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The use of inhalable nanoparticulate-based systems in the treatment of lung cancer allows for efficient localized
delivery to the lungs with less undesirable systemic exposure. For this to be attained, the inhaled particles should
have optimum properties for deposition and at the same time avoid pulmonary clearance mechanisms. Drug
delivery to solid tumors is furthermore challenging, due to dense extracellular matrix (ECM) formation, which
hinders the penetration and diffusion of therapeutic agents. To this end, the aim of the current work is to develop
an ECM-modulating nano-structured microparticulate carrier, that not only enables the delivery of therapeutic
nanoparticles (NPs) to the lungs, but also enhances their intratumoral penetration. The system is composed of
acetalated maltodextrin (AcMD) NPs embedded into a water-soluble trehalose/leucine matrix, in which colla-
genase was loaded with different mass concentrations (10 %, 30 % and 50 %). The collagenase-containing AcMD
nano-structured microparticles (MPs) exhibited suitable median volume diameters (2.58 + 1.35 to 3.01 + 0.68
um), hollow corrugated morphology, sufficient redispersibility, low residual moisture content (2.71 + 0.17 % to
3.10 + 0.20 %), and favorable aerodynamic properties (Mass median aerodynamic diameter (MMAD): 1.93 +
0.06 to 2.80 + 0.10 um and fine particle fraction (FPF): 68.02 + 6.86 % to 69.62 + 2.01 %). Importantly,
collagenase retained as high as 89.5 + 6.7 % of its enzymatic activity after spray drying. MPs containing 10 %
mass content of collagenase did not show signs of cytotoxicity on either human lung adenocarcinoma A549 cells
or lung MRC-5 fibroblasts. The nanoparticle penetration was tested using adenocarcinoma A549/MRC-5 co-
culture spheroid model, where the inclusion of collagenase resulted in deeper penetration depth of AcMD-NPs.

lungs. While most SCLC and squamous cell carcinoma tumors tend to
locate centrally [7,8], adenocarcinomas develop in the bronchiolar and

1. Introduction

Lung cancer is the second most diagnosed cancer worldwide, rep-
resenting 11.4 % of all malignancies. In terms of mortality, lung cancer
is the leading cause of cancer-related deaths with 18.0 % mortality [1,2].
Lung cancer is classically categorized into two histological types: small
cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC), ac-
counting for approximately 15 % and 85 % of all lung cancer incidences,
respectively [3,4]. The more frequent NSCLC is mainly subclassified into
adenocarcinoma, squamous cell carcinoma, and large cell carcinoma
(40 %, 25 — 30 % and 10 — 15 % of the total lung cancer cases, respec-
tively) [5,6]. In addition to the cytopathological aspects, lung cancer
subtypes differ with respect to the location at which they develop in the

alveolar regions and hence are mainly more peripherally located [8,9].
Therapeutic alternatives for lung cancer include surgical resection,
radiotherapy, chemotherapy, and to date, targeted therapy and immu-
notherapy. Whether applied alone or in combination with other in-
terventions, intravenous chemotherapy is a main part of the treatment
regimen in most lung cancer cases [10,11]. However, poor therapeutic
response is usually observed due to suboptimal drug concentrations in
the cancerous lung tissue, coupled with the occurrence of systemic side
effects that cause treatment interruptions and thereby repeated prolif-
eration and invasion of malignant cells [12]. Through achieving higher
drug concentrations in the lungs and limiting systemic exposure, the
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pulmonary route provides a dual solution to the drawbacks of systemic
administration [13]. Additionally, the pulmonary route avoids first pass
metabolism and is characterized by better patient compliance, as it is
needle-free and may not require hospitalization [14].

Utilization of nanocarriers for pulmonary delivery of chemothera-
peutics could circumvent several drawbacks of conventional inhalation
chemotherapy (for example, in the form of solution or suspension).
Nanocarriers could control the release of the loaded anticancer drugs,
thus avoiding abrupt high concentrations that induce lung toxicity.
Moreover, they enable targeted and specific bioresponsive delivery by
tailoring their design, composition, and physicochemical properties,
which would potentially avoid or decrease non-specific interaction with
healthy lung tissues [14-16]. Nebulization is a straightforward
approach to deliver nanocarriers, however it has its shortcomings
regarding the restricted portability, the lengthy time of administration,
and the formulation being in the liquid state, which may pose stability
and contamination issues [17,18]. Pressurized metered-dose inhalers
(pMDI) and soft mist inhalers (SMI) are not easily adaptable for lung
cancer treatment, due to their limited capability to deliver drug doses in
the microgram range [12]. The use of dry powder inhalers (DPI) pro-
vides several benefits compared to the prementioned inhalers. Besides
the better long-term physical stability of the formulation and the loaded
drug, DPIs can deliver high drug doses, actuated by the patient’s inha-
lation, in a short time and without the need for propellers or hand-
breathing coordination [12,19]. Moreover, they are handy, easy to
maintain and disinfect, and can be produced as single-use inhalers to
restrain the device and environmental contamination risks; which are
common drawbacks of nebulizers [12].

To be formulated as dry powder for inhalation, nanoparticles (NPs)
should be reversibly aggregated in the form of nano-structured or Trojan
particles, that were firstly introduced by Tsapis et al. [20] and are still
used until today [21-23]. The aerodynamic diameter of these particles
dictates the deposition zone in the lungs. Particles exhibiting aero-
dynamic diameters between 0.5 and 5 um are majorly deposited in the
lower respiratory airways, where an aerodynamic diameter below 3 pm
fosters alveolar deposition [12,24,25]. The nano-in-micro approach not
only enables the pulmonary delivery of NPs, but also circumvents
clearance by alveolar macrophages, where particles in the size range
from 0.5 to 5 um suffer extensive phagocytosis [26,27] (specifically in
the range from 1.5 to 3 pm [28]). For this to be achieved, the micro-
particles should readily redisperse into the constituting NPs upon hy-
dration by the pulmonary fluids. Particle redispersibility, along with
surface forces, flowability, moisture content, hygroscopicity, and aero-
dynamic properties, necessitate the selection of matrix-forming excipi-
ents and the optimization of spray drying conditions [19].

