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an Ultrasonic Processor VCX750 (Sonics & Materials Co., USA). See line 21-22, P. 5.
5. Immunodetection was conducted by administration of the mouse anti-6xHis
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11. “…various pharmacokinetics…” was changed to “…variable pharmacokinetics…”.
See line 15, P. 11.
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Abstract 

 

Nanoscale artificial oil bodies (NOBs) could be assembled from plant oil, 

phospholipids (PLs), and oleosin (Ole) as previously reported. NOBs have a 

lipid-based structure that contains a central oil space enclosed by a monolayer of 

Ole-bound PLs. As an oil structural protein, Ole functions to maintain the integrity of 

NOBs. Like Ole, caleosin (Cal) is a plant oil-associated protein. In this study, we 

investigated the feasibility of NOBs assembled by Cal for targeted delivery of drugs. 

Cal was first fused with anti-HER2/neu affibody (ZH2), and the resulting fusion gene 

(Cal-ZH2) was then expressed in Escherichia coli. Consequently, NOBs assembled 

with the fusion protein were selectively internalized by HER2/neu–positive tumor 

cells. The internalization efficiency could reach as high as 90%. Furthermore, a 

hydrophobic anticancer drug, Camptothecin (CPT), was encapsulated into Cal-based 

NOBs. These CPT-loaded NOBs had a size around 200 nm and were resistant to 

hemolysis. Release of CPT from NOBs at the non-permissive condition followed a 

sustained and prolonged profile. After administration of the CPT formulation, 

Cal-ZH2-displayed NOBs exhibited a strong antitumor activity toward 

HER2/neu-positive cells both in vitro and in vivo. The result indicates the potential of 

Cal-based NOBs for targeted delivery of hydrophobic drugs.   

 

Keywords: artificial oil body, caleosin, delivery carrier, Camptothecin 

 



Introduction 1 

 2 

Targeted therapy is well recognized as one of the most promising methods for cancer 3 

treatment (Farokhzad and Langer 2009). A typical approach commonly implements a 4 

drug-loaded vehicle conjugated with a bioactive ligand that specifically binds to the 5 

tumor cell-specific biomarker. As a consequence of targeting, the chemotherapeutic 6 

drug can be delivered to cancerous sites to prevent the detrimental side-effect from 7 

normal cells (Cho et al. 2008). However, many known anticancer pharmaceuticals of 8 

high potency are poorly soluble. Administration of these hydrophobic drugs 9 

loaded-carriers in an oral or intravenous way usually causes many problems, such as 10 

low bioavailability and aggregate deposition of pharmaceuticals at the local site 11 

(Fernandez et al. 2001; Lipinski et al. 2000). Obviously, it renders formulations of 12 

hydrophobic drugs for efficient administration challenging.        13 

 A myriad of drug carrier systems at a nano scale have been developed for 14 

targeted delivery of pharmaceuticals (Andresen et al. 2005; Torchilin 2005; Zhang et 15 

al. 2008). One advantage of nanocarriers is to improve the pharmacokinetic properties 16 

and therapeutic index of drugs (Ferrari 2005). Among many nanocarriers, liposome 17 

and polymeric micelle are two prominent examples for formulation of hydrophobic 18 

agents. However, optimization of many biophysicochemical parameters still 19 

complexes the drug formulations with these two carriers (Andresen et al. 2005; 20 

Torchilin 2007). Recently, we have sought to an alternative and explored artificial oil 21 

bodies (AOBs) as a novel delivery vehicle (Chiang et al. 2010; Chiang et al. 2011). 22 

Technically, AOBs are assembled in one step by sonicating the mixture containing 23 

plant oil, phospholipids (PLs), and oleosin (Ole). AOBs resemble their natural 24 

counterpart, plant seed oil body (OB), and consist of the triacylglycerol (TAG) matrix 25 

(see Fig. 1). The TAG is covered by a monolayer of PLs associated with the structural 26 

protein, Ole. Ole has a central lipophilic core that is embedded into PLs and two 27 

terminal domains protruded outwards (Huang 1996; Napier et al. 1996). The two arms 28 

provide the electronegative repulsion force, thereby making Ole-based AOBs stable 29 



