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Purpose: This study proposes the utilization of multispectral optoacoustic tomography (MSOT) 

to investigate the intratumoral distribution of polymeric micelles and effect of size on the 

biodistribution and antitumor efficacy (ATE).

Materials and methods: Docetaxel and/or optoacoustic agent-loaded polymeric micelles 

(with diameters of 22, 48, and 124 nm) were prepared using amphiphilic block copolymers 

poly (ethylene glycol) methyl ether-block-poly (D,L lactide) (PEG
2000

–PDLLA
x
). Subcutaneous 

4T1 tumor-bearing mice were monitored with MSOT imaging and IVIS® Spectrum in vivo live 

imaging after tail vein injection of micelles. The in vivo results and ex vivo confocal imaging 

results were then compared. Next, ATE of the three micelles was found and compared.

Results: We found that MSOT imaging offers spatiotemporal and quantitative information 

on intratumoral distribution of micelles in living animals. All the polymeric micelles rapidly 

extravasated into tumor site after intravenous injection, but only the 22-nm micelle preferred 

to distribute into the inner tumor tissues, leading to a superior ATE than that of 48- and 124-

nm micelles.

Conclusion: This study demonstrated that MSOT is theranostically a powerful imaging 

modality, offering quantitative information on size-dependent spatiotemporal distribution 

patterns after the extravasation of nanomedicine from tumor blood vessels.

Keywords: multispectral optoacoustic tomography, MSOT, polymeric micelle, in vivo imaging, 

intratumoral distribution, particle size, tumor model

Introduction
The use of long-circulating polymeric micelles is a promising strategy to target tumors 

in systemic cancer treatment.1 Antineoplastic small molecules, such as paclitaxel 

(Genexol-PM), are often delivered by these surface-modified nanoscale vesicles.2,3 

Despite extensive studies, which have demonstrated that micelles preferentially accu-

mulate in solid tumors with a leaky vascular bed through the enhanced permeability and 

retention (EPR) effect,4 it is demanding to find a noninvasive imaging technology to 

measure the intratumoral distribution.5 Currently, there are many modalities available 

for the visualization of micelles in vivo; each has its own advantages and drawbacks. 

Magnetic resonance imaging (MRI) and X-ray-based computed tomography (CT) 

afford high spatial resolution, but confer low molecular specificity.6 In addition, 

fluorescence molecular tomography and positron emission tomography have been 

used as molecular imaging modalities with higher sensitivity compared with MRI 

and CT,7,8 but they have limited spatial resolution. Moreover, intravital microscopy 

has high resolution and molecular specificity, yet it requires invasive procedures and 
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has shallow tissue penetration.9,10 Considering the advantages 

of operational simplicity, high sensitivity, and low cost, 

optical imaging techniques are regarded as more favored 

imaging methods applicable to preclinical and clinical use. 

Although the practice of the ultraviolet (UV) absorbing 

molecular probes in live tissues has some significant draw-

backs, such as high levels of light extinction and tissue 

autofluorescence,11,12 near-infrared (NIR) absorption and 

emission fluorescent probes favor deep tissue bioimaging 

applications.12,13 In addition, NIR fluorescent probe can be 

used for both photothermal and photodynamic therapies for 

cancer treatment.14,15 Nonetheless, NIR fluorescence imaging 

can achieve high penetration depth, yet they often confer low 

spatial resolution.16

Multispectral optoacoustic tomography (MSOT) is a 

noninvasive imaging method based on photoacoustic effect. 

This method involves image reconstruction from ultrasound 

waves that are generated due to the thermoelastic extension of 

molecules on selective photon absorption.17 Compared with 

conventional optical imaging, MSOT has shown promising 

results in higher spatial resolution (~150 µm) and a deep 

penetration depth (.5 cm).18 The fluorochromes incorporated 

in micelles exhibit sound NIR absorption and hence are 

expected to permit deep tissue visualization in vivo.19–21

Polymeric micelles can circulate for a prolonged time 

and accumulate in tumor tissues through EPR effect.22 Yet, 

micellar vesicles are likely to face difficulties in penetrating 

tumors in a particle size-dependent manner, and the effect 

of tumor interstitium on the intratumoral distribution of 

micelles remains unclear.23–25 In this study, we used different 

amphiphilic copolymers (PEG
2000

–PDLLA
x
) to control 

particle sizes ranging from 22 to 124 nm. Subsequently, 

the intratumoral distribution behaviors of micelles after tail 

vein injection were evaluated using MSOT imaging with 

a view to investigate how polymeric micelles’ size affects 

intratumoral distribution and antitumor efficacy (ATE).

