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Drug Delivery Systems

ØWhat are Drug Delivery Systems?
the method or process of deliver drugs 

• at the targeted site 
• in the desired dose
• at the appropriate time and speed
to achieve therapeutic effects
by improving pharmacokinetics and pharmacodynamics of drugs
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General objec,ves of DDS
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Drug Delivery Systems: Examples
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(PEG) and poly(dimethylsiloxane) (PDMS). Polymeric 
micelles, which are also typically responsive block 
copolymers, self- assemble to form nanospheres with a 
hydrophilic core and a hydrophobic coating: this serves 
to protect aqueous drug cargo and improve circulation 
times. Polymeric micelles can load various therapeutic 
types — from small molecules to proteins35 — and have 
been used for the delivery of cancer therapeutics in 
clinical trials42.

Dendrimers are hyperbranched polymers with com-
plex three- dimensional architectures for which the mass, 
size, shape and surface chemistry can be highly con-
trolled. Active functional groups present on the exterior 
of dendrimers enable conjugation of biomolecules or 
contrast agents to the surface while drugs can be loaded 
in the interior. Dendrimers can hold many types of cargo, 
but are most commonly investigated for the delivery of 
nucleic acids and small molecules43,44. For these appli-
cations, charged polymers such as poly(ethylenimine) 
(PEI) and poly(amidoamine) (PAMAM) are commonly 
used. Several dendrimer- based products are currently in 
clinical trials as theranostic agents, transfection agents, 
topical gels and contrast agents44–46. Charged poly-
mers can be used to form non- dendrimer NPs as well. 
Polyelectrolytes are one such example: these polymers 
have a repeating electrolyte group, giving them charge 
that varies with pH. Polyelectrolytes have been incorpo-
rated in numerous NP formulations to improve prop-
erties such as bioavailability47 and mucosal transport48. 
They are also inherently responsive, and can be useful 
for intracellular delivery.

Overall, polymeric NPs are ideal candidates for 
drug delivery because they are biodegradable, water 
soluble, biocompatible, biomimetic and stable during 
storage. Their surfaces can be easily modified for addi-
tional targeting49 — allowing them to deliver drugs, 
proteins and genetic material to targeted tissues, which 

makes them useful in cancer medicine, gene therapy 
and diagnostics. However, disadvantages of polymeric 
NPs include an increased risk of particle aggregation 
and toxicity. Only a small number of polymeric nano-
medicines are currently FDA approved and used in the 
clinic (TABLE 1), but polymeric nanocarriers are currently 
undergoing testing in numerous clinical trials7.

Inorganic NPs
Inorganic materials such as gold, iron and silica have 
been used to synthesize nanostructured materials for 
various drug delivery and imaging applications (FIG. 2). 
These inorganic NPs are precisely formulated and can 
be engineered to have a wide variety of sizes, struc-
tures and geometries. Gold NPs (AuNPs), which are 
the most well studied, are used in various forms such 
as nanospheres, nanorods, nanostars, nanoshells and 
nanocages50. Additionally, inorganic NPs have unique 
physical, electrical, magnetic and optical properties, due 
to the properties of the base material itself. For example, 
AuNPs possess free electrons at their surface that contin-
ually oscillate at a frequency dependent on their size and 
shape, giving them photothermal properties51. AuNPs 
are also easily functionalized, granting them additional 
properties and delivery capabilities50.

Iron oxide is another commonly researched material 
for inorganic NP synthesis, and iron oxide NPs make up 
the majority of FDA- approved inorganic nanomedicines52 
(TABLE 1). Magnetic iron oxide NPs — composed of 
magnetite (Fe3O4) or maghemite (Fe2O3) — possess 
superparamagnetic properties at certain sizes and have 
shown success as contrast agents, drug delivery vehicles 
and thermal- based therapeutics53. Other common inor-
ganic NPs include calcium phosphate and mesoporous 
silica NPs, which have both been used successfully for gene 
and drug delivery54,55. Quantum dots — typically made of 
semiconducting materials such as silicon — are unique 
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Nanoparticles for Drug Delivery System (DDS)
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Advantages of nanopar7cles
Øimprove stability and solubility
Øvariable drug capacity
Øgood biocompa7bility
ØEPR effect
Øcustomizable 
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nanoparticles can change various moieties.
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Adapting to the tumour microenvironment. The tumour 
microenvironment heavily influences patient prognosis, 
as it affects chemotherapeutic efficacy195. Although the 
EPR effect and FDA approval of early NP systems has 
given hope for NP- based delivery, these early systems 
do not improve overall patient survival, and there is still 
significant work to be done using smart NP designs to 
improve cargo delivery or remodel microenvironments 
and thus increase the efficacy of existing therapies69.

For example, incorporating cell membranes into 
NPs can improve their accumulation in cancerous tis-
sue. NPs wrapped with membranes that are harvested 
from a patient’s own cancer cells homotypically adhere 
to patient- derived cancer cell lines; mismatch between 
the donor and host results in weak targeting196,197. NPs 
wrapped with macrophage or leukocyte membranes 
recognize tumours, and hybrid membranes, such as 
erythrocyte–cancer cell hybrids, can further increase 
specificity197–199. NPs that utilize these membranes show 
a twofold to threefold increase in drug activity over the 
free drug198. In a similar fashion, material properties 
can cause NPs to preferentially distribute to certain 
tissues. For example, a poly(β- amino- ester) (PBAE) 
ter- polymer/PEG lipid conjugate was optimized for 
lung localization, achieving efficacy two orders of 
magnitude above the pre- optimized form both in vitro 
and in vivo179. Other PBAE polymers have been devel-
oped that preferentially target glioblastoma cells over 
healthy cells in vitro200. Even AuNPs can be optimized 
to passively target triple- negative breast cancer cells, 

which notoriously lack traditional cell surface targets201. 
Designs like these, as well as the more generalizable 
trends for NP size and shape, are being used to improve 
the percentage of chemotherapeutic dose that makes it 
to the solid tumour site.

Within the tumour microenvironment, responsive 
particles can improve tumour penetration, overcoming 
the high interstitial pressure and dense ECM that typi-
cally prevent NP permeation150,202. Endogenous triggers 
— such as the acidic and hypoxic environment of the 
tumour — can be used to induce NP degradation and 
drug release147,150,203,204. High enzyme levels of matrix 
metalloproteinases (MMPs) and other extracellular 
proteases can serve as triggers10,205–207, and the Warburg 
effect, a metabolic shift towards anaerobic glycolysis195, 
can be exploited as well208. Exogenous triggers — such as 
light, sound waves, radio frequencies and magnetic fields 
— can also be used and tightly controlled from outside 
the body206. A non- invasive existing clinical technique, 
ultrasound, can trigger local release from a systemically 
administered particle68,209. Near- infrared light, another 
exogenous trigger, has low absorption by natural tissues 
and therefore good biocompatibility210,211. Regardless of 
the trigger type, chemotherapeutics delivered locally in 
this responsive fashion have fewer off- target toxicities 
and other negative systemic effects.

One example of smart NP design, iCluster, is a 
stimuli- responsive clustered NP system that breaks 
down into smaller and smaller pieces as it overcomes 
biological barriers in the tumour environment204. The 
initial size of ~100 nm favours extended circulation in 
the bloodstream and capitalizes on the EPR effect as the 
NP extravasates through the tumour vasculature204. 
At the tumour site, the low pH triggers breakdown of the 
system into much smaller (~5 nm) dendrimers, which 
have improved tissue penetration and thus deliver more 
of the platinum chemotherapeutic cisplatin to cancer 
cells204. This system is a vast improvement over the tra-
ditional intravenous administration of free cisplatin: 
administration of the free drug inhibits tumour growth 
by 10%, whereas the iCluster system inhibits growth by 
up to 95% in in vivo studies204. Additionally, free cisplatin 
commonly causes irritation and cytotoxicity, especially 
in the kidney. Size- switching is not a unique property of 
this system, and has been achieved using various other 
triggers and materials10,207,212,213. NP systems such as these 
have great potential to improve therapeutic efficacy; 
their design is versatile and can be tailored specifically 
to the tumour microenvironment.

Another example of optimally designed delivery is a 
poly(acrylamide- co- methacrylic acid) nanogel, which 
can be modified with bioactive moieties for numerous 
applications including local pH response, cell targeting, 
transduction of visible light for photothermal therapy 
or degradation in the intracellular environment11. This 
platform was able to maintain the function of multiple 
modifications, allowing for each added small mole-
cule, peptide or protein to contribute new responsive 
or recognitive properties11. Nanomaterials that utilize 
a similar, modular approach could be rapidly designed 
to deliver multiple therapeutic agents intracellularly or 
respond to sequential biological stimuli.
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What are nanopar,cles?

(PEG) and poly(dimethylsiloxane) (PDMS). Polymeric 
micelles, which are also typically responsive block 
copolymers, self- assemble to form nanospheres with a 
hydrophilic core and a hydrophobic coating: this serves 
to protect aqueous drug cargo and improve circulation 
times. Polymeric micelles can load various therapeutic 
types — from small molecules to proteins35 — and have 
been used for the delivery of cancer therapeutics in 
clinical trials42.

Dendrimers are hyperbranched polymers with com-
plex three- dimensional architectures for which the mass, 
size, shape and surface chemistry can be highly con-
trolled. Active functional groups present on the exterior 
of dendrimers enable conjugation of biomolecules or 
contrast agents to the surface while drugs can be loaded 
in the interior. Dendrimers can hold many types of cargo, 
but are most commonly investigated for the delivery of 
nucleic acids and small molecules43,44. For these appli-
cations, charged polymers such as poly(ethylenimine) 
(PEI) and poly(amidoamine) (PAMAM) are commonly 
used. Several dendrimer- based products are currently in 
clinical trials as theranostic agents, transfection agents, 
topical gels and contrast agents44–46. Charged poly-
mers can be used to form non- dendrimer NPs as well. 
Polyelectrolytes are one such example: these polymers 
have a repeating electrolyte group, giving them charge 
that varies with pH. Polyelectrolytes have been incorpo-
rated in numerous NP formulations to improve prop-
erties such as bioavailability47 and mucosal transport48. 
They are also inherently responsive, and can be useful 
for intracellular delivery.

Overall, polymeric NPs are ideal candidates for 
drug delivery because they are biodegradable, water 
soluble, biocompatible, biomimetic and stable during 
storage. Their surfaces can be easily modified for addi-
tional targeting49 — allowing them to deliver drugs, 
proteins and genetic material to targeted tissues, which 

makes them useful in cancer medicine, gene therapy 
and diagnostics. However, disadvantages of polymeric 
NPs include an increased risk of particle aggregation 
and toxicity. Only a small number of polymeric nano-
medicines are currently FDA approved and used in the 
clinic (TABLE 1), but polymeric nanocarriers are currently 
undergoing testing in numerous clinical trials7.

Inorganic NPs
Inorganic materials such as gold, iron and silica have 
been used to synthesize nanostructured materials for 
various drug delivery and imaging applications (FIG. 2). 
These inorganic NPs are precisely formulated and can 
be engineered to have a wide variety of sizes, struc-
tures and geometries. Gold NPs (AuNPs), which are 
the most well studied, are used in various forms such 
as nanospheres, nanorods, nanostars, nanoshells and 
nanocages50. Additionally, inorganic NPs have unique 
physical, electrical, magnetic and optical properties, due 
to the properties of the base material itself. For example, 
AuNPs possess free electrons at their surface that contin-
ually oscillate at a frequency dependent on their size and 
shape, giving them photothermal properties51. AuNPs 
are also easily functionalized, granting them additional 
properties and delivery capabilities50.

Iron oxide is another commonly researched material 
for inorganic NP synthesis, and iron oxide NPs make up 
the majority of FDA- approved inorganic nanomedicines52 
(TABLE 1). Magnetic iron oxide NPs — composed of 
magnetite (Fe3O4) or maghemite (Fe2O3) — possess 
superparamagnetic properties at certain sizes and have 
shown success as contrast agents, drug delivery vehicles 
and thermal- based therapeutics53. Other common inor-
ganic NPs include calcium phosphate and mesoporous 
silica NPs, which have both been used successfully for gene 
and drug delivery54,55. Quantum dots — typically made of 
semiconducting materials such as silicon — are unique 
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large size (20~100nm)
need for EPR effect

small size (~20nm)
need for cell penetration

Introduc5on: nanopar5cle-size-dilemma
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How to shrink the size

Ø large size un)l distribu)on to tumors
Ø small size a;er tumor distribu)on in order to 

penetrate tumor cells
→ size-change strategy

Ø Trigger of shrinking at only tumor )ssues
→use tumor microenvironment or exogenous s)muli

11

introduc)on

EPR
effect

cell
penetrate

Cheng, G., Wu, D., et al. Nano Today 2021, 38, 101208. 



barriers to cancer chemotherapy. The nanoparticles were con-
structed through molecular assembly of platinum (Pt) prodrug-
conjugated poly(amidoamine)-graft-polycaprolactone (PCL-
CDM-PAMAM/Pt) with PCL homopolymer and poly(ethylene
glycol)-b-poly(e-caprolactone) (PEG-b-PCL) copolymer (Fig. 1
A and B). PEG-b-PCL is used to offer the stealth layer, whereas
PCL is chosen to control the size and stability. The nanoparticles are
able to function adaptively in the body through precisely responding
to the physiological pH, tumor extracellular acidity, and intracellular
reductive environment, respectively (Fig. 1B). At physiological pH,
the clustered nanoparticles hold the size around 100 nm and have
high propensity for long blood circulation and enhanced tumor ac-
cumulation through the EPR effect. Then, the acidic tumor extra-
cellular pH (pHe ∼6.5–7.2) (35, 36) triggers the release of small
PAMAM prodrugs (∼5 nm) that enable deep and uniform tumor
penetration to reach more cancer cells. Finally, the PAMAM
prodrugs can be rapidly reduced in the reductive cytosol to re-
lease active and potent cisplatin to kill cancer cells and lead to
robust antitumor efficacy (37).

Results
Preparation and Characterization of the Clustered Nanoparticles. To
prepare the clustered nanoparticles, the polymer components PCL,
PEG-b-PCL, and PCL-CDM-PAMAM/Pt were synthesized. The
structures and molecular weights of PEG-b-PCL and PCL were char-
acterized (SI Appendix, Figs. S1 and S2). For PCL-CDM-PAMAM/Pt
synthesis, PCL was first reacted with 2-propionic-3-methylmaleic
anhydride (CDM) to produce PCL-CDM (SI Appendix, Fig. S3).
A Pt prodrug c,c,t-[Pt(NH3)2Cl2(OH)(O2CCH2CH2CO2H)] was
conjugated to PAMAM to afford PAMAM/Pt, which was fur-
ther coupled to PCL-CDM through the reaction of the amino
groups of PAMAM with the CDM anhydride residue (SI Ap-
pendix, Scheme S1). The resultant amide bond is acid labile
(38) and will be cleaved at pHe to release PAMAM at
tumor sites.
The Pt-containing pH-instable clustered nanoparticle (iCluster/Pt)

was prepared from coassembly of PCL-CDM-PAMAM/Pt, PEG-

b-PCL, and PCL by nanoprecipitation method. The weight ratio of
PCL-CDM-PAMAM/Pt:PEG-b-PCL:PCL was optimized as 1:1:1
based on size and size distribution (SI Appendix, Table S1 and Fig.
S4). Dynamic light scattering (DLS) indicated that the diameter of
iCluster/Pt was around 104.1 nm (Fig. 1C), which was consistent
with the transmission electron microscopy (TEM) observation
(Fig. 1D). TEM images showed clearly that iCluster/Pt had a
raspberry-like structure, presumably due to the presence of
PAMAM dendrimers surrounding the hydrophobic core. Each
iCluster/Pt contained 108 PAMAM and 719 platinum drugs, as
estimated by static light scattering. For comparison, we prepared a
pH-stable clustered nanoparticle (Cluster/Pt) by replacing PCL-
CDM-PAMAM/Pt with its nonresponsive counterpart PCL-
PAMAM/Pt (SI Appendix, Scheme S2). Each Cluster/Pt contained
90 PAMAM and 573 platinum drugs and showed similar mor-
phology, size, and zeta potential as iCluster/Pt (Fig. 1 E and F and
SI Appendix, Table S2).
One key design of iCluster/Pt is its sensitivity to biological

stimuli such as the acidic pHe and elevated intracellular redox
milieu. To test its response to pHe, we incubated iCluster/Pt in a
tumor-acidity mimic phosphate buffer (PB) solution at pH 6.8
over predetermined time and observed its morphological evo-
lution under TEM. After a 4-h incubation, the raspberry-like
morphology of iCluster/Pt was partially deformed and small
particles appeared in the solution (Fig. 1D, Middle). After an
additional incubation for 24 h, the raspberry structure was almost
completely disintegrated (Fig. 1D, Right and SI Appendix, Fig.
S5) and changed to a smooth surface that was analogous to
nanoparticles formed by PEG-PCL and PCL (SI Appendix, Fig.
S6A). Meanwhile, plenty of small nanoparticles were observed in
the surroundings, with size comparable to PAMAM (SI Appen-
dix, Fig. S6B), suggesting that small PAMAM dendrimers were
released upon cleavage of the amide bond at pH 6.8. In contrast,
Cluster/Pt maintained its initial morphology and size under
identical conditions (Fig. 1F).
Next, high-performance liquid chromatography (HPLC) was

used to monitor and compare the release kinetics of PAMAM
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Fig. 1. Preparation and physicochemical properties
of the clustered nanoparticles. (A) Chemical structure
of PCL-CDM-PAMAM/Pt. (B) Self-assembly and struc-
tural change of iCluster/Pt in response to tumor
acidity and intracellular reductive environment.
(C and E) DLS distributions of iCluster/Pt (C) and
Cluster/Pt (E). (D and F) TEM images of iCluster/Pt
(D) and Cluster/Pt (F) treated in PB at pH 6.8 for 0, 4,
and 24 h, respectively. (Scale bar, 100 nm and for the
Inset images, 50 nm.) (G and H) PAMAM (green line)
and platinum drug (red line) release from iCluster (G)
and Cluster (H) under three different conditions,
which include PB at pH 7.4 to mimic a neutral envi-
ronment, PB at pH 6.8 to mimic a tumor extracellular
environment, and ascorbic acid solution (5 mM, pH 7.4)
to mimic an intracellular redox environment. PAMAM
release was quantified by HPLC, whereas platinum
release was determined by ICP-MS.

