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Abstract
Enhancing tissue permeability and achieving drug aggregation is the key to targeted tumor therapy. A series triblock copoly-
mers of poly(ethylene glycol)-poly(L-lysine)-poly(L-glutamine) were synthesized by ring-opening polymerization, and 
charge-convertible nano-delivery system was constructed by loading doxorubicin (DOX) with 2-(hexaethylimide) ethanol 
on side chain. In normal environment (pH = 7.4), the zeta potential of the drug-loaded nanoparticle solution is negative, 
which is conducive to avoiding the identification and clearance of nanoparticles by the reticulo-endothelial system, while 
potential-reversal can be achieved in the tumor microenvironment, which effectively promotes cellular uptake. Nanoparticles 
could effectively reduce the distribution of DOX in normal tissues and achieve targeted aggregation at tumor sites, which 
can effectively improve the antitumor effect, while would not causing toxicity and damage to normal body.
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Introduction

Cancer has become a major disease that threatening human 
health [1]. How to effectively control and conquer malignant 
tumors has become an urgent problem [2]. Chemotherapy is 
one of the main clinical means at present; however, conven-
tional drugs may bring uncontrollable hurt to normal tissues, 
which limits the therapeutic field of drugs [3–5]. Compared 
with normal tissue, tumor microenvironment has unique 
properties [6–8], such as hypoxia, vascular abnormalities, 
high interstitial hydraulic pressure, immune inflammatory 

response, high lactate concentration, and low pH. In addi-
tion, proteoglycans and collagens can secrete a variety of 
extracellular matrices, including growth factors and inflam-
matory mediators, resulting in close communication between 
the tumor and the microenvironment, which poses a great 
challenge for drug delivery to the tumor [9, 10].

According to the specificity of tumor microenvironment, 
more and more nano-drug delivery systems with targeted 
and sustained release characteristics have been developed 
[11]. It has good clinical development value in improving 
the solubility of drugs, promoting the distribution and accu-
mulation in tumor tissues, and improving the cellular uptake 
[12]. Compared with traditional chemotherapy, drugs in the 
nano-delivery system are encapsulated into the interior of 
the carrier, which can enhance the stability and improve the 
bioavailability [13–15]. In addition, because of the small size 
and good dispersion, nanoparticles can successfully pene-
trate the membrane for drug delivery by means of enhanced 
permeability and retention (EPR) effect. More importantly, 
nanocarriers can be functionalized to respond to various 
microenvironments and achieve targeted delivery [16].

Among a range of responsive stimuli, pH sensitivity, 
dependent on the tumor microenvironment, has been stud-
ied the most detailed [17, 18]. The pH value of normal body 
environment is maintained at about 7.4. Due to the high gly-
colysis rate of tumor cells, the value is reduced to 6.2–6.8, 
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and the interior of cell endosomes/lysosomes is 4.5–5.5. The 
pH gradient is often used to design acid-triggered nano-drug 
delivery systems [19]. The surface of biofilms is negatively 
charged, and positively charged nanoparticles can be effec-
tively captured and ingested [20, 21]. However, cationic 
nanoparticles are easily adsorbed by serum proteins and 
accumulate in organs such as the lung, liver, and spleen, 
which limits the application. Polymers containing tertiary 
amines can undergo the transformation of protonation or 
deprotonation when pH changes, and can perform charge 
reversal under acidic conditions to promote cellular uptake 
and achieve targeted release.

Poly(amino acid)s are a series of functional material that 
possess amphiphilic properties obtained by the polymeriza-
tion of one or more amino anhydrides [22–24]. It has been 
being used in more and more fields due to its good deg-
radability and biocompatibility [25–27]. Lysine [28] is an 
essential nutrient that helps the body produce antibodies, 
hormones, and enzymes. In addition, as an alkaline amino 
acid, the amino group on side chain provides active sites 
for chemical bonding to other compounds. Glutamic acid 
[29] is one of the basic amino acids for nitrogen metabo-
lism in organisms, which is of great significance in tissue 
repair and other aspects. In this study, triblock copolymers 
of poly(ethylene glycol)-poly(L-lysine)-poly(L-glutamine) 
were synthesized and functionalized in the polyglutamic 
acid chain segment. The stability of the structure was proved 
by related tests. The nanoparticles bonded with doxorubicin 
(DOX) could have charge-convertible property in specific 
environment and could be effectively taken up by cancer 
cells with good antitumor effect. Safety assessment in vivo 
was confirmed by relevant histological analysis.

