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Naturally Occurring Nanoparticles from Arthrobotrys
oligospora as a Potential Inmunostimulatory and

Antitumor Agent

Yongzhong Wang, Leming Sun, Sijia Yi, Yujian Huang, Scott C. Lenaghan,

and Mingjun Zhang*

Arthrobotrys oligospora, a representative flesh eater in the fungal kingdom, is
a potential source for natural-based biomaterials due to the presence of spe-
cialized 3D adhesive traps that can capture, penetrate, and digest free-living
nematodes in diverse environments. The purpose of this study is to discover
novel nanoparticles that occur naturally in A. oligospora and to exploit its
potential biomedical applications. A new culture method, fungal sitting drop
culture method, is established in order to monitor the growth of

A. oligospora in situ, and observe the nanoparticle production without
interfering or contamination from the solid media. Abundant spherical
nanoparticles secreted from the fungus are first revealed by scanning elec-
tron microscopy and atomic force microscopy. They have an average size

of 360-370 nm, with a zeta potential of =33 mV at pH 6.0. Further analyses
reveal that there is =28 1g of glycosaminoglycan and =550 ug of protein per
mg of nanoparticles. Interestingly, the nanoparticles significantly induce
TNF-a secretion in RAW264.7mouse macrophages, indicating a potential
immunostimulatory effect. The nanoparticles themselves are also found
slightly cytotoxic to mouse melanoma B16BL6 and human lung cancer A549
cells, and show a synergistic cytotoxic effect upon conjugation with doxoru-
bicin against both cells. This study proposes a new approach for producing
novel organic nanoparticles secreted from microorganisms under controlled
conditions. The findings here also highlight the potential roles of the naturally
occurring nanopatticles from A. oligospora as an immunostimulatory and
antitumor agent for cancer immunochemotherapy.

1. Introduction

have been found in soil, ground and sur-
face waters, volcanic ash, ocean spray,
mineral composites, smoke, etc.”) Bio-
genic magnetite nanoparticles have even
been discovered in various organisms,
ranging from bacteria to human brains,
with various biological functions.l’l How-
ever, naturally occurring organic nanopar-
ticles have only recently drawn significant
interest from scientific communities, due
to their unique properties and increased
biocompatibility. In 2008, our group first
discovered that ivy secreted organic nano-
particles, and that these nanoparticles
aided in the generation of the strong adhe-
sive force that allows ivy to climb vertical
surfaces. Further study found that the ivy
nanoparticles were less toxic than similarly
sized TiO, and ZnO nanoparticles, which
makes them an attractive candidate for
UV fillers in sunscreens.” Similar organic
nanostructures have been discovered in
the secretions of a variety of marine spe-
cies, including polychaetes, mussels, bar-
nacles, and sea stars.!® In fact, low-density
lipoprotein (LDL) present in mammalian
blood has long been recognized as a natu-
rally occurring nanoparticle.”! LDL serves
as the main transport vehicle for choles-
terol in mammalian systems, and bio-

Naturally occurring inorganic nanoparticles, from a variety of
sources, have been extensively studied.l These nanoparticles
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inspired LDLs have been used as potential carriers for targeted
delivery of diagnostic and therapeutic agents.[®!

Most studies on naturally occurring organic nanoparticles
have focused on higher organisms. Given the earth’s rich biolog-
ical diversity, it is reasonable to hypothesize that naturally occur-
ring nanoparticles (NONPs), of various forms and functions,
may be produced by a wide range of organisms from microbes
to metazoans. In this study we have turned our focus to Arthro-
botrys oligospora, a representative flesh eater with a saprophytic
and predatory life stage in the fungal kingdom. In the presence
of nematodes or proteinaceous substances, A. oligospora can
change from a saprophyte into a predatory stage, characterized
by the formation of 3D adhesive trapping networks that can
trap nematodes for subsequent digestion.’! The broad adapt-
ability and flexible lifestyle of the fungus makes it an attractive
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candidate for the control of parasitic nema-
todes in both plants and animals.!% Several
biopolymers from the 3D-trapping networks
of A. oligospora have been reported, and it is
believed that both proteins and carbohydrates
are involved in the adhesion process.!'!]
Investigations of NONPs will not only
help us to understand the roles of nanopar-
ticles in biological systems, but also provide
insight into the development of these nano-
materials for applications in biomedicine and
biotechnology. In recent years, engineered
nanomaterials have been crucial to the devel-
opment of more effective cancer therapy and
detection.'?] In cancer treatment, nanoparti-
cles have shown promise by selectively taking
advantage of the fundamental changes in
morphology associated with oncogenesis.['’]
Engineered nanoparticle-based delivery sys-
tems have displayed significant antitumor
properties, and potential in chemotherapy,
immunotherapy,  radiotherapy,  thermo-
therapy, and photodynamic therapy.l'?! In this
respect, NONPs, with near endless diversity,
may be approached in the same way as other
engineered colloidal particles that have been
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Glass or silicon-based
sterile cover slip

A.oligospora stock
culture on CMA

Medium drop (100 pl-500pl)