Li et al. PNAS | April 12, 2016 | vol. 113 | no. 15 | 4165

M
ED

IC
A
L
SC

IE
N
CE

S

D
ow

nl
oa

de
d 

fro
m

 h
ttp

s:/
/w

w
w

.p
na

s.o
rg

 b
y 

U
N

IV
ER

SI
TY

 O
F 

TO
K

Y
O

 o
n 

Ja
nu

ar
y 

10
, 2

02
3 

fro
m

 IP
 a

dd
re

ss
 1

33
.1

1.
46

.1
91

.

size-shrinking strategy

12

pH

enzyme

enzyme

inhibition). Unlike MMPs with a range of substrates, HAase
exclusively hydrolyzes HA to short chains or modified glucose
units.131 The natural negative charge on HA makes itself easy
to conjugate positively charged materials, and the specific
combination between HA and CD44 also provides HA with
active-targeting ability.132−135 For application of superior HA,
our group cross-linked HA with positively charged DGL to
form size-shrinkable HAase-responsive nanoparticles (Figure
8B) that exhibited extraordinary penetration ability with the
further assistance of an NO donor on an HA shell.136,137

As instanced, the enzyme-triggered size shrinkage is
commonly achieved by shell dissociation of core−shell
nanoparticles and detachment of small-sized decorations
from large nanoparticles.138 The rule is always applicable,
and a recent-report nanosystem is also representative, which
can release small-sized cargo nanoparticles when lactate
oxidase digests its shell.139 Other enzymes-dependent nano-
particles also obeyed this designing principle, such as α-

amylase-digested hydroxyethyl starch140 and thrombin-induced
depegylation.141 The enzyme responsiveness is of super-
selectivity owing to exclusive enzyme−substrate recognition,
which is essential for improving the therapeutic efficacy and
reducing the adverse effects of cancer therapy. However,
uneven levels of enzyme expression in different tumors restrict
the application scope of certain responsive nanoparticles.

4.3. Size Shrinkage Triggered by Redox Condition.
Since the GSH level is critical in tumor tissue and cytoplasm,
its responsiveness is also evident in size shrinkage strategies.
Guo et al. constructed a nanomicelle composed of pegylated
polylactide (PEG−PLA) and DMA-modified polythylenimine
(PEI−DMA),142 which was linked by a disulfide bond, forming
PEG−PLA−S−S-PEI−DMA (PELEss-DA, see structures in
Figure 9A). The high level of intracellular GSH reacted with
the disulfide bond and deshielded PEI shell. Also, the dramatic
size shrinkage allowed the remaining nanoparticles’ entry into
nucleus (Figure 9B) and consequent DOX release for DNA

Figure 7. (A) Illustration of construction and pH-responsive size shrinkage of DMA-based nanomicelle. Copyright 2016 National Academy of
Sciences. (B) Schematic illustration of DMA-based PNV, with charge reversal for dissociation. (C) The dissociation of PNV and release of
polymer-Dox inside the tumor. Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 8. (A) Schematic of 100 nm QDGelNPs shrinking size to 10 nm QDs by cleaving away the gelatin scaffold with MMP-2. Copyright 2011
National Academy of Sciences. (B) Schematic illustration of the design and synergistic effects for deep tumor penetration and therapy effects of
IDDHN. Copyright 2018 Elsevier Ltd.

ACS Central Science Outlook

DOI: 10.1021/acscentsci.9b01139
ACS Cent. Sci. 2020, 6, 100−116
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intrinsically conflicting attributes of using nanoparticles for
cancer treatment.
To address the predicament to improve therapeutic efficacy,

various innovative strategies have been reported.8−12 Since
tumor penetration is hindered by the elevated IFP and dense
matrix, normalization of tumor vessels to restore the pressure
gradients13 and degradation of the collagen matrix to reduce
transport hindrance14 have been promising choices. However,
these approaches have limitations. For example, the normal-
ization of tumor vessels needs delicate balance in order not to
dramatically compromise the EPR effect, while uncontrollable
degradation of the tumor matrix may lead to unexpected risks
such as promoting tumor progression or even metastasis.5

Compared with remodeling of the tumor microenvironment,
rationally regulating the physiochemical properties of nano-
particles such as particle size and shape provides an alternative
solution to addressing this problem.15−18 It has been
demonstrated that large stealth nanoparticles (∼60−100 nm)
are usually suitable for operating the EPR effect and hold high
propensity of extravasation across tumor vasculature to
accumulate in the vicinity of blood vessels, but have poor
penetration and distribution in the dense tumor matrix.19,20 On
the contrary, smaller nanoparticles typically show greater tumor
penetration because of their reduced diffusional hindrance, but
generally suffer from inferior circulating half-life time and
tumor accumulation.20−23 Such a dilemma has prompted the
development of a size-changeable delivery system that could
maintain large initial size for prolonged blood circulation and
selective extravasation, while transforming to small particles at
tumor sites for deep penetration and effective tumor
distribution. Typical systems have been reported to be capable
of shrinking their sizes by responding to either exogenous (e.g.,
UV light)24,25 or endogenous stimuli (e.g., enzyme and tumor
pH).26−28 These studies are conceptually advanced and show

improved cancer treatment efficacy. However, the means that
were employed to trigger size alterations can be practically
problematic. For example, the major concerns for UV light are
its poor tissue penetration depth and harmfulness to normal
tissues.29 For the existing enzyme- or pH-triggered size-
switchable systems, their size alterations involve the cleavage
of chemical bonds and usually take hours to complete the
transition,26,30 which may reduce the penetrating capability of
small particles and compromise treatment efficacy.
To fully exploit the benefits of size-switchable delivery for

cancer therapy, the delivery systems that could switch rapidly to
small nanoparticles at tumor sites might be more advantageous
for promoting particle penetration into the tumor interstitium
and boosting cell internalization. Recently, Gao and co-workers
established a series of ultra-pH-sensitive nanoprobes based on
tertiary-amine-containing polymers.31,32 Their studies together
with another report have confirmed that such series of
polymers undergo sharp and superfast pH-responsiveness (on
the scale of milliseconds),31,33 which allows for rapid and
effective tumor delineation.34 Herein, we developed ultra-pH-
sensitive cluster nanobombs (SCNs) for improved drug
delivery. The platinum (Pt)-prodrug conjugated SCNs
(SCNs/Pt) are self-assembled from poly(ethylene glycol)-b-
poly(2-azepane ethyl methacrylate)-modified PAMAM den-
drimers (PEG-b-PAEMA-PAMAM/Pt) (Scheme 1). The
PAEMA block of the polymer is pH-sensitive. At neutral pH,
PAEMA is hydrophobic and directs the assembly of PEG-b-
PAEMA-PAMAM/Pt into SCNs/Pt (∼80 nm in diameter) for
prolonged blood circulation, while at acidic tumor pH,35 the
PAEMA is rapidly protonated and becomes hydrophilic, leading
to instantaneous disintegration of SCNs/Pt into small nano-
particles for effective tumor penetration. The Pt-prodrug is
covalently attached to the polymer and can be specifically
reduced by intracellular redox to release active cisplatin.36,37

Scheme 1. (a) Structure of PEG-b-PAEMA-PAMAM/Pt. (b) Schematic illustration showing the self-assembly of PEG-b-
PAEMA-PAMAM/Pt into the pH-sensitive cluster nanobombs (SCNs/Pt) at neutral pH and the disintegration of SCNs/Pt into
small particles at tumor acidic pH. (c) Schematic illustration of SCNs/Pt as a robust nanoplatform to overcome biological
barriers to in vivo drug delivery in poorly permeably pancreatic tumor models. (I) Large SCNs/Pt superstructures are favorable
for prolonged blood circulation. (II) Prolonged circulation increases the propensity of large nanoparticles to extravasate from
leaky tumor vasculature to accumulate in the vicinity of blood vessels. (III) Once deposited in the acidic tumor
microenvironment (pH ∼6.5−7.0), SCNs/Pt instantaneously switch to small particles with a size less than 10 nm for deep
tumor penetration.

ACS Nano Article

DOI: 10.1021/acsnano.6b02326
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maleamate derivatives

methylmaleic anhydride was synthesized according to a
published procedure (23). To a suspension of sodium
hydride (0.58 g, 25 mmol) in 50 mL anhydrous tetrahy-
drofuran was added triethyl-2-phosphonopropionate (7.1
g, 30 mmol). After evolution of hydrogen gas had stopped,
dimethyl-2-oxoglutarate (3.5 g, 20 mmol) in 10 mL
anhydrous tetrahydrofuran was added and stirred for 30
min. Water, 10 mL, was then added, and the tetrahy-
drofuran was removed by rotary evaporation. The result-
ing solid and water mixture was extracted with 3 × 50
mL ethyl ether. The ether extractions were combined,
dried with magnesium sulfate, and concentrated to a
light yellow oil. The oil was purified by silica gel chro-
matography elution with 2:1 ether:hexane to yield 4 g
(82% yield) of pure triester. The 2-propionic-3-methyl-
maleic anhydride was then formed by dissolving of this
triester into 50 mL of a 50/50 mixture of water and
ethanol containing 4.5 g (5 equiv) of potassium hydroxide.
This solution was heated to reflux for 1 h. The ethanol
was then removed by rotary evaporation, and the solution
was acidified to pH 2 with hydrochloric acid. This
aqueous solution was then extracted with 200 mL ethyl
acetate, which was isolated, dried with magnesium
sulfate, and concentrated to a white solid. This solid was
then recrystallized from dichloromethane and hexane to
yield 2 g (80% yield) of 2-propionic-3-methylmaleic an-
hydride (CDM).

Citraconic, cis-aconitic, dimethylmaleic, and succinic
anhydrides were purchased from Aldrich.

Quantification of Amines by TNBS. To determine
the amine content of a sample, 50-200 nmol of amine is
added to a 0.5 mL solution of 100 mM Borax solution
containing 0.4 mM 2,4,6-trinitrobenzenesulfonic acid
(TNBS) (Sigma). Fifteen minutes later the absorbance
of the solution was measured at 420 nm. The amount of
amine may be calculated by the absorbance of a solution
of known amine concentration.

Acylation of Poly-L-lysine (PLL) with CDM, Dim-
ethylmaleic, Succinic, Citraconic, and cis-Aconitic
Anhydrides and Assessment of Charge Density. To
a solution containing 200 µg PLL (MW 34 000 from
Aldrich), 2 mg HEPES, and 0.4 mg NaOH in 100 µL
water was added 0.4 mg of CDM, dimethylmaleic, suc-

cinic, or citraconic anhydride in 20 µL ethanol with rapid
vortexing. For cis-aconitic anhydride, there was a sub-
stantial amount of hydrolyzed anhydride present in the
sample; therefore, 2 mg of anhydride, 12 mg of HEPES,
and 2.4 mg of NaOH were used. By TNBS assay there
was no detectable amount of amine upon acylation under
these conditions.

The charge density of these polyanions was determined
by adapting a technique used for assessing DNA con-
densation (24, 25). A compacted, interpolyelectrolyte
complex is formed when the polyanions (PLL completely
reacted with the anhydrides) are mixed with fluorescein-
labeled PLL. The compaction causes the fluorescein
residues on PLL to be in closer proximity and self-quench,
which enables the condensation state and by inference
the effective charge density of the polyanions to be
conveniently determined. To measure the condensation
of PLL by acylated PLL, 10 µg of fluorescein-labeled PLL
was placed in 0.5 mL of 5 mM HEPES buffer at pH 7.8.
The fluorescence intensity of this solution was measured
(excitation at 495 nm, emission at 530 nm). A 1 µg sample
of acylated PLL (weight based on the starting weight of
PLL, not on the weight of acylated PLL) was added to
the fluoroscein-labeled PLL, and the fluorescence inten-
sity was again measured. This was repeated until the
decrease in fluorescence intensity ceased. The amount
of acylated PLL needed to quench fluorescein-PLL to the
maximum degree was assumed to be point at which an
equal amount of polyanion was added to the polycation.

Acylation of Melittinwith CDM, dImethylmaleic,
Citraconic, and cis-Aconitic Anhydrides. To a solu-
tion containing 200 µg melittin, 500 µg HEPES, and 100
µg NaOH in 20 µL water was added 100 µg of CDM,
dimethylmaleic, or citraconic anhydride in 50 µL ethanol
with rapid vortexing. For cis-aconitic anhydride 250 µg
of anhydride, 1.25 mg of HEPES, and 250 mg of NaOH
were used. By TNBS assay there was no detectable
amount of amine upon acylation under these conditions.

Fluorescein Labeling of PLL. To a solution of PLL
(10 mg) in 1 mL 10 mM K2CO3 was added 0.4 mg of
fluorescein isothiocyanate (0.02 functional eq). After 2 h,
the polymer was placed into dialysis tubing (12 000 MW
cutoff) and dialyzed for 72 h against 3 × 2 L deionized

Figure 1. (A) Maleic anhydride and maleamate derivatives: maleic R1 and R2dH, dimethyl maleic R1 and R2 ) CH3, citraconic
R1or2 ) H and R2or1 ) CH3, cis-aconitic R1or2 ) H and R2or1 ) CH2CO2H, and 2-propionic-3-methylmaleic (CDM) R1or2 ) CH3 and
R2or1 ) C2H4CO2H. (B) Synthesis of 2-propionic-3-methylmaleic anhydride (CDM): a Horner-Emmons reaction between dimethy-
loxoglutarate and triethyl-2-phosphonopropionate, followed by saponification of the ester groups.

52 Bioconjugate Chem., Vol. 14, No. 1, 2003 Rozema et al.

Rozema, D. B., et al. Bioconjugate Chemistry 2003, 14(1), 51–57. 
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barriers to cancer chemotherapy. The nanoparticles were con-
structed through molecular assembly of platinum (Pt) prodrug-
conjugated poly(amidoamine)-graft-polycaprolactone (PCL-
CDM-PAMAM/Pt) with PCL homopolymer and poly(ethylene
glycol)-b-poly(e-caprolactone) (PEG-b-PCL) copolymer (Fig. 1
A and B). PEG-b-PCL is used to offer the stealth layer, whereas
PCL is chosen to control the size and stability. The nanoparticles are
able to function adaptively in the body through precisely responding
to the physiological pH, tumor extracellular acidity, and intracellular
reductive environment, respectively (Fig. 1B). At physiological pH,
the clustered nanoparticles hold the size around 100 nm and have
high propensity for long blood circulation and enhanced tumor ac-
cumulation through the EPR effect. Then, the acidic tumor extra-
cellular pH (pHe ∼6.5–7.2) (35, 36) triggers the release of small
PAMAM prodrugs (∼5 nm) that enable deep and uniform tumor
penetration to reach more cancer cells. Finally, the PAMAM
prodrugs can be rapidly reduced in the reductive cytosol to re-
lease active and potent cisplatin to kill cancer cells and lead to
robust antitumor efficacy (37).