 4 

and intact (Tzen et al. 1992).    1 

In our preliminary work, nanoscale AOBs (NOBs) was obtained by tailoring the 2 

ratio of Ole to oil (Chiang et al. 2010; Chiang et al. 2011). Moreover, NOBs were 3 

made functional by displaying the arginine-glycine-aspartic acid (RGD) motif or a 4 

bivalent anti-HER2/neu affibody (denoted as ZH2) on their surface. As encapsulated 5 

with a hydrophobic dye, these RGD- or ZH2-displayed NOBs could selectively 6 

penetrate tumor cells overexpressing vintegrin and HER2/neu, respectively. These 7 

dye-loaded NOBs were sensitive to low pH and disintegrated over time after entry 8 

into acidic endosomes of tumor cells, thus leading to release the cargo dye. Overall, 9 

these results indicate the potential of NOBs as a targeted delivery carrier.  10 

Like Ole, caleosin (Cal) is an OB-associated protein but plays a distinct role 11 

(Chen et al. 1999). Both Ole and Cal share structural similarity (Frandsen et al. 2001). 12 

Interestingly, replacement of Ole with Cal to assemble AOBs resulted in a smaller size 13 

and higher stability (Liu et al. 2009). NOBs essentially contain a hydrophobic core, 14 

which makes them very appealing for encapsulation of hydrophobic drugs. Therefore, 15 

this study was aimed to investigate the feasibility of Cal-based NOBs for targeted 16 

delivery of insoluble drugs. Tumor cells with the HER2/neu biomarker were chosen 17 

for targeting. HER2/neu belongs to the human epidermal growth factor receptor 18 

family (Hung and Lau 1999). Abnormal overexpression of HER2/neu can lead to the 19 

progression of aggressive tumors (Citri and Yarden 2006). To make NOBs functional, 20 

Cal was fused with ZH2 (Cal-ZH2). A single domain of ZH2 consisting of 58 amino 21 

acid residues is derived from one of the IgG-binding domain of staphylococcal protein 22 

A. This small motif displays a high binding affinity to the extracellular domain of 23 

HER2/neu (Orlova et al. 2006). After overproduction in Escherichia coli, Cal-ZH2 24 

was recovered to assemble NOBs. As a result of entrapment with a hydrophobic 25 

antitumor drug, Camptothecin (CPT), Cal-based NOBs exhibited a strong antitumor 26 

activity both in vitro and in vivo. The result indicates the potential of Cal-based NOBs 27 

for targeted delivery of water-repelling drugs.       28 

 29 
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Experimental procedures  1 

 2 

DNA manipulation and bacterial culturing  3 

The ZH2 motif was recovered from plasmid pBlue-ZH2 (Chiang et al. 2011) by 4 

EcoRV-HindIII cleavage. The recovered DNA fragment was then incorporated into 5 

plasmid pET29a-Cal (Chen et al. 2004) to give plasmid pJO1-Cal-ZH2. This plasmid 6 

construction resulted in the Cal-ZH2 fusion under the control of the T7 promoter. In 7 

addition, plasmid pET29a-Cal contained the T7 promoter-driven Cal along and served 8 

as a control. After transformation of pJO1-Cal-ZH2 and pET29a-Cal, E. coli strain 9 

BL21(DE3) were cultured in shake flasks containing Luria-Bertani (LB) medium 10 

(Miller 1972). Bacterial cultures were maintained at 37
o
C and induced with 100 M 11 

IPTG for protein production.  12 

 13 

Self-assembly of NOBs   14 

Assembly of NOBs essentially followed the previous method (Chiang et al. 2011). In 15 

brief, proteins expressed in E. coli were resolved by sulfate-polyacrylamide gel 16 

electrophoresis (SDS-PAGE) and isolation of Cal or Cal-ZH2 from SDS-PAGE was 17 

preformed as described previously (Chuang et al. 1996). Unless stated otherwise, the 18 

assembly solution (1 mL) was prepared by mixing 100 g of olive oil, 150 g of PLs, 19 

and 500 g of isolated Cal or Cal-ZH2 fusion protein in sodium phosphate buffer 20 