Experimental

Materials

Relevant solvents and compounds have been recrystallized or 
purified prior to use and are displayed in S1 (support information).

Characterization methods

The structure of products was characterized by Fourier 
transform infrared (FT-IR) spectra, 1H nuclear magnetic 
resonance spectra (1H-NMR) spectra, and gel permeation 
chromatography (GPC). The test of nanoparticles mainly 
includes UV–vis, dynamic light scattering (DLS), and trans-
mission electron microscope (TEM). Cell and animal models 
used laser confocal microscopy (CLSM) and fluorescence 
microscope (see support information S2).

Ring‑opening polymerization

Compounds containing amino groups can be used to ini-
tiate the reaction to synthesize poly(ethylene glycol)-
poly(L-lysine)-poly(L-glutamine). In this experiment, 
 mPEG113-NH2 was used as the initiator [26]. The main syn-
thesis route is as shown in Scheme 1. L-Lys-NCA (0.612 g, 
0.002 mol) was dissolved in 10 mL of dry DMF and trans-
ferred to a single ended flask. After that, the system is vac-
uumized and replaced with argon for three times to keep 
the system in an inert gas atmosphere.  mPEG113-NH2 (1 g, 
0.0002 mol) was dissolved in 10 mL of DMF and slowly 
injected into the reaction system. After continuous reaction 
at 30 °C for 72 h, L-Glu(OBzl)-NCA (0.526 g, 0.002 mol) 
was dissolved in 8 mL of DMF and slowly injected into the 
flask as the second stage of reaction. The overall process was 
stopped after continuous stirring for 72 h. The solution was 
concentrated to a suitable concentration by vacuum distil-
lation, and a white powder solid, named P1-pro, was settled 
with diethyl ether as an undesirable solvent. The other two 
block polymers (P2-pro, P3-pro) were synthesized in the 
same way, except that the dosage of L-Glu(OBzl)-NCA was 
adjusted according to the proportion of the molecular design.

Removal of benzyl oxycarbonyl and benzyloxy

The hydrolysis reaction caused by the breaking of the amide 
bond or ester group under acidic conditions can achieve the 
removal of the protective group on the side chain. Herein, 
P1-pro (0.6 g) was dissolved in 10 mL of trifluoroacetic acid 
(TFA). Fifty minutes later, HBr/ACOH (5 mL) was added 
to the reaction flask. The whole system was kept in a closed 
state and stirred for 2 h at room temperature. Diethyl ether 
was used as an undesirable solvent to precipitate the target 
product (P1), which was a yellowish powdery solid. The 
other two (P2 and P3) were obtained by the same method.

Grafting of tertiary amine groups

P1 (0.94  g, 0.000116  mol) was dissolved in 10  mL of 
dry DMF, with DCC (0.478 g, 0.00232 mol) and DMAP 
(0.0004 mol, 0.05 g) were also added to the reaction bottle 
in an ice bath until the end of dripping. The activation of 
carboxyl group was achieved by stirring at room temperature 
for 5 h. N-(2-hydroxyethyl) hexa methylene imine (NHM) 
(0.332 g, 0.00232 mol) was diluted with DMF and injected 
slowly into the reaction system. The reaction lasted for 48 h at 
35 °C. The by-product was removed by filtration, the solution 
was concentrated, and yellow solid was settled out by diethyl 
ether, which was named P1-NHM. P2-NHM and P3-NHM 
are obtained by changing the feeding ratio of NHM.
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Drug loaded process of polymers

