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INTRODUCTION 

Every year about 40,000 women die of breast cancer. Statistics show that early detection 

and therapy improves breast cancer survival. However, current methods of breast cancer detection 

cannot provide accurate results. For example, the most commonly used technique, mammography, 

can only detect one-fourth of all the breast cancers. This study was conceived to begin to address 

this issue by developing and testing a novel method of active targeting of radionuclide (Tc-99m) 

encapsulating sterically stabilized liposomes (SSL) for gamma scintigraphic imaging of breast 

cancer. This non-invasive imaging modality utilizes both overexpression of vasoactive intestinal 

peptide (VIP) receptors in breast tumor and distinct biology of the tumors (leaky vasculature) to 

target specifically to breast cancer. The liposomal imaging agent developed in this study 

encapsulates multiple molecules of Tc99m for high sensitivity. In addition, it should have high 

specificity for breast cancer because its’ surface is modified with a peptide (VIP) the receptors for 

which are over expressed in breast cancer. This novel targeted liposomal imaging agent was 

tested both in vitro using rat and human breast cancer tissues and in vivo using a carcinogen 

induced rat breast cancer model. 

BODY 

Task 1: Develop labeled VIP-SSL (Year 1)  

Preparation of SSL encapsulating Tc-99m:  

Sterically stabilized liposomes were prepared by hydration of dried lipid film followed by extrusion, 

as described before (Dagar, 1998) with modifications. Egg- phosphatidylcholine (PC), cholesterol 

(CH), polyethylene glycol (molecular weight 2000) conjugated distearyl phosphatidylethanolamine 

(DSPE-PEG) & dipalmitoyl phosphatidylglycerol (DPPG) in the molar ratio PC: DPPG: DSPE-PEG: 

CH of 0.50:0.10:0.05:0.35 were dissolved in an organic solvent (chloroform-methanol; 9:1 v/v) & 

solvent evaporated in a rotary evaporator under vacuum. The dry lipid film was hydrated with 

isotonic, 50 mM glutathione containing isotonic 0.01 M HEPES buffer (pH 7.4). The dispersion was 

extruded through polycarbonate filter (100 nm) and unentrapped glutathione removed by gel 

filtration with isotonic 0.01 M HEPES 

buffer (pH 7.4) as the eluent. The 

glutathione containing liposomes, visible 

as turbid fractions, were pooled. These 

liposomes were then labeled by first 

incubating Ceretec® with 

Tc-99m-pertechnate to form a lipophilic 

Tc-99m-HMPAO complex. This lipophilic 

complex was then incubated with 

preformed glutathione-containing 

liposomes and the complex, being 

lipophilic, passed through the bilayer. 

Tc-99m-HMPAO complex was then 

trapped irreversibly in the internal aqueous phase of the liposome by reduction of the lipophilic 
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complex by glutathione into a hydrophilic one. The free label was then removed by gel filtration. 

The Tc-99m-HMPAO encapsulating liposomes (turbid fractions with high radioactivity) coming out 

in the void volume were pooled and used for further studies. The mean size of the prepared 

liposomes and the radioactivity in each fraction were measured using QuasiElastic Light Scattering 

and a dose calibrator respectively.  

Results: SSL with average size of -100 nm were successfully prepared and a clear separation of 

the encapsulated Tc-99m-HMPAO was seen as shown in Figure 1.  

 

Conjugation of VIP to DSPE-PEG and insertion into SSL: 

An activated DSPE-PEG3400 (DSPE-PEG3400-NHS, 1,2-dioleoyl-sn-glycero-3- 

phosphoethanolamine-n-[poly(ethylene glycol)]-N-hydroxy succinamide) was used to conjugate 

VIP to DSPE-PEG . This reaction takes place between amines and NHS group, which acts as the 

linking agent. VIP and DSPE-PEG3400-NHS in the molar ratio of 1:5 (VIP: DSPE-PEG-NHS) were 

dissolved separately in 0.01 M isotonic HEPES buffer, pH 6.6. DSPE-PEG-NHS solution was 

added in small increments over 1-2 min to the VIP solution at 48°C with gentle stirring. The reaction 

was allowed to proceed for 2 h at 4oC and then stopped by adding glycine solution to the reaction 

mixture to consume the remaining NHS moieties. The conjugation was tested using SOS-PAGE 

and subsequent staining with first Coomassie Blue R-250 and then silver stain. The bioactivity of 

the conjugated VIP was tested using an in situ hamster cheek pouch bioassay. The VIP conjugated 

to DSPE-PEG (DSPE-PEG-VIP) was subsequently used to prepare fluorescent VIP-SSL.  

The conditions for DSPE-PEG conjugated VIP insertion into preformed Tc-99m- HMPAO 

encapsulating SSL were determined by measuring the amount of DSPE-PEG in the preformed 

liposomes under various conditions and times.  

Results: A 1:1 conjugate of 

DSPE-PEG and VIP was 

successfully prepared (Figure 2).  

In addition in situ bioassay 

indicated that the bioactivity of VIP 

was retained after conjugation. 

DSPE-PEG-VIP was maximally 

inserted at about 2h. There was 

no significant increase in insertion 

into the liposomes after 2h. Hence, 

2h incubation at 37°C was 

considered enough to insert 

significant amounts of 

DSPE-PEG-VIP into the preformed SSL.  

 

 

1:1 VIP: DSPE-PEG3400 - NHS 
Reaction mixture

     (1)           (2)         (3)            (4) 

   ~ 7000 Da

Figure2: SDS-PAGE of the reaction products. (1) 
Molecular weight standards, (2) Reaction mixture  
(1:5 VIP: DSPE-PEG3400- NHS, ~2h at 4°C), (3) VIP 
alone and (4) DSPE-PEG3400-NHS 



 6

Characterization of Tc-99m-HMPAO encapsulating VIP-SSL  

The Tc-99m-HMPAO encapsulating VIP-SSL were characterized in terms of their size, 

phospholipid and radioactivity content and their labeling efficiency and compared to 

Tc-99m-HMPAO encapsulating SSL. The release of Tc-99m-HMPAO encapsulating SSL after 

insertion of conjugate was tested by storing of SSL in the presence and absence of 

DSPE-PEG3400-NHS at 37°C.  

Results: There was no significant difference between Tc-99m-HMPAO encapsulating VIP-SSL and 

SSL (Table 1) indicating that insertion of VIP did not interfere with the properties of the SSL. No 

significant leakage of Tc-99m label (Figure 3) and change in size (Before incubation 109±13 nm 

and after incubation 114±15 nm) was observed, indicating that these liposomes were stable.  
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Figure 3: Leakage of encapsulated Tc-99m-HMPAO from 
sterically stabilized liposomes (SSL) after incubation at 
37oC in isotonic 0.01M HEPES buffer (pH 7.4). (* and 
# ;p<0.05 as compared to 0h) 

CHARACTERISTIC METHOD Tc-99m-HMPAO 
encapsulating SSL 

Tc-99m-HMPAO 
encapsulating SSL and 

VIP-SSL 

SIZE Qausi - elastic light 
scattering 109.81±14.21nm 114.77 ± 13.72 nm 

PHOSPHOLIPID 
CONTENT 

Modified Bartlet 
Phosphate assay 3.15±0.23 µmol/mL 3.01 ± 0.48 µmol/mL 

RADIOACTIVITY 
CONTENT 

Atomlab 100 dose 
Calibrator 1008± 160µCi/mL 800 ± 113 µCi/mL 

LABELING 
EFFICIENCY 

Atomlab 100 dose 
Calibrator 85.7 ± 4.46 % 83.8 ± 2.42 % 

 
Table 1: Characteristics of Tc-99m-HMPAO encapsulating SSL and VIP-SSL (Each value is Mean±standard 
deviation, n = at least 6)  



 7

Status of Task 1: COMPLETED (Year 1)  
 

Task 2: Test the in vitro Targeting of labeled VIP-SSL to VIP-R (Year 1) 

For testing the in vitro binding, BODIPY-Chol (a non-exchangeable fluorescent probe) 

containing liposomes, were prepared using film rehydration-extrusion method, as described 

above but incorporating the probe at 1: 1500 molar ratio (Iipid:probe) in the lipid mixture. 

DSPE-PEG-VIP was inserted into these fluorescent liposomes to form fluorescent VIP 

conjugated sterically stabilized liposomes (VIP-SSL).  

The rats bearing MNU-induced breast cancer were developed as described below and 

were euthanized by exposure to carbon dioxide in a closed chamber. Normal and cancerous 

breast tissues were excised, frozen immediately in liquid nitrogen and stored at 80°C until use. 

The frozen breast tissue was cut into 20 micron sections and mounted on microscopic slides. 

They were then fixed with 4% formaldehyde and allowed to air- dry for 10 min. Adjacent 5 micron 

thick frozen tissue sections, were stained with hemotoxylin and eosin to confirm the presence or 

absence of cancer in the breast tissue. The presence of VIP-R in these rat breast cancer tissues 

was confirmed using a fluorescent VIP, Fluo-VIP as described by us recently (Dagar 1999 and 

2001). Twenty- micrometer sections of MNU-induced rat breast cancer tissues were cut using a 

cryotome, placed on a slide, fixed with 4% formalin for 20 min, and then air-dried for 10 min. The 

BODIPY-Chol containing VIP-SSL were added to the sections and incubated for 1 h at room 

temperature. At the end of the incubation period, the slides were washed with 0.01 M isotonic 

HEPES buffer, pH 7.4, four times for 60s each. The slides were then observed with a Zeiss 

Fluorescence microscope attached to a Zeiss Camera (Carl Zeiss Inc., Thornwood, NY) and 

photographed.  

Results: Figure 4 shows the fluorescence microphotographs of breast cancer tissues. The 

microphotographs indicate that more VIP-SSL was attached to MNU-induced rat breast cancer 

tissue sections while SSL without VIP or with non-covalently associated VIP, showed no 

significant attachment. This data indicated that VIP-SSL were able to bind to breast cancer tissue 

in vitro and it was likely that same would be true in vivo. 

 

 

 

 

 
Figure 4: Microphotographs of MNU-induced rat breast tumor tissue sections incubated with fluorescent 
liposomes A. BOD I PY-Chol incorporating fluorescent VIP-SSL (with covalently attached VIP) B. 
BODIPY-Chol incorporating fluorescent SSL (without VIP) C. BODIPY-Chol incorporating fluorescent SSL 
(with non-covalently associated VIP).  
 
Status of Task 2: COMPLETED (Year 1)  
 

(A) (B) (C)
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Task 3: Determine the biodistribution of labeled VlP-SSL in Breast Cancer Bearing Rats. 
(Year 2)  

Breast cancer induction:  

Breast cancer was induced in rats with MNU as previously described (Dagar 1998). Briefly, 

virgin female Sprague-Dawley rats, 36 days old, weighing -140 g, were anesthetized with 

ketamine/ xylazine (13.31/1.3 mg per 100 g body weight, i.m.). Each animal received a single 

intravenous injection of MNU (50 mg/kg body weight) in acidified saline (pH 5.0), via the tail vein. 

The rats were weighed weekly. They were palpated every week, starting at 3 weeks post-MNU 

administration. Palpable mammary tumors were detected within 100-150 days after injection. 

When tumors were ~2cm in diameter they were utilized for the in vivo studies.  

Biodistribution studies:  

In order to determine the targeting ability of the Tc-99m loaded-VIP-SSL to the breast 

tumors biodistribution studies were performed on the tumor bearing rats. Rats with induced 

mammary tumors were divided into two groups of five rats. Each group was injected with 300 µCi 

as Tc-99m-labeled-VIP-SSL or Tc-99m-labeled-SSL by the tail vein. At 27 h post-injection, the 

rats were euthanized by an over-dose of ketaminel/xylazine. A blood sample was obtained by 

cardiac puncture. Tissues (normal breast or breast cancer, liver, spleen, kidneys, calf muscle, 

heart and lungs) were dissected, washed with saline, dried and transferred to pre-weighed 

polypropylene tubes and weighed. Their activity was measured using a scintillation gamma 

counter (Cobra 5005, Packard Instruments). To correct for the physical decay of Tc-99m, a 10 ml 

aliquot of the injected dose was also counted. The uptake was measured and expressed as 

percent injected dose per gram of tissue muscles (% I.D./g). The tissue radioactivity amounts, % 

I.D./g, were compared between formulations (Tc-99m-HMPAO encapsulating SSL or Tc-99m- 

HMPAO encapsulating VIP-SSL) as well as between normal and tumor bearing rats for each of 

the formulations using unpaired Student's t-test. P<0.05 was considered significant.  

Results: The tissue and tumor distribution of SSL and VIP-SSL in healthy and tumor bearing rats 

are shown in tables 2 &3 and Figure 5.  

The normal breast uptake in healthy rats for both Tc-99m-HMPAO encapsulated SSL and 

Tc-99m-HMPAO encapsulated VIP-SSL was only 0.04 % 1.0. per gram of tissue (Table 2). In 

contrast, the breast tumor uptake for Tc-99m-HMPAO encapsulated SSL was about 3 times more 

than in normal tissues suggesting that the SSL were passively targeted to the breast tumor due 

the leaky vasculature present in the tumor and the correct size of liposomes (~100 nm). For 

Tc-99m-HMPAO encapsulated VIP- SSL the uptake was about 6 times more than in normal 

tissues and 2 times more in the tumors in comparison to SSL (Table 3). This significant increase 

in accumulation of Tc-99m-HMPAO encapsulated VIP-SSL in breast tumor as compared to SSL 

indicates success in active targeting resulting in retention of the liposomes by receptor interaction 

at the tumor site after extravasation leading to significant improvement in the accumulation of 

SSL into the breast tumor.  
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There was no major difference in the accumulation of Tc-99m-HMPAO encapsulated SSL and 

Tc-99m-HMPAO encapsulated VIP-SSL in other tissues (heart, lungs, liver, blood and muscle) on 

both normal and breast tumor bearing rats. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2: Biodistribution of Tc-99m-HMPAO encapsulating SSL and Tc-99m-HMPAO encapsulating 
VIP-SSL in healthy female Sprague-Dawley rat. Each value is Mean ± SEM, n = 3.  

 

 

 

 

 

 

 

 

 

 

 

Table 3: Biodistribution of Tc-99m-HMPAO encapsulating SSL and Tc-99m-HMPAO encapsulating 
VIP-SSL in MNU-induced tumor bearing rats. Each value is Mean ± SEM, n = 5.  

 

 

 

 

 

 

% I.D. per gram of tissue  
TISSUE 

 SSL VIP-SSL 

Normal Breast 0.04 + 0.00 0.04 + 0.01 

Heart 0.13 + 0.04 0.18 + 0.03 

Lungs 0.20 + 0.03 0.31 + 0.02* 

Spleen 9.47 + 0.96 9.84 + 0.72 

Liver 0.87 + 0.14 0.88 + 0.03 

Blood 1.10 + 0.23 0.96 + 0.06 

Kidneys 1.11 + 0.13 2.42 + 0.13 

Muscle 0.02 + 0.00 0.02 + 0.01 

% I.D. per gram of tissue  
TISSUE 

 SSL VIP-SSL 
Breast tumor 

 0.13 + 0.06 0.23 + 0.02 

Heart 
 0.09 + 0.02 0.07 + 0.02 

Lungs 
 0.49 + 0.32 0.28 + 0.05 

Spleen 
 10.36 + 1.60 13.37 + 1.19 

Liver 
 0.83 + 0.16 0.90 + 0.19 

Blood 
 1.44 + 0.11 1.17 + 0.26 

Kidneys 
 1.02 + 0.11 1.57 + 0.24* 

Muscle 
 0.03 + 0.01 0.01 + 0.01 
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Figure 5: Accumulation of Tc-99m-HMPAO loaded-VIP-SSL and SSL in normal breast tissue and breast 
cancer tissue. (Values are mean±SEM, n=5). *p<0.05 in comparison to SSL in breast cancer; # p<0.05 in 
comparison to SSL and VIP-SSL in normal breast, ∧p<0.05 in comparison to SSL and VIP-SSL in normal  
breast  
 
Status of Task 3: COMPLETED (Year 2)  

 

Task 4: Determine the Pharmacokinetics of labeled VIP-SSL in Breast Cancer Bearing 
Rats (Year 2)  

In order to demonstrate the steric stability of the developed liposomes pharmacokinetic 

studies were performed. Rats with induced mammary tumor were divided into two groups of five 

rats. Each group was injected with 300 µCi as Tc-99m-labeled VIP-SSL, or SSL, by the tail vein. 

Two control rat groups without tumors (healthy rats) received SSL or Classical liposomes 

(non-PEG) similarly. Blood samples, 100µl each were withdrawn from a chronic carotid arterial 

cannula at 5 min, and 0.5, 1,2,4,8, 12, and 24hr post administration. The radioactivity of each 

sample was measured and the blood profile of the liposomes determined. Pharmacokinetic 

parameters were then estimated using Win-Nonlin, version 1.5.  

 

Results: The blood profile of Tc-99m-HMPAO encapsulating SSL in normal rats was evaluated 

and compared to the behavior of Tc-99m-HMPAO encapsulating liposomes without PEG, i.e. 

classical liposomes so as to determine whether these SSL are indeed sterically stabilized in vivo 

(Figure 6). Classical liposomes were cleared much faster than SSL and indicating that the 

presence of PEG on the liposomes did indeed increase the circulation half-life of the liposomes. 

In tumor bearing rats, the decline in the amount of radioactivity in the blood with time was similar 

for both Tc-99m-HMPAO encapsulating SSL and Tc-99m-HMPAO encapsulating VIP-SSL, over 

a 27 h period, as seen in Figure 7, suggesting that the presence of VIP on the surface did not alter 

the blood behavior of SSL.  
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Figure 6: Blood profile of Tc-99m-HMPAO SSL and Tc-99m-HMPAO classical liposomes in normal healthy 
rats. Each value is mean±SD, n = at least 3. * p<0.05 as compared to Tc99m-HMPAO encapsulating CL 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Blood profile of Tc-99m-HMPAO SSL and Tc-99m-HMPAO VIP-SSL in MNU-induced tumor 
bearing rats. Each value is mean±SD, n = at least 5.  
 

The pharmacokinetic parameters estimated from the blood profile data using Win-Nonlin, 

version 1.5 is shown in table 4. The half-life of about 14 -16 h for both Tc-99m-HMPAO 

encapsulating SSL and Tc-99m-HMPAO encapsulating VIP-SSL indicates the long-circulating 

nature of these liposomes. Moreover, various pharmacokinetic parameters calculated, were 

similar for both Tc-99m-HMPAO encapsulating SSL and Tc-99m-HMPAO encapsulating 

VIP-SSL, once again suggesting that the presence of VIP on the surface did not alter the 

pharmacokinetic  characteristics of SSL.  

This data clearly demonstrated that presence of VIP did not have any detrimental effect 

on the PK of SSL. This is most likely due to VIP being an endogenous peptide and the favorable 

interaction of VIP with lipids prevented removal from circulation by RES. The demonstration of 

long half-life of SSL-VIP is very important to ensure passive targeting with subsequent active 

targeting to breast tumors.  
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Table 4: Pharmacokinetic Parameters of Tc-99m-HMPAO SSL and Tc-99m-HMPAO Classical Liposomes 
(CL) in normal rats and Tc-99m-HMPAO VIP-SSL in tumor bearing rats calculated using Win-Nonlin 
version 1.5. Values are expressed as mean ±SD, n = 3-5.  

Status of Task 4: COMPLETED (Year 2)  
 
Task 5: Image the Breast Tumors in Rats (Year 3 and 4) 

The imaging studies were performed to evaluate the breast tumor image enhancement 

ability of Tc-99m-HMPAO VIP-SSL compared to Tc-99m-HMPAO SSL in tumor bearing rats.  The 

rats were anesthetized with Ketamine/Xylazine (13.3/1.3 mg per 100g body weight, i.m.). They 

then were injected with the appropriate radioactive formulation (~300µCi / rat).  The rats were 

imaged at 3hr and 27hr.  For imaging the rats were again anesthetized and placed prone on one 

head of a triple headed Picker PRISM 3000 SPECT gamma camera equipped with low energy 

high-resolution collimator and a dedicated Odyssey computer. The images (100,000 

counts/image) were acquired and stored in a 512X512 matrix. 

Image Analysis: The Odyssey software program was used to analyze relative uptake in 

tumor tissues and the background tissue (calf muscles) in the same animal. The images were 

analyzed by drawing regions of interest (ROIs) over the breast tumors and calf muscles as 

background.  The uptake was measured as counts per pixel. The uptake in the two calf muscles 

and the tumors, if more that one tumor per rat, were averaged. Counts per pixel values for five 

animals were calculated as mean ± SEM. Tumor tissue to background ratios were calculated.  

Results: The breast tumor (arrow) was clearly visible in the whole body image of the rat 

taken using the gamma camera (Figure 8). The T-NT ratios about 3 h post injection were 4.30 ± 

0.14 and 4.96 ± 0.32 (mean ± SEM; each group, n = at least 5) for Tc-99m-HMPAO encapsulated 

SSL and Tc-99m-HMPAO encapsulated VIP-SSL, respectively. The T-NT ratios at 27h post 

injection were 5.45 ± 0.15 and 6.30 ± 0.12 (mean ± SEM; each group, n= at least 5) for 

Tc-99m-HMPAO encapsulated SSL and Tc-99m-HMPAO encapsulated VIP-SSL, respectively 

(Figure 9). The T-NT ratios at both 3h and 27h post injection were significantly  (p<0.05) more for 

Tc-99m-HMPAO encapsulated VIP-SSL than Tc-99m-HMPAO encapsulated SSL as determined 

by unpaired Students t-test. 

