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Purpose: The purpose of this study was to develop a novel and continuous method for prepar-

ing a nanosized particle of drug crystals and to characterize its properties.

Materials and methods: A new apparatus was introduced to crystallize nanosized drug 

crystals of amitriptyline hydrochloride as a model drug. The samples were prepared in the pure 

state by ultrasonic spray, and elaborated deposition was completed via electrostatic adsorption. 

Scanning electron microscopy, X-ray powder diffraction, and atomic force microscopy were 

used to characterize the size of the particles; this was subsequently followed by differential 

scanning calorimetry.

Results and discussion: Nanoparticles of drug crystals were successfully prepared. The size of 

the drug crystals ranged from 20 nm to 400 nm; the particle size of amitriptyline hydrochloride 

was approximately 71 nm. The particles were spherical and rectangular in shape. Moreover, 

the melting point of the nanoparticles decreased from 198.2°C to 196.3°C when compared to 

raw particle crystals. Furthermore, the agglomeration effect was also attenuated as a result of 

electrostatic repulsion among each particle when absorbed, and depositing on the inner wall of 

the gathering unit occurred under the electrostatic effect.

Conclusion: Ultrasonic spray-assisted electrostatic adsorption is a very effective and continu-

ous method to produce drug nanocrystals. This method can be applied to poorly water-soluble 

drugs, and it can also be a very effective alternative for industrial production. Once the working 

parameters are given, drug nanocrystals will be produced continuously.

Keywords: nanomedicine, amitriptyline hydrochloride, continuous, nanoparticles

Introduction
Nanomedicine is the subfield of nanotechnology that uses nanomaterials for cancer 

diagnosis,1–3 gene transfer,4,5 imaging and drug delivery,6–8 and so on, by engineering 

their structures, compositions, sizes, and shapes, and by modifying their surfaces with 

ligands9 at the atomic and molecular scale. Nano drug delivery is one of the most inter-

esting areas in nanomedicine. Nanoparticles are defined with a nanoscale in the range 

of 10–1,000 nm; they are smaller than cells and can yield pleasantly surprising effects. 

Nanocapsules,10,11 nanobubbles,12 nanoliposomes,13,14 micelles,15,16 and nanoparticles6,17 

have been explored with some success for developing high-performance delivery 

systems in the past few years. However, low encapsulation efficiency and relatively 

good chemical stability are still not satisfactory. The elaboration of nanosized crystals 

had been introduced by different methods due to its advantages of precise control 

of size, dosage form diversification, and high level of drug release (approximately 

100%). Three methods (milling, precipitation methods, and homogenization), as well 
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as a possible combination of these methods, can be used to 

produce nanocrystals of a desired shape and size.

As the classical nanocrystal technology, milling 

methods – which are known as top-down approaches to 

nano materials from the first half of the 20th century – by a 

stainless steel ball or a pearl mill, are completed by filling 

with a container to achieve particle size diminution. The 

drug material to be crushed is added in the form of a pow-

der with a grain size diameter of about 50–100 µm, and the 

milling time can last from about 30 minutes to several hours 

or several days, depending on the different drugs and many 

other factors such as the surfactant content, hardness of the 

drug, viscosity, temperature, energy input, and size of the 

milling media.18–22 This process is simple and low-energy; 

however, its weaknesses lie in the fact that the grinding balls 

contribute to impurities, and it is a slow process. Precipitation 

methods are the other method used to make nanosized drug 

materials; hydrosol is essentially a classical precipitation 

process known as “via humida part-time.” The drug materi-

als are dissolved in a solvent and are subsequently added to 

a nonsolvent, leading to the precipitation of finely dispersed 

drug nanocrystals.23,24 Oil/water two-phase system regions 

are excellent and effective carriers; they are characterized 

by bioavailability solubility, and improve the bioavailability 

of only poorly water-soluble drugs. They are not universally 

applicable for most drug materials. High-pressure homog-

enization, a simple process that was developed in 1999 for 

nanoparticle production, is also used for preparing nanosized 

drugs.25 Only drugs that are poorly water soluble in both 

aqueous and organic media can be easily formulated into 

nanoparticulate suspensions. The advantage of this process 

is that it is a fast method and it is a continuous process. This 

method needs high-energy techniques and requires a great 

level of experience. In addition, nanoparticle agglomeration, 

which reduces the specific surface area, still exists and can 

reduce the effect of nanoparticles to a certain extent.

