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ABSTRACT -- Purpose: The ultimate goal of this study is to develop a novel delivery system for a new 

potent cytotoxic compound, CCI-001, with anti- tubulin activity, so that the drug can be effectively 

administered and at the same time its harmful side effects can be reduced. Methods: In the current study, CCI-

001 was loaded into serum albumin (SA), using a modified desolvation method, generating CCI-001-SA 

nanoparticles. Both bovine and human SA were used for the encapsulation of this drug candidate. Optimum 

conditions for drug loading were achieved when already formed and crosslinked albumin nanoparticles were 

incubated overnight at 37°C with CCI-001 solutions. The CCI-001-loaded albumin nanoparticles were 

assessed for average particle diameter and polydispersity, zeta potential, drug loading, in vitro release, 

morphology and cell toxicity against SW620 and HCT116 colorectal cancer cells. Results: The spherical 

nanoparticles obtained were negatively charged (~ -30 mV) and had an average diameter of ~ 130 nm, with a 

narrow size distribution. The in vitro release of CCI-001 from the albumin nanoparticles showed a sustained 

release pattern over 24 hours without any initial burst release, compared to the fast release of the free drug 

under experimental conditions. No difference between the SA from the two species in terms of CCI-001 

loading was observed. However, a significant difference was observed between the release profiles of CCI-

001 from drug-loaded HSA and drug-loaded BSA nanoparticles with HSA nanoparticles showing slower drug 

release (mean release time, MRT, values of 5.14 ± 0.33 h and 6.88 ± 0.15 h for BSA-NPs and HSA-NPs, 

respectively, P < 0.01). Cellular toxicity studies showed higher cytotoxicity for CCI-001-SA compared to the 

free drug (IC50s of 0.62 ± 0.31 nM vs 2.06 ± 0.29 nM in SW620 cells and 0.9 ± 0.1 nM vs 4.2 ± 0.2 nM in 

HCT116 cells, for CCI-001-HSA NPs and free drug, respectively). Therefore, despite the low drug content 

level in the HSA nanoparticles of CCI-001, the formulation provides relevant concentrations for further in vivo 

studies in animal models due to high drug potency. Conclusions: The data support the potential use of albumin 

as a nanocarrier for CCI-001 in biological systems. 

 

INTRODUCTION 

 

Cancer is the second leading cause of death 

globally, exceeded only by cardiovascular 

diseases. In 2018, cancer was responsible for 9.6 

million deaths worldwide (1). Conventional 

therapeutic options consist of surgery, 

radiotherapy, chemotherapy, immunotherapy and 

targeted therapy. One of the major limitations of 

conventional chemotherapy in cancer treatment is 

the wide range of side effects caused by anti-cancer 

drugs, which is attributed to their non-selective 

distribution and/or action on both cancer and 

normal dividing cells (2,3). The drawbacks of anti-

cancer compounds led to the development of new 

and innovative formulations and drug delivery 

systems, aimed at increasing the solubility, 

permeability, biological half-life and/or reducing 

the non-specific distribution of anticancer agents, 

leading to an improvement in their therapeutic 

efficiency (4). In fact, the use of nanocarrier 

systems as an alternative platform to the 

conventional  drug solubilization approaches 

which use a high concentration of toxic surfactants 

and/or co-solvents, can lead  to the safer and more 

efficient clinical use of anticancer agents. 

Nanoparticles can augment drug levels at the site 

of action via passive and/or active targeting 

processes and reduce non-specific drug distribution 

to healthy tissues minimizing drug adverse effects 

(5). Colchicine, a major alkaloid isolated from the 

seeds and bulbs of Colchicum autumnale and 
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Gloriosa superba, has exhibited a wide range of 

therapeutic effects since its discovery by the 

French chemists P. S. Pelletier and J. B. Caventou 

in 1820 (6). Although it has been utilized as a 

therapeutic agent for years, its mechanism of action 

remained unknown until 1968, when tubulin was 

recognized as its main target (7). More recent 

studies (8,9) investigated its antiproliferative and 

antimitotic effect. Microtubules, composed of α-

tubulin and β-tubulin, play vital roles in 

determining cell shape and cell movement. They 

are responsible for the internal transportation of 

organelles and the separation of chromosomes 

during cell mitosis. Colchicine is proven to 

suppress microtubule dynamics, therefore blocking  

the mitosis. The formation of a colchicine-tubulin 

complex, which leads to a conformational 

inflexibility of tubulin and prevents microtubule 

polymerization, has been recognized as the main 

mechanism of action for colchicine. The 

consequence is the alteration of the dynamic 

instability (10), a process of continuous turnover of 

tubulin in microtubules, which is mainly 

responsible for the vital role played by 

microtubules in cellular mitosis (11). A disrupted 

microtubule dynamic leads to mitotic arrest and 

cell death by apoptosis (12). For this reason, 

colchicine has also been explored in the treatment 

of cancer. The proliferation of cancer cells was 

proven to be more effectively inhibited by 

colchicine than that of healthy cells (13), since the 

former undergo mitosis at higher rates. 

Furthermore, in the 1930s, colchicine was found to 

have damaging effects on tumor vasculature (14), 

causing haemorrhage and extensive necrosis in 

both animal and human tumours. In particular, 

colchicine has been demonstrated to possess both 

anti-angiogenic and vasculature-disrupting effects.  

In 2009 colchicine was FDA-approved as a stand-

alone drug for the treatment of Mediterranean fever 

and acute flares of gout, a common type of arthritis 

that causes intense pain, swelling, and stiffness in 

joints (15).  

 CCI-001 (Figure 1), a colchicine derivative, 

is a novel β-tubulin polymerization inhibitor, 

developed at the University of Alberta in order to 

increase its affinity for β-III tubulin and therapeutic 

index (16) since the application of colchicine was 

limited by its high toxicity profile (17,18,19). The 

β-III tubulin is a tubulin isotype overexpressed by 

the majority of tumors (20,21). In effect, the CCI-

001 has shown enhanced potency, especially in 

taxane-resistant tumours, when compared to 

conventional chemotherapeutics and colchicine, 

showing IC50 values in the nM range (22,23,24). 

However, the extremely poor water solubility of 

CCI-001 (< 7 µg/mL at pH 7.4, logP of 2.58) makes 

the use and in vivo administration of this compound 

as a therapeutic agent challenging. Poorly water-

soluble chemotherapeutic agents like paclitaxel 

(Taxol®) or docetaxel (Taxotere®) are generally 

solubilized in water containing high concentrations 

of surfactants and/or co-solvents, which exhibit 

serious adverse effects upon systemic 

administration. Therefore, efficient and surfactant-

free alternative formulations such as lipid-, 

polymer- and albumin-based nanocarrier systems 

have widely been investigated for encapsulation 

and delivery of drugs with very low water 

solubility. In addition to overcoming low aqueous 

solubility, these nanosized carriers also provide 

many other advantages including enhanced tumour 

uptake, reduced systemic adverse effects, and 

improved therapeutic index (25). CCI-001 has 

recently entered phase I clinical trials in patients 

with recurrent and/or metastatic solid tumors. A 

suitable nano-formulation of this novel anticancer 

agent is expected to enhance its therapeutic index 

in cancer patients (26). 

