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Abstract

The ability to coat scaffolds and wound dressings with therapeutic short interfering RNA (siRNA) 

holds much potential for applications in wound healing, cancer treatment, and regenerative 

medicine. Layer-by-layer (LbL) technology is an effective method to formulate polyelectrolyte 

thin films for local delivery of siRNA; however, the formation and efficacy of LbL coatings as 

drug delivery systems are highly contingent on the assembly conditions. Here, we investigate 

the effects of LbL assembly parameters on film composition and consequent siRNA-mediated 

gene knockdown efficiency in vitro. Films comprising poly(β-amino ester) (PBAE) and siRNA 

were built on polyglactin 910 (Vicryl) sutures consisting of poly(10% L-lactide, 90% glycolide). 

A fractional factorial design was employed, varying the following LbL assembly conditions: 

*To whom contact should be addressed: hammond@mit.edu, Koch Institute for Integrative Cancer Research, Massachusetts Institute of 
Technology, 500 Main Street, Building 76, Room 553, Cambridge, MA 02139, Phone: (617) 253-3016, Fax: (617) 258-8992.
+These authors contributed equally.
1Present address: CRISPR Therapeutics, 610 Main St., Cambridge, MA 02139
Author Contributions
JJC designed and performed the experiments and wrote the manuscript. AGB designed and performed experiments and contributed to 
the writing of the manuscript. SJ performed experiments. PTH obtained funding, advised on experimental design, and edited the final 
manuscript.

Supporting Information
The following files are available free of charge.
Quantitation methods for PBAE and siRNA, gating strategy for flow cytometry, complete data for fractional factorial design, averaged 
histograms of flow cytometry data, PBAE titration curve, fluorescence microscopy, digital imaging of fluorescent sutures, standard 
least squares fit on knockdown, polyplex transfection, and knockdown data by number of bilayers. (PDF)

Conflicts of Interest
PTH has funding to her lab in conjunction with SomaGenics, a company focused on developing therapeutic nucleic acids for wound 
healing applications. PTH is on the Scientific Advisory Board of Moderna Therapeutics and the Boards of Alector and LayerBio. The 
authors have no other relevant disclosures.

HHS Public Access
Author manuscript
Acta Biomater. Author manuscript; available in PMC 2022 November 01.

Published in final edited form as:
Acta Biomater. 2021 November ; 135: 331–341. doi:10.1016/j.actbio.2021.08.042.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pH, ionic strength, PBAE concentration, and siRNA concentration. Effects of these parameters 

on PBAE loading, siRNA loading, their respective weight ratios, and in vitro siRNA-mediated 

knockdown were elucidated. The parameter effects were leveraged to create a rationally designed 

set of solution conditions predicted to give effective siRNA-mediated knockdown (47%), but 

not included in any of the original experimental conditions. This level of knockdown with our 

rationally designed loading conditions is comparable to previous formulations from our lab while 

being simpler in construction and requiring fewer film layers, which could save time and cost in 

manufacturing. This study highlights the importance of LbL solution conditions in the preparation 

of surface-mediated siRNA delivery systems and presents an adaptable methodology for extending 

these electrostatically-assembled coatings to the delivery of other therapeutic nucleic acids.
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1. Introduction:

Small interfering RNAs (siRNA) have great therapeutic potential for modulating 

protein expression at the post-transcriptional level. By associating with the endogenous 

RNA-induced silencing complex (RISC), siRNA cleaves messenger RNA (mRNA) of 

complementary sequence [1,2]. Thus, siRNA may be synthesized to theoretically target 

and knock down expression of any protein of choice, without concerns of integration 

and modification to host DNA. FDA approvals have recently generated much excitement 

around siRNA therapies [3], and potential applications are vast, ranging from inflammation 

management within a wound to personalized treatment of cancer [4,5].

Nonetheless, siRNA therapy is not without its challenges; naked siRNA administered 

intravenously is prone to nuclease degradation, rapid clearance, and repulsion by the 

cellular membrane due to its negative charge [6]. Once in the cell, siRNA faces barriers 

of endosomal entrapment and lysosomal degradation. These hurdles must be overcome 

for effective siRNA treatment. Efforts to address these challenges in siRNA delivery 
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have largely focused on nanoparticle delivery [7]. While there are undoubtedly benefits 

to intravenous delivery of siRNA nanoparticles, localized administration of siRNA, when 

possible, may reduce both off-target effects and therapeutic load requirements. Moreover, 

localized delivery approaches hold promise across a variety of applications, such as 

treatment for bone repair, muscle regeneration, wound healing promotion, and fibrosis 

mitigation [5,8].

Research groups, including our own, have investigated using layer-by-layer (LbL) 

technology, which leverages electrostatic interactions to create conformal thin films with 

enhanced therapeutic loading and stability [9]. LbL has enabled coating of orthopedic 

implants, wound dressings, and other medically relevant substrates with proteins and nucleic 

acids for local therapeutic delivery [10-15]. Additionally, recent works from our lab and 

others have used the LbL approach to coat nanoparticles for the systemic delivery of siRNA 

therapies [16-22]. In general, LbL thin films can enable in vitro, ex vivo, and in vivo 
delivery of gene therapeutic approaches [5,24,25]. For example, we have demonstrated the 

coating of wound dressings and sutures for local delivery of siRNA to promote wound 

healing in a diabetic mouse model and to reduce scarring in a rat burn model, respectively 

[11,12]. These studies, among others, highlight the potential for clinical translation of LbL 

delivery systems for siRNA upon further system optimization.

While reports have shown varied success in delivery of siRNA via LbL thin films, the effects 

of assembly conditions on efficacy remain unclear. A large body of literature investigated 

the effects of the solution conditions, such as pH [26-28] and salt concentration [29,30], for 

the layering of weak polyelectrolytes into thin films [31]; however, the rigidity of siRNA 

means that it may not behave in a similar manner to more flexible polymer chains [32-34] 

which are greatly affected by changes in pH and ionic strength. A recent study in our lab 

investigated the effects of some of these parameters on siRNA loading in colloidal LbL 

systems, but differences exist between building LbL constructs on colloids versus planar 

surfaces, as colloids must stay stable in solution [35]. Additionally, since the parameter 

space of solution conditions that may influence siRNA thin film composition is so large and 

interdependent, a systematic approach is needed to generate rules that enable the optimized 

loading of siRNA into LbL thin films and promote its therapeutic efficacy.

