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γ-PGA-PAE nanomaterials were prepared by spontaneous assembly of γ-PGA through 
condensation reaction, and preparation process of nanomaterials was optimized. 
HCPT/PGA-PAE nanospheres were prepared by using 10-hydroxycamptothecin as 
embedding drug, and the nanospheres prepared under the optimal conditions were 
characterized. The results showed that γ-PGA-PAE nanomaterials were successfully 
prepared with spherical shape and uniform distribution. HCPT/PGA-PAE nanospheres had 
high encapsulation rate and drug loading. The optimization of the processing conditions of 
nanomaterials by response surface method (RSM) is a feasible method to improve the 
utilization rate of γ-PGA, which provides a theoretical basis for the synthesis of 
nanomaterials in the future. 
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1. Introduction 
 
Nanotechnology is beholding as congregating expertise of the recent times due to its 

structural constancy overages and its roles concerning every arena of science. Among the many 
nanoparticulate systems, micelle-like aggregates or nanoparticles formed with amphiphilic block- 
or graft- copolymers are currently being studied for possible application as protein carriers.  

γ-Polyglutamic acid (γ-PGA) is an environmentally friendly polymer material with a high 
molecular weight. It is easily dispersed, non-toxic, harmless, and edible [1]. It is used as a 
biological flocculant, drug carrier, and food additive in many fields [2-3]. Its use as a drug carrier 
is enhanced by its biodegradable properties and ability to assemble and disassemble under certain 
conditions, which enable the loading and release of therapeutic molecules [4-6]. PGA is a linear 
polymer that is easily hydrolyzed by acids [7]. Its unified molecular weight can be obtained by 
adjusting the hydrolysis time [8]; however, its low drug loading efficiency (below 30%) limits its 
use as a nano-drug carrier [9-10]. It is thus important to improve this aspect to enhance its 
application. 
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Many polymers, such as alginate [11], and short peptides [12], can be easily synthetically 
modified by the hydrophobic L-phenylalanine ethyl ester (PAE). PAE modifies PGA by ligating to 
its -COOH side chain [13]. Ideally, the amphiphilic PGA-PAE products self-assemble into micelles 
with a homogeneous diameter in aqueous solutions [14]. The modified γ-PGA side chains have a 
hydrophilic carboxyl group and a hydrophobic benzene ring, and thus self-assembles in the water 
phase to form amphiphilic nanoparticles. These nanoparticles are widely used because of their 
high drug loading capacity and bioavailability, good stability, and a wide range of drug loading 
[15-17], among other advantages. The nanoparticles are formed through self-assembly, and thus 
their particle sizes have some differences. These differences are reflected in their function and 
application range. As such, factors affecting the particle size should be explored to enhance their 
application range. 

Camptothecin is a natural ingredient isolated from the stem of Camptotheca acuminata 
[18]. It ranks second after paclitaxel as a natural strong anti-cancer compound [19-20]. 
10-Hydroxycamptothecin (HCPT) is a water-insoluble drug derived from Camptothecin [21-22]. 
Injections that are soluble in water after alkalization are the primary HCPT preparations used in 
clinical applications. This process leads to unstable preparations, which subsequently cause a 
decrease in anti-cancer activity and the short half-life of HCPT in vivo [23], thus significantly 
limiting the clinical application of HCPT [24]. Numerous scholars have explored transforming its 
new dosage form to improve its water solubility and anti-tumor effects and reduce its adverse 
reactions [25-27]. 

This study used self-synthesized PGA-PAE under an optimal process as the carrier and the 
hydrophobic core formed by γ-PGA and L-PAE condensation as a micro-drug library to improve 
the stability and availability of HCPT. The drug was encapsulated because of its poor solubility to 
protect the inner core from phagocytosis by the liver phagocytes. This modification caused a slow 
release of the drug in vivo [28], thus prolonging its half-life. The nano drug-loaded particle 
reduced the toxicity of the HCPT compound and enhanced its curative effect. 

