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1. Introduction

Invasive fungal infections lead to over 2.5 million 
deaths worldwide each year, posing a major public 
health challenge further aggravated by the scarcity 
of effective therapeutic options (1,2). Despite the 
existence of antifungal drugs, their clinical efficacy is 
often hampered by severe side effects, emerging drug 
resistance, and limited efficacy (3), which underscores 
a pressing need for improved therapeutic strategies. 
Nanoparticles (NPs) as drug delivery systems 
(DDS) offer a promising solution by enhancing local 
drug concentration, improving bioavailability, and 
reducing toxicity (4). Among NPs, nanoparticulate 
hydrogels, commonly referred to as nanogels (NGs), 
are particularly appealing as DDS due to their 
unique combination of high water content, excellent 
biocompatibility, versatile chemical properties, and 

ability to provide controlled drug release (5).
 Recent advances in NG research have shown potential 
in delivering antifungal drugs effectively. Our initial 
research demonstrated that redox-sensitive poly(glycidol) 
(PG)-based NGs could effectively deliver the model 
antifungal drug itraconazole (NG-ITZ) to the human 
fungal pathogen Aspergillus fumigatus in vitro under 
protein-free conditions (6). More recently, we found that 
phosphate functionalization of NGs through quenching 
with phosphoric acid 2-hydroxyethyl acrylate (PHA), 
facilitated their interaction with A. fumigatus under 
protein-rich conditions (7), likely due to the interaction 
between the phosphate functional group with chitosan in 
the fungal cell wall (8,9). Furthermore, NG×PHA loaded 
with itraconazole (NG×PHA-ITZ) exhibited superior 
therapeutic effects in a silkworm (Bombyx mori) model 
of A. fumigatus infection compared to the free drug (7). 
These results suggest NG×PHA's potential for systemic 
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antifungal delivery.
 While these findings are promising, they raise 
additional questions regarding the interactions of NGs 
with mammalian cells, especially regarding potential 
cytotoxicity. Although empty NGs and NG×PHA are 
non-cytotoxic, NG-ITZ and NG×PHA-ITZ exhibit weak 
cytotoxicity in mammalian cell lines (6,7), suggesting 
that host cells may internalize the drug-loaded NGs—
an observation that warrants further investigation. 
Understanding these interactions is crucial, as the 
biodistribution of NP-based drug carriers is a key 
factor influencing their safety and efficacy for clinical 
applications (10). To facilitate systemic antifungal 
delivery, it is also important to study the biodistribution 
patterns of NG×PHA within an in vivo context.
 Conventional preclinical biodistribution studies 
typically rely on mammalian models, such as mice 
(11-14). However, these mammalian models face 
significant obstacles, including increasing ethical 
and regulatory scrutiny and substantial costs. To 
overcome these challenges during the early stages of 
nanocarrier development, we utilized the silkworm as 
an alternative model for preliminary in vivo evaluation 
of antifungal drug-loaded NG×PHA (7). The silkworm 
model delivers several key advantages for preliminary 
studies, such as minimizing ethical concerns, lowering 
costs (15) and demonstrating effectiveness in the early-
stage discovery and development of antimicrobial 
agents (16,17). Furthermore, our previous work 
demonstrated that the silkworm model can reliably 
assess the biodistribution and elimination of surface-
functionalized gold nanoparticles (AuNPs), providing 
valuable insights into how surface modifications 
influence in vivo behaviour (18).
 In this study, we expanded the use of silkworms to 
compare the cellular interactions and biodistribution of 
unmodified NGs with NG×PHA, focusing on the impact 
of phosphate functionalization. We hypothesized that 
this animal model not only supports the preliminary in 
vivo evaluation of therapeutic effects but also uncovers 
potential benefits or risks associated with candidate 
nanocarriers during early development. By using this 
model, we aim to gain insights into how phosphate 
functionalization affects NG interactions with host 
cells and biodistribution, potentially guiding further 
refinements in NG design for antifungal therapy.

