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Cellulose based carriers have the potential of sustained release drugs, which can protect drugs and deliver 

them to the target site. Herein, BA-loaded cellulose-graft-poly(L-lactic acid) nanoparticles (CE-g-

PLLA/BA NPs) were fabricated by employing cellulose (CE) and poly(L-lactic acid) (PLLA) as materials 

and betulinic acid (BA) as a model drug. Both drug-free and BA-loaded nanoparticles were spherical in 10 

shape with a uniform size of 100-170 nm. The release of BA from CE-g-PLLA/BA NPs was relatively 

slow. In vitro cytotoxicity studies with A549 and LLC cell lines suggested that CE-g-PLLA/BA NPs was 

slight superior to BA in antitumor activity and CE-g-PLLA NPs were non-toxic. The antitumor effect of 

the CE-g-PLLA/BA NPs in a mouse tumor xenograft model exhibited much better tumor inhibition 

efficacy and fewer side effects than that of BA, strongly supporting their use as efficient carriers for anti-15 

cancer therapy.

1 Introduction 

Polymeric amphiphiles consisting of hydrophilic and 

hydrophobic segments have received increasing attention for their 

ability to improve the efficacy of anticancer drugs owing to their 20 

small size, prolonged circulation time, and sustained drug release 

profile.1-3 In the aqueous phase, the hydrophobic cores of 

polymeric nanoparticles are surrounded by hydrophilic outer 

shells. Thus, the inner core can serve as a nano-container for 

hydrophobic anticancer drugs.4-6 Moreover, compared with other 25 

delivery systems, nanoparticles show advantages in passive tumor 

targeting through the leaky vasculature via the enhanced 

permeability and retention (EPR) effect due to their small size 

ranging from 10 to 200 nm, which is small enough to avoid 

filtration by the lung and spleen. Therefore, drug delivery using 30 

polymeric nanoparticles is an effective strategy for passive tumor 

targeting.7-10  In recent years, cellulose based graft copolymers 

such as cellulose acetate, cellulose acetate propionate, -butyrate, 

and -phthalate as well as cellulose acetates with varying degree of 

substitution self-assemble into regular nanoparticles.11, 12 35 

 As the most important skeletal component in plants, the 

polysaccharide cellulose is an almost inexhaustible polymeric 

raw material with fascinating structure and properties.13 Formed 

by the repeated connection of d-glucose building blocks, the 

highly functionalized, linear stiff-chain homopolymer is 40 

characterized by its hydrophilicity, chirality, biodegradability, 

broad chemical modifying capacity, and its formation of versatile 

semicrystalline fiber morphologies. It is a promising “green” 

material owing to its unique properties such as nontoxicity, 

recyclability, and low cost. The functionalization and value-45 

added utilization of cellulose is always an important topic in the 

field of food and pharmaceutical research.14 Especially owing to 

their biocompatibility bearing anticancer drugs have received an 

increasing amount of attention. However, the application of 

cellulose has been hampered due to its high crystallinity, rigidity 50 

of backbone chain, and insolubility. Cellulose research and 

product development over the past decade is widely in the 

structure and chemistry of cellulose, and in the development of 

innovative cellulose esters and ethers for coatings, films, 

membranes, building materials, drilling techniques, 55 

pharmaceuticals, and foodstuffs.15, 16 As far as biocompatibility of 

biomedical polymer material is concerned, poly(L-lactic acid) 

(PLLA) has been choice to graft onto the backbones of cellulose. 

Copolymers obtained from PLLA and cellulose will combine the 

advantages of both, such as amphiphilic and biocompatibility. In 60 

the previous study, we successfully synthesized the cellulose-

graft-poly(L-lactic acid) (CE-g-PLLA) and the degree of 

polymerization of poly(L-lactic acid) (DPPLLA) can be well-

controlled, and different DPPLLA of the polymer showed different 

degradability.17, 18 Furthermore, the microstructure of polymer 65 

was investigated by TEM, which laid the foundation for the study 

of drug loading. 

