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Abstract Low-molecular-weight heparin (LMWH) is one of the most clinically used anticoagulants to

improve venous circulation. However, LMWH requires repeated injections, leading to poor medication

compliance. Herein, we developed a deep eutectic solvents (DESs)@enteric technology, an intestinal ab-

sorption promotion platform, for the oral administration of LMWH. DESs with geranic acid (Ge) and

choline (Ch) were first synthesized and characterized. Then, the DES—LMWH complex was prepared

with a DES2:1 (Ge and Ch in a 2:1 molar ratio), demonstrating superior intestinal absorption and high

biocompatibility. Finally, DES—LMWH was granulated and loaded into an enteric capsule. In vitro, DESs

reversibly opened the tight junctions between intestinal epithelial cells, facilitating the paracellular trans-

port of LMWH. In vivo, the DES—LMWH oral enteric capsule demonstrated an absolute bioavailability

of 19.93%, reaching the venous thromboembolism (VTE) prophylaxis threshold and reducing the embo-

lization area by 52.01% in a FeCl3-induced rat femoral venous thrombosis model. In conclusion, DE-

S@enteric technology effectively enhances the oral absorption of LMWH and holds promising

translational potential.
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1. Introduction

VTE is the third most common cardiovascular disease in the world

after heart disease and stroke1. The annual incidence of VTE is

1‰—2‰ and is increasing year by year, plaguing nearly 10

million people globally2,3. Functional disturbance of vascular

endothelial cells and blood coagulation abnormalities often induce

a prothrombotic state (PTS)4. The factors, such as prolonged bed

rest, surgery, pregnancy, cancer, obesity and advanced age, risk

PTS and VTE, requiring anticoagulation therapy5,6.

LMWH is widely used in anticoagulation therapy, prophylaxis

and the treatment of VTE7,8. As an indirect thrombin inhibitor,

LMWH comprises highly water-soluble polysaccharides derived

from the chemical or enzymatic depolymerization of unfractio-

nated heparin, with a molecular weight range of 3000—8000 Da.

LMWH exhibits substantial negative charges in aqueous solution

and associates with cations while maintaining chemical stability at

approximately neutral pH (pH ∼7). Its anticoagulant mechanism

of LMWH primarily involves catalyzing the inactivation of

coagulation factor Xa and inhibiting the coagulation cascade re-

action ultimately9. Compared to conventional oral anticoagulants

(such as warfarin) or direct oral anticoagulants, LMWH demon-

strates distinct clinical advantages: (i) a reduced drug—drug

interaction profile, minimizing therapeutic conflicts in poly-

pharmacy patients; (ii) minimal interference with platelet func-

tion, enabling more controllable bleeding risk management; (iii)

non-transplacental passage, solidifying its status as the first-line

anticoagulant during pregnancy10-12. However, due to its high

molecular weight, substantial negative charges, susceptibility to

enzymatic degradation, and instability in acidic environments, its

oral bioavailability is significantly limited. As a result, LMWH

requires parenteral administration, typically via subcutaneous in-

jection13. For chronic anticoagulation therapy, frequent injections

cause patient discomfort, local complications, infection and poor

compliance. Therefore, oral preparation of LMWH is highly

desired to improve patients’ medication adherence.

Considering that the acidic gastric environment compromises

the stability of most macromolecular drugs, the intestine repre-

sents a viable site for absorption. Enhancing intestinal perme-

ability offers a reliable strategy to improve the oral bioavailability

of LMWH14. Three primary approaches were reported to improve

the intestinal LMWH absorption, including (i) prodrug formation

through conjugation with lipid moieties to increase lipophilicity,

(ii) ligand-mediated targeting via coupling LMWH or drug car-

riers to specific ligands, and (iii) formulating absorption enhancers

(such as surfactants, chitosan and their derivatives, etc.)15. As the

first two strategies often involve organic solvents and risk struc-

tural alteration of LMWH during synthesis16. The use of absorp-

tion enhancers provides a greener method with simpler

preparation to improve the oral absorption of drugs17. This ab-

sorption enhancer has demonstrated efficacy in several macro-

molecular drug delivery systems. For example, Subedi et al.18

used an alkyl glucoside-based non-ionic surfactant to formulate

teriparatide, demonstrating a 13-fold increase in oral bioavail-

ability compared to free teriparatide. While Xiao et al.19

encapsulated peptides in milk exosome—liposome hybrid vesicles

to overcome intestinal mucus and intracellular transport barriers.

For LMWH specifically, Motlekar et al.20 demonstrated the

permeation-enhancing effect of L-arginine on a Caco-2 monolayer

model. At a 2% concentration, L-arginine enhanced the in vitro

permeability of LMWH 3-fold compared to controls. Besides,

chitosan and its derivatives can activate tight junctions in epithe-

lial cells, enhancing the paracellular transport of drugs21,22. Chi-

tosan is typically prepared in the form of nanoparticles or

microparticles for oral delivery of LMWH21-23. Bagre et al.24

developed alginate-coated chitosan core—shell nanoparticles for

the oral delivery of LMWH, increasing its oral bioavailability and

the AUC by approximately threefold. However, these strategies

are mostly cation-dependent and suffer from various demerits,

including intense intestinal mucosal irritation, limited bioavail-

ability improvements, complex manufacturing processes for

nanoparticles and scalability challenges25,26. Accordingly, a new

oral absorption enhancer is needed to enable the clinically viable

delivery of oral LMWH.

Deep eutectic solvents (DESs) are liquid mixtures of anions

(hydrogen bond donors) and cations (hydrogen bond acceptors)

formed under certain conditions27-29. As a “green alternative” to

organic solvents, DESs have the highlights of a simple preparation

process, low volatility, high stability and non-flammability30,31. In

addition, by changing the types and ratios of anions and cations,

the physicochemical properties and biological activities of DESs

can be altered32. Studies have shown that DESs with choline (Ch)

as the hydrogen bond receptor have good biocompatibility33.

Among the DESs formed by Ch and different hydrogen bond

donors, DESs synthesized from Ch and geranic acid (Ge) may be a

powerful absorption enhancer, as they exhibit excellent drug sol-

ubilization properties and significantly improve the intestinal

permeability of the drug34-36. Banerjee et al.37 demonstrated that

DESs formed by Ch and Ge protected insulin from intestinal

digestive enzymes, resulting in the thinning of the mucus layer

and facilitating paracellular transport of insulin.

In this study, an oral formulation of LMWH based on DES-

s@enteric technology was developed to enhance oral bioavail-

ability and facilitate the prevention of VTE. The Ch-Ge-based

DESs were first synthesized and mixed with LMWH.

DES—LMWH was loaded in oral enteric capsules to prevent the

degradation of LMWH in acidic gastric juice. The optimal pro-

portion and dosage of DESs were screened by the solubility of

LMWH and the effect of intestinal absorption. The storage sta-

bility, pharmacokinetics, antithrombotic effect and safety were

then evaluated using a combination of in vitro and in vivo tests.

Additionally, the intestinal pro-absorptive effects of DES on

LMWH and its mechanism of action were investigated. We

demonstrated that the DES—LMWH oral enteric capsules released

LMWH in the intestine, opened tight junctions between intestinal

epithelial cells and reached the prophylactic dose of VTE. This

study offers an emerging strategy for the oral delivery of LMWH.

