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nanogel as a platform for controlled drug 

delivery 
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Abstract: A pH-responsive polypeptide nanogel was prepared via hydrazone self-crosslinking under mild 

conditions. Zwitterionic sulfobetaine was introduced to the polypeptide by aminolysis reaction of 

polysuccinimide with N,N-dimethylaminopropylamine, and the subsequent ring-opening reaction between 

tertiary amine and 1,3-propanesultone. The hydrazine and aldehyde modified poly(α,β-L-aspartic acid) 

precursors, poly(aspartamide sulfobetaine-co-aspartylhydrazide) and poly(aspartamide 

sulfobetaine-co-2-oxoethyl aspartamide) were prepared by the successive aminolysis reaction of 

polysuccinimide. The obtained zwitterionic poly(aspartamide) nanogel exhibited excellent anti-protein 

adsorption ability and stability in protein solutions. An anticancer drug, doxorubicin (DOX), was 

entrapped into the nanogel, and showed accelerated release under acidic conditions. Additionally, the 

nanogel entrapped DOX could be successfully released into the cancer cells and showed high cytotoxicity. 

This easily prepared nanogel, with features of biocompatibility, anti-protein adsorption ability, and 

pH-responsiveness, was a promising controlled drug delivery system. 

Keywords: nanogel; zwitterionic; poly(aspartic acid); hydrazone; drug delivery. 

Introduction 

It is known that the conventional polymer nanoparticles 

prepared by self-assembled amphiphilic copolymers would 

disintegrate after dilution below the critical micelle 

concentration (CMC). However, nanogels could retain their 

structure in the dilute solutions because of the cross-linked 

networks between the polymers, which are useful for the 

controlled delivery of bioactive compounds in vivo. Nanogels 

are nanometer-sized hydrogel nanoparticles with 

three-dimensional networks of cross-linked polymer chains. 

The porosity between the cross-linked networks of nanogels 

provides an ideal reservoir for loading drugs,1-3 

oligonucleotides,4 and imaging agents.5 What’s more, nanogels 

show rapid responses to micro-environmental factors due to 

their nanoscale dimensions. Therefore, polymeric nanogels 

have attracted significant interest over the last several years 

owing to their potential applications in biomedical fields. 

Currently, one of the major challenges of nanocarriers used 

in the drug delivery system is the limited blood circulation time 

after intravenous systemic administration.6 The prevention of 

surface protein adsorption is becoming increasingly important 

for achieving a prolonged blood circulation time for drug 

delivery systems. Poly(ethylene glycol) (PEG) is the most 

widely used anti-protein adsorption surface modification 

material for its high hydrophilicity, flexibility, non-toxicity and 

non-immunoreaction. However, PEG has relatively low 

stability in the presence of oxygen and transition-metal ions.7-11 

Moreover, the previous studies have shown that the PEG 

surfaces limit the interaction between carriers and the target 

tissues, and hard to be functionalized thus compromising the 

effective cellular uptake of the loaded cargo.12, 13 Over the past 

few years, it has been demonstrated that zwitterionic materials 

and surfaces are highly resistant to protein adsorption from 

blood plasma.14 Results showed that due to their strong 

electrostatically induced hydration, zwitterionic polymers form 

a tightly bound and structured water layer around polymer 

chains to repel nonspecific protein adsorption. Betaines 

represent a special class of zwitterionic materials that bear both 

cationic moiety, such as quaternary ammonium group, and 

anionic functionalities, such as sulfo-, carboxy-, and 

phosphobetaines, on the same repeat unit.15 They have a good 

resistance to protein adsorption capacity and have been used to 

modify nanoparticles. Jiang et al. reported that 

polycarboxybetaine methacrylate coated Fe3O4 nanoparticles 

would be highly stable in biological media and could evade the 
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innate immune system.16 They also developed a series of 

zwitterionic particles based on the zwitterionic polymer 

poly(carboxybetaine methacrylate).17-20 These particles 

exhibited excellent biophysical stability in fetal bovine serum. 

However, the biomedical applications of these polymeric 

nanogels are limited because of their difficult biodegradability 

and elimination in vivo. Until now, zwitterionic-modified 

nanogels based on biodegradable polymeric materials have 

been rarely studied. 

