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A B S T R A C T   

For cancer nanomedicine, the main goal is to deliver therapeutic agents effectively to solid tumors. Here, we 
report the unique design of self-adaptive ultrafast charge-reversible chitosan-polypyrrole nanogels (CH-PPy NGs) 
for enhanced tumor delivery and augmented chemotherapy. CH was first grafted with PPy to form CH-PPy 
polymers that were used to form CH-PPy NGs through glutaraldehyde cross-linking via a miniemulsion 
method. The CH-PPy NGs could be finely treated with an alkaline solution to generate ultrafast charge-reversible 
CH-PPy–OH–4 NGs (R-NGs) with a negative charge at a physiological pH and a positive charge at a slightly acidic 
pH. The R-NGs display good cytocompatibility, excellent protein resistance, and high doxorubicin (DOX) loading 
efficiency. Encouragingly, the prepared R-NGs/DOX have prolonged blood circulation time, enhanced tumor 
accumulation, penetration and tumor cell uptake due to their self-adaptive charge switching to be positively 
charged, and responsive drug delivery for augmented chemotherapy of ovarian carcinoma in vivo. Notably, the 
tumor accumulation of R-NGs/DOX (around 4.7%) is much higher than the average tumor accumulation of other 
nanocarriers (less than 1%) reported elsewhere. The developed self-adaptive PPy-grafted CH NGs represent one 
of the advanced designs of nanomedicine that could be used for augmented antitumor therapy with low side 
effects.   

1. Introduction 

Nanomedicine has been continuously developed to efficiently deliver 
diagnostic and therapeutic agents to solid tumors [1–3]. However, only 
approximately 1% of agents can be delivered to the targeted tumor cells 
after intravenous injection since they encounter considerable biological 
barriers during the delivery process [4–6]. This is the reason why 
numerous nanocarriers are effective in experimental models, but the 
results of clinical trials are unsatisfactory [7,8]. Therefore, it is urgently 

needed to develop novel nanocarriers for efficient drug delivery with 
enhanced therapeutic efficacy in vivo. 

To overcome the biological barriers, a variety of nanocarriers have 
been designed properly with different properties (e.g., particle size, 
surface charge and functional modification) [9–11]. Despite this, most 
of the nanocarriers are still suboptimal in biomedical applications. 
Normally, the nanocarriers with a small size [12], positive charge [13] 
and/or targeting molecules [14] are capable of improving tumor pene-
tration and cellular internalization, respectively because of the strong or 
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specific interactions with cell membranes, but they are often subjected 
to accelerated clearance by the kidney [15] or reticuloendothelial sys-
tem (RES) [16], resulting in short half-life and insufficient tumor accu-
mulation [17]. Likewise, the nanocarriers with a large size [18], 
neutral/negative charge [19] and/or hydrophilic coating (such as, 
polyethylene glycol (PEG) or zwitterions) [20,21] may accumulate 
effectively into the tumors attributing to the passive enhanced perme-
ability and retention (EPR) effect, excellent stability and pronged cir-
culation time in the blood, respectively, while the cellular 
internalization of these nanocarriers is unacceptable due to the limited 
cell interactions [22–24]. 

In recent years, two major innovative strategies have been developed 
to improve the delivery efficacy of nanocarriers. Firstly, the modulation 
of tumor extracellular matrix (ECM) using the degrading enzymes (e.g., 
hyaluronidase) has been introduced to reduce the interstitial fluid 
pressure and the hindrance of obstacles [25]. While, the uncontrollable 
disintegration of ECM may lead to various unexpected risks (e.g., 
musculoskeletal pain, promoted tumor progression or even metastasis) 
[26,27]. Secondly, stimuli-responsive nanocarriers that exhibited 
size-switchable (large to small) or charge-reversible behavior (neu-
tral/negative to positive) under different microenvironments in vivo 
were properly designed to prolong the blood circulation, enhance tumor 
accumulation or elevate cellular internalization for improved tumor 
treatment [28–30]. 

Remarkably, in a very recent work, Chan et al. [31] proved that 97% 
of nanoparticles were transported into solid tumors using active process 
through transcytosis rather than EPR effect or passive diffusion through 
tissue gaps. Moreover, Shen et al. [32,33] designed enzyme-triggered 
charge-reversal polymers by thioketal linker cleavage to improve 
tumor deep penetration, cellular internalization and anticancer activity 
using active transportation. These latest and important discoveries 
demonstrate that the efficient delivery of nanocarriers mainly depends 
on the surface charge (active transportation) instead of particle size 
(EPR effect or passive diffusion), and the charge-reversal nanocarriers 
are the most promising candidates to overcome biological barriers 
through the active transportation for efficient drug delivery and tumor 
treatment [34]. Meanwhile, the new opportunities and challenges of 
cancer nanomedicine require the development of novel self-adaptive 
ultrafast charge-reversal nanocarriers to address the issue of timeline 
of changeable process. 

