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As nanocarriers, nanomicelles play vital roles in the toolbox of drug delivery. The stability of nanomicelles
affects the nanomedicines’ bioactivity. Therefore, it is important to understand the stability of nanomi-
celles for further improvements. Here, we report a strategy to construct new nanomicelles (NM) by intro-
ducing aggregation-induced emission (AIE) functional group tetraphenylethylene (TPE) in the component
polymer vitamin E (D-«-tocopheryl polyethylene glycol 1000 succinate) (TPGS). The stability of doxoru-
bicin (DOX) loaded nanomicelles DOX@NM in different conditions was studied by fluorescence analysis.
The fluorescence changes of DOX@NM are ‘seesaw-like’ when they transform between assembled and dis-
assembled forms. In the assembled form, TPE gives emission from AIE effect, while in the disassembled
form, the fluorescence of DOX is observed due to the disappearance of ACQ effect.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nanomedicines, with different kinds of nanocarriers such as mi-
celles [1,2], liposomes [3,4], polymers [5,6], dendrimers [7,8], or
even inorganic nanoparticles [9,10], gain increasing attentions for
the nanoparticles’ inherited merits such as enhanced permeability
and retention (EPR) effect in drug delivery [11,12]. Among these
nanocarriers, micelles is a kind of ‘hot’ tool, for their fast accu-
mulation into tumors due to their smaller size, high efficacy, and
liable functionalization with peptides, aptamers etc., for targeting
and improving the pharmacological performance of payloads [13-
15]. Several micellar drugs such as Genexol® PM, Nanoxel® M
and Cequa®, have achieved clinical transformation [16,17]. In vivo,
many factors might affect the transporting and target releasing of
nanomedicines [18], such as pH values [14], different biomolecules
or proteins [19]. Hence, stability issues are still challenges that hin-
der micellar nanomedicines in clinical [20,21]. Therefore, it is in-
dispensable to have a better understanding of the stability of mi-
cellar nanomedicine.

* Corresponding authors.
E-mail addresses: liluwei@hbu.edu.cn (L. Li), liangxj@nanoctr.cn (X. Liang),
jczhang6970@163.com (J. Zhang).
1 These authors contributed equally to this work.
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To evaluate micellar drugs’ stability, some strategies are com-
monly used. The first strategy is to introduce chromophore dyes
on nanomicelles. The chromophore dyes are used to track the loca-
tion of nanomicelles in cells [22]. However, due to the aggregation-
caused quenching (ACQ) effect, when their concentration in-
creased, their fluorescent intensity decreased. Moreover, the dy-
namic changes of micelles could not be monitored by fluorescence
in real-time. These limitations impede their applications [23]. The
second strategy is based on Forster resonance energy transfer
(FRET) [24]. It can be used to monitor the dynamic change of mi-
celles based on the donor and acceptor distances [25]. ACQ effect
also limits its applications. The third strategy is to use the radiola-
beling method by introducing molecules with easily detectable ra-
dionuclides. Although the radiolabeling method avoids the ACQ ef-
fect [26], the changes of the signal are only associated with radio-
labeled molecules. It is difficult to reflect the states of micelles.
These existing strategies are not satisfactory when evaluating the
stability of micelles.

Aggregation-induced emission (AIE) is an important photophys-
ical phenomenon [27,28]. They have shown potential applications
in biological probes [29], chemical sensing [30], optoelectronic sys-
tems [31], stimuli responses, etc. [32]. Taking the advantages of the
AIE effect, diverse sensing systems have been studied, such as in

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



X. Wang, S. Chen, Y. Jia et al.

;IE [ — °\€€ T

A

ACQ w'e g

Disassembled DOX@NM

R

Free TPGS-TPE Free DOX

Assembled DOX@NM

4\‘\'\

‘seesaw-like’
fluorescence changes

Aggregated state Aggregated
TPGS-TPE DOX
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Fig. 1. (A) The structure of TPGS-TPE; (B) Fluorescence spectra of TPGS-TPE in H,0;
(C) Fluorescence spectra of TPGS-TPE at different concentrations (mg/mL) in H,0;
(D) Plot of critical micelle concentration.

the fields of visualization of drug delivery [33], release [34], and
distribution in vivo [35]. However, to the best of our literature
studying, there have been no reports using AIE-based sensors to
evaluate micelles’ stability.