In this work, we elucidate LbL thin film fabrication parameters for optimizing efficacy 

of film-delivered siRNA. To complement the negatively charged siRNA in LbL assembly, 

we chose to use a poly(β-amino ester) (PBAE) polymer, as these polycations are known 

for their biocompatibility and efficacy in gene delivery [36]. Studies have shown that for 

nanoparticle delivery, therapeutic efficiency varies with the respective weight ratio (w/w 

ratio) of PBAE to siRNA [37]. Under physiological conditions, a PBAE-containing film 

degrades due to the hydrolyzable ester bonds in the polymer backbone and releases its 

components for therapeutic activity [38,39]. A schematic for assembling our LbL films is 

shown in Figure 1a. For these studies, LbL films were assembled on mechanically robust 

polyglactin 910 (Vicryl®) sutures. By alternately dipping the suture in solutions of PBAE 

and siRNA, with wash steps in between each deposition step, bilayer films [PBAE/siRNA]15 

were conformally assembled on the suture surface (Figure 1b). Here, we investigate the 
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effects of LbL assembly parameters on PBAE incorporation, siRNA incorporation, and the 

resultant ability to induce specific silencing of gene expression in vitro.

The assembly parameters that were studied consist of: pH, ionic strength, PBAE 

concentration, and siRNA concentration (Figure 1c). Experimental ranges were determined 

based on parameter values previously published by our lab [11,12,40]. Guided by Design 

of Experiment (DOE) principles, we conducted a fractional factorial design to reduce the 

number of experiments required to determine statistically significant trends. Through this 

approach, we systematically elucidated the effects of assembly conditions on the loading of 

polymer and siRNA into the film; careful tuning of these parameters is critical to enable 

siRNA to be taken up by cells and maintain biological activity. We also demonstrated how 

fundamental knowledge on the effects of solution conditions can be leveraged to rationally 

design solution conditions for an siRNA-releasing thin film formulation. This highlights the 

need for a DOE setup to identify solution conditions that yield optimal siRNA-mediated 

gene knockdown and how fractional factorial design can limit the number of conditions 

to be tested in the multifactorial solution condition design space. Optimization of siRNA 

incorporation in LbL thin films to maximize its efficacy is particularly important given 

the costs associated with therapeutic nucleic acids and the need to maximize the target 

biological effect with a given amount. Ultimately, this work describes vital considerations 

for improving gene silencing from LbL-constructed siRNA films and presents a critical, 

systematic evaluation of LbL film formulations. We believe this work will enhance the 

development of clinically translatable nucleic acid therapeutic delivery systems.

2. Experimental Section:

2.1. Materials

siRNA targeting green fluorescent protein (GFP) was purchased from Dharmacon 

(Lafayette, CO); AllStars Neg. siRNA AF 647 Alexa Fluor 647-labeled siRNA was 

purchased from Qiagen (Germantown, MD). The GFP-targeting siRNA has sequence 5’-

GCA AGC TGA CCC TGA AGT TC–3’. For fluorescence microscopy and scanning 

electron microscopy (SEM) of sutures, a dsDNA molecule with 21 base pairs and Alexa 

Fluor 647 (AF647) label served as model of siRNA molecules and was acquired from IDT 

(Coralville, IA). The sequence was 5’-AF647-GT CAG AAA TAG AAA CTG GTC ATC-3’ 

(sense) and 5’-GAT GAC CAG TTT CTA TTT CTG AC-3’ (anti-sense), per the literature 

[41]. Lipofectamine RNAiMAX transfection reagent was obtained from ThermoFisher 

Scientific (Waltham, MA). Undyed, braided Vicryl 3-0 sutures were purchased from Ethicon 

Inc. (Somerville, NJ). RNase free UltraPure water was purchased from Life Technologies 

(Carlsbad, CA). Sodium acetate buffer and 99% 1,6-hexanediol diacrylate stabilized with 90 

ppm hydroquinone were purchased from Alfa Aesar (Haverhill, MA). 97% 4,4’-trimethylene 

dipiperidine and 99.9% inhibitor-free anhydrous tetrahydrofuran (THF) were obtained from 

Sigma-Aldrich (St. Louis, MO). Hexanes were purchased from Fisher Scientific (Waltham, 

MA). Chemicals were stored per manufacturer's instructions.

HeLa cervical cancer cells stably expressing a destabilized GFP (HeLa d2eGFP) were a gift 

from Professor Piyush Jain’s Lab at the University of Florida. The plasmid construct used 

to express GFP in HeLa cells was CMV-d2eGFP-empty, which was a gift from Phil Sharp’s 
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Lab (Addgene plasmid # 26164). Media was Corning Dulbecco’s Modified Eagle Medium 

(DMEM, Corning, NY) supplemented with Gibco 10% Fetal Bovine Serum (FBS, Waltham, 

MA) and Corning 1% Penicillin-Streptomycin (Corning, NY). The cells tested negative for 

mycoplasma on arrival, after thawing from storage, and periodically during culture, using a 

Lonza MycoAlert kit (Morristown, NJ).

2.2. Polymer synthesis

Synthesis of the PBAE polymer proceeded according to the literature [42]. Briefly, a 50 

mL round bottom (RB) flask and stir bar were cleaned and dried in a drying oven. An oil 

bath was set to warm to 50°C with the stir rate set to 500 rpm. Meanwhile, 2.167 g (10.30 

mmol, 1.02 equivalents) of 4,4’-trimethylene dipiperidine and 2.285 g (10.10 mmol, 1.0 

equivalents.) of 1,6-hexanediol diacrylate were measured to the nearest half milligram and 

added to the RB flask. Using the Schlenk line and dry nitrogen gas to maintain the solvent 

as anhydrous, a needle and syringe were used to draw up about 17 mL of THF, which was 

added to the RB flask. A rubber stopper was used to cap the flask. Dry nitrogen gas was 

flushed into the reaction pot to purge any air, and the synthesis proceeded for 48 hours. 

The polymer was re-precipitated three times in ice-cold hexanes through a filter funnel, 

re-dissolving in THF between precipitations. The polymer (Mn ~ 7 kDa, Mw ~13 kDa per 

gel permeation chromatography against polystyrene standards) was dried and stored under 

inert gas in a vacuum desiccator. This synthesis has been successfully scaled up to three 

times the present synthesis, changing only the RB flask size to 250 mL.

