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SUMMARY: 
Here, we present a protocol for establishing an everted gut sac model to evaluate interactions between Traditional Chinese Medicine (TCM) and recombinant adeno-associated virus (rAAV) during intestinal absorption, providing an ex vivo platform for optimizing oral gene delivery strategies.

ABSTRACT: 
Oral recombinant adeno-associated virus (rAAV) delivery holds significant therapeutic potential but is limited by inefficient intestinal absorption. Traditional Chinese Medicine (TCM), widely used in oral formulations, represents a promising source of absorption enhancers. However, its potential effects on rAAV uptake and transduction remain largely unexplored. The everted gut sac model provides a quantitative ex vivo platform to investigate these interactions. A detailed protocol is presented here utilizing the everted gut sac model to quantitatively assess adeno-associated virus (rAAV) translocation across the intestinal epithelium and subsequent gene transduction within intestinal tissue under controlled experimental conditions. Key steps include harvesting small intestinal segments from laboratory rodents, everting the segments to form sacs, and filling each sac with oxygenated buffer. The everted sacs are immersed in an oxygenated buffer containing rAAV particles and incubated at 37 °C to allow luminal exposure and vector transport. Endpoint analyses involve sampling the internal (serosal) fluid to measure rAAV particles that have crossed the epithelium, as well as analyzing the sac tissue for transgene expression to determine transduction efficiency. By testing multiple intestinal regions, the protocol provides insight into segment-specific differences in rAAV uptake. Moreover, the inclusion of GZNG, a classic TCM formula, during incubation enables evaluation of its impact on vector uptake and transduction. The everted gut sac approach provides a valuable platform for screening rAAV serotypes, delivery enhancers, and interactions between rAAV vectors and TCM components. It’s simple and parallelizable design also enables high-throughput screening in preclinical studies.

INTRODUCTION: 
Recombinant adeno-associated virus (rAAV) represents a promising platform for systemic gene therapy, with three primary delivery routes currently being explored: intravenous injection1, intraperitoneal injection2, and oral administration3. While routes of intravenous and intraperitoneal injections have been extensively studied, oral administration, a non-invasive approach, remains comparatively underexplored. The feasibility of oral rAAV delivery was first demonstrated by Xin et al.4, who reported successful transduction of intestinal mucosa and induction of an anti-HIV immune response following oral administration of rAAV2. Similarly, Hara et al.3,5, demonstrated that oral rAAV/Aβ can transduce gastrointestinal mucosa and reduce brain amyloid deposition, whereas Steel et al.6 found that oral vaccination demonstrated superior survival and anti-tumor immunity compared with intramuscular injection. The same study reported that rAAV6 exhibited stronger intestinal tropism than rAAV5. Beyond vaccine applications, therapeutic potential has been achieved in other disease models. Ma et al.7 and Hao et al.8 proved that oral rAAV led to tumor suppression and anti-fibrotic therapy in the liver and stomach, respectively, following gastrointestinal transduction. Huang et al.9 identified the engineered serotype Rec2 as selectively transducing brown adipose tissue after oral administration, in contrast to the predominant liver tropism observed with intravenous delivery10. Despite these pioneering findings, research on oral rAAV delivery remains limited, in part due to the lack of in vitro screening systems for large-scale evaluation.

The everted gut sac model, developed by Wilson and Wiseman in 195411, remains a valuable in vitro platform for investigating intestinal drug absorption mechanisms. Unlike other absorption simulator apparatus, this system uniquely accounts for multiple physiological processes beyond simple passive diffusion12. This characteristic makes it particularly advantageous for studying TCM13. Using this system, it is documented that TCM compounds often exhibit segment-dependent intestinal absorption patterns throughout the gastrointestinal tract. For example, one study demonstrated that multiple alkaloids from Wuwei Qingzhuo San are selectively absorbed in different intestinal segments, with the jejunum and ileum showing the most active uptake14. Additionally, co-administration of TCM constituents can modulate intestinal absorption. Liao et al.15 reported that co-administration with Radix Angelicae dahuricae extract significantly enhanced the intestinal absorption of puerarin, highlighting the influence of TCM interactions on segmental uptake. Therefore, the everted gut sac model serves as an ideal tool for elucidating the complex absorption behaviors and synergistic interactions inherent in TCM formulations and other drugs.

Selecting an appropriate model for rAAV absorption research requires a nuanced understanding of the trade-offs among physiological accuracy, technical complexity, and throughput. The table below summarizes the primary experimental models used to study intestinal absorption.

