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While conventional methods for biodegradable particle production rely predominately on batch, emulsion
preparation methods, an alternative process based on multiplexed electrospray (ES) can offer distinct
advantages. These include enhanced encapsulation efficiency of hydrophilic and hydrophobic agents, scale-up
potential, tight control over particle size and excellent particulate reproducibility. Here we developed a well-
controlled ES process to synthesize coated biodegradable polymer particles. We demonstrate this process
with the Poly(DL-lactic-co-glycolic acid) system encapsulating amphiphilic agents such as doxorubicin
(DOX), Rhodamine B (RHOB) and Rhodamine B octadecyl ester perchlorate (RHOBOEP). We show that in a
single-step flow process particles can be made encapsulating the agent with high efficiency and coated either
with emulsifiers that stabilize particle morphology or that may facilitate further functionalization for targeted
drug delivery. The coating process allows for the surface modification of the particles without further changes
in particle size or morphology, and with minimal loss of drug (N94% encapsulation efficiency). This synthesis
technique is well suited for massive scale-up using microfabricated, multiplexed arrays consisting of multiple
electrospray nozzles operating in parallel. A simple analytical model of the diffusion of the encapsulated agent
within the polymer reveals two distinct phases in the cumulative release profile: a first phase in which the
release is dominated by diffusion and a second phase with a slower release related to the erosion of the
polymer matrix. The first, diffusion-driven stage is highly affected by particle agglomeration properties,
whereas the second one shows a much less pronounced dependence on particle size. Modeling suggests the
size of the particles will substantially influence the initial burst in both the percentage of drug released and the
rate at which it is released, it will also affect to a smaller extent the secondary slow and sustained release. Our
study highlights the importance of tight control over particle size and morphology and the avoidance of
particle aggregation for control over the release kinetics and formulation repeatability.
43

+1 203 432 7654.
ez).

lsevier B.V.

, A multiplexed electrospray process for sing
rel.2011.05.018
© 2011 Published by Elsevier B.V.
4445
62

63

64

65

66

67

68

69

70

71

72

73

74

75

76
1. Introduction

Solid, biodegradable polymer particles, encapsulating an active
agent are attractive systems for sustained drug delivery [1–9]. While
many different polymers can be considered, one of the most
commonly used and extensively investigated is Poly(DL-lactic-co-
glycolic acid) (PLGA) [1–8]. PLGA controlled release systems can be
fabricated using a number of techniques such as solvent evaporation,
double emulsion, phase-inversion nanoencapsulation, polymer pre-
cipitation and polycondensation, and soft lithography [5–9]. While
most of them suffer from numerous shortcomings, including: modest
encapsulation efficiency, batch-nature of the process, difficulty to
scale-up, poor control of the particle size distribution, difficulty to
generate sufficiently small particles (b100 nm), poor repeatability
and limitations with respect to encapsulation of hydrophilic agents
77
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80
[5–8], we have developed a novel multiplexed electrospray (ES)
technique as an alternative, continuous and high throughput method
amenable to generation of sub-100 nm particles under reproducible
manufacturing conditions.

The ES is an electrohydrodynamic process in which a spray of
monodisperse droplets is formed by passing a liquid with sufficient
electrical conductivity through a capillary charged to a sufficiently
high potential with respect to a ground electrode a short distance
away [10]. Polymer particle synthesis using the electrospray has been
reported in the literature by electrospraying a solution of polymer-
active agent in a sufficiently conductive solvent. The solvent evap-
orates during the flight of the droplets towards a ground electrode,
which is designed to collect the residual particles and, in its most
common realization, is as a solid, electrically conducting substrate
[11–19]. Even though the ES is able to produce PLGA particles that are
originally monodisperse in size at both the micro and the nanoscale
[20], the hydrophobic nature of PLGA causes these particles to
aggregate when immersed in aqueous solutions. The aggregates, of
sizes orders of magnitude larger than the original particles, not only
le-step synthesis of stabilized polymer particle..., J.
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compromise the control over size and the monodispersity previously
achieved by the ES but, most importantly, affect the drug release
kinetics for sufficiently hydrophilic active agents imbedded in the
particles.

In order to prevent this aggregation, the polymer particles need to
be individually stabilized. Unlike the traditional ES synthesis entailing
collection on a solid substrate, the proposed technique allows for the
coating of the dried particles with liquid-phase agents in the particle
collecting medium. Although a similar approach was used elsewhere
by selecting the medium based on a hardening process [21–23], there
are very few published studies in which the collection occurs after
the solidification of the polymer particles from the spray droplets.
Among them, the use of water [24] or solutions with surfactants and
crosslinkers in the collection of chitosan [25], cholesterol [26] and PLA
[27] particles have been demonstrated. However, the stabilization of
ES-generated PLGA particles for their dispersion in aqueous solution
has not been studied. In addition, the multiple advantages that the
presence of a variety of surface agents in the collecting solution can
provide were not fully appreciated in any of the mentioned studies.

