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Dynamic Covalent Bond-Assisted Programmed and 
Traceless Protein Release: High Loading Nanogel for 
Systemic and Cytosolic Delivery

Shan Su, Yao-Yi Wang, Fu-Sheng Du,* Hua Lu,* and Zi-Chen Li

Systemic and cytosolic delivery represents a grand challenge preventing 
many therapeutic proteins from clinical applications. Despite tremendous 
progresses in the past decade, most approaches generally lack the ability of 
triggered traceless protein release, require complicated formulation, and/or 
yield low protein loading. By using the protein as a crosslinker, here, a simple 
and general formulation affording protein nanogels (NG) with uniformed 
sizes and exceptionally high protein loading (>50%) is reported. By using the 
fine-tuned bis- and monosubstituted maleamic anhydride-amine chemistry 
for the crosslinking of the protein and a 4-armed PEG-MA4, the NG is imple-
mented with a tandem pH-programmed and traceless release character. The 
final NG, CDM-MA-NG, is stable under normal physiological conditions and 
effectively protects the crosslinked cargo cytochrome C from serum fouling, 
proteolytic and thermal degradation. In vitro, CDM-MA-NG exhibits a high 
level of cellular uptake and potent cancer cell killing only when incubated 
at pH 6.5, but not 7.4. Systemic administration of CDM-MA-NG leads to 
significantly inhibited tumor growth and extended survival rate. Given the 
abundance of the amine groups on protein surface, this work describes a uni-
versal platform for therapeutic protein formulation, and opens up enormous 
opportunities for the systemic, cytosolic, and traceless delivery of protein-
based nanomedicines.
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delivery approaches have been developed. 
One approach relies on the covalent modi-
fication of proteins. For instance, the vast 
success of protein PEGylation has been 
exemplified by the more-than-a-dozen 
approved drugs.[3] Often, the proteins are 
covalently modified via amine-N-hydroxy 
succinimide (NHS),[4] thiol-maleimide,[5] 
or glutaraldehyde chemistries.[6] Neverthe-
less, these permanent chemical modifica-
tions require time-consuming synthetic 
endeavors and often lead to irreversibly 
reduced biological activity. One vivid 
example is the more than 90% activity 
loss in Pegasys, a PEGylated interferon-
α2a approved in 2001 for treating hepa-
titis.[7] On the contrary, another approach 
capitalizes on various physical associa-
tions to load the protein cargo in nano-
sized carriers including liposomes,[8] 
polymersomes,[8a,9] gold nanoparticles,[10] 
mesoporous silica nanoparticle,[11] and 
nanogels (NG).[12] However, many of those 
methods suffer from complicated formu-
lation, low drug loading, premature cargo 
release, loss of protein activity, and carrier-

induced toxicity. Indeed, the vast majority of physically encap-
sulated delivery systems can only reach ≈10% protein loading 
or less. In this regard, many systems are not suitable for in vivo 
uses, especially when systemically administrated. Moreover, 
because of the contradictory requirements posed by the com-
plex biological barriers to the design of nanomedicine,[13] very 
few examples, regardless the covalent or noncovalent approach, 
can realize efficient systemic and cytosolic protein delivery.[14] 
As a result, only those proteins do not require an intracellular 
mechanism of action are currently used in clinic. To this end, 
one unmet need is a simple formulation simultaneously ena-
bling high protein loading, outstanding stability under physi-
ological conditions, and most importantly, a traceless release 
character in the cytoplasm.[12b,14–16]

Instead of physically encapsulating or covalently attaching 
the cargo protein into certain carriers, we envisage that the 
in situ crosslinking of proteins with a polyethylene glycol 
(PEG) crosslinker via dynamic covalent bonds (DCB) may 
yield responsive protein NGs with all the desired properties, 
particularly the high loading. We further reason that the acid-
sensitive and reversible maleamic anhydride-amine chemi-
stry[17] is ideal for the crosslinking. First of all, the abundant 