 
 
2. Experimental 
 
2.1. Materials used 
γ-PGA was purchased from Wako Pure Chemical Industries Company. L-phenylalanine 

ethyl ester (L-PAE) and N-(3-Dimethylaminopropy)-N-ethylcarbodiimide hydrochloride (EDC) 
were sourced from Aladdin Reagent Company. 10-hydroxycamptothecin (HCPT) and N, 
N-dimethylformamide (DMF) were obtained from Dalian Meilun Biotechnology Company and 
Tianjin Komiou Chemical Reagent Company, respectively.  

 
2.2. Preparation of small molecule γ-PGA 
The macromolecular γ-PGA was degraded by high-temperature acid hydrolysis. The 

γ-PGA (0.5 g) was placed in a beaker, followed by the addition of ultrapure water (30.0 mL) and 1 
mol/L NaOH solution dropwise until the γ-PGA was completely dissolved. HCl (1 mol/L) was 
then slowly added to the γ-PGA solution, and the pH adjusted to 2.0. The PGA was subsequently 
hydrolyzed by heating the solution in a water bath set at 98 ℃ for 30 min, 45 min, 60 min, 75 min, 
and 90 min, respectively. The solution was then quickly placed on crushed ice to cool, and its pH 
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adjusted to 7.0. The solution was then centrifuged in an ultrafiltration centrifuge tube, then 
freeze-drying to obtain a small molecule γ-PGA. 

 
2.3. Polyacrylamide gel electrophoresis (SDS-PAGE) 
All samples were resolved using 12% separation gel (resolving gel) and 5% stacking gel 

[29]. After the conjugation experiments, all samples were mixed with SDS sample buffer (1:1 
ratio), heated for 3 min at 100 ℃, and then cooled down to room temperature. After that, 5 μL of 
protein marker and 20 μL of each sample were loaded into the wells. The separation gel was 
subjected to a pre-electrophoresis voltage of 75 V, which was then increased and maintained at 115 
V. The electrophoresis was stopped when the bromophenol blue indicator had 1-2 cm away from 
the front. The gel was then cut appropriately, fixed in a fixing solution [50% methyl alcohol (v/v) 
and 10% glacial acetic acid (v/v)] for 1 h, and then immersed in methylene blue staining solution 
on a shaker. Shaking was slowly done at room temperature for 2 h to stain the gel, followed by gel 
decolorization and capturing the gel imaging analysis system. 

 
2.4. Preparation of γ-PGA-PAE nanomaterials 
The catalyst EDC and L-PAE were added to the small molecule γ-PGA solution, and the 

reaction shook for different times. The reaction mixture was subsequently centrifuged to remove 
the supernatant, and the pellet was washed thrice using ultrapure water to remove the unreacted 
substances. The pellet, which was the γ-PGA-PAE nanomaterials, was then freeze-dried and 
stored. 

 
2.5. Single-factor test 
The single factor test was employed to explore the process conditions for preparing the 

γ-PGA-PAE nanomaterials. Table 1 shows the test design, including the influencing factors, units, 
and test levels. 

 
Table 1. The single factor test design. 

 
Variable Unit Level 

1 2 3 4 5 
γ-PGA quality g 0.025 0.05 0.1 0.2 0.3 
EDC quality g 0.01 0.03 0.07 0.10 0.15 

L-PAE quality g 0.005 0.01 0.02 0.05 0.10 
Temperature ℃ 20 30 37 45 50 

Time h 12 24 32 48 60 
Rotational speed r/min 0 70 140 200 250 

 
 
2.6. Plackett-Burman experimental design 
The test was designed using the Design-Expert 8.0 software. γ-PGA quality, EDC quality, 

L-PAE quality, temperature, rotational speed, and time were selected based on the single-factor test 
results as the evaluation factors during the nanoparticles preparation process.  

 

https://fanyi.so.com/?src=onebox#methyl%20alcohol
https://fanyi.so.com/?src=onebox#glacial%20acetic%20acid
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The particle size Y was used as the response value, with each factor expressed as a high 
value (+1) and a low value (-1). Table 2 outlines the design factors and levels of the PB test. 

 
Table 2. Levels and experimental factors of Plackett-Burman design. 

