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KEY WORDS Abstract As a typical human pathogenic fungus, Cryptococcus neoformans is a life-threatening inva-
. sive fungal pathogen with a worldwide distribution causing ~ 700,000 deaths annually. Cryptococcosis is
g;&lﬁn Cm not just an infection with multi-organ involvement, intracellular survival and extracellular multiplication
MMP-3: of the fungus also play important roles in the pathogenesis of C. neoformans infections. Because adequate
Size-tunable strategy; accumulation of drugs at target organs and cells is still difficult to achieve, an effective delivery strategy is
Microenvironment desperately required to treat these infections. Here, we report a bioresponsive micro-to-nano (MTN) sys-
responsive; tem that effectively clears the C. neoformans in vivo. This strategy is based on our in-depth study of the
Complex fungal infection overexpression of matrix metalloproteinase 3 (MMP-3) in infectious microenvironments (IMEs) and

secreted protein acidic and rich in cysteine (SPARC) in several associated target cells. In this MTN sys-
tem, bovine serum albumin (BSA, a natural ligand of SPARC) was used for the preparation of nanopar-
ticles (NPs), and then microspheres were constructed by conjugation with a special linker, which mainly
consisted of a BSA-binding peptide and an MMP-3-responsive peptide. This MTN system was mechan-
ically captured by the smallest capillaries of the lungs after intravenous injection, and then hydrolyzed
into BSA NPs by MMP-3 in the IMEs. The NPs further targeted the lung tissue, brain and infected mac-
rophages based on the overexpression of SPARC, reaching multiple targets and achieving efficient treat-
ment. We have developed a size-tunable strategy where microspheres “shrink” to NPs in IMEs, which

Abbreviations: AmB, amphotericin B; BBB, blood—brain barrier; BSA, bovine serum albumin; DDS, drug delivery system; IME, infectious microen-
vironment; MMP-3, matrix metalloproteinase 3; MTN, micro-to-nano; NP, nanoparticle; PEG, polyethylene glycol; PMVECs, pulmonary microvascular
endothelial cells; RFP, red fluorescent protein; SPARC, secreted protein acidic and rich in cysteine.
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effectively combines active and passive targeting and may be especially powerful in the fight against

complex fungal infections.

© 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In recent years, the incidence and mortality of invasive fungal
infections (IFIs) have markedly increased worldwide. Patients
with compromised immunity, such as those with acquired im-
munodeficiency syndrome (AIDS) and those who are undergoing
chemotherapy, are vulnerable to fungal infections'. The high
mortality of IFIs is associated with the lack of effective antifungal
treatments. Clinically, there are only a few drugs for the treatment
of IFIs, including amphotericin B (AmB), flucytosine, and flu-
conazole®. However, these antifungal drugs are limited by severe
side effects, emerging drug resistance, and unavailability in
countries with urgent demand. Thus, in addition to new drug
development, an effective drug delivery system (DDS) will
improve the therapeutic efficacy of existing antifungal agents and
decrease toxicity. As a typical human pathogenic fungus, C.
neoformans mainly invades through the respiratory tract, leading
to pulmonary cryptococcosis’. If the pathogen spreads to the
central nervous system, it will result in cryptococcal meningitis
with over 700,000 deaths annually”. More seriously, C. neofor-
mans is a facultative intracellular pathogen in pulmonary in-
fections and can either lyse macrophages or escape from within
them by a process called phagosomal extrusion, leading to disease
recurrence’. This phenomenon is ubiquitous in all types of fungal
infections. Therefore, effective elimination of infections caused by
recalcitrant pathogens (such as C. neoformans) with antifungal
drugs faces multiple physiological and pathological barriers. It is
critically necessary to develop new IFI therapeutic agents with
novel modes of action.

As a key characteristic of micro-/nano-DDSs, size greatly in-
fluences the efficiency of organ targeting in many ways, which
include affecting the circulation, biodistribution, tissue accumu-
lation and penetration, cellular uptake, and subcellular distribu-
tion°. Many studies have found that there is a close association
between the treatment effect and size of a drug carrier’*. Because
of the structure and environment of tissues, there is a contradictory
effect of nanoparticle (NP) size on drug delivery. Namely, large
NPs tend to be more capable of retention in some tissue than small
NPs’ 2. However, regarding permeability, the reverse is true, and
smaller NPs can penetrate tissues to a greater extent. In recent
years, an intelligent, size-tunable strategy has shown promise as a
solution to the conundrum of the ideal drug carrier size'” ',
Specifically, there are a series of stimulus-induced aggregation
and shrinkage strategies for tumor-targeted drug delivery that can
significantly increase the retention and penetration of nanodrugs
simultaneously at tumor sites, thus promoting treatment efficacy.
However, apart from in oncotherapy, the applications of size-
tunable strategies to treat other diseases are scarce.