 In this study, betulinic acid (BA), a hydrophobic anticancer 

drug was loaded into CE-g-PLLA nanoparticles (CE-g-PLLA 

NPs) for the sustained release and reducing side effects of free 70 

BA. BA was discovered in a National Cancer Institute drug 

screening program of natural plant extracts, and has been 

recognized to possess potent antitumor activity against ovarian 

carcinoma, breast, lung, and head/neck cancer.19-21 Until now, 
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clinical application of BA in cancer therapy is limited due to the 

very lipophilic characteristics of BA and its consequently poor 

solubility, relatively short half-life, and low bioavailability.22-24 

Here, the usefulness of CE-g-PLLA NPs as a carrier of BA was 

evaluated by measuring its loading efficiency, drug release 5 

profile, and cytotoxicity in vitro. We also examined the antitumor 

activity of the CE-g-PLLA/BA NPs in tumor-bearing mice. 

2 Experimental 

2.1 Reagents and materials 

Microcrystalline cellulose with polymerization degree (DP) of 10 

255 and N-methylimidazole concentrations of 99% was provided 

by the J&K Chemical Reagent Co., Ltd, China. Allyl chloride 

with concentrations of 98% was purchased from Acros Organis, 

USA. 1-allyl-3-methylimidazolium chloride (AmimCl) was 

synthesized according to the literature.25 L-lactic acid (L-LA) 15 

with a purity of 98% was purchased from A Johnson Matthey 

Co., Great Britain. 4-dimethylaminopyridine (DMAP) with a 

purity of 99.5% was provided by Haili Chemical Industry Co., 

Ltd. Vivaspin ultracentrifugation filters with 10 kDa MWCO 

were purchased from Fisher (Ottawa, ON, Canada). All other 20 

reagents were purchased from Sigma Aldrich. 

 Penicillin and streptomycin, Gibco Dulbecco’s Phosphate-

Buffered Saline (DPBS), Gibco Dulbecco’s Modified Eagle’s 

Medium (DMEM) were all bought from Invitrogen. Fetal bovine 

serum (FBS) was from HyClone. Cell-Counting Kit-8 (CCK-8) 25 

kit was supplied by the Dojindo Laboratories. Human lung cancer 

cells (A549) and murine Lewis lung carcinoma (LLC) cells were 

obtained from the Peking University Health Science Center 

(Beijing, China) and were cultured in the listed medium: A549 by 

RPMI 1640 with 10% FBS, 1% streptomycin-penicillin and LLC 30 

by DMEM with 10% FBS, 1% streptomycin-penicillin. All cell 

lines were maintained in an incubator supplied with 5% CO2/95% 

air humidified atmosphere at 37 °C. 

 Female C57BL/6 mice, 6-7 weeks age, were purchased from 

Beijing HFK BIOSCIECE CO., LTD. All animal experiments 35 

were in compliance with the Institutional Ethical Committee for 

animal care guidelines. 

2.2 Synthesis of cellulose-graft-poly(L-lactic acid) (CE-g-
PLLA) 

The CE-g-PLLA polymer was synthesized via ring-opening 40 

polymerization (ROP) by using DMAP as an organic catalyst in 

an ionic liquid AmimCl, as previously reported.17 Briefly, 4% 

(w/w) MCC/AmimCl solution (15 g) was first prepared by 

mechanical stirring at 80°C under nitrogen for 1 h in a dried 

Schlenk tube; then L-LA (5.4 g, 0.038 mol), DMAP (1.5 g, 0.013 45 

mol) were added into the tube and mixed till dissolved, the tube 

was degassed in vacuum/N2 in 1 h cycles (three times); finally, 

the reaction was kept at 90°C under nitrogen with vigorous 

stirring for 9 h; after cooling to room temperature, the resultant 

polymer was precipitated with deionized water, and then 50 

dissolved in toluene to obtain a purified graft polymer. The 

purified product was dried in a vacuumoven at 60°C till constant 

weight. The chemical structure of the synthesized CE-g-PLLA 

was analyzed by 1H-NMR and 13C-NMR.17, 18 

2.3 Preparation of BA-loaded CE-g-PLLA nanoparticles (CE-55 

g-PLLA/BA NPs) 

