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Abstract Cellular uptake and endosomal escape are two critical biological barriers to nanoscale drug delivery. The
exofacial thiols at cell surface have been previously reported to simultaneously overcome these two barriers via the
thiol-disulfide/diselenide exchange reaction. However, the power of such approach for nanomedicine delivery
enhancement was limited. To address the above issue, we employed the mechanical force (ultrasound) that could
significantly enhance the kinetics of thiol-disulfide/diselenide exchange reactions, and then the delivery efficiency.
The discovery in the current work opens new avenues of tailored nanomedicine design to circumvent the delivery

hurdles.
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1 Introduction

The rapid advance of nanotechnology has revolutionized the biomedical and pharmaceutical fields'".
The nanoparticulate drug delivery usually faces sequential biological barriers, including mononuclear
phagocyte system, non-specific biodistribution, hemorheological limitation, interstitial fluid pressure,
cellular uptake, endosomal escape and multidrug resistance>’. Among these, the extent to which nanocarrier
internalization and escape from endosomes/lysosomes is essential for the therapeutic efficacy. The employment
of targeting ligands is the well-known approach for the enhancement of cellular uptake via receptor-mediated

31 A variety of mechanisms of nanocarrier endosomal escape has been proposed, such as the

proton sponge effect'*’.

endocytosis
However, the enhancement methods of internalization and endosome escape is often
dissected, which necessitates a complex nanocarrier design, leading to the difficulty of product quality control
and scale-up manufacture.

The redox-active proteins (e. g. protein disulfide isomerases) on the cell surface, particularly cancer cell
surface, offers the thiols groups towards the extracellular matrix for the alteration of protein function and activa-
tion of signaling pathways'. Such function is usually realized by the thiol-disulfide exchange reaction at the
plasma membrane, which has been employed for the enhanced uptake of imaging agents, active therapeutics,
proteins, nanobodies, liposomes, polymersomes and various types of nanocarriers'® """, The thiol-mediated

127141 Meanwhile, the thiol-disulfide exchange

cargo uptake can be manipulated by the strained disulfides'
has been proved as a route for endosomal escape of polymeric nanocarriers. The covalent contact between the
membrane thiols and the nanocarriers strains the packing of the endosomal membranes, and the propensity to
relieve this strain is presumably the driving force for endosomal escape ™. Nevertheless, the reaction kinetics
of thiol-disulfide exchange is very slow (in the order of k=0. 1—10 L+mol'+s™ at pH of 7) , limiting the

[16—18]

efficiency of nanocarrier uptake and escape from endosomes . To address this, diselenolane-mediated

cellular uptake was employed due to the improved reaction kinetics between thiols and diselenide*",

It is generally believed that the mechanism of thiol-disulfide exchange reaction involves the S,2 type
nucleophilic substitution via a linear —S—S—S— like transition state'"”’. Despite the fact that the thiol-
disulfide exchange reaction is thermodynamically favorable, the activation energy should be overcome to
form the transition state complex'®". The polysulfide bonds are inherently sensitive to mechanical force'*.
Therefore, it was hypothesized that ultrasound may be employed to modulate the kinetics of thiol-disulfide/

diselenide exchange reactions, and enhance the cellular uptake and endosomal escape of nanomedicines.

2 Experimental

2.1 Materials and Measurements

a-Tocopherol polyethylene glycol succinate (TPGS) , Tokyo Chemical Industry Co., Ltd.; suberic acid
(99%) , 3, 3’-dithiodipropionic acid (99%) , 4-dimethylaminopyridine (DMAP, 99%) , 5, 5'-dithiobis (2-
nitrobenzoic acid) (DTNB, 98%) , iodoacetate (98% ) , Heowns Biochemical Technology Co., Ltd.; 3,3’-
diselenodipropanoic acid (93%) , Famris Pharmaceutical Technology Co., Ltd.; dicyclohexylcarbodiimide
(DCC, 99%) , Aladdin Bio-Chem Technology Co., Ltd.; fluorescein isothiocyanate (FITC, 90%) , Sigma-
Aldrich Chemical Reagent Co., Ltd.; Dulbecco’ s modified Eagle’ s medium (DMEM) , fetal bovine serum,
penicillin-streptomycin liquid (100X, cell culture grade ), pancreatin(0.25%), cell counting kit-8 (CCK-8),
dimethyl sulfoxide (DMSO, cell culture grade) , Baibei Biotechnology Co., Ltd.; 5- (N-ethyl-N-isopropyl)
amiloride (EIPA, 99%) , chlorpromazine (CPZ, 10 mmol/L in DMSO) , methyl- 8 -cyclodextrin (MBCD,
98%) , Shanghai Macklin Biochemical Co., Ltd.; LysoTracker® Deep Red (1 mmol/L in DMSO) , Yeasen

