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Abstract
Background

Delivery of anticancer drug(s) throughout tumor tissues is critical for cancer therapy. However, most
current nanomedicines lack su�cient tumor permeability due to their bulky size (100 ~ 200 nm), which is
a main reason for clinical failure in tumor chemotherapy up to now.

Results

To overcome this challenge, we developed a kind of tumor-mediated transformable chitosan-based
nanocarriers with surface-charge adjustability via self-assembly and double-crosslinking approach. Their
surface-charge variation allowed for selective administration of drugs of speci�c charges. The
nanomedicine maintained good colloidal stability, and upon arrival under the reducible and lysozyme-
expressed microenvironments mimicking tumor tissues, one nanomedicine was cleaved to release
around one thousand ultrasmall nanovesicles (4 ± 1 nm). This size transformability allowed for their
passing through the depth of solid tumor tissues to achieve an effective therapeutic delivery into cancer
cells to enhance antitumor e�cacy, suggesting its potential use as a platform for therapeutic delivery.

Conclusions

Our work provide a strategy to develop tumor-stimulative shape-transformable nanoplatform for
anticancer drug delivery.

Background
Nanotechnologies continue to prompt the fast development of new methodologies for the creation of
drug delivery nanosystems. Several anticancer nanomedicines have been clinically developed thus far,
and others are currently being investigated at a clinical trial stage[1]. Although numerous nanocarriers
have been proven to be effective in animal models, most fail to pass clinical trials due to poor antitumor
e�cacy and high toxicity. In the context of standard cancer treatment via intravenous administration of
drug to the patient, nanomedicines must overcome numerous biological barriers (i.e., circulation,
accumulation, penetration, internalization, and release)[2]. Therefore, an ideal delivery system must not
only carry drugs with cancer selectivity, but also own combinative delivery merits, including (1) relatively
high colloidal stability to offer long-term circulation in the blood vessels[3-5], (2) su�cient accumulation
in the tumor[6], (3) ability to pass through avascular tumor tissue[7], (4) easy uptake by cancer cells for
e�cient internalization[8, 9], (5) effective intracellular drug release[10, 11]. Facing the high requirements,
the lack of drug loading selectivity, and the passiveness in delivery of the payloads into tumor tissue and
to distal tumor cells from blood vessels remain the main unresolved obstacles. For instance, liposomal-
based Doxil nanomedicine (a type of FDA-approved anticancer nanomedicine carrying doxorubicin
(DOX))[12], which accumulates around solid tumors in a better way than free DOX, is severely restricted
within the perivascular regions on extravasation. The self-assembled liposomal structure may be
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unstable in system circulation, resulting in drug leakage in healthy tissues[13]. The large size of bulky
nanomedicines and the passive nature of drug release limit their ability to pass through a compact
paracellular matrix against the interstitial �uid pressure gradient[14, 15]. These shortcomings may be
important reasons for the clinical failure of such nanomedicines, as well as for their severe side effects
and poor therapeutic e�cacy.

Nanomedicines with controllable architecture and properties create particular interactions with biological
systems, which can be used for controlled delivery of therapeutic agents from the injection site to
biological targets according to different stimuli[16, 17]. Several reports have demonstrated that the
physicochemical properties of nanoparticles (such as size, shape, surface charge, and deformability)
determine their interaction with biological systems during transportation[18-20]. The rapid cell-
responsiveness of nanogels, which mimic soft tissue, raises the hypothesis that the hydrophilic nature of
soft nanoparticles may lead to long-lasting colloidal stability during blood circulation[21], minimizing the
possibility of entrapment by macrophages[22]. More importantly, certain crosslinks that are cleavable by
the tumor-speci�c pathological signal(s) can be introduced into nanogels to offer stimulation-triggered
therapeutic release and stepwise-degradable nanoblocks of smaller size. The stepwise-biodegradability,
combined with their enhanced deformability, endows them with high tissue-penetration capacity and
enables the penetration in solid tumors[23]. Furthermore, nanogels can be more e�ciently taken up by
cells than conventional nanocarriers (e.g., liposomes)[24], resulting in improved bioavailability and safety
pro�le in vivo[25]. Moreover, nanogels could be designed with speci�c properties required for the
administration of drugs in a selective manner[26].