In this manuscript, encapsulation of CCI-001 in 

albumin-based nanoparticles which can actively 

target tumor tissues via gp60 receptor is described.  

 

 

Figure 1. Chemical structure of CCI-001.  

 

Albumin, one of the most abundant proteins in 

plasma, has been increasingly investigated as a 

carrier in nanomedicine, due to its unique features 

(27). Its biocompatibility, biodegradability, non-

immunogenicity, non-toxicity and safety in clinical 

applications make the protein an appealing 

candidate in drug delivery. Besides, the chemical 

structure of the protein allows the interaction with 

both hydrophilic and hydrophobic compounds 

(28,29). The active recognition by the gp60 

receptor (a 60 kDa glycoprotein) and SPARC 

(secreted protein, acidic and rich in cysteine), 

overexpressed in diseased tissues and cells, 

enhances the intratumoral accumulation of albumin 

nanoparticles, without the addition of specific 
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ligands to the nanocarrier (30). This accumulation 

of albumin in diseased tissues, such as that of solid 

tumours, provides a rationale for the development 

of albumin-based formulations, aimed at actively 

targeting the tumours. As the first FDA-approved 

(in 2005) albumin-based drug delivery system, 

Abraxane® (nab-paclitaxel, ABI-007) was 

developed to enhance the activity and reduce the 

side effects linked to the traditional solvent-based 

paclitaxel formulations (31,32). 

 Therefore, the objective of this study was to 

develop and evaluate albumin nanoparticles for the 

delivery of CCI-001. For this purpose, different 

albumin-based nanoparticle fabrication techniques 

including nab-technology, desolvation and 

modified desolvation were explored.  Bovine 

serum albumin was used during the formulation 

optimization process. Once the formulation was 

optimized, the technique was repeated for the 

human serum albumin formulation of CCI-001, to 

assess any potential difference between the 

albumin from the two different species. The 

characteristics of obtained formulations such as 

size, zeta potential, morphology, encapsulation 

efficiency and in vitro release were analysed. 

Finally, the cytotoxic activity of the drug delivery 

system was tested on two colorectal cancer cell 

lines, HCT116 and SW620.  

 

MATERIALS AND METHODS 

 

Materials 

CCI-001 (C23H27NO6S) was provided by the 

Department of Oncology, University of Alberta, 

Edmonton, Canada. HSA (human serum albumin, 

lyophilized powder >96%, agarose gel 

electrophoresis) was obtained from Sigma Aldrich 

(Canada). BSA (bovine serum albumin, 

lyophilized powder) was purchased from Tocris 

Bioscience. Glutaraldehyde (OHC(CH2)3CHO, 

grade II, 25% in H2O), also known as pentanedial, 

glutaral and 1,5-pentanedial, was provided by 

Sigma Aldrich (Canada). Sodium hydroxide 

(NaOH), was obtained from Sigma Aldrich 

(Canada). All the other chemicals used in this study 

were analytical or high-performance liquid 

chromatography (HPLC) grade. HCT116 and 

SW620, colorectal cancer cell lines, were obtained 

as a generous gift from the laboratory of Dr. 

Michael Weinfeld, Katz Group Centre, University 

of Alberta, Edmonton (Canada). The medium used 

for supporting the growth and development of the 

SW620 was the DMEM + F12 (Dulbecco’s 

Modified Eagle Medium, provided by Thermo 

Fisher Scientific), enriched with 10% fetal bovine 

serum and 1% antibiotic penicillin-streptomycin. 

The medium used for the culture of HCT116 was 

the DMEM media (provided by Thermo Fisher 

Scientific), enriched with 10% fetal bovine serum 

and 1% penicillin-streptomycin.   

 

Methods 

Preparation of CCI-001-loaded albumin 

nanoparticles using different methods 

Emulsification followed by sonication or high-

pressure homogenization 

In the present study, BSA nanoparticles were 

produced first using a method inspired by nab-

technology (33,34), adopting two experimental 

techniques including sonication and high-pressure 

homogenization, which are two high (mechanical)-

energy emulsification methods (35,36). Briefly, 

BSA was dissolved in double-distilled water (1% 

w/v, 25 mL) and stirred on a magnetic stirrer 

(Corning PC 353 Stirrer). A drug solution prepared 

in a mixture of chloroform and ethanol at a ratio of 

9:1 (500 µL) was then added dropwise to the 

previously obtained BSA solution and stirred on a 

magnetic stirrer at 500 rpm for 30 min. The 

resulting dispersion was then sonicated (Sonicator® 

XL Ultrasonic Liquid Processor, Heat Systems) to 

produce a very fine emulsion and obtain 

nanoparticles. The developed formulation was then 

transferred to a rotary evaporator (Buch 

Rotavapor® and Buchi 461 WaterBath) operated 

for 30 minutes, and the organic solvent was 

removed at 40°C at reduced pressure. The system 

was then centrifuged (Sorvall Legend Micro 21 R 

Microcentrifuge, Thermo Scientific) at 5000 rpm 

for 5 minutes, to separate the non-loaded drug and 

precipitate the micro/macro particles from the 

nanoparticles. The particle size was measured in 

the upper phase. Different energies and powers of 

the sonicator were also used. The effect of the 

usage of a hand homogenizer (Grainger PRO250 

Hand-Held Homogenizer) instead of a magnetic 

stirrer for mixing the water and the oil phases prior 

to sonication was also investigated. In some 

studies, a high-pressure homogenizer (Nano 

DeBEE Laboratory Homogenizer) was used in 

place of sonication (37,38). This time, the mixture 

of BSA and drug solution was transferred to a high-

speed homogenizer (around 10,000 rpm), to obtain 

a crude emulsion. Then, the pre-mixed emulsion 

was transferred to a high-pressure homogenizer (at 

20000 psi, for 6 cycles) to form the nanoparticles. 

After that, the organic solvents were evaporated at 

40°C for 30 minutes in a rotary evaporator. The 

resultant dispersion was then centrifuged at 5000 

rpm for 5 min. 

 

Desolvation method 
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The second technique adopted to prepare 

nanoparticles was desolvation (39,40). Briefly, 

BSA was dissolved in double-distilled water (2% 

w/v, 2.5 mL) and stirred on the magnetic stirrer, 

adjusting the pH using 0.1 M NaOH. A drug 

solution, prepared by dissolving the drug (2.5 mg, 

5 mg, 12.5 mg) in 8 mL of desolvating agent 

ethanol or acetone, was added dropwise to the BSA 

solution at 1 mL/min. After 30 minutes, a 

glutaraldehyde 8% solution (1.17 μL/mg albumin) 

was added to the system for crosslinking the 

nanoparticles and left overnight while stirring. The 

day after, the system was centrifuged at 14000 rpm 

for 20 minutes and the precipitate was collected 

and washed three times to remove the unreacted 

glutaraldehyde. At the end, the nanoparticle pellets 

were collected. Blank nanoparticles were prepared 

in the same manner without drug. This process was 

repeated at different pHs, drug to albumin ratios, 

using different desolvating agents as summarized 

in Table 1.   

