Major MO Involvement, %) of trans-TPE-
Lenalidomide

Transition Energy (eV) f CI contributions (%)

S0 → S1 3.70 (335 nm) 1.03 H → L (83.2)
S0 → S2 4.14 (300 nm) 0.12 H−1 → L (43.2), H → L+1 (14.7)
S0 → S3 4.69 (264 nm) 0.39 H → L+1 (58.6)
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Lenalidomide unit (electron acceptor), indicating that the
excited state electron could transfer from the TPE unit to the
Lenalidomide unit. Because the excited electrons from the S0
→ S3 transition quickly relaxed via internal conversion to the
S1 state and due to the charge transfer nature of the S1 → S0
transition, the S0 state is blocked and results in weak
fluorescence (Figure 2A). This type of signaling mechanism
is called donor-excited photoinduced electron transfer (d-
PET).44−46

Furthermore, the potential energy curve of the dihedral
angle C−C−N−C in TPE-Lenalidomide is shown in Figure
2B. Since the potential energy of trans-TPE-Lenalidomide is
lower than that of cis-TPE-Lenalidomide, the transition from
trans-TPE-Lenalidomide to cis-TPE-Lenalidomide requires
crossing an energy barrier (1.37 eV), which means that, as a

dynamic molecular conformational motion, the unhindered
C�N isomerization would consume the energy of excited
states and results in weak emission. All the above calculated
results indicate that the synergistic effect of the d-PET and
C�N isomerization keeps the fluorescence of TPE-Lenalido-
mide in the “always off” state.
Characterizations of Drug Release and Fluorescence

Turn-On. To investigate the pH responsive ability of the TPE-
Lenalidomide nanobomb, the structure change under neutral
and acidic conditions was confirmed by TEM, 1H NMR, and
UV−vis spectra. TPE-Lenalidomide was immersed into acidic
solution with pH = 5.0, and the structural biodegradation
process was revealed by TEM images. As depicted in Figure
3A, after about 15 h, the morphology of the TPE-
Lenalidomide nanobomb was seriously etched and collapsed,

Figure 3. (A) TEM image of TPE-Lenalidomide nanobomb after immersion in DMSO/H2O (V/V 1:99) with pH = 5.0 for 15 h. (B) Photograph
of TPE-Lenalidomide under UV lamp (365 nm) after 15 h in PBS buffer solutions with different pH (7.4, 6.0, 5.5, and 5.0) values. (C) 1H NMR
image of TPE-Lenalidomide in DMSO-d and DMSO-d/HCl-d. (D) UV−vis spectra of TPE-Lenalidomide (10−4 M) in DMSO or DMSO/HCl.
(E) Time-dependent PL spectra of TPE-Lenalidomide in pH = 5.0 PBS buffer solutions. (F) Accumulated release profiles of Lenalidomide from
TPE-Lenalidomide under different pH values according to fluorescence intensity change.
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which may be ascribed to the disassembly under higher acidic
condition. Furthermore, as shown in Figure 3C, the chemical
shift at 8.64 ppm assigned to the Schiff base linkage of TPE-
Lenalidomide in DMSO-d. After a moderate amount of HCl-d
was used to adjust the pH value to enable the complete
decomposition of TPE-Lenalidomide, the proton signals of the
formyl group and ammonium ion at 9.89 and 7.47 ppm
emerged, and the signal of the Schiff base at 8.64 ppm
disappeared, which indicated that TPE-Lenalidomide decom-
posed into TPE-CHO and Lenalidomide under acidic
condition. The UV−vis measurement was used to further
confirm the pH responsive process of TPE-Lenalidomide
(Figure 3D). Compared to the UV−vis absorption of TPE-
Lenalidomide at 345 nm, two new absorption peaks at 280 and
332 nm are found after the addition of trace amounts of
hydrochloric acid. The absorption peak at 280 nm is ascribed
to the anticancer drug Lenalidomide, and the absorption peak
at 332 nm belongs to TPE-CHO in the same condition. Both
1H NMR and UV−vis measurements demonstrate that TPE-
Lenalidomide would be acidolyzed and immediately break the
C�N bond, along with the fluorescence probe and the
anticancer drug releasing under acidic pH condition.
To further investigate the “off-to-on” fluorescently self-

indicating process, the fluorescence property of TPE-
Lenalidomide was studied under different pH conditions. As

shown in Figure 3B, the fluorescence change of TPE-
Lenalidomide is most pronounced at pH = 5.0 because of
the release of TPE-CHO. After about 13 h, the fluorescence
intensity at pH = 5.0 tends to be stable and is nearly 24.7-fold
stronger than that in the initial state (Figure 3E). Moreover,
according to the above research results, the release profile of
the anticancer drug Lenalidomide could be constructed by
measuring the maximum emission peak of released TPE-CHO
at about 500 nm. As shown in Figure 3F, Lenalidomide release
at pH = 5.0 is 44.8%, while that at pH = 5.5 is 10.8%, at pH =
6.0 is only 3.2%, and at pH = 7.4 is almost unchanged. It is
firmly believed that the prodrug TPE-Lenalidomide could be
stable under physiological conditions but releases fluorescence
probe TPE-CHO and anticancer drug Lenalidomide simulta-
neously for “off-to-on” fluorescently self-indicating drug release
in tumorous microenvironment after being internalized by
cancer cells.

