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Introduction: Smart theranostic nanosystems own a favorable potential to improve inter-
nalization within tumor while avoiding nonspecific interaction with normal tissues. However,
development of this type of theranostic nanosystems is still a challenge.

Methods: In this study, we developed the iodine-131 (**'I)-labeled multifunctional poly-
ethylenimine (PEI)/doxorubicin (DOX) complexes with pH-controlled cellular uptake prop-
erty for enhanced single-photon emission computed tomography (SPECT) imaging and
chemo/radiotherapy of tumors. Alkoxyphenyl acylsulfonamide (APAS), a typical functional
group that could achieve improved cellular uptake of its modified nanoparticles, was utilized
to conjugate onto the functional PEI pre-modified with polyethylene glycol (PEG) with
terminal groups of monomethyl ether and N-hydroxysuccinimide (mPEG-NHS), PEG with
terminal groups of maleimide and succinimidyl valerate (MAL-PEG-SVA) through sulfydryl
of APAS and MAL moiety of MAL-PEG-SVA. This was followed by conjugation with 3-(4’-
hydroxyphenyl)propionic acid-OSu (HPAO), acetylating leftover amines of PEI, complexing
DOX and labeling "*'I to generate the theranostic nanosystems.

Results: The synthesized theranostic nanosystems exhibit favorable water solubility and
stability. Every functional PEI can complex approximately 12.4 DOX, which could sustain-
ably release of DOX following a pH-dependent manner. Remarkably, due to the surface
modification of APAS, the constructed theranostic nanosystems own the capacity to achieve
pH-responsive charge conversion and further lead to improved cellular uptake in cancer cells
under slightly acidic condition. Above all, based on the coexistence of DOX and radioactive
3! in the single nanosystem, the synthesized nanohybrid system could afford enhanced
SPECT imaging and chemo/radioactive combination therapy of cancer cells in vitro and
xenografted tumor model in vivo.

Discussion: The developed smart nanohybrid system provides a novel strategy to improve
the tumor theranostic efficiency and may be applied for different types of cancer.
Keywords: polyethylenimine, pH-controlled cellular uptake, doxorubicin, iodine-131,
SPECT imaging, chemo/radiotherapy

Introduction

Currently, nanoparticle technologies play an important role in cancer therapy,
especially to build various intelligent drug delivery systems for efficient cancer
therapy.'® More advanced strategies aim to incorporate diagnostic and therapeutic
agents into one nanosystem for imaging guided cancer treatment to overcome the
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deficiencies of clinical cancer therapy.'®'” Based on the
advanced nanoscience and nanotechnology, numerous

theranostic nanosystems have been promoted, such as

graphene oxide,lg’19 20,21

22,23

single-walled carbon nanotubes,

2627 and metal-

liposomes, micelles,z“’25 dendrimers,
based photothermal nanomaterials.”>** The developed
theranostic nanosystems own the great potential to
improve the pharmacokinetics, pharmacology, biomedical
performance, and bioavailability of imaging agents and
therapeutic agents for superior cancer therapy in vivo.?*3!
Although the created theranostic nanoparticles (NPs) exhi-
bit certain therapeutic efficiency and real-time imaging
effect towards tumor, the theranostic efficiency is also
influenced by the relatively low imaging signal and inade-
quate drug dosage, which is ascribed to the relatively low
accumulation of NPs at tumor site via circulation in vivo.
Therefore, optimizing the functions of theranostic nano-
systems to improve their internalization within tumor
while avoiding nonspecific interaction with normal tissues
is the favorable strategy to be advocated.

According to the microenvironment difference between
tumor and normal tissues, many smart nanocomposites
were created with functions to respond to tumor micro-
environment to achieve selective tumor
accumulation.”*>>> Among numerous functional groups,
a sort of pH-responsive charge conversional coating moi-
ety is attractive due to its high sensitivity to tumor pH
condition, which could achieve pH-controlled cellular
uptake under tumor microenvironment. As a typical repre-
sentative, alkoxyphenyl acylsulfonamide (APAS) enables
surface charge switchable (from neutral to positive) with
a decrease in pH (from 7.4 to 5.5).**37 With the surface
coating of APAS, the generated NPs exhibit neutral at
physiological pH (pH 7.4) and switch to be positively
charged at tumor pH (pH 6.0), which mediate the
improved cellular uptake in cancer cells according to the
electrostatic binding between the particle surface and cell
membrane.*® Mizuhara et al utilized APAS to decorate
gold (Au) NPs to realize enhanced cellular uptake (45
ng/well) at tumor pH.*°

As a sort of highly branched, monodispersed polymer,
hyperbranched polyethylenimine (PEI) is able to be utilized
as a superior nanoplatform to build theranostic nanosystem
on account of its low-cost preparation, solubility, chemical
stability, facile surface functionalization and NPs loading
property in the field of chemistry, materials, and biological
science.”® ** Based on the precise structure and prominent
physicochemical PEI-based

