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Abbreviations 

AFM Atomic force microscopy 
AS Amphiphilic stabilizer 
FNP Flash Nanoprecipitation 
ITZ Itraconazole 
MIVM Multi-inlet vortex mixer 
PEG-PLA Poly(ethylene glycol)-b-poly(DL-lactide)  
PI Polydispersity index 
RD:H+L Relative ratio of ITZ to the total hydrophilic and hydrophobic parts 

of the stabilizer 
RH:D+L Relative ratio of hydrophilic part of the stabilizer to ITZ plus 

hydrophobic part of the stabilizer 
RH:L Relative ratio of hydrophilic to hydrophobic part of stabilizers 
TPGS d-α-tocopheryl polyethylene glycol 1000 succinate 
XPS X-ray photoelectron spectroscopy 
δ Solubility parameter 
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ABSTRACT: Flash nanoprecipitation (FNP) is a controlled antisolvent precipitation 
process that has proven effective for consistent production of drug nanoparticles with 
a defined mean particle size and narrow particle size distribution. However, physical 
instability of the generated nanoparticles remains a major challenge in the application 
of this technology in pharmaceutical formulation. Aimed at resolving this problem, 
the present study has investigated the FNP process and associated stabilization 
mechanism of itraconazole (ITZ) nanoparticles through in-depth nanoparticle 
characterization. Results showed that ITZ nanoparticles could be reproducibly 
produced with a mean particle size < 100 nm and a polydispersity index < 0.2 in the 
presence of amphiphilic stabilizers (ASs). Surface analysis of freshly formed 
nanoparticles by X-ray photoelectron spectroscopy (XPS) revealed initially a 
disordered packing structure and subsequently a time-dependent molecular 
rearrangement of incorporated AS towards a micelle-like structure. The faster the 
molecular rearrangement of AS, the more stable the nanoparticles, as monitored by 
the change in particle size with time. These findings may have important implications 
for the selection of effective ASs for formulating stable drug nanoparticles. The 
present study is the first of its kind to demonstrate the utility of XPS to track the 
molecular transport of stabilizers in rapidly generated nanoparticles.  

 

Keywords: itraconazole; flash nanoprecipitation; nanoparticle stability; amphiphilic 

stabilizers; molecular reorientation; surface analysis; X-ray photoelectron 

spectroscopy 
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1. Introduction 

The application of solid nanoparticles in drug delivery has been an active area 

of pharmaceutical research for decades. As a drug delivery system, they offer a good 

number of unique advantages. For instance, their extremely large surface area to 

volume ratio accounts for their significantly higher saturation solubility and 

dissolution rate compared to their coarse counterparts. This unique characteristic has 

been successfully exploited in the solubility enhancement of poorly water-soluble 

drugs (Zhang et al., 2017). Specifically, drug-loaded polymeric nanoparticles with 

particle size below 200 nm have been shown capable of crossing biological barriers 

(Fernandes et al., 2010), mitigating first-pass hepatic metabolism (Italia et al., 2007) 

and displaying enhanced permeability and retention (EPR) effect (Allen and Cullis, 

2004).  

Nano-sized solid particles for drug delivery encompass polymeric micelles, 

polymer-stabilized nanoparticles, solid lipid nanoparticles, and nanocrystals. Among 

these nanoparticulate drug delivery systems, polymer-stabilized nanoparticles and 

polymeric micelles have been most extensively investigated owing to their ease of 

preparation and their readily modifiable surface properties to achieve desired delivery 

outcomes, e.g., specific site targeting. Polymer-stabilized nanoparticles are commonly 

prepared by antisolvent precipitation which is perhaps the simplest and most 

cost-efficient method for generating ultrafine particles within a short time-scale (Chan 

and Kwok, 2011). The technique strictly applies to hydrophobic solutes, and requires 

the use of an amphiphilic stabilizer (AS), commonly a diblock copolymer. The 

stabilizer protects the hydrophobic solute by forming a micelle or micelle-like 

structure with its hydrophilic groups protruding into external aqueous media (to 

maintain particle dispersion) and its hydrophobic groups holding the hydrophobic 

solute within the particle core via hydrophobic interaction. In addition, the surface 

hydrophilicity of the nanoparticles can greatly reduce their in vivo opsonization and 

subsequent clearance by the reticuloendothelial system. To achieve active targeting, 

the hydrophilic moiety of the polymer can be chemically modified by attachment of a 

site-specific ligand (Nasongkla et al., 2006). Despite these advantages, the antisolvent 

precipitation process is difficult to control and the resulting nanoparticles tend to be 
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physically unstable. 

As a means of tackling the process controllability issue, flash 

nanoprecipitation (FNP), a controlled antisolvent process, has been subsequently 

developed (Johnson and Prud'homme, 2003). Process control is mainly achieved by 

using a specially designed mixer such as confined impinging jet (CIJ) mixer and 

multi-inlet vortex mixer (MIVM) (Chow et al., 2014; Liu et al., 2008a), which 

provide high-efficiency mixing of all components present. Employing various 

amphiphilic co-block polymers as stabilizers, the technology has proven effective for 

consistent production of nanoparticles with a defined mean particle size (< 200nm) 

and a narrow particle size range (Chow et al., 2015; Zhu et al., 2007). However, in 

spite of its high efficiency and excellent reproducibility, FNP has been successfully 

applied to the production of stable nanoparticles for only a limited number of highly 

hydrophobic compounds or drugs including beta-carotene (Zhu et al., 2010), 

paclitaxel (Saad, 2007) and bifenthrin (Liu et al., 2008b). To ensure good nanoparticle 

stability, it has been suggested that the compound involved must have a log P value of 

over 6 (Zhang et al., 2017; Zhu, 2014). However, drugs typically have log P values 

between 3 and 6, which inevitably raise serious instability issue when they are 

prepared as nanoparticles by FNP.  

The instability problem with nanoparticles of less lipophilic drugs has been 

further investigated by Zhu, who attributed this problem to the non-equilibrium 

packing arrangement (i.e., non-micellar structure) of the ASs in the nanoparticles 

when they first emerged from solutions (Zhu, 2013). The author suggested that the 

hydrophilic PEG segments of the ASs were partly embedded inside the particle core, 

leading to partial exposure of the hydrophobic segments to the external aqueous 

medium. In contrast, Pustulka et al. showed that the PEG segment of the stabilizer, 

PEG-PLGA, was situated on the nanoparticle surface and proposed a three-layer 

nanoparticle structure consisting successively of a drug core, a shell of PLGA and a 

corona of PEG (Pustulka et al., 2013). The controversy over the actual packing 

structures of ASs in various nanoparticle preparations is perhaps not unexpected, as 

most of the reported studies appeared to have overlooked the time-dependent 

molecular rearrangement of ASs in the nanoparticles subsequent to their formation. 
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Owing to their non-equilibrium state when the AS-encased nanoparticles first appear 

from solution, the AS molecules in the nanoparticles will undergo rearrangement in 

the nanoparticles with time until attaining a micelle-like or the most stable structure, 

especially for those ASs of low molecular weights, which tend to show a high 

molecular mobility. The faster the molecular rearrangement of AS in nanoparticles, 

the sooner the attainment of the most stable or micelle-like structure and the more 

stable the nanoparticles in the suspending media. Thus, the kinetics of molecular 

rearrangement of ASs appears to play an important role in determining the stability 

and shelf-life of final nanoparticle products. To probe into this issue further, the 

present study has employed itraconazole (ITZ) as a model drug to prepare 

nanoparticles with different ASs by FNP for subsequent stability testing. 

