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A B S T R A C T

Antimicrobial resistance is one of the most serious problems that researchers of multiple disciplines are working
on. The number of new antibiotics and their targeted structures have continuously decreased emphasizing the
demand of alternative therapy for bacterial infections. Photodynamic therapy is such a promising strategy that
has been proven to be effective against a wide range of bacterial strains. In this study, an inhalable nano-
formulation for photodynamic therapy against respiratory infections was developed in the form of nano-in-
microparticles consisting of curcumin nanoparticles embedded in a mannitol matrix. The produced nano-in-
microparticles exhibited suitable aerodynamic properties with a mass median aerodynamic diameter of
2.88 ± 0.13 µm and a high fine particle fraction of 60.99 ± 9.50%. They could be readily redispersed in an
aqueous medium producing the original nanoparticles without any substantial changes in their properties. This
was confirmed using dynamic light scattering and electron microscopy. Furthermore, the redispersed nano-
particles showed an efficient antibacterial photoactivity causing 99.99992% (6.1 log10) and 97.75% (1.6 log10)
reduction in the viability of Staphylococcus saprophyticus subsp. bovis and Escherichia coli DH5 alpha respectively.
Based on these findings, it can be concluded that nano-in-microparticles represent promising drug delivery
systems for antimicrobial photodynamic therapy.

1. Introduction

Lower respiratory tract infections (LRTI) were the leading cause of
global years of life lost (YLLs) for both sexes due to premature mortality
in 1990. At first, in 2005, they were replaced by ischemic heart disease
followed by cerebrovascular disease in 2015, reducing them to third
place. However, the total mortality with approximately 2.7 million
deaths in 2015 due to LRTI has remained fairly constant from 2005 to
2015 [1]. These numbers summarize the circumstances in different
countries all over the world and are mostly results from lack of access to
healthcare or effective prevention such as vaccination. Nevertheless,

the fact that the respiratory health is continuously exposed to exo-
genous factors with life-threatening results, e.g. bacteria, fungi, and
viruses, represents an undeniable problem [2]. The treatment of LRTI
with antibiotics might seem ordinary in most cases, but is often exe-
cuted incorrectly or unnecessarily [3,4]. Both oral and intravenous
routes of administration are common in most guidelines, whereas pul-
monary drug delivery of antibiotics is neither recommended nor even
mentioned [5–7]. Underlining the importance of this neglected route of
administration is the fact that, while some antibiotics penetrate well
into the lung tissue [8], others exhibit bad penetration behavior and
low concentrations on targeted site [9–14]. Simply increasing the orally
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or intravenously administered dosage might lead to toxic side effects
limiting the applicability of some otherwise more effective drugs
[15,16]. These and other facts are the multifactorial foundation of an-
timicrobial resistance (AMR), one of the most severe problems of
mankind [4,17].

Antimicrobial photodynamic therapy (aPDT) utilizes the in situ
generation of highly reactive oxygen species targeting multiple cellular
structures of the bacteria. It is considered by several research groups
that the development of AMR against aPDT is improbable and that
multi-antibiotic resistant bacterial strains are as susceptible as naïve
strains [18–21]. To overcome limitations due to chemical properties of
the photosensitizer, e.g., high hydrophobicity, poor bioavailability, and
to enhance its photodynamic activity, different nanoformulations were
investigated [22–25]. However, current clinical practice is mostly re-
stricted to intravenous and topical administration showing similar
disadvantages as antibiotics in regard to LRTI [26,27].

Over the past decades, different manufacturing processes and for-
mulations for specific inhaler systems gained more and more interest
among researchers aiming at high efficacy and applicability in regard of
pulmonary drug delivery. Spray drying is one of the most extensively
studied processes in the pharmaceutical field. This technique offers
many advantages, e.g., high control of particle properties, longer shelf
life, and good biocompatibility. Recently, it has been utilized in the
preparation of innovative dry powders for inhalation, e.g., nano-in-
microparticles (NiMps), also called nano-embedded microparticles or
Trojan microparticles [28–31]. Upon contact with the lung fluids, the
microparticles should disintegrate and release the embedded nano-
particles providing the beneficial characteristics of these particles.

