3-D Printed Polyvinyl Alcohol Matrix for Detection of Airborne Pathogens in Respiratory Bacterial Infections
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Abstract
Novel sampling matrices were manufactured using 3D printing for the detection of respiratory pathogens in expired air. A specific configuration of the matrices was designed using Computer-Aided Design software. Polyvinyl alcohol (PVA) was printed using fused deposition modelling to create a multilayer matrix to enhance the capture of bacteria. The performance of these matrices was compared with gelatine filters that have been used for this work to date. PVA matrices (60 mm diameter) were contaminated with bacteria either by direct inoculation, or by aerosol exposure using an Omron A3 nebuliser. Rough and smooth morphotypes of Mycobacterium abscessus, M. smegmatis and M. bovis BCG, were used in this study to contaminate the matrices. PVA matrices and gelatine sampling filters were contaminated to compare recovery rates for quantitative analyses. These were dissolved in water, bacteria pelleted and DNA extracted followed by a Mycobacterium-specific quantitative Polymerase Chain Reaction (qPCR).The results showed that 3D printed PVA matrices are very effective to capture the bacteria. 3D printed PVA matrix and gelatine filters yielded results of the same order of magnitude for mycobacterial analyses, however, PVA matrix offers several advantages over the latter material. 3D printed PVA is considered as an economic and time-effective matrix as it is cheaper than gelatine filters. PVA is sufficiently robust to be handled and loaded into the surgical masks for sampling, compared to the brittle gelatine filters that required supportive frames. PVA is a synthetic material and it is suitable for DNA-based analyses, whilst gelatine is derived from animal collagen, and carries a high bacterial DNA background that interferes with the target DNA analysis. Furthermore, PVA dissolves in distilled water without requiring chemicals or enzymes, such as the case for gelatine hydrolysis. To summarise, 3D printed PVA sampling matrix is considered a promising tool used for microbiological diagnostic purposes.  