This study provides proof of concept that the everted gut sac model can be used to investigate the intestinal absorption of recombinant adeno-associated virus (rAAV) vectors. It provides valuable insights into how co-administration of TCM influences the intestinal absorption of rAAV vectors, underscoring the need for further characterization of their mechanistic interactions under physiologically relevant conditions. Optimizing TCM-enhanced oral delivery strategies through this approach may facilitate the development of non-invasive rAAV therapeutics, thereby improving patient compliance and treatment accessibility.

Researchers should evaluate the everted gut sac model based on the following criteria to ensure it aligns with their experimental objectives. Appropriate applications include rapid screening of serotypes, adjuvant/enhancer evaluation, and regional kinetics, while inappropriate applications and limitations include long-term expression studies (>48 h) and systemic pharmacology.

PROTOCOL: 
All animal procedures were conducted in strict accordance with the Naval Medical University Animal Ethics Committee–approved guidelines (approval CHEC (A.E)-2025011).

1. Preparation of Tyrode's solution and viral solutions

1.1 Tyrode's solution preconditioning: 

1.1.1 Prepare two 500 mL aliquots of Tyrode's solution (pH 7.4) (See Table of Materials). 

1.1.2 Cool one aliquot to 4 ℃ and warm the other to 37 °C. 

1.1.3 Bubble each aliquot with 95% O₂/5% CO₂.

1.2 Viral solution preparation: 

1.2.1 Add recombinant AAV9-CMV-EGFP to the 37 °C Tyrode's solution to achieve a final concentration of 1 x 1011 vg/mL (Control condition). 

1.2.2 For the experimental condition, supplement the AAV9-CMV-EGFP preparation with a TCM formula GZNG (Table 2) dissolved in vehicle to a final concentration of 200 mg/mL. 

1.2.3 For the GZNG-only control, add GZNG (200 mg/mL) to Tyrode’s solution without AAV9-CMV-EGFP.

NOTE: Prepare viral dilutions immediately before use to preserve infectivity. The pH of the GZNG solution is approximately 5.0–6.0.

2. Animal preparation and intestinal tissue harvesting

2.1. Fasting: Fast the 8-week-old Sprague–Dawley rats for 24 h prior to surgery. Ensure free access to water during this period to maintain hydration.

NOTE: Fasting helps minimize gut content and ensures accurate measurement of intestinal absorption during ex vivo experiments.

2.2. Check animal health before fasting and ensure that they are in good condition. Exclude animals with signs of distress or illness from the study.

2.3. Administer sodium pentobarbital (200 mg/kg, intraperitoneally) to induce deep anesthesia. Verify that the animal is fully anesthetized by checking for a lack of reflexes and steady respiration. 

CAUTION: Pentobarbital is a hazardous controlled substance; handle with gloves and PPE in a fume hood to avoid skin contact/inhalation and follow institutional guidelines for safe disposal and emergency response.

2.4. Perform euthanasia by cervical dislocation once deep anesthesia has been confirmed.

2.5. Swab the abdominal and thoracic areas with 75% ethanol to disinfect the skin and reduce microbial contamination during surgery.

2.6. Make a midline incision along the abdominal region using sterile surgical scissors to expose the peritoneal cavity. 

2.7. Gently separate and expose the stomach and intestines. Use a sterile drape to protect surrounding tissues and organs during the procedure.

2.8. Carefully transect the pyloric sphincter to separate the stomach from the proximal duodenum. Ensure the duodenum remains intact for subsequent procedures.

2.9. Dissect the distal colon at the recto-anal junction while avoiding any damage to the surrounding tissues.

2.10. Gently free the mesenteric attachments from the small intestine using fine forceps or scissors. Be cautious not to stretch or tear the mesentery.

2.11. Immediately transfer the intact small intestine to an ice-cold solution of oxygenated Krebs-Ringer Buffer (Tyrode's solution, 4 ℃). 

3. Ex vivo everted gut-sac preparation

3.1 Select intestinal segments as follows: an 8 cm segment located 10 cm distal to the pylorus was designated the duodenal segment. 

3.2 Collect an 8 cm jejunal segment starting 16 cm distal to the duodenal segment.

3.3 Obtain an 8 cm ileal segment starting a further 16 cm distal to the jejunal segment.

3.4 For the colon, collect an 8 cm segment located 5 cm proximal to the cecal blind end.

NOTE: Ensure the tissue is elastic and intact, suitable for inversion during preparation.