(LNM + 0.1% phe-val) Conidia inoculation (day 0)

In situ observation
using optical microscopy

Day10-15:
Medium drop absorbed, dried
Wash 3 times using distilled water

Dry in air

Figure 1. Illustration of a new fungal sitting drop culture method developed in this work. Briefly,
a drop of medium was added onto a sterile cover slip and placed into a small Petri dish (3 cm),
and then 50-100 conidia of A. oligospora from a stock culture on CMA dish were inoculated into
the drop. Humidity was maintained by filling a second small Petri dish with water, and placing
both into a large Petri dish (10 cm). The low nutrient medium (LNM) supplemented with T mg/
mL phe-val was used as a liquid drop for fungal growth. The drop culture system was incubated
at 25 °C for 15 days until the secreted nanoparticles were harvested.

water Petri dish

In situ observation
using SEM

used for the above purposes. Understanding how these nano-
materials are formed in the natural system may also provide a
template for the synthesis of “next generation” engineered or
biomimetic nanostructures.

The purpose of this research was to discover new nano-
particles that occur naturally in A. oligospora and exploit their
potential biomedical applications. Unlike higher organisms,
microorganisms themselves are on the micrometer-scale. The
colonial growth, development and appearance of microorgan-
isms are largely susceptible to environmental parameters such
as culture method, nutrients, and temperature. As a result, the
possible interferences from the medium components/ingredi-
ents, especially the particle-based components present in solid
medium, add a degree of complexity for more sophisticated
designs to discover the NONPs formed inside or secreted from
living microbial cells. Therefore, a proper
culture system for discovering NONPs from
microbial cultures without possible inter-
fering from the culture medium is crucial to
allow this type of study to be realized. In this
study, a new culture method, fungal sitting
drop culture method, was established that
made it possible to observe fungal growth,
as well as both secreted and surface-bound
nanomaterials using light microscopy, scan-
ning electron microscopy (SEM), and atomic
force microscopy (AFM) without any dis-
turbance from agar components present in
solid media. Using this culture method, we

nanoparticles to be used as immunostimulatory agents, anti-
tumor agents, and drug delivery carriers for cancer therapy.

2. Results and Discussion

2.1. Abundant Mycelia and 3D traps Development
Using a Fungal Sitting Drop Culture System

A new fungal sitting drop culture method was first established
as shown in Figure 1. A drop of medium was added onto a sterile
cover slip and placed into a small Petri dish (3 cm). Humidity
was maintained by filling a second small Petri dish with water,
and placing both into a large Petri dish (10 cm). 50-100 conidia
of A. oligospora from a stock culture on CMA dish were then
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observed secreted nanoparticles, and char-
acterized these nanoparticles using SEM,
AFM, and dynamic light scattering (DLS).
We further analyzed the potential for these

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. Abundant growth of A. oligospora mycelia and 3D traps in the novel sitting drop cul-
ture system was monitored in situ using inverted optical microscopy. A) A. oligospora growth in
a medium drop on the cover slip on day 5 after inoculation; B) The air-dried A.oligospora mycelia
with 3D traps on the cover slip on day 5 after inoculation. The liquid LNM supplemented with
1 mg/mL phe-val was used. Arrow indicates the 3D traps. Scale bars represent 200 pm.
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inoculated into the drop and incubated at 25 °C. Germination
took place during the first 24 h after inoculation, and after
3—4 days the first adhesive loop with diameter of 20-30 um on
the parent hyphae was observed. After this initial event, adhe-
sive trap networks, consisting of one to several loops attached to
each other in a 3D conformation, began to develop on the thin
mycelium. The filamentous mycelium gradually grew to form a
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thick layer and the 3D traps increased both in size and number
over a 5-15 day period. Figure 2 shows images of the filamen-
tous mycelia of A. oligospora and 3D traps in both a hydrated
and dehydrated state at day 5 after inoculation.

In general, the sitting drop culture system developed here
was derived from the hanging drop culture method for mam-
malian cell culturel" and the fungal slide culture method.!"”!
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Figure 3. SEM/AFM images of nanoparticles generated from A. oligospora cultured in the drop culture system. A,B) Nanoparticles observed in situ on
the surface of hyphae (A), and the 3D traps (B) of A. oligospora using SEM on the silicon wafer on which A. oligospora were cultured in a drop culture
system. The inserts showed SEM image of partial hyphae (A) and partial 3D traps (B). C,D) SEM images of nanoparticles NONP-W prepared by washing
the fungal mycelia; E,F) AFM images of nanoparticles NONP-W prepared by washing the fungal mycelia.
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In this study, the low nutrient medium (LNM, Supporting
Information Table S1) supplemented with 1 mg/mL phe-val
was used as the media for fungal growth. It only includes five
inorganic salts, two vitamins and one dipeptide, which pre-
vented any particle contamination from the agar components
present in solid media. In addition, the fungus used here is aer-
obic and generally needs aeration or bubbling when using con-
ventional liquid culture method;'®! however, the drop volume
used in this system was 100-500 UL, which allowed for signifi-
cant gas exchange. Therefore this culture system is capable of
growing fungal mycelia without any aeration or bubbling, and
is adaptable for any aerobic fungal species. More importantly,
because the fungus was cultured in a drop of media on a cover
slip, we could monitor the growth of the fungus using optical
microscopy in situ and even the secreted biomaterials using
SEM or AFM.

