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Abstract

:

Electroporation (EP) stands out as a promising non-viral plasmid delivery strategy, although achieving optimal transfection efficiency in vivo remains a challenge. A noteworthy advancement in the field of in vivo EP is the application of hyaluronidase, an enzyme with the capacity to degrade hyaluronic acid in the extracellular matrix, which thereby enhances DNA transfer efficiency by 2- to 3-fold. This paper focuses on elucidating the mechanism of hyaluronidase’s impact on transfection efficiency. We demonstrate that hyaluronidase promotes a more uniform distribution of plasmid DNA (pDNA) within skeletal muscle. Additionally, our study investigates the effect of the timing of hyaluronidase pretreatment on EP efficiency by including time intervals of 0, 5, and 30 min between hyaluronidase treatment and the application of pulses. Serum levels of the pDNA-encoded transgene reveal a minimal influence of the hyaluronidase pretreatment time on the final serum protein levels following delivery in both mice and rabbit models. Leveraging bioimpedance measurements, we capture morphological changes in muscle induced by hyaluronidase treatment, which result in a varied pDNA distribution. Subsequently, these findings are employed to optimize EP electrical parameters following hyaluronidase treatment in animal models. This paper offers novel insights into the potential of hyaluronidase in enhancing the effectiveness of in vivo EP, as well as guides optimized electroporation strategies following hyaluronidase use.
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1. Introduction


Plasmid DNA (pDNA) serves as a versatile vehicle for introducing foreign genetic material into cells, providing researchers with the means to study gene function, develop gene therapies, and express proteins for various applications. The success of these endeavors crucially hinges on the effectiveness of the chosen method for delivering pDNA into the target cells. The transfer of genetic material into cells has been facilitated by an array of methods, each with its unique strengths and limitations. Viral vectors, chemical transfection agents, and physical methods such as microinjection and electroporation have emerged as prominent techniques [1,2,3].



Chemical methods, including lipofection, calcium phosphate transfection, and polymeric carrier-mediated transfection, utilize synthetic or natural compounds to aid in the cellular uptake of pDNA. While these methods are versatile and relatively simple to employ in vitro, issues such as cytotoxicity, variable transfection efficiency, and the need for optimization in specific cell types underscore their limitations [4,5]. In addition to these challenges associated with in vitro transfection methods, in vivo transfection presents a new set of complexities for researchers. The in vivo environment introduces physiological barriers, including immune responses, enzymatic degradation, and complex biological interactions, which can significantly impact the effectiveness of synthetic or natural compounds used for transfection. Viral vectors, such as adeno-associated virus (AAV) and lentiviruses, leverage the natural infection machinery of viruses and have gained prominence recently for their efficiency in gene delivery. However, concerns over immunogenicity, limited cargo capacity, and potential integration into the host genome pose challenges [6,7].



Among the diverse plasmid delivery methods available, electroporation stands out as a versatile and potent approach for facilitating the transfer of pDNA into target cells. Electroporation has become more relevant due to its ability to induce transient permeabilization of cell membranes via the application of electric fields, allowing for the efficient uptake of pDNA into those cells both in vitro and in vivo [8,9]. However, despite its efficiency, electroporation is not without limitations. Cellular stress induced by electric pulses may lead to reduced cell viability and altered cellular functions [10,11]. The potential for cell damage and the requirement for high-voltage pulses in certain applications underscore the need for a nuanced understanding of these drawbacks to optimize and refine the technique [12].



Optimizing electroporation is paramount to realizing its full potential in pDNA delivery, especially in vivo. It is imperative to strike a balance between maximizing DNA uptake and ensuring cell viability. Parameters such as pulse duration, voltage, and the number of pulses play crucial roles in determining the efficiency and viability of the process [13]. Additionally, the electroporation buffer composition and the type of electrode used are critical factors that can influence the outcome [14]. Moreover, advancements in electrode design, pulse waveform optimization, and the development of specialized electroporation instruments contribute to the ability to refine and customize the electroporation process for specific cell types and applications [15]. Greater understanding of the underlying mechanisms of electroporation and its interaction with cellular membranes has led to the adoption of innovative approaches aimed at enhancing its efficiency.



The use of hyaluronidase, an enzyme, stands out as a significant advancement in the field of electroporation in vivo. Its unique ability to break down hyaluronic acid (HA), a major component of the extracellular matrix (ECM), paves the way for improved DNA transfer efficiency. By temporarily reducing the barriers presented by the ECM, hyaluronidase enhances the accessibility of cells to the injected pDNA, thereby amplifying the efficiency of electroporation-induced transfection [16].



Herein, we aim to shed new light on the optimized use of hyaluronidase as a factor in improving pDNA uptake on a cellular level in vivo. We also investigate its impact on electroporation outcomes in animal models and offer insights into the optimization of parameters that may catalyze further improvements in the field of pDNA transfer using electroporation.




2. Materials and Methods


2.1. pDNA Constructs


DNA encoding the IgG heavy chain (HC) and light chain (LC) of S139/1 IgG [17], 1219 (GenBank: QIQ28227 and QIQ28233; unpublished), or EBV321 IgG [18] were cloned into the pCBAINA, a gWiz-derived expression construct. The backbone of pCBAINA includes a cytomegalovirus (CMV) enhancer, chicken beta actin promoter, CMV intron A, bovine growth hormone polyadenylation (BGH-PolyA) sequence, and kanamycin resistance gene. Antibody (Ab) sequences were codon optimized by GeneArt (Thermo Fisher Scientific, Waltham, MA, USA) and synthesized by Twist Bioscience (San Francisco, CA, USA).




