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A B S T R A C T   

Polymer systems can be designed into different structures and morphologies according to their physical and 
chemical performance requirements, and are considered as one of the most promising controlled delivery systems 
that can effectively improve the cancer therapeutic index. However, the majority of the polymer delivery systems 
are designed to be simple spherical nanostructures. To explore morphology/size-oriented delivery performance 
optimization, here, we synthesized three novel cylindrical polymer brushes (CPBs) by atom transfer radical 
polymerization (ATRP), which were cellulose-g-(CPT-b-OEGMA) (CCO) with different lengths (~86, ~40, and 
~21 nm). The CPBs are composed of bio-degradable cellulose as the carrier, poly(ethylene glycol) methyl ether 
methacrylate (OEGMA) as hydrophily block, and glutathione (GSH)-responsive hydrophobic camptothecin (CPT) 
monomer as loaded anticancer drug. By controlling the chain length of the initiator, three kinds of polymeric 
prodrugs with different lengths (CCO-1, CCO-2, and CCO-3) could be self-organized into unimolecular micelles in 
water. We carried out comparative studies of three polymers, whose results verified that the shorter CPBs 
exhibited higher drug release efficiency, more cellular uptake, and enhanced tumor permeability, accompanied 
by shortened blood circulation time and lower tumor accumulation. As evidenced by in vivo experiments, the 
shorter CPBs exhibited higher anti-tumor efficiency, revealing that the size advantage has a higher priority than 
the anisotropic structure advantage. This provided vital information as to design an anisotropic polymer-based 
drug delivery system for cancer therapy.   

1. Introduction 

Over the past few decades, nanostructures with well-defined size and 
morphology have been prepared by the self-organized of amphiphilic 
block copolymers which have been extensively explored in many fields, 
not only for the aesthetics but also for their wide applications in nano-
medicine, sensors, microreactor, catalysis and biomimicry [1–3]. The 
dendritic-form [4], comb-form [5] and star-like [6] polymers integrated 
with hydrophilic and hydrophobic parts have exhibited exciting activity 
on the biological application. Depending on their chemical structure, 
amphiphilic polymers can self-organize into various morphologies, such 
as fibers, vesicles, worm-like or spherical micelles [7]. Additionally, the 

size and morphology of the self-organized micelles can be further 
adjusted with several factors, such as the hydrophilic-hydrophobic ratio, 
carrier morphology, and grafting rate [8,9]. It was worth noting that the 
size and morphology played critical roles in drug dynamic in vivo 
behavior, in particular their pharmacokinetics and biodistribution 
[10–13]. Nevertheless, there has been still lacked investigations on the 
comparisons of therapeutic effect resulted from varied particle size and 
morphology in a single system until now. (see Scheme 1) 

Natural polysaccharide has been widely applied in polymer-carriers 
attributing to their poly-hydroxyl, facile chemical modification, good 
biocompatibility, and degradability, including cyclodextrin [13], 
dextran [14], konjac [15], cellulose [16], and etc. By chemical 
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modification of backbone with hydrophilic and hydrophobic copolymer 
block, the obtained amphipathic copolymer can be self-organized into 
unimolecular micelles in water [17,18]. As one type of unimolecular 
micelles, cylindrical polymer brushes (CPBs), also known as “molecular 
bottlebrushes”, were a class of polymers with anisotropic structure, have 
shown superior morphological and biological advantages compared 
with isotropic materials in the field of nanomedicine, including a special 
rod-like structure, easily and accurately controllable draw ratio, high 
drug loading rate, controllable hydrophilic/hydrophobic ratio and sta-
bility [19,20]. However, few investigations have been performed on the 
detailed in vitro and in vivo characterization of anisotropic CPBs. Thus, it 
is desperately needed to design, synthesize, and characterization of a 
series of innovative amphiphilic CPBs with varying lengths, as well as 
the self-organized unimolecular micelles. 

Herein, the well-designed amphiphilic polymers of cellulose-g-(CPT- 
b-OEGMA) (CCO) were firstly prepared, integrating the hydrophobic 
part of reduction-responsive camptothecin (CPT) monomer and the 
hydrophilic part of an oligomer poly (ethylene glycol) methyl ether 
methacrylate (OEGMA). By controlling the length of the cellulose 
backbone, the obtained polymers could be self-organized into the CPBs 
with different length (~86 nm in CCO-1, ~40 nm in CCO-1, and ~21 nm 
in CCO-3). Both in vivo and in vitroinvestigations demonstrated that the 
CPB-based drug delivery system showed unique advantages for 
enhancing the effectiveness of chemotherapy. 