3.5 Rinse the intestinal lumen using a 2 mL syringe filled with ice-cold, oxygenated Tyrode's solution.

3.6 Dispose of the effluent following institutional biohazard waste protocols to maintain sterility and prevent contamination.

CAUTION: Handle biological waste using gloves and appropriate protective equipment to avoid exposure to potentially infectious material. Dispose of all biological waste and effluent following institutional biohazard safety guidelines to prevent environmental contamination.

3.7 Insert the proximal end of the intestinal segment onto a 4 mm polished glass rod. Ensure the rod surface is smooth to prevent mucosal tearing.

3.8 Tie the distal end of the segment with a 2-0 silk suture to secure the tissue onto the rod. Confirm that the tissue remains stable during inversion.

3.9 Gently evert the intestinal segment by sliding the tissue along the rod until the mucosa is completely exposed. Avoid excessive stretching or twisting to maintain tissue integrity.

3.10 Instill 2 mL of ice-cold Tyrode's solution into the lumen to check for leakage. Acceptable leakage should be <5% within 1 min. If leakage is detected, adjust the sutures and verify complete inversion of the mucosal surface.

NOTE: Perform the eversion in a cold environment to minimize enzymatic degradation and preserve tissue viability.

3.11 Insert a 5 cm length of 3 mm glass capillary into the open end of the everted segment to serve as the inlet for perfusion. Advance the cannula gently to avoid mucosal tears.

3.12 Secure the cannula using 2-0 silk sutures. Ensure that the cannula remains fixed in position without collapsing or obstructing fluid flow.

3.13 Apply gentle tension to the sutures to maintain the proper shape of the gut sac. Prevent kinking or twisting, as these may disrupt perfusion and alter absorption results.

3.14 Avoid excessive tightening, as this could damage the tissue or deform the sac. Maintain uniform tension throughout the experiment. Regularly examine the everted gut sac for leakage or structural damage. If leakage exceeds 5%, repair or replace the segment before continuing.

4. AAV transduction and incubation

4.1 Place each everted sac into a 7 mL conical tube containing 4 mL of 37 °C oxygenated Tyrode's solution. 

4.2 Add viral solution as follows: Control: AAV9-CMV-EGFP alone; Experimental: AAV9-CMV-EGFP + GZNG. 

4.3 Incubate statically at 37 °C for 2 h, during which a gas mixture of 95% O2/5% CO2 was continuously bubbled into the solution.

5. Sampling, endpoint processing, and analysis

5.1 Time-course sampling

5.1.1 Withdraw 50 μL of serosal fluid from each gut sac at 0, 30, 60, 90, and 120 min using a calibrated microsyringe. Ensure accurate sampling without introducing air bubbles.

5.1.2 Immediately replace the withdrawn fluid with 50 μL of prewarmed (37 °C) Tyrode's solution to maintain osmotic balance and internal volume. Minimize the time between withdrawal and replacement to preserve consistent experimental conditions.

NOTE: When using a microsyringe (e.g., Hamilton syringe), maintain sterility and handle gently to prevent damage to the gut sac membrane.

5.1.3 [bookmark: _GoBack]Perform sampling promptly at each time point to minimize disturbance of the incubation environment.

5.2 Virus titer determination

5.2.1 Extract total DNA from the serosal fluid using a commercially available Animal Genomic DNA Extraction Kit according to the manufacturer's instructions.

5.2.2 Perform absolute quantification of the rAAV vector genome copy number by qPCR. Use a SYBR Green Kit with ITR primers. Carry out the qPCR amplification in a standard 96-well plate using a thermal cycler with the following cycling conditions: Initial denaturation: 95°C for 10 min; Denaturation: 95°C for 15 s; Annealing and extension: 60°C for 1 min; 40 cycles in total

5.2.3 To quantify the genome copy number, generate a standard curve using serial dilutions of plasmid rAAV-CMVp-gfp (1 ng, 0.1 ng, and 0.01 ng). Use these dilutions to calculate the viral genome copy number based on their corresponding cycle threshold (Ct) values.

5.2.4 Determine the vector genome copy number in the collected serosal fluid using the standard curve. The results were reported as genome copies per 100 ng of extracted DNA.

NOTE: Ensure that all reagents and equipment are sterile to prevent contamination during DNA extraction and qPCR analysis. Use appropriate controls to verify qPCR accuracy, including no-template controls (NTC) and plasmid standards.

5.2.5 Perform qPCR in triplicate for each sample to ensure reproducibility and reliability of the results.

5.3 Terminal tissue processing

5.3.1 Aspirate all residual luminal fluid from each gut sac using a sterile pipette. Handle gently to avoid rupturing the tissue.