 
Variable 

code 
Variable Unit Level 

Low value (-1) High value (+1) 
A γ-PGA quality g 0.2 0.25 
B EDC quality g 0.03 0.04 
C L-PAE quality g 0.05 0.0625 
D Temperature ℃ 37 45 
E Rotational speed r/min 140 200 
F Time h 24 32 

 
 
2.7. Central Composite Design test 
The test was designed using the Design-Expert 8.0 software. Three factors: γ-PGA quality, 

L-PAE quality, and rotational speed, that significantly affected the nanoparticles preparation 
process were selected based on the PB test results as the independent variables. The particle size Y 
of the nanoparticles was used as the response value. Table 3 outlines the design factors and levels 
of the CCD test. 

 
Table 3. Factors and levels of central composite design. 

 
Variable 

code 
Components Unit Level 

-1.682 -1 0 1 1.682 
A γ-PGA quality g 0.1659 0.2 0.25 0.3 0.3341 
B L-PAE quality g 0.041 0.05 0.0625 0.08 0.092 
C Rotational speed r/min 99.08 140 200 250 284.1 

 
 
2.8. Preparation of HCPT/PGA-PAE nanospheres  
The HCPT/PGA-PAE nanospheres were prepared by a precipitation and dialysis method. 

The γ-PGA-PAE nanomaterials (20.0 mg) and HCPT (5.0 mg) were dissolved in 10 mL of DMF 
solution, transferred to a dialysis bag, and dialyzed for 24 h. The nano-microsphere solution in the 
dialysis bag was subsequently filtered through a 0.45 μm filter, freeze-dried, and stored at -4 ℃. 

 
2.9. Morphology 
 γ-PGA-PAE nanomaterials and HCPT/PGA-PAE nanospheres were first diluted to 1 g/L, 

followed by dropping 10 μL of the diluted sample on a plasma-cleaned copper mesh. It was left to 
dry for 10 min, after which the excess sample was sucked, followed by staining the copper mesh 
with 10 μL of phosphotungstic acid for 1 min. The excess dye solution was let to air-dry naturally, 
followed by observation of the staining shape using a transmission electron microscope. 
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2.10. Determination of size distribution and Zeta potential  
γ-PGA-PAE nanomaterials and HCPT/PGA-PAE nanospheres were dispersed in ultrapure 

water, and their particle size distribution, particle dispersion index (PDI) and Zeta potential were 
analyzed using a nanoparticle size analyzer. 

 
2.11. Fourier transform infrared (FT-IR) spectroscopy  
γ-PGA, γ-PGA-PAE nanomaterials, HCPT and HCPT/PGA-PAE nanospheres were 

freeze-dried, dried and ground to form a powder of the specified size, measured by KBr wafer 
pressing and then by transmission by infrared spectrometer at room temperature, scanning in a 
wavenumber range of 400-4000 cm-1. 

 
2.12. Drug loading efficiency (DLE) and drug loading content (DLC) 
Varying concentrations of DMF-based HCPT solutions were prepared and used to 

construct a standard curve. HCPT/PGA-PAE nanospheres were dissolved in DMF solution, mixed 
evenly, and their absorbance was measured at a wavelength of 367 nm using an ultraviolet 
spectrophotometer. The HCPT content was finally calculated based on the equation of the 
constructed standard curve. The formulas used to calculate the DLE and DLC percentages were: 

 

100% ×
loadingfor  drug ofamount  feeding initial 

particlesin  drug ofamount  loadingDLE(%) =
             

(1) 

 

100% ×
particles of weight  total

particlesin  drug ofamount  loadingDLC(%) =
               

(2)
 

 

 
2.13. Data analysis 
The response surface experimental design was carried out using the Design-Expert v8.0 

software. Data were analyzed using the SPSS v23.0 software. The drawings were subsequently 
done using GraphPad Prism v8.0.2. 

