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Aim. Investigation of the possibility of manufacturing biocompatible polymer particles which have the required properties
for pulmonary delivery via inhalation and simultaneously act as vehicles of nanotherapeutics. Methods. Nanostructures were
obtained from biocompatible polysaccharides by successive oxidation and reactive coiling in the aqueous phase. The resultant
nanosuspensions of PAD (polyaldehyde dextran) and DACMC (dialdehyde carbomethylcellulose) were used as precursors in
spray drying production of powders at variable process conditions. The resultant dry microparticles were characterized by SEM
observations, and their properties related to delivery by inhalation were determined by laser diffraction spectrometry following the
dispersion in the commercial inhaler. Finally, the possibility of the reconstitution of nanosuspensions by powders rehydration was
evaluated. Results. Synthesized nanoparticles had size of 120-170 nm. Microparticles after drying had size of 0.5-5 ym and different
surface morphology. Aerosolized particles obtained from powder dispersion in the inhaler had the volumetric median diameter
of ~2 and ~1 ym for PAD and DACMC, respectively. Hydration of powders led to restoring the nanosuspensions with the average
particle size similar to the precursor. Conclusions. PAD and DACMC can be used to obtain nanostructures which, after processing,
take a form suitable for effective delivery to the lungs via inhalation.

1. Introduction

Biocompatible and biodegradable polymeric particles are
widely used as drug carriers [1-4]. Encapsulation of drug in
polymer particles allows for prolonged release of medicines
in the target area which means that drugs become available
directly in the desired site (so they do not cause side effects)
and their activity is extended in time. Typically, drug release is
achieved due to polymer swelling or erosion [5]. In addition,
the release rate can be “tuned” using the responsive systems;
that is, it can be triggered by pH, temperature, radiation,
magnetic field, and so forth [6, 7]. In such cases polymer-
based carriers become the specialized and effective tool of
medical treatment. Simultaneously, the controlled release
allows minimizing local toxic effects of potent drugs [4].
Nanoparticles gained a lot of interest as potential vehicles
of therapeutics because of several unique and beneficial fea-
tures. Owing to the small area for opsonin binding, they are

capable of avoiding the phagocytosis so the drug bioavailabil-
ity is increased as compared to larger carriers [5]. Simultane-
ously, the size of nanoparticles makes them suitable to pene-
trate to the tumors via more leaky walls of the blood vessels
(so called, EPR effect) and for this reason they are preferable
carriers of anticancer therapeutics [8, 9].

The common route of delivery of drugs formed as
micro- and nanoparticles is intravenous injection; however
pulmonary drug delivery by inhalation becomes prospective
[10-12]. It is beneficial particularly in the treatment of disor-
ders localized within the respiratory system where diseased
areas can be accessed from the outer side (i.e., via the air).
Unfortunately, nanoparticles cannot be efficiently delivered
by inhalation due to their poor aerosolization properties and
relatively ineffective deposition in the bronchial tree and the
alveoli. According to the existing knowledge based simul-
taneously on in vivo measurements and model calculations,
the most suitable aerodynamic size of aerosol particles which



assures their good penetration to the lower airways of the
respiratory system is limited to 1-5 ym [12-14]. Thus, delivery
of nanodrugs or nanocarriers into the lungs requires an
application of additional vehicles of nanostructures in form
of microsized objects which can be inhaled and effectively
deposited in the respiratory system [10, 15, 16].

Typical polymers considered for use in pulmonary drug
delivery are natural polysaccharides such as carrageenans,
chitosan, gelatin, and hyaluronic acid, but also certain bio-
compatible synthetic compounds such as poly(lactic) acid,
PLA; oligo(lactic) acid polymers, poly(vinyl) alcohol, PVA;
and also some copolymers (e.g., poly(lactic-co-glycolide
acid): PLGA) [5]. Other biocompatible polymers may be
also proposed as the field is still open for innovation [17].
Such compounds can be used as carriers of drugs which
are incorporated in the dissolving matrix. One of the key
problems in the application of respirable drug carriers is their
preparation as a formulation suitable for use with inhalers.
Among several available methods of production of stable
dry particles [18], spray drying (SD) became popular as a
single-step and affordable process [19]. Other advantages of
this technique are easy scaling up, good control over product
quality (mainly: particle size and morphology), and the pos-
sibility of production of multicomponent particles [20-22].