Delivery of NPs to the alveolar region, i.e., their availability at the
vicinity of the tumor masses, does not necessarily ensure the efficacy of
the treatment; the NPs should penetrate into the tumor to reach the
target cancer cells for releasing their load. Solid tumors are character-
ized by the formation of a dense extracellular matrix (ECM), which
impedes the diffusion of drug molecules or nanocarriers within the
tumor interstitium and hence, results in treatment inadequacies
[29-32]. The ECM is composed of a highly organized network of fibrous
proteins, glycoproteins, proteoglycans, glycosaminoglycans, and other
macromolecules [33]. Collagen is the most abundant protein and the
main structural component of the ECM [34], where fibrillar collagen
type I is the most prevalent and is generally linked to tumor cell survival
and metastasis in many solid tumors [35]. Intravenous or intratumoral
administration of collagenase prior to treatment application has shown
promising results for improving the treatment outcomes, where changes
in the collagen density and/or the interstitial fluid pressure were re-
ported [29]. More recent studies explored the nano-based delivery of
collagenase through physical adsorption, direct loading, or surface
chemical conjugation, revealing further ECM modulation mechanisms
[32]. However, the release of collagenase with the desired kinetics and/
or maintaining its enzymatic activity are potential difficulties to be
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tackled throughout the formulation design and evaluation steps.

Herein, our system is composed of acid-degradable acetalated
maltodextrin (AcMD)-NPs embedded in a collagenase-containing water-
soluble matrix, so that collagenase would be released upon the matrix
dissolution in the pulmonary fluid. This would potentially enhance the
penetration of the redispersed NPs into the tumor masses through the
reduction of interstitial pressure. The matrix composition as well as the
spray drying conditions were optimized to allow nanoparticle release
and preservation of enzymatic activity. The microparticles (MPs) were
characterized in terms of particle size, morphology, redispersibility,
moisture content, and in vitro pulmonary deposition. Additionally, the
acute in vitro cytotoxicity of the collagenase-containing MPs was tested
on human lung adenocarcinoma cells (A549) and human lung fibro-
blasts (MRC-5). The evaluation of nanoparticle penetration was per-
formed using a co-culture lung adenocarcinoma spheroid model
consisting of A549 and MRC-5 cells.

2. Materials and methods
2.1. Materials

Maltodextrin (DE: 13.0 — 17.0), 2-methoxypropene, pyridinium p-
toluene sulfonate (PPTS), triethylamine (TEA), 1,8-diazabicyclo[5.4.0]
undec-7-ene (DBU), L-leucine, collagenase (obtained from Clostridium
histolyticum, Type 1), rhodamine B, fluorescein sodium salt, 1-octanol,
RPMI-1640 cell culture medium, Dulbecco’s phosphate buffered saline
(DPBS), trypsin-EDTA, penicillin-streptomycin, and thiazolyl blue
tetrazolium bromide were purchased from Sigma-Aldrich (Steinheim,
Germany). Poloxamer 407 was purchased from Caesar and Loretz (Hil-
den, Germany). Trehalose was purchased from Carl Roth (Karlsruhe,
Germany). NHS-Rhodamine, 4',6-diamidino-2-phenylindole (DAPI),
Gibco™ MEM « (Glutamax™ Supplement) cell culture medium, Gib-
co™ Opti-MEMTM serum reduced medium, and fetal bovine serum (FBS)
were purchased from Thermo Fisher Scientific (Darmstadt, Germany).
Dimethyl sulfoxide (DMSO, analytical grade), acetone, and ethanol
(HPLC grade) were purchased from Fisher Scientific (Schwerte, Ger-
many). N-hexane (HPLC grade) was purchased from VWR (Darmstadt,
Germany). All the other reagents used were purchased with HPLC or
analytical grade.

2.2. Preparation of AcMD-NPs

Synthesis of AcMD and rhodamine-labeled AcMD (Rhod-AcMD), and
preparation of AcMD-NPs and Rhod-AcMD-NPs were adopted as
described in our previous work [36]. The synthesis and preparation
methods are described in the supplementary material. The yield was
determined through freeze drying. A nanoparticle stock suspension of
10 mg/ml in Milli-Q water was accordingly prepared for spray drying.

2.3. Preparation of AcMD nano-structured MPs

Aqueous stock solutions of leucine (10 mg/ml) and trehalose (20
mg/ml) were prepared. Based on the required microparticle composi-
tion (Table 1); stock suspension of AcMD-NPs and leucine and trehalose
stock solutions were mixed in different proportions and diluted with
Milli-Q water. When powder quantification was required, rhodamine B
was added to the spray drying feed suspension at a concentration of 50
ug for each 100 mg of total solid mass. The final total solid concentration
in the precursor suspensions to be sprayed was fixed at 1 % (m/v). The
nanoparticle aqueous suspension was spray dried using a Biichi Mini
Spray Dryer (B-290, Biichi, Flawil, Switzerland) equipped with a stan-
dard two-fluid nozzle (0.7 mm hole diameter). Nitrogen was used as the
spraying gas. The inlet temperature was adjusted to 50 °C and the
resulting outlet temperature was 38 — 42 °C. The feed pump rate was set
at 1.5 ml/min (5 %), the spraying gas rotameter at 50 mm (601,/1052 L/
h), and the aspirator at 100 % (35 m3/h). Powder samples were collected
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Table 1

Mass composition of the spray dried nano-structured MPs. The proportion of
each component is expressed as the mass percentage of this component relative
to the total powder mass (m%).

Sample NP (m Leucine (m Trehalose (m Collagenase (m
%) %) %) %)

NPooLo* 20 0 80 0

NP;oL30 10 30 60 0

NP2oL3o 20 30 50 0

NP3oL3o 30 30 40 0

NP5oL30C10* 20 30 40 10

NP5oL30C30 20 30 20 30

NP2L30Cs0 20 30 0 50

*NP4Ly indicates the mixing ratio of the compounds used as stated in the table:
NP: fraction of AcMD-NPs, L: fraction of leucine, and C: fraction of collagenase.

and stored in a desiccator. Samples were prepared in triplicates.

For collagenase-containing samples, required amounts of collage-
nase were weighed and added to the rest of formulation components
directly before spray drying. The formulation suspension was magneti-
cally stirred till dissolution of collagenase and spray drying was per-
formed as described.