2.3. Layer-by-layer film preparation

The PBAE was dissolved fresh daily using a rotating mixer due to its hydrolyzable nature 

and then filtered through a 0.2 μm cellulose acetate filter. Dissolution took a few hours and 

varied in duration based on solution conditions. The concentration of PBAE, buffer pH, and 

ionic strength were defined by the design of experiments setup for each run. LbL films were 

deposited on plasma treated Vicryl sutures. Sutures were cleaned with a 70% ethanol/30% 

water mixture, rinsed with water, and consequently dried. Sutures were then wrapped around 

a stainless steel wire frame for ease in handling. Air plasma treatment was performed for 10 

minutes on high setting in a plasma cleaner (PDC-32G, Harrick, USA). Sutures were then 

immediately immersed in a solution of PBAE for a duration of 1 hour in order to create 

a well-adsorbed layer of polycation on the surface of the suture, as performed in previous 

work [11,12].

A Carl Zeiss HMS-DS50 slide stainer (Oberkochen, Germany) was used to automate 

assembly of the LbL films. Bilayer films were constructed through alternating adsorption 

steps. The adsorption time was determined based on previous studies in our lab using LbL 

to coat siRNA onto surfaces [11,12]. PBAE was adsorbed for 10 minutes, and siRNA was 

adsorbed for 15 minutes. Between the adsorption steps, the sutures were dipped in two wash 

baths of buffered RNase free water for 30 seconds each. The fractional factorial design 

setup determined the pH of the entire process, the ionic strength of the PBAE bath, the 

PBAE concentration of the PBAE adsorption bath, and the siRNA concentration of the 

siRNA adsorption bath. All solutions were prepared in RNase free water, adjusted to the 

predetermined pH with sodium acetate buffer. The wash baths and the siRNA baths were 
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buffered to an ionic strength of 10 mM of sodium acetate. The baths consisted of the wells 

of 24-well plates, which can hold about 3.5 mL of solution.

Sutures were stored at −20°C until prepared for characterization and transfection studies. 

For consistency, coated sutures were divided into sections. Sutures from the top half were 

used for transfection studies, and sutures from the bottom half were used for characterization 

studies.

2.4. LbL film characterization

Total PBAE and siRNA incorporation were measured as follows: sutures coated with the 

LbL films were immersed in a 3 M NaCl solution. Sutures were incubated for 1 hour at 

37°C then subjected to vigorous agitation for complete dissolution of the film. Releasate 

was split for quantification of PBAE and siRNA. The Pierce Micro BCA Protein Assay Kit 

(ThermoFisher Scientific, Waltham, MA), typically used to measure protein concentration 

via detection of copper ion reduction [43], was repurposed to quantify the PBAE polycation, 

which also contains amide groups that chelate and reduce copper, in the releasate. To 

quantify siRNA, 100 μL releasate was first incubated with 50 μL 0.1 M NaOH for 1 hour 

at room temperature to hydrolyze the PBAE. Hydrolysis of the polymer was necessary, 

as we found that polymer complexation with siRNA interfered with RNA quantification. 

The releasate was then neutralized with an equal volume of 0.1 M HCl (50 μL), and the 

Quant-iT RiboGreen RNA Assay Kit (Invitrogen, Waltham, MA) was used to quantify the 

siRNA, following manufacturer’s instructions. See Figure S1 and Figure S2 in Supporting 

Information for standard curves and further rationale for these quantitation methods.

2.5. Polyplex Transfection Evaluation

HeLa d2eGFP cells in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin 

were grown to confluence in a T75 flask at 37°C and 5% CO2. The cells were incubated 

for 10 minutes with 5 mL Trypsin-EDTA solution to dissociate them. The dissociation was 

quenched with 5 mL of warm media, and the cells were pelleted at 1000 rpm in a centrifuge 

for 5 minutes at room temperature. The cells were resuspended in warm media and seeded at 

5,000 per well in a 96-well plate. The next day, transfection was performed. 17 pmol siRNA 

(approx. 274 ng of labeled siRNA or 240 ng of GFP-targeting non-labeled siRNA) was 

mixed at varying w/w ratios with PBAE (dissolved at 1 mg/mL in 50 mM pH 5.2 sodium 

acetate buffer). 50 mM pH 5.2 sodium acetate buffer was added to a total volume of 85 μL. 

Additionally, 17 pmol siRNA was added to 85 μL 50 mM pH 5.2 sodium acetate buffer with 

0.68 μL of RNAiMax to serve as a positive control. The cell media was replaced with 75 μL 

of OPTI-MEM, and 25 uL of the polyplexes was added to a well in the 96-well plate. This 

correlates to 50 nM siRNA in the final solution. Note that each stock solution therefore was 

plated in triplicate, with 10 μL to spare. Three wells with just 100 μL of OPTI-MEM served 

as negative controls. The cells were returned to the incubator. After 6 hours, the media was 

replaced with warm DMEM supplemented with 10% FBS and 1% penicillin-streptomycin. 

The cells were incubated for three days after treatment at 37°C and 5% CO2 and then 

prepared for flow cytometry.
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2.6. LbL Suture Transfection Evaluation

HeLa d2eGFP cells in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin 

were grown to confluence in a T75 flask at 37°C and 5% CO2. The cells were incubated 

for 10 minutes with 5 mL Trypsin-EDTA solution to dissociate them. The dissociation was 

quenched with 5 mL of warm media, and the cells were pelleted at 1000 rpm in a centrifuge 

for 5 minutes at room temperature. The cells were resuspended in warm media and seeded 

at 7,000 per well in 48-well plates. The next day, transfection was performed. Three 1 cm 

pieces of coated suture were added per well by placing directly in the well on top of the 

cells. The cells were kept in DMEM. The cells were incubated for three days after treatment 

at 37°C and 5% CO2 and then prepared for flow cytometry.

