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Abstract 

Although gene therapy has made great achievements in both laboratory research and clinical 
translation, there are still challenges such as limited control of drug pharmacokinetics, acute toxicity, 
poor tissue retention, insufficient efficacy, and inconsistent clinical translation. Herein, a gene 
therapy gel is formulated by directly redispersing polyplex nanoparticles into granular hydrogels 
without any gelation pre-treatment, which provides great convenience for storage, dosing and 
administration. In vitro studies have shown that use of granular hydrogels can regulate the gene 
drug release, reduce dose dependent toxicity and help improve transfection efficacy. Moreover, the 
developed gene therapy gel is easy to operate and can be directly used in vitro to evaluate its 
synergistic efficacy with various gene delivery systems. As such, it represents a major advance over 
many conventional excipient-based formulations, and new regulatory strategies for gene therapy 
may be inspired by it. 

Statement of significance 

A gene therapy gel is formulated by assembly of polyplex nanoparticles and granular hydrogels, 
which not only exhibits synergistic properties of controlled drug release, low cytotoxicity and high 
transfection efficacy, but provides great convenience for drug storage, dosing and administration. 
Moreover, depending on the applied load, the gene therapy gel can present either “solid-like” or 
“liquid-like” rheological response, allowing rapid drug application to lesion followed by efficient drug 
retention. As such, the gene therapy gel represents a major advance over many conventional 
excipient-based formulations and new gene delivery strategies may be inspired by it. 

 
Graphical abstract 

 
 
 
  



1. Introduction 
 
Gene therapy has attracted increasing attention over the past few decades as a promising therapeutic 
approach to treat a variety of diseases, including inherited and acquired diseases. Despite the 
unprecedented success of COVID-19 vaccines, clinical translation of most gene therapy products is still 
hampered by the lack of safe and effective vectors and the need for minimally invasive routes of 
administration. In this respect, our team and many others have developed a series of non-viral vectors 
for gene therapy that promise to significantly improve transfection efficiency and safety [1,2]. 
Nevertheless, in most of the laboratory/preclinical studies, the genetic materials were dispensed in 
basic buffers and directly administrated via either topical applications for skin delivery or intratracheal 
instillation/nebulisation for lung delivery, without any additional excipients [3], [4], [5], [6], [7]. This 
often leads to limited control of drug pharmacokinetics, acute toxicity, poor tissue retention, 
insufficient efficacy and inconsistency in clinic translation. 
Although several advanced topical or pulmonary administration methods have been described 
recently that could potentially eliminate the above-mentioned problems and improve the gene 
therapy efficacy [8], [9], [10], their widespread application may still be hampered by the adverse 
effects of complex preparation procedures, low patient compliance, and high manufacturing costs. 
For example, microneedle is complicated to manufacture, and its use can potentially cause additional 
harm to fragile, diseased skin tissues like those found in conditions such as epidermolysis bullosa and 
bullous pemphigoid. As a typical indication, recessive dystrophic epidermolysis bullosa (RDEB) is a rare 
genetic disorder caused by mutations in the gene COL7A1, which encodes type VII collagen that 
anchors the epidermis to the dermis [11]. RDEB patients' skin easily separates and forms blisters in 
response to minor trauma or friction, leading to open wounds and dermal exposure that increases the 
risk of infection, inflammation, scarring, and skin cancer. Thus, delivering gene therapy using hydrogels 
directly to the open wound may be an attractive option for RDEB patients due to its mild nature. 
Typical bulk hydrogel carriers have poor controllable porosity and high transfer invasiveness; in 
addition, harsh gel-forming conditions such as radiation, heat, or the use of organic solvents, may 
damage the nucleic acid structures or include toxic components that are difficult to remove afterwards 
[12]. On the other side, many traditional excipients, such as ethanol, glycerol, white petrolatum and 
honey, can be potentially formulated with polyplex nanoparticles, acting as penetration enhancers, 
thickeners or gelling agents to assist administration. However, quick and effective in vitro evaluation 
of excipient-vector interactions and drug efficacy are significantly hindered by the cytotoxicity of those 
excipients to monolayer cells caused by high osmotic pressure or the difficulty of handling viscous 
liquids/gels, which bring extra and heavy burden in the research of delivery formulations. 
To address the issues, we propose herein a gene therapy gel formulated through direct assembly 
between granular hydrogels and vector-DNA polyplex nanoparticles. Granular hydrogels, also known 
as densely packed or jammed hydrogel microparticles (HMPs), exhibit unique properties, including 
shear-thinning, self-healing, modularity, etc., and are therefore widely used for drug delivery or as 
scaffolds that promote tissue regeneration [13], [14], [15]. Specifically, in this work, to prepare 
granular hydrogels, HMPs were first prepared by crushing a HA bulk hydrogel crosslinked by Michael 
type addition reaction between thiolate HA (SH HA) and acrylated HA (A-HA) through a defined 
micrometer-sized stainless-steel mesh (Fig. 1a). The resulting HMPs were then concentrated by 
centrifugation and mixed with the polyplex nanoparticles to produce the polyplex 
nanoparticles/granular hydrogel composites, i.e., the gene therapy gel. Unlike previously reported 
nondegradable carriers that are potentially deficient in biocompatibility and biosafety, herein, a 
hydrolyzable linear poly(β-amino ester)s (LPAEs, Fig. S1) polymer was selected as the gene delivery 
vector for proof of concept. Compared with nanoparticles-embedded preparations that lost their 
transfection ability, the gene therapy gel with surface adsorption of polyplex nanoparticles not only 
reduce the toxicity but improve the long-term efficacy. Combined with the fact that these gene 
therapy gels are shear thinning and injectable, they can further potentially be used as dressings or 
injectables (Fig. 1b). Overall, the results demonstrate that the developed gene therapy gel is easy to 



formulate and manipulate, compatible with biodegradable vectors and can be directly incubated with 
cells for in vitro evaluation, thus with great advantages in formulation development and clinical 
translation. 
 