2.2. Secreted Nanoparticles Observed Using SEM and AFM
and their Characteristics

In order to observe the secreted and surface-bound nanomate-
rials from the filamentous mycelia or 3D traps using SEM, a
silicon substrate was used to replace the glass cover slip in the
drop culture system (Figure 1). On day 15 after inoculation,
the media was removed from the silicon substrate on which
the mycelia with 3D traps had developed. The sample was
then washed three times using distilled water, air-dried, and
imaged by SEM. As shown in Figure 3A,B, abundant nano-
particles were observed on the surfaces of the hyphae and 3D
traps. Additionally, some nanoparticles were observed on the
surface of the silicon substrate. After observation of the nano-
particles, the nanoparticles were collected by either washing
the fungal mycelia with distilled water or by sonicating the
mycelia in distilled water. In order to remove the impurities
from the culture medium ingredients and other potential
small molecules secreted from the fungus, the nanoparticles
were further purified by dialysis for 3 days against distilled
water using a 300 KDa cellulose acetate dialysis membrane.
As shown in Figure 3C,D, the nanoparticles prepared by
washing, NONP-W, had a diameter of 200-300 nm and were
spherical in shape when analyzed by SEM. AFM revealed a
similar finding, with nanoparticles ranging from 300-500 nm
in diameter (Figure 3E,F). The nanoparticles prepared through
sonication, NONP-S, were not significantly different from the
washed nanoparticles.

Apart from the SEM and AFM observations, the particle
size and zeta potential of the NONPs in solution were meas-
ured using DLS and Zeta Potential analysis. The NONP-W and
NONP-S samples had an average size of 360-370 nm, with
a zeta potential of =33 mV at pH 6.0 (Table 1 and Figure 4).
The chemical components of the NONPs were further ana-
lyzed by quantifying the glycosamnioglycan (GAG) and pro-
tein concentration in lyophilized NONPs. As shown in Table 1,
there were =28 ug of GAG and =550 ug of protein in 1 mg of
lyophilized nanoparticles. In addition, SDS-PAGE analysis con-
firmed that there were two main proteins with MWs of 110
and 80 KDa in both nanoparticle samples (Supporting Infor-
mation Figure S2). As is well-known, GAGs are unbranched
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Table 1. Characteristics of the naturally occurring nanoparticles
(NONPs) from A. oligospora and NONP-DOX conjugates.

Particle Size ~ Zeta Potential GAG Protein
[nm] [mV] [ng/mg] [ng/mg]
NONP-W 2 371.2+74.59 —33.2+5.55 28.03+£1.32 544.73 £16.70
NONP-S b) 369.0 £ 67.49 -33.9+5.77 28.22+5.39 554.42 £22.93
NONP- 380.9+£60.13 -20.8 £5.37 . -
DOX 9

ANONP-W: the nanoparticles prepared by washing the mycelia on the cover slip
using distilled water; ®NONP-S: the nanoparticles prepared by sonicating the
mycelia in distilled water; INONP-DOX: the conjugates between NONP-W and
antitumor drug, DOX (doxorubicin), via amide linkages.

polysaccharides composed of repeating units of alternating
uronic acids and amino sugars,['”l and carboxylic acid and sul-
phate groups that are deprotonated at physiological pH can give
GAGs very high negative charge densities.I'®! Therefore, nega-
tive zeta potential of the fungal NONPs were presumably, at
least partially, resulted from the GAG component. Due to 3 Day
dialysis with a 300 KDa dialysis membrane, free protein com-
ponents with low MWs in the samples should be completely
removed. Therefore, two proteins with respective MWs of 110
and 80 KDa found in both NONP samples should be structural
components in the fungal NONPs. Since most glycosaminogly-
cans are covalently attached to core proteins to form proteogly-
cans,!'”l we presume that two protein components probably
were covalently attached to the GAGs in the fungal NONPs.

2.3. Secreted Nanoparticles Are Not Related to 3D-Trap
Formation, but to the Growth of Mycelia

Currently, little is known about how the nanoparticles are
secreted from this fungus and what biological functions they
play during the growth and development of the fungus. How-
ever, we tested the possible source of the secreted nanoparticles
in this study. For this purpose, different media were used in
the drop culture system, and the amounts of nanoparticles pro-
duced were compared. As shown in Table 2, when the LNM was
supplemented with 1 mg/mL phe-val, the predatory stage of
the fungus developed, resulting in abundant 3D adhesive traps
(Figure 2). There was =8.39 ug GAG produced by one cover slip
on which 0.5 mL of medium, i.e., LNM + dipeptide, was added.
According to Table 1, there was =28 g GAG per mg of NONPs.
Thus, =0.6 mg NONPs was produced per mL of the medium
(LNM + dipeptide) after 15-day culture of A. oligospora. When
the LNM was supplemented with 12 mM phosphate buffer, only
the saprophytic stage of the fungus developed, resulting in com-
parable mycelia growth without trap formation. However, the
nanoparticles produced from the above two media did not show
significant differences in GAG concentration. In the case of the
LNM without phe-val, the fungus developed sparse 3D traps,
but abundant hyphae growth. It also produced the comparable
amount of the nanoparticles compared to the LNM with phe-val
or phosphate buffer. However, when LNM/phe-val was initially
used as the medium, and then changed to pure water, the 3D