The preparation could be easily manufactured and safely

controlled, which may improve medication compliance in VTE

high-risk patients and have promising application prospects.
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2. Materials and methods

2.1. Materials

Ge (85% solution) and Ch (80% solution) were purchased from

Sigma—Aldrich (St. Louis, MO, USA). LMWH (110 IU/mg),

Azure II and fluorescein sodium (analytical reagent) were pur-

chased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai,

China). Enteric capsules were purchased from Shanghai Yuyan

Instruments Co., Ltd. (Shanghai, China). Transwell poly-

carbonate membrane chambers were purchased from Nanjing

Yuanzhixin Biotechnology Co., Ltd. (Nanjing, China). Dulbec-

co’s modified Eagle’s medium (DMEM) was purchased from

Wuhan Servicebio Technology Co., Ltd. (Wuhan, China). FITC-

Dextran 4000 (FD4), Chlorpromazine (CPZ), Methyl-ß-Cyclo-

dextrin (M-ß-CD) and Amiloride (AMLR) were purchased from

Shanghai Aladdin Reagent Co., Ltd. (Shanghai, China). Krebs-

Ringer buffer was purchased from Beijing Solarbio Science &

Technology Co., Ltd. (Beijing, China). 4,6′-diamidino-2-

phenylindole (DAPI) was purchased from Shanghai Beyotime

Biotechnology Co., Ltd. (Shanghai, China). 4% para-

formaldehyde was purchased from Nanjing Chemical Reagent

Co., Ltd. (Nanjing, China). The coagulation factor IXa activity

assay kit (fluorometric) was purchased from Shanghai Boatman

Biotech Co., Ltd. (Shanghai, China). An activated partial

thromboplastin time (APTT) assay kit (coagulation) was pur-

chased from Shanghai Yuanye Bio-Technology Co., Ltd.

(Shanghai, China).

2.2. Animals

Sprague—Dawley rats (6—8 weeks, male, 250—300 g) were pur-

chased from Qinglong Mountain Animal Breeding Ground

(Nanjing, China). All animal experiments were conducted in

accordance with the guiding principles of international animal

experimentation, as outlined in the Experimental Animal Man-

agement Regulations and the Guiding Opinions on the Treatment

of Experimental Animals. All animal protocols were approved by

the China Pharmaceutical University Animal Care and Use

Committee (No. 2022-10-011).

2.3. Preparations

DESs were prepared as previously reported38. DESs with Ge to

Ch molar ratios of 4:1, 2:1, 1:1 and 2:3 were synthesized via a

salt metathesis reaction. Briefly, an appropriate amount of Ch

was mixed with Ge drop by drop, stirred at 40 ◦C until CO2

production ceases, followed by rotary evaporation at 60 ◦C for

2 h and drying in a vacuum oven at 60 ◦C for 48 h. Next,

DES—LMWH was prepared by mixing DESs with distilled

water, adding LMWH and vortexing for 5 min. Finally,

DES—LMWH was used as an adhesive, mixed with a specific

amount of filler, and sieved through a 20-mesh sieve for granu-

lation. This was followed by drying at 60 ◦C for 3 h and loading

the particles into enteric capsules.

The optimized DES—LMWH oral enteric capsules were pre-

pared in a similar process. The DES2:1 was diluted with water to

obtain 300 μL of 25% (v/v) DES2:1, followed by mixing with

20 mg of LMWH, vortexing, mixing with 500 mg of mannitol,

and sieving for granulation. The resulting granules were then dried

and loaded into an enteric capsule.

2.4. Characterization of DESs

The synthesized DESs were placed in nuclear magnetic resonance

(NMR) tubes containing coaxial inserts of dimethyl sulfoxide-d6

(DMSO-d6) and characterized using a Bruker Avance AV-300

MHz spectrometer (Bruker Corporation, Billerica, Massachu-

setts, USA). The Bruker Vertex 70v Fourier transform infrared

spectrometer (FTIR, Bruker Corporation, Billerica, MA, USA)

was used to scan the spectrum of the synthesized DESs. FTIR

scans were performed in the range of 4000—450 cm− 1 at 25 ◦C

with a resolution of 1.0 cm− 1.

2.5. Stability studies

To investigate the stability of DES—LMWH in intestinal digestive

fluid, a 0.5 mL sample was added to 9.5 mL of artificially simu-

lated intestinal digestive fluid (pH 6.8 PBS containing 1% trypsin

and 0.3% bile salts) at 37 ◦C, 100 rpm (SHA-C water bath shaker,

Jiangsu Jincheng Instruments Co., Ltd., Changzhou, China).

Samples were taken at specific time intervals, incubated at 70 ◦C

to inactivate the enzyme, cooled, and then frozen. The supernatant

was obtained by centrifugation. The LMWH activity was deter-

mined by the azure II method. To investigate the storage stability,

freshly prepared DES—LMWH was stored at 4 and 25 ◦C. The

content of LMWH was detected on Days 0, 1, 4, 7 and 14.

To assess the stability of DES—LMWH oral enteric capsules,

three independent stability tests were conducted: (i) For the

influencing factor test: DES—LMWH oral enteric capsules were

placed under high temperature (60 ◦C), high humidity (25 ◦C,

90 ± 5% RH) and strong light (4500 ± 1500 Lx), samples were

taken on the 0 and 10th day of followed by LMWH determination

and capsule characterization; (ii) For the accelerated test: three

prepared DES—LMWH oral enteric capsules were stored at

40 ± 2 ◦C, 75 ± 5% RH, samples were taken at 0, 1, 3 and 6

months. Then, the content of LMWH, capsule characteristics and

in vitro release behavior at each time point was determined; (iii)

For the long-term test: three prepared DES—LMWH oral enteric

capsules were stored at 25 ± 2 ◦C, 60 ± 10% RH, samples were

taken at month 0, 1, 3, 6 and 12, the drug content capsule char-

acteristics and release were measured.

2.6. Paracellular pathway transport studies

The Caco-2 monolayer cell model was first prepared. Caco-2 cells

were seeded at a density of 2 × 104 cells per well in Transwell

polyester membrane 24-well plates. In brief, 0.4 and 0.6 mL of

complete culture medium were added to the chamber and base

well plate, followed by cultivation in an incubator, replacing

culture medium at 24 h after inoculation, changing the medium

every 2 days for the first 7 days and replacing the medium every

day until 21 days for use. The transepithelial cell resistance values

were measured on Days 1, 5, 10, 15, and 20 after culture.

The tightness of the Caco-2 monolayer cell model was

assessed by determining transepithelial electrical resistance

(TEER) using the Millipore Millicell ERS-2 epithelial volt-

ohmmeter (Merck KGaA, Darmstadt, Germany)39,40. Place the

ohmmeter in the clean bench for 30 min of UV sterilization, and

use electrode 0 to zero it. Replace with electrode 1 to measure the

resistance value of each well, with the long side of the electrode in

contact with the bottom of the well plate and the short side tightly

attached to the inner wall of the chamber. Measure each well three

times. Set a blank chamber (uncultured cells) as the control group,
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with the resistance value being the blank resistance value. When

the TEER value exceeded 300 Ω cm2, transport studies were

conducted. The TEER value is calculated according to Eq. (1):

TEER
(
Ώ·cm2)�(Rt— R0) × S (1)

Rt and R0 are the cell monolayer resistance measurements (Ω)

and empty dish resistance measurements (Ω), respectively. S is the

monolayer membrane area (cm2).