Polypeptides have been extensively studied as carriers for 

drug delivery because of their non-antigenicity, 

biocompatibility, biodegradability, and various side groups for 

further functionalization. Unlike most other polypeptides 

prepared by the complicated ring-opening polymerization of 

amino acid, N-carboxyanhydrides (NCAs), poly(α,β-L-aspartic 

acid) (PAsp) can be easily prepared by the hydrolysis of 

polysuccinimide (PSI),21, 22 which can be easily obtained by the 

thermal polycondensation of L-aspartic acid. Depending on the 

ring opening reagents, various functional groups can be easily 

introduced into the side chain of PAsp.22-26 Therefore, PAsp is a 

good candidate for preparing polypeptide derivatives. Recently, 

a mixed-charge polypeptide derivative has been developed in 

our group by amidation of PAsp with L-Histidine methyl ester, 

which exhibited distinct anti-fibrinogen-fouling property.23 

However, for this kind of polymers the positive and negative 

charges distribute randomly and separately, which cannot 

ensure the surface contains a nanometer-scale homogenous 

mixture of balanced charged groups as the zwitterionic 

polymers. The latter is crucial for them to achieve a highly 

resistant to nonspecific protein adsorption.27 Herein, 

zwitterionic sulfobetaine was introduced to the polypeptide by 

aminolysis reaction of polysuccinimide with 

N,N-dimethylaminopropylamine, and the subsequent 

ring-opening reaction between tertiary amine and 

1,3-propanesultone. The obtained polypeptide derivative bears 

both cationic moiety like quaternary ammonium and anionic 

functionality like sulfo- on the same repeat side group, which 

provides a nanometer-scale homogenous mixture of balanced 

charges. 

Hydrazone has been extensively studied in biomedical 

researches because of two aspects. First, it can be prepared 

under mild conditions, and second, it is an acid-cleavable 

linkage that is stable at the physiological pH and hydrolyzes 

under acidic conditions.28 Therefore, hydrazone has been 

widely used in medical biotechnology for developing 

pH-triggered controlled release system because of the slightly 

acidic pH of cancer cells.25, 29 Recently, an injectable hydrogel 

by hydrazone cross-linking under the physiological condition 

from hydrazine and aldehyde modified PAsp was developed in 

our group without adding any cross-linkers or catalysts.30 In 

this paper, a polypeptide nanogel with zwitterionic side groups 

was prepared via hydrazone crosslinking by the reaction of 

poly(asparamide sulfobetaine-co-aspartylhydrazide) 

(PASB-Hy) and poly(asparamide sulfobetaine-co-2-oxoethyl 

asparamide) (PASB-Al) under mild conditions. Hydrazine and 

aldehyde modified PAsp were used as two nanogel precursors. 

Both of them are water-soluble and biodegradable polymers 

with a protein-like structure, and obtained by aminolysis 

reaction of polysuccinimide. The chemical structure, 

morphology, stability and anti-protein adsorption ability of the 

zwitterionic nanogel were studied. Moreover, the potential of 

the nanogel as pH-sensitive drug delivery system was evaluated 

by using doxorubicin (DOX) as a model drug. 

Experimental  

Materials. PSI (Mn = 2.1×104, Mw/Mn = 1.30, determined 

by gel permeation chromatography (GPC) using DMF as 

eluent) was synthesized in our laboratory, according to the 

reference.23, 31 Sodium periodate (NaIO4) and hydrazine 

hydrate aqueous solution (80%) were purchased from Tianjin 

Chemical Reagent. 3-Amino-1,2-propanediol was provided by 

J&K chemical Ltd. DOX·HCl was obtained from Beijing 

Huafeng United Technology Co., Ltd and was used as received. 

1,3-Propane sultone and N,N-dimethylaminopropylamine were 

purchased from Aladdin Chemistry Co. Ltd. Fetal blood serum 

(FBS), Fibrinogen (FIB) and Albumin (Alb) were provided by 

Lianxing Biotechnology Co. Ltd.  

Synthesis of partially sulfobetaine grafted PSI 

(PASB-SI). N,N-Dimethylaminopropylamine (510 mg, 5 

mmol) was added to the DMF (10 mL) solution of PSI (970 

mg, 10 mmol), and reacted at 40°C for 6 h. After that, 

1,3-propane sultone (732 mg, 6 mmol) was added into the 

solution and reacted for another 12 h. PASB-SI was obtained 

by precipitation in diethyl ether. 