[bookmark: _Ref44442893]1. Introduction
Traditionally, diagnoses of pulmonary bacterial infections such as tuberculosis (TB) are approached by X-rays, supported by taking sputum and culture samples. Recently, several epidemiological studies have demonstrated that sputum positivity for Mycobacterium tuberculosis is not linked to transmission [1]. Furthermore, molecular detection from bioaerosols in untreated patients with TB was shown to be more sensitive than mycobacterial cultures on solid media [2]. In this work, a new technology – an alternative sampling matrix within a pathogen entrapment mask – is assessed for potential use in detecting pulmonary bacterial infections. Fused deposition modelling (FDM) is used to 3D printed water-soluble matrices of polyvinyl alcohol (PVA), which are then used to collect the mycobacteria. The matrices are fabricated using FDM by extruding a filament of PVA through a heated nozzle and depositing this onto a plate; the plate then lowers to allow the deposition of the subsequent layer [3, 4]. FDM technology is the most common type of the material extrusion-based Additive Manufacturing (AM) as it has been used in different industries and in various fields [3, 5]. In the biomedical field, 3D printing has been applied to develop different medical devices using metals [6, 7] and biopolymers [8]. Computer Aided Design (CAD) software is used to create the required designs for tissue engineering scaffolds [9-12], drug delivery [4, 13], surgical models and prosthetics [14, 15]. By using FDM printers, scaffolds and complex designs can be produced [16]. In this case, FDM can be used to print membranes, these can then be used for biological diagnostic purposes.  
[bookmark: _Hlk46866135]In microbiology, some mycobacterial, e.g. Mycobacterium tuberculosis, and viral infections are transmitted via air, from one host to another, via inhalation of droplet nuclei. Particles aerosolized by breathing, sneezing, talking, coughing, singing and other activities have different sizes, where infectious droplet nuclei of TB bacilli are 1-5 µm in size [17]. Previous research on sampling airborne viruses has studied the collection efficiency of different types of filters such as cotton filters [18], cellulose filters with a 0.45 µm pore size [19], PTFE filters with 3, 1, 0.5 and 0.3 µm pore sizes, polycarbonate filters with 3, 1 and 0.4 µm pore sizes and gelatine filters with a 3 µm pore size [20]. These types of filters differ from each other by pore size, thickness and composition. Many studies have found that gelatine filters show good collection efficiency for hydrophilic viruses as they preserve the infectivity of virus aerosols [21]; however, they may be unsuitable for the collection of bacteria with sensitive strain as dehydration stress increases when the filter is dried during sampling [22]. Williams et al  [1] used FFP30 face masks adapted with gelatine filters to detect M. tuberculosis. Successful detection in TB patients was demonstrated in this instance. However, the small filter size used, necessary owing to its fragility, limited the study. Gelatine filters can be degraded as a result of the breathing environment during sampling. Furthermore, gelatine is not free of microbial DNA as it is derived from animal collagen, and such background interferes with the targeted bacterial DNA analyses [23]. All these disadvantages suggest a requirement for the fabrication of new sampling matrices (SM) using alternative materials. In this case, polymers are more amenable to down-stream processing and analysis, can be printed layer by layer to create a robust matrix that can be used for capturing bacteria such as M. tuberculosis. This can be considered an important medical sampling device for use in diagnosis and research of exhaled microorganisms. 
PVA is considered a promising material for use in cell entrapment as it does not have any harmful effects on cells [24]. PVA cryogel has been used as matrix for cell immobilization as it is not brittle [25]. In addition, the extension of Escherichia coli within PVA scaffold microstructure has been studied using fluorescence microscopy and impedance measurements, demonstrating microbial compatibility [26]. In the same way, scaffolds have been used for immobilizing growth factor for tissue engineering [27]. Recenty, the developed PVA matrices described in this work have been successfully used by our research group to screen patients for M. tuberculosis  output by face mask sampling [28]. The purpose of this paper is to demonstrate that a 3D-printed PVA matrix represents a highly effective material for entrapment of pathogens. This work includes: (i) the design of sampling matrices using CAD software; (ii) printing models using the new candidate (PVA) polymer via FDM; (iii) fulfilling the specific requirements of the desired ductility and dissolvability (one-hour maximum) for the new matrices; (iv) examination of the recovery rate of mycobacterial 16S target DNA copies from the matrices via real-time qPCR, which are contaminated either by being inoculated directly with mycobacterial suspension or exposed to mycobacterial aerosols via nebulisation; and (v) improvement the design of PVA matrices in order to increase the mycobacterial DNA recovery. 
2. Materials and Characterisation Methods
Commercially available soluble filaments of PVA (Orbi-Tech®, Germany) were purchased from Kühling & Kühling. This is a natural product, and sold with a dimension of Ø2.85 ± 0.1 mm. Distilled water (DNase/RNase-Free) and tris-base (Thermo Fisher Scientific, UK), Lysing matrix B (MP-Biomedicals, UK), ethylenediamine tetraacetic acid (EDTA) and Chelex® 100 sodium (Sigma Aldrich, UK), octyl phenoxypolyethoxylethanol- 40(NP-40) (Bio Basic Inc., Canada), gelatine-filters (pore size 3 µm) (Sartorius Stedim Biotech GmbH, Germany), and collagenase A (COLLA-RO Roche, Sigma, UK (REF 10103578001)). 
PVA matrix was dissolved in distilled water, the solution centrifuged and the bacteria pelleted. This was followed by DNA extraction of resultant pellets using a bead-beating technique. An additional centrifugation step was applied to collect bacterial DNA required for the downstream molecular analysis via the qPCR technique. An illustrative diagram of the processing steps is given in Fig.1. All steps will be detailed in relevant sections.
The original PVA filament was treated with ultraviolet (UV) light in the range of 300 nm to 480 nm of a ProCure™ 350 UV Chamber (3D Systems Corporation, USA) to reduce the viscosity of the PVA solution. The treatment was optimised at 4 hours. The PVA filament was dried at 75°C in the oven (Gallenkamp, UK) for 4 hours. The viscosity of the UV-treated and untreated PVA filaments was measured using a Brookfield DV-E Viscometer (Brookfield Instruments, USA) (Fig.S1).
[bookmark: OLE_LINK5]The 3D models of the sampling matrices were designed using the SolidWorks 2015 software (SolidWorks Corporation, USA). These were exported as files in the STL (.stl) format into the 3D printer software Cura, 15.04.2 (Ultimaker BV, The Netherlands). The fill density was set to 100% in order to create a dense structure. The printer settings were optimised as follows:  print speed, 30 mm/s; travel speed, 150 mm/s; layer height, 0.08 mm for matrices of 0.25 mm thickness, and 0.04 mm for others of 0.15 mm thickness; extrusion temperature, 210°C; and platform temperature, 60°C. FFP1 face masks (Moldex 2380 Smart FFP1 Non-valved respirator, Scientific Laboratory Supplies, UK) were adapted for the previous gelatine filters and the PVA matrix developed ( Fig.2). The 3D printed samples of the circular disc (Fig.3A) were developed by designing four side patches for the stickers having dimension of 21 × 12 mm (Fig.3B). The development of 3D printed circular matrix inside the face mask is shown in (Fig.3C). The stickers can be discarded after sampling. The 3D printed strips (including bridges to facilitate handling), 3D printed face mask were printed as shown in (Fig.S2 A and B) and the development of 3D printed matrices for different face masks, including the plastic masks is shown (Fig.S2C and D respectively). Optical profilometry (Zeta Instruments, Zeta-2000, California, USA), as controlled by the Zeta3D version 1.8.5 software, was used to measure the PVA matrix roughness (Table S1). Theta Lite Optical tensiometer (Biolin Scientific, UK) was used to measure the surface wettability (Table S2). The structure of 3D printed PVA samples with the 0.25 mm thickness was examined using a Nikon XT H 225 with a tungsten filament, and Varian detector 2520Dx with a 127 µm pixel size. Philips XL 30 scanning electron microscope (SEM) (Thermo Fisher Scientific, Netherlands), with an accelerating voltage of 20 kV, was used to examine the top and bottom matrix surfaces (Supplementary Section.5). The micrograph of the 3D printed PVA matrix, as recorded using a Nikon Eclipse MA200 microscope (Nikon Metrology NV, Europe), using 5X magnification lens is shown in (Fig.S3).
[bookmark: _Ref4929928]3. Biological Examination of PVA Material
To examine the efficiency of the PVA matrix developed for mycobacterial DNA detection, the matrices were either directly inoculated with bacterial suspensions or contaminated via aerosol exposure using an Omron A3 nebuliser (Omron, UK). Four sets of experiments have been performed to validate the efficiency of the bacterial recovery rate of these matrices, where each experiment was conducted in triplicate to examine its repeatability, as follows: 
[bookmark: _Ref46403723]Experiment 1: Recovery Percentages of PVA Matrices of Different Microorganisms (Direct Inoculation)
[bookmark: OLE_LINK1]This refers to step 1 of Fig.1. Three sets of PVA matrices of 60 mm diameter and 0.25 mm thickness were treated with 1J/cm2 UV using Stratalinker UV (Stratagene, USA) prior to spiking with mycobacterial cells for sterilisation. A certain mycobacterial species was used to inoculate each set. PVA matrices were spiked with 100 µl M. bovis BCG and M. abscessus rough and smooth morphotype broth cultures at exponential phase (optical density (OD): 0.7 at wavelength of 580 nm [29] and 600 nm [30] for BCG and M. abscessus, respectively). The samples were left in a plastic Petri dish for 2 hours at room temperature to completely dry alongside a blank/unspiked PVA matrix (negative control). Positive controls consisted of distilled water at the same volume used to dissolve the PVA matrix, inoculated with the same volume of inoculum used to spike the PVA matrix.
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[bookmark: _Ref32582191]Fig.1. Schematic diagram of sampling process, further matrix analysis and subsequent DNA quantification.  
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[bookmark: _Ref32582232][bookmark: _Ref529629331] Fig.2. Face masks adapted with gelatine filter (left) and PVA matrix (right).
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[bookmark: _Ref32582259]Fig.3. PVA sampling matrix of 60 mm diameter and 0.25 mm thickness (A), 60 mm diameter circular PVA matrix with stickers of (21 ×12 mm) (B) circular matrix with stickers loaded in FFP1 (C).