 
Fig. 1. HA granular hydrogel mediated gene delivery processes for enhanced gene transfection efficacy 
and safety. (a) Schematic illustration of the preparation of gene therapy gels by assembly between 
granular hydrogels and polyplex nanoparticles. (b) Schematic illustration of using the gene therapy gel 
as dressings to topically treat Recessive Dystrophic Epidermolysis Bullosa (RDEB). 
 
2. Experimental section 
 
2.1. Synthesis of LPAE polymers 
 
LPAE was produced via a Michael addition reaction, where 1,4-butanediol diacrylate (BDA, 3.96 g) and 
5-amino-1-pentanol (S5, 1.72 g) from Merck (Dublin, Ireland) were dissolved in 10 mL DMSO (Fisher 
Scientific, Dublin, Ireland). The mixture was then purged with argon for 15 min and the reaction took 
place at 90 °C. The progress of the reaction was monitored using Agilent 1260 Infinite gel permeation 



chromatography (GPC) and nuclear magnetic resonance (NMR). Once the molecular weight (Mw) 
approached the target values (approximately 5k, 10k, 15k, and 20k), the reaction solution was diluted 
10 times with DMSO and endcapped with an excess amount of 1-(3-aminopropyl)−4-methylpiperazine 
(E7, 1 g) purchased from Fisher Scientific (Dublin, Ireland) at room temperature for 48 h. Subsequently, 
the resulting polymer was precipitated into an acetone/diethyl ether mixed solution and dried under 
vacuum before being stored at −20 °C. 
 
2.2. Characterization of LPAE polymers 
 
Weight average molecular weight (Mw) and Mark-Houwink value of polymers were determined by 
GPC equipped with a refractive index detector (RI), a viscometer detector (VS DP) and a dual angle 
light scattering detector (LS 15° and LS 90°). To keep track of the Mw of the polymers throughout the 
polymerization procedure, 20 µL of the reaction mixture was taken at various time intervals, mixed 
with 1 mL of DMF, passed through a 0.2 µm filter, and subsequently measured by GPC. The GPC system 
consisted of two in-series columns which were eluted with DMF (Fisher Scientific, Dublin, Ireland) 
containing 0.1% LiBr (Merck, Dublin, Ireland) at a flow rate of 1 mL/min while maintaining a 
temperature of 60 °C. The chemical structure and composition of the polymers were verified by 1H 
NMR. LPAE was dissolved in CDCl3 (Merck, Dublin, Ireland) and the measurements were performed 
on a Varian Inova 400 MHz spectrometer, with the results reported in parts per million (ppm). 
 
2.3. Preparation of the hydrogel microparticles (HMPs) 
 
Fig. 1a and 2a illustrate the process for producing the gene therapy gel. The procedure involves two 
steps: bulk hydrogel synthesis and HMP preparation through crushing. Thiolated hyaluronic acid (SH 
HA, purity > 98%; Mw ≈ 220 kDa; 10% SD) and acrylated hyaluronic acid (A-HA, purity > 98%; Mw ≈ 
220 kDa; 10% SD) were acquired from Blafar Ltd (Dublin, Ireland). In brief, SH HA and A-HA were 
separately dissolved in phosphate-buffered saline (PBS) at a concentration of 1.5% (w/v), respectively. 
The two solutions were mixed evenly in a 1:1 ratio and incubated at 37 °C for 24 h to form the HA bulk 
hydrogel. In the second step, the bulk HA hydrogel was extruded via stainless-steel meshes with 
different pore size ranges (Shaoxing Shangyu Huafeng Hardware Instrument Co., Ltd., China) to create 
HMPs of varying sizes. Unless otherwise stated, HMPs with an average diameter of 120 µm were used 
in subsequent experiments to ensure a large interstitial space between HMPs and the diffusion of the 
polyplex nanoparticles therein. 



 

Fig. 2. Preparation of HA granular hydrogels. (a) HMPs were prepared by crushing of the crosslinked 
HA hydrogel through a defined micrometer-sized stainless-steel mesh. (b) The HMP sizes were easily 
adjusted by changing the mesh size. The average diameters of the HMPs were obtained by 
measuring about 50 particles for each sample. (c) Photograph of the granular hydrogel filament 
while it is extruded from a 26 G conical nozzle. Photographs of the grid printed by (d) the granular 
hydrogel and (e) gene therapy gel. 

2.4. Polyplex nanoparticle synthesis, gene therapy gel formulation, and release analysis 

A stock solution of LPAE was prepared by dissolving it in DMSO at a concentration of 100 mg/mL, and 
was stored at −20 °C. DNA, on the other hand, was dissolved in pure water at a concentration of 1 
mg/mL and stored at −20 °C as well. A working solution of 25 mM sodium acetate (NaOAc, 3 M) buffer 
(pH 5.2), purchased from Merck (Dublin, Ireland), was prepared by diluting it in deionized water. To 
prepare the polyplex nanoparticles, the stock solutions of DNA and LPAE were first diluted in 25 mM 
NaOAc buffer to final concentrations of 0.1 mg/mL and 2 mg/mL, respectively. The solutions were 
mixed in equal volume by vortexing for 10 s and incubated for another 5 min at room temperature to 
obtain the final polyplex nanoparticles with a polymer:DNA weight ratio of 20:1. Similarly, polyplexes 
with different polymer:DNA weight ratios (15:1, 30:1, and 40:1) were prepared using the same 
method. Once the dispersion was prepared, sucrose was added to attain a concentration of 10% (w/v), 
and the resulting mixture was frozen at −80 °C for an hour. The samples were then subjected to 
lyophilization using a Christ Alpha 1–2 LDplus Freeze-Dryer (Dublin, Ireland) at a temperature of −55 
°C for 24 h. 