Synthesis of PASB-Hy. PASB-SI (2.09 g) was dissolved 

in H2O/DMSO (v/v = 1:1, 10 mL). Hydrazine hydrate aqueous 

solution (4.06 g, 62.5 mmol) was added drop-wise to the 

continuously stirred solution and reacted at 25°C for 4 h. The 

mixture was precipitated with excess diethyl ether and washed 

with acetone. The rough product was then dissolved in 

deionized water, transferred to a dialysis and purified by 

exhaustive dialysis against distilled water. The purified product 

was freeze-dried and kept at 4°C. 

Synthesis of PASB-Al. PASB-SI (2.09 g) was dissolved in 

H2O/DMSO (v/v = 1:1, 10 mL), and then 

3-amino-1,2-propanediol (0.546 g, 6 mmol) was added 

drop-wise to the continuously stirred solution and reacted at 

40°C for 24 h. The sulfobetaine and 3-amino-1,2-propanediol 

modified PAsp (PASB-Di) was obtained by precipitation in 

diethyl ether. After that, PASB-Di (2.55 g) was dissolved in 10 

mL water, and cooled to 0°C. An excess amount of aqueous 

solution of NaIO4 (0.33 M, 12.5 equiv. per 1,2-diol group) was 

added and stirred for 30 min at 0°C in the dark. The mixture 

was then dialyzed against deionized water overnight using 

dialysis membrane with a molecular weight cut-off of 7 kDa. 

The dialyzed solution was freeze-dried to give a pale yellow 

powder.  

Preparation of PAsp nanogel. Two polymer precursor 

solutions were prepared by dissolving PASB-Hy or PASB-Al in 

PBS solution (pH 7.4), with concentration of 2.5, 5, 10 mg 

mL-1. The PAsp nanogels were obtained by mixing the two 
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zwitterionic polymer precursor solutions with the same 

concentration in stirring for 24 h. So, the polymer 

concentrations of PAsp nanogels is 2.5, 5, 10 mg mL-1, 

respectively. Then the obtained solutions were dialyzed in 12 - 

14 kDa cut off membrane against water for 48 h.  
1H NMR characterization. 1H NMR spectra were 

recorded on a Varian UNITY-plus 400 spectrometer using D2O 

as the solvent. Chemical shifts were reported in ppm. For the 

characterization of the PAsp nanogels, the obtained PAsp 

nanogels solution was first dialyzed overnight in 12-14 kDa cut 

off membrane and then freeze-dried for further measurements 

such as 1H NMR and FT-IR. 

Fourier transformed infrared (FT-IR). FT-IR spectra of 

PSI, PASB-Al, PASB-Hy and PAsp nanogel were recorded 

with FT-IR spectrometer model FTS 6000 (BIO-RAD, USA) 

against a blank KBr pellet background. A total of 64 scans were 

performed at a resolution of 4 cm-1. 

Molecular weight measurement. The molecular weight 

and distribution of PASB-Hy and PASB-Al were determined by 

GPC (Waters 2414 system Milford, MA) at 35°C. The average 

weights were calibrated with standard PEG samples. 

Dynamic light scattering (DLS). The hydrodynamic size 

of the nanogels was analyzed with DLS using a Zetasizer Nano 

ZS90 (Malvern Instruments, Southborough, MA). The 

scattering angle was fixed at 90º, and the measurements were 

recorded at a constant temperature (25°C). Every measurement 

was repeated three times.  

Zeta potential measurement. The zeta potentials of PAsp 

nanogel to pH values were recorded using a Zetasizer Nano 

ZS90 (Malvern Instruments, Southborough, MA). Before 

measurement, the pH of PAsp nanogel solution was adjusted 

with 1M HCl and then kept stirring for 1 h. The zeta potential 

was calculated using the Helmholtz-Smoluchowski equation.  

Transmission Electron Microscopy (TEM). The 

morphology of nanogels was characterized by TEM. The digital 

images were recorded on a JEOL microscope (Japan). A 

specimen suspension under different conditions was prepared 

as below: a drop of the suspension was placed onto a 200 mesh 

copper grid, and then dried at the corresponding temperature in 

a vacuum drying chamber for preparing TEM samples. 