An ideal size-tunable system should be designed in response to
the unique needs of a particular disease. For example, for lung
diseases, both passive and active lung targeting have their own
advantages and disadvantages. With passive targeting, micro-
spheres of 7—30 pum can be rapidly concentrated in the lungs after

intravenous administration due to mechanical filtration by the
capillary beds. Drug carriers in this range of particle sizes can be
quickly trapped and concentrated effectively in the pulmonary
blood vessels, but drug efficacy is usually limited by the low
permeability of these vessels'®. When microspheres are deposited
in the lung tissue, the loaded drugs are released and freely diffuse
through the thin alveolar-capillary barrier into the alveolar space.
However, the particle size and degradation rate of microspheres
must be carefully regulated to ensure efficient clearance from the
lung, avoiding embolization-related toxicity, such as inflammatory
cell recruitment leading to local inflammation'”"'®, With active
targeting ligand—receptor interactions could enhance penetration
of the pulmonary vessels or increase the affinity of the preparation
for lung lesions, enhancing the permeability of the pulmonary
vessels through receptor-mediated endocytosis or by phagocy-
tosis'®. Nonetheless, the therapeutic effect is limited by the initial
distribution of the drug in the lung. Therefore, the combination of
these two targeting strategies may produce better targeting effi-
ciency. This size-tunable strategy not only increases the drug
concentration in the lungs by passive targeting, but also enhances
the ability of the drug carriers to penetrate the pulmonary blood
vessels through active targeting, thereby achieving better targeted
delivery to the disease site.

Herein, we designed, constructed and tested a microenvi
ronment-responsive micro-to-nano (MTN) albumin delivery sys-
tem for complex fungal infections (see Fig. 1). 1) We found that
matrix metalloproteinase 3 (MMP-3) is highly expressed in in-
fectious microenvironments (IMEs), and secreted protein acidic
and rich in cysteine (SPARC) is overexpressed in infected mac-
rophages as well as lung and brain microvascular endothelial cells.
2) Since albumin is a good drug carrier material and natural ligand
of SPARC, it was chosen as the carrier material, AmB was chosen
as the model drug. Then, AmB-loaded bovine serum albumin
(BSA) NPs were prepared. 3) To further assemble the NPs into
microspheres, we constructed a special, dual-function linker (PN-
PEG) that was able to bind BSA and was MMP-3 responsive. 4)
The linker was incubated with the NPs, using particle size as an
index, and the MTN system was successfully prepared by opti-
mizing the NP/PN-PEG ratio. We expected that this responsive
delivery system could be quickly trapped in the lungs through
passive targeting, followed by cleavage of the connecting arm due
to the upregulated MMP-3 in the IMEs. The NPs would then target
cells or tissues that highly express SPARC, achieving multiplex
targeting and efficient treatment. These expectations were tested
both with in vitro cultured cells and in vivo mouse models.

2. Materials and methods
2.1. Materials
4-arm-PEG goo-MAL was purchased from Beijing JenKem

Technology Co., Ltd. (Beijing, China). Amphotericin B (AmB)
was purchased from Macklin Biochemical Co., Ltd. (Shanghai,
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China). Coumarin-6 (C6) was ordered from Aladdin Co., Ltd.
(Shanghai, China). 1,1’-Dioctadecyl-3,3,3’,3'-tetramethylindo-
tricarbo cyanine iodide (DiR) was supplied by Invitrogen (Carls-
bad, CA, USA). Rabbit anti-SPARC antibody, MMP-2 antibody,
MMP-3 antibody, MMP-9 antibody, Alexor Fluo 488 labeled
mouse anti-rabbit and HRP labeled goat anti-rabbit were obtained
from Bioss biotechnology Co., Ltd. (Beijing, China). All other
reagents were analytical grade.

2.2.  Cell culture and animals

RAW 264.7 macrophage cells and bEnd3 cells were provided by
Cell Bank of Chinese Academy of Sciences (Shanghai, China).
Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; KeyGEN, China) containing 10% fetal bovine serum
(FBS; Gibco, USA), 80 U/mL penicillin and 0.08 mg/mL strep-
tomycin. All cells were kept at 37 °C in a humidified incubator
with 5% CO,. C. neoformans var. grubii (serotype A) strain H99
was acquired from American Type Culture Collection (ATCC,
USA) and grown in nutrient-rich yeast extract-peptone-dextrose
(YPD) medium at 30 °C.

Female BALB/c mice (4 weeks, 18—22 g) and Sprague
—Dawley (SD) rats (8 weeks, 180—220 g) were purchased from
Chongqing Academy of Chinese Materia Medica (Chongqing,
China) and raised in specific pathogen free (SPF) environment,
housed on a 12 h light/dark cycle at ambient 22—24 °C with
30%—50% relative humidity. All animal experimental protocols
(yxy201823) were reviewed and approved by the Experimental
Animal Ethics Committee of College of Pharmaceutical Sci-
ences, Southwest University.