2. Methods

2.1. Synthesis of linear poly(glycidol)

The synthesis of linear poly(glycidol) (PG) with 60 
repeating units was carried out following established 
protocols and characterized accordingly (7,19,20). 
Briefly, the monomer ethoxy ethyl glycidyl ether (EEGE) 
was synthesized from ethyl vinyl ether and glycidol (19). 
Under inert conditions, the polymerization of EEGE was 

performed in bulk at 60°C overnight using potassium 
tert-butoxide as an initiator. The reaction was terminated 
by the addition of methanol. Subsequently, the obtained 
poly(EEGE) was deprotected under acidic conditions 
in tetrahydrofuran (THF), followed by dialysis (for 3 
days with 4 water changes per day, using a molecular 
weight cut-off [MWCO] of 3.5 kDa) and lyophilization, 
resulting in the formation of linear PG.

2.2. Thiol functionalization of linear PG

Thiol functionalization of linear PG was performed 
using STEGLICH esterification according to a 
published method (21). Briefly, PG was dissolved in 
anhydrous N,N-dimethylformamide (DMF), and 1.1 
equivalents of N,N'-dicyclohexylcarbodiimide (DCC) 
and 4-dimethylamino pyridine (DMAP) were added. 
Subsequently, 0.5 equivalents of 3,3´-dithiodipropionic 
acid (DTPA) in degassed DMF were introduced to the 
reaction mixture at 0°C. The mixture was stirred at 
room temperature (RT) overnight. After the formation 
of the hydrogel, it was washed sequentially with DMF, 
CHCl3, tetrahydrofuran (THF), EtOH, and water. Then, 
0.5 equivalents of tris-(2-carboxyethyl)-phosphine 
hydrochloride (TCEP·HCl) were added, and the pH 
of the solution was adjusted to 6-7 with triethylamine 
(TEA). The reduction was completed after stirring at RT 
for 4 h. Finally, the thiol-functionalized linear PG (PG-
SH) was dialyzed (for 3 days with 4 water changes per 
day, MWCO = 3.5 kDa) and lyophilized.

2.3. Fluorescence labeling of PG-SH

Fluorescence labeling of PH-SH was performed 
according to a published method (6,22). PG-SH was 
dissolved in 1× PBS buffer (9 mg/mL). After adding 
900 mg of TCEP·HCl, the pH was adjusted to 6 with 
TEA and the solution was degassed with Argon for 
20 min. The labeling reaction was initiated by adding 
2 mg of Rhodamine Red C2 maleimide (dissolved in 
anhydrous DMF at 10 mg/mL). Following an additional 
10 min of Argon degassing and overnight stirring at RT, 
the labeled PG-SH was purified via dialysis (3 days, 
with 4 water changes per day, MWCO = 3.5 kDa) and 
then lyophilized.

2.4. Synthesis of nanogels via nanoprecipitation

Nanogels (NGs) were prepared using a nanoprecipitation 
technique involving linear PG-SH (with or without 
fluorescent labeling) in acetone, as previously described 
(6,7). Briefly, 6 mg of the respective polymer was 
dissolved in water (6 mg/90 µL) and precipitated in 48 mL 
of acetone with an automatic pipette (Eppendorf®-Xplorer). 
After 30 min, 30 µL of alloxan monohydrate solution in 
water (32 mg/mL) was added. The oxidation was halted 
by adding 4 mL of Milli-Q water after another 30 min. 
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collected from silkworms as described earlier. PTU was 
added, and 250 µL of hemolymph was immediately 
transferred into a glass-bottom dish (ø 35 mm [dish]; 
ø 14 mm [cover slip; poly-lysine coated]; Matsunami, 
Osaka, Japan), and the cells were allowed to settle 
for 30 min at RT. Subsequently, the hemolymph was 
removed, and the cells were washed twice with TC-
100 insect medium containing 8% heat-inactivated 
fetal bovine serum (FBS), 40 IU/mL of penicillin-
streptomycin, and 0.1% w/v PTU (250 µL medium 
per wash). The adherent hemocytes, consisting of 
granulocytes and plasmatocytes, were obtained (24).
 Following the second wash, fresh TC-100 medium 
containing 4 × 109 particles of the desired NG type 
was added to each dish (250 µL/dish). The samples 
were co-incubated at 27°C for 1, 3, 6, or 24 h. After 
co-incubation, the samples were washed five times 
with 300 µL of Dulbecco's phosphate-buffered saline 
(DPBS[-]) per wash. Calcein-AM staining was then 
performed according to the manufacturer's protocol, 
using a 1 mM stock solution in 100% DMSO with a 
final concentration of 0.667 µM in 300 µL DPBS(-) per 
dish. Staining was done in the dark at 27°C for 15 min, 
followed by three washes as described above. Finally, 
100 µL of DPBS(-) was added to each sample, which 
was then subjected to microscopic examination using a 
Leica DMI 6000 B fluorescence microscope.