Drug loading and in vitro drug release. DOX·HCl 

solution (10 mg mL-1, 1 mL) was added into the PBS (pH 7.4) 

solution of PASB-Hy (6 mL, 2.5 mg mL-1). Then, the PBS (pH 

7.4) solution of PASB-Al (6 mL, 2.5 mg mL-1) was added and 

vigorous stirred for 24 h. The mixed solution was dialyzed in 7 

kDa cut off dialyzing membrane against PBS (pH 7.4) solution 

to remove the free DOX. The dialyzed solution was 

freeze-dried to obtain the DOX-loaded nanogel particles. The 

DOX contents in the nanogels were measured using a UV–

visible spectrophotometer by the absorbance at 485 nm. The 

drug loading efficiency (LE%) and entrapment efficiency 

(EE%) were calculated by the following equations: 

��% = ��/P	 × 100% 

��% = ��/�	 × 100% 

In which Wo, We, and Po are the amount of DOX in feed, 

capsulated drug and weight of the nanogels with drug, 

respectively.  

To evaluate the drug release of the obtained DOX-loaded 

nanogels at different pH values, the DOX-loaded nanogel 

particles were first dispersed in PBS solution with a 

concentration of 2 mg mL-1 and then sealed in dialysis 

membrane tubes with a molecular weight cut-off of 7 kDa and 

were immersed in 10 ml of buffers (PBS buffer at pH 7.4 and 

acetate buffer at pH 5.0). The mixtures were shaking at 37°C in 

the dark. At predetermined intervals, 4 mL of release medium 

was collected for testing and replaced by an equal volume of 

fresh buffer. The concentration of released DOX was quantified 

by a UV spectrophotometer at 485 nm. The cumulative DOX 

release was calculated as: 

1

1

Cumulative DOX released
n

e i 0 nV C V C
−

= +∑
 

where Ve is the amount of release media took out every 

time (4 mL), V0 is the amount of release medium (10 mL), Ci is 

the concentration of DOX released from PAsp nanogels at 

displacement time of i, and n is the displacement time. 

Cytotoxicity test. The cytotoxicities of PASB-Al, 

PASB-Hy and PAsp nanogel were assessed to NIH-3T3 and 

cells by MTT assay. NIH-3T3 cells were seeded in a 96-well 

plate at an initial density of 2 × 104 cells per well in DMEM 

complete medium. After 24 h of culture, the original medium 

was replaced with fresh DMEM medium. Then the copolymer 

and the PAsp nanogel solutions, were added to the medium at 

concentrations ranging from 0 to 500 µg mL-1 (0, 50, 100, 250, 

and 500 µg mL-1). Each dosage was replicated in 6 wells. After 

48 h of further incubation, the DMEM was removed and 100 

µL of MTT solution were added to each well and then replaced 

with 200 µL DMSO after 4 h. The absorbance value was 

measured using a microplate reader (Labsystem, Multiskan, 

Ascent, Model 354 Finland) at a wavelength of 570 nm, and the 

percentage of cell viability was measured relative to the 

negative control (media alone). Six replicates were counted for 

each sample. The mean values were used as the final data. 

MTT assay was also used to evaluate the cytotoxicity of 

the PAsp nanogel and the DOX-loaded nanogel to HepG2 cells. 

The process was the same as above. The cytotoxicity of PAsp 

nanogels were assessed to HepG2 without loading DOX with 

concentrations ranging from 0 to 500 µg mL-1. The cytotoxicity 

of DOX-loaded nanogel and free DOX were assessed to HepG2 with 

DOX concentrations ranging from 0 to 20 µg mL-1.  

Intracellular drug release tests. Inverted fluorescence 

microscopy was employed to examine the intracellular drug 

release from the micelles. HepG2 cells were seeded in a culture 

plate at a density of 2 × 104 cells per well and cultured for 48 h. 

Then the cells were incubated with DOX-loaded nanoparticles. 

After 8 h, 24 h of incubation, the medium was removed and 

washed with PBS three times. Then cells were fixed by 4% 

formaldehyde solution. For nuclear staining, the cells were 
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incubated with Hoechst for 10 min at room temperature, 

followed by washing with PBS. The intracellular localization of 

DOX from different samples was observed using an IX81-ZDC 

focus drift compensating microscope (Olympus, Tokyo, Japan).  

 

 

 

 

Results and discussion  

Scheme. 1 Synthesis and chemical structures of copolymers: PASB-SI, PASB-Hy, PASB-Di and PASB-Al.  

Synthesis and characterization of copolymer precursors. 