In this study, curcumin, a naturally occurring photosensitizer with
low dark toxicity, was incorporated into poly(lactic-co-glycolic acid)
(PLGA) nanoparticles [32]. The nanoparticles were embedded in a
mannitol matrix (NiMps) by spray drying and an inhalable dry powder
was obtained. Morphology, antimicrobial photodynamic activity, and
aerodynamic properties were investigated and the benefits in pul-
monary drug delivery were evaluated.

2. Materials and methods

2.1. Materials

Poly(lactic‑co‑glycolic acid) (PLGA, Resomer® RG 503H, molecular
weight 29,000 g/mol, lactide:glycolide 50:50) was purchased from
Evonik Nutrition & Care GmbH (Essen, Germany). Poly(vinyl alcohol)
(PVA, Mowiol® 4–88) was a kind gift from Kuraray Europe GmbH
(Frankfurt, Germany). Curcumin (≥80%), D‑mannitol (≥98%), rho-
damine B (for fluorescence), acetonitrile (ACN) were obtained from
Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany). Sodium
chloride (> 99.8%) was ordered from Carl Roth GmbH (Karlsruhe,
Germany), potassium chloride (≥99.5%), di-sodium hydrogen phos-
phate dihydrate (≥99%) and potassium dihydrogen phosphate
(≥99.5%) were all supplied by Merck KGaA (Darmstadt, Germany).
Ultrapure water was used for all the experiments. It was generated by
PURELAB® flex 4 equipped with a point-of-use biofilter (ELGA
LabWater, High Wycombe, UK).

2.2. Bacterial strains and media

Staphylococcus saprophyticus subsp. bovis (DSM No. 18669) and
Escherichia coli DH5 alpha (DSM No. 6897) were obtained from DSMZ
(Braunschweig, Germany). Glycerol stock cultures were prepared and
stored at −80 °C. One day prior to bacterial viability assay, the stock
culture was thawed and cultured overnight in Mueller Hinton broth
(MHB, Sigma Aldrich Chemie GmbH) using an orbital shaker (Compact
Shaker KS 15 A, equipped with Incubator Hood TH 15, Edmund Bühler
GmbH, Bodelshausen, Germany) set at 200 rpm and 37 °C.

2.3. Light source

All irradiation experiments were performed with a custom-made
LED device as a light source (Lumundus GmbH, Eisenach, Germany)
previously described by Duse et al. [33]. Briefly, multiple arrays of
LEDs arranged in parallel were installed in a metal casing covered with
a transparent glass and suitable for the irradiation of different multiwell
plates. Irradiation time, current, and wavelength were adjustable.

2.4. Preparation of nanoparticles

Curcumin loaded nanoparticles (CUR.NPs) were prepared according
to Yallapu et al. with slight modifications [34]. Briefly, 40mL of 0.5%
PVA solution was filled in a 100mL beaker (aqueous phase) which was
placed on a magnetic stirrer (IKA RT 15, IKA®-Werke GmbH & Co. KG.,
Staufen, Germany) set at 400 rpm. 5mg curcumin and 200mg PLGA
were dissolved in 10mL acetone (organic phase), filled in a 10mL
syringe and slowly injected into the aqueous phase. The beaker was left
stirring under light protection until the remaining acetone was com-
pletely evaporated. Afterwards, the dispersion was transferred into a
50mL volumetric flask, filled up to the calibration mark with water and
divided into 5mL aliquots which were lyophilized (Christ Alpha 1–4
LSC, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz,
Germany) and stored at 4 °C for further experiments. Unloaded PLGA
nanoparticles (NPs) were prepared accordingly without adding cur-
cumin to the organic phase.

