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A B S T R A C T

To achieve enhanced cancer therapy, a sequentially dynamic polymeric drug delivery system (ortho ester-linked
PEGylated poly(disulfide)s-based micelle-doxorubicin (PS-g-OEMPEG-DOX)) is successfully constructed. The
PEGylated micelle can keep stable in sodium dodecyl sulfate (SDS) solution at pH 7.4, but be prone to
DePEGylation and dynamic size changes via the hydrolysis of ortho ester linkages in side chains at tumoral
extracellular pH value (6.5). Moreover, the micelle can rapidly release DOX via the cleavage of poly(disulfide)s
in backbone at intracellular reductive milieu (10mmol/L of dithiothreitol (DTT)). The dynamic micelle with
detachable PEGylation achieves the stable blood circulation, improved cellular uptake and cytotoxicity, stronger
in vitro penetration and inhibition of tumoral multicellular spheroids, and significant in vivo tumor accumu-
lation and inhibition while decreasing side effects. Thus, the sequentially dynamic polymeric micelle with de-
tachable PEGylation can be considered as a promising and effective drug delivery system in cancer therapy.

1. Introduction

Polymeric drug delivery systems have been developed to improve
the cancer therapy of conventional chemotherapeutic drugs [1]. Some
of these polymeric systems such as nanoparticle albumin-bound pacli-
taxel, liposomal daunorubicin and PEGylated liposomal doxorubicin
have been clinically used [2,3], and approve so far minimal toxicity and
easier tumor accumulation via tumoral enhanced permeability and re-
tention (EPR) effect [4,5]. However, they fail to significantly improve
the overall survival of patients due to their single function [5,6]. Thus,
there is an imperious demand to develop a multifunctional polymeric
drug delivery system to achieve enhanced cancer therapy.

PEGylated polymeric delivery systems such as PEGylated liposomal
doxorubicin is highly desirable, because they played a crucial role in
stabilizing nanoparticles, protecting themselves from clearance by re-
ticuloendothelial system (RES) and increasing blood circulation [7,8].
However, their cellular uptake might be hampered by PEGylation upon
arrival at target tumor sites [9]. This dilemma could be suppressed via
detachable PEG shielding strategy under different physiological en-
vironments [10–13]. For example, Wang and colleagues designed a
tumor acidity-sensitive polymeric vector, whose PEG shell can keep
stable at physiological pH (~7.4), but be removed via linkage breakage
of 2-propionic-3-methylmaleic anhydride at tumoral extracellular pH

(~6.5–7.0) [11,13]. Moreover, the particle size of a polymeric delivery
system is an important nano-property to affect tumor accumulation,
which can be improved by dynamic size change at tumor sites [14,15].
Thus, an ideal drug carrier with DePEGylation following size transitions
at tumoral extracellular pH can enhance both tumor accumulation and
cellular uptake. Our group has successfully designed a series of ultra-
pH-sensitive poly(ortho ester)s-based drug delivery systems with dy-
namic size changes at tumoral extracellular pH [16–19]. Therefore,
such dynamic polymeric delivery system with detachable PEG shielding
strategy could be obtained by linking PEG with ortho ester bond. In
addition, the tumoral intracellular drug release is still required to be
programmed for enhanced cytotoxicity.

Reduction-sensitive polymeric drug delivery systems have been re-
cently aroused wide concern, and most of them have successfully
achieved tumoral intracellular programmable drug release [20,21].
Disulfide linkage as characteristic reduction-sensitive bond can be
stable enough in the blood circulation and extracellular micro-
environment, but easily cleaved in the intracellular reductive milieu via
exchange reactions between thiol and disulfide [22,23]. In this work, a
dual sensitive polymeric drug delivery system may be achieved by the
tunable chemical bonding of poly(disulfide)s in backbones and ortho
ester-linked PEG in side chains, thus realizing a sequentially dynamic
drug delivery to tumor cells from blood vessels (Scheme 1).
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2. Material and methods