Adv. Funct. Mater. 2013, 23, 2175-2184
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Figure 4. Average particle sizes and zeta potentials of the naturally occurring nanoparticles (NONPs) from A. oligospora and the NONP-DOX
(DOX = doxorubicin) conjugates. The particle size and zeta potential of the A,D) sample NONP-W, B,E) sample NONP-S, and C,F) the sample NONP-
DOX conjugates were measured using a DLS method. The average particle sizes of both NONPs were =360-370 nm, and there were no significant
differences in size for the NONP-DOX conjugates compared to both NONPs. However, the zeta potential for the NONP-DOX conjugates increased

to =20 mV from —33 mV of unconjugated NONPs.

traps and hyphae developed in the drop culture system were
less sparse than using LNM/pha-val medium. Accordingly, the
fungus produced fewer amounts of nanoparticles. If only water
was used as a medium, the fungus grew slowly, producing the
fewest hyphae and no traps. Consequently these samples had
the fewest amount of nanoparticles. Based on this data, it can
be concluded that the NONPs secreted from A. oligospora were

Table 2. The effect of 3D traps, mycelia and medium ingredients on the
nanoparticle secretion from the fungus.

3D traps?  Mycelia® Nanoparticles
[GAG, ug]?

LNM + dipetide +H+ +H+ +++ (8.39+0.15)
LNM + PO* - ++ +++ (8.44 +£0.27)
LNM + +H+ +++(8.21+0.17)
LNM + dipetide (Initial media)/ + + ++(6.17 £ 0.34)
water (subsequent replenishment)
Water - + +(2.14 £0.05)

AThe amount of 3D traps and mycelia observed by optical microscopy. The fungus
was cultured in sitting drop culture system in which 0.5 mL medium was added on
a cover slip, and the experiments were performed in triplicate; ®The GAG amounts
stand for the amount of the nanoparticle produced by one cover slip on which
0.5 mL medium was added. The experiments were performed in triplicate.

Adv. Funct. Mater. 2013, 23, 2175-2184
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not related to 3D trap formation, but instead to the growth of
mycelia.

2.4. Immunostimulatory Effect of the NONPs on RAW 264.7
Mouse Macrophages

Significant experimental evidences suggest that some polysac-
charides from higher plants, mushrooms, lichens and algae
possess an immunostimulatory activity both in vivo and in
vitro.'! Some GAGs, such as heparin, heparan sulfate, chon-
droitin sulfate and their mimetics, have also been reported as
potential cancer therapeutics, inhibiting tumor cell adhesion,
migration, growth, and invasion in vitro.l”! Other proteogly-
cans formed by covalently attaching GAGs to core proteins,
such as decorin, seem to be effective potential therapeutics that
reduced primary tumor growth by 70% and eliminated metas-
tases in an orthotopic mammary carcinoma model.?% Inspired
by these studies, we tested the potential immunostimulatory
effect and cytotoxic effect of the NONPs in vitro. The immu-
nostimulatory potential of the NONP-W and NONP-S samples
was first tested on RAW 264.7 macrophages using dose-titra-
tion (0.5-25 pg/mL) assays. Figure 5A shows the TNF-a con-
centration in the culture media of RAW264.7 cells treated
with the nanoparticles for 24 h. In both cases, NONP-W and
NONP-S, the RAW264.7 cells secreted significantly greater
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5% 10 5 2 05 0 25 shown in Figure 6A,B, both NONP samples
Concentration of NONPs (ug/ml) Concentration of NONPs (ug/ml) showed dose-dependent cytotoxicity on both
tumor cell lines after 48-h incubation. At a
S00% - concentration of 2 pg/mL, the NONPs only
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Figure 5. Effects of NONPs from A. oligospora on the production of TNF-¢, and IL-12 in RAW
264.7 macrophage cells. A) Dose dependent TNF-¢r induction from RAW cells by NONPs from
A. oligospora; B) NONPs from A. oligospora did not induce IL-12 production from the cells.
C) Dose- dependent proliferation of RAW cells by NONPs from A. oligospora. The cells were
treated with NONP-W or NONP-S at various concentrations. The supernatant were then col-
lected and measured at 24 h after addition of each sample. The proliferation rate was measured
using the MTT assay after removing of the cytokine-containing supernatant at 24 h after incu-
bation. Results are expressed as the mean = SD. *P < 0.05, 7P < 0.0, significantly different

from the control.

amounts of TNF-a (about 3- to 39-fold) than the control treat-
ment, in a dose-dependent manner. There were no significant
differences in TNF-o induction between the NONP-W and
NONP-S samples. As is well-known, macrophages are the first
cells to recognize invading foreign bodies and are central to
cell-mediated and humoral immunity.['*>2! The elevated secre-
tion of cytokines, such as TNF-¢, IL-6 and IL-12, from activated
immune cells trigger other immune cells through various
receptors.l??l Although no significant induction in IL12 secre-
tion was observed from the activated macrophages (Figure 5B)
in this study, the elevated secretion of TNF-o indicates that the
NONPs from this fungus possess potential immunostimula-
tory effects.