Furthermore, since the ES exhibits a monotonic dependence of
droplet size on flow rate [28], the production rate of micro- and,
especially, nanoparticles, may be too small when using a single ES
source. Minimizing collection times by using sufficiently high
production rates is critical for high throughput production, and can
be achieved by using multiplexed devices developed in our group
[29,30], consisting of several ES sources working in parallel.

Here, we first describe our Multiplexing ElectroSpray (MES)
system for the synthesis and coating of PLGA particles encapsulating
Doxorubicin (DOX), a highly potent antineoplastic agent approved for
use against a wide spectrum of tumors. We characterize the obtained
particles and compare their performance with their uncoated
counterparts synthesized by traditional ES, focusing on the effect of
the hydrophobicity of the encapsulated drug, of the particle size
distribution and of the compactness of the polymermatrix in the drug
release. We conclude by assessing the relative advantages of our
method with respect to conventional Solvent Evaporation (SE)
techniques. Additional materials are included in the Supplementary
data (SD).

2. Materials and methods

2.1. Materials

Ester-terminated 50:50 Poly(DL-lactic-co-glycolic acid) (PLGA,
Mw=53.8 kDa) was obtained from Lactel Absorbable Polymers. Poly
(ethylene maleic anhydride) (PEMA, Mw=400 kDa) was obtained
from Polysciences Inc. Poly(vinyl alcohol) (PVA, 87–90% hydrolyzed,
Mw=30–70 kDa) was purchased from Sigma-Aldrich. 2,2,2-trifluor-
oethanol (TFE), dimethyl sulfoxide (DMSO), methylene chloride (DCM)
(all of them with purity of N99%), and phosphate buffer saline solution
(PBS, 1×) were purchased from Sigma-Aldrich. Doxorubicin hydro-
chloride (DOX) was purchased from Fisher Bio Reagents. Rhodamine B
(RHOB, Acros Organics) and Rhodamine B octadecyl ester perchlorate
(RHOBOEP, Sigma Aldrich) were used as drug surrogates.

2.2. Methods

2.2.1. Single electrospray (ES) and multiplexed electrospray (MES)
syntheses

Drug loaded PLGA microparticles were synthesized by using a
traditional single ES source with outer and inner diameters of 150 μm
and 70 μm, respectively, as well as a multiplexed electrospray (MES)
device. The latter (Fig. 1) comprises an array of 19 microfabricated
nozzles in silicon and an extractor electrode. The sources, with outer
and inner diameters of 210 μm and 60 μm respectively have a pitch of
675 μm. The extractor electrode, with multiple 400 μm orifices, each
Please cite this article as: B. Almería, et al., A multiplexed electrospray
Control. Release (2011), doi:10.1016/j.jconrel.2011.05.018
concentric with the nozzles, is separated from the chip by a 300 μm
thick insulating spacer. Further details of the MES device are
documented in [29,30]. A voltage drop of approximately 2 kV between
the nozzle chip and the extractor (charged at 13 kV) provided the
electric field needed to generate the electrosprays. A second and third
ring electrode, charged at 12.5 kV and 10 kV respectively, and placed
5 mm and 10 mm below the extractor, helped accelerate the particles
towards the collecting solution, which was electrically grounded and
situated 12 cm below them. The whole set up was confined inside a
9 cm diameter Teflon cylinder (not sketched in Fig. 1 for simplicity),
and a smooth dry 20 l/min air coflow was provided to control
temperature and humidity, As elaborated in SD 1.7, the coflow rate
was small enough to avoid deformation of the droplets and to ensure
electrostatic-drivenmotion of the latter. The collector used in theMES
synthesis was a solution of Poly(vinyl alcohol) (PVA) in deionized
water. Once the PLGA particles contact the surfactant, its hydrophobic
part irreversibly binds to the polymer surface and creates an
interconnected network, while its hydrophilic half faces the dispers-
ing medium [31–33]. The coating process starts once the dried
particles touch the surface of the bath, since that is where PVA
molecules are most likely to accumulate. To ensure homogeneous
coating among all particles and avoid crowding of the particles at the
surface of the electrode/bath, the latter was continuously regenerated
by gentle stirring of the solution. As further explained in the following
sections, collection times could vary as the result of a compromise
between production rate and drug loss from the immersed particles.
The particle suspension was centrifuged at 10,000 rpm (12,857 rcf)
for 10 min in an Eppendorf 5804R centrifuge, and the supernatant
fluid was removed and replaced by fresh deionized water. This
process was performed three times to remove the excess emulsifier
and the unbound drug. The clean particles were lyophilized and
stored at −11 °C.

