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a b s t r a c t 

Currently, the dynamic erosive small molecule nano-prodrug is of great demand for 

oral chemotherapy, owing to its precise structure, high drug loading and improved oral 

bioavailability via overcoming various physiologic barriers in gastrointestinal tract, blood 

circulation and tumor tissues compared to other oral nanomedicines. Herein, this work 

highlights the successful development of pH-triggered dynamic erosive small molecule 

nano-prodrugs based on in vivo significant pH changes, which are synthesized via amide 

reaction between chlorambucil and star-shaped ortho esters. The precise nano-prodrugs 

exhibit extraordinarily high drug loading (68.16%), electric neutrality, strong hydrophobicity, 

and dynamic large-to-small size transition from gastrointestinal pH to tumoral pH. These 

favorable physicochemical properties can effectively facilitate gastrointestinal absorption, 

blood circulation stability, tumor accumulation, cellular uptake, and cytotoxicity, therefore 

achieving high oral relative bioavailability (358.72%) and significant tumor growth inhibition 

while decreasing side effects. Thus, this work may open a new avenue for robust oral 

chemotherapy attractive for clinical translation. 

© 2023 Shenyang Pharmaceutical University. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

 

 

 

 

 

 

 

 

 

1. Introduction 

Oral chemotherapy as an appealing treatment for cancer
has been always considered the most convenient way to
deliver the chemotherapeutics [1] . Unfortunately, multiple
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physiologic barriers associated to oral administration in
gastrointestinal tract (GIT), liver, blood vessel and tumor tissue
lead to high clearance, low bioavailability, serious side effects
and unsatisfactory treatment [ 2 ,3 ]. Oral nanomedicines have
attracted much attention in recent years, because they not
only can increase drug solubility, but also can improve drug
rsity.
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Scheme 1 – Schematic illustration of pH-triggered dynamic 
erosive small molecule nano-prodrugs for robust oral 
chemotherapy. 
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ioavailability via protecting chemotherapeutic drugs from 

nfavorable biological and physicochemical conditions in the 
IT, and avoiding first-pass metabolism in liver [4–6] . However,
ost of them exhibit poor tumor selectivity after suffering 

rom in vivo multiple barriers, and exist as drug-embedded 

anoparticles (NPs), which show imprecise regulation over 
rug constituent, carrier structure as well as each batch 

rug loading and release [7] . These disadvantages hinder 
urther clinical transformation and force us to develop a 
rogramable oral nanomedicine with defined structure, high 

rug loading, and enhanced drug bioavailability for robust oral 
hemotherapy while significantly decreasing side effects. 

Stimuli-responsive small molecule nano-prodrugs that not 
nly maintain nanoscale advantages, but also endow the 
haracteristics of convenient synthesis, precise structure,
xtraordinary drug loading capacity and programmable 
argeted drug release, have tremendous potential for ideal 
ral chemotherapy [ 8 ,9 ]. Moreover, significant pH changes 
xist among stomach (pH 1.0–3.0), small intestine (duodenum 

H 4.0–5.5, jejunum pH 5.5–7.0 and ileum pH 7.0–7.5), blood 

essel (pH 7.4) and tumor tissue (extracellular matrix pH 

.5–7.0, endosome pH 5.0–6.0, and lysosome pH 4.0–5.0) [10] .
hus, it is a preferred strategy to construct a pH-triggered 

mall molecule nano-prodrug to overcome multiple barriers 
or higher bioavailability and selective oral chemotherapy 
ia dynamic physicochemical changes following stepwise 
esponding to in vivo various pH microenvironment. Notably,
article sizes and surface properties are critical to overcoming 
hysiological barriers [11] . The larger particle sizes can slow 

own the degradation of pH-triggered nano-prodrugs in the 
tomach, but can decrease the uptake by microfold (M) cells 
n Peyer’s patches, which are a form of aggregated lymphatic 
issue and the main sites for absorption of NPs in the 
mall intestine [12] . In addition, the suitable particle sizes 
 ∼100 nm) facilitate blood circulation stability and tumor 
ccumulation [13] . The surficial stronger hydrophobicity 
romotes small intestine absorption via easier biological 
ucosal adhesion and uptake of M cells [14] , and electric 

eutrality is beneficial to uptake by M and tumor cells and 

table blood circulation [15] . Hence, the pH-triggered nano- 
rodrugs with special physicochemical properties such as 
urficial strong hydrophobicity, electric neutrality and large- 
o-small size transition could overcome physiological barriers 
or improving drug bioavailability and tumor selectivity. 

