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A polymeric nanocapsule encapsulated with 1,1,1,3,3-

pentafluorobutane was developed, in which 2,2,3,3,4,4,4-

heptafluoro-1-butyl groups was introduced to the polymer 

terminal for high loading of liquid fluorocarbon. In vitro 

experiments demonstrate that its liquid/gas-phase transition 

can be triggered by mild heating. This nanocapsule can be 

harnessed as a contrast agent for tumor imaging under 

diagnostic ultrasound. 

As the most widely used cost-effective diagnostic technique, 

ultrasonography lacks adequate precision and accuracy compared 

with other major medical imaging modalities.1 Ultrasound contrast 

agents (UCA), represented by gas-filled microbubbles (usually with 

diameter of 1~7 μm), have served as echo-enhancers to increase the 

backscattering echo intensity in body fluid. The acoustic impedance, 

which is proportional to the echo intensity, can be greatly enhanced 

by the gas in the microbubbles that are usually intravenously 

administrated.2 Hereinto, perfluorochemicals (PFC) is the most 

frequently used content in UCA owing to their strong 

hydrophobicity, low dispersity, and high biochemical stability.1 

Although microbubbles have achieved amazing success in clinical 

practice, their applications in the imaging of capillary-abundant 

organs or tissues (e.g. tumor) are hindered mainly by their large 

size.1 Nano-sized vehicles carrying gaseous or liquid PFCs have 

shown to be promising approaches to overcome such problems; 

however, the nanobubbles have rarely been investigated due to their 

high instability.3 Nano-droplets of liquid PFCs, such as 

perfluorohexane (PFH; b.p. 58~60 °C)4,5 and perfluorooctyl bromide 

(b.p. 144 °C)6,7, have limitations on compressibility, in vivo 

persistency, structural stability4,5,7, and much weaker imaging effects 

than microbubbles. Phase-change contrast agent (PCCA) based on 

thermally triggered phase-transition of encapsulated PFC [such as 

PFH and perfluoropentane (PFP; b.p. 29 °C) ], appears to be an 

attractive option for those applications.8 Unfortunately, liquid-gas 

phase transition of PFH can be triggered by hyperthermia under the 

high intensity focused ultrasound (HIFU), but this operation is risky, 

invasive, and incapable of simultaneous imaging.5 PFP-loaded 

nanoparticles would immediately transform into micron-sized bubble 

once injected into the body, due to its uncontrollable liquid/gas-

phase transition under physiological conditions (~37 °C).9-15 

Therefore, 1,1,1,3,3-pentafluorobutane (PFB; b.p.: 40 °C), which 

is structurally similar to PFC, is introduced as the inner droplet of 

nano-sized PCCA. Based on the higher temperature gradients of 

tumor region than surrounding normal tissue16, PFB may readily 

undergo liquid/gas-phase transition with the aid of mild 

hyperthermia caused by low-intensity ultrasound (including clinical 

diagnostic ultrasound)17. PFB-loaded nanoparticles can be triggered 

to balloon till entering into tumor. Undoubtedly, this controllable 

transition of PFB under diagnostic ultrasound would avoid the 

uncontrollable liquid/gas-phase transition of PFP as well as the 

application of HIFU, thus could offer a safer and more convenient 

mode of imaging. Amphiphilic biodegradable block copolymer such 

as methoxy-poly(ethylene oxide)-b-poly(ε-caprolactone) (mPEG-

PCL) has been used as the less gas-permeable “surfactant” to 

stabilize inner fluorocarbon droplet or bubble, to increase bubble 

resistance to pressure and to prolong blood circulation time.1,10,12-14 

Furthermore, according to previous reports1,13,18, mPEG-PCL end-

capped with 2,2,3,3,4,4,4-heptafluoro-1-butyl group (HFB) may 

have better compatibility with PFB and facilitate the formation of 

nano-sized polymeric PCCA.  

In this paper, PFB nano-droplets were stabilized by HFB-

terminated mPEG-PCL (mPEG-PCL-HFB) through an ultrasonic 

triple-emulsification process (Figure 1). In detail, liquid 

fluorocarbon (PFB or PFH) was first dispersed as droplets in 

dichloromethane (DCM), and then covered with copolymer chains to 

form aqueous emulsion under twice ultrasound action. After the 

removal of residual DCM, fluorocarbon-loaded polymeric 

nanocapsules with liquid core would be constructed in the stable 

form. This structure of these nanocapsules was confirmed by the 

transmission electron microscope (TEM) image of PFH-loaded 

mPEG-PCL-HFB nanocapsules (Figure 1). Uniform hollow spheres 

with diameter of about 600 nm could be observed with irregular 

loophole, which could be conceivably originated from the 

exhaustion of gasified PFH under high vacuum. Such observation 

clearly indicated that polymeric nanocapsule with the core of PFH 

was successfully constructed, and then cavitated by the gasification 

of PFH till burst. However, in the case of PFB, no such expansion or 

burst were observed under TEM; this could probably be attributed to 

the much higher volatility of PFB, which allows the droplet to 

evaporate too rapidly to generate the inner cavitation of the 

nanocapsules. Hereinto, mPEG-PCL and mPEG-PCL-HFB block 

copolymers with defined structure [molecular weight (M.W.) of PEG 
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block: 2,000 g/mol; M.W. of PCL block: 10,000 g/mol] were used. 

