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Pressure-driven microinjection (PMI) of porous-coated
balloon for ultrafast endoluminal drug delivery across

biological barriers
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Biological barriers play a crucial role in safeguarding the human body against pathogens yet pose severe challenges
to efficient delivery of therapeutic drugs. Here, we introduce a pressure-driven microinjection (PMI) strategy for the
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robust and versatile delivery of functional species against biological barriers. With the benefits of elastic porous
coating, this strategy enables the capillary suction of drug solutions, localized delivery, and ultrafast penetration
through biological barriers by gentle pressure treatment. The penetration capacity is demonstrated by an unprec-
edented depth (~150 micrometers) of bovine serum albumin (66.4 kilodaltons) across aortic vessels under pressing
for only 60 seconds. This spongy coating-based PMI technique can be integrated with medical balloon devices,
offering endoluminal treatment within blood vessels, tracheas, and intestines. The in vivo evaluation indicated ef-
ficient trans-vascular delivery of 4-octyl itaconate, markedly reducing neointima hyperplasia. This PMI strategy pro-
vides a crucial insight for penetrative drug delivery across complex biological barriers.

INTRODUCTION

The human body has developed elaborate and efficient biological bar-
riers within the lumen system to ward off the intrusion of pathogens,
including bacteria, viruses, fungi, and harmful chemicals (I, 2). Typi-
cal biological barriers comprise three distinct layers: a basement
membrane network underlying at the base, a tightly conjunct cell
layer in the middle, and a dense glycosaminoglycan network extend-
ing from the cells. These structures are found all over the body, such
as air-blood barrier in the lungs (3, 4), endothelial barrier in blood
vessels (5-8), and mucus barrier in various organs (9-13), which are
crucial for repelling the intruders and maintaining the homeostasis
within the tissues. However, this protective mechanism can also hin-
der drug delivery systems within their respective organs. Typically,
the endothelium barriers, composed of tight junctions and dense
basement membranes, only have tiny openings of nanometers in size,
impeding the delivery of drugs into brain tissue (5-8). Thus, the de-
sign of materials traversing the barriers has attracted tremendous re-
search interest. Nanomedicines with specialized size, zeta potential,
and surface chemistry have been developed to enhance the transport
of therapeutics across biological barriers (14-19). Surface charge reg-
ulation could improve nanoparticle penetration by modifying zwit-
terionic polymers (20) or cationic fluorinated polyether imide (21). In
addition, particles modified with target ligands can further improve
the delivery across specific obstacles (22-25). However, long-term
transportation in circulation system markedly hinders accumulation
at lesion sites. Besides, the delivery of nanomedicines was mainly
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concentration-dependent passive diffusion, while the active penetra-
tion was specifically designed for the transport to target cells (26-28).
Therefore, developing an efficient and straightforward method to
overcome various biological barriers is a pressing challenge for dis-
ease treatment.

Compared to the systematic circulation and passive diffusion
strategy of nanomedicines, physical techniques, such as micronee-
dles (29), needleless injection (30, 31), sonophoresis (32, 33), ion-
tophoresis (34), and electroporation (35), offer a localized and
straightforward approach to overcoming biological barriers through
active physical stimulation. For example, microneedles enable
diversified drug delivery across cuticle barriers via the puncture of
micrometer-sized needles (29, 36, 37). Iontophoresis, on the other
hand, can enhance drug penetration in a noninvasive manner by the
implantation of electrodes. Despite the substantial efforts invested
in advanced physical techniques, their in vivo administration re-
mains risky due to the damage to the tissue and residual foreign mate-
rials (38-40). In general, an ideal and versatile barrier penetration
strategy faces several challenges: (i) effective accumulation of drugs
at the target site while minimizing loss during delivery; (ii) rapid,
robust, and minimally invasive penetration process; and (iii) with
the capacity of combining with medical devices. Recent develop-
ments in microneedle systems have incorporated interventional
balloons for drug delivery into blood vessels during dilation (41).
However, the large size (10 to 100 pm) of the microneedles and the
introduction of long-term implants can lead to severe vascular en-
dothelium injury and impede blood vessel regeneration. There re-
mains an unmet need to develop a noninvasive and efficient strategy
for endoluminal drug delivery across complex biological barriers.

Here, we report a pressure-driven microinjection (PMI) plat-
form using compressible porous coating for ultrafast, localized, and
minimally invasive drug delivery across biological barriers. Porous
materials have been extensively investigated in drug delivery for
medical devices, such as cardiovascular stents (42-45) and orthope-
dic implants (46, 47). The spongy coating can serve as a protective
reservoir for drug solutions due to the wicking effect and restricted
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molecular diffusion (48-50). In contrast to the passive diffusion of
drugs, our PMI strategy features active repulsion of dynamic mucus-
like liquid and temporary opening of tight junctions for robust drug
penetration. The compression of the porous structure under pres-
sure is supposed to facilitate the propulsion of the loaded solution
toward the surface, and simultaneously, the pores on the surface can
expedite liquid extrusion and realize microinjection for rapid pen-
etration across barriers (Fig. 1). We have successfully demonstrated
the capability of our PMI platform to achieve efficient and safe pen-
etration for various functional agents under low-pressure levels. No-
tably, the PMI strategy enabled an unprecedented penetration depth
of model protein bovine serum albumin (BSA) across endothelial
barriers, reaching 150 pm at a pressure of 100 kPa within only 60 s.
The penetration distance of small molecules showed a linear rela-
tionship with the square root of pressure, providing precise control
over delivery depth according to Darcy’s law. Unusually, the delivery
depth of macromolecule drugs was unexpectedly enhanced under
higher pressure, possibly due to the superelastic behavior of the en-
dothelium. By combining with an interventional balloon, this PMI
strategy could further facilitate endoluminal drug delivery into
blood vessels, gastrointestinal tracts, and tracheas. On the basis of
this porous-coated balloon (PCB), we conducted ultrafast delivery
of 4-octyl itaconate (OI) into rat carotid artery in vivo, which
achieved the inhibition of acute inflammation and promoted endo-
thelium regeneration after balloon angioplasty (51, 52). Collectively,
this PMI strategy presents a reliable paradigm for achieving straight-
forward endoluminal drug delivery across biological barriers, there-
by facilitating the advancement of precision therapy and combination
medical devices.

