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Abstract 

A series of poly(L-lactide)-grafted gelatin (Gel-g-PLLA) copolymers were synthesized by 

coupling the amino of gelatin and the carboxyl of carboxyl-terminated poly(L-lactic acid) 

(PLLA-COOH) in the presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC) and N-hydroxysuccinimide (NHS). According to the fourier transform 

infrared (FT-IR) and nuclear magnetic resonance (1H NMR) results, the successful bonding 

between gelatin and PLLA was confirmed. The effect of the gelatin length over the micelles 

was evaluated by the self-assembly behavior. The size and micellar morphology were 

determined by dynamic light scattering (DLS) as well as transmission electron microscopy 

(TEM). Meanwhile, the in vitro drug-release behavior revealed that the synthesized Gel-g-

PLLA micelle showed excellent sustained-release properties at different lengths of gelatin when 

used as the carriers of the anticancer drug paclitaxel (PTX). PTX in the micelles exhibited a 

burst release about 70% in the first 24 h. All of the mentioned attractive features, together with 

the superior biocompatibility, make the present micelles a remarkable potential drug delivery 

system for cancer therapy. 

Key words: nanomaterials, gelatin, PLLA, self-assembly, drug release 

1.Introduction 

Gelatin, a natural hydrophilic macromolecule obtained by partial hydrolysis of collagen 

extracted from skin, bones, cartilage, ligaments [1, 2], is composed of amino acids with peptide 

linkages. Thence, gelatin does not produce harmful byproducts during in vivo degradation [2]. 

Its inherent electrostatic binding properties, excellent biocompatibility, biodegradability, and 

non-toxicity [3] lead to its being widely used in pharmaceutical, cosmetic, tissue engineering 

and regenerative medicine [4, 5]. Another advantage of using gelatin to design biomaterials 

originates from its rich functional groups, such as hydroxyl, amine, and carboxyl groups [6, 7], 

because these groups can be used for further chemical grafting, inducing hydrophilicity, and 

providing protons [3]. 

Gelatin microsphere was largely used as a delivery vehicle of many drugs as it can form ionic 

complexes with charged hydrophilic therapeutic drugs such as proteins, nucleotides and 

polysaccharides [8, 9]. Although gelatin has wide applications, there are many drugs such as 

PTX, which are difficult to be embedded in gelatin microspheres. In previous studies, it has 
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been reported that amphiphilic polymer micelles used for drug delivery form a hydrophobic 

core, in which lipophilic drugs can be physically incorporated [10, 11]. Similar to gelatin 

microspheres, nano-micelles have many unique advantages as drug carriers such as sustained 

or controlled release, and targeting properties because of their nanoscale size [5, 12-15]. 

Therefore, great efforts have been made to explore the synthesis and self-assembly behavior of 

different types of amphiphilic polymers. 

Poly(L-lactic acid) (PLLA), a synthetic polyester, has desirable biocompatibility, 

biodegradability, nontoxicity, and good mechanical properties [16-20]. Normally, PLLA is 

polymerized by L-lactic acid which is primarily derived from corn starch [21-23]. PLLA have 

been widely used as versatile biomaterials in many fields such as medical tissue engineering 

scaffolds [24, 25] and controlled drug release systems [26]. However, PLLA has the following 

disadvantages, which limit its application in the field of biomedical materials: 1) it contains a 

large amount of ester groups, resulting in its high hydrophobicity, lack of reactive groups on 

the surface, and poor adhesion to cells; 2) its degradation rate is difficult to control, the 

degradation products of it are acidic, and the affinity of the products to the cells is poor [22, 27-

29]. In order to adjust its physicochemical properties and increase its hydrophilicity, PLLA can 

be copolymerized with hydrophilic polymers so that to create amphiphilic copolymers. At 

present, many such copolymers based on PLLA have been developed, and in vivo and in vitro 

properties of them have been studied [26-29]. PLLA commonly used as a hydrophobic segment 

to synthesize amphiphilic block copolymers with hydrophilic segments such as PNIPAAm and 

PEG. Recently, several PLLA-PEG [26, 27, 30, 31] and PLLA-PNIPAAm[28] block 

copolymers micelles have been reported. However, these hydrophilic segments are synthetic. 