2.7. Flow Cytometry

Three days after treatment, cells were prepared for flow cytometry. The cells were 

dissociated with Trypsin-EDTA, as before, and the reaction was neutralized with warm 

media. The cells were spun down at 1000 rpm for 5 minutes at room temperature and the 

old media removed. The cells were resuspended in 50 μL of cold PBS with NucBlue Live 

Cell Stain (2 drops/mL, per manufacturer's instructions) and incubated on ice, shielded from 

light, for 30 minutes. The cells were centrifuged once again with the same conditions as 

before, and the PBS replaced with 150 μL of OPTI-MEM. Fluorescence was measured using 

a BD LSR II flow cytometer with a high throughput sampler attachment in the Swanson 

Biotechnology Center Flow Cytometry Facility at the Koch Institute for Integrative Cancer 

Research. NucBlue stain fluorescence was read with a 355 nm laser and 450/50 filter set, 

GFP fluorescence was read with a 488 nm laser and 530/30 filter set, and AlexaFluor647 

labeled scrambled siRNA was read with a 640 nm laser and 660/20 filter set. 50 μL or 

up to 10000 live single cells, whichever came first, were read for each sample. Analysis 

was performed in BD FlowJo software (Ashland, OR). Live single-cell populations were 

analyzed for siRNA fluorescence, signaling uptake, and GFP expression, signaling siRNA-

mediated knockdown for the polyplex data. For the suture data, only the NucBlue and GFP 

channels were read. The gating strategy is shown in Figure S3. Histograms of the GFP 

fluorescence by run is shown in Figure S4.

2.8. Fluorescence microscopy

HeLa cells that express GFP were used to perform live imaging of siRNA uptake from 

sutures. HeLa d2eGFP cells were seeded at 5,000 cells per well in Nunc Lab-Tek II 

Chambered Coverglass w/ cover #1.5 with 8 wells (Rochester, NY) in 500 μL DMEM 

supplemented with 10% FBS and 1% penicillin-streptomycin. Cells were allowed to adhere 

overnight in the same incubator conditions as in section 2.6. The next day, 2 pieces of 1 cm 

suture from each run were placed directly in their respective well of the chambered slide. 

After one day, the media was changed to OPTI-MEM supplemented with 10% FBS. This 

enabled imaging without fluorescence signal from the phenol in DMEM. The chamber was 

then sealed with parafilm and transferred to the heated 37°C environmental chamber of the 

microscope for live cell imaging.

An Applied Precision DeltaVision Ultimate Focus Microscope (Issaquah, WA) with inverted 

Olympus X71 microscope, TIRF Module, and Photometrics CoolSNAP HQ camera was 
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used to image the live cells. This microscope, housed in the Koch Institute Microscopy Core, 

excites GFP at 475 nm and reads emission at 528 nm. It excites AlexaFluor647 labeled 

scrambled siRNA at 632 nm and reads emission at 685 nm. The 100x/1.40 objective was 

used with oil. Cells near the sutures were located. Care was taken not to find clusters of 

cells that were too close to one another, which limits ability to co-locate siRNA signal within 

the GFP-expressing cell. The transmittance was set to 100%, and the exposure time was set 

using the automated system (0.2 seconds for the GFP channel and 0.08-0.15 seconds for 

AlexaFluor647 channel, depending on the sample). The top and bottom of the cells in the z 

direction were found, and image slices of 0.2 μm were taken throughout the sample. Images 

were deconvolved, and a fast projection was obtained. The Softworx software was used to 

acquire and process images. Raw image files were loaded into ImageJ for further processing 

and creation of a composite image. The brightness/contrast was adjusted starting with auto 

and then fine tuning the minimum and maximum levels so that individual clusters of LbL 

siRNA material could be clearly seen, while minimizing noise. The composite image from 

the red and green channel was then created.

2.9. Scanning electron microscopy

To evaluate the morphology of the sutures and the overlaying coating, LBL sutures were 

analyzed by SEM (Zeiss Crossbeam 540, Oberkochen, Germany) and compared to an 

uncoated, plasma-treated specimen. Samples were prepared by freezing in liquid nitrogen 

and using a sharp razor blade to halve the sample perpendicular to the plane of the fibers. 

Representative samples for each group of study were coated with a thin layer of gold and 

observed under an operating voltage of 3 kV.

2.10. Statistics

Each LbL film was assembled in triplicate (n = 3) and measurements were done in duplicate. 

Design of Experiment (DOE) was conducted with the assistance of JMP Pro 14 statistical 

software (SAS, Cary, NC). JMP was used to generate Runs 1-8 of the fractional factorial 

design. Runs 9-12 were added as center points for pH and PBAE. Assembly parameters pH, 

ionic strength, PBAE concentration, and siRNA concentration served as quantitative factors. 

Parameter ranges: pH (4.5 - 6.0), ionic strength (150 mM - 250 mM), PBAE concentration 

(0.5 mg/mL - 2 mg/mL), siRNA concentration (20 μg/mL - 30 μg/mL), were determined 

based on parameters previously published by our lab [11,12,40]. pH 5.2 buffer and 1 mg/mL 

PBAE served as center points for their respective factors. JMP Pro software was used to fit 

the standard least squares linear regression models, determine fitting parameters for these 

models, calculate p values, and generate plots. Statistical significance was pre-specified at 

the ɑ = 0.05 level.

3. Results and Discussion

3.1. Characterization of Films

LbL films were assembled on Polyglactin 910 (Vicryl®) sutures according to the fractional 

factorial design (Table 1). The siRNA used was designed to target the reporter gene, green 

fluorescent protein (GFP). Once sutures were coated, loading was characterized, and in 
vitro knockdown studies were conducted as fully described in the methods section. The 
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effects of changing the pH, ionic strength, PBAE concentration, and siRNA concentration 

on PBAE loading, siRNA loading, w/w ratio, and knockdown were measured. The response 

variables are reported as a mean with standard deviation in Table 1 and ranged from 0.57 

to 1.55 μg/cm, 0.09 to 2.17 μg/cm, 0.41 to 8.62, and 0 to 37%, respectively. Thus, simply 

modulating the solution conditions for LbL with siRNA can improve the loading of PBAE 

and siRNA by a factor of approximately 3 and 24, respectively. Of note, we highlight 

2 formulations. The formulation with the highest knockdown was run 6 (pH 6.0, 150 

mM ionic strength, 0.5 mg/mL PBAE, 30 μg/mL siRNA), which demonstrated about 37% 

knockdown of GFP expression. Run 6 also had the highest siRNA loading on the suture, at 

2.17 μg/cm. Only Run 4 had near this amount of siRNA loaded, while all other runs had 

about 75% or less this amount of siRNA. In contrast, run 7 (pH 6.0, 250 mM ionic strength, 

2.0 mg/mL PBAE, 20 μg/mL siRNA) demonstrated no knockdown of GFP-expression, had 

the lowest siRNA loading (0.09 μg/cm), and had the second to least PBAE loading (0.67 μg/

cm), suggesting poor film formation. Note that this formulation did demonstrate the highest 

w/w ratio, but the lack of siRNA drove this result rather than a large excess of polymer to 

compensate for the incorporated siRNA. No significant cytotoxicity was observed in cells 

treated with coated sutures (Table S1).

