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ABSTRACT 
The interstitial space, a widespread fluid-filled compartment throughout the body, is related to many pathophysiological alterations 
and diseases, attracting increasing attention. The vital role of interstitial space in malaria infection and treatment has been neglected 
current research efforts. We confirmed the reinfection capacity of parasites sequestrated in interstitial space, which replenish the 
mechanism of recurrence. Malaria parasite-infected mice were treated with artemisinin-loaded liposomes through the interstitial 
space and exhibited a better therapeutic response. Notably, compared with oral administration, interstitial administration showed 
an unexpectedly high activation and recruitment of immune cells, and resulted in better clearance of sequestered parasites from 
organs, and enhanced pathological recovery. The interstitial route of administration prolongs the blood circulation time of artemisinin 
and increases its plasma concentration, and may compensate for the inefficiency of oral administration and the nanotoxicity of 
intravenous administration, providing a potential strategy for infectious disease therapy. 

KEYWORDS 
interstitial space, malaria, infection, recurrence, treatment 

 

1 Introduction 
Complex living organisms have typical soft matter with 
structure-function units in hierarchical encapsulation of the 
interstitium. Among these, interstitial architectures are formed 
from large porous network of fibers (such as extracellular 
matrix, loose connective tissue matrix) into gradually dense 
fibrous network. The matrix gel is extruded between single fiber 
lamellae, and the multilayer assembly eventually forms the 
generalized fascia, and compresses into a tendon or surrounds 
the interstitial space, which can interpenetrate all organs and 
muscles. Blood vessels, lymphatic vessels, and nerve bundles 
pass through the interstitial space. The most real image of life 
activities is the interstitial structure that runs through the whole 
body, with an internal green pathway (interstitial stream)—the 
“hierarchical complex fluid-interstitial stream” life model—which 
makes the whole body become an organic whole of flattened 
connections [1]. 

The interstitial fluid can work as a shock absorber to protect 
organs and tissues [2, 3]. The interstitial structure and com-
position vary in different organs, but are similar to some 
extent, consisting of flowing interstitial fluid and a complex 
network of collagen bundles [4]. In addition to nutritional and 
mechanical support functions, interstitial space can also serve 
as a passage for the transportation of cancer cells, immune cells 
and microorganisms, and may be involved in cancer metastasis, 
fibrosis, and edema [4, 5]. In our previous studies, we used 
intervaginal space injection of different tracers to investigate the 
transportation behaviors of interstitial space, which confirm  

that certain interstitial space can work as a long-range and high 
efficiency connection route for mass delivery [6, 7]. Due to a 
typical delayering connection, interstitial space can quickly and 
directly transport substances from intervaginal injection sites 
to organs and tissues, and can even reach the central nervous 
system bypassing the blood-brain barrier, which indicates a 
superior pathway for drug delivery to treat cerebral diseases 
[1]. Recent studies have demonstrated that the subcutaneous 
interstitium can act as a reservoir of fibroblasts and scar-forming 
provisional matrix to quickly seal large open wounds, providing 
new insights on diabetic and ulcerative wounds [8, 9]. Besides, 
the cerebral interstitial space, surrounding arterioles and venules, 
play important roles in clearance of interstitial fluid and waste 
from the brain, and is known to be associated with aging, 
Alzheimer’s disease, diabetes, and malaria [10–15].  

Upon infection by Plasmodium, erythrocytes undergo extensive 
alterations in structural properties, resulting in increased 
membrane stiffness and viscosity [16]. Hence, the infected red 
blood cells (iRBCs) easily adhere onto vascular endothelium, 
activating leukocytes and endothelial cells. The sequestration 
of iRBCs leads to vascular obstruction and excessive secretion 
of cytokines, increasing vascular permeability [17]. Simul-
taneously, parasite-specific CD8+ T cells are recruited to the 
perivascular space, which damages the integrity of blood vessels 
[18]. The disrupted vascular integrity and increased vascular 
permeability induce vascular hemorrhage, accompanied by an 
enlargement of the perivascular space [19]. Many studies have 
observed that parasitized erythrocytes can be located within 
the interstitial space [18–21], which may cause a decrease in  
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the clearance rate of iRBCs by the spleen and increases the 
probability of recurrence after recovery. It is crucial to eliminate 
parasites sequestrated in perivascular space; however, the 
relationship between the interstitial space and malaria treatment 
has been unclear.  

Here, we explored the malaria infection process by interstitial 
injection of infected erythrocytes, compared with intravenous 
infection and intraperitoneal infection, evaluating the reinfection 
capacity of parasites sequestrated in interstitial space. Importantly, 
we treated infected mice with artemisinin-loaded liposomes 
(ALL) via interstitial space injection to investigate the potential 
of the interstitial space as a pathway in malaria therapy. 