properties,  numerous

theranostic nanosystems for tumor biomedical imaging and
therapy have been established.**** For instance, Luo et al
have developed folic acid (FA) and disulfide polyethylene
glycol (SS-PEG) modified PEI with complexing of super-
paramagnetic iron oxide nanoparticles (SPIONs) as a small
interfering RNA (siRNA) delivery system for targeted gene
therapy and magnetic resonance (MR) diagnosis of gastric
cancer.*® Zhao et al have synthesized glioma-specific pep-
tide chlorotoxin (CTX)-conjugated PEI-entrapped Au NPs
(Au PNPs) with radionuclide iodine-131 (**'I) labeling for
single-photon emission computed tomography (SPECT)/
computed tomography (CT) imaging and radiotherapy of
glioma.** Gao et al have constructed a nanocomposite fluor-
escent probe via electrostatic assembly of PEI-linked carbon
dots and hyaluronic acid-modified doxorubicin (DOX) for
fluorescence imaging-guided chemotherapy of CDA44-
overexpressed HeLa cells.*” Overall, a comprehensive
research investigation indicates PEI could be utilized as
favorable nanoplatform to build theranostic nanosystem
and own tremendous potential to improve its performance
via functionalization for enhanced theranostic application.
Inspired by the characteristics of APAS and our previous
successes in the creation of radionuclide-labeled PEI nano-
systems for multi-mode imaging application, here we
attempted to establish a smart '*'I-labeled multifunctional
PEI/DOX complexes with pH-controlled cellular uptake
function for enhanced SPECT imaging and chemo/radioac-
tive combination therapy of tumors. In this research, PEI was
first sequential conjugated with polyethylene glycol (PEG)
with terminal groups of monomethyl ether and
N-hydroxysuccinimide (mPEG-NHS), PEG with terminal
groups of maleimide and succinimidyl valerate (MAL-PEG-
SVA), APAS, and 3-(4’-hydroxyphenyl)propionic acid-OSu
(HPAO) to generate multifunctional PEI (PNPs), followed by
acetylating leftover amines of PEI, complexing DOX and
labeling *'T to create the theranostic nanosystems
APAS-"'I-PNPs/DOX complexes (Scheme 1). The final
APAS-"*'I-PNPs/DOX complexes were characterized using
a variety of techniques. The solubility, release kinetics, and
pH-responsive charge conversion efficiency of APAS-PNPs
/DOX complexes without '*'T labeling were thoroughly eval-
uated. The specific cellular uptake of APAS-PNPs/DOX
complexes in cancer cells under slightly acidic condition
was investigated via flow cytometric analysis and fluorescent
microscopic study in vitro. After *'I labeling, the radio-
chemical yield, radiostability in vitro, biodistribution
in vivo, SPECT imaging and chemo/radiotherapeutic efficacy
of APAS-"*'I-PNPs/DOX complexes towards cancer cells
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and the xenografted tumor model in vivo were systematically
assessed. As far as our information goes, this is the first
example associated with pH-responsive charge conversional
PNPs with '*'I labeling on the periphery and complex antic-
ancer drug DOX for enhanced SPECT imaging and chemo/
radioactive combination therapy of tumors.

Materials and Methods

Synthesis of APAS-'3'l-PNPs/DOX

Complexes

According to the previous studies, the pH-responsive charge
conversional molecule APAS was synthesized and utilized
directly.****** In the synthesis of APAS-">'I-PNPs/DOX
complexes, the multifunctional PEI was first prepared using
the similar method with our previous researches, #4449
To be more specific, PEI was successively reacted with
mPEG-NHS (15 molar equivalents) and MAL-PEG-SVA
(15 molar equivalents) through 3 days continuous stirring
to get PELNH,-(mPEG) and PEL.NH,-(PEG-MAL)-(mPEG)
respectively. Then, the obtained PEIL.NH,-(PEG-MAL)
-(mPEG) was conjugated with the synthesized APAS (12
molar equivalents) via 24 h reaction between sulfydryl of
APAS and MAL moiety of PEL.NH,-(PEG-MAL)-(mPEQG)
to form PEL.NH,-(PEG-APAS)-(mPEG). Later, HPAO (10
molar equivalents) was modified onto the surface of PEL.NH,
-(PEG-APAS)-(mPEG) through the 24 h reaction between
N-succinimidyl ester of HPAO and terminal amine of multi-
functional PEI. The generated multifunctional PEI.NH,-
HPAO-(PEG-APAS)-(mPEG) was then subjected to the acet-
ylation of terminal amines, which lead to formation of PEI.
NHAc-HPAO-(PEG-APAS)-(mPEG). Finally, the obtained
reaction mixture was purified using standard procedure of
dialysis and lyophilization to produce the powdery product of
PELNHAc-HPAO-(PEG-APAS)-(mPEG) (for short, APAS-
PNPs) refer to our previous researches.’’>* As a contrast, the
non-APAS linked PELNHAc-HPAO-(PEG-MAL)-(mPEG)
(for short, PNPs) was synthesized and purified using the
similar method under identical experimental conditions.

The obtained APAS-PNPs and PNPs were further uti-
lized as nanoplatform to complex with DOX respectively
referring to the previous studies.** %> DOX-HCI (30
molar equivalents) was first dissolved into methanol (500
pL) and neutralized by adding triethylamine (10 pL) to
form the pure DOX. Later, the obtained DOX solution was
mixed with the generated APAS-PNPs or PNPs aqueous
solution and stirred vigorously for 24 h, which lead to the
evaporation of methanol. The acquired APAS-PNPs/DOX

complexes or PNPs/DOX complexes aqueous solution
were subjected to centrifugation to collect the non-
complexing free DOX precipitate. Finally, the supernatant
of APAS-PNPs/DOX complexes or PNPs/DOX complexes
was lyophilized to get the powdery multifunctional PEl/
DOX complexes.

According to the facile method of '*'I labeling in our
previous researches.*>**** The radioactive '*'I can be
efficiently labeled onto the terminal of PEI via chelate
HPAO. To be more specific, the raw Na'>'I solution (20
mCi, 100 uL) was added into an iodogen-coated glass tube
(100 pg). Followed by adding the PBS solution (200 uL,
pH 7.4) of APAS-PNPs/DOX complexes (200 pg) or
PNPs/DOX complexes (200 pg) into the glass tube and
swaying gently for 3 min respectively, the radioactive
APAS-"'I-PNPs/DOX complexes and '*'I-PNPs/DOX
complexes were prepared and purified using PD-10 desalt-
ing columns.

In vitro Drug Release Kinetics Study

The DOX release kinetics of the generated APAS-PNPs
/DOX complexes was evaluated under three different pH
conditions (pH 5.0, 6.0, and 7.4). Briefly, triplicate APAS-
PNPs/DOX complexes (4 mg) were respectively dispersed
in the 1 mL phosphate-citric acid buffer with different pHs
(pH 5.0, 6.0, or 7.4), transferred into dialysis bags with an
MWCO of 14,000, hermetically tied with string, and put
into phosphate-citric acid buffer medium (9 mL) with the
corresponding pHs (5.0, 6.0 or 7.4), respectively. The drug
release system was put in a vapor-bathing constant tem-
perature vibrator at 37 °C. At different specified time
points, the buffer medium (1 mL) was collected and
replenished with the corresponding buffer medium with
the same volume. The collected buffer medium was
detected by a Lambda 25 ultraviolet-visible spectrophot-
ometer (Perkin Elmer, Waltham, MA) to analyze the con-
centration of released DOX. Meanwhile, the release of free
DOX-HCI was carried out using the same method under
the pH 7.4 condition.

