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SUMMARY: 
The protocol describes the formation of robust and biocompatible DNA-laden microcapsules as multiplexed in vitro biosensors capable of tracking several ligands.

ABSTRACT: 
We introduce a protocol for the preparation of DNA-laden silk fibroin microcapsules via the Layer-by-Layer (LbL) assembly method on sacrificial spherical cores. Following adsorption of a prime layer and DNA plasmids, the formation of robust microcapsules was facilitated by inducing β-sheets in silk secondary structure during acute dehydration of a single silk layer. Hence, the layering occurred via multiple hydrogen bonding and hydrophobic interactions. Upon adsorption of multilayered shells, the core-shell structures can be further functionalized with gold nanoparticles (AuNPs) and/or antibodies (IgG) to be used for remote sensing and/or targeted delivery. Adjusting several key parameters during sequential deposition of key macromolecules on silica cores such as the presence of a polymer primer, the concentration of DNA and silk protein, as well as a number of adsorbed layers resulted in biocompatible, DNA-laden microcapsules with variable permeability and DNA loadings. Upon dissolution of silica cores, the protocol demonstrated the formation of hollow and robust microcapsules with DNA plasmids immobilized to the inner surface of the capsule membrane. Creating a selectively permeable biocompatible membrane between the DNA plasmids and the external environment preserved the DNA during long-term storage and played an important role in the improved output response from spatially confined plasmids. The activity of DNA templates and their accessibility were tested during in vitro transcription and translation reactions (cell-free systems). DNA plasmids encoding RNA light-up aptamers and riboswitches were successfully activated with corresponding analytes, as was visualized during localization of fluorescently labeled RNA transcripts or GFPa1 protein in the shell membranes.

INTRODUCTION:
The field of synthetic biology offers unique opportunities to develop sensing capabilities by exploiting natural mechanisms evolved by microorganisms to monitor their environment and potential threats. Importantly, these sensing mechanisms are typically linked to a response that protects these microorganisms from harmful exposure, regulating gene expression to mitigate negative effects or prevent intake of toxic materials. There have been significant efforts to engineer these microorganisms to create whole-cell sensors taking advantage of these natural responses but re-directing them to recognize novel targets and/or to produce a measurable signal that can be measured for quantification purposes (typically fluorescence)1,2. Currently, concerns with the use of genetically modified microorganisms (GMOs), especially when releasing in the environment or the human body, due to leakage of whole cells or some of their genetic material, even if encapsulated in a polymer matrix, suggest that alternative ways to exploit these sensing approaches are needed3.

A powerful approach to exploit the benefits of microorganisms-based sensing without the concern for the deployment of GMOs is the use of in vitro transcription/translation (IVTT) systems. From a practical perspective, IVTT systems consist of a mixture containing most of the cell components in an active state that has been “extracted” from cells by different means, including sonication, bead-beating, or others4. The final product of this process is a biochemical reaction mixture already optimized to perform transcription and translation that can be used to test different sensors in an “open vessel” format, without the constraints associated with the use of whole cells (membrane diffusion, transformation efficiency, cell toxicity, etc.). Importantly, different sensor components can be quantitatively added, and their effect studied by different optical and spectrometric techniques, as we have demonstrated5. It has been noticed that the performance of IVTT systems can be inconsistent; however, recent studies have shown approaches to standardize their preparation and characterization, which is of great help when studying their performance in sensor design6. Recently, many examples of IVTT systems using to create paper-based assays through the lyophilization of their components in paper matrices have been demonstrated, including detection of heavy metal ions, drugs, quorum sensing elements, and others7–9. An exciting application space for IVTT-based sensors is their use in sensing applications in different types of environments, including soil, water, and the human body. In order to deploy these IVTT systems to these challenging environments, an encapsulation approach need to be implemented to contain the IVTT components and protect them from degradation. 

The most common encapsulation approaches for IVTT systems include the use of lipid capsules, micelles, polymersomes, and other tightly enclosed microcontainers10–12. One disadvantage of this approach is the need to incorporate either passive or active mechanisms to transport materials in and out of the containers to allow communication with the external environment and provide sensing capabilities. To overcome some of these issues, the study here reports a method that provides a simple yet effective approach to encapsulate the encoding materials for different sensor designs to be expressed in IVTT systems. This approach is based on the use of Layer-by-Layer (LbL) deposition of a biopolymer in the presence of the plasmids of interest to create hollow microcapsules with high porosity, which allows the protected genetic material to interact with the different components of the IVTT of choice. The study demonstrated that encapsulated plasmids could direct transcription and translation when activated within this polymeric matrix, as shown with the response of a plasmid-encoded aptamer and a riboswitch to their corresponding targets. Additionally, this LbL coating protects the plasmids for months without any special storage conditions.