Drug-loaded nanoparticles were obtained by nano- 
precipitation method, and the final loading of model drug 
(DOX) could be achieved by physical embedding and 
chemical bonding. Herein, DOX·HCl (8 mg) was adequately 
dissolved in 5 mL of DMSO. Seven microliters of triethyl-
amine was dripped into the conical flask and keep stirring 
for 6 h to achieve the removal of hydrochloric acid. Fifty 
milligrams of polymer (Pn-NHM) was respectively dis-
solved in 20 mL of anhydrous DMF and slowly injected into 
each of the conical flasks. The chemical bonding of DOX 
was achieved by continuously stirring for 24 h under the 
condition of avoiding light. Ten milliliters of PBS solution 
with pH = 7.4 was added into the flask so that more drugs 
were wrapped inside of macromolecules by self-assembly. 
Excessive DOX in the solution was removed by dialysis. 
Finally, the micellar solution was filtered via a 0.45-μm 
water phase filter membrane to remove precipitation and 
impurities, and DOX-Pn(NHM)-M was obtained. The rel-
evant loading content (LC) and loading efficiency (LE) 
test methods of DOX are described in detail in S3 (support 
information).

Sustained‑release in vitro

The concentrated nanoparticle solution was placed in dialy-
sis bag and transferred to centrifuge tube. PBS buffer solu-
tion was added into each sample tube, and the pH of each 
group was adjusted to 5.0, 6.2, and 7.4, respectively. The 
system temperature was set to 37 °C and the constant speed 
of 100 rpm was continuously oscillated for 90 h. Within the 
set time, 3.5 mL of buffer solution was used to measure the 
absorbance of DOX, and the cumulative drug release rate 
at each sampling site was calculated according to the stand-
ard curve and regression equation. In another experimental 
inquiry, the temperature was set at 25 °C, 37 °C, and 45 °C, 
respectively, and pH = 7.4 was treated as invariant; the other 
operations were similar as before. The relevant formula see 
support information S4. The absorbance intensity at 505 nm 
was tested for all samples. Each data was measured three 
times in parallel and averaged.

Cytotoxicity of polymers and antitumor effect in vitro

The synthesized poly(amino acid)s were co-cultured with 
L929 cells to evaluate the cytocompatibility. In addition, 

Scheme 1  Synthesis of 
poly(amino acid)s and princi-
ples of drug loading



2397Drug Delivery and Translational Research (2023) 13:2394–2406 

1 3

the cell inhibition effect of nanoparticles was studied by 
co-culture with Hela cells. The  IC50 value can be calcu-
lated in accordance with the survival rate of cells after 24-h 
co-culture, and the cell uptake behavior can be observed 
by CLSM via resetting the co-culture concentration. See 
support information S5 for the relevant operation process.

Drug distribution in vivo

Animals and tumor models

Female Balb/C mice (18 ± 2 g, 5–6 weeks) were normally 
fed in the setting environment of 25 °C and 50–60% humid-
ity; the light and dark surroundings were adjusted every 
12 h. After 10 days, the animal model was established. Hela 
cells in the logarithmic growth were digested and collected 
into a centrifuge tube equipped with PBS. Cells were resus-
pended and blown evenly; 100 µL of suspension (1 ×  107 
cells) was injected subcutaneously into dorsal part of mice. 
The next experiment was carried out when the volume of 
tumor reached about 50  mm3. All animal experiments were 
approved by the Northeastern University Medical Ethics 
Committee.

Biodistribution

According to the standard of 10 mg/kg, free DOX and 
drug-loaded nanoparticle solution were injected into 
tumor-bearing mice by tail vein injection. At the set time 
(2 h and 6 h after injection), the mice were sacrificed by 
neck-removal, and the tumor tissues, hearts, livers, spleens, 
lungs, and kidneys were dissected out for fluorescence 
intensity detection. Tumor tissues were embedded to make 
frozen sections, and the distribution of DOX in the tumor 
was observed by fluorescence microscopy.

In vivo antitumor efficacy

PBS, free DOX, and DOX-P2(NHM)-M were intravenously 
injected into three groups of tumor-bearing mice every 
3 days. The tumor volume and growth status of mice were 
recorded daily; blood samples were collected at 24 h after 
the last dose. Fifteen days later, all mice were sacrificed; 
major organs were washed twice with PBS and immersed 
in 4% paraformaldehyde solution for 48 h. Samples were 
dehydrated, embedded in paraffin, and sectioned. Tumor 
sections were stained with hematoxylin and eosin (H&E), 
terminal deoxynucleotidyl transferase-mediated UTP nick 
end labeling (Tunel) staining, and other tissues were stained 
with H&E.