3.2. Least Squares Linear Regression Model

A standard least squares linear regression model was applied to PBAE and siRNA loadings, 

as well as their w/w ratio using the assembly parameters as the explanatory variables 

(Figure 2). Predicted values are plotted against actual values to visualize goodness-of-fit for 

each regression. PBAE loading is not well-predicted by the least squares linear regression 

model (R2 = 0.43). In contrast, the siRNA loading is well-predicted (R2 = 0.91). This 

leads to moderate prediction of the PBAE to siRNA w/w ratio (R2 = 0.78). Normalized 

coefficients, representing the correlation between the explanatory variable and the response, 

are reported for each parameter along with their p-values. While no significant trends (p 

< 0.05) were found for PBAE loading, several parameters were found to be statistically 

significant predictors of the siRNA loading and the w/w ratio. The ionic strength and PBAE 

concentration were negative predictors of siRNA loading while the siRNA concentration 

was a positive predictor of siRNA loading. pH and PBAE concentration were both positive 

predictors of w/w ratio. The way in which pH, ionic strength, PBAE concentration, and 

siRNA concentration impact the polymers both in solution and upon adsorption to the film 

underlies the observed trends. These trends and their implications for the observed results 

are explored in the subsections below.

3.2.1. Effects of pH—The assembly pH governs the percent ionization of the polymers 

in solution. The assembly pH was not found to have a statistically significant effect on 

either the PBAE loading or the siRNA loading. Nonetheless, the slight positive correlation 

to PBAE loading compounded with the slight negative correlation to the siRNA resulted 

in a significant positive coefficient for the w/w ratio. This phenomenon is supported by 

previous research on the effect of pH in constructing LbL films [27]. As pH increases 

towards the pKa, the weak electrolyte PBAE becomes less positively charged. The decrease 

in charge leads to a loopier conformation of the bulk polyelectrolyte in the solution bath 

[34]. For the less charged PBAE, more PBAE molecules are needed to compensate charge 
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of an equivalent amount of polyanion than a more charged PBAE, explaining the increase 

in loading of PBAE. Since the phosphate groups on the RNA backbone have a pKa near 

0, siRNA is completely ionized with a negative charge across the pH range in this study. 

Furthermore, the rigid conformation of siRNA remains unchanged due to its short double 

stranded structure. Nevertheless, the decrease in charge of the adsorbed PBAE results in a 

lower amount of siRNA required to neutralize the charge, and thus decreased adsorption. 

Overall, increasing assembly pH towards pKa increases polymer loading while decreasing 

siRNA loading, leading to increased polymer to siRNA w/w ratio in the thin films.

3.2.2. Effects of ionic strength—Ionic strength of the buffer can change the amount of 

charge shielding along the polyelectrolyte backbone during film assembly and can mediate 

changes in protonation of the polymers in different pH buffers. In the present study, ionic 

strength of the PBAE deposition bath was not found to have a significant effect on PBAE 

loading within the experimental range. Previous studies have reported that the thickness 

of a film has a parabolic dependence on salt concentration, with the maximum thickness 

co-dependent on pH [44]. As the ionic strength within the PBAE deposition bath increases, 

charge shielding occurs to extrinsically compensate the PBAE charge with acetate ions 

while decreasing intrinsic charge compensation by the siRNA. Thus, loopier structures of 

PBAE would be formed, leading to greater incorporation of the polymer. However, if the 

salt concentration exceeds a certain point, the charge shielding of PBAE chains becomes 

so extensive that adsorption to the LbL film decreases. The ionic strength at which the 

maximum PBAE adsorption occurs is thus related to the ionization of the PBAE and 

therefore the solution pH. We have observed separately that at pH 4.5, ionic strength has a 

positive correlation with PBAE loading while at pH 6.0, the ionic strength has a negative 

correlation (data not shown). As the pH shifts from 4.5 to 6.0, the solution approaches 

the measured PBAE pKa of about 7 (Figure S5), which represents the titratable moiety 

responsible for our pH-responsive polymer. Thus, the degree of ionization decreases. This 

supports the observed phenomenon that the ionic strength at which maximum PBAE loading 

occurs decreases as the pH is increased towards the pKa. Due to this interaction between 

pH and ionic strength, the linear regression does not comprehensively capture the effects of 

ionic strength on PBAE loading.

The ionic strength of the PBAE deposition bath was found to be a significant term in only 

the siRNA loading. As the ionic strength increased, siRNA loading decreased. This suggests 

that across the pH levels tested, the increased ionic strength in the PBAE deposition bath 

may induce swelling and partial decomposition of the film. At higher salt concentrations, 

extrinsic compensation occurs within the film, prompting ejection of some siRNA from the 

film into the PBAE bath. Thus, in the range tested, ionic strength of the PBAE deposition 

buffer exhibits pH-dependent effects on PBAE loading, and increased ionic strength may 

lead to partial decomposition of the film to decrease siRNA loading.

3.2.3. Effects of PBAE deposition bath concentration—Changing the 

concentration of the PBAE deposition bath could influence equilibrium adsorption of 

polymers in the thin film. In our experiments, the PBAE concentration did not have a 

significant effect on the PBAE loading in the film. This suggests that adsorption of PBAE is 
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not diffusion limited in the range of concentrations tested. At the lowest concentration of 0.5 

mg/mL PBAE, deposition equilibrium is already reached in the allotted dipping time of 10 

minutes. Increase of PBAE concentration does not affect its loading.

Interestingly, the concentration of the PBAE deposition bath has a negative effect on siRNA 

loading. In separate experiments using fluorescently tagged siRNA, the fluorescent dye is 

seen in the PBAE bath at the conclusion of film assembly when high PBAE concentrations 

are used (data not shown), indicating that siRNA is removed from the film and solubilized in 

the dipping bath. This concentration-dependent stripping phenomenon has been previously 

reported in LbL coating of nylon fibers [45]. Within the polycation bath during film 

assembly, polycation is typically deposited onto the growing thin film, but this process 

is in equilibrium with stripping of the polyanion from the surface by positively charged 

polyelectrolytes in solution [46]. As polyplexes are known to have greater stability in 

solution in the presence of excess of one of the polyelectrolyte species [47], a greater 

PBAE concentration within the deposition bath would promote stability of PBAE/siRNA 

complexes in solution. Coupling this effect with translational and configurational entropic 

gains of polyplex formation over film deposition [46], increasing the PBAE concentration 

within our experimental range leads to increased stripping of siRNA from the film. The 

negative correlation PBAE concentration has on siRNA loading contributes to the significant 

positive correlation with the w/w ratio. Overall, we demonstrate that in the ranges tested, 

increasing PBAE concentration during adsorption does not affect PBAE loading, but does 

inversely correlate with siRNA loading.