2.9. Biodistribution experiments

To study the biodistribution of NG or the free dye 
RhoRC2 in silkworms following systemic administration 
(i.e., intra-hemolymph injection), seven time points were 
selected: immediately post-injection (0 h), 15 min, 1 h, 
3 h, 6 h, 15 h, and 24 h post-injection. For the later time 
points (15 h and 24 h), silkworms were fed for two days 
and injected on the third day of the fifth instar. For the 
other time points, silkworms were fed for two days and 
fasted for one day prior to the injection. The body weight 
of individual silkworms (2.1 ± 0.1 g) was recorded prior 
to injection. Hemolymph and tissue collection occurred 
on the fourth day of the fifth instar for all seven time 
points.
 A total of 8 × 109 particles of the desired NG batch (or 
1.2 µg of the free dye RhoRC2) in 50 µL of DPBS(-) were 
injected into the hemolymph of individual silkworms 
as previously described (25). The silkworms were 
incubated at 27°C until dissection. Hemolymph and 
tissue collection (midgut, Malpighian tubules, hindgut, 
and fat body) was performed as described earlier and in 
the Appendix A. Supplementary information (https://
www.ddtjournal.com/action/getSupplementalData.
php?ID=257) (see section "Standard curves of each 
fluorescently labeled NG batch and the free dye 
RhoRC2 in distinct silkworm tissues"), respectively. 
To obtain sufficient tissue homogenates for measuring 
fluorescent intensity in technical triplicates, hemolymph 

The nanogels were separated from the precipitation 
solution by centrifugation at 4000× g, at RT for 60 
min. The samples were washed five times with water by 
centrifugation (16162× g, RT, 5 min [3×], 2.5 min [2×]). 
The particle size, zeta-potential, and particle concentration 
of the NGs were then measured.

2.5. Phosphate functionalization of nanogels

NGs were functionalized by incorporating a quenching 
step into the previously described synthesis procedure 
(7). After the oxidation step, the pH of the solution was 
adjusted to 8-9 using TEA. Subsequently, 50 µL of 
quencher (PHA in acetone at 0.283 mg/mL, 3.49 mmol) 
was added. Quenching was conducted at RT for 30 min. 
Following this step, the washing and characterization 
procedures were carried out as described earlier.

2.6. Rearing of silkworms (Bombyx mori)

Silkworm eggs (strain: Kinsyu × Showa) were purchased 
from Ehime-Sanshu (Ehime, Japan). After hatching, 
the larvae were reared at 27°C and nourished with an 
artificial diet (Silkmate 2S, Nosan Corporation, Japan) 
until the fourth instar. Upon reaching the fifth instar, the 
larvae were switched to an antibiotic-free diet (Artificial 
diet for silkworm larvae, Type A, Sysmex Corporation, 
Japan) for two days (1 g diet/silkworm/day). On the 
third day of the fifth instar, silkworms were used for 
experiments unless otherwise specified.

2.7. Collection of hemolymph from silkworms

On the third day of the fifth instar, hemolymph was 
collected from silkworms under sterile conditions. For 
surface disinfection, silkworms were soaked in 70% 
EtOH for 10 min at RT, followed by a brief air-drying 
period. Hemolymph was then collected by cutting 
one of the abdominal legs. To prevent melanization, 
N-phenylthiourea (PTU; 0.1 M in 100% DMSO) 
was immediately added to the collected hemolymph 
to achieve a final concentration of 1 mM (23). The 
hemolymph was then centrifuged at 16162 × g, for 1 min 
at 4°C to pellet the hemocytes. The supernatant was used 
as a culture medium (i.e., cell-free hemolymph) on the 
same day of collection or stored at -20°C for further use.
 For MIC (minimal inhibitory concentration) 
determination or characterization of protein corona 
formation, a larger volume of cell-free hemolymph was 
required. In this case, silkworms were fed for four days, 
and hemolymph was collected on the fifth day of the 
fifth instar.

