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Abstract

Pulmonary drug delivery of controlled release formulations may provide an effective adjunct approach to orally delivered antibiotics for
clearing persistent lung infections. Dry powder formulations for this indication should possess characteristics including; effective deposition to
infected lung compartments, persistence at the infection site, and steady release of antibiotic. Large porous particles (∼10–15μm) have
demonstrated effective lung deposition and enhanced lung residence as a result of their large diameter and reduced clearance by macrophages in
comparison to small microparticles (∼1–5μm). In this report, Precision Particle Fabrication technology was used to create monodisperse large
porous particles of poly(D,L-lactic-co-glycolic acid) (PLGA) utilizing oils as extractable porogens. After extraction, the resulting large porous
PLGA particles exhibited a low density and a web-like or hollow interior depending on porogen concentration and type, respectively.
Ciprofloxacin nanoparticles (nanoCipro) created by homogenization in dichloromethane, possessed a polymorph with a decreased melting
temperature. Encapsulating nanoCipro in large porous PLGA particles resulted in a steady release of ciprofloxacin that was extended for larger
particle diameters and for the solid particle morphology in comparison to large porous particles. The encapsulation efficiency of nanoCipro was
quite low and factors impacting the entrapment of nanoparticles during particle formation were elucidated. A dry powder formulation with the
potential to control particle deposition and sustain release to the lung was developed and insight to improve nanoparticle encapsulation is
discussed.
Published by Elsevier B.V.
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1. Introduction

Ciprofloxacin has been shown to be effective in treating
several types of bacterial infections, in particular lung infections
[1]. One of the major obstacles in using the drug to treat
infections of the lung lies not in the efficacy of the drug, but in
getting therapeutic quantities of the drug to the site of infection
[2]. Oral antibiotics represent a commonly prescribed therapy
and remain the most effective therapeutic approach; however,
infections are often persistent and exceedingly difficult to clear
[1]. For example, a current treatment regimen of cystic fibrosis
entails oral administration of ciprofloxacin, an antibacterial
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chemotherapeutic, at a dose of 300mg administered on a twice-
daily basis for alternating 28-day on–off cycles. Typically 0.5 to
5% of each dose enters the bloodstream and ∼10 percent of
circulating drug reaches the infection site [3]. The low efficacy
may potentially be circumvented by applying the drug more
directly to the site of infection, thus, suggesting an aerosol
administered directly to the lung may improve therapeutic per-
formance as compared to oral dosing and falling prey to first pass
metabolism and dilution effects.

While the pulmonary route has distinct advantages over the
oral route, a major drawback lies in the inability to consistently
access the deep lung, where the seat of the infection usually lies.
This severely limits the effectiveness of treatment, especially in
the case of patients with lung infections that compromise tidal
inhalation and total inhalation volume. In order to more fully
capitalize on this drug delivery method, a need exists for a
reliable way to deliver ciprofloxacin to all areas of the lung,
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especially the deep lung, to more fully treat and eradicate any
and all infection. A sustained concentration of antibiotic deliv-
ered locally to the lung may further improve performance pro-
viding an adjunct therapy to current oral antibiotic delivery.

A large amount of work has been directed in the last 40years
towards the development of polymeric microparticles as drug
delivery vehicles [4]. Polymer chemistry and control over the
particle size distribution through emulsification-type processes
have been used, along with other factors, to control the release
rate of the drug from the particles [5]. Much effort has been
expended in predicting the loading and release of various drugs
from polymeric microparticles [4]. In particular, modulating
both the average size, size distribution, and the degradation rate
of the microsphere allows control of the release kinetics, all
other variables being the same [6–9]. A popular polymer used
today is poly(D,L-lactic-co-glycolic acid) (PLGA), highly re-
garded for its safe biodegradability in the body and approval by
the FDA. Preliminary evaluations of PLGA toxicology in the
lung are promising, but work remains to prove this material for
sustained pulmonary drug delivery [10,11].

Successful targeting of this controlled release polymer to
specific areas of the lungs requires careful control over particle
size. Researchers have found that∼1–3μm particles deposit with
high efficiency to the deep lung and ∼4–8μm particles to the
bronchial region, whereas larger particles (N10μm) tend to be
deposited along the oropharangyal cavity [12]. However, smaller
particles tend to more easily agglomerate into larger particles
potentially impacting aerosol performance. In addition, distribu-
tions that include a wide range of both large and small particle
sizes have shown a lack of control in depositing the drug at the
specific sites of infection [13]. To deal with these problems, recent
work has focused on “large porous” particles exhibiting geo-
metric diameters larger than 10μm but with aerodynamic diam-
eters of ∼1–3μm [14–17]. Large porous particles exhibit the
aerodynamics of smaller particles while maintaining a size large
enough to resist uptake by alveolar macrophages [18]; however, a
narrow aerodynamic diameter is still desired. The aerodynamic
diameter of a porous particle is given by Eq. (1), where daero
stands for aerodynamic diameter, dgeo is the geometric particle
diameter, γ is the shape factor (1 if the particle is a sphere), ρparticle
is the particle density, and ρref is a reference density.