Normally, the charge-reversible nanocarriers are created by stimuli- 
triggered protonation/deprotonation or covalent bond cleavage of the 
major functional groups of the carriers. Some pH-responsive charge- 
reversible assemblies have been prepared through the hydrophobic self- 
assembly [35]. Although the surface charge conversion can be achieved 
through protonation under an acidic condition, the assembled structure 
is also destroyed due to the increase of their hydrophilicity. Moreover, 
this strategy is not suitable to prepare naongels (NGs) owing to the 
hydrophobicity of the polymers. Currently, the preparation of NGs 
having a charge conversion from neutral to positive through protonation 
only has limited success [36]. Instead, it is relatively easy to prepare NGs 
having a surface charge conversion from negative to positive [37–40]. In 
any case, the process of stimuli-triggered cleavage of chemical bonds 
usually takes hours to complete and the NGs may have been cleared 
before the desired stimuli-triggering process, leading to limited drug 
delivery and treatment efficacy [41]. Therefore, it is extremely urgent to 
develop novel smart NGs with charge conversion from negative to 
positive through a facile method. 

Here, we designed the self-adaptive ultrafast charge-reversible chi-
tosan-polypyrrole nanogels (CH-PPy NGs) by a facile method to simul-
taneously prolong the blood circulation time, improve tumor 
penetration and promote cellular internalization for augmented 
chemotherapy of ovarian carcinoma. The CH-PPy polymers were first 
synthesized using CH and pyrrole (Py) as building blocks, and cross-
linked using glutaraldehyde (GA) via a miniemulsion method to form the 
CH-PPy NGs (P-NGs) with enzymatic degradability. Next, through facile 

treatment by an alkaline solution, the pH-triggered charge-reversal CH- 
PPy–OH–4 NGs (R-NGs) were obtained. The NGs were used to load 
anticancer drug doxorubicin (DOX). We systematically characterized 
the NGs synthesis, surface charge change, optical property in near- 
infrared (NIR) region, protein resistance, biodegradation and stimuli- 
responsive drug release. The biocompatibility, tumor spheroid pene-
tration, cellular internalization, pharmacokinetics, tumor accumulation 
and antitumor activity in vivo were next evaluated. The major hypothesis 
of the study is as follows: The initial R-NGs with surface negative charge 
display prolonged blood circulation time, and once the R-NGs accu-
mulate in the tumor tissue, their surface charge converts to be positive 
through rapid protonation of Py ring to facilitate deep tumor penetration 
and cellular internalization via active transportation for improved 
chemotherapy of tumors (Scheme 1). To our knowledge, this is the very 
first report related to the design of self-adaptive charge-switchable CH- 
PPy-based NGs for augmented anticancer chemotherapy applications. 

2. Experimental section 

2.1. Preparation of CH-PPy polymers, CH-PPy NGs and CH-PPy-OH NGs 

Py (20.8 mg/mL, 5 mL in 1 M HCl) and APS (70.8 mg/mL, 2.5 mL in 
1 M HCl) were added dropwise to a CH solution (10 mg/mL, 5 mL in 0.1 
M acetic acid), respectively under stirring at 0 ◦C in the dark for 1 h, and 
then the solution was stirred at room temperature for another 24 h. The 
reaction was stopped and the polymers were precipitated by addition of 
ethanol (200 mL), and further purified by centrifugation and washing by 
ethanol for 3 times to remove unreacted Py. Finally, the product was 
dried in the oven at 60 ◦C for 2 days to obtain the CH-PPy polymers. To 
generate CH-PPy polymers with a lower modification degree of PPy (CH- 
PPy-L), the initial amounts of Py and APS were lowered to be 4.2 mg/mL 
(in 5 mL in 1 M HCl) and 14.1 mg/mL (in 2.5 mL in 1 M HCl) while 
keeping other parameters and reaction conditions fixed. 

CH-PPy or CH-PPy-L NGs were prepared by an inverse miniemulsion 
method using CH-PPy or CH-PPy-L polymers (10 mg/mL, 1 mL in 1 M 
HCl) and GA (10 μL) as an aqueous phase, and Span-80 (25.8 mg/mL, in 
10 mL cyclohexane) as an organic phase. The mixture was ultra-
sonicated by a Misonix Sonicator (XL2000, Division of QSonica, LLC., 
Newtown, CT) at the duty cycle of 50% and output control of 40% under 
the ice-cooling for 10 min, and then was stirred at room temperature 
overnight. 

The prepared CH-PPy or CH-PPy-L NGs were purified by centrifu-
gation (6000 rpm, 10 min), redispersion in 10 mL of water and dialysis 
in a bag with a molecular weight cut-off (MWCO) of 12000–14000 for 3 
days against water (2 L, 6 times). Lastly, the CH-PPy NGs (1 mL) were 
treated with NaOH (1 mL) under different concentrations and molar 
ratios for 24 h to prepare a series of CH-PPy-OH NGs with different 
surface potentials (Table 1). 

2.2. Preparation of FI-R-NGs and FI-N-NGs 

The formed R-NGs or N-NGs (50 mg) dissolved in 2 mL DMSO were 
reacted with fluorescein isothiocyanate (FI, 10 mg, in 2 mL DMSO) 
under vigorous stirring in the dark. After 24 h, the solution was dialyzed 
using a dialysis membrane (MWCO = 12000–14000) and freeze-dried to 
obtain FI-R-NGs or FI-N-NGs. Furthermore, FI-R-NGs or FI-N-NGs (5 mg) 
and DOX (1 mg) were co-dissolved in 5 mL water under stirring for 24 h 
in the dark. Free DOX was removed by centrifugation (11000 rpm, 10 
min) to obtain the FI-R-NGs/DOX or FI-N-NGs/DOX complexes. 