2.8. Interaction of NGs with primary adherent hemocytes 
from silkworms

On the third day of the fifth instar, hemolymph was 

https://www.ddtjournal.com/action/getSupplementalData.php?ID=257
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and respective tissues from 3-5 silkworms were pooled 
together (defined as 1 biological replicate). Unless 
otherwise specified, biological duplicates per NG batch 
were subjected to measurement. Tissue homogenization 
was carried out as described in the Appendix A. 
Supplementary information (https://www.ddtjournal.
com/action/getSupplementalData.php?ID=257) (see 
section "Standard curves of each fluorescently labeled 
NG batch and the free dye RhoRC2 in distinct silkworm 
tissues"). 100 µL of hemolymph (containing hemocytes) 
or tissue homogenate was used for measuring fluorescent 
intensity in technical triplicates.
 Using GraphPad Prism (v. 8.4.3), non-linear fitting 
was applied to model the retention kinetics and estimate 
Terminal half-lives (t1/2). A one-phase decay model was 
used for RhoRC2-NG and free RhoRC2 dye to represent 
a single, continuous decay process. In contrast, a two-
phase decay model was applied for RhoRC2-NG×PHA, 
reflecting both an initial rapid decline and a slower 
terminal phase in retention. To assess batch consistency 
within each NG type, an extra sum-of-squares F test was 
performed, comparing the decay rate parameters across 
the three batches. Data are presented as the mean ± SEM 
for each time point, based on all six replicates (biological 
duplicates x technical triplicates).
 In general, the results on tissue retention are shown 
as percentages of initial dose (ID) injected per milligram 
of tissue (% of ID / mg tissue), calculated as follows:

where pID is 8 × 109 particles or 1.2 µg of the free dye 
(initial dose), p100μL is the number of particles or amount 
of the free dye (ng) in 100 µL of the tissue homogenate 
(estimated based on respective standard curves, see 
Appendix B (https://www.ddtjournal.com/action/
getSupplementalData.php?ID=258). Summary of raw 
data and standard curves), %h is the percentage of tissue 
in the homogenate, calculated as follows:

where wtissue is the weight of the collected tissue, wsaline is 
the weight or volume of saline added for homogenization 
(density = 1 mg/µL). Data are summarized in the 
Appendix C (https://www.ddtjournal.com/action/
getSupplementalData.php?ID=259). Summary of tissue 
retention data and collectively presented in Figure 4.

3. Results

3.1. Synthesis of phosphate-functionalized, fluorescently 
labelled NGs for cellular interaction and biodistribution 
studies

NGs were synthesized from thiol-functionalized 
poly(glycidol) (PG-SH) via nanoprecipitation (Figure 

1A) (6,7). To achieve phosphate functionalization, we 
added a quenching step with PHA into the synthesis to 
introduce a phosphoric acid functional group, resulting 
in NG×PHA (Figures 1A-1B) (7). For tracking cellular 
interactions and biodistribution, we pre-labeled PG-SH 
with the maleimide-functionalized dye Rhodamine Red 
C2 (RhoRC2) prior to NG synthesis (Figure 1C). For 
biodistribution experiments, we selected RhoRC2 due 
to its structural similarity to rhodamine B, which has 
been used for NP biodistribution research in mice (13) 
and for studying xenobiotics in silkworms (26). RhoRC2 
shares a comparable excitation/emission spectrum to 
rhodamine B (~560/580 nm) and forms covalent bonds 
with PG-SH. We synthesized and characterized three 
batches of RhoRC2-NG and RhoRC2-NG×PHA (Table 
S1, Appendix A. Supplementary information, https://
www.ddtjournal.com/action/getSupplementalData.
php?ID=257).