2 Experimental 

2.1 Animals and malaria model 

All animal experiments were approved by the Institutional 
Animal Care and Use Committee. BALB/c mice (male, 20 ± 2 g) 
were purchased from Beijing Vital River Laboratory Animal 
Technology Co., Ltd (Beijing, China). Different malaria infection 
mice models were established by intravenous injection, 
intraperitoneal injection, and intervaginal space injection (ISI) 
with iRBCs. Experimental mice were inoculated with 1 × 107 
Plasmodium yoelii-infected erythrocytes in 0.1 mL saline solution. 
Infected erythrocytes stored at −80 °C were first activated by 
inoculating donor mice. Thereafter, freshly infected blood was 
collected in anticoagulant tubes from the ocular venous sinus 
of donor mice and used to establish the malaria models. 

2.2 Preparation of ALL 

Thin film hydration method was used to prepare liposomes. 
Briefly, a mixture of lecithin, cholesterol, and artemisinin in a 
25:5:7 mass ratio was dissolved in chloroform/methanol (2:1, v/v) 
solution. Under reduced pressure and 40 °C, the solution was 
evaporated to form a phospholipid film using a rotary evaporator 
(DLAB, China), which was subsequently dried under nitrogen. 
Thereafter, normal saline was added to hydrate the phospholipid 
film for 30 min at 60 °C, followed by sonication for 15 min in 
a bath sonicator at 42 kHz and 100 W. The resulting liposomes 
were subsequently extruded through a 100 nm polycarbonate 
porous membrane using an extruder (Avestin, Canada). 

2.3 Characterization of ALL 

The size, polydispersity index, and zeta-potential of ALL were 
measured by dynamic light scattering (Malvern, UK). Mea-
surements were performed in triplicate at room temperature. The 
morphology of liposomes was characterized by a transmission 
electron microscope (TEM) (Hitachi, Japan). A drop of 
diluted ALL was placed onto a carbon-coated grid and air-dried. 
Thereafter, a drop of 1% uranyl acetate stain was deposited 
onto the grid. The grid was subsequently dried and visualized 
under a TEM.  

2.4 Drug treatment 

After three days of infection with P. yoelii, mice with 30% 
parasitemia were randomly divided into three groups of six mice 
each. One group was treated intragastrically with artemisinin 
at a dosage of 100 mg/kg, once a day, for six consecutive days. 
The other two groups were injected with an equivalent amount 
of ALL in 0.1 mL saline solution using intervaginal space 
injection at the upper limb and lower limb. 

2.5 Blood smear 

Once mice were infected with parasites, peripheral blood smears 

were made daily to monitor the growth status of the parasite. 
The tail was cut off a little and squeezed to form a drop of blood 
on a glass slide, and a thin film of blood was made by spreading 
the blood. Smears were air-dried and fixed with methanol. 
Subsequently, blood smears were stained in 10% Giemsa 
solution (Solarbio, China) for 15 min, rinsed with distilled 
water, and dried at room temperature. The blood smears were 
visualized under a light microscope with 100× oil immersion 
lens (Nikon, Japan). Parasitemia was calculated by counting 
the number of infected red blood cells per 1,000 cells. 

2.6 Hematological measurements 

Fresh blood samples were drawn from the ocular venous sinus 
and placed in ethylene diamine tetraacetic acid (EDTA) tubes 
(BD, USA). A total of 100 L of blood sample without coagulant 
was loaded onto an automatic cell counter (Tecom Science, 
China). Hematological parameters, such as red blood cells 
(RBCs) count, hematocrit, hemoglobin (HGB) concentration, 
lymphocyte (LYM) count, and white blood cell (WBC) count, 
were also obtained from the machine. 

2.7 Histopathological analysis 

Liver and spleen from mice of both infection and therapy 
models were harvested and fixed in 4% paraformaldehyde 
(Solarbio, China) for histopathological analysis. The samples 
were dehydrated using a graded series of alcohol, followed  
by embedding in paraffin wax. Thereafter, the samples were 
sectioned with a microtome (Leica, Germany), stained in 
hematoxylin and eosin solution (Solarbio, China), and visualized 
using light microscopy.  