Itraconazole [log P = 5.66 (Miyama et al., 1998)] is an antifungal drug with a 

broad spectrum of activity, but only used as second- or third-line antifungal mainly 

because of its low and erratic oral bioavailability. This is closely associated with its 

extremely low aqueous solubility (~1ng/ml) (Jung et al., 1999) and extensive 

first-pass metabolism (Van Peer et al., 1989). It can be envisaged that formulating ITZ 

into nanoparticles not only can augment its aqueous solubility, but can also improve 

its in vivo delivery. Rabinow and co-workers showed that the apparent plasma 

half-life of ITZ nanosuspensions with a mean particle size of ~580 nm was much 

larger than that of ITZ solution formulation (~15.6 h as opposed to ~5.05 h) after 

intravenous administration, reflecting the sustained action of ITZ nanosuspensions 

(Rabinow et al., 2007). Thus far, extremely few of the reported ITZ nanoparticle 

formulations with particle size below 200 nm have been evaluated in vivo for 

pharmacokinetic properties and biodistribution. It was found that the plasma 

concentration of ITZ nanoparticles with particle size of ~200 nm was prolonged at a 

defined concentration (Kim et al., 2010) and that the distributions of ITZ 

nanoparticles of ~110 nm in the lungs, liver and spleen were enhanced after 

intravenous administration (Chen et al., 2008). However, the therapeutic utility of ITZ 

nanoparticles at the low end of this particle size range is conceivably very limited due 

to the increasing deteriorating stability of ITZ nanoparticles when their size 

approaches the true nano-size range (< 100 nm). In fact, ITZ-loaded nanoparticles 
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with particle size less than 200 nm have never been reported to be stable at room 

temperature. Kumar and co-workers described their nanosuspension as being the 

finest (~145 nm) yet stable preparation, but the apparently good stability in terms of 

particle size was only observed after the nanosuspension was dialyzed to remove the 

organic solvent present and stored at 5ºC (Kumar et al., 2009). The nanoparticles still 

grew to a size of ~758 nm (~4.2 fold increase) after a storage period of 3 h at room 

temperature.  

Thus, in the present work, we hypothesize that the stabilizer in the 

nanoparticles formed initially remains in a disordered and dynamic state, and 

undergoes molecular rearrangement towards the most stable state (i.e., micelle-like 

structure with hydrophilic groups on the particle surface and hydrophobic groups in 

the particle core) in a time-dependent manner, and that this rearrangement process has 

an important bearing on the nanoparticle stability. Accordingly, the main objectives of 

the present study were threefold: (a) to prepare ITZ nanoparticles smaller than 100 nm 

by FNP with different ASs; (b) to monitor the storage stability of the ITZ-AS 

nanoparticles in terms of the change in particle size with time; and (c) to examine the 

time-dependent change in surface composition of freshly formed ITZ-AS 

nanoparticles by XPS and AFM.  

 

2.  Materials and methods 

2.1.  Materials 

ITZ (Purity > 99%) was purchased from Yick-Vic Chemicals & 

Pharmaceuticals Ltd. (Hong Kong, China). Poly(ethylene glycol)-b-poly(DL-lactide) 

(PEG-PLA) of different molecular weights (MW~2k-2k; 2k-10k; 5k-10k) and 

d-α-tocopheryl polyethylene glycol 1000 succinate (TPGS) were obtained from SRI 

Biomaterials Inc. (California, USA) and Sigma Aldrich (USA) respectively. 

Analytical grade dimethylformamide (DMF) and tetrahydrofuran (THF) were 

supplied by RCI Labscan Ltd and Merck KGaA. Ammonium acetate was purchased 

from Sigma Aldrich (USA). HPLC grade acetonitrile (ACN) was supplied by Duksan 

Pure Chemicals (Kyungkido, Korea), and analytical grade acetic acid was obtained 

from BDH Laboratory Supplies (UK). Water used was deionized with a final 
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resistivity not less than 18.0 MΩ∙cm by a water purification system (Direct-QTM, 

Millipore, USA). 

 

2.2. Preparation of ITZ nanoparticles 

ITZ nanosuspensions were produced by FNP using a four-stream MIVM. The 

experimental set-up of MIVM is depicted in Fig. 1. In brief, one stream of the mixer 

contained an organic solvent (DMF) while the other three streams consisted of water 

serving as antisolvent. ITZ and AS at equal mass concentration (i.e., 5mg/ml) were 

dissolved in the organic solvent. Rapid mixing of the organic and aqueous phases in 

the mixer was precisely controlled at defined flowrates by means of two digital 

programmable syringe pumps (PHD 2000, Harvard apparatus, MA, USA). The 

organic stream (inlet A) and one of the aqueous streams (inlet C) were set at the same 

flowrate while the remaining two aqueous streams (inlets B and D) formed another 

flow equivalent pair. The flowrates of inlets B and D were set at 9 times higher than 

those of inlets A and C in order to create a sufficiently high supersaturation of drug for 

rapid precipitation. In the present study, Reynold number was kept at 4,139 whose 

corresponding mixing rate was found to be sufficient for achieving homogeneous 

mixing of all stream components prior to nanoprecipitation, as based on our previous 

findings (Chow et al., 2014). The resulting nanosuspension containing a final 

concentration of 5% v/v residual organic solvent was collected at the outlet stream of 

the MIVM. 

 

2.3.  Particle size analysis 

Intensity-weighted particle size distribution of nanosuspensions was 

determined without dilution or filtration in a glass cuvette using a Delsa™ Nano C 

analyzer (Beckman Coulter, Inc., USA) equipped with a dual 30mW laser (with λ = 

658nm). The analyzer utilizes dynamic light scattering (DLS), which measures the 

fluctuation in time of laser light intensity scattered by the particles in a fluid, with a 

scattering angle of 165o. Based on the application of single-exponential fitting, 

cumulants analysis, and CONTIN particle size distribution analysis of the received 

signals, intensity-weighted particle size and size distribution (polydispersity index, PI) 
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were calculated. The nanosuspensions would be regarded as unstable and their 

stability study would be terminated if coarse particles became visible or if the 

DLS-measured particle size was larger than 1 µm. 

 

2.4. High performance liquid chromatography (HPLC) 

ITZ was assayed by HPLC using a Waters 2695 system equipped with a 

photodiode array detector (PDA), and a C18 column (symmetry®, 5µm, 4.6mm × 

150mm, Waters Corporation, USA). The mobile phase, composed of ACN/10mM 

ammonium acetate solution adjusted to ~pH 5.7 by acetic acid (60:40 v/v), was eluted 

isocratically at 1 ml/min. Ten microliters of sample was injected and the detection 

wavelength was set at 261 nm. The retention time of ITZ was ~10 min. 