2.1. Materials

Dichloromethane (DCM), dimethyl sulfoxide (DMSO), dimethyl
formamide (DMF) and triethylamine (TEA) were dehydrated by CaH2

before use. Pyridinium p-toluene sulfonate acid (Py-PTSA), 2-hydro-
xyethyl disulfide (2-HDS), N,N′-carbonyldiimidazole (CDI), dibutyltin
dilaurate (DBTDL), methoxypolyethylene glycol (MPEG) (Mw=2000),
doxorubicin hydrochloride (DOX·HCl), hexamethylene diisocyanate
(HDI) and dithiothreitol (DTT) were obtained from Sigma-Aldrich
(China). 2,2,2-Trifluoro-N-(2-methoxy-1,3-dioxolan-4-ylmethyl) acet-
amide (TA) was synthesized and purified as previously described [24].
Human liver carcinoma cell line (HepG2) and murine hepatic cancer
cell line (H22) were obtained from Shanghai Institute of Cell Biology
(Shanghai, China). Male ICR mice (18–22 g) were purchased from An-
imal Center of Anhui Medical University (Hefei, China), and used in the
Guide of Experimental Animal Ethics Committee of Anhui University.

2.2. Synthesis of (2-(2-O-MPEG)-1,3-dioxolan-4-yl)methanamine (MN)

A mixture of TA (2.29 g, 10.00mmol), MPEG (29.99 g, 15.00mmol)
and Py-PTSA (0.027 g, 0.06mmol) was refluxed in toluene (100mL)
under the protection of nitrogen at 115 °C for 8 h. After concentration
via vacuum distillation, the product was dissolved in 100mL of CDM,
and extracted with saturated NaCl. The CDM layer was dehydrated over
anhydrous MgSO4, condensed and stirred in NaOH solution (20mL,
1.00mol/L) for 5 h in turn. Finally, the mixture was extracted with
CDM twice, dehydrated over MgSO4 and condensed to obtain a white
powder (16.46 g, 78.3%). Its structure was determined via 1H NMR in
CDCl3 using a Bruker AM-400MHz spectrometer (Bruker Biospin).

2.3. Synthesis of MPEG 1H-imidazole-1-carboxylate (MIC)

In the nitrogen atmosphere, MPEG (20.00 g, 10.00mmol) and CDI
(2.43 g, 15.00mmol) were dissolved in anhydrous DCM (100mL), and
vigorously stirred at 25 °C for 24 h. Afterwards, the crude product was
extracted using saturated NaCl solution and the CDM layer was dehy-
drated over anhydrous MgSO4. The product as a white powder (17.40 g,
83.1%) was yielded after concentration by a rotary evaporator, whose
structure was confirmed via 1H NMR in CDCl3.

2.4. Synthesis of poly (disulfide)s with primary amines in side chains (PS-g-
NH2)

A mixture of N-(1,3-dihydroxypropan-2-yl)- 2,2,2-

trifluoroacetamide (0.67 g, 3.58mmol), 2-HDS (0.55 g, 3.58mmol),
HDI (1.20 g, 7.16mmol) and a catalytic amount of DBTDL was vigor-
ously stirred in 10mL of anhydrous DMSO at 65 °C for 24 h under ni-
trogen atmosphere, and then precipitated in cold diethyl ether. The
product (PS-g-F3) was dried by vacuum distillation. Afterwards, PS-g-F3
was dissolved in 50mL of tetrahydrofuran, and poured into 7% Na2CO3

solution. The mixture was vigorously stirred for 6 h and dialyzed
(MWCO 3500) against distilled deionized for 24 h. Finally, PS-g-NH2

was obtained by lyophilization as a white solid (1.36 g, 65.7%), whose
structure was confirmed via 1H NMR in DMSO‑d6.

2.5. Synthesis of PEGylated poly (disulfide)s (PS-g-OEMPEG and PS-g-
MPEG)

In nitrogen atmosphere, NM-active ester (1.16 g, 0.52mmol) syn-
thesized via reaction between NM and CDI at the molar ratio of 1–1.5,
was added to a stirred mixture of PS-g-NH2 (1.00 g), TEA (72.08 μL),
and DMF (15mL) at ambient temperature for 12 h. PS-g-OEMPEG as a
white solid (1.36 g, 73.5%) was obtained after dialysis against distilled
deionized water for 24 h and lyophilization. Meanwhile, PS-g-MPEG
was synthesized as a white solid in the same way. The amino contents in
PS-g-OEMPEG and PS-g-MPEG were measured by TNBSA assay. Its
structure was determined via 1H NMR in DMSO‑d6.

