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Abstract
Diabetes is a set of diseases characterized by defects in insulin utilization, either through autoimmune
destruction of insulin-producing cells (Type I) or insulin resistance (Type II). Treatment options can
include regular injections of insulin, which can be painful and inconvenient, often leading to low
patient compliance. To overcome this problem, novel formulations of insulin are being investigated,
such as inhaled aerosols. Sufficient deposition of powder in the peripheral lung to maximize systemic
absorption requires precise control over particle size and density, with particles between 1 and 5
μm in aerodynamic diameter being within the respirable range. Insulin nanoparticles were produced
by titrating insulin dissolved at low pH up to the pI of the native protein, and were then further
processed into microparticles using solvent displacement. Particle size, crystallinity, dissolution
properties, structural stability, and bulk powder density were characterized. We have demonstrated
that pure drug insulin microparticles can be produced from nanosuspensions with minimal processing
steps without excipients, and with suitable properties for deposition in the peripheral lung.
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INTRODUCTION
Diabetes mellitus is a set of diseases characterized by defects in insulin utilization, either from
autoimmune destruction of insulin-producing cells (Type I) or insulin resistance (Type II). As
of 2005, 20.8 million people in the United States (7.0% of the population) suffered from
diabetes, and it was the sixth leading cause of death due to the many complications associated
with this disease, such as pulmonary hypertension and ischemia.1 Current treatment methods
involve regular injections of insulin, which can be both painful and inconvenient, thus often
leading to low patient compliance.2

In order to overcome this problem, other routes of insulin administration have been
investigated. Inhaled aerosols have been shown to be an effective means to treat local diseases
of the lung.3 Additionally, the large surface area of the lungs (~140 m2) and their ready access
to systemic circulation makes them a possible candidate for noninvasive, systemic drug
delivery. This is particularly good for macromolecular drugs such as peptides, proteins, and
DNA.3–5

Sufficient deposition of aerosol particles in the peripheral lung requires precise control over
particle size and density, which greatly affect the region of deposition in the lungs.4–9 Particles
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possessing an aerodynamic diameter in the range of 1–5 μm are required for suitable terminal
bronchiole and alveolar deposition,6, 8–10 as a means to access systemic bioavailability.7
Low-density particles are currently being developed as a means to deliver drugs to the distal
regions of the lungs.5, 7, 11, 12 These particles possess large geometric diameters, but smaller
aerodynamic diameters due to their low density, as described by the following equation,6, 8,
13

[1]

Where ρref is a reference density (for example 1 g/cm3) and γ is the shape factor (equal to 1
for a sphere).

Studies have shown that insulin delivered via the pulmonary route is well tolerated and effective
in treating patients with Type I diabetes.10, 12, 14–19 Currently, there are several inhaled
insulin delivery systems in development. Of these, those employing the Technosphere
(Mannkind Corporation) and Spiros technologies (Dura Pharmaceuticals) are dry powder
formulations.14 The Exubera formulation (Nektar Therapeutics and Pfizer) and the
formulation using AIR technology (Alkermes and Eli Lilly) are other examples of dry powder
formulations that were either FDA approved and discontinued (Exubera), or terminated during
Phase III clinical trials (AIR). One potential drawback to these formulations is that they contain
excipients, which aid in manufacturing and aerosol performance, but may have unforeseen
negative impacts on the long-term respiratory health of the patient.2, 17 Of particular concern
are penetration enhancers, such as polyoxyethylene 9 lauryl ether and sodium glycocholate,
which have been shown to induce acute inflammation in the lung.20 It may therefore be
desirable to create an inhalable form of insulin that does not contain excipients so as to avoid
any potential complications that might arise. Additionally, most of the current technologies
use a spray drying technique to produce particles, which can subject the insulin to air/water
interfaces, high temperatures, and other conditions that can cause the protein to denature.