2.8 Plasma concentration by LC-MS 

Normal healthy mice were divided into two groups for 
artemisinin treatment at a dosage of 100 mg/kg. A group was 
treated with artemisinin by oral administration, and the other 
was treated with ALL by interstitial administration. Blood samples 
were drawn from the ocular venous sinus before dosing and at 
0.5, 1, 1.5, 2, 4, 6, 8, 16, 24 h post-dosing. All anticoagulative 
blood samples were centrifuged at 5,000g for 15 min at 4 oC to 
obtain plasma. A mixture of 100 μL of plasma and 400 μL 
acetonitrile was centrifuged at 15,000g at 4 oC for 15 min. The 
supernatant was obtained and filtered through an organic filter 
membrane. Artemisinin standard was diluted with acetonitrile 
to give working solutions of 20, 50, 100, 200, 500, 1,000, 2,000, 
5,000 ng/mL. Calibration standards were prepared by mixing 
50 μL of working solution and 100 μL of drug-free plasma  
and 350 μL acetonitrile. This mixture was treated as described 
above and 2 μL of each sample was injected into an liquid 
chromatography-mass spectrometer (LC-MS) system for 
analysis. 

The LC-MS analysis was performed using a LCMS-8050 
triple quadrupole mass spectrometer (Shimadzu, Japan). 
Chromatographic separation was achieved on a C18 column 
(2.1 mm × 150 mm, 3 μm, Shimadzu, Japan). The mobile phase 
consisted of acetonitrile/0.1% formic acid (85:15, v/v), delivered 
at a flow rate of 0.3 mL/min. Quantification was achieved using 
reaction monitoring for the transitions m/z 283 to 265. 

3 Results 

3.1 Infection process by injection of interstitial space 

To verify the infectivity of parasites sequestrated in interstitial 
space, we injected P. yoelii-infected erythrocytes into interstitial 
space by ISI. Two injection sites of interstitial space were chosen 
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in the carpal tunnel and the tarsal tunnel, according to our 
previous studies [5, 6].  

ISI in the upper limb (i.s.u.) can reach axillary artery along 
the continuous channel (Fig. 1(a)). Similarly, ISI in the lower 
limb (i.s.l.) converge in the groin by following the perivascular 
space of the femoral artery or the saphenous vein (Fig. 1(b)). 
After infection by ISI, the site was resected and fixed for 
histological sectioning. These sections were stained with 
hematoxylin and eosin, and confirmed the presence of parasites 
in the reticular structure of interstitial space (Fig. 1(c)). The 
network is defined by collagen bundles, with blank spaces for 
liquid transportation. Parasites can also be witnessed outside 
the blood vessel, proving the successful injection into perivascular 
space (Fig. 1(d)). Besides, we also observed that malaria parasites 
were attempting to traverse the endothelial cells into the vascular 
lumen (Fig. 1(e)). After injection into intervaginal sites, parasites 
inside erythrocytes can progress through their erythrocytic 
stage. Once matured, merozoites released from red blood cells 
can complete their intact life cycle by invading healthy red 
blood cells leaked in interstitial space or attempt to enter into 
blood vessels and return back to blood circulation. Merozoites 
can quickly move to capillaries along interstitial space based 
on the delayering connection, which makes it easier for parasites 
to invade into thin vascular wall (Fig. 1(f)). Once in the 
blood vessel, parasites can start their new life cycle in blood 
circulation. 

Interstitial system wreathes and interpenetrates all organs, 
muscles, blood vessels, and neuropil, playing vital roles in 
architectural function, morphogenesis and signal transmission. 
The interstitial membrane (generalized fascia) works as a strap 
tube that surrounds vessels and nerves (Fig. 1(f)), separating the 
neurovascular bundle transmission systems from surrounding 
tissues. These inclusions inside interstitial space can work 
independently, but affect each other. Nerves can secrete hormones 
and neurotransmitters that affect the behavior of blood vessels 
and interstitial stream, and vice versa, the mass transportation 
of vascular system and interstitial stream give feedback to  
the nervous system. Proteins and free cells can leak out from 
vessels into interstitial space to regulate osmotic pressure and 
pathological conditions of the interstitial system. Meanwhile, 
the alteration of conformation and mechanical properties of 
interstitial protein fiber can influence the condition of blood 
flow. Hence, it is nonnegligible to take interstitial system into 
consideration when diseases take place. Interstitial space can 
act as a transportation pathway as blood vessels, but they are 

