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Dry powder inhalation represents a promising approach for the treatment of lung cancer, offering sev-
eral advantages such as enhanced targeting, improved bioavailability, and reduced toxicity. However, tra-
ditional dry powder formulations suffer from limitations, notably low pulmonary delivery efficiency and
inadequate penetration into tumor tissues, thereby limiting their therapeutic efficacy. In response to these
challenges, we have developed an innovative trojan horse strategy, harnessing an inhalable nanoparticle-
in-microsphere system characterized by tunable size, reversible charge, and mucus-penetrating capa-
bilities. The inhalable nanoparticle-in-microsphere system exhibit stable structural properties, excellent
environmental responsiveness and high biocompatibility. More importantly, the therapeutic effect of
MTX@PAMAM@HA@Gel (MPHG) was demonstrated in vitro and in vivo. This system offers improved pul-
monary delivery efficiency, enhanced drug retention within tumor tissues, and effective penetration, thus
representing a promising strategy in lung cancer treatment.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Pulmonary drug delivery systems have emerged as a promis-
ing approach for the treatment of lung diseases, offering advan-
tages such as targeted delivery, improved bioavailability, and re-
duced systemic side effects [1-3]. Among various pulmonary drug
delivery methods, dry powder inhalers (DPIs) are considered con-
venient and propellant-free, making them an attractive option for
patients [4,5]. However, efficient drug delivery to the lungs and
deep penetration into tumor tissues remain significant challenges
[6-9].

Powders for DPIs need to be formulated with an aerodynamic
diameter in the range of 1-5um which is considered as the most
suitable particle size for pulmonary inhalation to reach and deposit
in the deep lungs [10-14]. However, carriers with such particle
sizes are susceptible to clearance by the immune system present
in the lungs, posing a challenge for reaching pulmonary tumor
tissues [15,16]. Nanoparticles are more likely to evade clearance
mechanisms by the lung defense systems [17,18]. Notably, ultra-
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small nanoparticles (~50 nm) exhibit excellent tumor tissue pene-
tration abilities [19-21]. However, they are easily exhaled after in-
spiration and cannot achieve deep lung deposition [17,22,23]. Thus,
there is a contradiction in selecting carrier sizes that are both ef-
ficient for deep lung deposition and effective in penetrating tumor
tissues.

Beyond the particle size of carriers, the surface charge is an-
other crucial factor affects lung cancer therapy [24-27]. Negative
charge facilitate the drug delivery system to traverse multiple res-
piratory pathways and reach deep into the lung tissues, while pos-
itive charge promotes its uptake by tumor cells [28,29]. Therefore,
the differing requirements for charge at different sites pose a sec-
ond challenge in achieving both deep lung delivery and tumor tis-
sue uptake simultaneously.

Besides, achieving effective pulmonary drug delivery faces sig-
nificant challenges posed by the body’s innate defense mecha-
nisms, primarily the thick mucus layer and mucociliary clearance
[30-33]. When inhaled delivery systems come into contact with
this mucus layer, they can become trapped due to various physico-
chemical interactions, including hydrophobic, electrostatic, and van
der Waals forces [34] and eventually be swallowed or expelled

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Schematic illustration for multilevel size-tunable, charge-reversible and
mucus-traversing inhaled composite microspheres for the treatment of lung cancer.

through coughing [35,36]. Considering the substantial impact of
mucociliary clearance on the efficiency of intratracheal and pul-
monary drug delivery, the development of delivery systems with
mucus-penetrating capabilities is imperative for achieving success-
ful pulmonary drug delivery [37-39].

Herein, we propose a novel approach utilizing inhaled multi-
level size-tunable, charge-reversible and mucus-traversing compos-
ite microspheres as trojan horses, aiming to enhance drug deliv-
ery and improve lung cancer therapy (Fig. 1). The composite mi-
crospheres offer the potential to address the three key challenges
of inadequate lung deposition, ineffective mucus penetration and
limited tumor tissue penetration. Small particles loaded with the
anticancer drug methotrexate (MTX), denoted as MTX@PAMAM
(MP), were encapsulated within hyaluronic acid (HA) nanopar-
ticles, forming a formulation referred to as MTX@PAMAM@HA
(MPH) [40]. Subsequently, inhalable nanoparticle-carrier composite
microspheres MTX@PAMAM@HA@Gel (MPHG) encapsulating MPH
nanoparticles were prepared using gelatin (Gel) as the carrier ma-
trix. Upon the delivery of MPHG to the lungs, the gelatin shells
undergo rapid dissolution due to enzymatic action and tempera-
ture, resulting in the release of MPH. This marks the first stage of
particle size alteration, effectively addressing the challenge of pul-
monary delivery inefficiency. Furthermore, as the released MPH is
transported to the tumor sites, it undergoes rapid degradation fa-
cilitated by hyaluronidase (HAase), an enzyme overexpressed in tu-
mor tissues. This enzymatic degradation leads to the liberation of
the enclosed MP spheres, consequently enhancing the drug’s pene-
tration into tumor tissues. Rigorous evaluations demonstrated that
these composite microspheres not only enhance pulmonary drug
delivery efficiency but also significantly improve drug penetration
within tumor tissues. Consequently, the composite microspheres
MPHG present a promising vehicle for the pulmonary delivery of
chemotherapeutic agents for treatment of lung cancer.

