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Abstract

Background: Achieving efficient extravascular nanoparticle delivery to deep viscera is
hindered by rapid reticuloendothelial clearance and multiple biological barriers. We
explored whether the linea alba (LA) interstitium acts as a route for gold nanoparticle
(AuNP) delivery. Methods: PEGylated 20 nm AulNPs were interstitially injected into the
rat LA under anesthetized, awake, electroacupuncture (EA), and moxibustion (Moxi)
conditions; paramedian muscle and tail vein injections served as controls. Results: Micro-
CT and ICP-MS showed that LA injection supported directional AuNP migration along
the midline, with relatively high normalized concentration-based index values for the
ovaries (23.04%) and bladder (20.22%). By comparison, intravenous injection was
associated with higher normalized values in the liver, spleen, and lungs. The awake state
promoted systemic entry of Au and splenic accumulation; EA increased Au distribution
within the uterus; and Moxi boosted systemic transport. Histology identified a loose
reticular collagen network with expanded interstitial spaces within the LA. Conclusions:
These findings suggest that the LA interstitium is a promising interstitial nano-delivery
pathway, where nanoparticle biodistribution can be tuned by physiological status and
physical stimuli.

Keywords: nanoparticles; gold nanoparticles; linea alba; interstitium; drug delivery

1. Introduction

Can interstitial administration of nanoparticles into the linea alba (LA) produce

distinct migration and biodistribution patterns compared with intravenous
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administration routes? Here, we hypothesized that the LA interstitium may support long-
range nanoparticle migration through its intrinsic anatomical connectivity and exhibit a
distinct organ distribution profile. We further hypothesized that LA-mediated transport
can be modulated by physiological state and external physical stimuli. To test these
hypotheses, we employed PEGylated gold nanoparticles (AuNPs, ~20 nm) as traceable
probes and combined Micro-CT imaging for real-time migration tracking with Inductively
Coupled Plasma-Mass Spectrometry (ICP-MS) for quantitative biodistribution analysis
across major organs.

Nanoparticle-based drug delivery systems have garnered substantial attention over
the past two decades owing to their tunable physicochemical properties, high drug-
loading capacity, and potential for controlled release [1]. To date, the vast majority of
nanomedicine administration strategies rely on the vascular route, with intravenous
injection being the most extensively investigated, which allows nanoparticles to directly
enter the systemic circulation and achieve whole-body distribution [2]. However, this
vascular-dependent paradigm has inherent limitations. Once in the bloodstream,
nanoparticles are rapidly opsonized by plasma proteins to form a “protein corona,” which
alters their biological identity and often triggers accelerated clearance by the
reticuloendothelial system [3-5]. Consequently, systemically administered nanoparticles
tend to accumulate predominantly in the liver, spleen, and lungs, whereas their
distribution to extrahepatic organs, particularly deep-seated pelvic organs such as the
bladder, uterus, and ovaries, may be limited [6,7]. Despite extensive efforts in surface
engineering, including PEGylation, ligand conjugation, and biomimetic coating, to
prolong circulation time and improve tissue distribution, efficient extravascular delivery
to pelvic tissues remains challenging [8,9]. These limitations underscore the need to
explore delivery routes that complement the conventional vascular system.

The interstitial space, which constitutes the microenvironment that nanoparticles
encounter immediately after extravasation, has recently attracted increasing attention as
a critical determinant of nanoparticle transport and distribution [10]. In solid tumors,
extensive research has demonstrated that nanoparticle penetration is severely hindered
by aberrant extracellular matrix remodeling, collagen densification, elevated interstitial
fluid pressure, and abnormal microvasculature, collectively forming formidable transport
barriers [11,12]. However, outside the pathological tumor context, normal tissues also
possess structured interstitial networks that may support fluid and particulate transport
within specific anatomical regions [13-18]. The landmark discovery by Benias et al. [19] of
a previously unrecognized, fluid-filled interstitial space network in human tissues
challenged the traditional view of the interstitium as merely a passive supporting
structure and suggested that it may function as a dynamic communication pathway. This
raises an intriguing possibility: can naturally occurring interstitial structures support the
migration of nanoparticles over anatomically extended distances and contribute to
distribution patterns that differ from those following conventional vascular
administration?

The LA, a tendinous structure formed by the interweaving of aponeuroses of the
abdominal wall muscles along the ventral midline—presents a particularly interesting
candidate in this context. Unlike adjacent paramuscular connective tissue, the LA is
characterized by a distinctive collagen fiber arrangement with longitudinally oriented,
loosely organized reticular networks and enlarged interstitial spaces, as revealed by recent
histomorphological studies [20]. Functionally, previous studies have reported low-
hydraulic-resistance pathways in the LA that support longitudinal tracer migration along
the midline [20]. Subsequent studies demonstrated that interstitial fluid transport within
the LA participates in acupuncture-induced remote tissue regulation and that
administration of exogenous substances into this region can be associated with their
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distribution to pelvic organs [21,22]. Notably, these findings have been primarily obtained
using small-molecule dyes and fluidic tracers, leaving a critical question unanswered: can
nanoparticles of nanoscale dimensions migrate following LA interstitial administration,
and does this administration route produce a biodistribution profile distinguishable from
that observed following vascular administration?