 

Table 1. BSA nanoparticle formulations of CCI-001 

prepared with desolvation method. 

Formulation Desolvating 

agent 

pH Drug/BSA 

ratio 

Blank* Ethanol 8 - 
D1 Ethanol 8 1/4 

D2 Ethanol 8 1/10 

D3 Acetone 8 1/10 

D4 Ethanol 8 1/20 

 

 
D5 Ethanol 5.5 1/10 

*Blank nanoparticles were prepared without drug. 

 

Modified desolvation method 

The desolvation method was then modified to 

improve the formulation characteristics (41). BSA 

(10 mg, 15 mg, 25 mg, 50 mg) or HSA (10 mg) was 

dissolved in 2 mL double-distilled water and stirred 

on the magnetic stirrer, adjusting the pH to 8 using 

0.1 M NaOH. After 30 minutes, 8 mL ethanol as 

the desolvating agent was added dropwise to the 

BSA (or HSA) solution at 1 mL/min. After that, the 

glutaraldehyde 8% solution (1.17 μL/mg albumin) 

was added to the system and stirred overnight. The 

day after, the formulation was centrifuged at 14500 

rpm for 30 minutes and washed three times to 

remove the unreacted glutaraldehyde. The albumin 

nanoparticles were then collected. After that, a 

drug solution, obtained by dissolving 1 mg drug in 

specific ratios of ethanol and water (1/4), was 

added to the previously obtained albumin 

nanoparticles at different ratios of drug to albumin. 

The formulations were placed in the water bath 

sonicator (Cole Parmer 8852 Ultrasonic Cleaner) 

for 30 minutes and then incubated overnight in a 

water bath (VwR Shaking Water Bath) shaking at 

75 rpm, 37°C. The day after, the system was 

centrifuged again at 14500 rpm for 30 minutes, in 

order to collect the final drug-loaded albumin 

nanoparticles. The ratio of water and ethanol in the 

drug solution was first optimized and the amount 

of BSA was modulated to obtain the best drug 

loading. Blank nanoparticles were prepared in the 

same manner without the drug. Table 2 shows the 

different formulations prepared based on the 

modified desolvation method.

 
 

Table 2. BSA and HSA nanoparticle formulations of CCI-001 prepared with a modified desolvation method.  

 
Formulation Type of 

albumin 

Drug/Albumin 

(mg/mg)  

EtOH/H2O in drug 

solution (mL/mL) 

Volume of NaOH 

(μL) ** 

pH 

Blank* BSA 1/10 - 25 8 

MD1 BSA 1/10 1/4 25  8 

MD2 BSA 1/15 1/4 25  8 

MD3 BSA 1/25 1/4 25  8 

MD4 BSA 1/50 1/4 25  8 

MD5 BSA 1/50 1/4 Not added 7 

Blank* HSA 1/10 1/4 50 9 

MD6 HSA 1/10 1/4 25  8 

MD7 HSA 1/10 1/4 50  9 

*Blank nanoparticles were prepared without drug; **(0.1 M) 
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Characterization of CCI-001-loaded albumin 

nanoparticles 

Size and zeta potential. The hydrodynamic 

diameter, polydispersity index (PDI) and zeta 

potential of BSA nanoparticles, HSA 

nanoparticles, CCI-001-BSA nanoparticles and 

CCI-001-HSA nanoparticles were determined by 

dynamic light scattering (DLS) using Zeta-Sizer 

Nano (Malvern Instruments Ltd, Malvern, UK). 

The nanoparticles were dispersed in distilled water 

at 25°C and diluted 1:100. For the measurement of 

the size, 0.5 mL of sample were analyzed, using 

low volume disposable cuvettes. For the 

measurement of the zeta potential, 0.8 mL of 

sample was analyzed, using the zeta dip cell with a 

quartz cuvette. Any air bubbles present in the 

sample were removed before starting the zeta 

potential evaluation.  

 

Nanoparticles morphology. The morphologies of 

CCI-001-BSA nanoparticles and CCI-001-HSA 

nanoparticles were evaluated using a scanning 

electron microscope (Field Emission Scanning 

Electron Microscope, Zeiss, GeminiSEM). 

Nanoparticle dispersion (0.1 mL, 1:100 dilution) 

was placed on a glass substrate and allowed to dry 

overnight. After drying, the nanoparticles were 

placed on metal support and coated with gold 

(Denton Sputtering System), to render them 

electrically conductive and examined under the 

microscope. Electron microscopy was performed 

using an accelerating voltage of 5 kV and a 

working distance of 5 mm. Pictures were taken at 

45,000 and 16,000-fold magnification using 

secondary electron detection mode. 

 

Drug entrapment efficiency. After centrifugation, 

the albumin-drug nanoparticles were re-dispersed 

first in 100 μL water and 1 mL ethanol was added. 

After that, the system was vortexed, transferred to 

the water bath sonicator for 1 hour and then 

centrifuged at 14,500 rpm for 30 minutes, in order 

to collect the drug in the upper phase. An HPLC 

method (described below) was used to determine 

the amount of loaded CCI-001 into BSA and HSA 

nanoparticles. The drug encapsulation efficiency 

(EE%) was defined as the percentage of loaded 

CCI-001 compared to the initial amount of drug 

supplied. Loading capacity (LC%) was calculated 

as the amount of loaded CCI-001 divided by the 

albumin weight.   

 

𝐸𝐸 (%) =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠  

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑
∗ 100 

𝐿𝐶 (%) =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠  

𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑎𝑙𝑏𝑢𝑚𝑖𝑛 𝑎𝑛𝑑 𝑑𝑟𝑢𝑔 
∗ 100 

 

In vitro drug release studies. The in vitro release of 

CCI-001 from the albumin nanoparticles was 

evaluated using the equilibrium dialysis method, in 

PBS (pH 7.4). Furthermore, as a control, the release 

of free CCI-001 from an ethanol solution was also 

investigated. Both freshly prepared and the 

lyophilized nanoparticles were re-dispersed in 2.5 

mL water and vortexed. The free CCI-001 and 

CCI-001-albumin nanoparticles, with the same 

drug content as the free drug, calculated by taking 

into consideration the drug entrapment efficiency 

of the nanoparticle formulation, were transferred 

into a dialysis bag (Spectrapor, MW cut-off 3500 

Da) and the system was placed into 450 mL of 

dissolution medium (PBS) while shaking at 50 

rpm, 37°C. The dialysis bag was sealed at both 

ends. At selected time points, 0.1 mL of sample 

was removed from the inside of the dialysis bag and 

replaced with 0.1 mL double distilled water (or, in 

the case of the free drug, with the solvents used in 

the formulation, in the same ratios). After having 

collected the 0.1 mL samples, 0.2 mL of ethanol 

was added, vortexed and placed in the water bath 

sonicator for around 1 hour. After that, the samples 

were centrifuged for 30 minutes at 14,500 rpm, in 

order to extract the drug. The upper phases were 

analysed by HPLC for determining the amount of 

CCI-001 present. The remaining concentration 

obtained at ti was subtracted from the initial 

concentration of CCI-001 at t0 in the dialysis bag 

and used to plot the cumulative drug released (%) 

versus time. The extraction procedure and the 

release studies were repeated at least three times for 

each formulation, and average and standard 

deviation were calculated. The release profiles 

were compared using mean release time (MRT). 