Different batches of PLGA particles that were synthesized by the
ES/MES (as well as the SE) methods are summarized in Table 1, listing
particle diameter d10, relative standard deviation (RSD) and encap-
sulation efficiency (EE). Further details are available in the more
comprehensive Table SD 1. DOX was the encapsulated drug. In addi-
tion, RHOB and RHOBOEP (with octanol/water partition coefficients
such that log Kow,=1.48 and 8–9 [34,35], respectively) were used as
hydrophilic and hydrophobic drug surrogates to cover the broadest
range of hydrophobicity possible, since it is one of the main factors
affecting drug release kinetics [2–6]. It is then expected that the great
majority of drugs employed in drug delivery systems fall within this
range, as does DOX (log Kow=1.85 [37]).

2.2.2. Solvent evaporation synthesis
DOX, RHOB and RHOBOEP-loaded particles were generated using a

single or double emulsion method (see Table 1 and SD 1). The
corresponding volume (which varied depending on the encapsula-
tion efficiency of each drug) of a 2.5 mg/ml solution of drug in DCM
(single) or deionized water (double emulsion) was added to a
solution of 500 mg PLGA in 10 ml DCM. This solution was subse-
quently emulsified by adding it dropwise and under fast stirring to an
aqueous phase consisting of 20 ml of 5%(w/v) PVA in water. Stirring
speeds varied from 1700 rpm to 24,000 rpm in different particle
batches, andwere achievedwith a homogenizer (Ika T25 digital Ultra-
Turrax). Solvent from this O/W or W/O/W emulsion was removed by
evaporation while magnetic stirring for 3 h in 500 ml of 0.2%PVA at
room temperature. The generated particles were collected, washed
and stored as explained above.

2.2.3. In vitro drug release
PLGA-active agent particulates were incubated in PBS with

concentrations of 2 mg/ml and continuously rotated at 37 °C. At
predefined times, the suspension was centrifuged and the superna-
tant fluid was collected and replaced by fresh PBS. Detection of the
process for single-step synthesis of stabilized polymer particle..., J.
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released drug was done by analyzing the fluorescence of the samples
(excitation/emission: 540/625 nm for RHO and 470/90 nm for DOX)
and contrasting it with standard calibration curves. In vitro experi-
mentswere performed by triplets, and the data shown is an average of
the obtained results. Error bars have not been plotted for simplicity,
but RSD among the three measurements were usually ≤5%.

2.2.4. Characterization methods
PLGA particulate morphology and compactness were analyzed by

SEM (Hitachi SU-70), and FIB (Fei Quanta 3D) both from Fei Company.
Operational parameters can be found in SD 1.1 and SD 1.2. Size dis-
tributions were determined by visual analysis from SEMmicro-graphs
using the freeware Image J (NIH) from particle populations containing
at least 1000 counts.

The amount of PVA on the particles surface was determined by
the colorimetric essay explained in [33], and was expressed as the
percentage in weight with respect to the total weight of the particle
(see SD 1.3 for more details).

The amount of encapsulated drug in specific weights of dissolved
microparticles was quantified by contrasting their fluorescence
emission with standard calibration curves. The encapsulation effi-
ciency (EE) was calculated as the ratio of measured encapsulated
active agent (μg of drug per mg of particles) to theoretical maximum
loading (see specific formula used in SD 1.4 on line). The nominal
loading was 0.5 μg drug/mg particles. Such a small amount of active
agent was intentionally chosen, and it is not a limitation associated
with the synthesis method.
Please cite this article as: B. Almería, et al., A multiplexed electrospray
Control. Release (2011), doi:10.1016/j.jconrel.2011.05.018
3. Results and discussion

Stabilization of PLGA particles with a PVA coating was performed
using theMES technique described in the previous section. Adding the
surfactant to the ES solution was not considered, since it is not
possible to ensure that all of the stabilizer molecules will uniformly
coat the surface of the particle, and a fraction of particles could be
entangled inside the PLGA matrix.