2.4. Assessment of collagenase activity after spray drying

The activity of collagenase was measured colorimetrically (Collage-
nase Activity Colorimetric Assay Kit, Sigma-Aldrich, St. Louis, United
States), following the manufacturer’s protocol and using microplate
reader (Infinite M200, Tecan group, Mannedorf, Switzerland) in the
kinetic mode. The collagenase activity was first tested against different
inlet temperatures (50, 60 and 70 °C). Second, it was tested at the
selected inlet temperature for different collagenase mass content per dry
powder (10 %, 30 % and 50 %). It is expressed as percentage of retained
activity, relative to a freshly prepared collagenase solution of an
equivalent concentration to the reconstituted powder sample of interest.

2.5. Particle size and size distribution determination

Particle size and polydispersity index (PDI) of AcMD-NPs were
measured using dynamic light scattering (DLS) (Zetasizer Ultra, Malvern
Panalytical, Worcestershire, United Kingdom). Samples were diluted
(1:100) in alkaline water and intensity-based hydrodynamic diameter
was measured at 25 °C temperature and 173° angle in the back-
scattering mode. The particle size of the spray-dried MPs was
measured using a laser diffractometer (Master sizer 2000 Ver. 2.00,
Malvern Instruments, Malvern, UK). The samples were dispersed in 1-
octanol/n-hexane (20:80 % v/v) at a concentration of 1 mg/ml. This
proportion of 1-octanol was found to produce a good dispersion of the
MPs, whereas they agglomerated strongly when n-hexane was used
solely as a dispersant. The particle suspension was added slowly to the
measurement chamber under stirring till the optimum obscuration was
reached. The stirring function was used at 1500 rpm. The median vol-
ume diameter (Dyo5) and the span value were used to describe the
particle size and the polydispersity, respectively. All measurements were
performed in triplicates and the mean values were used.

2.6. Morphology using scanning electron microscopy (SEM) and confocal
laser scanning microscopy (CLSM)

The AcMD nano-structured MPs were visualized using SEM (Zeiss
EVO HD15, Carl Zeiss, Oberkochen, Germany). The powder sample was
applied to silica wafers attached to a metal stub. Excess powder was air
blown. The MPs were sputter coated with 10 nm gold layer (Quorum
Q150R ES, Quorum Technologies, East Sussex, United Kingdom) and
examined at 10 kV under high vacuum.

For the visualization of nanoparticle regional distribution within the

European Journal of Pharmaceutics and Biopharmaceutics 204 (2024) 114512

microparticle matrix, Rhod-AcMD-NPs were used, and the matrix was
labeled with sodium fluorescein. The MPs were dispersed in immersion
oil (Immersol™ 518F, Carl Zeiss, Jena, Germany) and placed between
two glass covers. The visualization was performed using CLSM (LSM
710, Carl Zeiss AG, Jena, Germany) using EC Plan-Neofluar 100x oil
immersion objective. Fluorescein and rhodamine were excited at 488
and 561 nm using argon laser and the emission was recorded at 493 —
562 and 566 — 703 nm for each dye, respectively. Signals from both
channels were merged and the images were processed using Zen 3.0
(blue edition) software (Carl Zeiss Microscopy, 2019).

2.7. Evaluation of redispersibility

2.7.1. Qualitative evaluation of redispersibility

The redispersibility was qualitatively evaluated using SEM (Zeiss
EVO HD15, Carl Zeiss, Oberkochen, Germany). A thin film of powder
was deposited on a silica wafer fixed on a metal stub. A volume of 10 ul
of water was added on top of the powder and left for 5 min. Afterwards,
the excess water was carefully wicked using Kimtech® tissue, and the
sample was air dried. The MPs were sputter coated and examined as
described in section 2.6.

2.7.2. Quantitative evaluation of redispersibility

The redispersibility was evaluated as previously described by Torge
et al. [18] with minor modifications. A sample amount of approximately
10 mg (m;) was weighed into a pre-weighed Eppendorf tube. A volume
of 2 ml of simulated lung fluid (SLF 3 [37]) was added and the tubes
were incubated, horizontally aligned, in a shaking water bath at 37 °C,
100 rpm for 30 min (Shaking incubator 3031, GFL, Burgwedel, Ger-
many). Afterwards, the samples were centrifuged at 2000 g for 5 min
(Sigma 3-30KS, Sigma, Osterode am Harz, Germany) to separate the
redispersed NPs in the supernatant from the pelleted non-redispersed
particles or fragments. The supernatants were separated, and the size
and the polydispersity index (PDI) of the redispersed NPs were measured
(Zetasizer Ultra, Malvern Panalytical, Worcestershire, United Kingdom).
The pellets were washed by carefully adding water, and the centrifu-
gation/washing step was repeated twice. The pellets were frozen at
—80 °C and lyophilized (Alpha 2-4 LSC, Christ, Osterode am Harz,
Germany), and the masses were determined after lyophilization (my).
The redispersed powder fraction was calculated using equation (1).

m; —m;

Redispersed powder fraction(%) = x 100 )

m
Assuming the complete dissolution of the water-soluble matrix compo-
nents, the pellet was assumed to represent non-redispersed NPs.
Therefore, the mass fraction of redispersed NPs was calculated by
relating the redispersed nanoparticle mass to the total theoretical mass
of NPs in the formulation (myp), as follows:
, . myp — M
Redispersed NP fraction(%) = NPT T2 0100 (2)

Myp
2.8. Determination of moisture content

The moisture content was determined by thermogravimetric analysis
(TGA) using a thermogravimetric analyzer (TG 209 F1 Libra, Netzsch,
Selb, Germany) under nitrogen atmosphere. The analysis was carried
out from 30 to 300 °C at a heating rate of 5 °C/min. The sample mass was
about 5 mg, and the percentage mass loss from 30 to 150 °C was used to
calculate the residual moisture content. The thermograms were gener-
ated and processed using Netzsch Proteus® Software.

