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ABSTRACT:  

The development of stealth and effective antitumor nanodrugs has been drawing 

great attention. Herein, generation five poly(amide amine) dendrimer (G5 PAMAM) 

was modified by zwitterionic material carboxybetaine methacrylamide (CBMAA) on 

its surface to prepare zwitterionic dendrimer (G5-CBMAAn). The results showed that 

G5-CBMAA30 had the longest blood circulation time due to its thickest zwitterionic 

layer, and its residual rate after injection into mice at 2 and 12 h was as high as 

47.22% and 14.37%, respectively. Nanodrug G5-CBMAA30-ICG was prepared by 

containing indocyanine green (ICG) in the cavity of G5-CBMAA30. G5-CBMAA30-

ICG had better tumor targeting ability and antitumor effect than free ICG in mice after 

laser irradiation, and the tumor inhibition rate was 96.6% after 14 days  treatment. The 

prepared G5-CBMAA30-ICG has great potential applications in the field of antitumor 

by phototherapy. 
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1 Introduction 

Phototherapy has attracted widespread attention in cancer treatment for its 

advantages of minimally invasiveness, low side effects, and high targeting.[1-3] 

Phototherapy includes two categories: photodynamic therapy (PDT) and photothermal 

therapy (PTT).[4] PDT is a phototoxic treatment in which photosensitizer is excited 

by light to generate reactive oxygen species (ROS) and induce cell death.[5, 6] PTT 

takes advantage of photothermal material to absorb light, generating heat to kill 

cancer cells through high temperature.[7, 8] A variety of photosensitizers have been 

used in PTT and PDT. Among them, ICG is a near-infrared dye approved by the US 

Food and Drug Administration, which can produce ROS and convert photothermal 

energy through near-infrared laser irradiation. [9, 10] However, indocyanine green 

(ICG) is a small molecular substance, and its instability and rapid clearance rate in 

vivo limit its application. [11-13] 

Nanodrug carriers have many advantages, such as increasing solubility and stability 

of drugs and reducing their side effects. Some nanodrug delivery systems such as 

micelles,[14] hydrogels,[1] dendrimers [15] have been developed to encapsulate 

photosensitizers to improve their PTT and PDT effects.[16] Generation five 

poly(amide amine) dendrimer (G5 PAMAM) has a spherical structure similar to tree 

branches. The drug can be encapsulated in its inner cavity, thereby improving the 

solubility and functionalization of the drug.[17] However, PAMAM dendrimers have 

a large number of cationic groups on the surface, which can easily interact with cell 

membranes and cause toxicity. Dendrimers are also easily recognized by the immune 

system after entering the body, causing proteins to be adsorbed and quickly removed 

from the body.[18] Polyethylene glycol (PEG) is a common modification material for 

nanocarrier due to its hydrophilicity.[19] However, PEG is easily oxidized in the 



  

 

4 

 

 

biological environment and loses its ability to resist protein adsorption, and long-term 

use of PEG induces the body to express corresponding antibodies.[20] Zwitterionic 

material is an ideal substitute for PEG. Its super hydrophilic properties make it form a 

tight hydration layer on the surface of the carrier, thereby effectively avoiding the 

adsorption of proteins and other biological molecules.[21, 22] Therefore, the 

modification of dendrimers by zwitterionic materials can not only avoid the surface 

defects of dendrimers, but also endow them with protein stability.[23,  24] Cui et al. 

uses maleic anhydride and cysteamine to modify the surface of G5 PAMAM to 

prepare with zwitterionic G5 PAMAM with a single layer.[25] Although the single 

zwitterionic layer of modified G5 PAMAM has improved its blood circulation time, 

its blood circulation half-life is within 0.5 h, which needs to be improved when it is 

applied to drug carriers.   