not only different in the substances transported but also in the  
way of transport. As an interconnected whole, the human body 
relies on connective tissue to separate and connect functional 
structures. The blood is the main line of nutrition and 
substances transportation. In order to connect all living cells, 
the aorta needs to be divided into arterioles. Most of blood 
vessels are bifurcated, as many bifurcations are needed to fill  
the whole space. The fractal dimension of vascular network of 
multiple organs varies from 1.8 to 2.8 due to different organ 
properties and calculation methods [22]. In contrast, the 
generalized fascia system is wrapped around the tissue, which 
itself is a folded two-dimensional membrane, and it usually 
expands from a point to a multi-level wrapping structure. 
However, there are still no reports about the multi-level 
connection structure of fascial anatomy, and its fractal dimension 
has not been calculated. However, its connection distance should 
be less than the connection distance through the vascular 
network because the fractal dimension of its expansion 
characteristics should be less than 2. In addition, the number 
of bifurcations in each stage is far greater than 2, and the total 
number of bifurcations is far less than the number of vessels, 
similar to the delayering tissue structure, which further reduces 
the level of connectivity between different structures. At the 
same time, the tissue expands outwards and increases the 
surface area under the shackles of generalized fascia. Therefore, 
when injected at the interstitial convergence position, the 
expansion of the membrane area and negative pressure will 
cause the injected substances to flow to the enlarged tissue, such 
that it spontaneously gather around cell clusters and more easily 
invade the capillary network. 

3.2 Comparison of infection rate by different injection 

methods 

In order to verify the validity of interstitial injection, mice were 
also intravenously (i.v.) and intraperitoneally (i.p.) injected 
with P. yoelii-infected erythrocytes, and the infection rate was 
compared with i.s.u. and i.s.l. for seven consecutive days. Blood 
smears were prepared every day to monitor the infection rate 
(Fig. 2(a)). In the first two days, plasmodia could barely be 
seen in blood smears of all four groups. Although larger amounts 
of plasmodia were directly injected into the blood by i.v.,  
most of the organisms were eliminated by the macrophages or 
the spleen, while the rest hid themselves, resulting in the 
disappearance of iRBCs from the blood on the first day. On  

 
Figure 1 Infection by interstitial space injection. (a) Model was established by interstitial space injection in the upper limb (i.s.u.). Fluid can transport along
the space from injection site (red arrow) to axillary artery. (b) Model was established by interstitial space injection in lower limb (i.s.l.). The black infected 
blood can transport along femoral artery (red arrow) or saphenous vein (as showed in inset image) from injection site (black arrow) to groin (red arrow).
(c) Malaria parasites (brown, red arrow) were distributed in the reticular structure. (d) Malaria parasites (brown, red arrow) appeared outside a blood 
vessel. (e) Parasites (brown, red arrow), trying to invade a blood vessel, and enter blood circulation. (f) Schematic representation of interstitial infection. 
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the third day after injection, iRBCs could be observed in the 
blood. The i.v. group exhibited the highest amounts of iRBCs, 
while less than five iRBCs could be seen in one image of the other 
three groups. Four days post-infection, significant differences 
were seen among the four groups. The i.s.u. group showed 
unexpectedly large amounts of iRBCs, exceeding that observed 
in the i.p. group, while the i.s.l. group had the least number of 
iRBCs.  

As shown in Fig. 2(b), the i.v. group exhibited the highest 
infection rate, followed by the i.s.u. group. Malaria parasites 
injected by i.s.u. could easily arrive and invade into axillary 
artery, resulting in high similarity with i.v.. However, injection 
in the lower limb was a longer way to transport parasites to 
the liver and easier to be sequestrated halfway by the spleen. 
Hence, the i.s.l. group showed the lowest infection rate during 
the infection period. After five days of infection, the parasitemia 
of the i.v. group reached up to 70%, while that of the i.s.l. group 
was less than 20%. Due to high parasitemia, mice of the i.v. 
group died before the sixth day (Fig. 2(c)). As the parasitemia 
became more and more serious, all mice died. The mice of i.s.l. 
group survived up to day 8 with an exponential growth of 
infection rate. Parasites injected by i.v. directly entered the 
blood vessels, while parasites injected by i.p. first invaded the 

hepatocytes. 

3.3 Hematological alterations of interstitial infection 

Hematological parameters such as RBC count, HGB concen-
tration, LYM count, and WBC count are important indicators 
for disease diagnosis and treatment and can sensitively reflect 
pathological changes and disease progression in the body. We 
monitored these parameters daily to evaluate the degree of 
infection (Fig. 3). Consistent with results of the blood smear, 
there was no significant decrease in RBC count in the first two 
days. A noticeable change was seen from day 3. The i.s.u. group 
exhibited a faster decline in RBC count and HGB concentration 
than the i.s.l. group (Figs. 3(a) and 3(b)), indicating the occurrence 
of massive growth of malaria parasites. As the condition 
deteriorated, the RBC count decreased to 2 × 1012/L, resulting 
in severe anemia and even death.  