Protein Delivery

1. Introduction

Protein therapeutics play important and versatile roles in dis-
ease treatment, prevention, and health promotion.[1] Compared 
to small molecular drugs, protein drugs frequently enjoy unique 
advantages such as high specificity and high potency. However, 
the in vivo applications of protein drugs are largely prevented 
by their short circulation, rapid degradation, and low cellular 
membrane permeability.[2] To overcome these issues, various 
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lysine amines can readily react with the maleamic anhydride 
(MA) to achieve sufficiently high protein loading; the gener-
ated carboxylic acid, together with the PEG corona, can col-
lectively form a stealthy shell at physiology pH. Second, the 
hydrolysis of the maleamic acid bond, promoted by the adja-
cent carboxylic acid at slightly lower pH, can regenerate the 
protein in its native form. Third, we have recently shown that 
the onset pH of the maleamic amide hydrolysis can be pre-
cisely adjusted to both the extracellular tumor microenviron-
ment (pHe, ≈6.5–6.8) and the intracellular late endosome (pHi, 
≈5.0–6.0) by using bis- and monosubstituted MA derivatives, 
respectively (Figure 1).[17a,18] Thus, the introduction of both 
bis-and monosubstituted MA in the NG allows programmed 
cargo release responding to tandem pH changes.[14,18,19] Previ-
ously, MA derivatives have been widely used as charge inver-
sion moieties in nanomedicines facilitating enhanced tumor 
retention and cellular uptake at tumor microenvironment.[19] 

For instance, Kataoka and co-workers reported the modifica-
tion of cytochrome C (Cyt C) and IgG with a monosubstituted 
MA, and its subsequent formulation with a cationic polymer to 
generate polyionic complexes (PICs). In vitro, the PICs were 
efficiently internalized due to its positive charges, and the 
cargo proteins were released in a traceless way upon acidifica-
tion in lysosome. However, the in vivo application of the PICs 
was not reported possibly due to the low protein loading and 
the instability of the electrostatic interaction.[19a,20] Of note, 
only the pHi-responsive monosubstituted MA was used in the 
system.

Herein, we report the rapid construction of a Cyt C nanogel, 
denoted as CDM-MA-NG, by successively crosslinking and 
modifying lysine amines with both mono- and bissubstituted 
maleamic anhydrides (Figure 1). CDM-MA-NG features in 
exceptionally high protein loading content (≈51% loading by 
weight), and is stable under normal physiological conditions 
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Figure 1. Design and synthesis of the tandem pH-responsive nanogel CDM-MA-NG. a) Two-step preparation of the nanogel CDM-MA-NG. b) Car-
toon illustration of the systemic administrated CDM-MA-NG for enhanced intracellular and traceless delivery of Cyt C via a tandem pH-triggered NG 
decomposition mechanism. Mono- and bissubstituted maleamic anhydride derivatives show pH-responsive hydrolysis at pHi and pHe, respectively.
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without serum protein fouling. CDM-MA-NG is designed to 
undergo rapid charge inversion at the slightly acidic tumor 
microenvironment pHe for tumor internalization, and release 
Cyt C in a traceless fashion upon further acidification at the 
endosomal pHi. In vitro, CDM-MA-NG exhibits high thera-
peutic index evidenced by the extremely low toxicity at pH 7.4, 
and the highly effective cancer cell killing at pHe (6.5). In vivo, 
CDM-MA-NG shows exceptionally high antitumor efficacy 
upon tail vein administration without systemic toxicity and side 
effects.

2. Results and Discussion

2.1. Preparation and Characterization of NGs

Cyt C was chosen as a model protein drug because of its suf-
ficient amino groups (19 lysine units) and high positive charge 
density (+1391 Da per charge).[19a] Previously, Cyt C was 
identified as an important apoptosis mediator activating the 
downstream caspase pathway, only when released from mito-
chondria to cytoplasm. However, its in vivo therapeutic poten-
tial was prevented from the lack of appropriate cytosolic delivery 
method.[20,21] To promote the intracellular delivery, a lysine-
rich cell-penetrating peptide, transportan 10 (TP10, sequence: 
LIKKALAALAKLNIKGLLYGA),[22] was introduced for coformu-
lation with Cyt C. The nanogel CDM-MA-NG was prepared by a 
simple two-step process (Figure 1b): (1) the in situ crosslinking 
of Cyt C/TP10 mixture with a 4-arm-PEG bearing four mono-
substituted maleic anhydride (molecular weight 5 kDa, PEG-
MA4), and (2) the surface masking of remaining lysines with 

a bis-substituted maleic anhydride (carboxy-dimethylmaleic 
anhydride, CDM).