In this paper we focus on the preparation of inhalable
microparticles which can be used as vehicles for nanosized
polymeric particles for delivery to the respiratory system. To
achieve that aim we propose the multistep research approach
which consists of the follwoing:

(1) preparation of nanoparticles by oxidized dextran
and carboxymethyl-cellulose (both compounds are
known to be biocompatible [23, 24], and this property
should be retained after oxidation as they are always
partially oxidized in the native state),

(2) preparation of microparticles by SD starting from the
nanosuspensions obtained in step (1),

(3) characterization of the microparticles (powders) in
respect of their aerosolization properties to confirm
suitability for pulmonary drug delivery,

(4) testing the possibility of reconstitution of nanostruc-
tures after powder hydration.

2. Materials and Methods

2.1. Nanoparticles Preparation and Size Determination. The
following chemicals have been used in the synthesis of nano-
particles: dextran (MW = 70kDa, donated by Institute of
Animal Physiology and Nutrition, Polish Academy of Scien-
ces, Jablonna, Poland), Aqualon sodium carboxymethylcellu-
lose (MW = 90kDA, Hercules Inc., USA), dodecylamine hy-
drochloride, benzylamine, sodium periodate (Sigma Aldrich,
Poland), and alanine (POCh, Poland).

Each of two polysaccharides was oxidized in aqueous
phase with sodium periodate according to procedure described
by Mu et al. [25]. Degree of oxidation after the completion of
the reaction was determined by hydroxylamine hydrochlo-
ride titration method [26], and it was 5% in the case of
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TABLE 1: Processing conditions of spray drying: different flow rates
and temperatures of the drying air.

Q=20m’/hr
Designation Exp.1 Exp. 2 Exp. 3
T, ['C] 100 150 200
Tou [[Cl ~45 ~57 ~68
Q=35m’/hr
Designation Exp. 4 Exp. 5 Exp. 6
T, ['C] 100 150 200
Tou [[Cl ~55 ~85 ~100

out

polyaldehyde dextran (PAD) and 15% in case of dialde-
hyde carboxymethylcellulose (DACMC). Folding of polymer
chains was achieved by linking hydrophobic amines to the
aldehyde groups: dodecylamine hydrochloride in the case
of PAD and benzylamine in the case of DACMC. Other
aldehyde groups were substituted by alanine. These reactions
allowed obtaining nanoparticles which were then purified
by 30min dialysis done in tubular membranes made of
regenerated cellulose (MWCO 14 000, Carl Roth GmbH +
Co. KG, Germany) against water purified with the reverse
osmosis. The outer liquid was agitated with the magnetic
stirrer (150 rpm). The size of obtained nanostructures was
determined at room temperature by nanoparticle tracking
analysis (NTA) using Nanosight LM10-HS device (Malvern
Instruments, UK). Each nanosuspension (approximate con-
centration: 20 mg/mL) was diluted 100-fold with water before
the measurements. Analyses were triplicated and the gath-
ered data were averaged.

2.2. Powder Production and Characterization. Dry powder
was produced with the standard spray drying method (SD)
using Mini Spray Dryer B-290 (Biichi, Switzerland) operated
in the open mode. Some details of the technique and the
apparatus are given elsewhere [22]. The aqueous nanosuspen-
sions (approximate concentration: PAD: 6% and DACMC:
2%) were pumped to the pneumatic nozzle with the volu-
metric rate of 3mL/min and dispersed by compressed air
(flow rate: 14 dm®/min). The powders formed due to evapora-
tion of water from droplets on contact with hot air (inlet tem-
perature, T;, =100, 150, or 200°C) were separated in the high
performance glass cyclone. Two process parameters were
adjusted: the flow rate Q and the inlet temperature of the
drying air Tj,. These parameters were selected as decisive
based on our previous studies related to use of spray drying
for preparing of inhalable powders [20, 22]. Experimental
settings of the drying are listed in Table 1. Collected powders
were inspected visually using scanning electron microscope
(SEM, model TM1000, Hitachi, Japan) after coating with
20nm layer of gold (K550x Sputter Coater, Quorum Tech-
nologies, UK).