In this study, we have selected the fourth-generation
poly(amidoamine) (PAMAM) as the ideal carrier for delivering
the therapeutic drug MTX. Its small particle size facilitates im-
proved penetration of tumor tissue, enabling deep delivery of the
drug into the affected tissue. As illustrated in Table S1 (Supporting
information) and Fig. 2A, the particle size of MP was measured
at 538+035nm and demonstrated exceptional dispersibility.
The drug loading of MP was 42.61% + 0.83%. In order to prepare
nanoparticles (MPH) with good properties, the influence of formu-
lation and process variables on the characteristics of nanoparticles
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was assessed (Tables S2-S5 in Supporting information). The final
molecular weight of hyaluronic acid selected was 600kDa, the
organic solvent was acetone, the experimental stirring speed was
600rpm, and the feeding ratio of HA and MP was 5:2. And the av-
erage particle size of MPH was determined to be 266.31 +1.92 nm
(Table S1, Fig. 2B, and Fig. S1 in Supporting information). The
polydispersity index (PDI) indicated a satisfactory particle size
distribution. The encapsulation efficiency was 47.15% 4+ 6.96%,
and drug loading was determined to be 7.05% + 0.66%. Moreover,
the zeta potential measurements revealed that MP, blank HA
nanoparticles, and MPH possessed zeta potentials of +13.79 & 1.17,
—-2511+£0.62, and —-20.96+0.72mV, respectively. These results
suggested the successful loading of MP into HA nanoparticles,
facilitated by the abundant positive charge associated with the
primary amine group on the PAMAM surface.

The study meticulously explored the influence of various for-
mulation and process variables on the characteristics of micro-
spheres (MPHG). After thorough experimentation, as shown in Fig.
S2-S5 (Supporting information), an optimal preparation process
was established. This process involves using gelatin with a strength
of 300 bloom, Span 80 as the emulsifier, and a mixing speed of
800rpm. The proportion of gelatin to MPH was carefully adjusted
to a ratio of 5:1. The resulting microspheres demonstrated excep-
tional dispersion and homogeneity, as evidenced in Table S1, Fig.
2C, and Fig. S6 (Supporting information). The average particle size
of these microspheres was measured to be 3773.33 4+683.91 nm.
Notably, this size range aligns perfectly with the required specifi-
cations (1-5um) for pulmonary dry powder inhalers, a critical ap-
plication in drug delivery systems as referenced in study [41]. Fur-
thermore, the encapsulation efficiency of the MPHG microspheres
was impressively high at 85.87% + 7.73%. Additionally, the drug
loading capacity was determined to be 1.06% + 0.05%.

To validate the successful construction of the drug delivery
system, the distribution of fluorescence generated by the micro-
spheres was observed using laser confocal microscopy. Rhodamine
B-labeled gelatin and FITC@PAMAM@HA (FPH) prepared using the
same procedure by replacing MTX with fluorescein isothiocyanate
(FITC) were incorporated into the composite microspheres to en-
hance visibility for confocal microscopy. The red fluorescence emit-
ted by rhodamine B-labeled gelatin exhibited a spherical morphol-
ogy and the green fluorescence from FPH was evenly distributed
throughout the red carrier (Fig. 2D and Fig. S7 in Supporting in-
formation). These results collectively confirm the successful con-
struction of the composite microspheres. In the infrared character-
istic spectrogram (Fig. S8 in Supporting information), the spectra
of MPHG exhibited none of the characteristic peaks of MPH but
rather those of gelatin microspheres, further indicating the effec-
tive encapsulation of MPH into gelatin microspheres.