For this, we first synthesized the crosslinker PEG-MA4 from 
PEG-OH4 as shown in Figure S1 in the Supporting Information. 
The chemical structure of PEG-MA4 was confirmed by NMR 
and GPC with modification ratio up to 85% (Figures S2–S4, 
Supporting Information). Model reactions of PEG-MA4 or CDM 
with n-butylamine were performed to test the reactivity of the 
pairs in water. Remarkably, the reaction of PEG-MA4 with 
n-butylamine completed within 5 min (Figure S6, Supporting 
Information). For the reaction of CDM with n-butylamine, a rel-
ative more basic aqueous solution (pH > 9) and a large excess 
of CDM appeared crucial to ensure complete transformation of 
n-butylamine (Figure S7, Supporting Information). Both model 
reactions were highly efficient and incredibly clean without 
sign of side reactions, laying the foundation for protein nanogel 
synthesis in water.

Next, an aqueous solution containing Cyt C and TP10 was 
nanoprecipitated in an acetonitrile solution containing PEG-
MA4 to afford the crosslinked MA-NG (Figure 1a). After a brief 
optimization of the formulation conditions (Table S1 Sup-
porting Information), MA-NG was purified by dialysis against 
a sodium bicarbonate solution. Dynamic light scattering (DLS) 
measurements of MA-NG showed a mean diameter of 133 nm 
(Figure S8, Supporting Information) and fluoresamine labe-
ling indicated that ≈73% primary amine of Cyt C and TP10 
remained intact (Figure 2a; Figure S9, Supporting Informa-
tion). To cap the rest lysine residues, excessive CDM was added 
to MA-NG to afford CDM-MA-NG. Titration of the primary 
amine revealed only ≈2.2% lysine unreacted after this step 
(Figure 2a; Figure S9, Supporting Information). CDM-MA-NG 
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Figure 2. Characterization and stability of CDM-MA-NG. a) Fluorescence spectra of fluoresamine with native Cyt C & TP10 (Cyt C/TP10 ratio is 1:1), 
MA-NG and CDM-MA-NG (λex = 397 nm). b) Size distribution of CDM-MA-NG in PBS (pH 7.4, 20 × 10−3 m) at 37 °C. c) TEM image of CDM-MA-NG. 
d) Degradation of free and crosslinked Cyt C by trypsin (0.5 equiv.) at 37 °C. e) Stability of free and crosslinked Cyt C upon 50 °C incubation assessed by 
the UV absorption at 408 nm. f) Particle size of CDM-MA-NG in the diluted (0%, 10%, 25%, and 50%) human blood serum (Cyt C conc: 0.4 mg mL−1). 
All experiments were repeated as triplicates, and date are presented as means ± standard deviations.
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had a diameter of 140 nm by DLS, similar to that of MA-NG 
(Figure 2b; Figure S10, Supporting Information). TEM fur-
ther confirmed the size of CDM-MA-NG was ≈150 nm with a 
spherical shape (Figure 2c). With the successful modification 
of CDM, the zeta potential of the NG dropped from the original 
+1.3 to −27 mV. Remarkably, the final protein loading efficiency 
(PLE) and protein loading contents (PLC) of the two-step pro-
cess was 71% and 51%, respectively, both are remarkably high 
as compared to most current protein-based nanomedicines.[23] 
Following the same procedure, two control NGs were pre-
pared for comparison purpose. Namely, a non-pHe-sensitive 
SA-MA-NG was produced by modifying MA-NG with succinic 
anhydride (SA), and a non-pHi-sensitive CDM-NHS-NG was 
synthesized by crosslinking Cyt C and TP10 using PEG-NHS4 
and followed by CDM surface masking (Figure S11, Supporting 
Information).