2.3.  Surface plasmon resonance (SPR) measurements

The interaction between the peptide and BSA was quantified by
SPR (Nicoya Lifescience, Waterloo, Canada) at 25 °C with a
constant flow rate of 20 pL/min. To immobilize BSA on the chip,
100 pL of 0.02 mol/L NHS and 0.1 mol/L EDC dissolved in
activation buffer (Nicoya Lifescience) were injected to activate the
carboxyl group, and BSA was suspended in HBS running buffer at
5 mg/mL. A pulse of 50 mmol/L cholamine was injected to
quench redundant activated carboxyl groups. To validate the af-
finity between ligand and BSA, the peptide of different concen-
trations was injected at a flow rate of 20 pL/min with PBS. All
concentrations were performed in triplicate and after each test the
chips were regenerated by injection of 200 pL of 10 mmol/L HCIL.

2.4.  Preparation and characterization of BSA NP/AmB

NP was prepared by emulsion-solvent evaporation®”>'. Briefly,
10 mg BSA was dissolved in 1 mL 0.9% NaCl, 0.5 mg AmB was
dissolved in 25 pL dimethyl sulfoxide (DMSO) and 175 pL of a
chloroform and methyl alcohol mixed solvent (4:1, v/v). Then,
1 mL of BSA was mixed with 200 pL AmB (0.5 mg) to sonicate
for 5 min using a bath sonicator at a power of 400 W. The
resulting NP was hardened during solvent evaporation for 3 h, and
free AmB was removed by gel filtration on a Sephadex G-50
column.

2.5.  Invitro interaction of NP with RAW264.7 cells

For in vitro interaction analysis, cells from the macrophage-like
cell line RAW264.7 were diluted to 1 x 10* cells/mL and

seeded into Cell Carrier Ultra 96-well culture plates (Perki-
nElmer) at a volume of 0.2 mL per well. Following overnight
culture, C. neoformans were collected, washed twice with PBS,
and opsonized with 20% mouse complement for 1 h at 37 °C and
5% CO,>. Cryptococcal cells (1 x 10°) were added to each well
and cultured for 2 h. Extracellular cryptococcal cells were then
removed by three washes with PBS. Next, 2.5 pg/mL coumarin-6-
labeled NP was added and incubated for 2 h. Images were ob-
tained for observation using an Operetta CLS high-content screen
imaging system (HCS; PerkinElmer, USA).

2.6. Isolation of pulmonary microvascular endothelial cells
(PMVECs)

The explant method was used to isolate and culture mouse
PMVECs*. After anesthesia with 10% phenobarbital, the lungs of
the mice were collected. Then, the peripheral lung tissue was cut
into 1 mm?> pieces, rinsed with serum-free medium three times,
and evenly placed into 25 cm? plastic culture bottles. After in-
cubation for 2 h, 2 mL of DMEM containing 20% fetal bovine
serum, 90 U/mL heparin sodium, and 50 pg/mL endothelial cell
growth supplement (ECGS) was added for static culture. The
tissue pieces were carefully removed after 60 h, and 2 mL of
culture medium was added to continue the culture. Half of the
medium was changed the next day. Cell morphology was observed
under a light microscope.

2.7.  Cell protein level detection by immunofluorescence

Cells were infected as described above and fixed with 4% para-
formaldehyde for 30 min, blocked with 5% BSA and incubated
overnight at 4 °C with anti-SPARC antibody, then subsequently
stained with Alexa Fluor 488-conjugated secondary antibody for
1 h at room temperature, and followed by DAPI (4',6-diamidino-2-
phenylindole) staining. Imaging analysis was processed under an
Operetta CLS HCS (PerkinElmer).

2.8.  Conjugation of peptide with 4-arm-PEG jpppo-Mal

The amino acid sequences of the BSA-binding peptide and MMP-
3-responsive peptide (NFF-3) were integrated into a new single
peptide and selected as the linker, named the PN peptide. The PN
peptide was conjugated to 4-arm-PEG ooo-MAL (PEG-Mal) by a
nucleophilic substitution reaction to obtain the targeting com-
pound PN-PEG. Briefly, the PN peptide and PEG-Mal (molar ratio
5:1) were dissolved in freshly distilled dimethyl sulfoxide
(DMSO) and phosphate-buffered saline (PBS), respectively. After
18 h of incubation at room temperature, the reaction mixture was
placed in a dialysis bag with a cut-off molecular weight (MW) of
8000—14,000 Da and dialyzed against deionized water for 48 h to
remove the unreacted ligand**. Then, the solution was lyophilized
and stored at —20 °C. The conjugation of the PN peptide with
PEG-Mal was confirmed using a matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrometer
(Bruker Daltonics, Germany). Acetonitrile:water (7:3) with 0.1%
trifluoroacetate was used as the solvent, and 10 mg/mL of «-
cyano-4-hydroxycinnamic acid was used as the matrix™.

2.9.  Preparation and characterization of BSA MTN

To generate NP bound to PN-PEG, PN-PEG was first dissolved in
0.9% NaCl. Next, 4 mL of a 0.5 mg/mL NP solution was added to
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1 mL of a PN-PEG (0.5 mg/mL) with stirring, incubated for
30 min at 37 °C. Size distribution was measured by Zeta sizer
Nano ZS (Malvern Panalytical, UK) at 25 °C, and the samples
were imaged using scanning electron microscopy (SEM).