3.1. Characterization of MES-generated particles and comparison with
traditional ES technique

3.1.1. Particle size
PLGA nanoparticles encapsulating DOX, RHOB and RHOBOEP were

synthesized using a traditional ES single source (no coating) as well as
a MES device (PVA-coating). SEM micrographs of lyophilized, PVA-
coated PLGA–RHOB particles can be seen in Fig. 2. As listed in Table 1,
coated and uncoated particle mean diameters differed by less than 5%,
and the level of monodispersity achieved by the single-source ES was
preserved when using the MES (RSDb15%). Particle sizes were in
good agreement with the values estimated using empirical ES scaling
laws [28], as elaborated in SD 1.6.

3.1.2. PVA surface coating
The collection time, together with the concentration of stabilizer in

the collecting bath and the number of subsequent washing cycles,
affects to a certain extent the thickness of the coating, providing a
process for single-step synthesis of stabilized polymer particle..., J.
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Table 1t1:1

Main features of particles synthesized with different methods, including: active agent, d10, measured mean particle diameter; RSD, relative standard deviation; d32, measured Sauter
Mean Diameter (SMD) [36], and encapsulation efficiency EE.

t1:2
t1:3 Synthesis method Active agent Batch # d10 (μm) RSD (%) d32 (μm) EE (%)

t1:4 ES collection on solid substrate DOX 1 1.34 10 1.36 94
t1:5 RHOB 2 1.12 10 1.14 94
t1:6 RHOBOEP 3 1.12 10 1.14 100
t1:7 DOX 4 94
t1:8 RHOB 5 0.58 13 0.60 94
t1:9 DOX 6 94
t1:10 RHOB 7 0.82 14 0.85 94
t1:11 MES collection in PVA solution DOX 8 1.32 13 1.36 94
t1:12 RHOB 9 1.15 15 120 94
t1:13 RHOBOEP 10 1.16 15 1.21 100
t1:14 DOX 11 0.62 13 0.64 94
t1:15 RHOB 12 0.60 14 0.62 94
t1:16 DOX 13 0.89 14 0.92 94
t1:17 RHOB 14 0.86 16 0.90 94
t1:18 RHOB 15 0.91 12 0.94 94
t1:19 SE, single emulsion DOX 16 0.87 95 2.49 6.2
t1:20 RHOB 17 0.50 110 2.12 5.2
t1:21 18 1.04 79 2.14 5.6
t1:22 19 0.93 78 1.90 5.1
t1:23 20 4.58 64 7.76 5.7
t1:24 RHOBOEP 21 0.43 110 1.84 100
t1:25 22 1.06 73 2.16 100
t1:26 SE, double emulsion DOX 23 0.71 75 1.66 15
t1:27 24 1.36 75 3.06 13
t1:28 RHOB 25 0.54 97 1.65 4.1
t1:29 26 1.34 61 2.19 5.1
t1:30 27 1.54 61 2.52 5.6
t1:31 SE, after centrifugation RHOB 28 0.63 63 1.11
t1:32 RHOBOEP 29 0.68 50 1.02
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moderate control over it. We kept the number of washing cycles and
the particle collection times fixed, and varied the concentration of PVA
in water in the collecting bath. The amount of PVA in the particles
surface was fairly similar when low-concentrated solutions were used
(1.78 and 1.62% w for 0.25 and 0.5% w/v PVA in water, respectively),
and increased up to 2.36% when a 5%w/v solution was used. This
increase agrees with the fact that PVA only stays in solution as single
molecules at concentrations lower than 2.5% w/v [33]. For higher
concentrations, PVA aggregates will bind to the surface of the polymer
particles, increasing considerably the thickness of the coating. As
elaborated in SD 3.2, approximately 8–11 PVA layers built up on the
surface of the particles, and remained on it despite further washing.
281

282

283

284
3.1.3. High encapsulation efficiency (EE)
Since the ES per se does not entail any drug loss, the EE of the MES

synthesis depends solely on the coating step. Collection times must be
2µ

Fig. 2. Stabilized (PVA-coated) MES-generated PLGA p

Please cite this article as: B. Almería, et al., A multiplexed electrospray
Control. Release (2011), doi:10.1016/j.jconrel.2011.05.018
chosen by compromising between the amount of particles to be
produced, which depends on the level of multiplexing, and the
amount of drug loss that can be afforded, which depends on the
physicochemical affinity between the drug and the polymer. A weak
interaction between the two will facilitate the rapid diffusion of the
drug into the collecting media, whereas the drug will remain inside
the polymer matrix in the opposite case. For example, using DOX or
RHOB, collection times of 10 min limited the drug loss to 6%. RHOBOEP,
on the other hand, was fully encapsulated. The encapsulated drug was
homogenously distributed inside the particles, as studied by confocal
microscopy and described in SD 3.3.
3.1.4. Production rates
An increase in the particle production rate by orders of magnitude

and thereby a minimization of the collection times is achievable via
multiplexing. Even though a relatively modest level of multiplexing of
1µmm

articles encapsulating RHOB (batch 14 in Table 1).

process for single-step synthesis of stabilized polymer particle..., J.
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only 19 ES sources was chosen to ease the debugging of the system, a
scale-up by at least three orders of magnitude is feasible preserving
nozzle dimensions, inter-nozzle pitch, and average flow rate per
nozzle [29,30].