2.2. Stability of CDM-MA-NG

Chemical modification was well-known to impart the conju-
gated protein improved thermostability and protease resist-
ance.[24] To test whether Cyt C in CDM-MA-NG was stabilized 
from degradation, free Cyt C and CDM-MA-NG were separately 
incubated with protease (i.e., trypsin), or at high temperature 
(50 °C) for 72 h. As shown in Figure 2d and Figure S12 (Sup-
porting Information), less than 25% Cyt C in CDM-MA-NG was 
affected after 1 h trypsin treatment, whereas more than 80% 
degradation under the same condition was observed for free Cyt 
C. This excellent proteolytic resistance of CDM-MA-NG relative 
to free Cyt C was probably due to the chemically blocked lysine 
residues and increased steric hindrance.[24b,25] Similarly, protein 
denature by heat was also effectively retarded by immobilizing 
Cyt C in the network of CDM-MA-NG (Figure 2e). To further 

examine the stealth effect, the size of CDM-MA-NG was meas-
ured with the addition of human serum over a period of 6 h 
(Figure 2f). No change in the size of the NGs was observed 
throughout the study, implying that the CDM masking and 
PEG prevented serum protein binding. The superior stability 
of CDM-MA-NG under normal physiological conditions thus 
strongly favored its systemic administration in live animals.

2.3. pH Sensitivity of CDM-MA-NG

To study the programmed response of the NGs in circulation, 
tumor issues, and intracellular environment, we monitored 
the zeta potential and size of the NGs at pH 7.4, 6.5, and 5.5, 
respectively. As shown in Figure 3a, CDM-MA-NG kept a nega-
tively charged surface with the zeta potential of ≈−22.3 mV 
for 3 h at pH 7.4; while the zeta potential of CDM-MA-NG 
quickly increased to +1.5 and +6.6 mV at pH 6.5 and 5.5, 
respectively. In contrast, the non-pHe-sensitive SA-MA-NG gave 
almost no changes in zeta potential in the tested pH range 
(Figure 3b). To further study the dynamic surface charge inver-
sion of CDM-MA-NG, the solution was slowly titrated with 
100 × 10−3 m HCl (Figure S13, Supporting Information). Along 
with the gradient reduction of the pH, the zeta potential of 
CDM-MA-NG rose from the initial −25.0 mV to the first plateau 
of +2.2 mV at pH 6.5, and followed by a further boost to the 
second plateau of +6.3 mV at pH 5.5 (Figure 3c).

We next employed laser light scatter (LLS) to study the 
size change of CDM-MA-NG responding to pH fluctuation. 
Figure 3d–f and Figure S14 (Supporting Information) show 
the changes in scattered light intensity, hydrodynamic radius 
(Rh), and radius of gyration (Rg) as a function of time. The 
scattered light intensity of CDM-MA-NG remained unchanged 
at pH 7.4 and decreased slowly by 31% in the course of 24 h 
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Figure 3. Tandem pH-responsiveness of CDM-MA-NG. Zeta potential changes of a) CDM-MA-NG and b) SA-MA-NG (Cyt C 0.2 mg mL−1) when incu-
bated in PBS (pH 7.4, 6.5 or 5.5, 20 × 10−3 m) for different time periods. c) Change of zeta potential of CDM-MA-NG (Cyt C 0.2 mg mL−1) along with 
gradient decrease of the pH value from 7.4 to 6.5 and 5.5. Time-dependent changes of d) scattered light intensity, e) Rh, and f) Rg of CDM-MA-NG  
(Cyt C 0.1 mg mL−1) at pH 7.4, 6.5, or 5.5; the NG was incubated with PBS at 37 °C.
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at pH 6.5. A more significant reduction of the scattered light 
intensity at pH 5.5 implied that CDM-MA-NG completely 
decomposed over the detection time (Figure 3d). Moreover, LLS 
of CDM-MA-NG showed continuous decline in Rh and Rg as 
the solution was acidified (Figure 3e,f). Interestingly, the con-
trol group CDM-NHS-NG did not display noticeable changes 
on neither the scattered light intensity nor the size under the 
same experimental conditions (Figures S15 and S16, Supporting 
Information).