2.6. Formation of blank and DOX-loaded micelles

The polymeric micelles were prepared using a solvent exchange
method. To obtain blank micelles, 35mg of copolymers were dissolved
in 2mL of DMSO and added dropwise into 20mL of PBS (pH 7.4) under
slowly stirring. Afterwards, the mixture was transferred to dialysis bags
(MWCO 3500) for dialysis against PBS (pH 8.0) for 24 h. To obtain
DOX-loaded micelles (PS-g-OEMPEG-DOX and PS-g-MPEG-DOX), 45mg
of copolymers and 9mg of deprotonated DOX were dissolved in 3mL of
DMSO and dialyzed through the same process as that for blank micelles.

2.7. Determination of the critical micelle concentration (CMC)

To measure the concentration at which the copolymers can en-
capsulate a hydrophobic molecule, the CMC were determined using
Nile Red as a probe. The copolymers and Nile Red were mixed in PBS at
pH 7.4. The final concentration of Nile Red was 1×10−6 mol/L, while
the polymeric concentrations varied from 1.0×10−7 to 2mg/mL. A
spectrofluorophotometer was used to measure the fluorescence signals
at a fixed excitation wavelength of 554 nm with an emission spectrum
(550–720 nm). The micellar CMC values were confirmed from plots
with polymer concentration and maximum absorption wavelength as

Scheme 1. The sequentially dynamic drug delivery to tumor cells of PS-g-OEMPEG-DOX.
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horizontal and vertical coordinate, respectively.

2.8. Determination of micellar DePEGylation

The micellar DePEGylation was determined via the hydrolysis rates
of ortho ester linkages in side chains. In brief, the micelles were sus-
pended in PBS (pH 7.4 and 6.5), and lyophilized at desired time points.
Afterwards, the lyophilized samples were dissolved in d6-DMSO and the
structural signals were measured via 1H NMR. The peak at 5.84 ppm
corresponded to the characteristic proton of ortho esters, and the peaks
at 7.98 and 8.24 ppm represented the characteristic protons of hydro-
lysates of ortho esters. The hydrolysis rates (HR) of ortho esters were
calculated as follows: HR (%)= (Integrated areas of peaks at 7.98 and
8.24 ppm)/(Integrated areas of peaks at 5.84, 7.98 and 8.24 ppm).

2.9. Measurement of drug loading content (DLC) and drug loading
efficiency (DLE)

To measure the micellar DLC and DLE, the lyophilized drug-loaded
micelles with known weight were dissolved in DMSO and optimal ab-
sorbance of DOX was recorded at 481 nm by microplate reader (M2e
Molecule Devices, USA). DLC and DLE were calculated as follows: DLC
(%)= (Weight of the DOX in micelles)/(Weight of the DOX-loaded
micelles)× 100%. DLE (%)= (Weight of the DOX in micelles)/(Weight
of the feeding drug)× 100%.

2.10. Determination of micellar sizes, zeta potentials and long-term stability

The micellar average diameters were determined via Zetasizer dy-
namic light scattering detector (DLS) and Transmission Electron
Microscope (TEM, JEM-2100, Japan). DLS was also used to evaluate the
micellar zeta potentials, long-term stability in SDS solution (20mg/
mL), and particle size changes in the PBS (pH 7.4 and 6.5) with or
without DTT (10mmol/L).

2.11. In vitro pH/reduction-triggered drug release study

Micellar DOX release in the PBS (pH 7.4 and 6.5) with or without
DTT (10mmol/L) were studies via a dialysis method. In brief, micelles-
DOX were suspended in 1mL of PBS and dialyzed against 5 mL of the
corresponding PBS at 37 °C. At each time points, all release media were
sampled and replaced with another 5mL of PBS. The amount of DOX
released from micelles was calculated via UV–Vis spectroscopy based
on a calibration curve prepared in the same buffer.

2.12. In vitro cytotoxicity assay

The MTT assay was used to determine the cytotoxicity of blank and
DOX-loaded micelles. In brief, the tumor cells (HepG2 and H22) were
seeded in 96-well plates and incubated for 24 h, and then washed and
replaced by fresh medium of pH 7.4 and 6.5 respectively. After another
24 h of incubation with various formulations, the cells in each well
were added by 20 μL of MTT (5mg/mL) and incubated for 4 h.
Afterwards, the medium was removed and 150 μL of DMSO was added
to dissolve the internalized purple formazan crystals. Finally, a micro-
plate reader was used to record the absorbance at 570 nm after the plate
was agitated for 15min.