Results
Preparation and Characterization of the Clustered Nanoparticles. To
prepare the clustered nanoparticles, the polymer components PCL,
PEG-b-PCL, and PCL-CDM-PAMAM/Pt were synthesized. The
structures and molecular weights of PEG-b-PCL and PCL were char-
acterized (SI Appendix, Figs. S1 and S2). For PCL-CDM-PAMAM/Pt
synthesis, PCL was first reacted with 2-propionic-3-methylmaleic
anhydride (CDM) to produce PCL-CDM (SI Appendix, Fig. S3).
A Pt prodrug c,c,t-[Pt(NH3)2Cl2(OH)(O2CCH2CH2CO2H)] was
conjugated to PAMAM to afford PAMAM/Pt, which was fur-
ther coupled to PCL-CDM through the reaction of the amino
groups of PAMAM with the CDM anhydride residue (SI Ap-
pendix, Scheme S1). The resultant amide bond is acid labile
(38) and will be cleaved at pHe to release PAMAM at
tumor sites.
The Pt-containing pH-instable clustered nanoparticle (iCluster/Pt)

was prepared from coassembly of PCL-CDM-PAMAM/Pt, PEG-

b-PCL, and PCL by nanoprecipitation method. The weight ratio of
PCL-CDM-PAMAM/Pt:PEG-b-PCL:PCL was optimized as 1:1:1
based on size and size distribution (SI Appendix, Table S1 and Fig.
S4). Dynamic light scattering (DLS) indicated that the diameter of
iCluster/Pt was around 104.1 nm (Fig. 1C), which was consistent
with the transmission electron microscopy (TEM) observation
(Fig. 1D). TEM images showed clearly that iCluster/Pt had a
raspberry-like structure, presumably due to the presence of
PAMAM dendrimers surrounding the hydrophobic core. Each
iCluster/Pt contained 108 PAMAM and 719 platinum drugs, as
estimated by static light scattering. For comparison, we prepared a
pH-stable clustered nanoparticle (Cluster/Pt) by replacing PCL-
CDM-PAMAM/Pt with its nonresponsive counterpart PCL-
PAMAM/Pt (SI Appendix, Scheme S2). Each Cluster/Pt contained
90 PAMAM and 573 platinum drugs and showed similar mor-
phology, size, and zeta potential as iCluster/Pt (Fig. 1 E and F and
SI Appendix, Table S2).
One key design of iCluster/Pt is its sensitivity to biological

stimuli such as the acidic pHe and elevated intracellular redox
milieu. To test its response to pHe, we incubated iCluster/Pt in a
tumor-acidity mimic phosphate buffer (PB) solution at pH 6.8
over predetermined time and observed its morphological evo-
lution under TEM. After a 4-h incubation, the raspberry-like
morphology of iCluster/Pt was partially deformed and small
particles appeared in the solution (Fig. 1D, Middle). After an
additional incubation for 24 h, the raspberry structure was almost
completely disintegrated (Fig. 1D, Right and SI Appendix, Fig.
S5) and changed to a smooth surface that was analogous to
nanoparticles formed by PEG-PCL and PCL (SI Appendix, Fig.
S6A). Meanwhile, plenty of small nanoparticles were observed in
the surroundings, with size comparable to PAMAM (SI Appen-
dix, Fig. S6B), suggesting that small PAMAM dendrimers were
released upon cleavage of the amide bond at pH 6.8. In contrast,
Cluster/Pt maintained its initial morphology and size under
identical conditions (Fig. 1F).
Next, high-performance liquid chromatography (HPLC) was

used to monitor and compare the release kinetics of PAMAM
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Fig. 1. Preparation and physicochemical properties
of the clustered nanoparticles. (A) Chemical structure
of PCL-CDM-PAMAM/Pt. (B) Self-assembly and struc-
tural change of iCluster/Pt in response to tumor
acidity and intracellular reductive environment.
(C and E) DLS distributions of iCluster/Pt (C) and
Cluster/Pt (E). (D and F) TEM images of iCluster/Pt
(D) and Cluster/Pt (F) treated in PB at pH 6.8 for 0, 4,
and 24 h, respectively. (Scale bar, 100 nm and for the
Inset images, 50 nm.) (G and H) PAMAM (green line)
and platinum drug (red line) release from iCluster (G)
and Cluster (H) under three different conditions,
which include PB at pH 7.4 to mimic a neutral envi-
ronment, PB at pH 6.8 to mimic a tumor extracellular
environment, and ascorbic acid solution (5 mM, pH 7.4)
to mimic an intracellular redox environment. PAMAM
release was quantified by HPLC, whereas platinum
release was determined by ICP-MS.
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evaluate the effect of acylation on the charge of the
amines, the cyclic anhydrides were reacted with the
polyamine PLL. The effect of acylation on the charge of
the modified polyamine is important, given that the
membrane activity of melittin is presumably dependent
on its positive charge (vide infra). After reaction of PLL
with succinic, citraconic, cis-aconitic, dimethylmaleic, and
CDM anhydrides, the TNBS assay indicated that there
was complete conversion of the γ-amines of PLL to
carboxylates. The charge density of these polyanions was
determined by assessing their ability to condense cat-
ionic, fluorescein-labeled PLL (24). At slightly basic pH,
1-1.2 functional equiv of succinylated PLL is required
to condense PLL, which is estimated from our observation
that 10-12 µg of succinylated PLL is required to fully
quench 10 µg of fluorescein-labeled PLL (Figure 2).
Similarly, 1-1.3 equiv of citraconylated PLL and 1.5
equiv of cis-aconitylated PLL, which has two carboxylate
groups per repeating unit, are required to condense PLL.
In contrast, PLL that is modified with dimethylmaleic
anhydride requires ca. 20 equiv to condense PLL. Simi-
larly, the charge density of CDM-modified PLL is roughly
one charge per two carboxylates. It appears that the
distal carboxylate of CDM anhydride adds charge to the
modified polymer while the carboxylate of the anhydride
contributes very little charge to the polyanion. This
deficiency of effective charge density for dimethylmale-
amates may be due to a hydrogen bond interaction
between the amide proton and the carboxylate of the
dimethymaleamylate group. Another hypothesis is that
the steric bulk of the two methyl groups prevents any
interaction. The reported pKa of the carboxylate of
dimethymaleamylate is 4.2 (28), and the pKa of citraco-
nylates is 3.2. These values suggest that the carboxylate
is not hydrogen bonded to the amide proton because one
would expect that a hydrogen bond between the carboxy-
late and amide proton would decrease, not increase the
pKa of dimethymaleamylate. Whatever the reason for
dimethylmaleamate’s apparent lack of charge density,
these results indicate that CDM can modify the amines
of lysine, thereby converting a positive charge into a
negative one.

The Acylation of the Dipeptide Glycinylalanine
and the Kinetics of Cleavage. The rates of acid-
catalyzed cleavage of the maleamates were evaluated
using the dipeptide glycinylalanine (GA) (Figure 3). GA
was chosen because it (1) contains one amine group,
which simplifies kinetics, and (2) contains a carboxylate
distant from the amine, which keeps the peptide soluble
in the assay conditions without greatly affecting the pKa
of the amine. The rate of maleamate cleavage was studied

by addition of the modified peptides to a pH 5 solution,
and at various times the cleavage reaction was quenched
by addition to a pH 9 solution containing TNBS. As
expected, the disubstituted maleamic acids cleave much
more rapidly than monosubstituted maleamic acids
(Figure 3) (29). At early time points, the reverse reaction
is negligible, and the reaction can be treated as unimo-
lecular; but at later time points, the reverse reaction
between amine and anhydride affects the concentration
of amine, and the reaction is no longer strictly unimo-
lecular. Data points where the reaction is less than 50%
complete can be fitted to the equation ln[1 - (At/A0)] )
-kt, where At is the absorbance at time t and A0 is the
absorbance of PLL that was not modified by anhydride.
We calculated rate constants of 0.4 min-1 for dimethyl-
maleamic acid cleavage and 0.3 min-1 for the cleavage
of CDM modified GA, which correspond to half-lives of
1.5 and 2 min, respectively. Similar measurements of the
reversal of citraconic and cis-aconitic modification re-
vealed much slower cleavage kinetics with an approxi-
mate half-life of 300 min.

Acylation of the Membrane Disruptive Peptide
Melittin. To investigate the effect of acylation on the
activity of membrane-active, cationic peptides, we chose
melittin. Melittin is a 26-residue peptide from bee venom
(GIGAILKVLATGLPTLISWIKNKRKQ from the little
honey bee), which is highly cytotoxic and hemolytic (31).
Many synthetic analogues of melittin have been studied
to determine which residues are important for membrane
disruptive ability (17). The lysine at position 7 has been
shown to be important for hemolytic activity (32). This
importance of lysine 7 and the presence of four other
amine groups, from three lysines and the amino termi-
nus, suggest that regulating these amino groups could
control the activity of melittin.

To test this hypothesis, we acylated melittin at pH 7.5
with two molar equiv, relative to the four lysine residues
with succinic, cis-aconitic, dimethylmaleic, citraconic, and
CDM anhydrides. Modification by all of the anhydrides
except dimethylmaleic anhydride resulted in a complete
loss of membrane activity as measured by red blood cells
lysis. Measurement of amine content by TNBS revealed
that the inactivation of melittin by dimethylmaleic
anhydride modification was not the result of incomplete
amine acylation. A possible explanation for the activity
of dimethylmaleamylated melittin is the lack of effective
charge for dimethymaleamates. As we observed that
dimethylmaleamylated PLL possessed very little charge
density, we would expect that dimethylmaleamylated
melittin would not be entirely inhibited from interacting
with the anionic cellular membrane.

Figure 2. The quenching of fluorescein-labeled PLL upon
addition of PLL modified with succinic anhydride (3),dimeth-
ylmaleic anhydride (b), CDM anhydride (O), citraconic (9), or
cis-aconitic anhydride (0).

Figure 3. The cleavage of maleamic acid modifications of the
glycinylalanine dipeptide modified with dimethylmaleic (b),
CDM (O), citraconic (9), or cis-aconitic anhydride (0).

54 Bioconjugate Chem., Vol. 14, No. 1, 2003 Rozema et al.
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barriers to cancer chemotherapy. The nanoparticles were con-
structed through molecular assembly of platinum (Pt) prodrug-
conjugated poly(amidoamine)-graft-polycaprolactone (PCL-
CDM-PAMAM/Pt) with PCL homopolymer and poly(ethylene
glycol)-b-poly(e-caprolactone) (PEG-b-PCL) copolymer (Fig. 1
A and B). PEG-b-PCL is used to offer the stealth layer, whereas
PCL is chosen to control the size and stability. The nanoparticles are
able to function adaptively in the body through precisely responding
to the physiological pH, tumor extracellular acidity, and intracellular
reductive environment, respectively (Fig. 1B). At physiological pH,
the clustered nanoparticles hold the size around 100 nm and have
high propensity for long blood circulation and enhanced tumor ac-
cumulation through the EPR effect. Then, the acidic tumor extra-
cellular pH (pHe ∼6.5–7.2) (35, 36) triggers the release of small
PAMAM prodrugs (∼5 nm) that enable deep and uniform tumor
penetration to reach more cancer cells. Finally, the PAMAM
prodrugs can be rapidly reduced in the reductive cytosol to re-
lease active and potent cisplatin to kill cancer cells and lead to
robust antitumor efficacy (37).

Results
Preparation and Characterization of the Clustered Nanoparticles. To
prepare the clustered nanoparticles, the polymer components PCL,
PEG-b-PCL, and PCL-CDM-PAMAM/Pt were synthesized. The
structures and molecular weights of PEG-b-PCL and PCL were char-
acterized (SI Appendix, Figs. S1 and S2). For PCL-CDM-PAMAM/Pt
synthesis, PCL was first reacted with 2-propionic-3-methylmaleic
anhydride (CDM) to produce PCL-CDM (SI Appendix, Fig. S3).
A Pt prodrug c,c,t-[Pt(NH3)2Cl2(OH)(O2CCH2CH2CO2H)] was
conjugated to PAMAM to afford PAMAM/Pt, which was fur-
ther coupled to PCL-CDM through the reaction of the amino
groups of PAMAM with the CDM anhydride residue (SI Ap-
pendix, Scheme S1). The resultant amide bond is acid labile
(38) and will be cleaved at pHe to release PAMAM at
tumor sites.
The Pt-containing pH-instable clustered nanoparticle (iCluster/Pt)

was prepared from coassembly of PCL-CDM-PAMAM/Pt, PEG-

b-PCL, and PCL by nanoprecipitation method. The weight ratio of
PCL-CDM-PAMAM/Pt:PEG-b-PCL:PCL was optimized as 1:1:1
based on size and size distribution (SI Appendix, Table S1 and Fig.
S4). Dynamic light scattering (DLS) indicated that the diameter of
iCluster/Pt was around 104.1 nm (Fig. 1C), which was consistent
with the transmission electron microscopy (TEM) observation
(Fig. 1D). TEM images showed clearly that iCluster/Pt had a
raspberry-like structure, presumably due to the presence of
PAMAM dendrimers surrounding the hydrophobic core. Each
iCluster/Pt contained 108 PAMAM and 719 platinum drugs, as
estimated by static light scattering. For comparison, we prepared a
pH-stable clustered nanoparticle (Cluster/Pt) by replacing PCL-
CDM-PAMAM/Pt with its nonresponsive counterpart PCL-
PAMAM/Pt (SI Appendix, Scheme S2). Each Cluster/Pt contained
90 PAMAM and 573 platinum drugs and showed similar mor-
phology, size, and zeta potential as iCluster/Pt (Fig. 1 E and F and
SI Appendix, Table S2).
One key design of iCluster/Pt is its sensitivity to biological

stimuli such as the acidic pHe and elevated intracellular redox
milieu. To test its response to pHe, we incubated iCluster/Pt in a
tumor-acidity mimic phosphate buffer (PB) solution at pH 6.8
over predetermined time and observed its morphological evo-
lution under TEM. After a 4-h incubation, the raspberry-like
morphology of iCluster/Pt was partially deformed and small
particles appeared in the solution (Fig. 1D, Middle). After an
additional incubation for 24 h, the raspberry structure was almost
completely disintegrated (Fig. 1D, Right and SI Appendix, Fig.
S5) and changed to a smooth surface that was analogous to
nanoparticles formed by PEG-PCL and PCL (SI Appendix, Fig.
S6A). Meanwhile, plenty of small nanoparticles were observed in
the surroundings, with size comparable to PAMAM (SI Appen-
dix, Fig. S6B), suggesting that small PAMAM dendrimers were
released upon cleavage of the amide bond at pH 6.8. In contrast,
Cluster/Pt maintained its initial morphology and size under
identical conditions (Fig. 1F).
Next, high-performance liquid chromatography (HPLC) was

used to monitor and compare the release kinetics of PAMAM
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Fig. 1. Preparation and physicochemical properties
of the clustered nanoparticles. (A) Chemical structure
of PCL-CDM-PAMAM/Pt. (B) Self-assembly and struc-
tural change of iCluster/Pt in response to tumor
acidity and intracellular reductive environment.
(C and E) DLS distributions of iCluster/Pt (C) and
Cluster/Pt (E). (D and F) TEM images of iCluster/Pt
(D) and Cluster/Pt (F) treated in PB at pH 6.8 for 0, 4,
and 24 h, respectively. (Scale bar, 100 nm and for the
Inset images, 50 nm.) (G and H) PAMAM (green line)
and platinum drug (red line) release from iCluster (G)
and Cluster (H) under three different conditions,
which include PB at pH 7.4 to mimic a neutral envi-
ronment, PB at pH 6.8 to mimic a tumor extracellular
environment, and ascorbic acid solution (5 mM, pH 7.4)
to mimic an intracellular redox environment. PAMAM
release was quantified by HPLC, whereas platinum
release was determined by ICP-MS.
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barriers to cancer chemotherapy. The nanoparticles were con-
structed through molecular assembly of platinum (Pt) prodrug-
conjugated poly(amidoamine)-graft-polycaprolactone (PCL-
CDM-PAMAM/Pt) with PCL homopolymer and poly(ethylene
glycol)-b-poly(e-caprolactone) (PEG-b-PCL) copolymer (Fig. 1
A and B). PEG-b-PCL is used to offer the stealth layer, whereas
PCL is chosen to control the size and stability. The nanoparticles are
able to function adaptively in the body through precisely responding
to the physiological pH, tumor extracellular acidity, and intracellular
reductive environment, respectively (Fig. 1B). At physiological pH,
the clustered nanoparticles hold the size around 100 nm and have
high propensity for long blood circulation and enhanced tumor ac-
cumulation through the EPR effect. Then, the acidic tumor extra-
cellular pH (pHe ∼6.5–7.2) (35, 36) triggers the release of small
PAMAM prodrugs (∼5 nm) that enable deep and uniform tumor
penetration to reach more cancer cells. Finally, the PAMAM
prodrugs can be rapidly reduced in the reductive cytosol to re-
lease active and potent cisplatin to kill cancer cells and lead to
robust antitumor efficacy (37).