Formulation 

Pharmacokinetic Parameters 
Tc-99m-HMPAO 
encapsulating  

SSL 

Tc-99m-HMPAO 
encapsulating  

VIP-SSL 
Kel (h-1) 0.05 ± 0.01 0.05 ± 0.01 

T1/2β (h) 15.76 ± 3.90 13.89 ± 1.61 
CL (L/h) 0.72 ± 0.16 0.77 ± 0.16 
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Status of Task 5: Complete  

 
 

KEY RESEARCH ACCOMPLISHMENTS 

 
1. The Tc-99m-HMPAO labeled sterically stabilized liposomes were successfully prepared with a 

mean diameter of about 110 nm and a high Tc-99m labeling efficiency of about 85%. (Year 1)  

2. Vasoactive intestinal peptide (VIP) was successfully conjugated to DSPE-PEG3400 at the 

N-terminal amine of the peptide. This DSPE-PEG3400 conjugated VIP retained the bioactivity of 

the native VIP. (Year 1)  

3. The DSPE-PEG3400  conjugated VIP was used to form Tc-99m-HMPAO labeled sterically 

stabilized liposomes surface modified with VIP (VIP-SSL). No significant leakage of the 

encapsulated Tc-99m-HMPAO label and no significant change in size, phospholipid content and 

FIGURE 9: Tumor to background ratio of Tc-99m-HMPAO encapsulating SSL and VIP-SSL at ~3h and 
~27h post injection. Data is expressed as Mean ± SEM, n = at least 5, * p<0.05 as compared to 
Tc99m-HMPAO at ~3h post injection and # p<0.05 as compared to Tc99m-HMPAO at ~27h post injection
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Figure 8: Gamma scintigraphic image of breast tumor bearing rat 
injected with Tc-99m-HMPAO encapsulating VIP-SSL about 27h post 
injection.  
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labeling efficiency were observed due to the insertion process. This method was simple and 

ensured that all the VIP molecules are on the outer surface of the liposomes available for 

interaction with the receptors. (Year 1)  

4. The in vitro targeting studies using breast cancer tissues and VIP-SSL with a non- 

exchangeable label, fluorescent cholesterol (BODIPY -Chol) incorporated in the bilayer, 

confirmed the successful binding of VIP-SSL to rat breast cancer in vitro. (Year 1)  

5. Results of the biodistribution experiments demonstrated that there was significantly more 

accumulation of Tc-99m-HMPAO encapsulated SSL and Tc-99m-HMPAO encapsulated 

VIP-SSL in breast tumor as compared to normal breast tissue demonstrating passive targeting. 

(Year 2)  

6. A significant increase in the accumulation of Tc-99m-HMPAO encapsulated VIP-SSL in 

comparison to Tc-99m-HMPAO encapsulated SSL in rat breast tumor demonstrated success in 

active targeting to breast tumors. (Year 2)  

7. The prepared SSL had significantly slower clearance rate than classical liposomes resulting in 

increased circulation half-life. (Year 2)  

8. The presence of VIP did not make a significant difference in the pharmacokinetic behavior of 

the SSL. Both SSL and VIP-SSL had similar blood profile and pharmacokinetic parameters 

demonstrating longevity in circulation. (Year 2)  

9. Significantly improved T-NT (tumor to non-tumor) ratio at 3 hr and 27 hr post injection was 

obtained when Tc-99m-HMPAO encapsulated VIP-SSL was used for breast cancer scintigraphic 

imaging as compared to SSL. (Year 3-4) 
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CONCLUSIONS 

 In this study, we developed a novel liposomal imaging agent targeted to breast cancer 

and evaluated it by in vitro and in vivo studies. This targeted liposomal imaging agent was able to 

accumulate specifically at breast tumor tissues by passive and active targeting mechanisms, and 

provided significantly improved imaging due to sufficient T-NT (tumor to non-tumor) ratio which is 

required for clinical practice. The result obtained from this study shows the feasibility of this new 

targeted imaging technology to move towards its transition to the clinics and serve as a superior 

diagnostic tool for breast cancer. 
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Abstract

Targeted delivery of radionuclides and therapeutic agents to specific biomarkers of breast cancer has important
implications for the diagnosis and therapy of breast cancer.Vasoactive intestinal peptide receptors (VIP-R) are approximately
five times more expressed in human breast cancer, compared to normal breast tissue. We have used VIP, a 28 amino acid
mammalian neuropeptide, as a breast cancer targeting moiety for targeted imaging of breast cancer. VIP was covalently
attached to the surface of sterically stabilized liposomes (SSL) that encapsulated a radionuclide, Tc99m-HMPAO. Rats with
n-methyl nitrosourea (MNU)-induced in situ breast cancers were used to test this targeted liposomal imaging agent.
Specifically, the pharmacokinetics and biodistribution of Tc99m-HMPAO encapsulating SSL with and without VIP were
determined together with their ability to image breast cancer. The presence of VIP did not alter the size and Tc99m-HMPAO
encapsulation ability of SSL. It also did not alter the pharmacokinetic profile of SSL. Long-circulating liposomes with and
without VIP on their surface accumulated at significantly higher quantities in breast cancer when compared to normal breast,
indicating passive targeting of these constructs to cancer tissues. Importantly, in breast cancer, Tc99m-HMPAO encapsulat-
ing SSL with VIP showed significantly more accumulation than SSL without VIP. The tumor to non-tumor ratio was also
significantly higher for Tc99m-HMPAO encapsulating VIP–SSL than Tc99m-HMPAO encapsulating SSL without VIP,
suggesting active targeting of VIP–SSL to breast cancer. Collectively, these data showed that Tc99m-HMPAO encapsulating
VIP–SSL can be successfully used for the targeted imaging of breast cancer.
   2003 Elsevier B.V. All rights reserved.

Keywords: Tc99m-HMPAO; VIP liposome pharmacokinetics; VIP liposome biodistribution; Tumor targeting; Breast cancer imaging
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markers that differentiate cancerous tissue from determine the cancer tissue accumulation and cancer
normal tissues can be used as targets for this image enhancement ability of these liposomes in rats
purpose. One of these attractive molecular targets is with MNU-induced breast cancer. The results are
vasoactive intestinal peptide receptors (VIP-R), also compared to similar SSL without VIP, in order
which are overexpressed, about five times, in human to evaluate the active targeting to breast cancer by
breast cancer compared to normal breast tissue[1,2]. this novel carrier system.
In vitro studies using human breast cancer tissues
and cells have shown the presence of high densities
of VIP receptors, with high affinity and specificity 2 . Materials and methods
for VIP. Even though breast cancers are frequently
known to be polyclonal, studies have shown that VIP 2 .1. Materials
receptors exist homogeneously in surgically resected
human breast tumors and biopsies, both primaries L-a-Egg yolk phosphatidylcholine type V-E in
and metastases. Therefore, VIP-R can be exploited to chloroform–methanol (9:1, v /v), cholesterol, gluta-
actively target carriers to breast cancer for effective thione and HEPES buffer were obtained from Sigma
diagnosis and therapy of breast cancer. In addition to (St. Louis, MO, USA), 1,2-dipalmitoyl-sn-glycero-3-
active targeting, particulate carriers such as lipo- phosphoglycerol from Sygena (Switzerland) and
somes with mean size of about 100 nm are passively DSPE–PEG -NHSh1,2-dioleoyl-sn-glycero-3-3400

targeted by predominantly accumulating at certain phosphoethanolamine-n-[poly(ethylene glycol)]-N-
disease sites such as cancer or inflammation due to hydroxy succinamide, PEG mw 3400j and poly-
the presence of leaky vasculature and liposomal ethylene glycol (mw 2000) conjugated dis-
extravasation. tearoylphosphatidyl ethanolamine (DSPE–PEG )2000

The animal model we used in this study is an were obtained from Shearwater Polymers (Huntsvil-
orthotropic model where the breast cancer is de- le, AL, USA). Vasoactive Intestinal Peptide (human/
veloped using a carcinogen,n-methyl nitrosourea rat) was synthesized, using solid-phase synthesis, by
(MNU). This model is more representative of human the Protein Research Laboratory at the Research
breast cancer than a xenograft model since the cancer Resources Center, University of Illinois at Chicago.
develops in the breast without introduction of cancer ELISA Kit for VIP was from Peninsula Laboratories
cells exogenously. Recently, we have shown that (San Carlos, CA, USA). Chloroform HPLC grade
VIP-R are approximately five times more overex- and methanol HPLC grade were obtained from
pressed in rat breast cancer induced with MNU, Fisher Scientific (Pittsburgh, PA, USA).
similar to that observed in human breast cancer[3,4]. Freshly eluted Tc99m was obtained from the
Previously, we have also developed a sterically generator in the Section of Nuclear Medicine, Uni-
stabilized liposomal carrier system with covalently versity of Illinois Hospital. Hexamethyl propylene

attached active VIP on its surface and loaded with amine Oxime or Ceretec was purchased from
Tc99m-HMPAO[5]. The developed liposomal imag- Amersham Healthcare (Arlington Heights, IL, USA).
ing agent encapsulates multiple molecules of Tc99m Virgin female Sprague–Dawley rats (|140 g, age 36
for high imaging sensitivity and its surface is modi- days old) were purchased from Harlan (Indianapolis,
fied with VIP for increased breast cancer specificity. IN, USA).
The rationale behind our approach is depicted inFig.
1. 2 .2. Methods

Our long-term goal is to develop a targeted
liposomal imaging agent for early detection of breast 2 .2.1. Preparation of Tc99m-HMPAO
cancer. This study investigates the targeting ability encapsulating VIP–SSL and SSL
of VIP grafted sterically stabilized liposomes (SSL) Tc99m-HMPAO encapsulating VIP–SSL were
that encapsulates a radionuclide (Tc99m-HMPAO), prepared as described previously[5]. First, Tc99m-
in an animal model with fully developed breast HMPAO SSL were prepared by hydration of dried
cancer. The specific aim of this study was to lipid film followed by extrusion, as described before
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Fig. 1. Flow-chart depicting the novel approach for targeted breast cancer detection.

[6,7] with modifications. Briefly, egg-phosphatidyl- was removed by gel filtration and the liposomes
choline (PC), cholesterol (CH), polyethylene glycol immediately labeled with Tc-99m-HMPAO using an
(molecular weight 2000) conjugated distearyl phos- efficient Tc-99m loading procedure that we have
phatidylethanolamine (DSPE–PEG) and dipalmitoyl adapted[8,9], with modifications [5,6]. DSPE–
phosphatidylglycerol (DPPG) were dissolved in an PEG –VIP was inserted into Tc99m-HMPAO3400

organic solvent and solvent evaporated to form a dry SSL by incubation at 378C. The free DSPE–
film, which was hydrated with isotonic, 50 mM PEG –VIP and the label were then removed by3400

glutathione containing isotonic 0.01 M HEPES buf- gel filtration to give Tc99m-HMPAO VIP–SSL. The
fer (pH 7.4), and extruded through a polycarbonate Tc99m-HMPAO encapsulating SSL were prepared in
filter to reduce the size. The unentrapped glutathione a similar manner, except 5 mol% of DSPE–PEG was
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used instead of 3 mol% for Tc99m-HMPAO en- about 2 cm diameter, were divided into two groups
capsulating VIP–SSL and the radiolabeled SSL were of at least five rats each. Each group was assigned to
not incubated with DSPE–PEG –VIP after sepa- receive one of the radiotracers: Tc99m-HMPAO3400

ration of free Tc99m-HMPAO. VIP–SSL or Tc99m-HMPAO SSL. The same group
of rats was used to perform the pharmacokinetic,

2 .2.2. Characterization of Tc99m-HMPAO biodistribution and imaging studies as detailed
encapsulating VIP–SSL and SSL below.

The sizes of both Tc99m-HMPAO SSL and
Tc99m-HMPAO VIP–SSL were determined by 2 .2.4. Pharmacokinetic studies
quasi-elastic light scattering using a NICOMP Par- These studies evaluated the behavior of labeled
ticle Sizer Model 370 (Particle Sizing Systems, SSL with or without VIP on their surface in the
Menlo Park, CA, USA). The radioactivity content blood. Rats were anesthetized with ketamine/
and the labeling efficiency were determined by xylazine (13.3/1.3 mg per 100 g body weight, i.p.).
counting the radioactivity of each fraction collected, After anesthesia, the carotid artery was exposed and
along with radioactivity remaining in the column, cannulated with a polyethylene cannula (PE-50) for
using a dose calibrator, and calculating the per- blood sampling. The cannula was exteriorized near
centage of radiolabel present in the liposomes versus the back of the neck. It was then filled with Heparin
the total radioactivity. The phospholipid content of solution to reduce the chance of blockage due to
the Tc-99m-HMPAO encapsulating liposomes was clotting. The incision used for exposure of the
determined by the modified Bartlet phosphate assay carotid artery was closed with wound clips. The
[10]. The VIP content of Tc99m-HMPAO encap- cannulated rats were then given|300 mCi of the
sulating VIP–SSL was determined by a commercial assigned radiotracer (Tc99m-HMPAO encapsulating
ELISA kit. VIP–SSL or Tc99m-HMPAO encapsulating SSL)

intravenously via the tail vein (at least five rats per
2 .2.3. In vivo studies group). 100ml blood samples were then withdrawn

Animal studies were carried out in accordance from the chronic carotid artery cannula at 5 min and
with the Institutional Animal Care Committee guide- then at 0.5, 1, 2, 4, 8 and 27 h after injection. The
lines and the Guide for the Care and Use of radioactivity of each blood sample was measured in
Laboratory Animals, prepared by the Committee on a gamma counter (Cobra 5005, Packard Instruments).
Care and Use of Laboratory Animals of the Institute The change in the amount of radioactivity in the
of Laboratory Animal Resources, National Research blood at each sampling time point (compared with
Council. the 5 min sample) after intravenous injection of

Female rats with MNU-induced mammary cancer Tc-99m-HMPAO encapsulating VIP–SSL or SSL
were used as the animal model for the in vivo was calculated.
studies. Breast cancer was induced in virgin female
Sprague–Dawley rats with MNU as previously de- 2 .2.5. Imaging studies
scribed in the literature with some modification These experiments evaluated the breast cancer
[4,5,11,12].Briefly, virgin female Sprague–Dawley image enhancement ability of Tc-99m-HMPAO en-
rats, 36 days old, weighing|140 g, were anes- capsulating VIP–SSL or SSL using cancer-bearing
thetized with ketamine/xylazine (13.3/1.3 mg per rats. Imaging studies were performed as described
100 g body weight, i.m.). Each animal received a before with appropriate adjustments[9] and on the
single intravenous injection of MNU (50 mg/kg same rats as those used for pharmacokinetic studies.
body weight) in acidified saline (pH 5.0), via the tail Briefly, the rats were anesthetized with ketamine/
vein. The rats were weighed weekly. They were xylazine and then the appropriate radioactive formu-
palpated every week, starting at 3 weeks post-MNU lation (|300mCi/ rat) was administered intravenous-
administration. Palpable mammary cancer was de- ly by tail vein. The rats were imaged at|3 and|27
tected within 100–150 days after injection. The h post-injection. For imaging the rats were again
cancer-bearing rats, with an average tumor size of anesthetized and placed prone on one head of a
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triple-headed Picker PRISM 3000 SPECT gamma washed with saline, dried between folds of paper
camera equipped with a low-energy, high-resolution towel and transferred to pre-weighed polypropylene
collimator and a dedicated Odyssey computer. The tubes and capped. The tubes were then weighed and
images (100,000 counts / image) were acquired and the weight of each of the tissues was determined.
stored in a 5123512 matrix. Their activity was measured in a shielded well

The Odyssey software program was used to scintillation gamma counter (Cobra 5005, Packard
analyze relative uptake in cancer tissues and the Instruments). To correct for the physical decay of
background tissue (calf muscles) in the same animal. Tc99m, and to permit calculation of the uptake of the
The images were analyzed by drawing regions of radiolabeled liposomes, a 10ml aliquot of the
interest (ROIs) over the breast tumors and calf injected dose was also counted. The results were
muscles as background. The uptake was measured as expressed as percent injected dose per gram of tissue
counts per pixel. The uptake in the two calf muscles (% I.D. /g).
and the tumors, if more that one tumor per rat, were The tissue radioactivity amounts, % I.D. /g, were
averaged. Counts per pixel values for five animals compared between formulations (Tc-99m-HMPAO
were calculated as mean6S.E.M. Tumor tissue to encapsulating SSL or Tc-99m-HMPAO encapsulat-
background (or tumor to non-tumor, T-NT) ratios ing VIP–SSL) as well as between normal and tumor-
were calculated. Statistical analysis was performed bearing rats for each of the formulations using
using unpaired Student’st-test to compare different unpaired Student’st-test. P,0.05 was considered
formulations. The level of significance was set at significant.
P,0.05.

2 .2.6. Biodistribution studies 3 . Results
These studies investigated the tissue distribution of

Tc99m-HMPAO encapsulating SSL or VIP–SSL 3 .1. Characteristics of Tc99m-HMPAO
after systemic delivery to rats and the effect of the encapsulating VIP–SSL and Tc99m-HMPAO
presence of VIP on the surface of SSL on their encapsulating SSL
biodistribution.

The MNU-induced rats used were the same as Tc99m-HMPAO encapsulating VIP–SSL with a
those used for the pharmacokinetic studies described high Tc-99m-HMPAO labeling efficiency were pre-
above. About 300mCi of Tc99m-HMPAO encap- pared in a reproducible manner. The characteristics
sulating VIP–SSL or Tc99m-HMPAO encapsulating of Tc99m-HMPAO encapsulating VIP–SSL and
SSL was injected into the tail vein of the rat. At 27 h Tc99m-HMPAO encapsulating SSL were not sig-
post-injection, the rats were euthanized by an over- nificantly different from each other as shown in
dose of ketamine/xylazine. A blood sample was Table 1. The size of both Tc99m-HMPAO encap-
obtained by cardiac puncture. Tissues (normal breast sulating VIP–SSL and SSL was around 110 nm. The
or breast cancer, liver, spleen, kidneys, calf muscle, phospholipid content of both Tc99m-HMPAO en-
heart and lungs) were dissected out. They were capsulating VIP–SSL and SSL was about 3.0mmol /

T able 1
Characteristics of Tc99m-HMPAO encapsulating VIP–SSL and SSL (each value is mean6standard deviation,n5at least 6)

Characteristic Tc99m-HMPAO Tc99m-HMPAO
encapsulating encapsulating
SSL VIP–SSL

Size (nm) 109.81614.21 114.77613.72
Phospholipid content (mmol/ml) 3.1560.23 3.0160.48
Radioactivity content (mCi/ml) 10086160 8006113
Labeling efficiency (%) 85.764.46 83.862.42
VIP content (mg/mmol phospholipid) N/A 10.5



128 S. Dagar et al. / Journal of Controlled Release 91 (2003) 123–133

ml. The radioactivity content of both Tc99m- Tc99m-HMPAO encapsulating SSL were not sig-
HMPAO encapsulating VIP–SSL and SSL was about nificantly different from each other.
900mCi/ml. In addition, both the liposomes showed
a high labeling efficiency of about 85%. 3 .3. Imaging studies

The VIP content of Tc-99m-HMPAO encapsulat-
ing VIP–SSL was found to be 10.5mg/mmol The images acquired for both Tc-99m-HMPAO
phospholipid, which translates to approximately 225 encapsulating VIP–SSL and Tc-99m-HMPAO en-
VIP molecules per liposome. capsulating SSL injected into cancer-bearing rats at

about 3 h and 27 h post-injection were analyzed
using the counts per pixel on the stored images using

3 .2. Pharmacokinetic studies commercial Odyssey software. As seen inFig. 3, in
all cases, the T-NT ratio was over 4 and for both

The percent decrease in radioactivity with time SSL with and without VIP image enhancement (T-
was used to monitor the circulation time of lipo- NT ratio) increased at the later imaging time. For
somes. The radioactivity at 5 min was considered to both imaging times (3 and 27 h) SSL with VIP
be 100%. The decline of radioactivity in the blood showed significantly higher image enhancement
with time in breast tumor-bearing rats was similar for (higher T-NT ratio) than liposomes without VIP, as
both Tc99m-HMPAO encapsulating SSL with and determined by unpaired Student’st-test.
without VIP, over a 27 h period, as seen inFig. 2.
The figure also shows that the decline of radioactivi- 3 .4. Biodistribution studies
ty for both formulations was largely monophasic. In
addition, the pharmacokinetic parameters calculated This study was conducted to determine the uptake
from the blood radioactivity data using Win-Nonlin of SSL and VIP–SSL by various tissues in tumor-
(data not shown) indicated that the half-lives (|16 h) bearing rats. In particular, breast cancer tissue was
of Tc99m-HMPAO encapsulating VIP–SSL and compared with normal breast tissue.

 

Fig. 2. Change in radioactivity in blood with time of Tc-99m-HMPAO VIP–SSL and Tc-99m-HMPAO SSL after injection in MNU-induced
cancer-bearing rats. Each value is mean6S.D., n5at least 5.
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Fig. 3. Tumor to background ratio of Tc-99m-HMPAO encapsulating SSL with or without VIP at|3 and|27 h post-injection. Data are
expressed as mean6S.E.M.,n5at least 5. *P,0.05 as compared to Tc99m-HMPAO encapsulating SSL at|3 h post-injection;[P,0.05 as
compared to Tc99m-HMPAO encapsulating SSL at|27 h post-injection.

The mean breast cancer uptake of Tc99m-HMPAO half-life of 6.02 h, monoenergetic emission of 140
encapsulating VIP–SSL was about 1.8 times more keV, lack of alpha or beta emission, low cost and
compared to the cancer uptake of Tc99m-HMPAO widespread availability. Furthermore, the uniqueness
encapsulating SSL (Fig. 4). In addition, there was of this system is that it is able to deliver multiple
significantly more uptake of VIP–SSL in kidneys as numbers of radionuclides to each target (VIP-R),
compared to SSL in tumor-bearing rats (Table 2). hence increasing the sensitivity of detection. The
There was no significant difference in the accumula- covalent attachment of a peptide on the liposome
tion of Tc99m-HMPAO encapsulating SSL and surface without significant alteration of the labeled
Tc99m-HMPAO encapsulating VIP–SSL in the other liposomes may indicate that similar liposomes carry-
tissues analyzed (Table 2). ing chemotherapeutic agents can be prepared to

target the VIP receptors of breast or other cancers
that overexpress VIP-R for targeted chemotherapy.