PSI, the thermal polycondensation product of L-aspartic acid, 

has been used for preparing various polyaspartamide 

derivatives. The synthesis routes of PASB-Hy (Mn = 2.5 kDa, 

Mw/Mn = 1.17, determined by GPC using phosphate buffered 

saline (0.1 M, pH 7.0) as the eluent) and PASB-Al (Mn = 2.6 

kDa, Mw/Mn = 1.21, determined by GPC using H2O as eluent) 

are shown in Scheme 1. Sulfobetaine was introduced to the PSI 

by using N,N-dimethylaminopropylamine as the PSI 

ring-opening reagent and the subsequent ring-opening reacted 

with 1,3-propanesultone, giving a quaternary ammonium and 

sulfobetaine structure. Hydrazine and aldehyde groups were 

introduced to the PAsp by ring-opening reaction of PSI as 

reported before.30  
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Figure 1. FT-IR spectra of PSI (A), PASB-Hy (B), PASB-Al (C), PAsp nanogel (D), PAsp nanogel by dilution to 0.05mg mL

-1
 (E) and PAsp nanogel dialyzed at pH 5.0 in 

12 - 14 kDa cut off membrane for 24 h (F).
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Figure 2. 

1
H NMR spectra of PASB-Hy (a), PASB-Al (b) and PAsp nanogels (c) in 

D2O. 

The structures of PASB-Hy and PASB-Al were confirmed 

by FT-IR (Fig. 1) and 1H NMR (Fig. 2). Figure 1 shows the 

FT-IR spectra of PSI, PASB-Hy, PASB-Al and PAsp nanogel. 

The spectrum of PSI (Fig.1A) showed the characteristic 

absorption bands of an imide ring at 1795 and 1720 cm-1. In Fig. 

1B and 1C , the disappearance of bands at 1795 and 1720 cm-1, 

and appearance of bands around 1675 cm-1 (amide I) and 1530 

cm-1 (amide II) corresponding to the amide structure confirmed 

the complete ring opening reaction of PSI.  

In Fig. 1B and 1C, the absorption peaks at 1039, 1194, 601 

and 525 cm-1 are ascribed to the symmetric and the asymmetric 

stretching vibration of SO3-. In Fig. 2, the peaks at 3.67 

(-CONHCH2CH2CH2-), 3.48 (-CH2NCH2(CH3)2-), 2.96 

(-CONHCH2CH2CH2-), 2.81 (-CH2CH2CH2SO3
-) and 2.21 

ppm (-CH2SO3
-) are assigned to the methylene protons of 

sulfobetaine units. In addition, in Fig. 2, peak at 3.14 ppm is 

ascribed to the methyl protons of quaternary ammonium groups 

(-N(CH3)2). All these suggested that the sulfobetaine groups 

were successfully introduced into PAsp backbone. By 

comparing the peaks at 3.14 and 2.5-3.0 ppm in NMR spectra 

of PASB-Al and PASB-Hy, the degree of sulfobetaine grafting 

in two polymer precursors was calculated to be 48%.  

In the FT-IR spectrum of PASB-Al, the peak at 1732 cm-1 

is ascribed to the aldehyde stretch (Fig. 1C). However, in the 1H 

NMR spectrum of PASB-Al (Fig. 2b), almost no aldehyde 

resonance is detected. This is because that aldehyde is in 

equilibrium with its hydrated form, 1,1-diol structure, which 

shows the peak at 5.2 ppm.32 It is worth to note that 

sulfobetaine with the negative and positive charged groups has 

a strong interaction with water, which is much stronger than 

that between the aldehyde and water. As a result, the aldehyde 

signal is weaker compared with the protons on sulfobetaine in 
1H NMR spectrum. 

Preparation and characterization of PAsp nanogel. A 

series of PAsp nanogels were prepared by mixing PASB-Al and 

PASB-Hy solutions with the same concentration. In Fig. 1, it 

can be observed that the aldehyde stretch peak (1732 cm-1) in 

PASB-Al is disappeared in the FT-IR spectrum of PAsp 

nanogel (Fig. 1D). At the same time, compared with PASB-Hy 

and PASB-Al, the amide absorption peaks shift from 1675 and 

1530 cm-1 to 1667 and 1536 cm-1 in the IR spectrum of PAsp 

nanogel, respectively. The IR spectra confirmed the 

hydrazide-aldehyde reaction and chemical linkages between 

PASB-Hy and PASB-Al. Besides, the disappearance of peak at 

5.2 ppm (in Fig. 2b) in the 1H NMR spectrum of the nanogel 

(Fig. 2c) also proved the crossing reaction between the two 

polymeric precursors. What’s more, the peak at 3.3 ppm (Fig. 