It is known that pH value differs between normal tissue (pH 7.4) and tumor extracellular
microenvironment (pH ~ 6.8)[27-30]. Tumor tissues are characterized by an increased reductive potential,
owned to the fact that tumor cells overexpress glutathione (GSH). The intracellular compartments of the
tumors present acidic conditions (pH 4.0-6.0) and over-reductive state (1-10 mM, ~ 1000 times higher
than that of extracellular ones)[31, 32]. Recent studies indicated that several tumor tissues also
overexpressed lysozyme by 70-100 folds compared to normal tissues[33, 34]. The differences in
endogenous signaling pathways of tumor tissue/cells could be exploited in efforts to develop tumor-
triggered drug delivery nanosystems.

Herein, we aimed at designing a delivery system, which maintains colloidal stability (via double-
crosslinking) in blood circulation, while having increased tumor penetration and cellular uptake ability
through the tumor-mediated release of smaller nanoblocks, as well as enhanced intracellular
accumulation of the drug through delivery triggered by endogenous tumor-speci�c signals. Based on
these design properties, we proposed an approach to develop a tumor-induced cleavable nanogels with
controlled surface charge. Negatively charged nanogels could be used for delivery of cationic anticancer
drugs (e.g., doxorubicin), while positively charged for administering negatively charged nucleic acids (e.g.,
plasmid DNA). The nanogels with controlled surface-charge are synthesized via a double-crosslinking
technique in combination with self-assembly of an anionic oligomer. During this process, native nanogels
are fabricated through a quick gelation initiated by dual crosslinking of chitosan (bioactive natural
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polymer with antitumor, immunostimulatory, antioxidant, antimicrobial activities)[35, 36] with sodium
tripolyphosphate (ionic crosslinker) and N, N'-bisacrylamide cystamine (chemical crosslinker to offer
redox cleavability). The double crosslinked nanogels are then submerged into a solution of poly(acrylic
acid) oligomer to acquire negative-charged nanocarriers.. The resulting nanomedicine can be cleavable in
the reductive and lysozyme-high tumor microenvironment. The tumor-mediated cleavability of the
nanogels results in the release smaller nanoblocks carrying payloads that can penetrate the tumor[37-39].
The combined bene�ts of the nanocarriers result in a profoundly improved antitumor e�cacy in vivo than
free DOX drug. In fact, mice treated with the drug-loaded nanogels showed prolonged survival compared
to free DOX-treated mice. The excellent biocompatibility and high antitumor bioactivity make nanocarriers
very promising nanoplatforms for antitumor drug delivery.

Experimental Section
Materials

Chitosan (CTS) and dithiothreitol (DTT) were obtained from Sinopharm Chemical Reagent Co., Ltd, China.
Carboxymethyl chitosan (CMCC) was purchased from Hefei Bomei Biotechnology Co., Ltd, China. Sodium
tripolyphosphate (TPP) and polyacrylic acid (PAA with an average molecular weight of 3,000 Da) were
obtained from Aladdin Chemical Reagent Co., Ltd, China. N, N'-bisacrylamide cystamine (BAC) was
purchased from Alfa Aesar A Johnson Matthey Company, China. Doxorubicin hydrochloride (DOX) was
obtained from Dalian Meilun Biotechnology Co., Ltd, China.

Preparation of nanogels

1% acetic acid was used to dissolve CTS to obtain a 1 mg/mL CTS solution (pH 5.5), followed by the
addition of TPP and CMCC solutions. BAC solution was then introduced into the above system. After
reaction for 12 h, the mixture was puri�ed using a dialysis bag (MWCO: 8,000 - 1,4000 Da) to obtain
CTCB nanogels. For surface modi�cation, the CTCB nanogels were mixed with different concentrations of
PAA and then underwent dialysis.