Additionally, apparent permeability coefficient (Papp) values

are necessary to evaluate the integrity of the Caco-2 monolayer

cell model. The fluorescence values of the samples at 490 nm were

determined using a Cytation 5 multi-mode microplate detection

and cell imaging system (BioTek, Winooski, Vermont, USA), and

the apparent permeability coefficient (Papp) of fluorescein sodium

was calculated according to Eq. (2):

Papp�
dQ(t)

dt
×
1
AC0

(2)

Q(t) is the total amount of drug transferred across the mem-

brane from the compartment to the well plate (μg). A is the

membrane area of the compartment (cm2). C0 is the initial con-

centration of the drug in the compartment (μg/mL).

Free LMWH and DES—LMWH were diluted using DMEM

medium to prepare an aqueous solution with a concentration of

2.5 mg/mL LMWH. Then, 200 and 800 μL of DMEM medium

were added to the Transwell chambers and well plates, respec-

tively, followed by 30-min incubation, removing the medium in

the chambers, adding 200 μL of LMWH and DES—LMWH

samples, collecting a 100-μL sample from the well plate at various

time points and adding an equal amount of fresh DMEM medium.

The absorbance values of the samples were determined by the

azure II method to calculate the amount of LMWH transported.

2.7. TEER measurement of DESs treated Caco-2 monolayer

transwells

In brief, 200 and 800 μL of DMEM medium were added to the

Transwell chambers and well plates, respectively, followed by 30-

min incubation and TEER determination. Then, the chamber

medium was replaced using DMEM containing 0.0, 0.5, 1.0 or

2.0 mg/mL DESs. The TEER values were determined at 1, 2, 3, 4

and 5 h after incubation. Finally, the chamber was filled with

DMEM medium, and the TEER was measured 24 h after

incubation.

2.8. Transcellular pathway transport studies

DMEM medium (200 μL) containing different cellular uptake in-

hibitors CPZ (10 μg/mL), M-ß-CD (2.5 mmol/L), and AMLR

(13 μg/mL), was added to the Transwell chambers. DMEM medium

(600 μL) was added to the well plates. After incubation for 30 min,

200 μL of DES—LMWH was added and incubated for an additional

3 h. The amount of LMWH transport was calculated by taking

100 μL of the solution and measuring the absorbance value of the

sample by the Azure II method.

2.9. Single-pass intestinal perfusion experiment

Rats were anesthetized and randomly divided into five groups:

control group, DES2:3 (Ge and Ch in a 2:3 ratio) group, DES1:1

(Ge and Ch in a 1:1 ratio) group, DES2:1 (Ge and Ch in a 2:1 ratio)

group and DES4:1 (Ge and Ch in a 4:1 ratio) group. The abdominal

cavity of the rats was opened 3—4 cm along the ventral white line,

and the jejunal segment was selected 15—25 cm below the pylo-

rus. The jejunal segment was cannulated at both ends and con-

nected to the peristaltic pump (Baoding Longer Precision Pump

Co., Ltd., Baoding, China). The abdominal wound was covered

with absorbent cotton and the abdomen was irradiated with a

surgical lamp for heat preservation during the irrigation process.

The contents of the intestinal segments were first flushed with

saline and equilibrated with Krebs—Ringer buffer. Then, the

perfusate was replaced with the preparation. At the end of the

perfusion, the cleaned intestinal segments were cut into multiple

1—2 cm segments and placed in 4% paraformaldehyde fixative for

24 h. Photographs were recorded using an DM-2500 upright

fluorescence microscope (Leica Microsystems Wetzlar Co., Ltd.,

Wetzlar, Germany). The drug concentration before and after

perfusion was determined using a fluorescence spectrophotometer,

and the effective intestinal permeability coefficient (Peff) and ab-

sorption rate constant (Ka) were calculated for each group of

preparations. The Peff and Ka were calculated according to Eqs. (3)

and (4):

Peff�

—Q× ln
Cout ×Vout

Cin × Vin

2πlr
(3)

Ka�
1—

Cout ×Vout

Cin × Vin

πlr2
(4)

Cin and Cout are the mass concentrations of the intestinal inlet

and outlet perfusate (mg/mL), Vin and Vout are the volumes of the

corrected intestinal inlet and outlet perfusate (mL), l and r are the

length (cm) and cross-sectional radius (cm) of the perfused in-

testinal segments, Q is the perfusion rate (mL/min).

2.10. Pharmacokinetics studies

To validate the clinical LMWH dosage, rats were unintentionally

divided into two groups: subcutaneous injection of free LMWH

group (5 mg/kg) and subcutaneous injection of free LMWH group

(1 mg/kg). Blood samples were collected at various time points to

determine the anti-FXa activity. The anti-FXa activity of LMWH

in the sample plasma was determined using the microchromogenic

substrate method41,42. The data were analyzed pharmacodynami-

cally using PKSolve (version 2.0, China Pharmaceutical Univer-

sity, Nanjing, China).

For the intestinal absorption study of DES—LMWH, rats were

randomly divided into four groups: intravenous injection of free

LMWH group (40 mg/kg), intestinal injection of free LMWH

group (40 mg/kg), intestinal injection of DES—LMWH group

(20 mg/kg), and intestinal injection of DES—LMWH group

(40 mg/kg).

For the pharmacokinetics study of DES—LMWH oral enteric

capsules, rats were indiscriminately divided into two groups: a

free LMWH control group (20 mg/kg) and a DES—LMWH oral

capsule preparation group (20 mg/kg).

2.11. FeCl3-induced rat femoral venous thrombosis model

The femoral venous thrombosis model was prepared based on

previous reports43,44. The rats (220—260 g) were randomly

divided into 5 groups: wild type (WT) group, model group, sub-

cutaneous injection of LMWH group (1 mg/kg), free-LMWH oral
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enteric capsule group (20 mg/kg) and DES—LMWH oral enteric

capsule group (20 mg/kg). Continuous drug administration was

performed for 7 days. The rats were anesthetized 1 h after the final

administration, dissected, and the left femoral vein was used.

Thrombus formation was induced by placing a filter paper

(4 mm × 10 mm) soaked in 10% FeCl3 on the left femoral vein for

5 min.

At 1 h after administration, blood was collected into tubes

containing 0.109 mol/L trisodium citrate for subsequent coagu-

lation parameter measurements (anticoagulant: blood � 1:9, v/v),

including prothrombin time (PT), activated partial thromboplastin

time (APTT), fibrinogen (FIB), and thrombin time (TT). The

blood was centrifuged at 1000×g for 10 min at room temperature

to obtain plasma. The four blood parameter assays were per-

formed using the clotting time method45,46. Subsequently, the

embolized femoral veins were collected for the measurements of

thrombus length, wet weight and dry weight. Then, the embolized

femoral veins were fixed in 4% paraformaldehyde for hematoxylin

and eosin (H&E) staining and Masson staining.

2.12. Statistical analysis

Statistical results were presented as the mean ± standard deviation

(SD) of at least three independent experiments. Experimental data

were analyzed using GraphPad Prism (version 9.0; GraphPad

Software, San Diego, CA, USA). P < 0.05 was regarded as sta-

tistically significant.

3. Results

3.1. Synthesis and characterization of DESs

First, DESs were synthesized by salt metathesis reaction. The

structural formulas of Ge and Ch were shown in Fig. 1A. The

appearances of DESs with different composition ratios are shown

in Fig. 1B. As the proportion of Ch increased, the color of DESs

darkened gradually, from yellow to orange-red.