In contrast, WBC and LYM counts increased with time 
(Figs. 3(c) and 3(d)). During the first three days, there were no 
obvious alterations due to the absence of parasites in blood 
circulation due to the immune evasion by the parasites. Moreover, 
we observed that the WBC and LYM counts increased faster 
in the i.s.u. group compared to the i.s.u. group. The WBC count 
of the i.s.u. group increased five times than the normal value 

 
Figure 2 Comparison of different infection methods. (a) Blood smear images of 3–5 days after infection for different injection methods. Infected red 
blood cells were marked with red arrow. (b) Infection rate on five consecutive days. (c) Survival rate of mice infected using different injection methods. 

 
Figure 3 Hematological alterations of interstitial infection. (a) RBC counts. (b) HGB concentration. (c) WBC counts. (d) LYM counts. *** p < 0.01. 
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on day 4 after infection, and eight times on day 6. 

3.4 Histopathological alterations of interstitial infection 

The liver is the incubation site for malaria parasites while the 
spleen plays a key role in eliminating the invasive plasmodia. 
To better understand the infection process by ISI, liver and 
spleen sections were stained with hematoxylin and eosin  
(Fig. 4). Brown hemozoin granules make malaria parasites easily 
distinguished from surrounding cells. Similar to results from 
blood smears and hematological parameters, stained sections 
demonstrated no significant differences between the i.s.l. group 
and the i.s.u. group on day 3. Large amounts of brown granules 
could be seen in the liver sections from day 4 post-infection. As 
expected, the i.s.u. group hid more merozoites in hepatocytes 
than the i.s.l. group (Fig. 4). These recondite merozoites could be 
released into blood circulation, resulting in higher parasitemia 
and higher recurrence rate. On day 6 post-infection, the incubated 
parasites in the i.s.u. group were three times as much as that of 
the i.s.l. group. However, an obvious difference in the number of 
sequestrated parasites in the spleen was only observed on day 
3 post-infection. Due to a higher infection rate, more parasites 
of the i.s.l. group were trapped by the splenic red pulp. As the 
infection worsened, the spleen of both groups sequestrated 
more parasites, showing no obvious differences.  

Moreover, we compared the ISI group with the i.p. group  
to assess histopathological alterations caused by differences in 
injection methods. Interstitial space injection constrained the 
movement of parasites, causing a gradual invasion of blood 
vessels, resulting in lower evasion probability and easier 
recognition and sequestration by the spleen. Sequestrated 
parasites, although in small amount, can be clearly observed 
in spleen red pulp of the ISI group at 12 h post-infection, 
which was different in the i.p. group. Parasites injected by i.p. 
could directly invade the liver and incubate, hardly seen in the 
spleen on the first two days after infection; thus, they were 
observed in liver sections and not in spleen sections at 12 h 
post-infection. As expected, the i.p. group exhibited a larger 
number of resident merozoites in the liver on day 3 post- 

infection than the ISI group. This result demonstrates that   
ISI simulated the natural infection process to some extent, 
displaying slower histopathological alterations in accordance 
with natural events. 

3.5 Characterization of ALL 

Artemisinin, a sesquiterpene lactone with an endoperoxide 
bridge, is known for its antimalarial efficacy [23]. However, its 
poor aqueous solubility and short blood half-life obstruct its 
therapeutic efficacy, making drug-loaded carrier a potential 
way to enhance its bioavailability. We prepared ALL by thin 
film hydration method and evaluated whether the interstitial 
space can be utilized for malaria treatment. We characterized 
the ALL by negative staining using uranyl acetate and visualizing 
on a TEM (Fig. 5(a)). TEM image showed that the liposomes 
were spherical in shape  with good monodispersity. The mean 
hydrodynamic diameter measured by dynamic light scattering 
was 107.3 nm with a polydispersity of 0.19±0.08 (Fig. 5(b)). 

3.6 Decreased parasitemia after interstitial adminis-

tration 

Interstitial space had been reported as a pathway for the 
transportation of fluid into and out of the brain, which was 
related with the pathophysiology of neurodegenerative diseases 
[24–26]. Nanoparticles injected in interstitial space can reach 
organs faster than that injected by i.v., demonstrating a fast and 
direct transport pathway associated with organs [6]. Herein, 
we compared therapeutic efficacy in malaria parasite-infected 
mice treated with ALL by interstitial space injection and oral 
administration (p.o.) of artemisinin.  