4 . Discussion Both Tc99m-HMPAO encapsulating SSL and
Tc99m-HMPAO encapsulating VIP–SSL showed a

The presence of DSPE–PEG on the surface and monophasic decline, characteristic of long-circulat-
the mean diameter of|110 nm ensured the long- ing liposomes, with no significant difference in half-
circulating (half-life |16 h) capability of our lives (half-lives|16 h). Similar to the in vitro
liposomal constructs and maximized their potential characteristics, these data suggest that the presence
for passive targeting to breast tumors, most probably of VIP on the SSL does not alter the long-circulating
due to the ‘‘Enhanced Permeability and Retention’’ behavior of the liposomes. This finding is in good
or EPR effect[13–15]. The loading efficiency of agreement with the literature. It has been shown that
these liposomes was high (|85%). The label used, non-antibody ligands such as peptides when coupled
Tc99m, is the most preferable label for diagnostic to SSL do not significantly alter the circulation times
applications[16,17] because of its relatively short of ligand-free SSL[18,19]. The long circulation
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Fig. 4. Accumulation of Tc-99m-HMPAO encapsulating VIP–SSL and Tc-99m-HMPAO encapsulating SSL in normal breast tissue and
breast cancer tissue (each data,n55, mean6S.E.M.). *P,0.05 compared to Tc-99m-HMPAO encapsulating SSL in breast cancer;[P,0.05
compared to Tc-99m-HMPAO encapsulating SSL and VIP–SSL in normal breast;3P,0.05 compared to Tc-99m-HMPAO encapsulating
SSL and VIP–SSL in normal breast.

half-life of Tc-99m-labeled VIP–SSL along with systems, more accumulation occurs into the areas of
their small size (|114 nm) make these liposomes leaky vasculature with time and a more particulate
suitable for accumulation in breast cancer due to the imaging agent will sequester at the cancer site more
EPR effect. than the background tissues, improving the tumor to

The tumor to background (T-NT) ratio was better non-tumor ratio and facilitating the detection of the
at 27 h post-injection than at 3 h post-injection for cancer[14]. This increased T-NT ratio is indicative
both formulations (Fig. 3), which can be explained of long circulation in the blood and passive targeting
by the EPR effect. It is known that, for particulate of SSL to breast cancer. In addition, the tumor to

non-tumor (T-NT) ratios for Tc99m-HMPAO en-
T able 2 capsulating VIP–SSL were significantly (P,0.05)
Biodistribution of Tc99m-HMPAO encapsulating VIP–SSL and more than that for Tc99m-HMPAO encapsulating
Tc99m-HMPAO encapsulating SSL in MNU-induced cancer-bear-

SSL, suggesting active targeting of VIP–SSL, mosting rats. Each value is the mean6S.E.M., n55
probably due to the interaction of liposomal VIP and

Tissue % I.D. per gram of tissue VIP-R in the breast cancer. The T-NT ratio for
SSL VIP–SSL Tc99m-HMPAO encapsulating VIP–SSL about 27 h

post-injection was about 6:1, which is a clinicallyHeart 0.0960.02 0.0760.02
Lungs 0.4960.32 0.2860.05 acceptable T-NT ratio for the tumor to be detected
Spleen 10.3661.60 13.3761.19 by planar gamma scintigraphy. This suggests that the
Liver 0.8360.16 0.9060.19 targeted liposomes developed in this study can be
Blood 1.4460.11 1.1760.26

successfully used to detect breast cancer in the clinic.Kidneys 1.0260.11 1.5760.24*
In agreement with imaging data, there was sig-Muscle 0.0360.01 0.0160.01

[Breast cancer 0.1360.06 0.2360.02 nificantly more accumulation of both Tc99m-
HMPAO encapsulating SSL and VIP–SSL in breast*P,0.05 compared with Tc99m-HMPAO encapsulating SSL;

[P,0.05 compared with Tc99m-HMPAO encapsulating SSL. cancer as compared to normal breast tissue in rats,
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suggesting that the liposomes were passively targeted was several orders of magnitude less than those
to the breast cancer, most probably due the presence reported in the literature (2 to 20% per gram of
of leaky vasculature in the tumor (Fig. 4). Similarly, tissue)[15,24–27].The reasons for this discrepancy
in breast cancer, significantly more accumulation of are unclear, but the data reported in the literature
Tc99m-HMPAO encapsulating VIP–SSL as com- were obtained using xenograft tumors in nude mice,
pared to Tc99m-HMPAO encapsulating SSL con- while values for this study were obtained from a
firms that the liposomes were indeed actively MNU-induced in situ breast cancer rat model. Xeno-
targeted to the breast tumor (Fig. 4). The variability graft models do not represent the right environment
in the data obtained for the accumulation of labeled that occurs in human tumors because, in xenograft
VIP–SSL was more than for labeled SSL without models, the cells are already transformed when they
VIP in breast cancer. Since VIP–SSL are both are implanted in the mice, leading to shorter dou-
passively and actively targeted to breast cancer, the bling times than observed in human cancer. There-
variability in actively targeted Tc99m-HMPAO en- fore, it is possible that less necrosis and a more
capsulating VIP–SSL may be related to the de- aggressive blood supply exist within xenograft
velopmental stage of the cancer and the extent of models[28]. This would lead to more extensive
VIP-R expression at that stage. There is some accumulation in the xenograft model when compared
evidence in the literature that suggests the differen- to human cancer[29]. MNU-induced breast cancer is
tial expression of genes that code for proteins during a more representative model of human breast cancer,
MNU-induced breast cancer growth[20]. The same developing in the breast and not at the injection site
differential expression may also be true for VIP-R in and developing at a more realistic, slow rate. There-
breast cancer. Hence, active targeting to VIP-R fore, due to the slow growth and the possibly larger
showed increased variability depending on the VIP-R areas of necrosis, the accumulation of liposomes in
expression level of the breast cancer stage at which the cancer may be less with MNU-induced animals.
the particular cancer-bearing rat was used for this Active targeting to breast cancer can be further
study. improved by taking into consideration the complex

There was no significant difference in the accumu- interplay of tumor biology (such as maximum VIP-R
lation of labeled SSL with and without VIP in all overexpression), product (such as optimum concen-
other tissues (heart, liver, spleen, blood and muscle), tration of grafted VIP on SSL) and imaging pro-
except for the kidneys. The higher uptake by the cedure-related factors (such as optimum tumor imag-
kidneys may be related to the reduced flexibility of ing time post-injection).
the VIP–SSL membrane, due to the insertion of VIP
in the SSL bilayer. This most likely causes the
entrapment of these liposomes in the vascular bed of 5 . Conclusion
the kidneys. However, more studies are needed to
elucidate this matter. Labeled, long-circulating, small liposomes with

The spleen showed the most prominent uptake and without VIP accumulated significantly more in
(|10% I.D. /g) of all the tissues analyzed in both the tumor as compared to normal breast tissue,
normal and tumor-bearing rats. These values fall in indicating passive targeting of SSL to breast cancer.
the range (8.53 to 16.25% I.D. /g) reported in the There was significantly more accumulation of
literature for spleen uptake of Tc99m-HMPAO en- Tc99m-HMPAO labeled SSL surface grafted with
capsulating SSL of about 100 nm in diameter VIP as compared to similar liposomes without VIP
[9,21,22].In addition, this uptake was much less than in breast tumors, indicating the successful use of
the splenic uptake (|50% I.D. /g) observed for VIP-R as molecular targets and the occurrence of
Tc99m-HMPAO encapsulating classical liposomes of active targeting of these liposomes to breast cancer
similar size[23], indicating the steric stabilization of in addition to passive targeting. Tumor accumulation
these liposomes. of both the liposomes increased with time. Even

In this study the percent accumulation of injected though the image enhancement (T-NT ratio) ob-
dose of liposomes in breast cancer tissue (|0.2%) served in this study is considered sufficient for
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By Varun Sethi, Hayat Önyüksel, and Israel Rubinstein
Abstract

Liposomes have been investigated as drug carriers since first discovered
in the 1960s. However, the first-generation, so-called classic liposomes
found relatively limited therapeutic utility. Nonetheless, the advent in the
1980s of the second-generation sterically stabilized liposomes (SSL) that
evade uptake by the host’s reticuloendothelial system greatly enhanced
their utility as drug carriers because of their prolonged circulation half-life
and passive targeting to injured and cancerous tissues. Over the past
decade, our work focused on exploiting the bioactivity of vasoactive intes-
tinal peptide (VIP), a ubiquitous 28-amino acid, amphipathic and pleiotro-
pic mammalian neuropeptide, as a drug. To this end, the peptide expresses
distinct and unique innate bioactivity that could be harnessed to treat
several human diseases that represent unmet medical needs, such as pul-
monary hypertension, stroke, Alzheimer’s disease, sepsis, female sexual
arousal dysfunction, acute lung injury, and arthritis. Unfortunately, the
bioactive effects of VIP last only a few minutes due to its rapid degradation
and inactivation by enzymes, catalytic antibodies, and spontaneous hydro-
lysis in biological fluids. Hence, our goal was to develop and test stable,
long-acting formulations of VIP using both classic and SSL as platform
technologies. We found that spontaneous association of VIP with phospho-
lipid bilayers leads to a transition in the conformation of the peptide from
random coil in an aqueous environment to �-helix, the preferred confor-
mation for ligand–receptor interactions, in the presence of lipids. This
process, in turn, protects VIP from degradation and inactivation and am-
plifies its bioactivity in vivo. Importantly, we discovered that the film
rehydration and extrusion technique is the most suitable to passively load
VIP onto SSL at room temperature and yields the most consistent results.
Collectively, these attributes indicate that VIP on SSL represents a suitable
formulation that could be tested in human disease.

Introduction

Since the discovery of classic liposomes (CL) or first-generation lipo-
somes in the 1960s (Bangham et al., 1965), CL have been extensively
investigated as potential carriers for biologically active molecules and
drugs in vivo (Düzgünes , et al., 1988; Heath et al., 1986; Huang and Rorstad,
Copyright 2005, Elsevier Inc.
All rights reserved.
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1987; Matthay et al., 1986; Mayhew and Rustum, 1985; Papahadjopoulos
et al., 1985; Straubinger et al., 1985). However, their short half-life in
the circulation due to rapid uptake by the reticuloendothelial system
(RES) has limited their potential use as drug carrier systems. In the
1990s, development of second-generation sterically stabilized liposomes
(SSL) greatly advanced the ability to utilize liposomes as drug carrier
systems (Klibanov et al., 1990, 1991; Maruyama et al., 1991a). SSL were
found to have increased circulation half-life because of decreased RES
uptake through ‘‘steric hindrance’’ of opsonins that would otherwise
adsorb on their surface, thereby tagging them for RES uptake.

Over the past few years, our laboratory has been investigating the
delivery of vasoactive intestinal peptide (VIP) using various formulations
of liposomes. VIP is a 28-amino acid ubiquitous amphipathic neuropeptide
that displays a broad range of biological activities (Gomariz et al., 2001;
Said, 1986). It is widely distributed in the central and peripheral nervous
systems, where it functions as a nonadrenergic, noncholinergic neurotrans-
mitter and neuromodulator (Gao et al., 1994). VIP is localized in the
gastrointestinal tract, heart, lung, thyroid, kidney, urinary bladder, genital
organs, and brain (Gozes et al., 1994, 1996). It is also localized in perivas-
cular nerves and upon its release elicits a potent, though short-lived,
endothelium-dependent and -independent vasodilation (Brizzolara and
Burnstock, 1991; Gao et al., 1994; Gaw et al., 1991; Huang and Rorstad,
1987; Ignarro et al., 1987; Suzuki et al., 1995, 1996a). VIP has important
actions on the respiratory tract, including relaxation of airway smooth
muscle and attenuation of inflammation (Said, 1992). Recently, VIP has
been shown to have several immunomodulatory functions and is secreted
by several immune-competent cells in response to various immune
signals (Gomariz et al., 2001). Deficiency in the release and/or degradation
of VIP has been implicated in the pathogenesis of several diseases, such
as cystic fibrosis, impotence, congenital megacolon in Hirschsprung’s dis-
ease, and achalasia of the esophagus (Gozes et al., 1994, 1996; Ollerenshaw
et al., 1989). The bioactive effects of VIP are mediated via high-affinity
transmembrane receptors on target cells (Harmar et al., 1998). These
receptors are overexpressed in various cancer cells and thus can be
actively targeted for tumor imaging and therapeutics using VIP as the
ligand (Dagar et al., 2001; Thakur et al., 2000). VIP could be used to treat
essential and pulmonary hypertension, congestive heart failure, bronchial
asthma, erectile dysfunction, acute food impaction in the esophagus,
acute lung injury, and arthritis (Davis et al., 1981; Delgado et al., 2001;
Refai et al., 1999).

However, as seen with other peptides, the bioactive effects of VIP are
short-lived, lasting only a few minutes after intravenous administration
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(Domschke et al., 1978; Hassan et al., 1994). This short-term efficacy of VIP
is most likely due to its degradation by enzymes, catalytic antibodies, and
by spontaneous hydrolysis. Several attempts have been made to synthesize
more stable and potent analogues of VIP for the treatment of asthma
(Bolin et al., 1995), impotence (Gozes et al., 1994), neurodegenerative
diseases (Gozes et al., 1996), and inadequate regional blood flow (Refai
et al., 1999). However, none of these analogues has reached the clinic. In
fact, a recent clinical study using a cyclic VIP analogue in patients with
asthma has been terminated prematurely. This often implies that high
concentrations of VIP are required to observe significant physiological
effects, thus causing severe side effects such as reduced systemic arterial
pressure (Thakur et al., 2000).

Clearly, for VIP to be considered in therapeutics, its half-life in
biological fluid should be prolonged appreciably. To this end, this chapter
describes work in our laboratories using liposomes as a novel delivery
system for VIP.
VIP on Classical Liposomes

Preparation

Synthetic VIP can either be purified by successive reverse-phase high-
performance liquid chromatography (HPLC) on a preparative C18 column
in triethylamine phosphate/acetonitrile and trifluoacetic acid (TFA)/aceto-
nitrile solvent systems or purchased from commercial sources such as
American Peptide Company (Sunnyvale, CA). Radioiodination and
purification of VIP can be performed as previously described (Paul et al.,
1989). Classic liposomes can be prepared by several well-established
procedures.

Reverse-Phase Evaporation. In this method, a mixture of egg yolk
phosphatidylcholine (ePC), egg yolk phosphatidylglycerol (ePG), and cho-
lesterol in a molar ratio of 1:4:5 is used (Sigma Chemical Co., St. Louis,
MO) (Gao et al., 1994). The phospholipid solution (12 mM each) is mixed
with 3 ml diethyl ether containing 3 mM synthetic VIP, a mixture of
0.2 mM labeled VIP and 3 mM unlabeled VIP, or 0.2 mM radioactive
peptide alone with 1 ml of 50 mM HEPES buffer, pH 7.3. Sonication of
the mixture and subsequent evaporation of the ether in vacuo form vesi-
cles. The resulting dispersion is diluted with 10 ml 50 mM HEPES buffer
and centrifuged (12,500g, 7 min). The supernatant is discarded, and the
pellet is washed three times with buffer containing 0.15 M NaCl. The larger
vesicles are removed by passing the dispersion through 1-�m polycarbon-
ate filters (Nuclepore, Pleasonton, CA). The inorganic phosphate content
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of the liposomes is measured by a microtiter Bartlett assay (Gao et al.,
1994; Suzuki et al., 1995). This method of preparation yields liposomes of
�600 nm. The amount of VIP encapsulated in these liposomes is estimated
by using radioimmuno assay (RIA) specific toward VIP (Gao et al., 1994;
Suzuki et al., 1995). A VIP/lipid mole ratio of �0.008 is anticipated using
this method of preparation.

Film Rehydration and Extrusion Method. This method provides a more
controlled method to prepare CL of the desired size compared with
reverse-phase evaporation. For the film rehydration and extrusion method,
the phospholipids are dissolved in chloroform, and the solution is dried to a
film. The dried lipid film is hydrated with 100 �l of 0.15 M NaCl containing
0.7 mg VIP by vortex mixing followed by sonication of the dispersion. The
dispersion obtained is frozen and thawed five times using a dry ice–acetone
bath. The resulting liposomes are extruded nine times through two poly-
carbonate filters (3 �m) using a Liposofast apparatus (Avestin Inc.,
Ottawa, Canada). The liposomes are passed through a gel filtration column
to separate free VIP from liposome-encapsulated VIP. The liposomes are
recovered in the void volume and stored at 4� prior to use. Size of liposomes is
determined by dynamic laser light scattering. A liposome size of �600 nm is
obtained for liposomes prepared by this method. The phosphate content is
estimated by modified Bartlett assay as previously mentioned. The VIP/lipid
mole ratio is assessed by an enzyme-linked immunosorbent assay (ELISA)
specific for VIP. A VIP/lipid mole ratio of �0.008 is anticipated using this
preparation method as well (Gao et al., 1994; Suzuki et al., 1995). Both these
methods have been successful in forming liposome-encapsulating VIP that
showed improved in vitro and in vivo activities compared with aqueous VIP
(Gao et al., 1994; Gozes et al., 1996).

Classic liposomes are also prepared in the gel state to study the inter-
action between VIP and phospholipid bilayers (Ikezaki et al., 1999;
Ö nyüksel et al., 2003). Phospholipids with a higher transition temperature
such as dipalmitoylphosphatidyl choline (DPPC) and ePG in a molar ratio
of 9:1 are used to prepare gel state CL using the film rehydration and
extrusion method. Different sizes of liposomes (30 and 100 nm) having the
same composition as above are used to study the effects of rigidity and
curvature of the bilayer on their interaction with VIP (Ikezaki et al., 1999;
Ö nyüksel et al., 2003).
In Vitro Effects

Encapsulation of VIP on CL using either the reverse-phase evaporation
or film rehydration/extrusion method was successful in preventing the
trypsin-catalyzed degradation of the peptide over 60 min (Gao et al.,
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1994; Gololobov et al., 1998). This was clearly evident as liposomal VIP was
three to four orders of magnitude less susceptible to the trypsin-catalyzed
reaction than was aqueous VIP (Gololobov et al., 1998). Moreover, in an
autoantibody-catalyzed reaction for VIP hydrolysis, VIP encapsulated in
CL showed a 5-fold increase in the Km values without any significant
increase in the Vmax values compared with aqueous VIP. This suggested
that the change in Km was due to poor recognition of the substrate by
antibodies and not to a change in the enzyme rate constant (Gololobov
et al., 1998). Stability experiments conducted in the presence of human
plasma showed that only 10% of VIP encapsulated in CL was released
after incubation for 8 days at 37�, thereby improving the stability of the
peptide in vitro (Fig. 1).

Secondary structure of liposomal VIP evaluated using circular dichro-
ism (CD) showed that the enhanced in vitro activity of the VIP
encapsulated in CL was due to change in the conformation of the peptide
from predominantly random coil in aqueous solution to �-helix in the
presence of phospholipids (Gololobov et al., 1998). These data corrobo-
rated the results obtained from other groups, demonstrating the increase in
the �-helicity of the peptide in the presence of phospholipids compared
with VIP in aqueous solution (Robinson et al., 1982; Rubinstein et al.,
2000). The increase in the �-helicity of VIP can be attributed to the
interaction and subsequent partitioning of the VIP into the phospholipid
bilayer (Noda et al., 1994). However, recent data from our laboratory have
Fig. 1. VIP release from and stability in liposomes. [Tyr10–125I] VIP-containing liposomes

(4 nmol VIP/1.4/�mol Pi) were incubated for 8 days at 37
�

in the absence and presence of 25%

human plasma in 0.15 M NaCl. Total available [Tyr10–125I]VIP per assay tube was 104 cpm.

Released VIP was separated from liposomal VIP by passage through Sepharose 4B columns.

Residual undigested VIP in the liposome fractions was estimated by the TCA precipitation

method. Reproduced with permission from Gololobov et al. (1998).
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shown that the interaction of VIP with the phospholipid bilayer is depen-
dent on the biophysical state of the bilayer. A change in the bilayer from
liquid-crystalline to the gel state was associated with a marked decrease in
�-helicity of the peptide (Önyüksel et al., 2003).

In Vivo Effects

To study the effect of the peptide in situ, a well-established hamster
cheek pouch model to assess the vasoactive effects of neuropeptides was
used (Davis et al., 1981; Gao et al., 1994; Rubinstein and Mayhan, 1995;
Suzuki et al., 1995). The check pouch microcirculation can be visualized
using a method previously described in our laboratory (Suzuki et al., 1995,
1996a). The effect of VIP either as aqueous solution or liposomal formula-
tion on arteriolar diameter and its duration of action are summarized in
TABLE I

Effects of Vasoactive Intestinal Peptide (VIP) and Liposomal VIP on Arteriolar

Diameter in the Intact Hamster Cheek Pouch

Formulation

Observed effects

Reference

Size of

liposomes

(nm)

Arteriolar

diameter

(% change

from

baseline)

Duration

of effect

(min)

VIP in salinea N/A 13 4 Gao et al., 1994

VIP on classical

liposomesa

Reverse-phase

evaporation

600 35 16 Gao et al., 1994

Film rehydration

and extrusion

600 38 13 Suzuki et al., 1995

VIP on sterically

stabilized liposomesa

Freeze–thaw extrusion 224 10 5 Séjourné et al., 1997a

Extrusion/dehydration–

rehydration

250 38 16 Séjourné et al., 1997a

Optimized extrusion/

dehydration–rehydration

methodb

89 22 15 Patel et al., 1999

VIP in gel-state classic

liposomesa
100 10 5 Ikezaki et al., 1999

a VIP 1.0 nmol was used in all experiments.
b VIP 0.1 nmol was used in this group only.
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Table I. These data show that encapsulation of VIP in CL prolongs
both the duration of action and magnitude of vasodilation compared
with VIP in aqueous solution (Suzuki et al., 1995). Importantly, encap-
sulation of VIP in CL restored vasoreactivity in spontaneously hyperten-
sive hamsters and rats (Gao et al., 1994; Suzuki et al., 1996b) (Fig. 2).
However, no prolongation in duration of vasodilation was observed in
these animals due to possible elaboration of vasoconstrictory substances
in the microcirculation.
Fig. 2. Time course of changes in arteriolar diameter during suffusion of VIP alone

(0.1 nmol; &), empty liposomes (s), and VIP (0.1 nmol) encapsulated into liposomes (d)

in normotensive (A) and hypertensive (B) hamsters. Values are means � SE; each group,

n ¼ four animals. *p < 0.05 in comparison with baseline. **p < 0.05 in comparison with VIP

alone. Open bar indicates duration of suffusion. Reproduced with permission from Suzuki

et al. (1996a).
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In vivo studies using mice (Gololobov et al., 1998) and rats (Refai et al.,
1999) have shown a prolonged half-life for VIP encapsulated in CL.
Encapsulation of VIP in liposomes increases the half-life of the peptide
by �8-fold (Refai et al., 1999). This is a marked improvement from the
previous estimated half-life of 1.0 min in humans and 0.4 min in rats
(Domschke et al., 1978; Hassan et al., 1994). Although the half-life of VIP
encapsulated in CL was markedly improved relative to VIP in aqueous
solution, the use of VIP encapsulated in CL for therapeutic purposes is
limited due to rapid uptake of CL by the RES. This problem was overcome
by using SSL as an improved delivery system for VIP.
VIP in Sterically Stabilized Liposomes

Preparation

Three successive methods of preparing SSL encapsulating/incorporat-
ing VIP were developed in our laboratory. These are the (1) freeze–thaw
extrusion, (2) extrusion/dehydration–rehydration, and (3) optimized extru-
sion/dehydration–rehydration methods (Patel et al., 1999; Séjourné et al.,
1997a). All three methods use the same composition of phospholipids,
distearoylphosphatidylethanolamine-poly(ethylene glycol) (DSPE–
PEG)2000, ePC, ePG, and cholesterol, at a molar ratio of 0.5:5:1:3.5 with
total phospholipid content of 17 �mol. Phospholipids are dissolved in
chloroform in a round-bottom flask. The chloroform is evaporated in a
rotary evaporator (Labconco, Kansas City, MO) at 45�. The film is used to
prepare SSL using the various methods outlined later.