(PBS) at pH 7.5. The mixture was then subjected to sonication at 20 K Hz for 10 s 21 

with an Ultrasonic Processor VCX750 (Sonics & Materials Co., USA). Sonication 22 

was repeated three times on ice. After centrifugation, AOBs were collected from the 23 

top and washed with PBS. To encapsulate the hydrophobic dye or drug, NOBs were 24 

assembled in a similar manner except that 1 g yellow GGK dye (Widetex Co., 25 

Taiwan) or 500 g CPT was additionally added to the assembly solution. Plant oils 26 

utilized here were soybean oil (Taiwan Sugar Co., TW), peanut oil (Leader Price Co., 27 

TW), sesame oil (Taisun Co., TW), olive oil (Taisun Co., TW), and mineral oil (Sigma, 28 

MO).  29 
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 1 

Immunoassay  2 

The 6xHis tag on the surface of NOBs was detected by the immunoassay as reported 3 

previously (Chiang et al. 2011). NOBs were fixed in 2.5% (w/v) paraformaldehyde 4 

and soaked in a solution containing 3 % BSA in PBS at room temperature. 5 

Immunodetection was then conducted by administration of the mouse anti-6xHis 6 

monoclonal antibody (Genemark technology Co. ltd, Taiwan) and followed by 7 

applying with the FITC-conjugated anti-mouse IgG anti-6xHis antibody (Jackson 8 

Immuno Research, USA). After color development with 3mM 4-chloro-1-naphthol, 9 

NOBs were mounted on glass slides for observation by fluorescence microscopy 10 

(Olympus IX71, Japan). 11 

 12 

Morphology, size, and stability of NOBs   13 

Essentially following the previous report (Chiang et al. 2011), NOBs were 14 

characterized with respect to their morphology, size, and stability. The analyses were 15 

carried out using transmission electron microscopy (TEM) (Jeol JEM-1400, Japan), 16 

N4-submicron particle size analyzer (Beckman Coulter, USA), and spectrophotometer 17 

(Beckman DU530, USA), respectively.   18 

     19 

Microscopy and flow cytometry  20 

According to the previous report (Chiang et al. 2011), human cancer cell lines, 21 

MDA-MB-231 (ovarian), SKOV3 (ovarian), MCF7 (breast) and MCF7/Her18 22 

(HER2-transfected stable cell line), were cultivated and processed for treatment with 23 

NOBs. At the end of treatment, the HER2/neu receptor of cells was detected with 24 

anti-HER2/neu antibody (Santa Cruz Biotech., USA) that was against with anti-mouse 25 

IgG-TRIAC (Jackson ImmunoResearch Lab., USA). Meanwhile, cell nuclei were 26 

stained by diamidino-2-phenylindole (DAPI). Cells were then observed with 27 

fluorescence microscopy (Olympus IX71, Japan) and confocal microscopy (Leica 28 

TCS SP2, Germany). Furthermore, internalized NOBs were analyzed using a 29 

http://www.major.com.tw/p_2_sp2.htm
http://www.major.com.tw/p_2_sp2.htm
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FACScanto flow cytometer system (Becton Dickinson, USA). 1 

 2 

Fourier transform infrared spectroscopic (FTIR) analysis  3 

The CPT formulations with NOBs were analyzed on KBr pellets with the DIGILAB 4 

FTS3500 spectrophotometer (Bio-Rad, USA). The FTIR spectra were collected in the 5 

region from 4000 cm
-1

 to 650 cm
-1

.  6 

 7 

Differential Scanning Calorimetry (DSC)  8 

The DSC themograms of CPT formulations with NOBs were analyzed using a CSC 9 

6300 microcalorimeter (Calorimetry Science Co. USA) with a heating rate of 10 

10
o
C/min. The melting point and heat of fusion were calibrated based on Indium. 11 