3.2.4. Effects of siRNA deposition bath concentration—Changes to the siRNA 

concentration in the deposition bath could also change equilibrium adsorption. In the range 

tested, the PBAE loading does not seem to be affected by the siRNA concentration. The 

lack of the aforementioned stripping effect may be due to the relatively low concentration 

of siRNA within the deposition bath and the smaller size of the polycation compared to the 

siRNA.

The siRNA concentration exhibited a significant positive correlation to the siRNA loading. 

This suggests deposition of siRNA is diffusion limited in this concentration regime. As 

siRNA is the most expensive component of the assembly process, the concentrations used 

are much lower than those of the complementary PBAE by a factor of approximately 

17-100, depending on the exact concentrations used as part of the fractional factorial 

design experimental setup. While the siRNA concentration of 20 μg/mL appears to be 

sufficient for adsorption and subsequent surface charge reversal for film formation, the 

greater concentration of 30 μg/mL results in greater loading for all formulations, holding pH, 

ionic strength, and PBAE concentration constant. Overall, increasing siRNA concentration 

during adsorption does not affect PBAE loading but increases siRNA loading.

3.3. Fluorescence microscopy of siRNA interaction with cells

To corroborate the GFP-reporter expression knockdown data, we also investigated four of 

the runs for their uptake of siRNA upon elution from the LbL suture. The four chosen runs 

were 1 (pH 4.5, 150 mM ionic strength, 2.0 mg/mL PBAE, 20 μg/mL siRNA), 6 (pH 6.0, 

Chou et al. Page 11

Acta Biomater. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



150 mM ionic strength, 0.5 mg/mL PBAE, 30 μg/mL siRNA), 7 (pH 6.0, 250 mM ionic 

strength, 2.0 mg/mL PBAE, 20 μg/mL siRNA), and 11 (pH 5.2, 250 mM ionic strength, 

1.0 mg/mL PBAE, 20 μg/mL siRNA). These runs were chosen since the sutures coated by 

these solution conditions generated the two runs with the most and the two runs with the 

least knockdown, respectively. The cells are distinguished by their GFP fluorescence, and 

it is notable that runs 1 and 6 seem to have the greatest uptake of the fluorescently labeled 

control siRNA (Figure S6). In contrast, run 7, which exhibited no knockdown and very 

poor loading of siRNA, demonstrates almost no uptake of fluorescent siRNA. Interestingly, 

even though run 11 showed very poor knockdown, there is some uptake of siRNA into 

the cell. Without any membrane staining, it is hard to determine whether the siRNA that 

has been taken up is trapped in endosomes and or has escaped to the cytosol; however, 

qualitatively, most of the siRNA is punctate in appearance for all runs, which suggests the 

prior is true. It is necessary for the siRNA to escape endosomes for its biological activity, 

but it is believed that endosomal escape is a very rare event that occurs for only 1-2% of 

endosomes when using an effective lipid nanoparticle carrier [48]. Our LbL delivery system 

likely suffers from similar inefficiencies in endosomal escape. Use of Gal8 intracellular 

tracking in future experiments could help to elucidate endosomal escape of our siRNA [49]. 

Overall, the fluorescence microscopy data of siRNA uptake into the HeLa cells corroborates 

the observed knockdown in Table 1.

3.4. Scanning electron microscopy of LbL film surface morphology

In addition to characterizing the composition of the formed LbL films as a function of 

the solution conditions, it was necessary to assess how the solution conditions affect the 

morphology of the LbL surface formed. The same four runs as in 3.3 were studied. The 

fluorescently labeled siRNA has a blue hue and its qualitative coating of the surface was first 

evaluated with digital imaging (Figure S7), suggesting high correlation with the quantitative 

loading seen in Table 1.

Scanning electron microscopy was used to image the surface of the LbL sutures (Figure 

3). The surface of the control sutures that received plasma treatment but no LbL coating 

show the braided nature of the sutures. The calcium stearate coating that is applied to all 

Vicryl® sutures to enhance handling properties is visualized as regions of rough coating on 

the surface of the smooth PLGA suture filaments [50]. Run 6 shows a heavily coated suture 

with a smooth morphology with thicknesses that, in some regions, appear to obfuscate the 

underlying braided texture of the underlying suture fibers. Runs 1 and 11 depict a moderate 

coating of the sutures such that the features of the underlying braided suture are apparent, 

but the rough original calcium stearate coating of the untreated suture appears to be totally 

covered. The surfaces of the LbL films in runs 1 and 11 appear rougher than that of run 6. 

Finally, run 7 shows some aspects of splotchy coating on the suture with areas of the rough 

calcium stearate on the suture surface still visible. The SEM images confirm poor coating 

of the suture with the solution conditions in run 7. Overall, the qualitative interrogation of 

the LbL thin film coating on the suture by solution conditions aligns with the compositional 

analysis in section 3.1.
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3.5. Optimization of Assembly Parameters for siRNA-mediated gene silencing

When the standard least squares linear regression was applied to the knockdown with the 

assembly parameters as the explanatory variables, significant terms were not identified 

(Figure S8a). Additionally, the ability to predict knockdown using these parameters was 

poor (R2 = 0.29). A regression using PBAE loading, siRNA loading, and w/w ratio as 

the explanatory variable produced a slightly better prediction (Figure S8b), albeit still 

not very correlative (R2 = 0.37). Despite the lack of a strong fit across variables, the 

analysis does indicate parameters that dominate in mediating transfection, such as siRNA 

loading and polymer to siRNA w/w ratio. The importance of siRNA loading on knockdown 

follows a dose-response relationship where higher dose leads to increased knockdown. This 

dose-response relationship between dosed siRNA and mRNA/resultant protein levels was 

similarly shown in vivo during the phase I clinical trials of patisiran, the first clinically-

approved siRNA therapeutic [51]. Thus, these results are consistent with the literature and 

known dose-response relationships of siRNA therapies.