2.5. Particle size and ζ-potential

The particle size (hydrodynamic diameter), size distribution, and
the ζ-potential were determined by dynamic light scattering (DLS) and
electrophoretic light scattering (ELS) respectively using Zetasizer Nano
ZS (Malvern Panalytical GmbH, Kassel, Germany). The device was
equipped with non-invasive backscatter (NIBS) technology (173°) and
phase analysis light scattering (PALS). The samples were diluted 1:100
with phosphate-buffered saline (PBS) (1:100, pH 7.4), filled in a folded
capillary cell (DTS1070, Malver Panalytical GmbH) and equilibrated to
25 °C. The attenuation and number of sub-runs were automatically
adjusted by the instrument. All measurements were performed in tri-
plicates.

2.6. Encapsulation efficiency (EE)

The nanoparticles were centrifuged at 2,000 g for 2min (Centrifuge
5418, Eppendorf AG, Hamburg, Germany) and the supernatant was
carefully removed. A mixture of water and ACN (1:1) was used to
dissolve the free curcumin crystals in the formed pellet and the original
nanoparticle dispersion was mixed with an equal volume of ACN. The
mass of curcumin in the pellet (free) and in the original nanoparticle
dispersion (total) was determined by measuring the absorbance with a
microplate spectrophotometer (Multiskan® GO, Thermo Scientific,
Waltham, MA, USA) at λ=425 nm. The encapsulation efficiency was
calculated according to the following Eq. (1):

= ×EE total mass of curcumin mg mass of free curcumin mg
total mass of curcumin mg

% [ ] [ ]
[ ]

100% (1)

2.7. Preparation of nano-in-microparticles (NiMps)

The nanoparticle dispersion was centrifuged at 13,000 g and 4 °C for
60min (Beckman J2-21, Beckman Coulter Inc., CA, USA) and the su-
pernatant was carefully withdrawn. Afterwards, the pellet was redis-
persed in water with the aid of vortexing and sonication. Mannitol
solution (matrix) was added at a mass ratio of 30:70 (PLGA:mannitol)
with a final concentration of 1% (m/V). 0.1 wt% rhodamine B based on
the mass of mannitol was incorporated for analytical purposes.
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Spray drying was performed using the Mini Spray Dryer B-290
(BÜCHI Labortechnik AG, Flawil, Switzerland) equipped with a two-
fluid nozzle (inner diameter 0.7mm). The following process parameters
were used: Spray gas flow ~536 L/h, aspirator 100%, inlet temperature
65 °C, outlet temperature< 40 °C, peristaltic pump 7% [31]. The yield
was calculated using Eq. (2):

= ×yield mass of collected spray dried product mg
total mass of solid components before spray drying mg

[%] [ ]
[ ]

100% (2)

2.8. Scanning electron microscopy (SEM)

The morphology of nanoparticles and NiMps was investigated with
SEM. NPs and CUR.NPs were pipetted on a silica wafer and the water
was removed with a low-lint tissue. The samples were washed several
times by repeatedly pipetting fresh water on the silica wafer and re-
moving it. NiMps were applied on a silica wafer and loose particles
were blown off. All samples were sputter coated with a gold layer of
~15 nm with a current of 20mA for 50 s (Q150R ES, Quorom
Technolgies Ltd, East Grinstead, UK). Images were taken using an ac-
celeration voltage of 5 kV and a secondary electron detector (EVO
HD15, Carl Zeiss Microscopy GmbH, Jena, Germany). The particle size
distribution and the peak of a gaussian fit were determined by ana-
lyzing the SEM micrographs using ImageJ software (version 1.52a,
National Institutes of Health, USA) [35].

2.9. Confocal laser scanning microscopy (CLSM)

The colocalization of the embedded nanoparticles within the man-
nitol matrix was investigated with CLSM. NiMps were placed on a cover
slip and loose particles were blown off. Excitation wavelengths of
380 nm and 570 nm were used and detection was performed at
470–556 nm and 566–685 nm for CUR.NPs and rhodamine B labeled
mannitol respectively (LSM 710 NLO, Carl Zeiss Microscopy GmbH).

2.10. Redispersibility

The spray dried powder was weighed and redispersed in PBS
(pH 7.4) with a final concentration of 15mg/mL (100 µg/mL cur-
cumin). NiMps disintegration was aided by vortexing for 1min and
sonication for 4min [36]. The properties of the redispersed nano-
particles were examined by DLS, ELS, and SEM following the afore-
mentioned procedures.