Chem. J. Chinese Universities, 2025, 46(1), 20240265 20240265(2/9)



J 5% s Hws g R
Eu CHEMICAL JOURNAL OF CHINESE UNIVERSITIES

Institution of Biotechnology Co., Ltd. All standard solvents were sourced from Concord Tech Co., Lid. All

other chemicals were sourced from Guangfu Fine Chemical Research Institute.

Electronic analytical balance (AL204) , Mettler-Toledo International Inc.; Nuclear magnetic resonance
spectrometer (AVANCE III, NMR) , Bruker Corporation; heating magnetic stirrer(C-MAG HS 7), IKA Ltd.;
fluorescence spectrometer (Fluorolog 3-21) , HORIBA Jobin Yvon Ltd.; high-performance liquid chromatog-
raphy (HPLC, Waters €2695) , Waters Technology Ltd.; Vacuum Freeze-Drying Dryer (FD-1) , Beijing
Biocool Experimental Instrument Co., Ltd.; Nano-ZS nanometer size and zeta analyzer (ZS 90) , Malvern
Instrument Ltd.; ultrasonic cell disruptor (JY88-1I) , Ningbo Xinzhi Biotechnology Co., Lid.; desktop high
speed centrifuge (H1850) , Hunan Xiangyi Laboratory Instrument Development Co., Ltd.; CO, Incubator
(HERAcell 240i) , Thermo Fisher Scientific Inc.; biosafety cabinet (Opti*MAIRTM) , Esco Ltd.; confocal
laser scanning microscope (CLSM, TCS SP8), Leica Microsystems Inc., IL.

2.2 Methods

2.2.1 Synthesis of TPGS Conjugates 174. 8 mg (0. 12 mmol) TPGS, 20. 35 mg (0. 12 mmol) suberic acid
or 24. 56 mg (0. 12 mmol) 3, 3’ -dithiodipropionic acid or 35. 51 mg(0. 12 mmol) 3, 3’ -diselenodipropanoic
acid and 5. 71 mg (0. 05 mmol) DMAP were added into 10 mL mixed solvent of anhydrous dichloromethane
(DCM) and N, N-dimethylformamide (DMF) (volume ratio, 1:1) and stirred magnetically for 30 min. Then
26.51 mg (0. 13 mmol) DCC was induced for further 1 h in the ice bath followed by shifting the system to
ambient temperature to stir for 24 h more, the reaction was monitored by thin layer chromatography (TLC)
(Vyetnana* Voew=2:8). Upon completion, the mixture was filtered and washed by two cycles of water (100 mL)
and one cycle of brine(100 mL) , dried using anhydrous Na,SO, before evaporation and finally recrystallized in
diethyl ether.

2.2.2  Manufacture and Characterization of Micelles The micelles were fabricated through the membrane-
hydration method. Briefly, 14.27 pwmol FITC was dispersed into 20 mL methanol containing 50 mg dissolved
modified TPGS in sequence, followed by vertexing. The solid film was hydrated by 20 ml deionized water
after removing solvent by rotary evaporation. Then the excess FITC was removed by centrifugation (3823g,
10 min) and filtration through a 0.45 wm membrane prior to lyophilization [ FITC-control micelles (CM) ,
FITC-disulfide-bearing micelles (SM) , FITC-diselenide-bearing micelles (SeM) , respectively |. The placebo
micelles were fabricated without the supplement of FITC (CM, SM, SeM, respectively). Then the blank
micelles and FITC-loaded micelles (both at 0.5 mg/mL) were characterized in terms of dynamic light
scattering and zeta potential ({). The amount of FITC in micelles was determined by high performance liquid
chromatography.

