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Abstract. Biodegradable particles are extremely useful in the 
development of novel drug delivery systems. Recent studies 
have suggested that morphology can influence the mechanisms 
of drug delivery in many ways. In the present study, biodegrad-
able microparticles with different morphologies were prepared 
from poly(L‑lactide) (PLA) using the electrospraying tech-
nique. The microparticles were then systematically examined 
by scanning using an electron microscope. The results revealed 
that the preparation of drug-loaded microspheres through elec-
trospraying is a simple and efficient method, and the processing 
parameters, such as polymer molecular weight, concentration, 
surfactant and solvent play an important role in obtaining high 
quality microcarriers. The association between microcarrier 
morphology and the processing parameters used was also 
investigated. Rifampin-loaded PLA microspheres were also 
prepared according to the above-mentioned model. Our data 
demonstrate that the drug release from PLA microspheres 
can be sustained in vitro for over 60 h. Our study focused 
on obtaining electrosprayed medicated microparticles from 
complex polyester particles. Further studies are required to 
explore the potential commercial use of these microparticles.

Introduction

Biodegradable micro/nanoparticles are extremely useful in the 
development of novel drug delivery systems. They can carry 
densely loaded drug solutions, improve drug stability and 
bioavailability, and extend the effects of drugs or genes through 
sustained release. Besides, they provide a versatile platform 
for the delivery of various types of compounds, ranging from 
small molecules to macromolecules, such as proteins and oligo-
nucleotides. Synthetic particles of diverse forms have gained 
increasing attention, as evident from recent studies, which 
suggested that morphology can influence the mechanisms of 
drug delivery in many ways (1-4). For example, an optimum 

form or shape can help tailor the kinetics of the drug release, 
and even avoid the initial burst (5). The morphology of polymer 
particles also highly influences their transport and circulation 
inside the body (6,7).

The aliphatic polyesters, specifically poly(L-lactide) (PLA), 
polyglycolide  (PGA) and their copolymer, poly(lactide-co-
glycolide) (PLGA) (8,9) are some of the most widely used 
materials in medical treatment, due to their superior biodegrad-
ability and biocompatibility. Over the past decade, considerable 
progress has been made in the design of these drug carriers, 
which includes the modification of the particle surface to 
improve stability and circulation throughout the body (10), 
biospecific targeting of cellular ligands or extracellular matrix 
components (11-14) and the incorporation of diagnostic imaging 
agents (15).

To date, a variety of techniques have been used to produce 
polymeric particles, such as suspension (16) or emulsion (17) 
polymerization, solvent evaporation (18) spray drying (19-21) 
and the Shirasu porous glass (SPG) membrane emulsification 
technique (22). However, the majority of these methods cannot 
be used to synthesize particles with varying morphologies. 
Gel microparticles have also been generated by microfluidic 
devices (23). The use of various electrical potential differences 
for droplet formation is known as electrospraying, wherein the 
formation depends on the actual jet breakup wavelength under 
flow instabilities (24). A number of polymer particles, such as 
poly(methyl methacrylate) (PMMA) (25), polyvinylidine fluo-
ride (PVDF) (26), polystyrene (PS) (27) have been produced 
using electrospray technology; however, to date, few studies on 
PLA particles with different morphologies prepared by electro-
spraying for drug loading are available in the literature.

In this study, we not only synthesized PLA microparticles 
by electrospray technology, but also loaded rifampin into the 
PLA microcarrier using the electrospraying technique and 
investigated the release behavior in vitro.

Materials and methods

Materials. The PLA microparticles were synthesized in our 
laboratory. The molecular weights were determined by gel 
permeation chromatography (GPC). The results are presented in 
Table I. Rifampin, proteinase K and triethyl benzyl ammonium 
chloride (TEBAC, C13H22CIN) were obtained commercially. 
Tris(hydroxymethyl)aminomethane (Tris-base) was supplied 
by Merck and used without further purification to prepare the 
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Tris-HCl buffer solution of pH 8.6. Chloroform and acetone 
were of analytical grade.

Polymer processing by electrospray technology. In the prepara-
tion of precursor solutions, chloroform was used as the solvent for 
PLA. Generally, a controlled amount of PLA is dissolved in chlo-
roform, and then 5% of TEBAC (w/v) with respect to the polymer 
used was added to the polymer solution, along with continuous 
magnetic stirring at room temperature for 24 h. Consequently, 
PLA solutions of different molecular weights were obtained.