To produce granular hydrogels with a high packing density, HMPs suspended in PBS underwent 
centrifugation at 200 x g for 5 min, and the supernatant was replaced with complete culture medium. 
This step was repeated five times to ensure sufficient fluid replacement between the HMPs. The 



packing density of the resulting granular hydrogel was further adjusted by adding complete media. 
Unless otherwise stated, granular hydrogels with a solid content of 0.8 wt% were used in subsequent 
experiments. Next, a specified amount of lyophilized polyplex nanoparticles was mixed with the 
granular hydrogel to create the gene therapy gel for cell transfection. If not specifically indicated, the 
gene therapy gel utilized in this study was created by mixing lyophilized polyplex nanoparticles with 
granular hydrogel to achieve a DNA concentration of 5 µg/mL. Furthermore, to enclose the polyplex 
nanoparticles within HMP, the lyophilized polyplex nanoparticles were included in the combination of 
A-HA and SH HA before crosslinking. Afterward, the HA bulk hydrogel that was created was 
transformed into HMP using the crushing method mentioned earlier. 

The tracking and release analysis were performed by fluorescently labeling the DNA within the 
polyplex nanoparticles with Cy3, in accordance with the standard commercial protocol of the Label IT 
kit (Mirus, Madison, WI, USA). The resulting Cy3-DNA/LPAE polyplex nanoparticles were then 
prepared using the previously mentioned method and employed in a standard manner. For release 
studies, the Cy3-DNA/LPAE polyplex nanoparticles were mixed with 1 mL of granular hydrogel to 
achieve a DNA concentration of 5 µg/mL. Subsequently, 0.5 mL of PBS was added to the mixture and 
incubated at 37 °C. At each time point, three PBS suspension samples, each with a volume of 0.1 mL, 
were examined for Cy5 signal using a SpectraMax M3 multi-plate reader (Molecular Devices, San Jose, 
CA, USA). To establish the baseline and the maximum signal, untreated PBS and 1.5 mL of PBS 
containing 5 µg DNA formed polyplex were used as blank and 100%, respectively. 

2.5. Cell culture 

The COS7 cell line, derived from immortalized African green monkey kidney fibroblasts, along with the 
HEK293 cell line from immortalized human embryonic kidneys, and the A549 cell line from human 
Caucasian lung carcinoma, were grown in full culture media consisting of Dulbecco's modified Eagle 
Medium supplemented with 10% fetal bovine serum and 1% Penicillin/Streptomycin (Merck, Dublin, 
Ireland). The cells were maintained at 37 °C with 5% CO2 in a humid incubator under typical cell culture 
conditions. The immortalized RDEB keratinocytes (RDEBK) were generously provided by Prof. 
Fernando Larcher from Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas-
CIEMAT, Madrid, Spain. The cells were cultured using standard techniques for cell culture in 
keratinocyte growth complete FAD medium (KCa), and were maintained in a humidified incubator at 
37 °C with 5% CO2. 

2.6. Cell transfection, GFP expression and cell viability 

The transfection efficiency of polyplex nanoparticles was assessed using gWiz-GFP plasmids obtained 
from Aldevron (North Dakota, USA) and the plasmid named pcDNA3.1C7 which contains a human 
COL7A1 gene sequence, was kindly provided by Dr A. South (Thomas Jefferson University, Department 
of Dermatology and Cutaneous Biology, Philadelphia, PA, USA). The polyplex nanoparticles were 
dispersed either directly in culture media (referred to as free LPAE Polyplex) or in granular hydrogels 
(referred to as Gene therapy gel) or encapsulated in HMPs (referred to as Trapped therapy gel). To 
assess the effectiveness of transfection, cells were plated in 96-well plates with a density of 1 × 104 
cells in 100 µL of media, 24 h before the transfection process. Then, free LPAE Polyplex or Gene 
therapy gel or Trapped therapy gel, each containing 0.5 µg of DNA plasmid equivalent, was added to 
each well. After a 48-hour period post-transfection, the expression of GFP in each well was observed 
and recorded under a fluorescent microscope (Olympus IX81, Dublin, Ireland). The integrated density 
(IntDen) of GFP in each image was subsequently measured using ImageJ. Cell transfection using jetPEI 



(Polyplus, Illkirch, France) and Lipofectamine 3000 (Lipo3k, Thermal Fisher, Dublin, Ireland) was 
performed following the standard protocol provided by the manufacturers. The nanoparticles were 
prepared with jetPEI:DNA ratio of 2:1 (µL/µg) and Lipo3k:DNA ratio of 3:1 (µL/µg), respectively. Cell 
viability was assessed using a standard Alamar Blue assay (Thermal Fisher, Dublin, Ireland), while GFP 
expression was determined by measuring the integrated density of each image. Both cell viability and 
GFP expression were measured in at least triplicate. 

For the long-term GFP expression study, HEK293 cells were seeded in a 24-well plate at an initial 
density of 1 × 106 cells/mL in growth medium. After 24 h, the cells were transfected using various 
conditions as indicated. The cells were then sub-cultured every two days at a 1:5 split ratio. The 
stability and duration of GFP expression after transfection were assessed by observing the cells at 
regular intervals under a fluorescence microscope. The initial observation was made 48 h post-
transfection, followed by subsequent observations 24 h after each subculture. 

The live/dead staining was performed on the COS7 cell line after being exposed to different volume 
ratios of granular hydrogel to culture media, ranging from 0% to 40%. Cells were seeded at a density 
of 1 × 104 cells/well in a 96-well plate and allowed to adhere overnight. Subsequently, the cells were 
treated with granular hydrogels in culture media. To assess cell viability, the LIVE/DEAD™ 
Viability/Cytotoxicity Kit for mammalian cells (Thermo Fisher, Dublin, Ireland) was employed. The 
assay involved removal of the previous media after 48 h of incubation with the test compounds, 
followed by addition of a staining PBS solution containing 2 µM of Calcein-AM and 4 µM of ethidium 
homodimer-1 (EthD-1). The mixture was then incubated at room temperature for 30 min prior to 
fluorescent imaging (excitation/emission: Calcein-AM 494/517 nm; EthD-1 528/617 nm). 

