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Abstract

:

Microorganisms settle in diverse partially saturated porous media in the form of biofilms. The alteration of hydraulic properties and diffusive transport processes occurs simultaneously with biofilm growth in porous media. Imaging methods offer the ability to directly visualize and quantify alterations on the pore scale. However, imaging methods have mainly observed biofilm growth in completely saturated porous media. The current study used magnetic resonance imaging (MRI) to dynamically visualize biofilm growth within a porous medium under alternating drainage and flushing events. Prior to the MRI experiments, the sample was cultivated for 6 days within a porous medium consisting of 2 mm glass spheres. Starting from day 6, growth was monitored using MRI over a period of 7 days. The approach allowed for a visualization of all fractions (biofilm, water, air, and porous material) after drainage as well as flushing events. Biofilm was found to preferentially grow within permanently wetted areas situated next to pore throats. Furthermore, an increase in the water retention and connectivity of the liquid phase was found. The largest liquid cluster covered 11% (day 6) and 91% (day 12) of the total retained water, suggesting that biofilm growth might improve diffusive transport processes within partially saturated porous media.
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1. Introduction


Microorganisms can be found in natural, as well as engineered, partially saturated systems. Examples include the vadose zone, irrigated agriculture, and aerated biofilters. As a crucial part of the ecosystem, microorganisms are involved in the utilization of carbon sources, guaranteeing water quality, the removal of pollutants, the promotion of plant growth, and the regulation of greenhouse gas emissions within natural soils [1,2]. Their abundance and activity vary depending on the physical environment. Fluctuations in temperature, water, and nutrient availability, combined with geometrical restrictions, require microorganisms to be highly adaptable [1,3]. A common response of microorganisms to stressful conditions, such as fluctuating water levels, is the production of extracellular polymeric substances (EPSs) and surface attachments, which lead to the formation of biofilms [4].



Due to the often non-negligible amount of biofilm that covers the void space, alterations in the hydraulic properties of the porous medium occur. Possible reasons for this include: (I) structural changes via pore size accumulation, (II) the high water-holding capacity of EPS matrices, (III) changes in soil wettability due to surface coverage, and (IV) alterations in the water–air–surface tension [3,5].



It has been commonly reported that the EPS matrices of biofilms increase water retention and reduce evaporation, as well as saturated and unsaturated hydraulic conductivity [5,6,7,8]. Despite these observations, the role of the fragmentation of residual water is relevant for diffusive transport processes on many scales. At low water contents, EPS are associated with the dispersion of nutrients by bridging between isolated water clusters, leading to an enhanced liquid phase connectivity [1,9,10]. However, experimental studies on the impact of EPS accumulation on transport processes within partially saturated porous media are rare. One such study was conducted by Chenu and Roberson [1,9,10], who addressed this field by conducting diffusion experiments. An alternative approach is the direct visualization via suitable imaging methods.



The interplay of biofilms, porous media, and hydraulic properties has mainly been assessed in completely saturated conditions. The imaging methods of choice include X-ray microtomography [11,12,13], neutron-radiography [5], magnetic resonance imaging (MRI) [14,15,16,17], and optical methods on porous microfluidic channels [7,18,19,20]. The field of biofilm growth within partially saturated porous media is almost unexplored.



The more stringent requirements associated with imaging partially saturated porous media might be the cause of this. We propose that an ideal method requires: (I) a sufficient resolution to accurately resolve the pore spaces, (II) no depth limitation to the three-dimensional visualization of the entire porous medium, (III) adequate contrast to differentiate the phases (e.g., water, biofilm, air, and solid material), and (IV) noninvasiveness of the method in order to avoid the impairment of the porous material or microorganisms. As none of the aforementioned imaging methods fulfill all requirements, compromises have to be made.



The current study aimed at highlighting MRI as a suitable tool to visualize biofilm accumulation within unsaturated porous media. MRI has the benefits of being an in-situ, noninvasive method that is not limited in penetration depth. A bed of randomly packed glass spheres with sizes of 2 ± 0.1 mm were chosen as a porous medium to allow for pore-scale visualization. In a previous study, the initial water retention of a packed bed of 2 mm glass spheres showed the most homogeneous dispersion of free water, mostly between pore throats [21]. The hypothesis of this study was that a homogeneous distribution of free water would deliver rather equal starting points for biofilm growth.