2.2. Animals


All animal procedures were performed at Mispro facilities and overseen by the Mispro Institutional Animal Care and Use Committee (IACUC), with the animals cared for in accordance with all federal and state regulations. The mice were housed in disposable, individually ventilated, filter-top cages (Innocage®, Innovive Inc., San Diego, CA, USA), and the caging space, temperature, and humidity for the rabbits were maintained in accordance with the Animal Welfare Act and the Guide for the Care and Use of Laboratory Animals recommendations.



Mouse experiments were conducted on 6–9-week-old BALB/c female mice (BALB/cAnNCrl) with an approximate weight of 17–20 g. Rabbit experiments were conducted on 8–12-week-old New Zealand White female rabbits with an approximate starting weight of 1.8–2.4 kg. All animals were procured from Charles River Laboratories (Charles River, Wilmington, MA, USA).




2.3. Intramuscular Electroporation


Electroporation was performed in the tibialis anterior (TA) muscle in mice. Recombinant Hylenex® (hyaluronidase human injection, Halozyme Therapeutics, San Diego, CA, USA) was chosen as the enzyme to study the effects of hyaluronidase. Hylenex® is supplied as an injectable reconstituted in saline at 150 U/mL. In experiments involving pretreatment with hyaluronidase, the target muscle was injected with 20 µL of 150 U/mL Hylenex, 5–30 min prior to pDNA electrotransfer. The dose and pretreatment time ranges were guided by a combination of previously conducted internal studies and pertinent literature [19,20]. For the pDNA electrotransfer, a 20 μL mixture of pCBAINA-HC and pCBAINA-LC pDNA of equal mass was formulated in 0.5 × 0.9% saline at a final concentration of 0.25 μg/μL and injected using a 29-gauge syringe (324702, Becton Dickinson, Franklin Lakes, NJ, USA). The depth of the injection was fixed at 1.75 mm using a 3D printed stopper. The pDNA injection was immediately followed by electroporation using an in-house-developed needle-based electroporator. The electroporator consists of four 0.3 mm diameter gold acupuncture needle electrodes (AMG-3030, Asiamed, Pullach, Germany), each at the corner of a 2 × 2 mm square. A series of pulses at 150 V/cm was applied using a RenBio custom-built generator (RenBio Inc., Queens, NY, USA). Current and voltage readings were obtained via a differential voltage probe and current probe, respectively, and recorded via a Red Pitaya.



For rabbits, electroporation was performed in the vastus lateralis muscle. For the pDNA electrotransfer, an 800 μL mixture of HC- and LC-encoding pDNA of equal mass and with a final concentration of 0.5 μg/μL was constituted in 0.5 × 0.9% saline. For pDNA electrotransfer involving coformulation with Hylenex, 400 μL of a mixture of HC- and LC-encoding pDNA of equal mass in DI water was mixed with 400 μL of Hylenex (150 U/mL) to a final concentration of 0.5 µg/µL. The rabbit electroporator device consisted of six partially insulated 23-gauge stainless steel electrodes with the pDNA injection in the center of the electrode array. A series of pulses at 150 V/cm was applied using a RenBio custom-built generator. Current and voltage readings were obtained via a differential voltage probe and current probe, respectively, and recorded via a Red Pitaya.




2.4. Bioimpedance Measurements and Fitting


Tissue impedance for both mice and rabbits was recorded using the electrodes of the electroporation device. An impedance analyzer (Agilent 4294A, Agilent Inc., Santa Clara, CA, USA) was used with a custom-made printed circuit board (PCB) test fixture and 1 m long, four-terminal extension cable. Measurement sweeps of the Z and θ parameters were conducted in a frequency range of 100 Hz to 1 MHz. The setup was calibrated using custom-made PCBs with fixed impedance. Impedance sweeps were performed before injection of the plasmid, after injection of plasmid, and after application of electrical pulses.



The utilization of electrical equivalent circuits aims to establish a link between impedance measurements and a behavioral or physiologically derived electrical circuit model of the tissue. This approach involves the selection of a suitable circuit model and determining the circuit parameters that most accurately correspond to the experimental data. A commonly employed circuit in the field of biology and biomedicine is the Cole–Cole model [21], which consists of three components including two resistors and a constant phase element, as represented in Equation (1) [22]. Equation (2) defines the electrode polarization effect that happens at low frequencies and dominates the impedance readings below a few KHz. The electrode polarization effect is an artifact and can be affected by external factors not related to the tissue. The electrode polarization is modeled as a constant phase element model and the impedance is in series with the tissue impedance. The final Equation (3) depicts the total measured impedance, recorded as a series sum of the tissue impedance and the impedance due to electrode polarization.