Results
Preparation and Characterization of the Clustered Nanoparticles. To
prepare the clustered nanoparticles, the polymer components PCL,
PEG-b-PCL, and PCL-CDM-PAMAM/Pt were synthesized. The
structures and molecular weights of PEG-b-PCL and PCL were char-
acterized (SI Appendix, Figs. S1 and S2). For PCL-CDM-PAMAM/Pt
synthesis, PCL was first reacted with 2-propionic-3-methylmaleic
anhydride (CDM) to produce PCL-CDM (SI Appendix, Fig. S3).
A Pt prodrug c,c,t-[Pt(NH3)2Cl2(OH)(O2CCH2CH2CO2H)] was
conjugated to PAMAM to afford PAMAM/Pt, which was fur-
ther coupled to PCL-CDM through the reaction of the amino
groups of PAMAM with the CDM anhydride residue (SI Ap-
pendix, Scheme S1). The resultant amide bond is acid labile
(38) and will be cleaved at pHe to release PAMAM at
tumor sites.
The Pt-containing pH-instable clustered nanoparticle (iCluster/Pt)

was prepared from coassembly of PCL-CDM-PAMAM/Pt, PEG-

b-PCL, and PCL by nanoprecipitation method. The weight ratio of
PCL-CDM-PAMAM/Pt:PEG-b-PCL:PCL was optimized as 1:1:1
based on size and size distribution (SI Appendix, Table S1 and Fig.
S4). Dynamic light scattering (DLS) indicated that the diameter of
iCluster/Pt was around 104.1 nm (Fig. 1C), which was consistent
with the transmission electron microscopy (TEM) observation
(Fig. 1D). TEM images showed clearly that iCluster/Pt had a
raspberry-like structure, presumably due to the presence of
PAMAM dendrimers surrounding the hydrophobic core. Each
iCluster/Pt contained 108 PAMAM and 719 platinum drugs, as
estimated by static light scattering. For comparison, we prepared a
pH-stable clustered nanoparticle (Cluster/Pt) by replacing PCL-
CDM-PAMAM/Pt with its nonresponsive counterpart PCL-
PAMAM/Pt (SI Appendix, Scheme S2). Each Cluster/Pt contained
90 PAMAM and 573 platinum drugs and showed similar mor-
phology, size, and zeta potential as iCluster/Pt (Fig. 1 E and F and
SI Appendix, Table S2).
One key design of iCluster/Pt is its sensitivity to biological

stimuli such as the acidic pHe and elevated intracellular redox
milieu. To test its response to pHe, we incubated iCluster/Pt in a
tumor-acidity mimic phosphate buffer (PB) solution at pH 6.8
over predetermined time and observed its morphological evo-
lution under TEM. After a 4-h incubation, the raspberry-like
morphology of iCluster/Pt was partially deformed and small
particles appeared in the solution (Fig. 1D, Middle). After an
additional incubation for 24 h, the raspberry structure was almost
completely disintegrated (Fig. 1D, Right and SI Appendix, Fig.
S5) and changed to a smooth surface that was analogous to
nanoparticles formed by PEG-PCL and PCL (SI Appendix, Fig.
S6A). Meanwhile, plenty of small nanoparticles were observed in
the surroundings, with size comparable to PAMAM (SI Appen-
dix, Fig. S6B), suggesting that small PAMAM dendrimers were
released upon cleavage of the amide bond at pH 6.8. In contrast,
Cluster/Pt maintained its initial morphology and size under
identical conditions (Fig. 1F).
Next, high-performance liquid chromatography (HPLC) was

used to monitor and compare the release kinetics of PAMAM
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Fig. 1. Preparation and physicochemical properties
of the clustered nanoparticles. (A) Chemical structure
of PCL-CDM-PAMAM/Pt. (B) Self-assembly and struc-
tural change of iCluster/Pt in response to tumor
acidity and intracellular reductive environment.
(C and E) DLS distributions of iCluster/Pt (C) and
Cluster/Pt (E). (D and F) TEM images of iCluster/Pt
(D) and Cluster/Pt (F) treated in PB at pH 6.8 for 0, 4,
and 24 h, respectively. (Scale bar, 100 nm and for the
Inset images, 50 nm.) (G and H) PAMAM (green line)
and platinum drug (red line) release from iCluster (G)
and Cluster (H) under three different conditions,
which include PB at pH 7.4 to mimic a neutral envi-
ronment, PB at pH 6.8 to mimic a tumor extracellular
environment, and ascorbic acid solution (5 mM, pH 7.4)
to mimic an intracellular redox environment. PAMAM
release was quantified by HPLC, whereas platinum
release was determined by ICP-MS.
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because of its physico-chemical properties (27, 28). Cisplatin is
insoluble in organic solvents, and its partial solubility in water
makes it difficult to obtain cisplatin-encapsulated-PLGA sus-
tained-release systems that maintain adequate concentrations
for long time periods (28). A recent effort to prepare such a
construct by the double emulsion method resulted in large
particles, which tend to sequester in the liver and spleen (29),
with encapsulated cisplatin exhibiting lower cytotoxicity than
that of the free drug (30). Particles !200 nm are generally
ineffective in vivo. In another report, the in vitro anticancer
activity of cisplatin-encapsulated PLGA-mPEG nanoparticles
was investigated against prostate cancer LNCaP cells, but the
nanoparticles loaded with cisplatin showed comparable or lower
activity compared with that of free cisplatin (31). The prodrug
approach, where cisplatin is released from a Pt(IV) precursor,
overcomes the problems associated with cisplatin encapsula-
tion, and allows a cell targeting moiety to deliver a lethal
dose of cisplatin upon intracellular reduction (22–25). Be-
cause the interior of nanoparticles is more hydrophobic
than their surface, we prepared a Pt(IV) compound c,t,c
[Pt(NH3)2(O2CCH2CH2CH2CH2CH3)2Cl2] (1, Scheme 1) hav-
ing alkyl chains at the axial positions. Encapsulation of this
molecule into pegylated PLGA nanoparticle bioconjugates that
bind to the PSMA protein on the surface of prostate cancer cells
for targeted delivery of the Pt(IV) prodrug led to release of
cisplatin upon intracellular reduction (Scheme 1). Although
related constructs were devised many years ago (32), the choice
of the linear hexyl chains in 1 was the result of a systematic study
to optimize encapsulation and controlled release from the
polymer without compromising either feature. For targeting, we
used the A10 2"-f luoropyrimidine RNA aptamer, which recog-
nizes the extracellular domain of PSMA (A10 PSMA Apt) (33)
to functionalize the surface of our Pt(IV)-encapsulated pegy-
lated PLGA NPs. The results of these experiments are described
here.

Results and Discussion
Synthesis and Characterization of 1. The interior of nanoparticles is
more hydrophobic than their surface. Initial efforts to obtain the
required hydrophobicity included synthesis of a Pt(IV) deriva-
tive of cisplatin having with adamantyl groups at the axial
positions, but this compound was insoluble in acetonitrile. To
obtain a platinum complex with sufficient hydrophobicity for
encapsulation in PLGA-b-PEG NPs, we ultimately synthesized
c,t,c-[Pt(NH3)2(O2CCH2CH2CH2CH2CH3)2Cl2] (1) (Scheme 1)
(22, 32). The structure of 1 was confirmed by spectroscopic
[supporting information (SI) Fig. S1], analytical, and X-ray
crystallographic methods. Details of the structure are available
in Table S1 and Fig. S2. Synthesis of Pt(IV)-encapsulated
nanoparticles requires that the Pt(IV) host be sufficiently soluble
in organic solvents like acetonitrile and DMF. Compound 1
dissolves in acetonitrile (10 mg/ml), making it a suitable candi-
date for encapsulation.

Development of Pt(IV)-Encapsulated, A10 PSMA Apt Funtionalized NPs
(Pt-NP-Apt). PLGA-COOH and NH2-PEG3400-COOH polymers
were used to prepare a PLGA-b-PEG copolymer with terminal
carboxylic acid groups (PLGA-b-PEG-COOH) (34). PLGA-
COOH was converted to its succinimide by using 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide (NHS), which was then allowed to react
with NH2-PEG-COOH. We used a nanoprecipitation method
(35) to encapsulate 1 within a PLGA-b-PEG block copolymer
having a terminal carboxylic acid group (PLGA-b-PEG-COOH)
(Fig. 1A). The properties of the encapsulated nanoparticle were
characterized by dynamic light scattering to give the size and
polydispersity of each preparation. To optimize the size and
loading, a series of encapsulated NPs were prepared, varying the
weight percentage of 1 to polymer and by using PLGA of various
molecular masses. In this way, we found PLGA of inherent
viscosity 0.69 dL/g in hexafluoroisopropanol to afford the most
suitable encapsulated NPs.

The loading efficiencies of 1 at various added weight-
percentage values of Pt(IV) to polymer are shown in Fig. 1B. The
polydispersity of the particles increases with the percentage
loading of 1 (Table 1). The size of the particles also increases
with percentage loading (Table 1). For all studies, we used
encapsulated particles having a #6% loading and a size of #140
nm (Fig. 1C). We modified the surface of 1-encapsulated NPs
with the A10 PSMA Apt. The presence of targeting moieties on
the surface of particles allows it to differentially bind and
become internalized by PCa cells. The 5" amino groups of the
aptamer were conjugated to the carboxylate groups of the NPs
surface using an amide coupling reagent. Conjugation of the A10
PSMA Apt on the surface of NPs was confirmed by agarose gel
electrophoresis (Fig. S3a).

In Vitro Controlled Release of 1 from Encapsulated NPs. We next
studied the controlled release kinetics of the Pt(IV) complex 1
from the NPs, a necessary property for anticancer activity (36).
Doxorubicin covalently linked to PLGA (37) or poly(aspartic
acid) (38) displays very little or no activity because the absence
of a hydrolyzable linker precluded its release. A more recent
study in which doxorubicin was conjugated to PLGA by a
hydrolyzable carbamate linkage showed a sustained release
drug profile from this nanocell delivery system (39). The
platinum(IV) compound is physically dispersed by encapsulation
throughout the hydrophobic core of the PLGA-b-PEG NPs.
Typically, except for an initial burst, release from polymeric NPs
is a slow, diffusion-controlled process that also depends on the
rate of polymer biodegradation (40). We studied release by
dialyzing the Pt-encapsulated NPs against 20 L of PBS at pH 7.4
and 37 °C to mimic physiological conditions. The amount of
platinum released from the particles was measured by atomic
absorption spectroscopy (AAS). The controlled release of plat-
inum from the NPs is shown in Fig. 2. An initial burst release
during the first 2 h represents only 12% of the total platinum.
The dormant period lasts #14 h (49%). Thereafter, a period of
controlled platinum release occurs, reaching a value of 66% after
24 h. Such controlled release of Pt(IV) from the NPs extended
over 60 h. These physicochemical properties confirmed our
choice of the platinum(IV) compound 1, having linear hexyl
chains in the axial positions, as optimal for building a sustained-
release platinum-nanoparticle conjugate.

The identity of the platinum species released from the
polymeric nanoparticles was determined by electrospray ion-
ization mass spectrometry (ESI-MS). ESI-MS analysis of the
PBS dialysate from the Pt-NP dialysis experiment revealed a
peak at 553.5 (Fig. S3b) corresponding to the sodium adduct
of 1 [(M$Na$)calcd 553.34]. This result indicates that the acidic
environment inside the NPs is insufficient to promote conver-
sion of 1 to its platinum(II) form cisplatin, assuring that 1

Scheme 1. Chemical structure of the hydrophobic platinum(IV) compound
1 and the chemistry by which the active drug, cisplatin is released, after
reduction in the cell.

Dhar et al. PNAS ! November 11, 2008 ! vol. 105 ! no. 45 ! 17357
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barriers to cancer chemotherapy. The nanoparticles were con-
structed through molecular assembly of platinum (Pt) prodrug-
conjugated poly(amidoamine)-graft-polycaprolactone (PCL-
CDM-PAMAM/Pt) with PCL homopolymer and poly(ethylene
glycol)-b-poly(e-caprolactone) (PEG-b-PCL) copolymer (Fig. 1
A and B). PEG-b-PCL is used to offer the stealth layer, whereas
PCL is chosen to control the size and stability. The nanoparticles are
able to function adaptively in the body through precisely responding
to the physiological pH, tumor extracellular acidity, and intracellular
reductive environment, respectively (Fig. 1B). At physiological pH,
the clustered nanoparticles hold the size around 100 nm and have
high propensity for long blood circulation and enhanced tumor ac-
cumulation through the EPR effect. Then, the acidic tumor extra-
cellular pH (pHe ∼6.5–7.2) (35, 36) triggers the release of small
PAMAM prodrugs (∼5 nm) that enable deep and uniform tumor
penetration to reach more cancer cells. Finally, the PAMAM
prodrugs can be rapidly reduced in the reductive cytosol to re-
lease active and potent cisplatin to kill cancer cells and lead to
robust antitumor efficacy (37).