[bookmark: _Hlk75374773]PROTOCOL: 

1. Construction of plasmid vector.

1.1. Construct a plasmid vector (pSALv-RS-GFPa1, 3.4 kb) by amplification of the coding sequence of a theophylline riboswitch (ThyRS) coupled with GFPa1 from pJ201:23976-RS-GFPa1 vector (designed and created by DNA2.0) and insertion into E. coli expression vector, pSAL13. Use forward (5’-CGTGGTACCGGTGATACCAGCATCGTCTTGATG-3’) and reverse (5’-CGTGCTCAGCTTAAGCCAGCTCGTAG-3’) primers to amplify the coding sequence of ThyRS coupled with GFPa1 and perform a PCR reaction in 50 µL volume using DNA polymerase according to the manufacturer’s protocol14.

1.2.	Prepare a 1% agarose gel from 0.5 g of agarose, 50 mL of TAE buffer (40 mM Tris Acetate, 1 mM EDTA, pH 8.0), and 3 µL of DNA stain.

1.3.	Mix 5 µL aliquot of the PCR-amplified product with 5 µL of RNase/DNase-free water and 2 µL of 6x gel loading dye and analyze by agarose gel electrophoresis. Load a DNA ladder (0.1–10.0 kb) as a reference. Run the gel at 120 V until the dye line has almost reached the bottom of the gel.

1.4.	Visualize the DNA fragments using a UV transilluminator imaging system to check for the correct size of DNA15.

1.5.	Purify the PCR product using a PCR purification kit according to the manufacturer’s protocol16.

1.6.	Digest the PCR product and pSAL expression vector with KpnI and BlpI restriction enzymes in a 15 µL reaction, containing 10 µL of PCR product or plasmid vector (concentration 20–50 ng/µL), 1.5 µL of 10x enzyme buffer, 1 µL of each enzyme, and 1.5 µL of RNase/DNase-free water, at 37 °C for 2 h.

1.7.	Add 3 µL of 6x gel loading dye to the reaction mixture and separate the digested fragments on a 1% agarose gel as described in steps 1.3–1.5. 

1.8.	Purify the DNA fragments using a gel extraction kit according to the manufacturer’s protocol16. 

1.9. 	Ligate the digested PCR product into a digested linearized plasmid vector, pSAL, using T4 DNA ligase and supplemented ligase buffer in a 10 µL reaction containing 3–20 fmol of the digested vector, 9–60 fmol of the digested PCR product, 2 µL of ligase buffer, 1 µL (1 unit) of T4 DNA Ligase, and DNase/RNase-free water. Incubate the ligation reaction at 25 °C for 3 h.

NOTE: Ensure that the total DNA content in the reaction mixture is 0.01–0.1 µg. 

1.10.	Transform E. coli DH5α competent cells with 10 ng of the ligation reaction mixture according to the manufacturer’s protocol17.

1.11.	Grow the transformed cells at 37 °C overnight on LB-agar plates supplemented with ampicillin (100 µg/mL).

1.12.	Pick 3–4 bacterial colonies from the plate and aseptically transfer each of them into 5 mL of LB media supplemented with ampicillin (100 µg/mL). Grow the cultures overnight at 37 °C in a shaking incubator at 225 rpm. 

1.13.	Pellet the overnight cultures by centrifugation at 11 x g for 3 min at room temperature.

1.14.	Use a purification kit to purify the plasmids according to the manufacturer’s protocol16.

1.15.	Verify the sequences of the purified plasmids by DNA sequencing. The plasmid map and the sequence of the resulting construct (pSALv-RS-GFPa1) are shown in Figure 1. 

2. Large-scale DNA purification. 

2.1.	Transform the plasmid vector pSALv-RS-GFPa1 (3.4 kb) (encoding theophylline riboswitch coupled with GFPa1 reporter gene) or pET28c-F30-2xBroccoli (5.4 kb) (encoding Broccoli aptamer) into E. coli DH5α competent cells according to the manufacturer’s protocol17.

2.2.	Grow the transformed cells at 37 °C overnight on LB-agar plates supplemented with ampicillin (100 µg/mL) for cells transformed with pSALv-RS-GFPa1 or kanamycin (50 µg/mL) for cells transformed with pET28c-F30-2x Broccoli.

2.3.	Pick 3–4 bacterial colonies from the plate and aseptically transfer each colony into 5 mL of LB media supplemented with appropriate antibiotic (100 µg/mL ampicillin or 50 µg/mL kanamycin). Grow the cultures overnight at 37 °C in a shaking incubator at 225 rpm. 

2.4.	Use 3 mL of the overnight culture to inoculate into 150 mL of LB supplemented with appropriate antibiotic (100 µg/mL ampicillin or 50 µg/mL kanamycin) and grow the cultures overnight at 37 °C in a shaking incubator at 225 rpm. 