Studies have shown that nanoparticle transfection of nucleic acids is dependent on the w/w 

ratio of its components [37,52,53]. In vitro transfection experiments with PBAE/siRNA 

polyplexes confirm that siRNA uptake and knockdown increased as w/w ratio increased 

(Figure S9). As the N:P ratio increases in the polyplexes, uptake of fluorescent siRNA 

increases. Accordingly, GFP knockdown also increases with N:P ratio. To further investigate 

how these effects seen in the polyplexes translate to self-assembled thin films on sutures, 

we plotted the knockdown efficacy by the siRNA and PBAE loadings of each individual 

suture in a bubble plot (Figure 4). In this visualization, we find that the suture condition that 

produces the greatest knockdown have the greatest siRNA loading. Furthermore, the sutures 

of high siRNA loading show greater knockdown if they also have high PBAE loading.

Informed by these experiments, we aimed to maximize knockdown by tuning assembly 

parameters to maximize siRNA loading while also maintaining an adequate w/w ratio. 

From the significant terms in the standard least squares fit, a low ionic strength and 

high siRNA concentration in our experimental range both contribute to greater siRNA 

loading. A high pH contributes to a greater w/w ratio. Since the polymer concentration is 

negatively correlated to siRNA loading and positively correlated to the w/w ratio, a moderate 

concentration was chosen.

Through this study, we elucidated rules on how solution conditions effect PBAE loading, 

siRNA loading, PBAE to siRNA w/w ratio, and knockdown. Using rational design and 

knowledge of these design rules, we selected solution conditions for another formulation 

that was not included in the original design of experiments but that was expected to give 

high siRNA-mediated knockdown. Within our parameter space, the assembly conditions 

were thus optimized as follows: pH 6.0, ionic strength of 150 mM, PBAE concentration of 

1.0 mg/mL, and siRNA concentration of 30 μg/mL. An LbL film was constructed on sutures 

with these conditions and in vitro knockdown was evaluated (Figure 5). The rational design 

conditions resulted in roughly equivalent knockdown to run 6 (pH 6.0, 150 mM buffer, 0.5 

mg/mL PBAE, 30 μg/mL siRNA), but enhanced knockdown compared to Run 10 (pH 5.2, 

150 mM buffer, 1 mg/mL PBAE, 30 μg/mL siRNA), which has similar solution conditions 

to the rational design formulation except pH. This suggests that the design of experiments 
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selected runs that optimized the siRNA knockdown and elucidated rules that can enable 

rational selection of other solution conditions that produce effective knockdown.

Previous efforts from our lab in incorporating siRNA on sutures involve a hierarchical LbL 

structure with a [PBAE/Dextran Sulfate]20 degradable layer deposited first, followed by a 

[Chitosan/siRNA]25 bilayer. 37% knockdown was achieved in HeLa cells after three days of 

transfection [12]. Here we demonstrate that the optimized conditions result in a film that is 

simpler in construction (bilayer formulation vs. hierarchical structure of two bilayers) and 

requires fewer film layers (15 bilayers vs. a total of 45 bilayers) yet produces comparable 

knockdown.

In further investigation of these optimized conditions, films of 30 bilayers were constructed 

on the Vicryl sutures and in vitro efficacy was evaluated (Figure S10). The increased GFP 

knockdown with 30 bilayers compared to 15 bilayers reveals the dose-responsive nature 

of our LbL-coated sutures. With 30 bilayers, the optimal assembly conditions resulted in 

nearly 70% knockdown. This enhanced knockdown at double the number of bilayers could 

be essential to increasing the efficacy of localized siRNA therapies and highlights the 

modularity of our approach.

One notable limitation of this study is that the fractional factorial design was not set up 

for interaction terms. Thus, the study was not powered correctly to detect the effects of 

interactions between pH, ionic strength, PBAE concentration, and siRNA concentration. We 

were additionally limited by the need to find pH, buffer strengths, and PBAE concentrations 

that were compatible with complete aqueous dissolution of PBAE. Future studies could 

look at an expanded design of experiments that is powered to account for interactions. 

We also note that some of the runs demonstrate knockdown at levels that seem counter 

to the observed trends, particularly that increased siRNA loading is needed for effective 

knockdown. Further studies are needed to clarify what aspects of the solution conditions for 

these runs enables effective knockdown despite lower loading of siRNA. Finally, this study 

focuses on composition rather than structural morphology characteristics of the film itself. 

Further investigation of the thin film morphological characteristics could further elucidate 

how pH, ionic strength, PBAE concentration, and siRNA concentration impact the assembly 

of thin films containing siRNA on degradable sutures.

4. Conclusions

In this study we have investigated the incorporation of siRNA in LbL thin films for local 

delivery. By conducting a fractional factorial design, we determined the effects of assembly 

parameters: pH, ionic strength, PBAE concentration, and siRNA concentration on the 

loadings of PBAE, siRNA, and their w/w ratio in an LbL film assembled on commercially 

available polyglactin 910 (Vicryl®) sutures. The significant effects drawn from a standard 

least squares linear regression model are corroborated from theory and findings from past 

studies on films assembled with weak polyelectrolytes. Using the elucidated design rules 

of how assembly solution conditions effect siRNA-mediated knockdown from LbL thin 

films on sutures, we demonstrate that a rationally designed set of solution conditions that 

were not investigated in the original fractional factorial design can produce knockdown 
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at levels seen in the best run from the original fractional factorial design experiment. 

Compared to previously published siRNA LbL films from our lab [12], films identified in 

this study are simpler in construction and require fewer film layers to achieve similar or 

even improved siRNA efficacy in vitro. The reduction of required film layers could translate 

to savings in time and materials in therapeutic LbL film production. The discussed effects 

of assembly conditions on LbL formulation suggests that investigation of values outside 

the parameter ranges of this study may yield even more efficient films. We believe that 

this work demonstrates the applicability of design of experiment principles to optimize LbL 

assembly conditions for modulating the loading of PBAE and siRNA into the film while also 

suggesting how aspects of film composition may modulate knockdown. Furthermore, this 

study highlights that a full factorial design is not needed to elucidate the effects of solution 

conditions on thin film composition. This DOE approach has the potential to aid in the 

rational design of process conditions for other polyelectrolyte-based self-assembled thin film 

delivery systems, particularly those for the delivery of other short therapeutic nucleic acids.
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STATEMENT OF SIGNIFICANCE

