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a b s t r a c t

Intravenous nanosuspensions are attracted growing attention as a viable strategy for development of in-

travenous formulations of poorly water-soluble drugs. However, only few information about the biological

fate of intravenous nanosuspensions is currently known, especially amorphous nanosuspensions are not

reported yet. In this study, the in vivo fate of herpetrione (HPE) amorphous nanosuspensions follow-

ing intravenous administration was explored by using an aggregation-caused quenching (ACQ) probe and

HPLC methods. The ACQ probe is physically embedded into HPE nanoparticles via anti-solvent method

to form HPE hybrid nanosuspensions (HPE-HNSs) for bioimaging. HPE-HNSs emit strong and stable fluo-

rescence, but fluorescence quenches immediately upon the dissolution of HPE-HNSs, confirming the self-

discrimination of HPE-HNSs. Following intravenous administration of HPE-HNSs, integral HPE-HNSs and

HPE show similar degradation and biodistribution, with rapid clearance from blood circulation and obvi-

ous accumulation in liver and lung. Due to the slower dissolution and enhanced recognition by reticulo-

endothelial system, 450nm HPE-HNSs accumulate more in liver, lung and spleen than that of 200nm

HPE-HNSs. These results demonstrate that integral HPE-HNSs determine the in vivo performance of HPE-

HNSs. This study provides insight into the in vivo fate of intravenous amorphous nanosuspensions.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Recently, intravenous nanosuspensions are attracted growing

attention as a viable strategy for development of intravenous for-

mulations of poorly water-soluble drugs [1,2]. Many studies have

been performed to investigate the systemic delivery of nanosus-

pensions [3,4], and demonstrate the superiority of intravenous

nanosuspensions over other intravenous nano-formulations, such

as high drug loading, less toxicity, simple production process and

universal adaptivity [5,6]. However, unlike the commercial success

of a dozen oral preparations [7], only several parenteral nanosus-

pension are available on the market [8], which may be mainly as-

sociated with various challenges of parenteral nanosuspensions de-

velopment, such as stability issues, potential toxicity of nanosus-

pensions accumulated in specific organs [6–11]. Currently, little in-

formation about the in vivo fate of intravenous drug nanosuspen-

sions is known, leading to limited knowledge about their toxicity.

Therefore, it is of tremendous importance to elucidate the in vivo

fate of intravenous nanosuspensions, which may facilitate devel-
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opment and more commercial success of intravenous nanosuspen-

sions.

Fortunately, a few researches have been performed to ex-

plore the in vivo fate of intravenous nanosuspensions and made

some interesting findings [12,13]. By establishing physiologically

based pharmacokinetic model, Dong et al. [12] demonstrated that

intravenous nanosuspensions of SNX-2112 rapidly released drug

molecules in vivo, exhibiting similar pharmacokinetic behaviors to

drug co-solvent. However, different in vivo fates between paclitaxel

nanosuspensions and solution (Taxol®) were found by tracking flu-

orescently hybrid nanosuspensions (HNSs), which was developed

by embedding traces of near-infrared (NIR) fluorophores into the

drug nanoparticles [13]. The paclitaxel HNSs were cleared rapidly

from the blood circulation by the MPS and retained in the major

organs (liver, lung, spleen and kidneys) for more than 48h, while

Taxol® was maintained in plasma longer, but distributed less to

the major organs and significantly eliminated within 24 h Notably,

along with the dissolution of paclitaxel HNSs in vivo, the NIR dyes

were released but still emitted fluorescence, which may result in

misunderstanding of the in vivo fate of paclitaxel HNSs.

In order to discriminate HNSs from released dyes, an

aggregation-caused quenching (ACQ) probe was utilized to prepare
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Fig. 1. Fluorescence emission spectra and fluorescence intensity of HPE-HNSs-200 in different water-ethanol solution systems (A). The change of the peak fluorescence

intensity with the increase of water ratio (B). Normalized value of non-dissolved HPE-HNSs-200 and residual fluorescence intensity percentage versus time during dissolution

(C). Correlation between dissolution and fluorescence quenching (D).