To model and interpret the experimentally acquired data to the equivalent circuit, a fitting process was utilized. The fitting process employed a non-linear least-squares procedure, iteratively applied to both the real and imaginary parts of the obtained impedance data. This approach ensured a robust representation of the bioimpedance data, facilitating a comprehensive analysis and interpretation in alignment with the Cole–Cole model. Post-fitting, parameters obtained such as Re, Ri, α, and C were compared for different experimental conditions.
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2.5. PNA-pDNA Labeling


A peptide nucleic acid (PNA) conjugated to AlexaFluor 647 (A647) was used as a fluorescent pDNA marker, designed as previously reported [23]. The PNA sequence used was KK-TCTCTCTC-O-O-O-JTJTTJTJT-KK, where J is a pseudoisocytosine and O is an 8-amino 3,6-dioxaoctanoic acid linker.



pDNA was labeled by annealing with the A647-labeled PNA as described previously [24,25]. Briefly, 1.2 mg of pDNA was mixed with 57.6 μL of 50 μM A647-PNA (PNA Bio, Thousand Oaks, CA, USA) in 1x TAE (BM-250, Boston Bioproducts, Milford, MA, USA), in a final volume of 800 μL. This mix was then split evenly into two light-resistant containers and incubated for 4 h at 40 °C. Post-incubation, 40 μL of 3 M NaAcetate, pH 5.2 (S7899-500ML, Sigma-Aldrich, St. Louis, MO, USA) and 1 mL of cold 70% EtOH (861263, Carolina Biological Supply, Burlington, NC, USA) were added to each mix, incubated on ice for 10 min, and centrifuged at 21,000× g for 5 min at 4 °C. After the spin cycle, the pellet was washed with 500 µL of 70% EtOH, followed by another 5 min spin at 21,000× g and 4 °C. The supernatant was discarded, and the remaining pellet was left to dry for approximately 10 min. Finally, 400 μL of DI water and 400 μL of saline (Z1377, Cytiva, Marlborough, MA, USA) were added to the pellet and left to dissolve overnight at 4 °C. The final PNA-labeled pDNA yield was verified using a NanoDrop® spectrophotometer.




2.6. Blood Collection, Tissue Processing, and Sectioning


Blood sample collection was performed at multiple timepoints post-electrotransfer, as indicated in the figures. Blood was processed to serum and stored at −20 °C for further analysis.



For the PNA studies in mice, TA sites were injected with 20 μL of PNA-labeled pDNA at 0.333 mg/mL, immediately after which the animals were euthanized and the target tissue was excised. Extracted tissues were fixed in 10% paraformaldehyde (HT501128-4L, Sigma-Aldrich, St. Louis, MO, USA) for approximately 72 h, after which they were rinsed with 1x PBS (BM-220, Boston Bioproducts, Milford, MA, USA) and securely stored in 1x PBS in light-resistant containers.



For processing, each sample was placed in a potting mold. A 4% w/v Agarose II (A9918-100G, Sigma-Aldrich, St. Louis, MO, USA) gel was evenly poured over each sample and allowed to set at room temperature for an hour. Agarose blocks were sliced into 0.5–1.0 mm sections and then stored in 1x PBS. Sections were further processed by HistoWiz (Queens, NY, USA) for embedding, sectioning, staining, and imaging. Briefly, samples were paraffin wax-embedded, sectioned to 4 μm, mounted on slides, counterstained with DAPI, and subjected to imaging.




2.7. Microscopy and Image Acquisition


Immunofluorescence (IF) was performed at HistoWiz Inc. following a standard operating procedure under GLP regulations and a fully automated workflow. Mouse tissue was sectioned (4 μm) transversely to the orientation of muscle fibers and mounted on positively charged slides. DAPI counterstaining to visualize nuclei was performed on the Bond Rx Auto Stainer (Leica Biosystems, Wetzlar, Germany) using Spectral Dapi (Akoya FP1490, Akoya Biosciences, Marlborough, MA, USA). Following staining, slides were cover slipped with Prolong Diamond Antifade Mounting Medium (Thermo P36961) to prevent bleaching and signal loss. Finally, slides were imaged with a DAPI filter and a Cy5-MSI filter aligned to capture A647. Gain and exposure were kept consistent across all slides with DAPI at 0.72 ms and 6.2 ms for Cy5-MSI.




2.8. ELISA Analysis


The levels of antibodies in the serum samples were quantified by ELISA. Corning 9018 plates were coated with the appropriate target antigen overnight at 4 °C in 0.2 M BupH carbonate–bicarbonate buffer, pH 9.4 (Thermo Scientific). For the EBV321 ELISA, human/cynomolgus VEGF/VEGFA/VEGF165-20 protein (Sino Biological #11066-HNAH, Beijing, China) antigen at a concentration of 8 µg/mL was used; for the 1219 ELISA, SARS-CoV-2 (2019-nCoV) spike RBD-His recombinant protein (Sino Biological #40592-V08H) was used as the antigen at a concentration of 2 µg/mL; and for the S139 ELISA, influenza-A H3N2 (A/Aichi/2/1968) hemagglutinin protein (Sino Biologicals Inc., Cat # 11707-V08H1-100) antigen at a concentration of 2 μg/mL was used. Coated plates were blocked with 1% bovine serum albumin (BSA) (Alfa Aesar, Fraction V, 97%, standard grade, AAj6465530, Haverhill, MA, USA) in PBST for one hour at 37 °C (Bio-World, 1X PBS Buffer Ready-Pack 41620000-3, VWR, 0.05% Tween20, Dublin, OH, USA).