High parasitemia (30%–35%) was modeled by i.p. to 
demonstrate the significant difference between the ISI group 
and the p.o. group. Blood smears were performed daily to 
monitor the alterations of infection rate after drug treatment 
(Fig. 5(c)). On the first day after administration, all groups 
exhibited a reduction of malaria parasites, but obvious differences 
among the two groups were observed. The p.o. group showed 

 
Figure 4 Histopathological alterations of interstitial injection. Liver and spleen sections stained with hematoxylin and eosin at 4–6 days post-infection. 
Sequestrated malarial parasites are marked with red arrows.
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a slightly decreased infection rate with visible mature schizonts, 
which indicated the incomplete clearance of parasites within 
the pharmacodynamic time of artemisinin. Unexpectedly, the 
ISI group showed a better therapeutic effect with a largely 
decreased infection rate and insignificant number of matured 
parasites. This could be attributed to the longer circulation time 
of the liposome and its controlled release by the perivascular 
space. In the i.s.l. group, only individual merozoites dissociated 
outside RBCs, possibly attempting to invade the RBCs or freshly 
entered into cells, having been newly released from a hidden 
sanctuary. As for the i.s.u. group, a few schizonts stage can be 
seen in blood smear images and the amounts of infected 
erythrocytes were slightly more than the i.s.l. group. On day 2 
after administration, the i.s. group showed clean images with 
normal biconcave RBCs and invisible merozoites while the p.o. 
group still had visible merozoites inside erythrocytes.  

Due to high first pass metabolism and short half-life (1–1.5 h), 
artemisinin could only kill parasites in blood circulation but 
not the hidden ones, resulting in high infection recurrence 
rate, and blocking of blood vessels and perivascular spaces 
upon release of the hidden parasites from the liver. From day 3 
after treatment, iRBCs were barely visible in all three groups. 
However, a few free parasites were observed outside erythrocytes, 
which indicated that the hidden parasites were gradually being 
released into blood circulation, although the blood smears 
presented no iRBCs a day before. Polychromatic red cells 
(grayish blue), or immature red blood cells, appeared in blood 
smear after treatment, indicating the strong hematopoietic 
function of bone marrow and the high activity of RBCs 
production. Herein, we demonstrated that the treatment by 
interstitial space exhibited a better therapeutic effect than the 
oral administration, which should be taken into consideration 
as a potential therapy route. 

3.7 Improved hematological parameters after interstitial 

administration 

We further assessed hematological parameters to monitor the 
recovery status of infected mice after artemisinin treatment 
(Fig. 6). Main indicators of blood test, including RBC count,  

HGB concentration, WBC count, and LYM counts, were 
statistically compared in different treatment delivery methods. 
In the first three days, the p.o. group exhibited high infection 
rate, and large amounts of iRBCs were destroyed and eliminated 
after drug administration. Consequently, rather than increasing, 
the RBCs number of the p.o. group decreased in the first three 
days post-administration. Four days post-administration, an 
RBCs counts tend to increase in the p.o. group, which was 
consistent with blood smear. In contrast, the ISI group exhibited 
a steady increase in RBC count and HGB concentration, which 
returned to normal levels after a one-week treatment regime. 
Further, the ISI group showed higher WBC and LYM counts 
than the p.o. group on days 3 and 4 after treatment, which 
indicated a better lethal effect on parasites. Based on these 
results, we concluded that artemisinin treatment by ISI exhibited 
a better blood restorative capacity and a better regulation effect 
on immunocytes in malaria parasite-infected mice. 

3.8 Histopathological recovery after interstitial 

administration 

After the infected mice were treated with ALL by interstitial space 
injection, the liver and spleen were sectioned and stained by 
hematoxylin and eosin to evaluate the recovery status of these 
organs (Fig. 7(a)). As the liver is the incubation site for parasites, 
the more the number of parasites hidden in the liver, the greater 
the chance of recurrence. Compared with liver sections from 
infected mice without drug treatment, drug treatment resulted 
in largely decreased number of parasites resident in liver. With 
time, fewer parasites resided in liver. There were still some 
visible parasites present in liver on day 5 post-administration, 
coinciding with the appearance of blue RBCs on blood smear 
images. After one week of drug administration, parasites were 
hardly seen in liver. Similar to the liver, spleen also started 
returning to normal. Observations on the first day of drug 
administration revealed large amounts of sequestrated parasites 
in spleen red pulp, reflecting the decline in blood circulation. 
After several days of treatment, the number of parasites trapped 
in the spleen decreased largely, consistent with the diminishing 

 
Figure 5 Interstitial administration of ALL for malaria treatment. (a) TEM images of ALL. (b) Hydrodynamic diameter of ALL measured by dynamic light
scattering. (c) Blood smear images after treatment by different routes of administration. Infected red blood cells are marked with red arrow. I3: day 3 after 
infection. D1–D4: days after treatment. 
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infection rate.  
Moreover, we compared sections from the ISI group with 

the p.o. group. As already known, malaria parasites can escape 
from being killed by immunocytes expressing proteins. Hence, 
plasmodia can live in hepatocytes free of immune attack  
(Fig. 7(b)). After artemisinin treatment by p.o., a few immunocytes 
could be seen around the parasites in the liver. In contrast,  
we observed a large number of immunocytes surrounding 
plasmodia in the liver sections from ISI group, indicating that 
interstitial space treatment activated and recruited immunocytes 
to facilitate the elimination of parasites resident in the liver 
(Fig. 7(c)).  