Given success applications of graft copolymer [32-34], we design a novel fully biodegradable 

and biocompatible micelles system based on the amphiphilic graft copolymers of PLLA and 

gelatin, Gel-g-PLLA, which takes advantages of the unique strengths of both PLLA and gelatin. 

Carboxyl-terminated PLLA (PLLA-COOH) was obtained by ringing opening polymerization 

of L-lactide (LLA). PLLA was grafted to gelatin by coupling agents EDC and NHS. EDC/NHS 

activation of carboxyl has been widely applied to the synthesis of various polymers [35]. We 

investigated the structure and self-assembly behavior of Gel-g-PLLA. We synthesized several 

Gel-g-PLLA samples using gelatin with different molecular weight and different ratio of 
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EDC/NHS. Then, we investigated the drug release behavior of drug-loaded Gel-g-PLLA 

micelles with the aim to prepare the micelles with desired release properties as clinical 

medicines. 

2.Experimental section 

2.1. Materials 

L-lactide (LLA, SCRC, 98%) was purified by recrystallization in ethyl acetate for three times. 

After filtering, the solid was washing with diethyl ether prior to drying in vacuum at 40 °C for 

three days. Ethyl acetate (Greagent, 99.5%), dichloromethane (Greagent, 99.5%), diethyl ether 

(Greagent, 99.0%), EDC (Aladdin, 98.0%), NHS (Aladdin, 98.0%), dimethylsulfoxide (DMSO, 

Adamas, 99.9%) and phosphate-buffered saline (PBS, pH = 7.4) were used without further 

purification. Gelatin (𝑀n = 32247 g mol-1, PDI = 2.79) was supplied by Raybo Biotech Company 

(Sichuan, China) and used for further process. PTX was obtained from Techwell 

Biopharmaceutical Ltd. (Shanghai, China). Dialysis membrane tube (molecular weight cut off, 

MWCO=3500, 7000 g mol-1) were obtained from Spectrumlabs and used as received.  

2.2. Characterization 

Fourier Transform infrared spectroscopy (FTIR) spectra were recorded on a Bruker Tensor 27 

spectrometer at frequencies ranging from 4000 to 400 cm-1 with a resolution of 4 cm-1 at room 

temperature. The samples were obtained by mixing the powder with KBr crystals and pressing 

the powder into pellets. 

Nuclear magnetic resonance (1H NMR) spectroscopy were recorded on a Bruker DRX-400 

spectrometer at room temperature. DMSO-d6 (Adamas) was used as the solvent, and 

tetramethylsilane (THF) was used as the internal reference. The number-average molecular 

weight of tactic polymer can be calculated from the 1H NMR spectra. 

Gel permeation chromatography (GPC) analysis was performed using a Shimadzu apparatus 

equipped with a refractive index (RI) detector. 1) THF was used as the solvent at a flow rate of 

1 mL min−1. 50 μL of 1.0 w/v% solution were injected for each analysis. The system was 

calibrated with polystyrene (PS) standards with molecular weights of 500 to 4×106 g mol−1. 

2)H2O was used as the solvent at a flow rate of 1 mL min−1. 50 μL of 1.0 w/v% solution were 

injected for each analysis. The system was calibrated with polyethylene glycol (PEG) standards 

with molecular weights of 500 to 1×106 g mol−1. 
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Dynamic light scattering (DLS) was examined using a Zetasizer Nano ZS (Malvern Instrument) 

equipped with a HeNe laser (λ = 633 nm) at room temperature with 90 °C scattering angle. 

Several aqueous solutions of copolymers with a concentration of 2.0 mg mL−1 were filtered 

through a 0.45 µm PES filter before measurements to remove impurities. The size distributions 

were obtained from the correlation functions, and the data were analyzed by the Malvern 

Zetasizer software. 

Transmission electron microscopy (TEM) was performed on a Tecnai G2 20 TWIN, (FEI, 

America) instrument with 200 kV accelerating voltage. 5 µL of micellar solution at a 

concentration of 1.0 mg mL−1 were dropped onto a carbon coated copper grid, and air dried 

before measurements. 