Here, a dry powder Zn-insulin formulation possessing appropriate microstructure to reach the
deep lung that is processed without excipients has been developed using a “bottom-up”
approach (Figure 1). Factors such as pH and insulin concentration were shown to have an affect
on seed nanoparticle size. Circular dichroism (CD) and solid-state nuclear magnetic resonance
(ssNMR) were used to show that irreversible secondary structure and crystallinity changes of
the insulin did not occur as a result of processing. It has been demonstrated that excipient-free,
insulin microparticles that are suitably sized for pulmonary delivery and have a high dissolution
velocity can be produced with minimal processing steps. This approach to insulin powder
formulation development may help future researchers develop novel pulmonary delivery
systems for the treatment of diabetes, and as a general approach to formulate small peptides
as nanoparticles or microparticles without the use of excipients

MATERIALS AND METHODS
1. Materials

Lyophilized insulin powder from bovine pancreas (0.5% zinc content) and phosphate buffered
saline premix (PBS) were purchased from Sigma (St. Louis, MO). All other reagents were
purchased from Fisher Scientific (Pittsburgh, PA) and used without further purification.
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2. Fabrication of insulin nanoparticles
Approximately 100 mg of insulin stock powder were dissolved in 15 mL of 0.01 N HCl
solution. The solution was then titrated drop-wise to a pH just below the isoelectric point (pI)
of the native protein (5.3) with 0.01 N NaOH solution, at which point the solution became
colloidal without precipitating. The mean geometric diameters and polydispersities of the
nanoparticle suspension were measured using dynamic light scattering (Brookhaven
Instruments Zeta Potential Analyzer, Holtsville, NY). Nanoparticles were diluted in deionized
H2O (~100X) and three, 1 minute measurements were obtained at 25°C for each sample. Mean
size and polydisperity were determined by the method of cumulants.21 The same instrument
was used to determine the zeta potential (ζ) of the nanoparticles in 1 mM potassium chloride
solution. Three runs of 15 cycles were acquired, and the mean zeta potential was recorded.
Some samples were frozen at −80°C and lyophilized using a Labconco bench top lyophilizer
(Kansas City, MO) for further analysis.

A range of pH values near the pI of the native protein were determined in which the nanoparticle
colloid was preserved. Particle sizes and zeta potentials were measured for each sample.
Nanoparticle samples within this pH range (from 4.92 to 5.09) were centrifuged at 13,000 rpm
for 10 minutes and the supernatant concentration of insulin was analyzed using UV absorbance
spectroscopy (Agilent 8453). All pH values were measured in triplicate. The measured
concentration was used to calculate the mass of insulin in the pellet from the original insulin
mass and total volume.

3. Agglomeration of insulin microparticles
5 mL aliquots of insulin nanoparticle suspensions were added to 15 mL of ethanol and stirred
for ~36 hours at 300 rpm under a fume hood. Nanoparticles with diameters of approximately
200 nm were selected for this step. The geometric diameters of the insulin microparticles were
measured in Isoton™ diluent using a Coulter Multisizer™ 3 (Beckman Coulter, Fullerton, CA).
Samples were frozen at −80 °C and lyophilized for further analysis.

4. Characterization of aerosol properties
The aerodynamic diameters of the lyophilized powders were determined using an Aerosizer
LD (Amherst Process Instruments Inc.). Data were collected over ~70 seconds under high shear
force (~3.4 kPa) using a 700 μm nozzle.

5. Characterization of particle morphology
The size and morphology of lyophilized samples were evaluated using a LEO 1550 field
emission scanning electron microscope (SEM). All samples were sputter-coated with gold for
30 seconds prior to imaging.

6. Conformational stability of processed insulin
Post-processing secondary structural changes in samples were analyzed by dissolving particles
in 0.01 N HCl solution and subjection to circular dichroism spectroscopy (CD; Jasco J-810,
Easton, MD) to determine conformational differences between processed and unprocessed
insulin, as well as thermal stability differences between groups. CD spectra were acquired in
three accumulations from 260-195 nm with a scanning speed of 50 nm/min and 1.0 nm
resolution. Thermal stability was determined at a wavelength of 210 nm from 10–80 °C with
a scanning speed of 15 °C/hr. Thermal stability spectra were acquired in triplicate. Insulin
concentration in prepared solutions was determined by UV absorbance spectroscopy.
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7. Crystallinity of processed insulin
7.1. NMR—Spectra were collected using a Tecmag Apollo spectrometer operating at 300 MHz
using ramped amplitude cross-polarization (RAMP),22 magic-angle spinning (MAS),23 and
SPINAL-64 decoupling.24 Samples were packed in 4 mm o.d. zirconia rotors using Teflon®
endcaps, and spun at 8 kHz in a ChemagneticsTM Triple-Resonance HXY CP/MAS NMR
probe configured to run in double-resonance mode using the H and X channels, and fitted with
a 4 mm spin module from Revolution NMR. All spectra are the sum of 120,000 transients
collected using a 1.5 s pulse delay, a contact time of 2 ms, and a 1H 90° pulse width of 2.3
μs. The free induction decays consisted of 256 points with a dwell time of 33.3 μs. The spectra
were externally referenced to tetramethylsilane using the methyl peak of 3-methylglutaric acid
at 18.84 ppm.25