In the present study, in addition to characterizing the migration characteristics
associated with LA interstitial administration, we explored two biologically and
translationally relevant modulatory dimensions: (i) the influence of physiological state
(anesthetized resting vs. awake ambulatory status) and (ii) the impact of external physical
stimuli-specifically electroacupuncture and moxibustion-which represent clinically
utilized interventions known to affect interstitial fluid dynamics and local tissue perfusion
[3,23]. By systematically examining these variables, we aimed to characterize nanoparticle
migration and biodistribution following LA interstitial administration, compare
distribution patterns with those following intravenous administration, and assess their
modulation by physiological state and physical stimulation.

The findings of this study provide proof-of-concept evidence that LA interstitial
administration of AuNPs is associated with distinct migration characteristics and
biodistribution patterns, and that these patterns vary with physiological state and external
physical stimulation. Although the observed findings suggest that the LA interstitium
may be a useful anatomical site for exploring alternative approaches to nanoparticle
administration, the relative contributions of interstitial transport, lymphatic drainage, and
entry into the systemic circulation remain to be clarified. This study expands our
understanding of nanoparticle distribution following interstitial administration and
provides a basis for further investigating the potential of anatomically guided interstitial
delivery, particularly for applications involving pelvic organs.

2. Materials and Methods
2.1. Preparation of AuNPs

Chloroauric acid tetrahydrate (HAuCls-4 H2O, CAS NO. 10010711) and citrate (CAS
NO. 77-92-9) were purchased from Macklin Inc. (Shanghai, China). Mercapto
polyethylene glycol was obtained from Aladdin (Shanghai, China). All reagents were
used as received without further purification.

AuNPs were synthesized via citrate reduction in HAuCls according to a previously
described procedure [24]. All glassware was thoroughly cleaned before use. An aqueous
solution of HAuCl: (1 mM, 50 mL) was brought to a vigorous reflux under magnetic
stirring. A predetermined volume of sodium citrate solution was quickly added in one
portion. The reaction was refluxed for 15 min until a stable wine-red color developed. UV—
Vis absorption spectra were recorded using a UV1901PC spectrophotometer (Shanghai
AuCy Scientific Instrument Co., Ltd., Shanghai, China) over a wavelength range of 200-
800 nm at room temperature using a quartz cuvette, with a surface plasmon resonance
(SPR) absorption peak appearing at approximately 520 nm, indicating completion of the
reduction reaction. To reduce nanoparticle aggregation and improve colloidal stability
during storage, the AuNPs were subsequently modified with mPEG-SH (0.1 mM). The
morphology and core diameter of the AuNPs were characterized using a Talos L120C G2
transmission electron microscope (Thermo Fisher Scientific Inc., Waltham, MA, USA)
operated at an accelerating voltage of 120 kV.

The hydrodynamic diameter and zeta potential of the AuNPs were measured using
a Malvern Zetasizer Nano ZS90 (Malvern Panalytical Ltd., Malvern, Worcestershire, UK).
Approximately 1 mL of AuNP suspension was collected and sonicated for 5 min before
measurement. The sample was then slowly transferred into the measurement cuvette to
avoid bubble formation. The instrument was preheated for 30 min before measurement.

https://doi.org/10.3390/biomedicines14112534


https://doi.org/10.3390/biomedicines14112534

Biomedicines 2026, 14, 2534

4 of 18

Measurements were performed at 25 °C after a 30 s equilibration period using the
corresponding measurement programs for hydrodynamic diameter and zeta potential. At
each time point, the same AuNP suspension was measured three times as technical
replicates. The same suspension was monitored for 6 days, with results expressed as mean
+ SD of three technical replicates at each time point.

2.2. Animals

Forty-eight specific pathogen-free female Sprague-Dawley rats, aged 7-8 weeks,
were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China). Animals were housed individually in cages within the animal facility of the
Institute of Acupuncture and Moxibustion, China Academy of Chinese Medical Sciences
(clean-grade environment). The facility was maintained at (20 + 2) °C with a relative
humidity of (55 + 4)%, under a 12 h light/dark cycle (lights on: 8:00-20:00; lights off: 20:00-
8:00) with adequate ventilation. Rats had ad libitum access to standard chow and purified
water and were acclimatized for 1 week prior to experimentation. All animal procedures
were performed in accordance with the Regulations of the Medical Experimental Animal
Center of the China Academy of Chinese Medical Sciences. The experimental protocol
was approved by the Animal Ethics Committee of the Institute of Acupuncture and
Moxibustion (Approval No. D2023-01-10-01; Date: 10 January 2023). The rats were
randomly assigned into six experimental groups, each comprising eight animals: the
anesthesia group (Anesthesia), electroacupuncture group (EA), moxibustion group
(Moxi), awake group (Awake), and paramedian injection control group (Ctrl), and
intravenous injection group(i.v.) (n = 8). Following grouping, the corresponding
experimental procedures were performed as described below.