Nanoparticles were prepared by a nanoprecipitation method as 

described previously with minor modification.26 CE-g-PLLA (6 

g) and BA (3 mg) in 0.5 mL of dry DMSO was mixed and added 

dropwise to a vortexing solution of normal saline in a 5.5 mL 60 

conical tube. Vortexing was maintained for 10 min after solution 

addition. The resulting CE-g-PLLA/BA NPs solutions were 

dialyzed against distilled water using a membrane with a 

molecular weight cutoff of 10,000 for 3 h with two exchanges of 

dialysate, and the supernatant was filtered through a 0.8 µm 65 

membrane and lyophilized. CE-g-PLLA NPs was similarly 

prepared and purified as that for CE-g-PLLA/BA NPs except 

adding BA. The size of the particles was determined by dynamic 

light scattering with a particle analyzer (Zetasizer Nano-ZS, 

Malvern Instruments Ltd., Malvern, UK). 70 

2.4 Determination of critical aggregation concentration (CAC) 

The CAC of CE-g-PLLA was determined by employing pyrene 

as a fluorescence probe.27 A drug-free CE-g-PLLA solution in 

DPBS (2.5 mg/mL) was prepared via solvent evaporation method. 

A series of 2-fold dilutions was then made with CE-g-PLLA 75 

concentrations ranging from 2 to 200 mg/L. All the aqueous 

sample solutions obtained a final pyrene at the same 

concentrations of 6×10−7 M. The solutions were kept on a shaker 

at 37 °C for 24 h to reach equilibrium before fluorescence 

measurement. The fluorescence intensity of samples was 80 

measured at the excitation wavelength ranging from 240 to 360 

nm and emission wavelength of 390 nm by Synergy H1 Hybrid 

Multi-Mode Microplate Reader (Winooski, VT). Both excitation 

and emission bandwidths were 10 nm. From the pyrene emission 

spectra, the intensities at 337 nm were analyzed as a function of 85 

the polymer concentrations. The CAC was determined from the 

threshold concentration, where the sharp increase in pyrene 

fluorescence intensity was observed. 

2.5 Determination of drug loading and in vitro drug release 

CE-g-PLLA/BA NPs (20 mg/mL) was diluted into 10 mL 90 

phosphate buffered saline adjusted to pH 7.4 and incubated at 

37 °C. Aliquots of 0.2 mL were removed at different time points 

and filtered through 0.22 µm PVDF syringe filter. The volume of 

solution was held constant by adding 0.2 mL phosphate buffered 

saline (pH 7.4) after each sampling. BA in the filter was 95 

measured by high-performance liquid chromatography (HPLC, 

Waters) using a reverse phase column (C18). The detection was 

performed by using UV detector at 210 nm, 85:15 mixture (v/v) 

of acetonitrile-water as a mobile phase, flow rate at 1.0 mL/min. 

Stability profile graph was generated by plotting the percentage 100 

of remaining starting material over a time course. The percentage 

was calculated on the basis of the ratio of the peak area of the 

sample at every 12 h vs the initial area peak. Each stability profile 

represents the average of two independent runs with the same 

sampling schedules. The standard deviation of each point is 105 

typically 2% or less. Drug loading efficiency (DLE) was 

calculated according to the following equation: 

DLE (%) = (weight of loaded drug/weight of nanoparticles) × 100% 

2.6 TEM analysis 
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CE-g-PLLA NPs and CE-g-PLLA/BA NPs were diluted 100 × in 

deionized water, and a 2 µL aliquot of solution was pipetted onto 

the surface of Formvar coated copper TEM grids (TedPella, 

Redding, CA) and allowed to air-dry. Analysis was performed on 

a JEM-100CXa TEM at an acceleration voltage of 100 kV. 5 

2.7 Hemolysis Assay 

The hemolytic activity of polymer solutions was investigated as 

reported earlier.28, 29 Briefly, fresh blood samples were collected 

through cardiac puncture from rats. Ten milliliters of blood was 

added with EDTA-Na2 immediately to prevent coagulation. The 10 

red blood cells (RBCs) were collected by centrifugation at 1500 

rpm for 10 min at 4 °C. After washing in ice-cold DPBS until the 

supernatant was clear, erythrocytes were diluted at a final 

concentration of 5×108 cells/mL in ice-cold DPBS. 1mL CE-g-

PLLA NPs, CE-g-PLLA/BA NPs or PEI25K solution (1 mg/mL 15 

and 0.1 mg/mL) was mixed with 1 mL erythrocyte suspension. 

DPBS and 1% Triton X-100 in DPBS were used as negative 

control (0% lysis) and positive control (100% lysis), respectively. 

Samples were incubated for 1 h at 37 °C under constant shaking. 