Both the rabbit and murine plasma samples were diluted in blocking buffer and incubated for 1 h at 37 °C. In-house-purified EBV321, 1219, or S139 was used as the standard. Detection of the captured EBV321 and 1219 was carried out with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG (H + L) goat secondary Ab (Jackson ImmunoResearch, Cat # 111-035-144, West Grove, PA, USA), diluted 1:15,000 in blocking buffer. Detection of the captured S139 was performed with HRP-conjugated goat anti-mouse IgG (H + L) (Jackson ImmunoResearch, Cat # 115-035-062), diluted 1:5000 in 1% BSA-1X PBST. Plates were developed using an ultra-sensitive TMB substrate (Sigma-Aldrich; Cat#T4444, St. Louis, MO, USA), and the reaction was stopped with 2.0 N sulfuric acid (Spectrum Chemical, New Brunswick, NJ, USA). Absorbance was measured at 450 nm using the EPOCH2 BIOTEK microplate plate reader (Agilent Technologies, Santa Clara, CA, USA). Sample calculations were performed based on a linear regression fit using the appropriate standard calibration curve in Microsoft Excel (ver. 2312).




2.9. Statistical Analysis


At the start of the experiments, the mice were randomized based on body weight. Serum Ab concentrations were analyzed at multiple timepoints and compared using one-way ANOVA, using the Shapiro–Wilk test for parametric data or the Kruskal–Wallis test for non-parametric data, with Tukey’s/Dunn’s multiple comparisons test. Data from each individual animal are represented as single data points, with the error bars indicating standard deviation from the mean unless otherwise stated. Data with a p-value lower than 0.05 were considered to have a statistically significant difference. All image and statistical analyses were performed using GraphPad Prism 10.1.1 (GraphPad Software, San Diego, CA, USA).





3. Results


3.1. Hyaluronidase Treatment Improves Serum Antibody Levels following Electroporation of pDNA


Hyaluronidase has previously been used in conjunction with pDNA delivery and electroporation to improve Ab production [26,27]. An experiment was performed to confirm the role of hyaluronidase in enhancing Ab production via gene electrotransfer, in which mice were segregated into two groups. The first experimental group received a pretreatment of 20 µL of hyaluronidase (3U), administered 30 min prior to the pDNA injection and electroporation. In contrast, the control group did not receive any hyaluronidase pretreatment.



Serum Ab levels were significantly elevated in the group treated with hyaluronidase, relative to the control group (Figure 1). This increase was not only substantial but also consistently observed at each time point of measurement. The consistently higher Ab production in the hyaluronidase-treated group strongly suggests that the enzymatic pretreatment notably improved the gene electrotransfer process.




3.2. pDNA Distribution in Skeletal Muscle


Hyaluronidase works by temporarily depolymerizing hyaluronic acid in the ECM, thereby reducing tissue viscosity, and facilitating the dispersion and absorption of injected materials [28]. In a clinical setting, hyaluronidase is used primarily as an adjuvant to increase the dispersion and absorption of injected drugs. We hypothesized that hyaluronidase would enhance Ab production, as exhibited earlier when optimizing the distribution of pDNA within muscle tissue. To test this hypothesis, the TA muscles of mice were administered fluorescently labeled pDNA to explore the differential distribution patterns within muscle tissue, in the absence (Figure 2A,B) or presence (Figure 2C,D) of hyaluronidase pretreatment.



Notably, pretreatment with hyaluronidase promoted a more homogeneous distribution of the pDNA throughout the targeted muscle tissue. This effect was discernible through the absence of plasmid saturation between fascicle bundles and the observation of consistent plasmid penetration throughout the muscle fascicles. In the absence of hyaluronidase pretreatment, the dispersion pattern of the plasmid was markedly less uniform, appearing uneven and sporadic within the muscle fascicles. Notably, some areas surrounding individual muscle fibers exhibited little to no fluorescence, suggesting minimal plasmid presence. This difference in pDNA distribution patterns reveals the role of hyaluronidase in augmenting the efficacy of plasmid delivery by ensuring a more even plasmid dispersion within the muscle tissue.




3.3. Effect of Hyaluronidase Pretreatment on Electroporation Efficiency


The effect of hyaluronidase pretreatment time on the efficacy of plasmid distribution and subsequent transfection efficiency is an important consideration. The incubation time can influence how effectively hyaluronidase modifies the ECM. A short incubation may not allow sufficient time for adequate hyaluronidase activity, while a long incubation might lead to a decrease in its enzymatic activity before the introduction of the target substance (such as pDNA) [29].



An experimental investigation was structured to assess the impact of hyaluronidase pretreatment timing on Ab production following pDNA injection and electroporation in murine and rabbit models.



In the murine model, four groups were evaluated: (1) a 5 min hyaluronidase pretreatment group, (2) a 30 min hyaluronidase pretreatment group, (3) a coformulation group where the pDNA was formulated in hyaluronidase but the plasmid dose, concentration, and amount of hyaluronidase used were maintained consistently with the pretreatment groups, and (4) a control group without any hyaluronidase pretreatment. Despite the different hyaluronidase exposure times in the three treatment groups, there were no statistically significant differences in serum Ab concentrations at any time point (Figure 3A). These results suggest that varying the incubation time of hyaluronidase pretreatment does not significantly affect the serum Ab concentration following electroporation in the murine model.