daero ¼ dgeo
qparticle
qref � g

� �1=2

ð1Þ

In this work, immiscible oil is added to PLGA dissolved in
dichloromethane containing a nanosuspension of ciprofloxacin
(abbreviated here as nanoCipro, ∼400nm). Following the
double emulsion, organic solvent is extracted to produce oil/
PLGA/drug particles. The oil is then extracted to produce large
porous particles. Monodisperse large porous particles were
produced by using the reported Precision Particle Fabrication
technique [7–9,19]. Porous microparticles exhibited discrete
particle size in the range appropriate for pulmonary drug deliv-
ery. As a result, the porous particles maintained a narrow den-
sity distribution while demonstrating control of the density of
particles over a range of discrete sizes. We examined two
different types of oil, canola oil and silicon oil, to determine the
effect of porogen on particle density and morphology. Experi-
ments were also performed to determine the crystalline form of
the nanoCipro. A series of release experiments demonstrated
steady ciprofloxacin release behavior from monodisperse large
porous particles, but more rapid release compared to traditional
solid PLGA microspheres. Surprisingly, nanoCipro possessed a
very low encapsulation efficiency despite its poor solubility in
water (∼75μg/mL) and processing fluids (dichloromethane and
heptane). Finally, we address the phenomena of microencapsu-
lation of nanoparticles with respect to droplet dynamics during
particle formation as a rationale for the low encapsulation effi-
ciency to provide insight to future researchers pursuing micro-
encapsulation of nanoparticles.

2. Materials and methods

2.1. Materials

Poly(D,L-lactide-co-glycolide) (50:50 lactic acid:glycolic
acid; i.v.=0.31dL/g; Mw ∼31,000) was obtained from Absorb-
able Polymers, Inc. Poly(vinyl alcohol) (PVA; 88% hydrolyzed)
was obtained from Polysciences, Inc. Ciprofloxacin was ob-
tained from Sigma Aldrich. Commercial grade canola oil and
silicon oil (viscosity=57cP and 100cP, respectively) were used
as porogens. HPLC grade dichloromethane (DCM), dimethyl-
sulfoxide, and heptane were from Fisher Scientific.

2.2. Preparation of microspheres and nanoCipro

Microspheres were prepared by first creating a solution of
0.5% to 5% (w/v) PLGA in DCM. Due to the low solubility of
ciprofloxacin in DCM, a nanosuspension was obtained by
sonicating the Ciprofloxacin/PLGA solution for 90s at the
maximum microtip power (Fisher Scientific Sonic Dismem-
brator Model 500), producing a homogenous nanosuspension.
In some cases, canola oil was added to the Cipro/PLGA nano-
suspension and again sonicated at the maximum microtip power
for 90s. This solution was then immediately transferred to the
spray device, where it was pumped through a nozzle at flow
rates ranging from 0.25 to 6.0mL/hr. A carrier stream (1% PVA
in distilled water) was pumped at flow rates ranging from 0.4 to
4.0mL/min and surrounded the emerging polymer stream and
pulled it through a concentric, outer glass nozzle. Concurrently,
an ultrasonic transducer (Branson Ultrasonics) controlled by a
frequency generator (Hewlett Packard model 3325A) disrupted
the emerging polymer jet into uniform droplets. For more
details on this Precision Particle Fabrication technology, please
see references [7–9,19–22]. The streams flowed into a beaker
containing approximately 200–300mL of 1% PVA, and the
particles were stirred at room temperature for three hours, fil-
tered, and rinsed with distilled water. The particles were then
washed with heptane (∼30–40mL) to extract the canola or
silicon oil when included, and rinsed again with deionized water
(∼150–200mL) to flush away any remaining heptane. The
microspheres were lyophilized (Labconco benchtop model) for
a minimum of 48h and stored at −20°C under desiccant.
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2.3. Particle size distribution

NanoCipro size was determined using a Brookhaven
ZetaPALS system. A Coulter Multisizer 3 (Beckman Coulter
Inc.) equipped with a 50-μm or 100-μm aperture was used to
determine the geometric size distribution of the various particle
preparations. The lyophilized particles were resuspended in
Isoton electrolyte, and at least 5000 microspheres were analyzed
for each sample. The aerodynamic size distribution of lyophi-
lized particles was determined with an Aerosizer LD (Amherst
Instruments). The instrument used a pair of lasers to determine
the time-of-flight for a population of particles, and fit a normal
distribution to this data. About 2mg of sample was analyzed
through a 700μm nozzle and a maximum shear rate of 5.0psi.
Time-of-flight measurements should be interpreted in light of
published data, which revealed significant error for particles
with densities deviating from unity (1g/cm3) and for particles
with aerodynamic diameters N10μm [23].