Freeze–Thaw Extrusion. The dried lipid film is hydrated with 250 �l
0.15 M saline containing 0.4 mg VIP. The dispersion is vortexed and then
sonicated for 5 min in a waterbath sonicator (Fisher Scientific, Itasca, IL).
Finally, the dispersion is frozen and thawed five times in an acetone–dry ice
bath. Following freeze–thaw, the dispersion is extruded through stacked
polycarbonate filters (200 nm) using the Liposofast apparatus (Avestin
Inc., Ottawa, Canada). Liposomes with an average diameter of 224 nm
are obtained with this method. The VIP-associated liposomes are sepa-
rated from the free VIP by passing the extruded dispersion through a gel
filtration column (Bio-Rad, A-5m, Bio-Rad Labs, Richmond, CA). The
separated fraction, which is normally eluted in the void volume of the
column at 4�, is stored for further in vitro testing (Séjourné et al., 1997a).
The problem with this method is the high stress associated with extrusion of
the SSL in the presence of the peptide leading to partial sloughing of the
peptide, and some loss in bioactivity (Séjourné et al., 1997a).
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Extrusion/Dehydration–Rehydration. The dried lipid film is hydrated
with 250 �l of 0.15 M NaCl. The dispersion is vortexed rigorously and
sonicated for 5 min. The dispersion is extruded through stacked polycar-
bonate filters of pore size 200, 100, and 50 nm to form liposomes (Séjourné
et al., 1997a). Then 0.4 mg VIP and 30 mg of trehalose (cryoprotectant) in
powder form, are added to the extruded dispersion. The mixture is frozen
in an acetone–dry ice bath and lyophilized at �46� under �5 � 10�3 mBar
pressure overnight using the Lab-Scale freeze-dryer (Labconco, Kansas
City, MO). The freeze-dried cake is resuspended in 250 �l deionized water.
Liposomes of �250 nm in size are anticipated after resuspending the
freeze-dried cake. The dispersion is subsequently separated as in method
1 and stored at 4� until use (Séjourné et al., 1997a). This method avoids
extrusion of SSL after incubation with the peptide. However, freeze drying
the formulation following extrusion changes the liposome size following
rehydration of the freeze-dried cake due to the fusion of the preformed
liposomes (Szucs and Tilcock, 1995). This problem is avoided by optimizing
the formulation, such that the freeze-dry step is eliminated from the
preparation method.

Optimized Extrusion/Dehydration–Rehydration Method. This new and
optimized method to prepare VIP-SSL avoids the freeze-drying step in
method 2, thereby decreasing the preparation time, and conserves lipo-
some size. In this optimized preparation, the dried phospholipid film (same
composition as in methods 1 and 2) is hydrated with 250 �l 0.15 M NaCl.
The dispersion is vortexed thoroughly and sonicated for 5 min in a bath
sonicator. The dispersion is extruded through stacked polycarbonate filters
to yield an average size of 80 nm liposomes (using sequential filters of size
200, 100, and 50 nm). VIP (0.3 mg) is added to the extruded suspension,
and the mixture is incubated at room temperature (25�) for 2 h. Free VIP is
separated from liposome-associated VIP by gel filtration chromatography
as described above. The final amount of VIP associated with liposomes is
quantified by ELISA (Peninsula Laboratories, Santa Clara, CA). Lipo-
some size is measured by quasielastic light scattering to confirm the size
(Nicomp 270, Particle Sizing System, Santa Barbara, CA). The inorganic
phosphate content of the liposomes is measured using a modified Bartlett
assay, as mentioned above. A phospholipid yield of �50% is anticipated
using this method. The VIP-SSL are stored at 4� until use (Patel et al.,
1999). All three methods outlined above yield a VIP/phospholipid molar
ratio of �0.004.

VIP on SSL prepared by method 3 was evaluated as a passively targeted
system for breast cancer (Dagar et al., 1999). The results suggested
that VIP dissociates from the surface of liposomes in the vicinity of VIP
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receptors, due to stronger affinity of VIP for its cognate receptors com-
pared with SSL (Dagar et al., 1999). To overcome this problem, VIP was
actively conjugated to the distal end of an activated DSPE–PEG3400–NHS
moiety (Dagar et al., 2001). The reaction mixture needs to be maintained at
pH 6.6 such that the histidine (pKa ¼ 7–8) group of the peptide will be
involved in the formation of the conjugate. This is important because using
a different pH exposes multiple lysine groups in the peptide, which are a
critical component of the �-helical domain, involved in VIP receptor
recognition. SSL are prepared as previously described in method 3, without
adding VIP. These preformed SSL are incubated with the conjugated
mixture (DSPE–PEG3400–VIP) overnight at 4� to insert them into the
liposomes (Dagar et al., 2001). VIP-SSL prepared by this method are more
stable, and VIP does not dissociate from the SSL upon interaction with its
receptors (Dagar et al., 2001).
In Vitro Studies

As shown above, VIP on liposomes overcomes trypsin-, autoantibody-,
and plasma-induced inactivation of VIP in vitro (Gao et al., 1994;
Gololobov et al., 1998). Studies conducted using VIP on SSL significantly
potentiated DNA synthesis in oral keratinocytes in vitro compared with
synthesis in the presence of VIP alone (Fig. 3) (Rubinstein et al., 2001). The
effect on DNA synthesis was not dependent on empty SSL thus indicating
that the increase in activity was due to the marked improvement in stability
and activity of VIP on SSL. Conformation studies conducted in the pres-
ence of PEGylated phospholipid aggregates (sterically stabilized micelles,
SSM) have shown an increase in �-helicity of VIP associated with SSM
(Rubinstein et al., 2000). We have used SSM instead of SSL to study the
change in conformation of VIP in the presence of phospholipids, because
experiments conducted with SSL expressed a large signal-to-noise ratio,
thereby rendering data analysis impractical. Moreover, �-helicity of VIP
associated with SSM is potentiated in the presence of low concentrations
(10�11–10�10 M) of calmodulin (CaM), a ubiquitous extracellular mem-
brane-bound and intracellular protein (Table II; Rubinstein et al., 2000).
This interaction requires the presence of preformed �-helix VIP,
i.e., phospholipid-associated VIP. This strategy could be used to amplify
the effect of other therapeutic amphipathic peptides with limited bioavail-
ability.

VIP (alone or on SSL) did not modulate the chemotactic response of
human neutrophils to N-formyl-methionylleucyl-phenylalanine (FMLP)
and zymosan, two potent chemotaxis agents, in vitro (Hatipoğlu et al.,
1998). On the contrary, chemotaxis was attenuated by DSPE–PEG2000



Fig. 3. (A) Incorporation of bromodeoxyuridine (BrdU) into DNA of HCPC-1 cells

incubated in the absence and presence of vasoactive intestinal peptide (VIP) for 24, 48, and

72 h. Values are means � SEM; each group, n ¼ four experiments in triplicate. *p < 0.05 in

comparison to media. þp < 0.05 in comparison to 24 h. (B) BrdU incorporation into DNA of

HCPC-1 cells incubated in the absence and presence of vasoactive intestinal peptide on

sterically stabilized liposomes (VIP on SSL) and empty SSL for 24, 48, and 72 h. Values are

means � SEM; each group, n ¼ four experiments in triplicate. *p < 0.05 in comparison to

media. þp < 0.05 in comparison to 24 h. #p < 0.05 in comparison to 24 h. �p < 0.05 in

comparison to 72 h. Reproduced with permission from Rubinstein et al. (2000).
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and empty SSL (Hatipoğlu et al., 1998). Stability studies of VIP on SSL
showed �80% peptide activity even after storage for 30 days at 4�.
Although studies detailing stability of the peptide in SSL in the presence
of serum and trypsin were not conducted, we anticipate its stability to be



TABLE II

Effect of Phospholipids on �-Helicity of Vasoactive Intestinal Peptide

(VIP) at 25
�

and 37
�a

�-Helix (%)

Saline Micellesb

VIP at room temperature 5 � 1 27 � 2*, **

VIP at 37
�

2 � 1 67 � 3***

Calmodulin at room temperature 0 0

VIP and calmodulin at room temperature 1 � 1 42 � 2*, **, ****

Arginincz-vasopressin at room temperature 8 � 1 16 � 2*

Arginincz-vasopressin and calmodulin at

room temperature

8 � 1 16 � 2*

a�-Helix conformation of VIP and argininez-vasopressin in saline and sterically stabilized

micelles by circular dichroism.
b Values are means � SEM of four experiments (each experiment is an average of nine

continuous scans).

* p < 0.05 in comparison to saline.

** p < 0.05 in comparison to argininez-vasopressin.

*** p < 0.05 in comparison to VIP in micelles at room temperature.

**** p < 0.05 in comparison to VIP in micelles at room temperature.

Reproduced with permission from Rubinstein et al. (2000).
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similar or even better than what is observed for VIP encapsulated in CL
(Gololobov et al., 1998).

In Vivo Studies

The bioactivity of VIP are in either in CL or SSL using the in situ cheek
pouch model hamster summarized in Table I. The effects on both arteriolar
diameter and duration of action of both formulations are very similar,
suggesting no change in the in situ bioactivity of the peptide. However,
the effect of VIP on SSL on mean arterial pressure following intravenous
administration in hamsters is markedly different from that observed with
aqueous VIP (Fig. 4) (Séjourné et al., 1997a). Intravenous administration of
VIP on SSL to normotensive hamsters has no significant effect on systemic
arterial pressure, as SSL cannot extravasate through normal blood vessel
wall (Fig. 5). Moreover, it has been previously shown that VIP receptors
are expressed on the abluminal side of blood vessel wall (Fahrenkrug et al.,
2000); thus VIP would need to extravasate across the luminal cavity to
exert its action. VIP on SSL extravasates preferentially in areas with
damaged endothelium, as evident in hypertensive animals (Rubinstein
and Mayhan, 1995; Thomas et al., 1997). Figure 5 shows preferential



Fig. 4. Percentage change in mean arterial pressure after bolus intravenous injection

of 0.1 nmol VIP on SSL (method B, r), native VIP (s), and empty SSL (d) in hamsters

with spontaneous hypertension. Values are mean � SEM; each group n ¼ four

animals. *p < 0.05 compared to baseline. Reproduced with permission from Séjourné et al.

(1997a).
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lowering of systemic arterial pressure after intravenous administration of a
low concentration of VIP on SSL in hypertensive animals. Moreover,
clinical studies from other laboratories have previously shown that free
VIP express adverse effects, most likely due to extravasation of the free
peptide followed by subsequent intraction with VIP receptors (Thakur
et al., 2000). Collectively, these data show that VIP on SSL can be used
selectively in systemic hypertension circumventing adverse effects seen
when using higher concentrations of aqueous VIP.

We have previously shown that VIP on SSL activates VIP receptors in
the peripheral microcirculation (Séjourné et al., 1997b). However, recep-
tor-independent pathways are also involved (Ikezaki et al., 1998; Séjourné
et al., 1997b).

Formulations of VIP on SSL elicit a significant concentration-
dependent increase in arteriolar diameter in the intact hamster cheek
pouch. Suffusion of anti-VIP antibody had no significant effects on VIP
on SSL-induced responses. Arteriolar diameter increased by 22% from
baseline during VIP-SSL (0.1 nmol) suffusion alone and by 21% and 19%
during suffusion of 0.1 nmol VIP-SSL together with 0.02 and 0.04 mg anti-
VIP antibody, respectively, whereas suffusion of VIP alone (1.0 nmol) in
the presence of anti-VIP antibody (0.02 and 0.04 mg) shows significantly
attenuated vasodilation (Ikezaki et al., 1998). These results confirm the



Fig. 5. Effects of intravenous VIP on SSC (0.1 nmol; bolus) on mean arterial pressure

in normotensive and spontaneously hypertensive hamsters (data are means � SEM; each

n ¼ four animals).
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in vitro stability improvement of VIP in either CL or SSL formulations.
Collectively, interaction of VIP with these liposomes significantly increases
biological activity, in vivo half-life, stability, and targetability of the peptide.
Conclusions and Future Directions

Several methods to prepare liposomal VIP have been described. How-
ever, SSL prepared by method 3 (optimized film rehydration and extru-
sion) are the most practical for preparation of liposomal VIP. There are
several reasons for this conclusion; first, method 3 involves the incorpora-
tion of the peptide on preformed SSL, thereby avoiding possible loss of
VIP by extrusion during liposome preparation in the presence of the
peptide (method 1). Second, method 3 provides control over the size of
the liposomes, unlike freeze-drying the formulation and then rehydrating
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(method 2), where the size of liposomes cannot be controlled. Third, the
formulation according to method 3 is simple to prepare, as the peptide
needs only to be incubated for only 2 h at room temperature with pre-
formed liposomes before use. These factors favor the use of method 3 in
preparation of liposomal VIP.

Association of VIP with liposomes, either CL or SSL, stabilizes the
peptide and improves its bioactivity. Liposomal VIP elicits significant
potentiation and prolongation of the vasoactive effects of VIP, when VIP
is either encapsulated in liposomes (CL) or associated with SSL. VIP
interactions with liposomes prevent VIP degradation by trypsin and auto-
catalytic antibodies, thus prolonging the molecular half-life of the peptide.
Moreover, association of VIP with liposomes converts the conformation of
the peptide from predominantly random coil in aqueous solution to �-helix
in the presence of phospholipids. These factors contribute to a longer half-
life of VIP when associated with liposomes. Although the in vivo half-life
of VIP encapsulated in CL is �8-fold higher than that of aqueous VIP,
preliminary experiments from our laboratory indicate that the half-life of
VIP on SSL would be much longer due to their longer circulation time. This
is in agreement with other groups that have shown longer circulation half-
lives for other proteins and peptides using SSL (Liu et al., 1992; Maruyama
et al., 1991b; Oku et al., 1994). Development of second-generation liposo-
mal VIP using SSL is a major breakthrough, because VIP is now associated
with SSL and its RES uptake is reduced, resulting in a longer circulation
half-life of the peptide in vivo. Evidently, association of VIP with either CL
or SSL also significantly increases peptide stability of the VIP in vitro to
almost �15 days when stored at 4� compared with a few hours for aqueous
(Gololobov et al., 1998; Patel et al., 1999).

Recent work in our laboratory involving conjugation of VIP to the
distal end of phospholipids has expanded the use of the liposomal VIP
formulation. This third-generation VIP on SSL could be used for active
targeted delivery of compounds, either therapeutic or diagnostic/imaging,
to specific sites where VIP receptors are overexpressed, thereby circum-
venting systemic adverse reactions (Dagar et al., 2001). In this regard, SSL
have been shown to extravasate preferentially in tumors and inflamed
tissues due to the leakiness of the local microvasculature (Carr et al.,
2001; Dvorak et al., 1991; Ezaki et al., 2001; Gabizon and Martin, 1997;
Oku and Namba, 1994; Yuan et al., 1994). These disease states thus provide
a suitable opportunity to use VIP-SSL as a delivery system for both passive
and active targeting.

In summary, developments in pharmaceutical technologies have made it
possible to bring liposomal formulations to the clinic. Various methods have
been designed to produce liposomes on a large scale, making it possible to
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move this field from the bench to the market. This trend is evident as more
liposome-based drugs have been made available to patients. We propose
that liposomal-VIP is an appropriate candidate for such a product.
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formulation of vasoactive intestinal peptide on sterically stabilized liposome. In Proc. 26th

Int. Symp. Control. Rel. Bioactive Mater., pp. 22–23.

Dagar, S., Sekosan, M., Lee, B. S., Rubinstein, I., and Önyüksel, H. (2001). VIP receptors as
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Patel, M., Önyüksel, H., Ikezaki, H., Dagar, S., Akhter, S. R., and Rubinstein, I. (1999). Proc.

Int. Symp. Control. Rel. Bioactive Mater 26, #6238.

Paul, S., Said, S. I., Thompson, A. B., Volle, D. J., Agrawal, D. K., Foda, H., and de la Rocha,

S. (1989). Characterization of autoantibodies to vasoactive intestinal peptide in asthma.

J. Neuroimmunol. 23, 133–142.

Refai, E., Jonsson, C., Andersson, M., Jacobsson, H., Larsson, S., Kogner, P., and Hassan, M.

(1999). Biodistribution of liposomal 131I-VIP in rat using gamma camera. Nucl. Med. Biol.

26, 931–936.

Robinson, R. M., Blakeney, E. W., Jr., and Mattice, W. L. (1982). Lipid-induced

conformational changes in glucagon, secretin, and vasoactive intestinal peptide.

Biopolymers 21, 1271–1274.

Rubinstein, I., and Mayhan, W. G. (1995). L-arginine dilates cheek pouch arterioles in

hamsters with hereditary cardiomyopathy but not in controls. J. Lab. Clin. Med. 125,
313–318.

Rubinstein, I., Patel, M., Ikezaki, H., Dagar, S., and Önyüksel, H. (2000). Conformation and
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properties of vasoactive intestinal peptide*. Peptides 22, 671–675.

Said, S. I. (1986). Vasoactive intestinal peptide. J. Endocrinol. Invest. 9, 191–200.

Said, S. I. (1992). Vasoactive intestinal polypeptide (VIP) in lung function and disease.

Biomed. Res. 13, 257–268.



[22] liposomal superoxide dismutases in arthritis 395
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M. Bárbara F. Martins, and M. Luísa Corvo

Abstract

It has long been suggested that superoxide dismutase (SOD) be used
for antioxidant therapy on the basis of its ability to catalyze the dismutation
of superoxide radicals involved in the pathogenesis of several inflammatory
disorders such as rheumatoid arthritis. However, the administration of
SOD in free form has some disadvantages, most importantly, the low
accumulation of SOD in inflamed areas due to its reduced half-life in the
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spectrum of cancers. However, poor aqueous solubility, instability, and toxic effects to normal tissues

have limited CPT clinical development. Recently, sterically stabilized micelles (SSM) composed of

polyethylene glycol (PEGylated) phospholipids have been introduced as safe, biocompatible

nanocarriers for the delivery of poorly water-soluble drugs. It was the aim of this study to develop

and evaluate in vitro camptothecin-containing SSM (CPT-SSM) as a novel nanomedicine for

parenteral administration.

Methods: The solubilization potential, stability, and in vitro cytotoxicity of CPT in SSM were

studied. Lyophilization of CPT-SSM under controlled conditions was also studied.

Results: The mean size of CPT-SSM was found to be ~14 nm with a narrow size distribution. CPT-

SSM were prepared by coprecipitation reconstitution. At a concentration of 15 mmol/L of PEGylated

phospholipids where no micelle–micelle interaction was observed, CPT solubilization in SSM was

25-fold higher than CPT in buffer. We determined that CPT can be solubilized in SSM up to molar

ratios of CPT/lipid = 0.0063:1. Above this critical molar ratio, heterogeneous systems of CPT-SSM

and CPT self-aggregated particles were formed. CPT in SSM was at least 3 times more stable and

3-fold more cytotoxic to MCF-7 cells than CPT alone. Furthermore, CPT-SSM alone was

lyophilized without additional lyoprotectants and cryoprotectants and reconstituted without any

significant change in properties.

Conclusion: We have shown that CPT in SSM is a promising nanomedicine with improved drug

solubility, stability, freeze-drying properties, and anticancer activity. It is anticipated that, because of

the nanosize and steric stability of the micelles, CPT-SSMwill be passively targeted to solid cancers in

vivo, resulting in high drug concentration in tumors and reduced drug toxicity to the normal tissues.
D 2005 Elsevier Inc. All rights reserved.
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Camptothecin (CPT) is a potent anticancer agent that has

been found to be active against a broad spectrum of cancers,

such as colon, breast, ovarian, and lung cancers [1-4]. DNA

relaxation by the enzyme DNA topoisomerase I is required

for replication and transcription [5]. CPT and its analogs

inhibit DNA topoisomerase I, subsequently stabilizing the
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DNA-topoisomerase complex resulting in apoptosis of

cancer cells. However, clinical application of CPT against

cancer has been limited by its formulation and delivery

problems. Parenteral administration of CPT is hampered

largely by poor water solubility of its active lactone form

[6,7]. CPT lactone is also unstable under physiologic

conditions and converts to the inactive carboxylate form

[8]. Finally, CPT can cause a number of toxic side effects to

normal tissues, such as hemorrhagic cystitis and myelosup-

pression [6,9,10]. The purpose of this study was to begin to

address these problems by formulating and evaluating in
iology, and Medicine 1 (2005) 77–84
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vitro CPT in a safe nanocarrier that can increase the drug

solubility and stability and that also has the right size to

increase CPT accumulation in the tumors as well as

minimize CPT exposure to normal tissues.

Recently, our laboratory and others have reported on the

novel nanotechnology of sterically stabilized micelles (SSM)

as targeted drug carriers for the delivery of poorly water-

soluble drugs and peptides [11-13]. SSM form spontaneously

in an aqueous environment when diacyllipid-polyethylene

glycol (PEG) phospholipids exist at concentrations above

their critical micelle concentrations (CMC). Thus, SSM can

be formed reproducibly with a narrow size distribution and in

a simpler manner than other carriers such as liposomes and

other nanoparticles. PEGylated phospholipid micelles are

also advantageous as nanocarriers because they are formed

from biocompatible, biodegradable, and relatively nontoxic

molecules [11,14]. SSM are superior to conventional

detergent micelles, because they have extremely low CMCs,

at micromolar range, resulting in greater thermodynamic

stability toward dilution on in vivo administration [11].

The long-term aim of this study is to develop CPT-SSM

as a novel nanomedicine. We chose to formulate CPT in

SSM because of its potential to self-associate with the

hydrophobic regions of SSM to improve its aqueous

solubility. Also, the stability of CPT in active lactone form

should be increased because of decreased water content and

hence decreased hydrolytic inactivation in the micelles.

Maximal aqueous stability of CPT in SSM when stored

under ambient conditions was evaluated in this study. We

also studied the lyophilization and reconstitution of CPT

micellar dispersions without any formulation modifications.

We anticipated that drug-containing SSM can be freeze-

dried because of PEG, a hydrophilic polymer, in their outer

corona that can act as both cryoprotectant and lyoprotectant.

Outer corona of PEG chains on SSM also have the potential

to increase CPT circulation times in vivo by avoiding

reticuloendothelial system (RES) uptake [15]. Importantly,

unlike free CPT and other water-soluble CPT analogs that

distribute freely to normal and tumor tissues, CPT associ-

ated with SSM, as a result of the nanosize of the construct,

passively accumulates to a greater extent in tissues with

leaky vasculature, such as tumors, and decrease normal

tissue distribution [16]. This should improve the therapeutic

index of CPT.
Material and methods

Chemicals

Camptothecin (99% purity, molecular weight 348.3) was

a gift from Boehringer Ingelheim Fine Chemicals (Ger-

many). Poly(ethylene glycol 2000)-conjugated distearoyl

phosphatidylethanolamine (DSPE-PEG2000) was purchased

from Northern Lipids Inc (Vancouver, Canada). HPLC-grade

methanol and acetonitrile were obtained from Fisher

Scientific (Hanover Park, Ill). Buffer and all other reagents
used were analytic grade and purchased from Sigma-Aldrich

(St Louis, Mo). Water was deionized at 18 megaohms/cm,

and sterile filtered before use.