RESULTS

Construction of PLEL elastic spongy coating

To fabricate this hydrophilic and elastic porous platform, we de-
veloped triblock copolymers polylactic acid—polyethylene glycol-
polylactic acid [PLA-PEG-PLA (PLEL)] with soft and hydrophilic
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PEG segments, hard PLA segments, and cross-linkable double bond
caps (Fig. 2A) (43, 45). The synthesis of PLEL copolymer is illustrated
in fig. S1A. The "H nuclear magnetic resonance (NMR) spectroscopy
(fig. S1B), gel permeation chromatography (GPC) (fig. S1C), and
the Fourier transform infrared (FTIR) spectrum (fig. S1D) verified
the successful synthesis of copolymers with different mass ratios of
PEG and PLA (table S1). We performed a set of mechanical tests to
optimize the ratio of soft and hard segments. On the basis of the
tensile testing (Fig. 2, B and C), the Young’s moduli of PLEL204
(50 wt % PEG), PLEL210 (20 wt % PEG), and PLEL220 (10% PEG)
were measured as 4.01 + 0.41 MPa, 8.60 = 1.15 MPa, and 299 +
25 MPa, respectively. The high content of PEG in PLEL204 resulted
in weak and brittle mechanical performance, potentially leading to
undesirable rupture during compression. Moreover, the thermograms
(fig. S2) indicated that the glass transition temperature (Tg) in-
creased from —27.3° to 19.2°C and 35.1°C for PLEL204, 210, and
220, respectively. Correspondingly, the PLEL210 exhibited moder-
ate mechanical strength at room temperature and showed rapid
softening at physiological temperature (Fig. 2C). In contrast, the
modulus of PLEL220 remained 58-fold greater than that of PLEL210.
Since the thermo-softening property should be beneficial for main-
taining its porous morphology during the drug loading and realiz-
ing facile deformation under gentle pressure, we thus chose PLEL210
to prepare the elastic porous coating.

Next, the PLEL210 porous coating was fabricated by the ultra-
sonic spray coating and etching process (Fig. 2E). We first investi-
gated the effect of varying ratios of PLEL and polyvinyl pyrrolidone
(PVP) on the coating morphology. As shown in Fig. 2F all four
samples with ratios ranging from 5:5 to 2:8 successfully yielded a
porous structure with a white opaque appearance. At ratios of 3:7
and 2:8, spontaneous collapse occurred within these pore structures
leading to reduced thickness and total pore volume. Surface analysis
revealed that average pore sizes were merely 4.5 and 5.0 um for ra-
tios of 5:5 and 4:6, respectively (Fig. 2G). The pore size rapidly in-
creased to 7.7 and 10.7 pm when using higher PVP contents (70 and
80%). The pore area on the surface showed same tendency (Fig. 2H).

4

luminal

Z 7 delivery

Fig. 1. Schematic illustration of the PMI strategy. The luminal biological barriers, comprising a mucus-like layer, tight junctions, and basement membrane, pose severe
obstacles to drug delivery into the tissue. This PMI concept includes capillary adsorption of drug solution, repulsion of dynamic mucus, and localized microinjection,
thereby achieving the penetrative drug delivery across barriers. By combining this strategy with medical balloon devices, the endoluminal delivery of functional agents

can be accomplished during balloon dilation.
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Fig. 2. The preparation of PLEL elastic porous coating. (A) Schematic illustration of the elastic PLEL film fabrication. (B) The tensile curve of PLEL films. (C) The Young'’s
modulus and tensile strength of PLEL films. (D) The modulus of PLELs under different temperatures. (E) Schematic illustration of the preparation of PLEL spongy coating.
(F) The scanning electron microscope (SEM) images of cross-sectional and surface structure of spongy coating fabricated by different PLEL:PVP ratios. The inserted pic-
tures are the optical photos of the coatings. (G) The pore size and (H) pore area on the surface of spongy coating at different ratios. (I) Finite element simulation of the
compression of porous coating under different pressures. (J) The compression rate of porous coating under different pressure. Data are shown as means + SD from three
independent experiments [(C) and (D)] or six independent experiments [(G) and (H)].
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Considering that the less pore area on the surface can minimize
leakage during delivery, yet high porosity allows for greater drug
load capacity, we selected the ratio of 4:6 for further evaluation. The
elasticity of our porous coating was verified through the application
of finite element analysis (FEA). The Young’s modulus of this porous
coating was 6.5 MPa by nanoindentation (fig. S3). As shown in Fig. 2
(Iand J), under a pressure as low as 10 kPa, the porous area exhib-
ited compression exceeding 50%. Further increase in pressure to
100 kPa resulted in an enhanced compression rate of up to 87%, in-
dicating the capability of liquid extrusion under mild conditions. The
elasticity and durability of the porous coating were further demon-
strated by pressing at high pressures (fig. S4) and 500-cycle bending
test (fig. S5).