5.3.2 Rinse each sac three times with phosphate-buffered saline (PBS) containing 1% penicillin–streptomycin (P/S) to remove residual medium, bacteria, and impurities. Ensure thorough washing to maintain sterility for downstream applications.

5.3.3 Cut the intestinal tissue into 2 mm³ (2 mm * 2 mm * 0.5 mm) fragments using sterile surgical scissors or blades. Keep the fragments uniformly sized for consistent incubation.

5.3.4 Incubate the tissue fragments in 10 mL of DMEM supplemented with 10% FBS and 1% (v/v) P/S at 37 °C for 48 h in a humidified incubator with 5% CO₂. The culture medium should be refreshed every 12 h during incubation.

NOTE: This step maintains tissue viability and allows cell recovery post-experiment. Ensure the mucosa remains intact during cutting and washing. Perform three complete PBS washes to eliminate debris and microbial contaminants. Maintain constant temperature (37 °C) and high humidity to support metabolic activity and tissue health.

CAUTION: Handle tissue fragments with sterile tools and avoid mechanical stress to preserve epithelial integrity.

5.4 Post-incubation analyses

5.4.1 Aliquot A (Histological analysis):

5.4.1.1 Fix the tissue samples in 4% paraformaldehyde (PFA) for 24 h at 4 °C to preserve cellular architecture.

5.4.1.2 After fixation, embed the tissues in OCT compound and perform Hematoxylin and Eosin (H&E) staining to assess tissue integrity and morphology. 

CAUTION: Paraformaldehyde is a hazardous fixative; handle it within a fume hood using appropriate personal protective equipment

5.4.2 Aliquot B (Fluorescence analysis and genome quantification):

5.4.2.1 Snap-freeze the remaining tissue in liquid nitrogen and store at -80 °C until further processing.

5.4.2.2 Use the frozen samples for fluorescence microscopy to detect EGFP expression, assessing transfection efficiency or viral uptake.

5.4.2.3 Perform DNA extraction followed by qPCR to determine viral genome copy number or transgene expression.

REPRESENTATIVE RESULTS: 
This protocol was used to assess the efficiency of AAV9-mediated gene delivery across different segments of the small intestine, as well as the impact of the GZNG treatment on enhancing gene transfer and expression. Several key outcomes were observed, demonstrating both the successful application of the protocol and some variability that can arise under certain conditions.

The assessment of AAV9-mediated EGFP expression by histological (H&E staining) and fluorescence (EGFP) analysis across the small intestine (duodenum, jejunum, ileum, and colon) revealed successful transduction in all tissues tested (Figure 1). Brightfield images (Figure 1A–D) suggested the structural integrity of these tissues, showing normal histological architecture. Corresponding fluorescence images (Figure 1E–H) demonstrated clear EGFP expression in all regions, with green fluorescence indicating effective viral delivery and transduction. These results indicate the success of the AAV9 vector in transducing small intestine tissues. Notably, the rAAV-mediated transgene was predominantly expressed in intestinal epithelial cells lining the lumen. This localization is consistent with the known tropism of AAV for gut delivery: an early oral AAV study demonstrated that the transgene was expressed in both gut epithelial and lamina propria cells16. Similarly, Hao et al. showed that intracolonically administered rAAV2 efficiently transduced the colonic mucosa17. In contrast, negative control tissues with (Supplementary Figure 1) or without GZNG (Figure 1I–L), which received no viral vector, showed no EGFP expression, suggesting the specificity and success of the method in targeted gene delivery. The consistency of EGFP expression across different intestinal regions supports the robustness of the protocol in achieving transgene expression in diverse tissues of the gastrointestinal tract.

The kinetics of AAV9 uptake in the jejunum and duodenum revealed that the optimal time point for peak viral titers in the jejunum occurs at 90 min post-administration (Figure 2). This is highlighted by the time-course profiling of AAV9-CMV-EGFP titers in the perfusates of both the duodenum (red line) and jejunum (blue line). The jejunal titers clearly surpass those of the duodenum, suggesting that the jejunum is a more efficient site for viral uptake. Notably, increasing the external viral concentration (green line) increased peak titers in the jejunum, indicating that the transduction rate can be modulated by adjusting the viral dose. These findings suggest that the method can be adapted to optimize transduction efficiency based on regional characteristics and external conditions.