2.4. Traceless Release of Cyt C from CDM-MA-NG

Next, we investigated the acid-triggered release of Cyt C from 
CDM-MA-NG by placing the NG in a dialysis bag (COMW 
≈300 kDa) at 37 °C and measuring the releasing Cyt C based 
on the heme absorption in the solution outside the dialysis bag. 
Incubation of the NG with phosphate buffer saline (PBS) led 
to very few Cyt C release at pH 7.4, and the total amount of 
released protein only increased marginally at pH 6.5. On the 
contrary, when the pH was further decreased to 5.5, the same 
NG released 38%, 80%, and 95% Cyt C at 6, 12, and 24 h, 
respectively (Figure 4a). This was in good consistency with the 
fact that the hydrolysis of the monosubstituted maleic amide 
was slow above pH 6.5 but fast at pH 5.5 (half-life at pH 6.5 is 
≈31 times of that at pH 5.5).[17b] To verify whether Cyt C was 
released in a traceless fashion, matrix-assisted laser desorption/ 
ionization time of flight mass spectrometry (MALDI-TOF-
MS), circular dichroism (CD) spectroscopy, and an enzyme 
activity assay were performed (Figure 4b–d). MALDI analysis 
confirmed that the released protein had a consistent m/z with 

that of the native Cyt C, a strong support of the traceless release 
(Figure 4b). The CD spectra of native and the released Cyt C 
showed an almost perfect coincidence from 200 to 500 nm, 
suggesting both the tertiary structure of Cyt C and the heme 
cofactor were preserved during the treatment (Figure 4c; 
Figure S17, Supporting Information). More importantly, ABTS 
assay[26] (see the Supporting Information) displayed essentially 
identical kinetics for native and the released Cyt C (Figure 4d). 
The results implied that the protein was functionally intact 
following the whole process of nanoprecipitation, in situ 
crosslinking, and in vitro release.

2.5. Cellular Uptake Measured by Flow Cytometry  
and Confocal Laser Scanning Microscopy

To test whether CDM-MA-NG can give more efficient inter-
nalization at tumor microenvironment than in circulation, we 
compared the cellular uptake of CDM-MA-NG and SA-MA-NG 
(Cyt C were fluorescein isothiocyanate (FITC)-labeled) at 
pH 7.4 and 6.5. As shown in Figure 5a and Figure S18a (Sup-
porting Information), flow cytometry indicated that the uptake 
of CDM-MA-NG was significantly higher at pH 6.5 than neu-
tral pH. As expected, the internalization of the control group 
SA-MA-NG was pH-independent and substantially lower than 
that of CDM-MA-NG. Moreover, a clear time-dependent uptake 
of CDM-MA-NG by HeLa cells was observed in the course of 
48 h at pH 6.5 (Figure 5b).

The cellular uptake and distribution of NGs were further 
evaluated by confocal laser scanning microscopy (CLSM, 
Figure 5c; Figures S18b and S19, Supporting Information) in 
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Figure 4. Traceless Release of Cyt C from CDM-MA-NG at pHi. a) Release profile of Cyt C from the CDM-MA-NG in PB (pH 7.4, 6.5 or 5.5, 20 × 10−3 m) 
at 37 °C. b) MALDI-MS spectra, c) CD spectroscopy, and d) ABTS activity assay of the native Cyt C and released Cyt C from CDM-MA-NG.
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HeLa cells. Incubation of CDM-MA-NG at pH 6.5 exhibited the 
strongest intracellular fluorescence of FITC among all groups. 
Colocalization study of the NGs with lysosome indicated that 
a small portion of Cyt C escaped from the lysosome after 24 h 
incubation, which was likely assisted by the released TP10 at 
pHi. The internalization of the identical NG was rarely observed 
when incubated at pH 7.4. Compared with CDM-MA-NG, how-
ever, SA-MA-NG revealed poor cellular uptake ability at both pH 
7.4 and 6.5. Collectively, all results corroborated the remarkable 
pHe-assisted internalization of CDM-MA-NG and pHi-assisted 
endosomal escape. Notably, CDM-MA-NG without TP10 failed 
to give satisfactory cellular uptake and endosomal release under 
the tested conditions (Figure S20, Supporting Information).