2.10.  Establishment of BALB/c mice model infected with C.
neoformans

Cells of C. neoformans wild-type H99 strain or the RFP-
expressing C. neoformans strain used for infection were cultured
in YPD medium overnight at 30 °C. The medium was removed,
and the cells were washed three times with PBS and diluted to
5 x 10° colony-forming units (CFU) per mL (CFU/mL). Then
BALB/c mice were inoculated with 20 pL of the C. neoformans
suspension via intranasal instillation to establish the infection
model.

2.11. Invivo and ex vivo imaging of BSA MTN in infected mice

For in vivo and ex vivo real-time tracking, BSA NP, BSA MP, and
BSA MTN were labeled with Near-infrared DiR fluorescent
probe. After 48-h infection, the C. neoformans-bearing mice were
injected with the preparations via the tail vein. In vivo images
were monitored using an FX pro in vivo imaging system (Care-
stream, USA) at predetermined time points (1, 4, 8, 12, and 24 h).
For ex vivo images, mice were sacrificed at 8 h post-
administration, and the major organs (brain, heart, liver, spleen,
lung, and kidney) were carefully collected, rinsed with cold PBS,
and observed.

2.12.  In vivo pharmacodynamics efficacy

2.12.1.  Survival study

After 24-h infection, model mice were randomly divided into four
groups and treated intravenously with saline, BSA NP/AmB, BSA
MP/AmB, and BSA MTN/AmB respectively, with a single dose
(AmB concentration 2 mg/kg). The survival rates for all mice were
monitored for 42 days after treatment.

2.12.2.  Tissue burden study

Mice were infected as described above for the infection model.
After 24-h infection, infected mice were treated with saline, BSA
NP/AmB, BSA MP/AmB, and BSA MTN/AmB at 2 mg/kg of
AmB respectively. On Days 3 and 7 after treatment, mice were
sacrificed, and then the lung and brain tissues from each group
were carefully collected, weighed, and homogenized with sterile
saline. The homogenate was continuously diluted by sterile saline,
and then 50 pL of the suspension was inoculated onto YPD me-
dium with 1% penicillin—streptomycin (1:1, v/v) and incubated at
30 °C for 48 h to determine CFU/g of lung tissue and CFU/g of
brain tissue.

2.12.3.  MRI assay

On the tenth day after treatment, animals were anaesthetized with
isoflurane gas and magnetic resonance imaging (MRI) examina-
tions were carried out at a 1.0 T MRI scanner (NM42-040H-1,
Niumag, China), and the mean signal intensity in the lung area
was measured by Image-Pro Plus.

2.13.  Statistical analysis

Multiple group comparisons were conducted using one-way
analysis of variance (ANOVA). All data were analyzed using
IBM SPSS Statistics 20.0. All data are presented as the
mean £ SD. Differences were considered significant at *P < 0.05,
**P < 0.01, and ***P < 0.001.

3. Results and discussion

3.1.  Design and characterization of the MTN system

One of the major design considerations of the MTN system is the
ability to transform between NPs and microspheres. The linker
lies at the core of this system. This not only ensures that the al-
bumin NPs form stable microspheres, but also allows the micro-
spheres to respond quickly and transform into NPs in the
microenvironment of the lesion. The linker consists of two parts, a
ligand, which is a polypeptide fragment that binds to the albumin
NPs and responds quickly to MMP-3, and a multi-armed PEG. In
the ligand, the BSA-binding peptide (PGNLALRPDSNS) was
identified by screening random peptide libraries. As displayed in
Fig. 2A, this peptide specifically interacted with BSA at a binding
constant (Ky) of 2.55 x 1077 mol/L, while a scrambled peptide
served as a negative control (Supporting Information Fig. SI).
Further investigation through molecular docking indicated that the
peptide favorably interacts with BSA. As shown in Fig. 2B and
Supporting Information Fig. S2, the peptide occupies a wide
cavity surrounded by the following amino acids: Aspl111, Leul15,
Lys114, Glu519, Lys523, Thr518, Glu424, and Arg458. And it
was observed that it formed strong hydrogen-bond interactions
with these residues. The other peptide was the MMP-3-responsive
peptide  NFF-3  (Arg-Pro-Lys-Pro-Val-Glu-Nva-Trp-Arg-Lys-
NH,)?®. The combination of (7-methoxycoumarin-4-yl)-acetyl
(Mca) fluorophore and 2,4-dinitrophenyl (Dnp) quencher was used
to fluorescently label NFF-3 (Mca-Arg-Pro-Lys-Pro-Val-Glu-Nva-
Trp-Arg-Lys(Dnp)-NH,). We then used the specific fluorescent
peptide Mca-Arg-Pro-Lys-Pro-Gln as a standard and measured the
hydrolysis rate of the labeled NFF-3 in the presence of MMP-2,
MMP-3, or MMP-9 by continuous fluorescence monitoring.
Accordingly, the NFF-3 was rapidly hydrolyzed by MMP-3, but
very slowly hydrolyzed by MMP-2 and MMP-9 (Fig. 2C). Based
on these findings, we integrated the amino acid sequence of the
BSA-binding and NFF-3 peptides into a new single peptide and
named it PN (Supporting Information Fig. S3). Multi-armed PEG
is a star-like structure carrying multi-hydroxyl or functional
groups, which are nontoxic, non-immunogenic, non-antigenic and
amphiphilic”’. Initially, this technology was mainly used with
macromolecular drugs, such as proteins and enzymes, and
conjugation with multi-armed PEG has been approved by the FDA
for the treatment of related diseases”. Among these multi-armed
PEG, 4-arm-PEG is the most widely used. The successful use of 4-
arm PEG macromolecular drugs has promoted the application of
this technology to small molecule drugs to address therapy-related
deficiencies, such as their potential poor solubility, high toxicity,
undesirable pharmaceutical characteristics, and nonspecific bio-
distribution profiles. To date, several promising agents using 4-
arm-PEG conjugated with small molecules have entered clinical
trials, such as NKTR-102 (PEG-irinotecan), EZN-2208 (PEG-
SN38), and NKTR-105 (PEG-docetaxel). In addition, 4-arm PEG
can be combined with NPs for tissue engineering®’. It is worth
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Schematic of IME-responsive construction of MTN albumin-based systems for targeted drug delivery against complex fungal in-