The focus of this study was to: (I) visualize all fractions within the porous medium (water, air, particles, and biofilm) in a time-resolved manner, (II) identify preferential spots of biofilm development and accumulation within the porous medium, and (III) characterize ongoing changes within the liquid phase in the form of quantity and connectivity.




2. Materials and Methods


2.1. Experimental Setup and Procedure


A schematic of the experimental setup is depicted in Figure 1. The 2 mm glass spheres were placed inside a glass column with an inner diameter of 14 mm and a length of 100 mm. An O-ring and a piece of mesh (size 0.7 mm fabric) were positioned at the lower part to avoid the blockage of the inlet. The height of the packed bed of glass spheres was approximately 90 mm. The field of view was positioned at the middle of the glass column and covered 22.5 mm along the height of the glass column. The glass column was installed inside a 200 MHz magnetic resonance tomograph (Bruker BioSpin GmbH, Rheinstetten). The cultivation setup was an open system that was connected using the tube lines. Drainage/flushing events were conducted in alternating order by temporarily switching the peristaltic pumps on and off. Furthermore, turning off the peristaltic pumps sealed the corresponding tube line. Thus, the integration of valves was avoided. Flushing is depicted in Figure 1a. Here, a peristaltic pump sucked water from the feed solution. Once the sample was filled with water, the pump circulated water until the end of the flushing sequence. The drainage of the sample (Figure 1b) was conducted by one peristaltic pump pushing air through the sample. Gas breakthrough was recognizable at the outlet once the sample was drained. The drainage/flushing sequence lasted 30 min in total. Approximately 15 min was needed to fill/drain the sample entirely, followed by 15 min of mixing to ensure a homogenous nutrient distribution within the porous medium (Figure 1c). In between the drainage/flushing sequence, a break of 30 min was applied. Breaks were used for image acquisition. For 3D images, the time for image acquisition was elongated to 1 h once per day.




2.2. Cultivation


The sample was inoculated with Bacillus subtilis precultures grown at 37 °C overnight in Luria broth (LB) medium. Twenty milliliters of preculture was added to the feed solution at the beginning of the experiment. Bacillus subtilis was chosen as it is abundant in natural soils and able to incorporate iron within the EPS matrix. The feed solution consisted of 1 L of tap water enriched with 1 g/L of acetate (originating from sodium acetate) and 2 mg/L of Fe3+ (originating from iron(III)chloride) as a contrast agent for the growing biofilm. The tap water of Karlsruhe contained the following concentrations of ions (mg/L): Ca (112), Na (11), Mg (9.7), Si (5.4), K (1.7), P (<0.01), Fe (<0.01), and Mn (<0.005). More information on constituents is accessible from the homepage of the Stadtwerke Karlsruhe website (https://www.stadtwerke-karlsruhe.de) (accessed on 9 November 2020). At day 6, the sample was positioned within the MRI and further monitored over a period of 7 days, resulting in an experiment period of 12 days. The timing of the drainage and flushing events was kept constant over the whole experiment, as described in the previous section.



The relevant cultivation period for the MRI measurements was based on a preliminary experiment. Here, samples were cultivated under permanently saturated conditions to additionally assess the growth by means of optical coherence tomography (OCT). A detailed description of the cultivation is provided in Appendix A. Only the OCT data of the preliminary experiment are shown in the present study.




2.3. Optical Coherence Tomography (OCT)


A spectral domain tomograph (GANYMEDE I, Thorlabs GmbH Dachau, Germany) was applied to monitor the biofilm growth on the glass spheres. B-scans were obtained with a resolution of 2.1 µm × 8 µm (x- by -z) in water (n = 133) and an A-scan average of 4. Detailed information on the working principle and applications in biofilm research are provided in Wagner and Horn [22].



In the current study, the acquisition of C-Scans was limited because of the curvature of the glass columns. Furthermore, optical refractions interfered when measuring the biofilm in partially saturated conditions. Therefore, the measurements were feasible only with constantly saturated probes. The conditions and setup for the cultivation under permanently saturated conditions are described in Appendix A.