The loading and pressure-driven delivery behavior of PLEL
porous coating

We chose gelatin hydrogel as a model to investigate the drug deliv-
ery capability of our spongy coating under pressure (Fig. 3A). The
wicking action of this spongy coating was evaluated using methy-
lene blue (MB) and fluorescein sodium (FLS) as model molecules.
As shown in Fig. 3B, the MB solution rapidly ascended to the top
of the coating within 2.5 s, indicating the robust wicking effect of
interconnected pores. In addition, the green fluorescence signal of
FLS was uniformly distributed within the entire spongy coating
(Fig. 3C), suggesting a uniform loading of functional agents. The
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loading efficiency was then evaluated with four different types of
molecules, including positively charged small-molecule rhodamine
B (RhB), negatively charged small-molecule FLS, macromolecule
dextran with a molecular weight of 40,000 (Dex-40k), and negative-
ly charged macromolecule BSA (66 kDa). As shown in Fig. 3D, sim-
ilar loading efficiency was observed for all tested molecules within
the porous coating, indicating convenient and efficient absorption-
based loading of functional agents. The restricted diffusion of mol-
ecules in complex porous structures enables the PMI strategy to
retain drug solution through the intervention process (fig. S6).

To quantify the delivery efficiency of this PMI strategy, we ad-
opted the gelatin gel to simulate the dynamic fluid-wrapped tissues.
The drug-penetrated gelatin was redissolved at 37°C, followed by di-
lution and spectrum analysis. As shown in Fig. 3E, the transfer of
RhB dosage amounted to 52.7 + 5.0% of total loading under the
pressure of only 10 kPa. Increasing the pressure resulted in an en-
hanced delivery dosage, reaching 72.9 + 8.9% of total loading under
the pressure of 100 kPa. Notably, the delivery profile showed a simi-
lar tendency when using negatively charged FLS molecules instead.
Subsequently, Dex-40k and BSA were studied as macromolecules
with varying molecular weights. As shown in Fig. 3F, these macro-
molecules exhibited similar penetration dosages as small molecules,
achieving ~45% penetration under a pressure of 10 kPa and further
increasing to around 75% under 100 kPa. The pressure-dependent
enhancement of delivery content indicates the efficient delivery of
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Fig. 3. The controllable loading and pressure-driven delivery of various functional agents. (A) The schematic illustration of the wicking effect and the evaluation of
instant delivery. (B) The optical images of the capillary absorption of MB solution into porous coating. (C) The confocal microscopy image of porous coating loaded with
FLS. (D) The loading of various functional agents into porous coating by a wicking effect. The delivery ability under different pressures of (E) small molecules and (F) mac-

romolecules. Data are shown as means + SD from three independent experiments.
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functional agents by PMI treatment. Considering the consistency of
these results and the FEA simulation, this PMI approach facilitates
controllable loading and instant delivery of diverse functional agents.

In vitro evaluation of trans-barrier delivery by PMI treatment
To further evaluate the penetration behavior in real tissue based on
our PMI strategy, we used a porcine aorta as a representative model
with typical biological barriers (Fig. 4A). The drug-loaded porous
coating was pressed on blood vessel to facilitate the repulsion of
floating liquid and enable the straightforward penetration of func-
tional agents. The penetration distance was detected using a confocal
laser scanning microscope. By adopting a patterned porous coating, RhB
delivery was only observed at the site of porous coating, while the
flat area showed no penetration (Fig. 4B), highlighting the in situ
delivery capability of this PMI strategy. The delivery of small mole-
cules RhB and FLS was then evaluated. As shown in fig. S7, the RhB
could deliver to 75 pm at only 10 kPa, then gradually increased to
225 pm at 25 kPa, and lastly reached 252 pm at 100 kPa. The delivery
of FLS showed the same tendency as RhB. However, it exhibited shal-
lower penetration depths compared to RhB, reaching only 175 pm at
100 kPa (Fig. 4C). This difference in penetration distance between
molecules with different charges may be attributed to negatively
charged surface properties of blood vessels (5).

Moreover, the size of the functional agents exhibited a marked
impact on the depth of penetration. As shown in Fig. 4D and fig. S8,

Dex-40k was delivered to about 54 pm at 10 kPa. The delivery depth
gradually increased to 66, 72, and 75 pm, respectively, as the pressure
rose to 25, 50, and 75 kPa. However, an enhancement in penetra-
tion distance was observed when the pressure reached 100 kPa with
a depth of 175 pm. When using BSA as a model protein (66 kDa,
7.2 nm), the penetration depth at 50 kPa decreased to 60 pm (Fig.
4E). Similarly, the delivery depth of BSA also exhibited a substantial
increase from 66 pm at 75 kPa to 150 pm at 100 kPa. Notably, this
unprecedented penetration of functional species was accomplished
through a gentle pressing procedure lasting only 60 s, underscoring
an unparalleled capability for the deep administration of diverse
therapeutic agents in practical applications.