Based on the release profiles, MRT was calculated 

using the following equation: 

 

𝑀𝑅𝑇 =
∑ 𝑡𝑚𝑖𝑑

𝑛
𝑖=1 𝛥𝑀𝑖

∑ 𝛥𝑀𝑖
𝑛
𝑖=1

 

 

where, i is the sampling number, n is the last 

sampling number, tmid is the time at the midpoint 

between ti and ti-1 (calculated as (ti + ti-1)/2) and ΔMi 

is the additional amount of drug released between 

ti and ti-1. 
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HPLC analysis of CCI-001 

A Varian Prostar 210 HPLC system was used for 

the quantification of CCI-001 in the samples. The 

mobile phase was an isocratic mixture of water and 

acetonitrile (70:30), containing 0.1% 

trifluoroacetic acid, and the separation was 

obtained by a Microsorb-MV 5 μm C18-100 Å 

column (4.6 x 250 mm). The flow rate was set at 1 

mL/min, at room temperature and the detection 

wavelength was 386 nm (Varian Inc., Palo Alto, 

CA, USA). The retention time of CCI-001 was 3.7 

min. The assay was found linear over the examined 

range of 3.12-1000 μg/mL in the mobile phase, 

with a calibration curve of y = 1.0451x – 1.6946 

and a correlation coefficient of 0.999. The 

concentration of CCI-001 in the samples was 

determined from the aforementioned regression 

equation. The lowest limit of quantification was 

found to be 6.25 μg/mL. The inter- and intra-day 

variations were less than 10% for all 

concentrations. No interfering peak was observed. 

 

Stability of freeze-dried nanoparticles upon 

cryoprotection  

The optimal batches obtained with the modified 

desolvation (MD1 and MD7 in Table 2) were 

freeze-dried (VirTis, SP Scientific), in order to 

improve their long-term stability (42). After 

obtaining the drug-loaded nanoparticles, the 

formulation was transferred to a -80°C freezer and 

stored overnight. The day after, the frozen 

formulations were placed in the freeze-dryer for at 

least 48 hours. By lyophilizing the formulation, a 

solid powder that can be easily reconstituted to the 

original dispersion following the addition of double 

distilled water was obtained. The nanoparticles 

were lyophilized both in the presence of trehalose 

(2.5% w/v) (43,44) as cryoprotectant and without 

it. Usually, the nanoparticles, previously dispersed 

in 8 mL of water, were lyophilized and the solid 

powder obtained was reconstituted in 2.5 mL of 

water. The differences in size and zeta potential 

between the two samples were evaluated. 

 

Cell toxicity studies 

The cytotoxicity of free CCI-001, CCI-001-HSA 

nanoparticles and carrier alone was tested using 3-

(4, 5-Dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-

tetrazolium bromide (MTT) assay (45). On day 1, 

the cells were seeded on 96-well plates with media 

(100 μL/well) and they were incubated at 37°C for 

24 hours. The cell density was 2 × 103 cells/well for 

the HCT116 cell line and 4 × 103 cells/well for the 

SW620 cells. After plating, the cells were left to 

adhere to the plate overnight. The day after, the 

treatment (free CCI-001, CCI-001-loaded HSA 

nanoparticles and HSA nanoparticles without drug) 

was added to the wells at different concentrations 

and incubated at 37°C for 48 or 72 hours. The MTT 

solution was prepared (5 mg/mL in distilled water, 

20 μL/well), filtered and added to the cells after the 

incubation period with the treatments. The cells 

were then homogenized (Titer Plate Shaker, 

Thermo Scientific) and incubated at 37°C for 3-4 

hours. After checking the effective presence of the 

crystals at the microscope (Leitz Diavert Inverted 

Tissue Culture Workhorse Microscope with Phase 

Contrast), the media was removed and 100 μL 

DMSO was added to each well and mixed 

thoroughly on the shaker, in order to dissolve the 

crystals. The plates were analysed and the cell 

viability was detected by measuring the optical 

absorbance at 570 nm (Synergy H1 Hybrid Multi-

Mode Reader, Biotek). The mean absorbance of 

each treatment was determined and converted to 

the percentage of viable cells relative to the control. 

The IC50 of the specific treatment was calculated 

from the plot of the % of viable cells versus log 

CCI-001 concentration. 

 

Statistical analysis 

Data are expressed as mean ± standard deviation 

(SD) of three separate experiments. Comparison of 

statistical data was conducted by Students t-test for 

two groups and one-way ANOVA for multiple 

groups. The P-values of less than 0.05 were 

considered statistically significant in all cases. The 

null hypothesis used in the statistical analyses of 

the current study proposes that there were no 

differences between certain characteristics of the 

generated data such as comparison between 

hydrodynamic sizes, encapsulation efficiencies, 

drug releases, and cytotoxicities.     

 

RESULTS  

 

Characterization of CCI-001-loaded albumin 

nanoparticles prepared by emulsification 

methods 

The characteristics of the nanoparticles prepared 

with the emulsification methods indicated that the 

formulations produced using a sonicator had bigger 

diameters than the ones obtained using a high-

pressure homogenizer. The average hydrodynamic 

diameters for nanoparticles prepared using 

sonication were found to be in the range 350-500 

nm with a multimodal size distribution, 

characterized bypolydispersity indices between 0.3 

and 0.6, too high compared to the PDI values 

usually obtained after optimization of the albumin 

nanoparticle preparation, which are always < 0.3 

(46). Moreover, the nanoparticles tended to 
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aggregate producing much bigger particles of about 

800 nm over a short period of time. The 

formulations produced using high-pressure 

homogenization showed sizes below 200 nm (of 

around 170 nm), but still a broad size distribution 

(PDI 0.3).  The zeta potential values were in the 

range between -8 and -20 mV for the formulations 

produced with sonication, and around -25 mV for 

those produced with high-pressure 

homogenization.

 

 

 

 

Figure 2. Representative particle size distribution (A) and zeta potential (B) diagram of CCI-001-loaded BSA 

nanoparticles prepared with emulsification method followed by high-pressure homogenization as measured by DLS. Each 

coloured line represents one replicate of the same formulation. 

 

The entrapment efficiencies and consequently 

loading capacity of CCI-001 in BSA nanoparticles 

were always very low for both sonication and 

homogenization techniques (< 3% and 2%, 

respectively).  Therefore, further investigations on 

this method were not pursued. Figure 2 shows the 

particle size distribution and zeta potential for the 

formulation prepared by using high-pressure 

homogenization.  

 

Characterization of CCI-001 loaded albumin 

nanoparticle prepared by desolvation methods 

The characteristics of the formulations prepared 

with the traditional desolvation method are shown 

in Table 3. This technique allowed the preparation 

of nanoparticles with smaller size (average 

hydrodynamic diameters < 150 nm), and a lower 

polydispersity index (<0.1). In this study, the 

nanoparticles produced by desolvation were more 

stable over time than the ones prepared by 

emulsification, and showed higher negative zeta 

potential values, between -26 and -30 mV. 