2.6. In Vitro Anticancer Activity of CDM-MA-NG

The antitumor activity of CDM-MA-NG was investigated by incu-
bating the NG with HeLa cells at pH 7.4 or 6.5 (Figure 6). At pH 
7.4, none of the treatment induced noticeable cytotoxicity after 
72 h incubation and the cell viability of all groups were over 90% 
even at the highest concentration tested. When the cells were 
incubated at pH 6.5, CDM-MA-NG showed prominent cytotox-
icity with a IC50 value of 12 µg mL−1, whereas neither native Cyt 
C nor the control SA-MA-NG treatment displayed detectable cell 

killing (Figure 6a). Thus, this result suggested that CDM-MA-NG 
would be safe in circulation and highly effective at cancer killing 
once reaching the tumor microenvironment. Of note, none 
of the components used in the NGs including the crosslinker 
(PEG-MA4), the shield (CDM), and the cell penetrating peptide 
(TP10) showed detectable toxicity to HeLa cells under the same 
conditions (Figure 6b; Figure S21, Supporting Information), 
suggesting that the cell killing effect of CDM-MA-NG was pre-
dominantly derived from the released Cyt C. To confirm that 
the NGs-induced cell death was indeed apoptosis, we assessed 
the apoptotic activity of CDM-MA-NG by using flow cytometry 
(Figure 6c; Figure S22, Supporting Information). After incu-
bation of the materials at pH 6.5 or 7.4, the Hela cells were 
stained with apoptotic markers such as Annexin V-FITC and 
PI. Flow cytometry analysis indicated that the dual pH sensi-
tive CDM-MA-NG exhibited substantial apoptotic activity after as 
early as 24 h incubation, and the fractions of apoptotic cells were 
considerably higher at pH 6.5 than those at pH 7.4. In contrast, 
very few apoptotic cells were observed in the non-pHe-sensitive 
SA-MA-NG group under both pH 6.5 and 7.4 conditions.

It has been reported that Cyt C must be translocated to the 
cytoplasm to induce activation of apoptotic downstream effec-
tors, and free Cyt C was ineffective because of low cellular 
uptake and poor endosomal escape.[21a] Here, the extensive cell 
apoptosis provoked by CDM-MA-NG at pH 6.5 unambiguously 
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Figure 5. pH- and time-dependent cellular uptake of CDM-MA-NG. a) Flow cytometry analysis of the pH-dependent cellular uptake of FITC-labeled 
CDM-MA-NG and SA-MA-NG; the NGs were incubated with HeLa cells at pH 7.4 or 6.5 for 24 h. b) Flow cytometry analysis of time-dependent cellular 
uptake of FITC-labeled CDM-MA-NG at pH 6.5. c) CLSM images of the pH-dependent cellular uptake of CDM-MA-NG and SA-MA-NG; the NGs were 
incubated with HeLa cells at pH 7.4 or 6.5 for 24 h. Cyt C was fixed at 25 µg mL−1 for all studies.
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pointed out that the NG was not only efficiently internalized 
through the pHe-facilitated charge inversion, but also effectively 
released Cyt C in its functional form to cytoplasm. This was 
likely via the pHi-triggered collapse of the NG, which released 
the cell-penetrating peptide TP10 for enhanced endosomal 
escape.[22]

2.7. In Vivo Therapeutic Efficacy

To investigate the in vivo biosafety and antitumor efficacy 
of CDM-MA-NG, we established a HeLa xenograft model in 
Balb-c/nude mice. The mice with tumor volume of ≈50 mm3 
were randomly divided and intravenously infused with PBS, Cyt 
C, SA-MA-NG, and CDM-MA-NG (200 µg Cyt C/kg) every other 
day, respectively. At the end of the treatment, on day 26, the 
tumors in mice receiving both PBS and Cyt C outgrew exponen-
tially (≈60–70 fold increase), and SA-MA-NG only marginally 
inhibited the tumor growth (≈51 fold increase). In sharp con-
trast, the administration of CDM-MA-NG showed very effective 
tumor growth inhibition with the tumor size augmented only 
approximately six times (Figure 7a). Remarkably, the antitumor 
efficacy of CDM-MA-NG still persisted even after discontinu-
ation of the treatment (Figure 7a). As expected, CDM-MA-NG 
treatment also significantly extended the survival rate (SR) of 
the tumor-bearing mice with a 100% SR on day 40, as compared 
to 0% on day 30 for all other groups (Figure 7b). No body weight 
loss was observed for all treatments (Figure 7c). Furthermore, 

we investigated the tumor inhibition with histology analysis of 
the extracted tumor tissues via both Ki-67 and H&E staining 
method. The CDM-MA-NG treated group showed less Ki-67 
stained cells (Figure 7d) and more empty holes (Figure 7e, 
yellow arrows), which indicated more effective inhibition of 
cancer cell proliferation and a higher degree of tumor damages 
by the pH sensitive nanogel. Overall, these results were in con-
sistent with the tumor volume progression.