3.2. Principal parameters affecting drug release kinetics

3.2.1. Physicochemical affinity between drug and polymer
The effect of drug–polymer physicochemical affinity on the release

kinetics is depicted in Fig. 3 through a comparison between the
cumulative release profiles of RHOB, DOX and RHOBOEP from
stabilized, MES-generated PLGA particles with similar size distribu-
tions and drug loadings (batches 8, 9 and 10). While 98% of the
encapsulated RHOB is released within 1 day, only 6% of the total
RHOBOEP is released after 5 days. Its strong affinity with PLGA prevents
the diffusion of the surrogate drug out of the polymer matrix, which
inhibits the initial burst. DOX, as previously hypothesized, shows an
“intermediate” behavior: 60% of the drug is released in the first 24 h,
while more than 20% remains inside the particles after 5 days.

3.2.2. Importance of controlling particle size throughout the process
To quantify the effect of particle aggregation and, consequently,

size on the kinetics of drug release from PLGA particles, four different
batches of RHOB- and RHOBOEP-loaded particles were synthesized by
means of the ES-drying route. The first two batches (# 2 and 3 in
Table 1) were generated using the traditional single-source ES
synthesis and therefore obtaining pure PLGA–RHO particles. The
other two samples (# 9 and 10 in Table 1) were obtained using the
MES process with a PVA–water solution as collecting medium,
resulting in PVA-coated PLGA–RHO particles.

Fig. 4 shows the obtained release profiles.
The difference in size between agglomerate and dispersed

particles resulted in a substantial change in the release of RHOB.
Since the physical mechanism involved in its release from the
particles is its diffusion out of the polymer matrix, the sharp decrease
in the surface to volume ratio induced by the aggregation lengthens
diffusion times and reduces the initial burst. The release of RHOBOEP,
however, barely varies, since degradation of the polymer matrix
controls the release of this drug, with high physicochemical affinity
with the polymer. These two limiting behaviors help us understand
and predict the effect of particle aggregation on the release of DOX
and similarly amphiphilic compounds from PLGA particles. By analogy
with RHOB, the diffusion-driven stage will be highly affected by the
presence of aggregates. The second phase, on the contrary, will show a
weaker dependence on particle size.
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The diffusion of a drug out of a polymer matrix can be modeled
using the time dependent diffusion equation in spherical coordinates,
which is listed together with its boundary conditions and main
assumptions in SD 2. The cumulative release obtained by integrating
this equation is

%Released = 100⋅ 1− 6
π2 ∑

∞

n=1

1
n2 e

−An2t
� �

; ð1Þ

where A=π2D/R2, R is the radius of the polymer particle and D an
effective diffusivity.

Fig. 5 shows the in vitro cumulative release profiles of RHOB and
DOX from different batches of particles with average diameters d10
close to 600 nm (# 11 and 12 in Table 1) and 900 nm (# 13 and 15).
The experimental points have been fitted with Eq. (1) for the value of
A that minimizes the mean square error between measured and
predicted values. Experimental and theoretical data agree very well
for the case of RHOB (Fig. 5a), confirming that diffusion is the only
mechanism associated with its release. All of the RHOB diffuses out of
the particles within 2 days, with 97.83% and 91.35% of the drug
released during the first 12 h (for the 600 nm and 900 nm diameter
batches, respectively). The cumulative release of DOX, on the other
hand, shows two well-differentiated stages, with a diffusion-con-
trolled initial burst and a subsequent slower release, associated with
the erosion of the polymer matrix (Fig. 5b). 58% and 52% of the drug
diffuses out of the particles during the first 12 h for the 600 and
900 nm batches respectively, and 13.17% and 17.25% remains in the
particles after 15 days. The different behavior is attributed to the
different partition coefficients of the two substances within PLGA. As
explained in [38] and shown in Fig. SD 1, the initial burst suggests that
the entrapment of RHOB occurs in hydrophilic porous regions inside
the PLGA matrix, as opposed to within the hydrophobic chains of
polymer. The release of RHOBwill therefore occur rapidly, bymeans of
diffusion of the drug molecules through tortuous passages inside
the polymer particle. DOX, on the other hand, has a greater partition
coefficient within PLGA, which allows its entrapment within the
chains of polymer in the particle. In this case, the entrapment will also
occur predominantly in the porous regions (~50–60% of the drug
locates there) but the remainder of the drug will be entrapped in the
hydrophobic matrix and will be released only after the erosion of the
latter.