Short interfering RNA (siRNA) therapeutics are powerful tools to silence aberrant gene 

expression in the diseased state; however, the clinical utility of these therapies relies on 

effective controlled delivery approaches. Electrostatic self-assembly through the Layer-

by-layer (LbL) process enables direct release from surfaces, but this method is highly 

dependent upon the specific solution conditions used. Here, we use a fractional factorial 

design to illustrate how these assembly conditions impact composition of siRNA-eluting 

LbL thin films. We then elucidate how these properties mediate in vitro transfection 

efficacy. Ultimately, this work presents a significant step towards understanding how 

optimization of assembly conditions for surface-mediated LbL delivery can promote 

transfection efficacy while reducing the processing and material required.
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Figure 1. 
Layer-by-layer coating of suture and the parameters varied. (a) Schematic representation 

of dip LbL assembly for coating Vicryl 3-0 suture with [PBAE/siRNA] bilayers. (b) Cross-

section depiction of a suture coated with 3 bilayers. Films assembled in this study consisted 

of 15 bilayers. (c) List of parameters varied in the fractional factorial design. The pH (pH 

4.5 – 6.0) of the entire process, ionic strength (150– 250 mM) and PBAE concentration 

(0.5 – 2.0 mg/mL) of the PBAE bath, and the siRNA concentration (20 – 30 μg/mL) of the 

siRNA bath were varied. Wash baths and the siRNA bath were buffered to 10 mM sodium 

acetate.

Chou et al. Page 21

Acta Biomater. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Standard Least Squares Fit of Parameters on Response Variables. A standard least squares 

fit was performed on the average (mean) values from each run for (a) PBAE loading, (b) 

siRNA loading, and (c) PBAE to siRNA w/w ratio. “Actual by Predicted” plots are shown 

with R2 and p-values reported. The coefficients for each parameter were normalized by 

the range tested and p-values are reported. Parameter terms with correlation p-values < 

0.05 are highlighted; significant positive coefficients are highlighted in orange and negative 

coefficients are highlighted in blue. Error bars represent standard deviation.
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Figure 3. 
Morphological analysis of LbL thin film surface on sutures. SEM was acquired for the 

uncoated, plasma-treated suture and 4 different solution conditions (runs 1, 6, 7, and 11). 

Representative low (left) and high (right) magnification images are shown. Scale bars for 

low magnification images (left) represent 50 μm and those for high magnification images 

(right) represent 20 μm.
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Figure 4. 
Bubble plot of in vitro knockdown by PBAE loading and siRNA loading. Resulting GFP 

knockdown data of LbL films are represented with siRNA loading on the x-axis and PBAE 

loading on the y-axis. Knockdown of biological replicates was averaged. LbL coated sutures 

that effected greater knockdown are represented with larger bubbles. The knockdown is also 

color coded with high knockdown in red and low knockdown in blue.
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Figure 5. 
Knockdown comparison of rationally designed formulation vs. runs with neighboring 

conditions. The rationally selected LbL parameters of pH 6, ionic strength of 150 mM, 

PBAE concentration of 1.0 mg/mL, and siRNA concentration of 30 μg/mL were found to 

achieve in vitro knockdown of 47%. Run 6 (37% knockdown) and Run 10 (2% knockdown) 

from the fractional factorial design both neighbor these conditions with a single solution 

condition parameter varied. Colors denote high (red), moderate (yellow), and low (blue) 

values of parameters within the experimental range of the design. Error bars represent 

standard deviation.
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Table 1.

Fractional factorial design parameters and response variable data. The parameters tested include pH, ionic 

strength, PBAE concentration, and siRNA concentration. Ranges were determined based on parameters 

previously published by our lab. Response variables of PBAE loading, siRNA loading, w/w ratio, and 

knockdown are reported as the mean and the standard deviation (SD). Cells are colored to depict differences in 

magnitude. JMP was used to determine Runs 1-8 for the fractional factorial design. Runs 9 – 12 were added as 

midpoints for pH and polymer concentration to test for non-linearity.

Run pH
Ionic

Strength
(mM)

PBAE
Conc.
(mg/m

L)

siRNA
Conc.

(μ
g/mL)

PBAE 
Loading
(μg/cm)

siRNA 
Loading
(μg/cm)

w/w ratio Knockdown 
(%)

Mean SD Mean SD Mean SD Mean SD

1 4.5 150 2.0 20 1.18 0.14 0.66 0.08 1.80 0.20 17.88 6.49

2 4.5 150 2.0 30 0.90 0.03 1.30 0.21 0.71 0.11 8.16 3.44

3 4.5 250 0.5 20 0.57 0.05 1.08 0.06 0.53 0.05 10.82 10.19

Response 
Variables

High

4 4.5 250 0.5 30 0.80 0.02 1.95 0.07 0.41 0.02 9.23 2.39

5 6.0 150 0.5 20 1.55 0.09 1.42 0.23 1.13 0.27 7.54 3.81

6 6.0 150 0.5 30 1.30 0.10 2.17 0.08 0.60 0.05 36.96 17.98

7 6.0 250 2.0 20 0.67 0.10 0.09 0.02 8.62 3.24 0.00 0.00 Low

8 6.0 250 2.0 30 0.89 0.11 0.29 0.01 3.07 0.31 1.04 1.13

9 5.2 150 1.0 20 1.07 0.01 0.89 0.09 1.22 0.13 2.26 1.60

10 5.2 150 1.0 30 1.18 0.11 1.41 0.15 0.85 0.09 2.10 1.49

11 5.2 250 1.0 20 1.41 0.08 0.72 0.11 2.02 0.45 0.34 0.48

12 5.2 250 1.0 30 1.16 0.07 1.34 0.08 0.87 0.05 3.61 2.47

Acta Biomater. Author manuscript; available in PMC 2022 November 01.


	Abstract
	Graphical Abstract
	Introduction:
	Experimental Section:
	Materials
	Polymer synthesis
	Layer-by-layer film preparation
	LbL film characterization
	Polyplex Transfection Evaluation
	LbL Suture Transfection Evaluation
	Flow Cytometry
	Fluorescence microscopy
	Scanning electron microscopy
	Statistics

	Results and Discussion
	Characterization of Films
	Least Squares Linear Regression Model
	Effects of pH
	Effects of ionic strength
	Effects of PBAE deposition bath concentration
	Effects of siRNA deposition bath concentration

	Fluorescence microscopy of siRNA interaction with cells
	Scanning electron microscopy of LbL film surface morphology
	Optimization of Assembly Parameters for siRNA-mediated gene silencing

	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.