fections. IME, infectious microenvironment; MTN, micro-to-nano; BSA, bovine serum albumin; PN, BSA-binding MMP-3-responsive peptide;
PEG, polyethylene glycol; NP, nanoparticle; AmB, amphotericin B; MMP-3, matrix metalloproteinase 3; SPARC, secreted protein acidic and rich

in cysteine; C. neoformans, Cryptococcus neoformans.

noting that the average molecular weight of PEG can impact the
formation of the PEG micro-forms; PEG with an average mo-
lecular weight of 10 kDa can form microspheres with good shape
and good mechanical properties®’. In order to effectively assemble
the NPs into microspheres, we chose 4-arm-PEG g ooo-MAL (4-
arm-PEG-Mal) as a structural carrier, and the successful attach-
ment of the PN-PEG was verified by MALDI-TOF mass spec-
trometry (Fig. 2D).

Since AmB is a preferred antifungal drug for the treatment of
invasive fungal infections, it was chosen as the model drug. AmB-
loaded BSA NPs (BSA NP/AmB) were prepared to be incubated
with the special linker (Fig. 2E). Through optimizing the ratio of
NP/PN-PEG, we found that the average particle size of the
preparation changed from 115 nm to 7 um when the ratio reached
4/1 (Supporting Information Figs. S4 and S5), and the prepara-
tions exhibited good stability (Supporting Information Fig. S6).
More importantly, there was no apparent change in entrapment
efficiency when the BSA NP/AmB was assembled into BSA
MTN/AmB (91.13 4+ 2.5% vs. 91.09 + 1.3%), and the sustained
release behavior of the BSA MTN/AmB was more favorable than
that of the bare BSA NP/AmB (Supporting Information Fig. S7).
These results clearly illustrate the successful preparation of the
MTN system, in which the assembly process is efficient, gentle,
and does not impact drug loading.

3.2.  Invitro response and targeting of the MTN system

Having successfully constructed the MTN system, we first
investigated the responsiveness of BSA MTN/AmB in vitro. After

incubation with MMP-3 (0.15 pmol/L) at 37 °C, the average size
of the BSA MTN/AmB decreased from 7 pm to 115 nm within
2 h, which was further confirmed by scanning electron microscope
(SEM) analysis (Fig. 3B and Supporting Information Fig. S8). As
a control, the BSA MP/AmB was prepared in the same way,
except that the MMP-3-responsive peptide was replaced by a
scrambled peptide. As shown in Supporting Information Fig. S9,
the BSA MP/AmB could not be reduced in size by MMP-3. These
results demonstrate that the size change triggered by MMP-3
occurred efficiently, and this responsiveness was specific to the
MTN system.