Cytotoxicity Evaluation

To determine the anticancer efficacy of APAS-PNPs
/DOX complexes and APAS-"*'I-PNPs/DOX complexes
towards C6 cells under pH 7.4 or pH 6.0 conditions via
simulating the microenvironment of normal tissue or
tumor in vitro, Cell Counting Kit-8 (CCK-8) assay was
utilized. C6 cells (1.2 x 10* cells/well) were first seeded
into a 96-well tissue culture plate and incubated
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overnight. Later, the medium in each well was exchanged
with fresh DMEM containing free DOX, PNPs/DOX
complexes, APAS-PNPs/DOX complexes, '*'I-PNPs/
DOX complexes, or APAS-"*'I-PNPs/DOX complexes
at different DOX concentrations with different pHs (pH
6.0 and 7.4), respectively. The medium with different pHs
buffer,
Followed by 48 h incubation, CCK-8 assay was per-

were adjusted by phosphate respectively.
formed referring to the previous study.”> As control, the
cytotoxicity of PNPs and APAS-PNPs with the same PEI
concentrations of '*'I-PNPs/DOX complexes and
APAS-"*'I-PNPs/DOX complexes under pH 7.4 or pH
6.0 condition was also investigated using the similar

procedure.

SPECT Imaging of a Xenografted Tumor

Model in vivo

All animal experiments were carried out after getting the
permission of the ethical committee of Shanghai General
Hospital and followed the guidelines of the National
Ministry of Health. Four- to six-week old BALB/c nude
mice (male, 20-25 g) were purchased from Shanghai Slac
Laboratory Animal Center (Shanghai, China) and con-
structed tumor model by injecting C6 cells with a cell
density of 5x10° per mouse at their right flank on the
basis of the protocols published in our previous
researches.””*>**2 Until the xenografted tumor reach
a volume of 0.7-1.2 cm®, the SPECT imaging experiments
can be performed.

The mice were first randomly divided into experimen-
tal and control groups, and each group contain five mice.
Before SPECT imaging, the acquired tumor-bearing mice
were fed with water containing KI (1%) to saturate the
thyroid uptake of '*'I-labeled materials for 3 days to avoid
thyroid imaging. Then, the mice were anesthetized by
intraperitoneal injection of pentobarbital sodium with
a dosage of 40 mg/kg. After that, the PBS solution of
APAS-"*'I-PNPs/DOX complexes (['*'I] = 800 pCi, 100
uL) and "*'I-PNPs/DOX complexes (['*'1] = 800 uCi, 100
pL) were respectively injected into the mice of experimen-
tal group and control group intravenously at the same time.
At various specific time points (0.5 h, 1 h, 2 h, 4 h, 6 h, 8
h, and 12 h) post-injection, the SPECT images of tumor
bearing mice were captured and the corresponding relative
SPECT signals were gained from an Infinia SPECT scan-
ner equipped with Xeleris Work Station and a High-
Energy General-Purpose detector (GE Inc., Fairfield,

CT). At 6 h post-injection, a mouse from each group was
randomly selected and sacrificed to harvest major organs
and tumors. Later, the relative SPECT signals of these
organs and tumors with different treatments were recorded
for the biodistribution analysis.

In vivo Antitumor Efficacy

Based on the chemotherapeutic efficacy of free DOX and
radiotherapeutic efficacy of '*'I, the antitumor efficiency
of APAS-"*'I-PNPs/DOX complexes in vivo was further
investigated. The mice were first split into seven groups
and each group contain five mice. Each group mice were
injected with saline, Na'*'l (["*'I] = 400 pCi), DOX
([DOX] = 1 mg/mL), “'-PNPs (["*'I] = 400 pCi),
APAS-"*'I-PNPs (["*'] = 400 uCi), "*'I-PNPs/DOX com-
plexes ([*'I] = 400 uCi, [DOX] = 1 mgmL), or
APAS-"'I-PNPs/DOX complexes ([*'I] = 400 pCi,
[DOX] = 1 mg/mL) intravenously at the volume of 100
puL every third day. The whole treatment lasted for 21
days. The antitumor performance was finally evaluated
by analyzing the absolute tumor volume, relative tumor
volume, body weight, and survival rate of the mice with
various treatments following the method published in our
previous reports.””***** In detail, the tumor length and
width were measured by a caliper and the absolute tumor
volume was calculated according to the equation (tumor
length x (tumor width)*/2). The relative tumor volume
(denoted as V/V,, where Vy and V are the absolute
tumor volumes before the treatment was initiated
(ie, day 0) and treated at designated time points, respec-
tively) and body weight of every mouse were recorded at
designated time points. The survival rate of the mice in
each group was calculated according to the equation of N
/N x 100%, where N; and N are the number of surviving
mice and the number of total mice in each group, respec-
tively. See full experimental details in Supporting
Information.

Results and Discussion
Synthesis and Characterization of
APAS-"3'|-PNPs/DOX Complexes

As demonstrated in the synthesis scheme of
APAS-"*'I-PNPs/DOX complexes (Scheme 1), PEI was
utilized as the typical nanovehicle to conjugate different
(mPEG-NHS, MAL-PEG-SVA, APAS,
HPAOQO) to achieve multi-functionalization. Followed by

moieties and

loading DOX and radionuclide '*'I onto the multifunctional
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Scheme | Schematic representation of the synthesis of APAS-'>'I-PNPs/DOX complexes.

PEI nanoplatform, the theranostic nanosystem was gener-
ated. Based on the experience of previous studies,>>*’
partial PEGylation could effectively improve the drug load-
ing efficiency of drug/carrier complex system. Furthermore,
according to the APAS-mediated pH-controlled cellular
uptake, the novel theranostic nanosystem was expected to
achieve enhanced SPECT imaging and chemo/radioactive
combination therapy of tumors.