Next, to validate the formation of DESs and the interactions

between Ge and Ch, we employed experiments comprising 1H

nuclear magnetic resonance (NMR) and Fourier transform

infrared spectroscopy (FT-IR) to characterize the structures of the

DESs. As shown in Fig. 1C, the hydrogen atom groups belonging

to Ge, Ch, and DESs, respectively, are observed in the 1H NMR

spectrum (Fig. 1C). After DES synthesis, the hydrogen atom

groups in the Ch fragment had little chemical shift. While in the

Ge fragment, the two terminal methyl groups (labeled 11 and 12)

shifted from 2.58 to 1.31 ppm, followed by the changes (from 3.11

to 1.74 ppm) in internal methyl groups (labeled 5, 6, and 10). The

protons (labeled 3 and 7) linked to the sp2 carbon shifted from

6.60 to 5.31 ppm and from 6.11 to 4.80 ppm, respectively. The

data indicated that the synthesized DESs possessed the structure of

both Ge and Ch. Notably, the single peak of carboxyl hydrogen in

the Ge fragment located at 11.61 ppm disappeared, suggesting

hydrogen bonds might form between carboxyl hydrogen in Ge and

the nitrogen atom in Ch. Fig. 1D shows the 1H NMR spectra of

DESs with different composition ratios. Compared with Ge and

Ch fragments, the hydrogen atom groups in the four DESs’

hydrogen spectra all exhibited chemical shifts of varying degrees,

further demonstrating the formation of DESs.

Then, the study of FTIR spectra confirmed the hydrogen

bonds. As shown in Fig. 1E, the characteristic peaks of DES2:1

were shifted towards the low wavenumber region compared to

those of Ge and Ch. The peak of the C—OH stretching vibration

shifted from 3232 to 3220 cm− 1, the peak of the Ge carbonyl

stretching vibration shifted from 1686 to 1644 cm− 1, while the

peak of the —C—O— stretching vibration shifted from 1247 to

1228 cm− 1. These changes indicated the formation of hydrogen

bonds between Ge and Ch. Ch is a well-known hydrogen bonding

receptor and readily forms hydrogen bonds with natural acids47,48.

In addition, the intensity of the absorption peak of DESs at

3232 cm− 1 gradually weakened and, while the intensity of the

absorption peak at 1686 cm− 1 gradually increased with the

expansion of Ge ratio (Fig. 1F). The results of 1H NMR and FT-IR

confirmed the synthesis of DESs, while hydrogen bonds were the

primary driver of DES formation.

3.2. Optimizing the formulation and characterization of

DES—LMWH

DES—LMWH were prepared by the vortex method (Fig. 2A). We

optimized the formulation by studying the DESs’ ability to solu-

bilize LMWH and their permeability-promoting effect. Studies

have shown that the solubility of a solute in DESs is related to its

polarity magnitude, with non-polar compounds being more soluble

in pure DESs and highly polar compounds being more soluble in

DESs containing water49. LMWH is a hydrophilic drug with a high

polarity and an extremely low solubility of almost zero in pure

DESs. The introduction of water could disintegrate part of the

DESs’ spatial structure, reduce viscosity, and solubilize other

molecules. As an initial step, we established a method to determine

LMWH using ultraviolet and visible (UV—Vis) spectrophotometry,

employing azurite II as a cationic dye (Supporting Information

Fig. S1 and Table S1)50,51. Fig. 2B showed the solubility of

LMWH in different composition ratios and various concentrations

of DESs. When the composition ratio of DESs was determined, the

solubility of LMWH decreased with the increase in DES concen-

tration. The maximum solubility of LMWH in DESs was only

277.12 mg/mL, possibly due to DESs still maintaining part of their

spatial structure in water, and their high viscosity gave it less space

to dissolve other solutes52. Additionally, when the concentration of

DESs was the same, the higher the Ch content in the component,

the higher the solubility of LMWH. This might be due to the high

hydrophilicity and polarity of Ch. When the content of Ch was

higher, the hydrophilicity of the formed DESs was stronger; thus,

the solubilizing ability for hydrophilic LMWH increased.

To characterize the permeability-promoting effect of DESs, an

in vivo intestinal perfusion model was established, as it retained

the integrity of the intestinal vasculature and peripheral nerves in

proximity to the intestinal environment, allowing for more accu-

rate prediction of drug absorption behavior in the intestines53,54.

FITC-Dextran 4000 (FD4), a FITC-labeled neutral dextran with an

average molecular mass of approximately 4000 Da, has a chem-

ical composition and molecular weight similar to those of LMWH.

As a fluorescent tracer, FD4 emits bright fluorescence under

specific excitation wavelengths, making it a widely adopted tool

for studying intestinal permeability55. Given its high molecular

weight, FD4 has a poor ability to traverse the intestinal epithelia

under physiological conditions. Consequently, detecting the

amount of FD4 transcellular transport directly reflects the

magnitude of intestinal permeability. This property renders FD4 an

effective benchmark for evaluating the permeability-enhancing effi-

cacy of oral absorption enhancers in many reported studies56-60.

Although FD4 and LMWH exhibit distinct charge profiles, FD4
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permeability remains a valid screening indicator for selecting DES

formulations with optimal intestinal permeability-enhancing capac-

ity, owing to their molecular weight-dependent transport mecha-

nisms. Therefore, FD4 was utilized as a model compound to study the

LMWH intestine permeability. As shown in Fig. 2C and D, DESs

with varying composition ratios enhanced the absorption of FD4 in

the jejunum. DES2:1 had the most significant pro-absorption effect,

with a 3-fold Peff and Ka compared to the free FD4 solution, and

thereby was selected for the following study. Additionally, studies

have shown that larger amounts of DESs may be more conducive to

enhancing permeability61. Nevertheless, based on the solubility

determination in the previous text, we demonstrated that the lower the

concentration of DESS, the more beneficial it was to the dissolution of

LMWH. Considering the dosage requirements for subsequent ex-

periments and the permeability-promoting effect, 25% DES was

finally selected for the subsequent study.

To evaluate the contributions of structure to absorption

enhancement, we characterized the physical state of 25% DESs

and DESs—LMWH. First, they manifested as a uniform system

(Supporting Information Fig. S2A and S2B). The 10-fold dilution

using pH 6.8 PBS to simulate the state of drugs after dissolution in

the intestinal environment allowed them to form colloidal

formulation containing micelles or emulsions, demonstrating the

diameter of 79.05 ± 3.58 nm (PDI 0.112 ± 0.013) and

196.60 ± 8.81 nm (PDI 0.292 ± 0.019), respectively (Fig. 2E and

F). Transmission electron microscopy (TEM) examination

revealed that the two diluted formulations had sub-spherical and

relatively irregular rod-shaped structures with similar diameters,

as determined by dynamic light scattering (DLS) analysis (Fig. 2G

and H). The results confirmed the formation of colloid after

dilution, and the growth of particle size and changes in

morphology demonstrated the encapsulation of LMWH in the

25% DESs. DESs possess the hydrophobic heads of Ge and the

hydrophilic tails of Ch. As a result, we speculated that DESs could

self-assemble in the aqueous phase. As the drug-loaded DES is

delivered to the intestine, it is diluted by intestinal fluid, forming a

Figure 1 Synthesis and characterization of DESs. (A) Chemical structures of Ch and Ge. (B) DESs (Ge: Ch molar ratios of 4:1, 2:1, 1:1 and

2:3) were prepared by salt metathesis of Ge and Ch. (C) 1H NMR spectra of Ch, Ge and DESs. (D) 1H NMR spectra of DES2:3, DES1:1, DES2:1

and DES4:1. (E) FTIR spectra of Ch, Ge and DESs. (F) FTIR spectra of DES2:3, DES1:1, DES2:1 and DES4:1. FTIR scans were performed in the

range of 4000—450 cm− 1 at 25 ◦C with a resolution of 1.0 cm− 1.
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micellar structure that may increase intestinal permeability

through diffusion and fusion during drug delivery35.