2.3. In vitro cell culture and assays 

A2780 cells (a human ovarian carcinoma cell line) were regularly 
cultured and passaged for cytocompatibility, cellular uptake, 3D tumor 
spheroid penetration, and anticancer activity assays of the developed 
charge-reversal NGs. 
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2.4. In vivo animal experiments 

All animal experiments were approved by the Ethical Committee of 
Shanghai XinHua Hospital and also followed the policy of the National 
Ministry of Health. The charge-reversal NGs were subjected to phar-
macokinetics, tumor accumulation, anticancer efficacy assays in vivo. 
See additional details in the Supplementary data. 

3. Results and discussion 

3.1. Synthesis and characterization of ultrafast charge-reversal CH-PPy- 
OH NGs 

One effective approach to promote the active transportation of 
nanocarriers to tumor site is through the cationic charge-mediated 
endocytosis and adsorption-mediated transcytosis [42–44]. It is 
pivotal to design functional NGs with fast and effective cationic charge 

transfer in the acidic tumor microenvironment (TME). To obtain ultra-
fast pH-triggered charge-reversal NGs with good biocompatibility, the 
CH-PPy polymers were first synthesized by a chemical oxidation poly-
merization method, followed by crosslinking with GA through an in-
verse miniemulsion method (Fig. 1a). Based on thermal gravimetric 
analysis (TGA), the CH-PPy polymers display a reduced weight loss at 
200–450 ◦C (related to the degradation of CH) and further reduced 
weight loss at 450–800 ◦C (related to the degradation of PPy) when 
compared to CH (Fig. S1), suggesting that CH-PPy polymers have been 
successfully prepared. In the 1H NMR spectra (Fig. 1b), the peaks at 
about 3.0 ppm (1) and 3.4–4.0 ppm (2–6) are assigned to the methylene 
and methylidyne protons of CH, respectively, and the peak at around 
7.7 ppm (7) is related to aromatic protons of Py ring. By NMR integra-
tion, the number of Py grafted to each CH unit was calculated to be 1.3. 
It should be noted that during the synthesis process, PPy homopolymer 
can be removed by the purification step of the centrifugation and 
ethanol washing, and the yield of CH-PPy can reach 63.5%. The pre-
pared CH-PPy NGs (P-NGs) in dehydrated state exhibit an average 
diameter of 132.3 nm and uniform morphology, which were confirmed 
by transmission electron microscopy (TEM) imaging (Fig. 1c and 
Fig. S2). Moreover, through dynamic light scattering (DLS) measure-
ment, the hydrodynamic diameter of P-NGs was determined to be 206.2 
nm (PDI = 0.174) (Fig. S3), which is bigger than the size measured from 
TEM. This should be ascribed to the swelling behavior of P-NGs in 
aqueous solution. As demonstrated in the literature [45], the size of the 
P-NGs should be suitable for tumor accumulation and penetration. 

The generated P-NGs were characterized by Fourier transform 
infrared (FTIR) spectroscopy (Fig. 1d). Compared to CH, the peaks at 
1563 cm− 1 and 1465 cm− 1 are related to C––C and C–N asymmetric and 
symmetric stretching vibration of Py ring, respectively, and the peak at 
747 cm− 1 is from –NH– bond for the CH-PPy polymers, revealing that 

Scheme 1. Schematic illustration of drug delivery procedure of CH-PPy NGs (P-NGs), CH-PPy–OH–6 NGs (N-NGs) and CH-PPy–OH–4 NGs (R-NGs), and the use of R- 
NGs with prolonged blood circulation, improved tumor deep penetration, elevated cellular internalization, stimuli-responsive drug release and enzymatic degra-
dation for augmented tumor chemotherapy. The definition of P-NGs, R-NGs, and N-NGs is shown in Table 1. The corona on the surface of NGs represents the surface 
charge (red for positive charge and blue for negative charge), not the core/shell structure of NGs. 

Table 1 
CH-PPy NGs (1 mL) treated with a series of NaOH solution (1 mL) under 
different concentrations and molar ratios.  

Samples CNGs(mg/mL)/CNaOH(mg/ 

mL) 

Molar ratio of npy/nNaOH 

CH-PPy NGs (P-NGs) – – 
CH-PPy–OH–1 NGs 5 : 2 1 : 1.25 
CH-PPy–OH–2 NGs 5 : 4 1 : 2.5 
CH-PPy–OH–3 NGs 1 : 2 1 : 6.25 
CH-PPy–OH–4 NGs (R-NGs) 1 : 4 1 : 12.5 
CH-PPy–OH–5 NGs 1 : 8 1 : 25 
CH-PPy–OH–6 NGs (N-NGs) 1 : 20 1 : 62.5 
CH-PPy-L-OH NGs 1.07 : 1 1 : 12.5  
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the Py has been grafted with CH successfully. Likewise, the new peak 
appearing at 1702 cm− 1 for the P-NGs is attributed to the Schiff base 
group (-N––CH-), suggesting the success of the cross-linking reaction 
between amine groups of chitosan and aldehyde groups of GA. 
Furthermore, the optical property of CH-PPy NGs was checked by 
UV–vis–NIR spectrometry (Fig. 1e). Apparently, compared to CH, CH- 
PPy polymers and P-NGs possess the obviously enhanced absorption in 
the NIR I and II region from 700 to 1200 nm due to the grafted PPy. After 
that, the P-NGs were treated with NaOH solution under different con-
centrations and molar ratios for 24 h to obtain a series of CH-PPy-OH 
NGs (Table 1). 