At the same time, examination of the cytotoxicity of the
NONPs against RAW 264.7 macrophages by the MTT assay
indicated that there was no cytotoxicity on RAW 264.7 mac-
rophages. On the contrary, besides the macrophage-activating
effects mentioned above, the NONPs unexpectedly enhanced the
proliferation of RAW 264.7 macrophages in a dose-dependent
manner at all concentrations examined during the 24 h incu-
bation (Figure 5C). It was previously reported that TNF-or has
no proliferation effects alone but decreases significantly the
population doubling time for mouse macrophages stimulated
by macrophage colony stimulating factor.2} Although it is still
not clear if the proliferation effect of RAW 264.7 macrophages
was attributed to the evaluated TNF-¢ secretion, the increased
proliferation of the macrophages will aid the modulation of
macrophage immune function in vivo.[%
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no significant differences were seen at that
concentration compared to the blank control;
however, at a concentration of 100 pug/mL,
35-45% inhibition rates were significantly
observed for both cells. According to this
data, the ICs, of the NONPs for both tumor
cell lines was estimated to be greater than
100 ug/mlL, suggesting that the NONPs had
only a slight cytotoxic activity compared to
some cytotoxic antitumor drugs.

Even though the nanoparticles themselves
have only a minimal cytotoxic activity, they
could still be a potential candidate for tumor
therapy, especially when conjugated with cer-
tain antitumor drugs. For this purpose, we
tested if the fungal NONPs can function as a
potential drug carrier by conjugating the anti-
tumor drug doxorubicin (DOX) to the nano-
particles in vitro. Due to the existence of GAGs in the nanopar-
ticles, we assumed that there were carboxyl and sulphate groups
on the nanoparticles. DOX was then conjugated to these car-
boxyl groups of NONP-W via amide linkages (Supporting Infor-
mation Figure S1). The bioconjugation efficiency for the NONP-
DOX conjugates was 29% under current reaction conditions
(see the Experimental Section). The average nanoparticle size of
NONP-DOX was =380 nm, and there were no significant differ-
ences in size for the NONP-DOX conjugates compared to both
NONPs. However, the zeta potential for the NONP-DOX con-
jugates increased to —20 mV from —33 mV observed in uncon-
jugated NONPs (Figure 4C,F). The FTIR spectra of NONP-W
before and after conjugation to DOX were also characterized
(Supporting Information Figure S3). As shown in Figure 6C,D,
the NONP-DOX conjugates showed higher inhibitory effects on
both cells in dose-dependent manners, compared to free DOX.
The ICs, values for NONP-DOX conjugates and free DOX listed
in Table 3 demonstrate a synergistic cytotoxic effect when DOX
was conjugated to the NONPs. At an ICs, of free DOX for both
cells (=254 nM for B16BL6, and =552 nM for A549), the free
DOX inhibited cell proliferation by 50%, whereas the NONP-
DOX conjugates showed 61% and 68% inhibition against the
AS549 and B16BI6 cells, respectively. According to the biocon-
jugation efficacy (29%), the concentration of NONP-W in the
NONP-DOX conjugates at the respective ICs, of free DOX for
the A549 and B16BI6 cells was calculated to be around 0.51 and
1.1 ug/mL; however, almost no significant inhibition effect on
both cells was observed at that concentration for nanoparticles

Adv. Funct. Mater. 2013, 23, 2175-2184
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observe sub-cellular distribution of NONP-
DOX conjugates, the nuclei and endosomes/

lysosomes (endolysosome) were labeled with
the nucleus-selective dye (Hoechst 33342,
blue) and acidic endolysosomes-selective dye
(LysoTracker green DND-26), respectively.
As shown in Figure 8, different intracellular
distribution of NONP-DOX conjugates and
free DOX was observed in both cells after a
4-h treatment. Majority of DOX in both cells
treated with NONP-DOX conjugates were
predominantly located in the endosomal/
lysosomal compartment, whereas most of
the free DOX was located outside endolyso-
somes. Since major nanoparticles internal-
ized via endocytosis were typically found
mainly within endosomes or lysosomes,??*l
it is likely that the NONP-DOX conjugates
might be taken up by endocytic pathway in
both tumor cell lines. In addition, a small
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Figure 6. In vitro cytotoxocity of the NONPs or the NONP-DOX conjugates against A,C) human
non-small-cell lung cancer A549 cells and B,D) mouse melanoma B16BL6 cells. Both tumor
cells were treated with nanoparticles at the concentration range of 2-100 pug/mL or with the
NONP-DOX conjugates at the DOX concentration range of 0.1 nM to 10 uM for 48 h. The inhibi-
tory effects of both samples, NONP-W and NONP-S, on both cells in dose-dependent manners
were observed at the NONP concentration examined. The sigmoidal dose-response curves were
fitted and the concentration of NONP-DOX conjugates and free DOX that inhibited cell survival
by 50% (ICso) was determined from cell survival plots using “DoseResp” function of OriginPro