After centrifugation at 1500 rpm for 10 min at 4 °C, supernatant 20 

was analyzed for hemoglobin release at 541 nm using an infinite 

M200 microplate spectrophotometer (Tecan, Switzerland). 

Hemoglobin release was calculated as (ODsample-ODnegative 

control)/(ODpositive contro-ODnegative control) × 100%. Hemolysis was 

determined from three independent experiments. 25 

2.8 In vitro cell cytotoxicity 

CCK-8 assay was used for cell viability evaluation of different 

samples.30 Briefly, two types of lung cancer cells LLC and A549 

cells were respectively seeded at a density of 3×103 and 4×103 

cells/well in 180 µL culture medium within a 96-well plate 30 

(Corning, USA) and incubated overnight. Then, the cells were 

treated with various samples (BA, CE-g-PLLA, and CE-g-

PLLA/BA) at 37 °C in a humidified incubator with 5% CO2 for 

72 h, where the samples of the BA were dissolved in 

dimethylsulfoxide (Merck, Darmstadt, Germany) and diluted into 35 

tissue culture medium before assay and BA dose ranged from 2.5 

to 500 µg/mL. 20 µL of CCK-8 solution was added to each well 

of the plate and incubated for another 1 h at 37 °C. The 

absorbance at 450 nm was measured by infinite M200 microplate 

spectrophotometer. Percent viability was normalized to cell 40 

viability in the absence of the samples. The IC50 was calculated as 

polymer concentrations which inhibited growth of 50% of cells 

relative to non-treated cells according to Unger et al.31 IC50 was 

calculated using the Boltzmann sigmoidal function from Origin® 

8.6 (OriginLab, Northampton, USA). Data are representative of 45 

three independent experiments. 

2.9 In vivo efficacy studies 

Subcutaneous tumor xenograft models were established in the 

right axillary flank region of female C57BL/6 mice (6-7 wk) by 

injecting 1×106 LLC cells in 200 µL DMEM medium per mouse. 50 

Treatments were initiated when tumors reached an average 

volume of 100 to 150 mm3, and this day was designated as day 0. 

On day 0, these mice were randomly divided into 3 groups (n = 6) 

and administered intravenous injection with PBS (control), free 

BA (10 mg/kg), and CE-g-PLLA/BA (10 mg BA/kg), 55 

respectively, on days 1, 3, 5, 7, and 9. It is important to note that 

the concentrations of CE-g-PLLA/BA NPs stated in this article 

refer to BA equivalents. For example, a dose of 10 mg/kg of CE-

g-PLLA/BA (DPPLLA=3.98) means that the dose contains 10 

mg/kg of BA and 38.94 mg/kg of whole nanoparticles, assuming 60 

that the loading of BA in the whole nanoparticles is 25.68%. In 

the observation phase, mice were monitored for tumor sizes and 

body weights every other day. Tumor volume was calculated 

using the formula: (L × W2)/2, where L is the longest and W is the 

shortest tumor diameter (millimeter).32-34 Relative tumor volume 65 

(RTV) was calculated at each measurement time point (where 

RTV was equal to the tumor volume at a given time point divided 

by the tumor volume prior to initial treatment). For efficacy 

studies, the percentage of tumor growth inhibition (%TGI) was 

calculated using the following formula: [(C - T) / C] × 100, where 70 

C is the mean tumor volume of the control group at a specified 

time and T is the mean tumor volume of the treatment group at 

the same time. To monitor potential toxicity, we measured the 

weight of each mouse. For humane reasons, animals were killed 

and regarded as dead if the implanted tumor volume reached to 75 

5000 mm3 or at the end of the experiment (> 6 wk). To further 

evaluate the hematological toxicity of the nanoparticles, we 

collected 200 µL blood of each mouse after final administration 

to test the white blood cell number (WBC) using a hematology 

analyzer (MEK-7222K, Nihon Kohden Celltac E). 80 

2.10 Detection of allergic reaction 

Toxic side-effects of the current chemotherapeutical drugs are 

often causing a severe reduction in the quality of life, so the 

detection of allergic reaction is very necessary and important. 

