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Introduction
Nano-sized systems especially nanoparticles (NPs) have been 

extensively explored for encapsulating anti-cancer drugs of low solubility 
and facilitating better delivery of drug molecules to tumors through the 
enhanced permeability and retention (EPR) effect. The introduction 
of NPs can thus substantially reduce undesired side effects of drug 
formulations through removal of excipients associated with the side 
effects and enhance therapeutic efficacy by altering the biodistribution 
profiles and pharmacokinetics of the free drug [1]. The encapsulation 
of drug molecules within the “Trojan horse” nanosystems is the key 
in harnessing the power of nanotechnology for development of better 
anti-cancer therapeutics [2]. Because of this, the determination of the 
encapsulation efficiency (EE) which is defined as the percentage of drug 
molecules successfully entrapped within the NPs is regarded as a key 
step in characterizing the quality of the nanoformulations [3,4].

Among the various types of NPs currently being investigated, 
micelle is a relatively simple system formed by the spontaneous 
self-assembly of block copolymers in aqueous solution [5,6]. The 
micelle is usually comprised of a hydrophobic core and surrounding 
hydrophilic corona. The drug molecules can be entrapped within 
the core of the micelle system through various interactions, mainly 
hydrophobic-hydrophobic, and be protected from prematured release. 
For example, Genexol-PM, a micelle form of the paclitaxel composed 
of polyethyleneglycol (PEG)–polylactide, has shown both increased 
efficacy and less toxicity and has now been approved for marketing in 
several countries and currently in late stage clinical trials in the USA. In 
addition, there are ongoing clinical studies for other micelle-based anti-
cancer drug formulations such as NK911, NK012, NK105 (all three are 
developed by Nippon Kayaku Co. Ltd.), SP1049C (Supratech Pharma 
Inc.), and BIND-014 (Bind Therapeutics) [7].

Micelles are formed when the concentration of block copolymers 
goes above the critical micelle concentration (CMC) [8]. This process is 
usually driven by the hydrophobic-hydrophobic interaction. Below the 
CMC, the block copolymers will exist in a freely dispersed state. Above 
the CMC, the assembled structures and the free molecules are in a state 
of dynamic equilibrium and the system is thermodynamically stable. 
Therefore, a critical step in the analysis of EE is to separate untrapped, 
free drug molecules from the drug incorporated into the micelle.

This paper reports the determination of EE for a micelle system 
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composed of irinotecan hydrochloride (CPT-11) and 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 
glycol)-2000] (DSPE-mPEG2000). The solution form of CPT-11 is 
approved to be used alone or with other drugs to treat metastasized 
colorectal cancer and a nanoliposomal form of irinotecan (developed 
by Merrimack Pharmaceuticals) has just got approved by US FDA for 
treatment of metastatic pancreatic cancer [7]. The DSPE-mPEG2000 is 
an amphiphilic molecule that is regarded as a GRAS (generally regarded 
as safe) material by FDA and has been widely used in pharmaceutical 
research [9]. In this paper, we examined three strategies including 
dialysis method, centrifugation method and a gel chromatography 
method for separation of untrapped drug molecule from the micellar 
system [3,10,11]. The amount of the drug was characterized using 
high performance liquid chromatography (HPLC) coupled with UV-
Vis detector or UV spectrometry. Herein we want to highlight the 
importance of method validation during the analysis of EE. The results 
indicated that among the three methods investigated, the centrifugation 
method is the most appropriate one for separation of free drug for this 
micelle system and the EE of three batches of CPT-11/DSPE-PEG2000 
micelles was determined to be 90.0% ± 1.0%.

Methods
Synthesis of CPT-11/DSPE-mPEG2000 micelle

Irinotecan hydrochloride-encapsulated DSPE-mPEG2000 micelles 
were pared by a green method. Briefly, 166.7 mg of DSPE-mPEG2000 
was dissolved in 1 mL of lactose aqueous solution (5 wt.%) under 
stirring to form a clear and colorless system. Then 40 mg of irinotecan 
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hydrochloride trihydrate was added into the DSPE-mPEG2000/
lactose/H2O system under stirring to give a transparent and light 
yellow colloidal solution, which was confirmed by its obvious Tyndall 
effect. The solution was then filtered using a 0.22 μm membrane and 
lyophilized to obtain yellowish powder.