 
 
3. Results and discussion 
 
3.1. Preparation of small molecule γ-PGA 
γ-PGA is an outstanding candidate among the natural macro-molecule nano-carriers due to 

its unique feature. Compared to others, the molecular weight of γ-PGA is relatively easy to control 
by acid hydrolysis [8]. Fig. 1 shows the SDS-PAGE electrophoresis results of the hydrolyzed small 
molecule γ-PGA. The molecular weight distribution of the small molecule γ-PGA was different 
with different hydrolysis times. The γ-PGA was hydrolyzed at 98 ℃ after 90 min to small 
molecule PGA with the distribution range of 10.5-29 kD (lane 6). This finding agrees with that of 
Chen et al.'s [13], who found that the small molecule γ-PGA could be obtained by hydrolyzing for 
30 min, while our study took 90 min, which may be due to the different sources of the 
macromolecule γ-PGA, or the different types and concentrations of acids. Follow-up experiments 
thus used the small molecule γ-PGA after 90 min of hydrolysis as the carrier of nanomaterials.  
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Fig.1. The SDS-PAGE results of γ-PGA; 1: Unhydrolyzed γ-PGA, 2: Hydrolyzed for 30 min, 3: 
Hydrolyzed for 45 min, 4: Hydrolyzed for 60 min, 5: Hydrolyzed for 75 min, 6: Hydrolyzed for 90 

min. 
 
 
3.2. Single-factor test results 
Amphiphilic graft copolymers composed of γ-PGA as the hydrophilic backbone and 

L-PAE as the hydrophobic segment were successfully synthesized by grafting L-PAE onto γ-PGA 
using water-soluble carbodiimide. Due to their amphiphilic properties, the γ-PGA-PAE 
copolymers were able to form nanoparticles [30].  

In this study, with the increase of the main drug concentration, the nanomaterials size 
showed a change similar to "U", which first decreased and then increased. It may be because when 
the concentration of the main drug is small, there is a certain chance of combining the 
nanomaterials, and the nanomaterials size is reduced to a certain extent; when a certain drug 
concentration is reached, the drugs are in a better state, the combination is more sufficient, and the 
nanomaterials size reaches the test. As the drug concentration further increases, the viscosity of the 
liquid increases on the one hand, and on the other hand, the distance between the drugs is too close, 
which affects the binding effect between the nanomaterials, and the nanomaterials size rebounds. 
In the process of increasing the rotational speed, the nanomaterials size decreases first, and then 
increases again. It may be that at a lower rotational speed, the system does not have enough kinetic 
energy, the collision effect between the nanomaterials is weak, and the nanomaterials size is larger; 
as the rotational speed increases, the kinetic energy increases, and the nanomaterials size gradually 
decreases; after reaching a high speed, the nanomaterials size begins to become larger. The 
possible reason is that the high speed causes some particles to move along the wall due to 
centrifugal action, which reduces the operation between nanomaterials resulting in the final result. 
The increase of temperature is beneficial to the formation of nanomaterials, but considering the 
stability of the drug, the temperature should not be too high, and when the temperature rises to a 
certain extent, the particle size of the drug also increases. 

According to the single-factor test results (Table 4), follow-up tests used 0.2 g of γ-PGA, 
0.03 g of EDC, 0.05 g of L-PAE, 37 ℃ of the temperature, 32 h of the time, and 140 r/min of the 
rotational speed as the conditions of nanomaterials. 
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Table 4. Single-factor test results. 
 

Variable Level Particle size
（nm） 

Variable Level Particle size 
（nm） 

γ-PGA quality 
 (g) 

0.025 421.8±8.4 Temperature 
(℃) 

20 390.6±6.8 
0.05 376.2±7.6 30 355.9±8.5 
0.1 333.2±8.2 37 187.5±5.3 
0.2 294.7±4.6 45 428.0±9.6 
0.3 566.3±9.8 50 587.0±12.1 

EDC quality 
(g) 

0.01 376.7±8.9 Time 
(h) 

12 463.6±10.8 
0.03 242.1±4.6 24 308.2±9.2 
0.07 399.9±7.9 32 288.5±4.8 
0.10 494.0±10.0 48 348.6±5.7 
0.15 622.5±9.7 60 563.7±13.8 

L-PAE quality 
(g) 

0.005 416.3±5.7 Rotational 
speed 

(r/min) 