Relative to an empty pan, the aluminum sample pan (Calorimetry Science Co.) was 12 

employed as a standard. 13 

 14 

Drug release study in vitro  15 

Placed in a dialysis bag (Spectrum Laboratories, USA), CPT-loaded NOBs (1 mL) 16 

were immersed in 20 mL of 0.01 M PBS. The dialysis was conducted at 37
o
C under 17 

constant stirring. At time intervals, aliquots of PBS (100 L) were withdrawn to 18 

determine CPT by high performance liquid chromatography (HPLC). CPT was 19 

analyzed with a Mightysil RP-18 GP column (Kanto, Japan) and detected with Waters 20 

2996 Photodiode Arary Detector (Waters, USA). The mobile phase consisting of 21 

acetonitrile and water (30:70) was pumped at 1 mL/min and the detection was set at 22 

254 nm. The released content of CPT in PBS was normalized to the weight that was 23 

initially encapsulated in NOBs. All experiments were conducted in triplicate.  24 

 25 

In vitro assessment of cytotoxicity  26 

Tumor cells cultured in a 96-well plate were administrated with the CPT formulations. 27 
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After the treatment, the supernatant was removed and cells were washed with PBS. 1 

On the basis of the cell-counting kit (Dojindo Molecular Technologies, Inc.), the 2 

absorbance of cells in each well was measured at 450 nm with a microplate reader 3 

(SpectraMax M2, Molecular Device, USA). Cell viability was defined as the ratio of 4 

absorbance for NOBs-treated cells to that for untreated cells.  5 

 6 

Hemolysis assay  7 

CPT-loaded NOBs were incubated in diluted blood (1 mL) at 37
o
C for 30 min. After 8 

centrifugation at 600 g for 3 min, released hemoglobin was measured at 543 nm with 9 

a spectrophotometer. The hemolytic activity was determined with the reference to 10 

blank (erythrocytes treated with PBS) and completely hemolyzed samples (distilled 11 

water).  12 

 13 

Antitumor activity in vivo  14 

Animal experiments were carried out by complying with the principles outlined by the 15 

Ethics Committee on Animal Experimentation at China Medical University (protocol 16 

no. 99-18-N). BALB/cAnN.Cg nude mice (4 weeks old, female, and 20 g body weight) 17 

were purchased from the National Laboratory Animal Center in Taiwan and 18 

maintained in the Animal Center at China Medical University. SKOV3 cells (1×10
7
) 19 

in 0.1 mL PBS were injected into the right flank of nude mice. The CPT formulations 20 

were administrated by two intratumorous injections (on day 1 and day 5) per week 21 

when the volume of tumor nodules was >150 mm
3
. Tumor-bearing mice were 22 

randomly assigned to 4 groups, and there were 5 mice for each group. The body 23 

weight and tumor volume of mice were then measured twice weekly. The length and 24 

width of tumor modules were measured with a caliper to calculate the tumor volume 25 

based on the following equation: 26 



 9 

Tumor volume (V) = length×width×width/2 1 

 2 

Results and discussion 3 

 4 

Self-assembly of Cal-based NOBs  5 

Plasmid pJO1-Cal-ZH2 was constructed to contain the C-terminal fusion of Cal with 6 

ZH2 (Cal-ZH2). This plasmid construction also created a 6xHis tag appended to the 7 

C-terminus of Cal-ZH2. Meanwhile, plasmid pJO1-Cal contained Cal alone and 8 

served as the control herein. It is recognized that monoclonal antibody has a large size 9 

such that it can be easily taken up by liver and exhibits poor tissue penetration 10 

(Steffen et al. 2006). In contrast, ZH2 is an affibody of small size, which offers an 11 

advantage for administration in terms of efficacy.  12 

The protocol for preparing NOBs was outlined in Fig. 1. After overproduction in 13 

E. coli, either insoluble Cal-ZH2 or Cal was recovered and then mixed with olive oil, 14 

PL, and a hydrophobic dye. By sonication, NOBs self-assembled in one step and 15 

floated on the top of supernatant after centrifugation. The immunoassay was 16 

conducted to analyze NOBs using the anti-6xHis tag antibody. As shown in Fig. 2, 17 