The polymer solution was transferred to a 5‑ml syringe 
attached to a stainless steel blunt nozzle with an internal diam-
eter of 0.4 mm, which was connected to a high-voltage power 
supply (Acopian Technical Co., Easton, PA, USA). The high-
voltage power supply was used to generate a 5 kV potential 
difference between the nozzle and the grounded aluminum foil. 
The distance used for spraying the PLA solution was adjustable. 
A schematic diagram of the experiment is presented in Fig. 1.

Characteristics of the polymer products. A scanning electron 
microscope  (SEM, JSM 5600LV) was used to observe the 
morphology of the gold-coated polymer products at a 20 kV 
acceleration voltage. Fourier transform infrared (FTIR; Bio-Rad 
Win-IR) spectroscopic analysis of the electrosprayed polymer 
products was carried out over a range of 400-4,000 cm-1 at a 
resolution of 2 cm-1.

In vitro release of the drug. The polymer microsphere solu-
tions containing a specific amount of the drug were sealed in 
a dialysis bag (molecular weight cut-off, 30,000) and incubated 
at 37˚C in 200 ml of Tris-HCl buffer solution (pH 8.6, 0.05 M) 
containing 3 µg/ml of proteinase K. Proteinase K was not 
added for the blank control. At pre-determined time intervals, 
4 ml of the medium was released and replaced with an equal 
quantity of buffer. The concentration of the drug in the release 
medium was determined directly using a UV-Visible spec-
trophotometer (WFZ UV-2102; Shanghai Unique Machinery 
Technology Co., Ltd, Shanghai, China) at 473 nm. The concen-
tration of rifampin in the release medium was confirmed by 
comparing the UV absorbance of rifampin with a standard 
calibration curve of rifampin in the same buffer. Thereafter, the 

total amount of rifampin released was calculated as a function 
of incubation time.

Stability test. The stability of the microspheres loaded with 
rifampin was also tested. Two groups of samples were exposed 
to air for 140 days. The samples were collected on day 70 and 
day 140 and analyzed for their appearance, drug concentration 
and release percentage.

Results

Effect of different parameters on the morphology of the 
PLA microparticles. The concentration used influences the 
morphology of the electrospray products. SEM images of the 
products dissolved in chloroform at various concentrations of 
PLA (Mn=5.62x104) are shown in Fig. 2. Only microfibers 
or nanofibers were formed using a 5% (w/v) PLA solution 
(Fig. 2A). By decreasing the PLA concentration to 2-3% of 
its original molecular weight, a beads-on-a-string structure 
was observed (Fig. 2B and C). Further dilution resulted in a 
decrease in the quantity and the diameter of fiber, while the 
number of beads increased, and the shape of the beads changed 
to a semispherical shape (Fig. 2D). The fibers disappeared and 
only hollow semi-shperical particles were present at a concen-
tration equal or <1% weight (Fig. 2E and F).

The effect of polymeric molecular weights on the 
morphology of the resulting products is shown in Fig. 3. In 
the case of a high molecular weight, the morphology of the 
electrospray particles assumed a bowel-like structure (Fig. 3A); 
with the decreasing molecular weight, the bowel wall thick-
ened. A spherical transformation occurred with a reduction 
in the polymer molecular weight, with dents in the spherical 
structure  (Fig.  3B). When the polymer molecular weight 
was decreased to a lesser extent, a smooth microsphere was 
formed (Fig. 3C).

The effect of surfactant on the morphology of the prod-
ucts is shown in Fig. 4. The products with TEBAC assumed 
a hollow semi-spherical structure, and their surfaces were 
compact and smooth (Fig. 4B), while those without TEBAC 
presented a cake-like structure with few of pores on their 
surface (Fig. 4A).

Figure 1. Experimental unit for electrospraying. Preparation of polymer microshperes loaded with rifampin. PLA (Mn=6.29x103) was dissolved in chloroform 
to prepare a 10% (w/v) solution. Subsequently, 3% TEBAC and 3% of rifampin were added to the polymer solution. After 24 h, the solution was electrosprayed. 
PLA, poly(L-lactide); Mn, number average molecular weight; TEBAC, triethyl benzyl ammonium chloride.
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Drug-loaded PLA microspheres. The rifampin-loaded 
microspheres presented a brick red color and the pure PLA 
microspheres presented a white color  (Fig. 5A). The FTIR 
spectra, where the medicated PLA carriers presented the 
characteristic peaks of both PLA and rifampin, at 1,756 cm-1 
and 1,188 cm-1, and 1,526 cm-1 and 1589 cm-1, respectively are 
shown in Fig. 5B. No new peaks or any shift in the peak sites 
was observed.