The observation that the jejunum exhibits the highest absorption efficiency for rAAV9 is a cornerstone finding of this research, necessitating an in-depth exploration of the segment’s unique physiological characteristics. Unlike the duodenum, which is primarily specialized for neutralizing gastric acid and initiating enzymatic digestion, or the ileum, which focuses on the recovery of bile salts and vitamin B12, the jejunum is the principal site of nutrient and exogenous drug absorption. This functional dominance is structurally supported by an elaborate villus architecture that maximizes the effective surface area for absorption.

However, Figure 2 also illustrates the impact of ileal barrier disruption. Panel B demonstrates that the intentional disruption of the ileal barrier at 30 min (black arrow) resulted in the equilibration of intra- and extraluminal titers. In Figure 3, the assessment of GZNG's effect on intestinal absorption through liquid chromatography-high-resolution mass spectrometry (LC-HRMS) base-peak chromatograms (BPCs) reveals further insights into the compound's interaction with the intestinal environment. Analysis of GZNG lyophilized powder (Figure 3A,B) and its intestinal absorption solution (Figure 3C,D) demonstrates distinct peak patterns in both negative and positive ion modes. These chromatograms reveal the molecular alterations GZNG undergoes as it interacts with the intestinal tissues. The early-eluting peaks in negative ion mode (0–2 min) and the pronounced peaks in positive ion mode (4–6 min) suggest that GZNG is absorbed and undergoes modification during intestinal absorption, providing deeper insight into its behavior in the intestinal environment.

Lastly, Figure 4 demonstrates the effect of GZNG treatment on AAV9 absorption and gene expression in the jejunum. The qPCR analysis shows that co-treatment with GZNG significantly increases the number of EGFP DNA copies in jejunal tissues, with a tenfold increase compared to controls (*P<0.05) (Figure 4A). This suggests that GZNG enhances AAV9 vector uptake, resulting in greater transgene expression in the jejunum. Additionally, data from the everted gut sac model further support this finding, showing that co-incubation with GZNG significantly enhances the absorption of AAV9-CMV-EGFP in jejunal sacs over time (Figure 4B). This evidence highlights GZNG's potential as an effective adjuvant for gene delivery applications.

Together, these results provide a comprehensive view of the protocol's success in facilitating gene delivery to the small intestine, particularly the jejunum. The data show that AAV9 can effectively transduce intestinal tissues, with variations in absorption rates observed across intestinal segments and under different external conditions. GZNG treatment further enhances AAV9 absorption, suggesting its potential as a gene-delivery enhancer. 

Alongside these positive outcomes, a few non-ideal results were encountered, providing insight into methodological limitations. Occasionally, an everted sac would develop a leak or tear during the experiment, resulting in immediate mixing of the luminal and serosal contents and a collapse of the usual absorption gradient (similar to the intentional ileal disruption in Figure 2B). Such leakage events rendered those samples unusable and highlight the importance of gentle tissue handling and secure sac closures. In some runs, some sacs failed to exhibit EGFP fluorescence despite receiving the virus, likely due to tissue viability loss (e.g., from ischemia) or an insufficient effective viral dose in that sac. Similarly, a few sacs yielded serosal AAV titers much lower than those in the vehicle, reflecting variability in factors such as tissue health, segment length, or perfusion efficiency. These suboptimal outcomes emphasize that strict attention to protocol details (ensuring tissue viability, oxygenation, correct viral dosing, and intact sac structure) is required to obtain reliable and reproducible data.

Future efforts to advance oral rAAV therapy could benefit from integrating insights from recent advances in rAAV vector engineering. For instance, Meng et al.18 demonstrated that incorporating the melittin analog p5RHH into the rAAV capsid significantly enhances transduction efficiency by promoting endosomal escape. The mechanism may be particularly relevant for overcoming the intestinal epithelial barrier, and provides a framework for understanding how pharmacological adjuvants like GZNG might enhance AAV-mediated gene delivery to the gut.

FIGURE AND TABLE LEGENDS: 

Figure 1: H & E staining and EGFP expression across different small intestine tissues. (A–D) Brightfield images of hematoxylin–eosin staining of (A) duodenum, (B) jejunum, (C) ileum, and (D) colon. (E–H) Confocal micrographs (488 nm excitation) showing EGFP fluorescence (green) merged with the nuclear counterstain DAPI (blue) in the corresponding tissues—(E) duodenum, (F) jejunum, (G) ileum, and (H) colon. (I–L) rAAV9-negative control tissues (no vector administered) for the same intestinal segments—(I) duodenum, (J) jejunum, (K) ileum, and (L) colon —shown with the EGFP channel together with DAPI to illustrate the absence of a specific green signal. Scale bars = 500 μm (as indicated in each panel). 