Scheme 1. Schematic representation of the synthesis and functional pattern of CCO micelles for enhancing the effectiveness of chemotherapy. (A) Synthetic route of 
CCO prodrug and self-organize into micelles with three different lengths in water (top panel). (B) Schematic diagram of tissue infiltration and cell internalization. 
CPBs with longer length showed a prolonged blood circulation time and preferable tumor accumulation, while shorter ones showed enhanced tumor permeability, 
higher drug release efficiency, and cellular uptake rate. 
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2. Experimental section 

2.1. Materials 

The 6-hydroxyhexyl methacrylate (MABHD) modified camptothecin 
(SCPT) [14,21] and 1-allyl-3-methylimidazolium chloride [22] were 
synthesized according to previously reported literatures. All chemical 
reagents were commercially available and used as received unless 
otherwise noted. CPT was obtained from Adamas-beta® (China). Cel-
lulose (microcrystalline), 2-bromoisobutyrylbromide (BiBB), allyl chlo-
ride, 1-methylimidazole, oligomer poly (ethylene glycol) methyl ether 
methacrylate (OEGMA), Copper (I) bromide (CuBr), tri[2-(dimethyla-
mino) ethyl]amine (Me6TREN), triphosgene (BTC), 2-hydroxyethyl di-
sulfide (BHD), Nile Red, N, N-dimethylformamide (DMF), dimethyl 
sulfoxide (DMSO), triethylamine (TEA) and 1-methyl-2-pyrrolidione 
(NMP) were obtained from Sigma-Aldrich (USA). 

All consumable items used for cell assay, such as Dulbecco’s Modi-
fied Eagle’s Medium (DMEM), phosphate buffered saline (1 × PBS, PH 
= 7.4), TrypLE™ Express Enzyme (1 × ), fetal bovine serum (FBS), 
penicillin/streptomycin liquid (PS), 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide (MTT), Alexa Fluor® 488 phalloidin (AF- 
488), Lyso-Tracker Red, Mito-Tracker Green, live/dead viability kit and 
1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide (Dir) 
were purchased from Life Technologies (China). terminal deoxy-
nucleotidyl transferase-mediated dUTP-biotin nick end labeling 
(TUNEL) apoptosis assay kit were purchased from Beyotime Biotech-
nology (China). 

2.2. Synthesis of cellulose-Br macroinitiators 

Preparation of macroinitiators was completed in two steps. In the 
first step, 5.0 g of cellulose was dried in a vacuum oven at 80 ◦C over-
night, and then the water in cellulose was removed by co-boiling with 
anhydrous toluene. The macroinitiator of cellulose-Br was synthesized 
according to previously reported literature [16]. 5.0 g of cellulose was 
dissolved in 50 g of 1-allyl-3-methylimidazolium chloride, and 20 mL of 
DMF and 20 mL of NMP was added to the solution. Then excessive 2-bro-
moisobutyrylbromide (BIBB) was gradually injected into the solution at 
0 ◦C and reacted in the dark overnight. The product mixture was purified 
by precipitating 3 times in water, and a white powder of cellulose-Br 
intermediate was obtained. 

In the second step, 5.0 g of cellulose-Br intermediate was dissolved in 
40 mL of NMP, and then 10 mL of BiBB was added for a second modi-
fication to obtain the highest density of reactive sites. Afterward, a 
fraction precipitation method was applied to obtain 9 kinds of cellulose- 
Br product with different narrow molecular weight dispersion. Three of 
them were selected for further researches, which were named cellulose- 
Br-1, cellulose-Br-2, and cellulose-Br-3, respectively. 

2.3. Synthesis of cellulose-g-(MABHD-SCPT-b-OEGMA) (CCO) polymers 

The amphiphilic polymer was synthesized by one-step copolymeri-
zation with the cellulose-Br as a macroinitiator: cellulose-Br (cellulose- 
Br-1, cellulose-Br-2 or cellulose-Br-3, 18.18 mg, equivalent to 0.09 mmol 
-Br), SCPT (161 mg, 0.027 mmol), OEGMA (450 mg, 0.9 mmol), 
Me6TREN and CuBr (12.91 mg, 0.09 mmol) were dissolved with DMSO 
in a glovebox. The reaction then occurred in dark at 25 ◦C overnight and 
the final product was purified by dialyzing against THF. The product of 
CCO-1, CCO-2, and CCO-3 was obtained. 

2.4. Preparation of prodrug micelles 

Briefly, 10 mg of CCO was dissolved in 1 mL of THF and then 
dispersed into 8 mL of DI water under stirring. The solution was then 
dialyzed against DI water (MWCO = 3.5 kDa) for 2 days to remove the 
organic solvent. Then, the obtained CCO micelles were applied for the 

following assays. 