8.0. #*P < 0.05 and §P < 0.01, as compared with the blank control.

themselves (Figure 6A,B). This indicates that NONP and DOX
in the conjugated nanoparticles exerted synergistic cytotoxic
effects, which led to the ICs, values 1.6-1.8 fold lower in A549
cells and B16BL6 cells (Table 3).

2.6. Cellular Uptake and Intracellular Distribution
of the NONP-DOX Conjugates in Tumor Cells

Apart from the cytotoxicity assay, the cellular uptake and intra-
cellular distribution of NONP-DOX conjugates, containing
10 uM DOX, for both cell lines was further examined using
flow cytometry and confocal microscopy, respectively. As shown
in Figure 7, after a 4-h incubation, there was no significant
difference in the DOX fluorescence for free DOX and NONP-
DOX conjugates at a DOX concentration of 10 uM. To further

Table 3. 1C50 values [nM] of NONP-DOX conjugates and free DOX on
melanoma and lung cancer cells (48 h).

Lung cancer A549 cells ~ Melanoma B16BL6 cells

Free DOX 551.71£36.72 254.22+11.35

NONP-DOX conjugates 342.34£57.17x 139.93 + 28.30%

NONP ctrl >100 pg/mL >100 pg/mL

ICso was determined from cell survival plots using “DoseResp” function of Orig-
inPro 8.0; #P < 0.05, as compared with free DOX.
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fraction of DOX was seen in the nucleus of
B16BLG cells treated with free DOX, whereas
the treatment of NONP-DOX conjugates
did not result in obvious nuclear distribu-
tion (Figure 8B). In the case of A549 cells,
no significant DOX fluorescence was seen in
the nucleus for both treatments (Figure 8A).
No obvious DOX localization in nucleus of
A549 cells treated with free DOX during 4-h
incubation was consistent with the previous

(A) (B)

Counts
Counts

“Negative

~
Negative Nogatiy

control

~
NONP-DOX
conjugate

“Nonp-pox
conjugate

free DOX

mAS549
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Log Fluorescence of DOX
(Arb. Units)

0 T T =
Negative DOX NONP-DOX
control conjugates

Figure 7. Flow cytometry analysis for cellular uptake of NONP-DOX con-
jugates in A) human lung cancer A549 cells and B) mouse melanoma
B16BL6 cells. Both cells were treated with NONP-DOX conjugates or
free DOX at DOX concentration of 10 UM for 4 h, and then the mean
DOX fluorescence associated with the cells were measured by collecting
20 000 events for each sample. C) Statistical analysis of the mean DOX
fluorescence associated with the cells was compared, and no significant
differences between DOX and NONP-DOX conjugates were observed for
respective cell line.
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Figure 8. Intracellular distributions of NONP-DOX conjugates and free DOX at the DOX concentration of 10 uM in A) human lung cancer A549 cells
mouse and B) mouse melanoma B16BL6 cells. The cells were incubated with the samples at 37 °C, 5% CO, for 4 h, and then 100 nM Lysotracer Green
DND-26 and 4 tM Hoechst 33342 were added for 30 min incubation prior to visualization by confocal microscopy. Scale bars represent 10 um.

results, !l presumably due to diverse drug responses in different
types of cells. However, no obvious nuclear distribution in both
cells treated with NONP-DOX conjugates was likely resulted
from the sequestration of the conjugates in the endolysosomal
compartments during 4-h incubation.?®! Overall, the results
here demonstrate that even though there was a different sub-
cellular distribution, conjugation of DOX to NONPs did not
decrease DOX uptake by both tumor cell lines (Figure 7).