2.2.3  Cell Culture The human cervical cancer cells (Hela) were provided by the State Key Laboratory of
Medicinal Chemical Biology (Nankai University). Hela cells were cultured in DMEM medium containing fetal
bovine serum in a volume fraction of 10% and penicillin/streptomycin in a volume fraction of 1%. The cell
lines were incubated in an incubator at 37 “C containing 5% (volume fraction) CO,.

2.2.4  Investigation of Endocytosis Pathway To clarify the endocytosis pathway of these micelles with
different decorative structures, various endocytosis inhibitors were introduced. First, the cytotoxicity of
various inhibitors was investigated by CCK-8 assay. Briefly, Hela cells were seeded in 96-well plates at a
density of 4x10° per well for 24 h, followed by the incubation with different formulations including EIPA
(20 wmol/L), CPZ(10 pg/mL), MBCD(2 mmol/L) , DTNB(1 mmol/L) and iodoacetate(1 mmol/L) for 1.5 h
prior to colorimetric CCK-8 assay. Subsequently, the influence of various inhibitors on cellular uptake of
FITC-loaded micelles (FITC-CM, FITC-SM and FITC-SeM) were investigated. In brief, Hela cells were
cultured in 6-well plates at a density of 5X10° per well for 24 h, then the cells were incubated with different
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inhibitors for 0. 5 h, followed by the incubation of FITC-CM, FITC-SM or FITC-SeM (at FITC concentration of
20 pmol/L) in the presence of inhibitors for another 1 h. To investigate the influence of temperature on
cellular uptake, cells were incubated with FITC-CM, FITC-SM or FITC-SeM at 4 “C for 1 h. Finally, cells
were washed with cold phosphate buffer saline (PBS) and centrifuged (156g, 3 min), followed by sonication at

4 °C for 10 min. The FITC quantification was measured through high performance liquid chromatography. The
total protein was determined via Bradford protein assay kit following the manufacturer’ s instructions. The
FITC quantification was finally normalized to total protein. All experiments were carried out in triplicate,, and
cells without the presence of inhibitors were used as control.

2.2.5 Effect of Conjugate Structures and Ultrasound on Cellular Uptake Hela cells were seeded in 6-well
plates at a density 5X10° per well for 24 h, followed by a new culture medium contained different formulations
including FITC-CM, FITC-SM and FITC-SeM micelles (at FITC concentration of 20 wmol/L) respectively
supplemented. After 0.5 h, the application of ultrasonic action was performed (1 MHz, 1.0 W/ecm?, 20%
duty cycle, 120 s) and the cells were further incubated for 2 h. Finally, cells were washed with cold PBS
and then collected, the subsequent quantitative analysis was consistent with the previous experiment. All
experiments were carried out in triplicate.

2.2.6  Effect of Conjugate Structures and Ultrasound on Endosomal Escape Hela cells were seeded in
20 mm plates at a density of 8X10* per well, for 24 h and then incubated with FITC-CM, FITC-SM and FITC-
SeM micelles (at FITC concentration of 5 pwmol/L.) respectively. After 0.5 h, the application of ultrasonic
action was performed (1 MHz, 1.0 W/cm®, 20% duty cycle, 120 s). After 2 h, the extracellular nanocarriers
were washed and LysoTracker® Deep Red (50 nmol/L) in serum-free medium was added to stain lysosomes for
30 min, the unbound dyes were removed and rinsed by PBS in triplicate and then imaged by a Leica TCS SP8
confocal laser scanning microscope (FITC: A /A, 488/500—530 nm, LysoTracker® Deep Red: A./A,,
552/580—600 nm). Image processing and colocalization analyses were performed using the Image J software.
Colocalization was expressed as the Pearson’s correlation coefficient (R). All experiments were carried out in
triplicate.

2.2.7 Statistical Analysis All data were presented as the meanzstandard deviation (SD). The difference
was statistically compared via the Student’s t test or analysis of variance integrated with the Tukey’ s post-hoc

analysis. The critical p value was set at 0. 05.