NOBs prepared from Cal-ZH2 or Cal had a comparable nanoscale size and emitted 18 

green fluorescence. This indicates the encapsulation of the hydrophobic dye into 19 

NOBs. Moreover, the red fluorescence was only detected in NOBs assembled with 20 

Cal-ZH2 whereas the signal was absent in Cal-based NOBs. The result suggests the 21 

functional display of the 6xHis tag via Cal on the surface of NOBs. 22 

 23 

Tunable size of Cal-based NOBs  24 

As reported previously (Chiang et al. 2011), the size of NOBs was tunable in response 25 

to three factors, including plant oil, weight ratio of plant oil to protein, and pH. To 26 

investigate the factor effect, NOBs were first assembled using various plant oils at pH 27 

7.5. The weight ratio of oil to Cal-ZH2 (O/P) was set at 1:1. Consequently, apart from 28 



 10 

mineral oil, NOBs prepared from other oils remained integral and had a small size 1 

around 400 nm (Table 1). This result implies that the TAG composition of assorted 2 

oils likely has a various degree of interaction with Cal-ZH2.  3 

Olive oil was chosen to examine the effect of the O/P ratio on NOBs at pH 7.5. 4 

As a consequence, NOBs had a smaller size at a lower O/P ratio (Table 1). The size of 5 

NOBs was smaller than 200 nm when the O/P ratio was below 1. More Cal-ZH2 than 6 

oil in the NOBs formulation indicates that more terminal domains of Cal are exposed, 7 

which elicits a stronger steric repulsion force. Therefore, this would contribute to high 8 

stability of NOBs.  9 

Finally, the effect of pH on NOBs was assessed with the O/P ratio at 1:1. The pH 10 

value higher than 6.5 was chosen for assessment because NOBs were sensitive to 11 

acidity (Chiang et al. 2011). As a result, the size of NOBs was in the range of 370-450 12 

nm (Table 1). However, NOBs had a size above 600 nm at acidic pH. It is likely that 13 

the electronegative repulsion force provided by Cal in NOBs is diminished due to 14 

neutralization by proton ions under the acid condition.  15 

 16 

Selective internalization of ZH2-displayed NOBs  17 

To examine the functionality of ZH2, NOBs encapsulated the hydrophobic dye were 18 

applied to various tumor cells. As shown in Fig. 3A, HER2/neu-overexpressing cells 19 

(e.g., MCF7/Her18 and SKOV3) emitted the strong fluorescence whereas the signal 20 

was absent in the HER2/neu-negative cells (e.g., MCF7 and MDA-MB-231). 21 

Regardless of cell types, no signals could be detected with NOBs free of displayed 22 

ZH2 (e.g. assembled with Cal alone). These results suggest functional display of the 23 

ZH2 motif on the surface of NOBs, which in turn leads these oil particles to selective 24 

targeting of HER2/neu-positive cells. Moreover, Fig. 3B shows that the blue signals 25 

of stained lysosomes co-localized mostly with the green fluorescence emitted by 26 

NOBs. The result indicates that the internalized NOBs are located inside the cell 27 

lysosomes.   28 

The internalization efficiency of NOBs was further determined by counting the 29 
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percentage of fluorescence-emitting cells in the whole cell population. Flow 1 

cytometry shows that the percentage of cells emitting green fluorescence generally 2 

increased with the increasing NOBs dose (Fig. 3C). With the dose exceeding 12.5 3 

g/mL, more than 90% of HER2/neu-positive cells (e.g., MCF17/Her18 and SKOV3) 4 

could emit green fluorescence after exposure to Cal-based NOBs for 2 h. This result 5 

indicates that Cal-based NOBs is superior to Ole-based NOBs in terms of 6 

internalization efficiency (Chiang et al. 2011).  7 

 8 

Characterization of drug-loaded NOBs  9 

As illustrated above, Cal-based NOBs were effective for selective targeting of 10 

HER2/neu-positive cells. It was intuitive to investigate the usefulness of these NOBs 11 

for targeted delivery of hydrophobic drugs. First identified in Camptotheca acuminate, 12 

CPT is a cytotoxic alkaloid that inhibits the activity of topoisomerase I during the cell 13 

cycle (Shao et al. 1997).
 