Materials and methods
Materials
Docetaxel (DTX) was purchased from HVSF United Chemi-

cal Materials Co., Ltd. (Beijing, People’s Republic of China). 

1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine 

iodide (DiR) and coumarin 6 were purchased from AAT 

Bioquest (Sunnyvale, CA, USA) and Sigma-Aldrich Co. (St 

Louis, MO, USA). PEG
2000

–PDLLA
2000

 (polydispersity index 

[PDI] ,1.8), PEG
2000

–PDLLA
5000

 (PDI ,1.8), and PEG
2000

–

PDLLA
8000

 (PDI ,1.8) were purchased from Daigang 

Biomaterial Co., Ltd. (Jinan, People’s Republic of China). 

Water was purified by a Milli-Q water purification system 

(EMD Millipore, Billerica, MA, USA). All other chemicals 

and reagents were of analytical grade.

Preparation of micelles and 
characterization
DTX-loaded mPEG–PDLLA micelles were spontaneously 

formed by a solid dispersion technique.26 In brief, mPEG–

PDLLA (30 mg) and DTX (6 mg) were mixed in 5 mL of 

dichloromethane. The solution was then stirred for 5 minutes, 

and after that, dichloromethane was removed with reduced 

pressure at 25°C to acquire a thin DTX/copolymer film. The 

remaining dichloromethane was completely removed by fur-

ther drying in a vacuum dryer for 12 hours. To obtain a micel-

lar dispersion, 5 mL of water at 30°C was added to the thin 

film and stirred for 5 minutes. The transparent dispersion was 

then filtered through a 0.22-µm filter (Tianjin Branch Billion 

Lung Experimental Equipment, Tianjin, People’s Republic of 

China). To prepare micelles with different particle sizes, three 

mPEG–PDLLA micelles, namely mPEG
2000

–PDLLA
2000

, 

mPEG
2000

–PDLLA
5000

, and mPEG
2000

–PDLLA
8000

, were uti-

lized for the preparation of DTX-loaded polymeric micelles. 

Empty and DTX/DiR/coumarin 6-loaded mPEG–PDLLA 

micelles were made following the similar protocol.

UV–visible (Vis) absorption spectra of DiR and 

coumarin-loaded micelles were studied by Cary 100 UV-Vis 

(Agilent Technologies, Santa Clara, CA, USA) to confirm 

the synthesis of micelles. To determine the particle size 

characteristics of different micelles, the micelles were mixed 

with ultrapure water and analyzed by Malvern Instruments 

Zetasizer Nano-S (Malvern, UK). To study the stability of 

the micelles, the size of the micelles was analyzed at time 

points of Days 1, 3, 7, 10, 14, and 21. All of the analyses 

were triplicated. The morphology of micelles was observed 

by JEM-2100F transmission electron microscope (TEM; 

JEOL, Tokyo, Japan) with 80 kV acceleration. The TEM 

samples were prepared by dropping aqueous micellar disper-

sion on copper grids and dried under room temperature. The 

encapsulation efficiency of DTX or DiR was determined by 

high-performance liquid chromatography (HPLC) or fluo-

rescent method. First, the micellar suspension was diluted 

with acetonitrile to disrupt the DiR and DTX-loaded micellar 

structure. The concentration of DTX was assessed by the 

HPLC method, whereas the determination of DiR was carried 

out using a fluorescent assay. The drug loading content and 

encapsulation efficiency were calculated as follows:

 

Drug loading content (%)

Weight of DTX or DiR or in micell
=

ees

Weight of micelles
×100%
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Encapsulation efficiency (%)

Weight of DTX or DiR in micel
=

lles

Weight of feeding DTX or DiR
×100%

 