2.11. Aerodynamic properties

The next generation impactor (NGI) (Copley Scientific AG, Therwil,
Switzerland) was used to analyze the aerodynamic properties of the
spray dried particles. Prior to the experiment approximately 20mg of
the powder was weight and filled into polyethylene capsules (size 3).
The inside bottom of all NGI cups was covered with a mixture of 40% of
15% Brij® 35 in ethanol and 60% glycerol. An air flow rate of 60 L/min
was adjusted using a flow meter (DFM 2000, Copley Scientific AG),
critical flow control (TPK, Copley Scientific AG), and high capacity
pump (HCP5, Copley Scientific AG). Inserted into a HandiHaler®
(Boehringer Ingelheim, Ingelheim, Germany), the filled capsules were
punctured and the content was aerosolized for 4 s. The powder mass
retained in the capsule and deposited in the inhaler, induction port,
preseparator and all NGI cups was redispersed in water by rinsing and
sonication. To determine the respective powder mass, a calibration
curve between 0.0025 and 2mg/mL of the used sample was established
and fluorescence measurements were performed at λex= 540 nm and
λem= 610 nm using a plate reader (FLUOstar® OPTIMA, Ortenberg,
Germany). After plotting the probit values of the cumulative powder
mass fractions against the log cut-off diameter, MMAD (mass median
aerodynamic diameter), GSD (geometric standard deviation) and FPF

(fine particle fraction) were calculated as previously described by Torge
et al. [37].

2.12. Antibacterial photoactivity

Both microorganisms (Staphylococcus saprophyticus subsp. bovis and
Escherichia coli DH5 alpha) were treated equally, and similar bacterial
densities were used. The optical density (OD600) of the overnight
culture was measured using a spectrophotometer (Shimadzu UV
mini-1240, Kyoto, Japan) and the bacterial suspension was diluted to
an OD600 of 0.025. The suspension was placed in an orbital shaker
(Compact Shaker KS 15 A, equipped with Incubator Hood TH 15,
Edmund Bühler GmbH) set at 300 rpm and 37 °C until an OD600 of
0.400 was reached. In order to minimize further growth, the bacterial
suspension was kept on ice. 200 µL of the bacterial suspension was
mixed with 200 µL of CUR.NPs or redispersed NiMps resulting in a total
curcumin concentration of 50 µg/mL. Afterwards, the bacterial sus-
pensions were incubated at room temperature for 40min under light
protection. The above-mentioned LED device (Lumundus GmbH) was
used as a light source to irradiate the samples in 12-well cell culture
plates (TC plate, Standard, F, Nümbrecht, Germany) for 10min at
λ=457 nm, equivalent to a radiant exposure of 13.2 J/cm2. After
irradiation, a serial dilution of the samples in MHB was plated onto
Mueller Hinton II Agar plates (BD, Heidelberg, Germany). After
incubating the agar plates for approximately 16 h at 37 °C and 90%
relative humidity (In-VitroCell ES NU-5841E, NuAire, Inc., Plymouth,
MN, USA), the colonies were counted and the colony forming units per
milliliter were calculated (CFU/mL). NPs and PBS (pH 7.4) were used
as vehicle control and negative control respectively. Dark controls of all
samples were also performed.

2.13. Transmission electron microscopy (TEM)

CUR.NPs and redispersed NiMps were centrifuged at 13,000 g and
washed twice with PBS (pH 7.4) to minimize the influence of residual
PVA and mannitol on imaging respectively. Bacterial cultures were
prepared as previously mentioned (2.12) and the growth was stopped at
an OD600 of 0.400. The bacterial suspensions were centrifuged at
1,000 g and washed thrice with PBS (pH 7.4) to remove the residual
culture media. Further preparation and staining with 2% uranyl acetate
were performed as described by Agel et al. [38]. The particle size dis-
tribution and the peak of a gaussian fit was determined as previously
described (2.8).