To investigate the particle size change ability of MPH, we con-
ducted an incubation experiment with HAase. MPH exhibited ex-
cellent stability in phosphate buffered saline (PBS) (Fig. 2E). How-
ever, after a 2-h incubation with HAase, the particle size of the
nanoparticles significantly decreased to less than 10nm (Fig. 2F).
This observation clearly demonstrates that MPH can effectively un-
dergo particle size reduction in response to HAase stimulation.
Similarly, to assess the particle size change ability of MPHG, we
incubated MPHG with collagenase type IV (Cls IV). It was observed
that the larger micron-sized particles gradually decreased, while
the smaller micron-sized particles increased and shifted towards
smaller particle sizes (Fig. 2G). Moreover, as the incubation time
increased, the nanoscale particles further shifted towards smaller
sizes (Fig. 2H). In vitro degradation maps of microspheres taken
by inverted microscopy (Fig. 2I) validated these findings. Initially,
the microspheres exhibited stable morphology and uniform size.
And most of the microspheres had undergone degradation at 4-8 h.
The degradation experiments confirm that gelatin microspheres
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Fig. 2. Characterization of MPHG. (A) Size and morphology of MP. Scale bar: 50 nm. (B) Size and morphology of MPH. Scale bar: 500 nm. (C) Size and morphology of MPHG
microspheres. Scale bar: 2um. (D) The fluorescence distribution inside the microspheres by laser confocal microscopy. Scale bar: 5um. (E) Degradation particle size of MPH
in PBS without HAase. (F) Degradation particle size of MPH in PBS with HAase. (G) Degradation particle size of MPHG at four time points of 0, 2, 4, and 8 h were determined
at the micron level. (H) Degradation particle size of MPHG at four time points of 0, 2, 4, and 8h were determined at the nanometer level. (I) Degradation morphology of
MPHG at four time points of 0, 2, 4, and 8 h. Scale bar: 50 um. (J) Release curves of MP, MPH and MPHG under different conditions.

can rapidly degrade under the dual stimulation conditions of col-
lagenase and physiological temperature.

The in vitro release of MTX from both MPH and MPHG sys-
tems in buffered solutions with different enzymes was evaluated,
and we found that the presence of enzymes greatly increases the
rate of drug release (Fig. 2]). Also in the absence of enzymes, no
abrupt drug release was observed, indicating that the carrier ex-
hibited good stability.

Next, the cellular uptake of FITC@PAMAM (FP), FPH, and
FITC@PAMAM@HA®@Gel (FPHG) by A549 cells was investigated us-
ing laser confocal microscopy and flow cytometry. As depicted in
Fig. 3A, A549 cells incubated with FP exhibited stronger fluores-
cence compared to those treated with FPH. This difference can
be attributed to the negatively charged zeta potential and larger
particle size of FPH compared to the positively charged FP. In
the FPH + HAase group, the green fluorescence intensity was sig-
nificantly increased compared to the FPH group. Similarly, the
FPHG + Cls IV + HAase group exhibited enhanced absorption com-
pared to the FPHG group. Flow cytometry analysis (Figs. 3B and
C) corroborated the observations made with laser confocal mi-
croscopy, confirming that in the presence of enzymes, the particles
can efficiently degrade and release the encapsulated FP nanoparti-
cles, thereby enhancing the uptake of the drug by tumor cells.

The penetration capability of FP, FPH, and FPHG was evaluated
in A549 tumor spheroids. As shown in Fig. 3D, both the FP group
and the FPH + HAase group exhibited stronger green fluorescence
compared to the FPH group. Additionally, the green fluorescence
in the FP group and FPH + HAase group was uniformly distributed
throughout the entire tumor spheroid, while in the FPH group,
most of the green fluorescence was concentrated in the periph-

eral part of the spheroid. The FPHG group, due to its larger particle
size, was unable to penetrate deeply and remained attached to the
surface of the tumor spheroid. However, the FPHG + Cls IV + HAase
group exhibited a tendency for inward penetration. The slower flu-
orescence penetration observed in this group may be attributed to
the sustained release of the microspheres. These results demon-
strate that the FPH and FPHG designed and constructed in this
study have the ability to penetrate deep into tumor tissues in the
presence of enzymes, which is crucial for enhancing the efficacy of
chemotherapeutic drugs.