Characterization of CPT-11/DSPE-mPEG2000 micelle

The micelle solution was prepared by dissolving the CPT-11/DSPE-
mPEG2000 powder in medium. The CPT-11/DSPE-mPEG2000 micelles 
were imaged by a transmission electron microscope (FEI Tecnai G2 20 
S-TWIN) and the hydrodynamic diameter was measured by dynamic 
light scattering (Malvern Instruments Inc., Zetasizer Nano ZS). For zeta 
potential measurements, the particles were dispersed in 1 mM potassium 
chloride at a concentration of 10 µg/mL and tested by a Zetasizer Nano 
Analyzer (Malvern Instruments Inc., Zetasizer Nano ZS).

Separation of free CPT-11 for determination of EE

A drug micelle solution of CPT-11 was prepared by dissolving the 
lyophilized CPT-11/DSPE-mPEG2000 powder in medium.

The gel filtration chromatography method: 6 mL of wet Sephadex 
G-50 (from pharmacia) material was packed into the column (1 cm 
× 10 cm) as instructed and 200 μL of the CPT-11/DSPE-mPEG2000 
drug solution (2.8 mg/mL) was carefully loaded into the Sephadex G-50 
material from the top of the column. Eluting solution (200 mL) was 
then added and the solution was eluted out at a speed of 0.7 mL/min. 
A UV-vis detector (MC-UV200, Company of mancang technology, 
Beijing) was used to monitor the absorption of the eluted solution 
real-timely at the wavelength of 254 nm. The eluted solution was then 
collected and HPLC-UV was employed to determine the concentration.

The dialysis method: 2 mL CPT-11/DSPE-mPEG2000 particle 
solution was placed in dialysis bag (regenerated cellulose, MW 3500) 
and dialyzed against 1000 mL of medium. After 24 hours, the amount 
of drug that was recovered from the dialysis bag (W (recovered)) was 
determined by HPLC-UV-vis. The EE was calculated using the equation 
below:

( ) ( )
( )

W recovered
%  100%

W total
EE = ×

Where W (total) is the total amount of drug in the dialysis bag 
prior to the procedure, W (recovered) is the amount of drug that was 
recovered from the dialysis bag at the end.

Centrifugation method: Centrifugal filters (Merck Millipore, 4 
mL, MWCO 30 K) were used to separate trapped CPT-11 from free 
CPT-11. The CPT-11/DSPE-mPEG2000 particle solution was placed in 
the filter and the centrifugation was done at a speed of 7200 g (8321 
rpm), at 4°C using a centrifuge manufactured by Beckman Coulter 
(Allegra 64R). The solution at the bottom of the filter was carefully 
removed from the device and the concentration of CPT-11 in free form 
(Cfree) was determined. The EE was calculated using the equation below:

( ) ( ) ( )
( )

C total C free
%  100%

C total
EE

−
= ×

Where C (Total) is the total drug concentration before filtration 
containing both trapped and free CPT-11, C (free) is the drug 
concentration in the filtered solution.

Quantification of drug CPT-11 using HPLC-UV method

The amount of CPT-11 was measured using HPLC (Shimadzu CTO-
20A) with a C18 rapid resolution column (4.6 × 250 mm, 5 micron). A 

mobile phase of acetonitrile:methanol:solution A=17:24:59 with a flow 
rate of 1.5 mL/min was employed with a column temperature of 40°C 
and a detection wavelength of 254 nm on the UV-Vis detector (Solution 
A=2.8 g/L of NaH2PO4.2H2O and 1.8 g/L of 1-octanesulfonic acid 
sodium salt in water). The CPT-11 peak appeared at 15.3 minutes and 
the peak area was compared to the CPT-11 standard curve to determine 
the concentration of CPT-11 in the solution. For determination of total 
amount of CPT-11 in the micelle solution or free CPT-11 solution, 20 
µL of the drug solution was injected into the HPLC.