In Vitro Experiment of TPE-Lenalidomide for Drug
Release Imaging. In the cell uptake assay, the two small-
molecule prodrugs, TPE-Lenalidomide and its precursor TPE-
CHO, were evaluated by comparison of the drug entrapment
into normal and cancer cells. Obviously, TPE-CHO is
absolutely hydrophobic and lacks any responsive capability to
the cellular microenvironment. Just as shown in Figure 4 and
Figure S9, both the coincubating time and the ambient pH

Figure 4. CLSM images of L929 or 4T1 cells after incubation with 1 mL of TPE-CHO (66.5 × 10−12 mol/L) for 1.5, 6, and 24 h at 37 °C,
respectively. Scale bar: 50 μm.
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value do not significantly change the uptake effect of TPE-
CHO. The only difference is that the uptake rate of TPE-CHO
in the cancer cells 4T1 is much higher than the one in the
normal cells L929. This may be ascribed to the vigorous
metabolism of the cancer cells. After covalent conjugation with
Lenalidomide by the Schiff base, TPE-Lenalidomide was newly
endowed with amphiphilicity, acid-sensitivity, and specific
pharmaceutical effect. Figure 5 and Figure S10 exhibit that
more and more green fluorescence clusters originating from
the disrupted TPE-Lenalidomide nanobomb of prodrugs are
entrapped in the cells along with the prolonged coincubating
time, especially to the low pH condition and the cancer cell.
Typically at normal physiological pH value, TPE-Lenalidomide
rarely entered into the target cells even if coincubated for 24 h.
And in the acidic surrounding, more stacked TPE units with
green fluorescence are apparently entrapped in the cell nucleus.
This phenomenon is further enhanced in the 4T1 cell, in which
those green clusters spread over both the cell nucleus and
cytoplasm. Since nanoparticles were generally uptaken by cells
via endocytosis pathway and subsequently transported to
endosomes/lysosomes, finally reached the nucleus region, it
can be speculated from the drug releasing results (Figure 3F)
that intracellular acidic stimuli of cancer cells plays an
important assisting role in the breakage and following emission

of TPE-Lenalidomide. The specific cancer-targeting ability of
TPE-Lenalidomide is also demonstrated.

In Vitro Experiment of TPE-Lenalidomide for Cancer
Therapy. Just as mentioned above, the AIE imaging of the
TPE units in the aqueous environment simultaneously
accompanies the release of Lenalidomide units during the
acidolysis of TPE-Lenalidomide. To nonresponsive oil-soluble
TPE-CHO, there is no significant difference in the cell viability
for the normal and cancer cells (L929, ∼61.30%; 4T1,
∼62.38%) (Figure 6A). As the crude model drug, water-
soluble Lenalidomide exhibits positive toxicity for 4T1 cells
(cell viability: ∼32.67%) after 48 h incubation when the
concentration is about 66.5 × 10−12 mol/L. On the contrary, it
shows low toxicity for L929 cells (cell viability: ∼70.99%; p =
0.000636; Figure 6B). Similarly, amphiphilic TPE-Lenalido-
mide also behaves with a huge difference in the cell viability
(L929, ∼79.49%; 4T1, ∼27.08%; p = 0.000118; Figure 6C).
According to the above analysis (see Figure 6D), this
pharmacological action takes the pharmaceutical effect of
Lenalidomide to the most extent, which is mainly attributed to
the response of TPE-Lenalidomide to the tumorous micro-
environment.
Diagnosis and Therapy Mechanism of TPE-Lenalido-

mide. The mechanism of cancer-targeted diagnosis and cancer
therapy is shown in Scheme 2. Ascribing to the amphiphilic

Figure 5. CLSM images of L929 or 4T1 cells after incubation with 1 mL of TPE-Lenalidomide (66.5 × 10−12 mol/L) for 1.5, 6, and 24 h at 37 °C,
respectively. Scale bar: 50 μm.
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structure, the small-molecule prodrug TPE-lenalidimide can
self-assemble into a nanobomb to deliver itself into tumor

tissues (phase 1 and phase 2). After the cellular internalization
of the nanobomb, the Schiff base linkage would be hydrolyzed

Figure 6. Cell viabilities of L929 cells and 4T1 cells after incubation with different concentrations of (A) TPE-CHO, (B) Lenalidomide, and (C)
TPE-Lenalidomide for 48 h. (D) Viability difference between normal cell L929 and cancer cell 4T1 after incubation with different concentrations of
TPE-CHO, Lenalidomide, and TPE-Lenalidomide.

Scheme 2. Imaging and Therapy Mechanism of TPE-Lenalidomide Nanobomb of Prodrug

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.3c03611
ACS Appl. Nano Mater. 2023, 6, 19807−19817

19814

https://pubs.acs.org/doi/10.1021/acsanm.3c03611?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c03611?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c03611?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c03611?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c03611?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c03611?fig=sch2&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.3c03611?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and the fluorescence quenching effect of C�N isomerization
is no longer applicable. Both the free fluorescence probe TPE-
CHO and the anticancer drug Lenalidomide can simulta-
neously be released to indicate the drug delivery process and to
attack the cancer cells for potential cancer-targeted diagnosis
and cancer therapy (phase 3).

■ CONCLUSIONS
In summary, we integrated a hydrophobic AIE probe and a
hydrophilic anticancer drug into an amphiphilic TPE-
Lenalidomide prodrug via a Schiff base linkage. The results
show that the probe-drug structural TPE-Lenalidomide
molecules can self-assemble into spherical nanobombs with
the size of about 82 nm and behave by increasing its own
fluorescence intensity in a low pH environment. According to
the in vitro experiments, TPE-Lenalidomide exhibited huge
variation in fluorescence intensity and positive toxicity for
cancer cells (cell viability: normal cell L929, ∼79.49%; cancer
cell 4T1, ∼27.08%; p = 0.000118). We hope that this facile and
versatile strategy is of high applied value to design and prepare
probe-drug structural small-molecule prodrugs via a Schiff base
linkage for cancer-targeted theranostics.
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