This toxic drug is poorly absorbed by oral administration and 14 

exhibits variable pharmacokinetics (Garcia-Carbonero and Supko 2002; Soepenberg 15 

et al. 2003). Therefore, CPT was chosen for formulation with NOBs. As analyzed by 16 

TEM, NOBs had a spherical size around 200 nm (Fig. 4A), in agreement with that 17 

measured by the laser light scattering (Table 2). In generally, loading of CPT had an 18 

insignificant effect on the size of and the zeta potential of NOBs. A high zeta potential 19 

(|measured value|＞30 mV) of Cal-based NOBs implies that they are relatively stable 20 

as suggested previously (Lee et al. 2007; Suthiwangcharoen et al. 2011).  Meanwhile, 21 

plain CPT gave a characteristic melting peak at 270
o
C based on the DSC assay. This 22 

endothermic peak was absent from the DSC thermogram for CPT that was 23 

encapsulated into NOBs (Figure 4B). This suggests that CPT is dispersed in NOBs 24 

(Barreiro-Iglesias et al. 2004).  25 

In addition, the FTIR analysis (Fig. 4C) shows that plain NOBs exhibited main 26 
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characteristic peaks at 2954, 2920 and 2852 cm
-1

 (C–H stretching vibrations), 1749 1 

cm
-1

 (C=O stretching vibration), 1463cm
-1

 (C–H deformation) and 721 or 723 cm
-1

 2 

(CH2)n, (n>4) bonding (Lacey et al. 1998). The FTIR spectra of CPT alone gave the 3 

most prominent bands at 2954 and 2852 cm
-1

 (C-H), 1745 and 1652cm
-1

 (C=O 4 

stretching vibration of ester and lactone carbonyl group), and 1163cm
-1

 (C-N 5 

stretching vibration of benzene ring). In general, the characteristic peaks of CPT still 6 

appeared in the spectrum once CPT was encapsulated into NOBs (e.g., F50 and F500), 7 

and no new peaks occurred. This suggests an insignificant interaction between CPT 8 

and NOBs (Wenkai et al. 2003), which is consistent with the DSC result. 9 

As depicted in Fig. 5, release of CPT from NOBs followed a sustained and 10 

prolonged drug release profile. An initial burst release of CPT occurred in the first 5 h. 11 

Consequently, the released amount accounted for 60%, 45% and 25% of original CPT 12 

for F50, F100, and F500 formulations, respectively.  13 

 14 

In vitro cytotoxicity study and hemolysis test  15 

The cytotoxic effect of CPT formulations on the cells was first assessed in vitro. Fig. 16 

6A shows that ZH2-displayed NOBs free of CPT were biocompatible with cells. 17 

Upon encapsulation of CPT, these NOBs could reduce the viability of 18 

HER2/neu-positive cells but were harmless to HER2/neu-negative cells. Moreover, 19 

the degree of this cytotoxicity effect was correlated with the CPT dose. As illustrated 20 

above, ZH2-displayed NOBs could be selectively internalized by HER2/neu-positive 21 

cells. Therefore, the observed cytotoxic effect is attributed to targeted delivery of CPT 22 

into HER2/neu-positive cells via functional NOBs. Note that plain CPT could exhibit 23 

a non-specific cytotoxicity. In addition, the CPT dose in the form of NOBs 24 

formulation that reduces cell viability by 50% was estimated to be 45 and 70 g/mL 25 

for SKOV3 and MCF17/Her18 cells, respectively (Fig. 6B).      26 



 13 

The hemolysis test for NOBs was further conducted. After incubated with 1 

CPT-loaded NOBs, erythrocytes remained unaffected (Fig. 6C). Further analysis 2 

shows that no blood cell agglutination occurred (Fig. 6B). Overall, these results 3 

indicate the potential safety of NOBs.  4 

 5 

In vivo antitumor activity  6 

At last, the in vivo antitumor activity of CPT-loaded NOBs was evaluated in a 7 

xenograft animal model. The drug formulations were prepared by encapsulation of 8 