Results
Preparation and Characterization of the Clustered Nanoparticles. To
prepare the clustered nanoparticles, the polymer components PCL,
PEG-b-PCL, and PCL-CDM-PAMAM/Pt were synthesized. The
structures and molecular weights of PEG-b-PCL and PCL were char-
acterized (SI Appendix, Figs. S1 and S2). For PCL-CDM-PAMAM/Pt
synthesis, PCL was first reacted with 2-propionic-3-methylmaleic
anhydride (CDM) to produce PCL-CDM (SI Appendix, Fig. S3).
A Pt prodrug c,c,t-[Pt(NH3)2Cl2(OH)(O2CCH2CH2CO2H)] was
conjugated to PAMAM to afford PAMAM/Pt, which was fur-
ther coupled to PCL-CDM through the reaction of the amino
groups of PAMAM with the CDM anhydride residue (SI Ap-
pendix, Scheme S1). The resultant amide bond is acid labile
(38) and will be cleaved at pHe to release PAMAM at
tumor sites.
The Pt-containing pH-instable clustered nanoparticle (iCluster/Pt)

was prepared from coassembly of PCL-CDM-PAMAM/Pt, PEG-

b-PCL, and PCL by nanoprecipitation method. The weight ratio of
PCL-CDM-PAMAM/Pt:PEG-b-PCL:PCL was optimized as 1:1:1
based on size and size distribution (SI Appendix, Table S1 and Fig.
S4). Dynamic light scattering (DLS) indicated that the diameter of
iCluster/Pt was around 104.1 nm (Fig. 1C), which was consistent
with the transmission electron microscopy (TEM) observation
(Fig. 1D). TEM images showed clearly that iCluster/Pt had a
raspberry-like structure, presumably due to the presence of
PAMAM dendrimers surrounding the hydrophobic core. Each
iCluster/Pt contained 108 PAMAM and 719 platinum drugs, as
estimated by static light scattering. For comparison, we prepared a
pH-stable clustered nanoparticle (Cluster/Pt) by replacing PCL-
CDM-PAMAM/Pt with its nonresponsive counterpart PCL-
PAMAM/Pt (SI Appendix, Scheme S2). Each Cluster/Pt contained
90 PAMAM and 573 platinum drugs and showed similar mor-
phology, size, and zeta potential as iCluster/Pt (Fig. 1 E and F and
SI Appendix, Table S2).
One key design of iCluster/Pt is its sensitivity to biological

stimuli such as the acidic pHe and elevated intracellular redox
milieu. To test its response to pHe, we incubated iCluster/Pt in a
tumor-acidity mimic phosphate buffer (PB) solution at pH 6.8
over predetermined time and observed its morphological evo-
lution under TEM. After a 4-h incubation, the raspberry-like
morphology of iCluster/Pt was partially deformed and small
particles appeared in the solution (Fig. 1D, Middle). After an
additional incubation for 24 h, the raspberry structure was almost
completely disintegrated (Fig. 1D, Right and SI Appendix, Fig.
S5) and changed to a smooth surface that was analogous to
nanoparticles formed by PEG-PCL and PCL (SI Appendix, Fig.
S6A). Meanwhile, plenty of small nanoparticles were observed in
the surroundings, with size comparable to PAMAM (SI Appen-
dix, Fig. S6B), suggesting that small PAMAM dendrimers were
released upon cleavage of the amide bond at pH 6.8. In contrast,
Cluster/Pt maintained its initial morphology and size under
identical conditions (Fig. 1F).
Next, high-performance liquid chromatography (HPLC) was

used to monitor and compare the release kinetics of PAMAM
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Fig. 1. Preparation and physicochemical properties
of the clustered nanoparticles. (A) Chemical structure
of PCL-CDM-PAMAM/Pt. (B) Self-assembly and struc-
tural change of iCluster/Pt in response to tumor
acidity and intracellular reductive environment.
(C and E) DLS distributions of iCluster/Pt (C) and
Cluster/Pt (E). (D and F) TEM images of iCluster/Pt
(D) and Cluster/Pt (F) treated in PB at pH 6.8 for 0, 4,
and 24 h, respectively. (Scale bar, 100 nm and for the
Inset images, 50 nm.) (G and H) PAMAM (green line)
and platinum drug (red line) release from iCluster (G)
and Cluster (H) under three different conditions,
which include PB at pH 7.4 to mimic a neutral envi-
ronment, PB at pH 6.8 to mimic a tumor extracellular
environment, and ascorbic acid solution (5 mM, pH 7.4)
to mimic an intracellular redox environment. PAMAM
release was quantified by HPLC, whereas platinum
release was determined by ICP-MS.
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Ø Each nanoparticle showed similar morphology, size
Ø plenty of small nanoparticles (PAMAM) were observed after 4h or 24h incubation
Ø under an intracellular redox environment, both cluster released Pt drugs.

barriers to cancer chemotherapy. The nanoparticles were con-
structed through molecular assembly of platinum (Pt) prodrug-
conjugated poly(amidoamine)-graft-polycaprolactone (PCL-
CDM-PAMAM/Pt) with PCL homopolymer and poly(ethylene
glycol)-b-poly(e-caprolactone) (PEG-b-PCL) copolymer (Fig. 1
A and B). PEG-b-PCL is used to offer the stealth layer, whereas
PCL is chosen to control the size and stability. The nanoparticles are
able to function adaptively in the body through precisely responding
to the physiological pH, tumor extracellular acidity, and intracellular
reductive environment, respectively (Fig. 1B). At physiological pH,
the clustered nanoparticles hold the size around 100 nm and have
high propensity for long blood circulation and enhanced tumor ac-
cumulation through the EPR effect. Then, the acidic tumor extra-
cellular pH (pHe ∼6.5–7.2) (35, 36) triggers the release of small
PAMAM prodrugs (∼5 nm) that enable deep and uniform tumor
penetration to reach more cancer cells. Finally, the PAMAM
prodrugs can be rapidly reduced in the reductive cytosol to re-
lease active and potent cisplatin to kill cancer cells and lead to
robust antitumor efficacy (37).

Results
Preparation and Characterization of the Clustered Nanoparticles. To
prepare the clustered nanoparticles, the polymer components PCL,
PEG-b-PCL, and PCL-CDM-PAMAM/Pt were synthesized. The
structures and molecular weights of PEG-b-PCL and PCL were char-
acterized (SI Appendix, Figs. S1 and S2). For PCL-CDM-PAMAM/Pt
synthesis, PCL was first reacted with 2-propionic-3-methylmaleic
anhydride (CDM) to produce PCL-CDM (SI Appendix, Fig. S3).
A Pt prodrug c,c,t-[Pt(NH3)2Cl2(OH)(O2CCH2CH2CO2H)] was
conjugated to PAMAM to afford PAMAM/Pt, which was fur-
ther coupled to PCL-CDM through the reaction of the amino
groups of PAMAM with the CDM anhydride residue (SI Ap-
pendix, Scheme S1). The resultant amide bond is acid labile
(38) and will be cleaved at pHe to release PAMAM at
tumor sites.
The Pt-containing pH-instable clustered nanoparticle (iCluster/Pt)

was prepared from coassembly of PCL-CDM-PAMAM/Pt, PEG-

b-PCL, and PCL by nanoprecipitation method. The weight ratio of
PCL-CDM-PAMAM/Pt:PEG-b-PCL:PCL was optimized as 1:1:1
based on size and size distribution (SI Appendix, Table S1 and Fig.
S4). Dynamic light scattering (DLS) indicated that the diameter of
iCluster/Pt was around 104.1 nm (Fig. 1C), which was consistent
with the transmission electron microscopy (TEM) observation
(Fig. 1D). TEM images showed clearly that iCluster/Pt had a
raspberry-like structure, presumably due to the presence of
PAMAM dendrimers surrounding the hydrophobic core. Each
iCluster/Pt contained 108 PAMAM and 719 platinum drugs, as
estimated by static light scattering. For comparison, we prepared a
pH-stable clustered nanoparticle (Cluster/Pt) by replacing PCL-
CDM-PAMAM/Pt with its nonresponsive counterpart PCL-
PAMAM/Pt (SI Appendix, Scheme S2). Each Cluster/Pt contained
90 PAMAM and 573 platinum drugs and showed similar mor-
phology, size, and zeta potential as iCluster/Pt (Fig. 1 E and F and
SI Appendix, Table S2).
One key design of iCluster/Pt is its sensitivity to biological

stimuli such as the acidic pHe and elevated intracellular redox
milieu. To test its response to pHe, we incubated iCluster/Pt in a
tumor-acidity mimic phosphate buffer (PB) solution at pH 6.8
over predetermined time and observed its morphological evo-
lution under TEM. After a 4-h incubation, the raspberry-like
morphology of iCluster/Pt was partially deformed and small
particles appeared in the solution (Fig. 1D, Middle). After an
additional incubation for 24 h, the raspberry structure was almost
completely disintegrated (Fig. 1D, Right and SI Appendix, Fig.
S5) and changed to a smooth surface that was analogous to
nanoparticles formed by PEG-PCL and PCL (SI Appendix, Fig.
S6A). Meanwhile, plenty of small nanoparticles were observed in
the surroundings, with size comparable to PAMAM (SI Appen-
dix, Fig. S6B), suggesting that small PAMAM dendrimers were
released upon cleavage of the amide bond at pH 6.8. In contrast,
Cluster/Pt maintained its initial morphology and size under
identical conditions (Fig. 1F).
Next, high-performance liquid chromatography (HPLC) was

used to monitor and compare the release kinetics of PAMAM
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Fig. 1. Preparation and physicochemical properties
of the clustered nanoparticles. (A) Chemical structure
of PCL-CDM-PAMAM/Pt. (B) Self-assembly and struc-
tural change of iCluster/Pt in response to tumor
acidity and intracellular reductive environment.
(C and E) DLS distributions of iCluster/Pt (C) and
Cluster/Pt (E). (D and F) TEM images of iCluster/Pt
(D) and Cluster/Pt (F) treated in PB at pH 6.8 for 0, 4,
and 24 h, respectively. (Scale bar, 100 nm and for the
Inset images, 50 nm.) (G and H) PAMAM (green line)
and platinum drug (red line) release from iCluster (G)
and Cluster (H) under three different conditions,
which include PB at pH 7.4 to mimic a neutral envi-
ronment, PB at pH 6.8 to mimic a tumor extracellular
environment, and ascorbic acid solution (5 mM, pH 7.4)
to mimic an intracellular redox environment. PAMAM
release was quantified by HPLC, whereas platinum
release was determined by ICP-MS.
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from fluorescein (Flu)-labeled clustered nanoparticles (iClusterFlu
and ClusterFlu). At pH 7.4, iClusterFlu could generally maintain
its stability with ∼12% PAMAM release after a 4-h incubation.
However, incubation at pH 6.8 resulted in ∼60% cumulative
release by another 4 h (Fig. 1G) and ∼90% release by 24 h (SI
Appendix, Fig. S6C), indicating much faster release of PAMAM
at acidic pH. In contrast, ClusterFlu showed minimal release at
either pH 7.4 or 6.8 (Fig. 1H). The nanoparticles are designed to
release cisplatin specifically in the redox environment (39). To
test the release of cisplatin, we incubated the nanoparticles in PB
solutions (pH 7.4 and 6.8), and ascorbic acid solution (5 mM, pH
7.4), an intracellular redox environment mimic solution (40),
respectively, and quantified Pt drug release via inductively cou-
pled plasma mass spectrometry (ICP-MS). Both nanoparticles
showed minimal drug release in PB solutions regardless of pH,
but rapid release in the redox environment (Fig. 1 G and H).
Blood plasma showed minimal effect on the stability and pH
responsiveness of iCluster (SI Appendix, Fig. S7).

Penetration and Cell Apoptosis in Multicellular Spheroids. We chose
multicellular spheroids (MCSs) derived from BxPC-3 human
pancreatic cancer cells as an in vitro tumor model to evaluate
the penetration and cell killing efficacy of the clustered nano-
particles. Compared with single-layer adherent cells, MCSs have
been proposed as a versatile 3D model to study tumor biology
and to screen therapeutic agents (41). iCluster and Cluster
were dual labeled with two dyes (denoted as RhBiClusterFlu and
RhBClusterFlu), in which PAMAM was labeled with fluorescein
(Flu, green), whereas the PCL component of the hydrophobic
core was labeled with rhodamine B (RhB, red). MCSs were in-
cubated with RhBiClusterFlu or RhBClusterFlu for 15 min, 4 h, and
24 h at pH 6.8, then washed and observed under confocal laser
scanning microscopy (CLSM, Fig. 2A and SI Appendix, Fig. S8).
For RhBiClusterFlu treatment, the red fluorescence from the hy-
drophobic core attached to the periphery of MCSs, and no no-
ticeable fluorescence was detected in the internal area by 24 h.
Instead, the green signals from PAMAM inside MCSs clearly
increased over time, demonstrating the improved penetration of
PAMAM. By contrast, both red and green fluorescence signals
from nonresponsive RhBClusterFlu were on the peripheral region
of the MCSs by 24 h, revealing limited penetration of larger
particles. Quantitative analysis indicated that more than 10-fold
higher green fluorescence was detected in RhBiClusterFlu-treated
MCSs than in RhBClusterFlu-treated ones (Fig. 2B). These results

provide clear evidence that the size-changeable iCluster has
better tumor penetration.
Next, cell internalization of both nanoparticles was studied by

flow cytometry (FACS) and ICP-MS, respectively. In FACS anal-
ysis, MCSs were treated with iClusterFlu, ClusterFlu, or PAMAMFlu
at pH 6.8 for 4 h and 24 h. Compared with ClusterFlu treatment,
the population of positive cells treated with iClusterFlu was 1.7-fold
higher and 3-fold higher at 4 h (P < 0.05) and 24 h (P < 0.001),
respectively (Fig. 2C and SI Appendix, Fig. S9). For ICP-MS
analysis, Fig. 2D shows that iCluster/Pt treatment resulted in sig-
nificantly higher intracellular accumulation of Pt than Cluster/Pt
treatment (2.6-fold, P < 0.001). Moreover, DNA of MCS cells were
isolated after a 24-h incubation, and the amount of Pt binding to
these DNA in MCS cells receiving iCluster/Pt treatment was sig-
nificantly higher than that receiving Cluster/Pt treatment (3.6-fold,
P < 0.001, Fig. 2E). Apoptosis results indicated that iCluster/Pt
treatment showed 38.6% total cell apoptosis, which was signifi-
cantly higher than Cluster/Pt treatment (14.3%, P < 0.001, Fig. 2F
and SI Appendix, Fig. S10). Of note, in all experiments, iCluster
treatment showed comparable efficacy to PAMAM treatment.

Antitumor Activity and Tumor Penetration in a BxPC-3 Pancreatic
Tumor Model. The superior performance of iCluster/Pt in MCSs
further compelled us to study its in vivo activities. We first studied
the pharmacokinetic profiles of the clustered nanoparticles. As
shown in Fig. 3A, both iCluster/Pt and Cluster/Pt exhibited pro-
longed half-life time (T1/2 > 10 h) in the bloodstream compared
with PAMAM/Pt and cisplatin, which is reasonable because
iCluster/Pt and Cluster/Pt are PEGylated nanoparticles. Other
pharmacokinetic parameters also revealed better performance of
the two PEGylated nanoparticles (SI Appendix, Table S3). Next,
we studied the antitumor activity of iCluster/Pt in nude mice
bearing BxPC-3 human pancreatic tumors, which is recognized as
a notoriously poorly permeable and intractable tumor model (27).
As shown in Fig. 3B, free cisplatin and PAMAM/Pt displayed
modest therapeutic efficacy, with 38% and 45% tumor inhibition
versus PBS control, whereas Cluster/Pt showed 57% tumor in-
hibition. In contrast, iCluster/Pt exhibited significant suppression
of tumor growth, reaching 88% tumor suppression (P < 0.001,
versus Cluster/Pt treatment). The average weight of the tumor
mass excised at the end of treatment also demonstrated the same
trend (SI Appendix, Fig. S11A). Histological analyses, including
hematoxylin and eosin (H&E), proliferating cell nuclear antigen
(PCNA), and terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end (TUNEL) staining, also

Fig. 2. In vitro penetration and cell killing efficacy
of clustered nanoparticles in BxPC-3 MCSs. (A) Pen-
etration of RhBiClusterFlu and RhBClusterFlu in MCSs at
pH 6.8 after a 4-h or 24-h incubation. The area
marked with white circles was considered the inside
area. (Scale bar, 200 μm.) (B) Mean fluorescence in-
tensity (MFI) of green signals in the inside area of
MCSs. (C) Quantification of fluorecein-positive MCS
cells after incubation with different formulations at
pH 6.8 for 4 h or 24 h. (D) Quantification of Pt con-
tent in MCSs after incubation with various formula-
tions at pH 6.8 for 24 h. (E) Quantification of Pt content
in DNA of MCS cells after various treatments at pH 6.8
for 24 h. (F) Apoptotic cells induced by different
treatments at pH 6.8 for 24 h. All data are presented as
mean ± SD (n = 3). *P < 0.05, ***P < 0.001.
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Ø The size-changeable iCluster had beOer tumor penetra)on
Ø Compared with Cluster/Pt, iCluster/Pt exhibited significant suppression of tumor growth
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Short summary

üiCluster system enables that robust tumor penetra2on achieved through 
pH-triggered sha?ering of small PAMAM dendrimers at tumor sites

üexhibited significant an2tumor ac2vity
× take much 2me to complete the transi2on (t1/2 = 2min)
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barriers to cancer chemotherapy. The nanoparticles were con-
structed through molecular assembly of platinum (Pt) prodrug-
conjugated poly(amidoamine)-graft-polycaprolactone (PCL-
CDM-PAMAM/Pt) with PCL homopolymer and poly(ethylene
glycol)-b-poly(e-caprolactone) (PEG-b-PCL) copolymer (Fig. 1
A and B). PEG-b-PCL is used to offer the stealth layer, whereas
PCL is chosen to control the size and stability. The nanoparticles are
able to function adaptively in the body through precisely responding
to the physiological pH, tumor extracellular acidity, and intracellular
reductive environment, respectively (Fig. 1B). At physiological pH,
the clustered nanoparticles hold the size around 100 nm and have
high propensity for long blood circulation and enhanced tumor ac-
cumulation through the EPR effect. Then, the acidic tumor extra-
cellular pH (pHe ∼6.5–7.2) (35, 36) triggers the release of small
PAMAM prodrugs (∼5 nm) that enable deep and uniform tumor
penetration to reach more cancer cells. Finally, the PAMAM
prodrugs can be rapidly reduced in the reductive cytosol to re-
lease active and potent cisplatin to kill cancer cells and lead to
robust antitumor efficacy (37).