Results and Discussion
Preparation and characterization of CPT-11/DSPE-
mPEG2000 nanoparticle

The CPT-11/DSPE-mPEG2000 micelles were prepared using a 
direct solution processing strategy. This “green” synthesis method does 
not involve any organic solvent and enables the scale-up of nanoparticle 
production to levels practical for clinical applications. The particles 
showed a monodispersed size of 15.1 ± 0.8 nm based on DLS. Due to 
the anionic nature of polyethylene glycol, the particles are negatively 
charged (ζ potential=-4.6 ± 1.3 mV). The TEM images were shown in 
Figure 1).

The gel filtration chromatography method

The gel filtration chromatography, also referred to as size exclusion 
chromatography, employs porous gel particles suspended in aqueous 
medium and has been widely used to separate molecules based on their 
molecular weight. In the elution process, smaller molecules can enter 
the pores and have to travel longer distances when move through the 
column. On the other hand, bigger structures cannot defuse freely and 
therefore elute earlier. Gel filtration chromatography has been used 
to remove unencapsulated molecules from nanoparticles especially 
liposomes [12]. 

Free CPT-11 solution was loaded on the column and the recovery 
rate was determined. HPLC was used to measure the amount of CPT-
11 in the fractions collected. The results indicated that by using 5% 
glucose as eluting solution only 10% of drug was recovered from the 
gel column and a sample recovery of 98.4% was achieved in the case of 
PBS. We further evaluated PBS as the eluting buffer. We built a simple 

 
Figure 1: TEM image of the CPT-11/DSPE-mPEG2000 
micelles.

Figure 1: TEM image of the CPT-11/DSPE-mPEG2000 micelles.
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system with a UV-detector at the bottom of the column to acquire real-
time elution profiles. Ideally, we expect that two peaks, the first one for 
the CPT-11 within micelles and the second one for free CPT-11, will 
appear. The results (Figure 2) showed that by using phosphate buffer 
solution (PBS), only one peak appeared around 9 min. In this case, 
the free CPT-11 and trapped CPT-11 were not successfully separated 
through the elution. It is highly possible that during the elution process, 
the concentration of the micelles fell below its CMC and the drug was 
released upon destruction of the micelles. This method is therefore not 
appropriate for separation of free drug for this system.

The dialysis method

Dialysis is another method frequently used to isolate nanoparticles 
from nanoparticle and free drugs mixture. The nanoparticles can be 
retained within the dialysis bag while the free drug defuses out. In this 
experiment, we used dialysis bags made from regenerated cellulose 
with a MWCO of 30 K. However, the recovery results showed that only 
20% of drug can be recovered from the solution inside and outside of 
the dialysis bag. Due to the stability of CPT-11 under the experiment 
condition, we rule out the possibility that the CPT-11 degraded in the 
system. In addition, HPLC results also showed no extra peak from any 
degraded products. We deduced that the drug has been detained by the 
dialysis bag and failed to escape. Therefore, the dialysis method does 
not fit this nanoparticle formulation.

The centrifugation method

Centrifugation method was used to separate free molecules from 
the micelles based on their different ability to cross through the 
membrane with different sizes of pores upon centrifugation [13]. We 
first evaluated the recovery of free CPT-11 solution in the procedure. 
The results (Table 1) showed that with more concentrated drug solution, 
higher recovery rates can be achieved. This might be attributed to the 
fact that the membrane on the centrifugation filter can only hold a 
certain amount of drug and when the original concentration is high 
enough, this absorbed part became negligible. The data also indicated 
that the MWCO of the membrane does not significantly affect the 
recovery rate. For further study, we chose the 30000 MWCO and 0.3 
to 1 mg/mL of CPT-11 concentration. We then evaluated the influence 
of centrifugation time on recovery. The results (Table 2) showed that 

centrifugation time has minimal effect on the recovery and 20 min was 
chosen so that relatively larger amount of sample can be obtained for 
analysis. To further confirm that free drug in the presence of micelles 
can be separated using this strategy, we briefly mixed empty micelles 
with free drug solution and then performed the above procedure to 
recover the free drug and the results showed that up to 99% of free drug 
could be recovered.