The critical micelle concentration (CMC) was determined on a Force Tensiometer-Kruss100, 

which is used for analyzing surfactants and solid surfaces. Aqueous solutions of the graft 

copolymers were prepared in deionized water with concentrations ranging from 0.001 to 1.0 

mg mL−1, and were incubated overnight. The Surface tension of the solutions was measured at 

25 °C with the plate method of CMC measurement. The surface tension was recorded 3 times 

with each concentration. The CMC was taken as the low point of regression lines from the plots 

of the Surface tension against the graft copolymer concentration. 

High Performance Liquid Chromatography (HPLC) was performed with a LC-10A apparatus 

(Shimadzu) equipped with a UV detection (SPD-10A, Shimadzu) and a 218MR54 column 

(4.6×250 mm, pore size 5 µm, C18, Vydac, USA). The detection wavelength was 227 nm. The 

sample solution of mobile phase (acetonitrile/water 55:45 v/v) was filtered through 0.22 µm 

filter before injection. The flow rate was 1.0 ml/min. The retention time was controlled at 11.8 

min, and the calibration curve was linear in the range of 0.05-20 mg L-1 with a correlation 

coefficient of R2=0.999. The area of each eluted peak was integrated and used for PTX 

quantification. 

2.3. Thermal degradation of low molecular weight (LMW) gelatin 

Gelatin solution was prepared by swelling gelatin particles (40 g) in the deionized water (300 

mL) and dissolving at 100 °C in a flask equipped with a magnetic stirrer and a thermometer. 

After several hours (2,4,6,8,10 and 12 h), 50 mL of the solution was collected and cooling, 

respectively. Then, the resulting solutions were lyophilized to yield gelatin in the form of solid.  
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2.4. Synthesis of PLLA-COOH 

PLLA-COOH was synthesized by ROP of LLA, with zinc lactate as catalyst and H2O as initiator. 

The monomers (9.94 g, 69 mmol), catalyst (0.01 g, 0.41 mmol) and initiator (0.06 g, 3.33 mmol) 

were loaded in the polymerization tube (10 mL). The polymerization was reacting at 140 °C for 

4 h under vacuum. Finally, at preset action sampling time, the simple purification via the 

dissolution in dichloromethane and the precipitation in ethanol gave a white powder after being 

dried under vacuum at 37 °C to a constant weight. 

2.5. Synthesis of Gel-g-PLLA copolymers 

Firstly, 0.56g degraded gelatin was dissolved in 20 mL deionized water at 45 °C to form a 

transparent solution. Then, 0.2 g PLLA-COOH was dissolved in 20 mL DMSO at 30 °C in a 

flask equipped with a magnetic stirrer and a thermometer (pH=7). The carboxyl of PLLA-

COOH was needed to be activated by reacting with EDC. Besides, the procedure required NHS 

for stabilization. Briefly, 48 mg EDC was added to the solution. After reacting for 10 minutes, 

7.2 mg NHS was added and the solution was stirred for 2h at 30 °C. The degraded gelatin 

aqueous solution was then dropwise added into the above mixture with continuous stirring for 

16 h. The resulting solution was purified by dialysis through the dialysis membrane tube 

(MWCO 3500 g mol−1) in deionized water for 3 days. Finally, after filtering the mixture solution, 

the solid product was obtained through the vacuum freeze-drying equipment. 

2.6. Preparation of PTX-loaded Gel-g-PLLA micelles 

The PTX-loaded micelle was obtained by direct dissolution method to encapsulate PTX within 

Gel-g-PLLA micelles. Firstly, 1 mg PTX (2%) and 50 mg dry copolymer of Gel-g-PLLA were 

mixed in deionized water in a beaker at room temperature. Afterwards, the suspension was 

under continuous stirring for 24 h, yielding self-assembled micelles at room temperature. 

Unloaded PTX was separated by filtering through filter membrane (0.45μm) and then stored at 

4 °C before use, followed by analysis using HPLC. The encapsulation efficiency (EE) and drug 

loading (DL) were calculated by the following equations (1, 2): 

𝐸𝐸(%) =
𝑊𝑃𝑇𝑋

𝑊𝑡𝑜𝑡𝑎𝑙 𝑃𝑇𝑋
× 100%                                           Equation (1) 

𝐷𝐿(%) = (
𝑊𝑃𝑇𝑋

𝑊𝑃𝑇𝑋+𝑊𝑁𝑃𝑠
) × 100%                                        Equation (2) 

where WPTX is the amount of PTX incorporated in micelles, Wtotal PTX is the initial amount of 
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PTX in the system and WNPs is the amount of nanoparticles after freeze-drying. 