Results
Preparation and Characterization of the Clustered Nanoparticles. To
prepare the clustered nanoparticles, the polymer components PCL,
PEG-b-PCL, and PCL-CDM-PAMAM/Pt were synthesized. The
structures and molecular weights of PEG-b-PCL and PCL were char-
acterized (SI Appendix, Figs. S1 and S2). For PCL-CDM-PAMAM/Pt
synthesis, PCL was first reacted with 2-propionic-3-methylmaleic
anhydride (CDM) to produce PCL-CDM (SI Appendix, Fig. S3).
A Pt prodrug c,c,t-[Pt(NH3)2Cl2(OH)(O2CCH2CH2CO2H)] was
conjugated to PAMAM to afford PAMAM/Pt, which was fur-
ther coupled to PCL-CDM through the reaction of the amino
groups of PAMAM with the CDM anhydride residue (SI Ap-
pendix, Scheme S1). The resultant amide bond is acid labile
(38) and will be cleaved at pHe to release PAMAM at
tumor sites.
The Pt-containing pH-instable clustered nanoparticle (iCluster/Pt)

was prepared from coassembly of PCL-CDM-PAMAM/Pt, PEG-

b-PCL, and PCL by nanoprecipitation method. The weight ratio of
PCL-CDM-PAMAM/Pt:PEG-b-PCL:PCL was optimized as 1:1:1
based on size and size distribution (SI Appendix, Table S1 and Fig.
S4). Dynamic light scattering (DLS) indicated that the diameter of
iCluster/Pt was around 104.1 nm (Fig. 1C), which was consistent
with the transmission electron microscopy (TEM) observation
(Fig. 1D). TEM images showed clearly that iCluster/Pt had a
raspberry-like structure, presumably due to the presence of
PAMAM dendrimers surrounding the hydrophobic core. Each
iCluster/Pt contained 108 PAMAM and 719 platinum drugs, as
estimated by static light scattering. For comparison, we prepared a
pH-stable clustered nanoparticle (Cluster/Pt) by replacing PCL-
CDM-PAMAM/Pt with its nonresponsive counterpart PCL-
PAMAM/Pt (SI Appendix, Scheme S2). Each Cluster/Pt contained
90 PAMAM and 573 platinum drugs and showed similar mor-
phology, size, and zeta potential as iCluster/Pt (Fig. 1 E and F and
SI Appendix, Table S2).
One key design of iCluster/Pt is its sensitivity to biological

stimuli such as the acidic pHe and elevated intracellular redox
milieu. To test its response to pHe, we incubated iCluster/Pt in a
tumor-acidity mimic phosphate buffer (PB) solution at pH 6.8
over predetermined time and observed its morphological evo-
lution under TEM. After a 4-h incubation, the raspberry-like
morphology of iCluster/Pt was partially deformed and small
particles appeared in the solution (Fig. 1D, Middle). After an
additional incubation for 24 h, the raspberry structure was almost
completely disintegrated (Fig. 1D, Right and SI Appendix, Fig.
S5) and changed to a smooth surface that was analogous to
nanoparticles formed by PEG-PCL and PCL (SI Appendix, Fig.
S6A). Meanwhile, plenty of small nanoparticles were observed in
the surroundings, with size comparable to PAMAM (SI Appen-
dix, Fig. S6B), suggesting that small PAMAM dendrimers were
released upon cleavage of the amide bond at pH 6.8. In contrast,
Cluster/Pt maintained its initial morphology and size under
identical conditions (Fig. 1F).
Next, high-performance liquid chromatography (HPLC) was

used to monitor and compare the release kinetics of PAMAM
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Fig. 1. Preparation and physicochemical properties
of the clustered nanoparticles. (A) Chemical structure
of PCL-CDM-PAMAM/Pt. (B) Self-assembly and struc-
tural change of iCluster/Pt in response to tumor
acidity and intracellular reductive environment.
(C and E) DLS distributions of iCluster/Pt (C) and
Cluster/Pt (E). (D and F) TEM images of iCluster/Pt
(D) and Cluster/Pt (F) treated in PB at pH 6.8 for 0, 4,
and 24 h, respectively. (Scale bar, 100 nm and for the
Inset images, 50 nm.) (G and H) PAMAM (green line)
and platinum drug (red line) release from iCluster (G)
and Cluster (H) under three different conditions,
which include PB at pH 7.4 to mimic a neutral envi-
ronment, PB at pH 6.8 to mimic a tumor extracellular
environment, and ascorbic acid solution (5 mM, pH 7.4)
to mimic an intracellular redox environment. PAMAM
release was quantified by HPLC, whereas platinum
release was determined by ICP-MS.
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take much time to complete the transition
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Cheng, G., Wu, D., et al. Nano Today 2021, 38, 101208.; Mitchell, M. J., Billingsley, M. M., et al. Nature Reviews Drug Discovery 2021, 20(2), 101–124.;

Wong, C., Stylianopoulos, T., et al. Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 2426−2431. Yu, W., Liu, R., Zhou, Y., & Gao, H. ACS Central Science 2020, 6(2), 100–116.

Ø high inters22al fluid pressure typically prevent permea2on of nanopar2cles
Ø easily pumped back to vessels
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Ø 2-(Hexamethyleneimino)ethyl group was the best.
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intrinsically conflicting attributes of using nanoparticles for
cancer treatment.
To address the predicament to improve therapeutic efficacy,

various innovative strategies have been reported.8−12 Since
tumor penetration is hindered by the elevated IFP and dense
matrix, normalization of tumor vessels to restore the pressure
gradients13 and degradation of the collagen matrix to reduce
transport hindrance14 have been promising choices. However,
these approaches have limitations. For example, the normal-
ization of tumor vessels needs delicate balance in order not to
dramatically compromise the EPR effect, while uncontrollable
degradation of the tumor matrix may lead to unexpected risks
such as promoting tumor progression or even metastasis.5

Compared with remodeling of the tumor microenvironment,
rationally regulating the physiochemical properties of nano-
particles such as particle size and shape provides an alternative
solution to addressing this problem.15−18 It has been
demonstrated that large stealth nanoparticles (∼60−100 nm)
are usually suitable for operating the EPR effect and hold high
propensity of extravasation across tumor vasculature to
accumulate in the vicinity of blood vessels, but have poor
penetration and distribution in the dense tumor matrix.19,20 On
the contrary, smaller nanoparticles typically show greater tumor
penetration because of their reduced diffusional hindrance, but
generally suffer from inferior circulating half-life time and
tumor accumulation.20−23 Such a dilemma has prompted the
development of a size-changeable delivery system that could
maintain large initial size for prolonged blood circulation and
selective extravasation, while transforming to small particles at
tumor sites for deep penetration and effective tumor
distribution. Typical systems have been reported to be capable
of shrinking their sizes by responding to either exogenous (e.g.,
UV light)24,25 or endogenous stimuli (e.g., enzyme and tumor
pH).26−28 These studies are conceptually advanced and show

improved cancer treatment efficacy. However, the means that
were employed to trigger size alterations can be practically
problematic. For example, the major concerns for UV light are
its poor tissue penetration depth and harmfulness to normal
tissues.29 For the existing enzyme- or pH-triggered size-
switchable systems, their size alterations involve the cleavage
of chemical bonds and usually take hours to complete the
transition,26,30 which may reduce the penetrating capability of
small particles and compromise treatment efficacy.
To fully exploit the benefits of size-switchable delivery for

cancer therapy, the delivery systems that could switch rapidly to
small nanoparticles at tumor sites might be more advantageous
for promoting particle penetration into the tumor interstitium
and boosting cell internalization. Recently, Gao and co-workers
established a series of ultra-pH-sensitive nanoprobes based on
tertiary-amine-containing polymers.31,32 Their studies together
with another report have confirmed that such series of
polymers undergo sharp and superfast pH-responsiveness (on
the scale of milliseconds),31,33 which allows for rapid and
effective tumor delineation.34 Herein, we developed ultra-pH-
sensitive cluster nanobombs (SCNs) for improved drug
delivery. The platinum (Pt)-prodrug conjugated SCNs
(SCNs/Pt) are self-assembled from poly(ethylene glycol)-b-
poly(2-azepane ethyl methacrylate)-modified PAMAM den-
drimers (PEG-b-PAEMA-PAMAM/Pt) (Scheme 1). The
PAEMA block of the polymer is pH-sensitive. At neutral pH,
PAEMA is hydrophobic and directs the assembly of PEG-b-
PAEMA-PAMAM/Pt into SCNs/Pt (∼80 nm in diameter) for
prolonged blood circulation, while at acidic tumor pH,35 the
PAEMA is rapidly protonated and becomes hydrophilic, leading
to instantaneous disintegration of SCNs/Pt into small nano-
particles for effective tumor penetration. The Pt-prodrug is
covalently attached to the polymer and can be specifically
reduced by intracellular redox to release active cisplatin.36,37

Scheme 1. (a) Structure of PEG-b-PAEMA-PAMAM/Pt. (b) Schematic illustration showing the self-assembly of PEG-b-
PAEMA-PAMAM/Pt into the pH-sensitive cluster nanobombs (SCNs/Pt) at neutral pH and the disintegration of SCNs/Pt into
small particles at tumor acidic pH. (c) Schematic illustration of SCNs/Pt as a robust nanoplatform to overcome biological
barriers to in vivo drug delivery in poorly permeably pancreatic tumor models. (I) Large SCNs/Pt superstructures are favorable
for prolonged blood circulation. (II) Prolonged circulation increases the propensity of large nanoparticles to extravasate from
leaky tumor vasculature to accumulate in the vicinity of blood vessels. (III) Once deposited in the acidic tumor
microenvironment (pH ∼6.5−7.0), SCNs/Pt instantaneously switch to small particles with a size less than 10 nm for deep
tumor penetration.
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Figure S6. TEM images of (A) micelle formed by self-assembly of PEG-PCL and PCL, (B) PAMAM 

dendrimers. (C) Release profile of PAMAM dendrimer from clustered nanoparticles after incubation 

in PB solution at pH 6.8. 

 

 

Figure S7. Interaction of the clustered nanoparicles with plasma. (A) Zeta potential of the clustered 

nanoparticles before and after incubation with plasma for 30 min. (B) Stability measurement of the 

clustered nanoparticles after incubation with plasma for up to 72 h. The nanoparticles (1 mg/mL, 1 mL) 

were incubated with plasma (100 L) at 37 ºC for perdetermined time. (C) Effecrt of plasma 

incubation on the release of PAMAM dendrimer from the clustered nanoparticles at pH 6.8. 
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transport hindrance14 have been promising choices. However,
these approaches have limitations. For example, the normal-
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degradation of the tumor matrix may lead to unexpected risks
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problematic. For example, the major concerns for UV light are
its poor tissue penetration depth and harmfulness to normal
tissues.29 For the existing enzyme- or pH-triggered size-
switchable systems, their size alterations involve the cleavage
of chemical bonds and usually take hours to complete the
transition,26,30 which may reduce the penetrating capability of
small particles and compromise treatment efficacy.
To fully exploit the benefits of size-switchable delivery for
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for promoting particle penetration into the tumor interstitium
and boosting cell internalization. Recently, Gao and co-workers
established a series of ultra-pH-sensitive nanoprobes based on
tertiary-amine-containing polymers.31,32 Their studies together
with another report have confirmed that such series of
polymers undergo sharp and superfast pH-responsiveness (on
the scale of milliseconds),31,33 which allows for rapid and
effective tumor delineation.34 Herein, we developed ultra-pH-
sensitive cluster nanobombs (SCNs) for improved drug
delivery. The platinum (Pt)-prodrug conjugated SCNs
(SCNs/Pt) are self-assembled from poly(ethylene glycol)-b-
poly(2-azepane ethyl methacrylate)-modified PAMAM den-
drimers (PEG-b-PAEMA-PAMAM/Pt) (Scheme 1). The
PAEMA block of the polymer is pH-sensitive. At neutral pH,
PAEMA is hydrophobic and directs the assembly of PEG-b-
PAEMA-PAMAM/Pt into SCNs/Pt (∼80 nm in diameter) for
prolonged blood circulation, while at acidic tumor pH,35 the
PAEMA is rapidly protonated and becomes hydrophilic, leading
to instantaneous disintegration of SCNs/Pt into small nano-
particles for effective tumor penetration. The Pt-prodrug is
covalently attached to the polymer and can be specifically
reduced by intracellular redox to release active cisplatin.36,37

Scheme 1. (a) Structure of PEG-b-PAEMA-PAMAM/Pt. (b) Schematic illustration showing the self-assembly of PEG-b-
PAEMA-PAMAM/Pt into the pH-sensitive cluster nanobombs (SCNs/Pt) at neutral pH and the disintegration of SCNs/Pt into
small particles at tumor acidic pH. (c) Schematic illustration of SCNs/Pt as a robust nanoplatform to overcome biological
barriers to in vivo drug delivery in poorly permeably pancreatic tumor models. (I) Large SCNs/Pt superstructures are favorable
for prolonged blood circulation. (II) Prolonged circulation increases the propensity of large nanoparticles to extravasate from
leaky tumor vasculature to accumulate in the vicinity of blood vessels. (III) Once deposited in the acidic tumor
microenvironment (pH ∼6.5−7.0), SCNs/Pt instantaneously switch to small particles with a size less than 10 nm for deep
tumor penetration.
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Figure S3. pH-Dependent response time of SCNs/Pt measured by stopped-flow instrument. 

 

 

Figure S4. DLS measurements of ICNs/Pt in PB at pH 7.4 (a) and 6.7 (b). (c) Size of 

ICNs/Pt analyzed by DLS at a series of pH values from 6.3 to 7.5.  
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Figure S4. DLS measurements of ICNs/Pt in PB at pH 7.4 (a) and 6.7 (b). (c) Size of 

ICNs/Pt analyzed by DLS at a series of pH values from 6.3 to 7.5.  
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The release profile of cisplatin from PAMAM has been studied
in our previous work.28 The penetration capability and
therapeutic efficacy of the system were examined in three-
dimensional multicellular spheroids and a poorly permeable
BxPC-3 pancreatic tumor model.

RESULTS AND DISCUSSION
Preparation and Tumor-pH-Triggered Size Transition

of SCNs/Pt. SCNs/Pt were self-assembled from PEG-b-
PAEMA-PAMAM/Pt. PAMAM/Pt was prepared according to
a previous description.28 The pH-sensitive PEG-b-PAEMA
amphiphilic block copolymer was obtained by reversible
addition−fragmentation chain transfer (RAFT) polymerization
(Figure S1a and b). PEG-b-PAEMA was reduced by 2-
aminoethanol to produce sulfhydryl-terminated PEG-b-
PAEMA, which was modified with N-(ε-maleimidocaproyloxy)-
succinimide ester. The resulting PEG-b-PAEMA-NHS was
further coupled with PAMAM/Pt to obtain PEG-b-PAEMA-
PAMAM/Pt (Scheme S1), which was confirmed by left shift of
the elution time in gel filtration chromatography (Figure
S1c).38 Through determination of Pt content in PAMAM/Pt
and PEG-b-PAEMA-PAMAM/Pt, we learned that one
PAMAM carries two PEG-b-PAEMA chains on average. For
comparison, we prepared pH-insensitive amphiphilic block
polymers poly(ethylene glycol)-b-poly(2-cyclohexylethyl meth-
acrylate) (PEG-b-PCHMA) and PEG-b-PCHMA-PAMAM/Pt
following similar procedures (Scheme S2 and Figure S2).
SCNs/Pt were prepared by self-assembly of PEG-b-PAEMA-

PAMAM/Pt through dialysis. Dynamic light scattering (DLS)
and transmission electron microscopy (TEM) measurements
showed that the diameter of SCNs/Pt was around 80 nm
(Figure 1a). The pH-insensitive cluster nanostructures (ICNs/

Pt) were obtained from self-assembly of PEG-b-PCHMA-
PAMAM/Pt under identical conditions. ICNs/Pt showed
similar size, zeta potential, and Pt drug content to SCNs/Pt
(Table S1). A key feature of SCNs/Pt is their ultrasensitive
responsiveness to tumor acidic pH. To test their pH-sensitivity,
SCNs/Pt were incubated in a series of phosphate buffer (PB)
solutions with pH values in the range of 6.3 to 7.5, and their

size change was measured by DLS (Figure 1b). As shown, the
size showed a sharp transition from ∼80 nm at pH 6.8 to ∼10
nm at pH 6.7, indicating the extremely sharp transition kinetics
of SCNs/Pt. In addition, the size transition at acidic pH was
superfast and can be completed within seconds (Figure S3). In
contrast, ICNs/Pt maintained their initial size regardless of pH
change (Figure S4). The tumor-pH-triggered size change has
also been confirmed by TEM and DLS, in which small particles
less than 10 nm were observed at pH 6.7 (Figure 1c). The gel
filtration chromatography also showed a distinct peak shift from
6.6 min at pH 7.4 to 11.2 min at pH 6.7, indicating the
dissolution of the superstructure into small particles (Figure
1d). Both ICNs/Pt and SCNs/Pt were quite stable in
phosphate-buffered saline (PBS) and serum (Figure S5).