2.4. Magnetic Resonance Imaging (MRI)


MRI experiments were conducted within a 200 MHz super-wide bore magnet equipped with an Avance HDIII console (Bruker BioSpin GmbH, Rheinstetten, Germany). The probe was an MICWB 40 with a 20 mm birdcage. For imaging, gradients of up to 1.5 T/m were available. The multi-slice–multi-echo (MSME) pulse sequence was chosen. The parameters of the MRI experiments are listed in Table 1. Different parameters were chosen for 2D and 3D measurements. The parameters were kept constant over the whole experimental period and no changes in acquisition parameters were conducted between drained and flushed conditions.




2.5. Image Analysis


The image analysis was performed by using Avizo 2021.1 (Thermo Fisher Scientific, Waltham, MA, USA) and self-written scripts in Matlab R2018b (Math-Works, Natick, MA, USA). For the 3D image analysis, the exterior material was used for noise adjustment and removed from the dataset. The binary images were obtained by setting a threshold at 3000 out of 215 intensity values. The first image, taken on day 6 in flushed condition, served as a reference. Here, the threshold separated the water-filled void space from glass spheres (solid material). For visualization purposes, the glass spheres were superpositioned onto the other images.



For each measurement, the water content was quantified by keeping the threshold value constant at 3000. After that, clusters of the liquid phase, as well as enclosed cavities smaller than 10 voxels, were removed.



Furthermore, the connectivity function defined liquid clusters by using a neighborhood connectivity of 26 in a 3D matrix. For the connectivity analysis, the specific Euler number χV, as suggested by Vogel and Roth [23], was calculated according to:


   χ V  =   N − C + H  V    mm  − 3     



(1)




where the number of isolated objects is N, the number of redundant connections is C, the number of completely enclosed cavities is H, and the volume of the sample is V.





3. Results


3.1. Dynamics of Water Content


Figure 2 shows 2D images taken on days 6, 9, and 12. Figure 2a shows the sample in the flushed condition, while Figure 2b displays the sample in the drained condition. To enhance readability, the following statements refer to four regions of interest (ROI) that are highlighted in Figure 2.



MRI obtains a signal from water molecules. Therefore, water-containing voids deliver a signal that is typically indicated in grey (Figure 2a(I)). Regions indicated in white are the result of susceptibility artifacts, which appear close to the interface between different fractions. These are observed at the interface between the glass spheres and water or between entrapped air and water. However, the local entrapment of air may vary with the time and cycle. In addition, the occurrence of susceptibility artifacts can be aligned with the entrapment of small air bubbles. The glass spheres, the entrapped air, and the exterior components do not contribute to the signal and appear black. In Figure 2a(I), the void space is almost completely filled with water.



After the drainage of the sample, most of the void space was filled with air and delivered no signal (Figure 2b(I)). Water could still be found in pore throats between particles or between particles and the column wall (Figure 2b(I); ROI 1). Only a few pores retained larger amounts of water. A relatively high amount of water retained in pores can be seen in Figure 2b(I); ROI 2.



At day 9, more water was retained within the porous medium (Figure 2b(II)). The area of ROI 1 retained water almost completely on day 9, whereas changes in ROI 2 were not significant. At day 12, ROI 2 also retained relatively high amounts of water. Both ROIs 1 and 2 retained larger amounts of water than the rest of the porous medium, indicating a heterogeneity in the water retention.



Overall, the water content in the flushed condition did not significantly alter (Figure 2a(II,III)). However, the entrapment of air was locally recognized and is further indicated in the animated version (see Supplementary Materials).




3.2. Biofilm Growth


The growth of biofilm appeared as dark regions between glass spheres or between glass spheres and the column wall (Figure 2). For example, a cross-comparison of ROI 1 over days 6, 9, and 12 highlights the developing pore throat coverage of the biofilm along z (compare Figure 2a, ROI 3). For clarification, the authors encourage viewing the animation provided in the Supplementary Materials (see Supplementary Materials). Two locations of biofilm growth were identified in the sample: biofilm accumulated in pore throats, either between two particles or between a particle and a column wall (compare Figure 2a, ROI 3); additionally, a biofilm coverage of pores was punctually observed (compare Figure 2a, ROI 4). The biofilm can also be recognized in the drained condition on days 9 and 12 (see Figure 2b, ROI 1).