A dialysis method was applied to study the fluorescent 

probes and DTX release from micelles. To achieve sink 

conditions and improve the stability of DiR and DTX, the 

release medium consisted of PBS solution (0.01 M, pH 7.4) 

and Tween 80 (0.5%). An aliquot of 1 mL of DiR and DTX-

loaded micellar dispersion was added into a dialysis tube 

with a molecular weight cutoff of 8,000 Da (SnakeSkin™; 

Thermo Scientific, Waltham, MA, USA). Then, 100 mL of 

release medium was added as the receiving medium. The 

dialysis tube was then put in a water bath (37°C) and under 

continuous magnetic stirring at 100 rpm. At predetermined 

time points (eg, 20 minutes, 30 minutes, 1 hour, 3 hours, 

5 hours, 8 hours, and 12 hours), 1 mL of the medium from the 

receiving phase was withdrawn by a pipette, mixed with ace-

tonitrile for fluorescence study, and 1 mL fresh medium was 

added. The release test of each formulation was triplicated.

animal models for imaging and 
pharmacodynamics studies
Female Balb/c mice with a weight of 18–20 g were bought 

from Vital River Laboratory Animal Technology Co., Ltd. 

(Beijing, People’s Republic of China). All of the mice were 

accommodated at specific pathogen-free animal rooms with 

humidity control and air temperature at 23°C ± 2°C. Mice 

had free access to food and water. The animal study was 

approved by the Animal Ethics Committee at the Institute of 

Medicinal Plant Development, Chinese Academy of Medical 

Sciences, which comply with “Laboratory Animal-Guideline 

for Ethical Review of Animal Welfare” issued by the 

General Administration of Quality Supervision, Inspection 

and Quarantine of the People’s Republic of China and the 

Standardization Administration of the People’s Republic 

of China.

A xenografted 4T1 breast cancer model was employed 

in this study. The 4T1 cell suspensions at a density of 8×105 

in 50 µL of 1,640 medium were inoculated subcutaneously 

to the right side of the back. Tumor length and width were 

measured using a clipper, and tumor volume was calculated 

using the following formulation.

 
Tumor volume (mm

Length*width*width

2
3 ) =

 

The imaging study was performed till tumor volume 

reached about 110 mm3.

MsOT
DiR was chosen as an optoacoustic agent and encapsulated 

in PEG
2000

–PELLA
x
 micelles because it has satisfactory 

photostability for continuous excitation,27 and it is the most 

frequently used NIR fluorescent dye for in vivo NIR living 

imaging.28 The in vivo real-time MSOT imaging was carried 

out on a commercial MSOT InVision 256-TF tomography 

system (iThera Medical GmbH, München, Germany). The 

experimental MSOT setup has been detailed previously.29,30 

Briefly, a tunable laser with pulses at 10 Hz and wavelengths 

between 680 and 900 nm was used for illumination. After the 

laser gave the illumination, the optoacoustic signals, which 

were produced by the optoacoustic probe (DiR)’s absorption 

of laser energy, were detected by a 256-element, toroidal, 

and ring-shaped detector. The detector was set to cover the 

sample over an angle of 270°, allowing for cross-sectional 

tomographic imaging.

The animals were given anesthesia with 1.8% isoflurane in 

oxygen and enfolded with polyethylene film to keep free from 

water. After tail vein injection of 200 µL micelles (~40 µg of 

DiR), multispectral images were monitored to 24 hours from 

the tumor site to liver region using seven wavelengths at 690, 

720, 750, 790, 820, 850, and 900 nm and 20 pulses per wave-

length. To study the quantitative information of the whole 

tumor tissue or different slices, data of whole tumor tissue 

within a three-dimensional image and of central or border 

tumor tissue within a two-dimensional image were analyzed.30

NIR fluorescence imaging (in vivo imaging 
system [IVIs])
To compare the signals obtained from MSOT, the mice 

scanned by MSOT were also monitored by IVIS® Spec-

trum in vivo living imaging system (Caliper Life Sciences, 

Hopkinton, MA, USA) at 5 minutes, 1 hour, 5 hours, 

and 24 hours. Whole-body IVIS was studied on animals 

under anesthesia (2% isoflurane). Living Image software 

(Version 4.2) was used for image analysis.