Figure 2: Jejunal AAV titers peak at 90 min among small intestinal segments. (A) Time-course profiling of AAV9-CMV-EGFP titers (vg/mL) in duodenal (red) and jejunal (blue) perfusates, as well as jejunal perfusates following a 10-fold increase in extraluminal viral concentration (green). Jejunal titers peaked at 90 min, surpassing duodenal titers, and showed further enhancement under elevated external concentration. (B) Comparative analysis of ileal (yellow) and extraluminal (brown) titers. Intentional disruption of the ileal barrier at 30 min (black arrow) led to equilibration of intra- and extraluminal titers thereafter. MOCK represents vehicle control without rAAV administration.

Figure 3: LC-HRMS base-peak chromatograms (BPCs) of GZNG lyophilized powder and its intestinal absorption solution. (A) Lyophilized powder, negative ion mode (ESI–). (B) Lyophilized powder, positive ion mode (ESI+). (C) Intestinal absorption solution, negative ion mode (ESI–). (D) Intestinal absorption solution, positive ion mode (ESI+). Samples were separated by UHPLC and acquired under electrospray ionization in both negative and positive modes. Traces are displayed as base-peak chromatograms (the most intense ion per time point). The x-axis denotes retention time (min), and the y-axis denotes signal abundance (a.u.). A pronounced peak cluster is observed at ~4–6 min in ESI+, while multiple early-eluting peaks (0–2 min) are evident in ESI–.

Figure 4: GZNG increases EGFP DNA copies in jejunum tissues and rAAV titers. (A) qPCR analysis shows that GZNG treatment significantly increases EGFP DNA copy numbers in the jejunum compared with controls, by 10-fold. EGFP amplification was performed using primers targeting the CDS region, with β-actin as the internal control (n = 3). Data are presented as mean ± SD. Statistical significance was determined using Student's t-test, * = P < 0.05. (B) The intestinal uptake of rAAV9 was evaluated using the everted gut sac model. Jejunal sacs were incubated with rAAV9-CMV-EGFP alone (Control, red line) or co-incubated with GZNG and rAAV9-CMV-EGFP (blue line). Viral titers in the serosal fluid were quantified at the indicated time points. Co-incubation with GZNG significantly enhanced the absorption of rAAV9 across the jejunal segment compared to controls. MOCK represents vehicle control without rAAV administration.

Supplementary Figure 1: EGFP expression of GZNG-only treated jejunum tissues.
Confocal micrographs (488 nm excitation) showing EGFP fluorescence (green) merged with the nuclear counterstain DAPI (blue) in the GZNG-only treated jejunum tissue. Scale bars = 500 μm (as indicated in each panel).

Table 1. Comparative analysis of intestinal absorption models19–23.

Table 2. Composition of GZNG.

DISCUSSION: 
In this study, a novel in vitro approach to evaluate intestinal rAAV absorption by adapting the classic everted gut sac model was established. This method allows segment-specific analysis of AAV transduction efficiency across the small intestine under controlled conditions and evaluation of the synergistic effects between TCM and rAAV. Here, the critical steps, troubleshooting and modifications, limitations, and their broad applications in gene therapy and drug delivery are discussed.

Critical technical steps
Implementing the everted gut sac model for rAAV transduction studies requires careful attention to several technical steps that are critical to the protocol's success. Tissue selection and preparation are paramount. Intestinal segments should be harvested consistently (e.g., defined lengths of duodenum, jejunum, ileum, or colon identified relative to anatomical landmarks) to ensure reproducible results24. The sac eversion process itself is a critical step that demands technical finesse. Using a lubricated glass rod or similar tool, the excised intestinal segment is carefully turned inside-out25. It is crucial to avoid twisting or excessive stretching of the tissue during this maneuver, as rough handling can cause microscopic tears or overt mucosal rupture. Equally important is the viral incubation step under controlled conditions. Once everted sacs are prepared and submerged in the rAAV-containing medium, the system must mimic physiological conditions as closely as possible to maintain tissue viability. The incubation medium should be pre-warmed to 37 °C and continuously oxygenated (95% O₂/5% CO₂) throughout the experiment to supply the tissue with oxygen and maintain pH. Temperature control is critical: even mild hypothermia can rapidly impair tissue metabolism, compromising tight junction integrity and active transport processes. 