Chlorambucil (CLB) as an oral nitrogen mustard derivative 
nd alkylating anti-cancer drug, has been widely applied for 
 variety of cancer diseases including chronic lymphocytic 
eukemia and solid tumors [16] . However, its disadvantages 
uch as low water solubility, short half-life owing to 
apid degradation in an aqueous environment, and serious 
ide effects due to low specificity toward tumor cells 
imit its clinical applications [17–19] . Therefore, the use 
f CLB to construct pH-responsive small molecule nano- 
rodrug to improve its solubility, stability, bioavailability,
nd tumor selectivity is highly demanded for enhancing 
ts oral chemotherapeutic effect comparted to other CLB- 
ased oral nanomedicines. Notably, the carboxyl group in 

LB is nonfunctional site when triggering interstrand and 

ntrastrand linking of DNA [16] . Additionally, we have reported 

he pH-sensitive star-shaped ortho esters containing four 
mino groups, whose degradation rate can be regulated by 
rafting hydrophobic or hydrophilic components [20] . Thus,
he pH-triggered star-shaped hydrophobic CLB prodrug could 

e facilely synthesized via amide reaction between CLB and 

E, and could further construct nano-prodrugs in the form 

f nanospheres by the O/W emulsion solvent evaporation 

ethod, therefore achieving long-term storage stability 
ia multiple types of non-covalent interactions, enhanced 

astrointestinal absorption and blood circulation stability 
ia surficial strong hydrophobicity and electric neutrality as 
ell as large-to-small size transition from stomach to small 

ntestine following surficial progressive acid erosion, and 

mproved tumoral accumulation and programmable targeted 

rug release via enhanced permeability and retention (EPR) 
ffect and further acid erosion ( Scheme 1 ). 

. Materials and methods 

.1. Materials 

riethylamine (TEA) and chloroform (CHCl 3 ) were dried 

ith calcium hydride before use. Chlorambucil (CLB, 98%),
–hydroxy succinimide (NHS, 98%), 1-(3-dimethylaminopro 
yl) −3-ethylcarbodiimide hydrochloride (EDC, 98%), 3-(4,5- 
imethylthiazol-2-yl) −2,5-diphenyltetrazolium bromide 

MTT, 98%), silica gel for column chromatography (spherical,
00–300 mesh), 3-(2-benzothiazolyl) −7-(diethylamino)couma 
in (coumarin 6.98%) and polyvinyl alcohol (PVA, 13,000–
3,000 Da) were obtained from Macklin (Shanghai,
hina). (2,2 ′ -((2,2-bis(((4-(aminomethyl) −1,3-dioxolan-2-yl) 
xy)methyl)propane-1,3-diyl)bis(oxy))bis (1,3-diox-olane-4,2- 
iyl))dimethanamine (OE) was prepared as described before 

20] . Human and murine hepatic cancer cell lines (HepG2 and 

22), human breast cancer cell lines (MCF-7), human chronic 
yeloid leukemia cell lines (K562), and human pulmonary 

denocarcinoma cell lines (A549) were obtained from Procell 
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2 2 
Life Science&Technology Co., Ltd. (Wuhan, China). Male ICR
mice (20–24 g) were acquired from Anhui Medical University
(Hefei, China), and the care and use of animals followed the
guidance of Anhui University Laboratory Animal Ethics and
Management Committee (IACUC(AHU) −2023–012). 

2.2. Synthesis and characterization of star-shaped CLB 

prodrug (OE-CLB) 

CLB (400.0 mg, 1.315 mmol), EDC (378.0 mg, 1.972 mmol) and
NHS (227.0 mg, 1.972 mmol) were dissolved in 10 ml of CHCl 3 ;
the mixture was stirred for 4 h under nitrogen atmosphere.
Then, OE (118.4 mg, 0.219 mmol) was added into above mixture
and stirred for another 24 h at room temperature in dark.
Afterwards, the crude product was dialyzed against ethanol
(70%, v/v) via a dialysis bag (MWCO 500 Da), and purified
through silica gel column chromatography using gradient
elution of dichloromethane (CH 2 Cl 2 )/methanol (MeOH) from
50:1 to 10:1. Finally, OE-CLB was obtained with yield of
76.4% and its structure was determined using 1 H nuclear
magnetic resonance spectroscopy ( 1 H NMR, Fourier 80, Bruker,
Germany), and X-ray diffractometer (XRD, Smartlab 9 kW,
RIGAKU, Japan). 