 

2.5.  Drug encapsulation efficiency determination 

Drug encapsulation efficiency was calculated as the amount of drug entrapped 

in nanoparticles divided by the total amount of drug in the sample. Amount of drug 

entrapped in nanoparticles was determined by subtracting the amount of free drug 

from the total amount of drug in the sample. The amount of drug in the filtrate (i.e., 

the amount of free drug) after centrifugation of 0.5ml of the nanosuspension in an 

Amicon® Ultra-0.5 30K centrifugal filter device (Millipore Corp., Billerica, MA, 

USA) at 14000 × g for 15 min (ultrafiltration) was measured by HPLC. The filter 

membrane is made of low-binding regenerated cellulose. Drug concentration of the 

nanosuspension (i.e., total amount of drug in the sample) was also determined by 

HPLC. 

 

2.6.  Drug mass percentage determination 

Ultrafiltration was conducted by centrifuging 15 ml of the nanosuspension in 

an Amicon® Ultra-15 30K centrifugal filter device (Millipore Corp., Billerica, MA, 

USA) at 4000 × g for 20 min. The same type of filter membrane was used as before. 

The residue of the nanosuspension after ultrafiltration and the nanosuspension without 

ultrafiltration were freeze-dried. Each freeze-dried product was weighed and then 

dissolved in THF for assay of drug content by HPLC.  Drug loading (i.e., drug mass 
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percentage of the nanosuspension with ultrafiltration) was calculated as the amount of 

drug in the nanoparticles (i.e., drug content in the product processed by ultrafiltration) 

divided by the total mass of nanoparticles (weight of the product processed by 

ultrafiltration). Drug mass percentage of the nanosuspension without ultrafiltration is 

the ratio of drug content in the product to weight of the product without ultrafiltration 

treatment. If the extent of dissociation of AS from the particle surface is high and the 

concentration of free drug is negligible, drug mass percentage of the nanosuspension 

without ultrafiltration will be smaller than drug loading. 

 

2.7. Zeta potential analysis 

Zeta potential of nanoparticles was measured using the same equipment as that 

for measuring the particle size and size distribution, i.e., Delsa™ Nano C analyzer, 

which analyzes electrical voltage converted from electrophoretic mobility. Positive 

surface charge is commonly deduced from positive zeta potential and vice versa. 

 

2.8.  Determination of glass transition temperatures of PEG-PLAs 

Glass transition temperature (Tg) of each PEG-PLA of defined MW was 

measured using a differential scanning calorimeter (DSC 6000, Perkin Elmer Corp., 

USA). An accurately weighed sample (2-5mg) was placed in a sealed aluminum pan. 

To eliminate its thermal history, each sample was heated to temperatures above its 

melting point at a heating rate of 10°C/min under nitrogen purge (20 ml/min) and then 

rapidly cooled to -60ºC. Tg of the sample was determined in the second cycle of heating 

to 60ºC at a heating rate of 10ºC/min. 

 

2.9. Surface composition analysis 

Samples were analyzed by X-ray photoelectron spectroscopy (XPS), which  

is a standard technique for determining the surface elemental composition of a particle 

at a depth of 5-10nm (Bascom and Chen, 1991). XPS spectra of raw materials, blank 

and drug-loaded nanoparticles were recorded using a Kratos Axis Ultra DLD 

multi-technique surface analysis system (Shimadu, Japan) with a monochromatized Al 
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K-α X-ray (hv 1486.6eV) source. Samples of raw materials and blank nanoparticles 

for XPS were prepared by the following methods: (i) recrystallization from acetone 

and (ii) FNP using an MIVM under the same processing conditions as the preparation 

method of drug-loaded nanoparticles. Samples right after production and after storage 

of 2 h were placed on silica wafers and air-dried overnight. Survey scans (binding 

energy, BE = 0-1400eV), narrow scans of C1s (BE = 274-299eV) and N1s (BE = 

390-410eV) envelopes were conducted for the wafers with pass energy of 40eV. The 

angle of X-ray was 90°. Deconvolution of C1s peaks was performed using XPSPeak 

(version 4.1) software. The deconvoluted peaks were assigned to their corresponding 

carbon species based on the spectral data in the Handbook of X-ray and Ultraviolet 

Photoelectron Spectroscopy (Briggs, 1977) and the National Institute of Standards and 

Technology (NIST) XPS Database (Version 4.1; http://srdata.nist.gov/xps). Possible 

charging effects on the samples were minimized by aligning BE of all peaks with 

reference control by adjusting BE of C-C/C-H peak to 285.0eV. The relative 

compositions of different components were then calculated based on the areas under 

the peaks. 

 

2.10. Analysis of surface morphology and phase imaging 

Atomic force microscopy (AFM) was employed to examine the surface 

morphology and for phase imaging analysis of nanoparticles. Samples were mounted 

on glass wafers, air dried and scanned by a Tapping ModeTM atomic force microscope 

(TM-AFM, Dimension 3100, Digital Instruments, USA) with rotated silicon probes of 

tip radius less than 10 nm, spring constant of 40 N/m (range: 20-75N/m) and 

resonance frequency of 300 kHz (±100 kHz). Cantilever length was fixed at 125 µm 

(±10 µm). A set-point ratio (spr; ratio of engaged oscillation amplitude to free air 

oscillation amplitude) of 0.6-0.9 was employed for all AFM images. 

 

2.11. Statistical analysis 

All material testing and measurements were conducted in triplicate with 

separate batches of samples, and the collected data were analyzed statically by 

unpaired Student’s t-test at the 5% level of significance. 
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3. Results and discussion 

3.1. Initial particle size and stability of ITZ nanoparticles 

Being relatively non-toxic and having a relatively low clearance rate in the 

body, PEGs have been widely employed as stabilizers in pharmaceutical formulations. 

PEGylated excipients such as TPGS and PEG-PLA with amphiphilic character can 

readily adsorb on hydrophobic drug nanoparticles and serve as effective stabilizers for 

such nanomaterials. Both TPGS and PEG-PLA are approved by the U.S. Food and 

Drug Administration (FDA) for use as excipients in pharmaceutical preparations. In 

addition, TPGS has been reported to be capable of enhancing bioavailability and 

cytotoxicity of anti-cancer drugs through inhibition of P-glycoprotein and 

circumvention of multi-drug resistance (Cholkar et al., 2014; Collnot et al., 2006; 

Collnot et al., 2007). PEG-PLAs of different molecular weights are commercially 

available for evaluating the influence of molecular size of AS on the formation of ITZ 

nanoparticles. Thus, the present study has assessed these excipients for potential 

protection of the ITZ nanoparticles. 

Fig. 2 shows the initial particle size of ITZ nanoparticles prepared with TPGS 

and PEG-PLA. The data indicated that ITZ nanosuspensions with initial particle size 

below 200 nm could be readily and reproducibly generated by FNP using the MIVM. 

Incorporation of TPGS produced the smallest ITZ nanoparticles (i.e., size = 91.1 nm ± 

5.9 nm and PI = 0.101 ± 0.031, which is within the true nanoscale). 