Drug loading and release study

Positively charged CTCB nanogels were tested for loading of negatively-charged red �uorescent plasmid
DNA (Marker IV) constructed from Marker D2000 as described previously[40]. The DNA solution (350
µg/mL) was mixed with CTCB solution (8 mg/mL). After centrifugation at 15,000 × g for 30 min, the
precipitate and the supernatant underwent gel electrophoresis analysis. For cationic drug delivery, 1 mL
of DOX solution (1 mg/mL) was mixed with 5 mL of aqueous solution (8 mg/mL) of nanogels (CTCB and
CTCP). After overnight magnetic stirring, the mixtures were puri�ed using a dialysis membrane (MWCO:
8,000 - 14,000 Da) to offer DOX@CTCB and DOX@CTCP, respectively. The dialysate was collected, and its
absorbance at 490 nm was measured using a UV spectrophotometer (UV-6100S). For drug release
studies, 1 mL of dialysis sample was added in 30 mL of PBS solution with different pH values (5.0, 6.5,
7.4), in the absence or presence of dithiothreitol (DTT; 5 mM or 10 mM) and/or lysozymes (0.5 mg/mL or
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1 mg/mL). At different time points, the amount of released drug was determined via UV analysis.
Percentage of DOX released from nanocarriers was determined according to the equation:

where Wt is the cumulative amount of drug released at time t, and Wtot is the total drug amount contained
in the nanogels.

Characterization of nanogels

The microstructure of samples was investigated on a Fourier Transform Infrared (FTIR) spectrometer
(Perkin-Elmer, USA) and Rama spectrometer (Renishaw, France). Transmission electron microscope (TEM,
Tecnai G20, USA) was used to assess the morphology and size of the nanoparticles. Brie�y, a drop of the
sample (0.5 mg/mL) was loaded onto a copper mesh of carbon support �lm and placed in a fume hood
to air-dry overnight. The colloidal stability of the nanogel solution was determined using an optical digital
camera. The hydrodynamic diameter and surface charges of the nanogels in water or PBS were
measured using a Zetasizer (Nano ZS, Malvern Instruments).

Cell culture and viability assay

A549 cells (human lung adenocarcinoma cell line) and cell counting kit-8 (CCK-8) were used to assess the
cytotoxicity of drug-loaded nanoparticles. When A549 cell con�uence reached 80%, cells were detached
using 0.25% trypsin containing EDTA and seeded into 96-well plates at 5 × 105 cells/well. After 24 h
incubation, fresh DMEM (200 µL) medium containing DOX, DOX@CTCB, or DOX@CTCP in equivalent
concentrations (0.5 µM, 1 µM, 2 µM, 2.5 µM, 3 µM) was added into each well. Cells treated with DMEM
alone and CTCB or CTCP served as a negative control. Cell viability was assessed via CCK-8 assay after
48 h of treatment. OD absorbance was measure at 450 nm, and cell viability was determined using the
following equation:

where ODeg and ODcg are the OD values for the experimental group and control group, respectively.

Cell uptake assay

A549 cells were seeded into 20 mm culture dishes at a density of 1 × 106 cells per dish and incubated at
37 °C and 5% CO2. After 24 h of incubation, DOX, DOX@CTCB, DOX@CTCP nanogels with equivalent DOX
concentration (2 µM) were added, followed by incubation for 4 h and 24 h. The drug-containing cell
medium was removed, and cells were washed with PBS (pH 7.4) three times. Cells were then �xed with
4% paraformaldehyde for 30 min. After washing with PBS (pH 7.4), cell nuclei were stained with Hoechst
33342 in the dark. The dishes were observed by Confocal Laser Scanning Microscope (CLSM, Nikon C2,
Japan).

Hemolysis assay
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The hemolytic properties of nanoparticles were tested using rat blood, as described previously[41]. Brie�y,
2 mL of 2% red blood cell (RBC) suspensions were exposed to the equivalent volume of nanogel solution
(to ensure that the �nal nanogel concentration ranged from 0.19 mg/mL to 3.00 mg/mL). RBC incubation
with sterile D.I. water and saline injection solution were used as positive and negative controls,
respectively. After 3 h incubation at 37 °C, suspensions were centrifuged at 12,000 × g for 10 min. The
supernatant of each sample was transferred in 96-well culture plate in triplicate to measure the
absorbance of the released hemoglobin. Absorbance at 570 nm was measured using a SpectraMax iD3
multi-function reader (Molecular Devices Company, USA). The hemolysis ratio was calculated using the
following formula (3):

where AS, AN, and AP represent the average absorbance of the samples, negative controls, and positive
controls, respectively.