The objective of this study was to develop a new and 

continuous method for the atomization process in the 

preparation of nano- and submicro-sized drug particles for 

the first time.

An ultrasonic nebulizer is used to generate the aerosol 

in which a piezoelectric transducer is located at the central 

part of the bottom of the container. When the piezoelectric 

transducer is switched on, ultrafine droplets generate on the 

upper surface of the liquid due to the qualification caused 

by ultrasonic waves generated in the liquid. The mechanism 

of ultrasonic atomization, by which vibration of the liquid 

surfaces causes atomization, has been studied by Lang.26 

The droplet size can be estimated reasonably accurately 

using Lang’s equation:26

 d
p
 = 0.34(8πσ/[ρf2 ])(1/3), [1]

where d
p
 is the droplet size, σ is the surface tension (dyne/cm), 

ρ is the density (g/mL), and f is the excitation frequency (Hz). 

A constant fraction of 0.34 of certain frequencies ranging 

from 10–800 kHz is given. The capillary wavelength is cal-

culable by Kelvin’s equation using the excitation frequency 

and the properties of the fluid being atomized. The effect 

of the liquid phase viscosity and the flow rate in modifying 

this correlation has been highlighted by Rajan and Pandit.27 

There is a good correlation between capillary wavelength 

and droplet size, and the capillary wavelength increases 

slowly with liquid phase viscosity. Although Lang’s study26 

is only limited to the low frequency range, many studies28–30 

have shown that particle size might be directly related to the 

wavelength of these capillary waves.

Amitriptyline hydrochloride (AMT ⋅ HCl) was chosen as 

the model drug for this study. This method is an important 

particle size reduction technology that can be operated both 

in the laboratory and in industry settings.

Material and methods
Materials
chemicals
In general, the model drug (raw AMT ⋅ HCl; purity =99.6%; 

pH =5.4) was purchased from Hubei Xindali Biochemical 

Co., Ltd. (Hubei, People’s Republic of China). Anhydrous 

ethanol and diethyl ether of analytical grade were obtained 

from Chengdu United Chemical Industry Supply and 

Marketing Storage Limited Company (Chengdu, People’s 

Republic of China). High-purity nitrogen (99.999%) was 

bought from Changjun GAS Co, Ltd (Mianyang, People’s 

Republic of China). The ultrasonic nebulizer (402-B) with 

a series of ultrasonic frequencies was supplied by Jiangsu 

Yuyue Medical Equipment and Supply Co., Ltd. (Jiangsu, 

People’s Republic of China); the work voltage was 220 V and 

the ultrasonic transducer frequency was 1.7 ± 0.17 MHz.

experimental setup
The ultrasonic spray-assisted electrostatic experimental 

installation, which was designed by our own laboratory, is 

shown in Figure 1. It was made of three main parts: 1) an 

ultrasonic spray, which is used to generate an aerosol on the 

upper surface of the liquid of the solution; 2) an oven, which 

can be heated differently with different zones (the half of the 
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Figure 1 a brief representation of the crystallization apparatus.
Abbreviation: aMT, amitriptyline.
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oven closest to the entry is hot in temperature, and it attenu-

ates this temperature at the other half of the oven); and 3) an 

electrostatic adsorption precipitator, which is composed of 

two electrodes, between which an electrostatic field would 

exist once the switch is turned on. In consideration of safety, 

and also to balance the efficiency of the installation, the 

minimum distance of the two electrodes was 9.0 cm.