HNSs with self-discrimination for exploring their biological fate

[14–20]. The ACQ probes hold a basic BODIPY or aza-BODIPY struc-

ture and are hydrophobic [21]. The probes can emit near infrared

(NIR) fluorescence when molecularly embedded in HNSs, but ab-

solute fluorescence quenching occurs when they are released to

aqueous environments following the dissolution of HNSs, result-

ing from their self-aggregation due to intermolecular π-π stacking

in aqueous solution [14,18]. Therefore, the observed fluorescence

signal can be representative Aof integral HNSs due to the com-

plete elimination of free-probe interference. The ACQ probe has

also been employed for exploring the in vivo fate of a series of

drug nanocarriers [21–27]. By using ACQ probes, intravenous cur-

cumin nanosuspensions were demonstrated to be rapidly cleared

from blood and accumulated mainly in liver and lung for at least

48h [16]. Our group found that quercetin nanosuspensions exhib-

ited similar in vivo behavior to that of curcumin nanosuspensions

following intravenous administration [15]. However, the in vivo fate

of different drugs nanosuspensions may be drastically distinct due

to their various physicochemical properties [28]. Only few studies

are focus on the crystalline nansuspensions, the in vivo fate of in-

travenous amorphous nanosuspensions is not reported yet.

Therefore, the present study was designed to explore the in vivo

fate of amorphous nanosuspensions following intravenous delivery.

Herpetrione (HPE, Fig. S1A in Supporting information), a promis-

ing and potent anti-hepatitis virus agent with poor water solubility

that extracted from the seeds of Herpetospermum caudigerum Wall.,

was used as model drug [29,30]. The HPE-HNSs were prepared by

anti-solvent method using ACQ probe for live and ex vivo imaging,

while the HPE concentrations in plasma and main organs were also

determined.

HPE-HNSs with particle size around 200nm (HPE-HNSs-200)

and 450nm (HPE-HNSs-450) were successfully prepared. Their

physicochemical properties are shown in Table S1 and Fig. S1 (Sup-

porting information). HPE-HNSs-200 and HPE-HNSs-450 got aver-

age diameter of 201nm and 454nm, respectively, with PDI less

than 0.2 (Fig. S1B), indicating narrow size distribution [18]. Besides,

HPE-HNSs-200 and HPE-HNSs-450 show similar fluorescent inten-

sities that more than 1.0× 1010 [p/s]/[μW/cm²]. Both of HPE-HNSs-

200 and HPE-HNSs-450 are spherical under SEM (Figs. S1C and D).

No significant diffraction peaks are seen from the powder X-ray

diffraction patterns of HPE-HNSs and HPE raw material (Fig. S1E),

indicating their amorphous state.

In order to accurately monitor the in vivo fate of HPE-HNSs,

HPE-HNSs must have desired properties including good fluores-

cence stability, high water-quenching sensitivity and good syn-

chronicity between the dissolution of HPE-HNSs and fluorescence

quenching [14,18]. The fluorescence stability of HPE-HNSs-200 in

deionized water, phosphate buffers (pH 7.4) and rat plasma is

shown in Fig. S2A (Supporting information). The fluorescence in-

tensities of HPE-HNSs-200 remain relatively constant in deionized

water and phosphate buffers, with the fluorescence kept more than

80% over 48h, indicating quite stable of HPE-HNSs-200. About 20%

decrease of fluorescence intensity can be attributed to the dissolu-

tion of HPE-HNSs-200. More declination of fluorescence intensity

in plasma (about 30%) may be due to possible interactions of the

components in the plasma with HPE-HNSs, facilitating the dissolu-

tion of HPE-HNSs [31]. A high water sensitivity of the fluorescence

is observed upon the dissolution of HPE-HNSs-200. As shown in

Figs. 1A and B, the fluorescence of HPE-HNSs-200 declines slowly

as water increases to 60%, but sharply diminishes when the wa-

ter content increases from 60% to 80%, and quenches completely

when the water is around 80%. Figs. 1C and D show a good linear

correlation between undissolved HPE-HNSs-200 and residual fluo-

rescence intensities with correlation coefficients exceeding 0.9, in-

dicating good synchronicity between the dissolution of HPE-HNSs-

200 and fluorescence quenching. Similar results are observed for

HPE-HNSs-450 (Figs. S2B-F in Supporting information). These re-

sults suggest that fluorescent signals of ACQ probes can represent

integral HNSs and be used for tracking intact HPE-HNSs.