Intracellular imaging of Cy3-DNA/LPAE polyplex nanoparticles was achieved by transfecting cells using 
the standard protocol. Four hours post-transfection, the cells were rinsed three times with PBS and 
then incubated in pre-warmed PBS with NucBlue™ Live ReadyProbes™ Reagent (Hoechst 33,342, 
Thermo Fisher Scientific, Dublin, Ireland) for 20 min using the standard commercial protocol. 
Afterwards, the fluorescence imaging was conducted using an Olympus IX83 microscope (Olympus, 
Tokyo, Japan). 

2.7. Immunocytochemistry 

48-well plates containing 9 mm coverslips were used to pre-seed RDEBK cells. After 24 h, all cells were 
transfected with the specified conditions. Following a 72-hour post-transfection period, the coverslips 
were fixed using ice-cold acetone:methanol for 20 min at −20 °C, after which they were washed three 
times with ice-cold PBS. Non-specific binding sites were then blocked using 3% bovine serum albumin 
(BSA, Sigma Aldrich, Dublin, Ireland), and the cells were subsequently incubated with a rabbit anti-C7 
primary antibody (provided by Dr. Alexander Nyström) at a dilution of 1:5000 overnight at 4 °C. After 
washing the coverslips three more times with PBS, they were incubated with an AlexaFluor™ 568-
labeled secondary antibody (A-11,031) (Thermo Fisher Scientific, Dublin, Ireland) at a dilution of 1:800 
for 1 hour at room temperature. Finally, the coverslips were mounted on microscope slides using 
Fluoroshield (Abcam, Dublin, Ireland) mounting medium containing DAPI and imaged using the 
Olympus IX83 microscope. 

 



2.8. Flow cytometric analysis 

The RDEBK cells were cultured and transfected as previously described in a 24 well plate format. After 
48 h of transfection, the cells were rinsed twice with PBS and then detached by incubating them with 
pre-warmed 0.25% trypsin for 10 min. The trypsin activity was subsequently neutralized by adding 
culture media containing 10% FBS, and all the liquid from each step was collected into a single tube to 
obtain all the suspended or adherent, living, and dead cells. The living and dead cells were then 
collected by centrifugation at 300 × g for 3 min, and resuspended in 0.3 mL of PBS. The transfection 
efficiency and cell density were evaluated using the CytoFLEX Flow Cytometer (Beckman Coulter Life 
Sciences, Indianapolis, IN, USA) and the CytExpert software. 

2.9. Growth rate and doubling time 

HEK293 cells were seeded in 24-well plates at a density of 100,000 cells/mL. After 24 h, different 
conditions were used to transfect the cells, and the cell density was considered as 100,000 cells/mL at 
the starting point (0 h). For each indicated time point, three wells were selected for each condition. 
The culture medium was removed from the selected wells using a sterile pipette, and the cells were 
washed with PBS before being treated with trypsin to detach them. The trypsin was neutralized with 
full medium, and the cell suspension was counted using a hemocytometer according to the standard 
protocol to determine the cell density. The cell number (density) and time of the cell count were 
recorded for each time point, and the growth curve was generated by plotting the cell density versus 
time. To determine the growth rate and doubling time of the cells, the following equation was 
employed: growth rate = natural logarithm of the ratio of the number of cells at time t (N(t)) to the 
number of cells at time 0 (N(0)), divided by the time interval (t) between the two measurements; 
doubling time (DT) was calculated as the natural logarithm of 2 divided by the growth rate. 

2.10. Statistical analysis 

Each experiment was conducted in at least triplicate (n ≥ 3). All data are presented as mean ± standard 
deviation. Statistical differences were analyzed with GraphPad Prism 5. The unpaired Student's t-test 
was used to test statistical difference between two measurements. One-way ANOVA test was used to 
test statistical difference between sets of measurements. p-Values below 0.05 were considered 
significant. 

3. Results and discussion 

3.1. Preparation of the gene therapy gel and its favorable rheological properties 

HA, a highly hydrophilic polysaccharide, is chosen here for the preparation of the granular hydrogel 
because it occurs naturally as a fundamental component of the human extracellular matrix (ECM) and 
has been widely shown to promote wound healing and enhance the transdermal penetration of 
nanostructures [16,17]. Specifically, SH HA and A-HA were first prepared (Fig. 1a) and bulk HA 
hydrogels were then formed through Michael addition reaction of double bonds and free thiol groups 
introduced in their structures. Compared with physical crosslinking, chemical crosslinking between 
endogenous groups in HAs not only reduces the material cytotoxicity by consuming the excess reactive 



groups in HAs (Fig. S2) but improves the mechanical properties of the formed gel. The HMPs 
constituting the granular hydrogel were fabricated by crushing the HA bulk hydrogel through a defined 
micron-scale stainless steel mesh, and changing the mesh size allowed us to easily adjust their sizes 
(Fig. 2a,b, and Fig. S3). Compared with other HMP preparation methods such as microfluidics [18,19], 
suspension emulsion polymerization [20,21], inkjet printing [22,23], etc., the preparation method 
adopted in this work has advantages of low cost, high yield, and does not involve the use of any 
potentially toxic dispersants or purification reagents, which is thus more conducive to clinical 
translation. The HMP dispersion was then concentrated by centrifugation and the supernatant was 
removed to obtain the final granular hydrogel to load polyplex nanoparticles to form the gene therapy 
gel. 