It is also important to consider pH as an experimental parameter when applying the everted gut sac model to different intestinal segments. Luminal pH varies along the small intestine and may influence the behavior of orally delivered agents. In the present study, the sacs were incubated in a neutral physiological buffer (approximately pH 7.4), which falls within the physiological range of the small intestine and provides a stable environment for vector exposure. This is unlikely to compromise vector integrity, as rAAV has been reported to remain stable over a broad pH range of approximately 4–8.5226. Therefore, although segment-specific luminal pH values were not separately reproduced in our ex vivo setup, the incubation conditions remained compatible with both intestinal physiology and rAAV stability.

It should be noted that viral transduction in an ex vivo sac may progress more slowly than in vivo, in part because the lack of blood flow or lymphatic drainage leads to a stagnant serosal environment11. Accordingly, incubations are often run for 1–2 h, and samples can be taken at multiple time points to track the progression of viral genome uptake. In many cases, the tissue may be incubated with the virus for a set period, then washed and either cultured further ex vivo or analyzed at a molecular level (e.g., via qPCR for vector genomes) to quantify transduction. Maintaining sterility during incubation (by using antibiotics or antifungals in the medium, if necessary) can be beneficial for longer culture or when the intestinal segment carries a high microbial load. In summary, careful control of the incubation environment (medium composition, oxygenation, temperature, and timing) is essential to maximize rAAV transduction while the tissue is viable.

Troubleshooting and modifications
When using the everted gut sac model, certain challenges may arise, but these can often be addressed by adjusting the protocol. If tissue viability is a concern (for instance, if sacs consistently show minimal transduction or obvious tissue damage), one can shorten the incubation duration or ensure the tissue is used immediately after harvesting to reduce time ex vivo. Improving oxygenation – for example, verifying adequate gas flow or gently agitating the medium to enhance gas exchange – can also help sustain the sac for the full 2 h period. When viral uptake signals are lower than expected, increasing the viral dose or titer may be beneficial, though it is important to avoid excessively high concentrations that could saturate or damage the tissue. The length of the intestinal segment can also be modified: using a slightly longer segment provides more surface area for absorption (potentially increasing the signal). Proper sac closure is crucial; consider double-ligating the sac ends or inspecting for inadvertent tears before starting the experiment. Finally, including replicate sacs for each condition is recommended. By fine-tuning parameters such as incubation time, aeration, segment size, viral dose, and replication, investigators can optimize the protocol for reliable performance under their specific experimental conditions.

Advantages and limitations 
The everted gut sac model offers several notable advantages over other experimental approaches, making it especially useful for oral AAV transduction research. Compared to in vivo oral gavage, the ex vivo sac provides far more control and resolution. In an in vivo oral dosing experiment, the administered vector would encounter variable gastric residence time, pH changes, bile, proteases, and then mixed transit through the entire intestine, with any readout reflecting a composite of all these processes. In contrast, the everted sac allows one to isolate and examine specific regions of the gut under defined conditions. In sum, for screening and mechanistic studies, the sac is a faster, more controllable system than oral gavage, while still using real tissue that responds more naturally than cell cultures.

While the everted gut sac model is a powerful ex vivo tool, it has several important limitations. Tissue viability is the foremost constraint – the excised intestinal segments have a limited lifespan outside the body. Even with oxygenated, nutrient-rich media, the sacs are typically only viable for around 2 h11. Beyond this, the epithelial cells begin to suffer hypoxia and nutrient deprivation, leading to compromised barrier function. This short viable window means the method is best suited for studying initial binding, uptake, and early transduction events of rAAV, rather than long-term gene expression or cell turnover. It also necessitates working efficiently and potentially staggering experiments so that each sac is used promptly after dissection. Attempts to prolong viability often encounter the trade-off that lowering temperature preserves tissue but slows down metabolic processes. As a result, 1–2 h is a practical upper limit for meaningful data from each sac.

Another limitation is the absence of an in vivo–like dynamic environment. In a living organism, intestinal contents are propelled by peristalsis, and there is a constant flux of nutrients, enzymes, and local blood flow that can wash away toxins or distribute absorbed substances. In the static sac incubation, however, the external solution is stagnant (aside from whatever mixing the experimenter provides), and there is no blood circulation to carry away absorbed virus or reporter gene product. Consequently, transport kinetics observed ex vivo may not perfectly match in vivo rates – indeed, the absorption or transduction might appear slower in the sac. The lack of blood flow also means that systemic factors, such as circulating immune cells or antibodies that might react to the vector in vivo, are absent. This simplifies interpretation but also overlooks any such interactions. 