During the early development of drugs, type I hypersensitivity is 85 

the most common type of the hypersensitivity reaction. Some of 

the natural anti-cancer drugs, such as paclitaxel, docetaxel, and 

teniposide cyclosporine, were usually associated with a high 

incidence of the type I hypersensitivity reaction. It has been 

demonstrated that IgE antibodies play an important part in 90 

mediating type I hypersensitivity responses. We thus selected IgE 

levels as the parameter for rapid evaluation of type I 

hypersensitivity reactions. Three groups of tumor bearing mice 

(26-28 g, n = 6) were used in allergy testing studies of BA in two 

samples (control, BA, and CE-g-PLLA/BA). The two samples 95 

were administrated via tail intravenous injection every two days 

at the BA dose of 10 mg/kg body weight. After administration 

with different samples for 10 days, orbit blood of mice in 

different groups was collected and centrifuged. Serum samples 

were analyzed according to the procedure of mouse IgE ELISA. 100 

2.11 Statistical analysis. 

All experiments in this study were performed at least three times, 

and the data were expressed as the means standard deviation (SD). 

Statistical analyses were performed by analysis of variance 

(ANOVA). In all analyses, p < 0.05 was taken to indicate 105 

statistical significance. 

3 Results and Discussion 

3.1 Synthesis of CE-g-PLLA copolymers 

Cellulose-hydrophilic polymer conjugates have been extensively 

investigated and are relatively easy to synthesize in solution by a 110 

“grafting onto” approach.35 In this study, the copolymer made of 
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cellulose and hydrophobic PLLA was successfully synthesized 

according to our previous report.17, 18 Although cellulose-

hydrophobic polymer is expected to have interesting additional 

functionalities due to their amphiphilic molecular structures, 

however, to our knowledge, the synthesis of cellulose-5 

hydrophobic polymer conjugates has been recognized to be 

difficult mainly because of the insolubility of cellulose polymer 

in general organic solvents. In this study, the conjugate made of 

cellulose and hydrophobic PLLA was successfully synthesized. 

Cellulose was dissolved in AmimCl at 90 °C at a concentration of 10 

4% (w/w). DMAP and L-LA were added to conduct the ring 

opening polymerization to form the CE-g-PLLA copolymer. 1H-

NMR and 13C-NMR were used to confirm the chemical 

composition of the copolymer as our previous report.17, 18 The DP 

of PLLA in the copolymer was varied from 3.15 to 3.98 as 15 

determined by 1H-NMR, depending on the feed ratio of L-LA to 

cellulose. These values indicate that the attachment of PLLA 

chains to the cellulose increased the size of the macromolecule. 

3.2 Nanoprecipitation of CE-g-PLLA/BA NPs 

We have encapsulated BA as a model chemotherapy drug into the 20 

CE-g-PLLA NPs. Betulinic acid is a kind of hydrophobic drug 

which can be loaded into the hydrophobic core of the 

nanoparticles due to the PLLA hydrophobic core, whereas the 

hydrophilic part came from the water-soluble blocks of cellulose 

immersed in the water to formulate the outer shell of composite 25 

core–shell nanoparticles.36-39 The copolymer in DMSO (2.5 

mg/mL) was injected into a phosphate buffered saline solution 

(pH 7.4) to precipitate nanoparticles. As the DP of PLLA 

increased from 3.15 to 3.61 to 3.98, the average size of the blank 

and BA-loaded nanoparticles decreased from 130.36 to 120.28 to 30 

105.32 nm and 176.43 to 160.38 to 155.16 nm (Table 1), 

respectively, as determined by transmission electron microscopy 

(TEM) and dynamic light scattering (DLS). The results showed 

that the drug-loaded nanoparticles exibited bigger spherical shape 

than the blank ones (Fig. 1A and 1B). Moreover, the DP of PLLA 35 

could be used to control the nanoparticle size (Table 1) which 

allowed us to achieve optimal pharmaceutical properties of the 

nanoparticles. The results suggested that in aqueous solution 

aggregates were formed with high DP of PLLA. When the DP 

was 3.98, the size of nanoparticles was smaller with better 40 

dispersion. The small size of nanoparticle system suggested its 

potential for effective tumor targeting in vivo.40 

 

Fig. 1 TEM images and particle size distribution of CE-g-PLLA NPs (A) 

and CE-g-PLLA/BA NPs (B). The spherical nanoparticles with the 45 

diameter of around 100 nm were observed. The drug loading ratio was 

25.68%. Scale bars were 100 nm. 