The particle sizing revealed that both copolymers could form nano-

sized particles with the mean diameter ranging from 130 nm to 150 

nm (Table 1). This size range would ensure the entry of these 

nanocapsules into tumor tissues through the gaps of vascular 

endothelium.19 And according to the Ideal Gas Law, this size range 

would also ensure that most polymeric nanocapsules could expand to 

micron-scale upon the gasification of the encapsulated liquid 

fluorocarbon. 

 
Figure 1. Schematic illustration of fabrication of polymeric 

nanocapsule loaded with liquid fluorocarbon (upper) and the TEM 

image (bottom) (Scale bar: 1 m). 

Table 1. Particle sizing and performance of PFH- or PFB-loaded 

nanocapsules. 

Copolymer 

Liquid 

Fluorocarbon 

Particle Size 

(nm)* 

Loading 

Efficiency %* 

Encapsulation 

Efficiency %* 

mPEG-PCL 

PFH 135.1±44.4 41.8±1.2 4.3±0.2 

PFB 132.5±39.2 21.0±0.9 2.1±0.1 

mPEG-PCL-

HFB 

PFH 148.0±46.0 71.0±0.9 14.7±0.6 

PFB 132.0±64.9 40.7±0.1 5.4±0.03 

* average±STD, n≥3. 

The key role of the HFB group was further verified through 

compatibility test. Figure 2A demonstrates that the terminal HFB 

group could obviously increase the static water contact angle of 

polymeric substrates, in the case of either block copolymers (mPEG-

PCL and mPEG-PCL-HFB, respectively) or hydrophobic 

homopolymer blocks [benzyl-terminated PCL (Bz-PCL; M.W.: 

10,000 g/mol) and 2,2,3,3,4,4,4-heptafluoro-1-butyl-terminated PCL 

(HFB-PCL; M.W.: 10,000 g/mol) respectively]. Particularly, the 

water contact angle of HFB-PCL (126.4°) was much higher than the 

one of Bz-PCL (94.5°), indicating that the presence of HFB group 

greatly improved the hydrophobicity of poly(ε-caprolactone) (PCL) 

blocks, which in turn would undoubtedly help strengthen their 

interaction with strongly hydrophobic fluorocarbon in the fabrication 

of nanocapsules. On the other hand, the interaction between HFB 

end group and fluorocarbon could also benefit the assembly of the 

block copolymers as evidenced by the thermal analysis of blank 

copolymers as well as the lyophilized nanocapsules (Figure 2B, 2C).  

 

 

 

Figure 2. Compatibility tests of copolymers and PFB: the static 

water contact angle (A), the calorimetric curves of blank (B), and 

PFB-loaded nanocapsules (C). 

Not surprisingly, the DSC curve of blank mPEG-PCL was quite 

similar to those in literatures, and that of blank mPEG-PCL-HFB 

displayed somewhat difference in cold crystallization temperatures 

(Tcc) and crystallinity20, 21. After encapsulation of fluorocarbon, the 

Tcc of lyophilized mPEG-PCL and mPEG-PCL-HFB nanocapsules 

increased from about 40 °C to above 45 °C. Naturally, the 

hydrophobic interaction between PCL blocks and liquid 

fluorocarbon would help PCL blocks to form a well-organized 

hydrophobic layer on the surface of liquid fluorocarbon, which 

contributes to the enhanced crystallization of semicrystalline PCL 

blocks with higher Tcc. The presence of the HFB group would 

further reinforce this interaction and induce higher crystallinity of 

PCL blocks (Table 2); as a result, the mPEG-PCL-HFB 
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nanocapsules displayed higher crystallinity than its mPEG-PCL 

counterparts.22 In addition, the loading capacity of liquid 

fluorocarbons in polymeric nanocapsules was also improved in the 

presence of HFB group as a result of the enhanced hydrophobic 

interaction between the copolymer and liquid fluorocarbon (Table 1). 

For example, the encapsulation efficiencies of PFH and PFB were 

more than doubled after the introduction of HFB to the block 

copolymer. 