7.2 HPLC—The crystalline insulin content of the materials was determined using the method
in the insulin-zinc suspension monograph of the 2005 U.S. Pharmacopoeia National
Formulary, with minor modifications. Buffered acetone TS was produced by dissolving 8.15
g of sodium acetate and 42 g of sodium chloride in 100 mL of water, to which 68 mL of 0.1
N hydrochloric acid and 150 mL of acetone were added. The mixture was then diluted with
water to make 500 mL. Approximately 0.5 mg of insulin was placed in a 1.5 mL
microcentrifuge tube and 33.3 μL of a 1:2 mixture of water and buffered acetone TS was added
to the tube to extract any amorphous insulin. The sample was immediately centrifuged at 13,000
rpm for one minute, the supernatant was decanted, and the extraction was repeated.
Additionally, ~0.5 mg of insulin was placed in another microcentrifuge tube to be used as a
control. Both insulin samples were each dissolved in 33.3 μL of 0.01 N hydrochloric acid and
analyzed by HPLC, with each sample being prepared in triplicate.

The HPLC was a Shimadzu system that consisted of an SCL-10A system controller, LC-10AT
liquid chromatography pump, SIL-10A auto injector with a sample cooler, and SPD-10A UV-
VIS detector with instrument control and data analysis performed through CLASS-VP
software. Aqueous mobile phase was prepared by dissolving 28.4 g of anhydrous sodium
sulfate in 1000 mL of water, to which 2.7 mL of phosphoric acid was added and the pH was
adjusted to 2.3 with ethanolamine. The aqueous mobile phase was then mixed 74:26 with
acetonitrile. The separation was performed on a 4.6 × 250 mm Symmetry® C18 column from
Waters that was maintained at 40°C. Samples were maintained at 5°C and 20 μL were injected
for analysis, with a mobile phase flow rate of 1 mL/min and the detector set to 215 nm. Peak
areas were normalized to the mass of insulin used to prepare the sample and the percent
crystalline insulin was calculated with the following equation:

[2]

8. Dissolution of insulin particles
Approximately 6 mg of each insulin particle sample was suspended in PBS (pH 7.4). The
solution was placed in a 100,000 Dalton biotech grade cellulose ester dialysis tube (Spectrum
Labs, Rancho Dominiguez, CA) and placed in PBS solution to a final volume of 45 mL. All
samples were incubated at 37°C and shaken at 50 rpm on a shaker table. One mL aliquots were
taken at various time points up to 8 hours from the bulk solution and replaced with 1 mL of
fresh PBS. The insulin concentration was measured using a Coomassie Plus colorimetric
protein quantification assay (Thermo Fisher Scientific, Waltham, MA). A calibration curve
was used to correlate the insulin concentration with the measured absorbance, with insulin
concentrations ranging between 1 and 25 μg/mL being used as the standard. Dissolved mass
was calculated from the measured concentration, and was then normalized to the total loaded
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mass to determine the percent dissolved. All experiments were performed in triplicate. Analysis
of variance (ANOVA) was used to determine statistically significant differences between
groups (p < 0.05). Comparisons among groups were done using a Fisher’s F-test. Data points
were fit to a variation of the Hguchi Equation (Equation 2) by minimizing the sum of the
squared residuals.

[2]

Where x is the fraction released, t is the time elapsed, and k is a constant. A t-test was used to
show the correlation between the experimental data and the model.

9. Estimation of bulk powder density
The bulk density of the dry powder was estimated using a micro-tap test approach, as defined
in the U.S. Pharmacopoeia National Formulary, with slight modifications. Briefly, dry powder
samples (unprocessed insulin, nanoparticles, and microparticles) were added to pre-weighed
microcentrifuge tubes, and the tubes were weighed again to determine the mass of powder.
The tubes were then tapped thirty times on the lab bench to compress the powder. The volume
of the powder was approximated by comparing the height of the compressed powder to that of
a volume of water in an identical pre-weighed microcentrifuge tube. The tube containing the
water was then weighed to determine the volume of water (assuming a density of 1 g/cm3).
The powder density was calculated by dividing the mass of powder by the volume of water.
All samples were analyzed in triplicate. Analysis of variance (ANOVA) was used to determine
statistically significant differences between groups (p < 0.05). Comparisons among groups
were done using a Fisher’s F-test.