2.14. Statistical analysis

All experiments were performed in triplicates and the results are
presented as mean ± standard deviation unless explicitly stated
otherwise. To determine significance, two-tailed t-test was performed
and probability values of p < 0.05 were considered significant.

3. Results and discussion

3.1. Physicochemical properties of NPs and CUR.NPs

The nanoparticles were prepared by nanoprecipitation, an estab-
lished method used to generate nanoparticles with narrow size dis-
tribution and high encapsulation efficiency of lipophilic drugs [39,40].
The maximum loading capacity of curcumin in PLGA described by
Baghdan et al. was used in this study and all parameters were adjusted
in order to achieve optimal particle size and EE [31]. The produced
nanoparticles exhibited similar results in terms of size, size distribution
(polydispersity index; PdI), and ζ-potential. Hence, curcumin loading
did not have any significant influence on the physicochemical proper-
ties of NPs and CUR.NPs (p > 0.05), which is in agreement with pre-
vious studies [31,38]. CUR.NPs showed a monomodal size distribution
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(PdI < 0.1) and had a high encapsulation efficiency of approximately
97.38%. The results are summarized in Table 1.

SEM micrographs of the produced nanoparticles confirmed the re-
sults obtained by DLS measurements as NPs and CUR.NPs had a com-
parable particle size of 139.93 nm and 137.30 nm respectively (Fig. 1C
and F). However, due to differences in sample preparation and mea-
surement principle, a smaller particle size was observed in the SEM
micrographs [41,42]. The particle size obtained by DLS describes the
hydrodynamic diameter of the nanoparticles suspended in a certain
dispersant, whereas SEM visualizes the particles in its dry form coated
with a thin gold layer.

Further investigations of CUR.NPs regarding their particle size and
morphology were performed using TEM (Fig. 2). Comparing the results
of particle size analysis obtained from SEM (Fig. 1F) and TEM (Fig. 2C),
CUR.NPs appeared to have a smaller particle size of 104.27 nm. This

can be attributed to the thickness of the gold layer, since sputter coating
is unnecessary in TEM.

The morphological characteristics of the produced particles in both
SEM and TEM micrographs were comparable, having a spherical shape
and a smooth surface.

3.2. Physicochemical properties of the nano-in-microparticles

The preparation of NiMps by spray drying was optimized in respect
of high product yield, suitable aerodynamic properties, good redis-
persibility, and preservation of nanoparticle properties. Therefore, the
outlet temperature was carefully kept below the glass transition tem-
perature of PLGA (46.34 °C). Furthermore, comparatively high product
yields could be obtained using the high-performance cyclone [43].
After weighing the collected spray dried product, the yield was

Table 1
Particle size (hydrodynamic diameter), polydispersity index (PdI), ζ-potential and encapsulation efficiency (EE). Values are presented as mean ± standard deviation
(n=3).

Hydrodynamic diameter [nm] PdI ζ-potential [mV] EE [%]

NPs 187.36 ± 12.81 0.07 ± 0.02 −4.12 ± 0.61 –
CUR.NPs 192.58 ± 6.61 0.08 ± 0.03 −4.22 ± 0.35 97.38 ± 0.45
Redispersed NiMps 185.96 ± 16.79 0.11 ± 0.04 −4.71 ± 0.79 –

Fig. 1. (A+B): SEM micrographs of unloaded PLGA nanoparticles (NPs), (D+E): SEM micrographs of curcumin loaded PLGA nanoparticles (CUR.NPs), (G+H):
SEM micrographs of redispersed CUR.NPs originally embedded in a mannitol matrix (redispersed NiMps), (C+ F+ I): Particle size analysis of SEM micrographs of
NPs, CUR.NPs and redispersed NiMps respectively. Scale bars in A+D+G represent 6 µm. Scale bars in B+E+H represent 2 µm.
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calculated and averaged 61.23 ± 1.67%. Mannitol was chosen as
matrix substance due to its benefits in pulmonary drug delivery. It is
also an FDA-approved excipient already used in inhaled pharmaceutical
products (Exubera®, Pfizer or Aridol®, Pharmaxis) [44]. On the one
hand, mannitol increases mucociliary clearance in healthy, asthmatic
and bronchiectasis patients based on its osmotic effects. Thereby, the
reserve capacity of the mucociliary system can be activated aiding in
the removal of pathogens [44–47]. On the other hand, its physico-
chemical properties, e.g., high water solubility and good aerosolization
behavior after spray drying, emphasize its suitability in the field of
nano-embedded microparticles [44]. Furthermore, a mass ratio of
30:70 (PLGA:mannitol) was chosen to ensure rapid disintegration and
release of nanoparticles at high humidity and at core body temperature
(~37 °C), typical conditions present in the lung [37].