0 565.9±9.6 
0.01 393.3±5.3 70 363.4±8.4 
0.02 335.3±4.9 140 146.5±5.1 
0.05 295.8±4.6 200 309.0±6.5 
0.10 415.1±8.7 250 584.4±8.7 

 
 
 
3.3. Plackett–Burman design 
Table 5 outlines the PB experiment design and its results obtained based on the single 

factor experiment. The F and P values of the model were 18.62 and 0.0028 (P < 0.01), respectively, 
suggesting that the model had a great significance (Tab. 6). The model's determination coefficient 
R2 was 0.9572, indicating that it could explain 95.72% of the experimental data. In addition, the 
adjusted determination coefficient R2adj was 0.9058 (both connected to 1), with a signal-to-noise 
ratio of 14.179 (> 4), indicating that the model had good predictive power. The significant degree 
of the influence of each variable on the particle size of the nanomaterials was E>A>C>D>F>B. 
The model fitting equation that was obtained after analyzing the data in Table 6 was: 
Y=216.09-28.46A-3.86 B-20.24C+6.16D-44.11E-4.28F. 
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Table 5. Design and results of Plackett-Burman experiments. 
 

Run A B C D E F Y  
Particle size 

1 1 1 -1 1 1 -1 151.4 
2 -1 -1 -1 1 1 1 246.0 
3 1 1 -1 1 -1 -1 277.5 
4 1 -1 1 -1 -1 -1 226.6 
5 -1 -1 -1 -1 -1 -1 294.7 
6 -1 -1 1 1 1 -1 191.5 
7 1 -1 -1 -1 1 1 153.1 
8 1 1 1 -1 1 1 109.4 
9 -1 1 1 1 -1 1 259.3 

10 1 -1 1 1 -1 1 207.8 
11 -1 1 -1 -1 -1 1 295.3 
12 -1 1 1 -1 1 -1 180.5 

 
 

Table 6. Regression analysis results of Plackett-Burman experiments. 
 

Source Squares df Square F value P value 
Model 38834.81 6 6472.47 18.62 0.0028* 

A 9718.52 1 9718.52 27.96 0.0032* 
B 178.64 1 178.64 0.51 0.5055 
C 4916.70 1 4916.70 14.15 0.0131* 
D 455.10 1 455.10 1.31 0.3043 
E 23346.54 1 23346.54 67.18 0.0004* 
F 219.31 1 219.31 0.63 0.4630 

Residual 1737.64 5 347.53   
Cor total 40572.45 11    

Note: *P value < 0.05 considered to be statistically significant 
 
 
 
3.4. Central Composite Design 
Table 7 shows the CCD test design levels and the response value results of the 

nanomaterials size based on the PB test. 
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Table 7. Design and results of central composite design experiments. 
 

Run A B C Y 
Particle size 

1 1.682 0 0 122.5 
2 1 -1 1 148.4 
3 -1 1 1 191.5 
4 0 0 0 255.8 
5 0 0 1.682 207.3 
6 0 0 0 259.3 
7 1 -1 -1 116.5 
8 0 0 0 268.4 
9 0 1.682 0 218.1 

10 -1 1 -1 197.8 
11 0 -1.682 0 124.0 
12 0 0 0 238.3 
13 0 0 -1.682 142.7 
14 -1 -1 -1 119.6 
15 0 0 0 238.0 
16 1 1 1 186.6 
17 1 1 -1 193.9 
18 -1.682 0 0 133.6 
19 0 0 0 229.5 
20 -1 -1 1 197.0 

 
 

Table 8. Results of the regression analysis of central composite design experiments. 
 