Optical coherence tomography (OCT) images (B-scan; xz-plane) provide a closer look at the biofilm situated on the glass spheres next to the column wall (Figure 3). Furthermore, they highlight which stages of biofilm growth were accessible by means of MRI. Data were provided from a separate experiment conducted under entirely saturated conditions. On day 0 (before inoculation), the smooth surfaces of three glass spheres were visible (Figure 3a). On day 6, small biofilm colonies situated on the surface of the glass spheres were recognized (Figure 3b); in addition, the inner edge of the glass wall, recognizable as a curvilinear line, became visible. After 14 days, the biofilm had grown between the glass wall and the particle surface (Figure 3c). The biofilm structure was fluffy. Additionally, cavities were found within the mesoscopic biofilm matrix. Overall, more biofilm was recognized between the glass column and the spheres than at the contact points between the glass spheres (Figure 3c). However, from the MRI perspective, only the former case, where a distinct biofilm covered the voids between particles and the column wall, was accessible due to the resolution.




3.3. Analysis of Liquid Phase


Figure 4 shows processed 3D MRI datasets. For the sake of clarification, the glass spheres and column wall have been superpositioned in the 3D rendering. The distinction between the void space and glass spheres was performed based on Figure 4a(I). The air is visualized as transparent regions.



An increase in the air entrapment was found at days 9 and 12 (compare Figure 4a). The increase in water retention after drainage is shown in Figure 4b. On day 6, most of the water was found close to contact points, while only a few pores were completely filled with water (Figure 4b(I)). The cluster visualization of the liquid phase (Figure 4c(I)) shows many isolated clusters (i.e., many clusters with different colors). On day 9, the enhanced water retention led to the formation of a dominant cluster (red) (Figure 4c(II)). The cluster partly covered the width and reached from the top to the bottom of the dataset (Figure 4c(II)). On day 12, almost the complete liquid phase was covered by one cluster (dark blue) (Figure 4c(III)).



Figure 5a displays the total water volume over time in the drained and flushed conditions. In addition, the largest cluster in the flushed condition is shown. The percentages below are in relation to the water content on day 6 after flushing.



The water content in the flushed condition successively decreased from 100% to 72.6% (1236 to 897 mm³) (Figure 5a). The water retention in the drained condition increased from 16.7% to 42.6% (206 to 526 mm³) over the duration of the experiment. At the same time, the volume of the largest cluster increased from 1.8% to 38.8% (22 to 479 mm³). Furthermore, the largest cluster covered 11% of the total retained water at day 6, but 91% on day 12. In addition, the volumetric Euler number confirms that the connectivity increased (Figure 5b). The volumetric Euler number was below 0 at the beginning of the experiment. This can be explained by the often ring-like shape of the retained water along the pore throats between two particles or between a particle and the column wall (see Figure A1 in Appendix B), which contributes a value of 0 to the volumetric Euler number (see Equation (1)). Furthermore, the presence of a few larger clusters with more redundant connectivity led to an overall slightly negative Euler number. Over the experimental period, the volumetric Euler number further dropped, indicating a higher connectivity. The drop in the Euler number can be explained by the creation of more redundant connections due to an increase in the water content and the aggregation of liquid clusters (evidenced by the decrease in the total number of clusters) (Figure 5b). The measurement in the drained condition on day 8 conspicuously does not fit the trends observed.





4. Discussion


4.1. Applicability of the MRI Approach


The current study showed the applicability of MRI as a noninvasive and non-depth-limited method for visualizing the four fractions of a porous medium (water, air, particle, and biofilm). A compromise has to be made regarding the resolution, as the resolution hampers the quantification of the biofilm. An increase in resolution is possible when considering a smaller sample diameter, higher magnetic field strength, and a higher number of replications for averaging. For example, Caizán-Juanarena, Krug [24] achieved a resolution of 30 µm × 30 µm × 30 µm on granular bioanodes when using MRI.