Although zwitterionic materials can improve the protein stability, the relationship 

between the thickness of the zwitterionic layer on the carrier surface and the blood 

circulation time of the carrier is not very clear. Herein, it is the first time that the 

relationship between the thickness of the zwitterionic layer on G5 PAMAM surface 

and the blood circulation time was studied. Different amounts of zwitterionic 

carboxybetaine methacrylamide (CBMAA) were grafted from the surface of G5 

PAMAM to prepare G5-CBMAAn. The results showed that G5-CBMAA30 had the 

longest blood circulation time due to its thickest zwitterionic layer, and its residual 

rate after injection into mice at 2 and 12 h was as high as 47.22% and 14.37%, 

respectively. Furthermore, to overcome the problems such as poor stability and fast 

blood clearance of free ICG, ICG was loaded in the cavity of zwitterionic G5 

PAMAM to prepare a new nanodrug G5-CBMAA30-ICG, which had a good antitumor 

effect with an 808 nm laser irradiation in vitro and in vivo. The tumor inhibition rate 
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of G5-CBMAA30-ICG in mice was 96.6% after 14 days’ treatment. The zwitterionic 

G5 PAMAM with enhanced biocompatibility, blood circulation time and targeting 

ability greatly improved the therapeutic effect of ICG. 

2 Results and Discussion 

2.1 Synthesis and characterization of G5-CBMAAn 

The detailed synthetic steps of zwitterionic dendrimers were illustrated in Scheme 1. 

The number of amino groups on the surface of G5 PAMAM was theoretically 128. 

G5 PAMAM reacted with 2-bromoisobutyryl bromide (BIBB) in DMSO. The NMR 

spectra of G5 PAMAM and G5-Br were shown in Figure 1. Compared with the 

spectrum of G5 PAMAM, G5-Br had a new characteristic peak at a chemical shift of 

1.78 ppm. This peak belonged to the characteristic peak of the methyl group derived 

from BIBB, indicating that the amino group of G5 PAMAM reacted with BIBB. The 

integration of these peaks was used to determine the number of acyl bromide groups 

in G5 PAMAM. It was calculated that about 62 amino groups on each G5 PAMAM 

surface reacted with BIBB. The results of NMR spectrum showed that the amino 

group on the surface of G5 PAMAM reacted with BIBB to synthesized macroinitiator 

G5-Br. 

 

Scheme 1. Synthetic steps of the zwitterionic dendrimers G5-CBMAAn 
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The zwitterionic monomer CBMAA was induced to undergo atomic transfer radical 

polymerization (ATRP) reaction in a mixed solution of methanol and water with G5-

Br as the macroinitiator, CuBr as the catalyst, and bipyridine as the ligand. The degree 

of polymerization of CBMAA in zwitterionic polymer G5-CBMAAn was controlled 

by adjusting the molar ratio of monomer CBMAA to macroinitiator G5-Br. Compared 

with the CBMAA NMR spectrum, characteristic peaks of the monomer CBMAA 

except the double bond appeared in the G5-CBMAAn spectrum in Figure 1b. This 

indicated the disappearance of double bonds in the monomer CBMAA and the 

synthesis of G5-CBMAAn after ATRP polymerization. The characteristic peaks 

corresponding to G5 PAMAM almost disappeared, this was because the number of 

protons in the inner core of the G5 PAMAM was less than the number of protons in 

the CBMAA chain, which made the corresponding proton peak of G5 PAMAM 

difficult to observe. 

          

 

Figure 1. 1H NMR spectra of (a) G5-Br and (b) G5-CBMAAn; (c) the size 

distribution and (d) zeta potential of G5-CBMAAn in solution 
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The size and stability of the drug carrier in solution play important role in the 

application of drug delivery, and they directly affect the distribution and circulation 

time of the drug in the body. Nanodrugs with a size in the range of 10-200 nm are not 

easily captured by the reticuloendothelial system, which not only avoids physical 

clearance of the lung, spleen, and kidney, but also effectively enriches the tumor site 

through the EPR effect. The size and zeta potential of G5-CBMAAn were measured 

by DLS as shown in Figure 1c and d.29 The sizes of G5 PAMAM, G5-CBMAA10, 

G5-CBMAA20 and G5-CBMAA30 were 7.33, 12.33, 17.79 and 24.06 nm, respectively. 