Animal care and experimental procedures were followed the

NIH Guidelines for the Care and Use of Laboratory Animals and ap-

proved by the Institution Ethical Committee of Air Force Medical

Center, PLA of China (No. 2020–148-PJ01). Following intravenous

administration, obvious fluorescent signals are observed in blood

for both of HPE-HNSs-200 and HPE-HNSs-450 (Fig. S3 in Support-

ing information), with fluorescence retained in blood more than

12 h. Figs. 2A and C show that the fluorescence decreases rapidly

from 5min to 4h and slowly thereafter to 36 h. Only 15.64% and

Fig. 2. Kinetic profiles of HPE-HNSs (A) and pharmacokinetic curves of HPE (B) following intravenous administration of HPE-HNSs. Enlargement of the kinetic profiles of

HPE-HNSs (C) and pharmacokinetic curves of HPE (D) within 0–4 h The HPE-HNSs in kinetic profiles were expressed by quantifying average radiant efficiency (ARE) of

different time point blood samples.
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Fig. 3. Live imaging of fluorescence for rats after intravenous administration of HPE-HNSs.

20.05% fluorescence remains in blood circulation at 4h for HPE-

HNSs-200 and HPE-HNSs-450 as compared to the fluorescence

measured at 5min, demonstrating rapid clearance of integral HPE-

HNSs from blood circulation. HPE concentrations fall faster as com-

pared to fluorescence, only about 4% of HPE remains in plasma at

1h for both of HPE-HNSs-200 and HPE-HNSs-450 (Figs. 2B and D).

The main pharmacokinetics parameters of fluorescence intensity

and HPE are shown in Tables S2 and S3 (Supporting information).

The AUC0-t and MRT0-t of HPE-HNSs-450 based on average radi-

ant efficiency (ARE) are higher than that of HPE-HNSs-200, which

may be due to the slower dissolution of the larger nanosuspen-

sions [32]. The pharmacokinetics parameters of HPE show no sig-

nificant difference between HPE-HNSs-200 and HPE-HNSs-450.

Live imaging shows the translocation of integral HPE-HNSs in

vivo following intravenous administration (Fig. 3). Both of HPE-

HNSs-200 and HPE-HNSs-450 are pervasively distributed through-

out the body until 36h, with high accumulation in the abdominal

area, mapping reticulo-endothelial system (RES) organs. HPE-HNSs-

450 seems to accumulate more in the abdominal area (RES organs)

of rats as compared HPE-HNSs-200. These results demonstrate that

intravenous HPE-HNSs are mainly captured by RES organs and the

larger ones are captured in more amounts. The slower dissolution

of HPE-HNSs-450 may also contribute its more retention of fluo-

rescence in vivo. Similar results were reported in previous studies

with intravenous administration of curcumin HNSs and quercetin

HNSs [15,16]. Fluorescence intensity appeared to be increasing af-

ter 24h, which might be caused by the reillumination of fluores-

cence, but this does not significantly interfere with the judgment

of the results [18].

Fig. 4A shows the ex vivo fluorescent images of major organs

following intravenous administration of HPE-HNSs. The fluorescent

signals appear in all detected organs (heart, liver, spleen, lung

and kidney) along with the blood flow, with obvious accumula-

tion in liver, lung and spleen and less distribution in other or-

gans, indicating high accumulation of integral HPE-HNSs in RES

organs. This can be ascribed to the recognition and phagocyto-

sis of macrophages residing in RES organs [33]. The drastically

high accumulation of HPE-HNSs in RES organs is in coincidence

with the rapid clearance of HPE-HNSs from circulation as indicated

by pharmacokinetics study. Both of HPE-HNSs-200 and HPE-HNSs-

450 stay in liver and lung for at least 36 h HPE-HNSs-450 shows

stronger fluorescence in liver as compared to HPE-HNSs-200, and

the fluorescence in liver peaks at around 2h for HPE-HNSs-200,

while about 4h for HPE-HNSs-450. The faster phagocytic uptake of

smaller nanoparticles by liver tissue may contribute to the rapid

peaking of HPE-HNSs-200 [34], and the faster dissolution of HPE-

HNSs-200 due to its smaller size leads to less fluorescence reten-

tion in liver [35].