Source Squares df Square F value P value 
Model 46675.44 9 5175.05 20.36 ＜0.0001* 

A 458.93 1 458.93 1.81 0.2087 
B 8794.23 1 8794.23 34.60 0.0002* 
C 3057.54 1 3057.54 12.03 0.0060* 

AB 230.05 1 230.05 0.91 0.3638 
AC 270.28 1 270.28 1.06 0.3267 
BC 1888.05 1 1888.05 7.43 0.0214* 
A2 21959.10 1 21959.10 86.41 ＜0.0001* 
B2 8185.34 1 8185.34 32.21 0.0002* 
C2 7254.15 1 7254.15 28.54 0.0003* 

Residual 2541.15 10 254.13   
Lack of fit 1400.60 5 280.10 1.23 0.4137 
Cor total 49116.79 19    

Note：*P value < 0.05 considered to be statistically significant 
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The difference of the regression model was extremely significant (Tab. 8; P < 0.0001). The 

model’s determination coefficient R2 was 0.9483, whereas its adjusted coefficient of determination 
R2adj was 0.9017. Though R2adj was close to R2, the value had decreased, suggesting that the 
model had an insignificant signal-to-noise ratio of 12.983 (> 4) and thus had a strong predictive 
ability. There were no significant differences in the model’s lack-of-fitting terms (P = 0.4137 > 
0.05), indicating that it had a good degree of fit. This finding strongly suggested that the CCD 
experimental design was reliable. The model fitting equation obtained after analyzing the data in 
Table 8 was: 

Y=247.89-5.80A+25.38B+14.96C+5.36AB-5.81AC-15.36BC-39.04A2-23.83B2-22.44C2. 
Variables B and C, interaction term BC and two interaction terms of each variable (A2, B2, and C2) 
had a significant effect on the particle size of the nanomaterials (P < 0.05). 

 
3.5. Response surface interaction analysis 
Fig. 2 shows the influence of various factors and interactions on the particle size of the 

nanomaterials. The interaction relationship between the variables in the regression model is 
evident from the 3D response surface plot. The ellipse indicates that the interaction between the 
variables has a significant impact, whereas the circle indicates no significant impact. There was an 
elliptical interaction between L-PAE quality and the speed in the contour map, indicating 
significant interaction (P < 0.05). 

To usage of conservative ways of optimization of biogenic synthesis of nanomaterials by 
changing one factor at a time like temperature, time, rotational speed, γ-PGA quality, L-PAE 
quality and EDC quality by keeping other factors constant is difficult, dull, cost-inefficient, long, 
and likewise incapable to govern reciprocated interactive properties of diverse factors.  

RSM method uses mathematical laws and statistics to analyze problems involving many 
independent variables. RSM aims to achieve the best performance by finding the best values for 
the variables. The regression model also provides a relationship between the variables and process 
response, which can be used to predict system response when process parameters change. When 
plotted as a response against any two process parameters, the regression model represents the 
surface geometrically. These plots illustrate visually the relationship between response and process 
parameters. Then, from these contour figures, the optimal values for the parameters affecting the 
system performance can be visually reported [31]. Multivariate practices are available for 
experimental designs, which are Box-Behnken Design (BBD), Central Composite Design (CCD), 
and Doehlert Matrix (DM). In terms of efficiency of design, CCD is more efcient as compared to 
BBD and DM [32]. A response surface methodology was applied by Ruby Gupta [33] to obtain 
ferrite nanoparticles. 
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Fig. 2. The influence of the interaction of various factors on the particle size of nanomaterials. 
 
 
The optimal particle size of nanomaterials in the CCD experiment could be predicted 

using 0.2 g of γ-PGA, 0.08 g of L-PAE, a rotational speed of 140 r/min, and a nanomaterial size of 
182.78 nm. Six factors causing particle size changes during the synthesis of nanomaterials were 
selected. The optimal process conditions for determining the particle sizes of the nanomaterials 
were obtained through single factor tests and response surface test optimizations. The particle size 
of the nanomaterials obtained herein was consistent with those of Chen [13]. 

 
3.6. Size distribution and Zeta potential  
Encapsulation is a process used to protect bioactive compounds from degradation, increase 

their bioactivity, and modify their physical properties. Recent advances in biopolymer delivery 
systems have been based on encapsulating bioactive molecules within nanomaterials, which have 
the advantage of small size [34]. 