2.3. Experimental Design and Intervention Procedures

After abdominal depilation, rats in the Anesthesia, EA, Moxi, and Awake groups
received an interstitial injection of AuNPs (25 uL, 10 mg/mL, 20 nm) into the LA under
inhalation anesthesia. The injection site was located at the 2/5 point from the xiphoid
process toward the pubic symphysis along the linea alba, with an injection depth of
approximately 2 mm. All injections were performed by the same operator using a 0.45
mm diameter needle connected to a microinjection pump, with an injection volume of 25
uL over approximately 3 min. Subsequently, different conditions were applied for 20 min:
the Anesthesia group was maintained under anesthesia without additional stimulation;
the EA group received continuous-wave electroacupuncture stimulation (2 Hz); the Moxi
group received thermal stimulation using a lit incense stick positioned approximately 0.5-
1 cm above the injection site; and the Awake group was returned to the cage for
unrestricted activity. The Ctrl group received an equivalent dose of AuNPs injected into
the adjacent paramedian muscle layer at the same depth under inhalation anesthesia, and
all injections were performed by the same operator using a unified procedure.
Additionally, a separate i.v. group was included. AuNPs (30 puL, 10 mg/mL, 20 nm) were
administered intravenously. The i.v. volume was slightly increased from 25 pL to 30 uL
to compensate for potential injection-related residuals in the tail associated with the slow,
low-pressure pump infusion, thereby reducing variability in the amount delivered into
the body.

After completion of the experimental procedures, blood samples (100 pL) and major
organs, including the heart, liver, spleen, lungs, kidneys, uterus, ovaries, bladder, and
intestine, were collected. The wet weights of the collected organs were recorded, and
approximately 200 mg of each tissue sample was transferred into 15 mL centrifuge tubes
and stored at —20 °C for subsequent ICP-MS analysis. Abdominal wall tissues containing
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the injection region were collected and stored at 4 °C for Micro-CT imaging analysis

(Figure 1).
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Figure 1. Experimental design for evaluating AuNP transport and biodistribution after LA injection.

2.4. Micro-CT Imaging and Image Analysis

To visualize the three-dimensional distribution and migration characteristics of gold
nanoparticles (AuNPs) within the linea alba and surrounding tissues, Micro-CT imaging
was performed using a Zeiss Micro-CT 100 system (Zeiss Microscopy GmbH, Jena,
Germany). Samples were scanned at an X-ray energy of 45 kVp and a tube current of 88
HA (4 W), with a spatial resolution of 10 pm. The scanning field of view was set to a
diameter of 9 mm and a height of 78 mm, and a total of 260 tomographic slices were
acquired for each sample. The reconstructed three-dimensional datasets were generated
using the manufacturer’s reconstruction software. The spatial distribution patterns and
migration trajectories of AuNPs within tissues were subsequently visualized and
analyzed based on the reconstructed Micro-CT images. For quantitative Micro-CT
analysis, one sample per group was excluded because the AuNP signal in the region of
interest could not be clearly identified, preventing migration trajectory measurement,
resulting in a final sample size of n =7 per group.

2.5. Quantification of Au Content in Tissues by ICP-MS

Tissue and blood samples were collected for quantitative determination of Au
biodistribution. Approximately 200 mg of each tissue sample or 100 uL of blood was
transferred into digestion tubes, followed by the addition of 1 mL aqua regia composed
of concentrated nitric acid (HNOs, 69-71%; Kermel, Tianjin, China) and hydrochloric acid
(HC], 36-38%; Kermel, Tianjin, China) at a volume ratio of 1:3 (v/v). Samples were digested
in a thermostatic drying oven at 120 °C for approximately 30 min. After cooling, the
digested solutions were transferred, diluted to a constant volume with ultrapure water,
and subjected to gold-content quantification via an inductively coupled plasma mass
spectrometer (NexION 300D ICP-MS; PerkinElmer, Inc, Waltham, MA, USA).The
instrument was operated under the following conditions: RF power of 1550 W, plasma
gas flow rate of 18 L/min, auxiliary gas flow rate of 1.2 L/min, and nebulizer gas flow rate
of 1.08 L/min. Au concentrations were determined using calibration curves generated
from Au standard solutions. The percentage of injected dose per gram of tissue (%ID/g)
was calculated as C/Duotal x 100%, where C represents the Au content measured by ICP-
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MS in each tissue sample (ug Au/g tissue), and Drwta represents the total amount of Au
administered in a single injection (ug). To compare the relative Au enrichment among
different organs, the normalized concentration-based index for each organ was calculated
as its %ID/g divided by the summed %ID/g values of all analyzed organs, which was
defined as 100%. Each sample was measured three times as technical replicates, and the
mean of the three measurements was used for subsequent statistical analysis.