Ex vivo fluorescence imaging
To validate the MSOT data, fluorescence cryosectioning 

imaging was achieved ex vivo using DeltaVision ultra-

high-resolution microscope (GE Healthcare Life Sciences, 

Marlborough, MA, USA). Briefly, after the animals per-

formed in vivo imaging, they were treated by overdose 

Ketamine and then frozen to −80°C. After embedding the 

tumor-xenografted mice in optimal cutting temperature 

(Sakura Finetek Europe, Zoeterwoude, the Netherlands) 

media, a Leica Cryostat (Leica CM1900; Leica Biosystems, 

Heidelberg, Germany) was used to cut the tissue into 5 µm. 
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Tumors were sliced along the coronal plane to better serve 

the live imaging results. Representative images were obtained 

by DeltaVision ultra-high-resolution microscope to confirm 

the existence of DiR in the different parts.

In vivo antitumor study
Around 10 days after the neoplasm inoculation of the 4T1 

cells into the animal’s right flank, the tumors had reached a 

palpable volume of 110 mm3 in average, the mice were chosen 

and randomized into four treated and one control groups, and 

treatments were then started. Four treated groups were admin-

istrated via tail vein with DTX suspension (formulated in 50% 

Cremophor EL and 50% ethanol, w/w) or with DTX-loaded 

mPEG
2000

–PDLLA
2000

, DTX-loaded mPEG
2000

–PDLLA
5000

, or 

DTX-loaded mPEG
2000

–PDLLA
8000

 micelles. The intravenous 

bolus doses of DTX were maintained at 5 mg/kg every other 

day for three times. At the same time, saline was administrated 

to the PBS control group. Five days after the final injection, 

200 µL blood was collected. Serum was obtained by whole 

blood centrifugation at 3,000 rpm for 10 minutes. Using a 

biochemical autoanalyzer, serum biochemical analysis was 

carried out to determine the serum level of total bilirubin 

(TBIL) and alkaline phosphatase to evaluate liver function. 

Nephrotoxicity was assessed by the determination of the levels 

of uric acid (URIC), urea nitrogen (UREA), and creatinine. 

The efficacy experiments were triplicated (n=24 in total for 

each group). The volume of the tumor was recorded every 

other day, and the weight of the tumor was measured after 

mice sacrifice. ATE was defined and calculated as follows:

 
ATE (%)

Tumor weight of the control group

Tumor weight of
=

− 
  the treated group

Tumor weight of the control group
×100%

 

Data analysis
All values were expressed as mean ± SD. SPSS Version 17.0 

was used for the statistical analyses. Two-tailed, unpaired 

Student’s t-test or factorial analysis of variance (ANOVA) was 

applied when processing the data.31 If the ANOVA showed 

a significant difference, post hoc comparisons were then 

used with the Student–Newman–Keuls or Dunnett’s tests. A 

P-value #0.05 was taken to indicate the statistical significance.

Results and discussion
Preparation and characterization of 
polymeric micelles
Three different kinds of micelles were prepared using a 

solid dispersion method. The UV-Vis absorption spectra 

were evaluated to investigate the interaction of DTX with 

amphiphilic copolymers. The UV-Vis absorption spectra of 

free DiR, free coumarin 6, and free DTX are quite similar to 

the spectra of the DiR micelle, coumarin 6 micelle, and DTX 

micelle (Figure S1). The results revealed a minor change 

in the wavelength and a decrease in absorbance intensity. 