Fig. 4. Ex vivo imaging of organs after intravenous administration of HPE-HNSs (A). The heart, liver, spleen, lungs, and kidneys are shown from top to bottom in each picture.

Fluorescence quantification of total radiant efficiency (TRE) of main organs after intravenous injection of HPE-HNSs-200 (B) and HPE-HNSs-450 (C). AUC0-t of the integral

HPE-HNSs distribution in organs following intravenous administration (D).
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Fig. 5. Mean HPE concentration-time curves in organs for rats after intravenous ad-

ministration of HPE-HNSs-200 (A and B) and HPE-HNSs-450 (C and D). Enlargement

of the Mean HPE concentration-time curves in organs for rats within 0–4h (B and

D). AUC0-t of the HPE distribution in organs following intravenous administration

(E).

The fluorescent intensity of each organ was quantified by re-

gions of interest (ROI) method based on total radiant efficiency

(TRE) (Figs. 4B and C). The TRE values in liver present a trend of

rapid increment and gradual drop for both of HPE-HNSs-200 and

HPE-HNSs-450, but display different peak times. The TRE values in

lung show similar increase trend to liver, but decline more slowly.

The AUC0-t based on TRE was calculated by Pharmacokinetic soft-

ware DAS2.0 using statistical moment model (Fig. 4D). The AUC0-t

in various organs shows an order of liver > lung > spleen ≈ kidney

> heart. As the volume of liver is the biggest among the tested or-

gans, the liver is undoubtedly the major destination of HPE-HNSs.

By calculation of AUC0-t, about 85% of integral HPE-HNSs accumu-

late in liver and lung for both of HPE-HNSs-200 and HPE-HNSs-450

among all tested organs, further confirming high accumulation of

integral HPE-HNSs in RES organs.

HPE concentrations in each organ were determined by HPLC

(Figs. 5A-D). No increase tendency but faster decline is observed

in the profiles of HPE in various organs for both of HPE-HNSs-

200 and HPE-HNSs-450, which is inconsistent with the TRE val-

ues. The AUC0-t of HPE concentrations is in the following order:

liver > lung > spleen > kidney ≈ heart (Fig. 5E). The distributions

of HPE in liver and lung are similar to the TRE, but are different

in spleen, kidney and heart. This may be due to that the detected

HPE in various organs include integral HPE-HNSs and released HPE

molecules, while the observed fluorescence only reflects the undis-

solved or partially dissolved HPE-HNSs but not released HPE. HPE-

HNSs dissolve continuously in vivo, but differently in various time,

therefore, the released HPE may account for major contribution

for the distribution of HPE-HNSs in some time points or organs.

HPE-HNSs-450 shows significantly higher AUC0-t in liver, lung and

spleen than those of HPE-HNSs-200 for both of TRE and HPE con-

centrations. The enhanced accumulation of HPE-HNSs-450 may be

attributed to the slower dissolution rate and enhanced recognition

by RES [33].

In conclusion, the ACQ probe is proven to represent integral

HPE-HNSs and can be used for accurately monitoring the in vivo

fate of HPE-HNSs. Following intravenous administration of HPE-

HNSs, integral HPE-HNSs are rapidly cleared from the blood circu-

lation, with obvious accumulation in liver, lung and spleen and less

distribution in other organs. HPE concentrations are found simi-

lar degradation in blood and biodistribution characteristics to inte-

gral HPE-HNSs. Due to the slower dissolution and enhanced recog-

nition by RES, HPE-HNSs-450 accumulate more in liver, lung and

spleen as compared to HPE-HNSs-200. These results demonstrate

that integral HPE-HNSs determine the in vivo performance of HPE-

HNSs. Our study provides insight into the in vivo fate of intra-

venous amorphous nanosuspensions.
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