[bookmark: _Ref46403763]Experiment 2: Comparison between PVA Matrices and Gelatine Filters (Direct Inoculation) 
This refers to step 1 of Fig.1. Two sets of gelatine filters and circular PVA matrices (0.25 mm thick and 60 mm diameter) were inoculated with 100 µl of early mid-exponential M. bovis BCG broth culture (OD580: 0.4). All spiked samples were left at room temperature to dry alongside blank/unspiked PVA and gelatine samples (negative controls). In addition, DNA was extracted from the BCG inoculum (100 µl). All samples were treated with 1J/cm2 of UV using Stratalinker UV (Stratagene, USA) prior to spiking with mycobacterial cells for sterilisation. 

[bookmark: _Ref46401044]Experiment 3: Comparison between PVA matrices and gelatine filters (Nebulisation)
This refers to step 1 of Fig.1. An Omron A3 complete nebuliser was used to generate a mycobacterial aerosol for contaminating a half gelatine filter and half 3D printed PVA matrix (0.25 mm thick) deposited on a metallic holder (60 mm) and sealed via a metallic ring using pins, as shown in Fig.4A. The samples were fixed to the centre of a self-standing plastic board (50 cm x 40 cm) inside a sealed autoclave bag (78 cm x 62 cm), as shown in Fig.4B. Based on measurements from the centre of the plastic board, a circular hole was cut into the autoclave bag to fit the nebuliser outlet. The bag was heat-sealed using a sealer. The nebulisation setting of the nebuliser was set at position 1. The droplet size generated at this position is described by the manufacturer to be 10 µm. The nebuliser nozzle was inserted into the bag and sealed with tape. The impeller was placed in the reservoir, containing the bacterial suspension, and this was connected to the nozzle. The reservoir was then attached to a clamp. The tube from the nebuliser compressor was attached to the reservoir base. The nozzle was aligned with the centre of the targeted matrices and fixed in position 20 cm away from the plastic board. 10 ml of M. abscessus (smooth morphotype) broth culture (original OD600: 0.85) was used and the nebuliser was activated for 10 minutes to generate aerosols. A second hole was made at the right corner of the autoclave bag near the base of the board and a syringe with a plunger was inserted and sealed using a plastic cable tie. A 0.22 µm filter was connected to the syringe, which was attached to a vacuum pump to allow the aerosol to be withdrawn from the autoclave bag at the end of the experiment. All matrix samples were treated with 1J/cm2 of UV using Stratalinker UV (Stratagene, USA) prior to nebulisation for sterilisation. DNA of M. abscessus inoculum (1 ml) was extracted from pre- and post-nebulisation reservoir suspension. Blank unexposed matrix samples (negative controls) were examined using both gelatine filters and PVA matrices. This study was performed in triplicate to ensure its repeatability.A
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[bookmark: _Ref46966028]Fig.4. The setup of half-3D printed PVA matrix and half- gelatine filter on a metallic holder (60 mm)(A).The nebulisation system setup illustrating all parts and devices used in nebulisation process (B).

[bookmark: _Ref46403841]Experiment 4: Matrix Design Improvement on the Recovery Efficiency (Nebulisation)
M. smegmatis with an original OD580 of 0.8 in liquid culture was used to contaminate two semicircular half-matrices (one of 0.25 mm and other of 0.15 mm in thickness) placed on the metallic holder, as described in Experiment 3 (Nebulisation). The matrix dissolution was performed for each matrix with an optimised amount of distilled water, and the DNA extraction and molecular analysis were performed. This study was performed in triplicate to ensure its repeatability.
[bookmark: _Ref44442851]3.1 Dissolution of Matrices 
[bookmark: _GoBack]This process refers to steps 2 and 3 of Fig.1. PVA matrices of 0.25 mm thickness were dissolved in 8 ml, and matrices of 0.15 mm thickness dissolved in 5 ml of distilled water in polypropylene centrifuge tubes (50 ml) using a magnetic stirrer for 1 hour at room temperature. To harvest bacterial pellets, aliquots of the solutions were centrifuged in 2ml screw-capped tubes at 21,100xg using a Fresco 21 Thermo Scientific centrifuge for 10 minutes, with discard of the supernatant. This was repeated to collect the bacterial pellet from one dissolved matrix sample into a single tube. This protocol was optimised in this study and the centrifugation force of 21,100xg was selected as compared with other ranges of forces. One way ANOVA followed by Tukey’s multiple comparisons results showed that there was no significant difference between the yield at any of the tested g forces used for centrifugation (P value between each pairs of forces was > 0.05) for both 0.25 mm and 0.15 mm thickness samples (Table S3). For gelatine filter digestion, 1900 µl of 50 µg/ml collagenase in buffer [50 mM N-tris-methyl-2-aminoethanesulfonic acid (TES), 0.36 mM calcium chloride, pH7.4] was used in 40 ml crystallizing dishes (Fisher Scientific, UK), and was incubated for 15 minutes on a hot-plate at 37oC. The solutions were then transferred to 2 ml screw-capped tubes and centrifuged at 15,000xg for 10 minutes, after which the supernatant was discarded [23]. 