SEM micrographs of NiMps (Fig. 3) revealed raisin-shaped hollow
particles with wrinkled or dented surfaces. Few smaller microparticles
seemed to uphold a rather spherical shape, whereas larger micro-
particles collapsed due to their hollow structure confirmed by visible
holes. In this regard, the Péclet number (Pe) has been extensively de-
scribed in literature to elucidate the low density particle morphology
[48]. It relates diffusion time (τdiff) and diffusional motion of the solutes

or particles (diffusion coefficient Di) to the drying time (τdry), i.e. eva-
poration rate (κ):

= =Pe
D8

diff

dry i (3)

Based on the morphology of NiMps, the drying time seemed to be
shorter than the diffusion time resulting in a high Péclet number. As a
consequence, the movement of the formed microparticle surface during
shrinkage is faster than the diffusion of the suspended nanoparticles.
Thus, the surface during the drying process becomes enriched with
nanoparticles forming a shell and leading to hollow microparticles
[30,37]. SEM micrographs of NiMps revealed a relatively broad particle
size distribution ranging from 0.5 to 5 µm.

CLSM images (Fig. 4) were taken to characterize the morphology of
NiMps further. They show a homogenous distribution and a colocali-
zation of mannitol (stained with rhodamine B) and CUR.NPs. The
center of the particles displays a lower fluorescence underlining the
assumption of a hollow structure [37,49].

NiMps could be readily redispersed even at high concentration
(15mg/mL) without negative influences on the particle size and mor-
phology. Different sample preparation methods may have led to

Fig. 2. (A+B): TEM micrographs of curcumin loaded PLGA nanoparticles (CUR.NPs) after negative staining with 2% uranyl acetate, (D+E): TEM micrographs of
redispersed CUR.NPs originally embedded in a mannitol matrix (redispersed NiMps) after negative staining with 2% uranyl acetate; (C+ F): Particle size analysis of
TEM micrographs of CUR.NPs and redispersed NiMps respectively. Scale bars in A+D represent 1 µm. Scale bars in B+E represent 500 nm.

Fig. 3. SEM micrographs of CUR.NPs embedded in a mannitol matrix (NiMps). White arrowheads highlight the collapsed microparticles. Black arrowheads highlight
holes in the microparticle surface. Scale bars in A+B represent 6 µm. Scale bar in C represents 2 µm.
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mannitol residue in SEM and TEM imaging appearing as few larger
structures or a diffusive layer on nanoparticles respectively. However,
only minor variations in the results of DLS (Table 1), SEM (Fig. 1), and
TEM (Fig. 2) comparing NPs and CUR.NPs were observed.

Most pathogens can evade mucociliary clearance and immune re-
sponse by different mechanisms, one of which is based on their hiding
place in thickened mucus plaques [50]. In order to penetrate these
plaques, reach their destination, and avoid fast mucociliary clearance,
nanoparticles need to possess an optimal particle size since the porous
structure of the mucus and the polyvalent low-affinity interactions in-
hibit the penetration of both larger and smaller particles [51]. De-
pending on the applied method and mucus types, different pore sizes
can be found in literature [52,53]. According to the results of a vertical
diffusion chamber system and SEM imaging, Sanders et al. hypothe-
sized pore sizes ranging from approximately 100 nm to 400 nm [52].
Furthermore, Dawson et al. suggested pore sizes between 200 nm and
500 nm utilizing high resolution multiple particle tracking (MPT). Ad-
ditionally, they presumed that lower negatively charged particles un-
dergo a more rapid transport through mucus than particles with higher
charge [54]. Due to the advantages and drawbacks of all these methods,
further investigations need to be performed, combining the results of
micro- and macroscopical observations [55].