2.7. In vitro PTX releasing experiment 

The release of drug-loaded micelles in vitro was studied by the dialysis method and evaluated 

in 50 mL of phosphate-buffered saline (PBS, 0.1 M, pH = 7.4) against 1 mL of PTX-loaded 

micelle (10 mg mL−1) solution that was loaded in a dialysis bag (MWCO 3500 g mol-1) 

beforehand, and the dialysis bag was placed into 50 mL of PBS and the system was kept at 

constant temperature of 37 °C and 500 rpm stirring. At several regular time intervals, 1.0 mL 

of the release medium was taken out and replaced immediately by the same volume of fresh 

PBS medium, followed by analysis using HPLC. The cumulative PTX release was determinate 

by the following equation (3): 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑃𝑇𝑋 𝑟𝑒𝑙𝑒𝑎𝑠𝑒(%) =
𝑉𝑡 ∑ 𝐶𝑖+𝑉0𝑏𝐶𝑛

𝑛−1
1

𝑊𝑃𝑇𝑋
× 100%                   Equation (3) 

where V0 equals to the total volume of release media, Vt is the volume of replaced media, Cn is 

the concentration of PTX in the sample. 

3.Results and discussion 

In order to optimize the properties of the grafted amphiphilic copolymers, we firstly prepared a 

large variety of Gel-g-PLLA amphiphilic copolymers using different molar ratio of EDC to 

NHS. Then we used the best molar ratio of EDC to NHS to prepare Gel-g-PLLA using PLLA 

with different molecular weight to investigate whether the hydrophobic chain length would 

affect the graft copolymer properties. 

3.1. Synthesis and Characterization of Gel-g-PLLA Copolymers.  

A series of Gel-g-PLLA were synthesized for this study using three steps (Scheme1): (a) thermal 

degradation of LMW gelatin, (b) synthesis of PLLA-COOH, and (c) synthesis of amphiphilic 

copolymer Gel-g-PLLA. Scheme1(d) shows the reaction mechanism of EDC/NHS conjugation 

chemistry between carboxyl and amine-containing molecules. EDC is a carboxyl-reactive cross 

linker. EDC reacts with a carboxyl group first and forms an amine-reactive O-acylisourea 

intermediate that quickly reacts with an amino group to form an amide bond and release of an 

isourea by-product. The intermediate is unstable in aqueous solutions, and therefore, two-step 

conjugation procedures require NHS for stabilization. 
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Scheme1. The synthetic route of Gel-g-PLLA. a) thermal degradation of LMW gelatin, b) 

synthesis of PLLA-COOH, c) synthesis of amphiphilic copolymer Gel-g-PLLA, and d) 

reaction mechanism of EDC reaction with carboxyl and amine-containing molecules. 

Specifically, LMW gelatin was prepared from swelling long chain gelatin particles in the 

deionized water and dissolving at 100 °C for 2,4,6,8,10 and 10 h, respectively. The number 

average molecular weight of degraded gelatin was characterized by GPC. As we all known, the 

earlier the peak appears, the larger the molecular weight is. Apparently, With the degraded time 

getting longer, the peak appears late in Figure 1a. Figure1b demonstrates that the number 

average molecular weight of gelatin thermal degradation product gradually decreases with the 

prolongation of the time. At the beginning of the reaction (0-6 h), The number average 

molecular weight decreases rapidly, indicating that the reaction rate is fast. However, the curve 

declines slowly then (6-12h), which proves that gelatin thermal degradation reaction is a 

variable reaction process. Figure1c shows the 1H NMR spectra of the LMW gelatin, the amide 

protons signal at 8.00 ppm exhibits weaker from 0 h to 12 h. It is apparently that there are less 

amide groups in LWM gelatin through thermal degradation. 
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Figure 1. a) GPC curves of degraded gelatins after thermal degradation with different 

degradation time in H2O, b) the number average molecular weight changes with degradation 

time, c) 1H NMR spectra of gelatin with different degradation time in DMSO-d6. 