In vivo antitumor studies

All experiment protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of
the Animal Experiment Center of Wuhan University of Chinese Medicine (Wuhan, China). C57BL/6J mice
were purchased from the Hubei Experimental Animal Research Center. H22 liver tumor-bearing mice
(tumor size: 200 mm3) were randomly divided into three groups (�ve mice per group). The mice were
intraperitoneally injected with PBS, DOX, DOX@CTCP, twice per day for a total of 6 doses. The dose of
DOX was 4 mg/kg per mouse. Tumor size and mouse weight were recorded before injection. The tumor
volume was determined as follows: V = ((tumor length) × (tumor width)2)/2. V/V0 and M/M0 represent the
relative tumor volume ratio and the relative body weight ratio, respectively. V0 and M0 were the tumor
volume and body weight before the treatment, respectively.

In vivo biocompatibility/biosafety

In order to evaluate the systemic toxicity, mice were culled after treatment. The major organs, including
spleen, kidney, heart, liver, and tumors, were collected and subjected to hematoxylin-eosin (H&E) staining
to evaluate histological characteristics.

Results And Discussion
Preparation of size and surface-charge controllable nanogels

To overcome the passive nature of drug delivery using traditional liposomal nanocarriers with unstable
micelle structure[42], we aimed at developing a novel type of double-crosslinked nanogels to achieve the
administration of therapeutic agents in a selective active way. The Food and Drug Administration (FDA)-
approved natural-derived polymer[43], chitosan with lysozyme-cleavability, was selected as a model
matrix for modi�cation of the biodegradable nanogels. Chitosan was transformed into single-crosslinked
nanogels through its ionic crosslinking with sodium tripolyphosphate (TPP; used as a pH mediator) in the
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presence of carboxymethyl chitosan (CMCC), which is more hydrophilic than CTS, improving the colloidal
stability of the latter[44]. In order to further improve their structural stability and delivery sensitivity, N, N’-
bisacrylamide cystamine (BAC) was introduced, resulting in positively-charged nanogels (CTCB) with a
secondary redox-sensitive crosslink. After that, an oligomer of poly(acrylic acid) (PAA) rich in –COOH
groups and with an ability to prevent aggregation of nanoparticles[45], was selected for decoration of the
nanogels (Figure S1) and adjustment of the surface-charge (from positive into a negative state). The
resulting negatively-charged nanogels (CTCP) were used for loading the cationic anticancer drug
doxorubicin (DOX). The formation of DOX@CTCP is driven by the formation of hydrogen bonds in DOX,
CMCC, and CTS. PAA chains bind the –NH2 of CTS via electrostatic interactions. Additionally, the
chelation between DOX and PAA, as well as the hydrogen bonds between DOX and PAA, enabled an
e�cient encapsulation of DOX into CTCP.

After optimization, this technology allowed for the development of spherical CTCB and CTCP nanogels
with hydrodynamic sizes of 191 ± 5 nm and 96 ± 2 nm, respectively. These sizes, which are similar to the
clinically-used nanomedicines (100 ~ 200 nm), are appropriate for administration via intravenous
injection,.CTCP nanogels were determined by TEM to have a size of ~ 50 nm (similar to that of CTCB
nanogels; Figure S4), which can be cleaved to release nanoblocks of smaller sizes (4 ± 1 nm) (Figure 1B
and Figure S2). The hydrodynamic diameter of the nanogels can be easily modi�ed by variation of the
compositional formulations (i.e., TPP/CTS feed ratio) (Figure 1C and Figure S3). For instance, nanogel
sizes can be adjusted from 186 ± 3 nm to 361 ± 3 nm by increasing CTS concentration from 0.10 mg/mL
to 1.25 mg/mL. Furthermore, the nanogel surface charge can be �nely adjusted via conjugation with
anionic PAA oligomers of different concentrations. In the absence of PAA, the chitosan-based nanogels
(CTCB) had a positively-charged surface, while conjugation with 8 mg/mL PAA transformed the surface
charge from 39.2 ± 7.1 mV into -26.8 ± 2.1 mV (Figure 1D). The nanogels were subjected to Fourier-
transform infrared (FTIR) spectroscopy for microstructural investigation. As shown in Figure 1E, the
native peaks of chitosan at 1599 cm-1 and 1083 cm-1 disappeared in the CTCB nanogels, suggesting that
electrostatic interactions occurred between the amino groups in chitosan and the phosphate groups of
TPP[46]. The peaks at 1700 cm-1 and 890 cm-1 may have resulted from carboxymethyl-chitosan, which
participated in the formation of the nanogels[47, 48]. From Rama spectra analysis, a new peak at 513 cm-