2.5. In vitro release of CCO 

Firstly, CCO micelles were dispersed in PBS (DTT = 50 mM) to 50 μg 
mL− 1, and the solution was shaken at 37 ◦C for 24 h. The drug loading 
rate of CPT was calculated according to a standard curve of the fluo-
rescence intensity corresponding to a known concentration. (Excitation 
wavelength: 365 nm; Emission wavelength: 430 nm). The release assay 
was performed at 37 ◦C for 24 h, under a horizontal shaking at 130 rpm. 
Specifically, 1.0 mL of CCO micelles (500 μg mL− 1) in a dialysis bag 
(MWCO = 3.0 kDa) was immersed in 80 mL of PBS (pH = 7.4) con-
taining 0, 2 μM or 10 mM DTT (reagent that mimics GSH in vitro). Then, 
1 mL of release medium was sampled at certain time points and then an 
equivalent volume of fresh PBS was added to the solution. The con-
centration of CPT was determined by fluorescence spectroscopy. 

2.6. Cell culture 

Human cervical cancer cell line (HeLa), human breast cancer cell line 
(Michigan Cancer Foundation-7, MCF-7), and mouse fibroblasts cell line 
(L929) were all originally obtained from the cell bank of American Type 
Culture Collection (ATCC). The cells were cultured in DMEM supple-
mented with 10% FBS and 1% PS at 37 ◦C in a humidified environment 
with 5% CO2. 

2.7. Cytotoxicity assay 

HeLa, MCF-7, and L929 cells were treated with free CPT or CCO 
micelles and then the cell viability was tested by MTT assays. Briefly, 
cells were seeded in a 96-well culture plate with a density of 104 cells per 
well. After cell adhesion, the culture medium was replaced with a fresh 
medium containing a certain concentration of free CPT and CCO mi-
celles. After the cells were treated for 72 h, the medium was removed 
and followed by adding 200 μL of MTT solution (0.5 mg mL− 1) in each 
well. After incubating for another 4 h, the formazan was dissolved with 
100 μL of DMSO, the absorbance of each well was measured by a 
microplate reader at 570 nm (Tecan SPARK-10 M plate reader). 

2.8. Live/dead staining 

The toxicity of micelles on tumor cells was further evaluated with a 
live/dead staining test. MCF-7 cells were seeded in a 12-well culture 
plate, with a density of 1.5 × 105 cells per well. After cell adhesion, the 
culture medium was replaced with a fresh medium containing 10 μg 
CPT/mL of CCO. After incubating for another 24 h, the cells were stained 
with a live/dead staining kit for 20 min and observed with a fluores-
cence microscope (Olympus IX71). 

2.9. Apoptosis analysis 

HeLa cells were seeded in 12-well plates, with a density of 106 cells 
per well. The cells were cultured for 12 h and followed by adding fresh 
culture medium containing 20 μg CPT/mL of CCO, the cells without 
treatment were applied as a control. After incubating for another 24 h, 
the floating and attached cells were collected, then stained with Annexin 
V-FITC and propidium iodide (PI). Finally, the cells were analyzed with 
flow cytometry (FCM, NovoCyte 2060R, USA). 

2.10. Cellular uptake 

HeLa cells were seeded in 12-well plates with a density of 106 cells 
per well and then cultured overnight. After cell adhesion, the fresh 
culture medium containing 20 μg CPT/mL of Nile red (NR)-loaded CCO 
micelles were added. The cells were treated for 10 min, 30 min, 1 h, 2 h, 
4 h, and then washed with PBS. The cellular uptake was detected with 
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flow cytometry. 

2.11. CLSM imaging 

HeLa cells were seeded in 8-well plates with a density of 3 × 104 cells 
per well, and then treated with CCO containing 20 μg mL− 1 of CPT for 2 
h or 6 h. After then, the cells were fixed with formaldehyde for 30 min, 
followed by staining with AF-488 and DRAQ5. Finally, the cells were 
washed with PBS 3 times and observed by confocal laser scanning mi-
croscopy (CLSM, Carl Zeiss 800, Germany). Similarly, HeLa cells treated 
with CCO micelles containing 20 μg mL− 1 of CPT were also stained with 
Lyso-Tracker Red or Mito-Tracker Green for 40 min. The images were 
taken by CLSM. 

2.12. Tumor penetration in vitro and in vivo 

The tumor penetration behaviors of the CCO micelles in vitro were 
investigated with MCF-7 induced multicellular spheroid (MCSs) tumor 
model. Briefly, 50 μL of 1% agarose was pre-added into a 96-well plate, 
then MCF-7 cells were seeded into the well with a density of 1.0 × 103 

cells per well. The tumor spheroids were formed after the cells were 
incubated for 5–7 days. The medium was removed and 200 μL of fresh 
medium containing CCO micelles (with CPT concentration of 20 μg 
mL− 1) were added. The MCSs were incubated for 8 h, and the pene-
trating ability was examined by CLSM. 