Preparation of CPT-SSM

Aqueous dispersions of CPT-SSM were prepared by the

coprecipitation and reconstitution method. Various molar

ratios of CPT:DSPE-PEG2000 (0.001:1 to 0.057:1) were

dissolved in methanol in a 100-mL round-bottom flask. The

methanol was removed by vacuum rotary evaporation

(458C, 150 revolutions/min, and 600 mm Hg vacuum)

under a stream of argon to form a dry film. This film was

further dried under vacuum overnight to remove any traces

of methanol. The film was then rehydrated by vortexing

(Thermolyne Maxi Mix II) for 5 minutes, and sonicating

(Fisher Scientific bath sonicator B2200R-1) for 5 minutes

with 0.01 mol/L acetate buffer (pH 5). The resulting

aqueous dispersion was equilibrated in the dark for 2 hours

at 258C. Any excess precipitated drug was removed by

centrifugation (13,000g) before characterization. All dis-

persions were prepared in triplicate.

Size analysis and morphologic features

Particle size was measured by quasielastic light scattering

(QELS) with a NICOMP 380 particle-size analyzer (Santa

Barbara, Calif), equipped with a 5 mW helium-neon laser at

632.8 nm. Mean diameters (d̄h) of the particles in the

aqueous dispersions were calculated using the Stokes–

Einstein equation as described previously [11].

The CPT aqueous dispersions were observed under

transmission electron microscope (TEM) (Jeol JEM-1220,

Jeol USA Inc, Peabody, Mass) at 100 kV for morphology. A

0.05-mL drop of sample was placed on the formvar carbon

support film (grid mesh 200), and stained with 1%

uranylacetate (pH 4.5) for 1 minute. Excess stain was

removed, and the sample was air dried at room temperature.

TEM images were recorded by a multiscan camera (Gatan

Inc, Pleasonton, Calif) using the Gatan Digital Micrograph

version 2.5 software. For comparison, TEM images of CPT

powder as raw material were also taken.

HPLC analysis for CPT concentration

The concentration of solubilized CPT in the aqueous

dispersions was measured by reversed-phase HPLC using

conditions modified from the literature [17]. Experiments

were performed at ambient temperature at a flow rate of

1 mL/min with use of a HPLC setup that consisted of the

following: ThermoFinnigan Spectra System P2000 pump,

Spectra System AS3500 Autosampler, and Spectra Focus

Forward Optical Scanning Detector. Injection volumes

of 20 Al were used, and the mobile phase was acetonitrile-

10 nmol/L potassium phosphate (45:55 vol/vol, pH 7).

Separations were achieved on an Agilent Zorbax SB-C18

reverse-phase column (250 � 4.6 mm, 5 mm). Ultraviolet

detection was achieved at a wavelength of 365 nm. A
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Fig 1. Solubilized camptothecin (CPT) concentrations as CPT-SSM with

increasing initial CPT:DSPE-PEG2000 (fixed DSPE-PEG2000 concentra-

tion = 5 mmol/L). The p’s indicate the presence of an additional

population of CPT self-aggregated particles besides CPT-SSM. Values are

n = 3; error bars represent SD.
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calibration curve was produced based on the average peak

area of standard injections. All injections were performed

in triplicate.

Fluorescence emission spectroscopy

A shift in CPT peak fluorescence emission toward a

lower wavelength is indicative of CPT movement from the

aqueous medium into the more hydrophobic environment

[8]. Because SSM provided a more hydrophobic environ-

ment, fluorescence emission experiments demonstrated the

association of CPT with SSM. Fluorescence emission

spectra of CPT were recorded at a scan rate of 1 nm per

second with an SLM-Aminco 8000 spectroflourimeter

(Edison, NJ) at an excitation wavelength of 360 nm [18].

Samples were measured in cuvets of 1-cm path length at

ambient temperature. Fluorescence emission spectra for

each sample were obtained in duplicate.

Aqueous stability of CPT-SSM

CPT-SSM aqueous dispersions were stored at 258C in the

dark with air in the headspace and characterized for micelle

size, CPT concentration and fluorescence emission spectra

as described above, at fixed time intervals from 2 hours up

to 7 days after preparation.

In vitro cytotoxic activity

MCF-7 breast cancer cells were used to evaluate CPT in

vitro antitumor activity. The cells were cultured in Eagle’s

minimal essential medium (EMEM) containing 2 mmol/L

L-glutamine and Earle’s BSS adjusted to contain 1.5 g/L

sodium bicarbonate, 0.1 mmol/L nonessential amino acids,

and 1 mm sodium pyruvate and supplemented with 0.01

mg/mL bovine insulin fetal bovine serum = 90%:10%.

The optimum solution of CPT-SSM (composed of

15 mmol/L DSPE-PEG2000, 20 Ag/mL CPT) chosen from

the solubilization studies was used as the test solutions.

Corresponding concentrations of CPT in 10% dimethyl

sulfoxide (DMSO) solutions were also tested for compari-

son. Drug-free SSM in 0.01 mol/L acetate buffer (pH 5) were

prepared at the same concentrations as the test solution and

used as controls. In vitro cytotoxicity was assessed using the

sulforhodamine B assay adopted for routine use in the

National Cancer Institute in vitro antitumor screen [19,20].

Briefly, serial dilutions were made to obtain CPT concen-

trations (0.001 to 1 Ag/mL) using the respective solvent, that

is, either acetate buffer or 10% DMSO. MCF-7 cells (190

AL) were trypsinized and plated at a density of 1000 cells per
well in a 96-well plate. A total of 10 AL/well of the test

solutions and controls were added to the microtiter plates.

Control groups with 10 AL of the solvents were also added.

Each sample was tested at n = 4. The plates were then

incubated for 24 hours or 96 hours in a 5% carbon dioxide–

humidified atmosphere at 378C. After the incubation period,

the cells were fixed to the plates by adding 100 AL/well
of cold 20% trichloroacetic acid and incubating for 1 hour at
48C. The plates were then washed, air-dried, and stained with
100 AL/well of 0.4% sulforhodamine B in 1% acetic acid for

30 minutes. Then the plates were washed with 1% acetic acid

and rinsed, and 10 mmol/L TRIS (tris-[hydroxymethyl]-

aminomethane) buffer (200 AL/well) was added. The optical
density was then read at 560 nm, and the readings obtained

for the solvent controls were used to define 100% growth

after correcting for the value obtained for the zero-day

control. These values were then expressed as survival

percentage, and ED50 values calculated using nonlinear

regression analysis (survival percentage vs concentration).

Freeze-drying of CPT-SSM

The optimal CPT-SSM formulation (composed of

15 mmol/L DSPE-PEG2000, 20 Ag/mL CPT) based on

CPT solubilization experiments, without addition of a

cryoprotectant and lyoprotectant, was placed into 2-mL vials

at fill volumes of 1 mL and subjected to a controlled

lyophilization cycle by the Virtis Genesis 25 EL freeze dryer

as described in the literature [21]. Briefly, slow freezing of

the samples was achieved by decreasing the temperature at

0.258C/min to �408C. In the first step of the freeze-drying

process, the shelf temperature was maintained at �08C for

3.5 hours, followed by an additional drying step of 7 hours at

08C. During this additional drying step, the chamber

pressure was maintained at �55 � 10-3 mm Hg. The

condenser temperature ranged from �77.58C to �83.68C.
Phospholipid concentrations before and after freeze-drying

were determined by Bartlett’s analysis as described pre-

viously [22]. CPT-SSM was characterized for size, CPT

concentration, and fluorescence emission as described above

after reconstitution.

Data and statistical analyses

Formulation and characterization data are averages of

triplicates, and in vitro cytotoxicity data are average of



Fig 2. Representative quasi-elastic light-scattering plots to illustrate mean

hydrodynamic diameter (d̄h) and size distribution of (a) CPT-SSM and (b)

CPT-SSM in the presence of a second population of CPT particles. Fixed

DSPE-PEG2000 concentration = 5 mmol/L.
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quadruplicates, expressed as means with F SDs. The

relationship between CPT solubilization with increasing

phospholipid concentration was analyzed by linear least-

squares regression. ED50 values of the cytotoxicity assay

were determined by linear least-squares regression. Differ-

ences between groups were compared statistically with use

of 1-way analysis of variance, followed by Scheffe post-

hoc test. All statistical analyses were performed using SPSS

version 10.0 (Chicago, Ill). A P value of b .05 was con-

sidered statistically significant.

Results and discussion

Solubilization of CPT in SSM

At a fixed DSPE-PEG2000 phospholipid concentration of

5 mmol/L, CPT solubilization increased with increasing

initial CPT/DSPE-PEG2000 molar ratio (Figure 1), as more

CPT was available for solubilization in SSM. CPT-SSM

mean diameters (d̄h) were 13.8F 0.4 nm, and of a narrow size

distribution as shown in Figure 2, a. When observed under

TEM, CPT-SSM were spherical (Figure 3, a). When CPT

solubilization in SSM was exceeded, a second and larger

population of CPT self-aggregated particles (d̄h= 100 to 300

nm) besides CPT-SSM were observed, as depicted in Figure
2, b. The CPT particles were morphologically different from

CPT-SSM and CPT starting powder (Figure 3). Similar to the

observations made by Zhang et al [23], CPT-SSM and CPT

self-aggregated particles observed under the TEM were

smaller than the sizes measured by quasielastic light

scattering (Figure 2 vs Figure 3). This can be attributed to

differences in the methods. TEM measures the size from the

projected area where the outer PEG chains are not visible.

QELS, on the other hand, measures the size of the particles

based on hydrodynamic principles and movement of par-

ticles, which is dependent on their mass. Therefore, the effect

of the PEG chains is considered in the size determinations in

QELS. CPT has been reported to undergo self-aggregation by

stereospecific stacking interaction between quinoline rings of

CPT chromophores with the inverse position of the nitrogen

atoms [24]. We believe that these CPT self-aggregated

particles were sufficiently stabilized by PEGylated phospho-

lipids on their surface against further precipitation and

remain in the nanosize range, suspended in the clear aqueous

dispersions. PEGylated lipid-coated particles also have a

promising future to be used as nanomedicine, as indicated in a

recent review [25]. However, we have limited the scope of

this study to only micellar CPT formulation due to its

reproducible and easy preparation.

Fluorescence emission of CPT associated with SSM had

peak emission wavelengths of 430.1 F 0.7 nm that were

significantly shifted (P b .05) compared with CPT in buffer

alone (peak emission wavelength = 434.0 F 1.0 nm). This

indicated association of CPT with SSM as CPT moved

from the aqueous medium into the more hydrophobic

environment of SSM [8]. There was no difference in peak

emission wavelength (P N .05) for aqueous dispersions

prepared with varying initial molar ratios of CPT:DSPE-

PEG2000, even for 0.014:1 and above, where CPT particles

coexisted with CPT-SSM.

Our purpose was to prepare a nanocarrier system of

homogeneous CPT-SSM without CPT-aggregated particles.

Therefore, we first determined the concentration of maxi-

mum CPT solubilized without the formation of CPT

aggregates in a given DSPE-PEG2000 concentration. Then

we varied DSPE-PEG2000 concentration and plotted the

maximum CPT concentrations versus the corresponding

lipid concentration, as shown in Figure 4. As PEGylated

phospholipid concentration increased, more SSM were

formed in the system; thus, more CPT was incorporated in

the SSM before CPT self-aggregation occurred. At least up

to 15 mmol/L DSPE-PEG2000 concentration where no

micelle-micelle interaction was observed, and a linear

relationship existed between maximum solubilized CPT

concentration and lipid concentration (Figure 4). Taking

into account the molar ratios of CPT:DSPE-PEG2000 for

maximum CPT solubilization at each corresponding phos-

pholipid concentration, maximal solubilization of CPT in

SSM can be achieved with an average critical molar ratio of

CPT:DSPE2000 = 0.0063:1 F 0.0013:1 for the entire

concentration range of DSPE-PEG2000 studied. Therefore,



Fig 3. Transmission electron microscopy images of (a) CPT-SSM, (b) CPT-SSM and CPT particles, and (c) CPT powder as starting material.
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for any given DSPE-PEG2000 concentration, molar ratios of

CPT:DSPE-PEG2000 below this critical molar ratio should

be used to avoid exclusion of CPT from the micelle and

formation of CPT particles in the final systems.

Using a concentration of 15 mmol/L DSPE-PEG2000, an

almost 25-fold increase in CPT solubilization in SSM,

compared with CPT alone in buffer, was achieved. DSPE-

PEG2000 has a much lower critical micelle concentration

(0.5 to 1 Amol/L) than did Pluronic surfactants (0.3 to

0.55 mmol/L) [26] and Tween surfactants (0.01 to

0.025 mmol/L) [27]. This gives two important advantages

of SSM over classical detergent micelles. Firstly, because of

a lower concentration of monomers, PEGylated phospho-

lipid monomers will interact significantly less with biologic

membranes compared with the other surfactant monomers,

resulting in lower toxicity. Second, on aqueous dilution,

which is inevitable after intravenous injection, significantly

lower numbers of micelles will be breaking to release the

solubilized drug. Previous work in our laboratory using

vasoactive intestinal peptide (5-Amol/L) associated SSM

(DSPE-PEG2000 = 5 mmol/L) has shown that more than

90% of the peptide remained associated with SSM after

100-fold dilution [28]. If drug precipitation is still signifi-

cant upon in vivo dilution after injection, then we propose

to supplement CPT-SSM formulation with empty SSM

based on our previous dilution work, so that these micelles

can break first and reduce drug precipitation. Furthermore,

SSM are composed of PEGylated phospholipids that have a

proven favorable safety profile [14]. When the solubiliza-

tions of CPT in different surfactant micelles are compared

at their safe concentrations for in vivo administration, it

is seen that CPT aqueous solubility increased by 25-fold

using SSM, 4-fold using Pluronic micelles [26], and 5-fold

using Tween micelles [17]. Classical liposomes have

been found to solubilize CPT to a greater extent in terms

of drug-to-phospholipid molar ratio (CPT/total phospho-

lipids = 0.025:1) [29]; however, they require more

preparation steps compared with SSM [8,29,30]. Although

the stability of CPT in liposomes has not been investigated,

it is likely that CPT in bilayers may aggregate and

precipitate upon storage, as demonstrated with another

hydrophobic anticancer drug—paclitaxel—when associated
with liposomes [31,32]. Phospholipid micelles do not show

this phenomenon, most probably as a result of a lower

number of drug molecules per micelle. Furthermore, the

smaller size of micelles (in our study, CPT-SSM were

~14 nm) compared with liposomes (usually =50 nm) [33]

allow more efficient extravasation from circulation and

distribution of drugs throughout the tumor mass [30]. In

contrast to liposomal incorporation of hydrophobic drugs

that result in destabilization of the liposomal structure [34],

micellar incorporation of poor water-soluble drugs do not

cause any disruption of the micellar structure.

Aqueous stability of CPT-SSM

CPT lactone associated with SSM was more stable in the

aqueous environment than CPT alone. CPT lactone concen-

tration, expressed as a fraction to the initial concentration

obtained 2 hours after preparation, was significantly reduced

after 1 day (Figure 5, a). In contrast, there was stabilization

of CPT lactone concentration when CPT was associated

with SSM for at least 3 days after preparation. No

significant fractional reduction in CPT concentration

(P N .05) in the CPT-SSM aqueous systems was observed

until 7 days after preparation. Greater chemical stability of

CPT lactone when associated with SSM was attributed to

the reduced tendency of CPT lactone to undergo hydrolytic

conversion to its carboxylate form in the hydrophobic

environment of the SSM. After 7 days, the fraction of CPT

concentration remaining in the system was similar for CPT-

SSM and free CPT. This can be attributed to phospholipid

degradation after 7 days when stored at 258C, resulting in

fewer SSM for CPT solubilization, as well as CPT

degradation. We confirmed by thin-layer chromatography

that there was significant phospholipid degradation after

7 days in similar storage conditions (data not shown). There

was no significant change in diameter, d̄h of remaining CPT-

SSM in the system up to 7 days after preparation (Figure 5, b).

These results demonstrated that SSM had the potential to

improve CPT aqueous stability for clinical application.

In vitro cytotoxicity

In vitro cytotoxicity of free CPT in 10% DMSO and

CPT-SSM against MCF-7 cells was compared and illustrat-
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ed in Figure 6. There was no significant difference in ED50

values between free CPT and CPT-SSM after 24 hours of

incubation (P N .05). CPT prolongs the lifetime of the

DNA-topoisomerase I complex formed during DNA repli-

cation, and cells in the S-phase of the cell cycle with

ongoing DNA synthesis have been reported to be more

susceptible to the cytotoxic action of CPT [6]. After 24

hours of incubation, there was no difference in cytotoxicity

between free CPT and CPT-SSM because the same fraction

of cells in the S-phase were exposed to CPT. However, there

was a significant 3-fold increase in CPT-SSM cytotoxicity

against MCF-7 cells compared with free CPT after 96 hours

of incubation (P b .05). This was attributed to greater CPT

stability when associated with SSM than free CPT for

cytotoxic action on the cells, as more cells entered the

S-phase with incubation time. Optimal therapeutic efficacy

of S-phase–specific drugs such as CPT generally requires

prolonged exposure of the tumor cells to CPT concen-

trations exceeding a minimum cytotoxic threshold [6]. This

conclusion is also supported by our aqueous stability data

that CPT associated with SSM was more stable than free

CPT, thus exerting greater in vitro cytotoxicity over time.

Another possible explanation of the data can be greater

cellular uptake of CPT by phagocytosis or by fusion

processes of drug-containing phospholipid micelles. More

work is being conducted in our laboratory to investigate the

various mechanisms of cellular uptake of drug-containing

SSM. The enhanced potency of CPT in SSM resulting from

greater stability and cellular uptake confers greater advan-

tages to applying CPT-SSM as a novel nanomedicine entity

compared with free CPT.

Freeze-drying of CPT-SSM

The optimal CPT-SSM formulation was prepared using

the initial CPT-DSPE-PEG2000 = 0.004:1 (DSPE-

PEG2000 concentration = 15 mmol/L, CPT concentration =
(

(

F

e

ti

c

0

s

o

20 Ag/mL). This formulation solubilized a therapeutically

relevant CPT concentration for future in vivo administration

and was below the critical molar ratio of CPT/DSPE2000 =

0.0063:1 F 0.0013:1, so that only a homogeneous

population of CPT-SSM existed. Although we have shown

here that short-term stability of CPT-SSM in aqueous media

was satisfactory, because of the instability of lipids in

aqueous media during long-term storage, we tested the

lyophilization of this formulation. CPT-SSM formulation

was lyophilized without any modification and no addition of

lyoprotectants and cryoprotectants. CPT-SSM lyophilized

cakes were elegant in appearance and of excellent bulk. The

properties of CPT-SSM in terms of solubilized CPT

concentrations, peak fluorescence emission wavelength,

micelle size, and phospholipid concentration did not change

significantly after freeze-drying and reconstitution (Table 1).

These data indicated that CPT was incorporated or stayed in

the same region of the micelles after freeze-drying and

reconstitution. This can be attributed to PEGylated phos-

pholipids playing the roles of lyoprotectant and cryoprotec-

tant during freeze-drying as a result of their protective PEG

chains. Polyethylene glycols (PEG) have been used as

excipients to stabilize labile proteins during lyophilization

[35]. Furthermore, PEGylated proteins exhibit greater



Table 1

Properties of CPT-SSM (CPT:DSPE-PEG2000 = 0.004:1, 15 mmol/L

DSPE-PEG2000) before and after freeze-drying/reconstitutiona

Properties Before freeze-drying

Mean F SD

After freeze-drying

Mean F SD

Solubilized CPT

concentration (Ag/ml)

21.1 F 0.9 21.0 F 0.4

Peak fluorescence

emission wavelength (nm)

429.0 F 1.0 429.3 F 0.6

Micelle diameter (nm) 12.3 F 0.3 11.7 F 0.5

Phospholipid

concentration (mm)

14.5 F 0.4 14.6 F 0.3

SD, standard deviation.
a For each group, n = 4 experiments; p N 0.05 for all comparisons.0
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Fig 6. In vitro cytotoxicity of CPT in 10% DMSO (open squares) and CPT-

SSM (closed squares) to MCF-7 cells after 24 and 96 hours of incubation.

ED50 of empty SSM controls were N2 mg/mL. Values are means F SDs;

each group n = 4, experiments in triplicate. Asterisk, No significant

difference ( P N .05) was found between these groups.

O.M. Koo et al. / Nanomedicine: Nanotechnology, Biology, and Medicine 1 (2005) 77–84 83
stabilization during lyophilization [36]. To date, there has

been no report on the controlled freeze-drying of PEGylated

phospholipid nanomicelles. Therefore, our data on the

successful lyophilization of CPT-SSM without any modifi-

cation and additional excipients has important implications

in the clinical development of these micellar delivery

systems as novel nanomedicines.
Conclusions

We have prepared CPT in SSM to initiate the develop-

ment of CPT-SSM as a novel nanomedicine entity. CPT was

solubilized up to 25-fold more in SSM composed of

PEGylated phospholipids than in buffer. The critical molar

ratio of CPT/PEGylated lipid for CPT solubilization as a

single, homogeneous CPT-SSM population of ~14 nm in

diameter, without coexistence of lipid-coated, CPT self-

aggregated particles, was 0.0063:1. CPT associated with

SSM exhibited greater aqueous stability up to 3 days after

preparation because of a reduced hydrolytic conversion of

its active lactone to inactive carboxylate in the more

hydrophobic environment of SSM. Similarly, CPT-SSM

was 3-fold more cytotoxic than free CPT, which was

attributed to the enhanced stability of CPT associated with

SSM to act on the cells as they enter the S-phase of the cell

cycle and/or another possible lipid-based delivery mecha-

nism. CPT-SSM were successfully freeze-dried and recon-

stituted without drug modification or addition of

lyoprotectants and cryoprotectants. Therefore, CPT-SSM

could be stored with greater stability as lyophilized powder

form and reconstituted before use. This has important

implications in the clinical development of CPT-SSM.