2.3. Preparation and characterization of OE-CLB-based 

nano-prodrugs (OE-CLB-NPs) and coumarin-loaded 

OE-CLB-NPs (OE-CLB-NPs@ coumarin) 

OE-CLB-NPs were prepared using the O/W emulsion solvent
evaporation method [21] . In brief, OE-CLB (20.0 mg) was
dissolved in 1 ml CH 2 Cl 2 ; this mixture was added dropwise
to 5 ml PVA aqueous solution (5%, w/v) and vortexed
with a homogenizer for 1 min, and subsequently sonicated
three times (10 s each time) at 50% amplitude using a
handheld ultrasonic cell disruptor (UP-250, Ningbo Scientz
Biotechnology Co.,Ltd., China). Afterwards, the emulsion was
immediately poured into 20 ml PVA aqueous solution (0.3%,
w/v) and stirred magnetically in an open beaker at room
temperature for 3 h. Finally, OE-CLB-NPs were obtained after
centrifugation at 9.0 × 10 3 rpm for 15 min and rinse using
deionized water three times. OE-CLB-NPs@coumarin were
prepared via the same method and the mass feeding ratio
between OE-CLB-NPs and coumarin 6 was 10:1. The particle
size transitions of OE-CLB-NPs were determined in various
buffer solutions (pH 7.4, 7.0, 6.8, 6.0, 5.0 and 1.0), buffer solution
with a continuous pH change from stomach pH to tumoral
intracellular pH, foetal bovine serum (FBS), saline, simulated
gastric juice and simulated intestinal juice at desired time
points by a dynamic light scattering detector (DLS, Nano ZS90,
Malvern Panalytical Ltd., UK) and/or transmission electron
microscopy (TEM, JEM 2100, JEOL Ltd., Japan). Zeta potentials
were measured in various buffer solutions (pH 7.4, 7.0, 6.8, 6.0,
5.0 and 1.0) by DLS. 

2.4. Measurement of hydrolysis of ortho esters in 

OE-CLB-NPs 

OE-CLB-NPs were dispersed in various buffer solutions (pH 7.4,
7.0, 6.8, 6.0, 5.0, and 1.0) at 37 ◦C and lyophilized at 0 h, 4 h,
12 h and 24 h. Then, the samples were measured via 1 H NMR,
after being dissolved in deuterated chloroform (CDCl 3 ). The
hydrolysis rate was confirmed by the ratio of integral areas
between peaks at 8.05 and 8.11 ppm and peaks at 5.76, 8.05
and 8.11 ppm. 

2.5. Measurement of in vitro CLB release from 

OE-CLB-NPs 

1 ml OE-CLB-NPs containing 1.0 mg CLB were added into
dialysis bags (MWCO 8–14 kDa), which were immersed
into 5 ml of various buffer solutions (pH 7.4, 7.0, 6.8, 6.0,
5.0, and 1.0) containing 0.5 mol/l of sodium salicylate or
that with a continuous pH change from stomach pH to
tumoral intracellular pH. The dialysate was replaced at
predetermined time points, and CLB contents in samples were
determined using High Performance Liquid Chromatography
(HPLC, UltiMate 3000, Thermo Fisher Scientific Inc., USA)
with ODS C 18 column (150 × 4.6 mm, 5 μm) and eluent
of methanol/water/acetic acid (80/20/0.2, v/v) at UV–vis
wavelength of 254 nm. 

2.6. Determination of in vitro cytotoxicity 

In brief, various tumor cells (MCF-7, HepG2, H22 and
K562) were seeded into 96-well plates (5 × 10 3 /well)
and cultured for 12 h. Then, OE-CLB-NPs and CLB with
same gradient CLB concentration (1.875, 3.75, 7.5, 15, 30
and 60 μg/ml) were co-incubated with tumor cells for
48 h at 37 ◦C. Afterwards, the medium (RPMI-1640) was
replaced by fresh one, and tumor cells were co-incubated
with MTT aqueous solution (0.5 mg/ml) for another 4 h.
Finally, the culture plates were determined at UV–vis
absorption wavelength of 570 nm using a Microplate Reader
(SpectraMax M2e, Molecular Devices, USA), after the medium
was replaced by 150 μl dimethyl sulfoxide and shaken
for 15 min. 

2.7. Analysis of qualitative and quantitative cellular 
uptake 

MCF-7, HepG2 and A549 were seeded on the coverslips in 6-
well plates (5 × 10 3 /well) and cultured for 12 h. Then, OE-
CLB-NPs@coumarin with the CLB concentration of 60 μg/ml
were co-incubated with three types of tumor cells in 1 h
and 4 h respectively for exploring time-dependent cellular
uptake. The tumor cells were qualitatively observed and
photographed using a laser scanning confocal microscope
(CLSM, OLS4100, Olympus Corporation, Germany), after being
sequentially washed twice by fresh phosphate buffer solution
(PBS), immobilized for 10 min by 4% of paraformaldehyde,
dyed for 2 min by Hoechst 33,258 and washed twice by fresh
PBS. 