As Fig. 2c shows, the gene therapy gels are injectable, allowing arbitrary 2D patterns to be fabricated 
by an extrusion 3D printer coupled with a 26-gage syringe needle. Due to the weak physical 
interactions between the HMPs, the printed lattice will gradually collapse (high-resolution image on 
the right side of Fig. 2d), and under weak external shear stress, a uniform coating can be attained (Fig. 
2e). Given that the gene therapy gel in this study is intended for the treatment of recessive dystrophic 
epidermolysis bullosa (RDEB), a severe skin blistering condition that results from genetic mutations in 
the COL7A1 gene (as illustrated in Fig. 1b), the favourable characteristics discussed earlier, such as 
injectability and uniformity, make gene therapy gels an advantageous option for topical treatment as 
an alternative soft dosage form. Moreover, compared to conventional ointment or cream 
formulations, the gene therapy formulation containing only HA and polyplex nanoparticles is simple 
and additive-free, so it is less likely to cause skin sensitivity or irritation. Additionally, the 
administration of the gene therapy gel only involves simple redispersion of polyplex nanoparticles in 
granular hydrogel without any pre-treatment for gelation, providing great convenience for storage, 
dosing, and administration in practical use. 

Previous studies have shown that the rheological properties of soft dosage drugs significantly affect 
drug release, drug therapeutic efficacy and consumer requirements (extrusion from tube, 
convenience, and ease of lubrication on the skin). Fig. 3 details the rheological properties of the gene 
therapy gel. The oscillatory amplitude sweep measurement results are first illustrated in Fig. 3a,b, 
which depicts the variation of dynamic storage modulus (G′) and loss modulus (G″) with shear strain 
(γ). These tests are performed in the strain range that covers both small and large amplitude 
deformation regimes for a rational understanding of the linear viscoelastic (LVE) and non-LVE behavior 
of the gene therapy gels. The constant plateau values at low strain indicate that they exhibit a primarily 
solid-like elastic response in this strain range. At higher deformation amplitudes, G′ decreases because 
of the collapse of the HMP jamming structure. Eventually, G′/G″ cross-over happens at the cross-over 
strain, indicating a solid-like to liquid-like transition, and the gene therapy gels demonstrate a 
viscosity-dominant rheological response. It should be noted that the G″ curves do not fall constantly 
when the deformation is increased beyond the LVE range. They show one peak in the partial range 
indicating the increasing portion of deformation energy which is spent to change the HMP jamming 
structure of gene therapy gels. 



 
Fig. 3. Rheological characterizations of the gene therapy gels. Amplitude sweep test results of gene 
therapy gels (a) at different pH and (b) with varying concentrations of lyophilized polyplex 
nanoparticles, which included glucose as a lyoprotectant. Strain sweeps were performed with 
oscillation strain amplitudes of 0.01 - 1000% at a constant angular frequency of 1 Hz. (c) G′ and G’’ 
recovery of the gene therapy gel after subjecting the gene therapy gels to alternating high strain 
(1000%) and low strain condition (0.1%). (d) Viscosity of the gene therapy gels at increased shear rate 
by continuous flow experiment, indicating the shear-thinning characteristic. 
 
The effect of the polyplex nanoparticle concentration and pH on the rheological properties of gene 
therapy gels is also investigated. As shown in Fig. 3a, when the pH value deviates from neutral 
conditions, G' decreases significantly. Likewise, as more and more lyophilized polyplex nanoparticles 
are introduced into the gene therapy gel, the G' value shows a similar downward trend (Fig. 3b). These 
features indicate that the introduction of polyplex nanoparticles and the local acidic environment 
would make the gene therapy gel softer and more prone to deformation under external forces. Next, 
to study the self-healing behavior of the gene therapy gel, an oscillatory strain alternation between 
1000% and 0.1% was applied at the same frequency (1 Hz). As shown in Fig. 3c, for a high magnitude 
strain (1000%), the gene therapy gel exhibits shear-thinning, as G″ > G′, indicating a sol state. 
Moreover, when the strain is switched to a low magnitude strain (0.1%), the sol exhibits quick recovery 
to gel state, indicating self-healing behavior. Additionally, in a continuous flow experiment, we 
measured the instantaneous viscosity modulus under a controlled frequency of 1 Hz and a wide range 
of shear rates from 0.01 to 100 s−1. As shown in Fig. 3d, the gene therapy gels show good shear-
thinning performance. The characteristic indicates that the gene therapy gel become viscous and easy 
to flow under the action of external shear force, which is beneficial to spreading on the skin; when the 
external force is removed, the gel immediately restores its elasticity, realizing local drug retention. 
The perfect mechanical properties including shear thinning and self-healing have brought broad 
application prospects for gene therapy gels as soft dosages. 
 