Methods
Preparation of aMT ⋅ hcl nanoparticles
About 0.71 g of raw AMT ⋅ HCl was dissolved in 30.0 mL 

of anhydrous ethanol (solvent), in a concentration (3 wt%) 

below the saturation point at 25°C. When the ultrasonic spray, 

which has been given an ultrasonic frequency, is turned on, 

it produces an aerosol on the upper part of the solution; the 

aerosol quantity is affected by the frequency, as well as by the 

liquid level. Then, the aerosol is transported by an inert gas 

(nitrogen) flow out of the container and turn into droplets.

When the droplet enters the oven, which was heated 

differently in different zones, the crystallization process of 

nano-amitriptyline (AMT) is quickly completed upon evapo-

ration of the solvent. The droplet of different size can get a 

complete crystal growth, as a result of unequal heating. The 

AMT nanoparticles flow out of the oven with the help of the 

gas flow, and continue to be dried at a temperature 80°C ± 1°C 

(which is higher than the boiling point of anhydrous ethanol). 

As a result of being charged by an electrode (which applied an 

electrical tension of 3–11 kV), nano-AMT ⋅ HCl was prepared 

via directional movement from the anode to cathode under 

the force of electrostatic attraction. The particles produced 

accumulated close to the bottom of the precipitator. A dry 

or water-free solvent is very important, because a small 

amount of water would cause the loss of energy, and cause 

difficulty in increasing the working temperature. There are 

few nanoparticles that are stored in the electrostatic adsorp-

tion precipitator because most of these particles almost 

adhere to the inner wall of the oven during the first hour of 

the experiment. The production rate is constant for a given 

work parameter, when particles appear in cylindroid electri-

cal precipitator.

characterization of aMT ⋅ hcl 
nanoparticles
scanning electron microscopy
The morphology and surface appearance of the nano-

AMT ⋅ HCl particles were characterized by field scanning 

electron microscopy (SEM) (Ultra 55; Carl Zeiss Meditec 

AG, Jena, Germany). The sample was placed on double-sided 

tape and then observed using field SEM at an acceleration 

voltage of 15 kV after gold sputtering coating under the 

vacuum degree of 10−6 Pa for 120 seconds.

Particle size and size distribution
The average size and particle size distribution of AMT ⋅ HCl 

were calculated by means of counting more than 300 particles 

from the obtained SEM images via the statistics obtained 

from the SmileView software (JEOL; Tokyo, Japan).

X-ray diffraction
The phase content of AMT ⋅ HCl was determined by X-ray 

diffraction (XRD) (X’Pert PRO; PANalytical, Almelo, 

the Netherlands) analysis using Cu–Ka radiation at 50 kV 
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and 30 mA, and a monochromatic graphite diffracted beam. 

The samples were packed into an amorphous silicon holder, 

and the diffraction angle (2θ) was scanned from 5°C–80°C; 

the scanning rate was 10°C ⋅ minute−1.

atomic force microscope
The imaging of nano AMT ⋅ HCl was carried out in ambient 

conditions on a SPA300HV atomic force microscope (AFM) 

(SPA300HV; Japan), which was equipped with a piezoelectric 

ceramic scanning head. The tapping mode was used with a 

length of 10 × 10 µm and a spring constant of 40 N ⋅ m−1.

Differential scanning calorimetry
Samples of raw AMT ⋅ HCl and prepared AMT ⋅ HCl were 

analyzed with differential scanning calorimetry (DSC) 

(Diamond DSC; PerkinElmer, Waltham, MA, USA). The 

conditions of the DSC were as follows: sample mass: 2.0 mg; 

heating rate: 10 K ⋅ minute−1; and nitrogen atmosphere (flow 

rate: 30 mL ⋅ minute−1).