2.5.	Pellet the cells by centrifugation at ≥3400 x g for 10 min at 4 °C. 

2.6.	Use a purification kit to purify the plasmids according to the manufacturer’s protocol16.

2.7. 	Elute the DNA with 0.5 mL of pure DNase/RNase-free water. Measure the DNA concentration and prepare 1 mL of DNA stock solutions (100 ng/µL). Store the tubes with DNA at 4 °C until further use.

3. Extraction of silk fibroin and preparation of initial materials. 

3.1. Prepare an aqueous solution of reconstituted silk fibroin (SF) protein from Bombyx mori silkworm cocoons according to the procedure described in detail elsewhere to account for 10% of Silk-LiBr solution18.

3.2. Determine the final concentration of the aqueous SF solution. Pipette 0.5 mL of silk solution to a 60 mm Petri dish, let it dry at 60 °C, and measure the weight of dry silk film. Divide the dry weight by 0.5 mL to calculate the weight per volume percentage. 

3.3. Dilute the concentrated silk solution with DNase/RNase-free distilled water by slowly adding water via serological pipette to obtain 1 mg/mL final concentration. Store the solution at 4 °C for future use.

3.4. Prepare fluorescently labeled silk fibroin using an antibody labeling kit. Use 1 mL of 2 mg/mL silk fibroin solution to couple the N-terminal α-amino groups of the protein with an NHS ester-activated derivative dye according to the manufacturer’s protocol19. 

3.5. Prepare 50 mL of polyethyleneimine (PEI) aqueous solution with a concentration of 6 mg/mL, adjust pH to 4 with HCl (1 M). Filter the solution through a sterile 0.2 µm membrane. Storage is possible at ambient conditions for months.  

3.6. Prepare SiO2 cores. Pipette 300 µL of SiO2 particles into a 2 mL microcentrifuge tube. Wash the microparticles two times with 1 mL of DNase/RNase-free water by centrifugation at 0.2 x g for 1 min. 

4. Perform Layer-by-Layer deposition of a prime layer, DNA plasmids, and silk layers. 

4.1. To deposit the PEI prime layer onto the SiO2 microparticles, add 1 mL of PEI solution to the spun down pellet from step 3.6 and agitate the mixture at ambient conditions on a thermomixer at 800 rpm for 15 min. Wash the particles four times with 1 mL of DNase/RNase-free deionized water by centrifugation at 0.2 x g for 1 min.

4.2. To perform deposition of the DNA layer, add 1 mL of the aqueous solution of DNA plasmids from step 2.7 to the PEI-primed microparticles and gently agitate the mixture at 4 °C on a thermomixer at 800 rpm for 15 min. To prepare microcapsules with different DNA loads, adjust the concentration of DNA plasmids from 50–200 ng/µL using DNase/RNase-free distilled water and use 1 mL of these solutions to deposit the DNA. Collect the microparticles by centrifugation at 0.2 x g for 1 min.

4.3. Mark the tubes for DNA plasmids encoding theophylline riboswitch coupled with GFPa1 as ThyRS-GFPa1, and DNA plasmids encoding Broccoli aptamer as BrocApt. 

NOTE: Keep the microcentrifuge tubes with DNA on ice.

4.4. Carefully remove the supernatant and wash the microparticles four times with 1 mL of DNase/RNase-free distilled water, each time discarding the supernatant after centrifugation at 0.2 x g for 1 min. Perform all experiments at room temperature (RT) unless it is specified otherwise.

4.5. To perform deposition of the silk fibroin layer add 1 mL of the reconstituted aqueous SF solution from step 3.3 to the DNA-adsorbed microparticles, gently vortex and agitate the mixture at 10 °C on the thermomixer at 750 rpm for 15 min. Collect the microparticles by centrifugation at 0.2 x g for 1 min at 4 °C, remove the supernatant, and then wash them once with 1 mL of DNase/RNase-free distilled water. Repeat the centrifugation and discard the supernatant. 

NOTE: During the experiment, keep the solution of silk on ice to avoid temperature-induced gelation. 

4.6. Gradually treat the particles with methanol to induce β-sheet formation in silk protein structure.  First, add 0.5 mL of DNase/RNase distilled water, vortex the microcentrifuge tube, then add 0.5 mL of 100% methanol. Gently shake the particles on the thermomixer at 10 °C for 5 min. Collect the particles by centrifugation at 0.2 x g for 1 min. Remove the supernatant.

4.7. Treat the particles with methanol to promote the formation of β-sheets and ensure strong physical adsorption of the silk layer. Add 1 mL of 100% methanol. Gently shake the particles on the thermomixer at 750 rpm for 10 min at 10 °C. 

4.8. Collect the particles by centrifugation at 0.2 x g for 1 min at 4 °C and wash them twice with 1 mL of DNase/RNase-free distilled water each time, discarding the supernatant and gently vortexing before the next centrifugation.