3.2. Gene therapy gel mediated delivery to promote enhanced transfection efficacy and reduced 
cytotoxicity 
 
To date, only a limited number of studies have utilized degradable carriers for hydrogel-mediated gene 
delivery [24,25]. Instead, the majority of research in this area has employed non-degradable or slowly 
degradable vectors, such as PEI [26,27], PAMAM dendrimers [28,29], and chitosan [30,31]. This is 
because the high-water content of the hydrogel environment may cause vector degradation, which 
could significantly diminish their efficacy. However, we reasoned that highly degradable vectors for 
gene delivery could be better alternatives for clinical translation, and tuning loading methods might 
allow them to be modulated by hydrogels and further enable gene therapy. To achieve this, granular 
hydrogels are selected as the mediator for controlled release while biodegradable LPAE polymers 
synthesized by Michael addition between amines and acrylate monomers (Fig. S1) are selected as the 
DNA vectors. LPAEs are positive charged polymers that can condense negatively charged nucleic acids 
after protonation [32] and can be hydrolysed spontaneously in aqueous solution or accelerated by 
esterase. The high safety profile makes LPAEs promising for clinical translation and thus differs from 
previously described non-degradable or slowly degrading vectors [27,32]. Moreover, LPAEs and their 
analogues can be readily synthesised without by-products, using many commercially available amine 
and acrylate monomers, and thus possess a large structural library from which numerous PAEs 
candidates with potent in vitro and in vivo transfection efficacy have been screened and optimised 
[33], [34], [35]. In addition to topical skin application, delivery of drugs or genes via the pulmonary 
route is also very attractive due to the sufficient blood supply and thin alveolar epithelial lining of the 
large surface area of the lungs [12], where many lung-related fatal diseases occur awaiting new and 
effective treatments. Accordingly, we use adenocarcinoma human alveolar basal epithelial cells 
(A549) and keratinocyte cell lines derived from severe generalized recessive epidermolysis bullosa 
patients for transfection experiments here. 
In this study, two methods were utilized to integrate LPAE-pDNA polyplex nanoparticles into HA 
granular hydrogels. The initial approach, surface loading, required mixing lyophilized polyplex 
nanoparticles and HA granular hydrogel directly to produce a gene therapy gel (Fig. S4). The second 
technique, encapsulation, involved introducing lyophilized polyplex nanoparticles into the HMP matrix 
that comprises the HA granular hydrogel, resulting in a trapped therapy gel. The obtained gels were 
then incubated with monolayer A549 cells for 1, 4 or 48 h and then replaced with fresh culture media. 
As depicted in Fig. 4a-c, although the gene therapy gel had relatively lower efficacy compared to free 
LPAE polyplex for the shorter-term exposure groups (1 and 4 h), it exhibited pronounced levels of GFP 
expression with 48-h action of the gene therapy gel. Furthermore, the gene therapy gel showed 
negligible toxicity in compared to free LPAE polyplex and commercial vectors including jetPEI and 
Lipofectamine 3000 (Lipo3k) (Fig. 4b,e). The reason behind this outcome is that, although the initial 
electrostatic adsorption causes a decline in drug concentration (as demonstrated in Fig. S5) leading to 
a decrease in GFP expression, the toxicity of the polyplex nanoparticles, which is dependent on the 
dosage, is reduced. Moreover, the nanoparticles that are attached are efficiently released in the 
following hours, which leads to sustained transfection effectiveness. Hence, the optimized release 
process of the gene therapy gel achieves a balance between efficiency and cytotoxicity. Additionally, 
long-term studies on the growth rate and GFP expression of the transfected cells were conducted (Fig. 
S6), which further confirms the lower cytotoxicity and long-term efficacy of the gene therapy gel. 



 
Fig. 4. The transfection efficacy can be optimized, and the cytotoxicity reduced by using a gene therapy 
gel that gradually releases LPAE-DNA polyplex. (a) The comparison of green fluorescent protein (GFP) 
expression in A549 cells transfected with various products, including free LPAE polyplex, gene therapy 
gel, and trapped therapy gel, as well as commercially available products like jetPET and Lipo3k. (b) The 
viability of transfected A549 cells. (c) To compare the results, representative images of the transfected 
A549 cells were displayed together. (d) Dose-response curves and IC50 values of both fully degraded 
and fresh LPAE polymers. (e) The impact of high doses of LPAE-DNA polyplex nanoparticles on cell 
viability, as well as the preventive effect of gene therapy gels on the reduction of cell viability caused 
by these nanoparticles. 
 
The cytotoxicity of LPAE and its degradation productions were also tested. Fig. 4d shows that LPAE 
fully hydrolysed by dissolving in water and incubating at 37 °C for 4 h is less cytotoxic with an IC50 
value of 553.7 µg/mL compared to fresh LPAE (109.6 µg/mL), which also confirms that giving a fix dose 
at a relatively longer term shall assist reduction of toxicity of LPAE-DNA polyplex nanoparticles. On the 
other hand, the trapped therapy gel failed to transfect A549 cells (Fig. 4a-c). This may be due to the 



fact that the HA hydrogels degrade slowly, causing most of the polyplex nanoparticles to remain 
trapped and unable to be released until the hydrogel breaks down. This is consistent with previous 
research that has used non- degradable or slow-degradable vectors for gene drug sustained release. 
Consequently, gene therapy gels are a preferable formulation option due to their ability to achieve 
minimal toxicity at this dosage level while also possessing sustained release properties. 
Next, RDEB keratinocytes (RDEBK) carrying a highly recurrent COL7A1 homozygous mutation as an 
ideal model for RDEB treatment [36] were transfected with similar conditions. It demonstrates an alike 
trend: for the short-term exposure groups (1 hour and 4 h), the gene therapy gel showed relatively 
low efficacy compared to free LPAE polyplex, whereas it showed significant GFP expression levels 48 
h after the gene therapy gel treatment. (Fig. 5a-c). For flow cytometry analysis, three transfection 
conditions were selected, including the free LPAE polyplex group, the gene therapy gel group, and Lipo 
3k group, in comparison to the untreated control group (Fig. S7a). Interestingly, all transfected groups 
showed similar mean and median fluorescence intensity of GFP and had high percentages of GFP-
positive cells (Fig. S7a-c). The Lipo 3k group had slightly higher median GFP compared to the other two 
groups (Fig. S7c). However, when all dead and alive cells were collected and suspended in the same 
amount of cytometry buffer, the cell number (singlet events)/µL was significantly lower in the LPAE 
polyplex group and the Lipo 3k group than in the gene therapy gel group, which was consistent with 
previous cell viability analysis (Fig. 4b and Fig. S7d). Based on image analysis, it appears that the gene 
therapy gel-transfected cells had higher GFP expression, likely due to a significantly higher total signal 
from more viable and transfected cells. While the Lipo 3k-transfected cells showed high median GFP 
expression, the use of this cationic lipid-based reagent may compromise biocompatibility despite its 
potency. Furthermore, a stability test was performed on the free polyplex nanoparticles (Fig. 5d), 
which indicated that a pre-incubation time of less than 4 h at 37 °C led to higher efficacy and reduced 
cytotoxicity, while a pre-incubation time of more than 4 h resulted in a rapid decline in transfection 
efficacy. The cause of this decline requires further investigation. These findings, combined with the 
fact that most of the polyplex nanoparticles can be released from the gene therapy gel within the first 
4 h (Fig. S5), suggest that gene therapy formulations could be a highly promising alternative for 
achieving enhanced gene transfection efficacy and safety. 