To obtain the suitable CH-PPy-OH NGs that can display pH-triggered 
charge conversion from negative to positive (Fig. 2a), the surface po-
tentials of a series of CH-PPy-OH NGs were measured at both pH 7.4 and 
pH 6.5 which represent the physiological and TME conditions, respec-
tively (Fig. 2b). The CH-PPy NGs (P-NGs) show positive charge at both 
pH 7.4 and pH 6.5, which is considered to be easily cleared by RES 
during the blood circulation. After treatment with a certain amount of 
NaOH solution, the NGs could be rendered with a negative charge due to 
the selective adsorption of OH− on the Py rings (Fig. 2a), in agreement 
with the mechanism reported in the literature [46]. This may be because 
the introduction of oxygen atoms in CH-PPy-OH NGs renders OH- near 
the solid-liquid interface rearranged in a different way named flop-down 
state. Clearly, the formed CH-PPy–OH–3 and CH-PPy–OH–4 NGs possess 
obvious charge conversion (negative to positive, R-NGs) from pH 7.4 to 
pH 6.5, attributing to the protonation of Py ring (Fig. 2b). Further, the 

charge-reversal capacity of CH-PPy–OH–6 NGs (N-NGs) disappears after 
NaOH treatment, and the N-NGs remain negatively charged in-between 
pH 7.4 and pH 6.5. The surface potential changes of P-NGs and 
CH-PPy–OH–4 NGs (R-NGs) can be found in a broad pH range of 3–11 
(Fig. S4). Next, the surface charge conversion of R-NGs was tracked 
(Fig. 2c). The ultrafast charge conversion of R-NGs from − 11.3 mV to 
+10.4 mV occurred after the solution pH was switched from pH 7.4 to 
6.5, and this process only took about 10 s. The stability of charge con-
version effect of R-NGs was detected at both pH 7.4 and pH 6.5 for a long 
time period (Fig. S5). The result reveals that the surface charges of 
R-NGs were maintained at around +11.0 mV at pH 6.5 and − 11.5 mV at 
pH 7.4 for as long as 15 h. Interestingly, the process of charge conversion 
of R-NGs is reversible (Fig. S6). Additionally, the long-term colloidal 
stability of R-NGs dispersed in phosphate buffer at both pH 7.4 and pH 
6.5 was examined and confirmed by monitoring their hydrodynamic 
diameter changes at room temperature (Fig. S7). Clearly, the hydrody-
namic diameter of the R-NGs does not have any appreciable changes 
after storage for at least 7 days. 

Next, the universality of pH-triggered charge conversion of R-NGs 
with different PPy modification degrees was explored. The CH-PPy-L 
polymers were prepared and characterized by NMR (Fig. S8), where 
the number of Py grafted to each CH unit can be calculated to be 0.3, 
which is much lower than that for the CH-PPy polymers (1.3). This 
means that by varying the initial feeding ratio between the Py and CH, 
CH-PPy polymers with different PPy modification degrees can be ob-
tained. At a lower Py/CH feeding ratio, a lower percentage of PPy 

Fig. 1. (a) Schematic illustration of the preparation of the CH-PPy polymers and CH-PPy NGs (P-NGs). (b) 1H NMR spectra of CH and CH-PPy polymers dispersed in 
D2O with 2 vol% CD3COOD. (c) TEM image of P-NGs. (d) FTIR spectra of CH, CH-PPy polymers and P-NGs. (e) UV–vis–NIR spectra of CH, CH-PPy polymers and 
P-NGs. 
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grafting can be achieved. Subsequently, the corresponding CH-PPy-L 
NGs and CH-PPy-L-OH NGs were synthesized and characterized. 
Encouragingly, the CH-PPy-L-OH NGs also display a pH-triggered 
charge conversion property (negative to positive) from pH 7.4 to pH 
6.5 (Fig. S9). As a comparison, the surface potential change value of CH- 
PPy-L-OH NGs is relatively smaller than that of the R-NGs. Likewise, the 
NGs with a low PPy grafting or GA crosslinking degree exhibit a higher 
surface potential at pH 7.4 than those with a high PPy grafting or GA 
crosslinking degree, likely due to the relatively more residual amine 
groups of CH (Table S1). In any case, our data suggest that the developed 
approach is universal for the preparation of charge-reversal NGs based 
on the CH-PPy or CH-PPy-L polymers. 

For the systemic administration of nanomedicines, it is necessary to 
endow the nanocarriers with the capacity of protein resistance to reduce 
RES clearance and prolong their blood circulation times. The protein 
resistance behavior of P-NGs, R-NGs and N-NGs was checked using 
bovine serum albumin (BSA) as a model protein under both pH 7.4 and 
pH 6.5 conditions to simulate blood and TME, respectively (Fig. 3a and 
b). As a quantitative comparison, the amount of BSA adsorbed onto the 
NGs was determined and calculated according to our previous work 

[21]. It is demonstrated that the P-NGs have significantly higher protein 
adsorption at both pH 7.4 and pH 6.5 than both R-NGs and N-NGs (p <
0.001), owing to their rich surface positive charges. As expected, the 
R-NGs and N-NGs with negative surface charges display extremely low 
protein adsorption at pH 7.4 (p > 0.05). In contrast, an obviously higher 
protein adsorption was observed by R-NGs than by N-NGs at pH 6.5 (p <
0.001). This should be due to the fact that the charge conversion of 
R-NGs is triggered at pH 6.5 to be positive, activating the protein 
interaction. These results indicate that P-NGs with positive charges 
under both blood and TME conditions can easily induce protein 
adsorption through strong electrostatic interaction and can be rapidly 
cleared by RES. In contrast, both R-NGs and N-NGs with negative surface 
charges at the blood pH condition can be rendered with excellent protein 
resistance property, thus having prolonged blood circulation time. Most 
strikingly, the R-NGs with a charge-reversal property could be an ideal 
nanocarrier to have extended blood circulation time, and facilitate 
active transportation in the tumor site for enhanced penetration and 
intracellular uptake through electrostatic interactions. 