3.9 Increased plasma concentration after interstitial 

administration 

Next, we analyzed drug plasma concentration after interstitial 
administration compared with oral administration using 
LC-MS (Fig. 7(d)). Artemisinin exhibited low water solubility, 
high first pass effect and short half-life, so that it could not 
fully exert its efficacy after oral administration. Plasma levels 
of artemisinin reached peak value around 0.5 h, and decreased 
gradually in p.o.. The plasma concentration of artemisinin 
after oral administration was negligible after 4 h post-dosing.  

In interstitial administration group, we treated mice with 

 
Figure 6 Improved hematological parameters by interstitial administration. (a) RBC count. (b) HGB concentration. (c) WBC count. (d) LYM count. 
*** p < 0.01. 

 
Figure 7 Histopathological recovery after interstitial treatment. (a) Liver and spleen sections stained with hematoxylin and eosin at days 1, 3, and 5 after 
drug administration. Sequestrated malarial parasites are marked with red arrows. (b) Liver section before drug treatment without immunocytes
surrounding parasites (brown, red circles) (left); liver section on day 3 after treatment by p.o., with few immunocytes surrounding the parasites (brown, 
red circles) (middle); liver section on day 3 after treatment by ISI with a large number of immunocytes surrounding the parasites (brown, red circles).
(c) Schematic diagram of interstitial administration. (d) Plasma concentration-time profile of artemisinin in mice. 
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equivalent ALL. Significant difference could be seen between 
p.o. and i.s.l. groups. At 0.5 h post-dosing, the plasma con-
centration of interstitial group reached the highest value, three  
folds higher than oral administration. Notably, interstitial 
administration resulted in higher plasma concentration than 
oral administration over a long dosing period, and artemisinin 
was detectable even after 8 h of administration, which contributes 
to the rapid decrease in the number of malaria parasites. 

4 Discussions 
Current mechanism of recurrence has been ascribed to 
incomplete elimination of parasites in the liver and blood, 
ignoring the importance of the presence of interstitial space. 
Based on our findings in the current study, we propose an 
additional recurrence model, in which parasites sequestrated 
in interstitial space can traverse through endothelial cells into 
the vascular lumen and start their new life cycle. As mentioned, 
parasitized erythrocytes can slip into interstitial space due to 
disrupted vascular integrity and vascular hemorrhage, providing 
a refuge for parasites from immune detection and drug killing. 
Considering its short half-life and suboptimal concentration, 
it is difficult for artemisinin to reach the interstitial space. The 
parasites inside erythrocytes can continue to grow and mature 
until the cells break and release merozoites into the interstitial 
space. These merozoites can invade normal erythrocytes in 
interstitial space or traverse through the endothelial cells into 
blood circulation. Besides, flattened interstitial connection makes 
it easier for merozoites to arrive at the capillary network.   
As known, capillaries are the main sites of substance exchange 
between blood and surrounding tissues. Capillary permeability 
plays vital role in controlling the substance exchange between 
blood plasma and interstitial fluid [27]. The permeability depends 
on the structure of capillaries, such as endothelial intercellular 
junctions, plasmalemmal vesicles and fenestrae [28]. These open 
intercellular junctions and fenestrae permit direct contact 
between blood and interstitial fluid, resulting in the fusion of 
capillary network and interstitial stream. Thus, it is easier for 
merozoites to invade blood vessels at the terminal vascular 
bed, not only because of the thin capillary wall, but also because 
of this fusion. 

In addition to being a sanctuary for mature merozoites, 
interstitial space also played a vital role at the beginning    
of infection. The infection process is initially triggered when 
Plasmodium sporozoites are injected into the skin of the 
mammalian host by the bite of Anopheles mosquito. The 
sporozoites travel from the bite site to the liver, where they 
invade hepatocytes and differentiate into merozoites [29, 30]. 
The journey of sporozoites includes penetrating cell barriers, 
migrating into dermal space, entering blood vessels, and crossing 
liver sinusoids [31]. The perivascular arena provides two 
possibilities of gliding motility to parasites—avascular motility 
and perivascular motility [32]. Outside the perivascular space, 
the initial avascular motility of parasites is random over a 
large area, increasing the probability of parasites encountering 
blood vessels. However, the movement inside the perivascular 
space is more constrained and tends to follow the curvature of 
blood vessels, which makes it easier for parasites to enter the 
vessels [32]. Only a proportion of sporozoites successfully exits 
the dermis and enters blood vessels, whereas 20% are drained by 
lymphatics [33, 34]. Moreover, some sporozoites are engulfed 
by phagocytic cells in the dermis, while the rest can avoid 
being killed by traversing the epithelial cell and remaining in 
the dermal interstitium, maturing into intracellular stages [35, 

36]. Parasites that survive by residing in interstitial space later 
invade blood vessels and complete their erythrocytic stage. 
Therefore, in-depth study of the role of interstitial space at the 
beginning and after infection of malaria is of great significance 
for malaria prevention and treatment. 