The particle size was in the scope of nanomedicine, therefore, their size is an important 
factor affecting treatment efficiency [35]. Currently, nanospheres of less than 400 nm are used in 
clinical applications. This scale range is more suitable for particles required for blood circulation 
[36-37]. In addition, the PDI measures the molecular weight distribution of polymers, and a 
smaller PDI means a uniform distribution. In general, a value lower than 0.3 was considered as 
good polymer dispersion [38]. The results of the particle size for of γ-PGA-PAE nanomaterials and 
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HCPT/PGA-PAE nanospheres are shown in Fig. 3. Based on Fig. 3, the average particle size of 
γ-PGA-PAE nanomaterials were 146.5±2.3 nm (Fig. 3A), with a PDI of 0.243±0.013, whereas the 
HCPT/PGA-PAE nanospheres were normally distributed with an average size of 124.0±5.8 nm 
(Fig. 3B) and a PDI of 0.282±0.021. These findings indicated that the HCPT/PGA-PAE 
nanospheres had a better dispersibility and stability than the γ-PGA-PAE nanomaterials. Moreover, 
they had a relatively uniform size distribution. The PDI values in all experiments was around 0.2, 
remaining below 0.3, which is regarded as the value necessary for satisfying particle distribution 
and uniformity.  

The zeta potential can be regarded as an indicator of the stability of a dispersion system. A 
higher zeta potential makes particles repel one another, resulting in a more stable dispersion [39]. 
Generally, the border between a stable and an unstable system in aqueous phase is regarded as +30 
or -30 mV [40]. The Zeta potential of the HCPT/PGA-PAE nanospheres was -27.58 mV, whereas 
that of the γ-PGA-PAE nanomaterials was -15.48 mV. The absolute value of the Zeta potential 
increased, indicating that the HCPT/PGA-PAE nanospheres had excellent stability. It is precisely 
because the zeta potential of the HCPT/PGA-PAE nanospheres was high enough to support that 
these nanospheres could not aggregate much in aqueous state in general and in physiologically 
relevant media in particular [41]. This negative charge of γ-PGA-PAE nanomaterials surfaces is 
due to the carboxyl groups of γ-PGA. The structure of the nanomaterials is a core-shell type with a 
L-PAE core and an outer γ-PGA shell. However, as compared to amphiphilic block copolymers, 
these γ-PGA-PAE nanomaterials possess a very short hydrophobic domain. As a result, it is 
suggested that the core of nanomaterials consists not only of L-PAE, but also of the γ-PGA that 
makes up the main chain. Hydrophilic domains are either exposed to aqueous solvents or to low 
levels of hydrophilic domains within nanomaterials. This finding agrees with that of Akagi et al.'s 
[42], who synthesized 200 nm-sized nanoparticles by a precipitation method consisting of γ-PGA 
as the hydrophilic backbone and L-PAE as the hydrophobic side chain. Shen et al. [43] reported 
the average particle size of nanoparticle fabricated with γ-PGA and L-PAE was 79±18 nm, with a 
PDI of 0.18.  

 
 

  
Fig. 3. The size distribution of γ-PGA-PAE nanomaterials and HCPT/PGA-PAE nanospheres.  

A: γ-PGA-PAE nanomaterials, B: HCPT/PGA-PAE nanospheres. 
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3.7. Morphology 
Fig. 4 showed the transmission electron microscopy results of γ-PGA-PAE nanomaterials 

and HCPT/PGA-PAE nanospheres. The γ-PGA-PAE nanomaterials had uniform size, a core 
structure, were spherical or elliptical, uniformly dispersed, and a central hydrophobic core (Fig. 4A 
and B). They were surrounded by a black-gray hydrophilic shell and had a diameter of about 100 
nm, which was in accordance with the result of a nanoparticle size analyzer.  

Fig. 4C and D showed the uniformly dispersed HCPT/PGA-PAE nanospheres with a 
diameter of about 80 nm. The HCPT/PGA-PAE nanospheres were a typical spherical structure in 
TEM images, and there was no aggregation or adhesion between each other. The HCPT/PGA-PAE 
nanospheres were significantly smaller than the γ-PGA-PAE nanomaterials, which consistent with 
the variation of the particle size, further confirmed the particle size measurement. However, the 
particles size obtained from the TEM image was different from a nanoparticle size analyzer data. 
This difference can be attributed to change in particle size between the dried and hydrated states. 
In the case of TEM, the TEM image represents the particle size in a dried sample, whereas a 
nanoparticle size analyzer method entails measurement of the particle size in a hydrated state [42]. 