In the rabbit model study, the amount of hyaluronidase was calculated to be proportional to the amount of pDNA and hyaluronidase delivered in the murine model. The groups included a 5 min hyaluronidase pretreatment, a hyaluronidase coformulation group, a control group without hyaluronidase, and a pretreatment group with a higher concentration of hyaluronidase. Serum Ab concentrations in the rabbit model (Figure 3B) mirrored the murine model findings. No significant difference in serum Ab concentration was observed between the pretreatment and the coformulation groups for the same hyaluronidase concentration (60 U). The increased concentration of hyaluronidase (100 U) also failed to yield any significant improvement in Ab production compared to the standard (60 U) hyaluronidase treatment groups.



In both murine and rabbit models, the data indicate that neither the timing of hyaluronidase pretreatment nor its coformulation with the pDNA significantly influences the overall increase in serum Ab concentration following electroporation. These results suggest that the benefits of hyaluronidase in enhancing pDNA uptake for Ab production are not sensitive to the variations in pretreatment timing or formulation.




3.4. Bioimpedance of Skeletal Muscle


Bioimpedance assessments were conducted on murine skeletal muscle to evaluate the changes induced by hyaluronidase treatment. Bioimpedance assessments have two parts: a real impedance characterized as the material’s resistance to the flow of electric current and related to conductance, and an imaginary part defined as the material’s resistance to a change in electric current and related to capacitance in biological materials [30]. Assessment of both the real and imaginary parts of bioimpedance is necessary for comprehensive characterization of the electrical properties of the material. To better understand changes in the muscle impedance, the experimentally obtained curves were fitted to Equation (3) (defined in Section 2.4) using a non-linear least-squares iterative process. Through this process, key parameters such as acpe, A, Ri, Re, C, and alpha from the Cole–Cole model were determined, and subsequently, these parameters were utilized to discern and evaluate variations in muscle morphology under different experimental conditions. This methodological approach offers a deeper insight into the changes in bioelectrical properties of muscle tissue, particularly in the context of gene electrotransfer both prior to and following pDNA injection, and in the presence versus absence of hyaluronidase pretreatment.



Both the real (Figure 4A) and imaginary (Figure 4B) impedance profiles of murine TA muscle were determined over a frequency range of 100 Hz–1 MHz. The red markers represent the experimentally obtained impedance profile whereas the black dashed lines represent impedance profiles simulated using the parameters obtained from the Cole–Cole model after the iterative fitting process. The Cole–Cole model parameters obtained vary in response to different experimental conditions (Figure 5). Notably, there is a significant change in those parameters between muscle treated with plasmid alone and muscle subjected to plasmid with hyaluronidase treatment. The analysis further revealed no significant differences between muscle pretreated with hyaluronidase and that where hyaluronidase was coformulated with the plasmid in terms of model parameters.



However, parameters such as Re and C exhibited statistically significant differences when hyaluronidase was incorporated into the treatment. Furthermore, the current during electroporation at a constant voltage decreased for both hyaluronidase treatment groups compared to the control group (Figure 5D). This notable decrease in current in the hyaluronidase-treated samples in addition to the changes in Re and C parameters suggest that hyaluronidase induces changes in muscle morphology, likely through the breakdown of the ECM, leading to increased impedance.




3.5. Optimizing Electroporation Parameters following Hyaluronidase Treatment


Building upon prior observations indicating that the use of hyaluronidase results in a statistically significant reduction in the current during electroporation, we further investigated the optimization of electroporation parameters in the presence of hyaluronidase. To this end, pDNA was coformulated with hyaluronidase and the strength of the electric field was varied from 150 V/cm to 300 V/cm in mice. This range was selected to comprehensively assess the impact of escalating electric field strengths on gene electrotransfer efficiency upon hyaluronidase use.



The data revealed a consistent increase in serum Ab levels in response to the escalation of the electric field strength (Figure 6A). Notably, electric field strengths of 225 V/cm and 275 V/cm demonstrated the highest efficiency in gene electrotransfer when used in conjunction with hyaluronidase. A similar study was performed in rabbits where hyaluronidase was coformulated with pDNA (final hyaluronidase dose of 60 U) and the electric field strength was varied from 150 V/cm to 250 V/cm. Serum Ab levels revealed a similar effect in rabbits as was observed in mice, where increasing the electric field strength beyond 150 V/cm yielded an increase in Ab (Figure 6B).



Serum Ab levels in both animal models revealed that a drop in current due to hyaluronidase use can be compensated for with an increase in electric field strength to further enhance the efficiency. This finding not only informs the optimization of electroporation protocols but also underscores the importance of tailored electric field parameters in enhancing the effectiveness of hyaluronidase in gene electrotransfer applications.