Figure 1A–C shows the particle size distribution of micelles 

assembled by mPEG
2000

–PDLLA
2000

, mPEG
2000

–PDLLA
5000

, 

and mPEG
2000

–PDLLA
8000

, respectively. The particle size 

of micelles gradually increased with increasing proportion 

of hydrophobic segments. While the size of mPEG
2000

–

PDLLA
2000

 micelle was ~22 nm, the sizes of mPEG
2000

–

PDLLA
5000

 and mPEG
2000

–PDLLA
8000

 micelles increased 

to ~48 and ~124 nm, respectively. The particle size and mor-

phology were also confirmed by TEM images, which showed 

the spherical structure of micelles (Figure S2A–C). In addi-

tion, the micellar structure appeared to be stable over 3 weeks 

in terms of particle size (Figure S2D). Figure 1G showed that 

all micelles exhibited relatively narrow distribution with a 

PDI varying from 0.042 to 0.240, and DTX loading capacity 

of polymer micelles slightly decreased when increasing the 

proportion of hydrophobic segments. The in vitro release 

results (Figure 1D–F) indicated that DiR and coumarin 6 

had similar release profiles to those of DTX, suggesting that 

the DiR signal given by MSOT or the coumarin 6 signal of 

ex vivo confocal imaging can represent the presence of DTX.

Verification of MSOT imaging for tumor 
distribution
In this study, the distribution profile of DiR/coumarin 

6 micelle in tumor tissues was investigated following intra-

venous (tail vein) administration to Balb/c female mice using 

MSOT (Figure 2A) and IVIS (Figure 2B) imaging systems. 

The MSOT findings appeared to well support the tumor 

imaging results from IVIS. Both representative MSOT and 

IVIS images showed that micelles accumulated in tumor 

site as revealed by signal intensity postinjection (Figure 2A 

and B). Strong signal intensities were acquired 3.5 hours after 

administration. The emitted signals in tumor tissues reached 

a maximum value at 7 hours and then decreased at 9 hours. 

MSOT was previously used not only to elucidate the distri-

bution of liposomal indocyanine green (ICG) in tissues30 but 

also to monitor the clearance rate of ICG from the circulation 

and its time-resolved uptake in the liver and gallbladder in 

mice with a high temporal resolution.32 These earlier studies 

have illustrated the superiority of MSOT over IVIS in terms 

of the coherence with the ex vivo validation studies.

Apart from offering signal intensity, MSOT, as a high- 

resolution imaging method, also revealed that the 
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biodistribution of micelles in tumors is not homogeneous as 

shown in Figure 2A(a–d), and the heterogeneous distribu-

tion appeared to be in a temporally dependent manner. To 

verify the in vivo data, the mice were euthanized after MSOT 

imaging, and the tissues were removed and frozen for cryosec-

tioning. The ex vivo fluorescence images showed increasing 

fluorescence intensity of coumarin 6 from the center to the 

border of the tumor (Figure 2C(i–l)), which were well con-

sistent with the MSOT image (Figure 2C(m)). The observed 

tissue distribution data by fluorescence microscopy, albeit not 

quantitative, were in agreement with MSOT imaging results, 

which proved the reliability of the MSOT imaging method.

Figure 1 size distribution by the intensity of micelles prepared by (A) mPeg2000–PDlla2000 with a particle size of 22 nm, (B) mPeg2000–PDlla5000 with a particle size of 
48 nm, (C) mPeg2000–PDlla8000 with a particle size of 124 nm. (D–F) In vitro release of DTX, Dir, and coumarin 6 from different micelles. (G) Diameter, zeta potential, and 
loading capacity of different micelles (n=3, mean ± sD).
Abbreviations: Dir, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide; DTX, docetaxel; PDI, polydispersity index.
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MsOT imaging intratumoral distribution
Large macromolecules and nanoparticles can extravasate 

from blood vessels near tumor and assemble within the tumor 

tissue due to the EPR effect.33,34 As far as nanocarriers are 

concerned, the degree of EPR is dependent on the carrier 

size and a decreased size generally enhances the deposition 

and accumulation of the carriers within the tumor mass,35,36 

albeit mixed results were documented in the literature.22 

In this study, the tumor accumulation and intratumoral 

distribution of polymeric micelles after intravenous injec-

tion were analyzed using MSOT imaging, which indicated 

that the accumulation of micelles was affected by particle 

size (Figure 3D). The MSOT signal intensity demonstrated 

that the three different micelles were ready to extravasate 

and accumulate in the tumor tissues (Figure 3A–C). The 

signal intensities of both 22- and 48-nm micelles remained 

constant within 7 hours, whereas that of 124 nm appeared 

to increase gradually (Figure 3E). Consistent with the previ-

ous findings,37,38 the 22-nm micelle resulted in higher tumor 

accumulation than either 48- or 124-nm micelle.