Next, we explored the cellular uptake of the “shrinkable” BSA
MTN in several potential target cells. C. neoformans is a facul-
tative intracellular pathogen in pulmonary infections®', its in-
teractions with macrophages are key events in determining the
outcome of infection. However, phagocytosis is not always
accompanied by fungal killing, since C. neoformans has a suite of
traits that allow it to survive phagocytosis by macrophages and
even proliferate within and escape from phagolysosomes®>. There
is an intracellular route through which macrophages can facilitate
C. neoformans dissemination from the lungs and potentially cross
the blood—brain barrier (BBB) to cause devastating meningitis
even with aggressive antifungal drug therapy™, resulting in high
mortality and morbidity. The severity of this intracellular infection
is the reason why current clinical treatment mainly involves
increasing drug dosage. However, high-dose medication may
cause toxic side effects and even lead to drug resistance®*. More
seriously, in immunosuppressed patients, reactivation of infection
is usually caused by intracellular C. neoformans within host
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macrophages, complicating treatment. Therefore, we first evalu-
ated whether BSA NPs released from ‘“shrinkable” BSA MTN
could specifically bind to infected macrophages. To visualize this
interaction, RAW264.7 cells (a macrophage-like cell line) were
infected with complement-opsonized red fluorescent protein
(RFP)-tagged C. neoformans strain, followed by incubation with
coumarin-6-labeled NPs. After a 2-h incubation, significantly
stronger fluorescence signals were observed in the infected cells
than in the normal cells (Fig. 3C), and quantitative fluorescence-
activated cell sorting (FACS) revealed a similar trend (Support-
ing Information Fig. S10). Further, we found that this targeting
preference was due to the significant upregulation of SPARC by
macrophages after infection (Supporting Information Fig. S11);
the uptake of BSA NPs was decreased when the infected cells
were blocked with anti-SPARC antibody or silenced with SPARC
siRNA (Supporting Information Figs. S12 and S13). This suggests
that overexpressed SPARC is beneficial for the cell-specific de-
livery of BSA NPs. In addition, we investigated the intracellular
distribution of NPs in the macrophage-like cells. As shown in
Supporting Information Figs. S14 and S15, the NP endocytic
pathway involved clathrin coating, which is consistent with the
entry pathway of albumin NPs described in other reports™.

The lungs and brain are the major organs involved in C. neo-
formans infections. After intravenous injection, the penetration of

NPs relies on the corresponding vascular endothelial cells of the
lungs and brain. Therefore, we constructed in vitro models. After
the PMVECs were extracted and identified (Supporting Informa-
tion Fig. S16), we performed a C. neoformans infection experi-
ment in the same way as we had done with macrophages. As
shown in Supporting Information Fig. S17, we found high
expression of SPARC in infected PMVECs by immunofluores-
cence analysis, and the uptake efficiency of the infected PMVECs
was significantly higher than that of uninfected PMVECs (Fig. 3D
and Supporting Information Fig. S18). Monolayer culture using
immortalized mouse brain endothelial cells (bEnd3) is a
commonly used in vitro BBB model to study the brain delivery of
NPs**?’. The C. neoformans and bEnd3 cells were cocultured to
develop the in vitro infected models (Fig. 3E). We then examined
the BBB penetration ability of the NPs. As demonstrated in
Fig. 3F and Supporting Information Fig. S19, BSA NP showed
substantial penetration in the cell culture model, which may be
attributed to the high level of SPARC expression on the infected
bEnd3 cells (Supporting Information Fig. S20). These results
indicate that BSA MTN has good responsiveness to MMP-3
in vitro. At the same time, after being reduced to BSA NPs,
they are able to specifically recognize several potential target
cells, providing a solid foundation for the responsiveness and
targeting of BSA MTN in vivo.
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3.3.  Invivo distribution and targeting of BSA MTN

The lung has a unique feature that 7—30 pm microspheres can be
quickly trapped and concentrated effectively in its blood vessels
through passive targeting. To verify whether the BSA MTN can be
specifically accumulated in the lungs, we used a qualitative im-
aging assay to investigate the in vivo and ex vivo targeting effi-
ciency of BSA MTN/Dir. Compared to BSA NP/DiR, the BSA
MTN/DiR exhibited specific accumulation in both normal (Sup-
porting Information Fig. S21) and infected lungs (Fig. 4A and
Supporting Information Fig. S22). Based on the live imaging, we
then collected and analyzed major organs, and found a similar
pattern (Fig. 4B and Supporting Information Fig. S22). Using a
quantitative drug distribution assay, the concentration of AmB in
different organs of normal and model mice was determined by
high-performance liquid chromatography (HPLC). At all sampling
time points, we found that the BSA MTN/AmB group showed
significantly higher drug accumulation in lung tissue than the BSA
NP/AmB group did, especially at 4 h post-administration. Over
4000 ng of AmB per gram of tissue from BSA MTN was found in
both normal (Supporting Information Fig. S23) and infected lungs
(Fig. 4C), while NP exhibited less than 2000 ng of AmB per gram
of tissue. In addition, 24 h post-administration, the blood concen-
tration of the BSA MTN/AmB group was 2-fold higher than that of
the BSA NP/AmB group (Supporting Information Fig. S24).
Unlike the distribution in normal mouse lungs, the BSA MTN
had good responsiveness in the lung microenvironment of infected
mice. Because of the complexity of deep C. neoformans in-
fections, we expected that the MTN system would not only
accumulate in the lungs through passive targeting, but would also
penetrate into the major involved tissues. Accordingly, we found
that the BSA MTN distributed faster at different time points than
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did BSA MP (Supporting Information Fig. S25). The BSA MTN
was no longer observed as micron-sized particles and completely
disappeared from the pulmonary microvessels and penetrated into
the tissues of infected mice 8 h after injection (Supporting In-
formation Fig. S26). This may be explained by the high expression
levels of MMP-3 in infected lungs (Fig. 4D and Supporting In-
formation Fig. S27).