The diffusion coefficient of each drug inside the polymer particles,
D, can be calculated using the values of A obtained after fitting the
experimental results with the theoretical model. This value is actually
an effective diffusion coefficient of the drug through the PBS
contained in the interconnected pores of the PLGA matrix (Dd,eff),
assuming that the drug is impervious to the polymer. Since the mean
process for single-step synthesis of stabilized polymer particle..., J.

http://dx.doi.org/10.1016/j.jconrel.2011.05.018
Original text:
Inserted Text
" #"

Original text:
Inserted Text
" #"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
" hours"

Original text:
Inserted Text
","

Original text:
Inserted Text
"-"

Original text:
Inserted Text
","

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
" hours"

Original text:
Inserted Text
" hours"

Original text:
Inserted Text
"-"



371

372

373

374375
376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

t2:1

t2:2
t2:3

t2:4

t2:5

t2:6

t2:7

t2:8

t2:9

t2:10

t2:11

t2:12

t2:13

Fig.5. Cumulative release profiles of RHOB and DOX from stabilized (PVA-coated) MES-
generated PLGA particles with size distributions d10~600 nm and d10~900 nm.
Diffusion-controlled phases of the release profiles are magnified in the insets.
Continuous lines are best fit of Eq. (2) by optimizing the value of A.

6 B. Almería et al. / Journal of Controlled Release xxx (2011) xxx–xxx

N
A
N
O
M
E
D
IC
IN

E

free path of RHOB and DOX is small compared to the mean pore
diameter, Dd,eff can be related to that of the drug in PBS (Dd,pbs)
through the interconnected pore volume fraction, εv via

Dd;eff =
εv

τpore εvð ÞDd;pbs; ð2Þ

where τpore is a correction for the tortuousity of the pores, i.e. the
variable diameter and direction of the passages [39]. The values of
Dd,eff obtained for the different batches are listed in Table 2.
429

430

431

432

433

434

435

436

437

438

439

440

441

442

Table 2
Diffusion coefficients.

Drug Batch Dpbs (cm2/s) Deff (cm2/s)

DOX 2.96·10−5a

11 9.49·10−16

13 1.53·10−15

8 1.03·10−14

RHOB 2.8·10−6b

12 6.35·10−15

15 8.08·10−15

9 2.31·10−14

a From [40].
b From [41].
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As can be seen, they are substantially smaller than the correspond-
ing Dd,pbs.

To conclude, diffusion plays an important role in the release of
DOX and similarly hydrophilic drugs from PLGA particles. While the
size of the particles will substantially influence the initial burst in both
the percentage of drug released and the rate at which it is released, it
will affect to a smaller extent the secondary stage of the release. A
tight control over particle size and the avoidance of particle aggrega-
tion is necessary to ensure control over the release kinetics, homoge-
neous release among all particles and formulation repeatability.

3.2.3. Effect of solvent volatility on particle compactness and release
kinetics

Solvent volatility was found to affect the sphericity and surface
texture of PVA-coated PLGA particles through its effect on the
compactness (this is, density or pore to compact ratio) of the polymer
matrix in particles generated by ES-drying. Compactness also affected
the drug release kinetics influencing the diffusion- and erosion-
controlled stages of the release.