2.6. Immunofluorescence Staining of the LA

Following transcardial perfusion, abdominal wall tissue blocks (1 x 1 ¢cm, n = 3)
containing the LA and adjacent paramedian abdominal wall tissue were collected from
the same experimental cohort and post-fixed in 4% paraformaldehyde (PFA) at 4 °C for
4-6 h. The tissues were embedded in optimal cutting temperature (OCT) compound and
cryosectioned at 20 pum in horizontal and vertical orientations. The sections were
permeabilized with 0.5% Triton X-100 for 20 min and blocked with 10% donkey serum for
1 h at room temperature. The sections were then incubated overnight at 4 °C with primary
antibodies against COL-I (NB600-450, Novus Biologicals, Centennial, CO, USA, 1:1000),
LYVE-1 (675385, Cell Signaling Technology, Inc., Danvers, MA, USA, 1:400), and CD31
(AF3628, R&D Systems, Inc. (Bio-Techne), Minneapolis, MN, USA, 1:60). After three
washes with phosphate-buffered saline (PBS), the sections were incubated with the
corresponding fluorophore-conjugated secondary antibodies for 1 h at room temperature
in the dark. Following additional PBS washes, the sections were mounted using a DAPI-
containing mounting medium. Fluorescence images were acquired using a Nikon AX
high-resolution spectral imaging platform.

2.7. Masson Trichrome Staining of the LA

Abdominal wall tissue blocks (1 x 1 cm) containing the LA and adjacent paramedian
connective tissue were collected from three rats (1 = 3) from the same experimental cohort
and fixed in 4% paraformaldehyde (PFA) at 4 °C for 48 h. The tissues were dehydrated
through a graded ethanol series, cleared in xylene, paraffin-embedded, and sectioned at
10 pm. Sections oriented parallel (horizontal sections) or perpendicular (vertical sections)
to the abdominal wall were subjected to Masson trichrome staining. After
deparaffinization and rehydration, the sections were incubated in Bouin’s solution
preheated to 60 °C for 1 h to enhance staining intensity. The sections were then
sequentially stained with Weigert's iron hematoxylin, Biebrich scarlet-acid fuchsin,
phosphotungstic—-phosphomolybdic acid, and aniline blue according to the standard
protocol. After differentiation with 1% acetic acid, the sections were dehydrated, cleared,
and mounted using a resinous mounting medium. Images were acquired using a light
microscope.

2.8. Statistical Analysis

Statistical analyses and graphical presentations were performed using GraphPad
Prism software (Version 10.1.2; GraphPad Software, San Diego, CA, USA). Data are
presented as mean * standard deviation (SD). Data distribution was assessed using the
Shapiro-Wilk normality test. Comparisons between two groups were performed using
unpaired two-tailed Student’s t-tests. Multiple-group comparisons were conducted using
one-way ANOVA, followed by Tukey’s post hoc test. For comparisons across multiple
organs, a mixed-effects model was used, with treatment group and organ included as
fixed effects and animal identity as a random effect to account for within-animal
correlations among organ measurements. Tukey’s multiple-comparison test was used for
post hoc comparisons, and adjusted p values were reported. The p value < 0.05 was
considered statistically significant.
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3. Results
3.1. Synthesis and Characterization of AuNPs

AuNPs were prepared via citrate-mediated reduction in HAuCls and subsequently
stabilized with mPEG-SH (0.1 mM). UV-Vis spectroscopy revealed a surface plasmon
resonance peak at approximately 520 nm (Figure 2A). Transmission electron microscopy
(TEM) showed predominantly spherical nanoparticles (Figure 2B), with a mean core
diameter of 19.04 + 3.67 nm based on 100 particles (Figure 2C). TEM was used to determine
the physical diameter of the gold core, whereas dynamic light scattering (DLS) was used
to measure the hydrodynamic diameter in suspension. To monitor changes in the
physicochemical properties over time, the hydrodynamic diameter, polydispersity index
(PDI), and zeta potential of the same AuNP suspension were measured over 6 days
(Figure 2D,E; Supplementary Table S1). The mean hydrodynamic diameter ranged from
33.89 to 34.29 nm, the mean PDI from 0.288 to 0.324, and the mean zeta potential from
-16.6 to —15.5 mV. No marked changes in these mean values were observed during the
monitoring period, indicating that the measured parameters of this suspension remained
relatively consistent over 6 days.