CPT-SSM has advantages as a nanomedicine because,

unlike free CPT and other water-soluble CPT analogs that

do not discriminate in their distribution to tumor and normal

tissues, nanosized CPT-SSM is too big to pass through
normal vasculature. On the other hand, CPT-SSM is

sufficiently small to extravasate in tumors because of tumor

leaky microvasculature. This will result in accumulation of

micelle solubilized drug in the tumor, avoiding the normal

cells. Future studies will evaluate CPT-SSM for its in vivo

performance. These include biodistribution, pharmacokinet-

ics, efficacy, and safety studies in animal models.
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PGSRM2005 
 
DELIVERY OF CAMPTOTHECIN IN NANOSIZED PEGYLATED 
PHOSPHOLIPID MICELLES TO TREAT MURINE COLLAGEN-INDUCED 
ARTHRITIS 
Purpose: Camptothecin (CPT) causes cellular apoptosis by inhibiting the DNA-
topoisomerase I complex. However, its clinical application is limited by poor solubility 
and instability in vivo. Previously, we have developed a novel formulation of CPT in 
PEGylated phospholipid-based sterically stabilized micelles (CPT-SSM) that increased 
drug solubilization and stability by 25-fold and 3-fold, respectively1. Rheumatoid arthritis 
(RA), a chronic debilitating autoimmune disorder, leads to disability and eventual death. 
Disease-modifying drugs (DMD) for RA are few and may cause serious adverse events. 
Hence, there is a need to develop new DMDs for RA.  In the RA synovium, apoptosis of 
inflammatory cells is diminished appreciably, therefore, drugs promoting apoptosis of 
these cells could be beneficial in RA. In this study, we aim to deliver and test the in vivo 
efficacy as well as safety of CPT-SSM against RA using an established collagen-induced 
arthritis (CIA) mouse model.  
Methods: CIA was induced in DBA/1 mice by 2 collagen injections (0.2 mg) given on 
Day 0 and 21. CPT-SSM (0.3 mg/kg) was administered i.v. or s.c. on Day 28 at the onset 
of arthritic symptoms. Efficacy was monitored by paw thickness, clinical arthritic score 
and histological analysis of hind limb joints. Toxicity was measured by loss in body 
weight, complete blood count and histological analysis of major organs at the end of the 
study (Day 60).  
Results: A single 10-fold lower dose of CPT-SSM than that used for chemotherapy, 
reduced paw thickness (up to 20 %) and clinical arthritic score (up to 48 %) significantly, 
when compared to untreated mice regardless of injection route (p>0.05). Free CPT and 
methotrexate was not as effective in reversing CIA symptoms. This can be attributed to 
targeting of CPT to the inflamed joints when delivered in SSM. Paw histology indicated 
no joint damage in CPT-SSM treated mice. Normal blood counts and tissue histology, as 
well as no significant weight loss indicated that CPT-SSM treated mice did not 
experience toxicity.  
Conclusions: CPT delivered in SSM was efficacious and safe in mice with CIA. We 
suggest that CPT-SSM can be a novel DMD for RA 
1Koo et al, Nanomedicine 1:77-84 (2005). Supported by UIC Fellowship, 
NIHR01AG024026-01, NIHR01HI72323-01, DMAD17-02-1-0415, VA Merit Grant. 
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Sterically stabilized phospholipid micellar human vasoactive intestinal peptide: a novel 
disease-modifying drug for rheumatoid arthritis 
Category: 18 RA treatment – biologics and gene therapy: treatment of human rheumatoid arthritis 
including biologics and gene therapy approaches 
Hayat Önyüksel, Otilia M. Koo, Varun Sethi, Israel Rubinstein 
University of Illinois at Chicago 
 
Statement of Purpose: Few disease-modifying drugs (DMDs) are presently available to treat 
rheumatoid arthritis (RA) and their prolonged use is associated with serious adverse events. Hence, 
there is an urgent need to develop and test new DMDs for RA. To this end, human vasoactive 
intestinal peptide (VIP), a pleiotropic 28-amino acid biological response modifier, expresses potent 
immunomodulatory and anti-inflammatory effects in mice with collagen-induced arthritis (CIA). 
However, relatively high doses of naked VIP are required because of the short half-life (<5 min) of 
the peptide. This, in turn, elicits a precipitous reduction in systemic arterial pressure thereby 
hampering the use of VIP in clinical practice. We have shown that spontaneous association of VIP 
with biocompatible and biodegradable sterically stabilized phospholipid micelles (SSM) prolongs 
the half-life of the peptide in the systemic circulation for several hours and amplifies its bioactivity. 
The purpose of this study was to harness these unique properties of micellar VIP to clinical practice 
by determining its effects in mice with CIA. 
Methods: Micellar VIP, naked VIP (each, 0.5&5 nmol) and empty micelles were administered i.v. 
to mice with CIA 22 days after primary immunization. Untreated mice served as controls. Hind paw 
joint inflammation was determined histologically and radiographically by a blinded investigator. 
Histopathological changes were scored on a scale of 0–30. Radiolographical changes were graded 
from 0 to 3. Serum levels of TNF-α, IL-1, IL-4, IL-10, MMP-2 and MMP-9 were determined by 
ELISA 60 days post-immunization. 
Summary of results:  Micellar VIP, but not naked VIP, abrogated CIA in mice. Hind paw 
histopathology and radiolographical scores of mice treated with micellar VIP (0.5 nmol) were 8.6 ± 
1.1 and 2.0 ± 0.4, respectively (means ± SEM), and were similar to those in normal mice (10.6 ± 2.2 
and 1.4 ± 0.5, respectively)(each group, n=4 animals; p>0.5). Only a 10-fold higher dose of naked 
VIP (5 nmol) evoked similar responses. Levels of circulating TNF-α, IL-1, MMP-2 and MMP-9 
were significantly reduced in mice with CIA treated with 0.5 nmol micellar VIP in comparison to 
naked VIP (p<0.05). Importantly, IL-10 and IL-4 levels were significantly increased in mice with 
CIA treated with micellar VIP in comparison to naked VIP (each, 0.5 nmol; p<0.05). Empty 
micelles had no significant effects on arthritis endpoints and circulating mediators.  
Conclusions: Biocompatible and biodegradable sterically stabilized phospholipid micellar human 
VIP abrogates CIA in mice. These salutary effects are observed at a 10-fold lower dose than that of 
naked VIP and are related, in part, to downregulation of pro-inflammatory mediators and up-
regulation of anti-inflammatory cytokines. We suggest that micellar VIP is a novel DMD for RA.   
 
Supported by R01AG024026, R01HL72323, DMAD17-02-1-0415 & VA Merit Review 
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Camptothecin in Sterically Stabilized Phospholipid Micelles: A Novel Nanomedicine for 
Rheumatoid Arthritis 
O. Koo, I. Rubinstein, H. Onyuksel 
Biopharmaceutical Sciences, University of Illinois at Chicago 
Purpose: Rheumatoid arthritis (RA), a chronic debilitating autoimmune disorder, leads to disability and eventual death. 
Disease-modifying drugs (DMD) for RA are few and may cause serious adverse events. Hence, there is a need to develop 
new DMDs for RA.  In the RA synovium, apoptosis of inflammatory cells is diminished appreciably. Therefore, drugs 
promoting apoptosis of these cells could be beneficial in RA. Previously, we have developed a novel formulation of a 
proapoptotic drug, camptothecin (CPT) in PEGylated phospholipid-based sterically stabilized micelles (CPT-SSM) that 
increased drug solubilization and stability by 25-fold and 3-fold, respectively1. The aim of this study was to test the efficacy 
and safety of CPT-SSM in mice with collagen-induced arthritis (CIA). Methods: CPT-SSM was prepared by co-
precipitation/reconstitution1. CIA was induced in DBA/1 mice by collagen (0.2 mg) injections on Day 0 and 21. Treatment 
was given on Day 28. Efficacy was monitored by paw thickness, clinical arthritis score and joint histology. Toxicity was 
measured by body weight, complete blood count and tissue histology. Results: CPT-SSM (≥ 0.3 mg/kg) reduced paw 
thickness and clinical score to normal values within 4 days. A 3-fold greater free CPT dose was required for the same 
efficacy, and the action was delayed (after 10 days) and shorter lasting. Methotrexate (10 mg/kg) was only effective in 
preventing further deterioration of symptoms but did not reverse CIA. Unlike CPT-SSM treated animals with normal bone 
marrow and liver histologies, free CPT caused damage to these tissues. This was most probably due to selective extravasation 
of nanosized CPT-SSM through leaky vasculature of inflamed sites, avoiding normal tissues. Conclusions: CPT-SSM was 
more efficacious and safer than free CPT and methotrexate in CIA. We suggest that CPT-SSM is a novel DMD in RA.  
Supported by UIC Fellowship, NIHR01AG024026-01, NIHR01HI72323-01, DMAD17-02-1-0415, VA Merit Grant. 
1Koo et al, Nanomedicine 1:77-84 (2005) 
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Abstract

We determined whether a single intratracheal and subcutaneous administration of biocompatible and biodegradable vasoactive intestinal peptide
self-associated with sterically stabilized liposomes (VIP-SSL) normalizes mean arterial pressure (MAP) in spontaneously hypertensive hamsters
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SHH). We found that VIP-SSL (0.1 nmol) administered by either routes normalizes MAP (p < 0.05). Maximal effect was observed within 10–20 min
nd lasted for 6 h. VIP-SSL had no significant effects on heart rate. VIP alone (0.1 nmol) and empty SSL had no significant effects on MAP. VIP-
SL (0.1 nmol) had no significant effects on MAP and heart rate in age/genetically-matched control hamsters. Given these data, we suggest that
ulmonary and subcutaneous delivery of VIP-SSL should be further developed as peptide nanomedicine for essential hypertension.

2006 Elsevier B.V. All rights reserved.

eywords: Formulation; Drug delivery; DSPE-PEG; Sterically stabilized liposomes

Despite recent advances in medical therapeutics, essential
ypertension still represents an unmet medical need (Cosentino
nd Volpe, 2005). Hence, there is an ongoing need to develop and
est new drugs to treat this condition (Henning and Sawmiller,
001). To this end, we sought to determine whether a single
ntratracheal and subcutaneous administration of self-associated
IP with biocompatible and biodegradable sterically stabilized

iposomes (VIP-SSL) normalizes systemic arterial pressure in
pontaneously hypertensive hamsters.

Egg yolk phosphatidylcholine, egg yolk phosphatidylglyc-
rol, cholesterol and polyethylene glycol (molecular mass,
,900) grafted to distearoyl-phosphatidylethanolamine (molar
atio, 5:1:3.5:0.5; total phospholipid content, 17 mmol) were
ixed and dissolved in chloroform as previously described in

ur laboratory (Séjourné et al., 1997). The solvent was evapo-
ated at 45 ◦C in a rotary evaporator followed by vacuum drying
vernight. The dry lipid film was then hydrated in 250 �l saline,
ortexed, bath-sonicated for 5 min and extruded through stacked
olycarbonate filters (pore size, 200, 100, 50 nm). Human VIP

∗

(0.4 mg) was added to the extruded suspension which was then
frozen in acetone-dry ice bath and lyophilized overnight at
−46 ◦C under constant pressure. Thereafter, the lyophilized
“cake” was resuspended in 250 �l deionized water. VIP asso-
ciated with SSL was separated from free VIP by column chro-
matography and stored at 4 ◦C for up to 15 days. Size of SSL
was 250 ± 10 nm (mean ± S.D.). VIP/phospholipids mole ratio
in the formulation was 0.004.

Adult male hamsters with spontaneous hypertension and
age/genetically-matched normotensive hamsters (120–140 g
body weight) were anesthetized with pentobarbital sodium
(6 mg/100 g body weight, i.p.) (Séjourné et al., 1997). A tra-
cheostomy was performed to facilitate spontaneous breath-
ing and for drug administration. A femoral vein was cannu-
lated to inject supplemental anesthesia during the experiment
(2–4 mg/100 g body weight/h) and saline. A femoral artery
was cannulated to record systemic arterial blood pressure and
heart rate. Body temperature was monitored and kept constant
(37–38 ◦C) throughout the experiment using a heating pad. Arte-
rial blood pressure and heart rate were recorded continuously
during the experiment using a pressure transducer and a strip-
chart recorder. Mean arterial pressure (MAP) was calculated as
Corresponding author. Tel.: +1 312 996 8039; fax: +1 312 996 4665.

E-mail address: IRubinst@uic.edu (I. Rubinstein). diastolic pressure plus one-third pulse pressure.
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Fig. 1. Effects of a single intratracheal administration of self-associated VIP with sterically stabilized liposomes (VIP-SSL), VIP alone (each, 0.1 nmol) and empty
SSL on mean arterial pressure in control hamsters (A) and spontaneously hypertensive hamsters (B). Closed bars, baseline; open bars, conclusion of the 6-h observation
period. Data are means ± S.D. Each group, n = 4 animals; p < 0.05 in comparison to baseline.

VIP-SSL, VIP alone (each, 0.1 nmol) or empty SSL diluted
in phosphate-buffered saline (final volume, 1.0 ml) was injected
intratracheally through a PE-90 tubing inserted into the tra-
cheostomy tube of hamsters followed by 1.0 ml room air at a
rate of 1.0 ml/min using an infusion pump. MAP and heart rate
were recorded before and for 6 h after administration of drugs.
This time point was chosen because it conforms to rodent wel-
fare guidelines during general anesthesia.

VIP-SSL, VIP alone (each, 0.1 nmol) or empty SSL diluted in
phosphate-buffered saline (final volume, 0.25 ml) was injected
subcutaneously at the inter-scapular region of hamsters over
1 min using an infusion pump. MAP and heart rate were recorded
in before and for 6 h after administration of drugs as outlined
above.

Data are expressed as means ± S.D. Statistical analysis was
performed using ANOVA and Neuman–Keuls test. A p < 0.05
was considered statistically significant.

Intratracheal VIP-SSL, VIP alone (each, 0.1 nmol) and
empty SSL had no significant effects on MAP and heart
rate in normotensive hamsters (Figs. 1A and 2A; p > 0.5).
By contrast, intratracheal VIP-SSL elicited a significant
decrease in MAP in hypertensive hamsters that was observed
within 10 min and lasted for 6 h (Fig. 1B; p < 0.05). Intra-
tracheal VIP-SSL (0.1 nmol) had no significant effects on
heart rate (Fig. 2B; p > 0.5). Intratracheal VIP alone (0.1 nmol)
and empty SSL had no significant effects on MAP and
heart rate in hypertensive hamsters (Figs. 1B and 2B;
p > 0.5).

F ith ste
S ters (
D

ig. 2. Effects of a single intratracheal administration of self-associated VIP w
SL on heart rate in control hamsters (A) and spontaneously hypertensive hams
ata are means ± S.D. Each group, n = 4 animals.
rically stabilized liposomes (VIP-SSL), VIP alone (each, 0.1 nmol) and empty
B). Closed bars, baseline; open bars, conclusion of the 6-h observation period.
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Fig. 3. Effects of a single subcutaneous administration of self-associated VIP with sterically stabilized liposomes (VIP-SSL), VIP alone (each, 0.1 nmol) and empty
SSL on mean arterial pressure in control hamsters (A) and spontaneously hypertensive hamsters (B). Closed bars, baseline; open bars, conclusion of the 6-h observation
period. Data are means ± S.D. Each group, n = 4 animals; p < 0.05 in comparison to baseline.

Subcutaneous VIP-SSL, VIP alone (each, 0.1 nmol) and
empty SSL had no significant effects on MAP and heart rate
in normotensive hamsters (Figs. 3A and 4A; p > 0.5). By con-
trast, subcutaneous VIP-SSL elicited a significant decrease in
MAP in hypertensive hamsters that was observed within 20 min
and lasted for 6 h (Fig. 3B; p < 0.05). Subcutaneous VIP-SSL
(0.1 nmol) had no significant effects on heart (Fig. 4B; p > 0.5).
Subcutaneous VIP alone (0.1 nmol) and empty SSL had no sig-
nificant effects on MAP and heart rate in hypertensive hamsters
(Figs. 3B and 4B; p > 0.5).

The new finding of this study is that a single, low-dose
intratracheal and subcutaneous administration of biocompatible
and biodegradable VIP-SSL normalizes MAP in spontaneously
hypertensive hamsters for 6 h. The onset of VIP-SSL-induced
responses was within 10–20 min with no further decline in MAP
observed once the normative range was reached. VIP-SSL had

no significant effects on heart rate suggesting its salutary effects
are not related to depressed cardiac function. Importantly, VIP-
SSL had no significant effects on MAP and heart rate in nor-
motensive hamsters implying its effects are selective.

The onset of action, magnitude and duration of VIP-SSL-
induced responses in spontaneously hypertensive hamsters were
similar whether the drug was administered intratracheally or
subcutaneously. This implies that liposomal VIP is absorbed
rapidly and, most likely, intact from the lung and subcutaneous
tissue into the systemic circulation where it evades degrada-
tion and uptake by the reticuloendothelial system (Suzuki et al.,
1996; Séjourné et al., 1997; Gololobov et al., 1998). This, in turn,
improves VIP bioavailability and amplifies its vasoactive effects
over a prolonged period of time (Séjourné et al., 1997; Gololobov
et al., 1998). Due to its relatively large size (∼250 nm), liposomal
VIP does not extravasate through the intact resistant arteriolar

F ith ste
S sters (
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ig. 4. Effects of a single subcutaneous administration of self-associated VIP w
SL on heart rate in control hamsters (A) and spontaneously hypertensive ham
ata are means ± S.D. Each group, n = 4 animals.
rically stabilized liposomes (VIP-SSL), VIP alone (each, 0.1 nmol) and empty
B). Closed bars, baseline; open bars, conclusion of the 6-h observation period.



I. Rubinstein et al. / International Journal of Pharmaceutics 316 (2006) 144–147 147

wall in normotensive hamsters thereby mitigating its vasorelax-
ant effects.

In summary, a single intratracheal and subcutaneous admin-
istration of low-dose, long-circulating biocompatible and
biodegradable liposomal formulation of VIP normalizes MAP
in spontaneously hypertensive hamsters for several hours. We
suggest that pulmonary and subcutaneous delivery of VIP-SSL
should be further developed as peptide nanomedicine for essen-
tial hypertension.
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a b s t r a c t

b-Amyloid (Ab) is a hydrophobic peptide that drives the pathogenesis of Alzheimer’s disease

(AD) due to its aberrant aggregation. Inhibition of Ab aggregation process is one of the most

promising strategies for therapeutic intervention in AD. Here, we demonstrate that steri-

cally stabilized (PEGylated) phospholipid nanomicelles (SSM) are effective in mitigating Ab-

42 aggregation using several deterministic techniques such as (1) Turbidimetry (2) Congo red

binding (3) Thioflavine-T binding (4) Laser light scattering and (5) Electron Microscopy. a-

Helicity of Ab-42 is significantly augmented in the presence of SSM as demonstrated by

circular dichroism ( p < 0.05). Cytotoxicity studies, employing human neuroblastoma SHSY-

5Y cells, established that PEGylated phospholipid associated peptide demonstrated signifi-

cantly lower neurotoxicity compared to lipid untreated Ab-42 ( p < 0.05). Collectively, our

results establish that PEGylated phospholipids abrogate transformation of Ab-42 to amy-

loidogenic b-sheeted form and impart neuroprotection in vitro. This study provides a

foundation for designing nanoconstructs of PEGylated phospholipid nanomicelles in con-

junction with a therapeutic agent for multitargeting the different pathophysiologies asso-

ciated with AD.

# 2006 Elsevier Inc. All rights reserved.
(ethylene glycol 2000)

EM, electron microscopy
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MTS, 3-(4,5-dimethylthiazol-2-yl)-

5-(3-carboxymethoxyphenyl)-2-

(4-sulfophenyl)-2H-tetrazolium

SDS, sodium dodecyl sulfate

SSM, sterically stabilized micelles

ThT, thioflavine-T
1. Introduction

b-Amyloid (Ab) is a hydrophobic peptide responsible for the

development of extracellular neuritic plaques in the brain

which are a classical hallmark of Alzheimer’s disease (AD).

Biochemical and genetic reports have implicated these

plaques in the pathophysiological process of AD [23]. A key

component of the senile neuritic plaque is a central core

containing variants of a 38–43 amino acid peptide commonly

referred to as b-amyloid (Ab) due to its high pre-disposition to

form b-sheets [16]. Altered proteolytic processing and

sequential cleavage of transmembrane amyloid precursor

protein (APP) by secretase enzymes result in formation of

small Ab fragments (�4 kDa) of different lengths, primarily 40

(Ab-40) and 42 (Ab-42) residues. These fragments agglomerate

to form a cascade of intermediate species (including oligomers

and protofibrils) which finally culminate in the development

of neurotoxic amorphous b-sheeted fibrillar aggregates

[8,15,24]. Although development and progression of AD is

characterized by multiple pathogenic events that include

neurofibrillary tangles, neuroinflammation and genetic muta-

tions [23,26], there is compelling evidence implicating Ab-42

aggregation as a pivotal player in the etiology of AD [9]. This

canonical view of attributing Ab as the key player in AD

etiology, often referred to as the Amyloid Hypothesis, has

received almost unanimous acceptance over the last two

decades. Several researchers advocate mechanism based

therapeutic approaches that target the amyloid cascade

through inhibition and clearance of Ab aggregates. Along

these lines, Tramiprosate (ALZHEMEDTM), an Ab fibrillogenesis

inhibitor has entered Phase III clinical testing in US and

Canada [7]. We believe that AD progression can be slowed

down significantly if aggregation and transformation of Ab

from a monomeric soluble a-helical form to an insoluble

amyloidogenic b-sheeted conformation is inhibited.

When located as an element of APP in the transmembrane

region of the cell bilayer, Ab exhibits non-amyloidogenic a-

helical conformation [22]. Ab aggregation, in part, can be

attributed to the loss of this structural context (provided by

cell bilayer) on secretase mediated APP cleavage. To this

effect, it has been observed that Ab-42 also exhibits a

significant amount of a-helical character in membrane

mimicking environments [13]. For example, it has been

shown that several hydrophobic proteins and peptides

penetrate into the hydrophobic core of sodium dodecyl

sulfate (SDS) micelles and adopt a-helical conformation

[18,19,31]. However, therapeutic utilization of such mem-

brane mimicking surfactants is greatly limited by their

relatively high critical micelle concentration (CMC) and

undue toxicity. We have previously demonstrated that

several amphiphilic peptides associate with biocompatible
and biodegradable nanosized PEGylated phospholipid nano-

micelles and change their conformation to a-helix resulting

in increased stability and bioactivity [6,29]. PEGylated

phospholipid nanomicelles provide a hydrophobic milieu

amenable to confine Ab-42 in non-amyloidogenic a-helix

conformation thereby attenuating its aggregation potential.