The drug release profiles for the medicated microspheres 
are presented in Fig. 6. Hardly any release of the drug was 

observed in the microspheres withoug proteinase K throughout 
the 60‑h period. However, the amount of drug released 
increased rapidly with the passage of time when the enzyme 
was used. No burst release phenomenon was observed, and the 
release percentage of rifampin was 60% at 60 h.

Discussion

Changing the polymer concentration can vary the solution 
viscosity. The viscoelasticity of the polymer solution, charge 

Figure 2. SEM images of electrosprayed PLA (Mn=5.62x104)/CHCl3 solutions at various concentrations: (A) 5%, (B) 3%, (C) 2%, (D) 1.5%, (E) 1%, and (F) 0.5%. 
TEBAC (5%) was added to the above polymer solutions. SEM, scanning electron microscopy; PLA, poly(L-lactide); Mn, number average molecular weight; 
TEBAC, triethyl benzyl ammonium chloride.

Figure 3. SEM images of electrospraying different PLA/CHCl3 solutions of (A) 0.3% (Mn=6.43x104), (B) 1.2% (Mn=3.11x104), and (C) 11% (Mn=6.29x103). 
TEBAC (5%) with respect to the polymer used was added to the above polymer solutions. SEM, scanning electron microscopy; PLA, poly(L-lactide); Mn, 
number average molecular weight; TEBAC, triethyl benzyl ammonium chloride.

Figure 4. SEM images of electrospraying (A) 0.3% PLA (Mn=6.43x104)/CHCl3 solution without the surfactant TEBAC, and (B) 11% PLA (Mn=6.29x103)/CHCl3 
solution containing 8% TEBAC with respect to the polymer. SEM, scanning electron microscopy; PLA, PLA, poly(L-lactide); Mn, number average molecular 
weight; TEBAC, triethyl benzyl ammonium chloride.
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density on the jet and the surface tension of the solution are the 
key factors that influence the morphology of eletrosprayed prod-
ucts (28). In case of dilute polymer solutions, the low viscoelastic 
force of the solution jet is not resistant enough to the stretch 
exerted by the electrical force, and consequently, the repulsive 
Coulomb force during the time-of-flight mass spectrum results 
in the fragmentation of the electrically driven jet. Surface tension 
controls the contraction of the jet for the formation of beads (29). 
The separate beads are obtained on the collector. When the 
concentration of the polymer in the solution is above the non-fiber 
forming critical concentration (Table I), a thin filament appears 
between two drops, which, instead of breaking rapidly, assumes 
the shape of the beads, and changes from a spherical shape to 
a spindle-like appearance. With the increasing concentration of 
the polymer solution, the viscoelastic force resists the breaking 
effect of electrical force and surface tension on the jet, which 
is reflected as an expulsion of the jet, and the development of 
filaments along the electrical field.

Another important parameter that inf luences the 
morphology of electrospray products is polymeric molecular 
weight, and hence, we defined the non-fiber forming critical 
concentration for the polymer at each weight average molec-
ular weight. The results are shown in Table I. The non-fiber 
forming critical concentration is influenced by the polymer 
molecular weight, and it decreases with an increase in the 
polymer molecular weight. When working in the non-fiber 
concentration range, the polymer solution ejects through the 
capillaries in the electric field, and within a few milliseconds, 
countless solution drops are formed. During the flight towards 
the collector, the solvent evaporates, and the solution concen-
tration rises up, leading to the precipitation of the polymer, 
and finally, the drops solidify. In the case of high molecular 
weight polymers, the entanglement between polymer molecules 
occurs easily due to the longer backbone chain or the more 
pendant groups, and even at relative low concentration, fibers 
are obtained (30). Hence, a high molecular weight PLA serves 
as particle framework, at a lower concentration. Electrospray 
drops retain a spherical structure due to surface tension during 
the flight, but at extremely low concentrations, the drops can be 
hollow. Thereafter, the drops bump at the collector, and their 
surfaces subside to form hollow semis-pheres.