 
Fig. 5. The enhanced transfection efficacy and decreased cytotoxicity of gene therapy gels in RDEBK 
cells. (a) The GFP expression of RDEBK cells transfected by free LPAE polyplex, gene therapy gel, and 
trapped therapy gel, as well as commercially available products like jetPET and Lipo3k. (b) The viability 
of transfected cells. (c) Representative images were presented together for comparison. (d) Stability 
tests of free LPAE polyplex nanoparticles. One-way ANOVA test was used to identify the significance 
(*** p < 0.001). 
 
Although gene delivery vectors can effectively express the GFP reporter gene, delivering and 
expressing a large, fully functional gene construct is often a more difficult task. As a result, the efficacy 
of the gene therapy gel was evaluated by attempting to deliver a functional COL7A1 gene to RDEBK 
cells. Immunocytochemistry (ICC) was used to confirm the successful transfection of the cells using 
three different methods, as shown in Fig. S8. The transfected cells displayed a red fluorescence signal, 
indicating the presence of C7, while the negative control that was not treated showed no signal. 
Notably, the gene therapy gel group exhibited the highest expression of C7, which was consistent with 
the results observed in GFP pDNA transfected cells (Fig. 5a and Fig. S7). Although the in vitro trials 
have limitations, the successful transfection and expression of C7 in RDEBK cells, along with its 
potential for reduced toxicity, suggest that the gene therapy gel could be a promising alternative for 
gene therapy. Also, based on the proposed administration method for RDEB patients, the gene 
therapy gel will be applied on chronic wounds without the need of stratum corneum penetration. 
Thus, the polyplex released from the hydrogel will be able to transfect skin cells in the dermis directly, 
which reduces the difficulty of gene delivery. Another benefit of the gene therapy gel is that it may 
improve the safety of gene therapy by minimizing the leakage of functional polyplex into systemic 
blood circulation by controlled release and degradable gene delivery vectors. Furthermore, the gene 
therapy gel will help avoid wound dressing adherence, which is a common problem that causes pain 
and trauma during dressing changes for RDEB patients. The hydrogel can provide a moist and 
protective environment for wound healing while allowing easy removal of dressings [11]. However, 



further optimization and in vivo testing are required to establish its safety and efficacy for clinical 
application. 
 
4. Conclusion 
 
Although diverse gene drug sustained-release systems have been previously reported, most of them 
are limited to the use of non-degradable polymers as vectors. Here, in contrast, a gene therapy gel 
was formulated by directly mixing granular hydrogels and polyplex nanoparticles prepared with 
degradable vectors and plasmid DNA. The results show the as-obtained gene therapy gel can modulate 
the release of polyplex nanoparticles, exhibiting reduced cytotoxicity and high long-term transfection 
levels. Moreover, depending on the applied load, the gene therapy gel can exhibit either “solid-like” 
or “liquid-like” rheological response, allowing rapid drug application to the lesion sites followed by 
efficient drug retention. Considering the delicate skin condition of RDEB patients and the need for 
daily dressing care, this combination of low toxicity, high efficacy, intrinsic lubricating properties, and 
ease of administration shows great potential for clinical translation of gene therapy gels as a new 
dosage form. In addition, vaccination against infectious respiratory diseases or alternative drug 
absorption methods, such as sublingual and buccal administration, can also potentially benefit from 
this granular hydrogel-mediated delivery process. 
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Fig. S1. (a) An illustration of the process for synthesizing LPAE. (b) The GPC trace of the LPAE 
polymer synthesized in this study. (c) The 1H NMR analysis of the LPAE polymer.  

  



 

Fig. S2. Both live/dead staining (a) and the Alamar Blue cell viability assay (b) have provided 
evidence of minimal cytotoxicity in the granular hydrogels that make up the gene therapy gels. 
The COS7 cell line was subjected to live/dead staining after exposure to different volume ratios 
of granular hydrogel to culture media, ranging from 0% (the control) to 40%. Scale bar = 100 
μm.  

 

  



 

Fig. S3. The resulting HMPs with a mean size of 120 μm as captured by (a) a microscope 
image and (b) a scanning electron microscope (SEM) image  

 

 

  



 

Fig. S4. The influence of different variables, including the molecular weight of LPAE 
polymers, LPAE polymer to DNA weight ratios, and polyplex nanoparticles to granular 
hydrogel weight-volume ratios on the transfection efficiency of HEK293 cells (a) HEK293 cells 
were transfected using LPAE polymers with different molecular weights, while keeping the 
LPAE polymer to DNA weight ratio constant at 20:1. (b) HEK293 cells were transfected with 
polyplex nanoparticles generated at various polymer to DNA weight ratios utilizing LPAE with 
a molecular weight of approximately 10 kDa. (c) Transfection of HEK293 cells was achieved 
using gene therapy gels with varied weight-volume ratios of polyplex nanoparticles and 
granular hydrogel. The gels were created by mixing lyophilized polyplex nanoparticles with 1 
mL of granular hydrogel to produce DNA concentrations of 2.5, 5, 10, and 15 μg/mL, 
designated as 50%-Gel, 100%-Gel, 200%-Gel, and 300%-Gel, respectively. To enable successful 
cell transfection, it was crucial to evenly distribute an equivalent amount of plasmid DNA (i.e., 
0.5 µg per well) consistently across all 96 wells. Moreover, LPAE polymer with an estimated 
molecular weight of 10 kDa was selected, and a constant weight ratio of 20:1 between the 
LPAE polymer and DNA was maintained. Scale bar = 200 μm.  