Sterically stabilized phospholipid nanomicelles (SSM) are

formed spontaneously and reproducibly in aqueous environ-

ments when polyethylene glycol (PEG) grafted (PEGylated)

diacyl lipids are present at super critical micelle concentra-

tions. Steric stabilization refers to the attachment of PEG

polymer to phospholipid head groups which renders the

micelle ‘‘stealth’’ by providing a physico-mechanical barrier

and preventing complement opsonization and liver seques-

tration [17]. SSM overcome the limitations of conventional

detergent micelles due to their much lower CMC (mM versus

mM range), hence offering an attractive safety profile [2,17].

DSPE-PEG2000 (1,2-distearoyl-sn-glycero-3-phosphoethanola-

mine-N-methoxy-poly(ethylene glycol 2000)) that we used in

this study is already approved for use in humans by the FDA,

albeit for different indications.

The aim of this study was to investigate the biophysical

effect of biocompatible nanosized (�14 nm) PEGylated phos-

pholipid nanomicelles on the secondary structure of Ab-42, its

aggregation behavior and neurotoxicity in order to explore

their potential as a therapeutic aid for intervention in the

Amyloid Cascade. We chose to study Ab-42 fragment amongst

several other variants since biochemical analysis of the

amyloid plaque demonstrated that Ab-42 aggregated more

rapidly [20] and was responsible for seeding and aggregation of

other Ab species in the amyloid core [10].
2. Materials and methods

2.1. Materials

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-meth-

oxy-poly(ethylene glycol 2000) (DSPE-PEG2000) was purchased

from Northern Lipids (Vancouver, Canada). Thioflavine-T

(ThT), Congo red (CR), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)

and sodium azide were obtained from Sigma–Aldrich (St.

Louis, MO). Synthetic Ab-42 was obtained from American

Peptides (Sunnyvale, California). Uranylacetate and other

materials required for electron microscopy were purchased

from Electron Microscopy Sciences (Hatfield, PA). Buffer and

all other reagents used were analytical grade and purchased

from Sigma–Aldrich. Water was deionized at 18 MV and sterile

filtered (0.22 mm) before use. All peptide and lipid samples

were high performance liquid chromatography purified and

the peptide purity was always greater than 98%.
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2.2. Preparation of b-amyloid (Ab-42)

Stock solution of the peptide was prepared by dissolving the

lyophilized peptide in HFIP to a final concentration of 1 mg/ml

using a Hamilton syringe equipped with a Teflon plunger [34].

This solution was shaken on a Barnstead Lab Line plate

shaker for 2 h at 4 8C, aliquoted into sterile glass vials, HFIP

was removed under vacuum in the fume hood and the peptide

was stored desiccated at 20 8C until use [32]. Prior to use, each

vial was allowed to equilibrate at room temperature for

15 min to avoid drastic temperature alteration leading to

condensation.

2.3. Preparation of PEGylated phospholipid containing Ab-
42 samples

We have previously documented the preparation procedure

for SSM [6]. In this study, we employed the same protocol with

a slight modification. Appropriate amount of DSPE-PEG2000

was added to Ab-42 in HFIP. This mixture was vortexed for

5 min (Thermolyne Maxi Mix II) and solvent was evaporated

to form Ab-42-lipid film. Residual solvent was removed under

vacuum. Films were reconstituted in 10 mM HEPES buffer,

vacuum sonicated (Fisher Scientific bath sonicator B2200R-1)

and incubated at 25 8C (VWR SHEL LAB Incubator) for 2 h.

Films were freshly prepared before each experiment. For SSM

and Ab-42 controls, the same procedure was followed

without Ab-42 and SSM, respectively. Size of SSM was

�14 nm as determined by quasi-elastic light scattering (data

not shown).

2.4. Experimental procedures

2.4.1. Turbidimetry assay
This experiment was performed as previously described [10]

with slight modifications. Samples were prepared as described

above (Section 2.3). For control sample containing Ab-42 in

buffer, same procedure was repeated without lipid. A final Ab-

42 concentration of 25 mM was obtained corresponding to Ab-

42: lipid ratio of 1:0–1:100. Sodium azide (0.01%) was added to

the buffer to prevent bacterial contamination. The solution

was stirred continuously at room temperature in dark using a

magnetic stirrer at �60 rpm. Aliquots were withdrawn at pre-

defined time intervals in a 96-well plate and shaken for 60 s to

evenly resuspend the aggregates. Turbidity was measured at

405 nm using a Labsystems Multiskan Plus UV–Vis Microplate

Reader.

2.4.2. Congo red (CR) binding assay

b-sheet formation of Ab-42 in presence and absence of lipid

was determined by Congo red binding. Ab-42 (10 mM) samples

were prepared with or without lipid (0.5 mM) as described

above. At the end of 2 h, CR (100 mM stock prepared in NaCl, pH

7.4) was added to the Ab-42 solution to give a final

concentration of 10 mM CR. Solutions were vortexed and

incubated at 25 8C for 15 min. Absorbance values at 403 and

541 nm were recorded for samples and CR alone preparations

using a Perkin-Elmer Lambda 35 UV spectrophotometer in a 1-

cm path length cuvette. Background absorbance values of

buffer and SSM were subtracted from the respective test
solutions. Aggregated Ab-42 was quantitated as described

previously [12] using the equation:

Aggregated Abðmg=mlÞ ¼ ð541 nmA=4780Þ � ð403 nmA=6830Þ

� ð403 nmACR=8620Þ
541 nmA and 403 nmA are absorbance of peptide sample while
403 nmACR is the absorbance of CR dye alone. The concentration

of aggregated Ab-42 monomer was then calculated assuming a

molecular mass for Ab-42 of 4514 (obtained from vendor).

2.4.3. Thioflavine-T (ThT) binding assay
The degree of Ab-42 fibrillization was determined using the

fluorescent dye, ThT, which specifically binds to fibrillar

conformations [14]. Samples were prepared as described

above with final Ab-42 concentration of 25 mM. At the end

of 2 h, 200 mL of sample solution was transferred to 96-well

Black Cliniplates (Labsystems). ThT was added to each test

sample to a final concentration of 10 mM. Samples were

shaken for 30 s prior to each measurement. Relative fluores-

cence intensity was measured using a SpectraMax Gemini XS

Plate Reader (Molecular Devices). Measurements were per-

formed at an excitation wavelength of 445 nm and an

emission of 481 nm (pre-determined experimentally). To

account for background fluorescence, fluorescence intensity

from control solution without Ab-42 was subtracted from

solution containing Ab-42.

2.4.4. Circular dichroism spectroscopy (CD)
Secondary structure of Ab-42 in presence and absence of lipids

were determined by CD spectroscopy. Samples were prepared

as described above (10 mM Ab-42 and peptide: lipid ratio of

1:50) and scanned at room temperature in a 1 mm path length

fused quartz cuvette using a Jasco J-710 Spectropolarimeter

(Jasco, Easton, MD) calibrated with d10 camphor sulfonic acid.

This service was provided by the Protein Research Lab of

Research Resources Center (RRC) of University of Illinois at

Chicago. Spectra were obtained from 190 to 260 nm at 1-nm

bandwidth, 5 nm step and 1 s response time averaged over 5

runs. Spectra were corrected for buffer or SSM scans and

smoothed using manufacturer’s Savitzky Golay algorithm.

Spectra were deconvoluted and percentage secondary struc-

ture was calculated by fitting the data into simulations by

SELCON1 [27].

2.4.5. Particle size determination by quasi-elastic light
scattering
Particle size of aggregates formed by Ab-42 in presence and

absence of phospholipid were analyzed by quasi-elastic light

scattering (QELS) using a NICOMP 380 Particle Size Analyzer

(Santa Barbara, California) equipped with a 5 mW helium–

neon laser at 632.8 nm and a temperature controlled cell

holder. Samples were prepared as described previously.

Solutions were stirred continuously at �60 rpm at room

temperature. 500 mL of test solution was aliquoted after 2 h

and particle size distribution of Ab-42 (12.5 mM; peptide: lipid

ratio of 1:50) aggregates was determined. The mean hydro-

dynamic particle diameter, dh was obtained from the Stokes–

Einstein relation using the measured diffusion of particles in

solution as described previously [2]. Data was analyzed in

terms of volume weighted distribution.
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Fig. 1 – Effect of PEGylated phospholipid nanomicelles on

Ab-42 aggregation by turbidimetry assay and

determination of optimal peptide: lipid ratio. An increase

in OD is directly correlated to aggregation. Data represents

mean OD of three independent experiments (n = 3,
*p < 0.05 compared to Ab-42 in buffer). Error bars represent

standard deviation (S.D.).
2.4.6. Transmission electron microscopy (TEM)
The ultrastructural characteristics of Ab-42 (100 mM) aggregates

in presence and absence of lipids were examined under a

transmission electron microscope (TEM) (JEOL-JEM 1220, JEOL

USA Inc., Peabody, MA) at 100 kV for morphology. Use of this

equipment was provided Electron Microscopy Services at RRC-

UIC. Samples were prepared as described above and incubated

at 25 8C for 72 h. A 5 mL drop of sample was placed on Formvar

carbon support film on copper grid (mesh 200) (Electron

Microscopy Sciences, Hatfield, PA) stained with 2% uranylace-

tatefor1 min.Excessstainwasremovedandsamplesweredried

overnightatroomtemperature.TEMimageswererecordedbyat

30 000� on a multiscan camera (Gatan Inc., Pleasanton, CA)

using the Gatan Digital Micrograph version 2.5 software.

2.4.7. Cytotoxicity assay
Human Neuroblastoma SHSY-5Y cell line was used to study

the effect of PEGylated phospholipid nanomicelles on Ab-42

induced toxicity. Cells were cultured in Dulbecco’s modified

Eagle’s medium (DMEM) (Mediatech) supplemented with 4.5 g/

L L-glucose, 0.1 mmol/L non-essential amino acids, 2 mmol/L

glutamine and 10% fetal bovine serum at 37 8C in 5% CO2. Cells

were plated (5 � 104 per well) in 96 well plates in 150 mL of

media. After overnight incubation, cells were washed with

serum free media. Serum free media alone or containing one

of the following combinations (0.2–4 mM of Ab incubated for

2 h at 25 8C with or without 0.01–0.2 mM of PEGylated lipid; Ab-

42: lipid ratios of 1:50) were added to the cells. Cells were then

incubated for further 12 h at 37 8C in 5% CO2. Cell viability was

tested using MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-

methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay

(Cell Titer 961 Aqueous One Solution Cell Proliferation Assay

kit; Promega, Madison, WI) as described in the manufacturer’s

protocol. In summary, after the end of incubation period cell

media was replaced with 100 mL of RPMI-1640 without phenol

red. 20 mL of Cell Titer 96 One1 solution reagent was added to

each well. The plates were incubated at 37 8C for 3 h in

humidified, 5% CO2 atmosphere. Optical density was then read

at 492 nm using a UV Spectrophotometric plate reader

(Labsystems) and the values obtained for untreated controls

were used to define 100% survival.

2.5. Data and statistical analyses

Data are represented as mean � standard deviation (S.D.) for

at least three independent determinations. Difference

between groups and its statistical significance was determined

using two-tailed Student’s t-test and ANOVA. Statistical

analysis was performed using SPSS version 10.0 (Chicago,

IL). p value of <0.05 was considered statistically significant.
Fig. 2 – Effect of PEGylated phospholipid nanomicelles on

Ab-42 aggregation by Congo red assay. (n = 3, *p < 0.05

compared to Ab-42 in buffer). Error bars represent

standard deviation.
3. Results

3.1. PEGylated phospholipid nanomicelles mitigate b-sheet
formation and aggregation of Ab-42 in vitro

Commercially available synthetic Ab-42 is usually a hetero-

geneous mixture of seeds, oligomers and fibrils. To ensure

sample homogeneity, HFIP pre-treatment was carried out,
thereby facilitating the examination of the effect of PEGylated

phospholipid nanomicelles on Ab-42 aggregation in a more

physiologically relevant state. A pilot turbidimetric study was

performed to obtain the optimal peptide to lipid (P/L) ratio at

which significant inhibition of aggregation was observed. Ab-

42 (25 mM) was incubated with five P/L ratios ranging from 1:25

to 1:100 for 2 h at 25 8C and optical density (OD) measurements

were carried out at 405 nm. OD values (Fig. 1) demonstrate a

significant retardation in the extent of Ab-42 aggregation of

lipid treated peptide at 1:40, 1:50 and 1:100 P/L ratios. However,

saturation was observed at P/L 1:50. Aggregation inhibitory

efficacy was not significantly different for P/L ratios of 1:50 and

1:100 and therefore, 1:50 was chosen for further exploratory

studies. This value is in good agreement with the value of 1:55

reported previously for Ab-40 using a lipid bilayer archetype

[28]. However, turbidity measurement at 405 nm, per se, is a

generic aggregation assay that is not conclusive for detection

of amyloid fibrillization process. Therefore, we employed
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Fig. 3 – Effect of PEGylated phospholipid nanomicelles on

Ab-42 aggregation by fluorometric thioflavine-T assay.

Increase in relative fluorescence units (RFU) is

proportional to fibril formation (n = 3, *p < 0.05 compared to

Ab-42 in buffer). Error bars represent standard deviation.

Table 1 – Influence of PEGylated lipid micelles on Ab-42
secondary structure by circular dichroism

Ab-42 in buffer§ Ab-42 in SSM*

% Alpha helix 1.9 � 0.25 34.25 � 0.7

% Beta sheet 38.1 � 1 3.4 � 0.5

* p < 0.05 compared to §.

Fig. 4 – Representative size analysis by quasi-elastic light

scattering. (a) Ab-42 in buffer: After 2 h of incubation,

bimodal heterogeneous distribution is observed. Eighty-

eight percent of the particles have average diameter of

36.7 nm (W6.2 nm), 12% of the particles have an average

size of 134.4 nm (W31.2 nm). (b) Ab-42 in SSM: after 2 h of

incubation, 100% of the particles form a single peak with

11.2 W 2.3 nm.
more specific deterministic techniques such as Congo red

binding and Thioflavine-T interaction assay to obtain funda-

mental information regarding the nature of effect of PEGylated

phospholipid nanomicelles on Ab-42 aggregation.

In general, amyloid protein fibrils possess tinctorial dye

binding properties owing to their characteristic fibrillar

conformations. ThT and CR are two standard dyes used to

monitor fibrillogenesis. Binding of ThT to amyloid fibrils

causes enhancement of ThT fluorescence, while binding to CR

causes a red shift in the absorbance spectrum of the dye. We

used CR binding assay to quantify the concentration of

aggregated b-sheeted amyloid as described previously [12].

ThT assay was used for determination fibril formation. The

results of CR binding assay demonstrated that concentration

of aggregated b-sheeted Ab-42 in PEGylated phospholipid

treated sample was reduced almost three-fold (�1.9 pM)

(p < 0.05) compared to untreated control (�5.8 pM) (Fig. 2).

ThT fluorescence spectroscopic assay was then employed to

confirm this observation and complementary results were

obtained. Relative fluorescence intensity of PEGylated phos-

pholipid treated sample was significantly lower than that of

untreated control, indicating significant mitigation of b-

sheeted fibril formation in lipid treated samples (Fig. 3).

We postulated that PEGylated phospholipid nanomicelles

retard Ab-42 aggregation by inducing a constructive con-

formational change in its secondary structure. CD spectro-

scopy was performed to obtain a qualitative estimate of Ab-42

secondary structure in the presence of PEGylated phospholi-

pid nanomicelles. CD scans were deconvoluted using SEL-

CON1 software to obtain percentage of each secondary

structural element. After incubation of the peptide in buffer

for 2 h at 25 8C, Ab-42 exhibited�38% b-sheeted conformation

while a-helicity was insignificant (�1.9%) indicating an onset

of aggregation. However, upon incubation with PEGylated

phospholipid nanomicelles, a radical alteration in the relative

proportions of secondary structural elements was observed. In

presence of PEGylated phospholipid nanomicelles, folding of

Ab-42 was significantly changed resulting in very high

proportions of a-helicity (�34%) and a concurrent favorable

decline in b-sheet conformation (�3.4%) (Table 1). Therefore, it

is evinced that in presence of PEGylated phospholipid
nanomicelles, transformation of Ab-42 to pathogenic b-sheets

is significantly inhibited and a-helicity is radically enhanced

compared to respective untreated Ab-42 control. This change

in the secondary structure of the peptide in presence of

PEGylated phospholipid nanomicelles is directly responsible

for reduction in the Ab-42 aggregation rate. Results obtained

from CD study concur well with the CR binding and ThT assay

which demonstrated that a significant reduction in b-sheeted

fibrillar conformation is obtained on treatment with PEGylated

phospholipid nanomicelles.

We speculated that the ability of PEGylated phospholipid

nanomicelles to attenuate Ab-42 aggregation could also man-

ifest in reduction of Ab-42 aggregate size. To obtain compre-

hensive information on representative dimensions of Ab-42
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Fig. 5 – Representative electron micrographs of (a) Ab-42 in buffer, (b) PEGylated phospholipid associated Ab-42 and (c) SSM.

Fig. 6 – Effect of PEGylated phospholipid nanomicelles on

Ab-42 induced cytotoxicity. A significant reduction in Ab-

42 induced cytotoxicity is observed in cells treated with

PEGylated lipid associated Ab-42 (n = 3, *p < 0.05 compared

respective §). Error bars represent standard deviation.
aggregates, quasi-elastic light scattering was employed. After

incubation of Ab-42 (12.5 mM) in buffer for 2 h, a heterogeneous

distribution with dual peaks having a maximum average

hydrodynamic diameter of 134.4 nm was observed (Fig. 4(a)).

However, in presence of PEGylated phospholipid nanomicelles,

the particle size distribution was more homogenous and stable

with a single peak at �12 nm corresponding to the size of

PEGylated phospholipid nanomicelles (Fig. 4(b)).

Transmission electron microscopy was employed to

determine the effect of PEGylated phospholipid nanomicelles

on ultrastructure of Ab-42 aggregates. Solutions of Ab-42

(100 mM) were incubated at 25 8C with or without PEGylated

phospholipid nanomicelles. After 72 h, samples were placed

on copper grids, negatively stained with 2% uranylacetate and

visualized under TEM. In absence of PEGylated phospholipid

nanomicelles Ab-42 formed a dense meshwork of elongated

fibrils that covered the entire grid area (Fig. 5(a)). Presence of

micelles ameliorated fibril growth significantly and much

shorter fragments were formed (Fig. 5(b)). The density of these

short fragments on each copper grid was much sparse

compared to lipid untreated controls.
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3.2. PEGylated phospholipid nanomicelles attenuate
neurotoxicity of Ab-42 in vitro

Ab-42 is shown to be toxic to neurons and cause cell death via

apoptotic mechanisms [1]. MTS assay provides a good estimate

of cell survival based on bioreduction of MTS to aqueous soluble

colored formazan crystals accomplished by dehydrogenase

enzymes found in metabolically active cells. Cytotoxicity study

was carried out using human neuroblastoma SHSY-5Y cell

paradigm that possess highly developed neurites and exhibit

high sensitivity against Ab-42 [3]. A series of physiologically

relevant Ab-42 concentrations (0.2–4 mM) were tested. Lipid

untreated Ab-42 demonstrated elevated neurotoxicity above

1 mM concentration. However, when incubated with PEGylated

phospholipid nanomicelles, Ab-42 neurotoxicity was signifi-

cantly mitigated and percentage survival was increased by

almost 30% compared to lipid untreated control (Fig. 6).
4. Discussion

At least 16 different proteins have been identified hitherto that

have a high propensity to misfold and form b-sheeted amyloid

fibrils leading to toxic gain of function and associated pathol-

ogies. Structural context plays a critical role in protein

conformational change, their subsequent misfolding and dys-

regulation. Ithasbeenreportedthatamyloidogenicpeptidesand

proteins contain short stretches of amino acid sequences

referredtoas‘‘hotspots’’thatfacilitateanddrivethisaggregation

process [5]. In its native state, Ab-42 ‘‘hot spots’’ are stabilized in

a-helical conformation by the cell membrane bilayer [22].

Therefore, a promising therapeutic strategy to prevent aggrega-

tion wouldbe to stabilize this native state of the peptide and coat

the ‘‘hot spots’’ by providing a steric barrier to prevent their

interaction [4]. The objective of this study was to test the

hypothesis that PEGylated phospholipid nanomicelles mitigate

Ab-42 aggregation by providing a cell membrane simulating

milieu that constrains the peptide in a favorable a-helical

conformation preventing its conversion to pathogenic b-sheet

form. The lipid monomers (which are in dynamic equilibrium

with the micelles) coat the exposed ‘‘hot spots’’ reducing any

further deleterious peptide–peptide interaction (detailed expla-

nation in Section 4.2). The rationale behind this hypothesis was

based on our previous experience with several amphiphilic

peptides and proteins [6,11,17,29] andontheobservation that Ab

structure examined in membrane mimicking surfactants and

organic solvents resembled the native non-pathogenic a-helical

structure of transmembrane Ab in vivo [25,33].

4.1. PEGylated phospholipid nanomicelles attenuate Ab-42
b-sheet formation, aggregation and neurotoxicity in vitro

CD spectroscopy results demonstrated that a-helicity of Ab-42

was significantly augmented (almost 17-fold) with a concurrent

decline in b-sheet (almost 10-fold) in presence of PEGylated

phospholipids. These findings concur with our previous results

where hydrophobic amino acid residues of the several

amphiphilic peptides interacted with the hydrophobic micelle

core and rendered the peptide a-helical [6,29]. To this end, it has

also been previously shown using a lipid bilayer paradigm that
Ab interaction with lipid at high P/L ratios, promotes its

conformational transition to a-helix [28]. We believe that

PEGylated phospholipid nanomicelles provide a hydrophobic

environment similar to cell membrane bilayer, making it

amenable to interact with the high energy transmembrane

residues. This resultant interaction will eliminate unfavorable

self peptide-peptide association. Since DSPE-PEG2000 is zwitter-

ionic, no significant electrostatic interactions between Ab-42

and PEGylated phospholipid nanomicelles are possible. To

determine the specific nature of the inhibitory effect of

PEGylated phospholipid nanomicelles on amyloid fibril forma-

tion, CR binding and ThT assay were employed. These

techniques established that PEGylated lipids not only induced

a favorable conformational change in the secondary structure

of Ab-42 but also reduced the concentration of b-sheeted

amyloid fibrillar aggregates significantly (�3-fold).