 
Fig. 2 Drug release of CE-g-PLLA/BA NPs in PBS pH 7.4 at 37 °C (A) 

measured by HPLC using UV detector at 210 nm. The presence of free 50 

BA was monitored as a function of time (B). 

 Drug loading efficiency (DLE) of CE-g-PLLA/BA NPs was 

determined by HPLC using UV detector at 210 nm (Fig. 2A) and 

the drug cumulative release and DLE results were shown in Fig. 

2B and Table 1. When the DP of the PLLA was increased from 55 

3.15 to 3.61 to 3.98, the DLE was rincreased from 18.74 to 20.32 

to 25.68 wt%. The study suggested that BA encapsulated with 

CE-g-PLLA NPs revealed an initial burst. The initial burst release 

of BA from the nanoparticles was credited to BA molecules 

located within the shell or at the core and shell interface of the 60 

nanoparticle. The drug release equilibrium was reached after 72 h. 

Furthermore, an initial burst in release may be attributed to 

balancing the equilibrium between the inside and outside release 

settings. The slow release of the drug from the CE-g-PLLA NPs 

could be attributed to the hydrophobic–hydrophobic interactions 65 

between the BA molecules and the hydrophobic PLLA inner shell 

of the nanoparticles.37 As shown in Fig. 2B, the CE-g-PLLA3.98 

NPs showed more stable BA release with lower initial burst 

release. Therefore, the CE-g-PLLA3.98/BA NPs with a 25.68 wt% 

loading efficiency were chosen for the following in vitro and in 70 

vivo anti-tumor activity assay. 

Table 1. Particle size and drug loading efficiency of CE-g-PLLA/BA NPs 

nanoparticle 
Blank NPs 

 size (nm) 

BA-loaded NPs 

size (nm) 
DLE (wt %) 

CE-g-PLLA3.15 130.36 ± 7.28 176.43 ± 10.25 18.74 ± 1.76 

CE-g-PLLA3.61 120.28 ± 6.73 160.38 ± 9.57 20.32 ± 1.98 

CE-g-PLLA3.98 105.32 ± 6.52 135.16 ± 9.16 25.68 ± 2.03 

 
Fig. 3 CAC measurement of the CE-g-PLLA3.98 using pyrene as a 

hydrophobic fluorescence probe. The fluorescence intensity of pyrene 75 
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was collected at the excitation wavelength of 337 nm and the emission 

wavelength of 390 nm. The fluorescence intensity was plotted as a 

function of logarithmic concentration of CE-g-PLLA3.98 nanoparticles, 

[pyrene] = 6 × 10-7 mol/L. Values reported are the means ± SD for 

triplicate samples. 5 

3.3 CAC measurements 

Fig. 3 showed the results of CAC measurements using pyrene as 

a fluorescence probe. Upon incorporation into the nanoparticles, 

the fluorescence intensity of pyrene increases substantially at the 

concentrations of nanoparticles above the CAC. On the basis of 10 

the partition of the pyrene, the CAC of CE-g-PLLA could be 

obtained by plotting the fluorescence intensity versus logarithm 

concentrations of the polymer. The CAC of CE-g-PLLA was 

determined from the crossover point at the low concentrations 

range. The CAC of the CE-g-PLLA copolymer was 64.8 µg/mL, 15 

which is similar to most reported nanoparticles delivery systems. 

As CE-g-PLLA NPs was stable at the CAC, it is probable that 

these particles will remain stable at high dilution in biological 

systems. For example, in a 27 g mouse model treated at 10 mg/kg 

BA, 200 µL of CE-g-PLLA/BA NPs administered i.v. (5 mg/mL 20 

CE-g-PLLA/BA NPs) would be diluted in ∼2 mL blood volume 

to 2.5 mg/mL CE-g-PLLA/BA NPs. Considering the scenario 

when 90% of particles are out of circulation, the concentration of 

CE-g-PLLA/BA NPs would be still well above CAC. Moreover, 

CE-g-PLLA shows a good stability in our previously study (the 25 

weight loss after 24 h: 9.9%, after 2 weeks: 19.8% in PBS pH 

7.4).16 

 
Fig. 4 In vitro hemolysis assay of CE-g-PLLA and CE-g-PLLA/BA NPs 

compared to PEI25K and Triton X-100 measured at 541 nm. Values are 30 

reported as the mean ± SD for triplicate samples. 