Fig. 3 displays the stability profiles of ITZ nanosuspensions using TPGS and 

PEG-PLA stored at room temperature and sub-ambient storage temperature (4°C). All 

the nanoparticle formulations showed improved physical stability at 4°C. Similar 

finding was reported by Kumar et al for PS-b-PEO-coated ITZ nanoparticles (~145 

nm) which remained stable when stored at 5°C but not at ambient temperature 

(Kumar et al., 2009). Although particle aggregation and particle growth cannot be 

entirely suppressed after nanoparticle production, the short-term stability of the 

formulated nanoparticles, as determined by the increase in particle size of 

nanoparticles after 2 h of storage at room temperature (~80 nm for the most stable 

formulation in the present study), is significantly better than the other reported cases 
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of storage stability for particular ITZ nanoparticle formulations in the literature. 

Improvement of particle stability at sub-ambient storage temperature can be 

achieved through a reduction in Ostwald ripening, desorption rate of ASs and in 

particle collision. The rate of Ostwald ripening, which depends on the solute 

concentration in solution, can be reduced by lowering the temperature. Any AS 

capable of solubilizing drug or enhancing drug solubility in water will promote 

Ostwald ripening, and a decrease in temperature will reduce drug solubility (if 

dissolution is endothermic) and the tendency and rate of Ostwald ripening. Since 

TPGS is soluble in water but PEG-PLA is not, TPGS should be more able to 

solubilize ITZ in water. Hence TPGS-stabilized ITZ nanoparticles would be less 

prone to Ostwald ripening when stored at refrigerated temperature due to a reduced 

concentration of free drug. To verify if this was the case, the concentration of free 

drug in freshly prepared ITZ-TPGS nanosuspensions was determined by HPLC. Drug 

loading of the formulation (49.9% ± 0.55%) was found to accord with the theoretical 

value (50%), and drug encapsulation efficiency was nearly 100% (> 99%) with 

negligible amount of free drug (< 2.834×10-3mM) being detected in the suspending 

medium, indicative of essentially complete encapsulation of ITZ.  Liu et al. studied 

quantitatively the Ostwald ripening of β-carotene nanosuspension produced by FNP 

(Liu et al., 2007). In their study, by decreasing THF to water ratio in the precipitation 

medium, they demonstrated a reduction in both β-carotene solubility and Ostwald 

ripening. Ostwald ripening appeared insignificant (i.e., particle size only increased by 

not more than 10 nm over 15 days) when β-carotene solubility was at 0.04 mM, which 

was much higher than the ITZ concentration used in the preparation of ITZ-TPGS 

nanosuspensions. This finding further substantiates the utility of storage at 

sub-ambient conditions for enhancing ITZ nanoparticle stability by minimizing 

Ostwald ripening. 

Since the potential contribution of Ostwald ripening to the instability of ITZ 

nanoparticles had been ruled out, the other possible cause for instability would be 

particle aggregation. Among the ASs being tested, TPGS is the most water-soluble 

stabilizer and should exhibit the highest desorption rate from ITZ nanoparticles. As 

with free drug, desorbed TPGS can also be separated from ITZ nanoparticles and 
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removed from suspending medium by ultrafiltration. The proportion of TPGS 

desorbed can be estimated from the mass percentages of drug in freeze-dried products 

obtained from ITZ-TPGS nanosuspensions with and without ultrafiltration. Assuming 

that the mass of free drug is negligible, an increase in the mass percentage of drug 

after ultrafiltration will be a result of TPGS desorption from ITZ nanoparticles. No 

significant difference in drug mass percentage was found for freeze-dried 

nanosuspensions with and without ultrafiltration (49.9% ± 0.55% without 

ultrafiltration; 50.1% ± 1.56% with ultrafiltration; p > 0.05), indicative of negligible 

TPGS desorption. 

Temperature can also influence the collision rate of nanoparticles in aqueous 

media. The viscosity of suspending medium, as well as the diffusivity and kinetic 

energy of nanoparticles will decrease when the storage temperature is lowered from 

~20°C (ambient) to 4°C (sub-ambient). This will reduce the particle collision 

frequency and hence the chance of particle aggregation. 

 

3.2. Stabilization mechanisms of ASs 

Typical stabilization mechanisms of stabilizers for colloidal suspensions via 

surface adsorption are steric hindrance and ionic stabilization. ITZ nanosuspensions 

are stabilized by ASs whose hydrophilic moieties reside on the particle surface to 

form a steric barrier against particle aggregation and particle growth. The extent of 

steric hindrance depends on the size or bulkiness of the hydrophilic groups in the ASs. 

On the other hand, ionic stabilization relies on the ionization of ASs to generate 

charged groups on the particle surface, which prevent particle aggregation by 

electrostatic repulsion. The extent of ionization of ASs will determine the strength of 

electrostatic repulsion. In the present study, the involvement of surface charges in the 

stabilization mechanism was investigated by zeta potential measurements, and the 

data were analyzed for potential correlation with initial particle size and storage 

stability (Fig. 4). Since ITZ itself showed negligible ionization in the aqueous 

suspending medium, as confirmed by the low zeta potential (-5.45mV ± 0.95mV) of 

its stabilizer-free nanoparticles, any significant change in the measured zeta potential 

is likely to be mainly contributed by the stabilizer on the particle surface. ASs 



15 
 

afforded low zeta potentials in magnitude (<10 mV in magnitude), which accord with 

the relatively low ionization of TPGS and PEG-PLA. 

Zeta potential was found to have no apparent correlation with the initial 

particle size and stability of ITZ nanoparticles. The lack of surface charge effect on 

initial particle size can be explained by the fact that particle growth from nuclei is 

governed by adsorption of ASs on the growing nuclei through hydrophobic interaction 

but not ionic interaction. On the other hand, nanoparticle stability is determined by the 

ionization of ASs to form charged groups on particle surface for preventing particle 

aggregation by electrostatic repulsion. In general, only surface charges of sufficient 

magnitude (corresponding to zeta potential greater than +30mV or less than -30mV) 

are considered effective for stabilizing nanosuspensions by electrostatic repulsion 

(Jacobs et al., 2000). ITZ nanoparticles are thus mainly protected by steric hindrance 

of ASs. 

 

3.3. Effect of size and composition of ASs 

To quench further particle growth and prevent particle aggregation, ASs need 

to diffuse and adsorb rapidly on the ITZ nuclei during particle formation. If the time 

of arresting nucleus growth is sufficiently long, ASs will self-orientate towards their 

most stable equilibrium molecular arrangement (i.e., all hydrophobic tails adsorbing 

on the hydrophobic ITZ core and all hydrophilic heads protruding into the 

surrounding water) since they are employed at concentrations above their critical 

micelle concentrations (CMCs) (Table 1). Nevertheless, considering the highly 

efficient mixing and extremely rapid particle formation in FNP (Russ et al., 2010), it 

is speculated that the orientation of co-precipitating AS is initially not at the most 

stable equilibrium state right after nanoparticle formation. The growth arresting times 

with different ASs on nanoparticles should be very short and thus the differences in 

diffusivities of the ASs would not have any critical impact on nanoparticle formation. 

Based on consideration of the growth arresting time alone, the ITZ nanoparticles with 

different ASs should have similar initial particle sizes. Nevertheless, the actual 

situation is far more complicated. From Fig. 2, it can be seen that the initial particle 

sizes of the samples varied with ASs, implying that AS can affect particle growth not 
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only by surface adsorption, but also by other, possibly more important, mechanisms.  