However, the entrapment efficiency of CCI-0001 

was still low (between 2.9 and 3.6%) compared to 

the entrapment efficiency of drugs such as 

paclitaxel, docetaxel and doxorubicin encapsulated 

in the albumin nanocarrier (37,47,48,49).    

 The characteristics of the nanoparticles 

obtained by the modified desolvation method are 

presented in Table 4. The values of the 

hydrodynamic diameter, PDI and zeta potential are 

similar to those obtained by the traditional 

desolvation method. The only difference is that this 

optimized technique allowed higher encapsulation 

efficiency (between 5 and 8%, depending on the 

formulation) for CCI-001.  

The size of the drug-loaded nanoparticles (optimal 

formulations, MD1 and MD7) obtained by the 

modified version of the desolvation method was 

not statistically different from that of blank BSA 

and HSA nanoparticles, respectively (Table 4), (P 

> 0.05). The zeta potential of the MD1 and MD7 

formulations appeared to be more negative than 

that of the blank nanoparticles, although a 

statistically significant difference in zeta potential 

was only seen for the HSA-derived formulation 

(MD7) containing CCI-001 and the blank 

nanoparticles (P < 0.05). The particle size and zeta 

potential of the other formulation of drug-loaded 

HSA-derived nanoparticles (MD6) were 

significantly higher than those of drug-loaded 

nanoparticles prepared with BSA under the same 

pH conditions (MD1) (P < 0.01). However, when 

the pH of the HSA solution was increased prior to 

cross-linking (MD7), the difference in particle 

A 
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diameter was diminished (Table 4). Size 

distribution and zeta potential of CCI-001-HSA 

nanoparticles (formulation MD7) prepared with 

modified desolvation method are presented in 

Figure 3. 

 
Table 3. Characterization of the blank and CCI-001-loaded BSA nanoparticles produced by desolvation method. Data represent mean 

± SD (n = 3).   
Formulation Hydrodynamic 

diameter (nm) 

PDI ZP (mV) EE (%) LC (%) 

Blank 127.4 ± 13.2 0.08 ± 0.04 -23.1 ± 7.4 NA NA 

D1 142.5 ± 30.1 0.1 ± 0.05 -29.8 ± 2.3  3.2 ± 0.6 0.64 ± 0.12 

D2 133.7 ± 25.5 0.08 ± 0.03 -27.6 ± 1.9 2.9 ± 1.3 0.26 ± 0.11 

D3 113.2 ± 19.4 0.1 ± 0.03 -26.2 ± 2.6 3.6 ± 0.8 0.32 ± 0.07 

D4 143.6 ± 18.6 0.08 ± 0.05 -30.2 ± 2.8 3.4 ± 0.3 0.16 ± 0.01 

NA, not applicable; Hydrodynamic diameter (Z-average) measured by DLS; PDI, polydispersity index; ZP, zeta potential; EE, entrapment efficiency 

percent. 

 

Table 4. Characterization of the blank and CCI-0001 loaded BSA and HSA nanoparticles produced by the modified 

desolvation method. Data represent mean ± SD (n = 3).   
Formulation Type of 

albumin 

Hydrodynamic 

diameter (nm) 

PDI ZP (mV) EE (%) LC (%) 

Blank BSA 121.1 ± 5.2 0.04 ± 0.02 -21.9 ± 2.81 NA NA 

MD1 BSA 127.7 ± 4.9 0.04 ± 0.03 -25.7 ± 2.40 5.8 ± 0.7 0.53 ± 0.07 g,h,i 

MD2 BSA 127.5 ± 9.6 0.03 ± 0.02 -26.0 ± 2.32 6.2 ± 1.1 0.39 ± 0.07 

MD3 BSA 124 ± 13 0.05 ± 0.01 -28.5 ± 1.10 a 6.9 ± 0.89 0.26 ± 0.03 

MD4 BSA 96.6 ± 3.4 a,b,c,d,e 0.04 ± 0.01 -29.2 ± 0.59 a 7.6 ± 1.1 0.15 ± 0.02 

MD5 BSA 147 ± 21 0.10 ± 0.08 -29.8 ± 1.35 a 8.1 ± 0.4 0.16 ± 0.09 

Blank HSA 124.6 ± 3.7  0.03 ± 0.01 -23.4 ± 2.1 NA NA 

MD6 HSA 209.2 ± 4.5 a,f  0.03 ± 0.02 -28.3 ± 1.2 a 5.2 ± 0.6 0.47 ± 0.06 

MD7 HSA 129.2 ± 3.8  0.03 ± 0.01 -29.6 ± 3.0 a 6.1 ± 0.9 0.56 ± 0.08 

NA, not applicable; Hydrodynamic diameter (Z-average) measured by DLS; PDI, polydispersity index; ZP, zeta potential; EE, entrapment efficiency 

percent, LC, loading capacity. a Significantly different from the blank NPs in the same group, BSA- or HSA-derived (P < 0.05). bSignificantly different 
from MD1 (P < 0.05), c Significantly different from MD2 (P < 0.05), d Significantly different from MD3 (P < 0.05), e Significantly different from MD5 

(P < 0.05), f Significantly different from MD7 (P < 0.05). g Significantly different from MD3 (P < 0.01). h Significantly different from MD4 (P < 0.01). 
i Significantly different from MD5 (P < 0.01). 

 

Figure 3. Representative particle size distribution (A) and zeta potential (B) diagram of CCI-001-loaded HSA 

nanoparticles (formulation MD7) prepared with modified desolvation method. Each coloured line represents one replicate 

of the same formulation.

Nanoparticle’s morphology 

SEM images (at 45000-fold and 16000-fold 

magnification) of CCI-001-loaded HSA 

nanoparticles and CCI-001-loaded BSA 

nanoparticles are shown in Figure 4. These images 

show a spherical morphology and relatively 

A B 
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uniform size for both HSA and BSA nanoparticles. 
The mean particle size obtained by DLS is in good 

agreement with those observed in SEM images. 

 

 

Figure 4. SEM images of (A) CCI-001-loaded BSA NPs (MD1) at 45k-fold magnification, and (B) 16k-fold 

magnification; (C) CCI-001-loaded HSA NPs (MD7) at 45k-fold magnification, and (D) 16k-fold magnification 

 

 

 

 
In vitro drug release  

Figure 5 shows the percent cumulative release of 

encapsulated CCI-001 from the albumin 

nanoparticles or from the ethanolic solution, as a 

function of time. The data showed a sustained 

release pattern over 24 hours for both BSA-NPs 

(MD1) and HSA-NPs (MD7) nanoparticles, 

without an initial burst release. On the other hand, 

the release of the free drug from the ethanolic 

solution through the dialysis membrane was fast, 

reaching 100% in less than 4 hours as all CCI-001 

molecules are free in solution and they diffuse 

through the dialysis membrane much faster. The 

MRT values were 5.14 ± 0.33 h, 6.88 ± 0.15 h and 

1.17 ± 0.15 h for BSA-NPs (MD1), HSA-NPs 

(MD7) and free drug, respectively. Therefore, the 

nanoparticle formulations (BSA and HSA, 

respectively) showed a 4.4- and 6-fold increase in 

the MRT values compared to free drug.  A 

significant difference between the MRT of CCI-

HSA NPs and CCI-BSA NPs was observed (P 

<0.01). 
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Figure 5. In vitro, CCI-001 release profiles for drug-

loaded-BSA and -HSA nanoparticle formulations (MD1 

and MD7, respectively) compared to free drug solution. 