Penetration and Tumor Cell Killing in Multicellular
Spheroids (MCSs). Recent studies have shown that cancer
nanomedicines with smaller sizes exhibit enhanced in vivo
performance through greater tumor penetration.16,19,39,40 The
supersensitivity of SCNs/Pt in response to tumor extracellular
pH to release smaller particles motivated us to investigate its
potential for drug delivery. In our study, BxPC-3 human
pancreatic cancer cell derived MCSs were incubated and
employed as an in vitro model to assess penetration capability
and cell proliferation inhibition of our system. As demon-
strated, MCSs are versatile three-dimensional models for
studying tumor biology as well as screening cancer therapeutics
due to their similarity in morphology and biological micro-
environment to solid tumors.41 The penetration activities of
Cy5-labeled SCNs and ICNs (denoted as SCNs/Cy5 and
ICNs/Cy5) were monitored by confocal laser scanning
microscopy (CLSM) (Figure 2). MCSs were incubated with
SCNs/Cy5 or ICNs/Cy5 for 4 h at pH 6.7 and 7.4,
respectively, and subjected to CLSM Z-stack scanning. The
surface of the MCSs was defined as 0 μm. For ICNs/Cy5
treatment, we found that the red fluorescence of Cy5 was
mostly located on the periphery of the MCSs at both pH
values. At the scanning depth of 25 μm, the fluorescence
intensity in the interior area of the MCSs has dropped
considerably. SCNs/Cy5 incubated at neutral pH showed
comparable penetration behavior to ICNs/Cy5. However, the
penetration capability of SCNs/Cy5 at tumor pH (pH 6.7)
improved significantly. The red fluorescence inside the MCSs
was clearly observed even at the scanning depth of 85 μm,
demonstrating the deep penetration and uniform distribution of
SCNs/Cy5 at acidic pH because of their rapid disintegration
into small particles. In contrast, both SCNs/Cy5 and ICNs/
Cy5 showed limited penetration at pH 7.4, presumably because
of their large sizes.
The robust penetration of SCNs/Cy5 at acidic pH endowed

them with a higher opportunity to access more cancer cells to
boost cellular uptake and cell killing efficacy. The cellular
uptake was studied by flow cytometry (FACS) through
analyzing Cy5-positive cells after incubating the MCSs with
SCNs/Cy5 or ICNs/Cy5 at pH 7.4 and 6.7 for 4 and 12 h,
respectively (Figure 3a and Figure S6). At pH 7.4, both SCNs/
Cy5 and ICNs/Cy5 treatments exhibited low levels of cell
internalization (∼20% positive cells for 4 h and ∼30% for 12
h). In contrast, at pH 6.7, the portion of positive cells treated
with SCNs/Cy5 was significantly higher than that incubated
with ICNs/Cy5 after 4 h (2.9-fold, p < 0.001) and 12 h (2.6-
fold, p < 0.001), respectively (Figure 3a). The mean
fluorescence intensity inside the positive cells also showed
that SCNs/Cy5 could dramatically enhance cellular uptake at

Figure 1. Tumor-pH-triggered size transition of SCNs/Pt. (a) DLS
(left panel) and TEM (right panel) measurements of SCNs/Pt in
phosphate buffer (PB) at pH 7.4. (b) pH-Dependent size change of
SCNs/Pt analyzed by DLS. (c) DLS (left panel) and TEM (right
panel) measurements of SCNs/Pt at pH 6.7. (d) Gel filtration
chromatography analysis of SCNs/Pt treated at pH 6.7 and 7.4.
The gel filtration chromatography system was equipped with a size
exclusion column and evaporative light-scattering detector.
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of SCNs/Pt. SCNs/Pt were self-assembled from PEG-b-
PAEMA-PAMAM/Pt. PAMAM/Pt was prepared according to
a previous description.28 The pH-sensitive PEG-b-PAEMA
amphiphilic block copolymer was obtained by reversible
addition−fragmentation chain transfer (RAFT) polymerization
(Figure S1a and b). PEG-b-PAEMA was reduced by 2-
aminoethanol to produce sulfhydryl-terminated PEG-b-
PAEMA, which was modified with N-(ε-maleimidocaproyloxy)-
succinimide ester. The resulting PEG-b-PAEMA-NHS was
further coupled with PAMAM/Pt to obtain PEG-b-PAEMA-
PAMAM/Pt (Scheme S1), which was confirmed by left shift of
the elution time in gel filtration chromatography (Figure
S1c).38 Through determination of Pt content in PAMAM/Pt
and PEG-b-PAEMA-PAMAM/Pt, we learned that one
PAMAM carries two PEG-b-PAEMA chains on average. For
comparison, we prepared pH-insensitive amphiphilic block
polymers poly(ethylene glycol)-b-poly(2-cyclohexylethyl meth-
acrylate) (PEG-b-PCHMA) and PEG-b-PCHMA-PAMAM/Pt
following similar procedures (Scheme S2 and Figure S2).
SCNs/Pt were prepared by self-assembly of PEG-b-PAEMA-

PAMAM/Pt through dialysis. Dynamic light scattering (DLS)
and transmission electron microscopy (TEM) measurements
showed that the diameter of SCNs/Pt was around 80 nm
(Figure 1a). The pH-insensitive cluster nanostructures (ICNs/

Pt) were obtained from self-assembly of PEG-b-PCHMA-
PAMAM/Pt under identical conditions. ICNs/Pt showed
similar size, zeta potential, and Pt drug content to SCNs/Pt
(Table S1). A key feature of SCNs/Pt is their ultrasensitive
responsiveness to tumor acidic pH. To test their pH-sensitivity,
SCNs/Pt were incubated in a series of phosphate buffer (PB)
solutions with pH values in the range of 6.3 to 7.5, and their

size change was measured by DLS (Figure 1b). As shown, the
size showed a sharp transition from ∼80 nm at pH 6.8 to ∼10
nm at pH 6.7, indicating the extremely sharp transition kinetics
of SCNs/Pt. In addition, the size transition at acidic pH was
superfast and can be completed within seconds (Figure S3). In
contrast, ICNs/Pt maintained their initial size regardless of pH
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also been confirmed by TEM and DLS, in which small particles
less than 10 nm were observed at pH 6.7 (Figure 1c). The gel
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6.6 min at pH 7.4 to 11.2 min at pH 6.7, indicating the
dissolution of the superstructure into small particles (Figure
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Penetration and Tumor Cell Killing in Multicellular
Spheroids (MCSs). Recent studies have shown that cancer
nanomedicines with smaller sizes exhibit enhanced in vivo
performance through greater tumor penetration.16,19,39,40 The
supersensitivity of SCNs/Pt in response to tumor extracellular
pH to release smaller particles motivated us to investigate its
potential for drug delivery. In our study, BxPC-3 human
pancreatic cancer cell derived MCSs were incubated and
employed as an in vitro model to assess penetration capability
and cell proliferation inhibition of our system. As demon-
strated, MCSs are versatile three-dimensional models for
studying tumor biology as well as screening cancer therapeutics
due to their similarity in morphology and biological micro-
environment to solid tumors.41 The penetration activities of
Cy5-labeled SCNs and ICNs (denoted as SCNs/Cy5 and
ICNs/Cy5) were monitored by confocal laser scanning
microscopy (CLSM) (Figure 2). MCSs were incubated with
SCNs/Cy5 or ICNs/Cy5 for 4 h at pH 6.7 and 7.4,
respectively, and subjected to CLSM Z-stack scanning. The
surface of the MCSs was defined as 0 μm. For ICNs/Cy5
treatment, we found that the red fluorescence of Cy5 was
mostly located on the periphery of the MCSs at both pH
values. At the scanning depth of 25 μm, the fluorescence
intensity in the interior area of the MCSs has dropped
considerably. SCNs/Cy5 incubated at neutral pH showed
comparable penetration behavior to ICNs/Cy5. However, the
penetration capability of SCNs/Cy5 at tumor pH (pH 6.7)
improved significantly. The red fluorescence inside the MCSs
was clearly observed even at the scanning depth of 85 μm,
demonstrating the deep penetration and uniform distribution of
SCNs/Cy5 at acidic pH because of their rapid disintegration
into small particles. In contrast, both SCNs/Cy5 and ICNs/
Cy5 showed limited penetration at pH 7.4, presumably because
of their large sizes.
The robust penetration of SCNs/Cy5 at acidic pH endowed

them with a higher opportunity to access more cancer cells to
boost cellular uptake and cell killing efficacy. The cellular
uptake was studied by flow cytometry (FACS) through
analyzing Cy5-positive cells after incubating the MCSs with
SCNs/Cy5 or ICNs/Cy5 at pH 7.4 and 6.7 for 4 and 12 h,
respectively (Figure 3a and Figure S6). At pH 7.4, both SCNs/
Cy5 and ICNs/Cy5 treatments exhibited low levels of cell
internalization (∼20% positive cells for 4 h and ∼30% for 12
h). In contrast, at pH 6.7, the portion of positive cells treated
with SCNs/Cy5 was significantly higher than that incubated
with ICNs/Cy5 after 4 h (2.9-fold, p < 0.001) and 12 h (2.6-
fold, p < 0.001), respectively (Figure 3a). The mean
fluorescence intensity inside the positive cells also showed
that SCNs/Cy5 could dramatically enhance cellular uptake at

Figure 1. Tumor-pH-triggered size transition of SCNs/Pt. (a) DLS
(left panel) and TEM (right panel) measurements of SCNs/Pt in
phosphate buffer (PB) at pH 7.4. (b) pH-Dependent size change of
SCNs/Pt analyzed by DLS. (c) DLS (left panel) and TEM (right
panel) measurements of SCNs/Pt at pH 6.7. (d) Gel filtration
chromatography analysis of SCNs/Pt treated at pH 6.7 and 7.4.
The gel filtration chromatography system was equipped with a size
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dimensional multicellular spheroids and a poorly permeable
BxPC-3 pancreatic tumor model.

RESULTS AND DISCUSSION
Preparation and Tumor-pH-Triggered Size Transition

of SCNs/Pt. SCNs/Pt were self-assembled from PEG-b-
PAEMA-PAMAM/Pt. PAMAM/Pt was prepared according to
a previous description.28 The pH-sensitive PEG-b-PAEMA
amphiphilic block copolymer was obtained by reversible
addition−fragmentation chain transfer (RAFT) polymerization
(Figure S1a and b). PEG-b-PAEMA was reduced by 2-
aminoethanol to produce sulfhydryl-terminated PEG-b-
PAEMA, which was modified with N-(ε-maleimidocaproyloxy)-
succinimide ester. The resulting PEG-b-PAEMA-NHS was
further coupled with PAMAM/Pt to obtain PEG-b-PAEMA-
PAMAM/Pt (Scheme S1), which was confirmed by left shift of
the elution time in gel filtration chromatography (Figure
S1c).38 Through determination of Pt content in PAMAM/Pt
and PEG-b-PAEMA-PAMAM/Pt, we learned that one
PAMAM carries two PEG-b-PAEMA chains on average. For
comparison, we prepared pH-insensitive amphiphilic block
polymers poly(ethylene glycol)-b-poly(2-cyclohexylethyl meth-
acrylate) (PEG-b-PCHMA) and PEG-b-PCHMA-PAMAM/Pt
following similar procedures (Scheme S2 and Figure S2).
SCNs/Pt were prepared by self-assembly of PEG-b-PAEMA-

PAMAM/Pt through dialysis. Dynamic light scattering (DLS)
and transmission electron microscopy (TEM) measurements
showed that the diameter of SCNs/Pt was around 80 nm
(Figure 1a). The pH-insensitive cluster nanostructures (ICNs/

Pt) were obtained from self-assembly of PEG-b-PCHMA-
PAMAM/Pt under identical conditions. ICNs/Pt showed
similar size, zeta potential, and Pt drug content to SCNs/Pt
(Table S1). A key feature of SCNs/Pt is their ultrasensitive
responsiveness to tumor acidic pH. To test their pH-sensitivity,
SCNs/Pt were incubated in a series of phosphate buffer (PB)
solutions with pH values in the range of 6.3 to 7.5, and their

size change was measured by DLS (Figure 1b). As shown, the
size showed a sharp transition from ∼80 nm at pH 6.8 to ∼10
nm at pH 6.7, indicating the extremely sharp transition kinetics
of SCNs/Pt. In addition, the size transition at acidic pH was
superfast and can be completed within seconds (Figure S3). In
contrast, ICNs/Pt maintained their initial size regardless of pH
change (Figure S4). The tumor-pH-triggered size change has
also been confirmed by TEM and DLS, in which small particles
less than 10 nm were observed at pH 6.7 (Figure 1c). The gel
filtration chromatography also showed a distinct peak shift from
6.6 min at pH 7.4 to 11.2 min at pH 6.7, indicating the
dissolution of the superstructure into small particles (Figure
1d). Both ICNs/Pt and SCNs/Pt were quite stable in
phosphate-buffered saline (PBS) and serum (Figure S5).

Penetration and Tumor Cell Killing in Multicellular
Spheroids (MCSs). Recent studies have shown that cancer
nanomedicines with smaller sizes exhibit enhanced in vivo
performance through greater tumor penetration.16,19,39,40 The
supersensitivity of SCNs/Pt in response to tumor extracellular
pH to release smaller particles motivated us to investigate its
potential for drug delivery. In our study, BxPC-3 human
pancreatic cancer cell derived MCSs were incubated and
employed as an in vitro model to assess penetration capability
and cell proliferation inhibition of our system. As demon-
strated, MCSs are versatile three-dimensional models for
studying tumor biology as well as screening cancer therapeutics
due to their similarity in morphology and biological micro-
environment to solid tumors.41 The penetration activities of
Cy5-labeled SCNs and ICNs (denoted as SCNs/Cy5 and
ICNs/Cy5) were monitored by confocal laser scanning
microscopy (CLSM) (Figure 2). MCSs were incubated with
SCNs/Cy5 or ICNs/Cy5 for 4 h at pH 6.7 and 7.4,
respectively, and subjected to CLSM Z-stack scanning. The
surface of the MCSs was defined as 0 μm. For ICNs/Cy5
treatment, we found that the red fluorescence of Cy5 was
mostly located on the periphery of the MCSs at both pH
values. At the scanning depth of 25 μm, the fluorescence
intensity in the interior area of the MCSs has dropped
considerably. SCNs/Cy5 incubated at neutral pH showed
comparable penetration behavior to ICNs/Cy5. However, the
penetration capability of SCNs/Cy5 at tumor pH (pH 6.7)
improved significantly. The red fluorescence inside the MCSs
was clearly observed even at the scanning depth of 85 μm,
demonstrating the deep penetration and uniform distribution of
SCNs/Cy5 at acidic pH because of their rapid disintegration
into small particles. In contrast, both SCNs/Cy5 and ICNs/
Cy5 showed limited penetration at pH 7.4, presumably because
of their large sizes.
The robust penetration of SCNs/Cy5 at acidic pH endowed

them with a higher opportunity to access more cancer cells to
boost cellular uptake and cell killing efficacy. The cellular
uptake was studied by flow cytometry (FACS) through
analyzing Cy5-positive cells after incubating the MCSs with
SCNs/Cy5 or ICNs/Cy5 at pH 7.4 and 6.7 for 4 and 12 h,
respectively (Figure 3a and Figure S6). At pH 7.4, both SCNs/
Cy5 and ICNs/Cy5 treatments exhibited low levels of cell
internalization (∼20% positive cells for 4 h and ∼30% for 12
h). In contrast, at pH 6.7, the portion of positive cells treated
with SCNs/Cy5 was significantly higher than that incubated
with ICNs/Cy5 after 4 h (2.9-fold, p < 0.001) and 12 h (2.6-
fold, p < 0.001), respectively (Figure 3a). The mean
fluorescence intensity inside the positive cells also showed
that SCNs/Cy5 could dramatically enhance cellular uptake at

Figure 1. Tumor-pH-triggered size transition of SCNs/Pt. (a) DLS
(left panel) and TEM (right panel) measurements of SCNs/Pt in
phosphate buffer (PB) at pH 7.4. (b) pH-Dependent size change of
SCNs/Pt analyzed by DLS. (c) DLS (left panel) and TEM (right
panel) measurements of SCNs/Pt at pH 6.7. (d) Gel filtration
chromatography analysis of SCNs/Pt treated at pH 6.7 and 7.4.
The gel filtration chromatography system was equipped with a size
exclusion column and evaporative light-scattering detector.
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Ø The robust penetra2on of SCNs/Cy5 at acidic pH

SCNs
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pH 6.7 (Figure 3b and Figure S7). Facilitated cellular uptake
was expected to lead to enhanced cell apoptosis. To test this,
the MCSs were incubated with SCNs/Pt or ICNs/Pt for 24 h,
and cell apoptosis was analyzed by flow cytometry (Figure 3c
and Figure S8). At pH 7.4, SCNs/Pt and ICNs/Pt resulted in
similar total cell apoptosis (∼20%), while at pH 6.7 SCNs/Pt
treatment led to significantly higher total cell apoptosis than
ICNs/Pt treatment (45.2% for SCNs/Pt versus 18.9% for
ICNs/Pt, p < 0.001). These in vitro results suggest that the
ultrasensitive disintegration of SCNs into small nanoparticles
enables penetration enhancement, facilitates cell internalization,
and promotes cell death. These observations provide evidence
that the instantaneous size switching of SCNs at tumor pH is
probably advantageous for in vivo tumor penetration.