Fig. 6 shows SEM micrographs of uncoated (Fig. 6a) and PVA-
coated (Fig. 6b, c, and d) RHOB-loaded particles. Uncoated particles
were synthesized by ES a solution of PLGA–RHOB–TFE over a solid
substrate. Coated particles were synthesized by electrospraying a
solution of PLGA–RHOB in either TFE–DMSO (Fig. 6b) or TFE (Fig. 6c
and d) over a PVA–water solution Particle sphericity and texture were
preserved after the coating and washing processes when the TFE–
DMSO mixture was used as ES solvent (Fig. 6a and b). Wrinkled and
oval-shaped particles composed by a shell and a highly porous core
were obtained when TFE was used instead (Fig. 6c and d). Further
analysis by FIB/SEM system revealed the cross sections of a particle
deposit and confirmed the previous SEM findings: PLGA particles
synthesized using only TFE showed cavities (Fig. 6e), while PLGA
synthesized with the TFE–DMSO mixture were solid (Fig. 6f).The
hollowness and the associated loss of sphericity of the particles
synthesized with TFE was not intrinsic to the coating process itself,
but was the result of inadequate drying of the droplets during their
flight towards the collecting bath. In fact, the controlled generation of
polymer particles from solutions entails the competition of solvent
evaporation from the surface of the droplets and polymer diffusion
within their core [17,42–44]. If solvent evaporation is too fast, porous,
hollow, and even fragmented particles will be produced. If the final
polymer particles are not sufficiently compact, a large amount of
water will penetrate into them and fill them when they are collected.
This water will expand during the freezing of the particles for
lyophilization, stretching the polymer matrix, and leading to the
shrinking and wrinkling of the particles during the subsequent
sublimation. In conclusion, the particle internal structure will be
preserved after the coating process so long as sufficiently compact
polymer particles reach the collecting bath. In our experiments, this
was only achieved when DMSO alone or mixed with TFE was used,
thanks to the lower evaporation rate of DMSO compared to that of TFE
(boiling point of DMSO and TFE is 189 °C and 74 °C, respectively, with
vapor pressure at room temperature at 0.08 kPa and 10.09 kPa,
respectively).

The cumulative release profiles from PVA-coated PLGA particles
with similar size distributions generated using TFE or a TFE–DMSO
mixture (batches 8, 9, 13 and 15) are plotted in Fig. 7, together with
the purely diffusivemodel given by Eq. (1). Although the compactness
of the polymer matrix barely influences the release of RHOB, with
only a slight reduction of the initial burst in the transition from hollow
to solid particles (Fig. 7a), it plays a major role in the case of DOX
(Fig. 7b). Not only there is a decrease in the drug release rate during
the initial burst, but also the percentage of the drug released by
diffusion is substantially reduced, from 77.01% (TFE) to 51.58% (TFE–
DMSO). According to Eq. (2), the degree of compactness in the
polymer matrix will influence the diffusion-controlled stage of the
process for single-step synthesis of stabilized polymer particle..., J.
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Fig. 6. SEM micrographs of uncoated (a) and PVA-coated (b, c, and d) PLGA–RHOB particles. Uncoated particles were synthesized by conventional ES using TFE as a solvent. Coated
particles were synthesized by MES, using either TFE–DMSO (b) or TFE (c and d) as the solvent. Fig. 6d shows the SEMmicrograph of a particle half. Cross sections of stabilized PLGA
particles synthesized using TFE (e) or TFE–DMSO (f) as the ES solvent.
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release profile by varying Dd,eff inside the hydrophilic pores of the
polymermatrix. In particular, a larger pore volume fraction εv (such as
when TFE is used) will increase Dd,eff, which will be reflected in a
sharper initial burst. Dd,eff values for the different batches used are
listed in Table 2. For RHOB, it increases 65% from the compact to
hollow particles, while the increment is almost one order of mag-
nitude for DOX. For the latter, the smaller εv in the compact particles
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Fig. 7. Cumulative release profiles of DOX and RHOB from PVA-coated PLGA particles
with different compactness in the polymer matrix from batches 8, 9, 13, and 15 in
Table 1.
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also favors the entrapment of DOX inside the PLGA chains, so that
86.83% (TFE) vs. 92.82% (TFE–DMSO) of the total amount of encap-
sulated DOX was released after 15 days. To conclude, a sufficiently
slow evaporation rate in the ES droplets will not only affect the
particle structural integrity after the coating process, but it will also
condition the release kinetics of PLGA-affine active agents.

3.3. Comparison with emulsion methods

The analysis elaborated in Section 3.1 proves that our MES
synthesis and coating process does not hinder but yet complements
the benefits of conventional ES synthesis, broadening its suitability for
many practical applications. In addition, PLGA microparticles encap-
sulating RHOB and RHOBOEP were synthesized by emulsion methods,
to compare their characteristics and drug release performance with
those obtained by MES synthesis.

3.3.1. Encapsulation efficiency
The high EE observed in the MES-coated particles (over 94% even

for hydrophilic compounds) constitutes perhaps the most impor-
tant advantage with respect to the SE methods. Encapsulation of
hydrophilic compounds using emulsion techniques is difficult and
inefficient. While EE on the order of 5–6% were always obtained for
RHOB, the encapsulation of DOX inside the particles showed a clear
dependence on the method used: EE was around 6% for the single
emulsion method, but it increased and changed from 12% to 15% for
the double emulsion method.