2.3. Aerosol Properties of Powders. Powder aerosolization
was tested using the commercially available capsule inhaler
(Cyclohaler, Adamed, Poland). Before each experiment cap-
sules were loaded with approximately 10 mg powder aliquots.
Volumetric particle size distribution was determined with
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FIGURE 1: The experimental set-up for determination of particle size
distribution of aerosolized powder: 1: inhaler, 2: adapter, 3: USP inlet,
4: inhalation chamber, 5: laser emitter of Spraytec spectrometer, 6:
laser beam, 7: laser detector of Spraytec spectrometer, 8: optical
bench, and 9: valve and air flowmeter.

the laser diffraction aerosol spectrometer (Spraytec, Malvern
Instruments, UK) additionally equipped with the dedicated
inhalation chamber, Figurel. Aerosol was created by the
airflow drawn through the inhaler at the rate of 100 dm>/min
which is the typical value obtained during medical inhala-
tions with this type of inhaling device. The aerosol cloud
was introduced into the inhalation chamber via the standard
inlet tube (so called: USP, i.e., United States Pharmacopeia,
inlet [27]). The cloud was automatically sensed by the optical
system allowing determining the particle size distribution
(measuring period: 0.5s, sampling rate: 1kHz). Based on
the complete, time-averaged size distributions, two essential
factors were evaluated and compared: the volumetric median
diameter (VMD = Dv50) and the percentage of particles
smaller than 4.7 ym (so called, fine particle fraction: FPF).
Both parameters are the essential quality indicators of aerosol
produced by the inhalation drug delivery systems [12].

It should be noted here that laser diffraction allows to
find the distribution based on particles volume which is, in
general, not equivalent to the one based on the aerodynamic
size (e.g., measured by cascade impactors [27]). By definition,
aerodynamic particle diameter equals

Pp
d.=d. |—, 1
e p\/gpw @)

where d,, is the equivalent geometric diameter of the particle,
p, density of particle material, p,, density of water, and £ the
dynamic shape factor [16]. Divergence between both diame-
ters becomes important only for highly porous particles (like
those studied by Tsapis et al. [15]) or particles with very
irregular shape (needles, fibers, fractal-like aggregates, and
plates: & > 1). For particles with virtually spherical shape (§ =
1) and density comparable to water, it can be claimed that
both diameters are practically equivalent. This assumption
remains also valid for particles studied in this work.

2.4. Nanoparticle Reconstitution after Powder Rehydration.
In order to check if nanocolloids can be restored after
rehydration of dry particles, the powders (20 mg aliquots)

were mixed with water (1 mL) and gently agitated by magnetic
ministirrer for 30 minutes at room temperature (agitation
speed: 300 min'). Determination of particle size distribution
in the suspension was done by the same methodology as for
the initial assessment, that is, by NTA.

3. Results and Discussion

Total concentration of PAD and DACMC synthesized nano-
particles in the samples used in NTA analyses was in the
range of 10° particles/mL. The examples of size distributions
obtained by NTA measurements for both types of nanoparti-
cles are presented in Figure 2. The nanoparticles were poly-
disperse with the average particle size: 168.5 + 16.6 nm and
the count mode: 107 + 1.9 nm in case of PAD and the average
size: 118.0 £ 0.7 nm and the count mode: 96.0 + 0.5 nm in case
of DACMC. For PAD particles it is seen that the distribution
is characterized by the main maximum corresponding to the
modal value and the additional local peak which probably
shows aggregates. To better describe the size distribution we
introduce the span, which can be determined according to the
formula:

D90_D10
D50

S= , (2)

where D; denotes the ith percentile of the cumulative distri-
bution. Span values provide data regarding the width (poly-
dispersity) of the particle size distribution. The calculated
values of S were 1.16 + 0.04 and 1.06 + 0.02 for PAD and
DCMC nanoparticles, respectively (these data are shown in
Figure 8(b)—“sample 07).