4. Discussion


The use of gene transfer techniques in skeletal muscle has emerged as a promising strategy for various applications, including gene replacement, the production of therapeutic proteins for systemic release, and genetic vaccination [31]. Skeletal muscle has been utilized for DNA-based therapeutic protein production using different vectors such as adenoviruses and retroviruses, as well as the direct introduction of pDNA without a carrier [32]. Viral vectors face limitations due to the development of antibodies specific to the vector, which can hinder repeated administrations and, in some cases, trigger harmful immune responses [33,34]. In contrast, naked pDNA offers certain advantages, including the ease of creating new genetic constructs and the ability to administer them repeatedly in animals with functional immune systems, as well as in humans. However, a notable challenge associated with pDNA delivery into muscle tissue is its relatively low transfection efficiency following injection. Recently, this issue has been addressed through the development of in vivo electrotransfer techniques, which have consistently led to a remarkable 10- to 100-fold increase in gene expression levels [35,36].



One of the main challenges in delivering pDNA into target cells is overcoming the extracellular barriers. The ECM and interstitial fluid can impede the movement of pDNA and, therefore, its ability to reach a sufficient number of target cells. Indeed, a major hurdle to achieving increased gene expression levels is the poor plasmid distribution upon injection because the ECM hinders the uniform distribution of the plasmid around the muscle fibers [37]. Hyaluronidase is an enzyme that has been hypothesized to help improve the distribution of pDNA by breaking down hyaluronic acid, a major component of the ECM, thereby making it less viscous and facilitating improved diffusion of the pDNA [38]. Hyaluronidase’s ability to break down the ECM can be especially important when delivering genetic material to tissues with a dense ECM, such as muscle tissue. By facilitating the distribution of pDNA, hyaluronidase can ultimately lead to an increased transfection efficiency. This means a higher percentage of target cells can take up and express the introduced genetic material, improving the overall effectiveness of the treatment.



It is noteworthy that hyaluronidase has previously been demonstrated to have utility in enhancing the efficiency of in vivo gene transfer methods, including both virus-based and gene-electrotransfer-based techniques [39,40]. In agreement with these data, our results revealed a notable enhancement in gene electrotransfer efficiency when hyaluronidase treatment was applied. Specifically, animals subjected to hyaluronidase treatment exhibited a remarkable two-fold increase in serum protein expression levels compared to those without hyaluronidase pretreatment. Our investigation also focused on assessing the impact of hyaluronidase on the distribution of pDNA within skeletal muscle tissue. Indeed, the data reveal that pretreatment with hyaluronidase leads to a more uniform and homogeneous distribution of pDNA throughout the targeted muscle tissue, and this translates to improved electroporation efficiency and higher antibody expression. These outcomes emphasize the valuable role of hyaluronidase in augmenting the efficiency of gene transfer procedures and highlight its potential for enhancing therapeutic applications in gene therapy and related fields.



Conventionally, hyaluronidase is pre-administered 1–4 h prior to pDNA delivery in both murine [26,27,41,42,43] and rat [44,45] models. This pretreatment is employed to allow sufficient time for the enzyme to exert its effects on the ECM, which is essential for achieving the desired outcome. However, this approach necessitates anesthetizing the animals twice to ensure proper localization of the enzyme in the target muscle, which can induce stress and is logistically cumbersome for the operator. Recent findings have challenged the conventional timing of hyaluronidase pretreatment. Studies have indicated that a significant and comparable impact can be achieved when the muscle is pretreated with hyaluronidase just 10 min before plasmid injection [26]. This suggests that the beneficial effects of hyaluronidase can be rapidly realized. Supporting this notion, research by Akerstrom et al. [19] demonstrated that even pre-injecting hyaluronidase merely 1 min prior to plasmid delivery is as effective as the conventional 10 min pretreatment.



In our investigations encompassing both murine and rabbit models, we explored the timing of muscle pretreatment with hyaluronidase. While pDNA coformulated with hyaluronidase has been previously used in gene electrotransfer applications [46,47,48], its efficacy compared to hyaluronidase pretreatment has not been investigated. Notably, we observed no significant differences in protein production levels when pretreating the muscle with hyaluronidase either 30 min or 5 min prior to plasmid injection and electroporation. Furthermore, we investigated the effect of coformulating hyaluronidase with the plasmid, thereby delivering them simultaneously into the target muscle. This approach yielded comparable protein expression levels to hyaluronidase pretreatment (see Figure 3). Using a coformulated plasmid complex not only reduces stress for the animals and streamlines the procedure for operators but also ensures the colocalization of hyaluronidase and the plasmid within the target tissue, potentially optimizing the desired therapeutic effects and allowing for a more controlled and precise delivery of the pDNA intramuscularly. Additionally, a coformulated plasmid complex minimizes the burden of repeated injections for individuals undergoing such treatments.



Bioimpedance measurements have become an indispensable tool in the comprehensive assessment of biological materials and tissues [49,50,51,52], including skeletal muscle physiology, providing valuable insights into muscle composition, hydration status, and contractile properties [53,54,55]. By analyzing electrical impedance within skeletal muscle tissue, bioimpedance techniques offer a non-invasive means of exploring various facets of muscle health and function. These measurements find applications in diverse fields, from sports science and clinical diagnostics to rehabilitation [56,57,58]. In this study, we used bioimpedance measurements to detect and quantify changes in muscle morphology induced by the administration of hyaluronidase. We used a Cole–Cole impedance model to establish a mathematical representation of the bioimpedance recorded from muscle tissues. The Cole–Cole model provides a robust and accurate framework for assessing complex impedances and is specifically tailored to biological tissues, including skeletal muscle, for which it can capture the multifrequency impedance response accurately. Unlike simpler models, such as the resistor–capacitor (RC) model [50], the Cole–Cole model considers the dispersion of impedance across a range of frequencies and is particularly relevant for biological tissues, which exhibit frequency-dependent impedance behavior due to the presence of cellular and structural elements with varying electrical properties. Parameters such as alpha (α) can reveal the heterogeneity of muscle fibers, while Ri (R-intracellular) and Re (R-extracellular) provide information about intracellular and extracellular properties, respectively. Additionally, C in conjunction with Ri and Re relate to a tissue’s relaxation dynamics, and the transition between extracellular and intracellular current pathways.