4.9. Repeat steps 4.5–4.8 20 times to obtain silk multilayered core-shell structures. For the last deposition step, use fluorescently labeled silk from step 3.4 (Silk-DyLight550, 1 mL). 

4.10. Perform the last washing step and keep the microparticles in 1 mL of DNase/RNase-free distilled water at ambient conditions.

NOTE: To avoid aggregation of particles during deposition of silk layers, perform a visual inspection of the particles suspension and pipette it up and down using a 1 mL pipette tip to promote homogeneous particle distribution.

4.11. Calculate the number of DNA plasmid copies encapsulated in each microcapsule, NDNA using Equation 1:   

         (1)

Where N = 6.769 × 1011 – the number of SiO2 cores used for encapsulation. Calculate it from a standard curve for known concentrations of silica particles using serial dilutions and absorption A320 at λ = 320 nm;
C – initial concentration of DNA used for adsorption
V – the volume of DNA used for adsorption  
0.8 – DNA adsorption efficiency on the cores
Mw – Molecular weight of DNA plasmid
NA – Avogadro’s number (

5. Dissolution of cores to obtain silk microcapsules. 

5.1. Prepare 8% hydrofluoric acid (HF) solution, pH 5.5, by diluting stock solution (48%) with distilled water. Acquire a 50 mL centrifuge tube. Carefully pipette 5 mL of HF and add 25 mL of distilled water to obtain 8% HF solution.

[bookmark: _Hlk73565701]CAUTION: HF is a highly corrosive acid and may cause severe burns to the tissues. Extreme caution must be taken during the handling and use of HF for the experiments. Adhere to Standard Operating Procedure (SOP) for the proper usage and handling of HF developed by the organization to avoid undesirable spillage accidents. Do not use glass containers to dilute HF acid. Use the chemical hood to perform this step of the protocol. 

5.2. Dissolve SiO2 cores by adding 1.5 mL of 8% HF solution to pelleted core-shell microparticles from step 4.10. Gently vortex and let cores dissolve overnight at ambient conditions with gentle shaking at 450 rpm.  

NOTE: To avoid spillage of HF, use grafting tape to seal the microcentrifuge tube. Use a chemical hood to perform this step of the protocol.

5.3. Prepare a 2 L glass beaker filled with 2 L of deionized water. Transfer microcapsules solution to dialysis devices (50 kDa MWCO) and dialyze them against deionized water with a repeated change of the water every 3 h for the next 3 days. 

NOTE: Collect the supernatant during the first three exchanges of water and discard the solution according to the established protocol for hazardous waste materials.

5.4. Use a 1 mL pipette to transfer the suspension from dialysis devices into new 2 mL microcentrifuge tubes to collect the microcapsules. 

NOTE: Store the aqueous solutions of microcapsules at ambient conditions for several years. 

6. Imaging of silk fibroin microcapsules using confocal laser scanning microscope (CLSM).

6.1. Perform DNA staining using a DNA dye.

6.1.1. Transfer 300 µL of hollow silk fibroin microcapsules into a fresh 1 mL microcentrifuge tube. Add 500 µL of RNase/DNase-free distilled water.

6.1.2. Add 5 µL of the DNA staining dye, briefly vortex, and incubate at RT for 2 h protected from light.

6.1.3. Perform four washing steps by centrifugation at 0.1 x g for 20 min at 4 °C each time, carefully removing 400 µL of the supernatant and replenishing it with 400 µL of RNase/DNase-free distilled water.

6.2. Perform the imaging of silk capsules on inverted confocal systems equipped with three major lasers (405 nm, 488 nm, 561 nm) using 100x oil-immersion objective (NA 1.49). Transfer 100 µL of the capsule sample into a single well of 8-well chambered glass slides, allow for capsules to sediment for 20–30 min prior to imaging.

NOTE: Dyes are very sensitive to photobleaching. Protect the samples by covering the slides with aluminum foil.  

7. Estimation of the permeability of hollow microcapsules using molecular weight cut-off (MWCO) method.

7.1. Prepare 2 mL each of FITC-labeled dextran fluorophore solutions (20 µM, diH2O) of different Mw (4 kDa, 20 kDa, 40 kDa, 70 kDa, 150 kDa, 250 kDa, 500 kDa, and 2 MDa).

7.2. Pipette 100 µL of the suspension of capsules into a single well of a chambered glass slide. Analyze each microcapsule design (concentration of PEI, loading number of DNA plasmids, the concentration of silk fibroin, and the number of layers) separately.
  
7.3. To each well, add 300 µL of the specific fluorophore solution starting from the lowest Mw up to the highest, so each well will correspond to the specific fluorophore solution. Mix by pipetting up and down and let the mixture incubate for 1 h at RT until the diffusion of fluorophore solutions reaches equilibrium. 