3.2 DNA Extraction 
This process refers to steps 4, 5 and 6 of Fig.1. The bacterial pellets from experiments 1, 2, 3 and 4 underwent DNA extraction using bead-beating technique. 100 µl of tris-EDTA (20 mM tris base, 2 mM EDTA, pH8), 100 µl of Chelex-suspension (50% w/v Chelex-100, 1% w/v Nonidet P-40, 1% w/v Tween 20), and 0.25 g of lysing matrix B were added to each sample. A RiboLyser (Hybaid, USA) was used to homogenize the samples for 45 seconds at 6.5 m/sec. The samples were then incubated in ice for 2 minutes. The homogenization and ice incubation processes were repeated four times in total. PVA samples were then centrifuged at 21,100xg, and the gelatine samples at 15,000xg for 2 minutes. The supernatant from each sample was used for the quantitative analysis. 
3.3 Real-Time PCR Data Analysis
This refers to step 7 and 8 of Fig.1. Experiments 1, 2, 3 and 4 were analysed using qPCR. The DNA extracts were quantitatively analysed using a mycobacterial-specific 16S- assay. The method was adapted from Cheah et al [31]. PCR mixture (25 μl) contained: 12.5 µl SYBR-Green (SensiFAST SYBR No-ROX Kit, BIOLINE, UK), 1 µl (10 µM) each of MYCO16SF-forward (5'-GAAACTGGGTCTAATACCG-3') and MYCO16SR-reverse (5'-ATCTCAGTCCCAGTGTGG-3') primers (Integrated DNA Technologies, UK), 1 µl of DNA template and 9.5 µl of molecular-grade water. Cycling conditions were: 56°C for 2 minutes, 95°C for 15 minutes, 40 cycles at 95°C for 30 seconds, 65°C for 30 seconds, 72°C for 20 seconds and 82°C for 20 seconds with the acquisition on the FAM/Green channel (470 nm). The melting conditions were 59oC to 99oC, pre-melt 5 seconds. Distilled water was used as a negative control for amplification. The cycle threshold (Ct) was automatically set by the Rotor-Gene Q Series software. All samples were assayed in triplicate. Runs with correlation coefficients (R2) above 0.98 and replicates with less than 1 difference in cycle threshold (Ct) were considered acceptable [32].  M. tuberculosis H37Rv and HN878 genomic DNA was used to prepare genome copy number standards for the first two experiments, and the other two experiments, respectively. The lower limit of detection was 102 MYCO16S copies per PCR reaction.
3.4 Fluorescence Microscope Examination 
A growing culture (OD580:0.5) of M. bovis BCG transformed with pMSP12::dsRed 2 [33] and expressing the red-fluorescing ds-Red protein was used in this experiment. An Omron A3 nebuliser was used to generate bacterial aerosol, for 10 minutes at a distance of 20 cm directly from the nozzle of the nebuliser to the 3D printed PVA matrix inside a sealed autoclave bag as described in Experiment 3 (Nebulisation). The exposed PVA matrix absorbed water during the nebulisation process. When that matrix dried, the bacteria trapped within the matrix. Bacteria within the matrix were viewed by epifluorescence microscopy using a Nikon Ti Eclipse microscope and mercury halide light source and a 49008 (excitation 560 ± 20 nm; emission: 630 ± 37.5 nm, Chroma Technology) ﬁlter set. Images were recorded with a DS-Qi1Mc Digital Monochrome Cooled Camera using NIS Elements (Nikon Instruments Ltd) software. 
3.5 Statistical Analysis
Statistical analyses were performed using GraphPad Prism (version 7) (GraphPad Software, Inc., CA). Two-tailed unpaired t-test, two-tailed unpaired t-test with Welch’s correction and one way ANOVA followed by Tukey’s multiple comparisons test were used for statistical analysis of the PVA-gelatine comparison and PVA recovery evaluations. A probability value less than 0.05 was considered statistically significant. All data presented as mean ± standard deviation.
4. Results 
4.1Physical and Chemical Characteristics of PVA Matrices Suggest Potential as a Sampling Matrix for Capture and Recovery of Exhaled Bacteria.
Configurations of 3D-printed PVA matrices of two different thicknesses (0.15mm and 0.25mm) suitable for placement as sampling matrices in face masks were designed. These PVA matrices were characterised for surface topography (roughness (Table S1) and porosity (Supplementary Section.5), wettability (Table S2) and viscosity of aqueous solutions (Fig.S1)). The topological profile of peaks and troughs and numerous small pores indicates the presence of a high surface area for adherence of bacteria. PVA water solubility would provide a more direct means of recovery by centrifugation than that previously used for gelatine filters [1].  Therefore, these PVA matrices were considered suitable for further testing and performance comparison against gelatine filters.
4.2 Real Time PCR Analysis
The quantitative assessment of bacterial recovery from the matrices on test was achieved via the qPCR analysis of different organisms. The results found for all experiments are as follows:

Experiment 1: Mycobacteria can be Recovered from PVA Matrices 
In this experiment, DNA recovery from the PVA matrix was compared with DNA recovery from the equivalent volume of inoculum spiked into the equivalent volume of water used for PVA matrix dissolution. The detected mycobacterial-specific 16S DNA copies/ µl for different microorganisms are shown in Fig.5. The DNA recovery from the PVA matrix for M. bovis BCG, rough and smooth M. abscessus was compared with DNA recovery from the directly spiked aqueous suspension for each set. For each organism, recovery and detection of 16S DNA from the PVA matrix and the control water suspension in were of the same order of magnitude. Recovery from water inoculated with M. bovis BCG was 1.13-fold higher than that from the PVA matrix (Fig.5). However, an unpaired t-test with Welch’s correction showed that this difference was not significant (P > 0.05). The percentage recovery of M. bovis BCG DNA from PVA, (defined as a percentage of calculated yield from PVA with respect to water suspension used for inoculation), was found to be 95± 34%.
Interestingly, the DNA recovery from the PVA sample inoculated with the rough M. abscessus morphotype was 2.86-fold higher than that from the water suspension (P < 0.0001), whereas, the DNA recovery from the water inoculated with the smooth M. abscessus morphotype, was 2.29-fold higher than that of PVA (P < 0.0001) (Fig.5). The percentage recovery of 16S DNA by the PVA matrix inoculated with rough M. abscessus was 288 ± 29% compared with 46 ± 11% for the smooth morphotype. 
	[image: ]
[bookmark: _Ref46104850]Fig.5. Quantitative assessment (qPCR) of the 16S DNA recovery from PVA matrices, made of 0.25 mm thickness, and water suspension for different microorganisms. All results are described as means ± standard deviation (SD) of three experiments, each including three technical replicates. ns – Difference not statistically significant. **** = P < 0.0001 according to unpaired t-test with Welch’s correction. The DNA detection in all blank matrices was below the limit of detection, which is 102 copies per PCR reaction.


[bookmark: _Ref3224025][bookmark: OLE_LINK2]Experiment 2: Recovery and Detection of Mycobacteria from PVA Matrices and Gelatine Filters Following Direct Inoculation is Comparable
In order to compare the efficiency of mycobacterial recovery from PVA matrices and gelatine filters, equivalent amounts of BCG were used to spike each. The 16S DNA detected as a marker of recovery from PVA matrices and gelatine filters is shown in Table1. Recovery from the gelatine filter was 1.03 fold greater than that recovered by the PVA matrix, an unpaired t-test showed that this was a significant difference (P = 0.0040). Mycobacterial 16S DNA detection from blank, unspiked PVA matrices and gelatine filter controls was below the limit of detection (102 MYCO16S copies per PCR reaction). 
[bookmark: _Ref4515050]Table 1. Recovery of BCG from spiked PVA matrix and gelatine filters determined by 16S DNA analysis. Data are presented as mean ±SD of three experiments, each including three technical replicates.
	[bookmark: _Ref532312373]Sample
	Detected 16S rDNA (log10 copies/µl)
Mean ± SD

	PVA
	5.13 ± 0.06

	Gelatine
	5.28 ± 0.11



Experiment 3: Recovery and Detection of Mycobacteria from PVA Matrices and Gelatine Filters Following Exposure to Nebulised Bacterial Suspension is Comparable
To directly compare the efficiency of the PVA matrices and gelatine filters for capture of mycobacterial aerosol, these were exposed to a nebulised suspension of M. absesscus smooth morphotype. The 16S DNA detected for recovered bacteria from both the PVA matrices and gelatine filters was of the same order of magnitude (Fig.6). Recovery from the gelatine filter was 1.06 fold greater than that recovered by the PVA matrix (unpaired t-test shows P = 0.0042). 
 
Experiment 4: Reducing the Thickness of the PVA Matrix Improves Recovery and Detection of Mycobacteria 
In order to improve recovery and detection of captured microorganisms by the PVA matrices, the performance of a PVA matrix with reduced thickness (0.15mm compared with the originally tested matrix of 0.25mm thickness) was assessed following exposure to nebulisation (Fig.7). Based on the reduction in viscosity (Fig.S1), and to decrease the time required for subsequent processing after the sampling process, the volume of water used to dissolve the PVA matrix with a 0.15 mm thickness was 5 ml, instead of the 8 ml used for the PVA matrix with a 0.25 mm thickness. The recovery of bacterial DNA using the PVA with 0.15 mm matrix thickness, was 2.13-fold greater than that recovered by the PVA with 0.25 mm thickness (P value < 0.0001). 
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[bookmark: _Ref46966673]Fig.6. Mycobacterial recovery and detection following exposure of PVA matrices and gelatine filters to nebulised suspensions of mycobacteria. Quantitative assessment (16S DNA qPCR) of bacterial recovery from PVA matrices and gelatine filters exposed to a nebulised suspension of a smooth M. abscessus morphotype. All results are described as mean ± standard deviation (SD) of three experiments, each including three technical replicates. Assessments of blank, unexposed PVA matrices and gelatine filters were below than the limit of detection (102 MYCO16S copies per PCR reaction).