Using laser light scattering, aggregates up to 134 nm were

observed in untreated Ab-42 control. These results indicate

that within 2 h of incubation, the aggregation process is

triggered leading to formation of several intermediate amyloid

species. The heterogeneity in particle size distribution can be

attributed to presence of several different peptide species and

their co-existing amalgamates that include oligomers and

elongated fibrils. Oligomers (or Ab derived diffusible ligands-

ADDL) are spherical with a diameter of approximately 5 nm

while protofibrils range from spherical assemblies of�5 nm to

short rod like sequences up to 200 nm in length [30]. Our

results are in conformation with these values reported in

literature. It is technically complex to ascertain the nature of

aggregates based exclusively on light scattering data. How-

ever, a good preliminary estimate can be obtained which can

then be combined with more sensitive analytical methods to

acquire comprehensive information. No detectable peptide

aggregates were formed in lipid treated samples leading to the

inference that PEGylated phospholipid nanomicelles inhibit

both the rate and extent of Ab-42 aggregation.

Significantly smaller fibril fragments were seen under TEM

in lipid treated samples indicating that fibril elongation rate is

considerably slowed down compared to untreated peptide

samples that exhibited dense elongated fibrils. Collectively,

these in vitro results employing several deterministic techni-

ques lead to the conclusion that PEGylated phospholipid

nanomicelles mitigate Ab-42 aggregation by accommodating

Ab-42 molecule in a-helical conformation resulting in reduced

aggregation and amyloidogenecity.

Previously, it has been reported that aggregated b-sheeted

Ab-42 is responsible for eliciting neurotoxicity in cells in culture

[3]. In vitro cytotoxicity study demonstrated that PEGylated lipid

micelle treated Ab-42 was significantly less neurotoxic com-

pared to untreated control. We can purport that SSM elicited a

constructive conformational change in Ab-42 to a more

favorable a-helix form thereby preventing formation of amyloid

toxic species and salvaging neurons from cell death.

4.2. Putative mechanism of action for anti-aggregation
property of PEGylated phospholipid nanomicelles

Based on the results obtained in this study we postulate two

different mechanisms elucidating how PEGylated lipids might

affect the rate of Ab-42 fibrillogenesis.
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Fig. 7 – Schematic presentation of proposed mechanisms

for Ab-42 interaction with PEGylated phospholipid

nanomicelles and its monomers. PEGylated phospholipid

nanomicelles provide a hydrophobic environment to

preserve Ab-42 in a-helical conformation; thereby

preventing its transformation to pathogenic b-sheeted

aggregates (k1 is significantly reduced). PEGylated

phospholipid monomers coat the high energy

domains (‘‘hot-spots’’) on the initial aggregates and avert

their further interaction and aggregation (k3 is

significantly reduced).
Firstly, if PEGylated phospholipid nanomicelles are present

in the extracellular milieu when Ab-42 is cleaved, Ab-42 would

interact with the micelles so as to accommodate its hydro-

phobic amino acid domains in the hydrophobic micelle core in

a a-helical conformation. This interaction results in a

thermodynamically favorable state of the peptide, preventing

b-sheet formation and self-aggregation. To this end, we have

demonstrated that Ab-42 exists in a predominantly a-helical

form in presence of PEGylated phospholipid nanomicelles

(Table 1).

The second premised mechanism is that PEGylated lipid

monomers shield the exposed hydrophobic domains or ‘‘hot

spots’’ of the early Ab-42 aggregates (oligomers and proto-

fibrils) with their hydrophobic acyl chains and avert further

aggregate–aggregate or aggregate–monomeric Ab-42 interac-

tion. PEGylated lipid monomers are ideally suited as aggrega-

tion inhibitors of this type because of their two long

hydrophobic acyl chains which cover a relatively large

hydrophobic surface area compared to conventional surfac-

tants. A schematic illustration of these proposed mechanisms

is shown in Fig. 7. By a complementary mechanism, the PEG

polymer will also provide steric stability to the lipid associated

Ab-42, surreptitiously hiding it from neighboring Ab-42

molecules by providing a physico-mechanical barrier. Further

verification of the exact mechanism is still under investiga-

tion. A recent paper studying the effect of alkyl bromide

surfactants on Ab-40 fibrillogenesis also described analogous

mechanisms which substantiate our results [21]. However, we

speculate that DSPE-PEG2000 nanomicelles may have greater

efficacy owing to the presence of two long acyl chains and

large PEG polymer as described above. Furthermore, phos-

pholipid nanomicelles are more attractive due to their
relatively low CMC resulting in reduced toxicity. To this

end, DSPE-PEG2000 has been FDA approved for human use in

other indications.
5. Conclusion

In conclusion, this study outlines the significant inhibitory

effect of PEGylated phospholipid nanomicelles on in vitro

aggregation of Ab-42 as demonstrated by several physicochem-

ical techniques. The innate biophysical properties of Ab-42 can

be manipulated by these lipid moieties either to alter its

secondary structure or to shield the hydrophobic ‘‘hot spots’’

responsible for aggregation and thereby curtail their aberrant

misfolding. Conventionally, phospholipid nanomicelles have

been studied as carriers for challenging chemical entities such

as water insoluble drugs and amphiphilic biologics. This study,

for the first time, proposes the potential use of PEGylated

phospholipidmicelles asa therapeutic agent against AD. Weare

working on developing PEGylated phospholipid nanomicelles

as a novel nanomedicine that acts as a bifunctional carrier

system to deliver a therapeutic moiety to treat AD while

concurrently mitigating Ab-42 aggregation.
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ABSTRACT SUMMARY 
 This study explores the peptide 
drugs-phospholipid micelles interaction and 
shows that the number of peptide molecules 
associated with sterically stabilized micelles 
(SSM) is proportional to the overall increase in 
α-helicity of the peptide-micellar self-assembly. 
 
INTRODUCTION 

Previously we reported that peptide drugs, 
such as secretin, vasoactive intestinal peptide 
(VIP) and galanin, were stabilized by pegylated 
phospholipid micelles, and that   incubation of 
peptide drugs with SSM resulted in increased 
α-helicity and in vivo bioactivity of the peptide 
drugs1-5.  

The purpose of this study was to determine 
certain biophysical phenomena underlying the 
increased α-helicity of peptide drugs when 
incubated with SSM. 
 
EXPERIMENTAL METHODS 
Determination of peptide-phospholipid 
micelles interactions 

Distearoyl-phosphatidylethanolamine-polyet
-hyleneglycol-2000 (DSPE-PEG2000) micelles 
were prepared as described before1-5. Briefly, 
pegylated phospholipid was added to saline 
(5mM), vortexed for 2min, and then sonicated 
for 5min. Thereafter it was allowed to equilibrate 
for 1 hr at 25oC.                                                              

For the peptide-phospholipid micelles 
interaction study, we used four peptide drugs, 
secretin, VIP, glucagon like peptide-1 (GLP-1) 
and galanin. A fixed concentration of peptide 
drugs was incubated with varying concentrations 
of SSM (molar ratio of lipid to peptide varying 
from 0 to 200) for 2hr at 25oC. Due to the 

presence of fluorescent amino acid residues in 
the peptides, we were able to obtain the 
fluorescence emission spectra (Emmax and λmax) 
using the SLM Aminco 8000 Spectrofluorimeter. 
Emmax vs. molar ratio of lipid to peptide was 
plotted to determine the saturation molar ratio. 
The molar ratio of lipid to peptide, which gave 
the maximum intensity and no significant change 
beyond that ratio, was considered as a saturation 
molar ratio. Using the saturation molar ratio and 
SSM aggregation number (~90)6

,
 the number of 

peptide molecules associated with each SSM was 
calculated. This value was termed peptide-SSM 
interaction parameter. 
 
Determination of the extent of α-helicity 
increase of peptide-micellar self-assembly 

The α-helicity of GLP-1 in saline and in 
SSM (at the saturation molar ratio of lipid to 
peptide) was determined by the circular 
dichroism measurement as described 
previously1-2;4. Briefly, CD spectra were 
acquired at 25oC on Jasco J-710 
spectropolarimeter using a 1 mm pathlength 
quartz cuvette. The spectra were obtained 
between the wavelengths of 190-260nm at the 
speed of 50nm/min. Percentage α-helicity for 
GLP-1 in saline and SSM was calculated using 
the software Selcon (Softwood, Brookfield, CT). 
The data for secondary structure of secretin, VIP 
and galanin in saline and SSM were obtained 
from our recent work1-2;4. The increase in 
α-helicity of peptide-micellar self-assembly was 
determined from the difference of α-helicity in 
saline and in the presence of SSM. This value 
was used as a parameter indicating 
conformational change in peptide-micellar 
self-assembly.  
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Peptide 
drugs 

 

Saturation molar ratio 
of  lipid to peptide 

Number of 
peptide 

molecules 
/micelle* (A) 

Secretin 10 9 
VIP 20 4.5 

GLP-1 40 2.25 
Galanin 60 1.5 

Table 1. Saturation molar ratios of lipid to 
peptide (n=3, averaged value) and theoretical 
calculation of number of peptide 
molecules/micelle (*: SSM aggregation number 
is 906)  

RESULTS AND DISCUSSION 

     In this study, we characterized the 
interactions of four peptide drugs with SSM to 
obtain the interaction parameter (A), which is 
specific to the each peptide drug (Table 1).  We 
also determined the α-helicity of peptide drugs in 
saline and SSM, calculated the extent of 
α-helicity increase of peptide-micellar 
self-assembly and termed this value as the 
conformational change parameter (B) (Table 2). 
The parameter (A) was directly correlated to the 
parameter (B) as shown in Figure 1. This linear 
correlation indicates that the α-helicity increase 
of peptide drugs in SSM is not related to 
augmented peptide folding in the presence of 
SSM, but is related to increased number of 
peptide molecules associated with SSM.   

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
CONCLUSIONS  

We studied the peptide-phospholipid 
micelles interactions using fluorescence 
technique and determined the number of peptide 
molecules associated with a micelle. The 
peptide-SSM interaction parameter was directly 
correlated to the conformational change 
parameter. Based on this correlation, we 
conclude that number of associated peptide 
molecules with SSM is proportional to the 
α-helicity increase when peptide drugs are 
incubated in SSM. However, to confirm this 
relationship between two parameters, additional 
studies using larger number of peptide drugs are 
required. 
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Peptide 
drugs Saline  SSM 

Increased 
α-helicity

(B) 
Secretin2 4.0±2.0%  35.0±6.4%&  8.75 

VIP4 5.0±1.0%  27.0±2.0%&  5.4 
GLP-1 11.2±1.0% 32.6±7.3%& 2.91 

Galanin1 8.3±1.0% 13.0±0.5% & 1.56 

Table 2. Percentage α-helicity (at 25oC) of 
peptide drugs in saline and SSM, and increased 
α-helicity of peptide-micellar self-assembly 
(n=3, mean±SEM, &p<0.05 in comparison to its 
respective control) 
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Figure 1. Correlation between average number 
of peptide molecules/micelle (A) and increased 
α-helicity (B) 
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ABSTRACT SUMMARY 
     We determined the physicochemical 
interactions between sterically stabilized 
phospholipid micelles (SSM) and β-amyloid (Aβ-
42): a hydrophobic peptide implicated in the 
pathophysiology of Alzheimer’s disease (AD). We 
found that SSM attenuates formation of β-sheeted 
Aβ-42 aggregates. Neurotoxicity of SSM-
associated Aβ-42 is significantly lower than that 
of Aβ-42 alone. Given this data, SSM represents a 
novel nanomedicine candidate to treat early stages 
of AD. 

 
INTRODUCTION 
     Current paradigms implicate the aberrant 
aggregation of hydrophobic β-amyloid (Aβ-42) 
peptide in the pathogenesis of Alzheimer’s disease 
(AD)1. This misfolding results in production of 
highly neurotoxic intermediate species2. Hence, 
drugs that could circumvent this process may 
prove beneficial in early stages of AD. To this 
end, membrane mimicking surfactants, such as 
sodium dodecyl sulfate (SDS) inhibit Aβ-42 
aggregation by constraining the peptide in its non 
amyloidogenic soluble α-helix conformation3. 
However, clinical use of SDS is vastly limited by 
its toxicity. To overcome this limitation, we 
attempted to determine whether biocompatible 
and biodegradable nanosized (~15nm) sterically 
stabilized micelles (SSM) composed of 1,2-
distearoyl-glycero-3-phosphoethanolamine-N-
methoxy- poly(ethylene glycol 2000) (DSPE-
PEG2000 )developed in our laboratory attenuate 
Aβ-42 aggregation and neurotoxicity in vitro.  
 
EXPERIMENTAL METHODS 
 
Sample preparation  
     SSM were prepared as previously described4 

with a slight modification. Briefly, DSPE-PEG2000 
was added to Aβ-42 dissolved in 
hexafluoroisopropanol and vortexed. Aβ-42-lipid 
film was formed, dried, reconstituted in buffer, 

and incubated at 25°C for 2 h. Aβ-42 control 
samples were prepared similarly without lipid. 
Congo Red (CR) binding assay 
     We used Congo red dye binding assay to 
quantify formation of β-sheeted amyloid as 
described earlier5. Samples of Aβ-42 (10 µM) 
with or without SSM were prepared as described 
above (peptide: lipid molar ratio of 1:50) and CR 
(10 µM) was added. Samples were incubated at 
25ºC for 15 min. OD values at 403 and 541 nm 
were recorded using a Perkin Elmer Lambda 35 
UV spectrophotometer. Aggregated Aβ-42 was 
quantified as described previously5. 
Particle size analysis by light scattering 
     To obtain detailed information on 
representative dimensions of Aβ-42 aggregates, 
dynamic light scattering was employed. Particle 
size of Aβ-42 with or without SSM was 
determined (peptide: lipid molar ratio 1:50) at 
several time points. Aliquots were periodically 
measured using quasielastic light scattering 
(QELS) with a NICOMP 380 Particle Size 
Analyzer. Data were analyzed in terms of volume 
weighted distribution and weighted average was 
calculated. 
Cytotoxicity assay 
     Human neuroblastoma SHSY-5Y cells were 
seeded (5 x 104/well) in 96 well plates containing 
150 µL of DMEM. After overnight incubation, 
cells were washed with serum free media. A range 
of physiological Aβ-42 concentrations (0.2-4.0 
µM of Aβ-42) were pre-incubated either with 
SSM (10-200 µM) or buffer for 2 h at 25 ºC. 
Serum free media alone or containing above 
mixtures were then added to cells and incubated 
for further 12 h at 37 °C. Cell viability was 
determined by the MTS assay according to the 
manufacturer’s protocol.  
Data and statistical analysis 
     Data are expressed as means ± standard 
deviation. Statistical analysis was carried out 
using Student’s t-test and ANOVA. p<0.05 was 
considered statistically significant. 
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RESULTS AND DISCUSSION  
     CR dye is frequently used to monitor amyloid 
fibrillogenesis. Binding of amyloid fibrils to CR 
dye causes a red shift in the absorbance spectrum 

of the dye. Results of the CR binding assay 
demonstrated that SSM-treated Aβ-42 showed a 
significant (p<0.05) ~ 3 fold reduction in the 
concentration of aggregated β-sheeted Aβ-42 
(~1.9 pM) compared to control (~5.5 pM) (Fig1). 

 
Fig.1 Effect of SSM on the Aβ-42 aggregation by 
Congo red assay (n=3; *p<0.05 compared to Aβ-42 
alone). 

      Observation of Aβ-42 aggregation kinetics 
demonstrated that both the rate and extent of Aβ-
42 aggregation was significantly (p<0.05) 
attenuated in presence of SSM (Fig 2). Particle 
size distribution was heterogeneous with multiple 
peaks ranging from nanometer to micron scale. 
This heterogeneity can be attributed to presence of 
several different sized peptide aggregates 
(oligomers, protofibrils) co-existing together. 
Oligomers are spherical with a diameter of ~ 5nm, 
protofibrils range from spherical assemblies of ~ 
5nm to short rod like sequences up to 200 nm in 
length while elongated fibrils extend into micron 
range6. Results of our light scattering study 
conform favorably with this. In presence of SSM, 
no detectable aggregates were observed indicating 
that association with lipid, radically reduced 
aggregation propensity of Aβ-42.  
     Aβ-42 is toxic to neurons and causes cell death 
through apoptotic mechanisms. SSM untreated 
Aβ-42 elicited neurotoxicity at >1µM. However, 
when incubated with SSM, Aβ-42 toxicity was 
significantly (p<0.05) attenuated (Fig 3).  
 
CONCLUSIONS 
     This study shows that Aβ-42 interacts avidly 
with biocompatible and biodegradable nanosized 

sterically stabilized phospholipid micelles 
resulting in attenuation of Aβ-42 aggregation and 
neurotoxicity in vitro.   
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Fig.2 Effect of SSM on Aβ-42 aggregate growth 
by laser light scattering. (n=3; ٭ p<0.05 compared 
to Aβ-42 alone). Open circles-Aβ-42 in SSM; 
Closed circles-Aβ-42 in buffer; Open triangles-SSM 
in buffer.  

 
Fig.3 Effect of SSM on Aβ-42 induced 
cytotoxicity (n=3; *p<0.05 compared to Aβ-42 
alone). Open circles-Aβ-42 in SSM; Closed circles- 
Aβ-42 in buffer. 
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SUMMARY 
 We optically tracked accumulation of human 
vasoactive intestinal peptide-targeted 
biocompatible and biodegradable sterically 
stabilized phospholipid mixed micelles 
(VIP-SSMM) in cultured human MCF-7 breast 
cancer cells in real time using hydrophobic 
CdSe/ZnS quantum dots.  We found that 
quantum dots encapsulated into VIP-SSMM 
accumulated significantly faster and in greater 
quantity in MCF-7 cells than did quantum dots in 
SSMM alone. We suggest that VIP-SSMM could 
be used as an actively targeted nanosized drug 
delivery platform for breast cancer.  
 
INTRODUCTION 

We have previously shown that 
paclitaxel-loaded, human vasoactive intestinal 
peptide-targeted biocompatible and 
biodegradable sterically stabilized phospholipid 
mixed micelles (VIP-SSMM) constitute an 
efficacious and safe nanomedicine for breast 
cancer over-expressing VIP receptors1-3.  
However, the mechanisms whereby these 
nanocarriers are internalized in target cells are 
uncertain. To begin to address this issue, we 
incorporated hydrophobic quantum dots4 (QD) 
into the core of SSMM and VIP-SSMM and 
optically tracked their accumulation into human 
breast cancer cells (MCF-7) over-expressing VIP 
receptors. 
 
EXPERIMENTAL METHODS 
Encapsulation of quantum dots into sterically 
stabilized phospholipid mixed micelles 

Red emitting (λem=620nm, diameter~5nm) 
CdSe/ZnS core shell QD were obtained from 
Evident Technologies (Troy, NY).   

Sterically stabilized phospholipid mixed 
micelles (SSMM size~15nm) were prepared as 
previously described in our laboratory1.    Briefly, 
distearoyl-phosphatidylethanolamine- 

polyethyleneglycol-2000 (DSPE-PEG2000) and 
egg phosphatidylcholine (EPC) (molar ratio, 
90:10; final lipid concentration, 5 mM) were 
dissolved in chloroform.  Quantum dots 
dissolved in toluene (80 µg/mL) were added to 
the mixture, vortexed and evaporated under 
argon and vacuum.  The resulting film was dried 
under vacuum overnight.  Thereafter, HEPES 
buffer (10 mM, pH 7.4) was added to each flask, 
vortexed, sonicated and allowed to equilibrate in 
the dark for 2 h at 25 ºC.  Human VIP (final 
concentration of 3.0 µM) was then incorporated 
into SSMM as previously described3. 
 
Cell culture 

Adherent human MCF-7 cells (ATCC, 
Manassas, VA) were incubated in 5% CO2 at 
37ºC in complete growth medium supplemented 
with 10% FBS.  Cells were seeded onto 12 mm 
glass cover slips in 24-well tissue culture plates 
at a density of 15,000 cells/well and allowed to 
grow for 3 days.  On the day of the experiment, 
the media was replaced with culture media 
containing SSMM-QD or VIP-SSMM-QD and 
incubated for various time intervals.  In another 
series of experiments, 30 µM human VIP was 
added to the culture media 30 min before 
exposure of cells to SSMM-QD or 
VIP-SSMM-QD. 
 
Cell imaging 

At the conclusion of the incubation period, 
cells were washed with serum-free media and 
PBS, stained, and fixed with 4% 
paraformaldehyde. Wheat germ agglutinin 
(WGA; Molecular Probes, Eugene, OR) and 
DAPI were used to outline the cell membrane 
and nucleus, respectively.  Cover slips were then 
mounted onto glass slides and sealed. 

Images of cells were obtained using an 
Olympus IX70 inverted fluorescent microscope 
and a CCD camera.  To localize QD within cells, 
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optical z-stack sections were obtained using a 
Zeiss LSM 510 Axiovert 1000 laser scanning 
confocal microscope with argon UV laser 
excitation wavelength of 364 nm. 

A normalized fluorescence signal value was 
determined by comparing the ratio of the red 
signal from QD in an image frame to the number 
of cells visible in that frame. All images were 
taken under identical exposure conditions. Five 
images were used to compute a mean for each 
individual time point.  

 
Data and statistical analyses 

Data are expressed as means ± standard 
deviation.  Statistical analysis was performed 
using ANOVA and Tukey’s post-hoc test.  
P<0.05 was considered statistically significant. 
 
RESULTS AND DISCUSSION 
 We found that QD encapsulated into 
VIP-SSMM accumulated faster and in greater 
quantity in human MCF-7 cells than did QD in 
SSMM alone (Figure 1; p<0.05).  After 2-h 
incubation, cells exposed to VIP-SSMM had a 
1.8-fold higher normalized fluorescence signal 
than did SSMM (Figure 1; p<0.05).  
Pre-treatment of cells with excess free VIP to 
saturate VIP receptors significantly attenuated 
the fluorescence signal in MCF-7 cells exposed 
to VIP-SSMM-QD but not to SSMM-QD alone 
(Figure 1; p<0.05). Confocal microscopy 
revealed that cells incubated with VIP-SSMM 
had significantly higher accumulation of QD 
within their cytoplasm relative to cells exposed 
to SSMM alone (n=3; p<0.05).  Taken together, 
these data indicate that uptake and internalization 
of VIP-SSMM nanoparticles into MCF-7 cells 
are time-dependent phenomena mediated, in part, 
by VIP receptors. 
 
 
 
 
 
 
 
 
 
 

Figure 1. Normalized fluorescence signal of 
VIP-SSMM-QD and SSMM-QD in human MCF-7 cells 
with and without pre-exposure to excess free VIP (30 
µM). Each group, n=3 separate experiments; *p<0.05 
for VIP-SSMM as compared to SSMM; #p<0.05 for 
VIP-SSMM as compared to VIP-SSMM + free VIP. 
 
CONCLUSIONS 

Quantum dots encapsulated into 
biocompatible and biodegradable VIP-SSMM 
accumulated significantly faster and in greater 
quantity in MCF-7 cells than did quantum dots in 
SSMM alone. We suggest that VIP-SSMM could 
be used as an actively targeted nanosized drug 
delivery platform for breast cancer. 
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