2.4. Microscopy

Microsphere surface structure and porosity were investigated
by scanning electron microscopy (LEO Field Emission
Scanning Electron Microscopy). Samples were prepared by
placing a droplet of an aqueous microsphere suspension onto a
silicon stub. The samples were dried overnight and were sputter
coated with gold prior to imaging at 2–10eV. Particle cross-
sections were attained by first cryofracturing the particles before
preparing the silicon stub. Particles on a microscope slide were
positioned above a shallow bowl filled with liquid nitrogen and
chopped with a razor blade. Laser scanning confocal microscopy
allowed the detection of ciprofloxacin within microparticles by
using the 458nm line of a Zeiss Meta 510 and imaged at 468nm.

2.5. Thermal analysis

Differential scanning calorimetry (DSC) curves were col-
lected on a Q100 DSC from TA Instruments using crimped
aluminum pans containing 1.5–4mg of sample. Unless in-
dicated, all DSC curves were collected from −80°C to 400°C
with a heating rate of 20°C/min. under dry nitrogen. Thermo-
gravimetric analysis (TGA) was performed using a Q50 TGA
from TA Instruments. A platinum sample pan was loaded with
∼3mg of sample and heated from ∼20°C to 400°C at a rate of
20°C/min under dry nitrogen. Data analysis was completed
using Universal Analysis 2000 (Version 4.3A) software that was
provided by TA Instruments.

2.6. Solid-state NMR spectroscopy

All 13C spectra were collected using a Chemagnetics CMX-
300 spectrometer using variable amplitude cross-polarization
(VACP) [24], magic-angle spinning (MAS) [25], and two pulse
phase modulation (TPPM) decoupling [26]. Samples were
packed into 7mm o.d. zirconia rotors and held in the rotors by
Teflon® endcaps. The samples were spun at ∼7.5kHz in 7mm
spin modules from Revolution NMR (Fort Collins, CO). The
spectrum of the as received ciprofloxacin is the sum of 2,048
transients collected using an 8s pulse delay and a contact time of
2ms. The nanoCipro batch #1 spectrum is the sum of 23,000
transients with a pulse delay of 2s and a contact time of 1.5ms.
The nanoCipro batch #2 spectrum is the sum of 14,000
transients with a pulse delay of 4s and a contact time of 1.5ms.
All of the spectra were collected with a 1H 90° pulse width of
3.7μs. The free induction decays consisted of 1024 data points
with a dwell time of 33.3μs. The spectra were externally
referenced to tetramethylsilane using the methyl peak of 3-
methylglutaric acid at 18.84ppm [27].

All 19F spectra were collected using a Tecmag Apollo spec-
trometer operating at 284.1MHz using ramped amplitude cross-
polarization (RAMP) [28], MAS [25], and TPPM decoupling
[26]. Samples were packed into 3.2mm o.d. zirconia rotors and
held in the rotors by Torlon® endcaps. The samples were spun at
21kHz in 3.2mm spin modules from Varian (Palo Alto, CA).
The spectrum of the as received ciprofloxacin is the sum of 256
transients collected using a 15s pulse delay. The nanoCipro
batch #1 spectrum is the sum of 1024 transients with a pulse
delay of 2s. Both spectra were acquired with a contact time of
3ms and a 1H 90° pulse width of 3μs. The free induction decays
consisted of 1024 data points with a dwell time of 10μs. The
spectra were externally referenced to Teflon® at −121.0ppm.

2.7. Determination of drug loading

The initial loading of ciprofloxacin was determined by dis-
solving a known mass (∼10mg) of microspheres in 1.5mL of
70:30 dimethylsulfoxide:deionized water. Ciprofloxacin con-
centration in the solution was determined by measuring the
absorbance at 320nm in a spectrophotometer (Agilent Technol-
ogies #8453). PLGA particles were used as blanks.

2.8. Drug release studies

Ciprofloxacin release was determined by resuspending a
known mass of microspheres encapsulating ciprofloxacin in
1.6mL of phosphate buffered saline (PBS, pH 7.4). The suspen-
sions were continuously agitated in an incubator/shaker (New
Brunswick C24) at 50rpm and 37°C. At regular intervals the
samples were centrifuged, the supernatant was removed, and the
microspheres were resuspended in fresh PBS. The concentra-
tion of ciprofloxacin in the supernatant was determined using
the UV detection method described above. The absorption of
supernatant collected from blank PLGA particles showed a
negligible absorption at 320nm throughout the release study.
The amount of ciprofloxacin in each sample was summed with
the amounts at each previous time point, and the total divided by
the amount of ciprofloxacin in the microspheres (experimental
loading times mass of microspheres) to calculate the cumulative
percent released.

2.9. Statistics

Significant differences were calculated using a paired
Student's t-test. Values of pb0.05 were considered significant.