2.13. Uptake of DOX-loaded micelles

The uptake of various formulations by HepG2 and H22 cells was
confirmed on confocal laser scanning microscope (CLSM, FluoView TM
FV1000, Olympus) and flow cytometry (BD FACSCalibur), respectively.
The cells at 5× 103 cells/well were plated in 6-well culture plates and
cultured for 24 h, following by removing medium and adding various
DOX formulations with equivalent DOX concentrations (16 μg/mL) at

37 °C for 4 h. Afterwards, The nuclei labeled with Hoechst 33258 were
recorded using CLSM, and the nuclei without dye were recorded by
flow cytometry.

2.14. Penetration in HepG2 multicellular spheroids (MCs)

HepG2 MCs were successfully cultured as described previously [25],
and the MCs with the diameter about 200–300 μm were picked, and co-
cultured with various DOX formulations (8 μg/mL) for predetermined
time intervals. Afterwards, the culture medium was removed and MCs
were thoroughly washed by PBS before observation. Finally, the treated
MCs were imaged and determined by CLSM and Image J. Z-stack, re-
spectively.

2.15. Growth inhibition study in MCs

In brief, about twenty of HepG2 MCs with a diameter approximately
200–250 μm were collected and incubated with each DOX formulation
(8 μg/mL) for 5 days respectively, and the diameter of each spheroid
was measured and taken image using the optical microscope. All ex-
periments were conducted in triplicate.

2.16. In vivo biodistribution

H22 tumor-bearing ICR mice were randomly divided into four co-
horts of 18 mice each. Various DOX formulations (6 mg/kg) and saline
were intravenously injected via the tail vein. At each time interval, the
mice were sacrificed and the blood samples and major tissues (heart,
liver, kidney, lung, spleen and tumor) were collected, weighted, and
measured by a microplate reader (Ex=480 nm, Em=590 nm) to de-
tect the fluorescence intensity of DOX. The DOX concentration in each
sample was calculated based on the standard curves.

2.17. In vivo antitumor effect

For tumor regression study, H22 tumor-bearing mice treated with a
single dose were observed for 7 days and given three times for 21 days
(one injection every 7 days). The width and length of the tumors and
the body weight of mice were measured every day. Tumor volume (V)
was calculated as follows: V (mm3)=1/2× length (mm)×width
(mm)2. After 7 and 21 days, the mice were sacrificed, and the tumors
were collected, weighted and taken image, respectively. Additionally,
major tissues (heart, liver, kidney, lung, spleen) and tumors were pro-
cessed into histological section for mice treated with a single dose after
7 days.

3. Results and discussion

3.1. Preparation and characterization of two PEGylation copolymers and
micelleplex systems

To prepare the well-defined PEGylated poly(disulfide)s (PS-g-
OEMPEG and PS-g-MPEG), the disulfide linkages were successfully in-
troduced into the polymeric main-chains via facile polyreaction be-
tween 2-hydroxyethyl disulfide, hexamethylene diisocyanate and tri-
fluoroacetylated serinol, and MPEG with or without pH-sensitive ortho
ester linkages were grafted in the side chains of poly(disulfide)s re-
spectively via acylation reaction, after trifluoroacetyl were removed
from fluorinated poly(disulfide)s (Scheme 2). Polymeric chemical
structures were confirmed by 1H NMR spectra (Figs. 1, S1 and S2), and
both of PEGylated graft values were determined to be about 20% by
TNBSA assay [26]. In addition, two polymeric molecular weights were
about 1.45× 104 g/mol through calculation from the graft degrees,
which were similar to that measured by GPC (Table S1).

Two amphipathic PEGylated poly(disulfide)s can readily self-as-
semble into blank and DOX-loaded micelles via a dialysis method, and
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micellar DLC and DLE were confirmed to be about 9% and 80% re-
spectively (Table S2). The micellar CMC values were calculated to be
about 10−4 mg/mL (Fig. S3), which is considered low and may be
beneficial for micellar formation and stable blood circulation. The mi-
cellar average hydrodynamic diameters were about 160 nm confirmed

by DLS (Fig. 2A and Table S2), which was larger than the average
diameters in a drying state observed by TEM (Fig. 2B and C). Moreover,
the micellar sizes and count rates could remain unchanged for 48 h in
SDS solution (Fig. S4), also indicating their rather stable blood circu-
lation [27]. In addition, micellar zeta potentials (~-15–22mV)

Scheme 2. Synthesis schematic of PEGylated poly(disulfide)s. Reaction condition: (i) Py-PTSA; (ii) 1.00 mol/L NaOH solution; (iii) CDI/TEA; (iv) DBTDL; (v) 7%
Na2CO3; (vi) TEA; (vii) TEA.