The results showed that as the molar ratio of the monomer CBMAA and the initiator 

G5-Br increased, the size of the polymerization product G5-CBMAAn also increased, 

which indicated that as the CBMAA feed ratio increases, the zwitterionic layer on the 

surface of G5-CBMAAn became thicker. In addition, compared with G5 PAMAM, 

the zeta potential of G5-CBMAAn changed from positive to negative, indicated that 

the amino group on the surface was successfully reacted, which was also helpful to 

avoid the cytotoxicity caused by the amino groups on the surface of G5 PAMAM. 

These results showed the successful synthesis of zwitterionic G5-CBMAAn.  

2.2 Biocompatibility and Blood circulation of G5-CBMAAn 

In order to avoid the side effects of drug carriers, they should have good 

biocompatibility. Here, the biocompatibility of G5-CBMAAn was evaluated through 

fibrinogen and cytotoxicity assays. Fibrinogen and G5-CBMAAn were mixed to 

evaluate the interaction between nanocarriers and proteins. As shown in Figure 2a, 

when G5 PAMAM incubated with fibrinogen, the amino groups of G5 PAMAM 

surface caused fibrinogen structure changes and resulted in a large amount of 

aggregation. However, when G5-CBMAAn incubated with fibrinogen, the sizes of the 
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mixed solutions were 12.69, 21.25 and 26.45 nm, respectively. The results 

demonstrated that G5-CBMAAn had good resistance to protein adsorption. 

To further study the biocompatibility of G5-CBMAAn in vitro, the MTT experiment 

was used to evaluate the cytotoxicity of G5 PAMAM and G5-CBMAAn to HeLa cells. 

Figure 2b showed that the toxicity of G5 PAMAM to HeLa cells was related to its 

concentration. When the concentration reached 500 μg/mL, the cell viability of G5 

PAMAM was 36.4%. However, G5-CBMAAn had good cell compatibility in the 

concentration range of 0-500 μg/mL. When the concentration of G5-CBMAA10, G5-

CBMAA20 and G5-CBMAA30 was 500 μg/mL, the cell viability of HeLa cells still 

reached 97.3%, 92.1% and 91.3%, respectively. The cytotoxicity of G5 PAMAM was 

caused by its surface amino groups, and the surface modification of CBMAA greatly 

reduced its cytotoxicity. These results indicated that the zwitterionic polymer G5-

CBMAAn had better biocompatibility that G5 PAMAM due to the successful 

modification of G5 PAMAM. The high biocompatibility of G5-CBMAAn made it 

beneficial to avoid clearance and have long blood circulation time in the body. 

The drug carrier G5-CBMAAn had good biocompatibility and protein stability in 

vitro. After modified by CBMAA, G5-CBMAAn may have better stealth properties in 

the body. Herein, G5-CBMAAn labeled with sodium fluorescein (SF) was used for 

circulation studies, and the concentration of G5-CBMAAn was detected by testing the 

fluorescence value of SF in plasma at different times. Figure 2c showed that the 

residual rate of G5-CBMAAn-SF in plasma was obviously dependent on zwitterionic 

materials. Among them, free SF had only 8.53% residual rate after 2 h of injection, 

indicating that SF was cleared quickly after enters the body. In contrast, the residual 

rate of G5-CBMAAn-SF in plasma was significantly enhanced. After 2 h, the residue 

rates of G5-CBMAA10-SF, G5-CBMAA20-SF and G5-CBMAA30-SF in plasma were 
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15.08%, 24.49% and 47.22%, respectively. This was much better than that of free SF 

in plasma. More importantly, the residual rates of G5-CBMAA10-SF, G5-CBMAA20-

SF and G5-CBMAA30-SF in plasma were still as high as 12.77%, 13.67% and 14.37% 

after 12 h of injection. These results indicated that zwitterionic layer significantly 

prolongs the circulation time of the carrier in the blood. Cui et al. modified the surface 