Safety assessment in vivo

Fifteen healthy Balb/C mice were randomly divided into 3 
groups. The first was treated as PBS group; the other two 
were respectively injected with free DOX and nanoparticle 
solution with the standard of 5 mg/kg. The growth state and 
the changes in body weight were recorded. All mice were 
sacrificed on the 15th day and major organs were dissected 
out for tissue embedding and sectioning.

Results and discussion

Structural characterization of polymers

FT‑IR results of polymers

Taking Fig.  1a as an example, the characteristic func-
tional groups of polymer (black line) were the ester car-
bonyl (1740  cm−1) and the amide carbonyl (1660  cm−1). 
The characteristic absorption peak of C-H on benzene ring 
appears near 3060  cm−1, and the strong peak at 3290  cm−1 
belongs to the imino group in the backbone peptide bond. 
The methyl and methylene groups were masked between 
2850 and 2940  cm−1, and corresponding absorption peaks 
at 1360  cm−1 and 1472  cm−1 were the bending vibration 
peaks. After the deprotection reaction (red line), the char-
acteristic peak belonging to the benzene ring is obviously 
weakened, corresponding to a dispersion peak between 
2900 and 2500  cm−1, and a strong absorption between 3200 
and 3650  cm−1, which are the proof of the appearance of 
carboxyl group. The peak of amino group from 3300 to 
3500  cm−1 was masked. After grafting reaction (blue line), 
the double peak of amino group was exposed between 3420 
and 3500  cm−1 due to the substitution of a large number of 
carboxyl groups, and the peak of ester carbonyl group reap-
peared at 1730  cm−1, and 3470  cm−1 is the proof of tertiary 
amine structure. The peaks of other functional groups can 
be found in the image. Figure 1b and c differ in peak inten-
sity due to the difference in the ratio of polyglutamic acid 
to polylysine and the number of side linked branches, and 
distribution is basically the same.

1H‑NMR results of polymers

As shown in Fig. 1d, the characteristic peak of δ = 7.95 ppm is 
attributed to the N-H of the main peptide bond, and the chemi-
cal shift of C-H in the benzene ring of the side chain protec-
tion group is between 7.14 and 7.36 ppm. The chemical shift 
of methylene associated with the benzene ring corresponds to 
δ = 4.96 ppm. The methylene group in the structure of mPEG is 
at δ = 3.51 ppm. Other main chemical shifts can correspond to 
hydrogen in the structure, but the intensity and integral area of 
the peak are different. In Fig. 1e, due to the electron-absorbing 
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effect of carboxyl group and the electron-donating effect of 
amino group, the combined action will affect the chemical 
shift of C-H. Chemical shifts of C-H on peptide bond were 
transferred to 3.93 ppm, 4.06 ppm, and 4.46 ppm, respec-
tively. In addition, the characteristic peaks of δ = 5.0 ppm and 
δ = 7.28 ppm disappeared, which demonstrated that the protec-
tive group was smoothly removed. As shown in Fig. 1f, the 
disappearance of the chemical shift between 4.2 and 3.93 ppm 
proved that the carboxyl group was substituted. Due to the reap-
pearance of ester group, the characteristic peak of C-H was 
shifted to 5.28 ppm via strong electron absorption effect. Other 
chemical shifts δ = 2.89 ppm, δ = 2.73 ppm, δ = 1.82 ppm, and 
δ = 1.61 ppm were also marked in the spectrum.

GPC results

GPC is used to measure the average molecular mass of materi-
als. Combined with the integral area in 1H-NMR, the results 
of GPC further confirmed the correctness of the structure of 
products (see support information S6).