PEGylated AuNPs were selected as tracer probes due to their high X-ray attenuation,
enabling direct Micro-CT visualization of migration without additional labeling, and
sensitive ICP-MS detection, allowing complementary evaluation of migration and tissue
distribution. However, ICP-MS only quantifies the total elemental Au content and cannot
differentiate intact nanoparticles from potentially transformed forms, such as protein-
bound or ionic gold species; the results represent elemental Au distribution rather than
confirmed intact nanoparticle accumulation. Moreover, the persistent nature of the gold
core and the lack of therapeutic payloads limit conclusions regarding long-term clearance,
safety, and therapeutic efficacy. Future studies should evaluate drug-loaded nanocarriers
with diverse physicochemical properties and particle sizes.
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Figure 2. Characterization and stability of AuNPs. (A) UV-Vis absorption spectrum of AuNPs; (B)
representative transmission electron microscopy (TEM) image, with a scale bar of 50 nm; (C) core
size distribution of AuNPs, with an average diameter of 19.04 + 3.67 nm; (D) changes in AuNP size

(measured by DLS) and (E) changes in zeta potential over 6 days.
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3.2. LA Interstitium Confers Distinct AuNP Migration Characteristics and Biodistribution
Patterns

Micro-CT imaging revealed markedly different AuNP distribution profiles following
injection into distinct anatomical sites (Figure 3A). In the Anesthesia group, AuNPs
exhibited partial longitudinal extension along the LA interstitial region, accompanied by
lateral diffusion into adjacent muscular tissues. In contrast, the Ctrl group (paramedian
muscle injection) displayed radial diffusion centered at the injection site. Quantitative
analysis showed no significant difference in AuNP migration trajectory length between
the two groups (Figure 3B). ICP-MS analysis demonstrated that blood Au content in the
Ctrl group was significantly higher than that in the Anesthesia group (* p < 0.05, Figure
3C). Further examination of Au distribution across major organs—including the heart,
liver, spleen, lungs, kidneys, uterus, ovaries, bladder, and intestine—revealed that the
Anesthesia group exhibited significantly elevated Au content in the kidneys (*** p <0.001),
ovaries (** p <0.001), and bladder (** p <0.01) compared with the Ctrl group (Figure 3D).
Moreover, comparative analysis of Au distribution using a normalized concentration-
based index following interstitial versus intravenous administration demonstrated
distinct organ distribution profile (Figure 3E-G). In the interstitial injection group, the
highest normalized concentration-based index values were observed in the ovaries
(23.04%) and bladder (20.22%), whereas the intravenous group showed the highest index
values in the spleen (36.76%), liver (18.20%), and lungs (15.03%). Collectively, these
findings indicate that AuNPs exhibit fundamentally different migration behaviors and
tissue distribution patterns following injection via the LA interstitium, paramedian
muscle, or tail vein, suggesting that the LA interstitium may constitute a nano-delivery
pathway distinct from the blood circulation route.

3.3. Physiological State Modulates AuNP Migration and Biodistribution via the LA Interstitium

To investigate the regulatory effect of physiological state on nanoparticle transport
through the LA interstitium, we compared AuNP migration characteristics and tissue
distribution between anesthetized and awake states (Figure 4). Micro-CT imaging
revealed distinct migration behaviors of AuNPs between the two groups (Figure 4A).
Compared with the Anesthesia group, the Awake group exhibited a broader longitudinal
distribution of AuNPs along the LA interstitium. Quantitative analysis demonstrated that
the AuNP migration trajectory length in the Awake group was significantly increased
relative to that in the Anesthesia group (*** p <0.001, Figure 4B). ICP-MS analysis showed
that blood Au content in the Awake group was significantly higher than that in the
Anesthesia group (*** p < 0.001, Figure 4C). Further examination of Au content in major
organs—including the heart, liver, spleen, lungs, kidneys, uterus, ovaries, bladder, and
intestine—revealed that the Awake group exhibited significantly elevated gold
accumulation in the spleen compared with the Anesthesia group (*** p <0.001, Figure 4D).
Collectively, these results suggest that, following LA interstitial injection, the awake state
is accompanied by a systemic distribution pattern, characterized by elevated blood Au
levels and increased splenic accumulation.
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Figure 3. AuNP migration and biodistribution. (A) Micro-CT images of AuNP migration,
Anesthesia vs. Ctrl, Scale bar: 50 um; (B) migration length of AuNPs, Anesthesia vs. Ctrl (1 =7); (C)
blood Au content detected by ICP-MS, Anesthesia vs. Ctrl (1 =38); (D) organ Au distribution detected
by ICP-MS, Anesthesia vs. Ctrl (n = 8); (E) schematic illustration of AuNPs administration routes,
Anesthesia vs. i.v.; (F) organ distribution of Au after tail vein injection (n = 8); (G) normalized
concentration-based index of Au (%), Anesthesia vs. i.v. (n = 8). (*) means p < 0.05; (**) means p <
0.01; (***) means p <0.001.
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Figure 4. Physiological state regulates AuNP transport and distribution. (A) Micro-CT images of
AuNP migration, Anesthesia vs. Awake, Scale bar: 50 pm; (B) migration length of AuNPs,
Anesthesia vs. Awake (n =7); (C) blood Au content detected by ICP-MS, Anesthesia vs. Awake (1 =
8); (D) organ Au distribution detected by ICP-MS, Anesthesia vs. Awake (1 = 8). (***) means p <
0.001.