In our studies, we used bioimpedance measurements to gain an insight into changes in the skeletal muscle upon hyaluronidase injection. Cole–Cole model parameters, especially Re and C, exhibit a clear distinction between conditions without plasmid injection, samples with plasmid injection, and samples with coformulated pDNA, indicating changes in the intracellular and extracellular properties of muscle tissue upon hyaluronidase injection. Hyaluronidase reduced tissue conductivity, as exhibited by changes in these parameters. As hyaluronidase breaks down HA, it disrupts the structural integrity of the ECM. The ECM’s ability to maintain its gel-like consistency and hydration is compromised, leading to a reduction in the ECM’s viscosity and its ability to trap water and ions, including electrolytes [59]. Since electrical conductivity in tissues relies on the presence of ions in the extracellular fluid, their decrease leads to a reduction in tissue electrical conductivity, as seen in our bioimpedance and electrical recordings.



The vast majority of studies conducted over the last three decades have focused on optimizing parameters related to the use of hyaluronidase, such as the hyaluronidase dose and the time interval between the injections of hyaluronidase and pDNA [19,20,26]. In addition to bioimpedance parameters, changes in the current levels during constant-voltage electroporation also indicate the change in tissue conductivity when hyaluronidase is introduced. This information is valuable as it guides us towards optimizing electroporation treatment strategies to ensure safety and tolerability as well as increase the efficiency of an electroporation procedure. To compensate for the reduced muscle conductivity while performing electroporation, an increase in electric field strength was evaluated in both the murine and rabbit animal models. As evident in the mice model, a further increase in the field strength results in a drop in Ab production. A possible explanation for this reduction in Ab expression is the disruption of cellular processes and structures due to the excessive stress imposed by the electric field. High electric field strengths can induce cellular damage via a wide variety of mechanisms such as membrane damage, ATP depletion, or mitochondrial damage, leading to impaired protein synthesis machinery and production [12,13]. Improved levels of protein production emphasize the importance of optimizing electroporation parameters upon hyaluronidase treatment to further improve its benefits.



The incorporation of hyaluronidase into pDNA electroporation offers several distinct advantages, significantly improving the overall efficiency of the procedure in multiple ways. These enhancements contribute to more efficient protein production, ultimately facilitating the achievement of therapeutic goals. When hyaluronidase is employed alongside pDNA electroporation, one of the most notable benefits is the substantial improvement in total protein production. Hyaluronidase acts as a facilitator by breaking down hyaluronic acid in the ECM, thus reducing tissue resistance to the passage of molecules. This breakdown enhances the distribution and uptake of pDNA, allowing a greater number of cells to successfully incorporate the genetic material and produce the therapeutic protein of interest. The use of hyaluronidase and understanding the mechanism of its impact on protein production can offer new perspectives on improving the distribution of pDNA in skeletal muscle. Techniques can be developed to mimic hyaluronidase’s mechanism of action, thereby enhancing the pDNA distribution and transfection efficiency without the need for an enzyme. This approach could potentially improve the biodistribution and transfection efficiency without enzymatic intervention or the limitations associated with enzyme formulations. Additionally, the inclusion of hyaluronidase in the electroporation process offers a strategic advantage in terms of optimizing dosages. By incorporating hyaluronidase, therapeutic levels of proteins can potentially be achieved while using lower doses of pDNA. This reduction in the required DNA dosage will not only conserve valuable material but also minimize potential side effects or complications associated with high pDNA doses. Finally, another compelling advantage of hyaluronidase-assisted pDNA electroporation is its ability to facilitate therapeutic protein production even at lower electric field strengths. In the absence of hyaluronidase, attaining therapeutic levels of protein production may require the application of higher electric field strengths, as an increasing electric field strength is correlated with an increasing amount of protein production [60,61]. However, such an electric field strength could bring about potential risks or discomfort during the delivery process. The significance of hyaluronidase becomes apparent as it plays a crucial role in improving the efficiency of DNA delivery. By facilitating enhanced DNA delivery efficiency, hyaluronidase can potentially enable the achievement of effective therapeutic protein expression even at lower electric field strengths. This not only enhances patient safety and comfort but also extends the range of applicability for electroporation-based therapies, as it broadens the spectrum of tissues and conditions where this technique can be effectively employed.