Characterization of drug‑loaded nanoparticles

DLS results

It can be seen from Fig. 2a–c, the average particle size were 
108.2 nm, 144.3 nm, and 178.2 nm, respectively. With the 

proportion of polyglutamic acid and the amount of grafting 
of tertiary amine groups increased, the size becomes larger, 
which can be understood as a joint result of steric hindrance 
and charge interactions. The test results of the three nanopar-
ticles are all meet the size requirements in the field of drug 
sustained release, which is conducive to achieve targeted 
delivery through EPR effect.

TEM results

The nanoparticles show uniform spherical distribution as 
shown in Fig. 2d. However, Fig. 2e–f shows an irregular 
morphology, with the particle size was not uniform and 
some agglomeration occurred. With the amount of tertiary 
amine structure increased, the charge repulsion caused the 
expansion of the volume, and the difference in the length 
of the molecular chain also resulted in the difference in the 
size. It is fortunately that the overall particle size is within 
200 nm, which is consistent with the results of particle size.

Size stability of nanoparticles

In order to explore the influence of the internal environ-
ment on the size changes of the nanoparticles, 10% FBS was 
added to the solution, and the structural stability was inves-
tigated by intermittently testing DLS, as shown in Fig. 2h–j. 

Fig. 1  FT-IR results (a–c) and 1H-NMR results (d–f) of synthetic polymers
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Fig. 2  Size distribution of nanoparticles a DOX-P1(NHM)-M, b 
DOX-P2(NHM)-M, c DOX-P3(NHM)-M; TEM images d DOX-
P1(NHM)-M, e DOX-P2(NHM)-M, f DOX-P3(NHM)-M; g zeta-

potential changes of nanoparticles after incubation at pH 5.0 or 
7.4; size stability of nanoparticles h DOX-P1(NHM)-M, i DOX-
P2(NHM)-M, j DOX-P3(NHM)-M
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Although the particle size changed due to a small amount 
of drug release, the overall is within the control range, and 
the distribution (PDI) has been very uniform. No precipita-
tion was found during the co-culture, which indicated that 
nanoparticles had good size and structure stability when par-
ticipating in normal systemic circulation (pH = 7.4).

The change in zeta potential

As shown in Fig. 2g, zeta potential values are different in 
various environments. Since the surface of cell membrane is 
negatively charged, nanoparticles can effectively avoid pre-
cipitation when participating in normal circulation through 
electrostatic repulsion. Charge reversal behavior can be 
achieved through protonation effect of tertiary amine in 
acidic environment, so as to achieve targeted drug release 
of nanoparticles. The potential values of DOX-P2(NHM)-
M and DOX-P3(NHM)-M changed from − 15.4  mV 
and − 14.9 mV to 1.93 mV and 4.16 mV, and finally to 
4.21 mV and 5.91 mV, which effectively realized the charge 
reversal. The potential value of DOX-P1(NHM)-M changed 
from − 12.2 to 2.56 mV at 12 h. The charge reversal mainly 
depends on the protonation effect of the side-chain tertiary 
amine structure. DOX-P3(NHM)-M is grafted with the larg-
est amount of NHM, which makes the charge reversal more 
obvious and rapid.

Drug release behavior of nanoparticles in vitro

Table S1 (supporting information) describes various tests 
on nanoparticles including LC and LE, and drug release 
behavior in different environments is explored. As shown 
in Fig. 3a–c, there is a slow drug release in a neutral environ-
ment; the cumulative release rate within 24 h were 40.16%, 
36.69%, and 39.59%, respectively, and basically reached 
equilibrium, which is mainly due to the release of DOX that 
was mainly coated on the surface of nanoparticles. When 
pH = 6.2, the release speed was obviously increased, and 
when pH = 5.0, the cumulative release rates reached 64.8%, 
64.28%, and 66.7%, showing an extremely pH sensitivity. 
The break of imine bonds under acidic conditions destroyed 
the self-assembly structure and resulted in the release of a 
large number of drugs. More importantly, the protonation of 
tertiary amines in acidic environments caused huge charge 
repulsion, changing morphology to promote drug release.