Since the tunica media of blood vessels primarily comprises
smooth muscle cells (SMCs) and a loosely arranged extracellular
matrix, we postulate that this loose combination can function as a
porous medium, facilitating fluid infiltration through ample inter-
stitial space. In this context, we proposed a mathematical model to
elucidate the correlation between penetration depth and pressure.
Darcy’s law describes the fluid flow in porous materials, stating that
the flow rate Q of the fluid is linearly related to the pressure differ-
ence AP (53-55). The flow rate Q equals cross-sectional area A mul-
tiplied by velocity (Eq. 1), where € is the porosity, p is the fluid
viscosity, and k is the structural coeflicient of porous media. By solv-
ing Eq. 1, it was deduced that penetration distance x is proportional
to the square root of AP (Eq. 2).
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Fig. 4. The penetration distance of functional agents under pressure on porcine aorta model. (A) The schematic illustration of the delivery of drug solution crossing
obstacles under pressure. (B) Images of patterned delivery of functional agents. The confocal microscopy images of the penetration of (C) FLS, (D) Dex-40k, and (E) BSA
under different pressures. The relationship between penetration distance and pressure®® of (F) FLS, (G) Dex-40k, and (H) BSA. Data are shown as means + SD from three
independent experiments. R?, coefficient of determination. CLSM, confocal laser scanning microscope.
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As shown in Fig. 4F, a linear relationship was observed between
the penetration distance (x) of small-molecule FLS and the root
number of pressures (P*). Similarly, for macromolecules Dex-40k
and BSA, a linear relationship was also presented at the pressure
between 10 and 75 kPa (Fig. 4, G and H), indicating the controllable
delivery of functional agents across biological barriers by our PMI
strategy. Unexpectedly, a marked surge appeared as the pressure in-
creased from 75 to 100 kPa for macromolecules. In contrast to the
relatively limited diffusion profile observed at low pressure, the pen-
etration depth of macromolecules at 100 kPa exhibited a similarity
to that of small molecules, implying comparable permeability for
both small and macromolecules under high pressure.

A 0 kPa 50 kPa

Previous researches have demonstrated that biological tissues,
such as epithelial sheets, exhibit a characteristic superelastic behav-
ior enabling them to undergo and withstand three-dimensional de-
formations under luminal pressure (56, 57). The pressure-induced
tension can generate a tensional plateau over several-fold areal
strains. Inspired by this superelastic behavior, we assume that our
PMI process might cause a similar tensional plateau to the underly-
ing biological barriers and achieve a temporary enhancement of the
permeability for macromolecules at a critical pressure (Fig. 5A). We
used an incompressible Neo-Hookean model for biological barriers
and apply standard shooting method to solve this set of differential
equations (the Supplementary Materials). Consider a thin cell layer
of shear modulus G, thickness t, surface tension vy, and radius R sub-
ject to the applied pressure p. The system is controlled by two di-
mensionless parameters: P = pR/Gt (characterizing the strength
of the applied pressure) and I' = y/Gt (characterizing the strength of
the surface tension). By substituting the physiological parameters
of porcine artery, including G = 50 to 100 kPa (58), t = 1 to 2 pm
(5,7), and y = 72 mN/m, we calculated the surface tension constant
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Fig. 5. The mechanism of molecule penetration under pressure. (A) The schematic illustration of the PMI process at different pressures and evaluation of the integrity
of biological barriers. (B) The calculated model of PMI strategy (I' = 0.5). (C) The confocal images of BSA diffusion into vessel wall after PMI treatment under different pres-
sures. (D) The SEM images of vessel wall after PMI treatment under different pressures. (E) The schematic illustration of the PMI process with different pore sizes. (F) The
SEM images of porous coatings with different surface pore sizes. (G) The confocal images and (H) fluorescence distribution of BSA diffusion into vessel wall after pressing

by different pore sizes. a.u., arbitrary units. CLSM, confocal laser scanning microscope.
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I' = 0.36 to 1.44. Figure 5B shows the pressure-volume curve for
I' = 0.5. The critical instability pressure P, appeared at P = 2.85,
which correlated to the applied pressure p..; = 82 kPa (R =5 pm).

According to this superelastic model, the endothelial barrier is
expected to exhibit a strain-softening behavior when the applied
pressure exceeds 82 kPa, leading to substantial stretch and temporary
opening of the extracellular matrix similar to neutrophil-induced
opening of basement membrane (59). To test this hypothesis, we
dipped BSA-fluorescein isothiocyanate (FITC) solution into the
blood vessel immediately after applying the PMI process. As shown
in Fig. 5C, the green fluorescence signal showed similar distribution
between the vessels before and after 50 kPa PMI treatment. However,
when the pressure increased to 100 kPa, we observed the diffusion of
BSA-FITC into the vessel, confirming the temporary opening of the
endothelium barrier (fig. S9). In addition, we examined the blood
vessel structure following the application of different pressures. As
shown in Fig. 5D, the endothelium remained intact at 50 kPa and
showed rough morphology and wrinkles at 100 kPa, indicating a
higher tension at extruding site and the temporary opening of endo-
thelium barrier. However, the holes are relatively minimal compared
to invasive strategies (such as microneedles and drug crystals), thus
beneficial for the recovery and regeneration of endothelium.

Moreover, this superelastic model suggested an inverse relation-
ship between the critical instability pressure (p.) and pore size R
(Fig. 5E). The permeability of blood vessels showed minor changes
before and after pressing by a nonporous sheet at 100 kPa, highlight-
ing the necessity of porous structure in this PMI strategy (fig. S10).
We next fabricated a porous coating with smaller pore sizes of 2.8 pm,
compared to our original porous coating with a pore size of 5.0 pm
(Fig. 5F and fig. S11). According to our model, reducing the pore
size from 5.0 to 2.8 pm increased p., from ~82 to ~150 kPa. As
shown in Fig. 5G, the fluorescence distribution in vessel wall showed
similar behavior before and after PMI treatment at 100 kPa by po-
rous coating with small pore size, while the green signal distributed
markedly in blood vessels at the same pressure by coating with large
pore size, indicating that larger pore size could facilitate the penetra-
tion of functional agents. The BSA diffusion into vessel wall was
only observed when the pressure increased to 200 kPa for small pore
size (Fig. 5H). Therefore, the deep delivery of functional agents by
this PMI strategy was achieved through the stretching and tempo-
rary opening of biological barriers and controlled by applied pres-
sure and pore size.