Pharmacokinetics, Tumor Accumulation, and Tumor
Penetration. The pharmacokinetics of SCNs/Cy5, ICNs/
Cy5, and PAMAM/Cy5 were evaluated in tumor-free ICR
mice. As shown in Figure 4a, both SCNs/Cy5 and ICNs/Cy5
exhibited prolonged circulation time (T1/2 > 7 h) in the
bloodstream, whereas PAMAM/Cy5 was eliminated rapidly.
Other pharmacokinetic data also demonstrated that the two
superstructures outperform the control group (Table S2). The
deposition of the Pt drug in tumor tissue was evaluated by
inductively coupled plasma mass spectrometry (ICP-MS) at 4,
12, and 24 h after systemic injection of the formulations. It was
clearly seen that SCNs/Pt treatment significantly enhanced Pt
deposition in tumor tissue in comparison with ICNs/Pt, free
cisplatin, and PAMAM/Pt treatments at all the time points, at
2.5−3.5-fold higher than ICNs/Pt and at least 4.5−7.0-fold

Figure 2. CLSM images showing in vitro penetration of fluorescence-labeled SCNs/Cy5 and ICNs/Cy5 in BxPC-3 multicellular spheroids
(MCSs). The MCSs were incubated with SCNs/Cy5 or ICNs/Cy5 for 4 h at designated pH and measured by CLSM Z-stack scanning. The
surface of the MCSs was defined as 0 μm. Scale bar = 100 μm.

Figure 3. Internalization and cell apoptosis of SCNs and ICNs in BxPC-3 MCSs. (a) FACS analysis of Cy5-positive MCS cells after incubation
with SCNs/Cy5 and ICNs/Cy5 at pH 7.4 or 6.7 for 4 or 12 h, respectively. (b) Mean fluorescence intensity (MFI) quantification of MCS cells
incubated with SCNs/Cy5 and ICNs/Cy5 at pH 7.4 or 6.7 for 4 or 12 h, respectively. (c) Cell apoptosis was analyzed after 24 h treatments
with different formulations at pH 7.4 or 6.7. Data are presented as mean ± SD (n = 3). **p < 0.01, ***p < 0.001.
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3D-model of cancer

Polymers 2020, 12, 2506 2 of 23

Recent advances in 3D cell culture, such as cell culture in hydrogels that mimic the extracellular
matrix, have attempted to bridge the gap between preclinical and clinical results. In particular,
multicellular tumor spheroids (MCTS) have emerged as a promising in vitro model for cancer research
because of their high throughput, low cost and increased physiological relevance compared to 2D culture.
MCTS are defined as 3D spherical clusters of malignant cells [7], and have been shown to mimic many
features of solid tumors in vivo, such as cell–cell and cell–extracellular matrix (ECM) interactions [8,9],
increased drug resistance [10–12], cell polarity [13], and nutrient di↵usion gradients [14].

Studies on MCTS began in the 1970s and 1980s, led by the e↵orts of R.M. Sutherland and
colleagues [15,16]. In metastatic tumors, lack of vascularization leads to areas of necrosis of cells with
nutrient deficiency, hypoxia, and acidity [16–18]. Tumors also exhibit layers of proliferating, quiescent
(non-proliferating), and necrotic cells at progressively greater distances from blood vessels [16].
As we demonstrated in Figure 1, it is now well established that MCTS replicate these steep nutrient,
oxygen and pH gradients and cell layers in those typically above 500 µm in diameter (Figure 1) [19].
Another hallmark of metastatic cancer is the epithelial-to-mesenchymal transition (EMT), in which
epithelial cancer cells lose cell–cell adhesions such as E-cadherin, apical-basolateral polarity, and take
on a mesenchymal phenotype to promote migration and invasion [13]. MCTS culture, as opposed to
2D culture, can induce this EMT [20] and a↵ect the migratory profiles of MCTS [12], which is crucial
in studies attempting to understand and prevent metastasis. In fact, in ovarian cancer, metastasis is
proposed to occur through detachment of cells into the peritoneal cavity, where they aggregate into
MCTS and create malignant ascites [13], further highlighting the direct relevance of the MCTS model
to human cancer pathophysiology.
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Figure 1. Multicellular tumor spheroids (MCTS) biology. MCTS provide an in vitro platform for the
investigation of cell–cell and cell–extracellular matrix (ECM) interactions. Additionally, MCTS mimic
in vivo solid tumors in terms of nutrient, oxygen and pH gradients and zone formation.

There are two broad strategies for preparation of MCTS as an in vitro model for drug screening
and cancer biology investigation: matrix-free formation and matrix-dependent formation. Matrix-free
MCTS formation techniques include culture via liquid overlay, hanging drop, rotating spinner
flasks, and magnetic levitation [21,22]. Matrix-free techniques have been widely used due to their
high throughput, high reproducibility, and relative ease of culture, but they do not include tumor
extracellular matrix (ECM) during initial assembly, which provides important physicochemical cues
in tumor development in vivo [23,24]. Matrix-dependent techniques, in contrast, involve the use of
biomaterials to recreate these in vivo cell–ECM interactions. It should be noted that microfluidics
has also been considered a promising strategy for MCTS formation and culture, and this technique
often incorporates polymers that are discussed throughout this review. Engineering considerations for
microfluidic MCTS formation have been extensively reviewed elsewhere [25], and will not be a focus
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intrinsically conflicting attributes of using nanoparticles for
cancer treatment.
To address the predicament to improve therapeutic efficacy,

various innovative strategies have been reported.8−12 Since
tumor penetration is hindered by the elevated IFP and dense
matrix, normalization of tumor vessels to restore the pressure
gradients13 and degradation of the collagen matrix to reduce
transport hindrance14 have been promising choices. However,
these approaches have limitations. For example, the normal-
ization of tumor vessels needs delicate balance in order not to
dramatically compromise the EPR effect, while uncontrollable
degradation of the tumor matrix may lead to unexpected risks
such as promoting tumor progression or even metastasis.5

Compared with remodeling of the tumor microenvironment,
rationally regulating the physiochemical properties of nano-
particles such as particle size and shape provides an alternative
solution to addressing this problem.15−18 It has been
demonstrated that large stealth nanoparticles (∼60−100 nm)
are usually suitable for operating the EPR effect and hold high
propensity of extravasation across tumor vasculature to
accumulate in the vicinity of blood vessels, but have poor
penetration and distribution in the dense tumor matrix.19,20 On
the contrary, smaller nanoparticles typically show greater tumor
penetration because of their reduced diffusional hindrance, but
generally suffer from inferior circulating half-life time and
tumor accumulation.20−23 Such a dilemma has prompted the
development of a size-changeable delivery system that could
maintain large initial size for prolonged blood circulation and
selective extravasation, while transforming to small particles at
tumor sites for deep penetration and effective tumor
distribution. Typical systems have been reported to be capable
of shrinking their sizes by responding to either exogenous (e.g.,
UV light)24,25 or endogenous stimuli (e.g., enzyme and tumor
pH).26−28 These studies are conceptually advanced and show

improved cancer treatment efficacy. However, the means that
were employed to trigger size alterations can be practically
problematic. For example, the major concerns for UV light are
its poor tissue penetration depth and harmfulness to normal
tissues.29 For the existing enzyme- or pH-triggered size-
switchable systems, their size alterations involve the cleavage
of chemical bonds and usually take hours to complete the
transition,26,30 which may reduce the penetrating capability of
small particles and compromise treatment efficacy.
To fully exploit the benefits of size-switchable delivery for

cancer therapy, the delivery systems that could switch rapidly to
small nanoparticles at tumor sites might be more advantageous
for promoting particle penetration into the tumor interstitium
and boosting cell internalization. Recently, Gao and co-workers
established a series of ultra-pH-sensitive nanoprobes based on
tertiary-amine-containing polymers.31,32 Their studies together
with another report have confirmed that such series of
polymers undergo sharp and superfast pH-responsiveness (on
the scale of milliseconds),31,33 which allows for rapid and
effective tumor delineation.34 Herein, we developed ultra-pH-
sensitive cluster nanobombs (SCNs) for improved drug
delivery. The platinum (Pt)-prodrug conjugated SCNs
(SCNs/Pt) are self-assembled from poly(ethylene glycol)-b-
poly(2-azepane ethyl methacrylate)-modified PAMAM den-
drimers (PEG-b-PAEMA-PAMAM/Pt) (Scheme 1). The
PAEMA block of the polymer is pH-sensitive. At neutral pH,
PAEMA is hydrophobic and directs the assembly of PEG-b-
PAEMA-PAMAM/Pt into SCNs/Pt (∼80 nm in diameter) for
prolonged blood circulation, while at acidic tumor pH,35 the
PAEMA is rapidly protonated and becomes hydrophilic, leading
to instantaneous disintegration of SCNs/Pt into small nano-
particles for effective tumor penetration. The Pt-prodrug is
covalently attached to the polymer and can be specifically
reduced by intracellular redox to release active cisplatin.36,37

Scheme 1. (a) Structure of PEG-b-PAEMA-PAMAM/Pt. (b) Schematic illustration showing the self-assembly of PEG-b-
PAEMA-PAMAM/Pt into the pH-sensitive cluster nanobombs (SCNs/Pt) at neutral pH and the disintegration of SCNs/Pt into
small particles at tumor acidic pH. (c) Schematic illustration of SCNs/Pt as a robust nanoplatform to overcome biological
barriers to in vivo drug delivery in poorly permeably pancreatic tumor models. (I) Large SCNs/Pt superstructures are favorable
for prolonged blood circulation. (II) Prolonged circulation increases the propensity of large nanoparticles to extravasate from
leaky tumor vasculature to accumulate in the vicinity of blood vessels. (III) Once deposited in the acidic tumor
microenvironment (pH ∼6.5−7.0), SCNs/Pt instantaneously switch to small particles with a size less than 10 nm for deep
tumor penetration.
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Adapting to the tumour microenvironment. The tumour 
microenvironment heavily influences patient prognosis, 
as it affects chemotherapeutic efficacy195. Although the 
EPR effect and FDA approval of early NP systems has 
given hope for NP- based delivery, these early systems 
do not improve overall patient survival, and there is still 
significant work to be done using smart NP designs to 
improve cargo delivery or remodel microenvironments 
and thus increase the efficacy of existing therapies69.

For example, incorporating cell membranes into 
NPs can improve their accumulation in cancerous tis-
sue. NPs wrapped with membranes that are harvested 
from a patient’s own cancer cells homotypically adhere 
to patient- derived cancer cell lines; mismatch between 
the donor and host results in weak targeting196,197. NPs 
wrapped with macrophage or leukocyte membranes 
recognize tumours, and hybrid membranes, such as 
erythrocyte–cancer cell hybrids, can further increase 
specificity197–199. NPs that utilize these membranes show 
a twofold to threefold increase in drug activity over the 
free drug198. In a similar fashion, material properties 
can cause NPs to preferentially distribute to certain 
tissues. For example, a poly(β- amino- ester) (PBAE) 
ter- polymer/PEG lipid conjugate was optimized for 
lung localization, achieving efficacy two orders of 
magnitude above the pre- optimized form both in vitro 
and in vivo179. Other PBAE polymers have been devel-
oped that preferentially target glioblastoma cells over 
healthy cells in vitro200. Even AuNPs can be optimized 
to passively target triple- negative breast cancer cells, 

which notoriously lack traditional cell surface targets201. 
Designs like these, as well as the more generalizable 
trends for NP size and shape, are being used to improve 
the percentage of chemotherapeutic dose that makes it 
to the solid tumour site.

Within the tumour microenvironment, responsive 
particles can improve tumour penetration, overcoming 
the high interstitial pressure and dense ECM that typi-
cally prevent NP permeation150,202. Endogenous triggers 
— such as the acidic and hypoxic environment of the 
tumour — can be used to induce NP degradation and 
drug release147,150,203,204. High enzyme levels of matrix 
metalloproteinases (MMPs) and other extracellular 
proteases can serve as triggers10,205–207, and the Warburg 
effect, a metabolic shift towards anaerobic glycolysis195, 
can be exploited as well208. Exogenous triggers — such as 
light, sound waves, radio frequencies and magnetic fields 
— can also be used and tightly controlled from outside 
the body206. A non- invasive existing clinical technique, 
ultrasound, can trigger local release from a systemically 
administered particle68,209. Near- infrared light, another 
exogenous trigger, has low absorption by natural tissues 
and therefore good biocompatibility210,211. Regardless of 
the trigger type, chemotherapeutics delivered locally in 
this responsive fashion have fewer off- target toxicities 
and other negative systemic effects.

One example of smart NP design, iCluster, is a 
stimuli- responsive clustered NP system that breaks 
down into smaller and smaller pieces as it overcomes 
biological barriers in the tumour environment204. The 
initial size of ~100 nm favours extended circulation in 
the bloodstream and capitalizes on the EPR effect as the 
NP extravasates through the tumour vasculature204. 
At the tumour site, the low pH triggers breakdown of the 
system into much smaller (~5 nm) dendrimers, which 
have improved tissue penetration and thus deliver more 
of the platinum chemotherapeutic cisplatin to cancer 
cells204. This system is a vast improvement over the tra-
ditional intravenous administration of free cisplatin: 
administration of the free drug inhibits tumour growth 
by 10%, whereas the iCluster system inhibits growth by 
up to 95% in in vivo studies204. Additionally, free cisplatin 
commonly causes irritation and cytotoxicity, especially 
in the kidney. Size- switching is not a unique property of 
this system, and has been achieved using various other 
triggers and materials10,207,212,213. NP systems such as these 
have great potential to improve therapeutic efficacy; 
their design is versatile and can be tailored specifically 
to the tumour microenvironment.

Another example of optimally designed delivery is a 
poly(acrylamide- co- methacrylic acid) nanogel, which 
can be modified with bioactive moieties for numerous 
applications including local pH response, cell targeting, 
transduction of visible light for photothermal therapy 
or degradation in the intracellular environment11. This 
platform was able to maintain the function of multiple 
modifications, allowing for each added small mole-
cule, peptide or protein to contribute new responsive 
or recognitive properties11. Nanomaterials that utilize 
a similar, modular approach could be rapidly designed 
to deliver multiple therapeutic agents intracellularly or 
respond to sequential biological stimuli.
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Fig. 5 | Commonly engineered NP surface properties that allow for enhanced 
delivery. Surface and material properties, architecture, targeting moieties and 
responsiveness are all attributes of nanoparticles (NPs) that can be altered in intelligent 
designs to tailor the platform to a specific application. Different combinations of these 
four properties allows for seemingly endless permutations of NP features and platforms. 
PEG, poly(ethylene glycol).
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