For biomedical applications in vivo, the biodegradation of nano-
carriers is extremely important to avoid the long-term toxicity. CH is a 

Fig. 2. (a) Schematic illustration of the facile preparation of CH-PPy-OH NGs and the pH-dependent ultrafast charge conversion between pH 7.4 and pH 6.5. (b) Zeta 
potentials of the CH-PPy-OH NGs after treatment with different NaOH concentrations and molar ratios at pH 7.4 and pH 6.5. (c) The time-dependent surface charge 
conversion of R-NGs after switching the solution pH from 7.4 to 6.5. 
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non-toxic, non-hemolytic and non-irritating biopolymer that is biode-
gradable through the enzymatic glycosidic linkage cleavage [47–49]. 
Next, the biodegradability of R-NGs was tested in the presence of lyso-
zyme. Both TEM imaging and DLS results reveal that the R-NGs can be 
gradually degraded by lysozyme at pH 6.5 with the time (Fig. 3c and d). 
The initial fast degradation was observed during the first 20 min, fol-
lowed by a slow degradation within 24 h. The enzyme-responsive 
degradation of R-NGs is likely to endow them with a controlled drug 
release behavior, and the degraded fragments are small enough to be 
metabolized by the kidney in vivo [50]. 

3.2. Drug encapsulation and release 

The formed P-NGs, R-NGs and N-NGs were employed as nanocarriers 
to load DOX, and the DOX loading efficiency was measured (Table 2). It 
can be found that only around 26.21% loading efficiency is obtained for 
P-NGs/DOX due to the electrostatic repulsion between P-NGs and 
positively charged DOX.HCl. For comparison, the loading efficiencies of 
R-NGs/DOX and N-NGs/DOX are up to 87.58% and 89.63%, respec-
tively, attributing to the electrostatic interaction between R-NGs/N-NGs 
and DOX.HCl. Hence, both R-NGs and N-NGs are suitable nanocarriers 
for DOX loading with a high efficiency. 

Furthermore, the DOX release from the R-NGs/DOX was explored 
under different pH conditions in the presence or absence of lysozyme 

Fig. 3. (a) Schematic illustration of protein absorption and resistance of NGs. (b) Protein resistance assay of P-NGs, R-NGs and N-NGs with different concentrations at 
both pH 7.4 and pH 6.5. (c) TEM images and (d) size change of R-NGs at a lysozyme solution (pH 6.5) for different degradation times. (e) Cumulative release of DOX 
from R-NGs/DOX at pH 7.4 or pH 6.5 condition with/without lysozyme. 
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(Fig. 3e). Clearly, at pH 7.4, the DOX release from R-NGs/DOX is slow 
and the cumulative release remains 17.45% after 1 day. For comparison, 
at pH 6.5, DOX can be quickly released from R-NGs/DOX and the cu-
mulative release reaches about 36.53%. The pH-responsive release may 
be caused by the fact that the proton sponge effect appears between 

cationic R-NGs and DOX.HCl under an acidic environment to facilitate 
fast DOX release through electrostatic repulsion between the NGs and 
DOX, in agreement with the literature [51,52]. This should be beneficial 
for inhibiting cancer cells, instead of normal tissues owing to the dif-
ference between tumor region (pH 6.5) and normal tissues (pH 7.4). 
Moreover, the DOX release from R-NGs/DOX in the presence of lyso-
zyme at pH 6.5 is further dramatically promoted and the cumulative 
release reaches 73.22% due to the degradation of NGs. However, the 
DOX release from N-NGs/DOX is very slow at both pH 7.4 and 6.5 owing 
to their irreversible negative surface charge (Fig. S10). These results 
demonstrate that the R-NGs/DOX display pH/enzyme dual 
stimuli-responsive drug release performance. 

3.3. Cytocompatibility and cellular internalization 

Before the cell experiments, the colloidal stability of NGs dispersed in 

Table 2 
The DOX loading efficiency of P-NGs/DOX, R-NGs/DOX and N-NGs/DOX.  

Samples NGs concentration 
(mg/mL) 

DOX concentration 
(mg/mL) 

DOX loading 
efficiency (%) 