of G5 PAMAM with maleic anhydride and cysteamine to prepare zwitterionic G5 

PAMAM with a half-life of blood circulation within 0.5 h.[25] Zhang et al. used 

zwitterionic groups (2-methacryloxyethyl phosphorylcholine, MPC) to modify the 

surface of dendrimers and encapsulate doxorubicin (DOX) to prepare PAD-

MPC/DOX. MPC reduces the non-specific binding of plasma proteins, thereby 

prolonging the blood circulation time of the nanomedicine, and about 15% of DOX 

remains in the blood 2 h after injection.[26] The higher blood circulation time of G5-

CBMAA30-SF was due to the thickest zwitterionic layer on its surface. The long blood 

circulation time of the nanodrug carrier is beneficial to improve the bioavailability of 

the drug and further enhance its antitumor effect. 
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Figure 2. (a)The sizes of G5-CBMAAn and fibrinogen mixture in PBS solution; 

(b)the cell viability of G5-CBMAAn with different concentration; (c)the residual rate 

of G5-CBMAAn-SF in plasma with time after intravenous administration 

2.3 Photothermal and photodynamic studies 

After modification by CBMAA, G5-CBMAA30 had the longest blood circulation 

time and the thickest zwitterionic layer, was selected as the nanomedicine carrier and 

enclosed ICG for PDT and PTT. ICG is an amphiphilic molecule, consisting of  

lipophilic polyaromatic polyene groups and  hydrophilic sulfonate groups. 

Dendrimers contain a large number of amide bonds. The dendrimers and ICG should 

have weak interaction and ICG was stably encapsulated in their inner cavity. 

Nanodrug G5-CBMAA30-ICG was prepared by containing ICG in the cavity of G5-

CBMAA30. In order to study the near-infrared laser induced PTT effect of G5-

CBMAA30-ICG, we irradiated continuously the sample with an 808 nm laser (2 

W/cm2, 10 min). As shown in Figure 3a, the temperature change of the sample was 

recorded by a thermometer. After 10 min of irradiation, the temperature of G5-

CBMAA30-ICG, free ICG and water reached 45.4, 44.1 and 22.3°C, respectively. The 

results showed that, compared with free ICG, G5-CBMAA30-ICG had the same 

excellent photothermal conversion performance. The carrier G5-CBMAA30 did not 

affect photothermal conversion performance of ICG. In addition, in order to evaluate 
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the photothermal conversion stability of G5-CBMAA30-ICG, cyclic laser irradiation 

was performed 5 times. 

 

Figure 3. (a) The light-heat curves of water, ICG and G5-CBMAA30-ICG, (b) light-

heat curves of ICG and G5-CBMAA30-ICG after 5 cycles with laser on/off 

As shown in Figure 3b, after 5 cycles, the temperature of G5-CBMAA30-ICG and 

free ICG was still as high as 46.9 and 45.6°C, respectively. This indicated that G5-

CBMAA30-ICG had excellent photothermal conversion stability. G5-CBMAA30-ICG 

can be used as an ideal nanomedicine for PTT of tumors. 

The photothermal experiment in vitro showed that G5-CBMAA30-ICG can be used 

for PTT through laser irradiation. ICG is not only a good photothermal material, but 

also generate singlet oxygen under laser irradiation for PDT. DPBF is commonly used 

as a singlet oxygen capture agent, which has the strongest absorption at 414 nm. After 

reaction with singlet oxygen, the intensity of this absorption peak will be weakened, 

and the decrease in absorbance has a linear relationship with the output of singlet 

oxygen. Therefore, DPBF was used as the singlet oxygen detection agent to evaluate 

the singlet oxygen production of the control group, free ICG group and G5-

CBMAA30-ICG group after light treatment. As shown in Figure 4, the absorbance of 

DPBF at 414 nm remained almost unchanged during illumination in control group. In 
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contrast, after 14 min of laser irradiation, the absorbance of ICG+DPBF solution and 

G5-CBMAA30-ICG+DPBF solution at 414 nm decreased by 88.4% and 89.6%, 

respectively. The results showed that G5-CBMAA30-ICG produced approximately the 

same amount of singlet oxygen as free ICG after laser irradiation at the same 

concentration, and nanocarrier G5-CBMAA30 did not affect the ability of the ICG to 

generate singlet oxygen. Thus, singlet oxygen and photothermal conversion of G5-

CBMAA30-ICG were produced by an 808 nm laser irradiation, which can effectively 

trigger the death of adjacent cancer cells. 