2b) decreased drastically in Fig. 2c. This is because hydrazone 

is wrapped inside of the gels during the formation of 

crosslinking, resulting in limited movement. 

Figure 3 shows the size and distribution of PAsp nanogels 

prepared with different polymer precursor concentrations. As 

the initial polymer concentration changed, the size of the PAsp 

nanogel was modulated in the range of 200 to 300 nm. The 

average sizes of nanogels were 205, 250 and 275 nm, when 

initial polymer concentrations were 2.5, 5 and 10 mg mL-1, 

respectively. 

TEM was used to observe the morphology of PAsp 

nanogels. Take the nanogels prepared with 2.5 mg mL-1 

polymer precursor solutions as an example, the TEM images 

are shown in Fig. 4. Being consistent with the DLS data, TEM 

images indicated a very good dispersion of nanogels as 

individual spherical particles. What’s more, the size of the 

nanogel is around 150 nm in diameter, a little smaller than that 

got by DLS. The slight decrease of the size is caused by the 

collapse of the hydration layer on the surface of the nanogel 

particles. 
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Figure 3. Hydrodynamic diameters and distribution of nanogels prepared from 

different polymer concentration solutions.  

 

 

 

 

 

 

Figure 4. TEM images of PAsp nanogels fromed from polymer concentrations of 2.5 mg mL
-1

. 

 Figure 5. (a) Change of the hydrodynamic diameters of PAsp nanogels in a 

concentration-dependent manner fromed from polymer concentrations of 2.5 

mg mL
-1

.
 
(b) Stability of the PAsp nanogels in PBS solution monitored by DLS. 

Stability of PAsp nanogel. The disintegrating of 

nanoparticles caused by the dilution upon intravenous injection 

into the body is a big challenge of the current nanoparticles 

drug delivery system. To evaluate the stability of the obtained 

PAsp nanogel, FT-IR and DLS were used to track the structure 

and size of the nanogels as dilution. Fig.1E shows the FT-IR of 

PAsp nanogels by dilution to 0.05 mg mL-1. No absorption 

peaks were reappeared at 1732 cm-1, and the amide absorption 

peaks were observed at 1667 and 1536 cm-1. All these proved 

that the PAsp nanogel can keep the hydrazone crosslink and no 

particle disintegration during the dilution. Figure 5a shows the 

size change as the PAsp nanogel solution dilution. As dilution, 

the hydrodynamic size increases due to the swelling of the 

nanogel. When the concentration is lower than 0.1 mg/mL, as 

dilution, the hydrodynamic diameter of nanogel is stable at 400 

nm instead of increasing. 

The long term stability of PAsp nanogels were tested in PBS 

solution at room temperature for three weeks. The 

hydrodynamic size was test by DLS and the Data was shown in 

Fig.5b. The PAsp nanogels maintained the same mean diameter 

over three weeks. All these results indicated that the PAsp 
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nanogels were stable in both dilution and in PBS solution for 

long term. 

 

 

Figure 6. The hydrodynamic diameters of PAsp nanogel in 10% blood serum (a), FIB solution (b) and Alb solution (c) at 37°C as a function of time. The polydispersity 

index (PDI) of PAsp nanogels before (d) and after incubation in 10% blood serum (e), FIB solution (f) and Alb solution (g) for 12 h. 

One of the largest obstacles for the intravenous 

administration of nanoparticles is nonspecific protein 

adsorption onto the particles from blood, which can result in 

nanoparticle aggregation, macrophage cellular uptake, 

clearance by immune system before the nanoparticles can reach 

their intended target.6 The stability of nanoparticles in blood is 

critical to the success of drug delivery. In order to achieve a 

prolonged blood circulation time, PEG is used to modify the 

nanoparticles to reduce the protein adsorption from blood.33 

Zwitterionic amphiphilic copolymers and conjugates are 

reported to form much more stable particles than PEG 

counterparts, and can provide a much longer blood circulation 

time.34  

The stability of zwitterionic PAsp nanogels in protein 

solutions was tested. DLS was used to track the size changes of 

the zwitterionic PAsp nanogels in FBS/PBS (10%), FIB/PBS (1 

mg mL-1) and Alb/PBS (2 mg mL-1) solutions incubated at 

room temperature. FIB is the first adsorbed protein during the 

blood coagulation process. Effectively reducing the adsorption 

of fibrinogen can greatly inhibit the occurrence of the blood 

coagulation.35 After the nanogels were added, transparent 

protein solutions change to light blue because of the light 
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scattering of the nanoparticles. As shown in Fig. 6, PAsp 