Finally, the storage and intestinal digestion stability of

DES—LMWH were studied. The drug content remained un-

changed after 14-day storage at 25 or 4 ◦C (Fig. 2I). Furthermore,

DESs protected LMWH from digestion in intestinal fluid. As

shown in Fig. 2J, the residual activity of free LMWH in simulated

intestinal fluid decreased with prolonged digestion time to 92.97%

after 4 h incubation. By contrast, drug activity in DES—LMWH

remained around 100%. The results demonstrated good storage

stability and enzymatic resistance properties of DES—LMWH.

3.3. Characterization of DES—LMWH oral enteric capsules

DES—LMWH oral enteric capsules were prepared by wet gran-

ulation (Fig. 3A), using mannitol as the filler of enteric capsules

and DES—LMWH as the adhesive. To screen the prescription, we

investigated the types of fillers and the dosage of adhesives. As

demonstrated in Supporting Information Table S2, due to the

strong hygroscopicity, the soft material made by sorbitol was too

viscous to be granulated. At the same time, the content uniformity

of capsules prepared with mannitol and lactose as fillers was

7.36% and 10.93%, respectively, meeting the standard require-

ment of the 2020 Chinese Pharmacopoeia (<15%). To avoid

lactose intolerance caused by excipients, we selected mannitol as

the filler. Then, the influence of adhesive dosage was examined.

As shown in Supporting Information Table S3, when the amount

of DES2:1 was 250, 300, and 350 μL, the content uniformity of the

capsules was 10.98%, 7.36%, and 10.93%, respectively, which

conformed to the standards of the Chinese Pharmacopoeia

(<15%). Thus, we chose 300 μL as the optimal adhesive dosage,

for the content uniformity was minimized (7.36%), indicating a

more uniform distribution of the drug in the capsules. The final

DES—LMWH oral enteric capsules had a neat and smooth

appearance, with no discernible odor. The drug content and

moisture content were respectively 98.51% and 3.06%, with a

Figure 2 Optimizing the formulation and characterization of DES—LMWH. (A) DES—LMWH was prepared by the vortex method. (B)

Solubility of LMWH in DESs with different concentrations and Ge: Ch molar ratios. (C, D) The effect of composition ratios of DES on the pro-

absorption of FD4 in the jejunal segment was evaluated using in vivo intestinal perfusion in rats, with Peff and Ka as indicators. Histograms of Peff

(C) and Ka (D) for each group of preparations in the intestinal perfusion experiment in vivo. *P < 0.05, **P < 0.01, ***P < 0.001,

****P < 0.0001 vs. 2:1 group. (E, F) Particle size of 25% DESs (E) and DES—LMWH diluted 10-fold using pH 6.8 PBS (F). (G, H) TEM of 25%

DESs (G) and DES—LMWH, both diluted ten times with pH 6.8 PBS (H). Scale bar: 500 nm. (I) The stability of DES—LMWH under different

storage conditions. (J) The activity of DES—LMWH in intestinal digestive juice. Data are presented as mean ± SD, n � 3.
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loading variance of 1.63% and a content uniformity of 7.36%

(Supporting Information Table S4).

Next, we studied the in vitro release of DES—LMWH oral

enteric capsules. To select the appropriate media for the in vitro

release experiment, we first investigated the equilibrium solubility

of LMWH in various release media, including distilled water,

0.1 mol/L HCl, pH 6.8 PBS, and pH 7.4 PBS. The solubility of

LMWH in a non-acidic release medium was approximately

400 mg/mL, while in 0.1 mol/L HCL, it was 240.08 ± 9.46 mg/

mL (Supporting Information Fig. S3A). The data indicated that

these release media meet the sink condition of the determination

requirement completely. Then, we tested the stability of LMWH

in these release media. As depicted in Fig. S3B—S3F, LMWH

maintained stability in distilled water, pH 6.8 PBS and pH 7.4 PBS

and, in contrast, decreased by 15% in an acidic environment.

DES—LMWH demonstrated similar pH-related stability (Fig. 3B).

DES—LMWH released more than 80% of LMWH within 48 h in

pH 7.4 and pH 6.8 PBS, while little LMWH was detected in pH

1.2 conditions. The results indicated that LMWH was stable in

physiological and intestinal fluid environments, but unstable in

simulated gastric environments, highlighting the necessity of an

enteric-release design. As shown in Fig. 3C, the DES—LMWH

oral enteric capsules released little LMWH in gastric fluid at

2 h and 96.38% in intestinal fluid at 180 min (Fig. 3C), meeting

the standards of the 2020 Chinese Pharmacopoeia.

To illustrate the capsule stability, we stored the samples under

high temperatures (60 ◦C), high humidity (25 ◦C, 90 ± 5% RH),

and intense light (4500 ± 500 Lux) for 10 days. As shown in

Figure 3 Release and stability of DES—LMWH oral enteric capsules. (A) DES—LMWH oral enteric capsules were prepared by the wet

granulation technique. (B) In vitro release of DES—LMWH oral enteric capsule contents in PBS (n � 5). (C) Dissolution curve of DES—LMWH

oral enteric capsules. SGF, simulated gastric juice; SIF, simulated intestinal juice. (n � 5). (D) Drug content after influencing factors test of

DES—LMWH oral enteric capsules. (E) Drug content of accelerated test samples of DES—LMWH oral enteric capsules (n � 3). (F, G)

Dissolution profiles (F) and dissolution profiles-120 to 180 min (G) of accelerated test samples of DES—LMWH oral enteric capsules (n � 3). (H)

Drug content of long-term test samples of DES—LMWH oral enteric capsules (n � 3). (I, J) Dissolution profiles (I) and dissolution profiles-120 to

180 min (J) of long-term test samples of DES—LMWH oral enteric capsules (n � 3). Data are presented as mean ± SD. ns, not significant. d, day

(s); M, month(s).
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Supporting Information Table S5, the appearance of DES—LMWH

oral enteric capsules remained intact and smooth without cracks

after 10-day storage. The LMWH content remained 90%—110% of

the initial value (Fig. 3D). Mass variation analysis revealed weight

losses of 3.48% and 1.58% under high temperature and intense

light, respectively, while high humidity induced a 1.54% mass gain

(Table S5), which were all in accordance with the provisions of the

Chinese Pharmacopoeia (<5%). Further accelerated (40 ± 2 ◦C,

75 ± 5% RH) and long-term (25 ± 2 ◦C, 60 ± 5% RH) test sta-

bility studies demonstrated consistent results: no macroscopic

morphological changes were observed, and the weight changes

remained below 5% (Supporting Information Tables S6 and S7).

The LMWH content was maintained within 90%-110% throughout

the testing periods (Fig. 3E and H). Notably, the in vitro release

profiles of three production batches in the same test exhibited high

consistency both before and after testing (Fig. 3F, G, I, and J).