To further extend the applicability of this superelastic model to
other tissues, we calculated pressure-volume curves with varying
surface tension constant I'. As shown in fig. S12A, P, exhibits a de-
creasing trend in response to the reduction of I". Further graphical
analysis revealed a linear relationship between P, and I" (fig. S12B)

P, =198+ 1.88 (3)
and Eq. 3 can be rewritten as
PR =1.88Gt + 1.98y 4)

indicating a linear relationship between p.R and Gt (fig. S12C). To
validate this model, we used the intestine as a test case. The biological
barriers of intestine are primarily composed of a monolayer of epithe-
lial cells with a shear modulus G = 10 kPa and thickness ¢ = 20 pm
(60). By substituting these parameters into the model, the epithelial
barrier is expected to open when the pressure exceeds 103 kPa with
the large pore size of 5 pm or when the pressure exceeds 184 kPa

Qian et al., Sci. Adv. 11, eadv1182 (2025) 9 July 2025

with the small pore size of 2.8 pm. This conclusion was verified by
investigating the permeability of intestine barriers. As shown in
fig. S12D, the barrier remained intact after PMI treatment at 50 kPa
for large pores, while the green signal markedly spread into intes-
tines at 150 kPa. For small pores, the permeability of intestine barri-
ers changed only when the pressure increased to 200 kPa. Therefore,
we believe that this superelastic model is applicable to diverse bio-
logical barriers, thereby enhancing the design of porous coatings for
improving drug penetration.

Ex vivo evaluation of delivery crossing various barriers

on balloon

To verify the potential of our strategy for in vivo applications, we
combined the elastic porous coating with balloon to realize endolu-
minal administration (Fig. 6A) (61). As shown in Fig. 6B, the porous
coating was solid and stable on balloon. The green fluorescence sig-
nal of FLS was uniformly distributed within the spongy coating,
suggesting a homogeneous loading of functional agents. Further-
more, both cross-sectional and surface analysis confirmed that the
porous structure resembled the flattened porous coating (fig. S13),
thus confirming the successful construction of PLEL spongy coating
on balloons.

We then used the PCBs to verify the penetration of functional
agents over biological barriers under pressure. Dex-40k served as the
model macromolecular drug. A relatively thin carotid artery (with a
diameter of 1.2 mm) was applied to simulate the stenotic artery dur-
ing treatment. On the basis of the degree of vascular strain, the ex-
erted pressures on vessel wall reached ~37.5 and 97.5 kPa at 1 and
3 atm inflation, respectively (62). As shown in Fig. 6C, at a pressure
of 1 bar, the green signal permeated half of the vessel wall, reaching a
penetration depth of 59 + 10 pm (Fig. 6D). This depth correlated well
with the theoretically calculated value of 66 pm. In addition, the dis-
tribution of Dex-40k decreases progressively with increasing pene-
tration depth, characteristic of diffusion-limited transport behavior
(63). Unexpectedly, a relatively homogeneous distribution of Dex-
40k in blood vessels was observed under 3 atm pressure (97.5 kPa),
consistent with convection-dominated delivery behavior (64), fur-
ther confirming the superelastic behavior-induced opening of endo-
thelial barriers. However, because of the limitation of the vascular
wall thickness, the ex vivo experiment was only able to confirm con-
vective transport behavior under 3 atm and could not measure the
maximum penetration depth. The total fluorescence intensity also
showed a marked increase with the elevated pressure (Fig. 6E). Con-
sidering the inevitable endothelial injury in clinical intervention
therapies, we further evaluated the delivery of Dex-40k to denuded
vessels. As shown in fig. 14, a homogeneous drug distribution across
the entire vascular was observed under both 1 atm (37.5 kPa) and
3 atm (97.5 kPa) balloon dilation, further demonstrating the pene-
tration capabilities of our PMI strategy in the treatment of CVDs.
These results of delivery behavior in luminal tissues were consistent
with the findings from the planar experiments in vitro, indicating the
efficient drug delivery capabilities of PCBs.

Furthermore, trachea and intestine were examined as the model
of mucin barrier and epithelial barrier. Notably, both tracheal and
intestinal walls exhibited substantial distribution of green signal
(Fig. 6F), further confirming robust penetration across biological
barriers under applied pressure. Therefore, our PMI strategy could
achieve the in vivo endoluminal administration under relatively low
pressure across various obstacles.
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cryosection of rat blood vessels before dilation and dilation under 1 and 3 atm. (D) The analysis of Dex-40k distribution in blood vessels under 1 and 3 atm. (E) The fluo-
rescence intensity of Dex-40k in vessels under 1 and 3 atm. (F) The cryosection of rat trachea and intestine after balloon dilation under 1 atm. Data are shown as means +

SD from three independent experiments. *#P < 0.01. L, lumen.