PLLA-COOH was synthesized by ROP of LLA, with zinc lactate as catalyst and H2O as initiator. 

The number average molecular weight of PLLA-COOH was 3144 g mol-1 (𝑀n, GPC) and the 

polydispersity indices (PDI) was 1.08 using GPC analysis (Figure 2a). Besides, PLLA-COOH 

was characterized by 1H NMR (Figure 2b). The characteristic signals at 1.45 (c) and 5.22 (b) 

ppm are assigned to the methyl and methine groups of PLLA-COOH, respectively. Besides, the 

signal at 4.27 (d) ppm belongs to the hydroxyl of its end units. The signal at 13.06 (a) ppm is 

assigned to the labile proton of terminal carboxyl group. The degree of polymerization of 

PLLA-COOH is determined by the ratio of the integrals of the macro-monomer backbone signal 

at 5.22 ppm (b) to the end-unit at 4.27 ppm (d). Through 1H NMR analysis, the degree of 

polymerization obtained was 39.41 and the number average molecular weight of PLLA-COOH 

was around 2855 g mol-1 (𝑀n, NMR) ,which is close to the data by GPC analysis. These findings 

confirmed the successful ROP of LLA oligomers. 
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Figure 2. a) GPC curve of PLLA-COOH inTHF; b) 1H NMR spectra of PLLA-COOH in 

DMSO-d6. 

Samples were synthesized with the ratio of coupling agents (EDC/NHS=n, the molar ratio) as 

the variable (samples Gel-g-PLLA n=1, Gel-g-PLLA n=4, and Gel-g-PLLA n=8, respectively). The 

appropriate molar ratio of EDC/NHS was chosen to go on further experiment. The other 

amphiphilic graft polymers used in the current work consisted of gelatin hydrophilic chain with 

𝑀n of 16000, 10000, and 7000 g mol-1 and PLLA hydrophobic chain with 𝑀n of 3144 g mol-1 

(samples Gel16k-g-PLLA, Gel10k-g-PLLA, and Gel7k-g-PLLA, respectively). The experimental 

details of 6 samples prepared in this work were presented in Table 1. As summarized in Table 

1, the molar ratio of EDC to NHS (n) was ranged from 1 to 8, and the degree of substitution of 

PLLA was calculated by 1H NMR analysis.  

Table 1. Experimental details and summary of the synthesized amphiphilic polymers. 

Amphiphilic 

Copolymers 

𝑀n of Gel 

(g mol-1,GPC) 

na 
DSb 

(%) 

Yield 

(%) 

𝑀n  

(g mol-1,GPC) 

PDI 

(GPC) 

Gel7k-g-PLLA n=1 7000 1 6.79 23 9350 1.96 

Gel7k-g-PLLA n=4 7000 4 7.86 47 9540 2.01 

Gel7k-g-PLLA n=8 7000 8 7.14 36 8460 1.37 

Gel16k-g-PLLA n=4 16000 4 12.83 44 17300 1.86 

Gel10k-g-PLLA n=4 10000 4 8.13 46 13700 1.52 

Gel7k-g-PLLA n=4 7000 4 7.47 49 8940 2.00 

a The molar ratio of EDC to NHS.  
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b The degree of substitution (DS) of PLLA calculated using 1H NMR analysis. 

3.2. The molar ratio of EDC to NHS 

EDC and NHS as the coupling agents were indispensable for the reaction between PLLA-

COOH and gelatin. Three juxtaposed samples were synthesized with the different ratio of 

coupling agents (n=1, 4, 8, respectively) and investigated the influence of the ratio to graft 

copolymers. Different amount of the activator EDC, but the same amount of stabilizer NHS 

were added in the reaction. That is to say, the more amount of EDC added, the bigger “n” is. As 

shown in Table1, when the “n” equals 4, the degree of substitution of PLLA and the yield of 

reaction all reach highest point. Besides, the properties of micelles are presented in Table 2 and 

demonstrated in Figure 3. Apparently, the CMC value as well as the particle size decrease with 

the “n” increasing. Actually, the “n” value indirectly influences the chain length of the PLLA 

segment. Finally, the appropriate ratio (n=4) was chosen for further research. 

Table 2. Characterization of the micelles. 