2.9. Evaluation of aerodynamic properties

2.9.1. Next generation impactor (NGI) experiment
The aerodynamic properties were determined using NGI (Copley
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Scientific, Nottingham, UK) [18,21,38]. A mass of approximately 10 mg
of rhodamine B-labelled powder samples were weighed into hard gelatin
capsules (size 3) and the capsules were securely closed. The filled
capsule was placed in a HandiHaler® (Boehringer Ingelheim, Ingelheim,
Germany) and punctured prior to aerosolization. The impactor cups
were coated with a mixture of 15 % Brij 35 ethanolic solution and
glycerol (40:60 % v/v), and the pre-separator was filled with 5 ml Milli-
Q water. The gas flow was preadjusted by a flowmeter (M1A, Copley
Scientific, Nottingham, UK). After the full assembly of the impactor, the
inhaler was fitted at the induction port and the powder was aerosolized
at 60 L/min gas flow for 4 s using a vacuum pump and critical flow
controller (Erweka, Heusenstamm, Germany). The deposited powder at
the induction port and the cups were collected by thorough rinsing with
a definite volume of Milli-Q water. The experiment was performed in
independent triplicates for all the tested formulations.

2.9.2. Powder quantification

The concentration of the deposited powder was determined through
measuring the fluorescence of rhodamine B (Aex: 565 nm and Aep: 625)
using microplate reader (Infinite M200, Tecan group, Mannedorf,
Switzerland). For each powder sample, the mass of the powder collected
from the induction port, the pre-separator, the stages, as well as the
capsule shell, was determined against its own calibration plot in water
(20 - 1000 ng/ml concentration range) and the respective cumulative
powder masses were calculated.

2.9.3. Aerodynamic properties calculation

The effective cut-off diameters of the NGI stages at 60 L/min flow
rate were used as specified in the European Pharmacopeia and the USP
(cut-off diameters from the micro-orifice collector (MOC) to stage 1:
0.34, 0.55, 0.94, 1.66, 2.82, 4.46 and 8.06 um in order). The cumulative
powder mass percentage deposited at each stage (relative to the cu-
mulative mass at stage 1) was calculated and transformed into probit
values. The probit values were plotted against the log cut-off diameters
of each stage, where a calibration range including probit of 5 and log
cut-off diameter of 0.7 was used for setting the linear regression equa-
tion. The emitted dose (ED), which describes the percentage of the
powder emitted from the capsule, was calculated using equation (3)
[39]. The mass median aerodynamic diameter (MMAD) was calculated
from the linear regression equation, as the diameter corresponding to
the cumulative mass fraction of 50 % (probit value of 5). The geometric
standard deviation (GSD) was calculated based on the 84 % (dg4) and 16
% (dy6) cut-off diameters (probit values of 5.99 and 4.01 respectively)
using equation (4). The fine particle fraction (FPF) was calculated using
the cumulative mass fraction corresponding to cut-off diameter of 5 um
(probit value of 0.7) relative to the ED [18,40].

__ Initial powder mass — Remaining mass in empty capsules
N Initial powder mass

x 100 3

ED

GSD = (d84/d16)1/2 )

2.10. In vitro biological experiments

2.10.1. Cell culture

Human adenocarcinoma alveolar epithelial cells (A549) were
cultured in RPMI-1640 medium supplemented with 10 % FBS. Human
fetal lung fibroblasts (MRC-5) were cultured in MEM a medium with
GlutaMAX™, supplemented with 10 % FBS. The cells were subcultured
once a week and the media were replaced with fresh media every other
day. The cultures were maintained at 37 °C in a humidified atmosphere
containing 5 % CO5 (BD 260 Standard Incubator, Binder, Tuttlingen,
Germany). A549 cells were used within passages 6 and 20 and MRC-5
cells were used within passages 3 and 10.
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2.10.2. Cell viability assay

The effect of AcMD nano-structured MPs on cell viability was eval-
uated using MTT assay on A549 and MRC-5 two dimensional (2D) cul-
tures. A549 and MRC-5 cells were seeded into 96-well plates (20,000
and 40,000 cells/200 ul/well, respectively) and grown for 48 h. After-
wards, media were replaced with fresh media containing different
concentrations of the tested MPs (100, 250, 500, 750 and 1000 pg/ml)
and supplemented with 100 U/ml penicillin-streptomycin. For the
negative and positive controls, the cells were treated with medium and
2 % Triton-X, respectively. After 24 h incubation, the treatments were
removed, and the cells were washed with DPBS and incubated with 10 %
MTT reagent for 4 h. This was followed by aspiration and incubation
with DMSO for 20 min. The absorbance of formazan formed by live cells
was measured at 550 nm using microplate reader (Infinite M200, Tecan
group, Mannedorf, Switzerland) and cell viability was calculated. The
experiments were performed in triplicates.

2.10.3. Formation of spheroids

Spheroids were produced by adopting liquid overlay technique in
ultra-low adhesion 96-well plates (Nuclon™ Sphera™ 96-well U-sha-
ped-bottom microplates, Thermo Scientific). A549 monoculture as well
as A549/MRC-5 co-culture spheroids were grown. The cells were seeded
at 2000 cells/100 pl/well. For monoculture spheroids, the seeded cells
were 100 % A549. For co-culture spheroids, the seeding ratio of A549 to
MRC-5 cells was 30:70 and cell seeding was performed sequentially,
where A549 cells were seeded first, followed by MRC-5 cells after 24 h
[41]. The spheroids were allowed to grow for 10 days. The media were
renewed by adding 100 pl fresh media at day 5 and exchanging 100 pl at
day 8. For all the spheroid experiments, the media were supplemented
by 100 U/ml penicillin-streptomycin. To monitor the spheroid growth,
bright field images were recorded at day 2, 3, 5, 8 and 10 (LSM 710, Carl
Zeiss AG, Jena, Germany) using 10x objective. Spheroid diameter was
determined as the average of 3 diameters measured for each spheroid
using ImageJ software. The circularity parameter was calculated by the
aid of ImageJ software, based on equation (5) [42]. Six spheroids were
examined for each experiment.

area > )

Circularity = 4rn erimeter®
2.10.4. Application of treatments to the spheroids

After the spheroids were grown for 10 days, the spheroids were
washed once with DPBS and once with Opti-MEM medium through
exchanging 150 ul in each washing step. Subsequently, the microparticle
components were added at a concentration of 1 mg/ml in Opti-MEM
medium and incubated with the spheroids for 4 h. Subsequently, the
spheroids were washed twice with Opti-MEM medium, and NPs alone
were reapplied at the same concentration. Two controls were used at
this experiment, a negative control in which the spheroids were treated
with Opti-MEM medium (referred to as medium control), and a
collagenase-negative control, in which the spheroids were treated with
collagenase-free formulation. The incubation was allowed to continue
till a total duration of 24 h. After incubating the spheroids with the
treatments, they were washed twice with DPBS. The spheroids were
fixed with 4 % paraformaldehyde for 30 min at room temperature then
washed twice with DPBS. Nuclei were stained with DAPI for 1 h, fol-
lowed by 2 washing steps with DPBS. In each washing and addition step,
a volume of 150 ul was exchanged.