To focus on the influence of molecular size of AS on the formation of ITZ 

nanoparticles, three PEG-PLAs (2k-2k; 2k-10k; 5k-10k) were employed in the study. 

It was found that the initial particle size of nanoparticles was larger with a longer 

hydrophobic PLA block (PEG-PLA: 2k-2k versus 2k-10k; p < 0.05) (Fig. 2). This 

finding is consistent with the results reported by Riley et al. which revealed an 

increase in the particle size of blank PEG-PLA nanoparticles with an increase in the 

length of PLA block (Riley et al., 2001). Since the size distribution of ITZ 

nanoparticles with PEG-PLA was unimodel, the amount of blank PEG-PLA 

nanoparticles could be assumed to be negligible in the system. This suggests that 

PEG-PLA co-precipitated with ITZ and interfered with its subsequent growth. The 

hydrophobic envelope constructed by PLA limits the amount of ITZ encapsulated. 

Longer PLA block is expected to provide a larger capacity for accommodating the 

hydrophobic drug in the core and thereby give rise to larger initial particle size. On 

the other hand, the initial particle size of nanoparticles was smaller with a longer 

hydrophilic PEG block (PEG-PLA: 2k-10k versus 5k-10k; p < 0.05) (Fig. 2). The 

space occupied by PEG on the surface of nanoparticles is different with different 

lengths of PEG, resulting in a different packing structure of PEG-PLA. This has been 

supported by the observation that while diblock copolymers of large volume fraction 

of hydrophilic PEG/PEO (fEO > 0.50) generated relatively small spherical aggregates, 

that of small fEO (0.2-0.42) formed vesicles with relatively thick corona structure 

(Ahmed and Discher, 2004).  

Since ASs attach to ITZ mainly through hydrophobic interaction, larger 

hydrophobic segments of ASs should possess higher hydrophobicity and adsorb more 

tightly on particle surface. On the other hand, larger hydrophilic segments of ASs 

should provide stronger steric hindrance. Thus ASs comprised of longer hydrophilic 

and hydrophobic blocks should produce much more stable nanoparticles. However, 

this inference appears to be in discordance with the results in Fig. 5, which show that 

TPGS with relative small mass for both hydrophilic and hydrophobic segments 

yielded the most stable ITZ nanosuspension. This is perhaps not surprising as TPGS 

has a different chemical structure which can influence the resulting strength of 
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hydrophobic interaction and steric hindrance. In addition, the effect of 

structure-dependent re-orientation of ASs on particle stability should not be 

discounted. 

For the three PEG-PLAs of different PEG and/or PLA block lengths, but of the 

same basic structural PEG and PLA units, the stability of ITZ nanoparticles increased 

with an increase in PEG block length (PEG-PLA: 2k-10k versus 5k-10k; p < 0.05) 

(Fig. 3). This can be attributed to greater steric hindrance provided by the longer PEG 

block. However, the stability of the nanoparticles was shown to decrease with an 

increase in PLA block length (PEG-PLA: 2k-2k versus 2k-10k; p < 0.05) (Fig. 3), 

which appears to contradict the general belief that longer PLA block should exhibit 

stronger adsorption on the hydrophobic particle core and hence yield more stable 

nanoparticles. All these observations suggest that the molecular re-orientation of 

PEG-PLA in nanoparticles is unlikely to be directionally specific. 

 

3.4. Surface composition of ITZ-AS nanoparticles 

As discussed before, the formation of ITZ-AS nanoparticles by FNP may be so 

rapid that the AS molecules have no sufficient time to self-assemble into the most 

stable configuration or micelle-like structure under equilibrium conditions, i.e., with 

all hydrophobic segments residing in the hydrophobic core and all hydrophilic 

segments protruding into the surrounding water. To verify if this was indeed the case, 

elemental composition of the particle surface of the nanoparticles was analyzed by 

XPS. After deconvolution, all the peaks in C1s envelop can be grouped into three 

categories: (i) C(285) (BE = 285.0eV), (ii) C(286-288) (BE = 286 - 288eV) and (iii) 

C(288-290) (BE = 288 - 290eV), as depicted in Fig. 6. While C(285) and C(288-290) are 

contributed by ITZ (C(285),ITZ and C(288-290),ITZ) and hydrophobic (lipophilic) part of AS 

(C(285),L,AS and C(288-290),L,AS), C(286-288) is borne by all segments including ITZ 

(C(286-288),ITZ), hydrophilic part of AS (C(286-288),H,AS) and hydrophobic (lipophilic) part 

of AS (C(286-288),L,AS). Typical deconvolution of C peaks is shown in Fig. 7. It should 

be noted that the signal of Cl was too weak for analysis due to its relatively small 

atomic composition in ITZ. Since TPGS and PEG-PLA do not contain any nitrogen 

(N) atom in their chemical structures, nitrogen atom in ITZ molecules (NITZ) can 



18 
 

serve as a “tracer” both qualitatively and quantitatively for the presence of ITZ on the 

surface of ITZ-TPGS and ITZ-PEG-PLA nanoparticles. All theoretical values were 

calculated based on the assumption of uniform distribution and an absence of 

preferred orientation of all interested chemical species in the nanoparticles. 

With regards to the systems containing pure materials only (i.e., ITZ, TPGS or 

PEG-PLA), it was found that the atomic concentration ratios of 

NITZ:C(286-288),ITZ:C(288-290),ITZ on pure ITZ particle surface analyzed by XPS were 

essentially the same for the following two sample preparation methods: (a) dissolution 

of ITZ in acetone (i.e., final medium was an organic solvent) (41.92%±0.69%: 

47.75%±0.59%: 10.33%±0.18%) and (b) generation of pure ITZ nanosuspension 

using MIVM (i.e., final medium was a water-rich medium) (42.38 ± 0.90%: 

47.26%±0.73%: 10.36%±0.17%) prior to air-drying. Since these ratios were also in 

agreement with the theoretical value (42.11%: 47.37%: 10.53%), it could be inferred 

that ITZ itself did not have any orientation preference. The equations used to calculate 

the theoretical and experimental atomic concentration ratios of 

NITZ:C(286-288),ITZ:C(288-290),ITZ are provided in Appendix A.1.1 and A.1.2, respectively.  

The hydrophilic parts of TPGS and PEG-PLA are both PEG. Since PEG does 

not contribute to C(288-290) signal, C(288-290),L,AS can serve as a tracer for the 

hydrophobic part of pure TPGS or PEG-PLA. Using the experimental data, the 

relative atomic concentration of C(286-288),H,AS can be directly computed by subtracting 

the portion borne by C(286-288),L,AS from the relative atomic concentration of C(286-288) 

on the assumption that C(286-288),L,AS and C(288-290),L,AS are synchronously detected 

(Assumption 1 in Appendix A.2.2). Based on this assumption, the minimum value of 

C(286-288),H,AS was calculated and used as a tracer for the hydrophilic part of TPGS or 

PEG-PLA. Calculations of the theoretical and experimental relative atomic 

concentrations of C(288-290),L,AS and C(286-288),H,AS in pure TPGS or PEG-PLA are 

presented in Appendix A.2.1 and A.2.2 respectively. 