Fig. 1. Size distributions for (A) solid and (B) porous microparticles. Peak
heights are equal for corresponding geometric (solid lines) and aerodynamic
(dashed lines) distributions, with the aerodynamic diameter always smaller than
the geometric.
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3. Results

3.1. Variations in microparticle aerodynamics depends on
porogen type and percentage

Solid PLGA microspheres containing nanoCipro were fab-
ricated with average dry geometric diameters of 5.1, 7.2,
and 20μm, as determined by measurement of SEM images
(Table 1). Large porous particles were fabricated by following
the same procedure, but including canola or silicon oil as part of
the sonicated polymer solution. Oils were extracted by rinsing
the particles with heptane after extraction of DCM. Large
porous particles using a canola oil porogen possessed dry geo-
metric diameters of 4.7, 7.7, 11, and 25μm. Sizes were purpose-
fully generated with geometric and aerodynamic diameters that
closely correspond to the geometric diameters of solid micro-
spheres. These particles were utilized in ciprofloxacin release
studies in comparison to solid particles. The wet particle size,
determined by a Coulter Multisizer III, was divided by the
diameter of the dry particles to calculate the microparticle
swelling ratio. The diameter of hydrated particles was always
greater than the diameter of dry particles as expected; however,
no clear trend existed between the amount or type of porogen
employed and the swelling ratio.

The aerodynamic diameters of lyophilized PLGA micropar-
ticle formulations containing nanoCipro were determined using
an Aerosizer LD. The average aerodynamic diameter was di-
vided by the dry geometric diameter for formulations as a
method to calculate the relative density of the dry powders. The
absolute density of PLGA, 1.34g/cm3, was determined using a
helium pyncnometer and used as the reference density for
relative density calculations. The ratio of the aerodynamic di-
ameter to geometric diameter ranged from 0.95 to 0.98 for
solid PLGA microspheres containing nanoCipro, which corre-
sponded to a density range of 1.21 to 1.29g/cm3, where the
density is determined by back-calculating from Eq. (1). These
values are not significantly different than the density value of
the PLGA used in calculations. Uniform porous microparticles
made using an oil to PLGA ratio of 0.87 produced large porous
particles with calculated densities of 0.95 to 1.11g/cm3. In
contrast to the solid PLGA microspheres, these values show a
significant difference from the density of the PLGA ( pb0.05)
Table 1
PLGA microparticle formulations

Particle type Solid Solid Solid Porous Porous

Porogen used None None None Canola Canola
Oil wt./PLGA wt. 0 0 0 0.87 0.87
dgeo dry (μm) 5.1±0.3 7.2±0.2 20±0.2 4.7±0.2 7.7±0.4
dgeo wet (μm) 5.6±0.3 8.0±0.2 21±0.0 5.7±0.3 8.3±0.2
Swelling ratio a 1.09 1.10 1.06 1.19 1.08
daero (μm) 4.8±0.2 6.9±0.2 20±0.1 4.0±0.4 6.4±0.2
daero/dgeo

b 0.95 0.96 0.98 0.85 0.84
ρparticle/ρPLGA

c 0.90 0.92 0.96 0.72 0.71
ρparticle

c 1.21 1.23 1.29 0.96 0.95
a Averaged value of dgeo wet/dgeo dry.
b Averaged value of daero/dgeo dry.
c Averaged value −1.34 g/cm3 used for PLGA density and γ=1 used in calculatio
and from solid microspheres (pb0.02). Increasing the oil to
PLGA ratio resulted in a corresponding decrease in particle
density. Large porous particles fabricated using silicon oil as the
porogen reflected similar particle properties in comparison to
the corresponding particles using canola oil as the porogen.

The geometric size distributions (Coulter Multisizer III)
and corresponding aerodynamic size distributions (Aerosizer
LD) were quite narrow (Fig. 1). For the solid particle size
Porous Porous Porous Porous Porous Porous

Canola Canola Canola Canola Silicon Silicon
0.87 0.87 1.88 3.58 0.87 0.98
11±0.3 25±0.2 9.6±0.3 15±0.3 27±0.2 16±0.5
12±0.2 28±0.1 12±0.2 18±0.1 31±0.1 18±0.2
1.11 1.12 1.28 1.19 1.14 1.12
9.9±0.2 22±0.1 5.2±0.3 6.5±0.3 23±0.1 14±0.2
0.91 0.90 0.55 0.43 0.86 0.84
0.83 0.81 0.30 0.18 0.74 0.71
1.11 1.09 0.41 0.24 0.99 0.95

ns.



Fig. 2. Scanning electron micrographs of the surface morphology of solid
(A) 7.2 μm and (B) 20 μm and porous (C) 7.7 μm and (D) 11 μm (bottom)
microparticles. Scale bars=10 μm. (E) Laser scanning confocal microscopy was
used to detect the distribution of ciprofloxacin within large porous micro-
particles (0.87 Oil wt:PLGA wt). Scale bar=10 μm.

Fig. 3. Scanning electron micrographs of large porous particles using canola oil
as a porogen depict the (A) bulk powder, (B) surfacemorphology, and (C) interior
morphology. Similar micrographs of large porous particles using silicon oil as a
porogen depict the (D) bulk powder, (E) surface morphology, and (F) interior
morphology. Scale bar=10 μm for A, D and 2 μm for B, C, E, F.
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distributions, the two graphs do not completely overlap; the
average aerodynamic diameter is always slightly smaller than
the average geometric diameter. This result occurred due to the
swelling of the hydrated PLGA particles used for determining
geometric size distributions in comparison to the dry particles
used to determine the aerodynamic size distribution. On the
other hand, particles employing 0.87 canola oil:PLGA ratio
demonstrated distinctly shifted aerodynamic size distributions.
The slight shoulder appearing on the smallest particle distribu-
tion (4μm aerodynamic diameter) may be indicative of some
particle agglomeration in the aerosolized dry powder.