Fig. 1. 1H NMR spectra of PS-g-NH2, PS-g-MPEG and PS-g-OEMPEG.
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Fig. 2. Kinetics of micellar hydrolysis, size transition and drug release (A) and TEM images of PS-g-OEMPEG micelle (B) and PS-g-MPEG micelle (C).

Fig. 3. 1H NMR spectra at pH 7.4 and 6.5 following time course (Peaks labeled with 'a', 'b' and 'c' are protons characteristic of the cyclic ortho ester, formate ester and
formate groups, respectively) and hydrolysis mechanism of PS-g-OEMPEG micelles.
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measured by DLS were in the optimal range of stability (Table S3),
further suggesting the micellar stable blood circulation [28].

3.2. DePEGyaltion at tumoral extracellular pH value

In order to evaluate the DePEGylation of PS-g-OEMPEG in side

chains, 1H NMR analysis was performed to determine the hydrolysis of
ortho esters in 12 h. As shown in Figs. 2A and 3, the hydrolysis of ortho
esters didn′t occur in 12 h at pH 7.4, yet was much accelerated at tu-
moral extracellular pH value (6.5). Moreover, the degradation of ortho
esters was quickly accomplished in 12 h. The result proved that the
micellar DePEGylation could be realized at tumoral extracellular milieu

Fig. 4. In vitro cytotoxicity of blank micelles, DOX-loaded micelles and free DOX in HepG2 (A, C and E), and H22 (B, D and F) at different pH values (7.4 and 6.5);
IC50 of various DOX formulations in HepG2 (G) and H22 (H) at different pH values (7.4 and 6.5); (*represents P < 0.05).
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via linking pH-sensitive ortho esters with MPEG in side chains. In ad-
dition, as shown in Fig. 3, the hydrolysis of five-membered cyclic ortho
esters in side chains yielded formate ester and formate (7.98 ppm and
8.24 ppm), suggesting following a distinct exocyclic mechanism
[29–31].

3.3. Dynamic size transition from DePEGylation and degradation of
disulfide bonds

The DePEGylation in side chains and cleavage of disulfide bonds in
backbone had a great impact on micellar particle sizes (Fig. 2A). The
particle sizes of PS-g-OEMPEG micelle didn’t change in 24 h at pH 7.4,
in line with no hydrolysis of ortho esters in side chains at pH 7.4 as
revealed by 1H NMR (Figs. 2A and 3). Interestingly, its average sizes
had dynamic changes in 24 h at tumoral extracellular pH value (6.5);
the sizes gradually decreased to about 75 nm in the first 4 h, possibly
due to the increase of hydrophobicity/hydrophily ratio along with the
partial DePEGylation, and then gradually increased to about 300 nm in
the next 20 h, potentially because of micellar structural instability with
further DePEGylation. It's worth noting that the micellar dynamic size
changes at pH 6.5 may be conducive to drug accumulation, when

initially getting to tumor sites as small nanoparticles for enhanced pe-
netration and then retaining large nanoparticles within tumors for
improved retention [14,15,32]. In addition, owing to the degradation of
disulfide bonds in micellar cores in the presence of DTT (Fig. 3), two
micellar sizes became gradually larger whether at pH 7.4 or 6.5, which
was likely to trigger intracellular rapid drug release.

3.4. Drug release depending on intracellular reduction environment

Micellar DOX release exhibited obviously reduction dependence
(Fig. 2A). In the absence of DTT, only approximately 20% of DOX was
released from two micelles at pH 7.4 and PS-g-MPEG-DOX at pH 6.5 in
24 h. In the presence of DTT, however, the amount of drug release was
much accelerated and reached 80–95% for micelles-DOX at different pH
values. Such higher amount of drug release mainly resulted from the
micellar gradual swelling with loose structure, along with degradation
of disulfide bonds in the micellar cores. Moreover, the efficiently in-
tracellular drug release can benefit rapid cell-killing ability. In addition,
the drug release of PS-g-OEMPEG-DOX was at a low level at pH 6.5, and
might be lower in vivo on account of the gradually decreased pH
(7.0–6.5) distribution within tumors [5].