7.4. Transfer the slide to a confocal laser scanning microscope (CLSM) and image each well using 100x oil-immersion objective at excitation λ = 488 nm. 

7.4.1. Identify the area of interest by adjusting the focal plane to make sure that the capsules appear in the form of circles of the largest diameter. This typically happens when viewing the samples closer to the bottom of the well when capsules sediment due to gravity. 

7.4.2. Collect several images of microcapsule samples by moving the slide in XY direction. Capture images to account for up to 100–150 capsules for each sample.

7.4.3. Use ImageJ software to analyze the permeability of the capsule’s membrane in each Mw fluorophore solution by comparing fluorescence intensities inside and outside of the capsules. For that, draw a region of interest (ROI) in the form of a circle to outline the circumference of the capsule and click Analyze/Measure to measure the fluorescence intensity inside. Tabulate the data into a spreadsheet. Perform this operation for each microcapsule for a total of 200–300 capsules.

7.4.4. Assess the outside fluorescence intensity in the same way by outlining the ROI and measuring the intensity away from the capsules. Perform 3–5 measurements for statistical analysis.

7.4.5. To perform statistical analysis, compare the fluorescence intensities inside and outside of the capsules using paired t-test (p < 0.05).

7.4.6. Use the conversion Table 2 to estimate the permeability of microcapsules based on the hydrodynamic radii for FITC-Dextran with variable Mw. 

8. In vitro activation of synthetic theophylline riboswitch in silk microcapsules

8.1. Prepare 1 mL of theophylline stock solution (100 mM, DMSO). Prepare E. coli S30 extract system for circular DNA by thawing the components on ice for 40 min. 

8.2. Obtain a 0.5 mL DNase/RNase-free microcentrifuge tube. Perform in vitro transcription/translation reaction, combine the cell-free components with a sample of microcapsules in the following order (50 µL total volume): S30 premix without amino acids (20 µL); S30 extract, circular (15 µL); complete amino acids mixture (5 µL); hollow microcapsules containing ThyRS-GFPa1 plasmids from step 4.10 (9 µL); and theophylline, 100 mM DMSO (1 µL).

NOTE: After adding all components, briefly vortex the tube and collect the sample during brief centrifugation at 0.2 × g for a couple of seconds.

8.3. Incubate the tube at 30 °C for 4 h and check the fluorescence on a plate reader using excitation at λ = 488 nm and emission for GFP/FITC filter (510 nm ± 20 nm). 

8.4. Image the capsules on any LCSM system using 488 nm and 561 nm lasers. Obtain the best quality images using 100x oil immersion objective and 8-well chambered slides. 

9. In vitro activation of broccoli aptamer in silk microcapsules

9.1. Prepare 1 mL of stock solution of DFHBI-1T dye (30 µM, diH2O). Prepare the PURE (protein synthesis using recombinant elements) cell-free system reaction kit by thawing the components on ice for 40 min. 

9.2. Obtain a 0.5 mL DNase/RNase-free microcentrifuge tube. Perform in vitro transcription reaction by combining cell-free reaction components with a sample of microcapsules in the following order (50 µL total volume): solution A (20 µL); solution B (15 µL); hollow microcapsules containing BrocApt plasmids from step 4.10 (14 µL); and DFHBI-1T dye (1 µL).

NOTE: After adding all components, briefly vortex the tube and collect the sample during brief centrifugation at 0.2 × g for a couple of seconds.

9.3. Incubate the tube at 37 °C for 6 h and check the fluorescence on a plate reader using excitation at λex = 470 nm and emission at λem = 510 nm ± 20 nm. 

9.4. Image the capsules on any LCSM system using 488 nm and 561 nm lasers. Obtain the best quality images using 100x oil-immersion objective, and 8-well coverglass chambered slides. 

REPRESENTATIVE RESULTS: 
Here, the study addresses the functionality of DNA templates encoding different sensor designs (two types of RNA-regulated transcription/translation elements) after encapsulation in silk protein capsules. Microcapsules were prepared via templated Layer-by-Layer (LbL) assembly of the key components: A prime layer, DNA plasmids encoding sensor designs, and silk fibroin biopolymer (Figure 2). Deposition of macromolecules in a layered fashion allows controlling the permeability of the capsule membrane based on inter- and intramolecular interactions between the absorbed layers and the thickness of the shell. The tunable permeability of the system offered the potential to control the diffusion of essential molecules while limiting the diffusion of large undesirable macromolecules through the capsule membrane20. 