3.2. Particle morphology was influenced by porogen

The particle morphology exhibited a dimpled, closed-pore
structure for the porous particles formed using canola oil as the
porogen in contrast to the relatively smooth surface of the solid
particles (Fig. 2). Surface pockmarks presumably formed when
pockets of oil on the surface of the PLGA particle were washed
away. The irregular surface may have been a primary reason for
the limited amount of particle agglomeration observed in par-
ticle aerodynamic size distributions of dried powders by in-
hibiting particles from orderly packing. Packing inhibition may
also be enhanced by the flat face present on most of the porous
particles made using the canola oil porogen, which formed
when a hemispherical section of oil making up part of the
spherical droplet was later extracted. A high degree of control
over particle size was also evident in electron micrographs.
NanoCipro was also observed as clusters of smaller particles
(∼400nm) that clumped together on the surface of many of the
PLGA particles; however, laser scanning confocal microscopy
revealed that ciprofloxacin was distributed evenly throughout
the particle matrix (Fig. 2E).

When silicon oil was used as the porogen, particle morphol-
ogy noticeably changed. While canola oil led to particles
formed with a porous, web-like internal structure, using silicon
oil formed hollow particles (Fig. 3). In addition, particles con-
taining silicon oil did not form the flat face evident in particles
fabricated using canola oil as the porogen. The surfaces of the
two types of particles exhibited a similar pockmarking effect
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Table 2
NanoCipro loading data for solid and porous microparticles

Particle
type

Geometric
diameter (μm)

Theoretical
loading

Experimental
loading

Encapsulation
efficiency

Porous 5.7 4.49% 0.40%±0.13% 8.91%±2.90%
8.3 3.95% 0.12%±0.04% 2.91%±1.01%
12 4.84% 0.17%±0.05% 3.51%±1.03%
28 8.92% 0.12%±0.01% 1.35%±0.11%

Solid 5.6 4.92% 0.18%±0.08% 3.66%±1.63%
8.0 4.08% 0.08%±0.04% 1.96%±0.98%
21 4.92% 0.13%±0.03% 2.54%±0.61%
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with dimples that covered the surface. Despite the differences in
morphology, the porous particles made with silicon oil exhib-
ited similar aerodynamic properties to those made with canola
oil, having a density that closely corresponded to those pre-
viously fabricated with canola oil at the same ratio (Table 1). It
is worth noting that nanoCipro particles were evident within the
internal structure and embedded on the surface of PLGA par-
ticles using canola oil porogen (Fig. 3). Particles using silicon
oil were not formulated with nanoCipro.

3.3. NanoCipro processing resulted in a polymorphic change

The DSC curve of the ciprofloxacin, as it was received from
Sigma Aldrich Chemicals, exhibits a strong endothermic event
at 271°C (Fig. 4A). TGAwas performed on the material, and a
large mass loss was observed at the same temperature (data not
shown). The effect of heating rate on this transition was then
observed using DSC by heating the material at different heating
rates (3, 10, and 20°C/min.). These experiments (data not
shown) revealed that the onset temperature of this transition did
not change, thus indicating that the material melts at 271°C and
then immediately begins to degrade. The nanoCipro exhibits a
second endotherm that begins at ∼115°C (Fig. 4A). No mass
loss is observed from the nanoCipro near 115°C by TGA (data
not shown), indicating that the endotherm is not due to solvent
loss. Therefore, this endotherm likely corresponds to a different
Fig. 4. (A) DSC curve of ciprofloxacin as received (solid line), nanoCipro batch
#1 (dashed line), and nanoCipro batch #2 (dash dot) (exotherms are up). (B) 13C
CPMAS NMR spectra, and (C) 19F CPMAS NMR spectra of ciprofloxacin as
received and nanoCipro batch #1 and #2. 13C CPMAS NMR spectra have been
expanded to show only the carbonyl carbon peaks of ciprofloxacin.
polymorph. The polymorph that melts at 271°C is referred to as
Form I and this new polymorph that has been observed in the
nanoCipro is called Form II. The two batches of nanoCipro
appear to contain different amounts of the Form II polymorph,
with the first batch containing much more Form II than the
second batch based on the size of the endotherm at ∼115°C,
even though processing conditions were identical.

The 13C CPMAS NMR spectrum of the as received cipro-
floxacin exhibits two overlapping peaks at 173 and 174ppm
(Fig. 4B) that correspond to the carbonyl carbons of cipro-
floxacin Form I. The first batch of the nanoCipro exhibits five
peaks in this same region (Fig. 4A), none of which correspond
to the two peaks in the original material. The peak splitting
indicates that Form II likely has two molecules in the asym-
metric unit of the crystallographic unit cell; thereby, each of the
carbonyl carbons results in two peaks, yielding four peaks total.
The extra peak at ∼170ppm is likely due to an impurity;
however, this was not confirmed. Additionally, the two peaks
corresponding to Form I were not observed in this batch, in-
dicating that the first batch was entirely Form II. When the
second batch of nanoCipro is examined, the two peaks corre-
sponding to Form I are clearly present and dominate the car-
bonyl region (Fig. 4B); however, the Form II peaks remain
visible indicating that the second batch is primarily Form I but
does contain some Form II.