1 (corresponding to the absorbance of disul�de bonds) appeared in the nanogels[49], indicating that the
redox-crosslinks were successfully introduced in the nanogels probably via Michael addition between the
double bonds of BAC and the amino groups of chitosan[50,51]. As such, nanogels with controllable size
and adjustable surface-charge have been successfully developed. The surface charge adjustability of the
nanogels may be useful for the administration of speci�c drugs which have unique anionic or cationic
charges.

Selective drug-loading capacity of the nanogels and their multi-stimulative drug release performance in
tumor-mimicking microenvironments
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As mentioned above, the physical properties of nanocarriers play an important role in drug delivery
property. It is proposed that positively-charged nanoparticles are appropriate for encapsulation of
negatively-charged therapeutic agents[52], while negatively-charged ones can be used for the loading of
cationic drugs[53]. To verify our hypothesis, test drugs with reverse charges (plasmid DNA as a
negatively-charged drug, and doxorubicin as a cationic drug) were selected for assessing the delivery
selectivity of the developed nanocarriers. The electrophoretic analysis indicated that the positively-
charged CTCB nanogels were able to encapsulate pDNA, probably through the formation of electrostatic
interactions (Figure 2A).

Moreover, the negatively-charged CTCP nanogels obtained after PAA-conjugation enabled the effective
loading of the cationic drug DOX. CTCP nanogels presented a high DOX encapsulation e�ciency (EE:
92.1 ± 3.6%), which was approximately seven times higher than that of the cationic CTCB nanogels (EE:
13.4 ± 6.2%). Therefore, the nanogels developed with our approach presented a selectivity in the
administration of oppositely-charged drugs, suggesting them to be an improved nanoplatform that can
be used for selective delivery of drugs in a variety of biomedical applications.

The amount of drug(s) released from the nanocarriers is of high importance in execution of therapeutic
bioactivity[54, 55]. Considering the complexity of the multiple barriers in tumor tissues, it is challenging to
develop “smart” delivery systems able to sense the differences between normal conditions and the
pathological tumor tissues. The pH, redox balance, and enzymatic properties have emerged as the most
promising approaches for tumor selectivity[56]. DOX can be released continuously from the nanogels,
reducing the possibility of toxic burst-release of free DOX and maintaining a long-term anticancer activity.
Compared to the physiological environment (pH 7.4), the DOX was more easily released under acidic
conditions representing the environment of solid tumors (pH 6.5) and endo/lysosomes (pH 5.0). This
means that the majority of DOX can selectively be released from the nanogel under acidic conditions,
increasing its selectivity to tumor tissues[57].

It was reported that GSH concentration in tumors is profoundly higher than in healthy tissues[58].
Additionally, the concentration of GSH in intracellular compartments is approximately 1,000 times higher
than in normal extracellular conditions[59]. Therefore, tumors have an increased reductive potential
compared to healthy tissues. To test the redox-sensitivity of the nanogels, the drug release pro�les of the
nanogels were assessed under tumor-mimicking microenvironments. Compared to physiological
conditions, the nanogels showed an increased release rate and e�ciency of DOX under a reducing
environment. The release pro�le of redox-sensitive drugs may be related to the cleavage of the disul�de-
crosslinks at high GSH concentrations, accelerating drug release and release e�ciency[60]. Furthermore,
nanogels have enzymatic sensitivity to lysozyme, a type of endogenous enzyme overexpressed in tumor
tissues. Indeed, it was found that the presence of 0.5 mg/mL lysozyme resulted in almost a 2-fold
increase in DOX release compared to the nanogels in the absence of lysozyme[61]. Treatment with
lysozyme at 1.0 mg/mL resulted in a nearly complete release of DOX after 48 h, indicating that all the
payload can be released from the nanocarriers to exert its antitumor activity. The drug release
acceleration may be a consequence of their lysozyme-induced degradability, which can, in theory, result in