3.4. External Physical Stimuli Alter AuNP Migration and Biodistribution via the LA Interstitium

To investigate the regulatory effects of physical stimuli on nanoparticle transport
through the LA interstitium, we compared AuNP migration characteristics and tissue
distribution following electroacupuncture and moxibustion interventions (Figure 5).
Micro-CT imaging revealed that, compared with the Anesthesia group, both the EA and
Moxi groups exhibited enhanced longitudinal distribution of AuNPs along the LA
interstitium (Figure 5A). Quantitative analysis demonstrated that AuNP migration
trajectory length was significantly increased in both the EA and Moxi groups (** p <0.01,
Figure 5B). ICP-MS analysis revealed differences in tissue Au distribution among the
Anesthesia, EA, and Moxi groups (Figure 5C). Mixed-effects model analysis showed a
significant main effect of organ (F(1.988, 41.74) = 13.90, p <0.0001) and a significant organ
x treatment interaction (F(16, 168) = 2.074, p = 0.0115), whereas the main effect of treatment
was not significant (F(2, 21) = 0.7642, p = 0.4782). In post hoc comparisons with the
Anesthesia group, the EA group exhibited significantly elevated Au content in the heart
(** p<0.01), liver (* p <0.05), lungs (* p <0.05), uterus (*** p <0.001), and blood (** p <0.01);
whereas the Moxi group showed significantly increased Au content only in the blood (**
p <0.01). Organ-to-liver Au content ratios were further compared among the Anesthesia,
EA, Moxi, Awake, and Ctrl groups. Significant group differences were observed in the
bladder-to-liver, ovary-to-liver, and uterus-to-liver ratios (* p < 0.05, ** p < 0.01, **** p <
0.0001, Figure 5D). Collectively, these findings suggest that electroacupuncture and
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Figure 5. Physical stimulation regulates AuNP transport and biodistribution. (A) Micro-CT images

of AuNP migration, Scale bar: 50 um; (B) migration length of AuNPs, group-to-group comparisons

(n=7); (C) ICP-MS analysis of Au content in major organs and blood, group-to-group comparisons

n =8); (D) organ-to-liver Au content ratios, group-to-group comparisons (n = 8). (*) means p < 0.05;
g group-to-group p p
(**) means p < 0.01; (***) means p < 0.001; (****) means p < 0.0001.

3.5. Structural Characteristics of the LA Interstitium

To characterize the structural features potentially relevant to interstitial transport in

the LA interstitium, Masson’s trichrome and immunofluorescence staining were

performed. Compared with the adjacent paramedian connective tissue, the LA exhibited

a distinctive interstitial architecture characterized by a continuous, relatively loose
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LA transverse

Abdominal wall

LA longitudinal

reticular network of collagen fibers, with enlarged interfibrillar spaces and diverse fiber
orientations. In contrast, the adjacent connective tissue showed more densely packed and
predominantly parallel collagen bundles with narrower interstitial spaces. Col-I
immunofluorescence staining further supported the presence of a relatively loose collagen
framework in the LA. Moreover, immunofluorescence staining for CD31 and LYVE-1
showed a large number of lymphatic capillaries and a small number of capillaries
distributed in the interstitial tissue of LA (Figure 6).

The porous loose connective tissue scaffold with ample space provides a low flow
resistance dynamic condition for the flow of free interstitial fluid [20]. This may underpin
the long-distance transport of Au through the LA. However, the present histological
findings characterize tissue architecture and do not establish a causal relationship
between collagen organization and nanoparticle migration. The respective contributions
of collagen organization, interstitial fluid dynamics, and the associated microvascular and
lymphatic structures remain to be determined.

DAPI COL-I Merge

s

Figure 6. Structural characterization of the LA. Representative Masson staining and
immunofluorescence images of COL-I in transverse LA and adjacent abdominal wall sections, and
LYVE-1 and CD31 in longitudinal LA sections (1 = 3). In the longitudinal LA sections, the white
arrow and the white dashed lines indicate the LA region. COL-I, white; CD31, red; LYVE-1, green;
DAPI, blue. S, skin; M, muscle. Scale bars: 500 um for Masson staining and 100 um for

immunofluorescence staining.