The in vivo safety of CDM-MA-NG was evaluated by per-
forming blood biochemical analysis and histological studies. 
According to the histology results, no organ damages were 
found in heart, kidney, spleen, and lung for all treatments. 
Interestingly, lymphocyte infiltration in the liver, likely due 
to long-term tumor burden, was observed at the end of the 
study for mice treated with PBS, free Cyt C, and SA-MA-NG, 
but not in those receiving CDM-MA-NG (Figure 7f). Measure-
ment of biochemical parameters such as blood urea nitrogen 
(BUN), alkaline phosphatase (ALP), aspartate transaminase 
(AST), lactate dehydrogenase (LDH), and alanine transaminase 
(ALT) all gave results within the normal ranges (Figure S21, 
Supporting Information), suggesting the excellent biosafety of 
CDM-MA-NG.

3. Conclusion

In conclusion, we reported a simple and general formulation 
yielding tandem pH-sensitive and charge-reversal nanogel 

Figure 6. In vitro cytotoxicity and cell apoptosis induced by CDM-MA-NG. pH-dependent cytotoxicity of a) free Cyt C and Cyt C-loaded NGs, and b) TP10, 
CDM, and PEG-MA4. HeLa cells were incubated with the materials at pH 6.5 or 7.4 for 72 h, and the relative viability was measured by MTT assay. c) Flow 
cytometry contour diagram analysis of cell apoptosis; HeLa cells were incubated with Cyt C-loaded NGs (Cyt C 25 µg mL−1) at pH 6.5 or 7.4 for 24 h, 
and stained with Annexin V-FITC/PI.
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CDM-MA-NG for the systemic and cytosolic delivery of 
functional proteins in vivo. The formulation did not require 
genetic engineering or premodification of the protein, making 
it readily applicable to many other therapeutic proteins. The 
protein loading of CDM-MA-NG easily reached more than 50%, 
with a 71% loading efficiency. CDM-MA-NG showed remark-
able high thermostability, and outstanding resistance toward 
protease degradation and serum protein fouling. Under normal 
conditions, CDM-MA-NG kept a size of 150 nm with a PEG 

corona and a negative zeta-potential, making it “invisible” in 
circulation. At tumor microenvironment, CDM-MA-NG was 
rapidly decaged due to the slightly acidic pHe-induced CDM 
hydrolysis, and the exposed lysine amine led to enhanced 
tumor retention and cellular internalization. The NG automati-
cally fall apart upon further acidification to pHi in lysosome, 
releasing Cyt C and TP10 in cytoplasm in a traceless fashion. 
Due to this intelligent and programmed responsiveness, 
CDM-MA-NG showed exceptional efficacy including high levels 

Figure 7. In vivo antitumor efficacy of Cyt C-loaded NGs. a) Tumor growth inhibition curve, b) survival rate curve, and c) body weight curve of HeLa 
tumor-bearing mice receiving PBS saline, Cyt C, SA-MA-NG, or CDM-MA-NG (n = 7). d) Ki67- and e) H&E-stained tumor sections, and f) H&E-stained 
major organs sections such as liver, heart, kidney, spleen, and lung dissected from mice on day 30. BALB/C-nu mice bearing s.c. HeLa tumor (≈50 mm3) 
were i.v. injected with PBS saline or Cyt C-based therapies at 200 µg kg−1 every other day; therapies started on day 0 and stopped on day 30 (grey dashed 
line in a and c); natural decease or mice with more than 15% body weight loss or 1000 mm3 tumors were all counted as mice death in the SR curves; 
red dash lines in inset (d) and the yellow arrows in inset (e) point out damaged tumor tissues; yellow dash lines in inset (f) indicate the lymphocyte 
infiltration areas. Data are expressed as means ± SD; p value was determined by two-way ANOVA analysis: *p < 0.05, **p < 0.01, ***p < 0.001.
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of cell apoptosis in vitro and remarkable inhibition of tumor 
growth in vivo without detectable side efforts. Given the gen-
erality and robustness of the method, this work may open up 
enormous opportunities for the efficient systemic and cytosolic 
delivery of protein-based nanomedicines.
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