The surfactant plays a role of solubilization in the process 
of dissolution (31). For example, benzene is immiscible in 
water, but its solubility is improved after the addition of sodium 
oleate into water. Solubilization is different from dissolution. 
Solubilized benzene is not uniformly dispersed in water, but is 
rather entrapped in the forming of the oleate micelles. Hence, 
in order to refine the structure of the product, in this study, 
varying amounts of surfactant TEBAC were added to dilute the 
polymer solution. SEM images of electrospraying 0.3% PLA 
(Mn=6.43x104)/CHCl3 solution with or without the surfactant, 
TEBAC are shown in Figs. 3A and 4A. The surfactant plays an 
important role in influencing the product structure. However, 
the results obtained in this study were unexpected. The prod-
ucts with TEBAC assumed a hollow semi-spherical structure, 
and their surfaces were compact and smooth (Fig. 3A), while 
those without TEBAC presented a cake-like structure with few 

Figure 5. (A) The PLA microshpere and the medicated microsphere obtained by electrospraying. (B) FTIR spectrum of rifampin, PLA microspheres, rifampin/PLA 
composite microspheres. PLA, PLA, poly(L-lactide); FTIR, Fourier transform infrared spectroscopy.

Figure 6. Release percentage of rifampin from electrosprayed microspheres 
vs. time. The inset shows the SEM image of medicated PLA microshperes 
obtained by eletrospraying. The molecular weight of PLA is Mn=6.29x103. 
SEM, scanning electron microscopy; PLA, poly(L-lactide); Mn, number 
average molecular weight.
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of pores on their surface (Fig. 4A). This may have occurred as 
the surfactant solubilizes and improves electrical conductivity. 
Moreover, the effects of varying TEBAC concentrations on 
electosprayed products are shown in Figs. 3C and 4B. The prod-
ucts synthesized with PLA solution containing 5% TEBAC 
had better morphology (Fig.  3C) than those containing 
8% TEBAC (Fig. 4B). Excessive surfactant produces a great 
deal of conglomeration of the polymer molecule, resulting 
in conglutination between two particles. Hence, the excess 
amount of surfactant deteriorated the morphology.

Rifampin and PLA (6.29x103) solutions were dissolved and 
sprayed to obtain the drug microspheres. The preparation of the 
drug-loaded microspheres through electrospraying is a simple 
and efficient method, and different from other process, with 
potential for application on an industrial scale. To ascertain 
the state of rifampin in the particles, pure rifampin, blank PLA 
microparticles, and the medicated PLA microcarriers were 
characterized by FTIR spectroscopy. No new peaks or any 
shift in the peak sites was observed (Fig. 5B), which suggested 
that rifampin had physically mixed with PLA. From the inset in 

Fig. 6 it can be seen that rifampin crystals were not detected by 
optical or electronic microscopy, neither on the surface of the 
particles nor outside the particles, indicating that rifampin was 
included within the particles.

Drug release from a biodegradable polymer occurs by diffu-
sion and matrix erosion following degradation. The stability of 
the medicated microcarriers is shown in Table II. Compared 
to the initial sample, there was a negligible variation in both 
weight and the color of the samples. The drug content and 
release percentage increased slightly at 140 days. This may be 
due to the degradation of PLA during the test. Nevertheless, the 
PLGA microspheres were also prepared by the same technique 
as drug-loaded microspheres.

In this study, PLA microcarriers of varying morphologies 
were synthesized by refining the eletrospraying process. The 
results revealed that processing parameters, such as solu-
tion concentration, polymer molecular weight, surfactants 
and solvents play an important role in electrospraying. The 
association between microcarrier morphology and processing 
parameters was determined (Fig. 7). The drug-loaded PLA 
microspheres and PLGA microspheres were also produced as 
per the above relational model. Drug-loaded microspheres can 
sustain release in vitro for over 60 h, and the release is stable for 

Figure 7. Formation conditions of different morphological PLA microparticles. PLA, poly(L-lactide).

Table I. Polymers and non-fiber forming critical concentrations.

				    Non-fiber 
PLA			   Poly	 forming critical
samples	 Mn	 Mw	 dispersity	 concentration (%)

1	 6.29x103	 8177x103	 1.3	 - wt
2	 3.11x104	 7.13x104	 2.2	 1.2 wt
3	 5.62x104	 7.97x104	 1.4	 1.0 wt
4	 6.43x104	 1.04x105	 1.6	 0.5 wt

PLA, poly(L-lactide); Mn, number average molecular weight; Mw, weight 
average molecular weight.

Table II. Results of the stability test.

				    Release
Time (days)	 Color	 Weight	 Content	 percentage

  70	 -	 -	 -	 -
140	 -	 -	 +	 +

The ‘+’ and ‘-’ symbols indicate that there are variations or no variations, 
respectively following sample degradation.
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over 20 weeks. Our study focused on obtaining electrosprayed 
medicated microparticles from complex polyester particles; 
further studies are warranted to investigate their commercial 
use.
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