Here, we report rational designed structural self-indicating na-
nomicelles (NM) based on AIE functionalized polymers (TPGS-TPE)
to study the stability of nanomicelles. The fluorescence changes
of doxorubicin (DOX) loaded nanomicelles DOX@NM are ‘seesaw-
like’ when they transform between assembled and disassembled
forms as illustrated in Scheme 1. The structure of TPGS-TPE is
shown in Fig. 1, and the synthetic procedure can be found in
Scheme S1 (Supporting information). With a lipophilic alkyl tail
and hydrophilic polar head, TPGS has shown wide application po-
tential in nanocarrier drug delivery systems [36]. TPE (Ex=330nm,
Em =460nm, in the aggregate state) is introduced as AlEgens. In
TPE, four phenyl rings are linked to a central ethenyl group. When
the NM was in assembled state, the hydrophobic TPE aggregated in
the cores of NM. The intramolecular rotations of TPE are restricted
due to the physical constraint. It blocks the radiationless relaxation
channel and opens the radiative decay pathway [37]. As a result,
TPE molecules emit strong blue fluorescence when aggregated.

TPGS-TPE was synthesized and characterized by 'H NMR,
MALDI-TOF, IR, and GPC, which confirm the successful synthesis
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(Figs. S1-S3 and Table S1 in Supporting information). When the
fluorescence of TPGS-TPE was explored, it was found that in DMSO,
TPGS-TPE did not exhibit fluorescence. However, when we use H,0
as the solvent, TPGS-TPE are aggregated and assembled into NM.
Under 330nm UV light, Intense blue fluorescence with emission
wavelength at 460 nm was observed (Fig. 1B). After 1h of irradia-
tion, the fluorescence intensity remained above 99%, which proved
NM'’s good UV stability in H,O (Fig. S4 in Supporting informa-
tion). Besides, the fluorescence intensities in different concentra-
tions were determined. With the decrease of TPGS-TPE concentra-
tion from 8 x 10~ mg/mL to 1 x 10~4 mg/mL, the fluorescence in-
tensity gradually decreased (Fig. 1C). The critical micelle concen-
tration (CMC) of TPGS-TPE is 1 x 10~2 mg/mL (Fig. 1D), which is
slightly higher than pure TPGS, 6.63 x 10~3 mg/mL (0.01 mmol/L)
[38].

Next, we studied the drug loading property of NM. We chose
DOX (Ex=480nm, Em=590nm) as the model drug (Fig. S5 in
Supporting information). DOX was loaded into the NM by the thin
film hydration method. Uniform transparent red drug-bearing mi-
celle solutions were formed. In TEM, spherical shape DOX@NM
could be observed (Fig. S6 in Supporting information). We optimize
the preparation with TPGS-TPE:DOX=10:1. The hydrated particle
size is about 138 &3 nm (Fig. S7A in Supporting information) with
a surface charge of —14.5mV (Fig. S7B in Supporting information).
The DOX loading capacity and encapsulation rates were 98% and
9%, respectively in Table S2 (Supporting information). It is stable in
an aqueous solution over 30 days (Fig. S8 in Supporting informa-
tion). The pH effects of DOX@NM were explored. It was found that
at pH 7.4, a neutral condition of the physiological environment, the
DOX release rate was around 60% in 48 h. When the pH decreased
to 5.5, the release of the drug was accelerated to nearly 90% in
48 h (Fig. S9 in Supporting information). This indicates the drug re-
lease process is pH sensitive. It might benefit the anticancer abil-
ity of DOX@NM. The following pharmacodynamic evaluation was
taken using DOX@NM against MCF-7S (DOX sensitive cells) and
MCF-7R (DOX resistant cells) cell lines (Figs. S10-S13 and Table S3
in Supporting information). DOX@NM exhibited superior cytotox-
icity (MCF-7R, IC59=6.241g/mL) compared to free DOX (MCF-7R,
IC59 =25.13 pg/mL). Besides, the ‘seesaw-like’ fluorescence intensity
changes between the DOX and TPE are observed in this process.

In our opinion, solvents are important factors that affect the
DOX release from the DOX@NM. Different solvents’ effects on
DOX@NM were studied. Starting with pure H,0, with an increased
proportion of DMSO in H,0, the hydrophobic driving force in
DOX@NM assembly dissipates, leading to the disintegration of
DOX@NM. And the corresponding AIE fluorescence at 460 nm grad-
ually disappears. Meanwhile, DOX was released from DOX@NM,
and the fluorescence of DOX molecule at 590 nm gradually recov-
ered, presenting a ‘seesaw-like’ trend (Figs. 2A and B). When the
DMSO portion reached 90% (Fig. 2C), the DOX@NM was completely
disassembled and turned to a completely non-aggregated state.
The AIE phenomenon of TPE molecule disappeared completely;
meanwhile, the DOX molecule existed in a free from. The fluores-
cence of DOX recovered completely. This fluorescence ‘seesaw-like’
behavior is also worked in different solvent systems, such as 1,4-
dioxane, ethanol, and DMF (Figs. S14 and S15 in Supporting infor-
mation).