 

 

Figure 4. The absorbance changes with time: (a) DPBF solution, (b) ICG+ DPBF 

solution and (c) G5-CBMAA30-ICG+DPBF solution 

2.4 Antitumor effect 
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MTT assay was used to evaluate the antitumor effect of G5-CBMAA30-ICG in 

vitro.[27] Figure 5a showed the relationship between the cell viability of HeLa cells 

and free ICG, G5-CBMAA30-ICG with or without laser irradiation. ICG and G5-

CBMAA30-ICG almost had no cytotoxicity in the concentration range of 0-50 μg/mL 

without laser irradiation. However, after irradiation by laser, each sample showed 

cytotoxicity, when the ICG concentration reached 50 μg/mL, the cell viability of the 

ICG+Laser and G5-CBMAA30-ICG+Laser groups were 23.88% and 17.03%, 

respectively. The cell viability of the control group was 97.28% under the same laser 

irradiation condition. G5-CBMAA30-ICG exhibited excellent antitumor performance 

in vitro, which was attributed to the fact that the G5-CBMAA30-ICG and free ICG 

groups produced heat by photothermal conversion and generate singlet oxygen after 

laser irradiation. These results indicated that G5-CBMAA30-ICG had good antitumor 

properties in vitro, and G5-CBMAA30-ICG effectively inhibited the activity of HeLa 

cells through PTT and PDT by laser irradiation. 

To further examine the antitumor effect of G5-CBMAA30-ICG in vivo, the tumor-

bearing Kunming mice were used as models. Figure 5b and c showed the results of 

changes in body weight and tumor volume of mice in different administration groups 

over time.  Compared with the Saline group, mice in all experimental groups grew 

normally, indicating the good states of mice. After 14 days’ treatment, the tumor 

volume of the Saline and Saline+Laser groups reached 1171 and 985.5 mm3, 

respectively, which indicated that the 808 nm laser irradiation did not effectively 

inhibit tumor growth. In the ICG and G5-CBMAA30-ICG group by tail vein 

administration, the tumor growth was inhibited to a certain extent after an 808 nm 

laser treatment. Among them, the tumor volume reached 445.5 mm3 after 14 days’ 

irradiation with free ICG, and the tumor inhibition rate was 62.0%. In contrast, the 
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G5-CBMAA30-ICG+Laser group showed excellent antitumor effects in vivo, the 

tumor volume began to decrease after 4 days, and the tumor volume was only 40 mm3 

after 14 days’ treatment. The tumor inhibition rate of G5-CBMAA30-ICG+laser group 

was 96.6%, which was significantly higher than that of other experimental groups. In 

addition, Figure 5d showed the pictures of tumor removed from the mice bearing 

U14 tumor after sacrifice on 14th day. These results indicated that G5-CBMAA30-

ICG effectively inhibited tumor growth through the combination of PDT and PTT. 