2.13. Animals and xenograft tumor models 

BALB/c nude mice (4–5 weeks, 18–20 g, female) applied in bio-
distribution and therapeutic effectiveness evaluation and Kunming mice 
(KM, 4–5 weeks, 20–25 g, female) applied in routine blood test were 
supplied by Dashuo Experimental Animal Co. Ltd. (Chengdu, China) and 
Tengxin Biological Technology Co. Ltd. (Chongqing, China), respec-
tively. All animal assays were performed according to the animal study 
guidelines approved by the University Committee on Use and Care of 
Animals (UCUCA) at Southwest University. 4 × 106 MCF-7 cells were 
suspended in 125 μL of culture medium and subcutaneously injected 
into the right armpit of female nude mice to establish the xenograft 
tumors. The tumor size was measured every day and when the tumor 
volume reached about 100 mm3, the mice were randomly divided into 
four groups (n = 6). 

2.14. Hemolysis experiment 

The murine blood was collected and centrifuged at 5.0 × 103 rpm for 
5 min. The erythrocytes in the precipitate pellet were washed with PBS 
for several times until no color could be observed in the supernatant. 
CCO CPBs were added in and obtaining an ultimate CPT concentration 
of 1, 5, 25, 125 or 250 μg mL− 1. The samples were incubated at 37 ◦C in a 
shaking container for 1 h. After centrifuging at 3000 rpm for 5 min, the 
supernatant was tested by a microplate reader at 575 nm. The eryth-
rocytes incubated with PBS or 1% TritonX-100 were served as the 
negative control and positive control, respectively. The percentage of 
hemolysis was calculated as follows: 

Hemolysis % = [(Sample absorbance – Negative control)/(Positive 
control – Negative control)] × 100%. 

2.15. In vivo biodistribution 

MCF-7 tumor-bearing nude mice were injected with free Dir and 
CCO@Dir with a Dir dose of 150 μg mL− 1. After 24 h, the mice were 
sacrificed and the major organs were collected, including heart, liver, 
spleen, lung, kidney, and tumor. The images were taken by Near- 
Infrared Ray (NIR) imaging system (PerkinElmer IVIS Lumina Kinetic 
Series III). On this foundation, the tumor penetration in vivo was also 
evaluated. MCF-7 tumor-bearing nude mice were pre-injected with CCO 

micelles for 24 h. The tumors were collected and cut into slices, and the 
slices were directly observed by CLSM. 

2.16. Pharmacokinetics in vivo 

Free CPT or CCO micelles were injected into SD rats with CPT con-
centration equivalent to 5 mg kg− 1. Then blood was collected from the 
orbital venous plexus at 10 min, 20 min, 30 min, 1 h, 2 h, 3 h, 5 h, 7 h, 12 
h or 24 h post-injection. The blood samples were centrifuged at 10,000 
rpm for 10 min, and 15 μL of DTT (0.1 N) were added in 15 μL of plasma 
to cleave the CPT. 30 μL of HCl (0.1 M) was added during ice bath and 
followed by adding 200 μL of methanol. The blood samples were then 
incubated for 4 h at 4 ◦C for protein removal. After centrifuging for 10 
min at 14000 rpm, the supernatant was detected with a microplate 
reader. 

2.17. Routine blood test 

Routine blood tests and biochemical index analyses were carried out 
to assess the potential toxicology of the CCO micelles. Kunming mice 
were injected with normal saline and CCO micelles through the tail vein. 
After 1 day or 7 days, the blood was collected from the eye socket for 
routine blood examination (n = 4). The routine blood test involved 
parameters including white blood cell count (WBC), lymphocyte ratio 
(LYM), red blood cell count (RBC), hemoglobin concentration (HGB), 
hematocrit (HCT), mean corpuscular hemoglobin concentration 
(MCHC), variation coefficient of red blood cell distribution width 
(RDW), platelets (PTL) and mean platelet volume (MPV) index. The 
routine blood test was carried out by a hematology analyzer (Mindray 
BC-2600Vet). 

2.18. In vivo anti-tumor efficacy evaluation 

To investigate the anti-tumor efficacy of CCO micelles, MCF-7 tumor 
bearing nude mice were randomly grouped (n = 6) when tumors volume 
reached about 100 mm3. The mice were treated with normal saline, 
CCO-1, CCO-2, or CCO-3 through the tail vein, with CPT concentration 
equivalent to 5 mg kg− 1. The treatment was repeated for a total of four 
times, on day 1, 4, 7, and 10. During the treatment, the tumor size and 
body weight were monitored every 2 days. Tumor volumes were 
calculated with the following formula: V = 1/2 × (Tumor Length) ×
(Tumor Width) 2. 

2.19. Tissue histological evaluation 

The tumor, heart, liver, spleen, lung, and kidney tissues were 
collected and fixed with 4% paraformaldehyde for 24 h. The samples 
were embedded in paraffin and cut into slices. The fixed slices were 
stained with hematoxylin and eosin (H&E) or terminal deoxynucleotidyl 
transferase-mediated dUTP-biotin nick end labeling (TUNEL) for 
exploring the tissue toxicity or apoptosis of tumor cells. 