In vivo evaluation of Ol-loaded PCBs

To evaluate the therapeutic capability of PCBs, we performed in vivo
animal experiments using a rat common carotid artery injury mod-
el (Fig. 7A). We first evaluated the instant delivery of functional
agents crossing endothelial barriers by PCBs. As shown in Fig. 7B,
macromolecule Dex-40k could penetrate through the obstacles and
distribute in the whole blood vessel under 3 atm (97.5 kPa), indicat-
ing the breakthrough of the endothelium under pressure. Then, OI,
an anti-inflammatory drug, was delivered to realize the inhibition of
neointima hyperplasia (42, 65). Liquid chromatography-mass spec-
trometry (LC-MS) analysis was applied to investigate the delivery
amount of OI across barriers. As shown in Fig. 7C and fig. S15,
83.8 + 3.4% OI was successfully delivered into blood vessel, con-
firming efficient drug penetration. To confirm the translational po-
tential of the PCBs, the in vivo evaluation of drug delivery into
denuded vessel was performed. As shown in fig. S16, both small-
molecule RhB and macromolecule Dex-40k demonstrated uniform

Qian et al., Sci. Adv. 11, eadv1182 (2025) 9 July 2025

distribution within the media layer of the vessel wall and followed
a convective transport pattern, consistent with the results from
ex vivo experiments.

Since acute inflammation in the early stage plays a central role in
SMC proliferation, we examined the inflammatory responses after
3 days of intervention. As shown in Fig. 7D, the expression of CD68
declined in the PCB group compared with the injury group, indicat-
ing the inhibition of inflammatory cell infiltration. The expression
of interleukin-6 (IL-6), IL-1, and tumor necrosis factor-o (TNF-a)
was all down-regulated, suggesting a lower acute inflammatory ef-
fect. In addition, the significant promotion of OI-target genes
heme oxygenase-1 (HO-1) and NAD(P)H dehydrogenase qui-
none 1 (NQO-1) indicated the effective delivery of OI through the
porous balloon. The up-regulation of calponin 1 (CNNI) and a-
smooth muscle actin (a-SMA) showed the suppression of SMC pro-
liferation and phenotype switch. The Western blot analysis showed
the same trend. While the expression of cluster of differentiation 68
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(CD68) and mannose receptor (CD206) both decreased in the PCB
group, the ratio of CD206/CD68 slightly increased, showing the
anti-inflammatory effect of OI delivery, which was consistent with
the decrease of IL-1P (Fig. 7, E and F). After the intervention
for 1 week, the immunofluorescence staining of CD68 and CD206
was performed. As shown in Fig. 7G, a large quantity of green signal
(CD68) appeared in the medium of blood vessels of the injury group,
indicating the accumulation of macrophages. In addition, only 19.3%
of the green signals overlapped with the red signals (CD206), suggesting a

Qian et al., Sci. Adv. 11, eadv1182 (2025) 9 July 2025

strong acute inflammation. By contrast, the CD68 expression was
massively down-regulated in the PCB group, 78.3% of which over-
lapped with the expression of CD206, indicating the inflammatory
regulation effect of PCBs. Therefore, our PCB method inhibited the
acute inflammatory effect due to the penetrative delivery of OI by the
PMI strategy. The suppression of acute inflammation holds the po-
tential to mitigate the neointima hyperplasia from the upstream (42).

The neointima after intervention for 4 weeks was next evaluated.
As shown in Fig. 8A, the intima in the injury group thickened
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markedly, while the intima hyperplasia was significantly inhibited in
the PCB group, as the average thickness of vessel wall and neo-
intimal decreased from 299 + 141 pm to 63.0 + 5.0 pm and 199 +
68 um to 17.5 + 9.3 pm, respectively (Fig. 8B). In addition, the ratio of
neointimal stenosis declined from 55.3 + 15.7% to 11.1 + 6.3%, in-
dicating the successful suppression of neointima hyperplasia. Then,
the immunofluorescence staining of a-SMA and platelet endothelial
cell adhesion molecule-1 (CD31) was performed to verify the regu-
lation of SMC proliferation and repair of endothelium. As shown
in Fig. 8C, the a-SMA expression (red) was suppressed in the injury
group, indicating the phenotype switch to synthetic and resulting in
the overproliferation of neointima. The thorough penetration of OI
inhibited the phenotype switch of SMCs in the PCB group, leading
to the much higher expression of a-SMA (Fig. 8D) and a thinner
neointima than that in the injury group. Unexpectedly, the ratio of
CD31 coverage in the PCB group for 1 week reached more than
80%, while the injury group was barely covered by endothelial cells
(fig. S17). After 4 weeks, we still observed a discontinuous expres-
sion of CD31 (red) in the injury group (Fig. 8, E and F). By contrast,
the CD31 coverage in the PCB group showed no difference with
normal vessels, suggesting the regeneration of an intact endotheli-
um. In addition, the injury group still showed strong inflammation
after 4 weeks, while the CD68 expression of the PCB group almost
disappeared (fig. S18). Therefore, this PMI strategy realized the OI
delivery into the medium with minimal damage to endothelium,
achieving the rapid regeneration of endothelium and suppression of
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SMC proliferation, which provided a promising way to inhibit neo-
intima hyperplasia.