Data represent Mean ± SD (n = 3). 

 

The effect of cryoprotectant on the stability of 

CCI-001 loaded albumin nanoparticles 

Table 5 illustrates the effects of trehalose addition 

on the size and zeta potential of the nanoparticles, 

following reconstitution of freeze-dried 

nanoparticles in double-distilled water. As the 

results show, the presence of a cryoprotectant was 

vital for a stable freeze-dried formulation and the 

lack of the cryoprotectant led to the aggregation of 

the nanoparticles. No significant differences were 

observed for hydrodynamic diameters and zeta 

potential of freeze-dried (with trehalose) drug-

loaded HSA and BSA nanoparticles reconstituted 

in double-distilled water, compared with those of 

MD1 (drug-loaded BSA NPs) and MD7 (drug-

loaded HSA NPs) formulations freshly prepared 

and initially used for freeze drying

 

Table 5. Influence of trehalose (2.5%) as cryoprotectant on the size of freeze-dried CCI-001 loaded albumin nanoparticles 

reconstituted in double-distilled water. Data represent mean ± SD (n = 3).  

 Freeze-dried CCI-001-BSA NPs Freeze-dried CCI-001-HSA NPs 

 With trehalose No trehalose With trehalose No trehalose 

Z average 131.6 ± 6.9 a 555.1 ± 19.3**  134.1 ± 4.2 b 579.9 ± 12.5** 

Zeta potential -21.7 ± 2.3 a -10.2 ± 5.9*  -26.1 ± 3.4 b -14.5 ± 5.2* 

** Statistically different from the formulation with trehalose (P < 0.01). * Statistically different from the formulation with trehalose (P < 

0.05). a No significant differences compared to MD1 (drug-loaded BSA NPs); b No significant differences compared to MD7 (drug-loaded 
HSA NPs) formulations freshly prepared and initially used for freeze drying (P>0.05) (Table 4). 

Cytotoxicity of CCI-001 as free and HSA 

nanoparticle formulation in colorectal cancer 
cells 

Figure 6 shows the cytotoxicity of the empty 

carrier, free drug and drug-loaded nanoparticles, 

against SW620 and HCT116 cells at 48 h (A & C) 

and at 72 h (B & D). The comparison between the 

IC50s of CCI-001-loaded HSA nanoparticles and 

that of free CCI-001, at 48 and 72 hours in both cell 

lines is illustrated in Table 6. The results of the cell 

toxicity studies showed that the drug-loaded 

nanoparticles exhibited greater toxicity than free 

CCI-001 evidenced by lower IC50 of CCI-001 in 

NPs compared to free drug (Table 6). The SW620 

cells appeared to be more sensitive to cytotoxic 

effects of CCI-001.  Blank nanoparticles showed 

some cell toxicity, at high concentrations and 

longer incubation times (Figure 6), which may be 

attributed to the presence of free cross-linker
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Figure 6. Comparison between the cytotoxicity of blank NPs, free CCI-001 and CCI-001-loaded HSA NPs in SW620 at 

(A) 48 h and (B) 72 h, and in HCT116 at (C) 48 h and (D) 72 h. Data represent Mean ± SD (n=3). *Statistically different 

from the free drug (P < 0.05).  **Statistically different from the free drug (P < 0.01) 

Table 6. IC50s (nM) of CCI-001-loaded HSA nanoparticles and free CCI-001, in SW620 and HCT116 cancer cell lines, 

at 48 and 72 hours. Data represent mean ± SD (n = 3).   

 SW-620 HCT-116 

Time  Free drug Drug NPs Free drug Drug NPs 

48 h 2.36 ± 0.32 1.08 ± 0.57*  4.39 ± 0.27 1.27 ± 0.21** 

72 h 2.06 ± 0.29 0.62 ± 0.31**  4.24 ± 0.20 0.9 ± 0.1** 

* Statistically different from the free drug (P < 0.05). ** Statistically different from the free drug (P < 0.01)  

 

DISCUSSION 

 

The main objective of this study was to develop 

albumin nanoparticle formulations of CCI-001 

(Figure 1) that can potentially reduce the 

nonspecific toxicity of this novel -III tubulin 

inhibitor in the treatment of paclitaxel-resistant 

tumours. This was shown to be a challenging task, 

given the high lipophilicity and low water 

solubility of the novel chemotherapeutic agent 

CCI-001 (< 0.007 mg/mL).  Here, we investigated 

emulsification by sonication and high-pressure 

homogenization, desolvation and a modified 

desolvation method for loading of CCI-001 into 

albumin nanoparticles from bovine and human 

origin at different drug-to-SA ratios and with two 

solvents, ethanol and acetone (Table 1 and 2). The 

physicochemical characteristics of the developed 

nanoparticles were then assessed. The goal was to 

develop reproducible particles in a nanometer size 

range, with a low tendency for aggregation, 

sufficiently high encapsulation of CCI-001 

allowing the in vivo use, and relatively slow drug 

release. Previous studies have reported successful 

encapsulation of hydrophobic drugs into albumin-

based nanoparticles using the above-mentioned 

techniques (31,46,50).  

 Emulsifications by high pressure 

homogenization is one of the most popular 

techniques to generate drug-loaded albumin 

nanoparticles (51,52). This method takes advantage 

of the tendency of hydrophobic drugs in an o/w 

emulsion to interact with albumin in water upon 

evaporation of the organic solvent (53). In previous 

studies, Hosseinifar et al (54) have investigated the 

use of both sonicator as well as high-pressure 

homogenization on the physicochemical properties 

of HSA nanoparticles. In agreement with their 

results, we have found the use of high-pressure 

homogenization to be more reliable and effective 

than sonication in achieving BSA nanoparticles of 

smaller diameters (Figure 4). However, the 

nanoparticles produced by emulsification methods, 

as previously mentioned, showed aggregation upon 

storage, reaching hydrodynamic diameters of 

around 800 nm in a day after the production. 

Furthermore, the encapsulation efficiency and 

loading capacity of CCI-001 were too low (< 3% 

and 2% for sonication and high-pressure 

homogenization, respectively). Sonication at 

higher energies, use of smaller sample volumes, 

change in the type of organic solvent, and 

modulation of albumin/drug ratios were just tried 

and did not improve the physicochemical 

characteristics of albumin nanoparticles prepared 

by the emulsion method (data not shown). 

 Desolvation is a known method to produce 

albumin nanoparticles  (55,56). In the current study, 

the use of the desolvation method allowed the 

preparation of more reproducible albumin 

nanoparticles of proper size and zeta potential. 