Homogeneous in size (4.5 µm) and robust silk fibroin microcapsules with a shell thickness of ~500 nm (20 layers) in a hydrated state can be produced when properly following the protocol (Figure 3)21. The LbL approach allowed to tune the loading capacity of DNA templates based on the initial concentration of the plasmids. The optimal DNA loading can be achieved by varying the initial concentration of DNA templates from 50–200 ng/µL.  Table 1 represents the number of DNA copies retained in a single microcapsule upon completion of LbL encapsulation and was calculated for each sensor design based on the initial DNA concentrations and Mw of DNA plasmids according to Equation 1. The optimal DNA loading capacity was achieved with 32 and 20 DNA copies for ThyRS and BrocApt sensor designs, respectively. The assessment of loading capacity was important to have an accurate estimation of the encapsulated DNA concentrations to be able to titrate it during IVTT activation of the sensors by adding more concentrated capsule samples.

The permeability of the capsule shells can be systematically analyzed by following the MWCO method. The method estimates the pore size of the membrane based on the molecular weight of solute molecules that could not penetrate through the capsule membrane. By subjecting microcapsules to variable Mw fluorophore molecules and performing confocal imaging in the focal plane that corresponds to the largest diameter across multiple capsules, the permeability of the shell membranes can be assessed. ImageJ analysis allows to estimate the fluorescence intensities inside and outside of the capsules and identify fully permeable (outside and inside fluorophore intensities were comparable), partially permeable (50%–70% of capsules had lower fluorescence inside compared to outside), and not permeable (inside fluorophore intensity was lower compared to outside intensity) membranes (Figure 4). Converting Mw to hydrodynamic radius for each fluorophore allows estimating the mesh size of the capsule membrane (Table 2). 

Selective permeability of protein capsules can be attained during systematic optimization of LbL deposition protocol by using variable concentrations of a prime layer (from 0–6 mg/mL), the concentration of a silk fibroin (from 0.5–2 mg/mL) and the number of deposited layers (from 10–25) until optimal permeability is achieved. In this protocol, optimal permeability between 25–32 nm was achieved with 6 mg/mL of PEI as a prime layer and 20 layers of 1 mg/mL of silk fibroin deposited during LbL assembly (Figure 4). This permeability range was ideal for the components of the IVTT system to percolate through the capsule shell. Typically, the largest molecular complexes of any IVTT system are prokaryotic ribosomal units, 30S and 50S, which, when bound by mRNA in a ribosomal complex, can reach up to ~20 nm in size22. The structure of the developed microcapsules shells resembles a highly intertwined network of silk fiber layers that are physically crosslinked by β-sheet blocks produced during LbL assembly. This membrane structure is semi-permeable: highly permeable to small molecules (e.g., ions, amino acids, peptides, sugars, etc.) and restricted to large molecules (e.g., high molecular weight proteins, glycoproteins, cells, etc.) that only allows percolation of molecules with a hydrodynamic radius less than 25 nm. Hence, silk fibroin microcapsules with optimal DNA loading and membrane permeability can be used as bioreactor carriers for IVTT activation. 

The transcriptional and translational activity of ThyRS and BrocApt design sensors can be tested using commercially available IVTT systems. ThyRS requires translational activation of the reporter gene in the presence of theophylline ligand. Activation of synthetic ThyRS involves several steps to initiate gene expression, including mRNA synthesis, the conformational change of mRNA sequence upon binding to the analyte, release of the ribosome binding site, and the synthesis of the reporter GFPa1 protein. All these steps require free diffusion of the IVTT components through the capsule membrane. The proposed design of DNA-laden silk fibroin microcapsules improved the activation parameters of RNA-regulated sensor designs: Both the expression kinetics and fluorescence output were significantly higher in comparison to the free non-immobilized DNA (Figure 5A). The CLSM imaging also confirmed successful GFPa1 gene activation within capsules loaded with DNA plasmids encoding ThyRS sequences (Figure 5B–D).

Alternatively, the activation of BrocApt sensor design was carried out in the IVTT system that supports T7 E. coli promoter coupled transcription/translation in the presence of DHFBI-1T dye. The fluorescence output was initiated upon binding the fluorogenic dye to the mRNA sequence. Importantly, the output signal from silk microcapsules was several folds higher compared to non-encapsulated DNA samples of equivalent concentrations (Figure 6). Hence, silk fibroin microcapsules can retain the essential functionality of DNA-encoded sensor elements, which can be important for the design of new types of in vitro biosensor platforms for rapid and sensitive detection of analytes of interest.

FIGURE LEGENDS:
Figure 1: Plasmid map and sequence of pSALv-RS-GFPa1. (A) The plasmid contains theophylline riboswitch (ThyRS) sequence placed upstream of GFPa1 encoding gene under the control of ptac promoter, β-lactamase (bla) encoding gene responsible for resistance to ampicillin. (B) The ptac promoter sequence is shown in bold and underlined; theophylline riboswitch sequence is shown in bold italic; GFPa1 encoding sequence is shown in bold; restriction sites sequences are underlined.