The “shrinkable” BSA MTN also showed good lung pene-
tration and brain targeting. In addition to the passive targeting
that played a major role in the mechanism responsible for
preferential accumulation in the lungs, active-targeting mecha-
nisms were also involved for albumin-based lung penetration
and brain delivery, as demonstrated by the above mentioned
cellular uptake study. We further explored the in vivo targeting
behavior of the BSA MTN that “shrinks” to NPs via MMP-3
activity in IMEs. We found that both the lung and brain blood
vessels highly expressed SPARC, which was demonstrated by
clear colocalization of CD31 and SPARC (Supporting Infor-
mation Fig. S28). More importantly, BSA NPs showed a
significantly enhanced penetration in the infected lung and
brain, and SPARC overlapped with the distribution of the NPs,
demonstrating the importance of the SPARC-mediated uptake
mechanism (Fig. 4E).

The “shrinkable” BSA MTN can even target infected macro-
phages. We extracted normal and infected mouse pulmonary
alveolar macrophages (PAM) from bronchoalveolar lavage fluid
(BALF). The results showed that the coumarin-6 fluorescence
from the BSA NPs colocalized with the infected macrophages
(Supporting Information Fig. S29), which could be attributed to
high expression of SPARC (Fig. 4F). Thus, the MTN strategy is
based on IMEs, in which MMP-3 is highly expressed. SPARC is
overexpressed in macrophages, lung, and brain microvascular
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endothelial cells, indicating that SPARC-mediated delivery is an
important mechanism for targeting IMEs. By combining passive
and active targeting, this MMP-3-responsive MTN system can
target multiple sites, which is consistent with our in vitro MTN
studies.

3.4.  Therapeutic efficacy of BSA MTN/AmB

The in vitro antifungal results demonstrated that the effect of
BSA NP/AmB was superior to that of free AmB; free AmB did
not show effective inhibition until its concentration exceeded
2 pg/mL, which was twice the concentration needed for the
BSA NP/AmB (Fig. 5A). In addition, in vivo experiments
demonstrated reduced C. neoformans infection as well as
prolonged survival time with BSA MTN/AmB treatment. Four
groups of infected mice (n = 10 per group) received two doses
of saline solution or 2 mg/kg of preparation loaded with AmB.
Within the 42-day observation period, we found that the sur-
vival rate of the mice treated with BSA MTN/AmB was
significantly higher than that of the other treatment groups
(Fig. 5B). Notably, the untreated negative control mice all died
within 24 days, which is in stark contrast to the 80% survival
rate of the mice treated with BSA MTN/AmB. As summarized
in Fig. 5C and Supporting Information Figs. S30 and S31,
compared with the BSA NP/AmB group, the colony-forming
units (CFU) in the lungs and brain of the model animals
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were significantly reduced after BSA MTN/AmB treatment for
3 and 7 days. Magnetic resonance imaging (MRI) was per-
formed to visualize the lung infection in vivo. As shown in
Fig. 5D and Supporting Information Fig. S32, in the pulmonary
lesions, we found that the untreated infected mice exhibited
high signal intensities (white) on MRI due to inflammation,
whereas the BSA MTN/AmB group exhibited no inflammatory
signals. This implies a complete recovery in the latter group,
which was superior to the results obtained from the BSA NP/
AmB and BSA MP/AmB groups. Semi-quantitative measure-
ments of the MRI signal intensities in the lung regions are
shown in Supporting Information Fig. S33.

In addition, histopathological examination revealed that the
lung tissue from untreated mice was heavily infiltrated by in-
flammatory cells with widened alveolar interstitial spaces and
patchy hemorrhages, but the lungs from the mice treated with
BSA MTN/AmB showed clear indications of recovery (Fig. S5E).
To further investigate the antifungal effect of the preparations on
the presence of intracellular C. neoformans, the free PAM of mice
were collected from BALF and observed using fluorescence mi-
croscopy. As shown in Fig. 5F and Supporting Information
Fig. S34, compared with that of the other groups, the BSA MTN/
AmB showed an excellent therapeutic effect.

Moreover, the main physiological indexes and hematoxylin
and eosin staining results demonstrated good compatibility of
AmB therapy with the BSA MTN system (Supporting Information
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Figure 4  In vivo (A) and ex vivo (B) images of BSA NP, BSA MP, and BSA MTN in infected mouse models assessed by live imaging. Mice
used in experiments were infected with C. neoformans for 48 h and then tail-vein injected with DiR-loaded preparations. Ex vivo images of
various tissues from infected mice were collected after mice were euthanized 8 h after injection. (C) In vivo distribution of BSA NP/AmB, BSA
MP/AmB, and BSA MTN/AmB in the brain, heart, lungs, liver, spleen, and kidneys of infected mice at different time points. Data are presented as
mean + SD (n = 3). *P < 0.05, **P < 0.01. (D) MMP-3 protein expression in the lungs of normal and infected mice determined by immu-
nofluorescence. C. neoformans were labeled with RFP and shown as red, pulmonary tissues were labeled with MMP-3 (green) (scale
bar = 20 pm). (E) Immunofluorescence of the colocalization of SPARC and comarin-6-labeled NPs in infected mice (Scale bar = 20 pum). (F)
Fluorescence imaging was used to observe the intracellular interaction between BSA NP and normal/infected cells in vivo. RFP-tagged
C. neoformans was used for intracellular infection. NPs were labeled with coumarin-6 (scale bar = 5 pm).
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Figure 5