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3. Conclusion

A new culture method, fungal sitting drop culture method, was
established in order to monitor the growth of A. oligospora in
situ, and observe the nanoparticle production without interfering
or contamination from the solid media. Abundant spherical
nanoparticles secreted from the fungus were first revealed by
scanning electron microscopy and atomic force microscopy. It
was then confirmed that the NONPs secreted from A. oligospora
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were not related to the formation of the 3D traps, but instead
were secreted from growing mycelia. Further analyses revealed
that the fungal NONPs had an average size of 360-370 nm, with
a zeta potential of =33 mV at pH 6.0. They contained =28 ug
of glycosaminoglycan and =550 pg of protein per mg of nano-
particles. Interestingly, the NONPs from A. oligospora have dem-
onstrated potential capability as an immunostimulatory and
antitumor agent. They significantly induced TNF-o secretion
in RAW264.7 mouse macrophages, showed slight cytotoxicity to
mouse melanoma B16BL6 and human lung cancer A549 cells,
and demonstrated a synergistic cytotoxic effect upon conjuga-
tion with DOX against both cells. Therefore, they may play mul-
tifunctional roles as a promising candidate for potential tumor
immunochemotherapy. In this respect, the synergistic antitumor
efficacy for chemotherapy, drug delivery and immune regulation
are expected in vivo. More importantly, this study has proposed
a new approach for producing novel organic nanoparticles from
microorganisms under controllable conditions. It may open up
a new avenue for controlling the synthesis of organic nanoparti-
cles using synthetic biology in the future.

4. Experimental Section

Chemicals, Fungus and Cell Line: Arthrobotrys oligospora (ATCC 24927),
RAW 264.7 murine macrophages (TIB-71) and A549 human non-small-
cell lung cancer cells (CCL-185) were obtained from the American Type
Culture Collection (Manassas, VA). The B16BL6 murine melanoma cell
line was obtained from the National Cancer Institute-Central Repository
(Frederick, MD). Corn Meal Agar (CMA), phe-val, thiamin-HCI, biotin,
doxorubicin hydrochloride, and PBS were purchased from Sigma-
Aldrich (St. Louis, MO). LysoTracker Green DND-26 and Hoechst
33342 were obtained from Invitrogen Life Technologies (Grand Island,
NY). Fetal bovine serum and DMEM medium were purchased from
Mediatech (Manassas, VA). Penicillin (10 000 units/mL)-streptomycin
(10 000 pg/mL) solution was procured from MP biomedicals (Solon, OH).

Fungal Culture in the Sitting Drop Culture System: Freeze-dried A.
oligospora was first inoculated into CMA medium (pH 7.0) and incubated
at 25 °C for 3-10 days, resulting in mycelia development and sufficient
conidia production. The conidia were collected from the above stock
cultures using Tween-80 (0.02%), and aliquots of the conidia suspension
were stored at —20 °C. The sitting drop culture method was developed as
shown in Figure 1. Conidia suspension (about 50-100 conidia in 10 pL)
was inoculated into the media droplet and incubated at 25 °C for 3-15 days.
A modified low nutrient medium (LNM)['% was used in this work for
the fungal drop culture, and its ingredients are listed in Supporting
Information Table S1. In the case of testing the possible source of
the secretory nanoparticles from the fungus, other media ingredients
were also used. For instances, the LNM supplemented with T mg/mL
phe-val was used to grow the predatory stage of the fungus (formation
of 3D adhesive capture traps), or supplemented with phosphate buffer
(12 mM)M for growth of the saprophytic stage of the fungus (only
mycelia growth without trap formation). In experiments testing the effect
of LNM ingredients on the nanoparticle secretion, distilled water (pH
7.0) was also used to completely or partially replace the LNM.

Sample Preparation and Nanoparticle Characterization: 50-100 conidia
were inoculated into the sitting drop culture system described above,
and incubated at 25 °C for 3-15 days. The fungal hyphae development
and the formation of 3D traps were monitored in situ using optical
microscopy. After a 15-day incubation, the media was removed, and
the mycelia on the silicon-based cover slip were gently washed using
distilled water, and then air-dried for SEM (LEO 1525, high resolution
FE-SEM system, Germany). To prepare the secreted nanoparticles from
the fungal culture, the mycelia on the cover slip were first washed 10
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times using distilled water (1 mL), and the wash water was collected
and designated as sample NONP-W. The washed mycelia on the cover
slip were also collected in 1 mL distilled water and then were sonicated
in a water-bath sonicater (model 750D, VWR) at RT for 30 min. The
sonicated sample was spun down at 1000 rpm for 5 min and the
supernatant was collected and designated as sample NONP-S. Both
sample NONP-W and NONP-S were filtered through a 1-um syringe
filter (Nylon membrane, Whatman, Florham Park, NJ) and then dialyzed
using CE dialysis tubing (molecular weight cut-off: 300 kDa, Spectrum
Labs, CA) against distilled water for 3 days. Both dialyzed NONP-W and
NONP-S (10 pL) were then transferred onto silicon wafers, dried and
directly examined using SEM. The nanoparticles were also visualized
using an Agilent 6000 ILM/AFM atomic force microscope (Agilent
Technologies, Santa Clara, CA) by placing and air-drying the samples
(10 puL) on glass cover slips. The operation was performed in AC mode,
using an ACTA Probe from AppNano (Santa Clara, CA) controlled with
the Picoview software package. Particle size, size distribution and zeta
potential of the dialyzed NONPs were further determined at 25 °C using
a Malvern Zetasizer, NANO ZS (Malvern Instruments Limited, UK), with
a He-Ne laser (wavelength of 633 nm) and a detector angle of 173°. All
samples were measured in triplicate.