Alveolar macrophages and their internalization of particles

represent another clearance mechanism. The internalization of particles
is at its maximum in the size range of 0.5 to 5 µm, which is similar to
most spray dried particles with ideal aerodynamic properties. In this
study, the disintegration of NiMps into their original nanoparticle form
would prevent clearance by alveolar macrophages and also be bene-
ficial in regard to mucus penetration [56].

3.3. Aerodynamic properties

Treatment of respiratory infections associated with tuberculosis or
chronic disease, e.g., cystic fibrosis, are in need of a selective treatment
to avoid long-term systemic antibiosis and adverse effects [56]. In this
study, the developed inhalable formulation offers several advantages:
photoactive nanoparticles that can utilize the core aspect of aPDT, ac-
tivation upon irradiation, leading to local effects, and microparticles
with appropriate aerodynamic properties for pulmonary drug delivery.
The aerodynamic properties have a great influence on the particle de-
position inside the lung. By adjusting the aerodynamic diameter, spe-
cific parts of the lung can be targeted [56]. The results of the NGI
showed a good aerosolization behavior of NiMps with a suitable MMAD
of 2.88 µm ± 0.13 µm and a high FPF of 60.99% ± 9.50%. GSD was
found to be 1.92 ± 0.12 indicating polydisperse particles. Fig. 5 shows
the mass fraction of powder deposited on each part of the NGI after
three independent runs. In this case, particle deposition in the lower
parts of the lung can be expected which is suitable for the treatment of
LRTI and tuberculosis [29].

3.4. Antimicrobial photodynamic activity

The antimicrobial photodynamic activity of CUR.NPs and redis-
persed NiMps was investigated against both, gram-positive and gram-
negative bacterial strains, as there is a proven difference in their sus-
ceptibility to antibiotics and photodynamic inactivation. This can be
related to the porous layer of peptidoglycan in combination with a
single lipid bilayer in gram-positive bacteria, which is easily penetrated
by both antibiotics and photosensitizers. On the other hand, the double
lipid bilayer of gram-negative bacteria with a smaller peptidoglycan
layer in between limits the diffusion and entrance of toxic substances
[57].

aPDT using CUR.NPs and redispersed NiMps caused a significant
reduction of 99.9991% (5.1 log10) and 99.99992% (6.1 log10) in the
viability of Staphylococcus saprophyticus subsp. bovis respectively.
Furthermore, irradiation of CUR.NPs and redispersed NiMps reduced
the viability of Escherichia coli DH5 alpha significantly by 95.44%
(1.3 log10) and 97.75% (1.6 log10) respectively (Fig. 6). In comparison
to the negative control, NPs exhibited no effect on the bacterial viabi-
lity. Additionally, the influence of the light source is negligible since no
significant changes in viability could be detected comparing dark and
irradiated negative controls. Moreover, CUR.NPs and redispersed

Fig. 4. CLSM images of the nano-in-microparticles showing the homogeneous distribution of CUR.NPs embedded in a mannitol matrix. Scale bars represent 10 µm.

Fig. 5. Mass fraction of the aerosolized powder deposited on different parts of
the next generation impactor. Mass median aerodynamic diameter (MMAD),
geometric standard deviation (GSD) and fine particle fraction (FPF) were also
calculated. Values are presented as mean ± standard deviation.
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NiMPs showed no dark toxicity.
The eradication of gram-positive bacteria upon photoactivation of