Due to the rapid proliferation of cancer cells and exces-
sive glycolysis rate, the temperature of internal environment 
in tumor tissues is slightly higher than normal body. The 
study of drug release rules at different temperatures is con-
ducive to exploring the structural stability of nanoparticles 
in different environments, which has guiding significance 
for the clinical application of drug carriers. As shown in 
Fig. 3d–f, until the last sampling (90 h), the cumulative 
release rates of the three materials at 25 °C and 45 °C were 

Fig. 3  Cumulative release rate of nanoparticles at different pH a DOX-P1(NHM)-M, b DOX-P2(NHM)-M, c DOX-P3(NHM)-M; and at differ-
ent temperature d DOX-P1(NHM)-M, e DOX-P2(NHM)-M, f DOX-P3(NHM)-M
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42.25% and 49.2%, 37.8% and 45.13%, and 38.88% and 
48.6%, respectively. By changing the intramolecular energy 
and the speed of Brownian motion, drug exudation could be 
changed. However, the difference was less than 10%, indicat-
ing that the release was mainly by physical diffusion, with-
out structural destruction and internal DOX release, which 
was consistent with the previous results.

Morphology has an important impact on the drug release 
of nanoparticles. The release kinetics of spherically dis-
tributed nanoparticles is often fitted as Korsmeyer-Peppas 
model [30]. The relevant formulas are as follows:

Herein, Mt represents the cumulative drug release at time 
t, M∞ represents the cumulative drug release over an infinite 
long period of time, n is the release index related to the 
release mechanism, and k is the proportionality constant. 
Where, logarithms are taken from both sides of the equation, 
and n is the slope value in the fitting data. Generally speak-
ing, when n is below 0.43, drug release is simple diffuse 
release (type I), also known as Fickian diffusion; when n 
is above 0.85, the release behavior is mainly caused by the 
expansion effect of particles (type II). When n is between 
0.43 and 0.85, it shows compound release, indicating that the 
process is jointly acted by the two mechanisms. The kinetic 
fitting results of cumulative release rate in this experiment 
are shown in Tables 1 and 2.

According to Table 1, it is surprising to find that the 
release index is much higher than 0.85 when pH = 5.0, 
which indicates that drug release behavior belongs to type 
II release and is mainly achieved through expansion effect 
of nanoparticles. Under acidic conditions, the protonation 
effect of tertiary amine causes strong electrostatic repulsion, 
which increases the volume of nanoparticles, the more PBS 

(1)M
t
∕M∞ = kt

n

(2)log(
M

t

M∞

) = n log t + log k
buffer can gradually penetrate into the core–shell structure to 
promote the break of imine bond. This sensitivity gradually 
decreased with the pH from 6.2 to 7.4, indicating that nano-
particles can respond to the environment clearly and achieve 
rapid circulation in normal tissues and targeted release in 
tumor tissues.

Table 2 shows the relevant parameters at different tem-
peratures, and the release exponent of each group is between 
0.43 and 0.85, indicating that the mechanism can be realized 
by the joint function of type I and type II. The value of n 
is closer to 0.43 when temperature is low, indicating that 
drug release is mainly free diffusion. DOX wrapped on the 
particle surface is a single molecular movement in the initial 
stage; the release rate tends to be stable in the later stage, 
which means the influence of temperature is limited.

Cytocompatibility analysis

Cytocompatibility of poly(amino acid)s

The cytocompatibility of polymers was studied by co-
culture with L929 cells. Glutamic acid and lysine are both 
important components in human physiological regulation. 
NHM, as an important pharmaceutical intermediate, can 
form a stable ester group on the side chain. As shown 
in Fig. 4a–c, even if the co-culture concentration was 
adjusted to 500 μg/mL, the cell survival rate of the all 
groups of experiments remained above 92%, showing a 
good affinity for the materials.