Fig. 5. Cellular uptake of DOX formulations in HepG2 (A, B, E and F) and H22 (C, D, G and H) at different pH values (7.4 and 6.5) confirmed by CLSM and flow
cytometry, respectively; Scale bar= 10 μm.
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3.5. Enhanced cytotoxicity and cellular uptake via DePEGylation

MTT assay was performed to investigate the effect of micellar de-
tachable PEGylation on pharmacological activity, using two types of
cancer cells (HepG2 and H22) at pH 7.4 and 6.5 for 24 h, respectively.
Meanwhile, blank micelles also co-cultured with HepG2 and H22. As
displayed in Fig. 4A and B, the blank micelles exhibited no cytotoxicity
to two type cells. As seen in Fig. 4C–H, the DOX formulations showed
distinct dose-dependent cytotoxicity, and the cytotoxicity of PS-g-
OEMPEG-DOX was similar with that of PS-g-MPEG-DOX, but sig-
nificantly lower than that of free DOX at pH 7.4. On the other hand, the
cytotoxicity of PS-g-OEMPEG-DOX was significantly higher than that of
PS-g-MPEG-DOX, and similar with that of free DOX at pH 6.5. The re-
sult demonstrated that the micellar DePEGylation could significantly
improve cell-killing ability. In addition, we further evaluated the effect
of micellar detachable PEGylation on cellular uptake by comparison
with their cellular internalization at pH 7.4 and 6.5 via confocal
fluorescence microscopy and flow cytometry, respectively. As displayed
in Fig. 5A–H, the intracellular fluorescence intensity or median of PS-g-
OEMPEG-DOX was slightly lower than that of PS-g-MPEG-DOX at pH
7.4 due to its larger particle sizes, but higher at pH 6.5 owing to its
DePEGyation [10–13]. Thus, these results suggested that the improved
cytotoxicity of PS-g-OEMPEG-DOX at tumoral extracellular pH was at-
tributed to its enhanced cellular internalization via extracellular

DePEGylation [10–13]. In addition, free DOX had strong cytotoxicity in
the experiment, because small molecule cationic drugs could easily be
internalized by cells [5].

3.6. Penetration in HepG2 multicellular spheroids (MCs)

MCs have been reported a lot to estimate tumor uptake and pene-
tration in vitro [25], and CLSM was used here to determine the fluor-
escence of DOX in HepG2 MCs. As displayed in Fig. 6A and B, the
fluorescence signals of free DOX and PS-g-MPEG-DOX distributed just
within the periphery of MCs in the first 4 h, and distributed only about
50 and 150 μm respectively from the outer layers to the center of MCs
after 12 h. Interestingly, PS-g-OEMPEG-DOX could quickly penetrate
into the center of MCs in the first 4 h, although the fluorescence signals
in the center were weak. Moreover, it could be observed that strong
fluorescence signals distributed from the periphery toward the center
after 8 h, and almost occupied the entire MCs after 12 h. The results
suggested that PS-g-OEMPEG-DOX had stronger tumor penetration than
other DOX formulations. This was possibly because free DOX as small
molecule cationic drugs was easily adsorbed with the negatively
charged extracellular matrix in the outer layers of MCs and could not
readily diffuse into the cores of the MCs [5]; yet PS-g-OEMPEG-DOX,
with dynamic size changes (large-to-small-to-large size transitions) via
gradual DePEGylation at tumoral extracellular milieu, could much

Fig. 6. (A) Penetration in HepG2 MCs photographed by CLSM. (B) Mean fluorescence intensities of various DOX formulations in HepG2 MCs. (C) Growth inhibition of
HepG2 MCs by formulations. Scale bars= 100 μm; (*represents P < 0.05 and **represents P < 0.01).

Fig. 7. In vivo biodistribution of various DOX formulations in H22 tumor-bearing mice.
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Fig. 8. Tumor image (A) and weight (C) of mice after treatment for 7 days. Change trends in tumor volume (B) and body weight (D) of mice following 7 days.
(*represents P < 0.05 and **represents P < 0.01).

Fig. 9. Tumor image (A) and weight (C) of mice after treatment for 21 days. Change trends in tumor volume (B) and body weight (D) of mice following 21 days.
(*represents P < 0.05, **represents P < 0.01 and ***represents P < 0.001).
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more easily infiltrate into the tumor matrix in comparison with free
DOX and PS-g-MPEG-DOX [14,15,32].