Furthermore, the nanoparticles were more stable 

over time, not showing as much tendency for 

aggregation compared to nanoparticles prepared by 

the emulsification method. In fact, the 

hydrodynamic diameters and zeta potential values 

of the obtained formulations, measured over 

several consecutive days, remained fairly constant 

over time. However, the low encapsulation 

efficiency of CCI-001 (< 4%) implied further need 

for the modification and optimization of the 

desolvation technique (Table 3). As altering the 

drug to albumin ratio (formulations D1, D2 and 

D4) or choice of the organic phase (formulation 

D3) did not make a significant impact on the 

encapsulation efficiency of CCI-001 in albumin 

nanoparticles prepared by the traditional 

desolvation method  (41), we tried incubation of the 

drug with preformed and cross-linked albumin 

nanoparticles. This led to the development of 

nanoparticles (formulations MD1 and MD7) with 

narrow size distribution, negative zeta potential 

and, higher CCI-001 encapsulation efficiency 

(Table 4) compared to the other two previously 
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described techniques. high-pressure 

homogenization and traditional desolvation. It is 

suggested that the CCI-001 had a greater chance 

over time to enter the already prepared crosslinked 

albumin nanoparticles during the modified 

desolvation method.  

 Furthermore, we investigated the effect of 

different parameters in the modified desolvation 

method on the properties of CCI-001-loaded BSA 

or HSA nanoparticles. The optimal ethanol to water 

ratio was found to be 1 to 4, leading to higher CCI-

001 encapsulation. Drug to BSA ratios of 1/10, 

1/15, 1/25 and 1/50 were tested. The results showed 

a positive trend in loaded drug levels and initial 

drug to BSA ratios, although the differences were 

not statistically significant. The loading capacity of 

the drug was considerably increased by reducing 

the albumin concentration (statistical difference 

from MD3, MD4 and MD5, P<0.01, Table 4). 

Although the overall effect of albumin 

concentration on the size or the zeta potential of 

BSA nanoparticles was not significant, the MD4 

formulation prepared at 1 to 50 BSA: CCI-001 ratio 

showed significantly smaller particle diameter 

compared to all the other formulations in the same 

group (BSA-derived NPs). This result is in 

agreement with previous studies where albumin 

nanoparticles were prepared by the 

nanoprecipitation method (57,58).  

 Overall, the results showed that the modified 

desolvation method using a drug to albumin w/w 

ratio of 1 to 10 led to the production of BSA 

nanoparticles with appropriate size, zeta potential 

and highest drug loading compared to the other 

methods. For this reason, the same formulation 

condition was used to prepare HSA nanoparticle 

formulations of CCI-001. The results showed both 

BSA and HSA nanoparticle formulations of CCI-

001 to be spherical, homogeneous and uniform in 

diameter (Figure 4). Both were characterized by 

average hydrodynamic diameters of around 125-

130 nm and a zeta potential of around -30 mV. The 

negative surface charges of both blank and drug-

loaded nanoparticles were expected due to the 

negative charge of albumin at the examined pH 

values of 8 and 9 (59).  

 The pH value of the albumin solution prior to 

ethanol addition strongly influenced the resulting 

particle size. At greater pH, particle diameter was 

significantly reduced i.e., from 147.5 nm (MD5) at 

pH 7 to 96.6 nm (MD4) at pH of 8 to for BSA 

nanoparticles. Similarly, for HSA nanoparticles, 

when the pH of the solution was increased from 8 

to the higher pH value (MD7), the particle size was 

reduced from 209.2 nm to 129.2 nm. This 

observation is in line with the previous work that 

used the same approach to prepare colloidal 

albumin nanoparticles (57,60). As suggested by 

Langer et al (57), at increasing pH values, the 

particle size of HSA-derived nanoparticles was 

reduced, apparently due to an increase in the 

ionization of the HSA (isoelectric point of around 

4.7-5), which leads to the repulsion of  HSA 

molecules, avoiding aggregates during particle 

formation.  

 Interestingly, nanoparticles based on HSA 

generated larger particles (209.2 ± 4.5 nm, MD6) 

compared to the nanoparticles obtained from BSA 

(127.7 ± 4.9 nm, MD1) under the same preparation 

conditions (Table 4). The exact reason for the 

bigger size of HSA compared to BSA 

nanoparticles, obtained under the same preparation 

conditions, is not well understood. It is known that 

HSA and BSA share 80% sequence homology, 

their molecular weights differ by less than 1%, and 

their isoelectric points are identical. Nevertheless, 

the finding obtained in this study is in agreement 

with the work conducted by Tazhbayev et al (61), 

who demonstrated that the average particle size of 

BSA-derived nanoparticles (167 ± 5 nm) was 

smaller than that of HSA-derived nanoparticles 

(216 ± 9 nm). 

 Taking into account all particle 

characteristics of different modified desolvation 

(MD) formulations prepared and evaluated in the 

current study, the formulations MD1 and MD7 

(Table 4) were used for subsequent cryoprotection, 

in vitro release and cell toxicity evaluations. In 

agreement with the results obtained by Qu et al 

(62), when used as cargo in the nanoparticle 

formulation, the drug required a longer time to be 

released and that is generally due to the gradual 

diffusion from the stable matrix of the albumin 

nanoparticles. However, in this study, the release 

from the HSA nanoparticles was fairly faster 

(MRT~7 h, complete release, 24 h), compared to 

the release profiles obtained in many previous 

studies that investigated the characteristics of drug-

loaded albumin nanoparticles (41,56,63,64,65). 

This may reflect the loose interaction of CCI-001 

with albumin nanoparticles. 

 Hu et al (66) investigated the interaction 

between colchicine, the parent compound from 

which CCI-001 is derived, and HSA by 

fluorescence and UV-Vis absorption spectroscopy. 

The results exhibited the spontaneous formation of 

colchicine-HSA complexes with moderate binding 

affinity, where Van der Waals interactions and 

hydrogen bonds played a vital role in the stability 

of the complex. In particular, binding and 

molecular docking studies have shown that the 

binding site for colchicine on SA is located in sub-
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domain IIA (Trp214) (67). However, in vitro, studies 

have shown that the binding of colchicine to 

albumin is low to moderate at 40% in a 

nonsaturable manner. Negligible amounts also bind 

to acid α1-glycoprotein, γ-globulins, and 

lipoproteins (68). Although the extent of CCI-001 

binding to albumin has not yet been studied, 

molecular docking simulation studies conducted by 

Dr. Tuszynski’s group (see the Supplementary 

Material) have shown that CCI-001 seems to bind 

near tryptophan, as the parent compound 

colchicine, but the location is slightly different. 

Even though several studies investigated the nature 

of the interactions between colchicine (the drug 

from which CCI-001 is derived) and SA 

(66,67,68), to the best of our knowledge no 

formulations based on colchicine-loaded albumin-

nanocarrier have been reported in the literature.  