Based on these ‘seesaw-like’ fluorescence changes during the
DOX@NM disassembling process, we plotted a DOX@NM status co-
ordinate chart using organic solvent/H,O ratio as the X-axis, and
the fluorescence intensity ratio of DOX/TPE (590 nm/460nm) as
the Y-axis, which as an indication of the state of DOX@NM. In
the coordinate plot, at different ratios to H,0, DMSO, 4-dioxane,
ethanol, and DMF solvents system plots are all presented in S-
shape (Fig. 2D). The process could be roughly divided into three
stages: (i) assembled, (ii) disassembling and (iii) complete disas-
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Fig. 2. Fluorescence spectra of DOX@NM in H,O with increasing DMSO amount, under (A) 330nm excitation, and (B) 480 nm excitation. (C) The release of DOX from
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Fig. 3. Fluorescence spectra of DOX@NM in 1640 medium with 10% FBS under (A) 330 nm excitation, and (B) 480 nm excitation. (C) The ratio of 590 nm/460 nm of DOX@NM

in different media in 0, 6, 12, 24, 48 and 72 h.

sembled. At the assembled stage (blue color in Fig. 2D), the drug
molecule was encapsulated in the hydrophobic core. In this stage,
the fluorescent intensity ratio of DOX/TPE is less than 4; While
at the disassembling stage, NM are disassembled and DOX is re-
leased, the fluorescent intensity ratio of DOX/TPE (590 nm/460 nm)
is increased to 4~40; When the DOX@NM completely disassem-
bled, DOX was released completely (red color in Fig. 2D), the ra-
tio is greater than 40. In TEM, the shapes of DOX@NM are follow-
ing the three stages analyzed (Fig. 2E). We use different ratios of
DOX/TPE (590 nm/460nm), <4, 4-40, or >40 as references to re-
veal the DOX@NM stability.

Media effects on DOX@NM were studied. One standard for
choosing a medium is that the medium should have neglectable
fluorescence background. Based on this, four media were selected:
(i) H,0, (ii) PBS, (iii) 1640 medium, and (iv) 1640 medium with
10% FBS (Fig. S16 in Supporting information). In H,0, PBS and 1640
medium, DOX@NM was stable. The TPE and DOX fluorescence of
DOX@NM did not show obvious changes in 72h (Fig. S17 in Sup-
porting information). While in (iv) medium, the fluorescence of
TPE decreased (Figs. 3A and B). DOX fluorescence intensity recov-
ered. According to the established DOX@NM status coordinate (Fig.
2D), the ratio of 590 nm/460 nm in (iv) medium was greater than
4, indicating DOX@NM was disassembled (Fig. 3C). The FBS could
reduce the stability of the DOX@NM and lead to their scatter.

FBS contains most proteins in the blood and small molecules
that regulate life activities [39]. It would be of great help for the
design and preparation of DOX@NM to clarify which substance in
serum contributes most to micellar disassemble. We experimented

to find out effects of proteins on the stability of DOX@NM. Albumin
and globulin are selected for they are the most important protein
components, accounting for 60% and 30% of total blood proteins,
respectively [40,41]. Due to the technical limitations of separation
and purification, it is nearly impossible to obtain a single «- or -
pure product. So, «-/8-mixed globulin and y-globulin were used
in this experiment. First, albumin and DOX@NM were co-cultured
for 24 h, respectively. The fluorescence intensity increased by 3%
at 590nm (Ex under 480nm) and decreased by 7% at 460 nm (Ex
under 330 nm). For «-/B-globulin and DOX@NM system, the fluo-
rescence intensity was enhanced by 15% at 590 nm, and decreased
by 18% at 460 nm. The fluorescence of DOX@NM of both systems
at 590 nm/460 nm is around 0.3 and 0.8. Both are much less than
4 (Fig. S18 in Supporting information). According to the DOX@NM
status coordinate (Fig. 2D), albumin and «-/B-globulin might not
be able to make DOX@NM disassemble obviously. Interestingly,
for y-globulin and DOX@NM system, the fluorescence intensities
increased by 400% at 590nm and decreased by 50% at 460 nm,
which is much different from the albumin or «-/8-globulin, in-
dicating y-globulin interacts with DOX@NM much more actively.
The fluorescence of DOX@NM at 590 nm/460nm changes in a
‘seesaw-like’ behavior when DOX@NM interacts with y-globulin
(Figs. 4A and B). In about 5h, the ratio of 590 nm/460 nm was
increased to 10, as shown in Fig. 4C. From the DOX@NM sta-
tus coordinate (Fig. 2D), y-globulin made DOX@NM disassembled.
Then, the interaction of DOX@NM with proteins were studied by
gel electrophoresis, and Coomassie dye was used for color de-
velopment (Fig. 4D). Reference bands were measured as: a, pro-
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Fig. 4. Fluorescence spectra of DOX@NM with y-globulin under (A) 330 nm excita-
tion, and (B) 480 nm excitation. (C) The ratio of 590 nm/460 nm of DOX@NM with
albumin, «-/B-globulin and y-globulin in 0, 1, 6, 12 and 24 h. (D) Electrophoretic
image of different proteins interacting with DOX@NM (a, protein marker; b, albu-
min; ¢, «-/B-globulin; d, y-globulin; e, NM; f, DOX@NM; g, incubation of DOX@NM
with albumin; h, incubation of DOX@NM with «-/B-globulin; i, incubation of
DOX@NM with y-globulin).