3. Results and discussion 

The 1-allyl-3-methylimidazolium chloride ([AMIM]Cl) was synthe-
sized according to the previous report [23], and the chemical structure 
of [AMIM]Cl was verified by 1H NMR (Bruker AVANCE 600 MHz NMR, 
Figure S1-S2). The CPT monomer (SCPT) was synthesized by silica gel 
column chromatography with three steps, achieving a high yield 
(>60%) and purity (Figure S3-S6). The cellulose initiator cellulose-Br 
was also successfully synthesized and fully characterized by 1H NMR, 
FT-IR (Thermo Nicolet 6700), and gel permeation chromatography 
(GPC, Agilent 1206) (Figures S7-S10). The amphiphilic polymers CCO-1, 
CCO-2, and CCO-3 were synthesized through the copolymerization of 
hydrophobic SCPT and hydrophilic OEGMA by ATRP. The final product 
was confirmed by 1H NMR and FT-IR (Figure S11-S12, Fig. 1E). These 
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results suggested that SCPT and OEGMA were successfully introduced 
into the cellulose backbone. Next, the prodrug CCO-1, CCO-2 and CCO-3 
were self-organized into unimolecular micelles in water. The fluores-
cence (FL, Shimadzu RF-5301PC) and ultraviolet (UV, Shimadzu 
UV-1800) spectra of CCO micelles were investigated to further illustrate 
the successful load of CPT (Fig. 1F and G). The micelles have shown 
strong absorbance bands at 365 nm in UV-spectrum and maximum 
emission at 430 nm, indicating the successful polymerization of CPT. 
Previous studies showed that the micellar morphologies could be 
controlled by tuning the aspect ratio (backbone length and graft ratio) of 
block copolymers [8,16]. As we expected, the CCO polymers were 
self-organized into different morphologies, which was associated with 
the initiators of different lengths. As shown in Fig. 1A, polymers pre-
pared by cellulose-Br with high molecular weight tend to form micelles 
with long-rod structure, while cellulose-Br with low molecular weight 
would form micelles with short-rod structure. The transmission electron 
microscope (TEM, JEM-1230EX) images of CCO-1, CCO-2, and CCO-3 
suggested a mean length of 86 ± 15 nm (diameter: 16 ± 3 nm), 40 ±
9 nm, and 21 ± 4 nm, respectively (Table S1 and Fig. 1B–D). The CCO-1, 
CCO-2, and CCO-3 micelles showed a slightly negative surface charge of 
− 4.8, − 4.5, and − 4.8 mV, respectively. It was benefited to prolong 
blood circulation time [24–26] (Fig. 1H). Furthermore, the prodrug 
bio-safety was also investigated by hemolysis experiment. The results 
indicated that no obvious hemolysis was observed even in a high con-
centration of 250 μg mL− 1 (Fig. 1I). 

The reductive tumor microenvironment has been a widely applied 
intracellular stimulator for achieving the selective release of therapeutic 
agents [23,27,28]. The GSH concentration in tumor cells (2–10 mM) was 
much higher than normal cells (2 μM) [29,30]. The GSH-sensitive 

micelles could maintain stability in normal tissues and during blood 
circulation, while disassembled in the tumor microenvironment to 
release the drug from carriers. DTT was a prevalent GSH simulant, which 
was applied to investigate the loading rate and release behavior of CCO 
micelles. Firstly, the loading rate of micelles was conducted by incu-
bating 1 mL of micelles with 50 mM of DTT for 24 h. The loading ca-
pacities of CCO-1, CCO-2, and CCO-3 were measured to be 16.2 wt%, 
24.1 wt%, and 26.2 wt%, respectively. Then, the in vitro 
reduction-responsive drug release behavior of CCO micelles were 
investigated. As shown in Fig. 1J–L, the CPT was gradually released from 
the carriers with increased incubation time in 2 mM DTT. The cumu-
lative CPT release of CCO-1, CCO-2 and CCO-3 was over 73.6%, 80.6%, 
and 88.3%, respectively. CCO-3 showed higher cumulative release 
because of its smaller size, which caused a faster and more easily com-
plete degradation. On the contrary, all three micelles incubated in 2 μM 
or 0 μM DTT showed no significant drug release, which further proved 
the tumor-specific drug release behavior of this drug delivery system. 