The
conjugations was first characterized and analyzed using
"H NMR spectroscopy and UV-vis spectrometry. The
sequentially acquired products, which included PEL.NH,
-(mPEG), PELNH,-(PEG-MAL)-(mPEG), PEL.NH,-(PEG-
APAS)-(mPEG), PEL.NH,-HPAO-(PEG-APAS)
-(mPEG) were analyzed qualitatively and quantitatively via

multifunctional nanoplatform with  various

and

their "H NMR spectra (Figure S1). Through verifying and
integrating the characteristic peaks of every functional moi-
eties, it can be determined that 12.8 mPEG moieties, 13.5
MAL-PEG-SVA moieties, 6.5 APAS moieties, and 7.3
HPAO moieties were linked to the PEI carrier referring to
the calculation method in our previous studies.””**% The
generated multifunctional nanoplatform PELNH,-HPAO
-(PEG-APAS)-(mPEG) was then utilized to complex

anticancer drug DOX and confirmed by UV-vis spectrome-
try (Figure S2). Before DOX complexing, the nanoplatform
PELNH,-(PEG-APAS)-(mPEG) and PELNH,-HPAO
-(PEG-APAS)-(mPEG) do not display the distinct absorp-
tion peak, illustrating the functional molecules APAS and
HPAO do not own the UV-vis absorption from 400 to 800
nm. After complexing DOX into the APAS-PNPs, the gen-
erated APAS-PNPs/DOX complexes demonstrate the typical
DOX absorption at 505 nm, suggesting the successful com-
plexation of DOX. In comparison with the absorption peak
of free DOX (490 nm), the characteristic peak of APAS-
PNPs/DOX complexes is slightly red-shifted due to the
weak intermolecular interaction of DOX resulted in the
reduced electronic transition after introducing DOX into
the multifunctional PEI nanosystem. Through a series of
purification processes, the yield of APAS-PNPs/DOX com-
plexes is 68.4%. The DOX loading efficiency of APAS-
PNPs/DOX complexes was analyzed with UV-vis spectro-
scopy based on a standard DOX absorbance/concentration
calibration curve, the method is similar to our previous
study.” It can be calculated that approximately 12.4 DOX
molecules complexed with each multifunctional PEI in
APAS-PNPs/DOX complexes and the DOX percentage
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was reached 8.39%. The similar results can be found in the
non-APAS linked PNPs/DOX complexes, there were 12.0
DOX molecules complexed with each multifunctional PEI
and the DOX percentage was determined to be 8.75% (Table
S1). Atomic force microscopy (AFM) was then utilized to
record the morphology and size of APAS-PNPs/DOX com-
plexes. Clearly, the APAS-PNPs/DOX complexes reflect an
ellipsoidal structure with the height of 35.6 £ 7.2 nm
(Figure 1A and B).

After effectively labeling '*'T onto the surface of PEI
via HPAO using lodogen method, the radiochemical yield
of *'I-PNPs/DOX complexes and APAS-">'I-PNPs/DOX
complexes are reached 99.1% + 0.71% and 99.5% =+

A
-
N
‘-
*o
‘s
?0(
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L
.l
o
—l- PNPs/DOX
20 i —@— APAS-PNPs/DOX ok
§ ek Hkk
£
a
= 10|
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(=9
s
N ol
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pH value

0.21% respectively, which can be used directly without
further purification.

pH-Responsive Charge Conversional

Function of APAS-PNPs/DOX Complexes
Based on the charge switchable property of APAS under
different pH conditions, charge conversional function of
APAS-PNPs/DOX complexes should be determined via
zeta potential analysis. As Figure 1C revealed the zeta
potential of APAS-PNPs/DOX complexes changed from
neutral to positive with the decrease in pH value. To be
more specific, the APAS-PNPs/DOX complexes is close to
neutral under the physiological condition of normal tissues

B
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Figure | AFM image (A) and corresponding height profiles (B) of APAS-PNPs/DOX complexes deposited onto silicon wafers. (C) Zeta potential plotted against pH values
for PNPs/DOX complexes and APAS-PNPs/DOX complexes. Zeta potentials were determined in phosphate buffer at different pH values. All experiments were performed
in triplicate, and error bars represent standard error of the mean. (D) Cumulative release of DOX from APAS-PNPs/DOX complexes in phosphate-citric acid buffer with
different pHs at 37 °C. Cumulative release of free DOX in PBS buffer (pH = 7.4) was performed as control. All experiments were performed in triplicate, and error bars

represent standard error of the mean. (*p < 0.05, **p < 0.001).
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(pH 7.0-7.5), and sharply turn to be positive with the
increase of acidity (pH 5.0-6.5). When the pH reaches
5.0, the surface zeta potential of APAS-PNPs/DOX com-
plexes is increased up to 16.5 + 3.00 mV. As control, the
zeta potential of non-APAS linked PNPs/DOX complexes
ranged from —1.5 mV to 2.2 mV, which always keep the
neutral charge with the change of pH value (pH 5.0-7.5).
With the APAS coating, the APAS-PNPs/DOX complexes
enable surface charge switchable (from neutral to positive)
with the decrease of pH (from 7.5 to 5.0) according to the
structure characteristics of APAS, which contain negatively
charged sulfamine group and positively charged quaternary
ammonium group to ensure it keeps neutral at neutral pH
environment and turns to be positive at the slightly acidic
environment due to protonation onto sulfamine group
(Scheme 1). The results fully illustrate APAS-PNPs/DOX
complexes own the pH-responsive charge conversional abil-
ity due to the APAS surface coating, which provides the
possibility for high cellular uptake of APAS-PNPs/DOX
complexes in cancer cells via electrostatic binding.
Meanwhile, the hydrodynamic sizes of PNPs/DOX com-
plexes and APAS-PNPs/DOX complexes were determined
and analyzed under different pH conditions (Table S2). To be
more specific, pH 7.4 and pH 6.0 we selected here to provide
the physiological condition of normal tissue and tumor,
respectively. It is easy to find that the hydrodynamic size of
PNPs/DOX complexes is about 203 nm under various pH

conditions, which does not seem to greatly change with the
change of acidity (from pH 7.4 to pH 6.0). However, the
hydrodynamic size of APAS-PNPs/DOX complexes changes
sharply (from 208.21 £+ 9.54 nm to 241.16 £ 13.57 nm) with
the change of acidity (from pH 7.4 to pH 6.0) due to the
protonated APAS to achieve charge conversion, which
enlarge the interparticle distance via electrostatic interaction.
The hydrodynamic size distribution graphs of PNPs/DOX
complexes and APAS-PNPs/DOX complexes under pH 7.4
condition also demonstrate the relatively narrow size distri-
bution (Figure S3). It is easy to find that the hydrodynamic
size of APAS-PNPs/DOX complexes is much larger than the
size measured by AFM, which attribute to the fact that AFM
measure the height of the generated APAS-PNPs/DOX com-
plexes associated with a single nanoparticle. While the
of APAS-PNPs/DOX
obtained from the dynamic light scattering (DLS) tests reflect
the size of the clustered APAS-PNPs/DOX complexes,
which contain many single particle in aqueous solution.
Therefore, the hydrodynamic size of APAS-PNPs/DOX
complexes is obviously different with their size measured

hydrodynamic size complexes

by AFM, in agreement with the previous report.*’