2.10.5. Effect of collagenase on the integrity of spheroids

Bright field images (LSM 710, Carl Zeiss AG, Jena, Germany) using
10x objective were recorded for the fixed spheroids, and the diameters
were measured as described. To test the effect of collagenase on the
integrity of spheroids, the diameter and circularity of the spheroids
treated with collagenase-free and collagenase-containing formulations
were compared to the medium control spheroids.
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2.10.6. Evaluation of nanoparticle penetration

The spheroids were visualized with CLSM (LSM 710, Carl Zeiss AG,
Jena, Germany) using 10x objective. The signals of DAPI and rhodamine
were detected through excitation at 405 and 561 nm and recording
emission at 410 — 507 and 566 — 703 nm, respectively. In confocal mode,
the first and last planes at which cells could be observed (guided by DAPI
signal) were used as the first and last visualization constraints. Through
this determined depth, the rhodamine signal in 4 optical sections at
equal steps (approximately 40 um apart from each other according to the
individual spheroid dimensions) was recorded. The medium control
spheroids were used as a blank for setting the microscopical settings.
Image processing was performed using ZEN 3.0 (blue edition) software
(Carl Zeiss Microscopy, 2019). The fluorescence intensity in the
consecutive planes were assessed and compared for the collagenase-free
and the collagenase-containing formulations. The corrected total fluo-
rescence (CTF) and normalized CTF were calculated using the integrated
density (IntDen) and surface area (A) measured by ImageJ for the in-
dividual cross sections as follows:

CTF = IntDen — (Mean background fluorescence x A) (6)
TF
Normalized CTF = CT @)

2.11. Statistical analysis

The results are described as mean values + standard deviation of at
least three independent triplicates. Statistical significance was tested
using one-way analysis of variance (ANOVA), followed by the suitable
post hoc test to compare all pairs. The level of significance was set at a p-
value of 0.05. Statistical analysis was implemented using GraphPad
Prism (version 8.0.2) software (GraphPad Software, 2019).

3. Results and discussion
3.1. Preparation of AcMD nano-structured MPs

Different excipients were preliminarily tested for the particle for-
mation; mannitol, trehalose, and leucine, with an initial nanoparticle
mass content of 10 %, feed concentration of 1 %, feed flow rate of 10 %,
and inlet temperature of 70 °C. The spray-dried MPs were characterized
in terms of morphology, redispersibility, and aerodynamic properties.
Leucine nano-structured MPs were found to be superior in terms of
redispersibility and aerodynamic properties followed by trehalose and

Retained activity (%)

50 60 70

Temperature (°C)
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mannitol (data not shown). However, the SEM pictures of the leucine
nano-structured MPs showed relatively large, cracked particles with
obvious broken fragments (Figure S2, supplementary material).
Accordingly, a mixture of trehalose and leucine was selected for the
matrix formation to enhance the mechanical strength of the particles.
The spray drying conditions were also investigated by changing the feed
concentration at 0.5 and 1 %, and the feed flow rate at 5 and 10 %. It was
found that using 1 % feed concentration at lower flow rate yielded
smaller MPs with better deposition characteristics. Leucine mass content
was also tested; 30 % mass content was found sufficient for improving
the redispersibility and the aerodynamic properties (data not shown).
The selection of the inlet temperature and the nanoparticle mass content
are addressed in the following sections.

3.2. Collagenase activity after spray drying

In order to select the optimum inlet temperature for spray drying, the
activity of collagenase was assayed after spray drying at 50, 60 and 70 °C
inlet temperatures. Fig. 1a shows that the effect of temperature in this
range was minimal, with no significant difference among the inlet
temperatures tested. The retained activity was as high as 89.5 + 6.7 %
when spray drying was performed at an inlet temperature of 50 °C. This
result was further confirmed by spray drying formulations with
increasing collagenase mass content (10 %, 30 % and 50 %), where they
all exhibited comparable preservation of collagenase activity after spray
drying at 50 °C (Fig. 1b).

Exposure to high temperatures during spray drying was supposed to
pose a challenge for spray drying of collagenase, due to heat-mediated
denaturation and enzyme inactivation [43]. However, the results sup-
port that spray drying is very mild, not causing a dramatic decrease in
enzyme activity. This may be ascribed to the brief exposure to high
temperatures, immediately followed by evaporative cooling and loss of
moisture [44]. One other contributing factor is the presence of leucine
and trehalose, with their protective effects due to water replacement
through hydrogen bond formation [45,46]. The retainment of activity
among the formulations containing increasing amounts of collagenase,
and accordingly decreasing amounts of trehalose, suggests that the used
amount of leucine was sufficient for enzyme activity preservation. In
addition to hydrogen bond formation, orientation of hydrophobic
groups of leucine towards the liquid-air interface would further protect
the enzyme against denaturation [44].
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Fig. 1. Percentage of retained activity of collagenase after spray drying at (a) different inlet temperatures (50, 60 and 70 °C) and (b) increasing collagenase mass
content (10 %, 30 % and 50 %). The activity was assayed by collagenase activity colorimetric kit, and the data represent mean values + standard deviation of

independent triplicates.
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3.3. Particle size and size distribution

It is generally known that the smaller the particle size of the powder,
the higher its potential for alveolar deposition. The particles size was
found to be affected by the formulation composition (Table 2). Addition
of leucine in formulations NP1gL3g, NPogL3g and NP3gLzg was found to
increase the particle size relative to the leucine-free formulation NPyLg.
This would be attributed to the surface properties of leucine, where it
accumulates at the droplet surface during the drying step forming a crust
that would resist shrinkage [47]. However, changing the nanoparticle
mass content from 10 % to 30 % does not appear to considerably impact
the particle size distribution. Comparing collagenase-containing nano-
structured MPs (NPoglL3oC19, NP2oL3oC30 and NPyoL3oCsp) to their
collagenase-free counterpart (NPyoL3p), inclusion of collagenase was
found to shift the particle size distribution towards smaller diameters.
However, the particle diameter measured by laser diffraction does not
consider the particle density nor the morphology. The MMAD is a better
indication for the deposition [48], and the results of its evaluation are
discussed in section 3.7.