CPT into ZH2-free NOBs (NOB-CPT) and ZH2-displayed NOBs (ZH-NOB-CPT). 9 

As shown in Fig. 7A, the xenograft tumors without any treatment (control) grew 10 

uncontrollably whereas they regressed with time after receiving the treatment of 11 

ZH-NOB-CPT. At the end, the average tumor size was reduced to 20% of the initial 12 

volume. Upon administration of the NOB-CPT formulation, the average tumor 13 

volume was increased by 25%. In contrast, administration of plain CPT gave a 14 

marginal antitumor activity and the tumor volume was increased by 10% at the end. 15 

These results indicate that the cytotoxic effect of CPT could be sheltered as the drug is 16 

encapsulated into NOBs lacking ZH2 (e.g., the NOB-CPT formulation).  17 

In addition, Fig. 7B shows that the change in the body weight of tumor-bearing 18 

mice was insignificant for the treatment with the ZH-NOB-CPT or NOB-CPT 19 

formulations. Receiving PBS (control), mice gained 10% of the original weight that 20 

the size of their xenograft tumors were doubled (Fig. 7A). Administrated with plain 21 

CPT, the weight of mice was reduced by 20%.  22 

 23 

Conclusions  24 

 25 

NOBs comprise a central oil core enclosed by Cal-bound lipid monolayer (Fig. 1). By 26 



 14 

surface display of a bioactive motif (e.g., ZH2) linked to Cal, NOBs could be 1 

selectively internalized into HER2/neu-positive cells. In addition, the two protruding 2 

domains of Cal provide the electronegative surface charge that prevents NOBs from 3 

association with non-target cells. Indeed, CPT is hydrolytically instable and has 4 

adverse drug interaction. Many efforts have been devoted to the development of 5 

intralipid formulations of CPT (Venditto and Simaneck 2010), such as using 6 

liposomes and polymeric micelles (Elbayoumi et al. 2007; Shmeedaa et al. 2009; 7 

Sugarman et al. 1996). As illustrated here, the pharmacokinetic property of CPT could 8 

be improved as formulated with Cal-based NOBs. Administration of these 9 

CPT-loaded NOBs exhibited a strong antitumor activity on HER2/neu-positive tumor 10 

cells both in vitro and in vivo. In summary, Cal-based NOBs are featured with 11 

biocompatibility, reproducibility, and small size, thus appearing to be a potential 12 

delivery carrier for hydrophobic drugs.   13 
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Table 1. Size of Cal-based NOBs assembled at various (A) plant oils, (B) O/P ratios, and (C) pHs.  

(A)  (B)  (C) 

oil 
Mean particle size 

(nm) 

 O/P ratio 

(w/w) 

Mean particle size 

(nm) 
 pH 

Mean particle 

size (nm) 

mineral oil 836.7 ± 12.7*  10:1 1273.6 ± 48.5  6.5 634.0 ± 24.1 

soybean oil  463.1 ± 8.2  2:1 843.2 ± 53.1  7.0 693.5 ± 30.1 

peanut oil 430.1 ± 7.7  1:1 466.6 ± 64.4  7.5 466.6 ± 64.4 

olive oil 466.6 ± 64.4  1:5 163.9 ± 26.2  8.0 403.9 ± 48.0 

sesame oil  431.5 ± 67.4  1:10 87.4 ± 51.2  9.0 372.0 ± 59.5 

*Each data point represents the mean ± standard deviation from three independent 

measurements. 

 

Table 2. Particle size and surface charge measurements of Cal-based 

NOBs encapsulated with various CPT concentrations.  