In vitro Drug Release Kinetics

In order to exert the chemotherapeutic efficacy of APAS-
PNPs/DOX complexes, the release kinetics of free DOX
from APAS-PNPs/DOX complexes should be evaluated
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Figure 2 Flow cytometric analysis of Cé cells treated with PBS (A), DOX (B), PNPs/DOX complexes (C), APAS-PNPs/DOX complexes (D) at pH 7.4 condition for
3 h. And Cé cells treated with DOX (E), PNPs/DOX complexes (F), APAS-PNPs/DOX complexes (G) at pH 6.0 condition for 3 h, respectively. The DOX concentration for
all materials was set at 5 pM. (H) shows the comparison of the fluorescence intensity of different materials treated Cé cells at different pH conditions. (***p < 0.001).
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in vitro. The APAS-PNPs/DOX complexes demonstrated
sustainable release of DOX following a pH-dependent
manner (Figure 1D). In contrast, free DOX released
rapidly and attained maximum accumulative release
(70.0%) within 5 h at pH 7.4 condition, which is identical
with the previous reports.”** Here we exposed APAS-
PNPs/DOX complexes to phosphate-citric acid buffer with
three different pH conditions (pH 5.0, 6.0 and 7.4). With
the increase in microenvironment acidity, the DOX release
rate increases obviously. After 48 h, 48.9%, 41.9% and
32.9% of DOX is cumulatively released from the APAS-
PNPs/DOX complexes at pH 5.0, 6.0 and 7.4, respectively.
The acidic microenvironment induced the faster release
rates of DOX is likely due to the acidic condition enable
the DOX protonated, which may repel the positively
charged DOX from the protonated PEI backbone.
Moreover, the protonated DOX is quite hydrophilic,
which lead to the pH-dependent release behavior of
APAS-PNPs/DOX complexes. The result is similar to the
drug release kinetics of the PEI-based drug delivery nano-

systems in the previous studies.**>°

pH-Controlled Cellular Uptake
Based on the confirmed pH-responsive charge conver-
sional function of APAS-PNPs/DOX complexes we
described above, the corresponding cellular uptake effi-
cacy should be deeply studied under various pH condi-
tions. Owing to the fluorescence of DOX, the cellular
uptake efficiency of APAS-PNPs/DOX complexes can be
assessed via flow cytometry (Figure 2) and fluorescent
microscopy (Figure 3). In order to provide the physiologi-
cal condition of normal tissue and tumor, we selected pH
7.4 and pH 6.0 condition for cells incubation, respectively.
After 3 h incubation, the C6 cells subjected to APAS-
PNPs/DOX complexes under pH 6.0 condition reveal dis-
tinctly higher mean fluorescence intensity than that of cells
treated with PNPs/DOX complexes or APAS-PNPs/DOX
complexes under pH 7.4 condition and PNPs/DOX com-
plexes under pH 6.0 condition (Figure 2C and D, 2F-H).
The cells display relatively low fluorescence intensity after
treatment with PNPs/DOX complexes or APAS-PNPs
/DOX complexes under pH 7.4 condition or PNPs/DOX
complexes under pH 6.0 condition, but show slightly
higher fluorescence intensity than PBS incubated cells
(Figure 2A). The results indicate APAS-PNPs/DOX com-
plexes could achieve enhanced cellular uptake under
slightly acidic environment due to the APAS-mediated
charge conversion, which is in agreement with the

previous study.*” It is interesting to note that cells treated
with APAS-PNPs/DOX complexes under pH 6.0 condition
present lower fluorescence intensity than that of cells
treated with free DOX under pH 7.4 condition or pH 6.0
condition, revealing the less cellular uptake of APAS-
PNPs/DOX complexes than free DOX (Figure 2B,
E and H).

The same results can be confirmed by fluorescent
microscopic imaging (Figure 3). The DOX loading
enable us to visualize the cellular uptake of the particles.
PBS incubated cells do not present any fluorescence
signals, while free DOX-treated cells under pH 7.4 con-
dition or pH 6.0 condition demonstrate extremely dis-
tinct red fluorescence both in cytoplasma and cell nuclei
based on the size advantage of small molecule. APAS-
PNPs/DOX complexes incubated cells display significant
red fluorescence under pH 6.0 condition, which is attrib-
uted to the APAS induced enhanced cellular uptake
under slightly acidic environment. In contrast, the cells
incubated with PNPs/DOX complexes or APAS-PNPs
/DOX complexes under pH 7.4 condition and PNPs/
DOX complexes under pH 6.0 condition exhibit extre-
mely weak fluorescence, which is ascribed to the non-
specific phagocytosis and diffusion mechanisms through
cell walls. These results verify the flow cytometric ana-
lysis, validating the APAS-mediated cellular uptake of
APAS-PNPs/DOX complexes, which can be controlled
by pH.