3 Results and Discussion

3.1 Preparation of Nano-Micelles

To prove the above hypothesis, we prepared three types of micellar nanocarriers (Scheme 1). The
micelles were produced by self-assembly of the derivatives of D-a-tocopheryl polyethylene glycol succinate
(TPGS). The TPGS was chemically modified by octanedioic acid, 3, 3’-disulfanediyldipropionic acid, and
3,3'-diselanediyldipropionic acid, respectively(Scheme S1, see the Supporting Information of this paper).

The successful synthesis of three TPGS derivatives was confirmed by the proton and carbon nuclear
magnetic resonance spectroscopy ('"H NMR and “C NMR) (Figs.S1—S8, see the Supporting Information of
this paper). These amphiphilic TPGS derivatives were the building block of CM, SM, and SeM [ Fig.1(A) ].
A fluorescent probe, fluorescein (FITC) was physically encapsulated in these micelles, producing FITC-CM,
FITC-SM, and FITC-SeM, respectively. Dynamic light scattering showed that there was no significant
difference among the hydrodynamic size of all blank micelles (ca. 15 nm) ; upon FITC loading, the size of
micelles equivalently increased to ca. 22 nm[Fig.1(B) ]. This was because the cargo-induced expansion of

micellar core. All six types of micelles are slightly negatively charged, as verified by the zeta potential analysis
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Scheme 1 Schematic illustration of ultrasound-aided simultaneous cellular uptake and endosomal escape
of nanoparticles that are surface-engineered with either disulfide or diselenide moieties
The corresponding mechanism is the enhancement of membrane surface redox reaction kinetics between thiol and disulfide/diselenide.

CM: control micelles; SM: disulfide-bearing micelles; SeM: diselenide-bearing micelles; US: ultrasound.
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Fig.1 Physicochemical assessment of three type of micelles made of D-a-tocopheryl polyethylene
glycol succinate(TPGS) derivatives
(A) TPGS was conjugated with bifunctional molecule containing a disulfide or diselenide moiety. The disulfide/
diselenide-free molecule was used as the control; (B) particle size analysis of three types of micelles with or
without the fluorescent cargo (FITC) ; (C) the surface charge of different types of micelles; (D) the loading of

FITC in micelles. Data are presented as mean+standard deviation (n=3).

[Fig.1(C) ]. The negative surface charge was due to the ionization of carboxyl group (pK,: ca. 4.0) at the
physiological pH. The loading of FITC in all micelles was maintained the same (ca. 4. 2%, mass fraction) to

aid the intracellular tracking of nanocarrier| Fig.1(D) J.
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3.2 Endocytosis Pathway

Next, we examined the mechanism by which the micelles were internalized at the presence or absence of
different endocytosis inhibitors. The human cervical cancer cells (Hel.a) were employed as the model and the
FITC signal indicted the uptake efficiency. All three types of TPGS conjugate micelles did not show noticeable
toxicity up to a dose of 500 wg/mL(Fig.S9, see the Supporting Information of this paper). The endocytosis of
nanoparticles is energy-dependent and therefore the cellular uptake of particles was reduced at low tempera-
ture. These micelles displayed temperature-dependent cellular uptake, which diminished at 4 ‘C compared
to that at 37 ‘C[Fig.2(A)—(C) ]. Irrespective of micelle type, neither the micropinocytosis inhibitor[ 5- (V-
ethyl-N-isopropyl ) amiloride, EIPA |, nor caveolin-mediated endocytosis inhibitor (methyl-beta-cyclodextrin,
MBCD) mitigated the intracellular FITC. In contrast, the chlorpromazine (CPZ), a clathrin-mediated endocy-
tosis inhibitor, significantly suppressed the uptake of all three micelles, corrobora-ting the clathrin-mediated
nanocarrier internalization [ Fig.2(A)—(C) ], To examine the thiol-mediated micelle uptake, we employed
two thiol-disulfide exchange inhibitors, iodoacetate and 5, 5’-dithio-bis- (2-nitrobenzoicacid) (DTNB) , to
block the thiols at cell surface. lodoacetate is a haloacetyl that can diminish thiols via the thiol-halogen
ligation'®’. DTNB depletes the thiols via the thiol-disulfide exchange reaction'®’. The presence of either
DTNB or iodoacetate did not change the uptake of FITC-CM. However, the internalization of FITC-SM
and FITC-SeM was markedly suppressed in the DTNB/iodoacetate-pretreated cells, indicating the thiol-aided
cellular uptake of SM and SeM micelles [ Fig.2(D)—(F) ]. All the selected endocytosis inhibitors and thiol
blockers are not toxic at the applied dose(Fig.S10, see the Supporting Information of this paper).
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Fig. 2 Endocytosis pathway of three type of micelles in HeLa cells