Cytocompatibility of nanoparticles

As shown in Fig. 4d, the toxicity of nanoparticles to Hela 
cells greatly increased with the increase of drug loading. 
After co-culture for 24 h, the  IC50 values of DOX-P1(NHM)-
M, DOX-P2(NHM)-M, DOX-P3(NHM)-M, and free DOX 
were 8.23 μg/mL, 4.45 μg/mL, 3.91 μg/mL, and 4.34 μg/mL, 

Table 1  Related parameters of release kinetics of nanoparticles at dif-
ferent pH

pH n k R2

DOX-P1(NHM)-M 5.0 1 0.0121 0.9993
6.2 0.8932 0.0192 0.9960
7.4 0.5277 0.1002 0.9548

DOX-P2(NHM)-M 5.0 1.0729 0.0084 0.9958
6.2 0.7433 0.0388 0.9897
7.4 0.4354 0.1455 0.9457

DOX-P3(NHM)-M 5.0 1.0749 0.0084 0.9921
6.2 0.8201 0.0277 0.9925
7.4 0.5449 0.0929 0.9236

Table 2  Related parameters of release kinetics of nanoparticles at dif-
ferent temperature

T n k R2

DOX-P1(NHM)-M 25 °C 0.5220 0.0753 0.9512
37 °C 0.5277 0.1002 0.9548
45 °C 0.5979 0.1007 0.9633

DOX-P2(NHM)-M 25 °C 0.4269 0.1578 0.9147
37 °C 0.4354 0.1455 0.9457
45 °C 0.6301 0.0642 0.9612

DOX-P3(NHM)-M 25 °C 0.5324 0.0858 0.9485
37 °C 0.5449 0.0929 0.9236
45 °C 0.5708 0.0989 0.8876
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respectively. On the one hand, more DOX can be released 
with higher LC when the morphology changed; on the other 
hand, more tertiary amine structures would result in the par-
ticles easier to be taken up by cells through charge reversal.

Cellular uptake behavior of nanoparticles

Figure 4e shows the distribution of fluorescence in cells 
after 2 h and 6 h of co-cultured, with free DOX (6 h of co-
culture) as the reference. Fluorescence of free DOX group 
only appeared in the nucleus, and the intensity was rela-
tively weak, while the signal was found in both the nucleus 
and cytoplasm in the nanoparticle group, and the intensity 
elevated significantly with the prolongation of time. After 
contact with lysosomes/endosomes, acidic conditions induce 
charge reversal, which leads to the easier rupture of nano-
particles in the cytoplasm.

Drug distribution in tumor

The distribution of DOX in various organs is shown in 
Fig. 5a. Fluorescence in the free DOX group was mainly 
concentrated in the liver and kidney, with a certain intensity 
in the heart, lung, and spleen, while nanoparticle group was 
mainly manifested in tumor tissue, and the concentration 
of the drug increased gradually with the extension of time 
(from 2 to 6 h). As shown in Fig. 5b, the fluorescence inten-
sity of nanoparticle group at 2 h and 6 h was respectively 
1.92 times and 1.68 times than that of the free DOX group, 
which proved the targeting to tumor tissue.

Figure 5c shows uptake of DOX in tumor tissues. The flu-
orescence intensities at 2 h were all weaker than that at 6 h, 
and nanoparticle group was stronger than free DOX group, 
which is consistent with the results in Fig. 5b. In addition, 
not only DOX signals were present inside cells, but also a 
large amount of fluorescence distribution in the extracellular 

Fig. 4  Cytotoxicity of poly(amino acid)s a P1-NHM, b P2-NHM, c P3-NHM; d cellular inhibition of free DOX and nanoparticles; e CLSM 
images of Hela cells after incubation with nanoparticles and free DOX
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matrix, indicating that nanoparticles have begun to achieve 
drug release in the acidic environment inside the tumor.

Tumor inhibition in vivo

DOX, as an exogenous molecule, is easily metabolized by the 
liver and kidney when participates in systemic circulation. 
The hydrophilic mPEG shell of nanoparticles can help the 
encapsulated drugs avoid being metabolized, which is con-
ducive to the retention in tumor tissues through EPR effect.

Antitumor effect

As shown in Fig. 6i, the tumor volume increased uniformly 
in the PBS group, and the free DOX group showed limited 

inhibitory effect. The tumor volume of the nanoparticle 
group was significantly controlled and reduced to half of 
the original size, indicating that the targeted effect was 
expressed in the tumor tissue and achieved the release of 
DOX. Figure 6j describes the relative weight of tumors in 
each groups, and the results were consistent with Fig. 6i.