3.4 Hemolysis study 

Detrimental interaction of nanoparticles with blood constituents 

such as RBCs must be avoided when these nanoparticles are 

injected into the blood circulation as a carrier for drug delivery.29 35 

Erythrocytes were incubated with two concentrations of polymer 

as 1 mg/mL and 0.1 mg/mL, for 1 h at 37 °C. Hemolysis was 

evaluated by measuring the amount of hemoglobin released in the 

supernatant at 541 nm (Fig. 4). Triton X-100 as positive control, 

which induced full hemoglobin release. CE-g-PLLA/BA NPs at 40 

concentrations of 1 mg/mL and 0.1 mg/mL showed a comparable 

hemoglobin release to blank values (<5%), which was 

significantly lower than similar concentrations of PEI25K, a 

cationic polymer known to have significant hemolytic effect. 

Despite BA was cytotoxic to the RBCs in a previous study,41 CE-45 

g-PLLA/BA NPs have been released little BA during the short 

incubation period, suggesting the excellent safety of CE-g-

PLLA/BA NPs. 

3.5 In vitro cytotoxicity 

To ensure the effective of the drug delivery before their entry into 50 

human application, in vitro cytotoxicity should be considered 

upfront.42, 43 To examine the cytotoxicity of CE-g-PLLA/BA NPs, 

a CCK-8 assay was conducted after incubating cells treated with 

different formulations. The response of two cell lines (A549 and 

LLC) was tested in vitro by seeding the cells and exposed to BA 55 

in a 10% v/v DMSO solution containing BA or CE-g-PLLA/BA 

NPs with the same drug concentrations. Empty nanoparticles 

were used as control. Cells were exposed to drug for 24, 48 or 72 

h. Analysis of in vitro cytotoxicity measurements showed that BA 

(500 µg/mL) induced cell death which was dependent upon 60 

length of incubation. As shown in Fig. 5A and 5B, the time-

dependent cytotoxic effect of the CE-g-PLLA/BANPs was 

evident, which indicated that 45% A549 and 40% LLC survival 

after 24 h, 18% A549and 23% LLC survival after 48 h and 10% 

A549 and 12% LLC survival after 72 h at 500 µg/mL (equivalent 65 

to native BA). The drug release from the CE-g-PLLA/BA NPs 

when incubated with cells, is possibly from the diffusion of drug 

molecules in the nanoparticles and the degradation of 

nanoparticles, which is the main mechanism of drug release 

observed for polymer nanoparticles.44 To compare the potency of 70 

the CE-g-PLLA/BA NPs, the concentrations of drug which killed 

50% of the cells (IC50) were estimated from survival curves as 

shown in Fig. 5C and 5D, obtained from replicate experiments. 

The IC50 of CE-g-PLLA/BA NPs was less than free drug. The 

encapsulation of BA into the nanoparticles resulted in remarkable 75 

improvements of the anti-tumor activities. Around 100% cell 

survival was observed for cells treated with different 

concentrations of empty nanoparticles, which suggested excellent 

biocompatibility. 
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Fig. 5 Cellular cytotoxicity of BA, CE-g-PLLA NPs, and CE-g-PLLA/BA NPs  in A549 and LLC cells. Cell viability of A549 (A) and LLC (B) cells 

treated with 500 µg/mL of BA and CE-g-PLLA/BA NPs (equivalent to native BA) was measured by CCK-8 assay (n=3, error bars represent standard 

deviation). CCK-8 assay of BA and CE-g-PLLA/BA NPs with different concentrations in A549 (C) and LLC (D) cell lines (n=3, error bars represent 

standard deviation). 5 

Table 2. LLC Xenograft Model: Efficacy Comparison 

compound mean TV±SD (mm3)a RTVa TGI(%)a 

control 4450 ± 1900 35.0 ± 15.6 0 

BA 2368 ± 1382 18.5 ± 10.8 46.7 

CE-g-PLLA/BA NPs 897 ± 400 6.5 ± 2.9 79.8 

a Mean tumor volume (TV), relative tumor volume (RTV), and 

percentage of tumor growth inhibition (% TGI) data were taken at day 20. 