DISCUSSION

In summary, we designed a PMI strategy to tackle the obstacles of
biological barriers to drug delivery. Our strategy realized controlla-
ble loading and ultrafast penetration of various functional agents
crossing biological barriers by the compression of elastic porous
coating. Notably, the macromolecule BSA achieved a penetration
distance into blood vessels (more than 150 um) after pressing for
only 60 s. The delivery distance of functional agents was controllable
according to Darcy’s law, which was linearly related to the root num-
ber of applied pressures. On the basis of the superelasticity and
strain-softening behavior of cell layers, we demonstrated that the
marked enhancement in the delivery distance of macromolecules
under high pressure was attributed to the stretching and temporary
opening of biological barriers, facilitating the efficient convection-
based drug delivery with minimal damage to endothelium. In addi-
tion, by combining elastic porous coating with balloons, we achieved
the endoluminal delivery of hydrophilic biomacromolecules into
vessels, intestines, and trachea, which was unattainable by conven-
tional drug-coated balloons. Last, as a proof of concept, the PCBs
delivered anti-inflammatory drug OI into the media of blood ves-
sels, leading to a marked reduction in macrophage recruitment and
neointima hyperplasia postballoon angioplasty.
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This study has limitations. This work primarily used healthy vas-
cular models with integrated endothelium. However, in complicated
pathological models such as atherosclerosis, the presence of fibrous
caps and calcified plaques markedly affects drug delivery efficiency
(66). Future studies should focus on investigating the delivery be-
havior and drug distribution in pathological vessels. Besides, the
quantitative assessment of delivery distance in ex vivo experiments is
limited by the thickness of vessel wall, requiring further investiga-
tion using diversified vessel models. Moreover, detailed studies using
diseased animal models should be conducted to comprehensively
evaluate the therapeutic mechanisms and enhance the translational
relevance toward clinical applications.

This work supports further in-depth assessment of endovascular
drug delivery dynamics and associated therapeutic outcomes. While
current results successfully demonstrated the deep delivery of hy-
drophilic biomacromolecules across vascular barriers, further re-
search is warranted to ensure sustained therapeutic efficacy in tissue.
Given that drug-coated balloons now used in clinical practice pre-
dominantly carry hydrophobic agents, it is also essential to further
develop and optimize the delivery modalities of PCBs for hydro-
phobic drugs. This PMI strategy provides a promising technique for
overcoming biological barriers and precise delivery of biological
therapeutics, benefiting the design and development of interven-
tional medical devices.

MATERIALS AND METHODS

Materials

p,L-lactide, PEG (M, = 2000), 2-isocynatoethyl methacrylate (IEM),
gelatin, OI, MB, RhB, and FLS salt were purchased from Macklin
(Shanghai, China). Stannous octoate [Sn(Oct),], 4-methoxyphenol,
benzophenone (BP), PVP (M,, = 40,000), and FITC-labeled dextran
(M, = 40,000) were obtained from Sigma-Aldrich. FITC-labeled
BSA was obtained from Feiyu Bio (Nantong, China). Anti-CD31 an-
tibody (SAB5700639), anti-a-SMA antibody (SAB5702823), and
anti-CD68 antibody (SAB5702269) were purchased from Sigma-
Aldrich. Anti-CD206 antibody (PA5 to 101657) was purchased
from Thermo Fisher Scientific. The deionized (DI) water (>18 meg-
ohm cm) used in all experiments was purified with a Millipore
Milli-Q water purification system.

Synthesis of PLEL copolymers

PEG (M, = 2000) was used to initiate ring opening polymerization
of D,L-lactide in the presence of Sn(Oct); as a catalyst. Typically, PEG
was added into a 50-ml three necked round-bottomed flask followed
by a drying step at 100°C for 2 hours under vacuum. Then, b,L-lactide
was added under a dry argon atmosphere. The mixture was stirred at
100°C for 10 min under an argon atmosphere and then heated up to
140°C. Next, Sn(Oct), was added under a dry argon atmosphere. After
reaction for 6 hours, 4-methoxyphenol was added to the reaction as
inhibitor. Excess IEM was dissolved in dried toluene and added into
the reactor dropwise under a dry argon atmosphere. The acrylation
reaction was performed for 20 min. The reactant was cooled to room
temperature and dissolved in dichloromethane, followed by precipi-
tation in excess ethanol. The product was dried under vacuum at
room temperature for 48 hours. The molecular structure and compo-
sition of the PLEL triblock copolymer were determined by 1H NMR
(AVANCE NEO 400, Bruker) and FTIR (Nicolet iS20, Thermo Fisher
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Scientific) spectroscopy. The molecular weight and distribution were
tested by GPC (1515, Waters).

Evaluation of the mechanical properties of the

PLEL copolymers

The PLEL copolymers and photoinitiator BP were sprayed on a glass
substrate to fabricate polymer films with a thickness of 100 pm and
then were cross-linked by ultraviolet (UV) irradiation of 2 min. Five
milligrams of polymer was cut from the film for the detection of T,
by the differential scanning calorimetry (DSC; Discovery DSC 25, TA).
Then, the film was tailored to 0.5 cm by 2 cm. The samples were used
in dynamical mechanical analysis (DMA; Discovery DMA 850, TA)
to evaluate the modulus of the PLEL copolymers at different tem-
peratures. The extruded curves of the polymers were detected by a
universal testing machine (UTM2102, Shenzhen Suns Technology
Stock, Shenzhen, China).

Construction of the cross-linked PLEL microporous coating
The PLEL spongy coating was fabricated by an ultrasonic spray sys-
tem (Ruidu Photoelectric Technology Co. Ltd., Shanghai). PLEL,
PVP, and BP were dissolved in the mixture of CH,Cl, and ethanol
with a ratio of 1:1. The mass of BP was 1/200 of the total mass of
PLEL and PVP. The initial coating was sprayed on a substrate and
then was cross-linked by UV for 5 min. The microporous structure
was obtained by the immersion of cross-linked coating into DI
water for 30 min. The coating was lastly blown dry by nitrogen.
Scanning electron microscopy (EM-30+, COXEM, South Korea)
was performed to observe the microstructure formation within the
PLEL coating.