 

Our research investigated how several factors impact the transfection efficiency of HEK293 

cells, including the molecular weight of LPAE polymers, the weight ratios of LPAE polymer to 

DNA, and the weight-volume ratios of polyplex nanoparticles to granular hydrogel. As shown 

in Fig. S4a, the LPAE polymer with a molecular weight of approximately 5 kDa had limited 

effectiveness. However, the LPAEs with higher molecular weights of 15 and 20 kDa showed an 

improvement in overall GFP expression, although they also resulted in greater cytotoxicity 

compared to the 10 kDa LPAE. The findings indicate that the instability and limited DNA 

capturing ability of small molecular weight LPAE may make it less efficient as a gene vector, 

while larger polymer molecules may have higher cytotoxicity due to their difficulty in breaking 



down. As a result, for the preparation of polyplex nanoparticles, the 10 kDa PAE was chosen 

as the vector, unless specified otherwise in the study.  

Based on Fig. S4b, it was found that using the 10 kDa LPAE as the vector, a low weight ratio 

of polymer to DNA (15:1) led to insufficient transfection efficiency, whereas high weight ratios 

(30:1 and 40:1) resulted in a slight rise in cytotoxicity and reduced GFP expression. As a result, 

a weight ratio of 20:1 was ultimately chosen for the subsequent experiment in this study. 

Figure S4c indicates that a decrease in the weight-volume ratios of polyplex nanoparticles to 

granular hydrogel leads to a decrease in transfection efficiency. This decline in efficiency is 

likely due to the excess hydrogel microparticles (HMPs), which strongly bond with polyplex 

nanoparticles via electrical attraction and increase the distance that polyplex nanoparticles 

must travel, resulting in a reduced release rate. This may cause many polyplex nanoparticles 

to degrade before entering transfected cells, resulting in a loss of efficacy. Additionally, it is 

worth mentioning that increasing the amount of granular hydrogels used in the transfection 

process did not result in significant cytotoxicity, further confirming the biocompatibility of the 

granular hydrogels used in the experiment.  

 

  



 

Fig. S5. Examination of the discharge kinetics of Cy3-DNA/LPAE polyplex nanoparticles from 
the gene therapy hydrogel (a) The method used to evaluate the liberation of Cy3-DNA/LPAE 
polyplex nanoparticles from the gene therapy gel involved comparing the fluorescence 
intensity of the release solution with that of a freely dispersed polyplex nanoparticle solution 
with equivalent Cy3-DNA concentration. (b) The gene therapy gel was used to transfected 
RDEBK cells, and intracellular imaging of Cy3-DNA/LPAE polyplex nanoparticles was conducted 
four hours after transfection. Scale bar = 20 μm.  

 

Fig. S5a demonstrates that the gene therapy gel effectively captured more than 90% of the 

polyplex nanoparticles and modulated their release during transfection. Although the release 

rate was initially slow within the first 45 minutes of incubation in PBS, it markedly accelerated 

after 1 hour, and most of the nanoparticles were released after 4 hours. This optimized release 

process can reduce cytotoxicity while preserving the efficacy of the polyplex nanoparticles 

before they enter the cells, which is supported by the results shown in Fig. 4.  

 

  



  

Fig. S6. Long term GFP expression and growth rate studies after transfection of HEK293 cells 
(a) The sustained expression of GFP in HEK293 cells following a single transfection with the 
gene therapy gel over an extended period. Scale bar = 200 μm. (b) To assess the impact of the 
transfection method on cell growth, the growth rate of HEK293 cells was compared under four 
conditions: untreated control group, free LPAE polyplex group (representing free LPAE-pDNA 
polyplex nanoparticles transfected), gene therapy gel group, and Lipo3k group (representing 
free Lipo3k-pDNA lipid nanoparticles transfected).  

 

Fig. S6a illustrates the evaluation of long-term GFP expression in the optimal transfection 

condition using gene therapy gel. Initially, the GFP signal decreased following the first 

subculture, which may be due to the distribution of transfected pDNA and expressed GFP from 

mother-cells to daughter-cells. Passage 1 was imaged 48 hours after transfection, while 

passage 2 was imaged 72 hours after transfection and 24 hours after the first subculture. The 

signal remained relatively constant between passages 2 and 3, and passages 4 and 5, perhaps 

due to a balance between moderate increase and accumulation of GFP expression and cell 

division. However, by passage 6, most GFP expression was lost.  

In the study, cell density was monitored to determine the growth rate of HEK293 cells under 

various transfection conditions. The cells were cultured in individual wells and the medium 



was changed every two days. At each time point, cell density was measured in three wells 

from each group. The results indicated that the cell growth rates were consistent with the cell 

viability assay, as demonstrated in Fig. 4b. The untreated and gene therapy gel transfected 

groups showed the highest cell growth rates with doubling times of approximately 26-28 

hours, while Lipo 3K and free polyplex exhibited cell growth inhibition and cytotoxicity, 

resulting in a decrease in growth rate and doubling times of around 30-33 hours, as shown in 

Fig. S6b.  

 

  



 

Fig. S7. Flow cytometric analysis of RDEBK cells after transfection (a) The dot plot depicts 
single-cell data for four distinct experimental conditions: the untreated control, the free LPAE 
polyplex group, the gene therapy gel group, and the Lipo 3k group. The mean (b) and median 
(c) fluorescence intensity of GFP were calculated for four selected groups. All three transfected 
groups had similar average GFP intensity, with the Lipo3k transfected group having a slightly 
higher median. (d) The cell density (singlet events/μL) for each group was measured to 
evaluate post-transfection cell viability. The results showed that the gene therapy gel 
transfected group had the highest cell density, followed by the free polyplex transfected group 
and then the Lipo3k transfected group. Statistical analysis indicated that the differences 
between the groups were significant (* p < 0.05, **p < 0.01).  

 

  



 

Fig. S8. Immunocytochemistry (ICC) imaging was performed on RDEBK cells to evaluate 
collagen VII protein (C7) expression after transfection using three different conditions: Lipo 3k 
group, free LPAE polyplex group, and gene therapy gel group. The ICC images illustrate the 
selective staining of C7 in RDEBK cells, indicated by the distinguishable red fluorescence signal. 
The specificity of the staining was verified by the lack of signal in the negative untreated 
control. Scale bar = 200 μm.  
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