Overall, the stability studies demonstrated good storage stability

and batch-to-batch reproducibility.

3.4. Clinical equivalence and bioavailability of oral enteric

capsules

The pharmacokinetic profiles of the preparations were assessed in

rats using mean plasma concentration—time curves, and the

pharmacokinetic parameters were calculated using a non-

compartmental model. Biological potency assays are adopted by

the pharmacopeias of many countries for LMWH quality control;

these methods measure anticoagulant activity via plasma clotting

time or anti-Xa activity62. As they are precise and accurate, the

assays are suited for complex in vivo matrices where sensitivity is

critical. The plasma LMWH concentration was quantified using

the anti-FXa micro chromogenic substrate method due to: (i)

LMWH’s preferential inhibition of factor Xa over IIa, (ii) superior

accuracy for in vivo samples and (iii) direct correlation to phar-

macological activity41.

The pharmacokinetic study included three sections (Fig. 4A).

Consistent with clinical guidelines for LMWH application in

VTE, the ideal blood concentration range was defined as 0.1—0.5

IU/mL (prophylaxis) and 0.5—1.0 IU/mL (treatment)63,64. To

validate the therapeutic and prophylactic anti-FXa activity of

LMWH under clinical dosage, we compared the pharmacokinetic

behavior of subcutaneous injection-free LMWH at 5 and 1 mg/kg

as a contrast. As shown in Fig. 4B, subcutaneous administration at

5 mg/kg maintained a therapeutic concentration for 3 h and a

prophylactic concentration for an additional 1 h, with a Cmax of

1.61 IU/mL and an AUC0—24 h of 3.33 IU·h/mL. In contrast,

subcutaneous administration at 1 mg/kg demonstrated a 6-h-last-

ing duration of prophylactic effect.

Then, to explore the feasibility of LMWH intestinal delivery

using DES and a clinical equivalent dose for subsequent capsule

filling and administration, we evaluated the pharmacokinetics of

intermediate preparations (DES—LMWH) following intestinal in-

jection. As shown in Fig. 4C and D and Supporting Information

Table S8, the LMWH plasma concentration and bioavailability

from DES—LMWH significantly increased compared to free

LMWH at equivalent doses. The absolute bioavailability of free

LMWH is extremely low at 5.47%. In contrast, DES—LMWH

exhibited substantially improved absorption, with a relative

bioavailability of 331.79% and an absolute bioavailability of

18.16% (a 3.3-fold increase over the free drug). Statistical analysis

revealed significant differences in both Cmax (P < 0.05) and

AUC0—24 h (P < 0.01) between the free LMWH 40 mg/kg (i.j.)

group and DES—LMWH 40 mg/kg (i.j.) group (Fig. 4E), con-

firming the DES’s capacity to improve the bioavailability of

LMWH. Additionally, the Tmax of the DES—LMWH 40 mg/kg (i.j.)

group was lower than that of the free LMWH 40 mg/kg (i.j.) group,

indicating that DESs accelerated intestinal absorption. Intriguingly,

the intestinal delivery of both 40 and 20 mg/kg DES—LMWH

achieved comparable durations of therapeutic target (3 h) and

prophylactic target (3—6 h), despite the 8- and 4-fold higher dose

requirements. This dose—exposure relationship indicated that

optimized oral preparations of DES—LMWH could achieve clinical

equivalence to subcutaneous LMWH injections (5 mg/kg),

providing evidence for advancing DES—LMWH as a viable oral

anticoagulant.

Finally, we investigated the pharmacokinetics and clinical

equivalence of enteric capsules following oral administration

(Fig. 4F and G, and Table 1). It should be noted that due to lim-

itations in capsule loading and the volume of rat administration,

we were ultimately able to achieve a maximum dosage of 20 mg/

kg. The capsules demonstrated a 189.66% relative bioavailability

and an absolute bioavailability of 19.93%, representing a 1.9-fold

enhancement over free LMWH (Fig. 4H). Moreover, compared to

the subcutaneous administration of LMWH (1 mg/kg), the half-

life of the DES—LMWH 20 mg/kg (p.o.) group increased from

2.62 to 6.14 h, resulting in a flatter plasma concentration level and

reducing the risk of over-anticoagulation. However, compared to

the DES—LMWH 20 mg/kg (i.v.) group, the DES—LMWH

20 mg/kg (p.o.) group achieved only the prophylactic target but

failed to reach the therapeutic target. This may be due to drug loss

during capsule preparation or the addition of excipients that limit

the release rate of LMWH. Despite that, the DES—LMWH oral

enteric capsules still demonstrated bioavailability enhancement

and prolonged the action time, extending the duration of pro-

phylactic target to over 8 h. Collectively, the 8-h lasting plasma

concentration and the approximately 20% oral bioavailability

indicate the promising clinical translation of the capsules. The

capsule formulation might be an alternative for VTE prophylaxis,

PTS management, and assisted reproduction technologies.

3.5. Mechanism of DESs promoting intestinal absorption of

LMWH

We studied the transport of DES—LMWH in the Caco-2 mono-

layer cell model (Fig. 5A and Supporting Information Fig. S4).

First, we evaluated the safety of DES through in vitro cyto-

compatibility assessments. Cell viability remained above 90%

after DES incubation at concentrations of 0.5—2.0 mg/mL

(Fig. 5B), demonstrating negligible cytotoxicity. DESs improved

the two cargoes, LMWH and FD4, to penetrate the monolayer in a

concentration- and time-dependent manner (Supporting Informa-

tion Fig. S5 and Fig. 5C). To investigate the penetration mecha-

nism of DES, we determined the transepithelial electrical

resistance (TEER) value in Caco-2 Transwells treated with vary-

ing concentrations of DESs (Fig. 5D). The 5-h incubation

significantly reduced TEER while maximal drug translocation was

achieved. The reduction rate was positively correlated with DES

concentration. At the same time, the TEER in each group recov-

ered to more than 95% of its original value after incubation in a

DES-free medium for 24 h. The result indicated that DESs pro-

moted the penetration across the Caco-2 monolayer by tempo-

rarily disrupting the tight junctions.

Then, we explored the transmembrane transport of

DES—LMWH using pharmacological inhibitors to block the main
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Figure 4 Pharmacokinetics and bioavailability of DES—LMWH and DES—LMWH oral enteric capsules. (A) The design basis of a phar-

macokinetic study. (B) Drug concentration—time curve of clinical LMWH therapeutic and prophylactic dose after subcutaneous administration.

(C—E) Drug concentration—time curve-24 h (C), drug concentration—time curve-8 h (D) and main pharmacokinetic parameters (E) of

DES—LMWH after intestinal administration. *P < 0.05, **P < 0. 01 vs. AUC0—24h of Free LMWH 40 mg/kg (i.j.) group; #P < 0.05 vs. Cmax of

Free LMWH 40 mg/kg (i.j.) group. (F—H) Drug concentration—time curve-24 h (F) and drug concentration—time curve-8 h (G) and main

pharmacokinetic parameters (H) of DES—LMWH oral enteric capsules. #P < 0.05 vs. Cmax of Free LMWH 20 mg/kg (p.o.) group. Data are

presented as mean ± SD, n � 5.

Table 1 Pharmacokinetic parameters of DES—LMWH oral enteric capsules (n � 5).