(A) In vitro antifungal effect of free AmB, BSA NP/AmB, BSA MP/AmB and BSA MTN/AmB.Data are presented as mean + SD

(n = 3). (B) Survival rate of mice bearing C. neoformans after different treatments. ***P < 0.001. (C) Colony-forming units (CFU) on Days 3
and 7 in the lungs of infected mouse models. Data are presented as mean = SD (n = 3). **P < 0.01. (D) In vivo assessment by MRI of infection
signals after different treatments. The infected part of the lungs is highlighted by a red rectangle. (E) PAS-stained slides prepared from cross-
sections of lungs at Day 10 post-infection and observed by light microscopy. Cryptococci are indicated by black arrows (scale bar = 50 pm).
(F) In vivo therapeutic effects of BSA NP/AmB, BSA MP/AmB, and BSA MTN/AmB treatments on intracellular C. neoformans. C. neoformans

are shown in red due to RFP fluorescence (scale bar = 10 pum).

Figs. S35 and S36). We also measured insulin clearance rate to
assess renal function of the mice 24 h post-poisoning™. BSA
MTN/AmB showed no obvious renal toxicity when compared
with the normal mice (Supporting Information Fig. S37). These
results indicate that BSA MTN/AmB is highly biocompatible and
safe, making it suitable for targeted drug delivery to treat complex
C. neoformans infections.

Due to its high water solubility, low immunogenicity, non-
toxicity, and biodegradability, albumin is emerging as a versatile
protein carrier for targeted drug delivery. As a case in point, some
albumin binding proteins are overexpressed on tumor cells and
tumor vascular endothelial cells’”*’, and these albumin-binding
proteins can be exploited for efficient targeted drug delivery to
tumors by simple formation of drug—albumin conjugates.
Although albumin plays an increasing role as a drug carrier in
clinical settings, the use of albumin as a versatile drug carrier has
been underutilized. In our study, albumin served as both a drug
carrier and targeting ligand. First, the AmB-loaded BSA NPs were

assembled into microspheres through a special linker, thus
increasing the concentration of the drug in the lungs by passive
targeting. Then, the enzyme-responsive BSA MTN system was
reduced to NPs in the IMEs, and upregulated SPARC on the target
cells and tissues allowed BSA NP penetration through the pul-
monary blood vessels and BBB, achieving multi-targeted drug
delivery and efficacious treatment.

With the unprecedented progress in biomedical nanotech-
nology over the past few decades, conventional DDSs have
evolved into smart DDSs with stimuli-responsive characteristics.
In order to provide smart properties, some developed smart DDSs
were designed with sophisticated structures and formulations,
which are difficult to scale up for industrial production*'. There-
fore, design simplicity is still one of the key points for successful
translation of these smart drug carriers. In our delivery system,
albumin can serve as a drug carrier and targeting ligand, making
drug delivery simple and efficient. In addition, our assembly
process is efficient and gentle; thus, the constructed delivery
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system possesses good drug-loading capacity and the formulation
is relatively stable, laying a solid foundation for the formulation’s
application. Moreover, intracellular invasion and pathogen sur-
vival in phagocytic cells are known to contribute to potential
antibiotic resistance and the treatment failure of pathogen in-
fections, such as those involving Mycobacterium tuberculosis™
and Staphylococcus aureus”™. Therefore, clearing intracellular
infections is also important. After pathogens invade macrophages,
the infected macrophages are activated, and cytokine secretion and
the expression of extracellular receptors changes dramatically.
These changes can provide mechanistic directions for the design
of preparations targeting intracellular infections. Our strategy can
also be applied to treat intracellular and extracellular infections of
these pathogens, achieving effective treatment and avoiding dis-
ease recurrence.

4. Conclusions

We successfully designed a new DDS, BSA MTN, which is
responsive to MMP-3 in IMEs and combines passive and active
targeting strategies against complex fungal infections. This system
is based on our in-depth study of IMEs, where MMP-3 is highly
expressed, and several associated target cells that overexpress
SPARC. In addition, the full use of albumin plays an essential role,
in which it can serve as both a drug carrier and targeting ligand,
imbuing the constructed delivery system with good drug-loading
capacity and efficiency. As a result, the DDS is well-balanced in
terms of multi-targeting and structural complexity. In view of the
fact that the lung is the core invasion organ for many infectious
diseases, this study is expected to provide useful insights for
treating many lung diseases, especially intracellular infections.
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