An advantage of the method is that only small amounts of contrast agents are necessary. As reported in previous MRI studies, paramagnetic ions can enhance the contrast between the biofilm and liquid phase [14,15,25,26]. Furthermore, the addition of low iron dosages has been reported to promote biofilm formation [27,28,29].




4.2. Biofilm Growth under Fluctuating Water Level


In the literature, complex biofilm morphologies have been reported in saturated porous media. In general, these can be described as the surface coverage of particles, cluster-like biofilm structures filling complete voids [12], and biofilm colonies growing as streamers between pore throats [18], as well as intermediate structures [11]. In saturated porous media, restrictive nutrient and oxygen supply, as well as local shear rates, must be considered [11,30,31]. The availability of water becomes an additional restriction in partially saturated porous media [1,3]. In the present study, preferential spots for biofilm growth were found mainly between the pore throats of two particles or between a glass sphere and the column wall. Biofilm clusters filling voids were observed to a lesser extent. No distinct biofilm was recognizable at the glass sphere surface. However, this outcome does not mean that no biofilm grew on the glass sphere surface. As the pore throats retained water in the form of pendular rings, these regions were identified as preferential spots for biofilm growth. Similar web-like structures of EPS that connect single particles were identified in real soil samples [1,32].



Compared to most studies, the size of the glass spheres and the resulting void space in our study were larger. This may have influenced the extent of biofilm growth. The biofilm in our study had to grow larger to achieve bridging between particles or to cover whole voids, which also affected its resistance to hydrodynamic conditions (i.e., shear) or other physical constraints. Within randomly packed beds of a smaller particle size, the coverage of whole voids might become more pronounced.




4.3. Impact of Biofilm on the Liquid Phase


In accordance with the literature, it was shown that biofilm enhances water retention [5,6,7]. Potential ways biofilm may affect water-holding properties include: (1) structural changes via pore size accumulation, (2) the high water-holding capacity of the EPS matrix, (3) changes in soil wettability due to surface coverage, and (4) the alteration of water–air–surface tension [3,5]. With the present imaging approach, phenomena could be directly assessed and visualized. The usage of a randomly packed bed consisting of monodisperse 2 mm glass spheres revealed structural changes due to the blockage of pore throats. Thus, the entrapment of water above the pore throats played the most dominant role. In addition, the entrapment of air also increased when flushing the sample. Certainly, the usage of smaller particles and the application of lower matrix potentials would drastically reduce the amount of water entrapped above bioclogged throats.



However, Tecon and Or [1] pointed out that the connectivity of the liquid phase is relevant for transport processes on all scales. As a result of the increased connectivity due to the aggregation within one continuous top-to-bottom liquid cluster, the transport processes may have been enhanced in partially saturated conditions. Nevertheless, in completely saturated conditions, the biofilm at the pore throats would hamper transport processes. Overall, this is in agreement with the findings of Chenu and Roberson [10], who achieved a faster diffusion of glucose through artificial EPS-amended clay compared to pure clay for various matrix potentials.





5. Conclusions


MRI was a suitable analytical tool for visualizing the growth of biofilm within a partially saturated porous medium. This approach allowed us to differentiate and quantify the liquid, gaseous, and solid phases after flushing and drainage events. In addition, the biofilm fraction could be visualized but not quantified in the current state.



The biofilm grew preferentially in pore throats that remained permanently wetted in the flushed and drained conditions. Biofilm also filled voids to a lesser extent. The biofilm did not grow distinctly enough to be recognized on the free surface of glass spheres by means of MRI.



As a result of the usage of coarse monodisperse 2 mm glass spheres, the blocking of pore throats by biofilm was determined as the dominant water retention mechanism. With the ongoing biofilm accumulation, most of the water was entrapped above the bioclogged throats. In addition, a higher entrapment of air was found when flushing the sample.



Ongoing biofilm accumulation led to an increase in the connectivity of the liquid phase. Therefore, the transport of nutrients may potentially be enhanced in partially saturated systems. However, in completely saturated conditions the blocking of throats by biofilms would hamper transport processes.
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Appendix A


Cultivation under Saturated Conditions for OCT Measurements


The sample was inoculated with Bacillus subtilis precultures grown at 30 °C overnight in Luria broth (LB) medium. For the cultivation, a feed solution with the concentrations shown in Table A1 was prepared and autoclaved. The feed solution was constantly fed into a beaker through a peristaltic pump. This beaker was connected to the probes and served as a reservoir for mixing, recirculation, and oxygen input through continuous stirring. An overflow drain allowed the discharge of excess solution.