Stability Evaluation in vitro

Before '*'I labeling, the colloidal stability of APAS-PNPs
/DOX complexes and PNPs/DOX complexes were evalu-
ated by observing the solution changes after 5 days sto-
of APAS-PNPs/DOX
complexes and PNPs/DOX complexes can be easily dis-

rage. The generated powder
solved into water and cell culture medium without preci-
pitation occurred, which illuminates the formed DOX
stable solvents

complexes are in different

(Figure S4).
After '3'I labeling, the traditional instant thin-layer

quite

chromatography (ITLC) was utilized to assess the radio-
stability of BILPNPs/DOX complexes and
APAS-"*'I-PNPs/DOX complexes through measuring the
radiochemical purities of '*'I-PNPs/DOX complexes and
APAS-"*'I-PNPs/DOX complexes, which were exposed to
different solvents (PBS and FBS solution) for different
time periods. The result indicates the radiochemical puri-
ties of "*'I-PNPs/DOX complexes and APAS-'*'I-PNPs/
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Figure 3 Fluorescent microscopy images of Cé cells treated with PBS, DOX, PNPs/DOX complexes and APAS-PNPs/DOX complexes under various pH conditions for 3 h,
respectively. The DOX concentration for all materials was determined to be 5 pM.
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DOX complexes are approach to 99% after 1 h, and they
maintain at least 95% after 16 h in PBS at room tempera-
ture and FBS at 37 °C, which reflects the satisfactory
radiostability in vitro (Figure S5).

SPECT Imaging of Cancer Cells
According to the specific properties of APAS and '3'I,

which could enable enhanced cellular uptake under
slightly acidic environment and emit y-ray for SPECT
imaging, respectively, the SPECT imaging efficiency of
APAS-"*'I-PNPs/DOX complexes towards cancer cells
should be studied under various pH conditions (pH 6.0
and 7.4). The pH 7.4 and 6.0 conditions are corresponding
to the physiological conditions of normal tissue and tumor,
respectively. From the SPECT images of C6 cells
(Figure 4A), the SPECT signals of cancer cells are
increased in a radionuclide dose-dependent manner after
treatment ~ with  '*'I-PNPs/DOX  complexes  or
APAS-"*'I-PNPs/DOX complexes under different pH con-

ditions. And the cells with APAS-"*'T-PNPs/DOX
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Figure 4 SPECT images (A) and the related SPECT signals (B) of the Cé6 cells with
treatment of '*'I-PNPs/DOX complexes (I) and APAS-'3'1-PNPs/DOX complexes
(2) under pH 6.0 condition at different '*'l concentrations (uCi/mL) for 3 h. And
C6 cells with treatment of '*'I-PNPs/DOX complexes (3) and APAS-'3'I-PNPs/
DOX complexes (4) under pH 7.4 condition at different '*'l concentrations (uCi/
mL) for 3 h, respectively. (***p < 0.001).

complexes treatment display a stronger SPECT signal
than those with '*'I-PNPs/DOX complexes treatment at
the same '*'I concentration under pH 6.0 condition.
Meanwhile, both the cells treated with '>'I-PNPs/DOX
complexes and APAS-"*'I-PNPs/DOX complexes under
pH 7.4 condition own the relatively lower signals than
those treated with APAS-'*'I-PNPs/DOX complexes
under pH 6.0 condition at the same '*'I concentration.
The results of quantitative analysis verify the cells with
APAS-"*'I-PNPs/DOX complexes treatment under pH 6.0
condition at various '*'I concentrations (100 pCi/mL, 200
pCi/mL, and 400 pCi/mL) have distinct higher SPECT
signal intensities than those with '*'I-PNPs/DOX com-
plexes and APAS-"*'I-PNPs/DOX complexes treatments
under pH 7.4 condition and those with '*'I-PNPs/DOX
complexes treatment under pH 6.0 condition at the same
31T concentration (p < 0.001, Figure 4B). This acquired
result suggests APAS-'*'I-PNPs/DOX complexes could
afford enhanced SPECT imaging of C6 cells due to APAS-
mediated enhanced cellular uptake under slightly acidic
environment.

Cytotoxicity Evaluation

After loading DOX and '"*'I into the unique PEI-based
theranostic nanosystem, the cytotoxicity of APAS-PNPs
/DOX complexes, APAS-'*'I-PNPs/DOX complexes and
APAS-PNPs towards C6 cells under various pH conditions
was next explored using CCK-8 assay. As demonstrated in
Figure 5A, the growth of C6 cells is inhibited in a DOX
concentration-dependent manner after treatment with free
DOX, PNPs/DOX complexes, APAS-PNPs/DOX com-
plexes, BI.PNPs/DOX complexes, and
APAS-"*'I-PNPs/DOX complexes under different pH con-
ditions (pH 6.0 and 7.4) for 48 h. After introducing *'I to
PNPs/DOX complexes or APAS-PNPs/DOX complexes,
the  generated BILPNPs/DOX  complexes  or
APAS-"*'I-PNPs/DOX complexes demonstrated stronger
cytotoxicity than that of PNPs/DOX complexes or APAS-
PNPs/DOX complexes under different pH conditions due
to the chemo/radioactive combination therapy of DOX
and "3'I. It is interesting to note that under pH 6.0 condi-
tion, APAS-"?'I-PNPs/DOX complexes demonstrate dis-
tinct higher cell inhibition efficiency than that of
BIPNPs/DOX complexes at the same pH condition (p
< 0.01) and that of APAS-"*'I-PNPs/DOX complexes
under pH 7.4 condition (p < 0.01), as a result of APAS-
mediated charge conversion mechanism at slightly acidic
environment, which induced enhanced cellular uptake.
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Excluding cytotoxic effect of DOX and '*'I, PNPs and
APAS-PNPs do not display appreciable cytotoxicity under
pH 7.4 condition at the highest concentration tested (119.0
pg/mL). And the studied PNPs or APAS-PNPs concentra-
tions are consistent with the PEI concentrations of
BILPNPs/DOX complexes or APAS-"*'I-PNPs/DOX
complexes in Figure SA. However, APAS-PNPs own the
slightly cytotoxicity under pH 6.0 condition, which induce
the cell viabilities below 80% when the concentration
grows up to 95.2 ug/mL (Figure 5B). It is likely due to
the APAS-mediated charge conversion (from neutral to
positive) at slightly acidic environment, which induced
certain cytotoxicity. In general, the APAS modification,
DOX complexing, and '*'T labeling are all contributed to
enhancing the anticancer efficiency of APAS-'*'I-PNPs/
DOX
environment.