P-NGs/ 
DOX   

26.21 

R-NGs/ 
DOX 

5.0 1.0 87.58 

N-NGs/ 
DOX   

89.63  

Fig. 4. (a) CCK-8 viability assay of A2780 cells treated with P-NGs, R-NGs and N-NGs with different concentrations for 24 h under regular culture medium (pH =
7.4). (b) Flow cytometric analysis of A2780 cells treated with R-NGs/DOX and N-NGs/DOX at both pH 7.4 and pH 6.5 medium for 4 h. (c) CLSM images of A2780 
cells treated with R-NGs/DOX and N-NGs/DOX at both pH 7.4 and pH 6.5 medium for different time points, respectively ( × 400). 
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cell culture medium with serum at 37 ◦C was tested by DLS (Fig. S11). 
Clearly, both the R-NGs and N-NGs have stable hydrodynamic sizes and 
are colloidally stable in medium for at least 7 days. Next, the cyto-
compatibility of NGs was tested through Cell Counting Kit-8 (CCK-8) 
assay of the viability of A2780 cells (Fig. 4a). The viability of cells 
treated with P-NGs significantly decreases to 36.81% at the highest 
concentration of 1 mg/mL, indicating that the positively charged P-NGs 
present cytotoxicity. The P-NGs with a high surface potential may 
destroy the integrity of negatively charged cell membranes by strong 
electrostatic interaction to result in the leakage of cellular contents and 
cell death [53]. In contrast, the viability of cells treated with both R-NGs 
and N-NGs has no significant changes when compared to the PBS con-
trol, and can maintain above 97% at the highest concentration (1 
mg/mL) tested. This indicates that both R-NGs and N-NGs show good 
cytocompatibility and may be used as promising and safe nanocarriers 
for biomedical applications. 

To prove our hypothesis that the charge conversion leads to 
enhanced cellular internalization, the A2780 cells were incubated with 
R-NGs/DOX or N-NGs/DOX at both pH 7.4 and pH 6.5 medium for 4 h, 
followed by flow cytometry assay (Fig. 4b and Fig. S12). At pH 7.4 
medium, the mean fluorescence in both R-NGs/DOX and N-NGs/DOX 
groups is low, and they do not show a significant difference (p > 0.05). 
Importantly, at pH 6.5 medium, the mean fluorescence in R-NGs/DOX 
group is obviously higher than that in N-NGs/DOX group (p < 0.001). 
These results suggest that the R-NGs/DOX exhibit a prominent advan-
tage to facilitate enhanced cellular uptake due to their charge-reversal 
property at an acidic TME. The cationic R-NGs/DOX are able to 
elevate the affinity with cell membrane for enhanced cellular uptake, 
and this mechanism has been proven in the latest literature [32,33]. 

Furthermore, confocal laser scanning microscopy (CLSM) was per-
formed to confirm the enhanced cellular internalization of R-NGs/DOX 
by A2780 cells at different pHs for 1 h and 4 h, respectively (Fig. 4c). 
Clearly, after 1 h of incubation, compared to other groups, the R-NGs/ 
DOX can transport more DOX into A2780 cells at pH 6.5 owing to the 
enhanced cellular internalization. Moreover, the R-NGs/DOX efficiently 
deliver and release DOX into the cell nuclei at pH 6.5 after incubation for 
4 h to improve anticancer activity (overlap of red and blue fluores-
cence), due to the pH-responsive drug release and proton sponge effect. 
Moreover, to visualize the cellular internalization of the NGs, FI-labelled 
NGs with the same labeling efficiency before and after DOX encapsu-
lation were incubated with cells. CLSM imaging data (Fig. S13) reveal 
that cells incubated with the FI-R-NGs at pH 6.5 display the highest 
fluorescence intensity among cells treated with FI-R-NGs at pH 7.4 and 
FI-N-NGs at both pH 7.4 and pH 6.5. Additionally, the co-localization of 
the NGs (green fluorescence) and DOX is also shown in Fig. S14, which is 
consistent with the results shown in Fig. 4c and Fig. S13. These results 
imply that the charge-reversal property of R-NGs/DOX is effective to 
elevate their cellular uptake and internalization, promoting drug release 
to cell nucleus for optimal anticancer therapy. 

3.4. Penetration of 3D cell spheroids and anticancer efficacy in vitro 

The concept that nanocarriers penetrate into the tumor region 
through tissue gaps is an important rationale for cancer nanomedicine. 
Thus, several innovative strategies related to the ECM degradation using 
hyaluronidase or size-switching (large to small) by a specific stimuli 
have been explored to reduce penetration hindrance and improve 
nanocarriers transportation [25,39]. However, the latest discovery 
demonstrates that most of the nanocarriers penetrate and enter into 
solid tumors by active transportation of transcytosis rather than passive 
diffusion through tissue gaps [31], which questions and challenges the 
current rationale [4,54]. Likewise, another latest work verifies that the 
active transportation of transcytosis can be achieved effectively by the 
cationization of nanocarriers to facilitate the deep tumor penetration 
across multiple cell layers to reach the distal tumor region [32,33]. 

The penetration ability and active transportation of R-NGs/DOX 

within 3D A2780 multicellular spheroids tumor model (MSTM), which 
could better simulate the TME, was investigated (Fig. 5a–c). It is clear 
that the MSTM treated with the R-NGs/DOX and N-NGs/DOX displays 
increased red fluorescence of DOX with the incubation time, and the 
DOX fluorescence diffuses gradually from the periphery to the interior. 
Although the sizes of R-NGs/DOX and N-NGs/DOX are similar, the DOX 
fluorescence intensity and penetration depth of MSTM treated with the 
R-NGs/DOX are significantly higher than those treated with the N-NGs/ 
DOX at the same incubation time points (p < 0.01). To further validate 
that the rapid penetration is based on the active transportation of 
transcytosis, the MSTM was pretreated with the endocytosis inhibitor 
genistein. As expected, the R-NGs/DOX are restricted to the peripheral 
of MSTM after treated with the genistein, in agreement with the litera-
ture [32]. These results indicate that pH-responsive ultrafast charge 
conversion of R-NGs/DOX may be beneficial for them to have improved 
tumor penetration through active transportation. 