nanogels show excellent stability without an obvious size 

increase during a 12 h incubation period in FBS, FIB and Alb 

solutions. Moreover, the size distribution of the nanoparticles 

after incubation is similar to that before incubation (Fig. 6d, 6e, 

6f and 6g). The excellent stability of zwitterionic PAsp 

nanogels in all three protein solutions indicates that the 

zwitterionic layer is highly effective to protect the nanogels 

against aggregation in complex physiological conditions. 

 

 
Figure 7. (a) The size change of PAsp nanogels as a function of time as the pH 

changed from 7.4 to 4.0; (b) Zeta potential of PAsp nanogels in different pHs. 

The pH sensitivity of PAsp nanogel. Hydrazone is a kind 

of acid-cleavable linkage, which is stable at physiological pH 

and hydrolyzes under acidic conditions.28 As a result of this 

advantage, hydrazone has been extensive studied in medical 

biotechnology to develop pH-triggered controlled release 

system since cancer tissues and cells have a slightly acidic pH. 

The pH-sensitivity of the hydrazone cross-linked PAsp 

nanogels was investigated by monitoring size change of 

nanogels after pH value changed. The initial pH value of the 

obtained nanogel solution was 7.4. HCl solution was added to 

adjust the pH value to 4.0 as soon as possible. Then DLS 

measurement proceeded immediately. Figure 7 shows the size 

change of PAsp nanogels as a function of time. The initial size 

of nanogels was around 200 nm. Once pH value dropped to 4.0, 

the size of PAsp nanogel changed rapidly. A new peak more 

than 600 nm appeared. As time went on, the initial small size 

peak decreased while the emerging big size peak enhanced and 

got bigger. After 8 min, only a little of small size particles (< 

5%) was observed at around 300 nm. After 12 min, no small 

size particle left, all particles were observed with hydrodynamic 

size around 1000 nm. Besides, the size distribution of the 

nanogel at pH 4.0 is broader than the initial nanogels at pH 7.4. 

In Fig.1F, it showed the FT-IR spectrum of PAsp nanogel 

dialyzed at pH 5.0 for 24 h. The adsorption peaks at 1732 cm-1 

is ascribed to the aldehyde stretch. All these results indicate that 

the cleavage of hydrazine linkages at low pH values decreases 

the cross-link density of nanogels, induces the swelling and 

eventually disintegration of the nanogels.  

To detect the surface charges of the PAsp nanogel, zeta 

potentials of zwitterionic polymersc in different pHs were 

measured. As shown in Fig. 7b, the zeta potential at pH 7.4 is 

-17 mV. As the surface of the cell was negatively charged, it is 

conducive to the stability of the PAsp nanogel when incubated 

in the body. As pH increasing, the zeta potential changes from 

positive to negative. At about 5.2, the net charge was zero. At 

pH 5.0, the zeta potential is +1.6 mV. The positively charged 

nanoparticle surface is readily taken up by tumor cells.  

 
Figure 8. Cumulative drug release of DOX-loaded nanogels at pH 7.4 and 5.0. 

Data are presented as mean ± SD (n = 3). 

DOX loading and in vitro drug release. Nanogels are 

promising as drug delivery carriers because of their high 

loading capacity, high stability, and responsiveness to 

environmental factors, such as ionic strength, pH, and 

temperature.36 To evaluate the drug loading and release ability 

of this hydrazone cross-linked zwitterionic PAsp nanogel, DOX 

was chosen as a model drug to be loaded into the nanogels. The 

LE% and EE% were calculated to be 18% and 74%, 

respectively. 