RESULTS
1. Characterization of insulin nanoparticles

Zinc-insulin nanoparticles were created by titrating dissolved insulin to the pI of the native
protein, which resulted in a colloidal suspension of nanoparticles. Particle sizes and zeta
potentials were analyzed over a pH range of 4.9 to 5.1, and ranged from 293 nm to 592 nm
(Table I). Zeta potentials ranged from 10.9 mV to 18.9 mV. Neither particle sizes nor zeta
potentials correlated strongly with the pH of the solution.

The mass fraction of insulin remaining in solution after nanoparticle precipitation was
determined using UV absorbance spectroscopy. These values were used to determine the mass
fraction of total insulin contained in the nanoparticles. The results suggest a positive correlation
between the particle size and the total mass of the insulin nanoparticles in suspension (Figure
2), which corroborates the increase in particle size with increasing pH as shown in Table I.

2. Characterization of insulin microparticles
Insulin microparticles were produced from insulin nanoparticle suspensions through solvent
displacement. This was achieved by adding aliquots of insulin nanoparticle suspension to
ethanol and stirring for 36 hours. The geometric diameter of the insulin microparticles was
determined to be 3.41 ± 1.4 μm. No correlation was determined to exist between insulin
nanoparticle size and microparticle size (Figure 3). SEM imaging revealed differences in the
morphology of the unprocessed insulin and the insulin microparticles (Figure 4). The
unprocessed insulin appears as agglomerates of micronized zinc-insulin crystals, while the
microparticles have a more leaf-like morphology. This leaf-like shape could aid in the
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aerosolizability of the insulin microparticles, and would suggest a shape factor (as defined in
Equation 1) of much less than 1.

3. Bulk powder density
The tap test method was used to determine the bulk density of the insulin powders before and
after processing. Density of the unprocessed insulin powder was determined to be 0.48 ± 0.08
mg/cm3 (Figure 5). The nanoparticle bulk density was determined to be 0.28 ± 0.04 mg/cm3,
and the bulk density of the insulin microparticles was determined to be 0.063 ± 0.004 mg/
cm3. Analysis of variance revealed a p-value of 0.00025 (p < 0.05), indicating a statistically
significant difference between the bulk densities of each group.

4. Aerosol properties - insulin particles
The aerodynamic diameters of the unprocessed insulin powder, lyophilized insulin
nanoparticles, and lyophilized insulin microparticles were measured with an Aerosizer LD and
are shown in Table II. The large aerodynamic diameter of the insulin nanoparticles is most
likely due to uncontrolled agglomeration, which probably occurred during lyophilization. The
smaller aerodynamic diameter of the insulin microparticles compared to the geometric diameter
(see Supplementary Figure 1) of the microparticles was expected because of the lower density
and morphology of the insulin microparticles (Figure 5).

5. Conformational stability of processed insulin
Circular dichroism (CD) was employed to analyze the secondary structure and thermal stability
of processed insulin powders. Isothermal scans of dissolved, unprocessed insulin powder,
dissolved nanoparticles, and dissolved microparticles reveal near-identical spectra with
minima at 210 nm, suggesting that there were no changes in the secondary structure of
processed insulin (Figure 6). Retention of secondary structure was also reflected in the thermal
stability CD scans, which showed a slight change in molar ellipticity starting at about 50°C for
all samples. Data are indicative of a loss of secondary structure occurring at the same melting
temperature for all insulin samples. The data suggest that there were no changes that occurred
as a result of processing, and that the thermal stability of the insulin processed into
microparticles and nanoparticles was neither enhanced nor diminished.

6. Crystallinity of processed insulin
The crystallinity of the insulin particles was examined using 13C CP/MAS NMR (Figure 7).
The spectra displayed differences in the aliphatic region (~0 to 75 ppm), although these
differences are difficult to correlate with the physical state of insulin. More obvious differences
between the samples existed in the carbonyl (~175 ppm) and aromatic (~137 ppm) regions.
The peak at ~137 ppm in the unprocessed insulin seemed to be more narrow and better resolved
than peaks at ~129 ppm. These same lines in the other samples were broader, to the point where
peaks at ~129 ppm could not be resolved. The peak at ~175 ppm in the unprocessed insulin
was more narrow, with two very clear shoulders at ~180 ppm and ~173 ppm. Other samples
only showed one broad peak at ~175 ppm.