For each ITZ-AS nanoparticle system, since ITZ itself has been shown to have 

no orientation preference, the experimental atomic concentration ratio of 

NITZ:C(286-288),ITZ:C(288-290),ITZ can be assumed to be the same on the surface of pure 

ITZ particle and ITZ-AS nanoparticles (Assumption 2 in Appendix  A.3.2). In other 
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words, the experimental relative atomic concentration of C(286-288),ITZ and C(288-290),ITZ 

on the surface of ITZ-AS nanoparticles can be determined based on the detected  

relative atomic concentration of N. By subtracting the experimental relative atomic 

concentration of C(286-288),ITZ and C(288-290),ITZ from that of C(286-288) and C(288-290), the 

experimental relative atomic concentration of C(286-288),H,AS and C(288-290),L,AS was 

obtained (see Appendix A.3.2). Calculation of the theoretical atomic concentration 

ratio of C(288-290),ITZ:C(286-288),H,AS:C(288-290),L,AS is shown in Appendix A.3.1. 

The relative ratio of hydrophilic to hydrophobic part of stabilizers (RH:L) is the 

atomic concentration ratio of C(286-288),H,AS: C(288-290),L,AS and the data are presented in 

Fig. 8. Fig. 9 shows the relative ratio of ITZ to the total hydrophilic and hydrophobic 

parts of the stabilizer (RD:H+L), that is, the atomic concentration ratio of C(288-290),ITZ to 

[C(286-288),H,AS + C(288-290),L,AS]. Atomic concentration ratio of C(286-288),H,AS to 

[C(288-290),ITZ + C(288-290),L,AS] depicts the relative ratio of hydrophilic part of the 

stabilizer to ITZ plus hydrophobic part of the stabilizer (RH:D+L) on nanoparticle 

surface (Fig. 10).  

The theoretical RH:L was calculated for the case of homogenously distributed 

hydrophilic and hydrophobic segments of stabilizers on the surface of the 

nanoparticles in the presence and absence of ITZ. The theoretical values and 

numerical results for RH:L, RD:H+L and RH:D+L of stabilizers on the surface of the 

nanoparticles with or without ITZ are tabulated in Table 2.  

In general, the RH:L values of all the nanoparticle samples obtained right after 

production were found to be different from the theoretical estimates, indicative of 

preferred orientation of the stabilizers during particle formation. From the perspective 

of thermodynamics, the orientation of ASs attains their equilibrium state when their 

hydrophobic segments form the hydrophobic core and their hydrophilic segments 

protrude into the surrounding water to form a micellar structure. In this circumstance, 

RH:L would tend towards infinity. Nevertheless, the determined RH:L values of the 

freshly prepared products were finite, suggesting that the stabilizers were far from the 

equilibrium state. In other words, the products were not in a micellar form even 

though the concentrations of stabilizers were above their CMCs (Table 1) and the 

PEG surface coverage on nanoparticles was poor or incomplete. Zhu also reached a 
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similar conclusion by comparing the experimental and calculated micellar particle 

sizes and PIs of different AS-stabilized beta-carotene nanoparticles (Zhu, 2013).  

For freshly prepared blank nanoparticles of TPGS and PEG-PLA 2k-2k, the 

observed RH:L values were less than their theoretical estimates whereas the reverse 

was true for the PEG-PLA 2k-10k and PEG-PLA 5k-10k blank samples. This is 

perhaps not surprising, since with the same type of hydrophobic block (PLA), a longer 

hydrophobic block in PEG-PLAs (2k-10k and 5k-10k) would induce a stronger 

hydrophobic force for self-assembly, and thus result in more of the hydrophobic block 

being directed towards the particle core. When ITZ was present in the nanosystems, 

the RH:L with PEG-PLA increased but that with TPGS decreased. Since ASs are 

capable of regulating the growth of ITZ nuclei, they should be able to interact with 

ITZ at the molecular level, leading to a change in RH:L compared with blank 

nanosystems without ITZ. TPGS comprises of PEG and vitamin E succinate, and the 

data in Table 1 show that the solubility parameter difference (|∆δITZ|) between PEG 

and ITZ is smaller than that between vitamin E succinate and ITZ, implying higher 

miscibility and hence higher affinity strength between PEG and ITZ. In other words, 

PEG has a higher tendency to attach to ITZ than does vitamin E succinate. This 

tendency may outweigh the hydrophobic force exhibited by the relatively short 

hydrophobic block, leading to a relatively small RH:L. For the PEG-PLAs, PEG and 

PLA have similar |∆δITZ|. When the block length of PLA is longer than that of PEG, 

PLA has relatively high hydrophobicity and thus stronger binding to ITZ, resulting in 

a relatively high RH:L. This has been substantiated by the observation that the RH:L of 

PEG-PLA 2k-10k was the highest among the all PEG-PLAs tested (2k-2k, 2k-10k, 

and 5k-10k), consistent with its relatively short block length of PEG and long block 

length of PLA. It is worth noting that ASs probably have little time to interact with 

water during extremely rapid nanoprecipitation. Consequently, the affinity between 

PEG and water does not appear critical for nanoparticle formation. 

For all freshly prepared nanoparticle formulations, the values of all RD:H+L 

were not equal or close to zero, suggesting that the drug was not fully shielded by the 

stabilizers. The theoretical RD:H+L followed in ascending order of TPGS < PEG-PLA 

2k-2k < PEG-PLA 5k-10k < PEG-PLA 2k-10k. However, the experimental RD:H+L 
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were closely similar (p > 0.05), implying that the degree of adsorption of ASs on 

particle surface may extensively depend on the nature of hydrophobic drug core. If the 

surface composition of nanoparticles remained essentially unchanged with time, 

RH:D+L would correlate well with particle stability, i.e., larger RH:D+L would reflect 

more stable nanoparticles. However, while the most stable ITZ-TPGS nanoparticles 

showed the lowest RH:D+L, the RH:D+L of the least stable ITZ-PEG-PLA 2k-10k was 

larger than those of ITZ-TPGS and ITZ-PEG-PLA 5k-10k but similar to that of 

ITZ-PEG-PLA 2k-2k. The lack of correlation between RH:D+L and particle stability for 

freshly prepared samples would imply the occurrence of molecular rearrangement of 

ITZ and/or ASs during storage. This deduction was confirmed by subsequent analysis 

of the surface composition of nanoparticles after storage for 2 h, which revealed 

substantial changes in RH:L, RD:H+L and RH:D+L (p < 0.05). 

For all freshly prepared blank AS nanosystems, the associated RH:L increased 

after storage (p < 0.05), implying that AS molecules orientated towards their most 

stable equilibrium state during storage. Blank nanosystem composed of TPGS or 

PEG-PLA 2k-2k displayed a larger increase in RH:L compared with PEG-PLA 2k-10k 

and PEG-PLA 5k-10k, suggesting that the former two ASs displayed faster molecular 

movement and re-orientation of their hydrophilic groups towards the external aqueous 

phase. As TPGS is water-soluble but the tested PEG-PLAs are not (as attested by 

detection of particles present using DLS analysis for pure PEG-PLAs, but not for pure 

TPGS in water), TPGS molecules can move freely in the medium and re-orientate 

quickly towards the most stable arrangement at sufficiently high concentrations (i.e., 

above the CMC) while the mobilities of different MW PEG-PLAs are limited. Table 1 

shows that the measured glass transition temperatures of the various PEG-PLAs 

decrease in descending order of 2k-10k > 5k-10k > 2k-2k, and the molecular 

mobilities of these polymers are expected to follow the reverse rank order (Lee et al., 

2014). 