Results and discussion
Working parameters
The experimental installation described above runs under 

the adjustment of several different work parameters, which 

were all identified with the obtained nanosized medicinal 

materials and the output of the installation. The droplet size, 

the main influencing factor (which is decided by the surface 

tension and the density of the solution that changes with dif-

ferent solvent types), and the excitation frequency offered by 

ultrasonic transducer have been discussed. The other most 

important parameters that were identified and studied are 

discussed in the following sections.

liquid level in reactor
The liquid level in the reactor is the first variable involved 

in the reduction of particle size, as shown in equation 1, 

as the droplet can generate via ultrasonic atomization. 

Conversely, the amount of the droplet that is transported 

into the system is decided by the liquid level. The level that 

yields the greatest amount of aerosol can be obtained by a 

series of experiments.

solution concentration
Solution concentration significantly affects the particle 

size of the product. Generally speaking, there was a posi-

tive correlation between the concentration and the average 

particle size. This means that the high solution concentra-

tion yields a large AMT ⋅ HCl particle size; namely, the 

particle size decreased with the reduction of the solution’s 

concentration.

Inert gas flow
Inert gas is used to increase the distance between each 

droplet and to transport the aerosol and the particle after 

the nanocrystals form. There is a balance between the 

transportation and the deposition. Relatively high inert 

gas flow will result in a loss of the materials, and to the 

contrary, low inert gas flow will lead to a low production 

rate or no production.

Working temperatures
The working temperature of the oven is the key parameter for 

preparing nanoparticles. In fact, there is a course of crystal-

lization that occurs – the droplet enters into the oven, the 

liquid evaporates, and the material crystallizes and continues 

to be dried in the second part of the oven. The temperature of 

the first part of the oven is about 20°C–40°C higher than the 

boiling point of the solvent (for fast evaporation); otherwise, 

possible aggregation would occur. In addition, the tempera-

ture of the second part of the oven is normally 10°C–20°C 

lower than the first part of the oven in order to reduce the rate 

of crystallization. This is due to the idea that crystallization 

that occurs too quickly will make an unexpected deposit in 

the oven instead of in the precipitator.

electrical precipitator temperature
The electrical precipitator is the place where the sample depos-

its as time goes on; as such, the precipitator should be provided 

in order for the particle to exist at a temperature that is normally 

1°C–3°C higher than the boiling point of the solvent.

The results presented below were all obtained with the 

following working parameters:

•  inert gas: N
2
;

•  inert gas flow: 60 mL ⋅ minute−1;

•  solvent: anhydrous ethanol;

•  drug: AMT ⋅ HCl;

•  ultrasonic transducer frequencies: 1.7 ± 0.17 MHz;

•  ultrasonic transducer current/voltage: 200 mA/220 V;

•  liquid level in the reactor: 3.0 ± 0.1 cm; and

•  working temperatures: 27°C (reactor), 90°C–110°C 

(oven), and 80°C ± 1°C (electrical precipitator).

characterization of nano- 
aMT ⋅ hcl particles
Nano AMT ⋅ HCl particles were successfully prepared via 

an ultrasonic spray-assisted electrostatic adsorption method. 

Figure 2 illustrates the product deposition.
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Figure 2 Nano-aMT ⋅ hcl deposition in the electrical precipitator.
Notes: (A) Nano-aMT ⋅ hcl deposition in the electrical precipitator. (B) The center negative electrode. (C) samples collected from the electrical precipitator.
Abbreviation: aMT ⋅ hcl, amitriptyline hydrochloride.