The 19F CPMAS data support the conclusions from the 13C
spectra. Ciprofloxacin contains only one F atom, thus, the 19F
CPMAS NMR spectrum should contain only one peak. For the
as received ciprofloxacin, there is only one peak, as expected
(Fig. 4C). On the other hand the first batch of nanoCipro
displays two peaks (Fig. 4C), neither of which correspond to the
peak in the as received material providing additional evidence
that nanoCipro contains a new polymorph whose crystallo-
graphic unit cell contains two molecules per asymmetric unit. It
is noteworthy that after a few months under ambient conditions
the peaks corresponding to Form II had disappeared in the 19F
spectra of the nanoCipro and a peak corresponding to Form I
had appeared, indicating that Form II is only moderately stable
at room temperature.

A very small peak at ∼−117ppm was observed in the 19F
spectrum for the as received ciprofloxacin. This might indicate
the presence of an impurity or a small amount of Form II, as the
downfield peak of Form II also occurs at approximately the
same chemical shift. Closer examination of the DSC curve for
the as received ciprofloxacin revealed a very small endotherm
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centered around 130°C. Additionally, there appears to be small
peaks on either side of the Form I peaks in the 13C CPMAS
spectrum of the as received material in approximately the same
positions as the Form II peaks; however, the signal-to-noise
ratio is not sufficient to definitively state that they truly are
peaks and that they correspond to Form II. When taken together,
all of this evidence appears to indicate that there might in fact be
a very small amount of the Form II polymorph present in the
ciprofloxacin as it was received.

3.4. Ciprofloxacin release depends on particle structure and
size

NanoCipro was encapsulated into solid and porous micro-
spheres using the 0.87 canola oil/PLGA ratio. Large porous
microparticles observed by laser scanning confocal microscopy
confirmed that the ciprofloxacin distribution was uniform
throughout the particle matrix (data not shown). In addition,
the diffuse fluorescence may indicate the presence of molecular
ciprofloxacin as well as the nanoCipro particles. While a theo-
retical loading of 4–5% nanoCipro was targeted, the actual drug
loading ranged from 0.08% to 0.4%, yielding alarmingly low
Fig. 5. Release kinetics of encapsulated nanoCipro from (A) solid microparticles
and from (B) porous microparticles made using canola oil as a porogen (0.87 Oil
wt.:PLGA wt.).
encapsulation efficiencies (Table 2). The nanoCipro particles
were fairly large with respect to the structure of the micropar-
ticles. The rationale for the low encapsulation efficiency based
on fundamental mass transport theory as applied to micro-
droplet dynamics encapsulating nanoparticles is presented in the
discussion section.

The results of the drug release experiment demonstrated a
distinction between the ciprofloxacin release kinetics from solid
and porous particles (Fig. 5). Generally, for a given particle size,
the porous microparticles released at a faster rate than their solid
equivalent, most likely due to the decreased resistance to the
effective diffusion of solubilized ciprofloxacin. For both types of
particles, the release rate increased as particle size decreased.
The duration of unencapsulated nanoCipro dissolution was
∼5days, which was extended to 2–4weeks depending on the
microparticle size and structure. The release kinetics from both
solid and porous microparticles generally followed similar
trends suggesting that the release of ciprofloxacin may be attrib-
utable to nanoCipro dissolution coupled with the effective dif-
fusion of ciprofloxacin through the degrading polymer matrix.

4. Discussion

4.1. Polymorphic changes in nanoCipro particles

Polymorphic changes can have a significant effect upon
bioavailability; for example, when there exists a significant
difference in the solubility of the different crystalline forms.
Evidence from DSC and solid-state NMR showed that cipro-
floxacin changes form upon sonication. Because ciprofloxacin
is essentially insoluble in dichloromethane it is extremely un-
likely that the form change occurred via a solvent-mediated
polymorphic transformation because it was in contact with the
dichloromethane for a relatively short time. It is also unlikely
that the crystallites were dissolving and then recrystallizing
because these would alter particle size. The most likely source
for the transformation is the sonication process, where the shear
forces may be responsible for the change in form. Although it
was not investigated further, the Form II produced during the
sonication process may have been incorporated into the micro-
particles, and subsequently undergone a polymorphic change
during storage. Because of the relatively low drug loading, it
is expected to be difficult to characterize the form of the
nanoCipro in the microparticles.