Page 9/21

the release of approximately one thousand smaller-sized nanoblocks (4 ± 1 nm) carrying the loaded drug
from the cleavage of a single nanogel (Figure 1). The pH/redox/enzymatic- sensitivity of the nanogels is
intriguing and promising to achieve multi-factor-mediated selective drug release upon arrival at the tumor
environment and intracellular compartments, enhancing antitumor e�cacy and minimizing side
effects[62].

In vitro cyto-biocompatibility and growth inhibition in cancer cells

The main obstacles for anticancer drug delivery lie in the toxicity of the nanocarriers themselves, as well
as the lack of controlled drug delivery at the right time and place[63]. Therefore, it is essential to develop
novel biocompatible nanocarriers. We �rst sought to ascertain the cyto-biocompatibility of the nanogels.
The hemolysis assessed by ASTM F756-00 indicated that both CTCB and CTCP nanogels are hemolytic
(Figure 3D and Figure S6)[64]. Meanwhile, A549 cells maintained > 95% cell viability after their incubation
with CTCP nanogels at concentrations up to 27.8 μg/mL, suggesting that they belong to �rst-grade
biocompatible materials and are safe to be used in biomedical applications.

Before studying the therapeutic e�cacy of DOX@CTCP nanogels in vivo, we tested their therapeutic
toxicity against cancer cells using the cell counting kit-8 (CCK-8) assay. Human lung adenocarcinoma
cells (A549) were incubated with free DOX and DOX@CTCP at different DOX concentrations for 48 h.
DOX@CTCP exhibited higher toxicity against cancer cells than free DOX or DOX@CTCP of the same dose
(Figure 3A and Figure S5). DOX@CTCP had an IC50 of 0.73 μM, which was 2.6 times less than that of
free DOX (1.89 μM). The more potent cancer cell growth-inhibitory capacity of DOX@CTCP may be
associated with their high DOX-loading capacity and multi-factor-mediated drug release properties,
leading to an enhanced cell uptake and consequent increased intracellular accumulation of DOX (Figure
3E and 3F, Figure S7). A549 cells cultured with free DOX maintained their physiological fusiform shape,
which may be related to the multidrug resistance (MDR) of these tumor cells[65]. However, A549 cells
exposed to DOX@CTCP lost their spindle-like morphology, indicative of cell apoptosis, and suggesting
that the e�cient intracellular delivery of DOX may overcome the MDR. Therefore, the selective DOX
administration using CTCP nanogels allows for the effective delivery of DOX into cancer cells to exert
potentiated antitumor activity.

DOX@CTCP nanogels show enhanced antitumor activity in tumor-bearing mice

Due to the improved anti-proliferative effects of DOX@CTCP nanogels in cancer cells in vitro, we sought
to investigate their antitumor potential in vivo. C57BL/6J male mice bearing H22 hepatocarcinoma
tumors were randomly allocated into three groups (n = 5 per group) and received the following
treatments: free DOX, saline, or DOX@CTCP. The doses of free DOX and DOX@CTCP were 4 mg/kg for
each mouse. Tumor volume and body weight were monitored throughout the treatment period (7 d for
free DOX control due to the earlier death of these mice, 15 d for saline control, and DOX@CTCP group). As
shown in Figure 4A, in the course of the treatment, the tumor volume of mice treated with saline
continued to increase. The administration of free DOX partially inhibited tumor growth, due to the
cytotoxic activity of DOX mainly through disrupting the native double helix structure of DNA[66].
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Treatment with DOX@CTCP showed the strongest inhibitory effect on tumor growth, presumably due to
their pH/redox/enzymatic-mediated drug delivery properties, which render them with the ability to
overcome tumor barriers and to enhance the intracellular drug accumulation in tumor cells (Figure 3 and
Figure 4A). Images of the resected tumors (Figure 4B) again indicated that mice treated with DOX@CTCP
had tumors of a profoundly smaller size.