Some researchers have also studied the dendrimer-based nanomedicine for PDT or 

PTT. Tang et al. encapsulated ICG in PAMAM modified with succinic anhydride, and 

further modified HA to synthesize HA-PAMAM-COOH-ICG (HPCI).[28] The tumor 

inhibition rate in the HPCI + NIR group was below 90% after 14 days’ treatment. Zan 

et al. uses PPEGMA-co-PHPMA-co-PADMA copolymer and PAMAM-CD 

dendrimer to prepare nanogels and use them to encapsulate ICG (INGs).[29] The 

tumor inhibition rate in the INGs+NIR group does not exceed 70%. The high tumor 

inhibition rate of G5-CBMAA30-ICG may be attributed to the zwitterionic modified 

CBMAA layer on the surface of the dendrimer. The zwitterionic layer avoided the 

rapid elimination of the drug in the body, thereby facilitating the enrichment of the 

nanodrug to the tumor site. 
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Figure 5. (a) Cell viabilities of HeLa cells treated with various concentrations of ICG 

and G5-CBMAA30-ICG; (b) body weight and (c) tumor volumes of tumor-bearing 

mice in different groups and (d) photograph of the tumors of mice after14 days 

2.5 Biodistribution study and biochemical indicators in vivo 

The distribution of G5-CBMAA30-ICG in tumor-bearing mice was monitored by 

the mouse optical imaging system in vivo. As shown in Figure 6a and b, in the free 

ICG group, the fluorescence signal at the tumor was relatively weak at 1, 3, and 24 h 

after injection, while the fluorescence signal at the liver was increased 3 h after the 

injection. In contrast, G5-CBMAA30-ICG had a more obvious tumor accumulation 

effect over time after 1 h, fluorescent signals were visible in the liver and tumor 

tissues. The accumulation of G5-CBMAA30-ICG in the tumor tissue further increased 

over time, and continuously enhanced fluorescent signal appeared at the tumor site 

after 1, 3, and 24 h. However, the fluorescent signal in the liver decreases over time
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this indicated that the drug continues to be enriched to the tumor site. Compared with 

free ICG, the stronger tumor targeting ability of G5-CBMAA30-ICG may be attributed 

to its longer circulation period, protein stability and suitable size in vivo. The size of 

G5-CBMAA30 carrier was 24.06 nm, which enables it to be efficiently enriched at 

tumor sites through the EPR effect. Additionally, the long circulation time and protein 

stability of zwitterionic G5-CBMAA30 allow it to avoid the rapid clearance and 

capture of the reticuloendothelial system. These improves the targeting tumor ability 

of G5-CBMAA30-ICG in vivo. 

 

 

Figure 6. Distribution of (a)free ICG and (b)G5-CBMAA30-ICG in different tissues at 

1, 3 and 24 h after tail vein injection; (c) AST and ALT in serum of mice after 14 days 

The drug carrier had good protein stability and biocompatibility in vitro. To further 

explore the toxicity of G5-CBMAA30-ICG in vivo, serum biochemical experiments 

were performed on mice. As shown in Figure 6c, the liver function markers AST and 

ALT of mice were detected. AST and ALT are important indicators of liver function 
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tests in medical clinics to determine whether the liver is damaged. When the liver is 

inflamed or damaged, it will cause high serum concentrations of AST and ALT. 

Through detection and analysis, the AST and ALT indicators of G5-CBMAA30-

ICG+Laser were not significantly different from those of the saline group. These 

results indicated that G5-CBMAA30- ICG did not cause rejection in the mouse liver in 

vivo. G5-CBMAA30-ICG can be used safely and effectively in antitumor in vivo. 

3 Conclusion 

In summary, the blood circulation time and antitumor ability of a new nanodrug 

based on zwitterionic dendrimer was reported. The zwitterionic layer on the surface of 

G5-CBMAAn imparted it good protein stability and biocompatibility. In addition, the 

concentration of G5-CBMAAn in plasma increased with the increasing thickness of 

the zwitterionic CBMAA layer on the surface. More importantly, G5-CBMAA30-ICG 

encapsulating ICG had good antitumor effects after laser irradiation due to PDT and 

PTT antitumor effect. The good antitumor performance of G5-CBMAA30-ICG was 

closely related to its effective targeting effect at the tumor site. The zwitterionic layer 

on the surface of G5-CBMAA30-ICG prevented the drug from being rapidly removed 

in the body and enabled it to be effectively enriched at the tumor site. The prepared 

G5-CBMAA30-ICG has great potential application in cancer treatment in the future. 
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