 

 

(a)                                         (b) 

 

(c)                                          (d) 
 

Fig. 4. TEM images of γ-PGA-PAE nanomaterials and HCPT/PGA-PAE nanospheres. 
A and B: γ-PGA-PAE nanomaterials; C and D: HCPT/PGA-PAE nanospheres. 
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3.8. FT-IR spectrum scanning  
Fig. 5 shows FT-IR spectra of γ-PGA, γ-PGA-PAE nanomaterials, HCPT and 

HCPT/PGA-PAE nanospheres. The γ-PGA-PAE nanomaterials is made by the amidation reaction 
of the -COOH on the γ-PGA backbone with the -NH2 on the L-PAE. In the FTIR spectrum of 
γ-PGA, the peak of 3280 cm-1 corresponds to the -OH bond, the peaks of 2920 cm-1 correspond to 
the -NH bond, and the peaks of 1530 cm-1 correspond to C-N bond. After L-PAE modification, a 
new peak appeared at 1640 cm-1, a characteristic peak of -C=O on the amide bond, indicating that 
the γ-PGA-PAE nanomaterials was successfully prepared. For HCPT, the strong peak at 1745 cm-1 
arises from the -C=O stretching vibration of the terminal lactone ring, the characteristic band at 
1655 cm-1 is assigned to the stretching vibration of acylamino group, and the peaks at 1582 and 
1501 cm-1 are corresponding to the skeletal vibrations of aromatic ring [44]. Compared to 
γ-PGA-PAE nanomaterials, the peak at approximately 1658 cm-1 1 for -C=O on the amide bond 
became sharper and shifted to lower wave numbers in HCPT/PGA-PAE nanospheres. In addition, 
the peak at 1743 cm-1 corresponding to the lactone ring of HCPT remains in the spectrum, 
indicating that the HCPT moieties as their lactone form exist in the HCPT/PGA-PAE nanospheres. 
The results were in agreement with the findings regarding the loading of HCPT into nanospheres 
by other previous studies [45-47]. 

 

 
 

Fig. 5. FT-IR spectrum scanning. 
 

 
3.9. DLE and DLC of the HCPT/PGA-PAE nanospheres 
Table 9 highlights the yield, encapsulation efficiency, DLE and DLC of the 

HCPT/PGA-PAE nanospheres obtained during the preparation process. Their encapsulation rate on 
the drug was 47.20%, with a drug loading content of 15.73%. The membrane dialysis method used 
in this study for self-assembling HCPT/PGA-PAE nanospheres does not require dispersants and 
chemical stabilizers. The micelle preparation efficiency is high, and organic solvents such as DMF 
can be removed during dialysis [48]. The drug loading content in this study was significantly 
higher than that of the HCPT sustained-release nanospheres prepared by Yao [49], (1.22%) using 
the adsorption-coating method. 
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Table 9. The yield, entrapment efficiency, DLE and DLC of the product. 
 

 The yield 
(mg) 

encapsulation efficiency 
(%) 

DLE 
(%) 

DLC 
(%) 

γ-PGA-PAE 119.10 38.42 — — 
HCPT/PGA-PAE 15.01 60.04 47.20 15.73 
 

 
4. Conclusions 
 
This study successfully formed nanospheres through condensation of hydrophilic γ-PGA 

and hydrophobic L-PAE in a preparation optimized by changing the influencing factors. The 
HCPT was subsequently encapsulated with the nanomaterials prepared using the optimal 
technology to form nanospheres. The encapsulation rate was 47.20%, whereas the drug loading 
content was 15.73%. Therefore, all of the experiments within the design resulted in acceptable 
physicochemical properties of HCPT/PGA-PAE nanospheres and can be considered adequate 
preparation conditions for optimizing γ-PGA-PAE nanomaterials by RSM. This study provides a 
new and effective way for tumor treatment. 
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