Moreover, mice treated with free DOX experienced a rapid decrease in their body weight (Figure 4C),
possibly due to the systemic toxicity of free DOX on the mice with higher tumor burden. Interestingly, the
body weight of the mice treated with the DOX@CTCP group gradually increased during the treatment
period, similar to those treated with saline group, indicating the good biocompatibility and low systemic
toxicity of the nanogels. All the mice treated with free DOX group died until day 7, while the mice from the
DOX@CTCP group survived throughout the chemotherapeutic period (15 d).

After mice were sacri�ced, the tumor was excised and sectioned, followed by H&E staining. The
microscopy (Figure 4D) indicated that signi�cant tumor apoptosis/necrosis occurred in the tumors of
mice treated with DOX@CTCP, while tumors from the mice treated with free DOX or saline had profoundly
less necrotic areas. The biocompatibility and biosafety of the DOX@CTCP nanoplatform were further
evaluated by histological assay. H&E staining images in sections from vital organs (heart, liver, spleen,
and kidney) suggested severe damage when mice were treated with free DOX. However, no apparent
pathological tissue damage appeared in organs of mice treated with DOX@CTCP, suggesting negligible
side effects in non-malignant tissues.

Several inorganic nanoparticles and their nanohybrids with organic systems have been tested for the
delivery of DOX. These studies have shown that the inorganic compositions can increase the drug
encapsulation e�ciency[67, 68]. However, the previously reported platforms lack su�cient
biodegradability, resulting in limited release e�ciency and non-controlled delivery[69]. Here, the natural
polymer chitosan was used as a matrix for the development of degradable nanogels, which can minimize
the potential risks of inorganic materials (e.g., long-term accumulation side effects) in the body[70]. The
surface adjustment strategy employed in this study could be applied for the delivery of other drugs or
proteins (such as DNA, RNA, and enzymes). The nanosystems described here offer a high drug
encapsulation e�ciency (92.1%), which is signi�cantly higher than that of previous DOX carriers ( ~ 4%)
[71]. More importantly, nearly 100% of the loaded drug was released in tumor mimicking
microenvironments, resulting in a 2.6-fold decrease in IC50 compared to free DOX. Most previous DOX-
loaded inorganic systems (e.g., mesoporous silica (MSN), carbon nanotube (CNT), and hydroxyapatite
(HAp)) showed higher IC50 than free DOX probably due to a limited release e�ciency[72]. These
characteristics, along with the multi-factor-induced drug release, endow the DOX@CTCP nanogels with
great potential as an antitumor chemotherapeutic agent, while having minimal toxic side effects.

Conclusions
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In summary, we reported a multifunctional nanoplatform, allowing for a highly effective antitumor activity
through the selective administration of the therapeutic agent. This is achieved by the synthesis of a kind
of positively-charged tumor-mediated cleavable nanogels via the double-crosslinking of chitosan with
sodium tripolyphosphate and disul�de-containing molecule. After assembly with an oligomer of
poly(acrylic acid), the cationic nanogels are transformed into negatively-charged ones (CTCP). Positively-
charged nanogels can be used for administration of anionic drug(s) (e.g., plasmid DNA), while negatively-
charged nanogels can deliver cationic drug(s) (e.g., doxorubicin, DOX). The developed DOX-loaded CTCP
is cleavable under the GSH- and lysozyme-high, reductive tumor microenvironment to release smaller-
sized nanoblocks. The unique features of this platform enable the multi-factor-mediated delivery of
anticancer drugs in the acidic, reductive, and lysozyme-overexpressed tumor microenvironments,
achieving an enhanced antitumor e�cacy and improved biocompatibility than the free drug. Moreover,
the transformable nanogels developed by our approach may be extended to administer the other types of
chemotherapeutic agents (for co-delivery therapy via administration of DNA, siRNA, and other small
molecular drugs) of interests, as a general novel nanoplatform with speci�c functions for disease
treatment.
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Table
Table 1. Hydrodynamic Size, Zeta potential, and drug-loading capacity of nanogels.
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Sample Size (nm) Zeta (mV) EE (%)a LC (%)b
CTCB 190.6 ± 5.3 39.2 ± 7.1 - -
CTCP 95.8 ± 1.5 -28.1 ± 2.1 - -
DOX@CTCB 327.3 ± 5.1 20.1 ± 4.8 13.4 ± 6.2 1.1 ± 0.5
DOX@CTCP 128.7 ± 2.4 -26.4 ± 1.1 92.1 ± 3.6 5.9 ± 0.3