To start the cultivation, the beaker was inoculated with 5 mL of preculture. Then, the mixture was pumped through the probes for 15 min to ensure a good distribution of bacteria, followed by a one-hour waiting period to allow for surface attachment. This procedure was repeated a second time. During the following cultivation, the probes were constantly fed from the beaker with an average filter velocity of 5.4 m/h, resembling 0.6 mL/min. The probes were used as an indication of biofilm growth over time and could be examined with OCT because of the complete saturation.
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Table A1. Substances added to one liter of demineralized water for preparing the feed solution.






Table A1. Substances added to one liter of demineralized water for preparing the feed solution.





	Substance
	Concentration [mg/L]





	Tryptophan
	5



	Phenylalanine
	5



	Thiamine hydrochloride
	0.67



	ZnCl2
	0.136



	MnCl2
	9.9



	FeCl2
	0.5



	CaCl2
	110



	MgCl2
	410



	Glycerol
	500
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Figure A1. Visualization of liquid clusters. The same dataset is shown from an exterior perspective (a) and sliced through the center (b). On day 6, ring-like structures of retained water can be recognized. At day 9, a dominant cluster can be recognized; this cluster almost covers the complete liquid phase at day 12. 
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Figure 1. Experimental setup of the MRI experiments. Flushing (a) and drainage (b) events were conducted in alternating order. The timing of work flows is highlighted in (c). In the flushed and drained conditions, both pumps were turned off to acquire images in a static state. 
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Figure 2. Two-dimensional MRI images displaying the normalized signal intensity in the flushed (a) and drained (b) conditions on days 6, 9, and 12. (a) Biofilm growth can be recognized in the form of dark regions appearing next to contact points of glass spheres. For further clarification, view the highlighted animation (see Supplementary Materials). (b) Water retention increases within the porous medium due to the growth of biofilm. Regions of interest (ROIs) that reveal occurring changes are highlighted in red. 
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Figure 3. OCT B-Scans acquired from a previous experiment under permanently saturated conditions. (a) Three glass spheres before inoculation. (b) After 6 days, biofilm could be found on the particle surface in the form of small colonies. (c) Biofilm covered the voids between the particles and the column wall after 14 days. A biofilm as distinct as in (c) was accessible by means of MRI. 
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Figure 4. Processed 3D images on days 6, 9, and 12 (a) in the flushed condition, (b) in the drained condition, and (c) analyzed for liquid clusters. Solid material (glass column; porous medium) is superpositioned and displayed in grey. The liquid phase is presented in blue. Air is removed from the visualization (transparent areas). Based on row (b), the liquid phase was analyzed for connectivity and divided into isolated liquid clusters. Each color represents a separate liquid cluster. Please note that more liquid clusters than colors are shown in (c); therefore, one color might also represent multiple isolated liquid clusters. 
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Figure 5. Quantification of water content (a) and the total amount of liquid clusters Ncluster, as well as the volumetric Euler number χV (b) over time. Water content decreased in the flushed condition, while water retention in the drained condition increased. Furthermore, the connectivity of the liquid phase in the flushed condition increased, as indicated by the volume of the largest cluster (a) and the volumetric Euler number (b). 
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Table 1. Acquisition parameters of MRI experiments.
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	MSME 2D
	MSME 3D





	repetition time [sec]
	1.5
	0.5



	echo time [sec]
	0.01
	0.01



	field of view (x, y, z)

[mm × mm × mm]
	16 × 24

(6 slices in y-direction)
	15 × 15 × 24



	matrix size (x, y, z)
	128 × 6 × 192
	64 × 64 × 128



	voxel size (x, y, z)

[µm × µm × µm]
	125 × 125 (200 µm slice thickness in y-direction)
	234 × 234 × 188



	number of averages [-]
	4
	1



	measurement time [min:sec]
	12:48
	34:08
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