Among all the AS-protected ITZ nanoparticle formulations, only the 

formulation with PEG-PLA 2k-10k maintained a similar RH:L during storage (p > 

0.05). It is quite likely that the strong hydrophobic attraction between ITZ and the 

PLA moiety of PEG-PLA, coupled with the inherently low mobility of PEG-PLA 
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2k-10k, have rendered molecular re-orientation of PEG-PLA towards the most stable 

micelle-like structure extremely slow. The PEG-PLA in the drug nanoparticles was 

found to show no significant molecular rearrangement and desorption. Interestingly, 

the formulation with PEG-PLA 2k-10k showed an increase in RD:H+L after storage (p < 

0.05) despite having an essentially unchanged RH:L. In view of the fact that this 

nanoparticle preparation yielded negligible amount of free drug in the suspending 

medium, the increase in drug proportion at the particle surface was likely to be due to 

an outward diffusion of solubilized ITZ from the core to the particle surface. Such 

solubilization or mobilization of ITZ in the core may be induced by its close 

association with the relatively mobile PLA block of the stabilizer. Once the mobilized 

ITZ reached the external aqueous medium, it would precipitate again to form 

relatively coarse particles.  

The situations were apparently more complicated for the formulations 

containing TPGS, PEG-PLA 2k-2k and PEG-PLA 5k-10k because the three stabilizers 

displayed significant movement during storage, as suggested by significant changes in 

their RH:L during storage (p < 0.05) (Fig. 8). It is likely that TPGS, having the highest 

mobility, adsorbed rapidly on the “outward bound” ITZ, resulting in a lower drug 

content on the particle surface, as reflected by a decrease in RD:H+L after storage (p < 

0.05) (Fig. 9). Meanwhile, the hydrophilic PEG groups in TPGS were being drawn 

towards the external aqueous medium. TPGS continued to undergo molecular 

rearrangement towards its thermodynamic equilibrium state while confining ITZ to 

the particle core, as suggested by an increase in RH:L after storage (p < 0.05) (Fig. 8). 

On the other hand, the molecular movement of both PEG-PLA 2k-2k and PEG-PLA 

5k-10k was probably lower than that of ITZ so that a larger proportion of ITZ not 

being adsorbed by the stabilizer could diffuse outwards to the particle surface after 

storage, as indicated by an increase in RD:H+L (p < 0.05). The stability problem 

appeared to be more critical with PEG-PLA 5k-10k than with PEG-PLA 2k-2k, since 

the former nanoparticle system displayed an even lower RH:L after storage, implying 

an even higher propensity of the hydrophilic PEG groups to re-orientate towards the 

hydrophobic particle core and the lipophilic groups to move towards the hydrophilic 

particle surface. Such an increase in severity of the anomalous reorientation of the 
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stabilizer molecules may be explained by the concomitant outward migration of a 

larger amount of solubilized ITZ molecules from the particle core, which carry along 

with them a certain portion of the physically attached hydrophobic tails of the 

stabilizer towards the particle surface.  As mentioned earlier, such drug-induced 

anomalous molecular re-orientation of the stabilizer is dependent on the molecular 

mobility and drug solubilizing capacity of the stabilizer. Based on its Tg (Table 1), 

PEG-PLA 2k-10k should have the lowest molecular mobility among the three 

PEG-PLAs tested, and in terms of solubilizing capacity, it should be comparable to 

PEG-PLA 5k-10k, which has an equivalent-sized PLA segment (Rekatas et al., 2001). 

Unlike PEG-PLAs 2k-2k and 5k-10k, PEG-PLA 2k-10k displayed an essentially 

unchanged RH:L after storage, suggesting that the outward migration of solubilized 

ITZ exerts no impact on the re-orientation of the stabilizer molecules. The lack of 

such impact may be explained by an exceptionally low molecular mobility of 

PEG-PLA 2k-10k. In fact, the order of stability of ITZ-AS nanoparticles was found to 

follow the order of mobility of ASs used but not the order of RH:L or RH:D+L of 

nanoparticles (Fig. 8 and 10). The rapid rearrangement of ASs during storage can 

greatly help to reduce particle aggregation and drug leakage from nanoparticles. Fig. 

11 summarizes the re-orientation and rearrangement process of ASs with various 

mobilities in ITZ nanoparticles. 

 

3.5. Morphology and phase imaging of ITZ-AS nanoparticles 

Tapping-mode AFM (TM-AFM) allows observation of heterogeneous 

materials with enhanced contrast through phase imaging. Fig. 12 shows the 

topographic and phase image of ITZ-TPGS nanoparticles before and after storage. 

The nanoparticles were roughly spherical in shape, and the observed size was in 

agreement with the results obtained by DLS particle sizing. It has been reported that 

the PEG blocks have a lower stiffness than the PLA blocks in the PEG-PLA co-block 

polymers, and hence can be differentiated from the latter by their darkened image 

(Essa et al., 2010). For the ITZ-TPGS nanoparticles in the present study, this 

technique is expected to reveal a black coating on the nanoparticles if the PEG blocks 

in TPGS are sufficiently concentrated on the surface of the nanoparticles and directed 
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towards water. Fig. 12 shows an absence of a clearly darkened region on the 

ITZ-TPGS nanoparticles, suggesting that the surface of the nanoparticles was not 

completely covered by the PEG groups prior to and after storage even though the 

molecular rearrangement of TPGS might have proceeded for quite some time. This 

inference for incomplete PEG surface coverage accorded well with that based on the 

XPS study where the RH:L value was still finite initially, but approached infinity after 

storage (see Section 3.4). Fig. 12b shows the presence of relatively small lumps on the 

surface of a huge particle, indicative of particle aggregation and an apparent increase 

in particle size during storage. 

 

4. Conclusions 

TPGS-stabilized ITZ nanoparticles with initial particle size less than 100 nm 

and PI below 0.2 have been successfully generated by FNP using a four-stream 

MIVM. The short-term stability of the nanoparticle formulation is significantly better 

than the other reported cases of storage stability for particular ITZ nanoparticle 

formulations in the literature. Elucidation of the actual packing structure of ASs in 

nanoparticles is critical for devising effective strategies for circumventing the stability 

problem. Ideally, to achieve maximum stability for the nanoparticles, ASs should 

assume the most stable molecular orientation or arrangement in the nanoparticles with 

their hydrophobic tails adsorbed on nucleating drug particles and hydrophilic heads 

directing towards the external aqueous medium (i.e., a micelle-like structure). It was 

found that ASs were not in this most stable structure in both freshly prepared blank 

and drug-loaded nanosystems. This is mainly attributable to the highly efficient 

mixing of antisolvent and solution streams, and consequential extremely rapid 

precipitation (within milliseconds) of the nanoparticles in the MIVM. Since the 

nanoparticles are formed within such a short time-scale, the AS therein does not have 

sufficient time to undergo re-orientation and rearrangement to the most stable 

equilibrium state. Differences in the interaction strength between the hydrophobic 

segment of AS and drug as well as between the hydrophilic segment of AS and drug 

were seen to govern the orientation of AS during particle formation. In the absence of 

drug, ASs in blank nanosystems can more readily re-orientate towards their 
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thermodynamic equilibrium position. Since solubilized ITZ inside the hydrophobic 

particle core can diffuse to and precipitate on particle surface, ASs need to move 

faster than ITZ in order to maintain adequate protection for ITZ from the surrounding 

aqueous medium and to continue the molecular rearrangement process until 

completion. Mobility of ASs was found to exert a greater influence on the stability of 

drug-loaded nanoparticles than the initial packing structure of ASs in the nanoparticles. 