Compression ability analysis of porous coating

The Young’s modulus of the porous coating in the liquid phase was
tested using nanoindentation (Piuma), and the probe modulus
was selected as 48.8 N/m. The data structure was simulated using
the Hertzian model. The FEA was performed using the ABAQUS
simulation software system to simulate the mechanical properties of
the porous coating. The density of the polymer was set to 1 g/cm’,
and the Poisson’s ratio was set to 0.45. We drew a porous morphol-
ogy, according to the real morphology of porous coating. The force-
bearing surface was set to be rigid, and the loading time of the force
was 1 s. To facilitate calculation, a two-dimensional surface mesh
was constructed, in which the mesh type was CPS4R linear quad-
rilateral reduced integration element, and the total number of ele-
ments was 200,000.

Loading and release under pressure of functional agents
Ten microliters of solution was dripped on the PLEL spongy coating
for a wicking effect, and then the coating was rinsed with phosphate-
buffered saline (PBS) three times. The content of functional agents
in the rinsing solution was measured using a fluorescence spectro-
photometer. The total loading dosage of functional agents was cal-
culated by subtraction of the total solute in the initial solution and
washing solution.

The loaded PLEL coating was then immersed in 1 ml of PBS for
2, 5,and 10 min to evaluate the leakage of functional agents through
delivery. The leakage of functional agents was also measured using a
fluorescence spectrophotometer.

A universal testing machine was used to test the instant delivery
of solution under pressure. The spongy coating was pressed to
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gelatin gel under different pressures. Then, the gelatin gel was dis-
solved in PBS at 37°C. The total fluorescence intensity of functional
agents was calculated by subtraction of the total fluorescence inten-
sity and the fluorescence intensity of gelatin. The content of instant
delivery was converted by the standard curve of the fluorescence
intensity and concentration of functional agents.

The penetration of functional agents into vessel wall

under pressure

The coating was attached to fresh pig aortas through a universal
testing machine under different pressures for 60 s. Then, the coating
was removed, and the penetration distance of functional agents into
the aortas was evaluated using a CLSM (LSM880, Zeiss, Germany).

Ex vivo evaluation of the delivery of functional agents

on balloons

The PLEL spongy coating was fabricated on a balloon by ultrasonic
spray coating. The blood vessels, intestines, and tracheas were ob-
tained from rats. The denuded arteries were attained by balloon di-
lation and repeated friction of intima. Balloons with a diameter of
1.5 mm were applied to blood vessels. The experiments on intestines
and tracheas were performed by balloons with a diameter of 2.0 mm.
A pressure of 1 to 3 atm was applied to exert pressure on tissue and
deliver functional agents. The cryosection of the tissues was per-
formed, and the penetration distance was observed using a fluores-
cence microscope (DS-Ri2, Nikon, Japan).

Following OI delivery, the treated vessels were frozen and
subsequently crushed. The OI drug was extracted using TRIzol
reagent for 24 hours. After centrifugation, the supernatant
was collected, and the concentration of OI was quantified using
LC-MS. The LC-MS parameters were consistent with those used in
previous studies (42).

In vivo evaluation by rat common carotid artery

injury model

All animal procedures were approved and conducted following the
Guidelines for Care and Use of Laboratory Animals of Zhejiang
University (no. 22532). The rats were anesthetized by isoflurane in-
halation (5%). A cervical midline incision was made, and the right
common carotid artery was dissected. A bare balloon catheter was
inserted into the common carotid artery via the external carotid ar-
tery and inflated with 2 atm pressure. The inflated balloon was then
pulled back and pushed forward rotationally three times to injure
the vessels. A porous balloon with OI solution was inserted into the
injured vessels again, inflated with 3 atm (97.5 kPa) pressure, and
kept at this pressure for 1 min to deliver the solution. After the defla-
tion and withdrawal of the balloon, the surgical site was closed with
sutures. The control group was directly sutured after injury. Half of
the rats were euthanized at 3 days and the other half at 28 days. The
artery samples for 3 days were excised and washed quickly with sa-
line and were frozen in liquid nitrogen directly. The frozen samples
were used for Western blot analysis and quantitative polymerase
chain reaction analysis to evaluate the protein and mRNA expres-
sion of CD68, CD206, IL-6, IL-18, TNF-a, HO-1, NQO1, CNN1, and
a-SMA. The sequences of primers are listed in table S2. The health
arteries were adopted as control. The rats were anesthetized, and the
right common carotid arteries were harvested for analysis with the
left common carotid arteries as controls. Six rats were used in this
experiment in total, with three rats for balloon-induced vascular
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injuries (the injured groups) and three rats for treatment with the
coated balloons (the treated groups).

The artery samples for 28 days were excised and washed quickly
with saline. The samples were immersed in formalin solution. Then,
they were embedded in paraffin for cross-sectional slicing. Five slic-
es were prepared for each section, one of which was performed by
hematoxylin and eosin for the histological analysis of the neointimal
hyperplasia. Four slides were processed for immunofluorescence
evaluation of a-SMA, CD31, CD68, and CD206, respectively. Rep-
resentative micrographs were taken using a fluorescence micro-
scope (DS-Ri2, Nikon, Japan).

Statistical analysis

All data were obtained from at least three independent experiments
with at least three parallel samples per condition in each experiment
and expressed as mean + SD. A test for linear trend was con-
ducted with the use of pressure as a variable. Statistical signifi-
cance was assessed with the analysis of variance (ANOVA) test and
the Student’s ¢ test. A probability value of P < 0.05 is considered
statistically significant.
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