4.2. Droplet dynamics and particle formation

The major focus of this work was to understand porogen
effect on particle aerodynamics and ciprofloxacin release. To
better understand particle performance, particle formation is
discussed, including porogen and nanoCipro distribution in a
droplet during solvent extraction. Using this ‘oil and solid’-in-
oil-in-water double emulsion/solvent extraction method, a finite
amount of time exists for the oil or the nanoCipro suspension to
maneuver within the droplet (Fig. 6). PLGAviscosity within the
droplet increases (due to dichloromethane extraction) with time
and oil and drug mobility correspondingly decrease. Later, oil is
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Fig. 6. Schematic representation of droplet dynamics during the formation
process of large porous PLGA particles using an oil porogen (top) and solid
PLGA particles encapsulating nanoCipro (bottom). As dichloromethane is
extracted from the droplet, the diameter decreases. Oil porogen partitions within
the droplet leading to surface pockmarks, a flat face, or a core. Exclusion of
nanoCipro from the shrinking droplet provides one possible explanation of the
low encapsulation efficiency.
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extracted leaving a porous structure with a fraction of the drug
trapped inside the polymeric particle. Envisioning the nascent
droplet as a fluid, three-dimensional structure during the particle
formation phase, altogether there are five different species to
account for: PLGA, dichloromethane, aqueous surfactant solu-
tion, oil, and drug (nanoCipro, assuming only a small percent-
age of drug exists in solution). When the dichloromethane is
extracted into the aqueous phase, the boundary of the droplet
shrinks rapidly at first, then progressively slower [29]. As the
dichloromethane is extracted its concentration within the drop-
let decreases until eventually the polymer precipitates out of
solution and a hardened particle forms. Here, we examine the
first stage of particle development, which comprises the for-
mation of the spherical droplet in the surfactant solution to the
point at which PLGA begins to precipitate out of solution
(∼10wt% dichloromethane) [29]. The second stage of particle
development may be considered when the structure of the
particle begins to take discrete shape until the final particle
structure is achieved; here the mass transfer of species across the
particle/aqueous solution interface has dropped to negligible
levels.

The quantity dr / dt or vr is important when assessing the
effects of oil and nanoCipro dynamics on the porosity and drug
encapsulation efficiency of the particle, respectively. Differen-
tiating the droplet radius with respect to time gives the boundary
velocity, and likewise this velocity sets the pace by which all
other species in solution are referenced. Rapid movement of this
boundary (convection) may dominate the mass transport of
slowly diffusing materials (e.g. large polymers or nanoparti-
cles). DeLucca and others state that 90% of dichloromethane
can be removed from a dispersed droplet phase in b40s for low
dichloromethane:water ratios (b1:100) [29], suggesting a very
high extraction rate for experiments reported here, which em-
ploy a slow addition rate of dichloromethane and a large excess
of water (N1:100). In other words, convective transport is
expected to dominate diffusive transport of oil droplets or
nanoCipro within nascent droplets.

4.3. Dynamics of oil distribution in a forming particle

Pock marks on the PLGA particle surface and the continuous
web-like internal morphologywhen using the canola oil porogen
(Figs. 3 and 4) suggest that the canola oil had a similar affinity
for the aqueous extraction phase as PLGA. The thermodynamics
of this phenomena, which considers interfacial tension effects on
spreading coefficients, have been addressed thoroughly in the
context of microencapsulation by Mathiowitz et al. [30,31] as
well as in other previous reports [20,32]. The two competing
effects are the rate at which the boundary is moving (con-
vection), and the rate at which the oil is diffusing through the
medium. The effective diffusion of oil would be hindered as the
droplet viscosity increases during dichloromethane extraction.
The pock marks on the surface of all of the particles may suggest
that the movement of the oil was typically slower than the rate of
the moving boundary [34]. The dimensionless number for
comparing convective versus diffusive transport is the Peclet
number (Eq. (2)), which is simply the product of the Reynolds
number and the Schmidt number. Here, D is the droplet
diameter, vr is the boundary velocity, υ is the kinematic viscosity
(μ/ρ), and DA is the diffusion coefficient.

Re ¼ Dvr=� Sc ¼ �=DA

Pe ¼ ReSc ¼ Dvr
�

� �
�

DA

� �
¼ Dvr

DA

ð2Þ

The composition of the final particles suggests a high Peclet
number. Given that the diffusional rate of a droplet of oil in the
solution would not be more than 10−6cm2/s (initially, based on
estimated oil droplet diameter greater than several hundred
nanometers), and the velocity of the boundary is estimated to be
on the order of 102μm/s (initially) [29], this gives a Peclet
number on the order of 102 (∼100μm droplet). Therefore, rapid
movement of the boundary led to a pile-up of oil at the interface,
which produced pock marks and a flat face upon extraction
(Fig. 6). In the case of silicon oil, which possessed a lower
density and viscosity than the canola oil, a distinct core of
silicon oil produced a core/shell microparticle upon oil extrac-
tion. Despite the driving force for silicon oil/PLGA phase sep-
aration into a core/shell morphology during solvent extraction,
the same pock marks were evident on the microparticle surface,
again indicating that rapid boundary motion lead to oil droplets
at the interface, despite interfacial tension driving the silicon oil
to the droplet core.