7. Dissolution of insulin particles
The concentration of insulin was measured over time in PBS to determine the dissolution rate
of the different powders (Figure 8). The unprocessed insulin follows Higuchi dissolution
kinetics,26 where the amount of drug released is proportional to the square root of time
(Equation 2). The nanoparticles and microparticles appear to show a burst dissolution
phenomenon, but follow a similar release pattern. A statistically significant fit was determined
to exist between the model and the experimental data (p = 2 × 10−7, p = 0.00003, and p =
0.00007 for unprocessed, nanoparticles, and microparticles, respectively). The final
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concentrations of dissolved nanoparticles and microparticles were both significantly different
from that of unprocessed powder after 15 minutes (p = 0.0021 and p = 0.0054, respectively).
The dissolution rates of neither the nanoparticles nor the microparticles were significantly
different from the dissolution rate of the unprocessed insulin after 8 hours.

DISCUSSION
Pure insulin microparticles with sizes within the respirable range were produced from the
solvent displacement from insulin nanoparticles. Nanoparticles were produced using titration
and were shown to have a strong correlation between pH and particle size (Figure 2).
Microparticles were then produced using ethanol to displace the aqueous solvent and induce
nanoparticle agglomeration. The resulting microparticles showed a “leaf-like” (flat, thin and
curled) morphology. The proposed mechanism for this agglomeration is a combination of
decreased electrostatic interactions between nanoparticles due to the addition of the organic
phase, and the deposition of dissolved insulin onto the surface of the nanoparticles as the
solubility of the insulin is reduced. It might be possible that the addition of the organic phase
caused an increased hydrophobic interaction between the particles as hydrophobic amino acid
residues of the insulin extended into the organic solvent, causing particle cohesion and
coalescence. Future studies should aim to understand this mechanism of nucleation and growth
in greater detail.

The sizes of the microparticles were independent of the size of the nanoparticles used, and had
a mean aerodynamic diameter that was roughly between 0.4 μm and 4 μm, with a mean diameter
of 2.3 μm. This range of average particle sizes is similar to other dry powder insulin
formulations, such as Exubera (3.5 μm),18 and a formulation based on the Spiros technology
(2–3 μm).27 Additionally, these particles were smaller than those produced using AIR
technology (5–30 μm).28 Based on Equation 1, our data suggest a mean shape factor equal to
0.135 (assuming a ρref of 1 mg/cm3 and ρtap = ρparticle). This value is much less than 1, indicating
that our particles are aspherical and highly irregular in morphology, potentially making them
good candidates for inhalation. This observation was further corroborated by SEM imaging
(Figure 4).

The crystallinity of the insulin particles was first examined using 13C CP/MAS NMR (Figure
7). Due to their highly ordered nature, crystalline materials have relatively narrow lines in a
13C CP/MAS spectrum, while disordered or amorphous materials have relatively broad lines.
Insulin consists of 51 amino acids and therefore the spectrum will be quite complicated because
every amino acid will have at least an amide and a carbon, each of which will have slightly
different conformations and thus different chemical shifts. Because of this, even the 13C CP/
MAS spectrum of a crystalline protein would appear to have broad lines even though it consists
of many narrow lines with slightly different chemical shifts. Therefore, it would be expected
that there would be very few differences between the 13C CP/MAS spectra of amorphous and
crystalline proteins, and any differences may be subtle. The sharply resolved peaks of the
unprocessed insulin suggested that it is crystalline while spectra for all other samples suggested
some amorphous content, which is corroborated by the dissolution testing. However, at this
time nothing can be said about the purity of each form because some crystalline insulin may
exist in samples that appear to be amorphous.

Crystallinity was also determined by dissolution testing, as defined by the 2005 U.S.
Pharmacopoeia National Formulary, with modifications. Buffered acetone was used to dissolve
the amorphous insulin from each sample, the concentration of which was then determined and
used to estimate the crystallinity of the particles. The unprocessed insulin (~85% crystalline)
was shown to be about 17 times more crystalline than the nanoparticles, and 4 times more
crystalline than the microparticles (Figure 9). In addition, the dissolution rate of both the
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microparticles and the nanoparticles exhibited a burst effect over the first few minutes when
compared to the unprocessed insulin (Figure 8). This is indicated because the nanoparticle and
microparticle dissolution data do not fit to the model at the shortest times. This burst may be
due to the rapid dissolution of amorphous material deposited on the surface of the particles
during processing or possibly during lyophilization. In the case of the nanoparticles, it is
probable that the large total surface area of the particles also plays a significant role in
increasing the dissolution rate. This may be beneficial in a pulmonary insulin formulation if
the desired therapeutic effect is rapid control of spikes in glucose levels.