3.4. Particle morphology using SEM and CLSM

The AcMD nano-structured MPs were visualized by SEM (Fig. 2).
Leucine, as a formulation component, was found to have a remarkable
influence on the particle size and morphology. Compared to the leucine-
free NPyoLg (Fig. 2a), NPgoL3o SEM images (Fig. 2b) show unaggregated,
hollow particles with some surface corrugations and a more obvious
presence of larger-sized population. This last observation conforms with
the different particle size distribution detected by laser diffraction for
both samples (Table 2). It is worth mentioning that surface corrugations
improve the aerosol performance of the particles, where this reduces the
inter-particle contact points and hence their cohesiveness and adhe-
siveness [48]. The presence of surface corrugations would also raise the
shape factor (X), and hence decrease the aerodynamic diameter of the
particles in comparison to the geometric diameter [49]. The presence of
collagenase in NP20L30C10, NP20L30C30 and NP20L30C50 (Fig. 2c, d, and
e, respectively) does not seem to affect the particle surface morphology.
Close observation of the MPs’ surface reveals protruding NPs, which
indicates the spatial accumulation of NPs at the surface leading to sur-
face roughness of the nano-structured MPs. Surface roughness is
assumed to positively contribute to the reduction of the inter-particulate
surface forces, by increasing the distance between the adjacent particles
and decreasing the area of contact [50]. The presence of leucine (with its
interfacial accumulation) and NPs (with their low diffusion constant)
would raise the Peclet number of the spray-dried particles, leading to the
formation of those characteristic buckled, hollow particles [51], as
shown in Fig. 2b — e.

Fig. 3 displays the CLSM pictures of the collagenase-free NP5gLgo and
the collagenase-containing NP5yL3(C3o formulations. It can be observed
that the rhodamine signal (corresponding to the AcMD-NPs) is well-
defined at the periphery of the particles, in contrast to the fluorescein
signal (corresponding to the matrix) that appears to be more diffuse.

Table 2

Particle size distribution of spray-dried nano-structured MPs. The results show
10, 50 and 90 percentile volume diameters (Dyq.1, Dyo.s and Dyg.9, respectively)
and the Span index. The displayed results represent the mean + standard de-
viation of three independent volume-based light scattering measurements.

Sample Dyo.1 (pm) Dyo.5 (0m) Dyo.9 (pm) Span

NPyoLo 0.56 + 0.13 1.67 £ 0.19 5.70 £ 0.75 3.08 £0.17
NP;oL30 0.68 + 0.05 6.55 + 0.54 13.03 + 0.25 1.89 + 0.12
NPyL3o 0.61 + 0.01 6.82 + 0.61 11.89 +1.12 1.65 + 0.02
NP3oL3o 0.51 +£0.11 4.43 £ 0.72 9.40 £+ 0.07 2.04 £ 0.32
NP30L30C10 0.41 £+ 0.04 2.99 £+ 0.54 8.48 £ 1.9 2.67 £0.31
NP2oL30C30 0.35 + 0.04 2.58 +£1.35 7.14 £1.47 2.89 £0.73
NP2L30Cs0 0.33 £ 0.02 3.01 £ 0.68 8.03 £ 0.91 2.81 +0.81
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This indicates the surface accumulation and distribution of the AcMD-
NPs which could not be concluded solely by the SEM images. The
shapes exhibited by the matrix-localized fluorescein signal additionally
confirm the hollowness of the MPs.

3.5. Redispersibility evaluation

Sufficient redispersibility of MPs into NPs in SLF is a prerequisite, so
that the effects and benefits of the latter could be realized. Fig. 4 shows
the morphology of redispersed particles after hydration of MPs for 5
min. It could be observed from the SEM pictures that the fully redis-
persed NPs are well separated with no major aggregation and compa-
rable morphology to the NPs before spray drying (Figure S1,
supplementary material).

The influence of nanoparticle mass content was first investigated by
increasing it at 10, 20 and 30 % in formulations NP;oL39, NP3oL3p and
NP30L30, respectively. While increasing the nanoparticle content from
10 % to 20 % did not affect the redispersed powder fraction signifi-
cantly, increasing it further to 30 % lead to a significant decrease in
redispersed powder fraction (Fig. 5a). The positive effect of leucine on
the redispersibility could be clearly observed by comparing NP3yL3 to
its leucine-blank analogue, NPyoLy (Fig. 5a). Both the redispersed
powder and nanoparticle fractions were significantly improved by the
addition of leucine, where they reached 91.6 & 0.4 % and 58.1 + 1.8 %,
respectively, for the leucine- containing formulation, NPygLgg. Intro-
ducing collagenase to the best redispersing formulation, NPygL3g
maintained its redispersibility attributes and showed slightly improved
redispersability, with no significant differences among the individual
formulations NPogL30C19, NPogL30C3p and NPogL3oCsp (with increasing
collagenase mass content at 10 %, 30 % and 50 %). Fig. 5b shows that
except for NPygLy, the redispersed NPs from all the investigated samples
exhibited comparable particle size distribution to that before spray
drying, with slightly increased diameters and acceptable polydispersity.

3.6. Moisture content

The moisture content of the spray-dried collagenase-free (NP2oL30)
and collagenase-containing (NP2oL30C10, NP2gL3oCs0 and NP2oL30Cs)
formulations ranged from 2.03 + 0.50 % to 3.10 + 0.20 % (Table 3). A
residual moisture content of less than 5 % is sufficiently low to protect
the particles against polymorphic changes, crystal formation and
growth, and changes in particle size distribution upon storage
[47,48,52]. Additionally, the residual moisture content should be as low
as possible not only to avoid the pre-mentioned changes, but also to
preserve collagenase from inactivation. Although the spray drier was
operated at a relatively low inlet temperature of 50 °C, the obtained low
moisture content shows the positive impact of the utilized low feed rate
and maximal aspiration on the efficiency of moisture elimination.
Moreover, the formation of a hydrophobic outer shell layer due to the
presence of leucine is assumed to have an anti-hygroscopic effect and
enhance the physical and chemical stability of the particles [47,53,54].