It was noteworthy that selective killing of tumor cells while harmless 
to normal cells was the premise and foundation of cancer therapy. The 
selective toxicity of CCO micelles to tumor cells was also investigated in 
this study, which was directly associated with the therapy efficiency. A 
series of experiments were applied to evaluate the therapy efficiency of 
polymer micelles, including MTT, live/dead, and cell apoptosis assay. 
For MTT assay, HeLa, and MCF-7 were applied as representative tumor 
cells, and L929 as normal control. As shown in Fig. 2A–C, after incu-
bation with CCO micelles for 72 h, HeLa and MCF-7 cells were signifi-
cantly killed, while little damage was observed on L929 cells. Obviously, 
CCO-3 presented prominent cytotoxicity, with the tumor cell viability as 
low as 10%. It may be on account of its smaller size. Notably, the cell 

Fig. 1. Characterization of CCO micelles. (A) Diagrammatic representation of CCO-1, CCO-2, and CCO-3 micelles. TEM images of (B) CCO-1, (C) CCO-2, (D) CCO-3. 
(E) FT-IR spectra of CPT monomer, CCO-1, CCO-2, and CCO-3. (F) UV–vis spectra and (G) fluorescence spectra of free CPT, CCO-1, CCO-2, and CCO-3. (H) Zeta 
potential and (I) hemolysis of CCO-1, CCO-2, and CCO-3. CPT release behavior triggered with DTT of (J) 0 mM, (K) 2 μM, and (L) 2 mM. 
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Fig. 2. The selective cell apoptosis induced by CCO micelles. Cell-viability assay in tumor cells of (A) HeLa, (B) MCF-7, and normal cells of (C) L929 incubated with free CPT, CCO-1, CCO-2, and CCO-3 micelles. (D, E) 
Live/dead assay and the corresponding percentage of PI-positive cells in MCF-7 cells incubated with CCO micelles. The scale bar was 200 μm. (F) Cell apoptosis of free CPT, CCO-1, CCO-2, and CCO-3 micelles. 

S. Bai et al.                                                                                                                                                                                                                                       



Bioactive Materials 6 (2021) 2894–2904

2900

viability of L929 cells remained up to 65% when the CPT concentration 
reached 10 μg mL− 1. However, the free CPT showed strong toxicity to 
both tumor cells and normal cells. The live/dead assay was conducted 
for a more intuitive view of the proportions for both live and dead cells. 
As shown in Fig. 2D and E, the result was in accord with the MTT assay. 
Compared with free CPT, cells treated with CCO micelles showed strong 
toxicity, shown as strong red fluorescence, and similarly, CCO-3 pre-
sented higher cytotoxicity. Further, FCM was applied for verifying the 
cytotoxicity of CCO micelles by cell apoptosis assay. The same tendency 
was observed in the FCM-based cell apoptosis assay (Fig. 2F). The per-
centage of apoptotic HeLa cells was 43.0%, 50.3%, 57.4%, and 59.4% 
after the treatment of free CPT, CCO-1, CCO-2, CCO-3 micelles, 
respectively. Based on the above results, it can be observed that, 
compared to other micelles, the CCO-3 micelles with the smaller size can 
be internalized effectively, resulting in higher drug utilization. Thus, 
higher efficacy to induce tumor cell apoptosis can be realized. 

Furthermore, the distributions and cellular uptake behaviors of CCO 
micelles were investigated by CLSM and FCM. For CLSM, the skeleton 
and nucleus of HeLa cells were stained with AF-488 and DRAQ5, and 
emitted green and red fluorescence, respectively. As observed in Fig. 3A, 
the merged images showed that the drug was uniformly released within 
the cell, indicating that CPT was released successfully. In addition, the 
cellular uptake behavior of the micelles was also quantitatively deter-
mined by FCM. As shown in Fig. 3D–E, it was found that HeLa cells 
treated with CCO-3 showed the maximum uptake rate, compared to that 
of all other groups, revealing a particle size-mediated cellular uptake 
behavior. 

The time course of the cellular localization process was also moni-
tored by CLSM. HeLa cells were stained with a lysosome marker (Lyso- 
Tracker Red). The colocalization of CPT (blue fluorescence) and lyso-
some (red fluorescence) exhibited as magenta fluorescence in the 

merged images (Fig. 3B). It showed that the fluorescence of micelles and 
lysosomes were colocalized perfectly after incubating for 2 h, suggesting 
the endolysosomal pathway. To confirm whether the released CPT could 
enter mitochondria, HeLa cells were stained by Mito-Tracker Green, and 
the colocalization of CPT (blue fluorescence) and mitochondria (green 
fluorescence) exhibited as cyan fluorescence in the merged images. As 
shown in Fig. 3C, the results indicated that the drug successfully entered 
mitochondria. These data demonstrated a clear pathway of drugs 
entered the tumor cells, in which micelles would be accumulated in 
lysosomes prior to migrating to mitochondria. 