CUR.NPs and redispersed NiMps was higher than that of gram-negative
bacteria. Multiple methods to enhance the photodynamic inactivation
of gram-negative bacteria were reported, e.g., surface modification of
nanoparticles [38], conjugation of photosensitizers and polycationic
constructs [58]. They were mostly based on electrostatic interactions,
wherein the carrier substance or the photosensitizer itself was modified.
In regard to pulmonary drug delivery, a balance between antibacterial
efficacy, i.e., high attachment to the bacterial cell wall and mucus pe-
netration, has to be considered. Nanoparticle formulations offer several
benefits regarding solubility, stability and selective targeting of pho-
tosensitizers. Moreover, the nanoparticles exhibit mechanisms leading
to higher permeability by directly interacting with the cell wall and
disrupting its three-dimensional organization, thereby increasing the
uptake of photosensitizers [22,59]. In aPDT, the position of the pho-
tosensitizer in relation to the target structure is crucial since the lifetime
of singlet oxygen and its radius of action is short (< 0.02 µm) [60,61].
Due to the low water solubility of curcumin, CUR.NPs and redispersed
NiMps need to be in direct proximity to the bacteria.

The structural properties of nanoparticles and their interaction with

bacteria were visualized by TEM. As depicted in Fig. 7, CUR.NPs were
directly attached to the surface of Staphylococcus saprophyticus subsp.
bovis and Escherichia coli DH5 alpha. Multiple layers of nanoparticles
surrounding the bacterial cells were also observed. Mannitol residues
were noticed in the TEM images of redispersed NiMps (Fig. 7 C+D).
However, mannitol did not alter the antimicrobial photodynamic ac-
tivity of the redispersed NiMps seen in Fig. 6 or their attachment to the
surface of the bacteria. Based on their good redispersibility, attachment
on the bacterial cell wall, low dark toxicity, and high photoinactivation,
the formulation produced in this study seems ideal for the local therapy
of bacterial infections, combining minimal adverse effects and high
antibacterial efficacy.

Different types of light source, e.g., diode lasers or dye lasers, have
already been used in clinical practice to accomplish photodynamic
therapy against lung cancer [62–64]. In combination with small fiber
optic delivery systems, that are passed through flexible bronchoscopes,
necessary illumination can easily be achieved in the lungs of sedated
patients, even penetrating thick lung tissue and reaching peripheral
areas [65,66].

4. Conclusions

A curcumin loaded nanoformulation was successfully spray dried
and displayed good aerodynamic properties indicating sufficient de-
position in the lower respiratory tract. The spray dried nanoparticles
exhibited good redispersibility and disintegrated into their original
nanoparticle form without experiencing negative changes. The redis-
persed nanoparticles displayed similar antibacterial activities and at-
tachment to the cell wall compared to the unprocessed samples. The
nanoparticles seem to display optimal particle size and low negative
surface charge, ideal for mucus penetration and pulmonary drug de-
livery even after spray drying and redispersion. The penetration of
nanoparticles through the mucus is a multifactorial process not only
depending on pore size and charge that has to be investigated in further
experiments. This groundwork can be modified and used to oppose

Fig. 6. Bacterial viability of Staphylococcus saprophyticus subsp. bovis (A) and
Escherichia coli DH5 alpha (B) upon irradiation (IR) with a custom-made LED
device for 10min at λ= 457 nm (radiant exposure of 13.2 J/cm2). Unloaded
nanoparticles (NPs) and PBS (pH 7.4) were used as vehicle control and negative
control respectively. Dark represents unirradiated bacteria. The asterisk denotes
probability values of p < 0.05 which were considered statically significant.

Fig. 7. TEM micrographs after negative staining with 2% uranyl acetate,
(A+C): Curcumin loaded PLGA nanoparticles (CUR.NPs) and redispersed
CUR.NPs originally embedded in a mannitol matrix (redispersed NiMps) at-
tached to Staphylococcus saprophyticus subsp. bovis respectively, (B+D):
CUR.NPs and redispersed NiMps attached to Escherichia coli DH5 alpha re-
spectively. Scale bars in A+C+D represent 500 nm. Scale bar in B represents
1 µm.
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severe bacterial infections, reduce antimicrobial resistance and facil-
itate the treatment of chronic lung disease associated with high risk of
infection.
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