complexes in vitro under slightly acidic

SPECT Imaging of a Xenografted Tumor

Model in vivo

The feasibility of using APAS-"*'I-PNPs/DOX complexes
for enhanced SPECT imaging of tumor in vivo was further
investigated after validating the APAS-mediated improved
SPECT imaging of C6 cells via simulating the microenvir-
onment of tumor in vitro. As shown in Figure 6A, there is
no appreciable tumor SPECT signal after treatment with
either '*'I-PNPs/DOX complexes or APAS-'*'I-PNPs/
DOX complexes for 0.5 h, 1 h, and 2 h. At 4 h, 6 h, 8 h,
and 12 h post-injection, APAS-'*'I-PNPs/DOX complexes
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treated tumor-bearing mice demonstrate much higher
tumor SPECT signals than that of '*'I-PNPs/DOX com-
plexes treated tumor-bearing mice. Through quantitative
analysis of the relative SPECT signal intensities of tumors
(Figure 6B), it can be found that the tumor-bearing mice
with APAS-"'I-PNPs/DOX complexes treatment own the
significantly higher SPECT signal intensities of tumor than
those of tumor-bearing mice with '*'I-PNPs/DOX com-
plexes treatment from 1 h to 12 h post-injection (p <
0.001). The relative SPECT signal intensities of tumor
with  APAS-"'I-PNPs/DOX
increases from 0.5 h to 4 h, then descends from 6 h to
12 h, which always maintain the relative high SPECT
signal intensity. In contrast, the relative SPECT signal
intensities of tumor with '*'I-PNPs/DOX complexes treat-
ment keep the relative low signal level. The quantitative

complexes  treatment

analysis result is identical with the SPECT images of
tumor-bearing mice after various treatments. The signifi-
cant difference in tumor SPECT signal of mice treated
with "*'I-PNPs/DOX complexes or APAS-'*'I-PNPs/
DOX complexes was further verified by the SPECT ima-
ging of ex vivo tumor at 6 h post-injection. It is obvious
that the tumor with APAS-'*'I-PNPs/DOX complexes
treatment display much higher SPECT signal than that of
the tumor with '*'I-PNPs/DOX complexes treatment
(Figure 6C).

The biodistribution of APAS-"*'I-PNPs/DOX com-
plexes or *'I-PNPs/DOX complexes at 6 h post-injection
was finally studied via SPECT imaging in vivo (Figure
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Figure 5 (A) CCK-8 assay of C6 cells treated with DOX, PNPs/DOX complexes, APAS-PNPs/DOX complexes, '>'I-PNPs/DOX complexes, or APAS-'3'|-PNPs/DOX
complexes at different DOX concentrations under various pH conditions for 48 h, respectively. (B) CCK-8 assay of Cé cells treated with PNPs or APAS-PNPs with the same
PEI concentrations of '*'I-PNPs/DOX complexes or APAS-'3'|-PNIPs/DOX complexes for 48 h, respectively. (*p < 0.05, *p < 0.01, **p < 0.001).
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Figure 6 SPECT images of C6 tumor-bearing mice (A) and the related SPECT signal intensities of tumors (B) at different time points post-injection of APAS-'3'I-PNPs/DOX
complexes and 131|.PNPs/DOX complexes. (C) shows the SPECT images of ex vivo tumors at 6 h post-injection. The white circle indicates the tumor site. (***p < 0.001).

S6). Large amount of APAS-"*'I-PNPs/DOX complexes
and "*'I-PNPs/DOX complexes are accumulated in liver
and intestines, while relatively small amount of
APAS-"*'I-PNPs/DOX complexes and '*'I-PNPs/DOX
complexes are distributed to heart, lung, stomach, spleen,
kidneys, soft tissues, and tumor. Through further analysis,
it is easy to find that the tumor accumulation of
APAS-"*'I-PNPs/DOX complexes is distinctly higher
than that of '*'I-PNPs/DOX complexes (p < 0.001),
which confirms the specific
mediated by APAS.

internalization function

In vivo Antitumor Efficacy

The proved anticancer effect in vitro of the generated
APAS-"*'I-PNPs/DOX complexes inspired us to further
explore their antitumor efficacy in vivo. As demonstrated
in Figure 7A and S7, the tumor-bearing mice with Na'3'l,
DOX, "*'I-PNPs, APAS-"*'I-PNPs, "*'I-PNPs/DOX com-

plexes, and APAS-"*'I-PNPs/DOX complexes treatment

all display certain tumor growth inhibition effect after the
whole treatment. However, APAS-"*'I-PNPs/DOX com-
plexes own the best tumor growth inhibition efficiency
towards tumor-bearing mice. And the tumor growth rate
of tumor-bearing mice with APAS-'*'I-PNPs/DOX com-
plexes treatment is significantly lower than the mice trea-
ted with saline (p < 0.001), Na"*'T (p < 0.001), DOX (p <
0.001), *'I-PNPs (p < 0.001), APAS-"'I-PNPs (p <
0.001) and "*'I-PNPs/DOX complexes (p < 0.05) after
21 days’ treatment. From the relative tumor volumes we
recorded at the 21st day, it can be summarized the tumor
growth inhibition follows the order of APAS-'"*'I-PNPs/
DOX complexes (5.43 + 1.65 times) > "*'I-PNPs/DOX
complexes (9.38 + 1.58 times) > APAS-">'I-PNPs (13.44 +
229 times) > "'I-PNPs (1848 + 1.69 times) >
Na''T (25.26 + 2.39 times) > saline (30.58 + 1.35 times)
(Figure 7A). Based on the result that the tumor inhibition
efficacy of mice treated with APAS-'*'I-PNPs/DOX com-
plexes is lower than that of mice with BI-PNPs/DOX
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Figure 7 (A) Growth of Cé tumors after various treatments. The relative tumor volume was recorded referring to their initial tumor volume in each group. (B) Survival

rate of Cé tumor-bearing mice after various treatments. (*p < 0.05, **p < 0.001).
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Figure 8 Representative H&E staining (A) and TUNEL assay (B) of Cé tumors with treatment of various materials, respectively. The scale bar shown in both panels

represents 200 pum.