Micelles with different size and morphology had varied performance 
in tumor tissue penetration [31–33]. Previous studies have demon-
strated that micelles with smaller size showed enhanced in vivo perfor-
mance through deeper penetration ability in solid tumors. In addition, 
rod-like micelles exhibited enhanced tumor penetration ability in com-
parison with spherical micelles under the same dimension [34–36]. The 
specificity of CCO micelles in morphology and size motivated us to 
investigate its potential for drug delivery. The schematic diagram of the 
penetration depth of CCO micelles was presented (Fig. 4A). In our study, 
MCSs derived from MCF-7 cells were utilized as in vitro model to explore 
the penetration ability of CCO micelles. MCSs were a widely applied 
three-dimensional (3D) solid tumor simulation system because its 
morphology and pathophysiological conditions were similar to real 
tumor tissues, which were proved to have more advantages over 
two-dimensional (2D) tumor simulation systems in cancer researches 
[37,38]. As shown in Fig. 4B, MCSs were incubated with different drug 
formulations (containing 20 μg mL− 1 of CPT) for 8 h and then observed 
with CLSM Z-stack scanning. After the treatment of CCO, it was observed 
that the CPT with blue fluorescence was uniformly distributed on MCSs. 
At the scanning depth of 70 μm, the CPT fluorescence was mostly located 
on the edge of MCSs for the CCO-1 treated group. However, the blue 

Fig. 3. Intracellular distribution and cellular uptake analysis. CLSM images of the (A) cellular uptake, (B) lysosomal and, (C) mitochondrial colocalization of CCO-1, 
CCO-2, and CCO-3. The scale bar was 50 μm. The right panel were the ~2-fold enlarged images of mitochondrial colocalization. (D) FCM analysis of the cellular 
uptake of NR-loaded CCO-1, NR-loaded CCO-2, and NR-loaded CCO-3. (E) Mean fluorescence intensity of NR-loaded CCO micelles. Data were expressed as means ±
SD (n = 3). 

S. Bai et al.                                                                                                                                                                                                                                       



Bioactive Materials 6 (2021) 2894–2904

2901

fluorescence inside the MCSs was clearly observed for CCO-3 treated 
group, demonstrating the size effect of the CCO-3. In general, CCO-3 
exhibited a superior tumor penetration capability due to its small size. 

It is well known that particles with appropriate size can be prefer-
entially accumulated in the tumor site through passive targeting, which 
is a process known as the enhanced permeability and retention (EPR) 
effect [39,40]. In this study, diverse sizes of CCO-1, CCO-2, and CCO-3 

micelles promote us to explore the effect of micelles size on tumor ag-
gregation in vivo. Dir was applied as the near-infrared fluorescence 
tracker to track the distribution of micelles in the mice. As shown in 
Fig. 4C, the red circles represent the tumor site of mice. In each group, 
Dir fluorescence was mainly distributed in the abdomen and chest, 
which was mainly attributed to the nonspecific uptake of CCO micelles 
by the reticuloendothelial system (RES). As expected, different from the 

Fig. 4. Biodistribution and pharmacokinetic profiles of CCO micelles in vivo and ex vivo. (A) Schematic representation of tissue permeability of CCO-1, CCO-2, and 
CCO-3 micelles. (B) CLSM images of tumor penetration of CCO-1, CCO-2, and CCO-3 in MCF-7. The scale bar was 200 μm. (C) Biodistribution of free Dir and CCO 
micelles in vivo. (D) Ex vivo fluorescence imaging of the distribution of free Dir and CCO micelles in tumor and main organs. Mean fluorescence intensity of Dir in the 
tumor and main organs 24 h after injection. (F) Distribution of CPT in tumor tissues at 24 h post-injection. The scale bar was 200 μm. (G) Pharmacokinetic analysis of 
free CPT, CCO-1, CCO-2, and CCO-3 for 24 h after injection. 
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free Dir-treated group, all CCO micelles groups tended to be accumu-
lated in tumor tissue, and the accumulation of micelles was much more 
than that of in adjacent muscle tissue, indicating that micelles can be 
passively enriched in tumor sites through the EPR effect. In addition, the 
CCO-1 treated group showed a higher fluorescence signal in tumor tissue 
than that of CCO-2 and CCO-3 after 24 h injection, resulted from its 
suitable size large aspect ratio, which has a longer circulation time and 
more likely to accumulate at the tumor site. The distribution of micelles 
in main organs (i.e., heart, liver, spleen, lung, and kidney) and tumor 
were also imaged (Fig. 4D). Consistent with in vivo results, the CCO-1 

micelles treated group showed stronger tumor accumulation. The dis-
tribution of micelles in organs was then determined by quantifying the 
fluorescence intensity of Dir (Fig. 4E). Furthermore, the CPT in tumor 
tissue at 24 h post-injection was tested by optical imaging and the results 
showed that the drug could be uniformly distributed throughout the 
tumor (Fig. 4 F). 