3.2. Enhanced interaction of granulocytes with 
phosphate-functionalized NGs compared to unmodified 
NGs

First, we co-incubated both NG types with A. fumigatus 
in protein-rich (cell-free hemolymph collected from 
silkworms) and protein-free (RPMI-1640) media. 
In protein-rich conditions, only RhoRC2-NG×PHA 
interacted with the fungus, while both NG types adhered 
to the fungus in protein-free conditions (Figure S1, 
Appendix A. Supplementary information, https://
www.ddtjournal.com/action/getSupplementalData.
php?ID=257), consistent with our previous findings (7).
 After confirming the interaction between NG×PHA 
with A. fumigatus, we assessed how NGs interacted with 
host cells. To align with our subsequent biodistribution 
studies in the silkworm model, we selected primary 
adherent hemocytes isolated from silkworm hemolymph 
(24) as representative host cells. These hemocytes, which 
include granulocytes and plasmatocytes and constitute 
over 50% of circulating hemocytes (24,27), play a crucial 
role in the initial cellular response to foreign materials 
(28). Their key role in immune defence makes them 
well-suited for in vitro studies designed to mimic the in 
vivo environment following systemic NG administration.
 To assess interactions with host cells, we incubated 
primary adherent hemocytes from hemolymph with 
both NG types and the free dye RhoRC2 for either 1, 
3, 6, or 24 h (Figure 2; Figures S2-S4, Appendix A. 
Supplementary information, https://www.ddtjournal.
com/action/getSupplementalData.php?ID=257). Cell 
viability, assessed with Calcein-AM staining post co-
incubation, remained unaffected. Free dye was primarily 
detected extracellularly, indicating that the intracellular 
RhoRC2 signal resulted from the cellular NG uptake. 
Round-shaped granulocytes internalized RhoRC2-
NG×PHA more rapidly than RhoRC2-NG, with marked 
uptake noted after 3 h of co-incubation (Figure 2). 

https://www.ddtjournal.com/action/getSupplementalData.php?ID=257
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Discrete uptake of RhoRC2-NG by granulocytes was 
noted after 6 h (Figure S3, https://www.ddtjournal.
com/action/getSupplementalData.php?ID=257), which 
became more apparent after 24 h (Figure S4, https://
www.ddtjournal.com/action/getSupplementalData.
php?ID=257). Plasmatocytes (elongated cells) exhibited 
minimal uptake in both cases.
 Notably, both NG types are likely degraded within 
granulocytes due to ester hydrolysis under the acidic 
conditions (19), although RhoRC2 remains detectable 
due to its pH stability (29).

3.3. Prolonged circulation of phosphate-functionalized 
NGs in silkworm hemolymph

After completing the in vitro study, we conducted in 
vivo biodistribution experiments. We systemically 
administered RhoRC2-NG, RhoRC2-NG×PHA, or 
free dye RhoRC2 to silkworms At seven time points 
within 24 h – 0 h (immediately after injection), 15 min, 
1 h, 3 h, 6 h, 15 h, and 24 h – we collected hemolymph 

(the silkworm equivalent of vertebrate blood (30)) and 
four tissue types (midgut, Malpighian tubules, hindgut, 
and fat body).
 To prevent NG pelleting, we analyzed hemolymph 
without centrifugation. Using RhoRC2 signals (Figure 
3), we estimated NG half-lives in hemolypmh, defined as 
the time for plasma concentration to drop by 50% during 
the terminal phase (31). Both the free dye RhoRC2 
(Figure 3C) and RhoRC2-NG (Figure 3A) followed 
a one-phase decay model, with half-lives of 3.5 h 
and 2.0-6.6 h, respectively, indicating relatively rapid 
clearance from the hemolymph. In contrast, RhoRC2-
NG×PHA (Figure 3B) exhibited a two-phase decay 
model, characterized by an initial rapid decline followed 
by a prolonged terminal phase with half-lives ranging 
from 9.5 to 19.9 h. This extended half-life of RhoRC2-
NG×PHA may result from faster uptake by granulocytes, 
as demonstrated in in vitro co-culture experiments 
where RhoRC2-NG×PHA showed more pronounced 
intracellular accumulation than RhoRC2-NG, persisting 
for at least 6 h (Figure 2, Figures S2-S3). Interestingly, 

Figure 1. (A) Scheme of nanogel (NG) synthesis via inverse nanoprecipitation, including functionalization via quenching and drug loading steps 
(image reproduced from Vogel et al. 2024 (7) under the Creative Commons CC-BY-NC license). (B) Detailed illustration of the quenching step 
(image adapted from Vogel et al. 2024 (7); icons were created with BioRender under a publication license). (C) Fluorescent labeling of PG-SH with 
Rhodamine Red C2 maleimide. PG-SH: thiol-functionalized poly(glycidol); PHA: phosphoric acid 2-hydroxyethyl acrylate; RT: room temperature; 
O/N: overnight.
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while the free dye stabilized at approximately 40% of 
its initial signal by 24 h post injection, both NG types 
decreased to approximately 10-20%. These findings 
suggest that, despite initial differences in retention, NGs 
undergo more efficient clearance from circulation than 
the free dye during the terminal phase.