The viability of the A2780 cells treated with the R-NGs/DOX and N- 
NGs/DOX at pH 7.4 and pH 6.5 medium was measured by CCK-8 assay 
to evaluate their anticancer efficacy (Fig. 5d and e). At pH 7.4, the 
anticancer efficacy of both R-NGs/DOX and N-NGs/DOX shows a DOX 
concentration-dependent increasing trend, and their efficacies show no 
significant difference (p > 0.05). This is because the negative surface 
charge of R-NGs/DOX and N-NGs/DOX at pH 7.4 limits their uptake by 
cancer cells due to the electrostatic charge repulsion, and the DOX 
release at pH 7.4 is relatively slow. Strikingly, cells treated with the R- 
NGs/DOX display a much lower viability than those treated with the N- 
NGs/DOX at pH 6.5 (p < 0.01) at the same DOX concentrations. More-
over, the half maximal inhibitory concentrations (IC50s) of all samples 
were calculated and compared (Table S2). At pH 6.5, the IC50 follows the 
order of N-NGs/DOX (4.80 μg/mL) > R-NGs/DOX (1.81 μg/mL) > free 
DOX (0.88 μg/mL). Notably, the R-NGs/DOX display a 2.6-times lower 
IC50 value at pH 6.5 than N-NGs/DOX. Furthermore, the cell nuclei 
staining with Hoechst 33342 was performed to confirm the cell 
apoptosis (Fig. S15). The typical apoptotic morphologic change of 
hyperchromatic nuclei (punctate blue fluorescence) occurred in the cells 
treated with both R-NGs/DOX and N-NGs/DOX, suggesting that DOX 
can induce cell apoptosis. As expected, the cells treated with R-NGs/ 
DOX display a more significant chromatic condensation than those 
treated with N-NGs/DOX. These results suggest that the R-NGs/DOX 
exhibit a superior anticancer efficacy because of the enhanced cellular 
internalization and facilitated drug release at an acidic TME. 

3.5. Pharmacokinetics and tumor accumulation in vivo 

Pharmacokinetics of the R-NGs/DOX was next investigated. After 
intravenous injection, the blood DOX concentration at different time 
points was determined (Fig. 6a). The R-NGs/DOX and N-NGs/DOX show 
a relatively long half-decay time (t1/2) of 6.03 h and 6.20 h, respectively, 
which is 21.5 and 22.1 times longer than that of free DOX (0.28 h). This 
result reveals that the R-NGs/DOX and N-NGs/DOX with quite good 
protein resistance possess reduced RES clearance and prolonged blood 
circulation time due to their negative surface charges, which is benefi-
cial for the drug nanocarriers to be accumulated within tumors. 

The time-dependent tumor accumulation of DOX was further 
measured after intravenous injection of R-NGs/DOX or N-NGs/DOX 
(Fig. 6b). At 24 h postinjection, the tumor accumulation of DOX for both 
R-NGs/DOX and N-NGs/DOX reaches a peak value, and then decreases 
gradually due to the metabolic process. More significantly, at 24 h 
postinjection, the tumor DOX accumulation in R-NGs/DOX group is 2.2 
times higher than that in N-NGs/DOX group (p < 0.001), and at the same 
time points, the tumor DOX accumulation in R-NGs/DOX group is much 
higher than that in N-NGs/DOX group. Encouragingly, through quanti-
fication, about 4.7% of DOX in the injected R-NGs/DOX accumulated in 
tumors at 24 h postinjection, obviously higher than that in the injected 
N-NGs/DOX (1.9%) and many other nanocarriers reported elsewhere 
(less than 1%) [4]. This should be attributed to the synergistic design of 
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NG system to have reduced RES clearance, prolonged blood circulation, 
improved tumor penetration and elevated cellular internalization. 

3.6. Antitumor efficacy in vivo 

To validate the augmented antitumor efficacy of R-NGs/DOX in vivo, 
the tumor volume change and survival rate were monitored in saline, R- 
NGs/DOX, N-NGs/DOX and free DOX groups, respectively after intra-
venous (i.v.) injection (Fig. 6c and d). In Fig. 6c and Fig. S16, the relative 
tumor volume in R-NGs/DOX group is the smallest at 21 days post 
treatment when compared with other groups. The tumor growth 
inhibitory effect in R-NGs/DOX group is significantly higher than that in 
N-NGs/DOX (p < 0.001) and free DOX (p < 0.01) groups. These results 
indicate that the R-NGs/DOX can indeed dramatically improve anti-
tumor activity through the optimized delivery with reduced RES clear-
ance, prolonged blood circulation, improved tumor penetration, 
elevated cellular internalization and stimuli-responsive drug release. In 
addition, the survival rates of mice in different groups were measured 
during 60 days to further investigate the antitumor efficacy (Fig. 6d). 
After 60 days, the mice in saline group are all dead, while the survival 
rate in the R-NGs/DOX group reaches 80%, much higher than that in the 
N-NGs/DOX group (20%) and free DOX group (40%). These results 
indicate that the R-NGs/DOX display the best tumor inhibit effect and 
can sufficiently prolong the survival life-span of mice. 