 Interestingly, the release rate of CCI-001 

from HSA-NP was significantly slower than that of 

BSA-NPs (MRT, 6.88 ± 0.15 h vs 5.14 ± 0.33 h) 

(Figure 5). Although HSA and BSA are highly 

homologous in terms of amino acid sequences, the 

two albumins show different structural orientations 

and dynamics. A different number of aromatic 

residues in HSA and BSA located in subdomains 

IIA may affect the binding properties of aromatic 

ligands which binds to the binding site I located on 

this subdomain. In addition, BSA has a rigid and 

compact structure owing to the highest number of 

intra hydrogen bonds, whilst HSA displays a more 

flexible and mobile structure (69). Binding 

parameters of typical site II (situated on IIIA 

subdomain) binding drugs on different albumins 

including HSA and BSA showed higher binding 

constants for HSA compared to BSA which could 

be best explained by microenvironmental changes 

in the binding sites resulting from a change in the 

size and/or hydrophobicity of the binding pocket 

(70). These features may explain the higher affinity 

and EE of the lipophilic CCI-001 to HSA compared 

to BSA and the slower release of the compound 

from HSA. Although further studies on the binding 

site of CCI-001 on BSA are required before making 

definitive conclusions.  

 The BSA and HSA nanoparticles (MD1 and 

MD7 formulations) were then freeze-dried with 

and without trehalose as cryoprotectant and 

reconstituted to evaluate the effect of 

cryoprotection on the size of reconstituted 

nanoparticles. In the absence of trehalose, freeze-

drying caused significant nanoparticle aggregation 

which led to a greater than four folds increase in 

the particle size (P < 0.01) and an increase in the 

zeta potential (P < 0.05), (Table 5). Previous 

studies have shown that trehalose, used to prevent 

particle growth and aggregation, has been very 

effective as a cryoprotectant (71). In the presence 

of trehalose, no significant differences were 

observed for z-average and zeta potential of both 

HSA and BSA freeze-dried nanoparticles 

reconstituted in double-distilled water, compared 

with those of MD1 and MD7 formulations freshly 

prepared and initially used for freeze drying. Both 

BSA- and HSA-derived NPs showed a similar size 

and zeta potential reduction in response to the 

addition of the cryoprotectant. The results were in 

agreement with the findings reported by Almalik et 

al (72), who demonstrated that albumin 

nanoparticles lyophilized without cryoprotectants 

showed an increase in average size, due to high 

agglomeration. Freeze-drying removes water from 

a frozen sample through sublimation. The process 

consists of freezing, primary drying (ice 

sublimation) and secondary drying (desorption of 

unfrozen water) (73). To protect nanoparticles from 

stress and aggregation, a cryoprotectant (in this 

case, trehalose) is generally used. When a 

cryoprotectant is present, water freezes into ice 

crystals while excluding solutes and particles into 

a cryo-concentrated liquid phase. Trehalose, a 

naturally derived sugar, protects the protein from 

cryopreservation damage (74). The coating of 

trehalose, which “entraps” the protein, slows down 

the water molecules directly adjacent to the 

albumin, preventing ice crystallization in its 

immediate vicinity. For this reason, its role is 

fundamental, since the interaction between water 

and the protein could dramatically affect the 

protein structure, dynamics and functionality (71). 

 Cytotoxicity studies against two colorectal 

cancer cell lines (SW620 and HCT116) showed the 

higher activity of CCI-001-loaded HSA 

nanoparticles compared to the free drug. This can 

be explained by better cellular interaction of CCI-

001 by its albumin nanocarrier due to higher drug 

solubilization, stabilization or cellular uptake 

(75,76). However, the presence of free 

glutaraldehyde as the crosslinking agent in 

nanoparticle samples could have partially 

contributed to this observation, as well (77). 

Overall, CCI-001 was shown to be a very potent 

anticancer agent as free drug and as a component 

of HSA nanoparticle formulations (IC50s in the 

range of nM). Since the IC50 values for CCI-001 on 

the tested cell lines are very low (≈ 1 nM = 0.5 

ng/mL), the drug-loaded nanoparticle formulations 

(MD1 to MD7) could lead to aqueous drug 

concentrations up to 25,000 times higher than the 

IC50 of the compound. This indicates that although 

loading capacity is very low, still a reasonable 

quantity of formulations can be used to achieve 
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relevant drug concentrations in preclinical in vivo 

studies. 

 

 

 

 

CONCLUSIONS 

 

A modified desolvation technique using drug 

incubation with preformed cross-linked BSA as 

well as HSA nanoparticles was shown to be the best 

method for the preparation of albumin nanoparticle 

formulations of a novel and potent tubulin 

inhibitor, CCI-001. The albumin nanoparticles 

were able to maintain or enhance the potency of 

encapsulated CCI-001 against colorectal cancer 

cell lines while making the drug release slower, in 

vitro. Despite the low drug content level in the 

HSA nanoparticles of CCI-001, the formulation 

provides relevant concentrations for further in vivo 

studies in animal models due to high drug potency.  
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SUPPLEMENTARIES 

 

Molecular docking simulations 

 

Ligand preparation 

We used a molecular docking calculation to study ligand-albumin interactions. The ligands (two stereoisomers 

of CCI-001) structures were prepared using Ligprep from the Schrödinger suite (1). Conformations and 

tautomeric states were assigned to the ligands by following the ligand preparation protocol implemented in 

Schrödinger with default settings. LigPrep generates variants of the same ligand with different tautomeric, 

stereochemical, and ionization properties.   

Albumin protein preparation 

The crystallographic structure of the albumin is adopted from (PDB ID: 6WUW). Molecular Operating 

Environment (MOE) software package (2) is used to prepare the structure. The missing hydrogens for heavy 

atoms were added using the tLEAP module of AMBER 18 (3) with the AMBER17SB force field. The 

protonation states of all ionizable residues were determined at pH = 7 using the MOE program.  

Binding pockets 

The binding sites of the structures were identified through the MOE Site Finder program, which uses a 

geometric approach to calculate putative binding sites in a protein, starting from its three-dimensional 

structure. We used four binding pockets (Figure 1) for blind docking with (PLB>1). The PLB index can be 

used to predict the ligand-binding sites of uncharacterized protein structures and also to identify novel drug-

binding sites of known drug targets (2).  

Docking simulations Docking simulations were performed using the AutoDock Vina program (4) to predict 

the binding pose of the ligands under flexible ligand and rigid receptor conditions. The number of generated 
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ligand poses was set to 20 for every compound/protein structure pair. Docking simulations performed with a 

cubic box (size 30.0 Å) centered at the center of binding pockets and docking was run separately on the albumin 

structure. Every generated pose was energy-minimized using Amber14 (3). No constraints were applied in the 

docking studies. The pose with the best score was identified and shown in Figure 1. As it is possible to observe 

from the binding pose and location of CCI-001 to albumin, CCI-001 seems to bind near tryptophan, as the 

parent compound colchicine, but the location is slightly different.   

 

Figure 1S. Albumin protein binding sites (PLB>1). Tryptophan residue is shown in cyan color in ball representation. 

Figure 2S. Molecular docking studies of CCI-001 binding to albumin structure. (a) 3D and (b) 2D layout representation 

of CCI-001 in complex with albumin. Albumin is shown in cartoon representation (red). CCI-001 ligand is displayed 

with the stick and the atoms are colored as O (red), C (gray), N (blue), S (yellow), Cl (pink) and F(green). Tryptophan 

residue is shown in cyan color in ball representation. (c) Legend. 
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