In this study, MSOT imaging conferred not only a quan-

titative analysis of tumor accumulation but also a spatiotem-

poral and quantitative analysis of the intratumoral distribution. 

Previous studies in tissue penetration of nanocarriers in a 

living animal were mostly based on the in vivo confocal laser 

scanning microscopy (CLSM) technique,38 which enables 

to determine the penetrating ability of nanocarriers through 

tumor interstitium in microscale around blood vessels, 

Figure 2 The biodistribution of Dir/coumarin 6-loaded mPeg2000–PDlla5000 micelle (48 nm) in tumor tissue in a 4T1 tumor-bearing mice.
Notes: (A) MSOT image of a 4T1 tumor-bearing mice with 48-nm micelle postinjection at 3.5, 5, 7, and 9 hours (a–d). Each figure can give the front view, side view, and 
top view slice image (1–3). The red arrow indicates the liver site, and the yellow arrow indicates the tumor side. (B) IVIs in vivo imaging of a 4T1 tumor-bearing mice with 
48-nm micelle postinjection at 3.5, 5, 7, and 9 hours (e–h). The red arrow indicates liver sites, and the yellow arrow indicates tumor sites. (C) Ex vivo fluorescence imaging 
of different tumor sites. The mice were sacrificed at 5 hours after injection. The microscope results are placed in an order from the center to the border of the tumor (i–l). 
The move path when using microscope to observe the tumor slice and MsOT result (m). The red circle indicates the tumor site, and the red line indicates the imaging path 
of fluorescence microscopy moves.
Abbreviations: DaPI, 4′,6-diamidino-2-phenylindole; Dir, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide; MsOT, multispectral optoacoustic tomography.
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Figure 3 Optoacoustic analysis of the intratumoral distribution of polymeric micelles after intravenous injection.
Notes: MsOT imaging results of (A) 22-nm micelle: central parts at 0.1 hour (a) and 5 hours (b), border parts at 0.1 hour (c) and 5 hours (d); (B) 48-nm micelle: central parts 
at 0.1 hour (a) and 5 hours (b), border parts at 0.1 hour (c) and 5 hours (d); (C) 22-nm micelle: central parts at 0.1 hour (a) and 5 hours (b), border parts at 0.1 hour (c) and 
5 hours (d); (D) mean intensity obtained by MsOT imaging of 22-, 48-, and 124-nm micelles; and (E) central-to-border intensity ratio of 22-, 48-, and 124-nm micelles.
Abbreviation: MsOT, multispectral optoacoustic tomography.
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suggesting that a size threshold for tumor penetration with a 

nanoparticle of 10–40 nm but not $50 nm would facilitate 

the accumulation in the interior of tumor tissues.22,35,36,38,39 

However, CLSM was unable to reveal the spatial distribution 

characteristics within the whole tumors. In contrast, MSOT 

imaging could provide a three-dimensional distribution profile 

of micelles in tumor tissues in a spatiotemporal manner with 

a reasonable spatial resolution. To simplify the analysis of 

distribution profiles of micelles in tumor tissues, MSOT imag-

ing in the central and border parts of tumor tissues was used 

to indicate spatial distribution characteristics. Figure 3A–C 

shows the typical tumor central and border images of different 

micelles at 0.1 and 5 hours postinjection. The results showed 

that the MSOT signal intensity of 22-nm micelle in the tumor 

central part decreased from 0.1 to 5 hours, whereas that of 

the border part increased remarkably from 0.1 to 5 hours. In 

addition, the intensities of 48-nm micelle in both central and 

border parts remained unchanged, whereas those of 124-

nm micelles increased in both parts. Figure 3E shows the 

intensity ratios between tumor central and border parts as a 

function of time. The results showed that the 22-nm micelle 

initially distributed more in the central tumor region with 

a peak central-to-border ratio of ~3.5, whereas the 48- and 

124-nm micelles tended to deposit less in the central tumor 

region with the center to border ratios of around 1.7 and 1.4, 

respectively. These data indicated that particle size affected 

the initial extravasation and spatial distribution of polymeric 

micelles within tumor tissues immediately after injection, and 

the 22-nm micelle conferred higher availability of the drug 

to the inner tumor tissues than either 48- or 124-nm micelle.