The utilization of hyaluronidase in pDNA electroporation has the potential to yield multiple benefits in regard to the application of this important technique. By enhancing the total protein production, reducing the required DNA dosage, and enabling therapeutic protein expression at lower electric field strengths, hyaluronidase can play a pivotal role in optimizing the pDNA-based delivery of therapeutic proteins. These benefits have the potential to make it a valuable tool in various biomedical and clinical applications, offering greater efficiency and control over the DNA dosage as well as the requisite electric field strength for achieving the therapeutic outcomes. Moreover, comprehending hyaluronidase’s mechanism of action in improving the pDNA distribution can pave the way for a deeper understanding of the efficient distribution of pDNA within skeletal muscle, ultimately facilitating the development of other non-enzymatic ways of achieving an optimized distribution of pDNA and its increased uptake by cells.
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Figure 1. Effect of electroporation site pretreatment with hyaluronidase on serum Ab production in mice. BALB/c mice received intramuscular pDNA electrotransfer of 5 µg pDNA in the TA muscle without (black) or with (blue) 30 min hyaluronidase pretreatment. Blood samples were collected and analyzed by ELISA to quantify Ab levels. Markers indicate the mean expression levels per group (n = 5) and the error bars indicate the standard deviation. The statistical test performed was two-way ANOVA and **** represents p < 0.0001. 
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Figure 2. Hyaluronidase treatment affects plasmid distribution in skeletal muscle. (A,B) The TA muscle in mice was injected with fluorescently labeled pDNA (in magenta) without any hyaluronidase pretreatment. Areas surrounding individual muscle fibers exhibit little to no fluorescence (yellow arrows), suggesting a minimal plasmid presence. (C,D) The TA muscle in mice was injected with fluorescently labeled pDNA (in magenta) after 5 min of hyaluronidase pretreatment. Areas surrounding individual muscle fibers exhibit uniform fluorescence (white arrows), suggesting a consistent plasmid penetration throughout the muscle fascicles. 
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Figure 3. Hyaluronidase pretreatment time does not affect gene electrotransfer in skeletal muscle. (A) Mice (n = 5 per cohort) were exposed to varying pretreatment times (PTs) of hyaluronidase (HY) before pDNA injection and electroporation. Blood samples were collected and analyzed by ELISA to quantify Ab levels. No significant difference in serum Ab concentration was observed between any of the hyaluronidase treatment groups (B) Rabbits (n = 5 per group) were exposed to varying pretreatment times as well as doses of hyaluronidase before pDNA injection and electroporation. Blood samples were collected and analyzed by ELISA to quantify serum Ab levels. No significant difference in serum Ab concentration was observed between the 60 U hyaluronidase pretreatment group and the 60 U coformulation group in the rabbit model. Markers indicate average Ab expression levels, and the error bars indicate standard deviation. The statistical test performed was two-way ANOVA, where **** represents p < 0.0001, *** represents p < 0.001, ** represents p < 0.01, and * represents p < 0.05. 
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Figure 4. Complex impedance versus frequency (100 Hz–1 MHz) for murine TA muscle. (A) Red markers indicate the real part of the experimentally obtained complex impedance, whereas the black dashed line depicts the real part of a simulated curve using parameters obtained by fitting the Cole–Cole model to the experimental curve and plugging them back in to the Cole–Cole model in Equation (3). (B) Red markers indicate the imaginary part of the experimentally obtained complex impedance, whereas the black dashed line depicts the imaginary part of a simulated curve using parameters obtained by fitting the Cole–Cole model to the experimental curve and plugging them back in to the Cole–Cole model in Equation (3). Real and imaginary parts of the complex impedance were fitted simultaneously to the Cole–Cole equation using a least-squares iterative process. 
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Figure 5. Cole-Cole model parameters (Ri, Re, and C), calculated from fitting experimentally obtained complex impedance data to Cole–Cole equations, vary in response to different experimental conditions. Complex impedance was recorded for the TA muscle of mice without any plasmid injection (naïve), immediately after plasmid injection (control), immediately after plasmid injection into a TA muscle pretreated with hyaluronidase for 5 min (HY 5 min PT + pDNA), and immediately after plasmid coformulated with hyaluronidase was injected (HY coform w/pDNA). (A–C) Cole–Cole parameters exhibit significant differences following hyaluronidase treatment compared to cases where no hyaluronidase was used, implying changes in muscle morphology upon hyaluronidase treatment. (D) Electroporation current recordings from the different experimental conditions exhibit significant differences when the injection site is treated with hyaluronidase, implying that hyaluronidase treatment makes the site less conducive to current flow. Each marker represents data from an individual mouse, with error bars indicating standard deviation of the mean. The statistical test performed was one-way ANOVA, where **** represents p < 0.0001, ** represents p < 0.01, and * represents p < 0.05. 
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Figure 6. Optimization of electric field strength for electroporation following hyaluronidase treatment. (A) Electric field strength for electroporation was varied from 150 V/cm to 300 V/cm in mice following injection of pDNA coformulated with hyaluronidase (HY). Blood samples were collected and analyzed by ELISA to quantify Ab levels. Serum Ab levels indicate an increase in Ab production with escalating electric field strength in mice. (B) Similarly, in rabbits, electric field strength for electroporation was varied from 150 V/cm to 250 V/cm following injection of pDNA coformulated with hyaluronidase. Serum Ab levels indicate an increase in Ab production when electric field strength for electroporation is increased from 150 V/cm. Markers indicate average serum Ab levels per group (n = 5). Error bars indicate standard deviation. The statistical test performed was two-way ANOVA, where **** represents p < 0.0001, *** represents p < 0.001, ** represents p < 0.01, and * represents p < 0.05. 
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