Amphiphilic 

Copolymers 

CMCa (g L-1) Dh
b (nm) PDIc EE(%) DL(%) 

Gel7k-g-PLLA n=1 0.4 171±20 0.871±0.03 - - 

Gel7k-g-PLLA n=4 0.1 55±5 0.374±0.01 - - 

Gel7k-g-PLLA n=8 0.1 23±2 0.293±0.01 - - 

Gel16k-g-PLLA n=4 0.9 152±15 0.610±0.02 50.5 1.00 

Gel10k-g-PLLA n=4 0.2 58±5 0.422±0.03 53.4 1.06 

Gel7k-g-PLLA n=4 0.1 45±3 0.643±0.01 57.7 1.14 

a CMC determined by surface tension tester.  

b The hydrodynamic diameter of Gel-g-PLLA micelles measured by DLS.  

c The polydispersity index determined by GPC. 
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Figure 3. a) surface tension changes as a function of copolymer concentration, b) size 

distribution of micelles measured by DLS at room temperature. 

3.3. Chain length of Gel 

The functional groups in Gel-g-PLLA、PLLA-COOH and Gel were characterized by FTIR 

(Figure 4a) and the obtained data can be analyzed as follows. A peak at 3629 cm-1 (B) is 

attributed to the terminal carboxyl group of PLLA-COOH. The peaks at 1188, 1122 and 1023 

cm-1 (B) belong to the C–O–C stretching vibrations. The peak at 3533 and 3263 cm-1 (A) are 

attributed to the stretching vibration of N–H of amide bond. The peak at 1685 cm-1 (C) is related 

to the stretching vibration of the C=O in the amide segment. However, the C=O bond in 

polyester segment is observed a characteristic peak at 1757 cm-1 (B). Apparently, the two peaks 

both apparent in the curve of Gel-g-PLLA (A). The peak around 1530 cm-1 (A、C) is assigned 

to the formation vibration of the N–H in the amide segment. Some peaks around 1446 cm-1 (A、

C) and 1404 cm-1 (A、C) are assigned to the stretching vibration of the C–N in the amide group. 

The bending vibration of N–H in the amide group of the graft point presents a characteristic 

peak at 645 cm-1 (A). These results indicate that PLLA has been grafted to Gel.  

Another method of confirming the chemical bond between PLLA-COOH with gelatin is by 1H 

NMR measurements. The 1H NMR spectrum of Gel-g-PLLA in DMSO-d6 is shown in Figure 

4b. The peaks at 1.56 (f) and 5.30 (h) ppm are assigned to the proton signal of methyl and 

methine groups of PLLA-COOH, respectively. The hydroxyl of PLLA-COOH end units is 

observed at 4.30 (g) ppm. Besides, the new bond of amide is found at 8.00 (e) ppm. The relative 

integral area of amide protons (8.00 ppm) in Gel-g-PLLA (e) is larger than that in gelatin (i), 

suggesting that PLLA has been successfully grafted to Gel. This result suggests that we have 
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obtained structure-defined Gel-g-PLLA. 

 

Figure 4. a) FTIR spectra of Gel-g-PLLA (A), PLLA-COOH (B) and Gel (C), b)1H NMR 

spectra of PLLA-COOH, Gel and Gel-g-PLLA in DMSO-d6. 

3.3.1. The degree of substitution 

Through Figure 5b, the percentage of PLLA segments grafted to one Gel segment can be 

calculated. Several 1H NMR spectra of Gel16k-g-PLLA, Gel10k-g-PLLA, Gel7k-g-PLLA and 

their corresponding gelatin are shown as follows. The degree of substitution (DS) of PLLA-

COOH ends with the amino groups of gelatin was determined by comparing the integrals of the 

signals derived from the amino protons (3.00ppm, e) with the amide protons (8.00ppm, d) in 

gelatin and Gel-g-PLLA, respectively, which is presented in Table 1, calculating from the 1H 

NMR spectra. We can get the results through the following equation (4): 

𝐷𝑆 =
𝑑2−𝑑1

𝑑1+𝑒1
                                                        Equation (4) 

where d1, d2 represent the amide protons in gelatin and Gel-g-PLLA, respectively, e1 is the 

amino protons in gelatin. 
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Figure 5. 1H NMR spectra of Gel16k-g-PLLA, Gel10k-g-PLLA, Gel7k-g-PLLA and the 

corresponding gelatin in DMSO-d6. 