3.7. Aerodynamic properties

For alveolar pulmonary deposition, the powder should have a MMAD
below 3 um [17]. Table 3 depicts that the MMAD of all the investigated
powder formulations was within the required limit, with an acceptable
distribution around the MMAD (GSD of around 2 is acceptable for spe-
cific deposition in a certain region of the lungs [55]), which supports the
feasibility of the prepared formulations. The FPF, which describes the
amount of the powder that reaches the deep lungs, approached 70 % for
the collagenase-containing formulations (NP2oL30C19, NP2oL3oC30 and
NP5oL30Cs0). It could be noted that the FPF of the collagenase-free
formulation (NPyoL3p) is lower than the collagenase-containing coun-
terparts. This can be related to the larger particle size of the powder as
was shown by the laser diffraction measurements, which is reflected by
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Fig. 2. SEM pictures of (a) NP3oLo, (b) NP3Lgo, (¢) NP2oL30Ci0, (d) NPooL30C30 and (e) NPyoL3oCso powder samples. Right panel images were captured at higher
magnification (20,000x) relative to left panel images (10,000x). Scale bars are equivalent to 5 um.

the relatively larger GSD of NPgoL3o. The high ED measured for all the
formulations indicates sufficiently minimal adhesive forces between the
powder and the capsule.

3.8. In vitro biological experiments

3.8.1. Cell viability assay
The effect of AcMD nano-structured MPs containing increasing
amounts of collagenase (NP2gL30C10, NP20L30C30 and NP2oL30Csp) on the

viability of the two cell lines used in this study, A549 and MRC-5 cells,
was tested using MTT viability assay on 2D monocultures. Similar to the
collagenase-free AcMD nano-structured MPs (NPgoL3p), NP2oL30Cio
even at high concentrations did not show signs of cytotoxicity for both
tested cell lines (Fig. 6). However, increasing the collagenase content to
30 % caused the viable fraction of MRC-5 cells to drop below 80 % at
1000 pg/ml concentration (Fig. 6b), where a viability of 80 % is often
considered as the lower limit for claiming non-cytotoxicity [56].
Further, NP5gL30Cso was toxic to both cell lines at concentrations higher
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Rhodamine Fluorescein Merge

(a)

(b)

Fig. 3. CLSM pictures of (a) NPyoL3g and (b) NP5oL30C30 nano-structured MPs showing the distribution of the NPs within the MPs’ matrix. Rhodamine and fluorescein
signals correspond to Rhod-AcMD-NPs and microparticle matrix, respectively. Scale bars represent 10 pm.
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Fig. 4. NPyL3g (a and b) and NPoL3oC30 (¢ and d) redispersed MPs after hydration with water for 5 min. The magnification power of the images (a and c) is 5,000x
and that of the images (b and d) is 10,000x. Well-defined NPs could be clearly seen for both powder samples (redispersed NPs as in the indicated frames for instance)
with some aggregates of not fully redispersed particles.
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Fig. 5. (a) Redispersed powder and nanoparticle percentages after dispersion of the tested MPs in SLF. MPs containing increasing content of NPs (NP1L3, NP2oL30o
and NP3gL3), increasing amount of collagenase (NP2gL30C10, NP2oL30C30 and NP5oL30Cso), as well as leucine-free MPs (NP5oLo) were tested. (b) Particle diameter and
PDI of NPs released after microparticle dispersion in SLF compared to particle size and PDI of AcMD-NPs before spray drying. The results represent mean + standard
deviation of independent triplicates. Multiple comparison was performed using Tukey or Dunnett post hoc tests between all the pairs or with respect to standard

sample, respectively. *

Table 3

Moisture content and aerodynamic properties (ED, MMAD, GSD and FPF) of
spray dried collagenase-free (NP5oL30) and collagenase-containing (NP3oL30C1o0,
NP2oL30C30 and NPgL30Csp) powder samples. The moisture content was deter-
mined using TGA analysis. The aerodynamic properties were evaluated using

NGI. The results represent mean =+ standard deviation of independent
triplicates.
Sample Moisture ED (%) MMAD GSD FPF (%)
content (%) (um) (um)
NPyoL3o 2.03 £ 0.50 96.33 + 222 + 2.36 + 60.59 +
1.01 0.28 0.33 4.72
NP3oL30C10 2.71 £0.17 94.35 + 1.93 + 2.19 + 69.62 +
0.32 0.06 0.03 2.01
NPyL3oC30  3.01 +£0.20 94.90 + 2.80 + 1.78 £ 68.79 +
1.11 0.10 0.02 4.80
NPyL3oCso  3.10 £ 0.20 92.20 + 272 + 1.79 £ 68.02 +
3.76 0.39 0.02 6.86

than 500 pg/ml (Fig. 6a and b). Aside from collagenase, the MPs’
constituents, including the AcMD-NPs [36], are not assumed to induce
cell toxicity. Collagenase was reported to induce toxicities in animals at
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*:p < 0.0001, ***: p < 0.001, **: p < 0.01 and ns: p > 0.05.

doses exceeding 500 pg [57,58]. To maximize the amount of the deliv-
ered AcMD-NPs, the formulation with the lowest collagenase content
(NPygL30C10) with the highest application concentration (1000 pg /ml)
was selected for subsequent testing.

3.8.2. Spheroid formation and growth

Different seeding densities (from 1000 to 4000 cells/100 ul/well)
were tested (data not shown) and 2000 cells/100 pl/well was found
suitable to produce the required spheroids with diameters exceeding
500 um at 10™ day of growth. Spheroids of diameters larger than 500 um
are generally regarded as representative models for solid tumors,
exhibiting their characteristic proliferation gradients of a central
necrotic core, surrounded by viable quiescent cells, and finally prolif-
erating cells at the periphery [59]. Co-culturing the fibroblasts at 70 %
(compared to 50 % and 90 %) of the seeded cells was also found to yield
a good compromise regarding the growth rate and circularity (data not
shown), where the circularity was set as an indicator for the spheroid
compactness [60].