Then, the transport ability of particles across the mucus layer
of the lungs was evaluated by Calu-3 cell monolayer model in the
transwell plate (Fig. 3E). After a 6-hour incubation period, it was
observed that the green fluorescence associated with FP particles
remained predominantly at the surface of the mucus layer. This
phenomenon may be attributed to the positive charge of FP, which
hindered its penetration into the mucus layer. In the case of FPHG,
a significant portion of the particles was retained within the up-
per layer of mucus, while a smaller fraction exhibited a tendency
to permeate deeper into the mucus. This behavior could be at-
tributed to the interplay between the larger particle size and mass.
Conversely, FPH particles demonstrated superior mucus penetra-
tion compared to the other two groups. Consequently, it was in-
ferred that following the deposition of microsphere particles deep
within the lungs on the alveolar surface, FPHG could be effec-
tively retained within the pulmonary environment due to both the
weight of the microspheres and the adhesive properties of gelatin
to mucus. Subsequently, FPH particles could be gradually released
in response to enzymatic activity and changes in temperature, fa-
cilitating their uptake by lung tissues.
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Fig. 3. Therapeutic efficient and safety evaluation of MPHG in vitro. (A) Laser confocal microscopy images of A549 cells uptake of FP, FPH, FPH+ HAase, FPHG and FPHG + Cls
IV + HAase. Scale bar: 100pm. (B) Flow cytometry analysis of cellular uptake of FP, FPH, FPH+ HAase, FPHG and FPHG + Cls IV + HAase in A549 cells. (C) Quantitative analysis
of the flow cytometry data (n=3). (D) Penetrating capability of FP, FPH, FPH + HAase, FPHG and FPHG +Cls IV + HAase on A549 tumor spheroids. Scale bar: 150 pm. (E)
The transport ability of particles across the mucus layer was evaluated by CLSM in the transwell plate. The red and green fluorescence represent the mucus and particles,
respectively. Scale bar: 50 um. (F) The cytotoxicity profiles of blank carriers (PAMAM, PH, PHG) in MPASMC at different concentrations measured by MTT assays (n=6). (G)
Hemolysis percentage of PAMAM, PH and PHG at different concentrations (n=3). (H) MTT assay for the cytotoxicity of MTX, MP, MPH, MPH + HAase, MPHG and MPHG + Cls
IV + HAase to A549 cells (n=6). (I) Quantitative analysis of the cell cycle analysis graphs in control, MTX, MP, MPH, MPH + HAase, MPHG and MPHG + Cls IV +HAase (n=3).
Data are presented as mean =+ standard deviation (SD). *P < 0.05, ***P < 0.001, ****P < 0.0001.

The cytotoxicity of PAMAM was investigated using the MTT as-
say to assess whether the complex microspheres could effectively
reduce its toxicity (Fig. 3F, Figs. S9-S11 in Supporting informa-
tion). The PAMAM exhibits significant cytotoxicity towards nor-
mal cells (MPASMC, RAW 264.7, 293T and LO02). In contrast, the
cell survival rate is significantly improved in the PAMAM@HA (PH)
and PAMAM@HA@Gel (PHG) groups, with minimal cytotoxicity ob-
served at lower concentrations and high cell survival rates main-
tained even at higher concentrations. Furthermore, blood compati-
bility is imperative for carriers [42], so a hemolysis assay was em-
ployed using mouse red blood cells to evaluate the blood com-
patibility of PAMAM, PH, PHG (Fig. 3G and Fig. S12 in Support-
ing information). PAMAM dendrimers has a toxicity which induced
31.03% hemolysis at 200 pg/mL. And pH exhibited a smaller hemol-
ysis rate, demonstrating that HA encapsulated can significantly re-
duce the hemolytic toxicity of PAMAM. The percentage of hemol-
ysis observed after sufficient contact between the PHG and blood

was very low which is less than 2% at 200 pg/mL. These results in-
dicate that the encapsulation of PAMAM by gelatin and hyaluronic
acid can effectively inhibit its toxicity, demonstrating the safety of
the PH and PHG systems.