The evaluation of drug release has been performed in 

different pH environments. The release profiles are reported in 

Fig. 8, and show the significant difference between the samples 

incubated at pH 7.4 and at 5.0. The DOX loaded nanogels 

showed an efficient release of DOX at pH 5.0, more than 70% 

of payload was released in 12 h. In contrast, the nanogels 

incubated at pH 7.4, only less than 25% of the drug was 

released within the same time. The release of drug from the 

nanogels is influenced both by the swelling of the matrix and 

diffusion of drugs. Rigter-peppas equation37 was used to study 

the mechanism of the DOX release from the nanogels: 

t
nM / M  = kt∞  
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Where Mt/M∞ is the drug fraction released at time t, and k 

and n are the constant and the kinetic exponent of drug release, 

respectively. The calculated exponent n gives an indication of 

the release kinetics. At pH 7.4, n = 0.28, indicating that the 

kinetics of DOX release is typical Fickian diffusion. While n is 

0.54 at pH 5.0, indicating that the release of DOX is random 

diffusion controlling kinetic, which is combined with the 

Fickian diffusion, and polymer chain loosing caused by 

hydrazone dissociating under acidic conditions.  

 

 

 Figure 9. (a) In vitro cytotoxicity of PASB-Hy, PASB-Al to NIH-3T3 cells. The cell viability of PAsp nanogel to NIH-3T3 cells (Nanogel-1) and HepG2 cells (Nanogel-2); (b) 

In vitro viability of HepG2 incubated with free DOX and DOX-loaded nanogels for 48 h. Data are presented as mean ± SD (n = 6). Fluorescent microscopic images of 

HepG2 cells incubated with DOX-loaded nanogels (DOX concentration: 20 μg⋅mL
-1

) for 8 h (c1) and 24 h (c2). For each panel, images from left to right show DOX 

fluorescence in cells (red), cell nuclei stained by Hoechst (blue), and overlays of two images. The scale bars correspond to 100 μm in all images.  

In vitro cytotoxicity. The in vitro cytotoxicity tests were 

performed using MTT assay to evaluate the biocompatibility of 

PASB-Hy, PASB-Al and the zwitterionic nanogel. The 

corresponding results are shown in Fig. 9a. The cytotoxicity to 

cells was evaluated at different concentrations ranging from 0 

to 500 µg mL-1. The polymers or PAsp nanogels did not show 

significant cytotoxicity to NIH-3T3 cells (Nanogel-1 in Fig. 9a) 

or HepG 2 cells (Nanogel-2 in Fig. 9a) even at a high 

concentration (500 µg mL-1) after 48 h incubation. These results 

suggest that the polymer precursors and the nanogel have good 
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compatibility, and have potential use in biomedical 

applications.  

The in vitro cytotoxicity of DOX-loaded nanogel particles 

against HepG2 cells in comparison with free DOX species 

determined by MTT assay is shown in Fig. 9b. The drug 

concentration ranges 0-20 µg mL-1, free DOX exhibited more 

cytotoxicity against cancer cells compared with the DOX 

loaded nanoparticles. The cytotoxicity of free DOX and the 

DOX-loaded nanoparticles to HepG2 cancer cells both 

increased with the increase of their dose. To verify the cellular 

uptake and intracellular drug release, fluorescence microscope 

was used to identify the location of the DOX molecules in cells. 

The fluorescence microscope images of HepG2 cells treated 

with the DOX-loaded nanogels after 8 and 24 h incubation are 

shown in Fig. 9c1 and 9c2, respectively. In first 8h, the red 

fluorescence of DOX was observed in both cytoplasm and 

nucleus, and the nuclear regions apparently showed much 

higher fluorescence intensity. After 24 h incubation, the 

intensity of red fluorescence was much stronger than that after 

8 h incubation. Most of the released DOX was found to be 

located in the nucleus of HepG2 cells, or near the nuclear 

membranes. The results suggested that DOX loaded in nanogels 

could be successfully released out and delivered into the 

nucleus of tumor cells. Different from the free DOX molecules 

could easily be transported into cancer cells by passive 

diffusion, for DOX-loaded nanogels, the drug could only be 

released after the particles are endocytosed into the cells, 

thereby postponing the nuclear uptake in cancer cells. 

Conclusions 

In this study, a zwitterionic polypeptide nanogel drug 

carrier was prepared via hydrazone crosslinking in PBS 

solution, which exhibited good biocompatibility, stability, and 

pH-responsive drug release. The nanogel developed in this 

work could potentially load other types of hydrophilic drugs, 

such as proteins, DNA, or siRNA, or imaging nanoparticles, 

such as water soluble quantum dots or gold nanoparticles. 

Besides, the zwitterionic polypeptide surfaces are easier to 

immobilize bio-recognition elements for targeting specific 

disease areas, which is difficult for PEG surfaces. 
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