Besides, the current study demonstrates an association between GZNG administration and increased rAAV9 absorption but lacks direct evidence for the exact molecular mechanism of action. While we hypothesize that GZNG modulates tight junctions or endocytic kinetics, the study did not utilize specific inhibitors to block these pathways. For instance, the use of chlorpromazine or dynasore to inhibit clathrin-mediated endocytosis would have confirmed whether GZNG’s effect is dependent on the CME pathway. Without such interventional data, the proposed synergy remains a theoretical construct derived from literature on the individual components rather than a demonstrated reality for the whole formula.

In terms of experimental throughput, the everted gut sac falls between simpler in vitro systems and full animal studies. It is less scalable than plate-based cell cultures—preparing and maintaining multiple tissue sacs in parallel is labor-intensive, which inherently restricts throughput11. However, the method can still accommodate a moderate number of conditions by using multiple sacs from a single animal, and advances in apparatus design may further improve throughput in the future. Researchers should be aware of this trade-off: the sac model sacrifices some of the high-throughput capabilities of cell culture assays in exchange for greater physiological relevance. Nonetheless, these ex vivo findings should still be validated in vivo to ensure their translational accuracy.

Significance and application potential
The successful adaptation of the everted gut sac model to rAAV transduction studies holds significant promise for advancing oral gene therapy research. Historically, delivering genes via oral administration has faced challenges, such as low vector uptake and degradation in the GI tract27. Using ex vivo intestinal sacs, researchers can directly observe and quantify transduction events across intestinal sections, helping identify which AAV serotypes or engineered capsids are best suited for infecting intestinal cells. For example, Polyak et al.28 demonstrated that certain AAV types can efficiently transduce intestinal epithelial cells ex vivo, supporting the feasibility of gut-directed gene delivery. Building on such findings, the everted sac method allows rapid screening of novel AAV variants or formulations across different intestinal regions to see where they perform optimally. 

In addition, the model is highly amenable to evaluating adjuvants or absorption enhancers that could boost oral gene delivery. Co-administering candidate compounds with the viral vector in the sac can reveal their impact on transduction efficiency. This is particularly relevant for screening TCM- derived compounds or other natural products for bioenhancer activity. Many herbal compounds – such as quercetin, genistein, naringin, and glycyrrhizin, among others – are known to improve drug absorption or loosen tight junctions29. By testing such compounds (e.g., a TCM extract such as GZNG) in combination with rAAV, one can identify which substances significantly enhance mucosal uptake of the virus. Positive results would suggest that those compounds modulate the intestinal barrier or endocytic pathways to favor gene delivery.

Future work
Looking ahead, the everted gut sac technique can be expanded and refined in several ways. One direction is to incorporate more physiologically dynamic elements into the model. For example, integrating the sac into a perfused bioreactor or microfluidic “gut-on-a-chip” device could provide a continuous flow of oxygenated medium and potentially extend tissue viability beyond 2 h. Such modifications would help capture absorption dynamics more akin to in vivo conditions. Another area for development is increasing throughput: designing multi-chamber systems or automating the processing of multiple sacs simultaneously would enable larger-scale screening of vectors or conditions, making the model more high-throughput while retaining its ex vivo advantages. The sac model could also be adapted to evaluate other intestinal delivery modalities beyond rAAV. For instance, it could be used to study the gut uptake of nanoparticle-based gene carriers, oral mRNA therapeutics, or even recombinant microbial vectors, thereby broadening its applicability. Additionally, future studies might apply this ex vivo approach to intestinal tissues from larger animal models or human donors to improve the translation of findings toward clinical use. Each of these enhancements presents technical challenges, but together they point to a more versatile and predictive experimental platform for advancing oral gene delivery strategies.

In conclusion, the everted gut sac model provides a robust and insightful ex vivo proxy for rAAV research. It emphasizes critical technical steps – from careful tissue handling and sac formation to controlled viral incubation – that collectively ensure reliable assessments of transduction. Its limitations, notably short tissue viability and the lack of systemic factors, are offset by distinct advantages in experimental control and physiological relevance relative to cell cultures or whole-animal studies. This model stands out as an excellent compromise: it preserves the complex features of the gut necessary for realistic evaluation while enabling reproducibility and throughput for screening studies. The knowledge gained from everted sac experiments – whether in optimizing vector design, identifying effective oral adjuvants, or predicting regional uptake differences – is highly valuable for pushing the frontiers of oral gene therapy.
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