DS of all the copolymer samples are presented Table 1. Apparently, DS increases with the chain 

length of gelatin getting longer. Since the longer gelatin has more reactive functional groups. 

Besides, the yield of the reaction varies from 44 to 49%. This result indicates that the reaction 

yield needs to be improved with feasible methods. 

3.3.2. The self-assembly behavior 

The self-assembly behavior of Gel-g-PLLA in aqueous medium was also investigated by 

several experimental techniques. For the tests, the aqueous solutions of the copolymers were 

prepared as follows. Firstly, the copolymers were dissolved in water. Then, the homogeneous 

solutions were further sonicated at 25 °C for 5 min (sonicator: Kunshan Shumei KQ3200E) 

before to volume. It is clear that the copolymers are soluble in deionized water homogeneously 

without any specific process.  

Based on the proverbial self-assembly mechanism of amphiphilic graft copolymers, the 

amphiphilic Gel-g-PLLA generated numerous spherical micelles in aqueous solution with a 

hydrophilic Gel corona and a hydrophobic PLLA core, which can be characterized by DLS and 

TEM (Figure 6). As shown in Figure 6, the mean diameter of the micelles determined by DLS 

are 45±3, 58±5 and 152±15 nm, which is a bit larger than that measured by TEM analysis. The 

data determined in this figure is summarized in Table 2. The large deviation between TEM and 

DLS measurements could be caused by different sample preparation methods, as the former is 

measured in the dry state, while the latter is measured in the aqueous solution. Therefore, the 

data measured by DLS is the particle size of the whole dispersion, which is statistically more 

significant than that measured by TEM. 

Apparently, with the increase of gelatin chain length, the mean diameter of the micelles 

increases. Aggregates of amphiphilic copolymer tend to a lower surface energy state. As the 

hydrophilic chain decreases, the polymer assembly morphology changes smaller, thereby 

reducing the interface free energy, so that the energy of the system decreases to be more stable. 
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Figure 6. a) DLS data and TEM for micelles of b) Gel7k-g-PLLA, c) Gel10k-g-PLLA, d) 

Gel16k-g-PLLA. 

The amphiphilic nature of Gel-g-PLLA graft copolymers, including hydrophilic Gel and 

hydrophobic PLLA segments, can endow the copolymer with the ability to self-assemble in 

aqueous media so that the copolymers present a critical micelle concentration (CMC) to indicate 

the amphiphilicity. Upon introduction of amphiphilic Gel-g-PLLA into water, they will initially 

partition into the interface, reducing the system free energy by lowering the energy of the 

interface, and removing the hydrophobic parts (PLLA) of the Gel-g-PLLA from contacting with 

water. Subsequently, when the surface coverage of Gel-g-PLLA increases, the surface tension 

decreases and the copolymers start aggregating into micelles, thus again decreasing the system's 

free energy by decreasing the contact area of PLLA segment of the copolymer with water. Upon 

reaching CMC, any further addition of Gel-g-PLLA will just increase the number of micelles. 

Thus, the CMC value of several samples is presented in Table 2, characterized by Surface 
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Tension Tester. 

The copolymers Gel7k-g-PLLA, Gel10k-g-PLLA and Gel16k-g-PLLA aqueous solutions were 

prepared in deionized water with concentrations ranging from 0.001 to 1.0 mg mL−1, and then 

measured by surface tension instrument. As demonstrated in Figure 7, the CMC value of 

samples ranges from 0.1 to 1 g L-1. In deionized water, aggregation of neutral graft copolymers 

is primarily decided by the balance between the hydrophilic segments and the hydrophobic 

segments. These data suggest that CMC increases with the molecule gelatin chain prolongation. 

An increase in the proportion of hydrophilic segments weakens their mutual aggregation in the 

water, which results in amphiphilic copolymers forming micelles at higher concentrations. As 

the reduction of the hydrophilic segment, in other words, the addition of the hydrophobic 

segment, leads to a decrease in the stability of the copolymer in the water, so that aggregation 

tends to occur easily. 

 

Figure 7. Surface tension changes as a function of copolymer concentration. 