Materials Dose (mg/kg) t1/2
a (h) Tmax

b (h) Cmax
c (IU/mL) AUC0—24 h

d (IU·h/mL) MRTe (h)

Free LMWH (i.v.) 40 1.41 � 0.27 0.50 � 0.00 11.11 � 4.02 27.59 � 8.82 2.06 � 0.48

Free LMWH (s.c.) 1 2.62 � 0.84 1.17 � 0.24 0.65 � 0.15 1.56 � 0.35 3.99 � 1.00

Free LMWH (p.o.) 20 3.54 � 1.30 1.50 � 1.08 0.35 � 0.05 1.45 � 0.06 5.87 � 1.31

DES-LMWHf (p.o.) 20 6.14 � 3.12 2.67 � 1.25 0.56 � 0.09g 2.75 � 1.11 9.55 � 4.79

Data are presented as mean ± SD, n � 5.

i.v., intravenous injection; s.c., subcutaneous injection; p.o., per oral enteric capsule.
aElimination half-life of the drug.
bTime to reach maximum plasma concentration.
cMaximum plasma concentration.
dArea under the concentration—time curve from 0 to 24 h.
eMean residence time.
fDES—LMWH oral enteric capsule.
gP < 0.05 vs. Cmax of Free LMWH (p.o.) group.
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endocytosis pathways. The three inhibitors demonstrated little

effect on DES—LMWH transport compared to the non-pretreated

group (Fig. 5E). The results indicated that DESs did not alter

LMWH transmembrane transport through the three major trans-

cellular pathways: clathrin-mediated, caveolin-mediated, and

micropinocytosis-mediated.

Finally, we investigated the intestinal penetration of DES

formulation in the single-pass intestinal perfusion model using FD4

as a model molecule. As shown in Fig. 5F, free FD4 displayed

modest green fluorescence in the intestinal tissue. In contrast, DESs

significantly promoted the uptake of FD4 in the jejunal epithelial

cell layer, primarily located in the apical columnar cell layer of the

small intestinal villi and within the villi. The fluorescence intensity

of the DES-FD4 group was approximately 9.48 times that of free

FD4 (Fig. 5G). The results revealed that DESs potently promote the

intestinal penetration of biological drugs.

3.6. Effects of in vivo thrombosis prophylaxis in FeCl3-induced

rat femoral venous thrombosis model

The effects of preparations preventing thrombosis were evaluated

in FeCl3-induced rat femoral venous thrombosis model (Fig. 6A

and Supporting Information Fig. S6). Topical application of FeCl3
to the femoral vein allowed Fe3+ to penetrate the vascular endo-

thelium and generate reactive oxygen species (ROS) via the

Fenton reaction, causing lipid peroxidation in endothelial cell

membranes and endothelial injury65. The denuded vessels exposed

subendothelial collagen, triggering platelet activation, adhesion

and aggregation and forming primary platelet plugs. Meanwhile,

the intrinsic blood coagulation cascade was initiated, transforming

coagulation factor X to Xa, which led to thrombin production,

catalyzing the cleavage of fibrinogen into fibrin monomers and

ultimately forming a femoral venous thrombosis66.

Figure 5 The mechanism by which DESs promote the intestinal absorption of LMWH. (A) The schematic illustration of the Caco-2 monolayer

cell model. (B) The effect of DESs concentration on the activity of Caco-2 cells (n � 6). (C) The effect of DES concentration on the transport of

LMWH. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. free LMWH group (n � 3). (D) The effect of DES concentration on TEER

value. *P < 0.05, **P < 0.01, ***P < 0.001 vs. 0.0 mg/mL DESs group; ns, not significant (n � 3). (E) The effect of inhibitors on the transport

of DES—LMWH. CPZ inhibits clathrin endocytosis by acting on intracellular dynein. M-ß-CD inhibits caveolin endocytosis by regulating

intracellular cholesterol levels and destroying actin required for transport. AMLR inhibits macropinocytosis by inhibiting Na+/H+ exchange and

lowering cell membrane pH (n � 3). (F) Penetration in the rat jejunal segments after in vivo intestinal perfusion and (G) semiquantitative analysis

of fluorescence intensity. Blue and green fluorescence represent the nucleus and FD4. ****P < 0.0001 vs. free FD4 group (n � 3). Data are

presented as mean ± SD. ns, not significant.
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Figure 6 Effects of in vivo thrombosis prophylaxis in FeCl3-induced rat femoral venous thrombosis model. (A) The rat femoral venous

thrombosis model was induced by 10% FeCl3 solution for 5 min. (B) The images of rat femoral venous thrombus. (C—E) The prophylactic effect

of different treatments in thrombus length (C), thrombus wet-weight (D) and thrombus dry-weight (E). (F—I) Analysis of plasma coagulation

parameters, including PT (F), APTT (G), TT (H), and FIB (I). (J, K) Analysis of femoral venous thrombus histopathology by Masson staining

(J) and semiquantitative analysis of embolization area (K). Scale bar: 100 μm. (L, M) Analysis of femoral venous thrombus morphology by H&E

staining (L) and semiquantitative analysis of fibrin proportion in thrombus (M). Blue arrow: fibrin; yellow arrow: platelets; green arrow: red blood

cells. Scale bar: 100 μm. Data are presented as mean ± SD, n � 5. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. WT group;
#P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001 vs. respective monotherapy group; ns, not significant.
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As shown in Fig. 6B, the FeCl3 induction resulted in obvious

femoral venous thrombosis compared with the WT group, indi-

cating successful establishment of the model. The size of the

formed thrombus decreased in turn in the groups treated with

LMWH (p.o.), DES—LMWH (p.o.), LMWH (s.c.) and the WT

group compared with the model group. To quantify the thrombus

alteration, we determined the thrombus length, wet weight and dry

weight (Fig. 6C—E). The treatment using LMWH (p.o.) did not

significantly decrease these indices. Whereas the DES—LMWH

(p.o.) group demonstrated a significant reduction in the indexes

and similar efficiency to the LMWH (s.c.) group. Then, we inves-

tigated the blood parameters, including prothrombin time (PT),

activated partial thromboplastin time (APTT), thrombin time (TT)

and fibrinogen (FIB) (Fig. 6F—I). The thrombus formation signifi-

cantly decreased PT, APTT, and TT, while increasing FIB, indi-

cating hypercoagulability, triggering the intrinsic coagulation

pathway, and an increase in fibrinogen. While the treatment using

LMWH (s.c.) or DES—LMWH (p.o.) combated the alterations.

Finally, H&E staining and Masson staining of the embodied

femoral veins were conducted to evaluate the thrombotic degree

and the amount of crosslinked fibrin formation. As shown in Fig. 6J

and K, venous endothelial injury and fibrosis were demonstrated in

all FeCl3-treated groups, and the vascular lumens of the model and

LMWH (p.o.) groups were severely obstructed. By contrast, the

embolization area in the LMWH (s.c.) and DES—LMWH (p.o.)

groups decreased by 48.37% and 52.01%, respectively, compared

with the model group, demonstrating similar efficacy. Moreover, the

two treatments resulted in a 41.81% and 37.16% reduction in

thrombus fibrin, respectively (Fig. 6L—M). Overall, the results

indicated that DES—LMWH (p.o.) demonstrated similar efficacy to

LMWH (s.c.) in preventing thrombosis formation, suggesting its

potential to replace LMWH injection administration.