OE-CLB-NPs and CLB with the drug concentration of
60 μg/ml were co-incubated with three types of tumor cells
for 1 h and 4 h in 6-well plates, respectively. The cells were
then washed twice, lysed for 30 min at 4 ◦C, suspended using
a cell scraper, and centrifugated at 1.2 × 10 4 rpm for 10 min.
Finally, the CLB content was confirmed using HPLC according
to the above method in Section 2.5 , after the supernatant was
extracted with CH Cl three times. 
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.8. Analysis of apoptosis 

riefly, HepG2 and MCF-2 were inoculated into 6-well plates 
5 × 10 3 per well) and cultured for 12 h, respectively.
hen, OE-CLB-NPs and CLB with the drug concentration of 
0 μg/ml were co-incubated with two types of tumor cells 
or 48 h. Afterwards, the tumor cells were collected via 
rypsin enzyme-digesting technique and centrifugation at 
.0 × 10 3 rpm for 5 min, and dyed using Annexin V-FITC and 

ropidium iodide (PI) for 10 min. Finally, the apoptosis rate 
as analyzed via a flow cytometry (FCM, CytoFLEX, Beckman 

oulter, USA). 

.9. Measurement of entering blood circulation 

E-CLB-NPs (20 mg/ml, 0.2 ml) were intragastrically 
dministered to the ICR mice, and 0.5 ml of blood samples 
ere taken from the orbit after 4 h. Then, the blood 

amples were centrifuged at 3 × 10 3 rpm for 10 min and 

he supernatant was observed and measured using TEM 

nd TEM-energy dispersive spectrometer (EDS), after 50 μl 
f heparin sodium solution (1 mg/ml) was added into above 
lood samples. 

.10. Measurement of pharmacokinetics and in vivo 
iodistribution 

n brief, the H22 tumor-bearing mice were established via 
njection of H22 cells (5 × 10 5 /0.1 ml saline) into the left 
xilla of ICR mice. The mice were divided into 3 groups, with 

8 mice in each group. When the tumor volumes reached 

bout 150 mm 

3 , saline, and formulations (OE-CLB-NPs and 

LB) with drug concentration (4.8 mg/kg) were intragastrically 
dministered to the mice. When the mice were sacrificed in 1,
, 4, 8, 12 and 24 h, the blood and various tissues (heart, liver,
pleen, lung, kidney, and tumor) were surgically obtained and 

eighed. The drug content in each sample was measured via 
PLC according to the above method in Section 2.5 , after the 
ample was extracted for 24 h using 0.3 mol/l of hydrochloric 
cid-methanol solution and centrifugated at 9.0 × 10 3 rpm for 
5 min. The oral relative bioavailability (RB) was confirmed via 
he following formula [22] : 

B ( % ) = 

AUC ( OE − CLB − NPs ) 
AUC ( CLB ) 

× 100% 

Where AUC(OE-CLB-NPs) and AUC(CLB) refer to the area 
nder the concentration-time curve of groups treated by OE- 
LB-NPs and CLB, respectively. 

.11. Evaluation of in vivo tumor growth inhibition 

he mice were divided into 3 groups, with 6 mice in each 

roup. When the tumor volumes reached about 150 mm 

3 in 

22 tumor-bearing mice, saline, and formulations (OE-CLB- 
Ps and CLB) with drug concentration (0.25 mg/kg) were 

ntragastrically administered to the mice daily, whose tumor 
ize and body weight was measured every day. After seventeen 

ays, main tissues (stomach, intestine, heart, liver, spleen,
ung, kidney, and tumor) were surgically obtained, weighed,
hotographed, and sectioned for Hematoxylin-Eosin (H&E) 
nd TUNEL staining. In addition, stomach and intestine were 
issected to observe tissue integrity. The tumor inhibition 

atio (IR) was confirmed via the following formula [23] : 

R ( % ) = 

Wc − Wt 
Wc 

× 100% 

here Wt and Wc refer to the average tumor weight of groups 
reated by formulations (OE-CLB-NPs and CLB), and control 
roup treated by saline, respectively. 

.12. Hemolysis assay 

he fresh blood samples were surgically obtained from ICR 

ice and stabilized by anticoagulant sodium citrate (3.8%,
/v). Then, after the mixture was centrifuged at 5 × 10 3 rpm 

or 5 min and suspended with physiological saline, the 
ed blood cells (RBCs) were co-cultured with OE-CLB-NPs in 

 series of concentrations (0.1 - 1.6 mg/ml) at 37 ◦C for 
 h. Double distilled water (ddH 2 O) and physiological saline 
ere used as positive and negative controls, respectively.
fterwards, the supernatant was collected by centrifugation 

t 9 × 10 3 rpm for 5 min and detected at the UV–vis absorption
avelength of 545 nm using a Microplate Reader. 