The effect of temperature and endocytosis inhibitors on the uptake of fluorescently labelled micelles: (A) FITC-CM; (B) FITC-SM;
(C) FITC-SeM. The influence of thiol blockers on the uptake of micelles: (D) FITC-CM; (E) FITC-SM; (F) FITC-SeM. MBCD,
methyl-beta-cyclodextrin; CPZ, chlorpromazine; EIPA, 5—(]V—ethyl—N—isopropyl)amiloride; DTNB, 5,5’ -dithio-bis-(2-nitrobenzoic-

acid). n.s. indicates no significant difference, * p<0.05, ** p<0.01, *** p<0.001(n=3).

3.3 Cellular Uptake

To test the feasibility of mechanical force-enhanced cellular uptake of nanocarrier, we monitored the
micelles uptake at the presence of ultrasound under the previously reported condition (1 MHz, 1.0 W/em?,
20% duty cycle, 120 s)"*. Among all three micelles, the extent of uptake by HeLa cells ranked as follows :
SeM>SM>CM (Fig.3). The enhanced uptake of SM and SeM in contrast to CM was a consequence of the

Chem. J. Chinese Universities, 2025, 46(1), 20240265 20240265(6/9)
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exchange reaction between exofacial thiols and the disulfide/diselenide at the micellar surface. However, the

kinetics of thiol-diselenide was faster than that of thiol-disulfide, resulting in the facilitated internalization of

SeM with reference to SM'?. The mechanical force did 0.7 —

not affect the internalization of CM (p>0. 05) , but the ,§; »

uptake of SM was significantly boosted post ultrasound Hé“ 061 * N
treatment (p<0. 001). The uptake of SM was enhanced %1? 0s —

with increasing ultrasound treatment [ Fig.S11(A) , see g ' o

the Supporting Information of this paper]. Likewise, § sl —==—

the internalization of SeM was also augmented at the ;f I%—I ’_g—‘ ﬁ

presence of ultrasound (p<0.05). The ultrasound was 03 a b o q o R
presumed able to enhance the kinetics of thiol- Fig.3 Quantification of ultrasound - aided uptake
disulfide/diselenide via breaking down the transition of micelles surface-engineered with disulfide/
state complexes. It should be noted that the ultrasound- diselenide in HeLa cells

a. FITC-CM; b. FITC-CM+US; c. FITC-SM; d. FITC-SM+US;
e. FITC-SeM; f. FITC-SeM+US. The effect of ultrasound (US)

aided uptake enhancement was more significant for
SM other than SeM, which was presumed because of

on the cellular uptake of three types of micelles. US condition:
the differences in thiol-disulfide/diselenide reaction | vy, 1.0 wiem?. 20% duty cycle, 120 s. n.s. indicates no

kinetics 22, significant difference, * p<0.05, ** p<0.01, *** p<0.001(n=3).
3.4 Endosomal Escape

To assess the endosomal escape of different types of micelles, we employed two fluorescent probes, FITC
and Lysotracker® to track the location of micelles and endosomes/lysosomes (Fig.4). FITC and Lysotracker®

display the green and red color, respectively; their overlap produces yellow color, indicating the colocaliza-

tion. We employed the Pearson’ s correlation coefficient to examine the colocalization of micelles and

CM+US SM SM+US SeM+US

FITC

25 um

Lyso tracker

Merge

Fig.4 Assessment of endosomal escape of three type of micelles in HeLLa cells at the presence or
absence of ultrasound(US)(n=3)

Confocal microscopy images showing the extent of co-localization of FITC-loaded micelles and endosomes/lysosomes.