The inhibitory effects of MP, MPH, and MPHG on A549 cells’
proliferation were investigated (Fig. 3H). The cell viability of the
MP group was lower compared to the MTX group, indicating that
PAMAM loading enhances the uptake of the drug and that PA-
MAM itself possesses some toxicity. Additionally, the presence of
enzymes effectively enhanced the anti-tumor activity of MPH and
MPHG, further demonstrating the ability of the drug delivery sys-
tem to modulate particle size. Cell cycle arrest induced by the mi-
crospheres was analyzed using flow cytometry (Fig. 3I and Fig. S13
in Supporting information). We found that administration of MP
resulted in S-phase arrest in A549 cells, consistent with the effects
of MTX compared to the untreated control cells. And the treatment
groups with specific enzymes exhibited similar cell cycle inhibition
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Fig. 4. Therapeutic efficient evaluation of MPHG in vivo. (A) Frozen section of tra-
cheas from mice following inhalation administration of FPH and FPHG observed
by inverted fluorescence microscope. Scale bar: 250 um. (B) In vivo fluorescent im-
ages of lungs of mice after administration of FPH and FPHG. (C) Appearances of
the lungs after treatment. (D) Quantification of lung metastasis nodules. (E) Body
weight changes of the tumor-bearing mice were measured during 2 weeks post
treatment. (F) H&E and Ki67 staining of the lung tissue sections. Scale bar: 75 pm.
Data are expressed as the mean £ SD (n=5). **P < 0.01, ***P < 0.001.

effects to the MTX group, indicating that the enzymes effectively
degraded the drug particles and released MP. These findings high-
light the fact that the encapsulation of multilayer materials did not
compromise the efficacy of methotrexate in vivo.

Pulmonary administration was performed in BALB/c mice to in-
vestigate the distribution of FPH and FPHG in the airways. In this
study, all animal experiments were performed according to the
guidelines approved by the Laboratory Animal Welfare and Ethics
Committee of Chongqing University (No. CQU-IACUC-RE-202308-
008). The fluorescence intensity of FPHG was significantly higher
than that of FPH (Fig. 4A), which suggests that FPHG exhibits good
retention in the respiratory tract. Besides, the lung deposition and
retention of FITC-loaded nanoparticles and microspheres were ana-
lyzed in BALB/c mice. The distribution of microspheres in the lungs
was visualized using an imaging system (Fig. 4B). The fluorescence
intensity in the lungs was notably stronger in the FPHG micro-
spheres group compared to the FPH nanoparticles group. These
findings confirm that gelatin encapsulation enhances the lung de-
position properties of FPH nanoparticles and facilitates deeper de-
livery of FPH nanoparticles into the lungs. Additionally, the micro-
spheres effectively accumulated in the lungs within 48 h, and the
fluorescent signals in the lungs gradually decreased over time, in-
dicating the excellent lung targeting and retention capabilities of
the FPHG microspheres.

A lung cancer-bearing BALB/c mice model was established
via lateral tail vein injection with B16F10 cells to investigate
the anti-lung cancer effects of MPHG microspheres. Compared
to the negative control group, the lung tumors in each treat-
ment group exhibited varying degrees of decrease, with the MPHG
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treatment group demonstrating the most significant efficacy (Figs.
4C and D). Throughout the treatment period, the mice’s body
weight remained relatively stable (Fig. 4E), indicating the safety
of the administered drug in the organism. In the observation of
hematoxylin-and-eosin staining and Ki67 staining of lungs, we
found that the untreated group displayed numerous melanomas
and pigmentations (Fig. 4F). In contrast, the lungs of the treated
groups exhibited evident reductions in melanoma size and num-
ber, with the presence of normal pores, particularly in the MPHG
group. Additionally, the MPHG-treated group demonstrated fewer
Ki67-positive cells, further supporting the superior efficacy of
MPHG. Normal mice were administered the drug and their major
organs and blood were collected for toxicity analysis. Histological
analysis of the heart, spleen, and kidney images revealed no ap-
parent inflammation, damage, or edema in any of the five groups
(Fig. S14 in Supporting information). Hematological analysis results
showed that although there were slight variations in some indica-
tors at 1 day and 7 days, the values of alanine aminotransferase
(ALT), aspartate transaminase (AST) and blood urea nitrogen (BUN)
in the mice remained within the normal range (Figs. S15-S17 in
Supporting information). These findings indicate that the adminis-
tered drugs are generally safe and do not induce damage to the
liver and kidney [43].

In summary, the MPHG system represents an innovative ap-
proach to address the challenges associated with drug delivery to
the lungs and deep penetration into tumor tissues using dry pow-
der inhalation. The incorporation of multiple layers in the system,
including gelatin, hyaluronic acid, PAMAM dendrimers, and MTX,
allows for precise control over particle size variation, charge re-
verse and mucus penetration which are critical for optimal drug
delivery. Our design is further validated through relevant experi-
ments. Thus, the composite microspheres are promising for treat-
ing various diseases of the lung via pulmonary administration.
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