.13. Statistical analysis 

ata were displayed as the mean ± SD and analyzed using 
PSS. Comparisons were performed by one-way ANOVA ( ∗P < 

.05, ∗∗P < 0.01 and 

∗∗∗P < 0.001). 

. Results and discussion 

.1. Preparation and characterization of OE-CLB and 

E-CLB-NPs 

s shown in Fig. 1A , to construct the pH-triggered dynamic 
rosive small molecule nano-prodrugs, the hydrophobic star- 
haped CLB prodrug (OE-CLB) was first synthesized via the 
mide reaction between CLB and pH-sensitive star-shaped 

rtho esters containing four amino groups (OE) at the molar 
eeding ratio of 6:1. The excess CLB was removed via 
ialysis against 70% of ethanol/water and silica gel column 

hromatography. Its structure was confirmed via 1 H NMR. As 
isplayed in Fig. 1B , the appearance of characteristic proton 

eak at 8.01 ppm (f’, -CO 

–NH-, Fig. 1B (c)) and disappearance of
hat at 1.49 ppm (f’, -NH 2 , Fig. 1B (b)) suggested the formation
f amide linkages. Moreover, the integral area ratio of 1:2 
etween characteristic proton peak at 5.82 ppm (b’, -CH 

–O 3 ,
ig. 1B (c)) and that at 6.62 ppm (b, -CH 

= CH 

–CN-, Fig. 1B (c))
ndicated the successful synthesis of OE-CLB. Additionally, as 
hown in Fig. 1C , OE-CLB exhibited crystalline structure with 

road peak at 22.90 ° in comparison with many sharp peaks of 
LB from 13 ° to 30 ° and broad peak of OE at 19.71 ° The result
lso suggested the successful synthesis of OE-CLB. 

The small molecule nano-prodrugs as form of nanospheres 
ere emulsified from the hydrophobic star-shaped CLB 

rodrug (OE-CLB) via the O/W emulsion solvent evaporation 
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Fig. 1 – Schematic illustration of the synthesis of OE-CLB and preparation of OE-CLB-NPs (A), 1 H NMR (B) and XRD (C) of CLB, 
OE and OE-CLB, particle sizes at pH 7.4 (D), zeta potentials at various pHs (E), and change of particle sizes in FBS and saline 
for 7 d (F) and PBS (pH 7.4) for 19 d (G). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

method ( Fig. 1A ) [21] . As seen in Table S1, the nano-prodrugs
possessed extraordinarily high drug loading (68.16%) owing
to the small proportion of excipients compared to other
physically embedded or chemically linked CLB nanodrugs, by
calculating the mass percentage of CLB in OE-CLB. As shown
in Fig. 1D , the particle sizes were confirmed to be 197.5 nm
by DLS. Their low polydispersity index (PDI) value (0.114)
indicated uniform size distribution. In addition, their particle
sizes about 160 nm observed by TEM were slightly smaller
due to the shrinkage of NPs in a drying state during TEM
sample preparation [24] . The larger initial size had a smaller
specific surface area, which facilitated corrosion resistance in
gastric juices [25] . As seen in Fig. 1E , zeta potentials such as
−0.615 mV at pH 7.4, −0.198 mV at pH 7.0, −0.413 mV at pH 6.8,
−0.008 mV at pH 6.0, 0.317 mV at pH 5.0 and −0.049 mV at pH
1.0 remained nearly electric neutrality, which was beneficial
to gastrointestinal absorption, stability in blood vessel, and
tumor accumulation [15] . Moreover, the particle sizes remain
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he same in FBS and saline for 7 d and in PBS (pH 7.4) for 19
 ( Fig. 1F and 1G ), suggesting their long-term circulation and 

torage stability [26] . 