A concern with the technique outlined in the U.S. Pharmacopoeia is that it is based on the
assumption that amorphous materials dissolve more rapidly than crystalline materials. This
assumption might not always apply when using nanoparticles because of the enhanced
dissolution velocity of particles at this scale, so interpretation of the results should be
approached conservatively.29, 30 Additionally, future studies should aim to examine the shelf-
life of the formulation using an accelerated stability study. Solid-state drug formulations can
be more thermodynamically stable in their crystalline forms than in their amorphous forms,
transitions of amorphous insulin to crystalline could cause the microparticle formulation to
lose its burst-release properties over time, if indeed the burst dissolution is the result of
amorphous content as opposed to nanostructure. Future studies should also include
examination of the formulation in vivo to determine the relative performance of this formulation
over intravenous and subcutaneous insulin formulations, as well as other pulmonary insulin
formulations.

CONCLUSIONS
Pure insulin microparticles produced through agglomeration of insulin nanoparticles may be
a potential candidate for a pulmonary insulin formulation. The lack of penetration enhancers
and other excipients in this formulation may reduce the occurrence of unforeseen side effects,
thus making it potentially safer than existing alternatives. Additionally, the processing steps
necessary for this formulation are minimal and did not denature or degrade the peptide, which
may be a concern with currently used techniques. A major benefit of this formulation method
is the ability to produce pure insulin microparticles, which has not been demonstrated with
techniques such as spray drying. The development of a dry powder insulin formulation for the
treatment of diabetes may help to reduce, or altogether eliminate, patient dependence on painful
injections, and thus may help to increase patient compliance.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Outline of insulin processing method showing the different processing steps. “Nano” refers to
insulin nanoparticles, which were processed into microparticles.
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Figure 2.
Mass fraction of insulin in pellet vs. pH. Pellet mass increased as pH increased as insulin
precipitated out of solution. Each value represents the mean ± S.D. of three experiments.
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Figure 3.
Microparticle size vs. nanoparticle size. Data suggest no correlation between nanoparticle size
and microparticle size. Each point represents the mean ± S.D. of three experiments.
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Figure 4.
SEM micrographs of insulin particles; (A) shows unprocessed insulin particles (scale bar 10
μm); (B) shows insulin nanoparticles (scale bar 2 μm); and (C) shows insulin microparticles
after processing (scale bar 2 μm).
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Figure 5.
Tap tests revealed the low density of insulin microparticle formulations. Each bar shows the
mean ± S.D. of three experiments.
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Figure 6.
Circular dichroism of dissolved insulin powders. Panel A shows isothermal spectra, and panel
B shows variable temperature scans at a wavelength of 210 nm. Each value of the variable
temperature scan represents the mean ± S.D. of three experiments.
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Figure 7.
13C CP/MAS NMR spectra for insulin powders; (A) Unprocessed; (B) Insulin microparticles;
(C) Lyophilized insulin nanoparticles; (D) Centrifuged and dried insulin nanoparticles.
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Figure 8.
Dissolution of insulin powders over time in phosphate buffered saline. Each point represents
the mean ± S.D. of three experiments. Data were fit to the Higuchi equation (lines).
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Figure 9.
The percent crystallinity of insulin particles, as determined by the HPLC dissolution method
described in the U.S. Pharmacopeia and National Formulary. Each bar shows the mean ± S.D.
of three experiments.
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Table I
Characteristics of nanoparticles at various pH values.

pH Diameter (nm) Polydispersity ζ-Potential (mV)

4.92 293 ± 42 0.38 ± 0.02 10.9 ± 2.4

4.97 345 ± 16 0.34 ± 0.02 15.6 ± 1.1

4.98 440 ± 58 0.36 ± 0.03 18.0 ± 1.3

5.09 592 ± 62 0.35 ± 0.01 17.6 ± 0.3
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Table II
Particle sizes. Samples marked with an * were lyophilized and resuspended in aqueous solution before measuring their
geometric diameters with a Coulter Counter.

Sample dgeo (μm) daero (μm)

Unprocessed* 12.0 ± 4.6 4.10 ± 1.8

Nanoparticles* 11.6 ± 9.5 3.60 ± 2.0

Microparticles 3.40 ± 1.4 2.30 ± 1.9
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