SEM pictures of powders obtained by drying of nanosus-
pensions of polymeric nanoparticles are presented in Figures 3
and 4. These pictures are presented to illustrate the average
geometrical size and morphology of dried material (no
statistical analysis of particle sizes was done based on SEM
measurements). In case of PAD (Figure 3), powder particles
are typically characterized by wrinkled surface and the degree
of corrugation increases when the drying becomes faster. At
the low flow rate of the drying air with T}, = 100°C-150°C
(Q = 20m?/hr), some spherical and smooth particles can
be found as indicated by arrows in Figure 3. Such particles
are formed when drying process is slow enough to allow the
uniform evaporation of water from droplets. Higher drying
temperatures and increased airflow rates are responsible for
the formation of particles with a corrugated surface.

At very high drying rates (Exps 3, 5, and 6), powder
particles are highly deformed and crumpled. This effect is
due to the surface collapse when the outer solid crust (shell)
is formed over the liquid content of the inner core of the
droplet as suggested by other authors [28]. In such case, water
evaporates through the crust leaving empty spaces behind so
the crust becomes wrinkled as it collapses to fill these spaces,
Figure 5(a).

Based on the presented SEM pictures it can be found
that the range of particle size is similar independently of the
drying rate. Evidently, particles are not of equal size due to the
polydispersity of the sprayed droplets. All particles are in the
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FIGURE 2: Examples of size distribution of PAD (a) and DACMC (b) nanoparticles.
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T — - _— y=
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FIGURE 3: SEM pictures of powders obtained by spray drying of PAD nanosuspensions. Arrows indicate spherical particles with a smooth
surface.
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FIGURE 4: SEM pictures of powders obtained by spray drying of DACMC nanosuspensions. Arrows indicate deformed particles with a

wrinkled surface.
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FIGURE 5: Hypothetical steps during formation of particles during
drying: (a) at high drying rates formation of crust and evaporation of
water from the inner liquid core leads to a deformed particle; (b) for
low drying rate and/or lower concentration of the nanosuspension,
droplets evaporate uniformly and the spherical particles are formed.

range of 0.5-5 ym, which is appropriate for powders designed
for pulmonary delivery via inhalation.

In case of DACMC powders shown in Figure 4 the trend
of changes in surface morphology is less apparent than the
one observed for PAD particles.

At the lower flow rate of drying air (Q = 20 m?>/hr)
particles are formed as spherical and smooth. Some deforma-
tions of the surface are observed only at the highest drying

temperature (200°C) as indicated by arrow in this figure.
When the flow rate of drying air increases, irregularities
on particle surface become visible already at T;, = 100°C.
Particle corrugation is predominant at the highest drying rate
but it is still much less remarkable when compared to PAD
powders. It is expected that due to a lower concentration of
the nanoparticles in the droplet, the mechanisms of drying
is similar to the one shown in Figure 5(b), where the outer
shell is not formed. It can be seen that DACMC particles are
polydisperse and their size is typically below 3 yum. Higher
flow rates of the drying air allows to obtain smaller particles.

Size distribution of particles dispersed in the air are com-
pared in Figures 6 and 7, with a focus on two parameters: vol-
umetric median diameter (VMD = Dv50) and the fraction of
particles smaller than 4.7 ym (fine particle fraction: FPF). As
mentioned earlier, both the median diameter and the FPF are
the most important parameters for the evaluation of aerosol
suitability for drug delivery via the inhalative route [12].

The comparison shows that DACMC particles are at
average almost twice smaller than PAD particles (VMD L.1-
1.5 ym and 2-2.6 um, resp.) and the average size (VMD) of
aerosol particles noticeably depends on drying conditions.
Smaller size of DACMC particles results from the lower
concentration of the precursor nanosuspension than in the
case of PAD. In spite of the discussed differences in size, both
types of powders may be considered as very good candidates
for carriers of inhaled drugs. Fine particle fraction (FPF) is
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FIGURE 6: Volumetric median diameter (VMD) and fraction of fine particles (FPF) for PAD microparticles as a function of the temperature
and the flow rate of the drying air (m®/hr). Error bars denote the standard deviation.
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FIGURE 7: Volumetric median diameter (VMD) and fraction of fine particles (FPF) for DACMC microparticles as a function of the temperature
and the flow rate of the drying air (m?/hr). Error bars denote the standard deviation.
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FIGURE 8: Average size (a) and span of the distribution (b) for nanoparticles obtained after reconstitution of spray dried powders with water
at room temperature. Sample “0” denotes the original nanosuspensions (precursors). Error bars indicate the standard deviations.
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always higher than 80%, suggesting the possibility to deliver
almost all the powder emitted from the inhaler into the distal
parts of the respiratory system.