.2. pH-triggered degradation of ortho ester linkages 
n OE-CLB-NPs 

o investigate pH sensitivity to the microenvironment in 

astrointestinal tract, blood vessel and tumor tissue, OE- 
LB-NPs were suspended in various buffer solutions (pH 

.4, 7.0, 6.8, 6.0, 5.0 and 1.0) and lyophilized for 1 H NMR 

nalysis at desired time points. As displayed in Fig. S1, the 
egradation of ortho ester linkages exhibited obvious pH and 

ime dependence. On one hand, ortho ester linkages were 
ully hydrolyzed at gastric acid (pH 1.0) in 24 h, but less 
han 27.00% of these were hydrolyzed within the duration of 
astric retention (1–4 h) [2] . The result suggested that stomach 

H might not cause the disintegration of hydrophobic OE- 
LB-NPs with larger initial size ( ∼ 200 nm) in a short time,
nd might trigger the large-to-small size transition following 
he gradual erosion [ 25 ,27 ]. Additionally, about 40% and 60% 

f ortho ester linkages were degraded at duodenum and 

umor intracellular pH (5.0) in 12 h and 24 h, respectively.
he consequence suggested that duodenum pH might also 

ead to the tendency of particle sizes to decrease gradually 
ollowing the degradation of ortho ester linkages during a 
hort retention time (30–40 min) [2] . On the other hand, ortho 
ster linkages were not hydrolyzed at pH 7.4 and 7.0 in 24 h,
ndicating their stable chemical property during storage and 

irculation. 

.3. Large-to-small size transition following degradation 

f ortho ester linkages 

o confirm the effect of degradation of ortho ester linkages 
n particle sizes, OE-CLB-NPs were suspended in various 
uffer solutions (pH 7.4, 7.0, 6.8, 6.0, 5.0 and 1.0) or that 
ith a continuous pH change from stomach pH to tumoral 

ntracellular pH, and their particle sizes were measured by 
LS at desired time points. As shown in Fig. 2A -E, the change 
f particle sizes displayed obvious pH and time dependence.
s displayed in Fig. 2B , the particle sizes remained the same 
t pH 7.4 and 7.0, and slightly minished from 196.9 nm to 
75 nm at pH 6.8 and 6.0, but rapidly decreased from 197.5 nm 

o 120.2 nm at pH 5.0 and from 197.5 nm to 0 nm at pH 1.0
n 48 h owing to the progressive acid erosion following the 
egradation of ortho ester linkages. In addition, as shown in 

ig. 2C and D, the average particle sizes also decreased at 
astrointestinal analog fluid in 4 h. As seen in Fig. 2E , we 
urther evaluated the change of particle sizes in continuously 
hanging pH microenvironment. On one hand, the particle 
izes decreased from 196.9 nm to 156.1 nm at pH 1.0 in 

tomach retention time ( ∼ 2 h) [2] , from 156.1 nm to 148.1 nm
t pH 5.0 in duodenum retention time ( ∼ 40 min) [2] , from 

48.1 nm to 145.7 nm at pH 6.0 in jejunum retention time 
 ∼ 1.5 h) [2] , and then remain unchanged at pH 7.0 in ileum
etention time ( ∼ 6 h) [2] . The dynamic large-to-small size 
ransition was beneficial to gastrointestinal absorption [28] ,
hus improving oral bioavailability. On the other hand, the 
article sizes ( ∼ 144.8 nm) remained the same at pH 7.4 in 48 h,
uggesting stable circulation and high tumor accumulation 

ia size effect [29] . Moreover, the particle sizes continued to 
ecrease from 144.5 nm to 138.5 nm at tumoral extracellular 
H (6.8) in 24 h, further facilitating tumor penetration and 

ellular uptake upon arrival at target tumor sites via EPR 

ffect [ 30 ,31 ]. The OE-CLB-NPs eventually disintegrated at 
umoral intracellular pH (5.0) in 24 h. The intracellular efficient 
isintegration might promote the efficient release of CLB [32] .

.4. pH-triggered drug release 

o explore the effect of large-to-small size transition on drug 
elease, OE-CLB-NPs were dialyzed against buffer solutions 
pH 7.4, 7.0, 6.8, 6.0, 5.0 and 1.0) or that with a continuous
H change from stomach pH to tumoral intracellular pH 

ontaining the cosolvent of sodium salicylate (0.5 mol/l), and 

he drug content in dialysate was measured using HPLC. As 
hown in Fig. 2F , the drug release from OE-CLB-NPs displayed 

istinct pH and time dependence. The amount of drug release 
as less than 10% at pH 7.4 and 7.0, and less than 20%

t pH 6.8 and 6.0 in 48 h respectively, but accelerated in 

cidic buffer solutions (pH 5.0 and 1.0). In fact, as shown 

n Fig. 2G , on one hand, OE-CLB-NPs only remained in the 
tomach for 1–3 h, so that only a small amount of drug (about 
0%) was released following large-to-small size transition 

ia surficial progressive acid erosion. On the other hand,
umoral intracellular drug release was higher, after OE-CLB- 
Ps suffered from acidic erosion at gastrointestinal tract and 

umor site, and disintegrated at tumoral intracellular pH.
otably, as seen in Fig. 2A , the drug released from OE-CLB- 
Ps was not CLB, but 3-amino-1,2-propanediol-bonded CLB 

ia amide linkage, which could improve the solubility of CLB 

nd might promote crosslinking with DNA [33–35] . 