                  [image: ]
[bookmark: _Ref46617577]Fig.7. Quantitative assessment (16S DNA qPCR) comparison of the recovery efficiency of PVA matrix of two thicknesses (0.25 mm vs 0.15 mm) following exposure to nebulised M. smegmatis suspension **** P value < 0.0001 unpaired t-test. All results are described as mean ± standard deviation (SD) of three experiments, each including three technical replicates. Assessments of blank, unexposed PVA matrices and gelatine filters were below than the limit of detection (102 MYCO16S copies per PCR reaction).
4.3 Entrapped BCG Bacilli can be Detected in PVA Matrix Exposed to a Nebulised Suspension of BCG 
An exposed PVA matrices absorb water during the nebulisation process, once dried it was expected that would trap bacteria would become entrapped within the matrix. Following exposure to a nebulised suspension of BCG pMSP12::dsRed 2 and drying of the matrix, dsRed fluorescence of the bacteria could be detected at different depths within the matrix by epifluorescence microscopy (Fig.8). 
[image: ]
[bookmark: _Ref45728965]Fig.8. M. bovis BCG pMSP12::dsRed 2 are shown trapped at different depths within the PVA matrix. An overlay of phase contrast and fluorescence images is shown. Scale bar is 5 µm.
5. Discussion 
The present study has primarily focussed on developing and validating a PVA sampling matrix for bacterial entrapment for the purpose of molecular diagnostics. Specific configurations of 3D-printed PVA matrices were designed and the physical features of these were characterised.  The overlap of the PVA fibres in the 3D-printed matrices, with layers built up one upon another, was expected to produce a surface topography (roughness and porosity) suitable for the adherence of bacteria. Such roughness could improve the capturability of different bacteria since the adhesion and colonization of bacterial cells on rough surfaces is known to be greater than on smooth ones [34] [35]. Surfaces with Ra ≥ 0.8 µm are more susceptible to bacterial attachment [36]. As the average surface roughness (Ra) of the PVA matrices tested was greater than this (2.1 µm for 0.25 mm matrix, and 1.1 µm for 0.15 mm matrix (Table S1) which may promote bacterial entrapment within the matrix; however, it should be noted that bacterial colonization has also been observed on smooth surfaces [35]. The peak to valley roughness and root mean square roughness (Rpv and Rq) is more favourable for bacterial attachment as the presented peaks and valleys can create depressions that can enhance the colonisation and entrapment of bacteria. Surface hydrophilicity may further enhance bacterial entrapment upon the PVA matrix. Dou and colleagues observed that the maximum adhesion of bacteria on the substrates occurred with water droplet contact angles (CA) between 54°-130° [37]. Similarly, Arima and Iwata found that the effective cell adhesion on Self-assembled monolayers of alkanethiols,appeared when the water CA was 40°-70° [38]. The contact angles of the PVA matrix surfaces (62.5° - 63.7°) were within this range (Table S2). Internal pore formation in the 3D printed PVA structure could be due to the overlap between the printed PVA fibres (Supplementary Section.5). A nanoscale or submicrometre pore size may restrict bacterial attachment to the surfaces since the contact area available to bacterial cells might be reduced on such a surface [39]. The pore size suggests a weak correlation between the porosity and the capturability of the PVA sampling matrix.  With these parameters, the PVA matrices were considered suitable for their designed purpose.
[bookmark: OLE_LINK4]The PVA matrices were examined in terms of the ability to capture mycobacterial cells, following direct inoculation and exposure to nebulised bacterial suspensions. The efficiency of PVA material for the recovery of mycobacteria was tested by measuring the DNA extracted form bacteria recovered from these matrices, compared with recovery from water suspension (identical inoculum and in a volume of distilled water used to dissolve PVA matrix). While recovery from PVA matrices was within the same order of magnitude compared with that from water suspension, differences were observed between the two M. absesscus morphotypes tested. The relative recovery of mycobacterial-specific 16S DNA from PVA matrix spiked with the rough M. abscessus morphotype compared with water suspension, was higher than for the PVA matrix inoculated with the smooth M. abscessus morphotype. This could be due to the significant hydrophobicity of the rough morphotype compared to that of smooth  [40, 41]. The enhanced hydrophobicity of the rough morphotype may promote adherence to the walls of the polypropylene tubes, rather than favouring suspension in the aqueous phase, however, it is possible that the greater viscosity of the PVAs solution might affect this interaction, or the recovery of the bacterial pellet by centrifugation. 
Gelatine filters have been used previously for M. tuberculosis detection [1] and have also shown efficient recovery of viruses using molecular methods [42]. The validation of PVA as an alternative sampling matrix mycobacterial entrapment was achieved by comparison with gelatine filters. The results obtained from direct comparisons showed that the DNA recovery from PVA matrix and gelatine filters were of the same order of magnitude, with the gelatine filters showing slightly higher (Table 1, Fig.6). This difference in recovery between the PVA matrices and gelatine filters could be the result of the viscosity of the PVA solution, as this may decrease the efficiency of bacterial harvest by centrifugation, as sedimentation efficiency is dependent on fluid viscosity. Residual PVA may impact DNA extraction and analysis. 
[bookmark: OLE_LINK6]PVA has many practical and analytical advantages over gelatine as a diagnostic sampling matrix.  PVA can be handled and loaded into the surgical masks without the use of a support, such that used for the more fragile gelatine filters. For bacterial recovery, PVA can be dissolved in water, however, gelatine requires hydrolysis, either with sodium hydroxide or collagenase. Derived from animal collagen, the bacterial DNA background of gelatine filters can be substantial and interfere with certain bacteria target gene analysis [23] (e.g. universal 16S qPCR; data not shown); this is less of a problem with synthetic PVA.
The viscosity of the PVA aqueous solution is principally determined by the molecular weight of the polymer and the polymer concentration. UV light may enhance chain scission and change the molecular weight distribution of the polymer [43]. However, the PVA solution is still viscous after the treatment, as a result of intra- and interchain hydrogen bonds remaining between the hydroxyl groups of the PVA molecules. Furthermore, hydrogen bonds form between the water molecules and the PVA chains during dissolution [44]. 
UV treatment of PVA prior to 3D-printing was optimised for reducing the molecular weight of the polymer and, consequently reducing the viscosity of the PVA solution. Although extending the UV treatment can lead to molecular weight reduction providing a reduction in viscosity advantageous for bacterial recovery, this can increase the loss of the mechanical properties of the filament. In addition, the filament material should ultimately be viscous enough to allow it to be printed [5]. Moreover, time-effectiveness is a prerequisite for clinical applications. Therefore, the UV treatment of the PVA filament was optimised at 4h to overcome these limitations (Fig.S1). It is noted that the viscosity of the UV-treated 0.25 mm thick PVA matrix dissolved in 8 ml of distilled water was 39.26 cP, whilst the viscosity of the treated 0.15 mm thick PVA matrix dissolved in 5 ml of distilled water was 21.18 cP at 20°C.
 The improved mycobacterial recovery with a reduction of PVA matrix thickness (Fig.7) suggests that the recovery of the mycobacteria is affected by the viscosity of the resulting bacterial suspension in PVA solution, Momen-Heravi et al [45] reported in a study that there is a significant relationship between the viscosity and the recovery of microvesicles (MVs), which are nanosized lipid vesicles released by all cells. The sedimentation recovery of plasma was lower than those for serum and culture media as plasma has the greatest viscosity of the three. A larger number of MVs were pelleted in the culture media compared to plasma. In addition to increasing bacterial recovery, reducing thickness of the PVA matrix was found to be a worthwhile improvement as it reduced the amount of material required for printing the model, reduced the volume of water required for dissolving the matrix and decreased processing time.
It can be highlighted that the possibility of bacterial observation under the fluorescence microscope using PVA matrices which is considered as another advantage of PVA matrix. However, it is difficult to do this examination with aerosol-exposed gelatine filters due to its fragility after being dried. Thus, further improvement could be made to decrease the PVA matrix thickness using other manufacturing techniques or by including other additives within the matrix to enhance solubility or to reduce the viscosity of the current matrix.  Overall, PVA sampling matrices can be considered a promising alternative tool in the field of respiratory disease diagnostics.
6. Conclusion
In conclusion, 3D printing was used to produce a time- and cost-effective PVA matrices suitable for application as a novel non-invasive tool to sample exhaled bacteria for diagnostic and research purposes. PVA sampling matrices were quantitatively assessed for bacterial recovery and detection using qPCR. The use of PVA matrices led to efficient recovery of mycobacteria. In direct comparisons of mycobacterial recovery, PVA matrices performed similarly to gelatine filters, however, the use of PVA affords more practical and analytical advances over gelatine. PVA matrices are soluble in distilled water without the need to use hazardous chemicals such as sodium hydroxide that is usually used for gelatine hydrolysis. The strength and ductility of PVA supports the fabrication of larger sample matrix size of any required geometry facilitating manipulations of DNA material-capturing surface; furthermore, PVA is considered a surface of choice for DNA-based analyses as it is a synthetic material. The large volume of water used to dissolve the circular PVA membranes has led to the extension of the centrifugation process compared to that of hydrolysed gelatine.  PVA viscosity remains to be addressed for further improvements. Matrix features such as hydrophilicity and surface roughness when constructing multilayer models may increase capture efficiency further. 3D matrix designs may represent a future innovative technology for microbiology applications. 
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[bookmark: _Ref45721490]Appendix A. Supplementary Data
[bookmark: _Ref45755023]1. Roughness Test and Wettability
The topographical features of the PVA matrices were measured as reported in Table S1. A sputter coater Edwards Scancoat six Pirani 501 (Edwards Vacuum, UK) was used to coat PVA matrices with gold material. 3D micrographs were taken at 190 µm ×143 µm using the lens at a 50x magnification and with a step size of 0.101 µm to generate the micrograph. Ra, Rq and Rpv were auto-calculated by the Zeta 3D software. 