3.4. Tissue-specific retention of NGs in silkworms

Tissue retention analysis revealed that both NG types 
(Figures 4A-4B) predominantly localized in the midgut 
(akin to the mammalian small intestine (32), which also 
metabolizes exogenous compounds like the liver (33)) 
and the hindgut (comparable to the mammalian large 
intestine (34)). Smaller amounts accumulated in the fat 
body (responsible for energy storage, metabolism, and 
partial detoxification, often likened to the mammalian 
liver (15)). The Malpighian tubules (similar to 
mammalian kidneys (15)) showed the least retention. 
In contrast, the free dye displayed a distinct retention 
pattern, with primary accumulation in the Malpighian 
tubules and minimal retention in the hindgut (Figure 4C).

 Given the hemolymph retention profiles (Figure 3), 
we focused our tissue retention analysis on two time 
points: 3 h post-injection to capture early biodistribution, 
and 24 h to assess longer-term retention and potential 
tissue accumulation. At 3 h, RhoRC2-NG (Figure 4A) 
accumulated significantly more in the midgut than in the 
fat body and Malpighian tubules. Similarly, RhoRC2-
NG×PHA (Figure 4B) displayed greater retention in 
the midgut than in the fat body, Malpighian tubules, 
and hindgut. By 24 h, RhoRC2-NG continued to show 
higher retention in the midgut relative to the other 
two tissues. However, RhoRC2-NG×PHA no longer 
exhibited significant differences between the midgut and 
fat body or hindgut, although retention in the midgut 
remained higher than in the Malpighian tubules. The 
free dye (Figure 4C) displayed a distinct retention 
profile, with significantly higher accumulation in the 
Malpighian tubules compared to the midgut at 3 h. This 
difference disappeared by 24 h, indicating clearance 
over time. Overall, comparisons between tissue types at 
these time points revealed a clear trend: both NG types 
preferentially accumulated in the midgut early on, while 

Figure 2. Co-incubation of two distinct NG types with primary adherent hemocytes (granulocytes and plasmatocytes) collected from 
silkworms for 3 h at 27°C in 250 µL TC-100 medium containing 8% FBS. Two batches of each NG type, as indicated in Table S1 (Appendix A. 
Supplementary information, https://www.ddtjournal.com/action/getSupplementalData.php?ID=257), were used. A total of 4 × 109 particles from each 
batch were added to respective wells for co-incubation. Given the slightly variations in estimated RhoRC2 loading among the batches, the amount of 
RhoRC2 in each well was indicated in parentheses. Free dye was used as a control. Following co-incubation, hemocytes were stained with Calcein-
AM to confirm their viability. Scale bars = 50 µm.

https://www.ddtjournal.com/action/getSupplementalData.php?ID=257
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the free dye showed stronger retention in the Malpighian 
tubules.

3.5. Distinct protein corona profiles of phosphate-
functionalized and unmodified NGs

To investigate the prolonged retention of RhoRC2-
NG×PHA in hemolymph compared to RhoRC2-NG, 
likely due to enhanced granulocyte uptake, we incubated 

unlabeled NGs and NG×PHA in hemolymph for 24 h. 
After incubation, both types displayed similar particle 
sizes and zeta potentials after incubation (Table S2, 
Appendix A. Supplementary information, https://
www.ddtjournal.com/action/getSupplementalData.
php?ID=257).
 Next, we explored NG interactions with hemolymph 
proteins by analyzing the protein corona composition 
after a 24 h incubation of unlabeled NGs or NG×PHA. 
Liquid chromatography coupled with mass spectrometry 
(LC-MS/MS) identified proteins < 200 kDa, constituting 
96% of the corona for both NG types (Figure S5A, 
Appendix A. Supplementary information, https://