.5. Improved tumoral cellular uptake, cytotoxicity, and 

poptosis 

o investigate the influence of physicochemical properties 
f OE-CLB-NPs on pharmacological activity, cellular uptake,
ytotoxicity, and apoptosis were performed using CLB as 
ontrol ( Fig. 3A ). As shown in Fig. 3B and S2, OE-CLB-
Ps@coumarin with particle sizes of 231.8 nm were easily 

nternalized by HepG2, MCF-7 and A549 cells, and the uptake 
mount increased following time. Moreover, as seen in Fig. 3C - 
E , the intracellular drug content in OE-CLB-NPs group was 
ignificantly higher than that in CLB group via quantitative 
nalysis, owing to the suitable size (197.5 nm) and electric 
eutrality ( −0.5 mV) of OE-CLB-NPs. In fact, OE-CLB-NPs were 
uch easier to be internalized after suffering from in vivo 

arge-to-small size transition. Notably, A549 cells have the 
ame structure as the absorptive epithelial cells, so can be 
sed as a tool to study the gastrointestinal absorption of 
Ps [ 36 ,37 ]. Thus, the result also suggested that OE-CLB-NPs 
ould be effectively absorbed in intestine. As displayed in 

ig. 3F-3I and S3, OE-CLB-NPs exhibited significantly stronger 
ytotoxicity than CLB on various tumor cells (MCF-7, HepG2,
22 and K562), owing to the improved cellular uptake,

ntracellular efficient drug release and easier crosslinking 
ith DNA. Furthermore, apoptosis experiment was performed 

o prove whether cytotoxicity was caused by apoptosis. As 
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Fig. 2 – Schematic illustration of dynamic size change of OE-CLB-NPs from stomach pH to tumoral intracellular pH, and 

degradation mechanism of surface erosion (A), particle size change at various pHs (B), TEM images of OE-CLB-NPs in 

simulated gastric juice (C) and simulated intestinal juice (D) for 4 h, particle size transition at a continuous pH change from 

stomach pH to tumoral intracellular pH (E), and drug release at various pHs (F) and a continuous pH change from stomach 

pH to tumoral intracellular pH (G). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

seen in Fig. 3J , the apoptosis rate of HepG2 was 43.0% and
52.3%, and that of MCF-7 was 36.1% and 60.2% induced by
CLB and OE-CLB-NPs, respectively. The result was similar with
that of cytotoxicity and suggested that apoptosis promoted
cytotoxicity [ 38 ,39 ]. 

3.6. Entering blood circulation through the 
gastrointestinal tract and hemolysis analysis 

To explore whether OE-CLB-NPs could enter blood circulation
through gastrointestinal absorption, OE-CLB-NPs were
intragastrically administered to the H22-bearing ICR mice,
and blood sample was taken from the orbit after 4 h. The
supernatant was determined using TEM and TEM-EDS after
centrifugation. As shown in Fig. 3K , the smaller OE-CLB-NPs
were found in blood sample compared to control treated
by saline. Furthermore, OE-CLB-NPs containing C, N, O and
Cl in the microregion were confirmed by TEM-EDS. These
results suggested OE-CLB-NPs could successfully overcome
gastrointestinal barrier and enter bloodstream, due to
the favorable physicochemical properties such as large-
to-small size transition, electric neutrality, and stronger
hydrophobicity, which might promote small intestine
absorption via M cells in Peyer’s patches [ 11-15 ,27 ]. In
addition, As seen in Fig. S4, less than 5% of hemolysis
rate was induced by various concentrations of OE-CLB-NPs
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Fig. 3 – Schematic illustration of in vitro pharmacology experiment and mechanism (A), cellular uptake of OE-CLB-NPs 
measured by CLSM (B) and HPLC (C-E), in vitro cytotoxicity (F-I), and apoptosis (J); Schematic illustration of OE-CLB-NPs 
entering the bloodstream after suffering from gastrointestinal pH, and the blood samples observed and measured using 
TEM and TEM-EDS after centrifugation at 3 × 10 3 rpm for 10 min (K); Scale bar = 10 μm. 
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n comparison with the control, implying their fantastic 
emocompatibility. 