(By day 20, a significant percentage of control animals were euthanized 

due to excess tumor burden.) 10 

3.6 In vivo study 

The results described above gave us great confidence to evaluate 

the anticancer effectiveness of BA formulations in a mouse tumor 

xenograft model. We tested the in vivo anti-tumor efficiency of 

CE-g-PLLA/BA NPs by subcutaneous inoculation of LLC cells 15 

into mice with. Treatment with BA or CE-g-PLLA/BA NPs given 

as multiple doses [every 2 d (q2d) × 5] were initiated when 

tumors reached an average volume of 100 to 150 mm3. The 

results showed that, the effectiveness of the CE-g-PLLA/BA NPs 

was significantly better than free BA. Multiple-dose treatment of 20 

CE-g-PLLA/BA NPs caused 79.8% TGI (on day 20). In contrast, 

multiple-dose free BA treatment resulted in 46.7% TGI (Fig. 6A 

and 6C, Table 2). No significant changes in body weight were 

noticed in all treatment groups compared to control group (Fig. 

6B). When using the BA-encapsulated CE-g-PLLA NPs for in 25 

vivo anti-tumor therapy, two effects are anticipated to increase the 

uptake of the drug-loaded nanoparticles by cancerous cells: (1) 

the EPR effect of solid tumors would allow more drug-loaded 

nanoparticles to be accumulated in the tumor tissue;7, 8 (2) drug-

loaded nanoparticles can increase the solubility of the drug.45 30 
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Fig. 6 Antitumor efficacy of BA and CE-g-PLLA/BA NPs in the subcutaneous mouse model of LLC. (A) Relative tumor volumes of mice during 

treatment with different groups. (B) Body weight after administration. (C) Tumor photographs from each treatment group excised on day 20. 

 

 5 

Fig. 7 Subacute toxicities of different groups were reflected by IgE levels (A) and the WBC change (B) of mice. Data as means ± S.E.; n = 6. 

3.7 Evaluation of the Side Effects 

Although CE-g-PLLA/BA NPs showed significant therapeutic 

effects in vivo, whether these nanoparticles had non-negligible 

adverse effects remained a critical issue. During its early 10 

development, type I hypersensitivity is the most common type of 

the hypersensitivity reaction. Some of the natural anti-cancer 

drugs, such as paclitaxel, docetaxel, and teniposide cyclosporine, 

were usually associated with a high incidence of the type I 
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hypersensitivity reaction. It has been demonstrated that IgE 

antibodies play an important part in mediating type I 

hypersensitivity responses. We thus selected IgE levels as the 

parameter for rapid evaluation of type I hypersensitivity reactions. 

The blood IgE levels of mice in different groups (BA, CE-g-5 

PLLA, and CE-g-PLLA/BA NPs) were shown in Fig. 7A. Mice 

treated with BA displayed a higher IgE level than the control 

group, which might be ascribed to the bad water solubility. As 

expected, no significant change of IgE level was observed in the 

CE-g-PLLA and CE-g-PLLA/BA NPs groups, which explored 10 

the idea that the use of these nanoparticles could reduce the risk 

of hypersensitivity reactions substantially. The blood of mice 

after treatment with different BA formulations was also collected 

to test the WBC count, which is often used as an indicator of 

hematologic toxicity. The total WBC count of mice treated with 15 

BA showed a little decrease over the normal group (Fig. 7B). No 

discernible decreases in WBC number of the mice treated with 

CE-g-PLLA and CE-g-PLLA/BA NPs were observed, indicating 

that the nanoparticles designed in this study could avoid severe 

hematotoxicity. 20 

4 Conclusions 

In summary, we had developed a cellulose-polymer hybrid 

nanoparticle platform consisting of a hydrophobic polymeric core 

of PLLA and a hydrophilic shell of cellulose. It is known that 

PLLA and cellulose are all biocompatible and biodegradable in 25 

vivo. In the in vitro and in vivo study, we demonstrated that 

empty CE-g-PLLA NPs showed good biocompatibility and no 

toxicity to cells or mice. As an example of this type of drug 

delivery vehicles, compared with free drug formulation, the CE-

g-PLLA/BA NPs exhibited enhanced anti-tumor activity both in 30 

vitro and in vivo. 
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BA-loaded cellulose-graft-poly(L-lactic acid) nanoparticles were fabricated by employing cellulose and 
poly(L-lactic acid) as materials and betulinic acid as a model drug. The nanoparticles have appropriate size 

and excellent antitumor activities.  
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