XPS has been shown to be an invaluable tool for monitoring the time-dependent 

change in surface structure of rapidly formed nanoparticles. The present findings may 

have important implications for the selection of effective amphiphilic stabilizers for 

the formulation of stable drug nanoparticles.  
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Figures and Tables 

 

Stabilizer/drug Concentration of 

stabilizer in 

nanosuspensions (𝛍M) 

CMC at room 

temperature (𝛍M) 

Tg (℃) 𝛅𝑰𝑻𝒁 𝐨𝐫 𝛅𝒔𝒕𝒂𝒃𝒊𝒍𝒊𝒛𝒆𝒓 

((MJ/m3)1/2)b 

|∆𝜹𝑷𝑬𝑮| 

((MJ/m3)1/2) 

|∆𝜹𝑰𝑻𝒁| 

((MJ/m3)1/2) 

ITZ --- --- 59 (Six et 

al., 2001) 

26.5 (Bellantone et 

al., 2012)  

5.1 0 

PEG --- --- --- ~21.4 (Zhu, 2013) 0 5.1 

Vitamin E 

succinate 

--- --- --- 19.0b 2.4 7.5 

PLA  --- --- --- ~21.3 (Zhu, 2013) 0.1 5.2 

TPGS 163.4 20 (Sadoqi et al., 2009)  --- --- --- --- 

PEG-PLA 2k-2k 62.5 4.5 (Garofalo et al., 2013) -42.72a --- --- --- 

PEG-PLA 2k-10k 20.8 < 0.95, CMC decreases 

with increasing the MW of 

13.85a --- --- --- 
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PLA (Yang et al., 2007) 

PEG-PLA 5k-10k 16.7 < 3.8 (Garofalo et al., 

2013)  

-16.61a --- --- --- 

a Determined by DSC 
b Calculated using the method of Hoy (Barton, 1991)  

 

Table 1. Properties of ITZ and stabilizers (∆𝛅𝑷𝑬𝑮 =  𝛅𝑰𝑻𝒁/𝒔𝒕𝒂𝒃𝒊𝒍𝒊𝒛𝒆𝒓 −  𝛅𝑷𝑬𝑮 ;  ∆𝛅𝑰𝑻𝒁 =  𝛅𝒔𝒕𝒂𝒃𝒊𝒍𝒊𝒛𝒆𝒓 −  𝛅𝑰𝑻𝒁)
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Nanosystems containing solely stabilizer 
(without ITZ) 

RH:L 

TPGS Theoretical value 23 
Right after preparation 10.194 ± 0.334 
After storage for 2 h 14.909 ± 0.945 

PEG-PLA 2k-2k Theoretical value 3.214 
Right after preparation 2.553 ± 0.299 
After storage for 2 h 5.628 ± 0.741 

PEG-PLA 2k-10k Theoretical value 0.647 
Right after preparation 1.692 ± 0.119 
After storage for 2 h 2.186 ± 0.057 

PEG-PLA 5k-10k Theoretical value 1.640 
Right after preparation 2.177 ± 0.121 
After storage for 2 h 2.668 ± 0.107 

ITZ nanoparticles with stabilizer RH:L RD:H+L RH:D+L 

ITZ nanoparticles with 
TPGS 

Theoretical value 23 0.09 7.255 
Right after preparation 0.933 ± 0.049 0.104 ± 0.003 0.777 ± 0.038 
After storage for 2 h 12.241 ± 0.786 0.031 ± 0.001 8.680 ± 0.401 

ITZ nanoparticles with 
PEG-PLA 2k-2k 

Theoretical value 3.214 0.096 2.287 
Right after preparation 10.531 ± 0.408 0.100 ± 0.003 4.883 ± 0.111 
After storage for 2 h 7.281 ± 0.313 0.141 ± 0.004 3.359 ± 0.131 

ITZ nanoparticles with 
PEG-PLA 2k-10k 

Theoretical value 0.647 0.149 0.520 
Right after preparation 10.63 ± 0.217 0.104 ± 0.002 4.822 ± 0.110 
After storage for 2 h 10.694 ± 0.144 0.144 ± 0.006 3.981 ± 0.121 

ITZ nanoparticles with 
PEG-PLA 5k-10k 

Theoretical value 1.640 0.116 1.256 
Right after preparation 7.939 ± 0.399 0.104 ± 0.004 4.113 ± 0.138 
After storage for 2 h 3.722 ± 0.332 0.162 ± 0.008 2.107 ± 0.156 

Table 2. Result summary from the XPS study (n=3)
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Fig. 1. Preparation of drug nanosuspensions using MIVM. 
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Fig. 2. Initial particle size of ITZ nanoparticles prepared with various stabilizers 

(ITZ:stabilizer = 1:1 w/w; n = 3). 

 

 
Fig. 3. Stability profiles of ITZ nanosuspensions with TPGS and PEG-PLA. Solid 

lines and dotted lines represent the nanosuspensions stored at room temperature and 

refrigerated condition, respectively (n = 3). 
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Fig. 4. Correlation of zeta potential, initial particle size and stability of ITZ-AS 

nanoparticles (n = 3). 

 

 

Fig. 5. Correlation of MW, initial particle size (n = 3) and stability (n = 3) of ITZ-AS 

nanoparticles. 
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Fig. 6. Classification of carbon binding energy ranges in ITZ, TPGS and PEG-PLA. 
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Fig. 7. Representative XPS peak fitting of freshly prepared ITZ-TPGS nanoparticles 

(ITZ:TPGS = 1:1 w/w). 

 

 
Fig. 8. Atomic concentration ratio of C(286-288),H,AS to C(288-290),L,AS (RH:L; n=3). 
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Fig. 9. Atomic concentration ratio of C(288-290),ITZ to [C(286-288),H,AS + C(288-290),L,AS] 

(RD:H+L; n=3). 

 

 
Fig. 10. Atomic concentration ratio of C(286-288),H,AS to [C(288-290),ITZ + C(288-290),L,AS] 

(RH:D+L; n=3). 
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Fig. 11. A schematic diagram illustrating structural packing of AS in ITZ 

nanoparticles right after production and after 2 h of storage. 
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(a) 
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(b)  

 
Fig. 12. Topographic image (top left), phase image (top right) and particle size 

distribution (bottom) of ITZ-TPGS nanoparticles (a) right after production and (b) 

after storage of 2 h (small lumps on a huge particle were indicated by arrows). 
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