During malaria treatment, we found that interstitial 
administration could not only prolonged drug blood circulation 
time but also increased the drug plasma concentration, which 
greatly improve the efficacy of artemisinin. In addition to 
enhancing drug efficacy compared to oral administration, drug 
given by interstitial space may also decrease the nanotoxicity 
caused by direct injection of nanoparticles into the blood. The 
selective permeability of vascular walls and the reticuloendothelial 
system makes disease therapy by interstitial administration 
safer. At the same time, interstitial administration may recruit 
immunocytes to facilitate the elimination of retained parasites. 
It has been reported that macrophages can enter into the 
interstitial space in response to the presence of foreign materials 
[3]. T cells can be recruited to the perivascular space during 
the development of experimental cerebral malaria [18]. Hence, 
interstitial treatment could be applied to activate immune 
response and invalidate immune evasion of malaria parasites. 
The mechanism of immunocytes recruitment during interstitial 
treatment is still unclear, which needs further studies. The 
injection of allogenic nanoparticles may activate autoimmunity, 
which may account for the immunocytes recruitment. Moreover, 
the signal transmission of nervous system may be affected by 
interstitial administration, which further modulates immune 
response. Similar with the fusion of capillary and interstitial 
stream, the transmission of neurotransmitters between neural 
network and tissue cells is accomplished in interstitial space. 
The communication between muscle and nerve depends on 
the neuromuscular junction, a synaptic connection where 
nerve ending contacts muscle fibers [37]. The neuromuscular 
junction is compose of nerve terminal, muscle fiber, and the 
non-myelinating Schwann cells, transmitting acetylcholine 
from neuron terminals to receptors on muscle fibers in 
interstitial space [38]. Drugs by interstitial administration may 
directly influence signal transmission or give another feedback 
to nervous system, resulting in immunoregulation in response 
to nerve activation. 

Similar to Plasmodium, other infectious agents, such as 
bacteria, virus, other parasites, may also be closely related to 
the interstitial space. The invasion of bacteria through an 
epithelial barrier activated interstitium resident macrophages, 
leading to recruitment of leukocytes into interstitial space and 
systemic immune responses [39]. Bacteria can evade host defense 
by secreting hemolysin to deplete perivascular macrophages, 
effectively preventing the recruitment of neutrophils into 
interstitium [40]. Virus may also disseminate in interstitial spaces 
surrounding blood vessels [41]. Hence, blocking immune 
escape and reducing retention in the interstitial space is vital 
for treating infectious diseases.  

In addition to dissemination in blood and interstitial  
stream, perineural spread is another pathway for tumor and 
neurotropic pathogens invasion in human. Tumors of head 
and neck can spread along the trigeminal and facial nerves, 
which can be clinically undetectable [42]. The diagnosis   
and treatment for perineural tumor spread are lacking and 
controversial due to unsuspected manifestation. Besides, a 
transcribrial route has been described, by which parasites  
and virus can reach brain from olfactory bulb along olfactory 
modulating nerves [43, 44]. The coronavirus infectious disease 
2019 (COVID-19) may also exploit this transnasal pathway to 
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affect the brain [45]. From this aspect, interstitial administration 
may be a potential way to treat perineural spread of tumors 
and virus. 

5 Conclusions 
In conclusion, we verified the infectivity of parasites sequestrated 
in interstitial space during interstitial infection, complementing 
infection recurrence. Compared with intravenous and intra-
peritoneal infection, interstitial infection exhibited a different 
infection rate and pathological alteration by including the 
perivascular space into the infection process. Further, we 
found that interstitial treatment unexpectedly activated and 
recruited a large amount of immunocytes to surround parasites 
resident in the liver, facilitating the elimination of parasites  
in malaria parasite-infected mice treated with ALL. Compared 
with oral administration, interstitial administration of 
artemisinin resulted in largely decreased infection rate and 
enhanced pathological recovery. This interstitial route lengthened 
the blood circulation time of artemisinin and increased its plasma 
levels, making up for the inefficiency of oral administration and 
the nanotoxicity of intravenous administration, thus providing 
a potential strategy for infectious disease therapy. 
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