.7. Pharmacokinetics and in vivo biodistribution 

o evaluate the effect of physicochemical properties of 
E-CLB-NPs on drug half-life, oral bioavailability, tumor 
ccumulation and nonspecific distribution at normal tissues,
harmacokinetics and in vivo biodistribution were performed 

ia oral administration and CLB content in various tissues was 
easured by HPLC at predetermined time points (Fig. 4A and 
5). As shown in Fig. 4B and Table S2, OE-CLB-NPs exhibited 

igher plasma concentration than CLB at every time point,
nd their half-life was twice as long as that of CLB. Moreover,
he area under the concentration-time curve (AUC) of OE-CLB- 
Ps was 3.6 times larger than that of CLB, implying the high 

ral relative bioavailability (358.72%). These results indicated 

hat OE-CLB-NPs could be effectively absorbed orally into the 
loodstream and were stable in the blood through electric 
eutrality, stronger hydrophobicity, and large-to-small size 
ransition from gastrointestinal tract to blood vessels. As seen 

n Fig. 4C , OE-CLB-NPs displayed higher drug concentration 
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Fig. 4 – Schematic illustration of in vivo experiment about pharmacokinetics, drug biodistribution and tumor inhibition (A), 
change of CLB content in blood (B), tumor (C) and normal tissues (D and E) following the time course, change of tumor 
volume (F), image of tumor size (G), tumor weight (H), dissected gastrointestinal tract after treatment (I), and change of body 

weight (J). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

than CLB at tumor tissues, indicating their improved tumor
selectivity on account of tumoral extracellular further large-
to-small size transition. In addition, as shown in Fig. 4D and 4E ,
OE-CLB-NPs exhibited lower drug concentration than CLB at
normal tissues such as heart, liver, and lung, suggesting their
lower side effects. 

3.8. Enhanced tumor growth inhibition 

To explore the influence of physicochemical properties of OE-
CLB-NPs on tumor inhibition, various formulations (saline,
CLB, and OE-CLB-NPs) were intragastrically administered to
the H22-bearing ICR mice every day ( Fig. 4A ). After seventeen
days, main tissues (stomach, intestine, heart, liver, spleen,
lung, kidney, and tumor) were surgically obtained, weighed,
photographed, and sectioned for H&E and TUNEL staining.
As shown in Fig. 4F - 4H , the tumor volume grew rapidly from
150 to 1000 mm 

3 in saline group, but grew slowly in CLB
formulations. OE-CLB-NPs exhibited the stronger antitumor
activity than CLB, according to the slower tumor growth,
smaller tumor size and weight, higher IR (88.69%), and more
severe tumor damage ( Fig. 5 ). It could attribute to their
improved gastrointestinal absorption, tumor accumulation,
cellular uptake, and cytotoxicity following the dynamic large-
to-small size transition from gastrointestinal tract to tumor
site. Additionally, as displayed in Fig. 4I , 4J and 5 , the CLB
caused a decrease in the number of blood vessels and injury at
the gastrointestinal tract, and further made the body weight
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Fig. 5 – Histological analysis by H&E staining and TUNEL 
staining; Scale bar = 100 μm. 
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[  
ecrease obviously from Day 12 to Day 16, suggesting its 
erious side effects. Inversely, the gastrointestinal vascularity 
nd integrity were normal and body weight gone up steadily 
n OE-CLB-NPs group through seventeen days compared to 
hat treated by saline, although a small amount of drug 
as released following in vivo dynamic size change. The 

esults indicated that pH-triggered dynamic erosive small 
olecule nano-prodrugs could significantly enhance oral 

hemotherapy while decreasing side effects. 

. Conclusion 

his work successfully developed the pH-triggered dynamic 
rosive small molecule nano-prodrugs based on in vivo 
ignificant pH changes among gastrointestinal tract, blood 

essels and tumor tissues. Their favorable physicochemical 
roperties such as extraordinary high drug loading (68.16%),
lectric neutrality, strong hydrophobicity, and dynamic 
arge-to-small size transition ranging from gastrointestinal 
H to tumoral pH, could be beneficial to circumventing 
ral physiologic barriers in gastrointestinal tract, blood 

essels and tumor tissues in comparison with other oral 
anomedicines, and further promote gastrointestinal 
bsorption, circulation stability, tumor accumulation, cellular 
ptake, and cytotoxicity, therefore achieving significant 
umor growth inhibition while decreasing side effects on 

ormal tissues. Thus, the pH-triggered dynamic erosive small 
olecule nano-prodrugs exhibit the superior characteristics 

uch as simple synthesis, defined structure, high drug loading 
fficiency, and highly selective oral chemotherapy appealing 
or clinical transformation, although comprehensive 
reclinical and clinical evaluation still need to be further 
xplored. 
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