Moreover, the antitumor efficacy of each group in vivo was further 
evaluated through TUNEL staining of tumor sections after different 
treatments (Fig. 6e, g). In comparison with the saline group that exhibits 
barely apoptotic cells (green fluorescence), a large number of apoptotic 
cells were observed in the R-NGs/DOX group, which is higher than in the 

N-NGs/DOX and free DOX groups. Corresponding apoptosis rate anal-
ysis of each group shows that the tumor cell apoptosis rate follows the 
order of R-NGs/DOX (56.4%) > free DOX (29.7%) > N-NGs/DOX 
(21.4%) > saline (8.9%) (Fig. 6e). These results again demonstrate the 
excellent antitumor efficacy of R-NGs/DOX in vivo due to their owned 
multiple advantages. 

3.7. Systemic toxicity and biodistribution 

The toxicity and side effects in vivo of the R-NGs/DOX were evaluated 
by body weight change of mice, H&E staining of organs, and blood 
biochemistry. Body weights of the tumor-bearing mice were measured 
after different treatments (Fig. 6f). Clearly, the body weight in the free 
DOX group shows an obvious reduction compared to the other groups (p 
< 0.01), suggesting that free DOX exhibits side effects after systemic 
delivery. In contrast, there are no significant difference in the body 
weight change for all the other groups of R-NGs/DOX, N-NGs/DOX and 
saline, revealing that both R-NGs and N-NGs as nanocarriers can reduce 
the side effects of DOX in vivo. Moreover, H&E staining of the major 
organs of mice (heart, liver, spleen, lung and kidney) reveals that these 
organs in the groups of R-NGs/DOX, N-NGs/DOX and saline do not show 
any necrotic region (Fig. S17). Furthermore, the toxicity and side effects 
were detected by serum indicators of heart, liver and kidney function. 
The major blood biochemistry parameters, including lactate dehydro-
genase (LDH), alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), creatine kinase (CK), and CK-muscle/brain (CK-MB) were 
recorded in different groups (Fig. S18). These parameters in R-NGs/DOX 
and N-NGs/DOX groups are obviously higher than those in the free DOX 
group. These results illustrate that the developed NGs as nanocarriers 

Fig. 5. (a) Schematic illustration of transcytosis of R-NGs for deep tumor penetration and drug release throughout the tumor. (b) CLSM images and (c) corresponding 
fluorescence intensity of A2780 MSTM treated with the R-NGs/DOX (with or without pretreatment of the endocytosis inhibitor genistein) and N-NGs/DOX for 1, 4, 
and 8 h, respectively. CCK8 proliferation assay of A2780 cells treated with free DOX, R-NGs/DOX and N-NGs/DOX with different DOX concentrations at (d) pH 7.4 
and (e) pH 6.5 for 24 h, respectively. 
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can protect the heart, liver and kidney function of mice, avoiding mul-
tiple organ failure and side effects. 

Finally, the biodistribution and metabolic pathway of R-NGs/DOX in 
vivo were tracked by DOX measurement in major organs of mice after i.v. 
injection for different time periods (Fig. S19). Apparently, the DOX 
content was gradually accumulated in the liver and spleen at 24 h 
postinjection, and then metabolized after 24 h, revealing that the R- 
NGs/DOX in vivo can be cleared by the reticuloendothelial system 
organs. 

4. Conclusion 

In summary, we developed a facile method to prepare a self-adaptive 
ultrafast charge-reversible CH-PPy NG system to simultaneously prolong 
blood circulation and improve tumor penetration and intracellular up-
take for augmented ovarian carcinoma chemotherapy. Through the 

grafting of PPy with CH, biodegradable CH-PPy NGs with an average 
diameter of 132.3 nm were able to be synthesized and then optimized to 
have an ultrafast charge-reversal property after fine treatment with an 
alkaline solution. The formed R-NGs with a surface negative charge 
(− 11.3 mV) under a physiological pH condition display good cyto-
compatibility, high anticancer drug DOX loading efficiency, excellent 
protein resistance and prolonged blood circulation time. Upon tumor 
site delivery, the DOX-loaded R-NGs are able to fast switch their surface 
charge to be positive (10.4 mV) in response to TME by rapid protonation 
of Py ring for improved tumor penetration, intracellular uptake, and 
responsive DOX release. Moreover, the ultrafast charge reversal R-NGs 
may also be modified with targeting ligands to achieve specific targeting 
of a particular cancer type for improved cancer theranostics. With these 
excellent properties owned, the designed R-NGs can achieve signifi-
cantly augmented chemotherapy of ovarian carcinoma with low side 
effects in vivo. The NGs possessing the strong absorption in the NIR 

Fig. 6. (a) Pharmacokinetics of DOX after i.v. injection of R-NGs/DOX, N-NGs/DOX and free DOX in the healthy mice. (b) The accumulated DOX amount in tumors 
after i.v. injection of R-NGs/DOX and N-NGs/DOX in mice bearing A2780 xenografted tumors for different time periods. (c) Relative tumor volume, and (d) survival 
rate of mice bearing A2780 xenografted tumors as a function of time post i.v. injection of saline, R-NGs/DOX, N-NGs/DOX and free DOX ([DOX] = 5 mg/kg, 0.2 mL 
saline for each DOX-related group and for each mouse). (e) Quantitative analysis of the apoptosis rate of tumor cells in different treatment groups. (f) Body weight 
change of mice bearing A2780 xenografted tumors in different groups. (g) TUNEL staining of tumor sections in different groups ( × 100). 
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region may also be used for photoacoustic imaging and photothermal 
therapy. The designed CH-PPy NG system with a self-adaptive charge- 
reversal property may be developed as an intelligent nanomedicine for 
augmented therapy of different tumor types. 
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