complexes treatment (p < 0.05), it reveals the antitumor
efficacy is not only associated with the DOX and "*'I, but
also contributed by the APAS’s modification, which enable
the improved cellular uptake under the tumor microenvir-
onment and further enhanced the tumor chemo/radio ther-
apeutic efficacy. Combining the function of APAS, DOX,
and "'I, APAS-"*'I-PNPs/DOX complexes could exert
their enhanced antitumor efficacy in vivo. Furthermore,
the antitumor efficacy was also verified by the survival
rates of mice (Figure 7B). The tumor-bearing mice with
APAS-"'I-PNPs/DOX complexes treatment display the
longest survival time (51 days) among tumor-bearing
mice with other various treatments. All the tumor-bearing
mice treated with "*'I-PNPs/DOX  complexes,
APAS-"'I-.PNPs, "'I-PNPs, Na'’'l, DOX, and saline
respectively are dead after 45 days. The mice treated
with APAS-"*'I-PNPs/DOX complexes keep a 50%

survival rate at 45th day and are all dead after 51 days.
The survival rate result clearly manifests APAS-'*'I-PNPs/
DOX complexes could effectively prolong the lifetime of
tumor-bearing mice in 21 days treatment, suggesting the
improved therapeutic efficacy of APAS-'*'I-PNPs/DOX
complexes indirectly. In addition, there was no significant
difference in change of body weight after treatment with
saline, DOX, Na''l, ’'I.PNPs, APAS-'*'I-PNPs,
BIPNPs/DOX complexes, and APAS-'*'I-PNPs/DOX
complexes, respectively (Figure S8). This illustrates the
good biocompatibility of APAS-'*'I-PNPs/DOX com-
plexes, which do not cause distinct toxicity in vivo.

H&E Staining and TUNEL Assay

To further evaluate the improved antitumor efficiency of
APAS-"*'I-PNPs/DOX complexes, hematoxylin and eosin
(H&E) staining and terminal deoxynucleotidyl transferase
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dUTP nick end labeling (TUNEL) assay were performed
(Figure 8). Through treatment of Na'*'I, DOX, '*'I-PNPs,
APAS-"*'I-PNPs, "*'I-PNPs/DOX complexes, and
APAS-"*'I-PNPs/DOX complexes, respectively, certain
degree of necrosis can be found in the H&E stained
samples and necrotic area follows the order of Na'*'l <
BUPNPs < APAS-"'I-PNPs < "*'I-PNPs/DOX com-
plexes < APAS-"*'I-PNPs/DOX complexes (Figure 8A).
TUNEL assay reveals the same result with H&E stain,
APAS-"*'I-PNPs/DOX complexes treated tumor-bearing
mice own the largest positive staining area of the apoptotic
cells in tumor. Other '*'I-labeled substances and DOX can
also cause certain area of apoptotic cells due to their
relative weak anticancer effect in vivo (Figure 8B). The
cell apoptosis rate (percentages of TUNEL-positive cells)
was further recorded from the TUNEL stained slices
(Figure S9). Through statistical analysis, the cell apoptosis
rate follows the sequence of APAS-'*'I-PNPs/DOX

Heart Liver

“'I-PNPs

APAS-"'I-PNPs

“'I-PNPs/DOX

APAS-""I-PNPs/DOX

complexes (87.25%) > "'I-PNPs/DOX complexes
(69.37%) > APAS-"*'I-PNPs (55.84%) > "'I-PNPs
(39.56%) > Na'*'I (11.13%) > saline (4.50%). And the
APAS-"*'I-PNPs/DOX complexes treated tumor-bearing
mice have much higher apoptosis rate of cancer cell than
those of other '*'I-labeled substances (p <0.01) and DOX
(p < 0.001). In short, the H&E and TUNEL stain results
confirm the enhanced tumor chemo/radiotherapy of
APAS-"*'I-PNPs/DOX complexes based on the APAS-
mediated improved cellular uptake under tumor
microenvironment.

Finally, the potential toxicity of the '*'I-labeled sub-
stances and DOX was studied via H&E staining of the
major organs (Figure 9). Apparently, there is no distinct
organ damage or appreciable abnormality in the major
organ slices, revealing the excellent organ compatibility
and biosafety of the generated APAS-"*'I-PNPs/DOX

complexes in vivo.

Spleen

Figure 9 Representative H&E staining of major organs from survived mice with treatment of various materials, respectively. The scale bar (applied for all panels) represents

200 pm.
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There is a series of iodine-based nuclides, such as
iodine-123 ("), iodine-125 ('*°I) and "'I. It seems that
'23] has better physical properties than '*'I for SPECT
imaging according its shorter half-life (13.2 h) and lower
photon energy (159 KeV). However, '*I is difficult to
produce in domestic and expensive to import from abroad.
Considering the low cost and commercial availability,
31 is the preferred radionuclide in this study, which
enables simultaneous SPECT imaging and radiotherapy
of tumor.

Conclusion

In summary, we built a smart '*'I-labeled multifunctional
PEI/DOX complexes with pH-controlled cellular uptake
function for enhanced SPECT imaging and chemo/radio-
therapy of tumors. Via the unique PEI nanotechnology,
functional PEG, APAS, and HPAO can be effectively
conjugated onto the surface of PEI, followed by complex-
ing DOX and labeling "*'I to acquire the novel theranostic
nanosystems. The synthesized APAS-PNPs/DOX com-
plexes exhibit favorable water solubility and stability,
which could achieve sustainable release of DOX following
a pH-dependent manner. Remarkably, with the APAS link-
ing, the APAS-PNPs/DOX complexes enable surface
charge switchable (from neutral to positive) with the
decrease in pH (from 7.5 to 5.0) according to the structure
characteristics of APAS, which contain negatively charged
sulfamine group and positively charged quaternary ammo-
nium group to ensure it keeps neutral at neutral pH envir-
onment and turns to be positive at the slightly acidic
environment due to protonation onto sulfamine group.
The constructed theranostic nanosystems own the capacity
to achieve pH-responsive charge conversion and further
lead to improved cellular uptake in cancer cells under
slightly acidic condition, which afford enhanced SPECT
imaging and chemo/radioactive combination therapy of
cancer cells in vitro and xenografted tumor model
in vivo. The developed smart theranostic nanosystem is
beneficial for extending a variety of novel nanosystems to
improve the tumor theranostic efficiency of different types
of cancer.
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