Figure 2: Overview of the preparation of microcapsules using the Layer-by-Layer approach. Pristine SiO2 cores were firstly functionalized with PEI polymer, followed by the sequential deposition of DNA plasmids encoding different sensor designs and silk fibroin layers until the desired number of silk protein layers have been adsorbed. Hollow pristine microcapsules containing various DNA sensor designs can be produced by dissolving sacrificial cores. Activation of each biosensor design encapsulated in the microcapsule can be achieved during IVTT reactions in the presence of corresponding ligands. This figure has been reprinted from Drachuk, I. et al.21.

Figure 3: Microscopy studies for DNA-loaded microcapsules. (A) Cross-sectional 2D and (B) Rendered 3D confocal microscopy images of hollow (SF)20 microcapsules loaded with DNA plasmids encoding ThyRS (32 DNA copies/capsule) and produced from 6 mg/mL PEI-primed SiO2 cores. Auto-fluorescence from silk fibroin capsules (DAPI channel, blue) and stained DNA (FITC channel, green) were applied to identify the localization of DNA plasmids and estimate the capsule membrane thickness. Inset in (A) represents intensity profiles for DNA and silk fibroin shells across the capsule. Scale bar: 2 µm. Inset in (B) represents the intensity profile for silk protein across the capsule shell. Membrane thickness was measured as the length at half intensity peak. Processing of the cross-sectional images and 3D rendering was performed using NIS imaging software on Nikon C2+ system. This figure has been reprinted from Drachuk, I. et al.21.

Figure 4: Estimation of the membrane permeability for silk microcapsules using the MWCO method.  Selective CLSM representative fluorescent images of hollow silk fibroin microcapsules subjected to FITC-Dextran solutions of various Mw (20 µM, diH2O). Capsules were prepared with a different number of layers and PEI concentrations. An increase in the concentration of a prime layer leads to increased colloidal stability of microcapsules with more permeable shells, while the elimination of the prime layer causes aggregation of capsules with less permeable shell membranes. Scale bar: 5 µm. This figure has been reprinted from Drachuk, I. et al.21.

Figure 5: Activation of ThyRS sensor design in silk fibroin microcapsules. (A) Kinetics for GFPa1 expression during ThyRS activation from DNA plasmids loaded into 20-layered SF microcapsules (red-colored lines) and control non-encapsulated DNA (blue-colored lines). From top to bottom, concentrations of DNA in a sample volume (50 µL) were 6.5 ng/µL, 4.5 ng/µL, 2.5 ng/µL, and 0 ng/µL and correspond to the changes in color intensities. (B) CLSM images of silk fibroin capsules loaded with 32 DNA copies per capsule. Scale bar: 5 µm. (C) The image corresponds to cross-sectional intensity profiles corresponding to image (B) across two capsules (white line in B). The red line represents silk capsules, and the green line represents GFPa1 expressed in capsules. (D) The image represents rendered 3D silk capsules loaded with 32 copies of DNA after incubation in the IVTT system. Green fluorescence corresponds to the GFPa1 signal, and red fluorescence corresponds to fluorescently labeled silk layers. Scale bar: 2 µm. ThyRS activation was performed with theophylline (2 mM, DMSO) during the incubation of microcapsules in the IVTT system (S30 extract). This figure has been reprinted from Drachuk, I. et al.21.

Figure 6: Activation of BroccApt in silk fibroin microcapsules. Comparison of transcription kinetics was performed for 20-layered silk microcapsules loaded with 30 DNA copies per capsule (red-colored lines) and control non-encapsulated DNA (blue-colored lines). From top to bottom, concentrations of encapsulated DNA in a sample were: 3.6 ng/µL, 2 ng/µL, 1 ng/µL and 0 ng/µL and correspond to the changes in color intensities. Concentrations of non-encapsulated DNA were: 20 ng/µL, 10 ng/µL, 5 ng/µL and 0 ng/µL and correspond to the changes in color intensities. Activation was performed with DHBFI-1T (100 µM, diH2O) during incubation in the PURE cell-free system. This figure has been reprinted from Drachuk, I. et al.21.

Table 1: DNA copy number per capsule for each DNA design. The copy number was calculated according to Equation 1 and was correlated to the initial concentration of DNA plasmids, retention affinity of DNA sequences during the LbL deposition process, and the length of DNA plasmids.

Table 2: Physical properties of FITC-dextrans. Hydrodynamic radius for each fluorophore was used to estimate the permeability of hollow silk fibroin microcapsules.