US condition: 1 MHz, 1.0 W/em?, 20% duty cycle, 120 s.
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endosomes/lysosomes. The coefficient value ranges
08 ok

from —1 to +1, indicating a fully negative and posi-

[2030] At the absence

tive correlation, respectively .

of ultrasound, the Pearson’ s correlation coefficient 0.6

ranked as follows: CM>SM>SeM (Fig.5) , suggest-

ing the poorest ability of control micelles in terms of 041

o _kwk
- *
endosomal escape. Both SM and SeM showed the ’—‘5—‘ ’%I
O
potency of endosomal escape to a certain degree; 0.2 |£—|
‘ a b c d e f

however, because of the faster thiol-diselenide

Pearson’s correlation coefficient

exchange reaction compared to that of thiol-disulfide Fig.5 Pearson’s correlation coefficients reflect endo-

. 1 ity of three t f micell
counterpart, SeM behaved the best regarding the somar escape capacity of three Lype of micefles

in HeLa cells at the presence or absence of ultra-
sound(US)
a. FITC-CM; b. FITC-CM+US; c. FITC-SM; d. FITC-SM+US;
sound to modulate micelles escape from endosomes/ e FITC-SeM; f. FITC-SeM+US. Plot of Pearson’ s correlation

escape from endosomes/lysosomes.

We then investigated into the potency of ultra-

]ysosomes_ As expected, the mechanical force did  coefficient between FITC-labelled micelles and endosomes/

not affect the Pearson’s correlation coefficient of CM lysosomes indicated by the Lyso Tracker. US condition: 1 MHz,

1.0 W/em?, 20% duty cycle, 120 s. n. s. indicates no significant

(p>0.05) , indicating no escape of CM from acidic
difference, * p<0. 05, ** p<0. 01, *¥* p<0. 001(n=3).

organelles. In contrast, the Pearson’ s correlation

coefficient of SM (p<0.001) and SeM (p<0.05) post- and pre-ultrasound corroborated the discharge of
micelles out of the endosomes/lysosomes. It seemed that the mechanical force was more potent in facilitating
the transport of SM other than SeM out of endosomes/lysosomes, which was presumed because of the different
kinetics of thiol-disulfide/diselenide exchange reactions. Moreover, a longer ultrasonic treament resulted in a
more significant escape of SM from endosomes/lysosomes [ Fig.S11(B)—(C), see the Supporting Information
of this paper]. It should be noted that there was a significant accumulation of FITC in the cell membranes
(Fig.4). Such behavior can be explained by the non-selective chemical labelling of plasma membrane by the
isothiocyanate moiety(—C=N=S) of FITC post release from micelles"".

The disulfide and diselenide moieties can be facilely attached to the surface of different types of nano-
carriers by single-step chemical conjugation. From these regards, nanocarrier surface-engineering with disulfide/
diselenide is superior to other active targeting approaches that may involves tedious synthesis and purification
processes. Nevertheless, the presence of a large number of disulfide and diselenide moieties may alter the
intracellular redox homeostasis by depleting intracellular glutathione (GSH) and reduced nicotinamide adenine
dinucleotide phosphate (NADPH) , resulting in apoptotic and ferroptotic cell death'*>*'. Moreover, selenium
is an essential trace element of humans and a critical component of various enzymes and proteins (e. g. seleno-
proteins). The compactness of these groups on nanocarrier surface can also be manipulated to optimize the

targeting effect and endosomal escape ability.

4 Conclusions

In summary, the current work highlights the role of mechanical force in enhancing the thiol-disulfide/
diselenide exchange reaction that can facilitate cellular uptake and endosomal escape of nanocarriers.
Ultrasound has been widely employed in the clinical settings as a non-invasive approach featured with
deep tissue penetration. The duration and power of ultrasound can be easily manipulated to modulate
the exchange reactions in a spatiotemporal and tailored manner. The nanocarrier surface engineering

with disulfide/diselenide could be facilely achieved, which is robust and apply to different types of vehicles,

Chem. J. Chinese Universities, 2025, 46(1), 20240265 20240265(8/9)
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e. g. liposomes, micelles, and inorganic particles.
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