The influence of the MRC-5 fibroblasts on the spheroid development
can be clearly observed in Fig. 7. At the second day of growth prior to the
addition of fibroblasts, a loose cell aggregation with undefined shape
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Fig. 6. Cell viability of (a) A549 cells and (b) MRC-5 fibroblasts after 24 h incubation with NPgL3g, NP2oL30C10, NP2oL30C30 and NP5oL30Cso spray-dried nano-
structured MPs at increasing concentrations (100 — 1000 ug/ml), determined using MTT assay. The data represent mean values + standard deviation from 3 in-

dependent experiments.
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Day5 Day 8 Day 10

Fig. 7. Bright field images of (a) A549/MRC-5 (30 %:70 %) and (b) A549 (100 %) spheroids on day 2, 3, 5, 8 and 10 of spheroid growth. Scale bar in all pictures

equals 200 pm.

was detected (Fig. 7a). The spheroid morphology was eminently altered
by the addition of fibroblasts; the loose aggregates were transformed
into tight and perfectly spherical spheroids at the third day of growth
(Fig. 7a), displaying a gradual increase in diameter (Fig. 8a) and yet a
preserved circular shape (Fig. 8b). The development pattern of the A549
monoculture spheroids was dissimilar to that of the co-culture spheroids
(Fig. 7b). Loose, large, and irregular-shaped aggregates were initially
formed, that gradually got denser and tighter over the growth period,
with a less notable increase in diameter (Fig. 8a) and an improving
circularity (Fig. 8b). As a whole, the results depicts the impact of cell
type, seeding and culturing conditions on the characteristics of the
produced spheroids [42,61].

3.8.3. Effect of collagenase on spheroid integrity

Based on the cell viability testing, it was concluded that applying
NP5oL30C190 at 1 mg/ml concentration (effective concentration of
collagenase is 0.1 mg/ml) was well tolerated by both A549 and MRC-5
cells. However, the effect of the ECM-degrading collagenase on the ar-
chitecture of the spheroids is an additional concern, where considerable
detachment of cancer cells from the spheroid surface may correspond to
the initiation of metastasis [29]. Therefore, we evaluated the application
of collagenase at 0.1 as well as 0.05 mg/ml concentrations (denoted as
NP5oL30C19 and NPogL30Cos respectively). Fig. 9a shows that the two
tested collagenase concentrations caused a slight decrease in the
spheroid diameter, which was statistically significant in case of the
higher concentration. The significant change in circularity in case of the
higher concentration (Fig. 9b) also implies a certain degree of defor-
mation due to cell loosening or separation. The effects encountered may
also be ascribed to the periphery of the spheroids being less rich in fi-
broblasts and hence in ECM, i.e., more prone to collagenase treatment.
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Although sequential seeding was carried out to circumvent this problem,
it is speculated to improve the fibroblasts distribution only to a certain
extent and render it more homogenous. Nevertheless, the lower colla-
genase concentration was regarded as apt to apply on the spheroids with
no significant degenerating effects.

3.8.4. Evaluation of particle penetration

Fig. 10 demonstrates that nanoparticle fluorescence detected in the
z-stack planes was more intense in case of the combined treatment of
collagenase with Rhod-AcMD-NPs relative to the sole nanoparticle
application (more obvious in the middle planes). This qualitative result
was verified by the quantitative measurement of the fluorescent in-
tensity of the sections, of which the results are displayed in Fig. 11.
Despite the comparable fluorescence in the outer-most plane, collage-
nase could effectively increase the penetration of Rhod-AcMD-NPs
through the spheroids to reach a depth of 120 um. The outer-most
layer is mainly comprised of actively proliferating cells and hence the
particles could have been included or uptaken during cell division. The
last examined plane (innermost) showed more fluorescence in the
collagenase-treated sample, but the difference was not significant be-
tween the two treatments, which may be as well ascribed to the limited
visualization ability of CLSM in deeper tissue sections [62].

4. Conclusion

Spray drying of AcMD-NPs into inhalable nano-structured MPs using
a combination of water-soluble matrix forming agents; trehalose and
leucine, was successfully realized. The formulation composition and
process parameters were optimized to yield particles exhibiting three
main essential features: (i) the desired aerodynamic properties to reach
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Fig. 8. (a) Diameter and (b) circularity of co-culture (A549/MRC-5) and monoculture (A549) spheroids over 10 days of spheroid growth. The results represent mean

+ standard deviation of 6 independent replicates.
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Fig. 9. (a) Diameter and (b) circularity of the spheroids after incubation with collagenase-free (NP5oL30) and collagenase-containing (NP5oL30Cos and NPogL30C10)
formulation constituents relative to untreated control spheroids. The results represent mean =+ standard deviation of 6 independent replicates. The respective pairs
were compared using Bonferroni post hoc test. ***: p = 0.0003, *: p = 0.0171 and ns: p > 0.05.
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Fig. 10. Z-stack images of successive optical sections recorded at ~ 40 pm steps. Upper and lower panels display sections of spheroids treated with NPyyL3o
(collagenase-free) and NPoL3oCos (collagenase-containing) formulation components, respectively. Red signal corresponds to Rhod-AcMD-NPs. Scale bars are
equivalent to 200 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the alveolar region, (ii) sufficient redispersibility into NPs upon hydra-
tion, and (iii) non-impaired collagenase activity after spray drying. The
inclusion of collagenase in the nano-structured microparticle formula-
tion was depicted to enhance the penetration of AcMD-NPs into the
utilized spheroid model. In other words, our proposed formulation
strategy enabled the delivery of a higher amount of AcMD-NPs into
deeper areas of the spheroids. Considering that the tested AcMD-NPs are
relatively large (=~ 170 — 180 nm), the penetration could probably be
further improved by decreasing the particle size of the embedded NPs.
Interestingly, partial degradation of AcMD-NPs in acidic tumor micro-
environment (TME) may result in decreasing their particle size and
improving their diffusion through the ECM network. However, prema-
ture extracellular drug release should be avoided, which demands
further formulation optimization and biological evaluation. The design
of the carrier system introduced in this work opens several pathways for
future studies investigating therapeutics effects. The dual enhancing
impact of ECM modulation and nanoparticle acid-degradability on the
delivery efficacy of chemotherapeutics would potentially attain the
anticipated treatment outcomes.
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