20 µm EHT = 20.00 kV
Mag = 1.00 KX

1 µm EHT = 15.00 kV
Mag = 10.00 KX

1 µm EHT = 15.00 kV
Mag = 10.00 KX

200 nm EHT = 15.00 kV
Mag = 50.00 KX

A B

C D

Figure 3 characterization of raw aMT ⋅ hcl and nano-aMT ⋅ hcl.
Notes: scanning electron microscopic images of (A) raw aMT ⋅ hcl; (B) raw aMT ⋅ hcl after ultrasonic wave dispersion for 30 minutes; (C) nano-aMT ⋅ hcl after ultrasonic 
wave dispersion for 30 minutes; and (D) magnification of the red flag area of (C).
Abbreviation: aMT ⋅ HCl, amitriptyline hydrochloride; EHT, extra-high tension; Mag, magnification.
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Morphology characterization
For the SEM analysis, the sample is dispersed in diethyl 

ether by applying ultrasonic waves of 40 KHz for 30 minutes 

and vacuum drying for 12 hours. SEM was used to image 

the morphology of both the raw AMT ⋅ HCl and prepared 

AMT ⋅ HCl; the photographs are shown in Figure 3. The 

image shows a great difference between the raw and pre-

pared samples, which is probably caused by the electrostatic 

interaction and agglomeration. Raw AMT has a polyhedral 

morphology and a particle size of about 1–40 µm (Fig-

ure 3A), while the prepared AMT size is nearly reduced 

to 20–300 nm. In addition, there are two groups of nano-

AMT ⋅ HCl particles (Figure 3C) after ultrasonic processing: 

a smaller particle size (with an average size of 70 nm), and 

another group with an average particle size of 270 nm. No 

obvious particle aggregation was observed. The possible 

reason behind this is that the aerosol size distribution gen-

erated by the piezoelectric transducer during the aerosol 

production process, as well as the chaotic and complex dis-

integration, is variable.27 Thus, small aerosol size droplets 

crystallize small particles, and at the same time, big aerosol 

size droplets crystallize big particles during crystallization. 

In addition, the repulsive force existing in the electrostatic 

field of each particle reduces the agglomeration between 

each of the particles. Though the effects of ultrasound can 

help diminish particle size to a certain extent, the main 
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Figure 4 size distribution of nano-aMT ⋅ hcl particles.
Abbreviation: aMT ⋅ hcl, amitriptyline hydrochloride.
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contribution of being nanosized involves the rupture of the 

capillary surface waves and their subsequent ejection, in 

the aerosol process. The suitable particle size distribution 

of the prepared nanoparticles is also given and the aver-

age particle size is about 70 nm (as shown in Figure 4), 

and the particle size distribution is relatively narrow with 

60–300 nm of smaller sized particles when compared with 

the distribution of the raw AMT ⋅ HCl particles (which is 

determined by counting more than 300 particles from the 

obtained SEM images).

The sample was prepared by dispersing the nanoparticles 

in a nonsolvent like diethyl ether, and by applying ultrasonic 

waves (40 KHz). After complete dispersion, a 3.0 mL droplet 

was placed on an atomic flat mica support. The liquid was 

then evaporated at 60°C. After the evaporation process, the 

sample was fixed on the scanning head of the AFM. Figures 5 

and 6 show the AFM of a nano-AMT ⋅ HCl sample obtained 

by using the crystallization process with an ultrasonic trans-

ducer frequency of 1.7 MHz. The micrograph of Figure 5A 

provides a global AFM registration of a relatively large scan-

ning area; Figure 5B shows that the threshold of the particles 

is about 53 nm. The image indicates that the particles have 

their respective sizes determined by the other techniques. 

There are two kinds of particles sizes: elementary particles 

of about 40–90 nm in size, and agglomerates of about 

100–400 nm in size (Figure 6A and B). AFM microscopy, 

which does not need a vacuum or heating, is considered the 

most suitable method for the characterization of nanoparticle 

sizes. The sample is not destroyed during the observation, 

and can therefore be observed.

Physicochemical property 
characterization
Another technique that is employed to characterize the obtained 

product is XRD. XRD was used to determine the phase 

content, the mean size of the elementary crystallites, and the 

amorphous degree of the product. The peaks (Figure 7A) of 

the raw AMT ⋅ HCl at 2θ were 18.50°, 20.96°, and 22.96°, and 

the crystalline structure of raw AMT ⋅ HCl was also observed. 