We then used the aforementioned method for analysis of EE of 
the CPT-11/DSPE-mPEG2000 micelles. The micelle dry powder was 
suspended in three different media including 0.9% NaCl solution, 
deionized water (DI water) and 5% glucose at a concentration of 8 mg/
mL of CPT-11. The results (Table 3) showed that the EE in 0.9% of NaCl 
solution is 76.57% while the EEs in DI water and 5% glucose are 95.22% 
and 93.32%, respectively. We hypothesized that the encapsulation of 
CPT-11 within the DSPE-mPEG2000 core might be partially attributed 
to the electrostatic interaction between the two components and the 
stability of the micellar structure might be disrupted to some extent 
due to the ionic strength in 0.9% NaCl solution. Based on this result, 5% 
glucose was chosen as the dispersion medium for further study.

We then tested the EE of the CPT-11/DSPE-mPEG2000 micelles 
at different concentrations of CPT-11. The results (Table 4) showed 
that the EE remained unchanged until the CPT-11 concentration fell 
below 0.18 mg/mL. However, previous results showed that at low CPT-
11 concentration, below 0.3 mg/mL, the absorption of the drug on the 
membrane of centrifugation filter became substantial compared to the 
free drug solution and therefore cannot be neglected. Because of this, 
we chose the 2.8 mg/mL of CPT-11 as the testing condition due to the 
fact that the free drug concentration in this solution is around 0.3 mg/
mL and the result is therefore most accurate.

We then used this method to test three batches of CPT-11/DSPE-
mPEG2000 micelles and results showed an EE of 90.0% ± 0.1%. The 
solution was incubated at 4°C in the darkness and the EE did not show 

Figure 2: The real-time absorption measured using the gel filtration chromatography as separation 
method for free CPT-11.
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Figure 2: The real-time absorption measured using the gel filtration 
chromatography as separation method for free CPT-11.

Conc. of CPT-11 (mg/mL) MWCO of membrane Recovery (%)

0.1
3000 71.0%
10000 70.9%
30000 82.7%

0.3
3000 89.3%
10000 91.4%
30000 93.7%

1
3000 92.6%
10000 95.2%
30000 96.2%

Table 1: Recovery rate from centrifugation filtration.

Conc. of CPT-11 (mg/mL) Time (min) Recovery (%)

0.3
10 93.8%
20 93.7%
30 94.3%

1
10 92.3%
20 96.3%
30 95.5%

Table 2: Recovery rate from centrifugation filtration.

Medium EE
0.9% NaCl solution 76.6%

DI water 95.2%
5% glucose 93.3%

Table 3: EE of the CPT-11/DSPE-mPEG2000 micelles in different medium.
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any change, indicating that the micelle system is relatively stable when 
suspended in the medium (Table 5). We also incubated the dry powder 
of CPT-11/DSPE-mPEG2000 micelles at 60°C and the results also 
showed that EE remained the same over 6 months.

Conclusion
We examined three methods for evaluating the EE of a CPT-11/

DSPE-mPEG2000 micellar system. Through validation of methods and 
conditions, an ultracentrifugation method was established to measure 
the EE of the CPT-11/DSPE-mPEG2000 micelles. Our results showed 
that an appropriate condition has to be used to achieve more accurate 
and solid data when evaluating encapsulation efficiency of nanoparticle-
based drug formulations.
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Table 4: EE of the CPT-11/DSPE-mPEG2000 micelles at different CPT-11 
concentration.

Time 2.8 mg/mL
0 h 89.5%
9 h 89.3%
24 h 89.6%

The CPT-11/DSPE-mPEG2000 micelle solution was incubated in the darkness at 
4°C

Table 5: Stability of the CPT-11/DSPE-mPEG2000 micelles after incubation. 
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