Figure 3. Retention of two distinct NG types in silkworm 
hemolymph post systemic administration. Three batches (B1, B2, 
B3) of RhoRC2-NG (A) and RhoRC2-NG×PHA (B) as well as the free 
dye RhoRC2 (C) were used. A total of 8 × 109 particles of each NG 
batch were injected into individual silkworms, followed by collection 
of hemolymph at indicated time points. Given the slight variations 
in estimated RhoRC2 loading among the NG batches, the amount of 
RhoRC2 injected into each silkworm is indicated in the parentheses 
in the legend. Fluorescence intensities were normalized to the initial 
time point (0 h) to adjust for loading variability, allowing comparison 
of relative retention profiles. Terminal half-lives (t1/2) in hemolymph 
(containing hemocytes) were estimated using a one-phase decay model 
for RhoRC2-NG (A) and free RhoRC2 (C), while a two-phase decay 
model was used for RhoRC2-NG×PHA (B); these values are shown 
in parentheses in the legend. Notably, based on the observed batch 
variations, the half-life of NGs appears to be positively related to the 
injected amount of RhoRC2. An extra sum-of-squares F test revealed 
no significant retention differences among batches within each NG 
type (p > 0.05). Measurements were performed in biological duplicates 
(pooled hemolymph from 3–5 silkworms per sample), with each 
sample measured in technical triplicates. Data represent the mean ± 
SEM for each time point, based on all six replicates.

Figure 4. Tissue retention of two distinct NG types in silkworms 
following systemic administration. Three batches of RhoRC2-NG 
(A) and RhoRC2-NG×PHA (B) were injected, along with a free dye 
control, RhoRC2 (C). Each silkworm received 8 × 10⁹ particles for NG 
or 1.2 µg of free dye, and tissues were collected at the specified time 
points. Data represent mean ± SD from biological duplicates (pooled 
tissues from 3–5 silkworms per sample) across all three batches (except 
for the free dye control), with each sample measured in technical 
triplicates. Abbreviations: MG (midgut), MT (Malpighian tubules), HG 
(hindgut), FB (fat body). Statistical comparisons were conducted at two 
key time points (3 h and 24 h post injection) using one-way ANOVA 
followed by Dunnett's multiple comparisons test, comparing MT, HG, 
and FB to MG at each respective time point. Significance indicators: 
*/#p < 0.05; **/##p < 0.01; ***/###p < 0.001; ****/####p < 0.0001; ns (not 
significant).

https://www.ddtjournal.com/action/getSupplementalData.php?ID=257


Drug Discoveries & Therapeutics. 2025; 19(3):174-183.                                  www.ddtjournal.comDrug Discoveries & Therapeutics. 2025; 19(3):174-183.                                  www.ddtjournal.com

(181)

www.ddtjournal.com/action/getSupplementalData.
php?ID=257); Appendix D (https://www.ddtjournal.
com/action/getSupplementalData.php?ID=260). 
Full list of hard corona proteins on NGs). As shown 
in Figure S5B (https://www.ddtjournal.com/action/
getSupplementalData.php?ID=257), differences in the 
most abundant proteins included higher proportions 
of C-type lectin domain proteins on NGs, critical for 
innate immunity (35) (48.3% of total identified proteins 
on NGs vs. 26.3% on NG×PHA). Conversely, there 
were lower proportions of nutrient storage proteins on 
NGs, which are abundant in hemolymph (36) (24.8% 
on NGs and 41.4% on NG×PHA). Among them, lipid-
binding proteins, particularly apolipophorins and low 
molecular weight lipoproteins (36), accounted for 8.61% 
on NGs and 24.41% on NG×PHA (Table S3, Appendix 
A. Supplementary information, https://www.ddtjournal.
com/action/getSupplementalData.php?ID=257). Other 
proteins comprised 26.9% and 32.3% of total quantities, 
respectively.
 We identified two low molecular weight lipoproteins 
(LPs), 30KP2 (BmLP7) and PBMHP-6 (BmLP1), among 
the lipid-binding proteins that might affect NG×PHA's 
interaction with granulocytes. BmLP7, which appeared 
only on NG×PHA (1.04%), can penetrate hemocytes, 
while BmLP1, more abundant on NG×PHA than NGs 
(13.62% vs. 5.52%), can recruit hemocytes to BmLP1-
coated substances (37). These differences likely facilitate 
NG×PHA's interaction with hemocytes in vivo.