Changes of relative body weight can reflect the systemic 
toxicity to normal body. Figure 6k shows the changes of 
tumor-bearing mice in each groups within 15 days. The mice 
in the free DOX group experienced rapid weight loss, mobil-
ity difficulties, and lethargy after administration, which indi-
cated that the systemic toxicity was relatively high. The other 
two groups of mice showed a stable state on the whole, indi-
cating that nanoparticles would not cause injury to the body 
due to excessive release in the normal systemic circulation.

Fig. 5  Ex vivo DOX fluorescence images of main organs and tumors 
(a), and mean fluorescence intensity (b) after 2  h or 6  h intravenous 
injection of free DOX and DOX-P2(NHM)-M into Hela tumors bear-

ing mice, **p < 0.01; c local fluorescence microscope images of tumor 
sections, red represents DOX fluorescence, cell nuclei are stained with 
DAPI (blue)
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Histological analysis of tumor

As shown in Fig. 6g, H&E staining showed that the nuclei 
of PBS group were polymorphic, the matrix was rich, and 
the cells were closely packed, indicating that the tumor was 
in a state of active growth. The density of cell arrange-
ment in free DOX group was decreased but not significantly 
different from PBS group. The distribution of cells in the 
nanoparticle group became sparse obviously; some nuclei 
contracted or broke up and showed large necrotic areas, 
which was further confirmed by Tunel staining results.

Biochemical analysis of blood after treatment

The blood biochemical test is shown in Fig. 6a–f, and all 
indexes in free DOX group showed the highest performance 
among the three groups. This is because free drugs can be 
quickly digested and metabolized, while DOX has no selec-
tive targeting to cells, which affects the function of the liver 
and kidney. In nanoparticle group, the drug was bonded or 
wrapped inside the core–shell structure, which can only be 
released in a specific response, effectively avoiding the side 
effects on the organs.

Fig. 6  Blood biochemical analysis of Hela tumor bearing mice after 
treatment (a ~ f); g H&E and Tunel analysis of tumor tissues isolated 
from tumors on 15th day, the scale bar is 200 μm; h H&E analysis of 

major organs after treatments; i tumor volume growth curves; j relative 
tumor weights of tumors; k relative body weight changes; ***p < 0.001, 
**p < 0.01, *p < 0.05
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Histopathological analysis of major organs

Figure 6h shows the H&E staining results of the major organs 
after treatment. Compared with PBS group, cardiomyocyte 
degeneration, glomerular disappearance, and other lesions 
appeared in the DOX group, and hepatocytes also showed a 
certain of disorder, indicating that the heart, liver, and kidney 
had different degrees of systemic toxicity, which was consist-
ent with the results of related blood items. In the nanoparticle 
group, the cardiomyocytes were intact, the glomeruli were 
full, and no specific pathological tissue was observed, which 
avoided the absorption and drug release by other tissues.

Safety assessment in vivo

Safety assessment in vivo is an important index of clinical 
chemotherapy, which is directly related to the survival and 
quality of life of cancer patients during treatment. Fig. S4 
(support information S7) shows the blood biochemical anal-
ysis of healthy Balb/c mice after treatment; the influence 
of the nanoparticle group on the organs was significantly 
weakened. In addition, no obvious pathological structure 
was found in each tissue sections, which indicated that the 
prepared nanoparticles have a reliable biological safety.

Conclusions

Charge convertible poly(amino acid)s nanoparticles were 
prepared. The average particle size was between 100 and 
200 nm, which meets the conditions for drug release. Drug 
release showed strong pH sensitivity and showed a mech-
anism controlled by both free diffusion and expansibility 
mechanisms. The targeting properties help nanoparticles 
avoid to be digested or metabolized when participating in 
systemic circulation. The synthetic polymer is biocompatible 
and nanoparticles are well ingested by cells via charge rever-
sal. DOX-P2(NHM)-M can treat tumors without causing 
side effects to normal tissues and organs and have absolute 
safety in vivo. The prepared nanoparticles have significant 
targeting function and are expected to be used in biomedi-
cine especially in the field of sustained drug release.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13346- 023- 01323-w.
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