tein marker; b, albumin; ¢, «-/B-globulin; d, y-globulin; e, NM;
f, DOX@NM. We incubated the DOX@NM with albumin, «-/B-
globulin and y-globulin. After separation from free proteins by
ultra-high-speed centrifugation, samples were obtained in the up-
per solution phase. After gel electrophoresis, bands could be ob-
served in (i) DOX@NM + y-globulin, but not in (h) DOX@NM + «-
|B-globulin or (g) DOX@NM + albumin. While in the group (i),
the bands were dyed, consistent with those of pure y-globulin
(d). This indicates that DOX@NM could interact with y-globulin.
It is known that «- and B- globulins mostly play act as en-
zymes, while y globulins act as immunoglobulins. y-Globulins’
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immune-related properties were believed to lead to a strong inter-
action with DOX@NM. The assumptions were supported by circular
dichroism results (Fig. S19 in Supporting information).

We explored the stability properties of DOX@NM in vivo. In vivo,
DOX@NM might encounter complex environment, such as inor-
ganic/organic small molecules, bioactive proteins, high-speed blood
flow and various physiological obstacles [42,43]. The UV absorp-
tion of whole blood of ICR mice was performed (Fig. 5A). The ab-
sorption spectrum of whole blood was relatively complex, with
maximum absorption at 414nm and several minor absorptions.
The absorption intensities around the two excitation wavelengths
(330nm and 480nm) were small and showed no obvious over-
lap with DOX@NM. Then, the stability of DOX@NM in vitro (Figs.
5B and C) and in vivo (Figs. 5D and E) blood of mice was stud-
ied. As shown in Fig. 5F, the emission wavelength of DOX and TPE
molecules are slightly red-shifted, DOX changes from 590nm to
601 nm, and TPE changes from 460 nm to 487 nm. In vivo, it takes
about 60min for the ratio of 601 nm/487 nm to increase greater
than 4; in vitro, it takes much longer, around 600 min. We take
the DOX@NM status coordinate chart as a reference (Fig. 2D). It
indicates that both in vitro and in vivo, blood can gradually dis-
assemble DOX@NM. But, in vivo, the blood had a stronger ability
to disassemble the DOX@NM. It is believed that the following fac-
tors contribute to the effect: shear force generated by high-speed
blood flow in blood vessels and the clearance of immune barriers,
e.g., macrophages or the reticuloendothelial system in the body. All
of these factors make DOX@NM unstable in the body. The study of
more details of DOX@NM in vivo is still ongoing in our lab.

In summary, AlEgen TPE functionalized polymer TPGS-TPE was
synthesized as the building block to assemble nanomicelles NM.
Doxorubicin-loaded nanomicelles DOX@NM were prepared. The
stability of DOX@NM was studied by ‘seesaw-like’ fluorescence
changes. Based on the changes, we plot a DOX@NM status coor-
dinate. When the DOX@NM were in the assembled form, the flu-
orescence of DOX was quenched for ACQ effects, and the fluores-
cence of TPE was observed for its AIE effect; Vice versa, when the
DOX@NM were in disassembled form, the fluorescence of DOX re-
stored, and AIE fluorescence of TPE molecules disappeared. This
fluorescence relationship between AIE polymer and DOX can be
used to dynamically study the actual micellar states, which pro-
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Fig. 5. (A) UV absorption spectrum of the whole blood of mice. Fluorescence spectra of DOX@NM under (B) 330 nm excitation, and (C) 480 nm excitation after in vitro blood
treatment. Fluorescence spectra of DOX@NM excited at (D) 330nm and (E) 480 nm after in vivo blood treatment. (F) The ratio of Em 601 nm/Em 487 nm in different time in

vitro and in vivo.
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vides an approach for exploring the stability of micellar drugs and
hopefully accelerate the progress for micellar medicines into clini-
cal uses.
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