3.7. Safety evaluation

We evaluated the safety of DES—LMWH oral enteric capsules after

repeated 7-day administration (Fig. 7A). The administration

allowed little changes in the body weight (Fig. 7B) and little

alteration in several toxicity indicators of liver and kidney

(Fig. 7C—F), such as alanine aminotransferase (ALT), aspartate

aminotransferase (AST), blood urea nitrogen (BUN) and creatinine

(CR).

APTT is a commonly used clinical indicator that reflects the

coagulation activity of the endogenous coagulation system and is

widely used to assess the safety of heparin-based therapy.

Meanwhile, PLT is also a factor that predicts the bleeding ten-

dency67,68. As shown in Fig. 7 G and H, the two indicators

remained unchanged after repeated administration compared with

the saline group. The results indicated that orally dosing the

capsule had a minimal tendency towards spontaneous bleeding.

Moreover, the capsule administration demonstrated little alteration

in intestine structure, such as the circular folds and boundaries,

and showed no toxicity to the major organs compared to the saline

group (Fig. 7I and J). Overall, these results suggested the

biocompatibility of DES—LMWH oral enteric capsules.

4. Discussion

Despite LMWH being one of the preferred anticoagulants for VTE,

pulmonary embolism (PE) and assisted reproduction, its clinical

utility remains constrained by high molecular weight and negative

surface charges. These inherent properties necessitate frequent in-

jections, posing a critical barrier to patients’ medication adherence.

DESs synthesized by Ge and Ch exhibited excellent solubilization

ability and skin permeability33,48. Inspired by the mechanisms of

permeability-promoting DESs, the development of an oral formu-

lation for LMWH using DESs@enteric technology represents a

significant advancement in overcoming the inherent challenges of

LMWH’s poor oral bioavailability. By synthesizing DESs from Ge

and choline Ch at an optimal molar ratio (2:1) and loading the

DES—LMWH complex in enteric capsules, the optimal formulation

achieved an absolute bioavailability of 19.93% in rats, a 1.9-fold

increase over free LMWH, surpassing the threshold required for

VTE prophylaxis. The results indicated that DESs were an effective

intestinal permeation enhancer while providing a potential clini-

cally viable alternative to injectable anticoagulants.

The significantly expanded bioavailability was attributed

mechanistically to DES’s ability to reversibly open the tight

junctions between intestinal epithelial cells, thereby enhancing

the efficiency of paracellular transport. This aligns with previous

reports of DES-mediated oral insulin delivery37. However, our

work diverged from conventional absorption enhancers (e.g.,

surfactants or nanocarriers) by leveraging the dual functionality

of DESs: (i) stabilizing LMWH against degradation and (ii)

enhancing permeability without inducing cytotoxicity. Compar-

ative analysis revealed a 4.3-fold greater intestinal permeability

compared to free LMWH, highlighting the superiority of DESs

in promoting intestinal permeability over traditional enhancers,

such as chitosan derivatives69. For instance, Fan et al.70 reported

a 1.86-fold enhancement of intestinal permeability using LMWH

with thiolated chitosan, which is lower than the 4.3-fold

improvement achieved by DESs. Crucially, the reversibility of

TEER reduction in Caco-2 monolayers (recovery >95% after

DES removal) alleviated safety concerns associated with chronic

tight junction disruption, a paramount consideration for extended

anticoagulation regimens.

Compared to previously reported LMWH delivery systems,

such as polymeric nanoparticle conjugates22,71, a key improve-

ment lies in the conversion of liquid DESs into stable solid

granules via mannitol-assisted wet granulation, which enables

scalable capsule production using conventional pharmaceutical

manufacturing methods. The simplified manufacturing process

(<5 excipients) coupled with enteric-capsule loading enabled the

formulation to have long-term storage stability and low cost.

Notably, the oral capsules demonstrated therapeutic equivalence to

subcutaneous LMWH injections in prophylaxis. Moreover, the

capsule has a duration of prophylactic plasma concentrations of

more than 8 h (0.1—0.5 IU/mL) and a 7.5-h t1/2 in blood. In

contrast, LMWH (s.c.) demonstrates a 6-h duration and a 2.6-h

t1/2. The comparison indicated that the capsule could extend the

action time and reduce the frequency of administration.

Venous thrombosis pathogenesis conforms to Virchow’s triad,

which includes endothelial injury, hypercoagulability and

stasis72,73. Topical administration of FeCl3 triggered oxidative

damage to the vascular endothelium, exposed subendothelial

collagen, initiated platelet adhesion and aggregation, activated the

intrinsic coagulation cascade and resulted in hypercoagulability

and fibrin formation. Then, the progressive thrombus formation

trapped hemocytes and caused partial vascular occlusion, reducing

blood flow velocity and resulting in stasis72. In this model,

LMWH exerted antithrombotic effects by inhibiting factor Xa. At
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prophylactic doses, it interrupted fibrin generation during the

coagulation cascade. We therefore evaluated the antithrombotic

efficacy of the formulation by quantifying the thrombus area and

composition post-administration. The DES—LMWH oral enteric

capsules and subcutaneous LMWH demonstrated significant

thrombus reduction, decreasing by 52.01% and 48.37% in the

embolization area, respectively. The results validated the antith-

rombotic activity of DES—LMWH oral enteric capsules and

suggested potential clinical equivalence to subcutaneous LMWH.

Besides, several limitations warrant attention. The study utilized

a rodent model to investigate bioavailability; however, intestinal

tight junction proteins change both quantitatively and qualitatively

in pigs, rats, and humans74. Validation in larger species should be

conducted in the future to assess interspecies variability in DES-

mediated absorption. Moreover, injectable LMWH undergoes

renal clearance, whereas orally administered LMWH faces addi-

tional first-pass hepatic metabolism. This hepatic processing in-

troduces potential liver toxicity concerns. Although preliminary

safety evaluations indicate no drug-induced hepatorenal toxicity

from the oral LMWH formulation, hepatic metabolism may pref-

erentially degrade higher-molecular-weight LMWH components

into smaller fragments. This theoretical size reduction could

potentially enhance safety compared to injectable LMWH. How-

ever, detailed characterization of LMWH’s metabolic fate during

first-pass processing remains incomplete and needs further inves-

tigation. Additionally, patients who require anticoagulant therapy

often have comorbidities of cardiovascular and cerebrovascular

events, requiring the combined use of antihypertensive drugs, hy-

poglycemic drugs, etc., leading to the widespread phenomenon of

polypharmacy75-77. The impact of DESs on the absorption of

Figure 7 Safety evaluation of DES—LMWH oral enteric capsules. (A) Safety evaluation designs. Samples were collected after one week of

continuous administration of saline and DES—LMWH oral enteric capsules. (B) Body weight changes in rats. (C—F) Assessment of liver and

kidney function in rats using indicators including ALT (C), AST (D), BUN (E), and CR (F). (G) APTT activity of rat plasma. (H) Blood platelets.

(I) H&E staining of rat intestine tissue sections. Scale bar: 100 μm. (J) H&E staining of major rat organs. Scale bar: 500 μm. Data are presented as

mean ± SD, n � 3. ns, not significant.
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concomitant medications remains unexplored, which is a critical

consideration for patients with polypharmacy.

5. Conclusions

Our study presents a novel strategy for the effective oral delivery

of LMWH, with great potential for clinical translation by trans-

forming injectable LMWH into patient-friendly oral doses. This

platform is promising to address critical adherence barriers in

long-term anticoagulation therapy.
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