4.4. Dynamics of nanoCipro distribution in a forming particle

A similar rationale can be extended to explain the low
encapsulation efficiency of the nanoCipro. Here, we assume
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that most of the drug is present in the nanoparticle form. Again,
the drug nanoparticles are finely dispersed throughout the
volume of the forming droplet and again, the two major com-
peting effects are the diffusional rate of the drug and its net
movement through the fluid versus the moving boundary of the
droplet (Fig. 6). Given that ciprofloxacin is a zwitterionic drug,
it exhibits a poor solubility in both the aqueous (neutral pH) and
most organic phases. Since the drug does not exhibit substantial
solubility in either phase, it would seem reasonable to assume
that the driving force for the diffusion of the nanoCipro would
be the concentration gradient between the droplet and the
surrounding aqueous medium, independent of partitioning or
dissolution effects. The diffusivity of the nanoCipro can be
estimated by applying the Stokes–Einstein equation (Eq. (3))
[33]. Here, DAB is the diffusion coefficient of nanoCipro
in dichloromethane, k is Boltzmann's constant, T is temper-
ature, μ is the viscosity of PLGA/dichloromethane (approxi-
mated as dichloromethane initially), and rA is the radius of
nanoCipro.

DAB ¼ kT
6plrA

ð3Þ

The viscosity of the droplet solution changes based on the
mass fraction of dichloromethane, so the diffusivity will like-
wise be dynamically dependant on the mass fraction of dich-
loromethane. The diffusional rate of the nanoCipro in the
droplet solution has a maximum on the order of 10−5cm2/s
(initially). The velocity of the boundary is again estimated to be
on the order of 102μm/s (initially). Contrary to the description
of oil “pile-up” at the droplet interface, rapid movement of the
boundary led to passage of nanoCipro through the interface.
This phenomena is further enlightened when considering
polymer/solvent wettability of oil droplets in comparison to
nanoCipro, which would not be preferentially wetted by the
polymer/solvent due to the zwitterionic nature of the drug.

We have considered several explanations of the low nanoCipro
encapsulation efficiency within a PLGA particle. Of course, the
simplest explanation is dissolution of nanoCipro in the extraction
media and/or loss during porogen extraction (ciprofloxacin logP
∼1.3). Although this likely accounts for some percentage of the
ciprofloxacin loss, drug dissolution (occurring on the order of
hours to days) is much slower than PLGA particle formation.
Since convection dominates, an estimation of nanoCipro encap-
sulation efficiency may simply assume that the nanoCipro par-
ticles remained stationary throughout the extraction process, fixed
at their spatial location, while the droplet boundary moved in-
ward. In this calculation, the mass of the nanoCipro inside the
particle is simply the mass of the nanoCipro located inside the
moving droplet diameter at a given time. In the case of a 10wt.%
PLGA/vol. dichloromethane solution, we observed the final
particle size was ∼30% of the original droplet diameter, which
translates into a particle that occupies only∼2.7% of the original
droplet volume. Of course the concentration of PLGA greatly
affects the solvent extraction kinetics of the forming particle as
well as the final particle size [29]. Encapsulation efficiency cal-
culated via this “volume exclusion” approach is in close agree-
ment with the experimental values and emphasizes the likely
mechanism of the strikingly low encapsulation efficiency ob-
served. Improving nanoparticle encapsulation efficiency will re-
quire similar approaches to those used for drug molecules.
Although direct conjugation of nanoparticles to PLGA is unlikely,
one may be able to improve nanoparticle affinity for the organic
phase by utilizing appropriate coating materials. A large amount
of effort has focused on treating nanoparticles with hydrophilic
surfaces; however, the opposite may be desired for enhancing
encapsulation into relatively hydrophobic polymers. The desired
result of surface modification would be preferential polymer/
solvent wetting of the nanoparticles to encourage retention in the
polymer matrix. Finally, encapsulation may be improved by de-
creasing nanoparticle mobility by increasing the initial polymer
concentration.

5. Conclusions

Pulmonary infections are often persistent and recurrent due
to the compromised nature of the pulmonary bed. A potential
therapeutic approach is to sustain the delivery of antibiotics
directly to the site of infection as a mechanism to increase and
maintain the local drug concentration; however, accessing the
deepest portions of the lung remains difficult. Dry powder
aerosol formulations utilizing monodisperse large porous PLGA
microparticles as carriers may address these encumbrances in
multiple ways, although thorough toxicological studies of this
polymer are still needed. Tight control over the geometric size
and morphology of large porous particles resulted in aerosols
with narrow aerodynamic size distributions. In addition, encap-
sulation of a nanosuspension of ciprofloxacin facilitated con-
trolled release for 2–4weeks, a time frame suitable for avoiding
antibiotic resistance assuming large porous particles persist in
the lung [34]. Finally, the poor encapsulation efficiency of
nanoparticles using a solvent extraction technique was ad-
dressed by modeling droplet dynamics during particle forma-
tion. Faced with a quickly moving boundary, a drastic change in
volume, and a net flux away from the droplet center, nanoCipro
had little opportunity to remain in the forming particle; however,
a careful consideration of variables affecting particle formation
should provide insight for future studies utilizing microencap-
sulated nanoparticles.
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