Table 2. Thermal properties of blank and PFB-loaded nanocapsules. 

Sample ID 

Tcc 

(°C)
a
 

Tm 

(°C)
b
 

⊿Hf 

(J/g)
b
 

Crystallinity 

(%)
c
 

mPEG-PCL 

Blank 40.57 57.15 49.36 36.29 

PFB 45.01 57.43 53.25 39.15 

mPEG-PCL-HFB 

Blank 39.40 58.29 53.07 39.02 

PFB 46.57 58.99 61.62 45.31 

a Tcc: cold crystallization temperature, second cooling, 1 °C/min. b 

Tm: melting temperature, first heating, 1 °C/min. c ⊿Hf (heat of 

fusion) for 100% crystalline PCL: 136 J/g. 21 

The liquid-gas phase transition of fluorocarbon-loaded polymeric 

nanocapsules was visualized at determined temperature on a 

programmed heating stage under microscope (Figure 3). More 

visible micron-sized spherical bubbles appeared as the sample being 

heated from room temperature to the b.p. of fluorocarbon or higher 

temperature. Initially, very few microbubbles could be observed at 

37 oC; more microbubbles were visible when the temperature was 

raised to slightly higher than boiling point of corresponding 

fluorocarbon, indicating the liquid-gas phase transition of 

fluorocarbon occurred inside the nanocapsule at elevated 

temperature. Quantification of microbubbles at determined 

temperature clearly indicated that the introduction of HFB group had 

significantly increased the number of microbubbles at elevated 

temperature. This could be explained by the higher encapsulation 

efficiency of liquid fluorocarbon as evidenced by chromatographical 

measurement (Table 1, and Figure S3 in ESI). Particularly, PFB-

loaded nanocapsules generated much more microbubbles after 

grafting HFB groups to the mPEG-PCL copolymer as compared 

with their counterparts; at 41 °C, the number of microbubbles 

significantly increased from 9 to 38. Those findings proved that 

these nanocapsules with liquid nanodroplets of PFB or PFH inside 

have the potential to generate micron-sized bubbles under mild 

heating. Since tumor tissue has higher acoustic impedance and 

slightly higher temperature compared with normal tissue, a 

temperature slightly higher than 40 oC can be readily achieved based 

on the mild hyperthermia effect under low intensity ultrasound. Thus 

the above PFB-loaded nanocapsules could be harnessed for in vivo 

imaging of tumor tissue under low intensity ultrasound such as 

diagnostic ultrasound.  

 

 

Figure 3. Visualization of the liquid-gas phase transition of 

polymeric nanocapsules loaded with PFH (A) and PFB (B) at 

different temperature under microscope. (Scale bar:  5m) 

In vitro ultrasound imaging test of these nanocapsules was 

performed utilizing an agarose model. PFB-loaded nanocapsules 

exhibited remarkably enhanced imaging at 40 °C where more off-

white dots emerged compared with the initial stage (Figure 4A). 

After background subtraction, two times-diluted PFB-loaded mPEG-

PCL-HFB nanocapsule (labelled mPEG-PCL-HFB-2X) exhibited 

enhanced gray values for about 30 second (s), and mean gray values 

were higher than background by at least 10 for about 17 s (Figure 

4B). It proved that PFB-loaded mPEG-PCL-HFB nanocapsules 

could produce strong and long-lasting contrast. Since the UCA 

would be diluted in the circulation system after IV administration, 

difference dilutions of the nanocapsule solution were also test 

(Figure 4C) under same conditions. Clearly, 40 times-diluted 

nanocapsule solution still exhibited weakly enhanced imaging as 

compared with background, indicating the feasibility of intravascular 

and blood-pool imaging by intravenous injection (Figure 4D).  
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Figure 4. In vitro ultrasound imaging and gray value of solutions of 

liquid PFB- or PFH-loaded nanocapsules (A and B), and the PFB-

loaded nanocapsules at different dilution ratio (C and D).  

Conclusions 

Liquid fluorocarbon-encapsulated polymeric nanocapsules were 

constructed, in which the HFB groups in the block copolymer 

could greatly enhance the loading capacity of liquid 

fluorocarbon. In vitro ultrasound imaging demonstrated that the 

liquid/gas-phase transition and resulting imaging of 

nanocapsules could be triggered by mild heating. This novel 

approach has paved the way for accurate imaging within tumor 

region via mild hyperthermia of diagnostic ultrasound. More 

efforts on the improvement in expansion ratio, optimization of 

nanocapsule concentration, and even introduction of targeting 

ligands for tumor-specific ultrasound molecular imaging would 

be the focus of the future study. 
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