4. Discussion

The interstitium is no longer regarded as a mere passive structural scaffold; rather, it
is increasingly recognized as a dynamic transport microenvironment composed of ECM,
collagen, and elastic fiber networks, hyaluronan, proteoglycans, and interstitial fluid
[25,26]. A recent study indicated that interstitial spaces mediate local substance exchange
and the long-distance transport of macromolecules and nanomaterials in tissues [18,27-
29]. In the present study, AuNPs exhibited directional migration along the LA interstitium
and a distinct early biodistribution profile, with relatively high normalized concentration-
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based index values in selected pelvic organs. Notably, however, the comparable migration
trajectory lengths between the Anesthesia and Ctrl groups were not associated with
matching biodistribution profiles. This apparent dissociation may arise because trajectory
length quantifies the macroscopic spatial extent of particle migration, while subsequent
blood and organ distribution can be shaped by microscopic tissue architecture, local
diffusion, and the relative contributions of interstitial and vascular transport. Thus,
trajectory length alone may not fully capture the route-dependent distribution behavior
of AuNPs, and the Micro-CT and ICP-MS findings should be considered complementary
measures of nanoparticle distribution. Furthermore, histological examination further
revealed that the LA interstitium possesses a continuous reticular collagen framework and
enlarged interstitial spaces, features that are conspicuously absent in the adjacent
paramedian connective tissue. This distinctive structural organization may contribute to
the directional particle migration observed along the LA axis. The loosely woven collagen
framework and enlarged interstitial spaces may influence local transport properties,
although their specific effects on hydraulic resistance and convective transport remain to
be determined. These structural features provide an anatomical basis for further
investigating the role of the LA interstitium in nanoparticle transport.

The biodistribution profile resulting from LA interstitial administration differed
strikingly from that achieved via intravenous injection. Following intravenous
administration, Au predominantly accumulated in the liver, spleen, and lungs—organs
that constitute the RES and are characterized by high blood perfusion and abundant
phagocytic cell populations. The liver, as the largest metabolic and immunoregulatory
organ, possesses a rich sinusoidal architecture replete with Kupffer cells that efficiently
recognize and sequester circulating foreign nanoparticles through phagocytic and
endocytic pathways [30-32]. Similarly, the spleen’s open circulatory structure and its
immune microenvironment—comprising macrophages, dendritic cells, and
lymphocytes—enable continuous surveillance and clearance of blood-borne particulates,
promoting pronounced nanoparticle entrapment [5,33]. The lungs, with their high blood
flow, extensive capillary networks, and complex alveolar epithelial-macrophage
interfaces, also represent a major sequestration site during the first pass of the pulmonary
circulation [6]. After LA interstitial administration, the ovaries (23.04%) and bladder
(20.22%) showed the highest normalized concentration-based index values. These
findings are consistent with a contribution of interstitial migration along the LA pathway
to the observed distribution pattern, although the relative contributions of interstitial
transport, lymphatic drainage, and entry into the systemic circulation remain unresolved.
LA interstitial administration was associated with a distinct early biodistribution profile
compared with intravenous administration, although the underlying mechanisms remain
unclear. Furthermore, the temporal dynamics and relative contributions of interstitial and
systemic transport require further investigation.

Physiological state emerged as a significant modulator of LA-mediated nanoparticle
distribution. Under awake, ambulatory conditions, Au exhibited enhanced systemic
distribution compared with the anesthetized resting state, as evidenced by significantly
increased blood gold concentrations and concomitant splenic accumulation. One possible
explanation: rhythmic skeletal muscle contractions during voluntary movement augment
interstitial fluid-lymphatic coupling, driving convective migration of nanoparticle-laden
interstitial fluid toward lymphatic collectors and ultimately into the systemic circulation.
In contrast, despite diminished systemic distribution of Au under anesthesia, pelvic
organs, including the ovaries and bladder, exhibited markedly enhanced Au
accumulation. One possible explanation is that anesthesia-related changes in interstitial
fluid movement or lymphatic drainage may contribute to the observed distribution
pattern. However, lymphatic transport and local Au retention were not directly quantified
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in this study. The presence of lymphatic capillaries and relatively sparse blood capillaries
in the LA provides anatomical context for possible lymphatic involvement in AuNP
transport, but does not establish changes in lymphatic drainage under anesthesia. Such
alterations may reroute the dominant transport pathway of AuNPs from systemic
circulation to interstitial diffusion toward the pelvic region [34]. These findings suggest
that maintenance of a relatively quiescent state during the early period after LA interstitial
injection coincides with accumulation of nanoparticles in pelvic organs, whereas
increased physical activity is accompanied by their entry into the systemic circulation.
Collectively, these observations underscore that nanoparticle delivery strategies based on
endogenous interstitial networks must account for the dynamic equilibrium among
administration conditions, interstitial migration kinetics, and circulatory clearance—a
consideration that carries important implications for developing novel nano-delivery
approaches tailored to pelvic and deep-seated organ diseases.