3.3.2. Size distribution and control
The high level of monodispersity achieved by the ES could not be

obtained with SE methods, with relative standard deviations in the
range of 49–110% (see Table 1 for quantitative values and Fig. 8 for
visual reference). The ES ensures tight control over particle size and
high monodispersity, which guarantees a high level of repeatability in
the generation of particles of a predefined size. The large number of
parameters included in SE methods makes this task very difficult to
achieve.

3.3.3. Cumulative drug release profiles
In vitro release experiments of RHOB and RHOBOEP from SE-

generated particles were performed to compare them to those
corresponding to their MES-synthesized counterparts. Because of
the intermediate behavior of DOX between the two types of RHO, and
in view of the problematic repeatability of its encapsulation by SE
methods, it was not used for comparison purposes here.

A fair comparison between the two methods was ensured by
matching drug loading, particle size, and PVA content on the surface
process for single-step synthesis of stabilized polymer particle..., J.
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[2–6]. Since drug release is driven by diffusion from the particle at
least in its first stage, comparison is best performed at constant Sauter
mean diameter, d32 [36]. A reduction in the diameter spread of the
SE-generated particles was necessary to obtain particle populations
with a d32 value close to that of the MES-generated particles. It was
achieved by selective centrifugation of the samples, as explained in SD
4. The size information of the particle populations prepared for release
essays obtained after centrifuging are listed in Table 1 (batches 28 and
29), while the comparison between the cumulative release profiles is
shown in Fig. 9. Release profiles were fairly similar for both methods.
RHOB was released slightly faster for the MES-generated particles
(98.37% vs. 95.25% was released after the first 24 h), while the
opposite happened for RHOBOEP (4.57% vs. 6.41% in the first day, with a
total of 10.25% vs. 14.45% released after 15 days).

3.3.4. Process flexibility and reproducibility
Unlike the SE methods, our MES generation and coating route is

flexible and easily adaptable to changes in the drug, polymer,
stabilizer and collecting liquid used. Although the particular applica-
tion of this work focuses on the stabilization of PLGA particles, the
process can be trivially tuned to fit other purposes. For example,
hydrophilic polymers may also be stabilized using oil solutions. Also,
the surface modifiers may include functional groups and ligands to
facilitate the selective deliver of the active agent for targeted drug
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Fig. 9. Cumulative release profiles of RHOB and RHOBOESP from ES and SE generated
particles (batches 3, 7, 28 and 29).
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delivery. In this context, coating of MES-generated PLGA particles
with PEMA was performed for subsequent adhesion of ligands to the
surface of the particles via EDC–NHS chemistry. Process characteris-
tics, particle morphology, size distributions and EE were similar to
those obtained with PVA.

Finally, our method is a flow process in which the generation and
coating of the particles can be performed in one step, requiring only a
subsequent washing process in a batch mode to remove the excess of
coating agent from the particles. In addition, the introduction of
multiplexing (with packing densities up to 1000 sources/cm2) makes
it possible to dramatically increase the particle production supplied by
a single ES source by orders of magnitude.

4. Conclusions

We developed a well-controlled method to synthesize micropar-
ticles by electrospray drying. This technique facilitates coatings with
emulsifiers or other agents for targeted drug delivery in a single-step
flow process, and is well suited for high throughput production.
Principal conclusions follow:

• The ES drying route allows for the controlled synthesis of polymer
particles generated after solvent evaporation from the precursor
spray droplets. This technique is unique in ensuring tight control
over particle size and high monodispersity of micrometer-size
particles, with relative standard deviations smaller than 15%.

• Particle aggregation affects the drug release kinetics and can be
avoided by stabilization of the particles in an appropriate stabilizing
medium. Our synthesis approach, entailing particle deposition in a
bath with suitable composition, allows for the stabilization or, more
generally, surface modification of the particles without further
changes in particle size or morphology, and with minimal loss of
drug (94% encapsulation efficiency).

• Multiplexing of the ES sources is critical since it increases the
throughput by orders of magnitude, resulting in rapid coating of the
particles and reduction of drug loss during the coating process,
without compromising the uniformity of the synthesized particles.

• The developed technique is suitable for a semi-batch process, and
overcomes some of the limitations presented by conventional
solvent-evaporationmethods, namely poor encapsulation efficiency
and lack of reproducibility.

Even though the process has been shown at the micrometric scale
to facilitate the use of visualization and surface characterization
techniques, the results are expected to apply also at the nanometric
scale. Experiments are under way to achieve this goal with particle
process for single-step synthesis of stabilized polymer particle..., J.
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diameters smaller than 100 nm, which has eluded alternatives such as
the SE technique.
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