3.3.3. In vitro release behavior 

PTX has been extensively used in clinical cancer treatments such as breast cancer, lung cancer, 

and ovarian cancer. The process of sustained release of PTX after embedding into micelles is 

drawing in the Scheme 2. Firstly, the amphiphilic copolymer was solved in PBS with the 

concentration above CMC. Then, it self-assembled into micelles. The PTX-loaded micelles 

were prepared using direct dissolution method, as mentioned in 2.6. Finally, the PTX in the 

micelles released in vitro after several hours and even days, like showing in Scheme 2. 
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Scheme 2. The release process of PTX-encapsulated Gel-g-PLLA micelles. 

Table 2 presents that the encapsulation efficiency increases with increasing the length of gelatin 

chain, reaching a maximum value to 57.7%. Besides, the drug loading increases with increasing 

the length of gelatin chain, reaching a maximum value to 1.14%. In fact, the polymer chain 

length does not show significance both for the encapsulation efficiency and the drug loading 

using 1 mg PTX. For a copolymer with a fixed chain length of a hydrophilic segment, with the 

increasing length of the hydrophobic segment is increased, the drug loading will increase. As 

the increasing length of the hydrophobic segment can increase the partition coefficient of the 

drug between the micelle and medium, which leads to the integrating number of each micelle 

and core capacity increasing. As the chain length of gelatin increasing, in a sense, the chain 

length of PLLA is decreasing. For the release study, the three samples were all considered. 

Many studies revealed prolonged release of all drugs in spite of an initial burst. Similarly, in 

the case of our PTX-loaded micelles, PTX exhibits a burst release in the first 24 h (Figure 8b), 

followed by a slower release (Figure 8a). Then, after 15 days, drug release proceeds gradually 

to reach 91%,87% and 82%, respectively. It is observed that the behavior after 24 h of release 

is quite different from the initial hours of analysis. The interpretation of this behavior may be 

related to the different interactions of PTX with the segments of the copolymer. Owing to 

hydrophobicity, the interaction of PTX with the hydrophobic segment of the copolymer (PLLA) 

is stronger, which results in a slow release. Thereby, the release of PTX is expected to occur as 

the polymer is hydrolytically degraded in this case. Considering the first several hours of the 
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release experiment, PTX released may be derived from weak interactions with gelatin. 

 

Figure 8. In vitro release of drugs from PTX-loaded micelles at 37°C and pH 7.4: a) during 

350 h, b) or 25 h. 

It is noteworthy that PTX is released faster in Gel7k-g-PLLA micelles. In addition, with the 

chain length of gelatin increases, the release speed increases. This result confirms the release 

profile, for the slow release of PTX is related to the interaction of the hydrophobic segments of 

the nanoparticles, requiring relaxation and/or degradation of the nanoparticle chains to release 

PTX. 

4.Conclusion 

In this paper, a series of Gel-g-PLLA graft copolymers were successfully synthesized via a 

coupling agent route, which exhibited self-assembly and drug release behaviors in aqueous 

solutions. FT-IR and 1H NMR studies confirmed that the reaction induced amide linkages 

between the polymers by using the inherent functional carboxyl groups of PLLA-COOH and 

amine groups of gelatin. The size and morphology of the prepared micelles are determined by 

TEM and DLS analysis showing the size of micelles from 20 to 200 nm with the increase in the 

gelatin content. Through CMC measurements, CMC varies from 0.1 to 0.9 g L-1 with the 

increase in gelatin chain length. A hydrophobic anticancer drug, PTX, was successfully 

encapsulated in micelles with an encapsulation efficiency of approximately 55%. PTX in all the 

micelles exhibits a burst release about 70% in the first 24 h. Apparently, Gel7k-g-PLLA, 

prepared using gelatin with molecular weights of 1.7×104 g mol−1 and the molar ratio of EDC 

to NHS of 4:1, has the best encapsulation efficiency, drug loading and release speed. 

The above results highlight the importance of the hydrophilic segment on the self-assembly 
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behavior of Gel-g-PLLA copolymers. In addition, Gel-g-PLLA nanoparticles with adjustable 

micelle size, CMC and release time have a remarkable potential as carriers for hydrophobic 

drug delivery in cancer therapy. 
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