Long-term safety has been a significant foundation for the clinical 
translation of micelles. As shown in Figure S13, the main hematological 
parameters for the mice administrated with CCO micelles were all in 
normal range, including WBC (0.8–6.8 × 109 L− 1), LYM (55.8–90.6%), 

Fig. 5. In vivo antitumor performance of CCO micelles. (A) Schematic representation of the in vivo therapeutic efficacy. (B) Representative images of the mice with 
different treatments in 12 days. The relative variations of (C) tumor volume and (D) Body weight after the treatment of CCO-1, CCO-2, and CCO-3 micelles. (E) The 
tumor inhibition rate and (F) tumor weight after 12 days of treatment of CCO-1, CCO-2, and CCO-3. (G) Ex vivo tumor tissues after 12 days of treatment. (H) H&E and 
(I) TUNEL staining of tumor slices after 12 days. The scale bar was (H) 100 μm and (I) 200 μm. 
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RBC (6.36–9.42 × 1012 L− 1), HGB (110–143 g L− 1), HCT (34.6–44.6%), 
MCHC (302–353 g L− 1), RDW-SD (13.0–17.0% fL), PTL (450–1590 ×
109 L− 1) and MPV (3.8–6.0 fL). The systemic toxicity of micelles was 
low, which was due to the fact that the micelles were stable during blood 
circulation with limited GSH level, which was inadequate to activate the 
loaded drugs. 

As reported, rod-like micelles exhibited long blood circulation time 
than spherical [41]. To explore the pharmacokinetics of micelles, free 
CPT, CCO-1, CCO-2, and CCO-3 micelles were injected into the 
tumor-free Sprague-Dawley (SD) mice. Then the blood was sampled 
from the orbital venous plexus at 10 min, 20 min, 30 min, 1 h, 2 h, 3 h, 5 
h, 7 h, 12 h, or 24 h post-injection. For free CPT, CCO-1, CCO-2, and 
CCO-3, the CPT remained in the plasma was <0.1%, 6.7%, 6.1%, and 
4.0% at 12 h post-injection, respectively (Fig. 4G). Meanwhile, the area 
under the curve of micelles was much larger than that of free CPT, 
indicating that the nano-formulation can significantly prolong the blood 
circulation time. Moreover, the half-life of CCO-1 was relatively higher 
than CCO-2 and CCO-3, which was ascribed to the rod-like morphology 
and large size. 

Furthermore, the in vivo anticancer activity of CCO micelles were 
evaluated in MCF-7 tumor-bearing nude mice. The mice were randomly 
divided into 4 groups (n = 5 for each group), including PBS, CCO-1, 
CCO-2, and CCO-3. The injection was via the tail vein at a dose of 5 
mg kg− 1 based on CPT every 3 days (Fig. 5A), and the mice were pho-
tographed before and after each treatment (Fig. 5B). Moreover, the 
variation of tumor size and body weight were recorded every 2 days 
(Fig. 5C and D). No obvious body weight variation was observed, indi-
cating the good biosafety of the CCO-based drug delivery system. After 
12 days of treatment, the tumor growth in micelles groups was sup-
pressed to a certain extent. Comparatively, the tumor volume in the 
control group rapidly grew with a size increase of 8.0-fold. The tumor 
volume in chemotherapy groups treated with CCO-1, CCO-2, and CCO-3 
was suppressed, with a size increase of 3.4, 2.2, 1.7-fold at 12 days, 
respectively. The CCO-3 group showed the highest inhibition rate of ~ 
90%, compared to ~63% in the CCO-1 group and ~80% in the CCO-2 
group, which demonstrated that the size advantage was prior to aniso-
tropic advantage (Fig. 5E). These results were also supported by the 
variations of average tumor weight (Fig. 5F) and tumor size (Fig. 5G) on 
day 12. 

H&E and TUNEL staining analyses were conducted to further clarify 
the tumor growth inhibition mechanism of CCO micelles. At the end of 
treatment, these mice were sacrificed and the tumors were removed 
from nude mice, then sliced up and stained with H&E and TUNEL. Both 
H&E and TUNEL assays were applied to evaluate the pathological 
changes in tumor tissues. As shown in Fig. 5H–I, limited cell damage was 
observed in the H&E and TUNEL staining results of CCO-1 and CCO-2 
groups, while the CCO-3 group exhibited much severer cell necrosis. 
The tissue toxicity was also observed by H&E staining of main organs, 
including heart, liver, spleen, lung, kidney. No significant tissue damage 
was observed in micelle-treated groups (Figure S14), indicating that our 
system could minimize the systemic toxicity. 

4. Conclusions 

In summary, a series of smart CCO-based CPBs have been success-
fully developed, involving biodegradable cellulose as the carrier, 
OEGMA as a hydrophilic block, and GSH-responsive hydrophobic SCPT 
as an anticancer drug. By virtue of initiators with three different lengths, 
CCO-1, CCO-2, and CCO-3 micelles were successfully prepared, and 
achieving regular CPBs with different lengths. Due to the differences in 
scale, three micelles exhibited varied cytotoxicity toward tumor cells. 
The differences were also reflected in cell uptake, tumor penetration 
ability, biodistribution, pharmacokinetics, and antitumor efficacy. 
Based on in vivo and in vitro results, it can be concluded that the size 
advantage is prior to morphology advantage. Taken together, the results 
in this study have provided valuable information and method for the 

design of intelligent drug delivery systems in chemotherapy. 
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