Determination of Glycosaminoglycan and Protein in NONPs: To
determine the presence of glycosaminoglycan and protein in the
nanoparticles, the dialyzed NONP-W and NONP-S samples were
lyophilized and weighed. The amount of sulfated glycosaminoglycans
in the samples was quantified using a Proteoglycan Detection Kit
(1,9-dimethylmethylene  blue, Astarte Biologics, Redmond, WA)
according to the manufacturer’s procedure. Similarly, the concentration
of protein in the samples was quantitatively determined using the BCA
Kit (Pierce, Rockford, IL) according to the the manufacturer’s protocol.

In Vitro Immunostimulatory Activity: The mouse macrophage cell
line, RAW264.7, was used to measure the potential immunostimulatory
effect of the nanoparticles.?2?7] Briefly, the RAW 264.7 cells were grown
in DMEM medium supplemented with heat-inactivated FBS (10%) and
penicillin-streptomycin (1%) at 37 °C. The cells were then seeded onto
12-well culture plates at a density of 5 x 10 cells/mL and cultured for
24 h. The cells were then washed three times with PBS (0.5 mL), before
addition of NONP-W and NONP-S samples at various concentrations.
After addition of the test samples, the cells were incubated for 24 h,
and the supernatants were collected and stored at —20 °C. The levels
of TNF-¢¢ and IL-12 in the supernatants were determined by enzyme-
linked immunosorbent assay (ELISA) using an OptEIA ELISA Set (BD,
San Jose, CA).

Synthesis of NONP-Doxorubicin Conjugates: Conjugation of DOX to
the nanoparticles through amides bond between the 3’-amine of DOX
and the free carboxyl groups of the nanoparticles was achieved using
DEC and sulfo-NHS as the coupling agents?®! (Supporting Information
Figure S1). Briefly, the nanoparticles (0.1 mg) were dissolved in water
(0.5 mL) and mixed with EDC (0.4 mg) and sulfo-NHS (0.1 mg). The
solution was incubated at ambient temperature for 30 min to modify the
carboxyl groups of the nanoparticles with sulfo-NHS. After that, DOX
(0.26 mg) was added to the activated solution, and stirred overnight to
complete the reaction. Finally, the resulting solution was poured into
the CE dialysis tube (molecular weight cut-off: 300 kDa) and dialyzed
against deionized water for 3 days. After lyophilization, the obtained
NONP-DOX conjugate was characterized by FTIR analysis (Varian).
Three replicates were carried out to assess the average DOX content
in NONP-DOX conjugate and the bioconjugation efficiency (%). The
particle size and zeta potential of NONP-DOX conjugates were also
measured as described above.

MTT Assay: The MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl
tetrazolium bromide) assay was utilized to assess cytotoxicity of the
nanoparticles as previously reported.?’l Briefly, 1 x 10* tumor cells
(melanoma B16BL6 and non-small-cell lung cancer A549) were seeded
in 96-well plates in 100 uL DMEM. Serial dilutions of nanoparticles were
added to the plate and incubated at 37 °C in 5% CO, for 48 h. MTT
stock solution (10 pL, 5 mg/mL in PBS, pH 7.4) were then added into
the wells and the plates were incubated at 37 °C for another 4 h. The
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medium was then removed and DMSO (100 uL) was added to each well
to solubilize the dye. The absorbance was measured using a microplate
reader (Bio-Tek LQuant) at 570 nm, and the concentration of drug that
inhibited cell survival by 50% (ICs) was determined from cell survival
plots using the “DoseResp” function of OriginPro 8.0.

Cellular Uptake and Confocal Microscopic Study: The cellular uptake of
DOX was quantified according to the reported method.3% Briefly, tumor
cells were seeded into 6-well plates at densities of 1 x 10° cells/mL, and
incubated at 37 °C until 70% confluence was reached. Free DOX solution
or NONP-DOX conjugates at DOX concentration of 10 UM were then
added and incubated for 4 h at 37 °C. The medium was aspirated and
cells were rinsed with cold PBS three times. Flow cytometry analysis
was immediately carried out on an Epics XL Analyzer (Beckman Coulter
Inc., Brea, CA) by collecting 20 000 events for each sample and the cell
associated fluorescence was measured. Each experiment was performed
in triplicate. Confocal microscopy was used to investigate the intracellular
distribution in the tumor cells treated with NONP-DOX conjugates and
free DOX. The cells were grown on cover slips to 50% confluence and
incubated with samples at DOX concentrations of 10 uM at 37 °C for
4 h. To observe the intracellular distribution of the DOX-loaded NONP,
the cells were incubated with LysoTracker green (100 nM) and Hoechst
33342 (4 uM) for 30 min prior to visualization for endolysosome and
nuclear labeling, respectively. The cells were then washed three times
with PBS, and immediately imaged by a FluoView FV1000 Confocal
Microscope (Olympus, Japan).

Statistical Analysis: The data were expressed as mean £ SD. Statistical
significance was determined using a one-way ANOVA followed by a
Student’s t test for multiple comparison tests. A p value of <0.05 was
considered as statistically significant.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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