In vivo antitumor study
A dose-dependent cytotoxicity of DTX-loaded micelles with 

different sizes was evaluated by 3-(4,5-dimethylthiazol-2-yl)- 

2,5-diphenyltetrazolium bromide (MTT) assay in 4T1 cell 

line (Figure S3). All of the three micelles were more potent 

than free DTX. To determine whether DTX-loaded micelles 

result in renal and liver toxicity, we determined the concen-

trations of UREA, URIC, and TBIL in blood. A detailed 

analysis result of these biochemical parameters in the mice 

serum treated with different size micelles as compared with 

free DTX and PBS showed no statistically significant dif-

ferences (Figure S4).

The in vivo ATE of different sizes of polymeric micelles 

was examined in a xenograft 4T1 breast cancer model 

(Figure 4). Changes in body weight are often utilized to 

evaluate the toxicity (Figure 4C).40,41 Our results showed 

that, compared with PBS group, the body weights of the 

mice decreased slowly over time in the DTX and micelle 

groups, which indicate that there were no significant dif-

ferences among the DTX and micelle groups (ANOVA, 

P.0.05). Mice treated with free drug or micelles showed a 

great (ANOVA, P,0.05) decrease in tumor volume 4 days 

after the first treatment compared with the PBS group 

(Figure 4B). However, there was no significant difference 

among the three micelle groups. 4T1 tumors are of high 

vascular permeability,42 and the present data in Figure 4B 

were consistent with the previous findings that polymer 

micelles inhibited the volume growth of highly permeable, 

but not poorly permeable tumors in mice independent of 

particle size.38 Nonetheless, when the tumor weight rather 

than tumor volume was used to calculate the tumor inhibition 

rate, the present study found that there was a significant dif-

ference in ATE among the three micelle groups (Figure 4D). 

The group treated with 22-nm micelle gave 65.05% of inhi-

bition, significantly higher than 42.88% of 48-nm group or 

52.25% of 124-nm group. In vivo ATE is not only the matter 

of the high drug concentration in tumor tissues but also has a 

great relationship with the drug interaction with tumor cells, 

which may be influencing uptake efficiency, intracellular 

Figure 4 (Continued)
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localization, and cytotoxicity.43 For example, micelle size 

may affect the uptake efficiency, and a size-dependent uptake 

in different cell lines has been studied, with the maximum 

cellular uptake at a micelle core size ranging from 30 to 50 

nm.44–46 Therefore, high drug concentration and better uptake 

efficiency can explain why the group treated with 22-nm 

micelle had a higher antitumor effect.

Conclusion
We developed an MSOT imaging method for the spatiotem-

poral and quantitative analysis of the intratumoral distribution 

of micelles with different particle sizes in living animals in 

this study. The MSOT imaging results have demonstrated 

that the initial extravasation and spatial distribution of poly-

meric micelles within tumor tissues were highly dependent 

on particle size. The 22-nm micelle improved the availability 

of micellar vesicles in the inner tumor tissues, leading to 

significant better antitumor effects than micelles with larger 

diameters.
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Supplementary materials

Figure S1 UV-Vis absorption spectra of free Dir and 48 nm Dir micelle (A), free coumarin 6 and 48 nm coumarin 6 micelle (B), free DTX and 48 nm DTX micelle (C).
Abbreviations: Dir, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide; DTX, docetaxel; UV-Vis, ultraviolet–visible.

Figure S2 TeM micrograph of the 22 nm micelle (A), 48 nm micelle (B) and 124 nm micelle (C). size changes of different micelles (D).
Abbreviation: TeM, transmission electron microscope.
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Figure S3 cytotoxicity (MTT assay) of different size micelles in 4T1 cells ([A] 24 hours, [B] 48 hours). cell viability was determined by measuring MTT method.
Abbreviations: DTX, docetaxel; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

Figure S4 Biochemical parameters in the serum of mice treated with free DTX, PBs, and different size micelles.
Abbreviations: BUN, blood urea nitrogen; cr-e, creatinine; DTX, docetaxel; TBIl, total bilirubin; UrIc, uric acid.
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