	[bookmark: _Ref47046509][bookmark: _Ref46016816]Table S1. Values of the topographical features of PVA matrix surface, where Ra is the arithmetic average of the absolute values of the profile heights, Rq is the root mean square roughness, Rpv is the peak to valley roughness. All data are presented as mean ± SD. Three surfaces were studied for each sample model of (1×1) cm each, and at least three measurements recorded for each surface.
	Sample
	Average Ra (µm)
	Average Rq (µm)
	Average Rpv (µm)

	SM (0.25 mm)
	2.1 ± 0.9
	3.3 ± 1.3
	24.2 ±10.3

	SM (0.15 mm)
	1.1 ± 0.7
	1.4 ± 0.9
	8.4 ± 5.5










	[bookmark: _Ref47488116][bookmark: _Ref47487434][bookmark: OLE_LINK3]Table S2: The static contact angles and droplet volume of water used to study the wettability of the top and bottom surfaces of the uncoated PVA (0.25 and 0.15 mm thick matrices), data are presented as mean ± SD. Three samples for each matrix type were studied, including at least three measurements recorded for each test.
	Sample Thickness
(mm)
	Droplet volume (top rough surface) (µl)
	Droplet volume  (bottom smooth surface) (µl)
	Contact Angle (top rough surface) (°)
	Contact Angle (bottom smooth surface) (°)