3.6. Phosphate-functionalized NGs as reliable antifungal 
carriers with reduced batch variability and improved 
efficacy

In our initial study, itraconazole-loaded NGs (NG-ITZ) 
exhibited a lower minimal inhibitory concentration 
(MIC) against A. fumigatus in a protein-free medium 
compared to free itraconazole (ITZ) (6). Since NGs do 
not interact with the fungus in protein-rich conditions 
(Figure S1A, https://www.ddtjournal.com/action/
getSupplementalData.php?ID=257) (7), we did 
not expect any antifungal effects of NG-ITZ under 
such conditions. However, after observing similar 
biodistribution patterns between empty NGs and 
NG×PHA, we decided to reassess NG-ITZ.
 We determined the MIC and median effective dose 
(ED50) of NG-ITZ against A. fumigatus, comparing these 
results with previous data on NG×PHA-ITZ and free 
ITZ (6, 7). NG-ITZ (two batches tested) exhibited ED50 
values of 1.9 and 2.1 mg/kg larva, slightly higher than those 
of NG×PHA-ITZ (two batches, both 1.3 mg/kg larva), 
and consistent with the corresponding MIC values 
in silkworm hemolymph (2-4 µg/mL for NG-ITZ vs. 
1 µg/mL for NG×PHA-ITZ (Table S4, Appendix A. 
Supplementary information, https://www.ddtjournal.
com/action/getSupplementalData.php?ID=257). The 
MIC values in RPMI was also in line with these trends 

(1 µg/mL for NG-ITZ vs. 0.5 µg/mL for NG×PHA-
ITZ). Importantly, NG-ITZ demonstrated better in vivo 
antifungal effect than free ITZ (ED50 > 4.7 mg/kg larva), 
though not as effective as NG×PHA-ITZ. Moreover, 
NG-ITZ exhibited greater batch variability in antifungal 
effects compared to NG×PHA-ITZ, underscoring 
NG×PHA's potential as a more consistent and reliable 
antifungal drug carrier, with enhanced fungal interaction 
and improved biodistribution.

4. Discussion

Phosphate functionalization of NGs enhances their 
interactions with fungi and promotes faster internalization 
by silkworm granulocytes, which are similar to 
mammalian neutrophils and play a key role in the initial 
recognition of foreign materials (38,39). This dual effect 
strikes a balance between improved antifungal activity 
and increased immune cell uptake, illustrating the trade-
off in systemic antifungal delivery strategies. Notably, 
both unmodified and phosphate-functionalized NGs 
selectively interact with granulocytes, rather than the 
plasmatocytes, emphasizing their potential for immune-
specific targeting. The accelerated internalization of 
phosphate-functionalized NGs further underscores their 
enhanced functionality, suggesting broad applications, 
including optimizing drug delivery to specific immune 
cell populations.
 While the biodistribution patterns of PG-SH-based 
NGs in animal models remain limited, our findings 
(Figures 4A-4B) align with previous data on Cy7-labeled 
PG-SH-based NGs in mice (Cy7-NG×HEA quenched 
with 2-hydroxyethyl acrylate) (12). In vivo imaging in 
mice, particularly at 3 h post injection, revealed that 
Cy7-NG×HEA was primarily cleared via hepato-biliary 
excretion (liver and intestine) rather than renal clearance 
(kidneys and bladder), likely due to the NG's particle 
size (12). The similarity in biodistribution patterns 
between silkworms and mice reinforces the silkworms 
as a reliable and cost-effective tool for initial nanocarrier 
biodistribution studies.
 Our findings further demonstrate that NG×PHA-
ITZ delivers superior in vivo antifungal effects with 
less variability compared to NG-ITZ (Table S4, https://
www.ddtjournal.com/action/getSupplementalData.
php?ID=257), highlighting NG×PHA as a promising 
nanocarrier. However, additional optimization is 
necessary to achieve fungal-specific drug delivery, as 
phosphorylation alone may not suffice. Future research 
will focus on quantifying the degree of phosphorylation 
in NG×PHA, exploring its tunability, and examining 
its impact on biodistribution. This could offer valuable 
insights into how surface functionalization influences 
nanocarrier behaviour. While potential heterogeneity 
introduced by PHA byproducts with multiple acrylate 
groups is expected to be minimal based on the synthesis 
process (40), their role in structural homogeneity and 
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biodistribution remains an important consideration. 
Future studies will aim to characterize these byproducts 
in greater detail to better understand their impact on the 
system's overall performance.
 Finally, the similar biodistribution patterns of NGs in 
silkworms and mammals further validate the silkworm 
model as an effective, cost-efficient platform for early 
in vivo evaluation of antimicrobial nanocarriers. This 
model provides critical insights into cellular interactions 
and biodistribution, informing the development of future 
antimicrobial therapies.
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