(A)  (B) 

Formulation 
Mean particle size 

(nm) 
 

Zeta-potential   

(mV) 

NOBs 163.9 ± 26.2*  -49.1 ±2.5 

F50 218.6 ± 50.5  -45.5 ± 3.2 

F500 232.6 ± 67.6  -43.2 ± 2.2 

*Each data point represents the mean ± standard deviation from three independent 

measurements. 
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Figure legend 

Figure 1. The illustrative scheme outlining the protocol for administration of 

self-assembled NOBs. First, a hybrid fusion was generated by in-frame fusion of Cal 

with a bioactive ligand (e.g., ZH2). Second, overexpression of the hybrid gene in E. 

coli resulted in the inclusion body. Third, the insoluble protein was isolated and mixed 

with TAG (plant oil), PL, and a hydrophobic drug (e.g., CPT). Upon sonication, 

NOBs underwent self-assembly in one step. Finally, in vitro and in vivo antitumor 

activities were assessed by administration of drug-loaded NOBs.  

 

Figure 2. Immunodetection of the 6xHis tag displayed onto NOBs. Encapsulated with 

the hydrophobic dye (green), NOBs were assembled with Cal (upper) or Cal-ZH2 

(bottom). Immnodetection of 6xHis tag on NOBs’ surface was conducted with the 

antibody against the tag (red). The scale bar equals 2 m. 

 

Figure 3. Internalization of NOBs by tumor cells. (A) Analysis of internalized NOBs 

by fluorescence microscopy. Encapsulated with the hydrophobic dye (green), NOBs 

assembled with Cal-ZH2 (upper) or Cal (bottom) were applied to tumor cells. For 

clear observation, cell nuclei (blue) and the HER2/neu receptor (red) were stained by 

DAPI and anti-HER2/neu antibody, respectively. The individual images were taken 

and then merged. The scale bar equals 20 m. (B) Analysis of the cellular location of 

internalized NOBs. After incubation with ZH2-displayed NOBs carrying the dye 

(green), SKOV3 cells were stained with LysoSensor green DND-167. Consequently, 

cell lysosomes were stained blue and observed by Confocal microscopy. Overlaying 

the two images gave the panel shown on the right. (C) Analysis of internalization 

efficiency by flow cytometry. Tumor cells were co-incubated with various doses of 

ZH2-displayed NOBs carrying the fluorescent dye for 2 h. After washing, treated 

tumor cells were processed for flow cytometry analysis. The experiment was 

performed in triplicate.  

 



Figure 4. Characterization of NOBs. Cal-ZH2-based NOBs were assembled with the 

O/P ratio at 1:5 and pH 7.5. To encapsulate the drug, an indicated amount of CPT was 

additionally added to the assembly solution. (A) TEM images of NOBs loaded with 

(F500, right panel) or without CPT (left panel). (B) DSC thermograms of CPT 

formulations. (C) FTIR spectrum of CPT formulations. Symbols: CPT, plain CPT; 

NOBs, NOBs without CPT; F50, NOBs loaded with 50 g/mL CPT; F500, NOBs 

loaded with 500 g/mL CPT. 

 

Figure 5. Drug release profile of NOBs. CPT was loaded into NOBs with the 

concentration of 50 (F50), 100 (F100), and 500 g/mL (F500). Consequently, 

CPT-loaded NOBs were analyzed for the drug release. The experiment was conducted 

in triplicate.  

 

Figure 6. In vitro antitumor activity of and safety of CPT-loaded NOBs. (A) The 

viability of various cells receiving the CPT formulations. Plain CPT (500 g/mL) in 

olive oil was used as a control. The experiment was conducted in triplicate. Refer to 

Figure 4 for the symbols used. (B) Correlation of cell viability with the CPT dose. (C) 

Hemolysis of erythrocyts with various CPT formulations. Saline was used as a 

negative control while distilled water as a positive control. Inset: photographs of 

erythrocytes after incubation with various CPT formulations.  

 

Figure 7. In vivo antitumor activity of CTP-loaded NOBs. Tumor-bearing mice (n=5) 

were injected with CPT-loaded NOBs as described. (A) Regression rate of tumor 

volume after administration of CPT formulations. PBS was used as a negative control. 

(B) Body weight change of mice after administration of CPT formulations. 
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