a Encapsulation E�ciency (EE) = 100 * Wt/W0, W0 is the drug for loading, and Wt is the packaged drug. b

Loading Capacity (LC) = 100 * Wt/W, Wt represents the drugs that have been loaded into the nanogels,

and W is the total weight of the nanogels.
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Figure 1

Preparation and characterization of biodegradable nanogels. TEM images of CTCP nanogels (A) before
and (B) after treatment with 10 mM DTT for 1 h (Scale bar = 50 nm). (C) Change of hydrodynamic sizes
of CTCB nanogels as a function of TPP concentrations (blue bars), and of the optimal CTCP nanogels
after conjugation with PAA (yellow bar). (D) Variation of biodegradable nanogels in Zeta potentials before
and after PAA decoration at different concentrations. (E) Fourier-transform infrared (FTIR) spectra of CTS,
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CMCC, PAA, CTCB, CTCP, DOX, DOX@CTCP. (F) Rama spectra of the nanogels before and after
crosslinking with BAC.

Figure 2

Drug loading selectivity of the nanogels as well as their tumor-stimulated drug release properties. (A) 3D
Agarose gel electrophoresis of plasmid DNA before and after encapsulation into CTCB nanogels (Lane 1:
Marker D2000 indicating the DNA before construction; Lane 2: 5 µL precipitate of plasmid DNA-loaded
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CTCB nanogels being centrifugated; Lane 3: 5 µL supernatant of plasmid DNA-loaded CTCB nanogels
after centrifugation; Lane 4: Marker IV indicating red �uorescent plasmid DNA after construction). (B)
Drug encapsulation e�ciency of the nanogels before and after conjugation with PAA at different
concentrations (0 mg/mL - 1.0 mg/mL). In vitro DOX release pro�le of (C) free DOX and DOX@CTCP in
PBS buffer at pH 7.4 and 37 °C; DOX release from DOX@CTCP in PBS (D) at 7.4, 6.5 and 5.0 pH values,
(E) in different concentrations of DTT (5.0 mM and 10.0 mM), and (F) in the presence of different
concentrations of lysozyme (0 mg/mL - 1.0 mg/mL) (± standard deviation, n = 3, *P < 0.05).
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Figure 3

In vitro biocompatibility and toxicity. (A) A549 cell viability exposed to CTCP nanogels at different
concentrations for 48 h. (B) A549 cell viability exposed to free DOX and DOX@CTCP (at an equivalent
DOX concentration) for 48 h. (C) IC50 of A549 cells exposed to free DOX and DOX@CTCP (at an
equivalent DOX concentration) for 48 h. (D) Hemolysis assay of Red Blood Cell (RBC) incubated with
CTCP nanogels at different concentrations (NS: normal saline, 0.9% saline injection solution, negative
control; H2O: sterile puri�ed water, positive control). Fluorescence microscopy images of A549 cells after
incubation with free DOX or DOX@CTCP (2 μM DOX) for (E) 4 h and (F) 24 h, respectively.

Figure 4

In vivo antitumor activity of DOX@CTCP hepatocarcinoma tumor-bearing mice. (A) Relative tumor
volume in tumor-bearing C75BL/6J male mice. (B) Percentage of the mice that survived over the
indicated time. (C) Body weight of the tumor-bearing mice. (D) Representative images of resected tumors
after 15 d of DOX@CTCP treatment and after 7 d of free DOX treatment. H&E staining of (E) tumor and
(F) vital organ (heart, liver, spleen, and kidney) sections; scale bar: 200 μm.
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