Both electroacupuncture and moxibustion interventions significantly increased
AuNP migration along the LA interstitium; however, they produced distinct distribution
patterns. Electroacupuncture intervention was associated with a particularly pronounced
increase in Au accumulation in the uterus, while Au levels were also slightly increased in
several systemic organs, including the heart, liver, and lungs. The elevated AuNP
accumulation in non-pelvic organs may reflect the combined effects of electroacupuncture
intervention on local interstitial transport and systemic -circulatory distribution.
Mechanical stimulation, such as that generated by acupuncture needle manipulation, has
been shown to alter ECM tension and interstitial fluid dynamics; periodic mechanical
deformation can contribute to a “gel pump”-like effect within the interstitial matrix,
potentially facilitating long-range convection of interstitial fluid and associated solutes
[35]. Additionally, local mechanical stimulation may modulate ECM mechanical
properties and tissue-level mechanotransduction signaling [36]. We hypothesize that
electroacupuncture may influence AuNP transport toward pelvic structures, particularly
the uterus, by modulating local interstitial fluid dynamics and matrix—fluid coupling,
while also increasing systemic availability of a fraction of the transported AuNDPs,
although their relative contributions remain unresolved. However, moxibustion
produced a more pronounced increase in circulating Au levels, whereas its effect on pelvic
organ accumulation was comparatively limited. Previous studies have shown that
thermal stimulation can promote vasodilation, increase local blood perfusion, and
enhance microcirculatory exchange; elevated temperature may also reduce interstitial
fluid viscosity and alter matrix permeability, thereby potentially influencing local solute
transport [37]. These thermal effects are consistent with the increased circulating Au levels
observed after moxibustion in the present study. However, nanoparticle accumulation at
the organ level is influenced by multiple factors, including circulating AuNP levels, organ
perfusion, vascular permeability, tissue uptake, post-administration time, and clearance.
Thus, the comparatively limited increase in organ accumulation despite elevated
circulating Au levels may reflect inter-organ differences in these tissue-specific
determinants. Accordingly, the distribution pattern associated with moxibustion may
indicate a greater contribution of vascular—circulatory processes to systemic Au exposure,
although the relative contributions of these processes to tissue distribution remain
unresolved. Taken together, these findings suggest that physical stimuli may modulate
LA-associated nanoparticle distribution, with electroacupuncture associated with uterine
accumulation and moxibustion with systemic transport.

The present study provides proof-of-concept evidence that the LA interstitium can
support nanoparticle migration and is associated with distinct early biodistribution
patterns that vary with physiological state and physical stimulation. These findings
broaden the investigation of nanoparticle delivery beyond vascular administration by
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highlighting the potential of endogenous interstitial architecture to influence early organ-
level biodistribution. However, several limitations warrant acknowledgment. First, our
biodistribution assessments were conducted at a single acute time point (20 or 30 min
post-injection); the long-term retention, clearance kinetics, and potential degradation of
AuNPs delivered via this route remain to be characterized. Additionally, the injection
volumes differed between the LA and i.v. groups (25 vs. 30 uL), and potential tail retention
during i.v. injection was not quantified, leaving uncertainty about the actual dose entering
systemic circulation despite normalization to %ID/g. Second, although we have
established the structural correlates of LA transport, the precise molecular mediators,
including specific ECM components, adhesion molecules, or channel-forming proteins,
that govern particle movement within this interstitium have not been elucidated. Third,
this study describes only the delivery profile of AuNPs in the LA interstitium and does
not evaluate their therapeutic utility, long-term safety, clearance kinetics, or the delivery
of an active drug payload. Future studies should integrate real-time dynamic imaging
techniques with functional nanocarrier systems to delineate the spatiotemporal dynamics
and therapeutic applicability of LA-mediated delivery. As the transport characteristics
and regulatory mechanisms of the LA interstitium become increasingly clear, this
endogenous structural network may emerge as a valuable platform for developing next-
generation precision nano-delivery strategies.

5. Conclusions

This study provides evidence that the LA interstitium supports directional, relatively
long-range nanoparticle delivery and is associated with a distinct early biodistribution
pattern. Following LA administration, Au levels showed normalized concentration-based
index values of 23.04% in the ovaries and 20.22% in the bladder, compared with
predominant accumulation in the spleen (36.76%), liver (18.20%), and lungs (15.03%) after
intravenous administration. LA administration also increased Au content in the ovaries
and bladder compared with paramedian muscle injection. AuNP delivery were
modulated by physiological state and physical stimulation: the awake state increased
migration length and blood Au levels, whereas anesthesia was associated with relatively
greater pelvic distribution; electroacupuncture enhanced uterine Au accumulation, while
moxibustion predominantly increased circulating Au levels. Collectively, these findings
support the potential of the LA interstitium for nanoparticle transport and highlight its
modulation by physiological and physical conditions. As AuNPs were used solely as
tracers, this study provides preliminary proof of concept but does not establish delivery
efficacy or therapeutic benefit. Future studies should evaluate drug-loaded nanocarriers
for delivery efficiency, long-term biodistribution, clearance, and biosafety, which were not
assessed in the present study.
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