The average size of aerosolized PAD particles increases
with the drying rate (higher flow and higher temperature
of the hot air) which is related to the observed particle
deformations. This effect can be explained in two ways as
follows.

(1) Since a spherical particle has the lowest volume, so
deformation of particle with the given mass always
leads to a higher volumetric size.

(2) Particles with corrugated surface can be more difficult
to disperse into single particles (due to interlocking
effect [29]), so the observed distribution of particle
size in the aerosol corresponds not to individual
particles but rather to some aggregates which had
not been dispersed in the inhaler. Referring to SEM
pictures of produced PAD powders (Figure 3) it is
seen that some small particles (<1 ym) are located in
the cavities of larger particles. If such structures are
not broken apart by the aerodynamic interactions, the
relative amount of small particles in the aerosol will
be decreased, and it will result in the higher average
particle size (VMD).

The situation is different in case of DACMC particles
for which the surface deformation caused by drying is
weaker. Formation of the external crust can be delayed in
this case due to the lower polymer concentration and lower
liquid viscosity, so the particle shape almost always remains
spherical according to the mechanism shown in Figure 5(b).
Some surface defects are observed mainly at the high drying
rates. It is found that powders obtained at higher flow rates
of the drying air are aerosolized to smaller particles than the
ones obtained at the lower airflow rate (Figure 7). The reason
for that is not fully clear but the effect may be related to the
structural changes of the DACMC nanostructures during the
loss of water due to evaporation, which can be dependent on
the drying rate.

Finally, the size distribution of nanoparticles reconstituted
following the addition of water is compared in Figure 8(a). In
general, it is seen that the nanostructure of colloids is restored
after hydration of spray dried powders. This observation con-
firms that material processing during SD does not destroy the
initial properties of tested polymers including the capability
of self-organization (such as coiling/folding) in the aqueous
environment. A scatter of the average particle size observed
for PAD nanoparticles in Figure 8(a) cannot be reasonably
linked to the drying conditions since the maximum can be
found at the moderate inlet air temperatures (T}, = 150°C).

Considering the values of span (2) presented in Figure 8(b),
which give more information on the size distribution, it can
be concluded that polydispersity of PAD nanoparticles is
always higher than the one of DACMC. Particles processed by
drying at 150°C and rehydration show wider distribution (S =
1.2-1.35 after drying as compared to S = 1.15 for the precursor).
On the other hand, reconstituted nanosuspensions obtained
from particles processed at both lower and higher drying

temperatures are either less or equally polydisperse as the
precursor.

4. Conclusions

Presented investigations demonstrate the following.

(i) Nanostructures of biocompatible polymers PAD and
DACMC with the average size of 120-170 nm can be
obtained by a relatively simple chemical procedure in
aqueous environment.

(ii) Obtained nanoparticles can be conveniently and
effectively converted into dry powders using spray
drying technique from aqueous suspensions without
any additives.

(iii) Selected parameters of SD process, such as inlet tem-
perature and flow rate of drying air (both determining
the drying rate), are essential for surface morphology
of produced powder particles.

(iv) The resulting powders of both polymers have the
adequate properties to be delivered to the lungs via
inhalation using a simple and inexpensive capsule-
type inhaler available on the market.

(v) After powders reconstitution in water, the initial
nanostructures are restored, giving the opportunity to
study their suitability as potential drug carriers acting
in the sites of deposition of inhaled microparticles.

The proposed methodology forms the general framework
for the production of drug-loaded polymeric nanoparticles
for pulmonary delivery via inhalative route as micrometric
powders. In contrast to the earlier concepts (as the one
presented by Tsapis et al. [15]), we use aqueous nanocolloids
formed by self-organizing biocompatible polymeric particles
which then are dried without any special chemical additives
and foreign structures. Further studies focused on the appli-
cation of the proposed platform for embedding individual
drugs intended for treatment of pulmonary diseases using
nanosized polymeric carriers are underway.
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