The peaks of the prepared AMT ⋅ HCl shift at 2θ = 20.94°, 

22.96°, and 25.80°. Most of the peaks of the nano-AMT ⋅ HCl 

are presented, indicating that the prepared AMT ⋅ HCl might 

be present in a well-crystalline state. As Figure 7B shows, the 

mean particle size can be calculated by Scherrer’s equation.31 

The obtained result is in the order of 55.0 nm. The results were 

consistent with the results of the AFM, but were 17 nm less 
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Figure 5 characterization of nano-aMT ⋅ hcl.
Notes: (A) global aFM-registration of nano-aMT ⋅ hcl, and (B) three-dimensional 
image of nano-aMT ⋅ hcl by dispersing the nanoparticles in a nonsolvent diethyl ether.
Abbreviations: aMT ⋅ hcl, amitriptyline hydrochloride; aFM, atomic force 
microscope.
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Figure 6 height measurements on different nano-aMT ⋅ hcl particles.
Notes: atomic force microscope of (A and C) elementary particles of about 40–90 nm (66 nm, 67 nm, and 86 nm surfaces analyzed from left to right), and (B and D) 
agglomerates of about 100–400 nm (360 nm, 291 nm, 188 nm, 274 nm, and 205 nm surfaces analyzed from left to right).
Abbreviation: aMT ⋅ hcl, amitriptyline hydrochloride.
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than with SEM. The possible reason for this is that the applied 

vacuum and the heating of the sample by the electronic beam 

induced the instability of the sample. In addition, as the image 

was taken, time had to be spent to register the whole image, 

so that the particles formed agglomerates. Figure 8 shows the 

results of DSC. Raw AMT ⋅ HCl exhibited an obvious melting 

process, with a peak of 198.2°C, which implied the crystalline 

form of AMT ⋅ HCl. Furthermore, a tendency of the melting 

point to decrease was confirmed from 198.2°C to 196.3°C. 

In order to further explain the experimental results, another 

sample of a different size was prepared with a different work 

parameter, and this sample was also tested; the result showed 

that a similar change was observed by DSC characteriza-

tion, which agrees well with previously published measure-

ments.32–34 The possible reason for the decrease in melting 

temperature is that more and more atoms are on the surface 

of the particle, which increases the free surface energy, and 

consequently decreases the crystal energy by decreasing the 

particle size. Therefore, precise measuring of the prepared 

AMT ⋅ HCl is reasonable and desirable.

Conclusion
In this work, a new method used to prepare Nano-AMT ⋅ HCl 

was successfully conducted using the ultrasonic spray-assisted 
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Figure 7 XrD of raw aMT ⋅ hcl and prepared aMT ⋅ hcl.
Notes: (A) Patterns of aMT ⋅ hcl. (B) Mean size determination of the nanoparticles by XrD.
Abbreviations: aMT ⋅ hcl, amitriptyline hydrochloride; XrD, X-ray diffraction.
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Figure 8 Dsc curves for raw aMT ⋅ hcl and prepared aMT ⋅ hcl.
Notes: sample 1 and sample 2; heating rate: 10°c minute−1. The particle size of sample 2 is about 60 nm (not displayed here).
Abbreviations: aMT ⋅ hcl, amitriptyline hydrochloride; Dsc, differential scanning calorimetry.
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electrostatic adsorption method. The mean particle size of 

nano-AMT is 53 nm, and it presents with a narrow particle size 

distribution. This method can be used for other drug materials, 

such as doxorubicin and so on, but differences exist in terms 

of the solvent, temperature, and other working parameters. 

Different characterization methods showed that the nanosized 

drug crystals can be produced continuously via this method. 

Ultrasonic spray-assisted electrostatic adsorption is a very 

effective and continuous method to produce drug nanocrystals. 

This method is also applied to poorly water-soluble drugs, and 

it is a very effective alternative for industrial production.
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