DISCUSSION:
Selectively permeable hydrogel microcapsules loaded with various types of DNA-encoded sensor designs can be prepared following this protocol. One of the distinctive features of the LbL approach is the ability to tailor the complexity of microcapsules during the bottom-up assembly, which usually starts with the adsorption of molecular species on sacrificial templates. By carefully adjusting concentrations of the initial components, pH conditions, and the number of layers, microcapsules with different DNA loading parameters, functionality, and tunable permeability can be prepared23. In order to amplify the versatility of the capsules, further functionalization of the shell surface with AuNPs and IgG can be achieved to implement biocompatible sensor carriers for in vivo diagnostics. Both of these alternative routes rely on the unique molecular structure of the silk fibroin. In situ reduction of Au3+ ions can be accomplished due to the presence of tyrosine residues (5.3% mol.) capable of reducing metal ions in the presence of an optimal reduction buffer. The conjugation of specific antibodies to the surface of AuNPs-functionalized protein microcapsules can be done via the implementation of carbodiimide activation chemistry. Both of these steps require careful development and optimization of the protocol in order to achieve the proper functionality of the biosensor capsules for future applications.  For instance, to use these microcapsules as “smart” delivery systems, in which a molecular cargo is delivered upon specific stimuli (like pH or chemical cues), specific properties of these capsules should be characterized and tuned, including delivery efficiency, retention time, route of administration and disease model treatments.

The DNA-loaded microcapsules were characterized by the CLSM technique and fluorescence measurements. However, other characterization methods such as atomic force microscopy (AFM), cryogenic electron tomography (CEM), and direct stochastic reconstruction super-resolution microscopy (dSTORM) can be applied to differentiate specific structures of the microcapsules, including individual fibers, nanodomains, and localization of DNA plasmids24–26.

The developed protocol highlights the use of silk fibroin biopolymer as a biocompatible network material that preserves the tertiary structure of loaded DNA plasmids. The stability of immobilized DNA sequences within the silk fibroin network occurs via hydrophobic interactions and/or hydrogen bonding, which provide a protective microenvironment against pH inactivation, oxidation or hydrolysis27. In addition, the β-crystalline domains of silk fibroin provide a unique mechanical barrier, restricting the movement of entrapped macromolecules, and preventing DNA plasmids from degradation during storage in aqueous solutions. 

The semi-permeable nature of silk fibroin microcapsules loaded with DNA templates created unique spatial and physicochemical conditions for the IVTT reactions. Transcriptionally and translationally activated RNA aptamer and riboswitch immobilized in silk fibroin microcapsules were able to produce an output signal that was at least three-fold higher in comparison to free non-immobilized sensors. In addition, the immobilization of DNA templates in microcapsules can significantly enhance the activity of encapsulated sensors beyond the detection limit of non-encapsulated ones. While non-encapsulated sensors had a minimal response at low DNA concentrations, the encapsulated sensors had a very distinct output response, which can be easily titrated to reflect the subtle changes in DNA concentrations. The improved response signal of encapsulated reporters was likely due to unrestricted diffusion of the components of IVTT machinery and reduced mobility of DNA plasmids. Several studies have recognized that the yield of protein synthesis in cell-free reactions is dependent upon the macromolecular environment28,29. Immobilization of DNA plasmids into silk network provided an effective confined environment restricting oligonucleotides movement and accelerating transcription/translation mechanism reactions even from several DNA copies21.

While the LbL method provides a very versatile approach to construct multifunctional assemblies in a controllable manner, the fabrication procedure is relatively time-consuming and typically requires processing adjustments to scale up the microcapsules yield. Another consideration in making biomolecule-based microcapsules is the compatibility of any given system with the requirement for the core dissolution after LbL deposition is completed. So far, to produce homogeneous in size and robust hollow silk-based DNA-laden microcapsules, the shells were deposited on sacrificial silica (SiO2) core templates, which required subsequent removal by hydrofluoric (HF) acid etching. Nor HF handling or etching are considered biocompatible processes, limiting their widespread use in practical applications. The alternative to SiO2 inorganic colloidal templates, carbonate cores are typically inert in forming complexes with polymer layers and can be dissolved under mild conditions using ethylenediaminetetraacetic acid (EDTA). However, adjusting sacrificial cores may affect the deposition properties of multilayers and the integrity of the shell structure, which requires further optimization of the protocol.  

In summary, the current protocol allows the preparation of silk-based DNA-laden microcapsules with different sensor designs. The combination of a confined microenvironment provided by the LbL method and the use of silk fibroin as a biocompatible material improved the sensing properties of encapsulated DNA. With the rapid development of fluorogenic RNA aptamer technology, the potential use of DNA-laden silk microcapsules can be extended to multiplexed in vitro diagnostics. Recently, several variations of RNA-based fluorescent aptamers have emerged as powerful background-free technology for imaging RNA in live cells with high signal-to-noise ratio sensitivity30,31.  By applying synthetic RNA nanotechnology to design artificial RNA aptamers, the fluorogenic properties of aptamers can be harnessed to detect specific ligands of interest. This technology will be specifically valuable to monitor biomarkers of interest in different formats, including point-of-use paper-based sensors, hydrogel-based patches for sweat or interstitial fluid, and implantable materials.
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