	SM(0.25)
	4.0 ± 0.4 
	5.1 ± 0.4 
	62.5 ± 2.7
	62.5   ± 6.9

	SM(0.15)
	4.6 ± 0.9 
	4.5 ± 0.7 
	62.8 ± 5.4
	63.7 ± 2.8







2. The Effect of Centrifugation Force on Bacterial DNA Detection from PVA SM
The centrifugation is important to recover bacteria for DNA extraction and further molecular analysis. The optimisation of the centrifugation force is described here. M. smegmatis liquid culture with an OD580 of 0.8 was used to spike PVA SM (circular 60 mm diameter, 0.25 mm and 0.15 mm thickness). Each matrix was contaminated with 100 µl of culture and left for one hour in a class II microbiological safety cabinet to dry. The matrices of 0.25 mm and 0.15 mm thicknesses were dissolved in 8 ml and 5 ml of distilled water, respectively, after which DNA was extracted and the 16S rDNA qPCR were performed. The impact of centrifugation force on the recovery efficiency for both matrix sets (0.25 mm and 0.15 mm thicknesses) was investigated for 15,000xg, 18,000xg and 21,100xg for 10 minutes. The study was performed in triplicate for each set to test the reproducibility of the experiment.
The results reported in Table S3 show that all the DNA copies of the 16S rDNA gene detected in the 0.25 mm matrices were of same order of magnitude. No significant difference between the yields at these tested forces was found using one way ANOVA, followed by Tukey’s multiple comparisons test. In addition, all detected DNA copies of the 16S rDNA gene in the 0.15 mm matrices were of the same order of magnitude, with no significant difference between the yield of any of these (one way ANOVA followed by Tukey’s multiple comparisons test). This suggests that for 10 minutes, increasing the centrifugation force for these particular test matrix solutions, had no significant impact on the sedimentation rate of the bacteria. In this work, the same protocol and centrifugation time (10 minutes per run) as used for processing gelatine filters were followed, but the centrifugation force used was increased to 21,100xg. 
[bookmark: _Toc19200883]

	
[bookmark: _Ref47046468]Table S3: The DNA copies of 16S rDNA detected in both 0.15 mm and 0.25 mm thickness PVA matrices at 15,000xg, 18,000xg and 21,100xg. All results are described as means ± standard deviation (SD) of three experiments, each including three technical replicates.
	Sample
Thickness(mm)
	Centrifugation Force (xg)
	Detected 16S rDNA target 
(log10 copies/µl)         
    Mean ± SD

	0.15 SM
	15,000
	5.86 ± 0.07

	
	18,000
	5.83 ± 0.05

	
	21,100
	5.77 ± 0.09

	0.25 SM
	15,000
	5.94 ± 0.10

	
	18,000
	5.92 ± 0.12

	
	21,100
	5.89 ± 0.14







3. Viscosity 
UV treatment reduced the viscosity of the PVA, for 0.25 mm and 0.15 mm thick PVA matrices as shown in Fig.S1. PVA solutions of UV-treated and untreated PVA were prepared by dissolving the circular PVA matrix of  0.25 mm thick and weight (0.89 g) in the optimised volume (8 ml) of distilled water. The PVA solution viscosity produced using the treated filament was significantly decreased to 39.26 cP compared to the 45.41 cP of the original (untreated) filament, for the same polymer weight and same water volume at room temperature (here considered to be 20°C). The improvement of the designed matrix (0.15 mm thick matrix treated with UV) showed an additional reduction in the viscosity of the solution that was prepared by dissolving the PVA matrix weight (0.46 g) in 5 ml of distilled water which was significantly decreased to 21.18 cP compared with 39.26 cP (treated filament with 0.25 mm thickness) at 20°C. The viscosity was recorded five times, and an average taken for each sample.

	[image: ]


[bookmark: _Ref47045941]Fig.S1. PVA solution viscosity for UV-treated and untreated filament. All the results are described as mean ± standard deviation (SD).
4. Developed 3D Printed Matrices and Face Mask
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[bookmark: _Ref47046038]Fig.S2. Strips (92×20 mm) with stickers (A) and 3D printed face mask (120 mm length, 90 mm width, 60 mm height and 1 mm thickness) (B). Strips loaded in the Oxygen mask (C) and in a Duckbill mask to improve the effective facial fit for respiratory sampling (D). 
[bookmark: _Ref45755315]5. X-ray CT scans and SEM
CT scans of the cross section of 0.25 mm thickness PVA (multilayer membrane) demonstrated irregular pores formed internally in the 3D printed PVA structure, which have dimensions of 40 µm on the horizontal axis and 30 µm on the vertical axis. A sputter coater was used to coat the PVA membrane with gold material to examine it by SEM. The bottom surface of the PVA matrices appears smoother than the top when examined by SEM, as the former is deposited directly onto the hot platform of the 3D printer. The bed temperature may give rise to the observed surface smoothness, whilst the top surface represents the overlap between the printed fibres. The overlap may be affected by the printing speed, nozzle size and the extrusion rate of the polymer based on the temperature variation while printing, as well as the rate at which the fibre solidifies. The micrograph of the 3D printed PVA matrix is shown in Fig.S3.
	[image: ][image: ]
[bookmark: _Ref45726702]Fig.S3. Magnified image of 100% infill PVA sampling matrix (left), micrograph of 0.25 mm thick 3D printed PVA matrix (right).
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