3.7. Growth inhibition of HepG2 MCs

Various DOX formulations, the culture medium and blank micelles
were exposed to HepG2 MCs for 5 days to compare their tumor in-
hibition in vitro. As seen in Fig. 6C, the culture medium and blank
micelles without cytotoxicity failed to limit tumor growth and the MCs
gradually largened day by day. However, all DOX formulations could
efficiently inhibit the growth of MCs and make their volumes smaller
day by day. Among them, the free DOX and PS-g-MPEG-DOX limited
tumor growth mainly through killing tumor cells in the outer layers, but
PS-g-MPEG-DOX destructed MCs through cytotoxicity from the per-
iphery toward the center. That is why the outer layers of MCs become
loose for free DOX and PS-g-MPEG-DOX groups and the enter MCs be-
come loose for PS-g-OEMPEG-DOX group after 3 days. Furthermore, PS-
g-OEMPEG-DOX turned out to be the best tumor inhibition in all DOX
formulations after 5 days. The results agreed well with its stronger
tumor penetration of MCs in vitro, suggesting that tumoral extracellular
DePEGylation and dynamic size transitions and intracellular rapid drug
release could be beneficial for tumor inhibition.

3.8. In vivo biodistribution

To evaluate the effect of micellar detachable PEGylation on in vivo
drug biodistribution, various DOX formulations were injected into the
H22 tumor-bearing mice via i.v. administration. As displayed in Fig. 7,
the results clearly indicated that the DOX concentrations in each tissue
varied with different DOX formulations. The amount of DOX in micelles
was obviously lower in heart and lung tissues, but higher in blood than
that of free DOX. Moreover, PS-g-OEMPEG-DOX obtained the highest
tumoral drug concentration in all DOX formulations, possibly owing to
its stable circulation, enhanced drug penetration and retention via de-
tachable PEGylation and dynamic size change at tumor tissues
[10,14,15].

3.9. Tumor growth inhibition in vivo

To verify the in vivo antitumor ability of the micelle with detach-
able PEGylation, ICR mice bearing tumors treated with a single dose
were observed for 7 days and given three times for 21 days (one in-
jection every 7 days), respectively. Treatment began when the tumor
volumes were up to about 100mm3 in all mice. Saline, blank micelles,

and DOX formulations (6 mg/kg) were administered via tail vein, re-
spectively, and the injection date was labeled as day 1. The tumor vo-
lumes and the body weights of the mice were measured every day, and
the tumors were surgically removed, weighed and taken images at the
end of the treatment. As seen in Figs. 8A–C and 9A–C, all DOX for-
mulations obviously restrained tumor growth compared to the control
and blank micelles, and PS-g-OEMPEG-DOX achieved the best tumor
inhibition whether through a single administration or three times, and
stronger destruction of tumor tissue through a single administration
(Fig. 10). It was probably owing to its efficient tumor accumulation and
cytotoxicity to tumor cells. In addition, mice injected with free DOX
exhibited a considerable weight loss compared to other groups, sug-
gesting high toxicity of the free drug at these doses (Figs. 8D, 9D and
10). It is possibly attributed to the nonspecific interactions and re-
cognition of free DOX with normal organs, especially heart [28]. More
importantly, as seen in Fig. S5, H22 tumor-bearing mice treated with
DOX-loaded micelles exhibited notably greater lifespan enhancement
by comparison with other groups.

4. Conclusions

Two well-defined amphipathic PEGylated poly(disulfide)s (PS-g-
MPEG and PS-g-OEMPEG) were successfully constructed via facile
polycondensation and grafting reaction in turn, and could self-assemble
into blank and DOX-loaded micelles. PS-g-OEMPEG micelle exhibited
stable circulation in SDS solution at pH 7.4, DePEGylation and dynamic
size transitions via hydrolysis of ortho ester linkages in side chains at
tumoral extracellular pH value (6.5), and effective drug release via
cleavage of disulfide bonds in the backbone. PS-g-OEMPEG-DOX had
stronger cellular internalization and cytotoxicity at tumoral extra-
cellular pH value (6.5), and stronger penetration and inhibition of MCs
in vitro. Moreover, in vivo biodistribution and tumor inhibition ex-
amination showed that PS-g-OEMPEG-DOX had higher blood and tu-
moral drug concentrations and could restrain tumor growth while de-
creasing side effects in normal organs. Therefore, the sequentially
dynamic polymeric micelle with detachable PEGylation and in-
tracellular rapid drug release can serve as a promising prototype in
clinic cancer treatment.
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